
This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
author guidelines.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the ethical guidelines, outlined 
in our author and reviewer resource centre, still apply. In no 
event shall the Royal Society of Chemistry be held responsible 
for any errors or omissions in this Accepted Manuscript or any 
consequences arising from the use of any information it contains. 

Accepted Manuscript

rsc.li/green-chem

Green
Chemistry
Cutting-edge research for a greener sustainable future
www.rsc.org/greenchem

ISSN 1463-9262

CRITICAL REVIEW
G. Chatel et al.
Heterogeneous catalytic oxidation for lignin valorization into valuable 
chemicals: what results? What limitations? What trends?

Volume 18 Number 7 7 April 2016 Pages 1821–2242

Green
Chemistry
Cutting-edge research for a greener sustainable future

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  Y. Fan, S. Li, J.

Bao, L. Shi, Y. Yang, F. Yu, P. Gao, H. Wang, L. Zhong and Y. Sun, Green Chem., 2018, DOI:

10.1039/C8GC00971F.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c8gc00971f
http://pubs.rsc.org/en/journals/journal/GC
http://crossmark.crossref.org/dialog/?doi=10.1039/C8GC00971F&domain=pdf&date_stamp=2018-06-28


1 

Hydrofunctionalization of olefins to value-added chemicals via 

photocatalytic coupling†  

Yonghui Fan,
a,b

 Shenggang Li,
a,c

 Jingxian Bao,
a,b

 Lei Shi,
 a,b

 Yanzhang Yang,
a,d

 Fei 

Yu,
a,d

 Peng Gao,
a
 Hui Wang,

a
 Liangshu Zhong,*

,a,c
 and Yuhan Sun*

,a,c 

 

a 
Key Laboratory of Low-Carbon Conversion Science and Engineering, Shanghai Advanced 

Research Institute, Chinese Academy of Sciences, Shanghai 201203, China 

b 
Department of Chemistry, College of Sciences, Shanghai University, Shanghai 200444, China 

c 
School of physical Science and Technology, ShanghaiTech University, Shanghai 201210, China 

d 
University of the Chinese Academy of Sciences, Beijing 100049, China  

* E-mail: zhongls@sari.ac.cn; sunyh@sari.ac.cn 

† 
Electronic Supplementary Information (ESI) available. See DOI:10.1039/x0xx00000x 

 

A green strategy was developed for synthesis of various value-added chemicals 

using methanol, acetonitrile, acetic acid, acetone and ethyl acetate as the 

hydrogen source by coupling them with olefins over heterogeneous 

photocatalysts. A radical coupling mechanism was proposed for the 

hydrofunctionalization of olefins with methanol to higher aliphatic alcohols over 

the Pt/TiO2 catalyst as the model reaction. C-H bond cleavage and C-C bond 

formation between photogenerated radicals and terminal olefins were 

accomplished in a single reaction at high efficiency. Our approach is atomically 

economical with high anti-Markovnikov regioselectivity and promising 

application potential under mild reaction conditions. 

 

Olefins are commonly used as the feedstock for the production of various 

value-added chemicals including alcohols, acids, esters and nitriles via 

hydrofunctionalization in industry
1-3

. For example, the conventional synthesis method 

for higher aliphatic alcohols is through the hydrogenation of aldehydes, whereas 

aldehydes are produced via homogeneous hydroformylation of terminal olefins with 

syngas under high pressure (Scheme 1a) 
4-8

. The oxidation of aldehydes yields 

aliphatic acids, which can be further converted into esters via esterification. Although 

significant progress has been made in catalyst development for the hydroformylation 

reaction
9
, expensive Rh-based homogeneous catalysts are still usually required. In 

Page 1 of 14 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
8 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
B

ir
m

in
gh

am
 o

n 
6/

30
/2

01
8 

9:
59

:5
6 

A
M

. 

View Article Online
DOI: 10.1039/C8GC00971F

http://dx.doi.org/10.1039/c8gc00971f


2 

addition, both limited product selectivity and difficulty in catalyst recovery make the 

process less economically viable and environmentally friendly. Yang’s group
10, 11

 

reported a CeO2−Pt@mSiO2 heterogeneous catalyst to convert methanol and ethylene 

into propanal via tandem hydroformylation, where methanol served as both the C1 

feedstock and the hydrogen source to replace syngas with the additional benefit of 

facile catalyst recycle. However, it remains difficult to avoid by-products such as 

iso-aldehydes and alkanes, limiting the yield of the n-aldehydes target product. As for 

another value-added olefin-derived chemicals, nitriles are widely used in industry
12

. 

The present industrial route for the anti-Markovnikov hydrocyanation of olefins to 

nitriles is the DuPont adiponitrile process using nickel triarylphosphite catalyst
13

. 

However, such a route is impractical for routine chemical synthesis for the severe 

safety concern of HCN, which is extremely toxic and explosive (Scheme 1b). To 

avoid using HCN, Fang et al.
14

 reported a nickel-catalyzed transfer hydrocyanation 

reaction between alkyl nitriles and olefins. However, other olefins were also 

generated as by-products in this process. Obviously, it is highly desirable yet 

challenging to develop a single-step olefin hydrofunctionalization process for 

synthesizing value-added chemicals with an inexpensive and safe 

hydrofunctionalization source under mild reaction conditions.  

The realization of C-H bond cleavage and C-C or C-N bond formation through 

photocatalytic coupling has been extensively studied in organic synthesis over the last 

decade
15-20

. Recently, Wu et al.
15

 reported that aromatic photocatalytic benzene 

amination and hydroxylation over cobalt-catalyst under unusually mild conditions in 

excellent yields and selectivities. And Li et al.
17

 built new C-C bond by 

photo-induced methylation of heteroarenes with MeOH as both the solvent and the 

methylation source. In addition, numerous photo-catalyzed homogeneous systems 

have been developed to realize the functionalization of olefins
21-23

. Compared with 

conventional thermal reactions, photochemical reactions occur under unparalleled 

mild conditions
24

 and, in many case, have a high product selectivity
25, 26

. In recently 

years, radical hydroxyalkylation of olefins with alcohol or nitrile have also been 

reported 
27, 28

. However, the focus on the approach of synthesis value-added chemicals 

via heterogeneous photocatalysis from olefins and cheap, readily available, and 

abundant small molecules is yet not enough. 

Page 2 of 14Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
8 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
B

ir
m

in
gh

am
 o

n 
6/

30
/2

01
8 

9:
59

:5
6 

A
M

. 

View Article Online
DOI: 10.1039/C8GC00971F

http://dx.doi.org/10.1039/c8gc00971f


3 

In order to develop a green and atomic economic olefin hydrofunctionalization 

process for synthesizing value-added chemicals, herein, a route for synthesizing 

various fine chemicals including alcohols, acids, esters, ketones and nitriles from 

olefins was developed by hydrofunctionalization with high atomic economy and 

anti-Markovnikov regioselectivity via heterogeneous photocatalytic coupling (Scheme 

1c). C-H bond cleavage and C-C bond formation between photogenerated radicals and 

terminal olefins were accomplished in a single reaction at high efficiency. Our 

catalytic strategy is simple and effective with high atomic economy and promising 

application potential. 

 

Scheme 1. Development of the protocol for hydrofunctionalization of olefins and our strategy for 

hydrofunctionalization of olefins via photocatalytic coupling.  
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Table 1. Hydrofunctionalization of olefins with methanol, acetonitrile, acetic acid, acetone or 

ethyl acetate. 
 

 

a Reaction condition: 1 mmol of olefin substrates，50 mg of photocatalyst in 50 mL of methanol, 

acetonitrile, acetic acid, acetone, ethyl acetate, respectively. The reaction were conducted under 

argon atmosphere at 60 °C (Entry 1-7) or 50 °C (Entry 8-17) under Xe lamp irradiation (200-400 

nm) with light intensity of 100 mW/cm
2
. The reaction time was 15 h. TON and TOF were 

calculated based on the target product.  
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Pt/TiO2 was used as the model photocatalyst (Figure S1) for the 

hydrofunctionalization of olefins via photocatalytic coupling with methanol, 

acetonitrile, acetic acid, acetone and ethyl acetate. Various value-added chemicals 

including long-chain alcohols, nitriles, carboxylic acids, ketones, and esters were 

produced in one-step with high selectivity (Table 1). For the coupling of methanol and 

olefins to yield higher aliphatic alcohols, the anti-Markovnikov regioselectivity was 

up to 90% (Entry 1-7), and the main byproducts were acetal and alkane (Figure S2). 

Acetonitrile is an excellent substrate for producing nitriles, and our synthetic route not 

only avoids the use of the lethal HCN but also achieves nearly perfect 

chemoselectivity and regioselectivity (Entry 8-11). In addition, acetic acid (Entry 

12-15), acetone (Entry 16) and ethyl acetate (Entry 17) can also be utilized to generate 

the desired products with very high anti-Markovnikov regioselectivity and atomic 

economy. Meanwhile, a broad range of olefins with different carbon chain lengths 

were examined and showed excellent catalytic performance. And the catalytic activity 

based on TON and TOF showed to be improved with the increase in the carbon 

number of olefin. Besides, substituted olefins such as 1,9-decadiene, 10-undecen-1-ol, 

4-phenyl-1-butene were also successfully converted into the desired higher aliphatic 

alcohols with 100% regioselectivity (Entry 5-7).  

To further investigate the factors affecting the photocatalytic performance, 

coupling between 1-decene and methanol was chosen as the model reaction. The 

control experiment clearly indicated that the desired reaction required both light and 

the photocatalyst, because no desired reaction occurred without either light or the 

photocatalyst. Under typical conditions, only trace amount of higher aliphatic alcohol 

(C11H23OH) was obtained at much lower TON of 10.3 × 10
-3

 for the sole TiO2 catalyst. 

Increasing TON and TOF with the addition of Pt nanoparticles was attributed to the 

reduced probability for the recombination of photogenerated electrons and holes due 

to the transfer of the photoelectrons to Pt
29

 (Table 2, Entries 3-6). However, the TON 

and TOF decreased with the further increasing the Pt loading as the higher loading of 

Pt enhanced the hydrogenation of olefin to alkane (Table 2, Entries 7 and 8). Other 

noble metals were explored (Table 2, Entries 9-11), which also significantly improved 

the catalytic activity. We also investigated the effect of reaction temperature on the 
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catalytic performance. The result showed that there was no product at 20℃. As shown 

in Figure S3, both the TON and the selectivity to higher aliphatic alcohol increased 

with the increase of reaction temperature. When certain amount of water was added to 

the reaction system, the selectivity of the higher aliphatic alcohol increased. This is 

likely due to the enhanced production of the ·OH radical from water, which can 

activate methanol to form stable intermediates
17, 30-32

 (Table S1), as discussed below. 

A wide range of alcohols were found to be effective as the hydrofunctionalization 

source for the coupling reaction and all the obtained higher aliphatic alcohols 

possessed perfect anti-Markovnikov regioselectivity (Table 3). In addition, with the 

sequence of ethanol, propanol and isopropanol, the TON and TOF of the desired 

product increased markedly, suggesting the trend in the catalytic activity to coincide 

with the stability of the α-C free radical intermediates (tertiary > secondary > 

primary)
33

 

Table 2. Catalytic performance of controlled experiment for synthesis higher aliphatic alcohol via 

photocatalysis
a
  

Entry Catalyst 
Noble metal 

loading (wt%) 

TON 

×103 
TOF (h-1) ×103  

Selectivity to higher  

aliphatic alcohol 

(%) 

Anti-Markovnikov 

regioselectivity 

(%) 

1b - - - - - - 

2c Pt/TiO2 0.44 - - - - 

3  TiO2 - 10.3  0.7  85.3  94  

4  Pt/TiO2 0.14 23.9  1.6  42.6  95  

5  Pt/TiO2 0.29  24.2  1.6  43.3  95  

6  Pt/TiO2 0.44 45.3  3.0  62.3  93  

7  Pt/TiO2 0.70  22.5  1.5  64.2  94  

8  Pt/TiO2 1.22 0 0 0 - 

9  Pd/TiO2 0.48 89.7  6.0  36.3  85  

10  Ru/TiO2 0.48 94.9  6.3  52.5  90  

11  Au/TiO2 0.48 31.9  2.1  42.8  85  

a
Reaction condition: 1 mmol of 1-decene，50 mg of photocatalyst in 50 mL of methanol. The 

reaction were conducted under argon atomsphere at 60 °C under Xe lamp irradiation (200-400 nm) 

with light intensity of 100 mW/cm
2
. The reaction time was 15 h. TON and TOF were calculated 

based on the target product. bEntry 1: no photocatalyst under illumination. 
c
Entry 2: at dark 

condition 
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Table 3. Investigation of the scope of alcohol substrates. 
 

 

∗ The reaction time was 15 h (Entry 1-3) or 10 h (Entry 4). TON and TOF were calculated based 

on the target product. 
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Fig. 1. Photocatalytic performance with time-on-stream and X-ray photoelectron spectra of 

Pt/TiO2 at different stages. a, Formation rates of higher aliphatic alcohol and alkane and selectivity 

to higher aliphatic alcohols with time-on-stream. b, O 1s XPS spectrum of Pt/TiO2 catalysts. XPS 

O1s spectra for the sample can be de-convoluted into three distinct peaks: the main oxide peak at 

530.3 eV (‘Olattice’) and two additional peaks at 531.2 eV and 532.5 eV, which were assigned to O 

atoms next to defects (‘Odefect’) and surface hydroxyls (‘OH’), respectively. c, Ti 2p3/2 XPS 

spectrum of Pt/TiO2 catalysts. XPS Ti 2p3/2 spectra for the sample can be de-convoluted into two 

distinct peaks: the Ti
4+

 peak at 459.0 eV and Ti
3+

 peak at 457.9 eV, respectively.  

We further examined the photocatalytic performance with time-on-stream. The 

formation rate of higher aliphatic alcohol increased first and then stabilized with 

time-on-stream while the production rate of alkane declined rapidly. Additionally, the 

selectivity to higher aliphatic alcohols increased quickly with time-on-stream 

especially during the first three hours (Fig. 1a). It suggested that defects on the 

photocatalyst surface generated by UV irradiation promoted the coupling
34

. The Ti
3+

 

surface defect was previously proposed as one of the most important surface species, 

playing an essential role in the photocatalytic process
35

. Indeed, the photogenerated 

electrons and holes were produced by UV radiation in Pt/TiO2 and some of the 

photogenerated electrons were trapped, which reduced the Ti
4+

 cations into the Ti
3+

 

state
36

. Based on the XPS experiments (Figure 1b, 1c), the relative amount of Ti
3+

 and 

Odefect increased after the reaction (Table S3), which may benefit the separation of 

electrons and holes and the formation of higher aliphatic alcohols. 

 

 

Fig. 2. Proposed photocatalytic mechanism for the photocatalytic coupling reaction between 

methanol and olefins. (i), Electron and hole pairs were generated by photoexcitation of the 

electrons from the valence band into the conduction band. (ii), The photogenerated electrons were 
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transferred to the Pt nanoparticles. (iii), The hole direct oxidized the absorbed alcohols into the 

corresponding α-C free hydroxyalkyl radicals. (iv) and (v), The holes oxidized H2O to yield ·OH 

and ·OH radicals abstracted the H from α-C of the absorbed alcohols to form hydroxyalkyl 

radicals. (vi), Terminal olefins coupled with the hydroxyalkyl radicals to form a new C-C bond in 

the more stable secondary carbon-centred radicals. (vii), The carbon-centred radicals combined 

with electron and H
+
 to form higher aliphatic alcohols. (viii), Terminal olefins were hydrogenated 

into alkanes as by-products. 

 

Based on the above results, we proposed the following mechanism as shown in 

Fig. 2 for the photocatalytic coupling reaction between methanol and olefins over 

Pt/TiO2. Under UV illumination, electrons were excited from the valence band to the 

conduction band of TiO2, leading to the production of photogenerated electron and 

hole pairs (Step i). Next, the electron would transfer to Pt (Step ii) while the hole 

direct oxidized the absorbed alcohols into the corresponding α-C free hydroxyalkyl 

radicals. Meanwhile, the absorbed alcohols was also indirect oxidized by 

photogenerated ·OH radicals produced by oxidation of surface −OH groups or 

adsorbed water by the photogenerated holes (Step iv&v)
 29,37

. In situ electron 

paramagnetic resonance (EPR) studies were performed to probe the intermediate 

radical species and DMPO-CH2OH spin adduct was detected under illumination (Fig. 

S4)
32

. Upon the formation of the ·CH2OH radical, it was trapped immediately by the 

terminal carbon of olefins to generate a relatively stable carbon-centred radical 

intermediate (Step vi). This step was suggested to be the rate-limiting step during the 

alcohol/olefin coupling reaction. As secondary carbon-centred radicals were more 

stable than primary carbon-centred radicals for synthesis of higher aliphatic alcohol
38

, 

the former were formed and further been reduced to alkyl anion, which protonated by 

H
+
 to give the desired product with high anti-Markovnikov regioselectivity (Step vii). 

Furthermore, we also carried out first principles calculations using molecular density 

functional theory to further couple radical intermediates with terminal olefin 

(1-heptene as an example). The formation of secondary carbon-centred radical 

intermediates is thermodynamically favorable to that of primary carbon-centred 

radicals (Fig. 3). The coupling reaction is also exothermic due to stabilization of the 

carbon-centred radical, and should also have a relatively low energy barrier. Upon 

further reaction of the secondary radical intermediates with surface-adsorbed H*, 

anti-Markovnikov products are formed. In addition, there was a competitive pathway 
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for direct hydrogenation of the olefin to form alkane by absorbed H* (Step viii). 

Similar mechanisms were also proposed for the coupling reactions between other 

substrates and olefins (Scheme S1). 

 

Fig. 3. First principles studies on the photocatalytic coupling reaction. The primary 

carbon-centered radicals which were formed by abstracting a H from the α-C of methanol, 

acetonitrile, acetic acid, acetone, and ethyl acetate are coupled with terminal olefin (1-heptene) to 

form secondary or primary carbon-centered radicals with energies shown in blue and black, 

respectively. Upon further hydrogenation, anti-Markovnikov and Markovnikov products are 

produced, and the latter are unfavorable. Energies at 0 K are given in kcal/mol. Spin density for 

the radicals is shown to illustrate the nature of the radical. Colors of the atoms: blue for Ti, red for 

O, black for C, green for N, and white for H. 

For the photocatalytic hydrofunctionalization of olefins, the light absorption 

wavelength of the photocatalyst can be tuned through band gap engineering by doping 

TiO2 with metal cations and anions, surface sensitization of TiO2 with visible light 

absorbing dyes, molecular complexes, quantum dots, etc
29

. And visible-light-driven 

photocatalysts are under development for this approach. In addition, suitable junction 

structures should also lead to enhanced catalytic activity by improving the separation 

efficiency of photogenerated electrons and holes
39

. 

 

Conclusions 
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In summary, photocatalytic hydrofunctionalization of olefins provides a green 

and atom-efficient strategy for the synthesis of a great range of value-added chemicals 

all with nearly 100% anti-Markovnikov regioselectivity. Excellent performance was 

observed in the photocatalytic coupling reaction of olefins with methanol, acetonitrile, 

acetic acid, acetone and ethyl acetate. Experimental and computational studies were 

also performed to investigate the possible photocatalytic mechanism, which involved 

α-C-H cleavage and C-C bond formation via the coupling of photogenerated radical 

intermediates and terminal olefins. Our green strategy provides a promising route for 

synthesizing various fine chemicals by the photocatalytic coupling of olefins, and can 

be expected to have a broad impact in the field of chemical synthesis. 
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