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SUMMARY

Alkene hydrogenation is one of the most widely used reactions for producing high-value materials. Tradi-

tional methods rely on H 2 gas under transition metal catalysis, which presents challenges related to cost, 
safety, waste management, and undesired reactivity. An ideal hydrogenation method would circumvent 
both components by employing a hydrogen storage material under mild, metal-free conditions. Herein, we 
introduce a photocatalytic strategy for alkene hydrogenation using H 3 N-BH 3 . Our system harnesses visible 
light with a diaryl ketone photocatalyst to convert H 3 N-BH 3 into its corresponding boryl radical. This open-

shell species undergoes a complex sequence of transformations, including a key halogen-atom transfer 
with the solvent, in situ generation of alkyl borane intermediates, H-atom transfer to generate an aminyl 
radical, and subsequent β-fragmentation to engage with a thiol co-catalyst. This H 2 - and metal-free approach 
enables the transformation of a broad range of alkenes, tolerating functional groups typically incompatible 
with standard protocols.

INTRODUCTION

Alkene hydrogenation is a fundamental transformation widely 

used in both academia and industry. 1–3 Given the abundance 

and efficiency of synthetic methods for olefin preparation, 4–6 hy-

drogenation strategies are essential for producing high-value ma-

terials such as pharmaceuticals and agrochemicals. 7 Indeed, it 

has been estimated that over 25% of all chemical transformations 

in the chemical industry involve hydrogenation at some stage. 8–10 

As industries face increasing pressure to adopt more sustainable 

and energy-efficient processes, 11–13 developing catalytic hydro-

genation methodologies is of paramount importance.

The direct addition of molecular hydrogen (H 2 ) to C=C π-sys-

tems remains the most effective hydrogenation approach, 

requiring the cleavage of the strong H–H σ-bond. Consequently, 

this transformation predominantly relies on precious transition 

metal catalysts such as Pd, Pt, Ir, and Rh (Figure 1A). 1–3 Howev-

er, the extensive use of these metals has led to supply limitations 

and escalating costs. 14 Moreover, industrial-scale hydrogena-

tions necessitate rigorous purification processes to remove 

trace metal contaminants, generating additional waste and 

disposal challenges. 15–17

To reduce reliance on precious metals, significant efforts have 

been devoted to the development of hydrogenation methods

THE BIGGER PICTURE The hydrogenation of olefins is a fundamental transformation in both industry and 

academia. Traditional methods to achieve this process involve the use of hydrogen gas in combination 

with a transition metal catalysis. Although efficient, these protocols are associated with challenges, such 

as safety concerns, cost, and waste management, and they are often unselective. An idealized hydrogen-

free and metal-free hydrogenation of olefins remains elusive. Herein, a metal-free photochemical hydrogena-

tion of unactivated alkenes is reported employing ammonia-borane as a hydrogen surrogate. The method is 

reliant on amine-ligated boryl radical generation from a diaryl ketone photocatalyst, which then undergoes a 

complex series of radical transformation. Through a detailed mechanistic study, it is proposed that the steps 

include halogen-atom transfer with the solvent, in situ generation of alkyl borane intermediates, H-atom 

transfer to generate a borane-ligated aminyl radical, and subsequent β-fragmentation, all of which are turned 

over by a thiol co-catalyst. Overall, this reaction enables a mild, hydrogen-free, and metal-free hydrogenation 

of olefins tolerating functional groups typically incompatible with standard methods.
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using earth-abundant transition metals (Co, Mn, and Fe), 18–20 al-

kali metals (K, Mg, and Ca), 21,22 and main-group elements (Ga, 

Ge, Bi, B, Si, and P). 23–25 Additionally, metal-free activation of 

H 2 has been achieved through the groundbreaking discovery 

of frustrated Lewis pair (FLP) catalysis. 26–28 Despite their innova-

tion, FLP-mediated hydrogenations often require high tempera-

tures (T > 100 ◦ C), high H 2 pressures, and strictly inert, anhydrous 

conditions (e.g., glove box setup). Moreover, FLP-based 

methods frequently struggle with substrates bearing polar 

functionalities. 29–32

Although these alternative strategies address some limitations 

of conventional hydrogenation, challenges remain, particularly 

regarding the purification, storage, and safety of H 2 gas. 33–36 

Notably, H 2 has a low gravimetric storage density (∼1.5 wt %), 

meaning that a standard 300 mbar pressurized steel cylinder 

(∼90 kg) holds a maximum of only 1.5 kg of H 2 . Additionally, its

low solubility 37 has driven extensive research into alternative 

hydrogen storage materials. 38,39 An ideal hydrogenation reagent 

would be a solid with high gravimetric hydrogen content, non-

flammability, non-explosivity, and low toxicity, while enabling 

controlled H 2 release without the use of unsustainable metals. 

Several methodologies have been developed to achieve the 

transfer of hydrogenation without molecular hydrogen, including 

the platinum-group-metal-catalyzed activation of water and al-

cohols. 40,41 Recently, an elegant photocatalytic method to acti-

vate water for radical hydrogenation with the aid of an iridium 

photocatalyst and a thiol co-catalyst has been reported. 42 Hy-

drazine has also been explored as a hydrogen surrogate, 43–46 

though its inherent toxicity and frequent reliance on metal catal-

ysis remain challenges. 47 An alternative approach involves 

metal-catalyzed hydrogen atom transfer (mHAT) reactions em-

ploying Mn, Co, and Fe. 48–50 These strategies build on the

Figure 1. Alkene hydrogenation usually requires H 2 gas and metal catalysts, whereas this work provides a H 2 -free and metal-free alternative 

using photocatalysis

(A) General approaches for alkene hydrogenation.

(B) EPR experiments from Roberts demonstrating HAT on alkenes via amine-ligated boryl radical Ia.

(C) Proposed catalytic mechanism for alkene hydrogenation using amine-boranes.

(D) Optimized reaction conditions for the hydrogenation of 2a using an amine-borane reagent (see also Tables S1–S5 and S7–S9).
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Mukaiyama hydration reaction, 51 wherein a metal hydride acts 

as a hydrogen atom donor to an olefin. Productive catalysis often 

requires a silane reductant (e.g., PhSiH 3 ) and a stoichiometric 

oxidant such as a peroxide or fluoropyridinium species. More 

recently, Fe catalysis using alcoholic solvents and thiol co-cata-

lysts 52 has enabled asymmetric hydrogenations, extending the 

scope of these methodologies. 53 Despite these advances, these 

approaches still rely on metals and energetic reducing agents, 

such as highly flammable liquid silanes (e.g., PhSiH 3 ). 
54 This 

highlights the need for safer, more sustainable hydrogen storage 

materials.

Ammonia-borane (H 3 N-BH 3 ), the coordination complex be-

tween Lewis-basic ammonia and Lewis-acidic borane, has 

emerged as a promising candidate due to its high gravimetric 

hydrogen content (∼20 wt %), air stability, and non-toxicity. 55 

Consequently, H 3 N-BH 3 has been extensively studied as a 

hydrogen storage material. 56–60 Although H 3 N-BH 3 has emerged 

as a promising hydrogen carrier, a number of limitations have 

hampered its use on an industrial scale. These limitations include 

the formation of complex polymeric mixtures after reaction and 

the difficulty of regeneration. Indeed, numerous works had 

been focused on the development of methods for efficient 

ammonia-borane regeneration; however, advances in this field 

are still needed to use it on large-scale operations. 61–65 

Hydrogen release from H 3 N-BH 3 typically requires elevated 

temperatures (>90 ◦ C), 66,67 transition metal activation, 68–74 or, 

in a few cases, main-group element catalysis (P, Bi, and 

FLPs). 75–78 Although metal-free activation of H 3 N-BH 3 under 

mild conditions has been achieved, its application has been 

largely restricted to activated π-bonds (e.g., C=N). 79–85 Given 

the current landscape of hydrogenation chemistry, there is a 

clear opportunity to exploit H 3 N-BH 3 as a metal-free hydrogen 

surrogate capable of engaging unactivated olefins with diverse 

functional groups.

Herein, we present the development of a metal-free and H 2 - 

free hydrogenation strategy that leverages diaryl ketone photo-

catalysis to convert stable H 3 N-BH 3 into a reactive boryl radical 

intermediate. Hydrogenation of olefins is subsequently realized 

with the aid of a disulfide co-catalyst. As this strategy operates 

without transition metal catalysts or H 2 gas, it proceeds under 

mild, room-temperature conditions while tolerating a broad 

range of functional groups typically problematic under conven-

tional hydrogenation protocols.

RESULTS AND DISCUSSION

Design plan

To harness amine-boranes as metal-free hydrogenation re-

agents, we drew inspiration from pioneering laser-flash photol-

ysis (LFP) and electron paramagnetic resonance (EPR) studies 

from Roberts on the properties of their corresponding amine-

ligated boryl radicals. 86,87 Various reports have documented 

that generating an electrophilic radical, such as t-BuO⋅, in the 

presence of amine-boranes (e.g. Et 3 N-BH 3 ) triggers a kinetically 

favorable H-atom transfer (HAT) with the hydridic B–H bond 

(Figure 1B). 88 The resulting boryl radicals have been shown to 

participate efficiently in halogen-atom transfer (XAT) reactions

with alkyl halides, 88,89 an approach that has recently been ex-

ploited in catalytic systems. 90–92

However, for various amine-boranes such as MeH 2 N-BH 3 
(1a), which contains protic N–H bonds, EPR studies revealed 

the formation of the BH 3 -ligated aminyl radical IIa upon HAT 

by t-BuO⋅. 93,94 Kinetic experiments rationalized that the initially 

generated amine-ligated boryl radical Ia rapidly undergoes inter-

molecular isomerization with a parent molecule (1a), forming the 

thermodynamically more stable aminyl radical IIa. Intriguingly, 

when these experiments were conducted in the presence of pro-

pene, the i-Pr radical was observed 95 instead of direct B-radical 

addition products. 96 Further D-labeling at boron experiments 

suggested that the transferred H-atom originated from the boron 

center. 94 This unexpected yet favorable isomerization to the 

aminyl radical effectively transforms the system into a [H⋅] donor, 

suggesting a potential platform for alkyl radical generation and 

subsequent HAT relay to achieve catalytic hydrogenation. 

Based on these literature precedents, we envisioned a dual 

catalytic strategy for transition-metal-free and H 2 -free alkene hy-

drogenation. As depicted in Figure 1C, we proposed a HAT/sin-

gle-electron transfer (SET) photocatalytic cycle, wherein photo-

excitation of a diaryl ketone (BP) catalyst enables conversion 

of an amine-borane reagent 1 into the corresponding boryl 

radical I via polarity-matched HAT. 88 A subsequent ‘‘B-to-N-

radical shift’’ would afford the aminyl radical II, which serves as 

an [H⋅] donor for alkene (2) hydrogenation, generating the key 

alkyl radical III. 95 At this point, HAT between III and a thiol co-

catalyst would furnish the hydrogenation product 3, while gener-

ating a thyl radical capable of closing the photocatalytic cycle 

through SET and proton transfer with the ketyl radical, KR. 97,98

Reaction optimization

We initially observed that previous LFP experiments successfully 

engaged various alkene substitution patterns, with tetrasubsti-

tuted alkenes exhibiting the fastest reaction rates. 94 Based on 

this, we anticipated that monosubstituted alkenes would be 

more challenging. Therefore, we selected olefin 2a, expecting 

it to enable a more general reaction framework (Figure 1D). 

After evaluating all reaction parameters (Tables S1–S5, S8, 

and S9), we successfully employed the simplest amine-borane, 

H 3 N-BH 3 , in the reaction using anthraquinone (AQ) as the photo-

catalyst and (p-TolS) 2 as the HAT catalyst. Under irradiation with 

purple light-emitting diodes (LEDs, λ = 390 nm) in CHCl 3 at room 

temperature, 2a was hydrogenated to 3a in 63% yield with just 1 

equiv of H 3 N-BH 3 . The reaction demonstrated strong solvent 

specificity with high product formation exclusively in haloge-

nated media (Tables S1, S9, and S10). Control experiments 

confirmed that the reaction proceeded via a photochemical 

pathway and did not occur in the absence of either catalyst 

(Table S7).

During reaction development, we found that the presence of 

protic N–H bonds in the amine-borane reagent was essential 

for reactivity (Table S8). However, increasing N-substitution (1b 

vs. 1a vs. 1c vs. 1d) significantly reduced the product yield 

with no additional side products observed (Figure 1D). This result 

challenged our initial hypothesis, which assumed that increased 

methylation would weaken the N–H bond and favor isomeriza-

tion and aminyl radical formation.
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Mechanistic studies

To validate our reaction plan, we first computationally modeled 

the experimental results from Roberts (Tables S13–S15; 

Figures S38 and S39) 95 for the generation of the i-Pr radical 

from MeH 2 N-BH 3 1a and propene under their experimentally 

relevant solvent 1,4-dioxane (see Section S11.4; Figures S40– 

S48). In agreement with their findings, HAT between 1a and 

the electrophilic t-BuO⋅ radical to generate the boryl radical Ia 

is kinetically favorable (ΔG ‡ = 10.4 kcal mol − 1 ) compared with 

aminyl radical generation (ΔG ‡ = 16.6 kcal mol − 1 ), albeit the 

aminyl radical IIa is the thermodynamic product (ΔG ◦ =

− 6.2 kcal mol − 1 , Figure S41). Due to the aminyl radical IIa being 

observed by EPR spectroscopy, we considered various reac-

tions from the boryl radical (Figure 2A), including the ‘‘B-to-N 

isomerization’’ process (Figure S42), which revealed a low barrier 

intermolecular reaction with another molecule of 1a (ΔG ‡ = 

6.6 kcal mol − 1 ). Due to this feasible isomerization, there is the 

possibility for the reaction with both radicals Ia and IIa to react 

with propene via a ‘‘through-N’’ or ‘‘through-B’’ HAT. A signifi-

cant kinetic penalty was observed for the through-N (ΔG ‡ = 

13.8 kcal mol − 1 ) process. In comparison, the through-B reac-

tivity was much more competitive (ΔΔG ‡ = 5.1 kcal mol − 1 ) and 

the most favorable process. This would support the initial EPR 

studies from Roberts 86 and also the potential design plan of 

isomerization and through-B H transfer.

Interestingly, modeling a similar reactivity framework for 1b 

under analogous conditions revealed several significant differ-

ences (Figure 2A; see Section S11.5). Most notably, the amine-

ligated boryl radical Ib and the borane-ligated aminyl radical 

IIb are closer to thermoneutral (ΔG ◦ = − 1.8 kcal mol − 1 ), with 

an increased barrier for B-to-N isomerization (step 3; ΔG ‡ = 

7.4 kcal mol − 1 ). These results suggest a slower intermolecular 

isomerization, which agrees with EPR studies on 1b, which de-

tected Ib rather than IIb. 93 Regarding reactivity with propene, 

the through-B HAT from IIb remains facile (step 3; ΔG ‡ = 

9.8 kcal mol − 1 /ΔG TS = 8.0 kcal mol − 1 relative to Ib), whereas 

direct through-N HAT is still less favorable (step 4; ΔG ‡ = 

12.2 kcal mol − 1 ).

Further mechanistic questions were raised by experimental re-

sults with deuterated amine-borane reagents, which revealed in-

consistencies (Figure 2B; see Section S9.7; Figures S3–S28). 

From our density functional theory (DFT) calculations (Figure 

S47), it can be inferred that reactions with D 3 N-BH 3 or H 3 N-

BD 3 should lead to extensive D/H scrambling during the B-to-

N isomerization, leading to stochastic deuterium incorporation 

at both the internal and external positions of the alkene. Howev-

er, when H 3 N-BD 3 (85% D) was used, the deuterium appeared to 

selectively translocate to the internal position, with low labeling

at the terminal position. In contrast, D 3 N-BH 3 (97% D) resulted 

in effectively no internal deuteration and appreciable terminal la-

beling. Although, the deuterium at the external position ap-

peared stochastic, these deuterium experiments directly chal-

lenged our initial mechanistic design, and we therefore 

questioned whether these results were more consistent with a 

through-N HAT process, without any isomerization occurring. 

As our calculations indicated this pathway was kinetically un-

competitive, we speculated that quantum mechanical tunneling 

(QMT) could be lowering the effective barriers. 99–101 Extensive 

mechanistic analysis (detailed in the Sections S11.2 and S11.6; 

Figures S53–S62; Tables S16–S18) confirmed that Ib undergoes 

through-B and through-N HAT in fundamentally different man-

ners. In particular, the through-N pathway shows significant 

conformational effects (Figure S51) and a complex potential en-

ergy surface for the lowest energy transition state conformer 

(Figure S57). However, when approximating the QMT contribu-

tion using canonical variational transition state theory and 

small-curvature tunneling (CVT/SCT), although significant, the 

phenomenological barrier remained too high to alter our overall 

kinetic conclusions. Furthermore, given the significance of 

QMT in the through-N pathway, a reaction using D 3 N-BH 3 and 

proceeding through this mechanism should produce a kinetic 

isotope effect (KIE) greater than 7, whereas an experimental 

KIE of 2.19 was observed (based on the rate of the consumption 

of olefin), which ruled out QMT facilitating the through-N mech-

anism (Section S9.8; Figures S29–S32).

Although reevaluating the computation with a CHCl 3 implicit 

solvent model perturbed several barriers, it did not provide a 

satisfactory explanation for the deuterium results (Figures S49– 

S52; Table S17), which seemed to indicate control of selectivity 

at the internal position. Therefore, to clarify the reaction mecha-

nism, we reevaluated several key experimental observations 

from the reaction development. Notably, the reaction exhibits a 

strong solvent specificity for halogenated media (Figure 2C; 

Table S9). In CHCl 3 , crude reaction analysis consistently de-

tected CH 2 Cl 2 formation (Figure S29). 102 This suggests the 

involvement of a XAT process 88,90–92 between Ib and CHCl 3 . 

Computational studies confirmed that this step is highly favor-

able (ΔG ‡ = 6.5 kcal mol − = ) and irreversible (ΔG ◦ = − 44.7 kcal 

mol − 4 , Figure S63; Tables S19 and S20). This led us to consider 

the possible presence and role of chlorinated amine-borane spe-

cies, rather than pure H 3 N-BH 3 , in the reaction mechanism 

(Table S11).

To reconcile the observed deuterium incorporation patterns, 

we hypothesized that in situ photocatalytic generation of H 3 N-

BH 2 Cl or H 3 N-BHCl 2 (IV or V, Figures S33 and S34) might react 

with the alkene via either a radical boryl radical addition

Figure 2. Mechanistic studies on the photocatalytic hydrogenation of alkenes using ammonia-borane

(A) Computational analysis of the elementary reactivity of amine-boranes 1a and 1b with prop-1-ene. DFT: SMD-(1,4-dioxane)-DSD-PBEB95-D3BJ/def2-

QZVPP//SMD(1,4-dioxane)-M06-2X/def2-TZVP (see also Scheme S2).

(B) Deuterium labeling and kinetic isotope effect studies on the model substrate.

(C) Analysis of the solvent specificity and subsequent identification of halogen atom transfer reactivity (XAT).

(D) A proposed reaction channel leading to the hydrogenation products.

(E) Conversion of alkyl-boryl intermediates in a Brown oxidation.

(F) Application of hypothetical intermediates in the model reaction to establish hydrogen atom transfer (HAT) and fragmentation pathway. DFT: SMD-(CHCl 3 )- 

DSD-PBEB95-D3BJ/def2-QZVPP//SMD(CHCl 3 )-M06-2X/def2-TZVP.
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(Figures S51 and S52) 103 or an ionic hydroboration pathway 

(Figure S66), 104 ultimately converging on an alkyl borane inter-

mediate VI (see Section S9.9). Supporting this hypothesis, 1 H 

NMR time course monitoring in CHCl 3 (with d 3 -MeCN aliquots) 

revealed that alkene consumption and product formation do 

not proceed concurrently but rather through transient intermedi-

ates (Figure S29). Though not isolable, these intermediates were 

tentatively assigned as B-alkylated ammonia-boranes through 

their chemical shifts, which are lower than the terminal methyl 

peak of 3a (<0.8 ppm in CDCl 3 Figure S36) and have a character-

istic multiplet at 0.01 ppm.

To experimentally validate the involvement of alkyl amine-bo-

ranes as precursors for the hydrogenated products, we applied a 

Brown oxidation (NaOH/H 2 O 2 ) before reaction completion, 

yielding the corresponding alcohol 4 in high conversion 

(Figures 2E and S35).

However, this evidence raised the question of how the bory-

lated intermediate is ultimately converted into the hydrogena-

tion product. 105–108 An ionic protodeboronation pathway 

seemed unlikely; instead, a radical mechanism would be sup-

ported by the observation that a cyclopropyl-containing olefin 

(a radical probe) underwent ring opening (Figure S2; see also 

Scheme S1). We propose that various radical species, collec-

tively denoted as [X⋅], can facilitate HAT from the N–H bond 

of reagent VI to give the borane-ligated aminyl radical VII. 

Based on the enthalpic and polar effects, we believe that the 

Cl 2 HC⋅ as well as Ib and the alkyl radicals III might be compe-

tent (ΔG ‡ = 13.3–27.8 kcal mol − = , Figures S67 and S68) at this 

abstraction, thus leading to productive radical chain propaga-

tions. Species IX may then undergo β-fragmentation, gener-

ating an alkyl radical (III) that eventually leads to the desired 

product (3). Interestingly, the β-fragmentation step was deter-

mined by our computational studies to either occur concur-

rently with the HAT process or to be barrierless (Figure S50). 

As this type of photochemical radical process has not been pre-

viously identified in amine-borane chemistry, we sought to 

gather additional supporting evidence.

To test this mechanistic hypothesis, we prepared an alkyl 

ammonia-borane intermediate via an alternative thermal route 

(5, Figure 2F). 109 Though unstable and non-isolable, this species 

could be telescoped into the reaction, affording the hydrogena-

tion product 3a in analogous yields to the optimized procedure 

(59%). Additionally, control experiments demonstrated that 

without light, only decomposition occurred, whereas irradiation 

with either the disulfide or AQ alone still led to product formation 

(Table S12). This indicates that species such as VI are suscepti-

ble to HAT and subsequent β-scission, driving hydrogenation. 

Further support came from species 6, 110 which lacks the N–H 

bonds necessary for HAT and was unreactive under our hydro-

genation conditions (Figure S37).

In summary, although direct HAT activation of olefins using 

H 3 N-BH 3 is plausible, our evidence points to a more complex 

pathway involving: (1) photocatalytic B-chlorination, generating 

chlorinated ammonia-borane species; (2) in situ olefin hydrobo-

ration, forming B-alkyl ammonia-borane intermediates; and (3) 

N–H bond-mediated radical deboronation via HAT and β-frag-

mentation. This mechanistic complexity highlights new dimen-

sion of amine-borane chemistry in this transformation.

Scope of the process

Given the complexity of the mechanism, we wanted to ensure that 

the method still provided a viable metal-free hydrogenation, 

tangential to other catalytic procedures. First, we evaluated the 

hydrogenation ability of our method across a series of terminal 

olefins containing different functional groups commonly used in 

organic synthesis (Figure 3). This scope exploration demon-

strated tolerance of both enthalpically (2b, benzylic and allylic C 

(sp 3 )-H) and kinetically (2c–2g, α-O-C(sp 3 )-H) HAT-labile posi-

tions as well as several types of O-functionalities like free and silyl 

protected alcohol (2c and 2d), ester (2e and 2f), and mesylate (2g). 

Substrate 2h contains a benzyl protected alcohol and therefore 

demonstrates the synthetic complementarity that our approach 

can provide over standard hydrogenation methods. 111,112 Indeed, 

although reduction using Pd/C and H 2 resulted in olefin hydroge-

nation and O-Bn deprotection (3h ′ ), our method cleanly and selec-

tively provided 3h, leaving untouched the ether functionality. This 

transformation was also run on a gram-scale without significant 

variation of reaction yield (Section S6; Figure S1). 

Nitrogen-based functionalities were evaluated next, and the 

method tolerated an alkylated indole (2i), known to undergo 

C2-C3 reduction with amine-boranes under thermal condi-

tions, 113 as well as N-phthalimide (2j), nitro (2k), and sulfonamide 

(2l) groups. The ability of this method to react with olefin over 

other hydrogenation-sensitive functionalities was further 

demonstrated by the selective conversion of azide 2m and N-

Cbz protected piperidine 2n into 3m and 3n without formation 

of 3m ′ and 3n ′ , which instead arose under standard Pd/C-based 

hydrogenations. Other functionalities that were tolerated 

included N-Boc protected amine (2o), ester (2p), nitrile (2q), 

amide (2r), alkyl bromide (2s), and isothiocyanate (2t). The 

compatibility with C(sp 3 )–Br bonds (2s) is noteworthy because 

boryl radicals are excellent XAT mediators. 88,90–92

We then tested the chemistry on terminal olefins installed 

across complex derivatives. These included the lactone contain-

ing (− )-camphanic acid (2u), the non-steroidal anti-inflammatory 

(NSAID) ibuprofen (2v), the HIV medicine nevirapine (2w), a glu-

cofuranose (2x), and a complex bicyclic aminoalcohol derivative 

(2y). Pleasingly, in all cases, the desired products were obtained 

in good to high yields with full tolerance of the many functional-

ities present.

Having broadly determined the functional group compatibility 

of the process, we tested the hydrogenation across other clas-

ses of alkenes. In general, methods based on radical transfer hy-

drogenation reactivity can struggle to engage substituted ole-

fins, so we were keen to determine whether our method could 

address such a limitation. 114,115 gem-disubstituted substrates 

were evaluated first and they were found compatible (2z and 

2aa), albeit the substituted 6-membered ring scaffold resulted 

in mixtures of syn- and anti-diastereomers. Pleasingly, this 

chemistry was also extended to the monoterpene (+)-limonene 

oxide that features an epoxide functionality (2ab). Also, in this 

case it is worth highlighting that transfer hydrogenation protocols 

based on the use of amine-boranes and transition metal catal-

ysis result in epoxide cleavage, something that we can avoid un-

der our conditions. 116

Disubstituted olefins worked well in both acyclic (2ac and 

2ad) and cyclic systems (2ae and 2af), also confirming that
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both E and Z isomers can be hydrogenated with equal effi-

ciency. Moderate to good chemical yields were obtained for 

the reduction of tri- and tetrasubstituted derivatives (2ag– 

2ai). To the best of our knowledge, this class of materials can 

display limited reactivity in the application of boryl radical 

chemistry. 92 As a final element of substrate evaluation, we 

demonstrated high reactivity for the hydrogenation of an 

OBn-protected neurosteroid (2aj) and a functionalized olea-

nolic acid derivative (2ak). This last example features two

chemically distinct olefins, and our method enabled selective 

targeting of the less sterically hindered one.

Tetrasubstituted endocyclic alkenes represent an interesting 

class of compounds, as their hydrogenation can yield different 

stereochemical outcomes depending on the underlying reaction 

mechanism. Notably, the hydrogenation of compound 2al, pre-

pared in two steps from dihydro-β-ionone, proceeded efficiently 

to furnish the syn-diastereomers (dr 1:1), consistent with the ste-

reochemical outcome observed in Pd/C-catalyzed processes.

Figure 3. Scope of the metal-free and hydrogen-free hydrogenation process

The reaction on 2aq was conducted at 80 ◦ C with 2.0 equiv of NH 3 BH 3 . Ar = 4-Cl-C 6 H 4 (see also Table S6). "dr" refers to the diastereomeric ratio.
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Regarding limitations (Section S8; Table S6), we observed 

poor reactivity with styrene (2am) and acrylate (2an) deriva-

tives. Although the hydrogenation products were accessible, 

the reactions generated significant tarring, suggesting poly-

merization and potential addition of thiol to the alkene. Terminal 

alkene-containing acrylate 2ao was hydrogenated with mild 

selectivity for the terminal olefin, delivering the acrylate-con-

taining and fully hydrogenated products in a 1.7:1 ratio. At-

tempts to engage alkynes such as 2ap resulted in full consump-

tion of the starting material, but the hydrogenation products 

were not detected.

Finally, we demonstrated the utility of this approach for the hy-

drogenation of E-azobenzene (2aq). This reaction required 

increased equivalents of the ammonia-borane and a higher tem-

perature (80 ◦ C), but control experiments confirmed the neces-

sity of photochemical irradiation for successful conversion.

Conclusions

H 3 N-BH 3 is a safe, non-toxic material of significant interest for 

hydrogen storage applications. However, the fundamental ques-

tion of how to effectively activate this molecule remains an active 

area of research. To date, activation has been achieved primarily 

through thermolysis or transition metal catalysis. In this work, we 

present an alternative approach in which H 3 N-BH 3 is activated 

via the formation of an amine-ligated boryl radical, enabled by 

mild diaryl ketone-based photocatalysis. This strategy provides 

a transition-metal-free and H 2 -free protocol for the broad hydro-

genation of alkenes, demonstrating tolerance for polar function-

alities—including those traditionally incompatible with standard 

hydrogenation methods. Our mechanistic study indicates a 

complex interplay of radical reactions operating from the starting 

amine-ligated boryl radicals and converging to the desired hy-

drogenation products. An important aspect that will need to be 

addressed in the future relies on the regeneration and reuse of 

H 3 N-BH 3 . Although we have been able to obtain preliminary ev-

idence supporting its feasibility (for further details see Section 

S10), this still represents a challenge in the use of these reagents. 

We hope that this work will fuel the development of other reac-

tivity for the use of other hydrogen-storage materials under 

mild and metal-free settings.

METHODS

Detailed methods can be found in the supplemental information.
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31. Greb, L., Oñ a-Burgos, P., Schirmer, B., Grimme, S., Stephan, D.W., and 

Paradies, J. (2012). Metal-free Catalytic Olefin Hydrogenation: Low-

Temperature H2 Activation by Frustrated Lewis Pairs. Angew. Chem. 

Int. Ed. Engl. 51, 10164–10168. https://doi.org/10.1002/anie.201204007.

32. Greb, L., Daniliuc, C.G., Bergander, K., and Paradies, J. (2013). Func-

tional-Group Tolerance in Frustrated Lewis Pairs: Hydrogenation of Ni-

troolefins and Acrylates. Angew. Chem. Int. Ed. Engl. 52, 5876–5879. 

https://doi.org/10.1002/anie.201210175.

33. Chandra, T., and Zebrowski, J.P. (2016). Hazards associated with labo-

ratory scale hydrogenations. J. Chem. Health Saf. 23, 16–25. https://doi. 

org/10.1016/j.jchas.2015.10.019.

34. West, M., Al-Douri, A., Hartmann, K., Buttner, W., and Groth, K.M. (2022). 

Critical review and analysis of hydrogen safety data collection tools. Int. 

J. Hydrog. Energy 47, 17845–17858. https://doi.org/10.1016/j.ijhydene. 

2022.03.244.

35. Usman, M.R. (2022). Hydrogen storage methods: Review and current 

status. Renew. Sustain. Energy Rev. 167, 112743. https://doi.org/10. 

1016/j.rser.2022.112743.

36. Hashimoto, T., Asada, T., Ogoshi, S., and Hoshimoto, Y. (2022). Main 

group catalysis for H2 purification based on liquid organic hydrogen car-

riers. Sci. Adv. 8, eade0189. https://doi.org/10.1126/sciadv.ade0189.

37. Brunner, E. (1985). Solubility of hydrogen in 10 organic solvents at 

298.15, 323.15, and 373.15 K. J. Chem. Eng. Data 30, 269–273. 

https://doi.org/10.1021/je00041a010.
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