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The chemical activation of water would allow this earth-abundant resource to be
transferredinto value-added compounds, and is atopic of keen interest in energy
research” Here, we demonstrate water activation with a photocatalytic phosphine-
mediated radical process under mild conditions. This reaction generates a metal-
free PR;—H,O radical cation intermediate, in which both hydrogen atoms are used

inthe subsequent chemical transformation through sequential heterolytic (H") and
homolytic (H’) cleavage of the two O-H bonds. The PR,-OH radical intermediate
provides anideal platform that mimics the reactivity of a ‘free’ hydrogen atom, and
which canbe directly transferred to closed-shell msystems, such as activated alkenes,
unactivated alkenes, naphthalenes and quinoline derivatives. The resulting Hadduct
Cradicals are eventually reduced by a thiol co-catalyst, leading to overall transfer
hydrogenation of the t system, with the two H atoms of water ending up in the
product. The thermodynamic driving force is the strong P=0 bond formed in the
phosphine oxide by-product. Experimental mechanistic studies and density
functional theory calculations support the hydrogen atom transfer of the PR;-OH
intermediate as akey step in the radical hydrogenation process.

Water canbe transformed to valuable hydrogen gas (H,) through serial
chemical processes, which allow it to be applied as a potential transfer
hydrogenation reagent in the reduction of unsaturated compounds*.
However, the main challenges for water activation originate from two
features (Fig.1a). (1) Whereas deprotonation of water (pK, =15.74) can
bereadily achieved with anappropriate base, homolytic cleavage is chal-
lenging due to the high thermodynamic stability of H,0 asaresult of the
highbond dissociation energy (BDE =118 kcal mol™) of the O-Hbonds**.
(2) Further, the OH radical (hydroxyl radical), if generated, cannot pro-
vide the second hydrogen atom, as this would lead to a high-energy
oxygenatom’. Asaresult, catalysts or mediators are required, and cur-
rent approaches to water activation follow three different strategies:
oxidative addition activation®®, metal-ligand cooperation activation®
and coordination-induced bond weakening'®*? (Fig. 1b). The first two
approaches mainly focus on the use of d-block transition metals, and
transformations dealing with main group elements remain very rare.
Several examples capitalizing on the concept of coordination-induced
bond weakeningthrough generation of the corresponding H,0 adducts
have been disclosed using transition metal complexes or main group
elements withempty dor p orbitals™. However, as H,0 adduct formation
alsoincreases the acidity, the majority of such H,0-complexes react as
proton donors. Considering the homolytic O-H bond cleavage, a few
examples are known, with samarium(Il)>*8, titanium(Il)**, borane?
and bismuth(I1)® compounds, among others, enabling homolytic
O-Hbond cleavage processes. These activated water complexes have
been shown to reduce reactive radicals, leading to closed-shell prod-
ucts, in which hydrogen atom transfer (HAT) is thermodynamically
favoured (Fig. 1c)'*"%, By contrast, examples of intermolecular HAT

from H,0-intermediates to closed-shell t systems leading to reactive
Hadduct Cradicals, especially considering metal-free H,0 adduct inter-
mediates, remain desirable. Notably, in situ-generated Fe, Mn and Co
hydride complexes have beenintensively investigated as HAT reagents
inthereactionwith alkenes togive the corresponding Hadduct Cradi-
cals, inso-called metal hydride hydrogen atom transfers (MHAT)? . In
these MHAT processes, the Hatomto be delivered is generally derived
from a hydride source, such as a silane. Intermolecular HAT to Tt sys-
tems from activated water are known for SmX,-H,0 adducts, albeit
with limited scope, and metal-free variants need to be uncovered*® .

Considering transition metal-free variants, there are several chal-
lengestobe overcome. The currently knownwater adducts that are able
to act as HAT reagents are relatively stable, so that hydrogen transfer
to Tt systems leading to reactive C radicals is endergonic. As a conse-
quence, except in the examples with Sm(11)**¢, only HAT to reactive
radicalsis established with such species. Furthermore, the H,0-based H
donorsshould be readily generated, be sufficiently reactive to engage
in thermodynamically favoured HAT to 1t systems, but at the same
time must have a sufficient lifetime, which renders reagent design
highly challenging. It is remarkable that a few examples of metal-free
radical H atom transfers to realize hydrogenation of closed-shell Tt sys-
tems have beenreported. Thus, 9,10-dihydroanthracene, xanthene or
tetralinwere shownby Riichardt and co-workers to transferan Hatom
to closed-shell tsystems® . However, as these H donors themselves
are stable closed-shell compounds, intermolecular HAT in a retrodis-
proportionation reactionis strongly endothermic and kinetically not
favoured. Therefore, these processes are very narrow in scope and only
occur at temperatures above 300 °C.
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Fig.1|Background and concept.a, Water as apotential transfer hydrogenation
reagent; BDE and pK. b, Overview of different water activation modes and
examples for activated H,0 adducts. ¢, Radical reductions through
intermolecular HAT from water adducts and HAT to a closed-shell T system.

Considering that phosphine radical cations can act as tunable
mediators in photoredox catalysis for the generation of carbon- and
heteroatom-centred radicals through deoxygenation (Fig. 1d)***, we
designedarelated approach for wateractivationbyinteraction of a phos-
phine radical cation through its singly occupied molecular orbital with
water, using photoredox catalysis. The PR;-H,O radical cation can be
deprotonated, generatinga PR,~OHradical intermediate in a heterolytic
0O-Hbond cleavage, as previously suggested by Pandey and co-workers*.
The strong BDE of the P=0 bond in phosphine oxides ensures a high
thermodynamicdriving force for the homolytic cleavage of the second
0-Hbond*, enabling the PR,-OH intermediate to behave like a ‘free’ H
atom, providing the opportunity to explore H atom radical chemistry.

To experimentally validate the reaction design and H atom
reactivity of the proposed PR;—OH intermediate, triphenylphos-
phine (PPh;)-mediated hydrogen evolution was investigated
first. Pleasingly, with [Ir(dF(CF,)ppy),(dtbbpy)]1(PF,)] (dF(CF;)
ppYy, 2-(2,4-difluorophenyl)-5-trifluoromethylpyridine; dtbbpy,
4,4’-di-tert-butyl-2,2’-bipyridine, PC1) as the photocatalyst and H,0
as the hydrogen source in acetonitrile under irradiation witha5W
blue light-emitting diode (LED), generation of H, was experimentally
verified inboth solution and gas phase, with concomitant formation of

Challenges associated with the latter reactivity mode. d, This work:
photocatalytic phosphine-mediated water activationto provide a ‘free’
Hatomthrough sequential heterolytic and homolytic cleavage of two O-H
bondsintheactivated water adduct. MG, maingroup; TM, transition metal.

triphenylphosphine oxide as the by-product (Fig. 2a). This important
experiment indicated that the proposed radical PPh,-OH intermedi-
ate can be generated, and further that it has a sufficient lifetime so
that intermolecular reactions with such an H donor become feasible,
as shown by the successful generation of H,. Encouraged by this find-
ing, transfer hydrogenation of unactivated alkenes with water asthe H
donor was attempted (Fig. 2b). According to the proposal, the first H
atomoftheactivated H,Oisreleased as a proton (Fig.1d), and therefore
wedecided to useathiol co-catalyst thatis able to transform the proton
donor (PPh;-OH,") into aradical Hdonor through thiolate protonation.
Thethiolinturnis capable of efficiently reducing an alkyl radical. The
key species for the designed process is the suggested PR;-OH inter-
mediate, which should show sufficient reactivity to transfer its Hatom
intermolecularly to an unactivated alkene.

4-Allyltoluene (1a) was selected as the model substrate to evaluate
the feasibility of the targeted radical alkene transfer hydrogenation.
Pleasingly, using tris(4-methoxyphenyl)phosphine P1as mediator, PC1
asphotocatalyst, 2,4,6-triisopropylbenzenethiol (HAT1) as HAT catalyst
and H,0 as hydrogen sourcein acetonitrile under blue LED irradiation,
the hydrogenation product2acould be obtained in 86% isolated yield
at 20 °C (Fig. 2c, entry 1). Other triaryl phosphines P2-P6 provided
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Fig.2|Reaction design and mechanism analysis. a, Hydrogen evolution
through photocatalytic triphenylphosphine-mediated water activation.

b, General mechanism for HAT of PR;-OH intermediates to closed-shell
unactivated alkenes. ¢, Reaction optimization for transfer hydrogenation
oflaand BDE of the O-Hbond in various PR;-OH intermediates, obtained by
density functional theory (DFT) calculations. Yields were determined by gas
chromatography-mass spectrometry (GC-MS) with tetradecane as the

worse results (Fig. 2c, entries 2-6), and hydrogenation failed with the
thiol co-catalyst HAT2 (Fig. 2c, entry 7). Other frequently used Ir-based
photocatalysts (PC2, PC3) provided lower yields (Fig. 2c, entries 8
and 9) and all reagents are required for successful hydrogenation
of1a (Supplementary Information).

Togetanidearegarding the structure and the H atom affinity of the
Hdonor, density functional theory (DFT) calculations were performed
(Fig. 2c and Supplementary Information). First, the O-H bond dis-
sociation energy of different PAryl,-OH intermediates was calculated
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internal standard. Calculated activation energy for the intermolecular HAT
fromthe P3-OH intermediate to styrene and propene as model reaction.
Thestructure displays the spin density distribution of the Ph,;P-OH radical
indicating delocalization of the radical spin from the phosphorus atominto
the adjacent phenyl ring. P6, bis(4-methoxyphenyl)(methyl)phosphine.
AG, reaction freeenergy (298K); AG”, free energy barrier (298K); AH,qg(vac),
enthalpy of bond dissociation.

to be very low for all compounds considered, ranging from 5.0 to
13.4 kcal mol™. We note that the lowest bond energies are obtained
for the Hatom donors formed with P1and P4, which show the high-
estyields in the hydrogenation of 1a. Interestingly, we found that
transfer of the H atom to the ortho-position of the aryl substituent
leads toamore stable structure (shown for P3). However, due to the
non-linearity of thatintramolecular HAT, we did not find any transi-
tion state for such a process and therefore this cyclohexadienyl radical
was not further considered as the H atom donor in these reactions.
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Fig.3 | Transfer hydrogenationsubstrate scope. a, Thereduction of
unactivated alkenes. b, The reduction of styrene derivatives. Yields given
correspondtoisolatedyields. See Supplementary Information for specific
reduction conditions that deviate from the standard conditions.
Diastereoselectivity was determined by 'H NMR spectroscopy. *Triaryl
phosphine P1as the mediatorin combination with 0.2 equivalent of HAT1.

Intermolecular HAT of the P3-derived PAryl;-OH radical intermediate
was calculated for styrene and propene as the H atom acceptors. In
agreement with the experimental findings, HAT to propene is feasible
atroom temperature with a free energy barrier 0of19.3 kcal mol ™. As
expected, due to theradical stabilization of the styryl radical, an even
lower barrier was found for HAT to styrene (10.6 kcal mol™).

®Triaryl phosphine P3 as the mediator in combination with 0.15 equivalent of
HATL. Yield obtained for gram-scale experiment (10.0 mmol scale). “GCyield
with tetradecane as internal standard. °Reaction conducted at 40 °C. *Yield for
gram-scale experiment (5.0 mmolscale). Bpin, boronicacid pinacol ester; d.r.,
diastereomericratio; Ts, tosyl.

Withthe optimized conditionsin hand, various unactivated alkenes
bearing different functionalities could be efficiently hydrogenated.
Allylarenes carrying electron-donating or -withdrawing substituents
at the arene moiety provided the corresponding propylarenes 2a-2f
with high yields (Fig. 3a). The radical hydrogenation was compatible
withcommonly used functional groups, including boronic acid pinacol
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ester (2g), pyridine (2h), ether (2i), triphenylsilyl (2j), oxazolidinone
(2k), amide (2l and 2m), sulfonamide (2n), free alcohols (20 and 2r),
aldehyde (2p) and thiophene (2q) moieties. Disubstituted alkenes
could alsobereduced, albeit withmoderate yields (2s and 2t). Our mild
protocol also permits late-stage hydrogenation of more complex com-
pounds bearing a terminal unactivated double bond, as documented
by the reduction of sclareol (2u), allylestrenol (2v), B-estradiol (2w)
and an estrone derivative (2x). Notably, the reduction of allylestrenol
1v furnished the product 2v with complete chemoselectivity and the
trisubstituted alkene moiety inthe ring remained unreacted. The more
reactive styrene derivatives could be readily hydrogenated using PPh,
(P3) as the H atom mediator and reaction time could be shortened
(48 h). Various styrene derivatives, including a- and 3-substituted con-
geners, aswell as trisubstituted systems, could be reduced in moderate
to excellent yields (Fig. 3b, 4a-4l). The steroidal compound 3m was
hydrogenated with complete chemo- and diastereoselectivity.
Hydrogenation of arenes provides an atom-economic, straightfor-
ward and efficient route for the construction of three-dimensional
structures through easily accessed planar aromatic compounds. How-
ever, arene reduction through H atom transfer is more difficult than
alkene hydrogenation, as the initial HAT leads to de-aromatization.
As is known, radical MHAT by Mn/Co/Fe hydrides to arenes is very
challenging***. Motivated by our calculations, which showed that
intramolecular H transfer to the arene moiety in the PAryl;-OH

510 | Nature | Vol 619 | 20 July 2023

'HNMR spectroscopy. “Triaryl phosphine P1as the mediator in combination
with 0.2 equivalent of HAT1. *Yield obtained for gram-scale experiment
(10.0 mmol scale).

radical intermediate is thermodynamically feasible (Fig. 2c), we next
attempted the challenging hydrogenation of arenes (Fig. 4). We were
very pleased to find that naphthalene (5a) and its derivatives with
ester (5b), cyano (5¢) and hydroxy (5d) groups could be hydrogen-
ated to afford the corresponding tetrahydronaphthalenes with high
yields. Hydrogenation of the second arene moiety was not observedin
these cases, which can be understood by the larger resonance energy
of the arene moiety in tetrahydronaphthalene compared to naph-
thalene. Naphthalenes with electron-withdrawing substituents were
regioselectively de-aromatized at the substituted arene ring. Naph-
thalene derivatives bearing electron-donating methyl or methoxy
groups (see compounds 5fand 5g) provided mixtures of the two pos-
sible tetrahydronaphthalenes. The regioselectivity issue was further
investigated by DFT calculations (Supplementary Information). For
1-methylnaphthalene (5f) the activation barrier for the intermolecular
HAT from the P1-OH radical to the 2-, 3-, 4-, 5-, 6-, 7- and 8-position
was calculated. All HATSs are exothermic (-17.9 to —23.5 kcal mol™)
and occur with low barriers (6.3 to 9.7 kcal mol™). The lowest barrier
was calculated for the HAT to the C4-position (6.3 kcal mol™), but H
transfer to C8 and C5 leading to the other regioisomers showed simi-
lar barriers (6.5 and 6.9 kcal mol™, respectively). This explains why
no selectivity was obtained for the hydrogenation of 5f. The barrier
for the HAT correlates well with the thermodynamic stability of the
H adduct (exothermicity, C4-position: —23.5 kcal mol™, C8-position:



-23.5 kcal mol™, C5-position: —23.0 kcal mol™). With this knowledge
in hand, we also calculated the exothermicity for the HAT to 1-(meth-
oxycarbonyl)naphthalene (5b) and 2-cyanonaphthalene (5¢), for which
perfectregiocontrol was achieved in the hydrogenation. Again, seven
regioisomeric Hadducts were considered for both cases. For the ester
5b, HAT to the C4-position was thermodynamically most favoured
(-26.2 kcal mol™) leading to the experimentally observed regioiso-
mer 6b. The thermodynamically most stable Hadduct inthe reaction
with 5cresulted from Claddition (-27.0 kcal mol™), which eventually
leads to the observed isomer 6c, revealing that the regioselectivity
in these hydrogenations is mainly controlled by the stability of the
de-aromatized H adduct radical.

Naphthols deserve special attention: 1-naphthol gave the phenol
6d asasinglereduction product withcomplete regiocontrol, whereas
2-naphthol provided three different products 6e, 6€’ and 6e”. Forma-
tion of the ketone 6e” indicates that the enol formed by 1,4-reduction
of the naphthalene core is a likely intermediate in the hydrogenation
of 5e. The more complex naphthalene 5h was regioselectively hydro-
genated to give 6h as al:1 mixture of diastereoisomers. Hydrogenation
alsoworked well for multisubstituted naphthalenes (5i-5k). Regioselec-
tive hydrogenation occurred at the more electron poor arene moiety
(6jand 6k). Disubstituted naphthalenes with both substituents at the
samering afforded the targeted tetrahydronaphthalenes as diastereoi-
someric mixtures (61-6n). As expected for 1,3-dimethylnaphthalene,
6l was formed as amajor regioisomer along with 6I’, which wasisolated
asa2:1(cis:trans) diastereoisomeric mixture. Complete regiocontrol
was noted for the hydrogenation of the naphthalenes 5Smand 5n. Very
good1,2-stereocontrol was achieved for 6m (cis:trans =10:1), whereas
the1,4-stereoinduction was moderate (6n,2:1). Anthracene 50 and its
cyanated derivative 5p were reduced with complete regiocontrol at the
most activated central ring. Comparable yields were obtained for the
gram-scale preparation of 2b, 4d and 6c, documenting the practicality
ofthis hydrogenation process. The generated phosphine oxides could
be almost quantitatively recovered (Supplementary Information) and
are easily reduced to give the corresponding starting phosphines*.

The unique H atomreducing ability of this photocatalytic phosphine-
mediated water activation system, in which hydrogenation proceeds
through radical intermediates, was further verified by realizing
direct skeletal editing of quinolines (Fig. 5a)*’. Such a hydrogenative
rearrangement is unknown for any other radical reducing system
and cannot be achieved through transition metal-mediated hydro-
genation processes. Several indole derivatives could be directly
constructed by a reductive ring contraction of the corresponding
quinoline derivatives. The rearrangement of 2-substituted quino-
lines (5q-s and 5u) afforded the corresponding 2,3-disubstituted
indoles 6q-sand 6uin moderateyields. A2,4-disubstituted quinoline
(5t) also engaged in this transformation to give the indole 6t, and a
possible mechanism is presented in Fig. 5a. Intermediate Intl is gen-
erated through an initial H atom transfer of the P1-OH intermediate
to the quinoline C(4)-position. Subsequent neophyl-type rearrange-
ment through Int2 leads to Int3, whichis finally reduced by the thiol
co-catalyst to provide the productindole. The suggested mechanism
was supported by a deuteration experiment: replacing H,0 with D,0
provided the bis-deuterated indole 6u-D,, showing that the initial
HAT by the P1-OH intermediate and also the final HAT from the thiol
co-catalyst occur at the same carbon atom.

We next explored the relative reactivity of two different 1t systems,
either by installing them into the same substrate or by running com-
petition experiments of two Tt systems at low conversion (Supplemen-
tary Information). The alkene moiety in 2-vinylnaphthalene (3n) is
morereactive thanthe naphthalene core, and 2-ethylnaphthalene was
obtained with complete chemoselectivity using PPh; (P3). The same
outcome was noted for the more reactive phosphine P1(Supplementary
Information). Comparing anactivated alkene with an unactivated ter-
minal alkenein 4-allyloxystyrene, we found excellent chemoselectivity

for the hydrogenation of the styrenic double bond with the milder P3
as mediator, and allyl (4-ethylphenyl) ether was obtained in 82% yield.
However, both double bonds in 4-allyloxystyrene were reduced with
the more reactive phosphine P1. Thus, the chemoselectivity of the
hydrogenation of 4-allyloxystyrene can be controlled by tuning of
H atom reactivity through variation of the PAryl, component. This is
reminiscent of the reactivity tuning in organometallic hydrides through
ligand variation. Considering styrene pairs that slightly differ in their
electronic structure by variation of their para-substituents, low selec-
tivity was noted using the milder PPh;-derived H donor (Me versus
CN =1:1.4; Me versus MeO = 1:2). Steric effects play arole as -methyl-
(trans) and also a-methyl-substituted styrenes are less reactive than
their corresponding unsubstituted styrenes (by around 2:1).

As an additional advantage of the radical-type hydrogenation over
well-established Pd/Rh/Ir-catalysed processes, which generally operate
with H, gas**™°, hydrogenations with concomitant cyclization or ring
openingwere studied. At the same time, these investigations provided
further experimental support for the radical nature of these transfor-
mations (Fig. 5b). Four different dienes 7,9, 11 and 13 were subjected
to the standard conditions and the targeted reductive cyclization
products 8,10, 12 and 14 were obtained. In all cases, hydrogenated
non-cyclized derivatives were not observed, showing that the cycli-
zation is faster than direct reduction under the applied conditions.
For the Si compound 7, 6-endo-trig cyclization occurred exclusively,
whereas the other three systems cyclized through the 5-exo mode and
the five-membered rings were formed with good to excellent diastere-
oselectivities. Vinylcyclopropane 15 reacted to produce the reduced
ring-opening product 16. As a side product, alkene 17 was isolated,
probably resulting from double bond isomerization of 16. Control
experimentsrevealed that H,0 is the exclusive hydrogensourcein the
hydrogenation and the solvent (acetonitrile) is not involved (Fig. 5c),
indicating the potential of this radical hydrogenation for the prepara-
tion of deuterated compounds using cheap D,0, as realized for the
preparation of 2d-D, and 6j-D,.

Kinetic experiments, from running the reaction of 3ain either H,0
or in D,0 at low conversion, indicated that the HAT process between
the PR,-OHintermediate and the alkene is the rate-determining step,
with a kinetic isotope effect (KIE) value of 3.2 (Fig. 5¢). This is further
supported by an additional experiment in which hydrogenation was
conducted using a 1:1 mixture of H,0:D,0 with a lower deuterium
incorporation observed for the B-position (conducted with 3c).
Moreover, we found first-order kinetics with respect to the alkene, and
zeroth-order kinetics with respect to the thiol co-catalyst, further sup-
porting that the initial HAT to the alkene is the rate-determining step
(conducted with1aand 1j; Supplementary Information). Stern-Volmer
quenching studies confirmed the initial oxidation of the phosphine
by the excited Ir photocatalyst, and quantum yield measurements
revealed that aradical chain reaction is not in operation. Overall, all
these experiments and the calculations support the suggested mecha-
nism depicted in Fig. 2b.

In summary, in situ-generated PR,~OH radicals have been shown
toreact as HAT reagents with various alkenes and naphthalenes to
give the corresponding H atom addition adduct radicals at room
temperature. The key PR;—OH radicals, which can be considered as
formal ‘free’ H atoms, are readily generated through photocatalytic
phosphine-mediated water activation. Thiols are used as catalytic
co-reductants for the radical hydrogenation of Tt systems, transform-
ing theinitially generated PR;—~OH,radical cationintermediate, which
is an efficient proton donor, into aradical hydrogen atom donor. This
co-catalysis approach ensures that both Hatoms of water can be used
as Hatom donors in the reduction of t systems. Considering hydro-
genation of alkenes, the introduced metal-free PR;~OH intermediate
has comparable reactivity to the established transition metal-based
systems, which engage in MHAT reactions. Intra- or intermolecular
hydrogen atom transfer to reactive carbon- or heteroatom-centred
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radicalsis a highly useful toolin modern synthesis for radical transloca-
tion. However, HAT to closed-shell systems has not been well developed
and we are confident that the strategy presented here will open the
door to unexplored ‘H atom radical chemistry’.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

512 | Nature | Vol 619 | 20 July 2023

O {

Standard
X conditions CN
6u, 36%
P ]
N AN
/ D-inc: 80%
_— Replacing H,O
CN ith D,O
o — O {
O CN
6u-D,, 20%

Possible mechanism

H R2
RZ H R? . H
@f‘%t T )
Pz 7 /R

ZSN R N Z~N

Int1

Int2 Int3

Standard
conditions
Replacing CH3CN
with CD3CN

HsCO H3CO

HsCO

1d

HaCO

2d, 90%

Standard

conditions

H3CO H3CO

Replacing H,O

HaCO with D,O HsCO D-inc: 92%

1d

e

: OCHg

3a

2d-D,, 86%

D-inc: 90%

<Ij‘

6j-D4, 85%

Standard
condltlons

Replacmg H.0
with DO

D/H
Standard

conditions D/H

A
H»0 or D,O P

(<30% conversion) OCH3

KIE = Ky o /kp, 0 = 3.2

Standard D
condmons o: D-inc: 40%
D

B: D-inc: 25% CHg

OCHg
3c

with deuterated water to prepare deuterated reduced products. Kinetic
isotope effect (KIE) measurement.

and competing interests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-06141-1.

1. Lewis, N. S. & Nocera, D. G. Powering the planet: chemical challenges in solar energy
utilization. Proc. Natl Acad. Sci. USA 103, 15729-15735 (2006).

2. Kondo, M., Tatewaki, H. & Masaoka, S. Design of molecular water oxidation catalysts with
earth-abundant metal ions. Chem. Soc. Rev. 50, 6790-6831(2021).

3. Warren, J. J,, Tronic, T. A. & Mayer, J. M. Thermochemistry of proton-coupled electron
transfer reagents and its implications. Chem. Rev. 110, 6961-7001 (2010).

4. Agarwal, R. G. et al. Free energies of proton-coupled electron transfer reagents and their

applications. Chem. Rev. 122, 1-49 (2022).


https://doi.org/10.1038/s41586-023-06141-1

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ruscic, B. et al. On the enthalpy of formation of hydroxyl radical and gas-phase bond
dissociation energies of water and hydroxyl. J. Phys. Chem. A 106, 2727-2747 (2002).
Zhao, J., Goldman, A. S. & Hartwig, J. F. Oxidative addition of ammonia to form a stable
monomeric amido hydride complex. Science 307, 1080-1082 (2005).

Robinson, T. P., De Rosa, D. M., Aldridge, S. & Goicoechea, J. M. E-H bond activation of
ammonia and water by a geometrically constrained phosphorus(lll) compound. Angew.
Chem. Int. Ed. 54,13758-13763 (2015).

Protchenko, A. V. et al. Enabling and probing oxidative addition and reductive elimination
at a group 14 metal center: cleavage and functionalization of E-H bonds by a bis(boryl)
stannylene. J. Am. Chem. Soc. 138, 4555-4564 (2016).

Gutsulyak, D. V., Piers, W. E., Borau-Garcia, J. & Parvez, M. Activation of water, ammonia,
and other small molecules by PC,....P nickel pincer complexes. J. Am. Chem. Soc. 135,
1776-11779 (2013).

Boekell, N. G. & Flowers, R. A. Coordination-induced bond weakening. Chem. Rev. 122,
13447-13477 (2022).

Bezdek, M. J., Guo, S. & Chirik, P. J. Coordination-induced weakening of ammonia, water,
and hydrazine X-H bonds in a molybdenum complex. Science 354, 730-733 (2016).
Chilamari, M., Immel, J. R. & Bloom, S. General access to C-centered radicals: combining
a bioinspired photocatalyst with boronic acids in aqueous media. ACS Catal. 10,
12727-12737 (2020).

Kolmar, S. S. & Mayer, J. M. Sml,(H,0), reduction of electron rich enamines by proton-
coupled electron transfer. J. Am. Chem. Soc. 139, 10687-10692 (2017).

Boyd, E. A. & Peters, J. C. Sm(Il)-mediated proton-coupled electron transfer: quantifying
very weak N-H and O-H homolytic bond strengths and factors controlling them. J. Am.
Chem. Soc. 144, 21337-21346 (2022).

Chciuk, T. V. & Flowers, R. A. Proton-coupled electron transfer in the reduction of arenes
by Sml,~water complexes. J. Am. Chem. Soc. 137, 11526-11531 (2015).

Chciuk, T. V., Anderson, W. R. Jr. & Flowers, R. A. Proton-coupled electron transfer in the
reduction of carbonyls by samarium diiodide-water complexes. J. Am. Chem. Soc. 138,
8738-8741(2016).

Chciuk, T. V., Anderson, W. R. Jr. & Flowers, R. A. Interplay between substrate and proton
donor coordination in reductions of carbonyls by Sml,-water through proton-coupled
electron-transfer. J. Am. Chem. Soc. 140, 15342-15352 (2018).

Bartulovich, C. O. & Flowers, R. A. Coordination-induced O-H bond weakening in
Sm(ll)-water complexes. Dalton Trans. 48, 16142-16147 (2019).

Cuerva, J. M. et al. Water: the ideal hydrogen-atom source in free-radical chemistry
mediated by Ti" and other single-electron-transfer metals? Angew. Chem. Int. Ed. 45,
5522-5526 (2006).

Paradas, M. et al. Understanding the exceptional hydrogen-atom donor characteristics
of water in Ti"-mediated free-radical chemistry. J. Am. Chem. Soc. 132, 12748-12756
(2010).

Ganséuer, A. et al. H,O activation for hydrogen-atom transfer: correct structures and
revised mechanisms. Angew. Chem. Int. Ed. 51, 3266-3270 (2012).

Spiegel, D. A., Wiberg, K. B., Schacherer, L. N., Medeiros, M. R. & Wood, J. L.
Deoxygenation of alcohols employing water as the hydrogen atom source. J. Am. Chem.
Soc. 127, 12513-12515 (2005).

Tantawy, W. & Zipse, H. Hydroxylic solvents as hydrogen atom donors in radical reactions.
Eur. J. Org. Chem. 2007, 5817-5820 (2007).

Soulard, V., Villa, G., Vollmar, D. P. & Renaud, P. Radical deuteration with D,O: catalysis
and mechanistic insights. J. Am. Chem. Soc. 140, 155-158 (2018).

Yang, X. et al. Radical activation of N-H and O-H bonds at bismuth(ll). J. Am. Chem. Soc.
144, 16535-16544 (2022).

Jin, J. & Newcomb, M. Rate constants for hydrogen atom transfer reactions from
bis(cyclopentadienyl)titanium(lll) chloride-complexed water and methanol to an alkyl
radical. J. Org. Chem. 73, 7901-7905 (2008).

Wu, J. & Ma, Z. Metal-hydride hydrogen atom transfer (MHAT) reactions in natural product
synthesis. Org. Chem. Front. 8, 7050-7076 (2021).

Shevick, S. L. et al. Catalytic hydrogen atom transfer to alkenes: a roadmap for metal
hydrides and radicals. Chem. Sci. 11, 12401-12422 (2020).

Hu, Y., Shaw, A. P., Estes, D. P. & Norton, J. R. Transition-metal hydride radical cations.
Chem. Rev. 116, 8427-8462 (2016).

Guazzelli, G. et al. Selective reductions of cyclic 1,3-diesters using Sml, and H,O. J. Am.
Chem. Soc. 131, 7214-7215 (2009).

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Duffy, L. A., Matsubara, H. & Procter, D. J. A ring size-selective reduction of lactones using
Sml, and H,0. J. Am. Chem. Soc. 130, 1136-1137 (2008).

Ramirez-Solis, A. et al. Experimental and theoretical studies on the aqueous solvation and
reactivity of SmCl, and comparison with SmBr, and Sml,. Inorg. Chem. 58, 13927-13932
(2019).

Chciuk, T. V., Anderson, W. R. Jr & Flowers, R. A. High-affinity proton donors promote
proton-coupled electron transfer by samarium diiodide. Angew. Chem. Int. Ed. 55,
6033-6036 (2016).

Szostak, M., Spain, M. & Procter, D. J. Determination of the effective redox potentials of
Sml,, SmBr,, SmCL,, and their complexes with water by reduction of aromatic
hydrocarbons. reduction of anthracene and stilbene by samarium(ll) iodide-water
complex. J. Org. Chem. 79, 2522-2537 (2014).

Ramirez-Solis, A. et al. Experimental and theoretical studies on the implications of halide-
dependent aqueous solvation of Sm(ll). J. Am. Chem. Soc. 140, 16731-16739 (2018).
Chciuk, T. V., Li, A. M., Vazquez-Lopez, A., Anderson, W. R. Jr. & Flowers, R. A. Secondary
amides as hydrogen atom transfer promoters for reactions of samarium diiodide. Org.
Lett. 19, 290-293 (2017).

Coellen, M. & Riichardt, C. Transfer hydrogenation of nitro-, nitroso- and azoarenes by
homolytic retrodisproportionation. Chem. Eur. J. 1, 564-567 (1995).

Li, C., Danovich, D. & Shaik, S. Blended hydrogen atom abstraction and proton-coupled
electron transfer mechanisms of closed-shell molecules. Chem. Sci. 3, 1903-1918 (2012).
Lai, W., Li, C., Chen, H. & Shaik, S. Hydrogen-abstraction reactivity patterns from Ato Y:
the valence bond way. Angew. Chem. Int. Ed. 51, 5556-5578 (2012).

Rossi-Ashton, J. A., Clarke, A. K., Unsworth, W. P. & Taylor, R. J. K. Phosphoranyl radical
fragmentation reactions driven by photoredox catalysis. ACS Catal. 10, 7250-7261 (2020).
Stache, E. E., Ertel, A. B., Rovis, T. & Doyle, A. G. Generation of phosphoranyl radicals via
photoredox catalysis enables voltage-independent activation of strong C-O bonds. ACS
Catal. 8, 11134-11139 (2018).

Pandey, G., Pooranchand, D. & Bhalerao, U. T. Photoinduced single electron transfer
activation of organophosphines: nucleophilic trapping of phosphine radical cation.
Tetrahedron 47,1745-1752 (1991).

Zheng, W.-R., Xu, J.-L., Huang, T., Chen, Z.-C. & Yang, Q. P=O bond dissociation enthalpies:
high-level ab initio and DFT study. Comput. Theor. Chem. 968, 1-7 (2011).

Crossley, S. W. M., Obradors, C., Martinez, R. M. & Shenvi, R. A. Mn-, Fe-, and Co-catalyzed
radical hydrofunctionalizations of olefins. Chem. Rev. 116, 8912-9000 (2016).

Feder, H. M. & Halpern, J. Mechanism of the cobalt carbonyl-catalyzed homogeneous
hydrogenation of aromatic hydrocarbons. J. Am. Chem. Soc. 97, 7186-7188 (1975).
Hérault, D., Nguyen, D. H., Nuel, D. & Buono, G. Reduction of secondary and tertiary
phosphine oxides to phosphines. Chem. Soc. Rev. 44, 2508-2528 (2015).

Woo, J. et al. Scaffold hopping by net photochemical carbon deletion of azaarenes.
Science 376, 527-532 (2022).

Alig, L., Fritz, M. & Schneider, S. First-row transition metal (de)hydrogenation catalysis
based on functional pincer ligands. Chem. Rev. 119, 2681-2751 (2019).

Janssen-Mdiller, D., Schlepphorst, C. & Glorius, F. Privileged chiral N-heterocyclic carbene
ligands for asymmetric transition-metal catalysis. Chem. Soc. Rev. 46, 4845-4854 (2017).
Chirik, P. J. Iron- and cobalt-catalyzed alkene hydrogenation: catalysis with both redox-
active and strong field ligands. Acc. Chem. Res. 48, 1687-1695 (2015).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution
oy 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Nature | Vol 619 | 20 July 2023 | 513


http://creativecommons.org/licenses/by/4.0/

Article

Data availability

The data supporting the findings of this study are available within the
paper andits Supplementary Information (experimental procedures,
DFT calculations and characterization data).

Acknowledgements We thank the Alexander von Humboldt Foundation (J.Z.) for supporting
this work. We thank T. Brake for measurement of hydrogen gas evolution. We thank T. Drennhaus
for helping to analyse NMR spectra.

Author contributions J.Z. and A.S. conceptualized the work. J.Z. and A.S. conceived and
designed the experiments. J.Z. performed the experiments and analysed the data. J.Z. and A.S.

wrote the manuscript. C.M.-L. performed the density functional theory calculations on the
reaction mechanism.

Funding Open access funding provided by Westfélische Wilhelms-Universitat Minster.
Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-06141-1.

Correspondence and requests for materials should be addressed to Armido Studer.

Peer review information Nature thanks William Unsworth and the other, anonymous, reviewer(s)
for their contribution to the peer review of this work. Peer reviewer reports are available.
Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-023-06141-1
http://www.nature.com/reprints

	Photocatalytic phosphine-mediated water activation for radical hydrogenation

	Online content

	Fig. 1 Background and concept.
	Fig. 2 Reaction design and mechanism analysis.
	Fig. 3 Transfer hydrogenation substrate scope.
	Fig. 4 The reduction of naphthalenes.
	Fig. 5 Applications and mechanistic studies.




