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Abstract: Hydrogenation of alkenes is one of the most

fundamental transformations in organic synthesis, and

widely used in the petrochemical, pharmaceutical, and

food industries. Although numerous hydrogenation

methods have been developed, novel types of catalysis

with new mechanisms and new hydrogen sources are

still desirable. Thioxanthone (TX) is widely used in

energy-transfer photoreactions, but rarely in photoredox

processes. Herein we show that a catalytic amount of

TfOH as a co-catalyst can tune the properties of TX to

make it a photoredox catalyst with highly enhanced

oxidative capability in the hydrogenation of carbony-

lated alkenes with the cheap petroleum industrial

product p-xylene serving as the hydrogen source.

Deuterium can also be introduced by this method by

using D2O as the D source. To the best of our knowl-

edge, this is the first example of using p-xylene as a

hydrogen source.

The hydrogenation of alkenes is one of the most fundamen-

tal transformations in organic synthesis and can be traced

back as early as the 1912 Nobel Prize to Sabatier (shared

with Grignard).[1] It is widely used in the petrochemical

industry, the pharmaceutical industry and the food

industry.[2] Hydrogenation of alkenes normally requires a

combination of a catalyst and a corresponding hydrogen

source (Figure 1a). Conventional hydrogenation transition-

metal catalysts include Pd/C,[3] the Wilkinson catalyst,[4] the

Crabtree catalyst,[5] the Lindlar catalyst,[6] and Raney

nickel.[7] Other metal-centered complexes, such as Rh,[8]

Ni,[9] Ir,[10] Cu,[11] Fe,[12] Mn,[13] Co,[14] Ba,[15] and V

complexes,[16] have also been developed as hydrogenation

catalysts. Notably, heterogeneous hydrogenation catalysts

are critical and widely used in industry.[17] With the develop-

ment of well-defined ligands, both homogeneous and

heterogeneous asymmetric hydrogenation reactions are also

developing rapidly.[18] A breakthrough in organocatalytic

hydrogenation was the discovery by the Stephan group of

frustrated Lewis pairs (FLPs),[19] which form stable B� H and
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P� H intermediates with H2, for the hydrogenation of

alkenes, alkynes, imines, and other compounds.[20] Although

the catalyst plays an essential role in hydrogenation reac-

tions, the hydrogen source is also an indispensable compo-

nent (Figure 1a). The most common hydrogen source is

hydrogen gas (H2), which is an ideal hydrogen source with

100% atom efficiency. However, there are still potential

safety concerns in handling flammable and explosive H2, and

various active hydrogen sources have been developed for

hydrogenation reactions. Typically, H2 precursors, such as

HCO2H
[21] and HCO2NH4,

[3,22] have been developed as

alternatives. Metal-hydride formation by -hydride elimina-

tion from readily accessible hydrogen sources, such as

EtOH,[23] i-PrOH,[24] H2O� B2Pin2,
[25] was also a significant

advance. Notably, D2O� B2Pin2 can also be used to introduce

deuterium during the hydrogenation process, providing a

convenient synthesis of deuterated organic compounds. 9-

BBN, LiAlH4, and NaBH4
[26] are representative examples of

hydride-type hydrogen sources. Their nucleophilicity causes

them to behave as useful hydrogen sources in hydrogenation

reactions, especially for the reduction of polarized alkenes.

Finally, a type of “energetic” precursor can release hydrogen

with a high thermodynamic driving force by concomitant

aromatization[27] or entropy increase.[28] These reagents are

powerful hydrogen sources, especially for “non-metal-

hydride-mediated” hydrogenation reactions. Although nu-

merous methods employing different types of catalysts and

relatively active hydrogen sources have been developed,

catalytic methods with novel mechanisms and new hydrogen

sources are still desirable.

Photochemistry[29] provides a relatively new approach to

substrate activation. The direct photoexcitation of a metal

hydride intermediate may facilitate hydride transfer to

unsaturated bonds, enabling the hydrogenation of alkenes

and aromatic compounds.[30] In the case of photoredox

catalysis, the excited photocatalyst has enhanced redox

potential as compared to its ground state. Photoredox

catalysis has been applied to the hydrogenation of aromatic

compounds and electron-deficient alkenes by using N,N-

diisopropylethylamine, or Hantzsch esters as the hydrogen

source, respectively.[31] With the assistance of an “Ene”-

reductase, NADPH could also be used in photoredox

hydrogenation.[32] However, photoredox catalytic hydroge-

nation reactions are limited to ruthenium- or iridium-based

complexes and organic amines as both electron and hydride

donor. Novel photochemical hydrogenation catalysts and

hydrogen sources are highly desirable. Herein, we report

our recent discovery of a photochemical hydrogenation

reaction using 9-hydroxy-9H-thioxanthen-9-ylium trifluoro-

methanesulfonate (9-HTXTF) as a catalyst and p-xylene as

the hydrogen source (Figure 1b).

In initial studies, we observed that the colorless TX solution

turned bright yellow upon the addition of TfOH, indicating

the formation of a new species, 9-HTXTF, whose structure

was first determined by single-crystal X-ray diffraction

(Figure 2a).[33] Next, UV/Vis spectroscopy studies found that

9-HTXTF had a new absorption band in the 400–450 nm

region (Figure 2b). 1H NMR spectroscopic analysis showed

that the peaks of 9-HTXTF were shifted dramatically

downfield (Figure 2c). In both fluorescence and phosphor-

escence spectra, red-shifted peaks were observed for 9-
HTXTF as compared to TX (Figure 2d). Furthermore, the

photophysical properties of 9-HTXTF showed that its singlet

lifetime was significantly extended ( s=10.8 ns), while its

triplet lifetime was slightly shortened ( t=1.0 ms) as com-

pared to TX (Figure 2e,f). Cyclic voltammetry measurement

supported the hypothesis that 9-HTXTF* had a dramatically

enhanced oxidative capability (E1/2(9-HTXTF*/9-
HTXTF*� )= +2.53 V vs. SCE) as compared to TX (E1/

2(TX*/TX*� )= +1.54 V vs. SCE; Figure 2g). Notably, its

oxidative capability was stronger than that of photoredox

catalyst Mes� Acr� BF4 (E1/2(Mes� Acr� BF4*/

Mes� Acr� BF4
*� )= +2.15 V vs. SCE).[34] Ultimately, compu-

tational studies using (time-dependent) density functional

theory indicated that 9-HTXTF had a lower photocatalyst

excitation energy than TX, so it could be excited more easily

by visible light (Figure 2h). These results suggested that 9-
HTXTF might act as a new photoredox catalyst with a

sufficiently long singlet lifetime, adequately strong oxidation

potential, and relatively facile photoexcitation ability.

An initial attempt was carried out with N,3-dimethyl-N-

phenylbut-2-enamide (19S) as the model substrate. The

hydrogen source was first examined in the presence of

10 mol% of thioxanthone (TX) and 10 mol% of TfOH at

room temperature under photoirradiation ( =404 nm; Ta-

ble S1, entries 1 and 2). The results revealed that both

toluene and p-xylene could be used as the hydrogen source.

Considering that reaction in p-xylene gave a better yield of

the hydrogenation product N,3-dimethyl-N-phenylbutana-

mide (19), p-xylene was chosen as the hydrogen source.

Subsequent solvent screening demonstrated that dichloro-

methane (DCM)/p-xylene (1 :1) was the best solvent

(Table S1, entries 3–7). When DCM/toluene (1 :1) was used

as the solvent, the reaction could also proceed slowly

(Table S1, entry 8). Notably, when utilizing pure DCM or

MeCN as the solvent, the target product 19 was not

detected, which indicated that DCM or MeCN in the mixed

solvent could not act as the hydrogen source (Table S1,

entries 9 and 10). A series of acids were next tested. With

decreasing acidity, a corresponding decrease in efficiency

was observed (Table S1, entries 11–15), which indicated that

the acidity played a crucial role in this hydrogenation. This

phenomenon might be attributed to the stronger activation

of TX by a stronger acid. DFT calculations suggested that,

whereas the strong acid TfOH protonated TX, MsOH as an

analogous yet marginally weaker acid could only form a

hydrogen bond with TX. Therefore, TfOH (pKa= � 14) was

chosen as the co-catalyst for further studies. Optimization of

the loading of catalyst and co-catalyst demonstrated that

2.5 mol% of TX and 5 mol% of TfOH were optimal for this

reaction (Table S1, entries 16–20). Notably, the reaction

could be accelerated with a higher catalyst loading (Ta-

ble S1, entry 21). When (Ir[dF(CF3)ppy]2(dtbpy))PF6,
[35] Ru-

(bpy)3Cl2 ·6H2O,[36] and [Ir(dF(CF3)ppy)2(5,5’-d-
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(CF3)bpy)]PF6
[37] used in proton-coupled electron transfer

(PCET) utilized as photocatalysts, no corresponding hydro-

genation product was obtained in the photochemical reac-

tion of 19S (Table S1, entries 22–24). Moreover, other

photoredox catalysts, such as 4-CzIPN, Eosin Y, and 9-

mesityl-10-methylacridinium perchlorate, also did not show

any catalytic activity (Table S1, entries 25–27). These results

highlighted the uniqueness of the 9-HTXTF catalyst. Nor-

mally, heterogeneous Ni and Pd are the best catalysts for

hydrogenation of unsaturated carbonyl compounds in the

=

= = =
= = =

= =

=

=
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presence of H2.
[38] However, the discovery of catalyst 9-

HTXTF avoids the use of flammable and explosive H2, since

the cheap petroleum industry product p-xylene is utilized as

the hydrogen source. Control experiments indicated that

light, TX, and TfOH were required for any reaction

(Table S1, entries 28–30). No reaction occurred at 60 °C

without light (Table S1, entry 31). Hence, the optimal

conditions (Table S1, entry 19) were chosen as the standard

conditions for further studies.

Having optimized the reaction conditions, we carefully

examined the scope of this photochemical hydrogenation

reaction (Figure 3). A broad range of N-methylquinolone

substrates containing substituents with different electronic

effects gave the desired products 1–7 in excellent yield. 5-

Methoxycarbonyl-substituted quinolone 8 was obtained in

moderate yield, probably owing to hydrolysis of the ester

group. Reactants with various substituted N-benzyl groups

were also tested (products 9–14). The benzylic proton in

those substrates did not serve as hydrogen source and were

thus nicely tolerated. Unprotected or N-phenyl quinolones

were also tolerated (products 15–17). Selective hydrogena-

tion of the electron-deficient alkene moiety was observed

when pirfenidone was used as the substrate (product 18). No

over-hydrogenated product was formed even when the

hydrogen source was used in excess. Acyclic , -unsaturated

amides can also be hydrogenated under these reaction

conditions (products 19–22). Menthol, adamantanol and

borneol motifs were all stable under these conditions and

did not affect the reactivity (products 23–25). Carboxylic

acids and ketones with electronically differentiated substi-

tutes could also deliver products 26–35 in moderate to

excellent yields. Coumarin derivatives with diverse func-

tional groups were also competent (products 36–39). Other

esters, including a tetrasubstituted ester, were also trans-

formed efficiently in this hydrogenation reaction (products

40–43).
Then, we tried to demonstrate the application of this

hydrogenation protocol to complex bioactive molecules

(Figure 4). Dihydrofinasteride (44), which plays an impor-

tant role in understanding the inhibition mechanism of

finasteride, can be directly synthesized by the post-hydro-

genation of Finasteride using this protocol. Similar hydro-

genation methods can also be used in the hydrogenation of

dutasteride which is also a 5 -reductase inhibitor commer-

cialized under the trademark Avodart (45). Cilostamide, a

selective and potent PDE3 inhibitor, was hydrogenated

under the optimized conditions to give 46, the structure of

which was further confirmed by single-crystal X-ray

diffraction.[39] The hydrogenation of 7 performed on a gram

scale (Figure 3) was followed by a Suzuki coupling reaction

to afford CYP11B2 inhibitor 47. Overall, this reaction

showed broad applicability to commonly used , -unsatu-

rated compounds and was also compatible with early-stage

and late-stage hydrogenation of bioactive molecules.

Deuterium-labeled compounds are of interest as diag-

nostic tools in drug discovery and probes in mechanistic

studies. D2O is the most available D source. We found that

the addition of 10 (or 15) equivalents of D2O under the

optimized conditions resulted in dideuterated products.

Several substrates were selected to examine the scope of this

deuteration reaction. As shown in Figure 4, deuterated

products 5-d, 7-d, 13-d, 15-d, 22-d, and 25-d were success-

fully synthesized with excellent deuterium ratios using this

protocol. Deuteration occurred selectively without affecting

other bonds. The bioactive substrates were also tested and

yielded the corresponding deuterium-labeled products 44-d,
45-d, and 46-d. Overall, this method provided ready access

to dideuterium-labeled compounds starting from simple

alkenes.

The reaction mechanism was first explored with irradi-

ation on–off experiments (Figure S4). Conversion was

suspended in the absence of irradiation, showing that the

hydrogenation reaction is photochemical. Combined with

control experiments, light on–off experiments and measured

quantum yield =0.03 (Figure S8 and S9), these results

strongly suggested that alkene hydrogenation was a photo-

redox reaction.[40] An isotope labeling experiment was

conducted to identify the hydrogen source for this hydro-

genation reaction. As shown in Figure 5a, DCM-d2 did not

transfer deuterium into the product (entry 1), whereas

toluene-d8 gave a moderate deuterium ratio (entry 2). De-

tailed experiments using different deuterated toluene proved

that both the methyl moiety and the phenyl moiety in

toluene served as a hydrogen source in this reaction

(entries 3 and 4). However, the deuteration ratio of the

product 5 is still low even in the fully deuterated environ-

ment (entry 5). We speculated that the low deuteration ratio

might be caused by the presence of a trace amount of H2O

in the system. In view of this hypothesis, D2O was then

added to the reaction system. As illustrated in Figure 4, the

addition of 10 (or 15) equivalents of D2O resulted in an

extremely high deuterium ratio, which indicated that the

hydrogen involved in this transformation is in the form of a

proton. The reason for the formation of highly deuterated

products might be that the H+ (about 2 equiv) provided by

p-xylene was much less than the D+ (from 10 (or 15) equiv

of D2O) in the system. Such a large amount of D+ enabled

this photochemical hydrogenation to give highly deuterium

labeled products. Furthermore, in the research process, we

also found that when toluene was used as the solvent, some

of the substrates would generate cyclization products, and

the addition of a proton would have a fundamental impact

on the selectivity of the cyclization process. For example,

the observation of by-products 48 and 49 provided vital

information for the reaction mechanism (Figure 5b).

To further probe the mechanism, the photochemical

hydrogenation of 19S with toluene was studied computation-

ally using density functional theory (Figure 5c; for methods,

see the Supporting Information). The mechanistic experi-

ments led us to hypothesize that the photoexcitation of 9-
HTXTF allowed 50 (a TfOH-activated form of 19S) and

toluene to undergo two consecutive single-electron transfer

steps with the photoexcited 9-HTXTF*, furnishing radical

anion intermediate 51 and toluene radical cation 52. The
proton transfer between 51 and 52 then yielded a partially

hydrogenated radical species 53. Indeed, computations

predicted an accessible Gtot value of 21.4 kcalmol� 1 for the

simultaneous formation of transient intermediates 51 and
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52, regardless of whether 9-HTXTF* acted as photo-oxidant

or photoreductant; this step was followed by favorable

proton transfer from 52 to 51 with a large GPT value of

� 42.2 kcalmol� 1 to afford 53. Hence, the photoexcited 9-
HTXTF* fulfilled the energetic requirement for the pro-

posed pathway. Furthermore, cyclic voltammetry measure-

ment revealed that 9-HTXTF* could oxidize xylene (E1/

2(xylene ·
++/xylene)= +2.03 V vs. SCE, E1/2(TX*/TX

*� )<E1/

2(xylene ·
+/xylene)<E1/2(9-HTXTF*/9-HTXTF*� ); for de-

tails, see the Supporting Information), and its oxidation

capability was stronger than that of photoredox catalyst

(Acr+� Mes)ClO4 (E1/2 ((Acr+� Mes)ClO4*/(Acr+

� Mes)ClO4
*� )= +2.06 V vs. SCE), which could oxidize

toluene-type substrates by single-electron transfer.[41] There-

fore, 9-HTXTF preferentially serves as a photo-oxidant in

the first step.

Subsequently, since the singly occupied frontier orbital

of 53 could accept an electron, we envisaged that 53 should

smoothly undergo photoreduction to afford an enolate

species 54, which could yield the product upon protonation.

As described in the second step (see right-hand side of

Figure 5c), our computations suggested that two pathways,

=

= °

=
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which begin with toluene oxidation and radical reduction

(i.e., from 53 to 54), respectively, are both energetically

possible. Considering the short lifetime and low concen-

tration of the radical intermediate 53 as well as the high

concentration of toluene in the real reaction system, it seems

possible that the second step also proceeds with toluene

oxidation occurring prior to the reduction of 53.
Overall, the results showed that the initial substrate

reduction (generating 51) and toluene oxidation (generating

52) by the promoted electron and the associated electron

hole in 9-HTXTF* together constituted the energetically

most demanding part of the reaction. These results are

supported by calculations of electron transfer kinetics using

Marcus–Hush theory, which predicts small kinetic barriers

for all of the above-mentioned ET steps (see Figure 5c for

G�
ET data). Further exploration of the roles of TfOH

revealed that it protonated 19S to allow the otherwise very

unlikely substrate reduction ( Gred=47.5 kcalmol� 1).

Although dissociation of TfOH from 9-HTXTF*� would

provide a strongly reducing radical anion TX*� , calculation
of this process reveals a high energy of 35.9 kcalmol� 1 for

the dissociation, which in turn strengthens the hypothesis

that the photocatalyst operates as a complex. Combined

with spectroscopic experiments, the results underscore the

cooperative actions of 9-HTXTF and TfOH as photo-

cocatalysts.

On the basis of the above mechanistic studies and

literature precedent,[35,41,42] the mechanism is shown in Fig-

ure 5d. Irradiation of the 9-HTXTF photocatalyst produces

excited-state 9-HTXTF*. Single-electron oxidation of

toluene by 9-HTXTF* gives toluene radical cation 52 and

the highly reductive 9-HTXTF*� . The radical cation 52 is

deprotonated to afford benzyl radical.[41] The following

radical homocoupling or radical addition to toluene provides

a series of dimerized toluene derivatives 55–57,[43] which

were detected by GC–MS analysis (Figure S5). Single-

electron reduction of 50 by 9-HTXTF*� generates radical

anion intermediate 51 and 9-HTXTF. In the absence of a

large amount of H++, 51 can be converted into 48[42] (for

details, see Figure S7 in the Supporting Information).

However, in the presence of excess proton source, selective

protonation at the site in 51 results in 53, which can be

converted into 49[35] (for details, see Figure S7 in the

Supporting Information). Similarly, single-electron reduc-

tion of 53 by 9-HTXTF*� yields the enolate species 54, which
can be protonated to form the final product 19.

In conclusion, a typical photosensitizer, thioxanthone, was

turned into a photoredox catalyst by the co-catalyst TfOH.

The 9-HTXTF catalyst showed very strong oxidative capa-

bility, a long singlet lifetime, and ready photoexcitation, all

of which enabled the reduction of carbonylated alkenes.

Xylene served as the hydrogen source in this reaction as

proved by isotopic labeling experiments. Further studies on

reduction reactions using 9-HTXTF as the catalyst are

currently in progress in our laboratory.
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