H: evolution from H,0 via O-H oxidative addition across a 9,10-

diboraanthracene

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

The boron-centered water reactivity of the boroauride complex
([Au(B2P;)][K(18-c-6)]; (B:P,, 9,10-bis(2-(diisopropylphosphino)-
phenyl)-9,10-dihydroboranthrene) and its corresponding two-
electron oxidized complex, Au(B:P;)Cl, are presented. The
tolerance of Au(B.P;)Cl towards H,O was demonstrated and
subsequent hydroxide/chloride exchange was acheived in the
presence of H,O and triethylamine to afford Au(B.P;)OH.
Au(B2P;)]Cl and [Au(B,P2)]OH are poor Lewis acids as judged by the
Gutmann-Becket method, with [Au(B.P;)]JOH displaying facile
hydroxide exchange between B atoms of the DBA ring as evidenced
by variable temperature 3P NMR and low temperature 'H and 1B
NMR. The reaction of the reduced boroauride complex [Au(BP)]-
with 1 equivalent of H,O produces a hydride/hydroxide product,
[Au(B2P;)(H)(OH)]-, that, upon addition of a second equivalent of
H;0, rapidly evolves H, to yield the dihydroxide compound,
[Au(B2P;)(OH).]~. [Au(B:P;)]CI can be regenerated from
[Au(B2P;)(OH).]- via HCI-Et,0, providing a synthetic cycle for H;
evolution from H,O enabled by O-H oxidative addition at a
diboraanthracene unit.

The chemistry of water is intimately tied energy production,
notably in the steam reforming of methane .1 However, the
quest for sustainable energy sources has focused attention on
the efficient photo- or electrochemical splitting of water into
hydrogen and oxygen.2 Owing to their intrinsic redox activity
and rich hydride and oxygen-derived ligand chemistry,
transition metal species of both molecular and heterogeneous
types have been a central focus of research in this area.3 In the
realm of molecular organometallic chemistry, O—H bond
oxidative addition to give M—H and M—OH fragments has been
considered as a potential strategy for activating water towards
redox transformations (Figure 1),* with most examples
featuring heavier late metals.>
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Approaches to small molecule activation that forgo
transition metals,® such as frustrated Lewis-pairs (FLPs),” main-
group multiple bonds,® and low-valent p-block elements, have
garnered considerable attention as these systems are capable
of activating a range of small molecules, including via oxidative
addition.® Coordinating redox-active ligands to main-group
centers is another strategy to afford multi-electron reaction
chemistry with these elements.19 The insertion of low-valent
main group compounds (e.g. silylenes) into the O—H bond of
water is fairly common,’? however, these reactions often
require careful control of the water stoichiometry and resulting
hydrides are generally insufficiently basic to undergo
subsequent H, evolution in the absence of additional
reagents.12 Furthermore, the oxophilicity of many p-block
elements (e.g. Si and B) poses the risk of irreversible E-O bond
formation that would preclude catalysis.
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Fig. 1 Some conceptual mechanisms for the oxidative addition of H,0 to transition metal,
heavy carbene analogues (E = Si, Ge), and a reduced diboron heterocycle.

Boron-containing heterocycles another class of
emerging main-group species for the activation of small
molecules.13 Reports of HO—H cleavage with these platforms are
limited, however, and have largely involved irreversible B—C or
B—H hydrolysis of the heterocycle or its substituents.4 The 9,10-

dihydro-9,10-diboraanthracene (DBA) framework has garnered
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significant interest as a particularly robust reaction platform
that is capable of accommodating multiple electron equivalents
and subsequently performing multi-electron bond activations
with a rapidly growing host of molecules such as CO, O3, C;Ha
and H,.15> Recently we developed a DBA based disphosphine
ligand (B2P2) and reported its Ni,16 Cu, Agl7 and Au complexes.18
The reduced form of the Au complex exhibits diverse two-
electron reductive chemistry with H*, CO.!® and organic
carbonyls.20 Herein we report that this species also can react
directly with two equivalents of water to yield H; via a pathway
involving the oxidative addition of an O—H bond of water across
the two boron atoms. Further, we demonstrate that the
[Au(B2P3)] scaffold is generally stable in a large excess of water,
and that the hydroxide byproducts can be liberated from the
boron centers with acid, formally closing a synthetic cycle for
water reduction to H, mediated by the DBA core.
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Scheme 1 Water stability and water reduction from the Au(B,P,) platform.

Steric protection of borane centers (e.g. with mesityl
substituents) is an established method of stabilizing DBA
molecules against borane hydrolysis,2! and we wondered if the
rigid phenylene substituents presented by [Au(B2P;)] might
offer similar protection. The water stability of [Au(B2P2)]CI (1)
was explored by allowing a 0.02 M solution in CD3CN:D,0 (2:1)
to stand at 22 °C for two weeks, with no reaction observed by
NMR spectroscopy. (Compound 1 is insoluble in pure water.)
Analogous results were obtained in CDCl3:D,0 suspensions,
suggesting a negligible role for solvent donor ability on stability.
However, addition of triethylamine (2 equiv.) to a suspension of
1 in toluene:H,O (10:1) formed the hydroxide substituted
compound, [Au(B2P2)]OH (2), in 89% yield as a pale-yellow solid
(Scheme 1). Solution NMR spectroscopy of 2 in toluene-ds at 22
°Crevealed a singlet at 48.5 ppm in the 31P NMR along with a 1H
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NMR spectrum consistent with Cz, symmetry in solution. Single-
crystal X-ray diffraction (XRD) studies of 2 (Fig. 3a) revealed a
hydroxide ion bound to one pseudo tetrahedral B atom (Zcgc£ =
336.9 °) with a distance of 1.529(2) A. A Au-B contact of
2.615(1) A occupies the other B atom on the opposite face of
the DBA ring and is slightly longer than the analogous distance
in Au(B2P5)Cl (dau-s = 2.575(2) A).

The discrepancy between the solid-state and apparent
solution symmetries of 2 led us to investigate a potential
hydroxide exchange pathway existing between the two boron
atoms of the DBA unit by variable-temperature (VT) NMR
spectroscopy. Accordingly, a solution of 2 in toluene-ds was
incrementally cooled to —45 °C during which time the singlet at
48.6 ppm in the 31P spectrum broadened and finally resolved to
a set of doublets at 47.5 and 50.3 ppm (Jpp = 242 Hz) (Fig. 2).
Additionally, the TH NMR at —45 °C of 2 was consistent with C
symmetry while the 11B{1H} NMR had two signals (see SI); a
broad peak at 36.36 ppm and a sharp signal at —5.57 ppm
corresponding to distinct, three- and four-coordinate B atoms,
respectively. From the VT-31P NMR data, an Eyring plot was
constructed (see Sl) and activation parameters were extracted.
A coalescence temperature of —18 °C was determined,
corresponding to an enthalpy of activation of AH = 12(1)
kcalmol-! and an entropy of activation of AS = 4.3(2) calmol-1K-
1. The small, positive entropy of activation is inconsistent with a
bimolecular mechanism, supporting instead an intramolecular
process for hydroxide shuttling between boron sites.22 Given

the solvent and temperature employed, an ionic
dissociation/reassociation pathway is unlikely.
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Fig. 2 Variable temperature 3P NMR spectra of Au(B,P,)OH (2) in toluene-dg from 22 °C
to —45 °C. See Sl for further details.

To better understand the reactivity of these complexes with
water, we measured the relative Lewis acidity of 1 and 2 by the
Gutmann-Becket method,?3 along with [Au(B2P2)]Cl and the
complex salt, [Au(B2P2)][BArf,]. Acceptor numbers (ANs) of 0, O,
and 69 were determined in THF (AN = 45.25) for the series 1, 2,
and [Au(B2P;)]1[BArF,], respectively. These results are consistent
with the observed H,0 stability of 1 and 2. However, in contrast
with 1, when allowing a 0.02 M benzene solution of 2 to stand
in the presence water (10 equiv.), colorless crystals formed over
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Fig. 3 Thermal ellipsoid plots (50%) of a) Au(B,P,)OH (2), b) Z-HZO Au(B,P,)(OH)(H,0) c) the anionic component of [Au(B,P,)(OH),][K(18-c-6)] (4) and d) the anionic component of
[Au(B,P,)(OH)(H)][K(18-c-6)] 5. Unlabelled ellipsoids correspond to carbon. Most hydrogen atoms and all cocrystallized solvent molecules have been omitted for clarity. Only a single

disorder component is shown for b) and c). See text for details.

the course of 3 days. Single-crystal XRD revealed a water
addition product in which the previously three-coordinate B
atom in 2 binds an equivalent of H,0, affording
[Au(B2P2)](OH)(H20) (2-H.0, Fig. 3b). Each B atom is puckered
from the DBA ring to adopt a pseudo-tetrahedral geometry
(2cec4 = 338.4 and 339.7°) with B—O bond lengths of 1.596(2)
and 1.587(2) A. Disordered H atoms were located in the
electron difference map between the two O atoms, suggesting
some degree of H-bonding between each B-OH unit in the solid
state. NMR spectra collected in toluene-ds after exposure of
solid 2-H,0 to 102 mbar vacuum for 15 minutes were consistent
with pure 2, and a crystal grown from this material was
identified by preliminary XRD to be 2, confirming the formation
of 2-H,0 is reversible.

Having gauged the stability of the zwitterionic Au(B2P2)]X (X
= Cl, OH) complexes towards H,0, we turned to the reaction of
the reduced species [Au(B2P2)][K(18-c-6)] (3) with H,0O (Scheme
1). Addition of excess H,0 (3 equiv.) to 3 resulted in immediate
loss of color and effervescence to yield the dihydroxide complex
[Au(B2P2)(OH)2][K(18-c-6)] 4 in essentially quantitative yield. 1H
NMR spectroscopy confirmed the evolution of H; along with the
appearance of a singlet at 45.5 ppm in the 31P NMR a broad
singlet at —1.10 ppm by 11B{*H} NMR. Single-crystal XRD studies
on 4 (Fig. 3c) reveal tetrahedral B atoms in the DBA ring (2cec£
=333.8 and 336.0 °) and B—OH bonds of 1.530(3) and 1.509(3)
A, significantly shorter than those in 2-H,0. Having established
the viability of protonation at B in previous studies of this sytem,
we were interested if a B-H containing intermediate could be
isolated from the reaction of 3 with H,0. Slow addition of 1
equiv. of H,0 to a solution of 3 at 0° C rapidly gave a colorless
solution. 31P NMR of this solution revealed a new set of coupled
doublets at 46.0 and 50.6 ppm (Jpp = 276.9 Hz) along with a
singlet at 45.5 ppm corresponding to the dihydroxide 4. The
relative ratio of the two products was ~ 4:1 with the doublet
containing product being dominant. We formulate this new
product as [Au(B2P2)(OH)(H)][K(18-c-6)] (5) on the basis of the
following data. H NMR analysis of the major product was
consistent with C; symmetry due to different substituents at the
two B atoms, with a distinct four-line signal arising from one-
bond B-H coupling at 4.19 ppm (Js-n = 72.0 Hz). The *H-coupled
11B NMR displayed a corresponding doublet at —9.73 ppm (Jg.n =
75.7 Hz) and a broader singlet at —0.85 ppm (Fig. 4). Strongly
suggestive of a B—H unit. Although crystals could be obtained
from this mixture, they invariably consisted of cocrystallization
of 5 with roughly equimolar amounts of 4, resulting in
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significant disorder (Fig. S34). Despite this, a satisfactory
crystallographic model could be constructed consistent with an
approximately equimolar cocrystallization, which can be
thought of as a 50% OH occupancy in the hydride site of 5 (Fig.
3d. There are no other compelling hypotheses for the lack of
electron density in this position given the clear pyramidalization
of the B atom. Although these crystallographic data are
consistent with this structure yet not definitive, the solution
spectroscopic including  the
incontrovertible signature of a B—H moiety, provides strong

characterization of 5,

supporting evidence for this formulation. As implied by the
difficulty of isolating 5 in pure form, it is extraordinarily water
sensitive, rapidly converting to 4 upon addition of H,O or by
scavenging adventitious water from the glovebox atmosphere.
The 1,4-addition of HO—H to the DBA core in 5 resembles other
1,4 additions of E-H bonds previously reported for diboron
heterocycles, especially the tBuCC—H%2 and H,!5t additions to
DBA dianions reported by Wagner and the H,N-H and H;
additions to diazaborinines reported by Kinjo.1sh However, the
chemistry reported here is the first example of such a reaction

with water.
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Fig. 4 'H (a) and 1B (b) NMR of [Au(B,P,)(H)(OH)][K(18-c-6)] (4) highlighting the B-H
moeity.

To probe the possibility of formally closing a synthetic cycle
for H; evolution from H,O mediated by this system, we
investigated reaction conditions to regenerate 1 from 5.
Following an acid screening, HCI-Et,0 (3 equiv.) was identified
to cleanly induce this reaction, with no other products observed
by IH and 31P NMR. This reaction highlights the unique stability
of the [Au(B2P3)] system to both water and acid and provides an
outline for the potential catalysis of H, evolution from H,0 with
this and related systems.

The [Au(B2P,)] system has displayed many desirable properties
for water oxidation catalysts, including reversible H,O activation,
hydroxide lability across the DBA unit, reduction of H,O to H, and the
ability to regenerate hypothetical catalytic cycle intermediates via

protonolysis of B-O bonds. In particular, the sequential,
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stochiometric splitting of water to hydride/hydroxide units, followed
by reaction with a second equivalent of water to liberate H,, provides
rare insights into the mechanism of boron-based reaction systems
for water reduction. As boron-based materials such as boron-doped
graphene,?* boron nanoparticles?> and other boron-doped
materials?é continue to attract interest as metal-free alternatives to
H, production from H,0, molecular platforms like the ones discussed
here can play a key role in informing underlying mechanistic
discussion and aiding in rational design. Modifications to the
[Au(B2P;)] system directed at performing electrocatalytic H,O

reduction are currently being explored.

13a) R. M. Navarro, M. A. Pefia and J. L. G. Fierro, Chem. Soc. Rev.,
2007, 107, 3952-3991. b) P. Haussinger, R. Lohmuller and A. M.
Watson, Hydrogen, in Ullmann's Encyclopedia of Industrial
Chemistry, Wiley-VCH, 2012.

23a) A.J. Bard and M.A. Fox, Acc. Chem. Res., 1995, 28, 141-145. b)
T. J. Meyer, Acc. Chem. Res., 1989, 22, 163-170. c) N. S. Lewis and D.
G. Nocera, Proc. Nat. Acad. Sci., 2006, 103, 15729-15735. d) H. B.
Gray, Nat. Chem., 2009, 1, 7. e) T. R. Cook, D. K. Dogutan, S. Y.
Reece, Y. Surendranath, T. S. Teets, and D. G. Nocera, Chem. Rev.,
2010, 110, 6474-6502.

3.a) J. D. Blakemore, R. H. Crabtree, and G. W. Brudvig, Chem. Rev.,
2015, 115, 12974-13005. b) V. S. Thoi, Y. Sun, J. R. Long and C. J.
Chang, Chem. Soc. Rev., 2013, 42, 2388-2400. c) A. R. Parent and K.
Sakai, ChemSusChem., 2014, 7, 2070-2080. d) V. Artero, M.
Chavarot-Kerlidou, and M. Fontecave, Angew. Chem. Int. Ed., 2011,
50, 7238-7266.

4a) 0. V. Ozerov, Chem. Soc. Rev., 2009, 38, 83-88. b) W. E. Piers,
Organometallics, 2011, 30, 13-16.

5a) M. J. Burn, M. G. Fickes, J. F. Hartwig, F. J. Hollander and R. G.
Bergman, J. Am. Chem. Soc., 1993, 115, 5875-5876. b) S. W. Kohl, L.
Weiner, L. Schwartsburd, L. Konstantinovski, L. J. W Shimon, Y. Ben-
David, M. A. Iron and D. Milstein, Science, 2009, 324, 74-77.

c) D. Morales-Morales, D. W. Lee, Z. Wang and C. M. Jensen,
Organometallics, 2001, 20, 1144-1147. d) D. Milstein, J. C. Calabrese
and I. D. Williams, J. Am. Chem. Soc., 1986, 108, 6387-6389. e) R.
Dorta, H. Rozenberg, L. J. W. Shimon and D. Milstein, Chem.—Eur. J.,
2003, 9, 5237-5249. f) R. Dorta and A. Togni, Organometallics, 1998,
17, 3423-3428. g) K. Tani, A. Iseki and T. Yamagata, Angew. Chem.,
Int. Ed., 1998, 37, 3378-3381. h) O. Blum and D. Milstein, J. Am.
Chem. Soc., 2002, 124, 11456-11467. i) X. Fu and B. B. Wayland, J.
Am. Chem. Soc., 2004, 126, 2623. j) C. M. Fafard, D. Adhikari, B. M.
Foxman, D. J. Mindiola and O. V. Ozerov, J. Am. Chem. Soc., 2007,
129, 10318. k) E. E. I. Poverenov, A. . Frenkel, Y. Ben-David, L. J. W.
Shimon, G. Leitus, L. Konstantinovski, J. M. L. Martin and D.
Milstein, Nature, 2008, 455, 1093-1096. |) T. Yoshida, T. Matsuda, T.
Okano, T. Kitani and S. Otsuka, J. Am. Chem. Soc., 1979, 101, 2027-
2038.

6 P, P. Power, Nature, 2010, 463, 171-177

7 D. W. Stephan, Science, 2016, 354.

8 P. P. Power, Acc. Chem. Res., 2011, 44, 627-637.

9T. Chu and G. I. Nikonov, Chem. Rev., 2018, 118, 3608-3680.

10 (a) L. A. Berben, Chem. — Eur. J., 2014, 21, 2734-2742. (b) T. W.
Myers and L. A. Berben, J. Am. Chem. Soc., 2011, 133, 11865—
11867.

113) W. Wang, S. Inoue, S. Yao and M. Driess, Organometallics,
2011, 30, 6482-6490. b) N. Wang, H. Lei, Z. Zhang, J. Li, W. Zhang
and R. Cao, Chem. Sci., 2019, 10, 2308-2314. c) A. Marinetti and F.
Mathey, Organometallics, 1982, 1, 1488-1492. d) F. Schager, K.

4 | J. Name., 2012, 00, 1-3

This work was supported by the National Science Foundation
(CHE-1752876 and CHE-162673). Dr. Charlene Tsay is acknowledged
for X-ray crystallographic assistance.

Conflicts of interest

There are no conflicts to declare.

Notes and references

Seevogel, K.-R. Porschke, M. Kessler and C. Kriger, J. Am. Chem. Soc.
1996, 118, 13075-13076. e) F. Schager, R. Goddard, K. Seevogel and
K.-R. Porschke, Organometallics, 1998, 17, 1546-1551. f) S. Yao, M.
Brym, C. van Willen and M. Driess, Angew. Chem. Int. Ed. 2007, 46,
4159-4162. g) R. S. Ghadwal, R. Azhakar, H. W. Roesky, K. Propper,
B. Dittrich, S. Klein and G. Frenking, J. Am. Chem. Soc., 2011, 133,
17552-17555. h) R. S. Ghadwal, R. Azhakar, H. W. Roesky, K.
Propper, B. Dittrich, C. Goedecke and G. Frenking, Chem. Commun.,
2012, 48, 8186-8188. i) M. A. Alvarez, M. E. Garcia, D. Garcia-Vivo,
A. Ramos and M. A. Ruiz, Inorg. Chem. 2012, 51, 3698-3706.

12 3) T. P. Robinson, D. M. De Rosa, S. Aldridge and J. M.
Goicoechea, Angew. Chem. Int. Ed., 2015, 54, 13758-13763. b) A.
Seifert, D. Scheid, G. Linti and T. Zessin, Chem. — Eur. J., 2009, 15,
12114-12120. c) M. Q. Y. Tay, Y. Lu, R. Ganguly and D. Vidovic,
Chem. — Eur. J., 2014, 20, 6628-6631. d) J. D. Erickson, P. Vasko, R.
D. Riparetti, J. C. Fettinger, H. M Tuononen and P. P. Power,
Organometallics 2015, 34, 5785-5791.

133) T. K. Wood, W. E. Piers, B. A. Keay and M. Parvez, Angew.
Chem. Int. Ed., 2009, 48, 4009-4012. b) Y. Su and Rei Kinjo,
Chem. Soc. Rev., 2019, 48, 3613-3659. c) B. Wang, Y. Li, R.
Ganguly, H. Hirao and R. Kinjo, Nat. Commun., 2016, 7, 11871. d)
D. Wu, L. Kong, Y. Li, R. Ganguly and R. Kinjo, Nat. Commun.,
2015, 6, 7340. e) J. B. Geri and N. K. Szymczak, J. Am. Chem. Soc.
2017, 139, 9811-9814. f) D. Wu, Y. Li, R. Ganguly and R. Kinjo,
Chem. Commun. 2017, 53, 12734-12737. g) D. Wu, R. Ganguly, Y.
Li, S. N. Hoo, H. Hirao and R. Kinjo, Chem. Sci., 2015, 6, 7150-
7155. h) Y. Su, Y. Li, R. Ganguly and R. Kinjo, Angew. Chem. Int.
Ed., 2018, 57, 7846—7849.

14 3) Z. Zhang, R. M. Edkins, M. Haehnel, M. Wehner, A. Eichhorn, L.
Mailander, M. Meier, J. Brand, F. Brede, K. Muller-Buschbaum, H.
Braunschweig and T. B. Marder, Chem. Sci., 2015, 6, 5922-5927. b)
S. Yruegas, K.Huang, D. J. D. Wilson, J. L. Dutton and C. D. Martin,
Dalton Trans., 2016, 45, 9902-9911. c) L. E.Laperrierem, S. Yruegas
and C. D. Martin, Tetrahedron, 2019, 75, 937-943. d) E. Januszewski,
A. Lorbach, R. Grewal, M. Bolte, J. W. Bats, H.-W. Lerner, and M.
Wagner, Chem. — Eur. J., 2011, 17, 12696-12705.

15 3) A. Lorbach, M. Bolte, H. -W. Lerner and M. Wagner,
Organometallics, 2010, 29, 5762-5765. b) E. v. Grotthuss, M.
Diefenbach, M. Bolte, H. -W. Lerner, M. C. Holthausen and M.
Wagner, Angew. Chem. Int. Ed. 2016, 55, 14067-14071. c) E. v.
Grotthuss, F. Nawa, M. Bolte, H. -W. Lerner and M.Wagner,
Tetrahedron, 2019, 75, 26. d) E. v. Grotthuss, S.E. Prey, M. Bolte,
H.-W. Lerner and M. Wagner, Angew. Chem. Int. Ed., 2018, 57,
16491-16495. e) E. v. Grotthuss, S. E. Prey, M. Bolte, H.-W. Lerner
and M. Wagner, J. Am. Chem. Soc., 2019, 141, 6082-6091. f) J. W.
Taylor, A. McSkimming, C. F. Guzman and W. H. Harman, J. Am.
Chem. Soc., 2017, 139, 11032-11035.

16| A Essex, J. W. Taylor and W. H. Harman, Tetrahedron, 2019,
75, 2255-2260.

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name

17 ). W. Taylor, A. McSkimming, M. -E. Moret and W. H. Harman,
Inorg. Chem. 2018, 57, 15406-15413.

18 ), W. Taylor, A. McSkimming, M. -E. Moret and W. H. Harman,
Angew. Chem. Int. Ed. 2017, 56, 10413-10417.

19 ). W. Taylor, A. McSkimming, L. A. Essex and W. H. Harman,
Chem. Sci., 2019, 10, 9084-9090.

20 ), W. Taylor and W. H. Harman, Chem. Commun., 2020, 56, 4480-
4483.

21 3) P. Muller, S. Huck, H. Képpel, H. Pritzkow and W. Siebert, Z.
Naturforsch. B., 1995, 50, 1476-1484. b) C. Dou, S. Saito and
S.Yamaguchi, J. Am. Chem. Soc. 2013, 135, 9346-9349.

22 3) H. Eyring, Chem. Rev. 1935, 17, 65-77. b) I. Atheaux, F. Delpech,
B. Donnadieu, S. Sabo-Etienne, B. Chaudret, K. Hussein, J. C.

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

Barthelat, T. Braun, S. B. Duckett and R. N. Perutz, Organometallics,
2002, 21, 5347-5357.

23 M. A. Beckett, G. C. Strickland, J. R. Holland and K. Sukumar
Varma, Polymer, 1996, 37, 4629-4631.

24Y, Chen, G. Yu, W. Chen, Y. Liu, G. -D. Li, P. Zhu, Q. Tao, Q. Li, J.
Liu, X. Shen, H. Li, X. Huang, D. Wang, T. Asefa and X. Zou, J. Am.
Chem. Soc. 2017, 139, 12370.

25 P, Rohani, S. Kim and M. T. Swihart, Adv. Energy Mater. 2016, 6, .
26 3) W. Xu, C. Chen, C. Tang, Y. Li and L. Xu, Sci. Rep. 2018, 8. b) C.
N. R. Rao, and M. Chhetri, Adv. Mater. 2018, 54. c) E. von Grotthuss,
A. John, T. Kaese, and M. Wagner, A. J. Org. Chem. 2017, 7, 37.

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




