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ABSTRACT: A completely new route was established to synthesize valuable primary amines from alkenes by using aqueous 
ammonia, that is, a simple photocatalytic hydroamination of alkenes using aqueous ammonia with a metal-loaded TiO2 pho-
tocatalyst. Although the photochemical hydroamination prefers to form amines according to Markovnikov rule, the new pho-
tocatalytic hydroamination gives anti-Markovnikov products predominantly. With an Au-loaded TiO2 photocatalyst, the 
amine yield reached up to 93% and the regioselectivity of anti-Markovnikov products was above 98%. The reaction mecha-
nism was proposed for the new photocatalytic hydroamination. 

INTRODUCTION 
Amines are greatly important compounds as intermediates 
in chemical industry to produce dyes, agricultural pesti-
cides, and pharmaceuticals. Especially, primary and second-
ary amines are important, because which have access to bi-
ologically active materials and more generally fine chemi-
cals.1 While the synthesis of secondary amines has been 
studied by homogeneous catalysts, it is very difficult to ap-
ply these catalysts for the synthesis of primary amines. Ac-
cordingly, more efficient synthetic method of amines has 
been always required, and the development of catalytic pro-
cesses for nitrogen based molecule has attracted much at-
tention. Especially, catalytic hydroamination of olefins and 
alkynes is quite attractive due to the simplicity and the high 
atom efficiency.2  
Catalytic hydroamination of olefins to yield secondary 
amines have been intensively studied, where an amine re-
acts with the unsaturated C=C bond to form a new C–NHR 
and C–H bonds giving an aimed amine, either inter- or intra-
molecular amine and the regioselectivity of amine usually 
follows Markovnikov rule (Scheme 1).3–9 On the other hand, 
only several studies have also been reported on hydroami-
nation providing anti-Markovnikov products with metal 
complex catalysts have also been reported.10–20 However, 
hydroamination to form primary amine has never been re-
ported. In the present study, we examined and succeeded in 
the synthesis of primary amine via hydroamination using 
aqueous ammonia with photocatalysis (Scheme 2). 
 

 
Scheme 1. The synthesis of secondary amines via hydroam-
ination of alkenes with amine by metal complex catalysts 

 
Scheme 2. Photocatalytic hydroamination of alkenes with 
aqueous ammonia to form primary amines with anti-Mar-
kovnikov regioselectivity 
 
RESULTS AND DISCUSSION 
Hydroamination of alkene with ammonia. The heteroge-
neous photocatalytic reaction test was carried out between 
alkene (3-buten-1-ylbenzene, 1a) and aqueous ammonia in 
acetonitrile with a TiO2 photocatalyst under photoirradia-
tion for 3 h (Table 1, entry 1), which predominantly gave a 
primary amine (4-phenyl-1-butanamine, 2a) as an anti-
Markovnikov product.  On the other hand, in the photo-
chemical reaction without any photocatalyst, only another 
primary amine as a Markovnikov product (4-phenyl-2-bu-
tanamine, 3a) was detected (Table 1, entry 2). The opposite 
regioselectivity of primary amine originates from different 
reaction mechanisms, as discussed later. 
In the photocatalytic hydroamination, the yield of amine 
was significantly increased by loading 0.1 wt% of metal co-
catalysts such as Au, Pt, and Pd on the TiO2 photocatalyst 
(Table 1, entries 3–5, M(0.1)/TiO2). Photoexcitation of TiO2 
produces electron–hole (e−–h+) pairs, and they can react 
with adsorbed reactant molecules only when they reach to 
the surface without recombination.21 The loaded metal co-
catalyst is considered to receive the photoexcited electrons 
from the conduction band of TiO2 efficiently and reduce the 
probability of the e−–h+ pairs recombination,22 resulting 
their lifetime extension and thus high photocatalytic perfor-
mance.  



 

Table 1. Results of photocatalytic reaction tests for hydroamination of 3-buten-1-ylbenzene (1a)a 

 

Entry Catalyst 
Obtained products/μmol Conversionc 

(%) 
Yield of amines d 

(%) 

Selectivity for 
aminese 

(%) 

Regioselectivityf 
(%) 2a 3a Othersb 

1 TiO2 5.63 - 2.66 0.318 0.216 67.9 - 
2 - - 1.79 1.76 0.136 0.068 50.4 - 
3 Au(0.1)/TiO2 501 10.8 42.3 21.2 19.6 92.4 97.9 
4 Pt(0.1)/TiO2 781 18.6 238 39.8 30.7 77.1 97.7 
5 Pd(0.1)/TiO2 638 16.4 312 37.0 25.1 67.7 97.5 
6 g Au(0.1)/TiO2 14.6 0.454 10.2 1.00 0.578 57.6 97.0 

a Catalyst: 150 mg; reactants: 3-buten-1-ylbenzene (0.4 mL, 2.61 mmol), aqueous ammonia (28%, 1.6 mL, 23.7 mmol); solvent; acetonitrile (4.0 mL, 73.1 
mmol); wavelength of the irradiated light: λ ≥ 300 nm; light intensity: 40 mW cm-2 measured at 360±40 nm in wavelength; reaction time: 3 h; reaction 
temperature: 303 K; TiO2 used: anatase, 300 m2g−1 (ST-01, Ishihara Sangyo Kaisha). b Others were mainly some bimolecular reaction products from alkene 
such as 4,5-diphenylocta-1,7-diene and (E)-1,8-diphenyloct-3-ene, the amount of which were tentatively estimated by using the GC-FID calibration curve for 
trans, trans-1,4-diphenyl-1,3-butadiene, with tiny amounts of unknown products. c Conversion of alkene (1a), which was calculated from the initial and final 
amounts of 1a. d Yield of amines (2a and 3a), which was calculated from the initial amount of 1a and the obtained amount of 2a and 3a. e Selectivity of amine 
(2a and 3a), which was calculated from the amounts of consumed 1a and obtained 2a and 3a.  f Regioselectivity of anti-Markovnikov amine (2a), which was 
calculated from the amounts of 2a and 3a obtained. g Water was used as a solvent instead of acetonitrile. 
 

Employing aqueous ammonia in this reaction required a 
suitable solvent such as acetonitrile, which was crucial to 
make the liquid phase homogeneous. With the solvent the 
amines (2a and 3a) were predominantly obtained with the 
high selectivity such as 92% (Table 1, entry 3), while with-
out the solvent less amines were obtained with less selec-
tivity (Table 1, entry 6), where the ratio of by-products via 
bimolecular reaction of alkene was relatively high. Without 
photoirradiation, no products were formed, indicating that 
the detected products were formed photocatalytically. 
In these photocatalytic conditions, the obtained regioselec-
tivity for the anti-Markovnikov product (2a) was always ca. 
97% (Table 1, entries 3–6). This high regioselectivity will be 
discussed later. 
 
Proposed mechanism of the photocatalytic hydroami-
nation. Photocatalyst can activate ammonia even in aque-
ous solution to promote further photocatalytic reactions, 
e.g., ammonia decomposition23 and amination of aromatic 
ring,24 where a photoformed positive hole (h+) on the pho-
tocatalyst surface can oxidize an ammonia molecule to form 
an amide radical (‧NH2) and a proton (H+) and a photoex-
cited electron reduce a proton to a hydrogen radical (‧H),23 
followed by the reactions of these radical species with radi-
cal species23 or molecules.24 The photocatalytic generation 
of the amide radical (‧NH2) in an aqueous ammonia solution 
under photoirradiation was clearly evidenced by electron 
spin resonance (ESR) spectroscopy with a radical trapping 
reagent in the previous study.24  
In the present system, these radical species would react 
with an alkene molecule. Photocatalysis can also promote 
hydration of alkene with water to give alcohol with predom-
inant selectivity to anti-Markovnikov products,25 where a 
photocatalytically generated active oxygen radical species 
first reacts with the unsaturated C=C bond to form a radical 
intermediate and the stability of the radical intermediate 
determines the regioselectivity, i.e., that for anti-Markovni-
kov product is more stable than that for Markovnikov prod-

uct. Theoretical calculation suggested that the possible in-
termediates of hydrogen radical adducts should be unstable 
compared to hydroxyl radical adducts.25  
Considering this mechanism and the present results, the 
mechanism of the present photocatalytic hydroamination 
can be analogously proposed as follows (Scheme 3): a pho-
tocatalytically formed amide radical first reacts with alkene 
to form a radical intermediate (amide radical adduct), 
which reacts with a hydrogen radical to give an anti-Mar-
kovnikov product. Other possible intermediates (amide 
radical adduct for a Markovnikov product and hydrogen 
radical adducts) would be quite minor. 

 
Scheme 3. Proposed mechanism of the new photocatalytic 
hydroamination 
 



 

 

Figure 1. The results of photocatalytic hydroamination of 3-buten-1-ylbenzene with the M(0.1)/TiO2 photocatalysts (M=Pt, 
Au, and Pd). Amount of products (A), alkene conversion, and selectivity to amine (B) with the M(0.1)/TiO2 photocatalysts 
(M=Pt, Au, and Pd) in the same reaction time, 3 h. To compare the photocatalytic selectivity at the same alkene conversion, 
the reaction time was controlled as followed, 95 min for Pt(0.1)/TiO2, 180 min for Au(0.1)/TiO2, and 110 min for 
Pd(0.1)/TiO2, respectively (C, D). 
 

As mentioned, the photochemical reaction showed an oppo-
site regioselectivity. This result suggests that the reaction 
proceeds via another reaction mechanism, possibly an al-
kene molecule itself is directly photoexcited to form an ex-
cited complex with ammonia, followed by the formation of 
amine products, where thermodynamic stability of the 
products would determine the regioselectivity. At present, 
although very clear evidences have not been obtained, 3-bu-
ten-1-ylbenzene shows photoabsorption in the shorter 
wavelength region less than 300 nm, aqueous ammonia has 
no absorption, and the mixture of 3-buten-1-ylbenzene and 
aqueous ammonia in acetonitrile showed an additional 
band around 300–400 nm (Figure S2). These facts suggest 
that an excited complex consisting of alkene and ammonia 
would be the reaction intermediate in the photochemical 
hydroamination to produce the Markovnikov product, 
which is more stable thermodynamically (Scheme S1). Alt-
hough the photochemical reaction would also competitively 
take place in the photocatalytic reaction conditions, higher 
efficiency of the present photocatalysis than the photo-
chemical reaction would give the high regioselectivity to 
anti-Markovnikov reaction. 

 
Photocatalysts and reaction conditions. Among the ex-
amined metal cocatalysts on the TiO2(anatase) photocata-
lyst, platinum gave the largest amount of amine and gold 
showed the highest selectivity of amine when they were 
compared in the same reaction conditions, where the reac-
tion time was 3 h (Figure 1A and 1B). When compared the 
selectivity at the same alkene conversion by controlling the 
reaction time, the Au-loaded photocatalyst provided the 
largest amount of amine with the highest selectivity (Figure 
1C and 1D). This means that the Pt- and Pd-loaded photo-
catalysts exhibited high reaction rate even for by-product 
formation, while the Au-loaded photocatalyst selectively 
promoted the hydroamination though the reaction rate was 
relatively low. 
The largest amount of amine and the highest selectivity to 
amine were obtained by the photocatalyst with 0.1 wt% 
loading amount of the Au and Pt cocatalysts (Figure S2), 
which is consistent with the previous study on ammonia de-
composition and amination of benzene.23,24  



 

Table 2. The photocatalytic hydroamination of several alkenes using aqueous ammonia with the Au(0.1)/TiO2 and 
Pt(0.1)/TiO2 photocatalystsa 

 

 

Entry Alkenes 
Time b 

(h) 
Conversion c 

(%) 

Yield of amines d 
(%) 

Selectivity for amines e 

(%) 

Regioselectivity f 
(%) 

1 1a 18 99.9 
92.7 

(88.9)g 
92.7 97.9 

2h 1a 12 99.9 
77.8 

(72.9)g 
77.8 97.6 

3 1b 18 99.9 91.5 91.5 99.6 

4 1c 12 >99.9 74.5 74.5 >99.9 

5 1d 15 98.1 44.8 44.8 - 

6 1e 9 98.3 41.7 42.5 97.0 

7 1f 9 99.9 68.3 69.6 97.3 

8 1g 9 >99.9 92.0 92.0 - 

9 1h 9 >99.9 95.8 95.8 98.1 

10 1i 18 98.1 43.5 44.4 72.3 
a Catalyst: 150 mg of the Au(0.1)/TiO2 sample, in which anatase TiO2 was used (300 m2g−1, ST-01, Ishihara Sangyo Kaisha); reactants: alkene (1a–1i, 0.4 
mL), aqueous ammonia (28%, 1.6 mL); solvent: acetonitrile (4.0 mL); wavelength: λ ≥ 300 nm; light intensity: 40 mW cm−2 measured at 360±40 nm 
in wavelength; reaction temperature: 303 K. bReaction time. c Conversion of alkene, which was calculated from the initial and final amounts of 1a–1i. 
d Yield of amines (2a–2i and 3a–3i), which was calculated from the initial amount of 1a–1i and the obtained amount of 2a–2i and 3a–3i. e Selectivity 
for amines, which was calculated from the amounts of consumed 1a–1i and obtained 2a–2i and 3a–3i. f Regioselectivity of the anti-Markovnikov 
amine, which was calculated from the amounts of obtained 2a–2i and 3a–3i, where the amount of 1-phenylethanamine (3c) was tentatively esti-
mated by using the GC-FID calibration curve for 2-phenylethanamine (2c) and 2-hexanamine (3e and 2i), 2,3-dimethyl-2-butanamine (2g and 3g), 
2-methyl-3-pentanamine (2h), 2-methyl-2-pentanamine (3h), and 3-hexanamine (3i) were tentatively estimated by using the GC-FID calibration 
curve for 1-hexanamine (2e), respectively. g Isolated yield. h Catalyst: 150 mg of the Pt(0.1)/TiO2 sample. Original data are shown in Table S1. 
 



 

Among three kinds of TiO2 samples examined, the anatase 
TiO2 sample having a high specific surface area (300 m2g-1) 
gave the most active Au(0.1)/TiO2 photocatalyst (Figure S3). 
The higher specific surface area can provide a larger reac-
tion field, and anatase gives a longer lifetime of the elec-
tron–hole pairs than rutile,22 both of which would contrib-
ute to the best photocatalytic performance. 
With increasing the reaction temperature from 273 K to 303 
K in the presence of the Au(0.1)/TiO2 or Pt(0.1)/TiO2 pho-
tocatalysts, the amount of obtained amine increased and 
reached to the maximum at 303 K (Figure S4). But, it de-
creased at 313 K because of the vaporization of aqueous am-
monia above at 310 K. At lower temperature than 273 K, 
aqueous ammonia and alkenes became immiscible even in 
the presence of the acetonitrile solvent. The pseudo-Arrhe-
nius plots for the products formation obtained from the 
data at 273–303 K (Figure S5) gave the apparent activation 
energies as 6.9 and 3.3 kJ mol−1 for the produced amines and 
others, respectively, with the Au(0.1)/TiO2 photocatalyst, 
and 6.1 and 2.1 kJ mol−1 with the Pt(0.1)/TiO2 photocatalyst, 
respectively. These values are very low, which are typical 
values for photocatalysis,26,27 meaning that this photocata-
lytic hydroamination was mainly promoted by not thermal 
energy but photoenergy. In other words, the thermal energy 
does not affect the reaction rate so much in this reaction, 
suggesting that these loaded metals would contribute to the 
amine formation as not metal catalysts but cocatalysts for 
the TiO2 photocatalyst as mentioned above. 
 
Scope of the photocatalytic hydroamination. The reac-
tion tests for several alkenes were carried out with various 
reaction time (Table 2). The 3-buten-1-ylbenzene (1a) gave 
high yield of amines of >92% with high selectivity as men-
tioned above (Table 2, entry 1). With the Au(0.1)/TiO2 pho-
tocatalyst, the yield of amine (2a with a tiny amount of 3a) 
evaluated by GC was 92.7%. The yielded amount of them 
was 346.3 mg from 359.2 mg of 3-buten-1-ylbenzene (1a) 
and the isolated yield was 88.9%. Analyses by 1H-NMR and 
13C-NMR confirmed the high yields (Figure S6). In this case, 
possible successive reaction products such as the secondary 
or tertiary amines and imines were scarcely produced even 
when the reaction time was prolonged. Moreover, when the 
reaction was carried out with amines instead of alkenes as 
a reactant in the presence of ammonia (Table S2), amines 
did not react with ammonia or amines, while ammonia was 
decomposed to hydrogen and nitrogen.23 This means that 
photocatalyst can predominantly activate not amines but 
ammonia and the amide radical does not react with amines. 
This is the reason why the successive reaction hardly took 
place in the present reaction system. This is a unique prop-
erty of the present photocatalytic system. 
The Pt(0.1)/TiO2 photocatalyst converted 3-buten-1-ylben-
zene (1a)  to not only the amines but also byproducts via 
undesirable side reactions such as bimolecular reaction 
products from alkenes (major) and reaction with acetoni-
trile (minor), although the regioselectivity among amines 
was high (Table 2, entry 2). When with the Pt(0.1)/TiO2 
photocatalyst, the GC yield of amine (2a with a tiny amount 
of 3a) was 77.8%. The yielded amount of them was 284.0 
mg from 359.2 mg of 3-buten-1-ylbenzene (1a) and the iso-
lated yield was 72.9%. Analyses by 1H-NMR and 13C-NMR 

confirmed the high yields (Figure S7). The Pt(0.1)/TiO2 pho-
tocatalyst also performed the photocatalytic hydroamina-
tion from the same amount of alkenes as that case of the 
Au(0.1)/TiO2 photocatalyst, but undesirable side reactions 
increased. Ultimately, the Au(0.1)/TiO2 photocatalyst 
showed largest amount of amines than Pt(0.1)/TiO2 photo-
catalyst. 
Allylbenzene (1b) also gave amines similarly with a high se-
lectivity (Table 2, entry 3). Slightly lower yield of amine was 
obtained from styrene (1c) because of photopolymerization 
(Table 2, entry 4).28,29 The amine selectivity was low in other 
alkenes, such as cyclohexene, 1-hexene, and 1-octene (1d, 
1e, and 1f) due to undesirable above-mentioned side reac-
tions (Table 2, entries 5–7). The alkenes with a phenyl 
group gave the high selectivity to amines than the linear al-
kene without phenyl group, implying that the phenyl group 
might stabilize the radical intermediates.  
The internal alkenes without a phenyl group, 2,3-dimethyl-
2-butene (1g) and 2-methyl-2-pentene (1h), were also con-
verted to amines with high yield such as 92% and >95%, re-
spectively, and the selectivity to amines was also high (Ta-
ble 2, entries 8 and 9). On the other hand, other alkenes 
without a phenyl group such as the cyclohexene (1d), 1-hex-
ene (1e), 1-octene (1f), and (2E)-2-hexene (1i) resulted in 
low selectivity to amines due to the side reactions with an-
other alkene molecule or solvent (Table 2, entries 5–7 and 
10). This means that mono- and disubstituted alkene with-
out a phenyl group showed low selectivity to amines while 
tri- and tetrasubstituted alkene showed high selectivity to 
amines. 
As listed in Table 2, the values of the regioselectivity to anti-
Markovnikov product for 1a–1h were very high such as 
97.0–99.9%, except for the case of 2-hexene (1i). Generally, 
regioselectivity is determined by the thermodynamic stabil-
ity of the products or reaction intermediates, and Markov-
nikov primary amines are usually thermodynamically more 
stable than anti-Markovnikov primary amines (Table S3), 
which cannot explain the high regioselectivity to anti-Mar-
kovnikov product. Therefore, the very high regioselectivity 
to anti-Markovnikov product should originate from the 
thermodynamic stability of the radical intermediate to give 
anti-Markovnikov product (Scheme 3). This is consistent 
with the conclusion of the previous study for anti-Markov-
nikov alkene hydration.25 The low regioselectivity (72%) in 
the case of 2-hexene (1i) can be explained by the similar sta-
bility of the anti-Markovnikov and Markovnikov intermedi-
ates. In the case of photochemical hydroamination, the regi-
oselectivity seems to be determined by the stability of the 
Markovnikov products since the complex of the reactants 
would be directly excited by photoenergy. 
 
CONCLUSIONS 
We successfully found a new route for the synthesis of pri-
mary amines using aqueous ammonia by anti-Markovnikov 
hydroamination with metal-loaded TiO2 photocatalysts in 
acetonitrile solvent around room temperature. The primary 
amines were selectively obtained from several amines with 
an Au-loaded TiO2 photocatalyst. According to the unique 
reaction mechanism, the photocatalytic hydroamination 



 

proceeded with a high regioselectivity for the anti-Markov-
nikov product such as more than 97%. The regioselectivity 
was quite different from usual catalytic and photochemical 
hydroamination. The high anti-Markovnikov regioselectiv-
ity would be determined by the thermodynamic stability of 
the radical intermediate formed from alkene and amide rad-
ical. It is also a unique property of this reaction system that 
the successive reactions hardly take place to produce sec-
ondary and tertiary amines and imines, which realizes the 
high and selective yield of anti-Markovnikov hydroamina-
tion products. 
 
EXPERIMENTAL SECTION 
 Materials. Three titanium oxide samples, JRC-TIO-6 (rutile, 
100 m2g−1, Catalysis Society of Japan), SSP-M (anatase, 100 
m2g−1, Sakai Chemical Industry), and ST-01 (anatase, 300 
m2g−1, Ishihara Sangyo Kaisha), were employed.  Precursors 
of the metal cocatalyst were chloroplatinic acid hexahy-
drate (H2PtCl6·6H2O, Nacalai Tesque, ≥98.5%), gold chloride 
acid tetrahydrate (HAuCl4·4H2O, Nacalai Tesque, ≥99.0%), 
and palladium chloride (PdCl2, Nacalai Tesque, ≥99.0%). 
Other reagents were 3-buten-1-ylbenzene (Sigma-Aldrich, 
99.0%), aqueous ammonia solution (Nacalai Tesque, 
28.0%), acetonitrile (Nacalai Tesque, 99.8%), 4-phenyl-2-
butanamine (Tokyo Chemical Industry, >98.0%), 4-phenyl-
1-butanamine (Tokyo Chemical Industry, >98.0%), 1,1'-
[(1E,3E)-1,3-Butadiene-1,4-diyl]dibenzene (Tokyo Chemi-
cal Industry, >99.0%), styrene (Tokyo Chemical Industry, 
>99.0%), 2-phenylethanamine (Tokyo Chemical Industry, 
>98.0%), 1-phenylethanamine (Tokyo Chemical Industry, 
>98.0%), allylbenzene (Tokyo Chemical Industry, >98.0%), 
3-phenyl-1-propanamine (Sigma-Aldrich, 98.0%), cyclo-
hexene (Nacalai Tesque, ≥98.0%), cyclohexanamine 
(Nacalai Tesque, ≥98.0%), 1-hexene (Nacalai Tesque, 
≥98.0%), 1-hexanamine (Tokyo Chemical Industry, 
>99.0%), 1-octene (Tokyo Chemical Industry, >99.0%), 1-
octanamine (Nacalai Tesque, ≥98.0%), 2-octanamine (To-
kyo Chemical Industry, >98.0%), 2,3-dimethyl-2-butene 
(Tokyo Chemical Industry, >96.0%),  2-methyl-2-pentene 
(Tokyo Chemical Industry, >95.0%),  (2E)-2-hexene (Tokyo 
Chemical Industry, >99.0%),  1-decane (Nacalai Tesque, 
98.0%), methanol (Nacalai Tesque, 99.8%), ethanol 
(Nacalai Tesque, 99.5%), deuterated chloroform (Nacalai 
Tesque, ≥98.0%), and N,N-Diethylethanamine (Nacalai 
Tesque, ≥98.0%). These reagents were used without further 
refining. 
Preparation of photocatalysts. Metal-loaded titanium ox-
ide (M/TiO2, M=Pt, Au, and Pd) was prepared by a photo-
deposition method. The 4.0 g of titanium oxide powder with 
ion exchanged water (300 mL) in a 500 mL beaker was vig-
orously stirred, followed by pre-irradiation of UV and visi-
ble light from a xenon lamp (300 W, PE300BUV) at room 
temperature for 30 min. After addition of methanol (100 
mL) and an aqueous solution of metal precursor, the mix-
ture was stirred for 15 min, photoirradiated from the xenon 
lamp for 1 h. The suspension was filtered, washed with ion 
exchanged water, and dried at 323 K overnight. In the pre-
sent paper, x wt.% of metal-loaded titanium oxide sample 
was referred to as M(x)/TiO2 (x=0.01–1.0). 

Photocatalytic reaction test. Photocatalytic reaction test 
for hydroamination was carried out by using a Pyrex test 
tube (70 mL, 21 mm in diameter). 150 mg of the prepared 
M(x)/TiO2 was placed in the Pyrex test tube and pre-irradi-
ated with the 300 W xenon lamp in an air atmosphere for 
30 min to clean the photocatalyst surface. Then, after add-
ing 4.0 mL of acetonitrile and 1.6 mL of aqueous ammonia, 
the test tube was capped with a septum and the gas phase 
was replaced by argon gas with stirring for 30 min. The test 
tube was introduced in a beaker which was filled by water 
with ice to maintain the reaction temperature at 303 K and 
0.4 mL of 3-buten-1-ylbenzene was added by a syringe. The 
reaction mixture was irradiated with the xenon lamp (300 
W) with stirring for 3 h at 303 K. After the irradiation, the 
products in the gas phase were analyzed by a GC-TCD (Shi-
madzu, GC-8A). Afterward, n-decane as an internal standard 
in 15 mL of ethanol was added into the resulting reaction 
mixture, stirred for 5 min, and filtered by a PTFE (0.45 μm) 
syringe filter. Products in the liquid phase were analyzed by 
a GC-FID, Shimadzu, GC-2014) and a GC-MS (Shimadzu, 
GCMS-QP2020). The selectivity and regioselectivity of 
amine were calculated from the GC-FID area. Also, the pro-
duced amine was isolated by silica gel column chromatog-
raphy. The isolated yield of amine was analyzed by NMR 
(JEOL ECS-400, 500 MHz). 
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Scheme S1. Proposed mechanism of photochemical hydroamination without a photocatalyst. 
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Table S1. The detailed data for Table 2 

entry alkenes details 

1 3-buten-1-ylbenzene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene (3-buten-1-ylbenzene (1a), 0.4 mL, 2.61 mmol), aqueous 

ammonia (28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), wavelength: 

λ ≥ 300 nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in wavelength. The 

yellow oil, 4-phenyl-1-butanamine (2a) and 4-phenyl-2-butanamine (3a), were obtained 

with 90.6% and 2.05% yields, respectively. The major byproducts were bimolecular reaction 

products from alkene with molecular weight of 262 and 264 detected by GC-MS, but 

quantitative analysis was not performed. 

2 3-buten-1-ylbenzene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene (3-buten-1-ylbenzene (1a), 0.4 mL, 2.61 mmol), aqueous 

ammonia (28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), wavelength: 

λ ≥ 300 nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in wavelength. The 

yellow oil, 4-phenyl-1-butanamine (2a) and 4-phenyl-2-butanamine (3a), were obtained 

with 75.9% and 1.86% yields, respectively. The major byproducts were bimolecular reaction 

products from alkene with molecular weight of 262 and 264 detected by GC-MS, but 

quantitative analysis was not performed. 

3 allylbenzene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene (allylbenzene (1b), 0.4 mL, 3.02 mmol), aqueous 

ammonia (28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), wavelength: 

λ ≥ 300 nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in wavelength. The 3-

phenyl-1-propanamine (2b) and 3-phenyl-2-propanamine (3b) were obtained with 91.1% 

and 0.329% yields, respectively. The major byproducts were bimolecular reaction product 

from alkene with molecular weight of 236 detected by GC-MS, but quantitative analysis was 

not performed. 

4 styrene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene (styrene (1c), 0.4 mL, 3.49 mmol), aqueous ammonia 

(28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), wavelength: λ ≥ 300 

nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in wavelength. The 2-

phenylethanamine (2c) and 1-phenylethanamine (3c) were obtained with 74.4% and 0.005% 

yields, respectively. The major byproducts were bimolecular reaction product from alkene 

with molecular weight of 208 detected by GC-MS, but quantitative analysis was not 

performed. 

5 cyclohexene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene (cyclohexene (1d), 0.4 mL, 3.95 mmol), aqueous 

ammonia (28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), wavelength: 

λ ≥ 300 nm, light intensity: λ ≥ 300 nm, Light intensity; 40 mW cm
−2

 measured at 360 ± 40 

nm in wavelength. The cyclohexanamine (2d) was obtained with 44.8% yield. The major 

byproducts were bimolecular reaction product from alkene with molecular weight of 162 

detected by GC-MS, but quantitative analysis was not performed. 
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6 1-hexene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene (1-hexene (1e), 0.4 mL, 3.20 mmol), aqueous ammonia 

(28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), wavelength: λ ≥ 300 

nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in wavelength. The 1-hexanamine 

(2e) and 2-hexanamine (3e) were obtained with 40.5% and 1.23% yields, respectively. The 

major byproducts were bimolecular reaction product from alkene with molecular weight of 

168 detected by GC-MS, but quantitative analysis was not performed. 

7 1-octene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene (1-octene (1f), 0.4 mL, 2.55 mmol), aqueous ammonia 

(28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), wavelength: λ ≥ 300 

nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in wavelength. The 1-octanamine 

(2f) and 2-octanamine (3f) were obtained with 66.4% and 1.87% yields, respectively. The 

major byproducts were bimolecular reaction product from alkene with molecular weight of 

224 detected by GC-MS, but quantitative analysis was not performed. 

8 
2,3-dimethyl-2-

butene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene (2,3-dimethyl-2-butene (1g), 0.4 mL, 3.37 mmol), 

aqueous ammonia (28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), 

wavelength: λ ≥ 300 nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in 

wavelength. The 2,3-dimethyl-2-butanamine (2g) was obtained with 92.0% yield. The major 

byproducts were bimolecular reaction product from alkene with molecular weight of 166 

detected by GC-MS, but quantitative analysis was not performed. 

9 2-methyl-2-pentene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene (2-methyl-2-pentene (1h), 0.4 mL, 3.28 mmol), aqueous 

ammonia (28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), wavelength: 

λ ≥ 300 nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in wavelength. The 2-

methyl-3-pentanamine (2h) and 2-methyl-2-pentanamine (3h) were obtained with 94.0% 

and 1.85% yields, respectively. The major byproducts were bimolecular reaction product 

from alkene with molecular weight of 166 detected by GC-MS, but quantitative analysis was 

not performed. 

10 (2E)-2-hexene 

 

 
 

  

Catalyst: 150 mg, reactants: alkene ((2E)-2-hexene (1i), 0.4 mL, 3.23 mmol), aqueous 

ammonia (28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), wavelength: 

λ ≥ 300 nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in wavelength. The 2-

hexanamine (2i) and 3-hexanamine (3i) were obtained with 31.5% and 12.1% yields, 

respectively. The major byproducts were bimolecular reaction products from alkene with 

molecular weight of 166 and 168 detected by GC-MS, but quantitative analysis was not 

performed. 
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Table S2. The reaction of amines as the reactants in the presence of ammonia with the photocatalyst 
a
 

entry amines 

initial amount 

of amines  

/mmol 

obtained products/μmol 
conversion 

c
 

(%) N2 H2 2a 3a imines 
other 

amines
 b

 

1 
4-phenyl-1-butanamine

 (2a) 
2.48 1.34 4.17 2475 – – – 0.20 

2 
4-phenyl-2-butanamine

 (3a) 
2.42 1.31 4.06 8.32 2408 – – 0.57 

a 
Catalyst: Au(0.1)/TiO2 150 mg, aqueous ammonia (28%, 1.6 mL, 23.7 mmol), solvent: acetonitrile (4.0 mL, 73.1 mmol), 

wavelength of the irradiated light: λ ≥ 300 nm, light intensity: 40 mW cm
−2

 measured at 360 ± 40 nm in wavelength, reaction 

time: 3 h, reaction temperature: 303 K, TiO2 used; anatase, 300 m
2
g

−1
 (ST-01, Ishihara Sangyo Kaisha), 

b 
other amines: 

secondary and tertiary amines, 
c 
conversion of amine (2a and 3a), which was calculated from the initial and final amounts of 

2a and 3a, respectively. 

 

 

 

Table S3. Gibbs free energy (ΔfGº) of amines
 a

 

entry anti-Markovnikov products ΔfGº / kJmol
−1

 Markovnikov products ΔfGº / kJmol
−1

 

1 4-phenyl-1-butanamine (2a) 212.2 4-phenyl-2-butanamine (3a) 209.7 

2 3-phenyl-1-propanamine (2b) 203.8 1-phenyl-2-propanamine (3b) 201.3 

3 2-phenylethanamine (2c) 195.3 1-phenylethanamine (3c) 192.9 

4 Cyclohexanamine (2d) 90.5 – – 

5 1-hexanamine (2e) 66.1 2-hexanamine (3e) 63.7 

6 1-octanamine (2f) 82.9 2-octanamine (3f) 80.5 

7 2-hexanamine (2i) 63.7 3-hexanamine (3i) 63.7 

a
 Data were calculated by the Joback method at the web site: https://www.chemeo.com/. 
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Figure S1. UV-visible spectra of 3-buten-1-ylbenzene, aqueous ammonia, and their mixture. Their concentrations in the 

solutions were 217.4 mmol L−
1
 of 3-buten-1-ylbenze and 218.1 mmol L−

1
 of aqueous ammonia in 3 mL of acetonitrile. 

 

 

 

 

Figure S2. The results of the photocatalytic reaction tests, alkene conversion, amount of products, and selectivity to amine, 

with the (A) Au(x)/TiO2 and (B) Pt(x)/TiO2 photocatalysts with various loading amount, x wt.%. Photocatalyst: 150 mg, 

reactants: 3-buten-1-ylbenzene (0.4 mL), aqueous ammonia (1.6 mL), solvent: acetonitrile (4.0 mL), wavelength: λ ≥ 300 nm, 

light intensity: 40 mW cm
−2

 at 360 ± 40 nm in wavelength, reaction time: 3 h, reaction temperature: 303 K. 
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Figure S3. The results of alkene conversion, amount of products, and selectivity to amine with the Au(0.1)/TiO2 photocatalysts 

of anatase and rutile. Photocatalyst: 150 mg, Au(0.1)/TiO2, reactants: 3-buten-1-ylbenzene (0.4 mL) and aqueous ammonia (1.6 

mL), solvent: acetonitrile (4.0 mL), wavelength: λ ≥ 300 nm, light intensity: 40 mW cm
−2

 at 360 ± 40 nm in wavelength, 

reaction time: 3 h, reaction temperature: 303 K. 

 

 

 

 

Figure S4. The amount of the amine obtained from 3-buten-1-ylbenzene (1a) in the photocatalytic reaction test at various 

reaction temperatures with the photocatalysts, (A) Au(0.1)/TiO2 and (B) Pt(0.1)/TiO2. Photocatalyst: 150 mg, reactants: 3-

buten-1-ylbenzene (0.4 mL) and aqueous ammonia (1.6 mL), solvent: acetonitrile (4.0 mL), wavelength: λ ≥ 300 nm, light 

intensity: 40 mW cm
−2

 at 360 ± 40 nm in wavelength, reaction time: 3 h. 
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Figure S5. The pseudo-Arrhenius plots of the production rates in the photocatalytic reaction tests for hydroamination (A, B) 

with the Au(0.1)/TiO2 photocatalyst, and (C, D) with the Pt(0.1)/TiO2 photocatalyst (A, C: amines, B, D: other products).  
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NMR Analysis 

1
H and 

13
C NMR spectra were recorded using at ambient temperature on JEOL ECS-400 operating at 500 MHz. Abbreviations 

used in the NMR experiments: s, singlet; d, doublet; t, triplet; q, quantet. 

 

 

 

Figure S6. NMR data results of the photocatalytic reaction test for the hydroamination of 3-buten-1-ylbenzene by ammonia 

solution with the Au(0.1)/TiO2 sample, (A) 
1
H-NMR data, and (B) 

13
C-NMR data. Yield: yellow oil, 346.3 mg, isolated yield; 

88.9 %. 
1
H-NMR in CDCl3 (δ, ppm): 7.27–7.15 (m, 5H), 2.66 (t, J = 6.8 Hz, 2H), 2.60 (t, J = 7.6 Hz, 2H), 1.63 (q, J = 7.8 Hz, 

2H), 1.45 (q, J = 7.3 Hz, 2H), 1.21 (s, 2H). Some small peaks other than expected in the spectrum may be resulting from the 

ethyl alcohol and 1-methyl-3-phenylpropylamine (3a). 
13

C-NMR in CDCl3 (δ, ppm): 142.6, 128.5, 128.4, 125.8, 42.3, 35.9, 

33.6, 28.9. 



S9 

 

 

 

 

Figure S7. NMR data results of photocatalytic hydroamination by Pt(0.1)/TiO2. (A) 
1
H-NMR data, and (B) 

13
C-NMR data. 

Yield: yellow oil, 284.0 mg, isolated yield; 72.9 %. 
1
H-NMR in CDCl3 (δ, ppm): 7.29–7.16 (m, 5H), 2.69 (t, J = 6.9 Hz, 2H), 

2.62 (t, J = 7.8 Hz, 2H), 1.65 (q, J = 7.8 Hz, 2H), 1.47 (q, J = 7.6 Hz, 2H), 1.27 (s, 2H). Some small peaks other than expected 

in the spectrum may be resulting from the ethyl alcohol and 1-methyl-3-phenylpropylamine (3a). 
13

C-NMR in CDCl3 (δ, ppm): 

142.6, 128.5, 128.4, 125.8, 42.3, 35.9, 33.6, 28.9. 

 




