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A B S T R A C T

Organic hydrides are metal-free, sustainable reductants with broad structural diversity and tunable reactivity. 
Among them, 1,3-dimethylbenzimidazoline (BIH) stands out as one of the most potent C–H-based reducing 
agents. This review highlights the distinct properties of BIH that enable its versatile functionality as a hydride, 
electron, and hydrogen atom donor and summarizes its stoichiometric and catalytic applications in organic 
synthesis and CO2 reduction. Recent advances in BIH regeneration strategies based on chemical, electrochemical, 
and photochemical methods are also discussed, emphasizing their relevance to sustainable catalysis. Particular 
attention has been paid to photochemical regeneration systems that enable visible light-driven catalytic cycles, 
including photosensitizer-free systems. These insights provide a foundation for the future development of BIH- 
based redox systems within green and efficient synthetic methodologies.

1. Introduction

Organic hydrides are a class of reductants that has been increasingly 
studied in recent years. They are broadly defined as metal-free organic 
molecules capable of donating electrons. Although metal hydride spe
cies play various important roles in synthetic chemistry, their reliance 
on scarce transition metals, especially Rh and Ru, poses a significant 
sustainability challenge [1]. In contrast, organic hydrides, comprising 
abundant elements such as carbon and nitrogen, offer a more sustainable 
alternative. An additional advantage of organic hydrides is that the 
structural diversity of organic molecules allows for broader desig
nability and optimization.

The simplest strategy for enabling hydrogen to function as a hydride 
is to bond it to an element that is more electropositive than itself (Fig. 1). 
Boron and silicon, which form borohydrides and hydrosilanes, respec
tively, are two such elements typically used to generate organic hy
drides. Sodium borohydride (NaBH4) is among the most widely used 
non-metal hydrides for reducing carbonyl groups to alcohols. In certain 
cases, however, a hydrogen atom can function as a hydride even when 
bonded to a more electronegative element. The biological reductant, 
nicotinamide adenine dinucleotide phosphate (NADPH), donates a hy
dride via C–H bond dissociation. This process is driven by the electron- 
donation of the nitrogen lone pair that is π-conjugated with the C–H 

bond undergoing cleavage and aromatization stabilization. Artificially 
synthesized Hantzsch esters, which mimic the dihydropyridine skeleton 
of NADPH, are often used as sacrificial electron donors or photo
activated reductants [2–4].

Extending this concept, increasing the number of electron-donating 
nitrogen atoms from one to two is expected to deliver stronger re
ductants than dihydropyridine derivatives. Indeed, 1,3-dimethylbenzi
midazoline (BIH), which contains two nitrogen atoms conjugated with 
the C–H bond undergoing cleavage, is one of the strongest reductants 
among isolable C–H hydrides. The oxidation of 2-R-BIH (BIH bearing 
substituent (R) at the 2-position), involving the transfer of two electrons 
and one proton, yields 2-R-BIþ (1,3-dimethylbenzimidazolium (BI+) 
bearing substituent (R) at the 2-position). Owing to the high aromatic 
stability of 2-R-BIþ and its resistance to decomposition, the process is 
fully reversible, allowing 2-R-BIþ to be efficiently regenerated to 2-R- 
BIH via various methods (Fig. 2) [5]. Therefore, BIH is, in principle, a 
powerful reductant that can function catalytically. These advantageous 
characteristics have prompted significant research centered on various 
BIH analogues [6].

Focusing on the excellent electron- and hydride-donating abilities of 
BIH, this review summarizes seminal studies as well as selected recent 
examples of its application in organic synthesis. Furthermore, the 
quantification of the reducing capacity of BIH is briefly discussed, as 
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well as the synthetic methods for its formation, providing a guideline for 
the development of new reactions based on BIH.

2. Quantifying the reducing capacity of BIH

Quantifying the reducing strength of organic hydrides is important 
for rational reaction development. Methods for quantifying and 
comparing the reducing abilities of organic hydrides are discussed 
below.

Fig. 3(a) depicts the case wherein two electrons and one proton are 
donated simultaneously as a hydride. Hydricity, which refers to the 
ability of a molecule to donate a hydride, is governed by both thermo
dynamics and kinetics.

The thermodynamic hydricity can be evaluated by examining the 
Gibbs energy change associated with the dissociation of a hydride donor 
(R–H) into a hydride acceptor (R+) and hydride anion (H− ) (Eq. (1)). 

R − H → R+ + H– 

ΔGH– =G(R+) – G(R − H) + G(H–) [Eq. 1] 

Although the thermodynamic hydricity (ΔGH–) of several systems 
has been determined experimentally [7–9], the convenience and pro
gressive accuracy of quantum chemical calculations have made this the 
preferred approach estimating in recent years. However, calculating the 
Gibbs energy of the hydride ion G (H− ) accurately remains a significant 
challenge. To address this issue, Muckerman et al. proposed a method 
based on the correlation between experimental thermodynamic 
hydricity values and calculated Gibbs energies [10]. When ΔGHHR is 
defined as the difference between G (R+) and G (R–H) (Eq. (2)), then 
from Eqs. (1) and (2), ΔGH– is proportional to ΔGHHR with a slope of 1 
and an intercept corresponding to G (H− ) (Eq. (3)). Applying this rela
tion, they plotted the calculated ΔGHHR and experimentally measured 
ΔGH– values of five hydride compounds (Fig. 4(a)). Using the resulting 
correlation equation and calculated ΔGHHR values of various hydride 
compounds, they accurately predicted the corresponding experimental 
thermodynamic hydricities (Fig. 4(b)). 

ΔGHHR =G(R+) – G(R − H) [Eq. 2] 

ΔGH– =ΔGHHR + G(H–) [Eq. 3] 

Inspired by this work, Ilic et al. compiled the reported experimental 
and calculated thermodynamic hydricity values for over 200 metal-free 
hydrides [11] and further evaluated the hydricity of various compounds, 
particularly in the context of CO2 reduction [12–14]. Their studies 
highlighted the superior thermodynamic hydricity of BIH compared to 
those of acridine- and pyridine-based hydrides.

On the other hand, kinetic hydricity can be determined by analyzing 
the reaction rate of hydride transfer. 

k= s(N+E) [Eq. 4] 

Mayr et al. proposed Eq. (4), which describes the rate constant of a 
polar reaction (k) as a function of the nucleophilic reactivity parameter 
(N), electrophilic reactivity parameter (E), and slope factor (s) [15]. 
Here, the kinetic hydricity corresponds to the nucleophilicity parameter 

N. Using this relation, the N values of various organic hydrides, 
including hydrocarbons [16], hydrosilanes [14], borohydrides [17], 
dihydropyridines [17], and BIH [18] were calculated. According to their 
results, BIH derivatives displayed the highest N values among the 
investigated C–H hydrides, being comparable to those of hydro
stannanes (Fig. 5).

Next, we considered the scenario wherein an organic hydride do
nates electrons in a stepwise manner (Fig. 3(b)). The electron-donating 
ability of a compound is governed by its oxidation potential, which can 
be experimentally determined using cyclic voltammetry. The oxidation 
potential of BIH is approximately +0.3 V vs. SCE [19], which is 
considerably lower than that of commonly used sacrificial electron do
nors such as aliphatic amines (+0.8–1.0 V vs. SCE [20]). Therefore, in 
addition to its hydride donor functionality, BIH can also serve as an 
efficient single-electron donor. Single electron donation generates the 
BIH•+ species, which undergoes deprotonation under basic conditions 
(pKa ~12–15 [21]) to form BI•. The BI• radical species is open-shelled 
and its reducing strength (Ered ~ − 1.7 V vs. SCE for BI+ [22]) is 
significantly higher than that of BIH; thus, it readily donates a second 
electron to generate BI+. Both BIH and BIH•+ can also donate an electron 
and a proton, thereby acting as a hydrogen atom donor.

In principle, organic hydrides can undergo proton transfer as the 
initial step, followed by electron transfer (Fig. 3(c)). However, reduction 
via this pathway is rare because the extremely high pKa values (35–50 
[21]) of most organic hydrides preclude initial proton transfer, except 
under highly basic conditions.

3. Synthesis of BIH and BIþ

Two general synthetic strategies have been adopted for accessing 
BIH and its oxidized form BI+, as illustrated in Fig. 6. Both approaches 
utilize readily available o-phenylenediamine as the starting material, 
each employing a distinct sequence of oxidation and reduction steps.

Fig. 1. Various organic hydrides.

Fig. 2. BIH as a recoverable electron donor.

Fig. 3. Mechanistic pathways via which organic hydrides donate electrons.
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3.1. Route (a): synthesis of BIH via BI+

In this route, synthesis begins with the formation of a benzimidazole 
scaffold via the condensation of o-phenylenediamine with a carboxylic 
acid [23] or an aldehyde. When an aldehyde is used, an additional 
oxidant such as air [24], sodium metabisulfite (Na2S2O5) [25], and so
dium bisulfite (NaHSO3) [26] is required to facilitate cyclization and 
aromatization. The resulting benzimidazole is then methylated to yield 
the cationic species 2-R-BIþ [27–29]. Finally, 2-R-BIþ can be efficiently 
reduced to 2-R-BIH using NaBH4 [29].

3.2. Route (b): synthesis of BI+ via BIH

The alternative pathway relies on N,N′-dimethyl-o-phenylenedi
amine as the key intermediate [30,31]. Its preparation from o-phenyl
enediamine typically entails sequential tosyl protection of the amine 
groups, methylation, and deprotection to ensure monomethylation of 
the amines. The resulting dimethylated diamine is then condensed with 
an aldehyde to form 2-R-BIH directly [19]. Oxidation of 2-R-BIH with 
iodine (I2) [32], 2-bromoacetophenone [33], or other suitable oxidants 
yields 2-R-BIþ.

3.3. Counterion considerations

Iodide is the most commonly used counter ion for BI because of its 
availability and compatibility with various synthetic protocols. How
ever, there are concerns associated with its use, such as the potential for 
heavy-atom effects, which shorten the lifetime of the singlet excited 
state, and its susceptibility to one-electron oxidation. To address these 
concerns and expand the scope of BI+ applications, alternative coun
terions such as sulfonates [34] and perchlorates [35,36] have been 
explored.

4. Application of BIH in organic reactions

4.1. Stoichiometric use of BIH as a reductant

BIH was initially applied in organic reactions as a stoichiometric 
hydride source. Chikasita et al. demonstrated the utility of 2-Ph-BIH as a 
hydride source for the reduction of α-haloacetophenones (Fig. 7) [37]. 
They observed that sterically hindered substrates exhibited lower re
activities, suggesting that the reduction of carbonyl compounds pro
ceeded via an SN2 reaction mechanism. Stereochemical inversion of the 
substrate was observed, providing further evidence for the hydride 
transfer mechanism illustrated in Fig. 3(a).

The BIH reduction mechanism is dependent on the electrophilicity of 
the substrate. Tanner et al. [38] reported the reduction of α-nitro
sulfones to nitroalkanes via a mechanism involving single-electron 
transfer (SET) and hydrogen-atom transfer (HAT) (Fig. 8). In this pro
cess, the highly electrophilic α-nitrosulfones accept an electron from 
2-Ph-BIH, forming a nitrosulfone radical anion. This intermediate then 
undergoes fragmentation to produce a nitroalkane radical and a sulfo
nate leaving group. Subsequently, the nitroalkane radical abstracts a 
hydrogen atom from another BIH molecule to produce the desired 
nitroalkanes and BI•. The resulting BI• species can transfer an electron to 
another substrate, thereby propagating the reduction cycle.

Thermal reduction using BIH requires highly electrophilic substrates 
such as-α-halocarbonyl compounds and-α-nitrosulfones. However, this 
limitation can be overcome through photochemical activation. Gener
ally, photoexcited molecules exhibit enhanced electron-accepting abil
ities, thereby enabling electron transfer from BIH to a broader range of 

Fig. 4. Muckerman’s approach for predicting thermodynamic hydricity. 
Reproduced from Ref. [10].

Fig. 5. Comparison of the nucleophilic parameter N values of various hydride 
donors. Adapted from Ref. [18].

T. Harada et al.                                                                                                                                                                                                                                 Tetrahedron Chem 16 (2025) 100147 

3 



Fig. 6. Representative synthetic routes to BI+ and BIH starting from o-phenylenediamine.

Fig. 7. Reduction of α-halocarbonyl compounds using BIH as a stoichiometric hydride source.

Fig. 8. BIH-mediated reduction of α-nitrosulfones to nitroalkanes.
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substrates. Hasegawa et al. first demonstrated the use of BIH as an 
electron donor in a photoreduction reaction [39]. Specifically, the 
reduction of α,β-epoxyketones was achieved under irradiation with a 
Xe− Hg lamp (Fig. 9). Upon excitation, the α,β-epoxyketone accepts an 
electron from 2-Ph-BIH, forming a ketyl radical. This intermediate then 
undergoes ring opening, followed by protonation to yield either an 
alkoxy or a β-keto radical. Finally, these radical species are reduced by 
2-Ph-BI•, and the resulting intermediates are protonated to afford the 
corresponding β-hydroxyketone.

Building on previous studies wherein BIH was employed as a 
reductant in photoinduced electron transfer reactions, its application to 
CO2 reduction as a synthetic analog of NADPH, represents a logical 
extension of its reductive utility. The principal goal of artificial photo
synthesis is the conversion of CO2 into value-added chemicals, such as 
CO, formic acid, and methanol, which ultimately enables the storage of 
solar energy in chemical bonds. Ishitani and Koike et al. developed a 
BIH-mediated photocatalytic system for CO2 reduction to CO using a 
Ru− Re bridged complex and visible-light irradiation (Fig. 10) [40]. A 
key advantage of BIH in such systems is the behavior of its radical in
termediates. In previous studies [41], 1-benzyl-1,4-dihydronicotina
mide (BNAH) was employed as a reductant in a similar CO2 reduction 
process; however, the corresponding radical species generated via 
one-electron oxidation and subsequent deprotonation readily undergoes 
dimerization. This side reaction limits the ability of BNAH to function as 
a true two-electron donor. In contrast, dimerization of the radical in
termediate derived from BIH (BI•) is unfavored; therefore, sequential 
electron transfer is the dominant process. Thus, the development of 
photocatalytic systems that utilize BIH derivatives as effective 
two-electron reductants is anticipated.

The selective conversion of CO2 to formate via transition metal 
catalysis remains a significant challenge, primarily because of the 

competing side reactions that produce CO and/or H2. Musgrave and Lim 
et al. developed a CO2 reduction system for selective formate production 
utilizing 2-Me-BIH as a stoichiometric hydride donor (Fig. 11) [42]. The 
optimal system conditions entailed slightly pressurized CO2, elevated 
temperatures, and the presence of a large excess of metal salts. Notably, 
the reaction proceeded without any catalyst or external energy input 
such as electricity or light irradiation. They evaluated the effectiveness 
of the hydride transfer from BIH to CO2 based on DFT calculations of the 
transition state. A lower Gibbs energy barrier was correlated with a 
higher yield of formate, indicating that hydride transfer efficiency plays 
a critical role in the reaction outcome. Moreover, they successfully re
generated BIH from BI+ via an electrochemical process. However, a 
catalytic CO2 reduction system enabled by the electrochemical regen
eration of BIH has not yet been developed. Nonetheless, achieving CO2 
reduction without the use of transition metals, along with the potential 
for electrochemical regeneration of the hydride donor, represents a 
significant advancement. Overall, this approach offers a promising 
platform toward sustainable fuel production via solar energy 
conversion.

Although BIH is a promising hydride source for the reduction of CO2 
to formate, its high kinetic barrier limits the overall reaction efficiency. 
Glusac et al. investigated self-exchange reorganization energies using 
the Marcus theory, combining DFT calculations and kinetic experiments 
[13]. Their findings indicate that even in the case of an ideal BIH-based 
hydride donor, hydride transfer would proceed with slow kinetics, 
resulting in fewer than 100 turnovers per second under a driving force 
(ΔG◦ for hydride transfer to CO2) of − 0.1 eV. This limitation accounts 
for the long reaction time (11–24 h) applied in the system shown in 
Fig. 11. Based on these insights, they proposed that a stepwise mecha
nism involving the separate transfer of electrons and protons to CO2 may 
be more effective for formate production than the conventional hydride 

Fig. 9. Photochemical reduction of α,β-epoxyketone to β-hydroxyketone using BIH as an electron donor.
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transfer pathway.

4.2. Catalytic use of BIH as an electron donor

From environmental and efficiency considerations, the structural 
design of organic hydrides should be as simple as possible, especially 
when they are used in stoichiometric amounts. Large-scale syntheses of 
complex organic hydrides are time-consuming and require significant 
quantities of solvents, reagents, and energy. Therefore, it is essential to 
develop organic hydride regeneration methods using inexpensive 
reducing agents.

One of the most straightforward methods for regenerating BIH from 
BI+ is via reduction by NaBH4, as illustrated in Fig. 6. Tuttle and Murphy 
et al. reported a regeneration method that proceeds via reductive radical 
cyclization, wherein NaBH4 serves as a sacrificial reductant and 2-H- 
BIH as a catalyst (Fig. 12) [43]. In this system, BIH donates two electrons 
and one proton to the substrate, and is subsequently regenerated in situ 
by NaBH4.

Hasegawa et al. developed photochemical desulfonylation reactions 
[36,44] and desulfonylative Truce-Smiles rearrangements [45] using 
2-Ar-BIH compounds (Ar = naphthoxy, pyrenyl, anthryl, diary
laminophenyl, etc.) as photocatalysts and NaBH4 or pic-BH3 as sacrifi
cial reductants (Fig. 13). The incorporation of a chromophore at the 
2-position of these BIH derivatives enabled them to function as highly 
potent electron donors upon visible light excitation.

In the above reactions, the conversion of BI + to BIH is effected by the 

chemical energy provided by NaBH4. Alternatively, other energy sour
ces, such as electricity and light, can be employed for this trans
formation. Glusac et al. reported the electrochemical regeneration of 
BIH [21]. They demonstrated that BIH regeneration proceeds via a 

Fig. 10. Photocatalytic CO2 reduction using BIH as a stoichiometric reductant.

Fig. 11. CO2 reduction to formate using BIH and electrochemical regeneration thereof.

Fig. 12. Mechanism of the thermal reduction reaction catalyzed by BIH re
ported by Tuttle and Murphy et al. [43].
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sequential electron-electron-proton transfer (EEP) pathway (reverse of 
Fig. 3(c)) under neutral conditions, or via a sequential 
electron-proton-electron transfer (EPE) pathway (reverse of Fig. 3(b)) in 
the presence of acetic acid (Fig. 14). BI• is readily protonated, even by 
weak acids such as acetic acid, owing to its relatively high basicity (the 
pKa of its conjugate acid, BIH•+ is approximately 12). In contrast, the 
basicity of radicals derived from acridine- or phenanthridine-based hy
drides is very low (pKa < 2); therefore, the EEP pathway is favored 
unless a very strong acid, such as triflic acid, is present. The preference 
for the EPE pathway is a unique characteristic of BIH.

Light energy is a sustainable resource readily harvested from sun
light, the most intense component of which is visible light [46]. 
Therefore, visible light is an important energy source. Although elec
tricity can be generated from light, the direct utilization of light is vastly 
more efficient.

Glusac et al. reported the photochemical regeneration of BIH using 
phenazine-based photosensitizers, thiolate as the sacrificial electron 
donor, and phenol as the proton source (Fig. 15) [47]. In this reaction, 
upon excitation by visible light, the photosensitizer donates an electron 
to BI+, enabling its regeneration (Note: A “photosensitizer” is generally 
defined as a substance that, upon light excitation, transfers only energy 
or electrons. Although the term “photocatalyst” is sometimes used 
interchangeably with “photosensitizer”, it is also explicitly distinguished 
when referring to a substance that transfers atoms. In the present review, 
we adhered to this distinction).

Around the same time, Yamanaka, Kobori, and Matsubara et al. re
ported a photocatalytic CO2 reduction reaction encompassing the 
photochemical regeneration of BIH by the photosensitizer (Fig. 16) [48]. 
In this system, the carbazole-based photosensitizer plays a dual role: 
first, it reduces CO2 to the CO2 radical anion; second, it regenerates BIH, 
which acts as a hydrogen atom transfer catalyst. BIH then further re
duces the CO2 radical anion to formate. This stepwise reduction process 
avoids the kinetic limitations associated with direct hydride transfer, as 
discussed in Section 4.1. This work represents the first example of a 
catalytic reaction proceeding via an in situ photochemical regeneration 
of BIH. Moreover, a significant decrease in the formate yield was 
observed when BIH was used as the sacrificial reductant instead of 
ascorbic acid. This phenomenon was attributed to the quenching of the 
photosensitizer by BI+, which leads to the dissipation of light energy. 
Thus, the use of BIH in catalytic amounts proved essential for maxi
mizing yields.

Matsubara et al. explored the possibility of eliminating photosensi
tizers from photochemical regeneration systems using BI+ derivatives 
capable of absorbing visible light. They discovered that BI+ derivatives 
bearing dimethylaminophenyl groups can undergo direct photochem
ical regeneration under visible-light irradiation without the need for a 
photosensitizer (Fig. 17) [22]. These derivatives exhibit visible-light 
absorption in contrast to 2-Ph-BIþ, which absorbs light only in the ul
traviolet region. The HOMO and LUMO were determined to be pre
dominantly localized over the 2-aryl and BI+ moieties, respectively, 
indicating that intramolecular charge transfer contributed to the 
absorbance wavelength extension (Fig. 18). The photoexcited BI+ spe
cies feature sufficiently high reduction potentials to accept an electron, 
and the calculated activation energy for the subsequent hydrogen atom 
transfer from ascorbic acid is sufficiently low (ΔG‡ = 15.2 kcal mol− 1) to 

Fig. 13. The application of BIH derivatives as photocatalysts in photochemical 
reduction reactions, reported by Hasegawa et al.

Fig. 14. Two possible pathways for the electrochemical regeneration of organic hydrides Values were calculated in Ref. [21].

Fig. 15. Mechanism of photochemical BIH regeneration reported by Glusac 
et al. [47].
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allow the reaction to proceed at room temperature. 5. Conclusions

Organic hydrides represent a promising class of reductants for the 
advancement of sustainable chemistry, and BIH embodies its potential 

Fig. 16. BIH-catalyzed photochemical CO2 reduction reported by Yamanaka, Kobori, and Matsubara et al. [48].

Fig. 17. Photochemical regeneration of BIH under visible-light irradiation without the involvement of a photosensitizer. Adapted from Ref. [22].

Fig. 18. Rationale for the red-shifted absorption of 2-R-BIþ. Adapted from Ref. [22]. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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through its strong reducing ability, stability, and structural diversity. In 
this review, we outlined the distinct properties of BIH that enable its 
versatile functionality as a hydride, electron, and hydrogen atom donor 
with a particular focus on its application in CO2 reduction, which is a 
reaction of major environmental significance. Although the direct hy
dride transfer from BIH to CO2 remains kinetically sluggish, catalytic 
strategies involving stepwise electron/proton transfer and photochem
ical activation are promising. Furthermore, the regeneration of BIH from 
BI+ via chemical, electrochemical, and photochemical processes enables 
its use in catalytic cycles, leading to reduced waste and improved effi
ciency. The development of photosensitizer-free photochemical regen
eration systems enhances the sustainability of BIH-based redox 
processes. As the global demand for green chemical technologies con
tinues to increase, the catalytic use of BIH as a central component of 
organohydride-based systems is likely to attract increasing interest.
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