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Catalytic visible light-driven alkane dehydrogenation by a di-
uranyl germanotungstate

Elias Tanuhadi*™*, Gabriel Herrera®®, Cambell S. Conour®® and Polly L. Arnold®®*

The dehydrogenation of alkanes to alkenes is an appealing strategy for upgrading abundant hydrocarbons, yet it is
constrained by the inherent challenge of cleaving two inert C(sp®)-H bonds with selectivity and without overoxidation. We
report a cooperative photocatalytic dehydrogenation of unactivated cycloalkanes under visible light irradiation enabled by a
new dinuclear uranyl complex supported by an oxidatively stable germanotungstate, [NBu"]s[(UO,),(GeW1o0s4(tto-
OH),),]-(CH3),CO (1). The uranyl complex catalytically converts cyclooctane to cyclooctene under ambient conditions with a
TON per molecule of 44 and 9,10-dihydrophenanthrene to phenanthrene with a TON of 73 per molecule, using 1 mol% 1 in
MeCN solution, under 427 nm irradiation, using [S,0s]> or chloranil (CsCl,0,) as a sacrificial oxidant. The value of
preorganization of two uranyl centers to yield the product of double hydrogen atom abstraction (HAA) is discussed in
comparison with uranyl nitrate, [UO,(NO),(H,0),]-4H,0, the most widely studied uranyl photocatalyst, which is inactive for
this reaction. A direct hydrogen atom transfer (d-HAT) mechanism with two HAA processes is proposed as trans-di-
deuterated substrate (9S, 10S)-9,10-dihydrophenanthrene-9,10-d, (CisHi0D,) exclusively forms d; phenanthrene from

abstraction of an H and a D atom from the same face.

Introduction

The importance of olefins as versatile and reactive building
blocks for natural products and pharmaceutical agents has long
been recognized. Consequently, their generation by a formal
dehydrogenation of an inert alkane represents an attractive and
potentially atom-economical target, sought equally by synthetic
chemists and biological systems.*

Pioneering studies by Crabtree* * and Felkin* established
catalytic transfer dehydrogenation of cyclooctane using tert-
butylethylene (TBE) as a sacrificial hydrogen acceptor catalyzed
by rare d-block complexes such as (Me,CO)(PPhs),IrX (X = BF,” or
SbFs") (Fig. 1a). The d-block catalysts reported for this follow a
C—H oxidative addition/B-hydride elimination mechanism.
While the most active systems reach up to 58 turnovers (TO)
min~"' for n-alkane/TBE transfer dehydrogenation at 200°C and
can deliver up to 8752 TON after 10 h at 200 °C for n-octane/TBE
transfer dehydrogenation at reduced catalyst loading (0.01 mol
% Ir),° Goldman's (CsH4P™®"),P]IrCl system achieves maximum
rates of 7.32 TO min for n-octane/l-hexene transfer
dehydrogenation at 100 °C (with 14.6 TO formed in the peak-
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activity window from 2—4 min).® Despite this progress, these
platforms still rely on precious-metal catalysts and require
elevated temperatures. Visible-light induced Hydrogen Atom
Abstraction (HAA) routes to eliminate two H atoms from
neighboring C—H groups offer an alternative, low-energy
mechanism for dehydrogenation. To this end, the
decatungstate ion, most commonly used as its tetra-n-
butylammonium salt ([TBA].[W100s,], TBADT; TBA = N(Bu").),
has demonstrated excellent activity as a photocatalyst for a
single HAA from various organic substrates.” TBADT is part of
the large family of polyoxometalates (POMs),® structurally
versatile, anionic metal-oxide clusters with tunable redox and
electronic properties that have found applications across
catalysis,” '° electrochemistry,’® magnetochemistry,’> and
biology.™ ** Owing to the strong W=0 bond (BDE = 700-800 kJ
mol™),” TBADT displays HAA reactivity different from that of
typical transition metal oxo complexes because in the latter, the
carbon radical formed from the HAA tends to react further in a
‘rebound process’ resulting in alkane hydroxylation rather than
dehydrogenation.'®™® Photocatalytic dehydrogenation using
TBADT has been demonstrated under UV-light irradiation (A =
323 nm).” One cleverly desighed multicomponent system
added a cobaloxime co-catalyst, which enabled the formation of
cyclooctene in 19 % yield, presumably via the formation of a
cobalt hydride; release of H, and the 88 kcal mol™ of energy per
photon provided by UV irradiation makes this endergonic.?® This
multicomponent approach has been successful for other



endergonic reactions such as aromatization. These important
advances rely on spatially separated elementary steps
distributed across multiple catalyst components that must be
carefully orchestrated for rates and reagent compatibility. ** **
Moreover, C—H bond selectivity has
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Figure 1 (a) Thermally driven molecular Ir-catalyzed transfer
dehydrogenation using tert-butyl ethylene (TBE) as a sacrificial
alkene for turnover. Panels b—e: overview of uranyl(VI)
photocatalysts for visible-light C(sp®)=H hydrogen atom
abstraction (HAA). Previous examples include (b) the uranyl
nitrate ([UO,(NOs),(H,0),]-4H,0) mediated C-H fluorination
(Sorensen, 2016, top), (c) benzylic C—H oxidation (Arnold, 2019),
and (d) C—H to C-C bond formation via radical addition to an
electrophilic olefin (Ravelli, 2019, Arnold 2026). (e) While
substoichiometric visible-light-driven dehydrogenation of
cyclooctane to cyclooctene in the presence of (U"0,),(mTP) is
made possible by the di-nuclear nature of the system, the
process is rendered non-catalytic by the oxidative
decomposition of the complex. (f) This work introduces a POM-
scaffolded di-uranyl complex, enabling visible light driven
photocatalytic hydrocarbon dehydrogenation.

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

not yet been demonstrated for TBADT beyond reliance on the
intrinsic electronic properties.

The visible-light-induced HAA by the U(VI) uranyl ion ([UO,]*),
the predominant, earth-abundant form of uranium in the
environment, represents a mild and potentially energy-efficient
route to hydrocarbon functionalization.”® Upon excitation with
~420 nm light, uranyl complexes undergo a ligand-to-metal
charge transfer (LMCT) to access a highly reactive excited state
that can functionalize organic substrates via direct hydrogen
atom transfer (d-HAT) or single-electron transfer (SET).*
Uranyl nitrate, [UO,(NO;),(H,0),]-4H,0, U"%, is the most widely
studied uranyl photocatalyst. Early work by Bakac
demonstrated UV-driven aerobic oxidation of aqueous
organics.” ?® Recent studies recognized that visible-light excited
uranyl complexes can be used in organic solvents to catalyze
alkane C—H bond functionalization. In 2015, Sorensen and co-
workers reported that U®® enables efficient alkane C-H
fluorination (e.g., cyclooctane to fluorocyclooctane in >95%
yield with a 1 mol% catalyst) (Fig. 1b).”” In 2019, we reported the
uranyl—-phenanthroline complex [UO,(NOs),(Ph,phen)]
(Ph,phen = 4,7-diphenyl-1,10-phenanthroline), U™", as a
selective photocatalyst for C—H oxidation of a range of
substrates including benzylic molecules that U"® is normally
inactive towards, and C—C bond cleavage in a lignin model (Fig.
1c).”®*® Recently, we showed that the coordination of benzoate
ancillary ligands in the equatorial plane leads to particularly
reactive catalysts with steered reactivity toward more sterically
accessible C—H bonds by modulation of the steric environment
around the uranyl-oxo group (Fig. 1d).>**'

Studies on these systems support a general mechanism in which
the excited uranyl unit initiates reactivity through HAT to
generate carbon-centered radicals allowing for C—E bond
formation (E = F, C, N).?®* * We hypothesized that two adjacent
uranyl cations could provide a base-metal derived catalytic
system capable of HAA-led dehydrogenation, since the strong
U-O bond prevents the unwanted oxidation of a substrate that
is observed in catalytic oxidations by thermally activated d-block
metal oxo catalysts and reported the stoichiometric
dehydrogenation of cyclooctane (50% yield) using the visible —
light activated di-uranyl complex {(UO,)(py).}.(mTP),, where
mTP is a tetraphenolate that supports two neighboring uranyl
dications  {2-(OCgH,-2-'Bu,4-Me),CH}-1,3-C¢H,  (Fig.  1e).
Unfortunately, turnover was hampered by the oxidative
decomposition of the ligated complex.** Thus, we turned to an
oxidatively stable alternative to organic ligands, lacunary
POMs,® a subclass of POMs that are derived by extrusion of
framework metal cations via controlled basic hydrolysis, to
generate rigid, multidentate, all-inorganic ligands that should
provide an oxidation-resistant supporting framework for these
photocatalysts. Uranyl-containing POMs have previously been
explored as catalysts for other transformations including
cyclization, condensation, and oxidative coupling reactions.?**®
While these are usually made in protic media as alkali-metal
salts, for this work we prepared alkylammonium—uranyl-POM
complexes which are compatible with hydrocarbon substrates
and fully anaerobic environments, enabling us to avoid
complications arising from water- and proton-dependent
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hydrolysis, ion exchange, aggregation, or rearrangement of the
POMs.>"°

Here, we report the first fully characterized example of
cooperative photocatalytic dehydrogenation of unactivated
cycloalkanes enabled by the new polyoxometalate-stabilized di-
uranyl scaffold [NBu"s]s[(UO2):(GeW100s4(u2-OH),)2](CH;).CO
(1). Under optimized conditions, yields of up to 73% (TON per
molecule = 73) can be achieved (Fig. 1f). Supported by a set of
photoluminescence, Ilabelling, and kinetic studies, we
demonstrate how this system harnesses the structural
preorganization and oxidative stability of POMs to position two
{U"'0,}** centers in close proximity, unlocking cooperative
reactivity inaccessible to mononuclear uranyl complexes and
establishing a new design principle for actinide photocatalysis.

Results and discussion
Synthesis and structure

The synthesis of 1 starts with the preparation of the literature-
reported lacunary precursor [NBu"4[y-Ge"“W1034(H,0),]
(H,GeWy).*” Upon addition of solid (UO,)(acac), (acac =
acetylacetonate) to a clear, colorless solution of one equiv of
H,GeW,, in acetone/water (1.6% v/v) (Scheme 1, S1) at 25°C, an
immediate color change to yellow is observed. After 90 min,
filtration of the reaction mixture at RT afforded a yellow solution
from which yellow block-shaped crystals of the target molecule
[NBu"4]s[(UO2)2(GeW10034(u2-OH),)2]-(CHs),CO (1) were obtained
in a yield of 25% based on U from a mixture of acetone and
diethyl ether (~5:1, (v/v)) within approximately 24 h. This is
pleasing considering the low stability of [y-XW ] units (X = SiV,
Ge", PY), as higher reaction temperatures could have resulted in
undesired isomerization and/or partial decomposition of the
lacunary units.*>*

o o
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Scheme 1 Synthesis of [NBu"]s[(UO,),(GeW15034(12-0OH),),] (1)
from lacunary [NBu";].[GeW15034(H,0),] and uranyl
acetylacetonate in acetone.

A single-crystal X-ray diffraction (SXRD) study of 1 reveals that
the polyanion of 1 crystallizes in the orthorhombic space group
Pbca with idealized C,, point group symmetry (Table S1). The
polyanion of 1 is composed of two [y-GeW,,03s] lacunary units
linked by two {UO,}** ions that bind through four equatorial
binding sites on each polyoxotungstate. Each U center adopts a
distorted octahedral coordination environment, featuring two
U=0 oxo bonds with lengths ranging from 1.697(1) to 1.742(3)
A. The separation between the two U centers is 5.5097(14) A,
while the distance between the endo uranyl -oxo ligands, Ocnao—
Oendo is 2.6157(14) A (Fig. 2).

This journal is © The Royal Society of Chemistry 20xx

exo

Figure 2 Crystal structure of 1 showing (a) the polyhedral frontal
view of the anion and (b) the distance between the two pseudo-
octahedrally coordinated [UO,]** centers and (c) between two
terminal oxo ligands. U" and O atoms are shown as blue and red
spheres, respectively; Ge" are shown as grey tetrahedra and
{WO¢} units are shown as green polyhedra. Tetra-n-butyl
ammonium counter cations, H, and lattice solvent molecules are
omitted for clarity.

Besides SCXRD, 1 was characterized by ATR-IR spectroscopy
(Fig. S1) showing the terminal W=0 and bridging W—-O-W
vibrations typical for a Keggin-type polyoxotungstate
framework.>”” ** The bands at 1632, 1702, 2872 and 2958 cm™
are attributed to vibration and deformation bands of TBA
methylene groups. A band at 950 cm™ can be assigned to the
asymmetric O=U=0 stretching vibration, v.(UO,), and falls
within  the range reported for uranyl-containing
heteropolyoxometalates, including [HsO]4[Ni(H,0):1:{Ni[(UO,)
(PO3CeH,CO,)]3(PO4H)4:2.72H,0, for which antisymmetric UO,
stretching modes at 932.8 and 969.7 cm™ have been reported.
This value is also comparable to that of related uranyl sandwich-
type POMs such as [(UO,),(H,0),(SbW,033),]** and
[(UO,),(H,0),(TeWs0s3),]**, where uranyl units are similarly
bound in oxo-donor polyoxotungstate environments (Fig. S1
and $38).”* The 950 cm™ band is also close to those in the
relatively electron-poor uranyl nitrate and
benchmarks, including UO,(NO;),(H,0)s (949 cm™),*
[UO5(NOs)s] salts (959(2) cm™),* and [UO,Cl,(MeCN)s] (953 cm”
1, but at higher energy than the Ph,phen-ligated uranyl
chloride catalysts (922 and 900 cm™) that we previously
reported.” Thus, GeW,, provides a comparatively electron-poor
oxo-donor environment while pre-organizing two adjacent
photoactive uranyl sites.

The exact composition including the lattice solvent molecules in
crystalline 1 was determined using thermogravimetric analysis
(TGA) (Fig. S2). Two weight-loss regions (Table S2) that are
attributed to losses of acetone from the lattice and TBA cations,
respectively, can be observed (Fig. S2). The '"H NMR spectrum of
a CDsCN solution of 1 contains CH, and CH; resonances that can
be assigned to the TBA cations and acetone (Fig. S3).

chloride

Photophysics of 1
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Table 1 Photocatalytic dehydrogenation of hydrocarbons.?

H J 1, (1 mol) [ =
H™ - 427 nm, CH,CM, oxidant -~
Deviation from Major (minor Yield
Entry | Catalyst standard conditions p:'odfxct(s) ) [%]°
1 1 — Cyclooctene 16
2 1 No H,0 Cyclooctene 26
3 1 67h irradiation, no Cyclooctene a
H,0
4 1 ChIoraniI.(C.;CL,Oz) a Cyclooctene 19
oxidant
Cycloheptane
5 1 instead of Cycloheptene 1.6
cyclooctane
6 1 9,10 DHP instead of Phenanthrene 73
cyclooctane
7 1 No light - 0
8 — — — 0
9 GeWy, - — 0
10 1 In acetone — 0
11 unes — — 0
12 ys — — 0
13 ycr — — 0
14 1 TBA,S,0; as an But-1-ene 19.4
oxidant (cyclooctene) (9.7)
TBAZSZOS asan But-1-ene 24.2
5 1 omda.nt, NMR—§c§Ie (cyclooctene) (4.8)
reaction, no stirring
16 1 No oxidant — 0

*standard conditions, 1 equiv. Na,S$;0g and 1 equiv. hydrocarbon, RT,
H,0O/acetonitrile (1:6.25), irradiation with a 52 W Kessil PR160L 427 nm lamp for
24 h, 1000 rpm. ® The yield of the dehydrogenated product was calculated by
comparing the integral of the multiplet assigned to the olefinic C-H (2H) to the
methyl acetate peak (3.67 — 3.45 ppm, m, 3H).
The UV/vis spectrum of 1 is characterized by an absorption
maximum at 270 nm (¢ = 69 928.1 M™*cm™) attributed to the
PTU(Obrigging) > dmt*(W) ligand-to-metal charge-transfer typical for
the Keggin-type framework (Fig. S5 and $6).* A second
absorption at 427 nm (e = 126.3 M cm™) with vibronic coupling,
characteristic of the uranyl ion absorption, is observed.”
Photoluminescence studies of a CH;CN solution of 1 display an
excitation spectrum with peaks at 357 nm and 429 nm and an
emission spectrum (Ag. = 427 nm) consisting of two bands
which are observed at 504 nm and 524 nm, respectively (Fig.
§7).%® Considering the irreversibility of the UV redox couple
(Epc = -1.03 V vs Fc/Fc’ in CH;CN), the Rehm-Weller formalism
could not be applied to predict the excited state redox potential
E..* of 1 (Fig. S4).

Photocatalysis

To probe the photocatalytic dehydrogenation activity of 1, a
H,O/CHsCN (1:6.25) solution of 0.6 mM 1, 60 mM cycloalkane
substrate and 60 mM oxidant (S,0s> or chloranil, CsCl,0,) to turn
over the catalyst®® was prepared under an N, atmosphere and
irradiated at 427 nm for 24 h at 25 °C. IR spectroscopy confirms
that 1 retains its characteristic structural features under these
catalytically relevant solution conditions, with the diagnostic
uranyl asymmetric stretch and POM framework vibrations
matching those observed in the solid-state spectrum (Fig. S38).
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The yields of the dehydrogenated products were calculated by
integration of NMR spectra of aliquots against an internal
standard (Fig. S14 and S15) and are summarized in Table 1. No
oxygenated products were observed in the 'H NMR spectra
throughout catalysis. Dehydrogenation of cyclooctane (COA) to
yield cyclooctene (COE) is observed in 16% yield (NMR yield is
based on relative integration against CH;COOCH; as an external
standard) for 1 after 24h (entry 1 Table 1 and Fig. S16). A
hydroxylation—dehydration pathway® is unlikely because the
reaction also proceeds under rigorously anhydrous conditions
with yields in COE of up to 26% after 24 h, corresponding to 26
TON per molecule (entry 2 Table 1 and Fig. S17), reaching 44%
COE after 67h (entry 3 Table 1 and Fig. S18). Quantitative 'H
NMR spectroscopic studies show that the TBA counter cations
remain unchanged over the course of the catalysis (Fig. $19 and
$20). Catalytic turnover can be achieved using different oxidants
other than S,05%, (e.g. chloranil, CsCl,0,, entry 4 Table 1 and Fig.
S21). Reactions performed with TBA,S,0s produced but-1-ene,
consistent with the degradation of the TBA cation via a
Hofmann-type mechanism (Scheme S3 and Fig. S41 and S42).
This byproduct was detected under homogeneous bulk reaction
conditions and in slightly greater quantities under NMR-scale
conditions (entries 14 and 15 Table 1). We attribute this
difference to the use of TBA,S,0s as a soluble oxidant and, in the
NMR-scale experiment, to inefficient mixing in the sealed J.
Young NMR tube. The catalytic dehydrogenation does not
proceed in the absence of an oxidant (Fig. S25 and entry 16
Table 1).

The dehydrogenation of cycloheptane (CHA) gives cycloheptene
(CHE) in only 1.6% vyield (entry 5 Table 1 and Fig. S22); no
dehydrogenation products are detected for cyclohexane or
cyclopentane (Figs. S23 — S$25), in line with Stern-Volmer
quenching experiments for mixtures of 1 with cycloalkanes of
varying ring size, which show progressively weaker quenching
with decreasing ring size supporting a direct H-atom-transfer
pathway (Figs. $S8-513)." The dehydrogenation of 9,10-
dihydrophenanthrene (DHP) to phenanthrene proceeds with
73% yield (TON = 73) (entry 6 Table 1 and Fig. S26).

The reaction does not proceed in the absence of light or catalyst
(entry 7 Table 1; entry 8 Table 1 and Fig. S28 and $29). Reaction
mixtures containing GeW,, (entry 9, Table 1 and Fig. $30) do not
give any dehydrogenated products. The use of acetone as
reaction solvent yields no observed cyclooctene formation but
we attribute this to the low solubility of 1 (entry 10 Table 1 and
Fig. S31).

Mechanistic aspects of the desaturation

We were keen to understand the importance of the pairing of
the adjacent photoexcitable uranyl ions in effecting the
abstraction of two adjacent cis hydrogen atoms. First, we
studied the capacity of the best mononuclear uranyl HAA
catalysts.®® UN® (entry 11 Table 1 and Fig. S32) and U*®* (entry
12 Table 1 and Fig. S33) result in traces of dehydrogenated
product. Mononuclear uranyl tris—benzoate complex K(THF)
[{(F5C),CeH3CO,}U0D,], U, which we showed is particularly
inert towards the disproportionation of U" into U" and insoluble

This journal is © The Royal Society of Chemistry 20xx



U", results in formation of a grey precipitate and only traces of
COE (entry 12 Table 1 and Fig. S34, S35). To our knowledge,
TBADT has not demonstrated double HAT on C—H bonds.”®
Photolysis of a 2:2:1 mixture of cyclooctane, S,0s> and TEMPO
in the presence of 1 mol % 1 results in the formation of 1-
(cyclooctyloxy)-2,2,6,6-tetramethylpiperidine (2) (Scheme S2
and Fig. $39). This is the addition product of the cyclooctyl
radical to TEMPO. In a complementary spin-trapping
experiment, dehydrogenation of cyclooctane in the presence of
1.5 equiv. DMPO (Scheme S3) gave an EPR signal assigned to the
corresponding COA-DMPO nitroxide radical adduct (Fig. S40).
Together, these experiments support a radical pathway for the
dehydrogenation.

In contrast to persulfate-initiated methane functionalization in
strongly acidic sulfate media,> where CHs can be intercepted to
give methyl bisulfate and related sulfate esters, we do not
detect any organo-sulfate products in our reactions turned over
with S,05>. We also tested bibenzyl (Ph(CH,),Ph) as a qualitative
probe under these conditions, since a benzylic radical
intermediate would be expected to be particularly susceptible
to sulfate trapping.” Again, no sulfonated or sulfate-ester
products are observed by GC-MS (Fig. S36 and S37). This argues
against a freely diffusing carbon-radical pool and for the role of
S,05” as an outer-sphere oxidant.

Kinetic studies on a photolyzed 1:1 mixture of CgH;s or CsD;6 and
TBA,S,0; in in the presence of 1 mol% 1 in CD;CN (Scheme S4
and Fig. S41 — S50) reveal a primary kinetic isotope effect of
ku/ko = 3.17 (Fig. S46 and S47), suggesting that the first C—H
bond cleavage by 1 is the rate determining step of the overall
reaction. The initial rate of the reaction does not change with
different of TBA,S;0s (Fig. S48 - S50)
demonstrating that the turnover of the uranyl catalysts by
S,05” is not involved in the overall rate law.

concentrations

We also considered whether oxo sites of the GeW 3, framework
could participate in the second HAA step. Direct thermal HAA at
a ground-state tungsten-oxo site is unlikely on thermodynamic
grounds since reported BDFE(O-H) values for reduced and
protonated tungsten-oxo sites in Keggin-type
polyoxotungstates such as [PVW1;,040]> or [PW1,04]*, are only
ca. 43—-48 kcal mol™.**> ** These values are substantially lower
than the C—H bond strengths of cyclooctane (95-97 kcal mol™),
and even the benzylic C—H bonds in 9,10-dihydrophenanthrene
(7680 kcal mol®). To experimentally assess whether a
polyoxotungstate could mediate the second HAA step following
initial uranyl-driven HAA, a control reaction combining uranyl
with TBADT, [TBA]4[W100s;], was performed under otherwise
comparable 427 nm irradiation conditions. No detectable
dehydrogenation product was observed (Fig. S51).

Although these data argue against direct HAA by a ground-state
tungsten-oxo site, they do not uniquely define the identity of
the second H-transfer site under catalytic conditions. We
therefore assign the second HAA step cautiously to the
preorganized di-uranyl/POM pocket, with the adjacent uranyl-
ox0 unit representing the most likely HAA site.

Investigation of the double HAA by deuterium labelling

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2 Dehydrogenation of trans-d,-dihydrophenanthrene
(C14H10D;, 3) furnishing phenanthrene-9-d; (Ci4HsD, 4) catalyzed
by 1.

The addition of a base (2,6-lutidine) does not improve the
cyclooctene vyield (Fig. S52 and S53), arguing against a yield-
limiting protonated oxo (either uranyl or POM — centered)
intermediate.

We synthesized trans-d,-dihydrophenanthrene ((9S,10S)-9,10-
dihydrophenanthrene-9,10-d,, Ci4H10D,, 3) (Fig. S54-S57) as a

fused substrate to investigate the nature of the
dehydrogenation mechanism. Formation of exclusively
monodeuterated phenanthrene  (Ci4HsD, 4) as  the

dehydrogenation product (Scheme 2, S5) is consistent with a
stereospecific, syn-type abstraction of adjacent C-H/D bonds at
the 9,10 positions and supports a cooperative pathway within
the pre-organized di-uranyl/POM pocket (Scheme 2, Fig. 3, S58
and S59). The exclusive formation of the d; product also
indicates that the reaction is not being governed by a strong
intramolecular primary kinetic isotope effect,® which would
selectively favor C-H over C-D cleavage (Fig. 3, S58 and S59).
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Figure 3 'H NMR spectrum of a CDsCN solution containing 1 (1
eg., 1 mol%) with 100 equiv. TBA,S,05 and 100 equiv. (9S,10S)-
9,10-dihydrophenanthrene-9,10-d, (CisHi0D,) following 16
hours of irradiation at 52 W, 427 nm. The reaction was carried
out in dry CDsCN to minimize interference from adventitious
proton sources that could otherwise bias the observed
isotopomer distribution."H NMR (600 MHz, CDsCN) 6§ 8.77 (d, J =
8.3 Hz, 2H), 7.96 (d, J = 7.9 Hz, 2H), 7.81 (s, 1H), 7.70 (t, ) = 7.6 Hz,
2H), 7.64 (t, ) = 7.3 Hz, 2H).

This syn-configuration of the two HAA steps, combined with the
other observations, leads us to propose the photocatalytic
dehydrogenation reaction in Scheme 3.
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Scheme 3 Proposed mechanism of photocatalytic

dehydrogenation of cyclooctane. The depicted U(V)—OH/U(V)-
OH species is intended as a simplified representation of the
reduced, protonated uranyl-oxo sites following HAA, rather
than as the assignment of a long-lived resting state.

This starts with the photo-excitation of 1 to an excited state in

which one oxo group behaves as an oxo-centered U'—0’ radical
and abstracts a H" via d-HAT from the cyclooctane substrate
(Scheme 3, step 1) furnishing a cyclooctyl radical. Consecutive

thermal HAA on the weakened vicinal C—H>> bond (Scheme 3,
step 2) forms the cyclooctene product. While this step is
consistent with cooperative involvement of the paired uranyl
sites, participation of a nearby POM oxo site in a coupled H-
transfer/proton-transfer event cannot be excluded. The
catalytic cycle is closed by oxidative regeneration of 1 by S,05”
(CsCl,0,) forming HSO, or 2,3,5,6-
tetrachlorobenzene-1,4-diol (C¢Cl,(OH),) respectively (Scheme
3, step 3).

or chloranil

Conclusions

In summary, the lacunary  germanotungstate [y-
Ge"YW;,034(H,0),]* forms a rigid scaffold that enforces close
proximity between two accessible {UO,}*" centers in the new
[NBu"]s[(UO,),(GeW10034(u-OH),),] 1. Soluble in organic
solvents, 1 mediates Vvisible-light-driven photocatalytic
dehydrogenation of inert alkanes such as cyclooctane, a
reaction not observed in mononuclear uranyl analogues.
Catalytic yields of up to 73% are measured for 9,10-
dihydrophenanthrene to phenanthrene (TON per molecule =
73). Mechanistic data support a HAA-initiated radical pathway
in which the first C—H cleavage is turnover-limiting (primary KIE
ku/ko = 3.16), while S,04> serves as an external oxidant and does

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

not enter the rate law. Radical-trapping experiments and Stern—
Volmer studies are consistent with carbon-radical
intermediates, and stereochemical/isotope probes point to
cooperative, syn-hydrogen atom abstractions.

Taken together, these results establish a concrete design
principle for actinide photocatalysis: supporting two uranyl
cations within an oxidatively robust framework can unlock
cooperative bond-activation chemistry inaccessible to
mononuclear analogues. Future work will focus on tuning
excited-state properties to broaden substrate scope and
improve selectivity, positioning di-uranyl platforms as mild
alternatives to precious-metal dehydrogenation catalysts.

Experimental
Synthesis of [NBu"4]g[(UOz)z{GeW10034(|Lz-OH)z}z]-(CHg)zCO (1)

To a stirred colorless solution of [(N-C4Hs)sN]4[y-GeW10034(H,0),]
(H.GeWy,) (250 mg, 0.072 mmol) in acetone/water (5 mL/80 uL)
[UO,(acac),(H,0),] (33.8 mg, 0.072 mmol, 1 equiv. with respect
to (H.GeW,y,)) was added and the resulting yellow solution was
stirred for 90 min at RT (about 20 °C). The yellow solution was
layered with diethyl ether (1.25 mL) resulting in diffraction-
quality yellow block shaped crystals of
[NBuU",]5[(UO,).(GeW10034(1,-OH)2),]-(CH3),CO (1) being
deposited overnight. Yield: 120 mg, 25 % based on U. Elemental
analysis calcd. (found) for C131H208NsO077U,Ge, Wy
((C16H36N)s[(UO3)2(GeW10034(U2-OH),)2]-(CH3).CO): c 20.93
(20.84), H 4.00 (3.92), N 1.49 (1.45).

General procedure for photocatalytic studies

A 3 mL ampoule equipped with a stir bar was charged with a
solution of the hydrocarbon substrate (6 x 10®° mol, 0.06 M) and
{UO,}*" photocatalyst (6 x 107 mol, 1 mol%) in acetonitrile (1
mL). An aqueous solution of Na,S,0s, (14 mg, 6 x 10 mol in 200
puL H,0) was then added. The mixture was degassed by three
freeze—pump—thaw cycles and placed under an argon
atmosphere. The sealed ampoule was magnetically stirred
(~100 rpm) at a distance of 5 cm from two 427 nm LED lamps
(Kessil PR160L 427, positioned on opposite sides). The reaction
temperature was continuously monitored and maintained at
28-30 °C using a fan for cooling. Following 24h of irradiation,
500 pL of the reaction mixture was transferred to a coaxial NMR
tube containing an internal standard (methyl acetate, 20 plL in
500 plL acetonitrile). The yield of the dehydrogenated product
was calculated by comparing the integral of the multiplet
assigned to the olefinic C—H (2H) to the methyl acetate peak
(3.67-3.45 ppm, m, 3H).

General procedure for photocatalytic studies under anaerobic
conditions

In a N; filled glovebox, a 3 mL ampoule equipped with a stir bar
was charged with Na,S,0s (14 mg, 6 x 10®° mol). To the solid
Na,S,0s, a solution of the hydrocarbon substrate (6 x 10™ mol,
0.06 M) and photocatalyst 1 (6 x 107 mol, 1 mol%) in acetonitrile
(1.2 mL) was then added, affording a white suspension. The

This journal is © The Royal Society of Chemistry 20xx



sealed ampoule was removed from the glovebox and
magnetically stirred (~1000 rpm) at a distance of 5 cm from two
427 nm LED lamps (Kessil PR160L 427, positioned on opposite
sides). The reaction temperature was maintained at 29(+1) °C.
Following 24h of irradiation, 500 uL of the reaction mixture was
analyzed by NMR spectroscopy in a coaxial NMR tube
containing an internal standard (methyl acetate, 20 pL in 500 pL
acetonitrile). The yield of the dehydrogenated product was
calculated by comparing the integral of the multiplet assigned to
the olefinic C—H (2H) to the methyl acetate resonance (3.67—
3.45 ppm, m, 3H).
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