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ABSTRACT:  The synergistic control of the SH2 transition states 

of hydrogen abstraction by polar and steric effects provides a 

promising strategy in achieving site-selective C(sp3)-H functionali-

zation under decatungstate anion photocatalysis.  By using this 

photocatalytic approach, the C-H bonds of alkanes, alcohols, 

ethers, ketones, amides, esters, nitriles, and pyridylalkanes were 

functionalized site-selectively. In the remarkable case of a 2,4-

disubstituted cyclohexanone bearing five methyl, five methylene, 

and three methine C-H bonds, one methine C-H bond in the isoam-

yl tether was selectively functionalized.  

KEYWORDS “polar effects, steric effects, photocatalysis, decatungstate anion, C(sp3)-H functionalization, al-
kanes, carbonyl compounds, nitriles”  

INTRODUCTION 

Catalytic C-H functionalization has recently become a 

mainstay of organic chemistry, and now there are many suc-

cessful examples of directing group controlled methods.
1
  

Noteworthy is the progress of the direct functionalization of 

alkane C-H bonds,
2,3

 in which a variety of transition metal 

complexes are used as the catalyst.  Some of these are regard-

ed as synthetic analogues of the natural P450 family of en-

zymes in which Fe- and Mn-centers are designed to function 

for C-H bond cleavage activity.
4,5

 In particular, considerable 

effort has been directed at site-selective alkane C-H function-

alization and remarkable examples
5   

include a recent report on 

the enantioselective functionalization of C2-methylene of pen-

tane by a Rh-carbene complex.
6
   

Alkane C-H bonds have long been recognized to be cleaved 

by hydrogen abstraction by a variety of radical species, such 

as halogen radicals, oxygen centered-radicals, and even car-

bon-centered radicals (Scheme 1, top equation).
7
 In principle, 

such free radical-mediated SH2 (homolytic bimolecular substi-

tution)-type hydrogen abstraction has excellent potential to 

contribute to site-selective C(sp
3
)-H functionalization, if pow-

erful methodologies to control the site-selectivity are devel-

oped.  A classic, yet useful example is the C-H bromination of 

alkanes, in which the weakest methine C-H bond is cleaved 

with good selectivity in the presence of methylene and methyl 

C-H bonds (Scheme 1, bottom left).
8
  Similarly the well-

known Barton nitrite reaction permits the site-selective C(sp
3
)-

H functionalization of saturated alcohols, in which the ther-

modynamic capability of alkoxy radicals to abstract hydrogen 

from alkyl C-H bonds at the δ-position is controlled by an 

entropically favorable intramolecular SH2 process.
9
 Examples 

include radical C-H carbonylation of secondary alcohols in the 

presence of lead tetraacetate, where the δ-methylene position 

is favored over δ-methyl.
 10

 For example, C-H carbonylation of 

4-decanol results in a 96 to 4 ratio in favor of the weaker 

methylene C-H bond cleavage (Scheme 1, bottom right).  The 

Hofmann-Löffler-Freytag reaction is an example of 1,5-H 

radical translocation from aminyl radicals to alkyl radicals.
11

  

Having a wider concept of 1,5-radical translocation,
12

 syn-

thetically useful methods for δ-site-selective C-H functionali-

zation are now abundant.
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Scheme 1.  Examples of Site-selective C-H Functional-
ization by Br and Alkoxy Radicals 

 

In recent years, photocatalytic radical approaches for C-H 

bond cleavage have attracted increasing attention as viable 

alternatives to thermal approaches.
13

 The photocatalyst (PC) 

undergoes light absorption and, the PC in the excited state 

(PC*) may activate C-H bonds of alkanes by the direct cleav-

age through a hydrogen atom transfer (HAT) step (SH2 reac-

tion) to form an alkyl radical, which undergoes subsequent 

radical reactions to lead to C-H functionalized products 

(Scheme 2, top).
14

  For many years, our groups have been in-

volved in the development of C-H functionalization method-

ologies by photocatalytic protocols based on the decatungstate 

anion, routinely employed as the tetrabutylammonium salt 

(TBADT: tetrabutylammonium decatungstate, 

(nBu4N)4[W10O32]).
15,16
  

The decatungstate anion is part of the large family of poly-

oxometalates (POMs).
17

 POMs can be reduced in reversible 

one- or two-electron steps to give mixed-valence polyanions, 

called 'heteropoly blues'.
18

 This characteristic blue color is 

associated with the extra electrons on the metal centers,
19

 orig-

inally present in their highest oxidation state.  Accordingly, 

tracking the color change of the solution to blue is a valuable 

tool to monitor the system evolution.
19

 Among the family of 

POMs,
20

 the decatungstate anion has demonstrated an out-

standing photochemical activity that motivated its use as a 

competent photocatalyst in the field of organic synthesis.
15,16

 

However, despite the first reports of its behavior dating back 

to the 1980s thanks to the pioneering work by Hill and co-

workers,
21,22,23

 the details of the processes involved in the acti-

vation of organic substrates have not been understood until 

recent experimental
23,24

 and computational studies.
25
 

 

 

 

 Scheme 2. Photocatalytic Action Modes of TBADT, 
(nBu4N)4[W10O32], and the Use for C-H Functionaliza-
tion 

The absorption spectrum of the decatungstate anion shows a 

broad band centered at 324 nm (ε324 = 14100 M
-1
�cm-

1
)

22
 due 

to an allowed HOMO-LUMO transition with a marked LMCT 

character, where electrons are moved from oxygen centers to 

tungsten atoms (Scheme 2, bottom). The singlet excited state 

(S1) initially formed, has a lifetime in the order of a few tens 

of picoseconds, however, it does not interact with organic 

substrates but rapidly decays to the actual reactive state 

(wO).
22,23

 This is a relaxed excited state, probably of triplet 

multiplicity, that is formed with a quantum yield around 0.5-

0.6. A recent report proposed that the population of wO from 

S1 occurs through a reorganization of the singly occupied or-

bital centered on oxygen (not tungsten) atoms, leading to the 

formation of highly electrophilic oxygen centers with partial 

radical character.
25e

 The interaction of wO with organic sub-

strates present in solution can occur according to two different 

mechanisms, namely by a single electron transfer (SET), or by 

a hydrogen atom transfer (HAT), depending on the redox 

properties of the substrate. In a recent study, wO was predict-

ed to have a redox potential E (wO/[W10O32]
5-

) around + 2.44 

V vs saturated calomel electrode (SCE),
25e

 in good agreement 

with previous experimental investigations that measured the 

value to be in the range of + 2.26 to + 2.61 V vs SCE. Accord-

ingly, when the substrate has an oxidation potential < + 2.44 V 

vs SCE, a SET event may take place, giving access to the radi-

cal cation of the starting substrate. By contrast, when the redox 

potential of the substrate does not match the above mentioned 

value, the generation of a R
•
 radical is feasible via HAT.  Re-

gardless of whether SET or HAT occurs, the oxidation process 

leads to the mono-reduced form of decatungstate, [W10O32]
5-

, 

either protonated or not. On a longer timescale, [W10O32]
5-

 

spontaneously disproportionates, leading to the reduced form 

[W10O32]
6-

 and the oxidized form of the cluster [W10O32]
4-

. As 
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mentioned, following the color of the solution is a powerful 

tool to monitor the formation of oxidized substrate, since the 

blue color corresponds to reduced W centers and, accordingly, 

all of the above mentioned decatungstate species (S1, wO, 

[W10O32]
5-

 and [W10O32]
6-

), with the exception of the original 

[W10O32]
4-

, share characteristic absorptions in the red region of 

the visible spectrum. However, the extended overlap of the 

absorption spectra often prevents an unambiguous interpreta-

tion of the reaction course.
 

 

Table 1. Selected Rate Constants (kR-H) for Hydrogen 
Abstraction from Various Hydrogen Donors by Excit-
ed Decatungstate Anions 

hydrogen donor  kR-H (M-1·s-1) references 

 
6.5×104  24a  

 
2.5×106 24d 

 

n = 1 

n = 2 

n = 3 

 

 

2.4×107  

4×107  

5.6×107  

 

 

24b  

28  

24b 

 
 

     1.0×108  28 

 
2.8×108  29 

a
 Measured in acetonitrile as solvent.  Temperatures of the 

experiment were not reported with the exception of cyclohex-
ane (298 K)

. 

The rate of hydrogen abstraction (kR-H) by the decatungstate 

anion heavily depends on the C-H bond, and the reported val-

ues span over 4 orders of magnitude (see Table 1). Bond dis-

sociation energies are not necessarily reflected in the rate con-

stants for C-H bonds substituted by functional groups.  Indeed, 

low rate constants (kR-H < 2.5×10
6
 M

-1
�s

-1
) are reported on 

polar solvents, such as acetonitrile,
 24a

 acetone,
24a

 dichloro-

methane,
 24d

 and chloroform,
24d 

where the hydrogen has elec-

trophilic character due to the attached polar substituent.  This 

can be explained on the basis of polar effects.
26

 The polar ef-

fects impact the transition state of hydrogen abstraction, where 

the electrophilic wO leads to unfavorable interactions with 

these compounds (Scheme 3, eq. 1).  On the other hand, good 

H-donors (with kR-H > 10
7
 M

-1
�s

-1
) include alkanes, alcohols 

and alkylaromatics. The observed values for cycloalkanes lie 

in the 10
7
-10

8
 M

-1
�s

-1
 range (Table 1) and generally speaking, 

alkylaromatics are better H-donors than pure aliphatic deriva-

tives. However, in the case of toluene, it has been reported that 

activation occurs with partial charge-transfer character, at least 

in the first stages of the process.
27

 Aliphatic alcohols are the 

best H-donors in the series, with values consistently in the 10
8
 

M
-1
�s

-1
 range. This may be rationalized by favorable interac-

tion between wO and the C-H bond adjacent to the OH func-

tionality (Scheme 3, eq. 2).  

 

  

 

 

Scheme 3. Postulated SH2 TSs Exerted by Polar Effects 

with Decatungstate Anion 

 

Decatungstate salts, when in the excited state, are very effi-

cient in the homolytic cleavage of the C-H bonds as apparent 

from the data shown in Table 2, where the rate constant for 

hydrogen abstraction from cyclohexane was compared with 

those of other hydrogen acceptors. The TBADT* kR-H was two 

orders of magnitude higher with respect to excited ketones (ca. 

10
7
 versus 10

5
 M

-1
 s

-1
) and also compares favorably with oxy-

gen centered radicals, such as t-butoxy and cumiloxy radicals 

(ca. 10
6
 M

-1
 s

-1
). 

 

Table 2. Comparison of Rate Constants (kR-H) for Hy-
drogen Abstraction from Cyclohexanea 

hydrogen acceptor kR-H (M-1�s-1) references 

TBADT* 4×107   28 

Ph2CO* 7.2×105   30a 

xanthone* 8.8×105  30b 

tBuO• 9.6×105 b  30c 

BnO• 1.3×106   30d 

CumO• 1.1-1.2×106   30d, 30e 
a Measured in acetonitrile or benzene (tBuO•) as solvent at 298K.  

 

Throughout our investigations we have noticed that the C-H 

functionalization of compounds containing a variety of func-

tional groups occurs with site-selectivity, despite the high rate 

constants in the competing hydrogen abstraction reactions.  
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This is due to the control exerted by polar effects on the C-H 

cleavage step, which is associated with highly electrophilic 

oxygen centers of tungstate anions exhibiting radical character.  

In addition, since the decatungstate anion is a large molecule 

(MW of [W10O32]
4-

 = 2350), steric effects also impact the site-

selectivity in the SH2 (HAT) transition states.
31

 These two 

effects are important for site-selective C-H functionalization 

on their own, but if combined, these would work as a more 

powerful strategy applicable to functionalization of a wide 

range of complex organic molecules (Scheme 4).  In this Per-

spective, we categorize C-H functionalization results obtained 

through the use of TBADT as the photocatalyst with a view to 

determine the origin of site-selectivity.  We also examined 

how the concept of the synergistic strategy based on polar and 

steric effects applies to catalysis.  It is important to note that 

Tungstate anions are not the sole reagent capable of site-

selective C-H functionalization, however, they are particularly 

important due to the polar and steric effects in HAT processes 

for site-selective C-H functionalization which does not rely on 

the use of any directing groups.   

 

 

Scheme 4. Synergistic Strategy Based on Polar and 
Steric Effects for Site-Selective C-H Functionalization  

 

Alkanes ans Arylalkanes 

    The capability of C-H cleavage by photo-excited deca-

tungstate anion is so strong that even simple alkanes are con-

verted to alkyl radicals. Alkyl radicals are derivatized to func-

tionalized molecules through the formation of C-O, C-C, and 

C-N bonds by radical reactions. Under aerobic conditions, the 

decatungstate anion catalyzes oxidation of cycloalkanes. For 

example, cyclohexane is converted to a mixture of cyclohexa-

nol and cyclohexanone.
32

  Generally a xenon lamp is used as 

the light source, however, reactions also proceed under sun-

light irradiation.
32a,b

 Recent results show that heterogeneous 

catalysis, using immobilized decatungstate anion on an ion-

exchange organic resin or on a carbon support, is also possi-

ble.
32c

 A cooperative dual catalysis was examined for the syn-

thesis of cycloalkenes from cycloalkanes, in which cobalox-

ime pyridine chloride was responsible for the abstraction of a 

second hydrogen atom from the cycloalkyl radical.
 33

  Since 

alkyl radicals have nucleophilic character, they undergo 

smooth addition onto electron-deficient alkenes (Scheme 5, eq. 

1).
 34

 The C-H addition reaction can be extended to unsaturated 

esters, ketones, sulfones, and nitriles.
34b

 The reaction is also 

possible under continuous flow photo-irradiation.
34d

 Azodicar-

boxylates serve as an efficient radical trap, which lead to the 

preparation of substituted hydrazides (Scheme 5, eq. 2).
35

  In 

the presence of pressurized CO, alkyl radicals add to CO to 

give acyl radicals, which undergo addition to electron-

deficient alkenes to provide unsymmetrical ketones in good 

yields (Scheme 5, eq. 3).
36,37

  Similarly, with CO and azodi-

carboxylates, the corresponding carboxylic acid amides are 

obtained in good yield (Scheme 5, eq. 4).
35   

These radical reac-

tions show the utility of decatungstate anion catalyzed C-H 

functionalization. 

 

Scheme 5.  C-H Functionalization Reactions of Cy-
clohexane by Decatungstate Photo-Catalysis 

Site-selective cleavage of methine C-H bonds over methyl 

C-H bonds in alkanes is often observed by the formation of a 

C-O bond under aerobic conditions using decatungstate anion 

as the photocatalyst.
31a,38

 For example, oxidation of isobutane 

proceeds site-selectively at the methine C-H bond, leading to 

TBHP in almost quantitative yield (Scheme 6, eq 1).
38a

 The 

photo-catalyzed reaction of 2,3-dimethylbutane resulted in a 

TBADT (4 mol%)hν

N
N

CO2iPr
iPrO2C

N
N
H

CO2iPr

CO2iPr

69%

68%

CO2Me

CO2Me

hν   TBADT (2 mol%)

CO2Me

CO2Me

CO2n-Bu

CO2n-Bu

CO (80 atm)

O

CO2n-Bu

CO2n-Bu

77%

CH3CN

hν   TBADT (2 mol%)
CH3CN

CH3CN

(1)

(2)

(3)

(4)

N
N

CO2iPr
iPrO2C

CO (80 atm)

CH3CN

TBADT (4 mol%)hν O

N

CO2iPr

H
N

CO2iPr

65%
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site-selective C-H cleavage at the methine C-H bond to give 

the corresponding hydroperoxide exclusively (Scheme 6, eq. 

2).
38b

 However, the presence of a tertiary carbon does not al-

ways leave to a selective process.  In the case of adamantane, 

after reduction, both 1-adamantanol and 2-adamantanol are 

formed together with adamantanone. The reaction was quite 

efficient, with a quantum yield of 0.11.
38e    

Similarly, the 

TBADT-catalyzed reaction of isopentane with ethyl acrylate 

gave a mixture of two products, derived from methine C-H 

and methylene C-H cleavage (Scheme 6, eq. 3).
39

 
 
In the case 

of 2,3-dimethylpentane,  both methine and methylene groups 

are sterically congested and as a result, methyl C-H functional-

ization competes (Scheme 6, eq. 4).  On the other hand, the 

methine C-H bond of 2,2,5-trimethylhexane, which is located 

remote to the t-Bu group was selectively functionalized 

(Scheme 6, eq. 5).  In general the bulky t-Bu group strongly 

affects the site-selectivity due to steric effects.  In the case of 

t-butylcyclohexane, the methine hydrogen is completely 

shielded by the bulky t-Bu group and the same holds for the 

methylene hydrogens present in the 2-position (Scheme 6, eq. 

6).
31a

 As a result, in the reaction with acrylonitrile, C-H cleav-

age took place at the 3- and 4-positions to give a mixture of 

two positional isomers. 

 

Scheme 6. Site-selectivity in Decatungstate-Catalyzed 
C-H Functionalization of Isobutane, 2,3-

Dimethylbutane, Isopentane, 2,4-Dimethylpentane, 
2,2,5-Trimethylhexane, and t-Butylcyclohexane 

The presence of a more labile benzylic hydrogen in alkylar-

omatics generally drives the selective formation of benzyl 

radicals. The process was particularly clean when toluene, 

ethylbenzene (Scheme 7, eq. 1), indane (Scheme 7, eq. 2), and 

cumene were used.
27,40

 Site-selective fluorination of the ben-

zylic position was achieved by the TBADT photocatalysis in 

combination with N-fluorobenzenesulfonimide as the fluorine 

source.
41

 Thus, isobutylbenzene was converted into fluoroiso-

butylbenzene under flow irradiation conditions (Scheme 7, eq 

3). Selective benzylic oxidation of cumene
42

 and 9-substituted 

fluorene
43

 was also reported.  However, the C-H functionaliza-

tion of benzylic hydrogens is not always exclusive as we see 

an example of eq. 4 in Scheme 7. Thus, the photooxygenation 

of (S)-sec-butylbenzene with triethylsilane as the hydrogen 

donor gives racemic benzylic alcohols as major products (78% 

yield) and the secondary hydroperoxide is formed in 20% 

yield.
44

 The C-H oxidation of cyclohexylbenzene is reported to 

be affected by steric effects, when decatungstate-supported 

mesoporous silica is used.
45

 In this case the steric effects, en-

hanced by the cyclic structure, hamper the usual benzylic and 

homo-benzylic functionalization, which leads to a mixture of 

3-oxo and 4-oxo phenylcyclohexanes (Scheme 7, eq. 5). The 

observed selectivity resembles that described for tert-

butylcyclohexane in Scheme 6, eq. 6. 
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Scheme 7.   Site-selectivity in Decatungstae-Catalyzed 
C-H Functionalization of Ethylbenzene, Indane, Iso-
butylbenzene, sec-Butylbenzene, and Cyclohex-
ylbenzene 

To obtain further insights into the site-selectivity by 

TBADT catalysis, we investigated alkylbenzenes having an 

elongated alkyl chain (Scheme 8).
46    

The reaction of 

propylbenzene with fumaronitrile predominantly gave α-

alkylated product along with β- and γ-alkylated products 

(α/β/γ = 76/20/4).  In the cases of isobutylbenzene and isopen-

tylbenzene having a methine C-H bond, alkylation at the ben-

zylic C-H bond competed with alkylation at the methine C-H 

bond.
  

 

 

Scheme 8.  Site-selectivity in Decatungstate-
Catalyzed C-H Alkylation of Propylbenzene, Isobu-
tylbenzene, and Isopentylbenzene 

 

 Alkylpyridines 

TBADT photocatalyzed C-H alkylation of alkylpyridines 

was investigated systematically in terms of the radical polar 

effects (Scheme 9), and shows strong reluctance to α-C-H 

functionalization.
46

 For example, the reaction of 2-

propylpyridine gave the β-alkylated product in the majority, 

and no alkylation at the benzylic position took place.  C-H 

functionalization of 2-isobutylpyridine and 2-

isopentylpyridine took place at the methine C-H bond prefer-

entially or exclusively, and no formation of the α-alkylated 

product was observed.  The absence of C-H abstraction at the 

α-position is rationalized by an inductive effect of the pyridine 

ring influencing the SH2 transition states. Among nine al-

kylpyridines examined one exception was found, 3-

propylpyridine, which gave a mixture of α-, β-, and γ-

alkylated products in a ratio of 36/50/14.  This result is pre-

sumably due to weakened inductive polar effects of the 3-

pyridyl group as compared with those of the 2- or 4-pyridyl 

group.     

 

 

Scheme 9. Site-Selectivity in C-H Alkylation of Al-
kylpyridines and Possible TSs 

    Consecutive site-selective C-H functionalization of 2-

isopentylpyridine is successful (Scheme 10).
 46

 The TBADT 

photocatalyzed C-H  alkylation took place at γ position. The 

subsequent treatment of the C-H alkylation product with N-

bromosuccinimide (NBS) in the presence of benzoyl peroxide 

(BPO) gave α-bromination product. 

 

Scheme 10. Consecutive Double C-H Functionaliza-
tion of  2-Isopentylpyridine 

 

Alcohols and Ethers 

In the case of aliphatic saturated alcohols, the decatungstate 

anion is able to induce site-selective C-H cleavage of the most 

labile C-H bond adjacent to the oxygen atom to form the cor-

responding α-hydroxyalkyl radical.
28,35,47,48

 The HAT transi-

tion states are well accommodated to those stabilized by polar 

+
CN

hν, TBADT
CN

CN

R

H

R H NC

4
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effects, as demonstrated with isopropanol as discussed earlier 

(Scheme 3, eq. 2). In addition, benzylic hydrogens of 1-aryl 

alkanols are easily cleaved,
29,47g,47h,47i

 and the facile oxidation 

of the radicals formed gave the corresponding aldehydes or 

ketones even in the absence of oxygen.  The reaction was par-

ticularly clean when applied to aryl methyl carbinols under an 

oxygen atmosphere (Scheme 11, eq. 1). The presence of a 

cobalt-based co-catalyst accelerates the oxidation leading to 

carbonyls, even when starting from aliphatic secondary alco-

hols.
33

 Selectivity for the secondary alcohol was also observed 

for the oxidation of diols
48a

 and glycerol.
48b

 For example, a 

90% yield of 4-hydroxy-2-butanone was formed from 1,3-

butanediol by using silica-bound decatungstate anion under 

heterogeneous conditions.
48a

  When isopropanol was added to 

acrylonitrile in the presence of the TBADT catalyst, the corre-

sponding γ-hydroxynitrile was formed in a 72% yield (Scheme 

11, eq. 2).
28

  Similarly, isopentanol was reacted with acryloni-

trile and C-H bond cleavage took place site-selectively α to 

the hydroxyl group and no functionalization at methine C-H 

bond was observed (Scheme 11, eq. 3).
39,49

 On the other hand, 

the reaction of 4-methyl-2-pentanol proceeded poorly to give a 

66:34 mixture of products via α and γ attack.  This suggested 

that increased steric hindrance would have retarded the H-

abstraction from the secondary alcoholic portion. 

 

 

Scheme 11. Site-Selectivity in C-H Functionalization 
of Alcohols 

Analogous with alcohols, the C-H bond adjacent to the oxy-

gen atom of ethers is also cleaved easily. The resulting α-oxy 

radicals have been employed in C-C or C-N bond for-

mation.
32b,c,d,35,50-53

  For example, the methyl hydrogen of ani-

sole is smoothly abstracted by decatungstate anion and is able 

to functionalize C60.
51

 Similarly crown ethers are suitable sub-

strates for the synthesis of [60]fullerene/crown ether conju-

gates,
52

 and polyethylene glycol (PEG) was added to carbon 

nanotubes in order to improve their water solubility.
53

 Site-

selectivity is also observed with oxygen-containing heterocy-

cles (Scheme 12).  2-Substituted oxetane is formed selectively 

by reaction of oxetane with vinyl sulfone in good yield 

(Scheme 12, eq. 1).
50a

 THF is selectively functionalized with 

an azodicarboxylate via formation of a new C-N bond 

(Scheme 11, eq. 2).
35

 Recently we reported the photocatalytic 

Minisci reaction using TBADT and persulfate anions,
54

 which 

proceeds selectively with THF (Scheme 12, eq. 3). In the case 

of eucalyptol, there is no possibility to form an α-oxy radical, 

and therefore hydrogen abstraction takes place at the meth-

ylene C-H bonds of the ring (Scheme 12, eq. 4).  Following 

oxidation by PCC, two keto ethers were isolated in a 71 : 29 

ratio, in which the ratio is likely to be a reflection of steric 

effects.
55

  

C-H functionalization of 1,3-benzodioxoles also takes place 

with the selective formation of the α,α-dioxyalkyl radical 

(Scheme 13, eq. 1).
50b

 The complete site-selectivity is attribut-

ed to the presence of the two adjacent oxygen atoms, since the 

C-H functionalization of p-methylanisole was not selective 

(Scheme 13, eq. 2).
27  

 

Scheme 12.  Site-Selectivity in C-H Functionalization 
of Ethers 

 

Scheme 13. C-H Functionalization of Aromatic Ethers 
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Aldehydes 

Formyl group is known to have a weak C-H bond, which 

can be selectively abstracted by TBADT under irradiation to 

generate acyl radicals.  The SH2 transition state for formyl C-H 

cleavage by decatungstate anion would be stabilized by partial 

positive charge on the carbonyl carbon, which provides a ben-

eficial polar effect.
56

  
  
The reaction of heptanal with dimethyl 

maleate in the presence of TBADT under irradiation proceeds 

smoothly to give the corresponding unsymmetrical ketone in 

good yield (Scheme 14, eq. 1).
57

  These photocatalyzed reac-

tions were scalable, and when carried out under sunlight irra-

diation with 100 mL solution (surface area: 10 cm
2
, thickness: 

1 cm), the alkylated products were obtained in up to 10 g after 

several days.
34b

 In this system, no artificial energy, no light 

source, no heating/cooling, and no stirring are required.  In the 

reaction of secondary and tertiary aldehydes, decarbonylation 

of the acyl radical intermediates often competes.  The unde-

sired side reaction was suppressed by reaction at lower tem-

perature (Scheme 14, eq. 2) or under a CO atmosphere.
57

 The 

formyl C-H alkylation was extended to aromatic and heteroar-

omatic aldehydes and can be used in the synthesis of amides.
58

  

The reaction of aldehydes with diisopropyl azodicarboxylate 

in the presence of TBADT proceeded well to give amides in 

good yields.
35

  In the example given in eq. 3 (Scheme 14), C-H 

cleavage took place site-selectively at the formyl C-H and no 

side product formed from methine C-H cleavage was observed.  

TBADT photocatalyzed acylation of fullerene by aldehydes 

via formyl hydrogen abstraction has been reported and gave 

acyl functionalized fullerenes.
59

 

   

 

Scheme 14. Site-Selective Functionalization of Formyl 
C-H Bond 

The TBADT photocatalyzed site-selective C-H functionali-

zation was successfully combined with a Norrish Type 1 reac-

tion of ketones to achieve a one-pot synthesis of homoallyl 

ketones (Scheme 15).
60

  When cyclopentanone was irradiated, 

in the absence of TBADT catalyst, 4-pentenal was obtained in 

98% yield.  Following this first reaction, electron-deficient 

alkenes and TBADT catalyst were added to the reaction mix-

ture and the resulting solution was irradiated with the same 

light source, which gave homoallyl ketones in good yields.  In 

these reactions an enal is formed in situ and there is an allylic 

C-H bond which could undergo C-H functionalization. How-

ever, no such reaction is observed.  This is probably due to the 

more favorable polar effects in the SH2 TS of formyl-H ab-

straction (Scheme 15, bottom). 
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Scheme 15. One-pot Synthesis of γγγγ,δδδδ-Unsaturated Ke-
tones via Sequential Norrish Type 1 Reaction and 
Formyl C-H Alkylation 

 

 Ketones 

Cyclopentanone has two types of methylene C-H bonds.  In 

terms of bond dissociation energy, the α-C-H bond is weaker 

than the β-C-H bond. However, inspection of the SH2 transi-

tion state leading to the α-radical does not make a polarity 

matched TS because decatungstate anion is electrophilic.  In 

contrast, the SH2 transition state leading to the β-radical can 

make a polarity matched TS, and therefore the site-selective 

C-H bond cleavage at the β-C-H bond is expected to occur.  

Indeed, the photo-irradiation reaction of cyclopentanone with 

electron-deficient alkenes in the presence of TBADT gave 

only β-alkylated products (Scheme 16).
61

  β-Selective alkyla-

tion of cyclopentanone was also promoted by sunlight irradia-

tion, however the reaction took longer to go to completion.  

 

 

Scheme 16. ββββ-Site-Selective C-H Alkylation of Cyclo-
pentanones 

Alkylation of 3-methylcyclopentanone preferentially pro-

ceeded at the methine C-H bond to give the alkylated product 

at the 3-position with 95 : 5 selectivity.  β-Site-selective C-H 

acylation was achieved by combination of the alkylation 

methodology with radical carbonylation.
37

  For example, the 

reaction of cyclopentanone with electron deficient alkenes 

under pressurized CO (200 atm) proceeded well to give 1,4-

diketones in good yields (Scheme 17).
61

  The catalytic cycle, 

including radical cascade, is given in Scheme 17. 
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Scheme 17. ββββ-Site-Selective C-H Acylation of Cyclo-
pentanone and the Related Catalytic Cycle Including 
Radical Cascade 

β-Site-selective C-H functionalization of cyclopentanone 

can also be employed in TBADT-catalyzed Minisci reactions. 

As shown in Scheme 18, the reaction of cyclopentanone with 

2-methylquinoline took place in the presence of the TBADT 

photocatalyst and persulfate as oxidant to afford β-arylated 

cyclopentanones.
54

  A possible mechanism is depicted in 

Scheme 18, bottom.  In this case, excited TBADT is able to 

homolytically cleave the C-H bond β to the carbonyl group.  

The reduced form of the photocatalyst (H
+
[W10O32]

5-
) is oxi-

dized by K2S2O8, liberating an equivalent of acid along with 

an oxidant (SO4
•–

) to regenerate [W10O32]
4-

. The β-carbonyl 

radical is trapped by the protonated heterocycle, and subse-

quent one-electron oxidation of the adduct radical affords β-

arylated cyclopentanone. 

 

 

Scheme 18. ββββ-Site-Selective C-H Arylation of Cyclo-
pentanone and the Related Mechanism 

TBADT-catalyzed C-H alkylation of cyclohexanone gave 

two products via β- and γ-functionalization, whereas no α-

functionalization took place (Scheme 19).
61

 4-

Methylcyclohexanone preferentially gave γ-alkylated product 

via methine C-H functionalization, in which the ratio of γ-

methine to β-methylene was 80 : 20 (16  : 1, statistically cor-

rected for 1H).  In contrast, C-H functionalization of 3,3,5-

trimethylcyclohexanone and 4-tert-butylcyclohexanone did 

not take place, even though both substrates have a weak me-

thine C-H bond.
49

 The lack of reactivity of these substrates is 

rationalized by steric effects between substituents and the 

large decatungstate anion. This effect can be represented as 

shown in Scheme 19, in which blue circles indicate the sites 

deactivated by polar effects and red circles those deactivated 

by steric effects.
49
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Scheme 19.  Experimental Results and Analysis of 
Available Reaction Sites of Cyclohexanones 

 

As both polar and steric effects individually impacted the 

site-selectivity of the C-H functionalization, next a synergistic 

strategy was tested employing two dimethyl-substituted cyclo-

hexanones (Scheme 20, eqs 1 and 2).
49

 The C-H alkylation of 

3,3-dimethylcyclohexanone proceeded site-selectively at the 

β-methylene C-H bond (Scheme 20, eq. 1).  C-H alkylation of 

3,5-dimethylcyclohexanone also took place site-selectively at 

the methine C-H bond (Scheme 20, eq. 2).  On the other hand, 

two methine carbons are present in 3,3-dimethyl-5-isopentyl 

cyclohexanone, however, C-H alkylation took place site-

selectively at the methine carbon in the tether, which is located 

in less congested surroundings (Scheme 20, eq. 3). The reac-

tion of 2-isoamyl-4-tert-butylcyclohexanone, which has three 

methine C-H bonds, also proceeded selectively at the methine 

located at the isoamyl tether (Scheme 20, eq. 4). 

 

 

Scheme 20. Site-Selective Alkylation of Substituted 
Cyclohexanones 

 

Carboxylic Acid Amides, Esters, and Nitriles 

Decatungstate anion catalyzed C-H alkylation of formamide 

with electron-deficient alkenes proceeds to give carboxylic 

acid amides in good yields (Scheme 21, eq. 1).
62

 In contrast, 

C-H functionalization of N,N-dimethyl formamide took place 

at the N-methyl group preferentially (Scheme 21, eq. 2). Both 

TSs appear to have favorable polar effects, however it may be 

more advantageous for H-abstraction to occur from the N-

methyl C-H bond.  Similarly, C-H functionalization of N,N-

dimethyl acetamide took place site-selectively at the N-methyl 

group (Scheme 21, eq. 3).  The lack of the reactivity α to the 

carbonyl is similar to that observed for ketones.  C-H func-

tionalization of γ-butyrolactam preferentially proceeded at the 

inner N-methylene C-H rather than the N-methyl C-H (Scheme 

21, eq. 4).
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Scheme 21. Site-Selective Alkylation of Carboxylic 
Acid Amides 

 

Scheme 22. Site-Selectivity for the Alkylation of Bu-
tyric Acid Ester and Amide 

In the reactions of butyric acid tert-butyl ester and butyric 

acid tert-butyl amide, α-alkylation did not take place, which is 

consistent with polar effects being exerted in the SH2 transition 

states (Scheme 22).
49

  In these cases, C-H functionalization 

proceeded mainly at the β-methylene groups (90% selectivity) 

with a small amount of by-product obtained via γ-methyl C-H 

functionalization.  Butyronitrile
  
exhibited

 
a quite similar ten-

dency (Scheme 23, eq. 1).
 63

 Interestingly, in the case of vale-

ronitrile, C-H alkylation took place at the γ-position preferen-

tially (Scheme 23, eq. 2).
63

  This result suggests that the induc-

tive effect of the cyano group influences C-H cleavage at the 

β-position, which destabilizes the transition state.
64

 A similar 

γ-preference was also observed in the reaction of tert-butyl 

pentanoate.
49 

 

 

Scheme 23. Site-Selectivity for the Alkylation of Bu-
tyronitirile and Valeronitrile 

In the reaction of aliphatic esters and nitriles with a 

branched alkyl chain, alkylation took place at the methine C-H 

bond selectively.
49,63

 For example, tert-butyl-4-

methylpentanoate reacted with dimethyl maleate and acryloni-

trile to give only the corresponding alkylated products via 

methine C-H functionalization (Scheme 24, eq. 1).
49

  In sharp 

contrast to the reaction of isopentanol (Scheme 10, eq. 3), 

when isopentyl pivalate was reacted with dimethyl maleate, no 

functionalization at α to oxygen took place, and as a result 

methine C-H was selectively functionalized (Scheme 24, eq. 

2).
49

  Presumably hydrogen abstraction at the α position is 

suppressed by the bulky pivalate group.  Similarly, the reac-

tion of isovaleronitrile and isocapronitrile gave products de-

rived from methine C-H functionalization (Scheme 24, eqs. 3 

and 4). 
63
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Scheme 24. Site-Selective Alkylation of Branched Ali-
phatic Carboxylic Acid Esters and Nitriles 

Site-selectivity of the reaction with dinitriles is highly de-

pendent on the structures.  Whereas the reaction of adiponitrile 

with dimethyl maleate took place selectively at the β-

methylene carbon to give the alkylated product in good yield, 

the reaction of glutaronitrile did not proceed (Scheme 25, eqs. 

1 and 2 respectively).
63

 The lack of reactivity for glutaronitrile 

could be explained by strong inductive-destabilization of the 

SH2 transition state by the two β-cyano groups.  Taking ad-

vantage of the propensity, the dinitrile compound containing 

three methylene groups and two methine groups was reacted 

with dimethyl maleate, which proceeded selectively at the 

remote methine carbon (Scheme 25, eq. 3).
63  

 

 

Scheme 25. Site-Selective Alkylation of Dinitriles 

TBADT-catalyzed C-H alkylation of γ-butyrolactone took 

place predominantly at the γ-position (β/γ = 15/85) (Scheme 

26, eq. 1).
49 

  Introduction of a methyl group at the γ-position 

resulted in selective C-H alkylation at the methine C-H bond 

(Scheme 26, eq. 2).
50 

 When the dimethyl-substituted butyro-

lactone was tested, no reaction took place (Scheme 26, eq. 3).
 

49 
  The lack of reactivity is likely due to steric effects originat-

ing from the bulky dimethyl substituents, as indicated using 

red circles.  When the lactone had an isoamyl tether, the me-

thine C-H of the isoamyl chain was selectively functionalized.  

In this case reaction of the carbonyl α-methylene and three 

other methylene groups was suppressed by polar and steric 

effects, respectively (Scheme 26, eq. 4).
49

  
 

 

 Scheme 26.  ββββ-Site-Selective Alkylation of γγγγ-Lactones 
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We predicted that  δ-dimethyl-substituted δ-lactones would 

also undergo selective β-alkylation due to polar and steric 

effects.  Indeed, this proved to be the case,
   

and the replace-

ment of one methyl group by an ethyl group still gave the 

product via β-alkylation selectively (Scheme 27, eq. 1 and 2 

respectively).
 49

 

 

 

Scheme 27.  ββββ-Site-Selective Alkylation of δδδδ-Lactones 

 

Conclusions and Perspective 

Decatungstate anion, upon photoexcitation, is capable of ab-

stracting a hydrogen atom from C(sp
3
)-H bonds.  The hydro-

gen abstraction from cyclohexane to form the cyclohexyl radi-

cals is known to proceed with a rate constant around 10
7
 M

-1
s

-1
 

at room temperature.  However, in functionalized and more 

complex molecules, such as substituted cyclohexanes and cy-

clohexanones, the reaction efficiencies are markedly different.  

This is closely associated with highly electrophilic oxygen 

centers of the tungstate anion exhibiting partial radical charac-

ter which demands the SH2 type HAT transition states to be 

significantly polar. Steric congestion surroundings the target 

C-H bonds greatly slows down or even hampers the HAT pro-

cess catalyzed by the decatungstate anion.  This is attributed to 

the decatungstate anion being a relatively large molecule (MW 

of [W10O32]
4-

 = 2350) and thus, the synergistic control of polar 

effects and steric effects is key to achieving site-selective 

C(sp
3
)-H functionalization through radical reactions. As for 

steric effects, a larger size of POMs may have further possibil-

ities.  Optimism for future progress lies in the fact that the 

photocatalytic radical strategy shows much promise for more 

complex molecules. 
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