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Uranyl tris(benzoate) photocatalysts for site selective hydrocarbon
functionalization
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Katzer, John F. Hartwig*, Polly L. Arnold*

University of California, Berkeley, and Lawrence Berkeley National Laboratory; Berkeley, California CA 94720, US.
*Corresponding author. Email: pla@berkeley.edu
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ABSTRACT: The uranyl dication ([UO,]**) is a highly active photocatalyst for the functionalization of inert Cs,s—H bonds by
direct hydrogen atom abstraction (HAA). However, photocatalysis by the uranyl ion remains underexplored. Most reports
are limited to reactions catalyzed by simple uranyl salts, such as uranyl nitrate [UOx(NOs),*6H.Q] (UN°%). We report a set of
uranyl tris(benzoate) complexes 1-R containing strongly coordinating and tunable equatorial ligands that are inert to
photodamage and control access to the oxo groups. These catalyst variants with appropriate aryl substituents undergo
catalytic reactions at C—H bonds by HAA, and the selectivity and reactivity of this step depend on the ligand framework and
is distinct from that of UN°® or other photoactive oxo complexes, such as decatungstate, that lack ancillary ligands. Finally,
consistent with the strong, stable axial U-O bond, reaction with exogenous radical acceptors outcompetes radical
rebound, enabling C—C and C-N bond formation from the alkyl radical intermediate. Regioselective alkylation and
functionalization of a broad range of substrates results, and this photocatalysis shows that modulation of equatorial ligands

on [UO.]** can influence the reactivity and selectivity of photocatalytic C—H bond functionalization.

INTRODUCTION

Reactive, high-valent d-block metal-oxo groups are the
active site in many enzymes and the reactive unit in
many molecular catalysts that functionalize C—H bonds
by processes involving hydrogen atom abstraction
(HAA). Typically, these oxo complexes are generated as
reactive intermediates, and the scope of the resulting C—
H bond functionalization is limited by their propensity to
undergo radical rebound processes, leading to
hydroxylation, halogenation, or pseudohalogenation
(Figure 1a). ™8

In special cases, stable d-block metal-oxo complexes
can be rendered reactive by photoexcitation. For
example, the high-valent tungsten oxo group in the
thermally stable decatungstate cluster [nBusN]jW10Oss]
catalyzes reactions by a HAA step that is triggered by UV
light. Because the W—O bond is strong, it resists radical
rebound processes and has been widely investigated as
a photocatalyst for the functionalization of C—H bonds
beyond oxidation.®'® However, derivatization of the
decatungstate ion is more challenging than
derivatization of the d-block metal-oxo catalyst
precursors and has not been reported. Thus, the site
selectivity of the HAA step is controlled by the inherent
electronic properties of the W1,03; unit. Organocatalytic
systems that mediate photocatalytic HAA are also
known, but these typically require a co-photocatalyst for
activation and provide only limited control over site
selectivity."-'® In particular, aryl ketone catalysts have
not been shown to enable site selective photocatalytic
C—-H functionalization'"®, highlighting the opportunity
for a stable, modular metal oxo-based catalyst that

combines tunable selectivity with reactivity beyond
radical rebound.

In contrast to these described d-block metal-oxo
systems, the uranyl dication is monomeric and contains
a stable metal-oxo unit. Absorption of ~400-460 nm
visible light causes the ground-state uranyl ion to
undergo a ligand-to-metal charge transfer (LMCT) to
generate a highly oxidizing intermediate (approx. +2.6 V
vs SHE) with radical character localized on the oxo
ligands. The oxo unit of this excited state abstracts
hydrogen atoms from unactivated alkyl C—H bonds
(Figure 1b).20-24

Because the strong U-OH bond generated after HAA,
the uranyl ion catalyzes the conversion of C(sp3®-H
bonds into C—F, C—C and C-O bonds by the generation
of nucleophilic alkyl radicals that add to electrophilic
radical acceptors (Figure 1b).2>* However, the uranyl
ion remains underexplored as a photocatalyst, despite
this high reactivity. Most reports are limited to reactions
catalyzed by simple uranyl salts, such as uranyl nitrate
hexahydrate (UO,(NO;),*6H,0), abbreviated here as
UMY in which the equatorial plane is weakly coordinated
by labile nitrate and/or water molecules.? Because of the
absence of ancillary ligands, the selectivity for reaction
at one C—H bond vs another is governed by the intrinsic
reactivity and electronic preferences of the uranyl
excited state and the properties of the C—H bonds in the
substrate, and the yields are defined by the reactivity of
the unligated UO,** unit and variations of reaction
conditions like time, solvent, and irradiation intensity.



a) In-situ formed transition metal oxo catalysts:

c) Our previous work (Arnold, 2019, 2024):
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Figure 1. a) Hydrogen Atom Abstraction (HAA) from an alkane by a highly reactive d-block-oxo ion and subsequent radical
rebound to form an alcohol; b) uranyl nitrate, UN° and the key steps proposed for its catalyzed C—H bond functionalization
reactions; c) previous work on the use of ancillary ligands to increase reactivity of the uranyl ion; d) this work on uranyl
tris(benzoate) complexes as highly reactive, modular photocatalysts for site selective HAA.

Unlike decatungstate, [UO,]** binds a range of ancillary
ligands in the equatorial plane. If these ligands could
remain coordinated under the reaction conditions, if they
survived the strongly oxidizing reaction environment,
and if the oxo reactivity were retained when the ligands
are coordinated, this equatorial ligand set could
modulate the activity, lifetime, and selectivity of the
catalyst.

Few studies have been published on ligated uranyl
complexes as photocatalysts. Most of the known
examples involve heterogeneous, uranyl-organic
frameworks (UOFs). Although these heterogeneous
photocatalysts are more photostable and recyclable than
UO,*, modifications of the substituents in these
frameworks to control selectivity have not been reported.
One of us has shown previously that the photocatalysts
(PhoPhenUQO;)(X). (X = CI, NOs) functionalize benzylic
C—H bonds with greater reactivity than UN® (Figure 1c),
but the yields of functionalized products from reactions
catalyzed by the parent UN® were higher than those
catalyzed by (PhsPhen)UOy(X)..2*** Other chelating
ligands such as salen and acetylacetonate were used to
support homogeneous uranyl photocatalysts but none
has yet shown sufficient stabilization of the highly
oxidizing uranyl excited state, resulting in decreased

reactivity and no difference in site selectivity from that of
UN03.40,41

Here, we show that the coordination of benzoate ligands
in the equatorial plane generates uranyl photocatalysts
that are both longer lived and more reactive than UN°. In
addition, the steric and electronic properties of these
benzoate ligands can be varied to modulate reactivity

and selectivity, making the product distribution distinct
from that of reactions catalyzed by UN°® or other metal-
oxo photocatalysts like decatungstate. Perfluoroalkyl
substituents on the benzoate lead to a particularly
reactive catalyst and steer reactivity toward more
sterically accessible C—H bonds by modulation of the
steric environment around the uranyl—oxo group (Figure
1d). This allows for HAA of a range of C—H bonds,
including cycloalkanes (with BDEs of 96-99 kcal/mol)
and even the primary C—H bonds of linear alkanes (with
BDEs of 100 kcal/mol).

RESULTS

1. Synthesis of uranyl tris(benzoate) complexes

We began our effort to create discrete, ligated uranyl
complexes that would react selectively with C—H bonds
by preparing a variety of uranyl tris(benzoate) complexes
containing substituents on the arene of varied steric and
electronic properties (Figure 2a). We varied the
substituents on the arenes to assess the effect of the
electronic and steric properties of the ligand on the
reactivity of these complexes toward catalytic reactions
involving HAA. Complexes 1-R were synthesized from
UM% and 3.1 equivalents of the appropriate potassium
benzoate salt in MeCN at room temperature (see Sl).

'H NMR spectra of 1-R contained one set of aromatic
proton resonances, suggesting a symmetric complex in
solution. The UV-vis absorption spectra of acetonitrile
solutions of 1-R contain a series of vibronically coupled
absorption bands centered at 431-433 nm, with only



small variations between benzoate complexes. The
major absorption in each spectrum shows a vibronic
progression of roughly 625 cm™, extending the
absorption envelope over 410-470 nm. Furthermore, the
molar absorption coefficient of all the 1-R complexes is
larger than that of UN°%, although the precise value
depends on the benzoate substituents. Excitation at
Aex=431 nm leads to fluorescence within an envelope
centered around 500 nm that displays the anticipated
vibronic progression of about 833 cm™ (Figure S9-11) in
the 450-600 nm range for complexes 1-0-CF;, 1-m-CF;,

and 1-p-CF;.

The solid-state FTIR spectra all contain an absorption
expected for the uranyl stretch at frequencies between
900-950 cm™. In solution, the value of Vagymm increases in
the order 907 cm™ < 922 cm™ < 937 cm™ for 1-p-OMe, 1-
o-1Bu, and 1-p-CF3; as would be anticipated for three
complexes in which the ligand is progressively less
electron donating. The solution spectra of 1-o0-tBu
contain a single absorption at 919 cm™, but the solid-
state spectra contain two at 914 cm™and 924 cm™, which
we attribute to geometries arising from the coordination
of the potassium countercation to O atoms from both
carboxylate and an oxo which is observed in the solid-
state structure, see below.
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Figure 2. a) Eight uranyl tris(benzoate) complexes 1-R; b)
Visible-light electronic absorption spectra of complexes 1-R
and UN%3,

Consistent with this, the IR spectra of complexes with no
crystallographically-observed K-coordination are the
same in solution and in the solid state. The diffusion
coefficients of 1-0-CF,;, 1-0-C4F,, and 1-p-OMe from
DOSY NMR spectroscopy are nearly identical, indicating
that they are likely monomeric and of similar in size in
solution, see Figures SI24-26.

1-0-C,Fy

Figure 3. Molecular structures of 1-p-OMe, 1-0-CF;and 1-
o0-C,F,; top view on the left and side-on view on the right.
Where shown, probability ellipsoids are set at 50%,
peripheral groups are shown wireframe. Lattice solvent and
H atoms are omitted for clarity. Green = U; red = O; grey =
C; yellow = F; magenta = K; blue = N.

The solid-state structures of all the 1-R complexes
contain three benzoate ligands coordinated in the
equatorial plane of the uranium atom, forming an eight-
coordinate, anionic ‘ate’ uranyl complex with six
coordinated oxygen atoms in the equatorial plane
(Figure 3). When present, the ortho-substituents (1-o-
CF;, 1-0-C,F,, and 1-0-1Bu) on the aryl carboxylates
force the aryl groups to lie normal to the equatorial plane,
thereby creating a pocket in which the uranyl oxo ligands
are sterically protected. The solid-state structures of 1-o0-
CF;, 1-0-C,F,, and 1-p-OMe also contain a potassium
counter cation that sits between two benzoate
carboxylates, with bonds to one O atom of two
carboxylate ligands, but this binding mode of the
potassium does not significantly perturb the U-O bond



distance. The solid-state structure of 1-p-OMe, for
instance, features three crystallographically distinct
uranyl ions in the asymmetric unit, all with various
interactions between potassium counter cations and
either a uranyl oxo or a uranyl-coordinated carboxylate
oxygen. The distances of the U-Ocoar bonds with the
oxygens associated to a K* ion in three distinct uranyl
units range from 2.410(4)-2.514(4) A, whereas the
distances of the U-Ocgoar bonds without potassium range
from 2.410(4)-2.443(3) A. In addition, the presence or
type of additional potassium-carboxylate interaction
does not significantly impact the uranyl U=O bond
lengths. The U=0O bond distances in all of the
crystallographically distinct uranyl units reported here
are within 1.770(4)-1.785(5) A. The solid-state
structures of 1-0-tBu and 1-p-CN also contain a single
potassium counter cation between two benzoate
carboxylates, but the potassium in both complexes also
interacts with one of the two uranyl oxo groups.

1. Photocatalyzed C—H functionalization
Table 1: Uranyl photocatalyzed alkylation of cyclohexane

Reaction conditions: 500 umol 2a (5 equiv), 100 umol 3a (1
CN 2 mol% catalyst NC.__CN

NC\[

o

O Ph MeCN, 20 °C Ph
2a

18h
3a 450 nm 5
Entry Catalyst Deviation % yield 5

1 uNos3 none 36%
2 1-0-CF3 none >99%
3 1-0-CF3 1 mol% cat. >99%, 90%
4 1-0-CF3  0.5mol% cat, 36h  >99%
5 1-0-C4Fq none 80%
6 1-p-CF, none 36%

7 1-p-CN none 36%

8 1-m-CF; none 23%

9 1-0-tBu none 20%
10 1-p-OMe none 12%

11 1-p-tBu none trace
12 yNo3 1 mol% cat., acetone 24%

as solvent

13 1-0-CF3 no light 0%
14 NA no photocatalyst 0%

equiv), 2 mol% photocatalyst, 1 mL anhydrous MeCN, N,
atmosphere, 450 nm, 20 °C, 18 h; Yields determined by 'H
NMR spectroscopy with MeOAc as internal standard.

We evaluated the activity of complexes 1-R as
photocatalysts for the functionalization of C—H bonds by
examining the C—H alkylation of cyclohexane (2a) with 2-

benzylidenemalononitrile (3a) as the radical acceptor.
We anticipated that these reactions would follow the
mechanism outlined in Error: Reference source not
foundb involving initial HAA by the U=0 excited state (II.
Photocatalyzed C—-H functionalization). Each catalyst
was tested with a 2 mol% loading, and uranyl nitrate
(UN%) was also tested to serve as a benchmark.

Among the series of complexes 1-R, complex 1-0-CF;
was the most active photocatalyst, delivering >99% yield
of the alkylated product, versus just 36% yield with UN°®
(Il. Photocatalyzed C—H functionalization, entries 1 and
2). The high efficiency of 1-0-CF;was retained, even at
lower catalyst loadings, with >99% conversion of the
alkene observed at both 1 mol% and 0.5 mol% loading
after 24 h and 36 h of irradiation, respectively (entries 3
and 4). The reaction catalyzed by 1-0-C,F,delivered the
same product in 62% vyield (ll. Photocatalyzed C-H
functionalization, entry 5). The activities of the other
catalysts, such as 1-p-CF;, 1-CN, and 1-m-CF;, were
comparable to that of UN® (36% yield, entries 6 and 7) or
slightly lower (entry 8). The activity of complexes with
more electron-donating ligands, such as 1-o-Bu and 1-
p-OMe, was lower (20% and 12% conversion, entries 9
and 10) than the other photocatalysts, including UN°3,
while 1-p-tBu was entirely inactive (entry 11). Control
reactions in the absence of light or catalyst formed no
product (entries 13 and 14). The Ravelli group previously
reported a high yield for this transformation with 8 mol%
UN% and acetone as solvent. From reactions conducted
with 1 mol% loading of UN°®in acetone in their Sl they
report only 26% yield of 5, very similar to our
measurement of 24% conversion with 1 mol% loading of
UN%%in acetone in our reaction setup (Table 1, entry 12).

We then determined and compared the initial rates of the
reactions with 2 mol% 1-0-CF3, 1-m-CF;, 1-p-CF;, 1-p-
OMe, and U“%, The rates for cyclohexane alkylation
were 20.3 mM/h, 4.33 mM/h, 4.60 mM/h, 0.769 mM/h,
and 9.99 mM/h, respectively (Figure 4). Continued
irradiation of 1-m-CF3; and 1-p-CF; led to 90% and 82%
yields of 5 after 72 h, respectively. These data imply that
the higher product yields after 18 h irradiation between
the benzoate catalysts are due to a faster rate of product
formation for 1-0-CF,. Thus, the incorporation of three
2,6-bis(trifluoromethyl)benzoate ligands around the
uranyl center dramatically enhances photocatalytic
reactivity of the uranyl ion for the functionalization of inert
C—H bonds. The reactivity of 1-0-CF3 is higher than that
of the other catalysts in the series, but we have been
unable to correlate catalyst activity with a particular
measured parameter. We are currently seeking to
understand the electronic features that lead to higher
reactivity of a given uranyl photocatalyst.
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Figure 4: Initial rates of formation of 5 from reactions
catalyzed by a series of uranyl complexes; the
concentrations of 5 were determined by GC-FID with n-
dodecane as internal standard

To compare the reactivity and selectivity of our new
photocatalyst and UN®, we evaluated the scope of
substrates that react with 1-0-CF; or UM under
otherwise identical conditions, Error: Reference source
not found. The scope of substrates that react with
catalyst 1-0-CF; is greater than that with UN®, and the
high reactivity of 1-0-CF; under those conditions
enabled this evaluation of the substrate scope to be
investigated with 1 mol% catalyst loading. For substrates
that react with both catalysts, the reactions catalyzed by
1-0-CF; generally occurred in higher yields. For
example, reactions of cyclic alkanes (4-7) formed the
alkylated products in 86-99% yield when catalyzed by 1-
0-CF;, but in just 8-33% yield when catalyzed by UN®,
Reactions of substrates with benzylic groups (8-11)
were especially sensitive to the catalyst identity;
reactions catalyzed by 1-0-CF; afforded 33-99% yields
of the functionalized product, whereas the reactions
catalyzed by UN® occurred to <1% yield and <1%

conversion of the alkene in all cases. Based on literature
precedent, we assume this difference in activity of the
catalysts with these substrates results from the
unproductive quenching of the excited state by aromatic
units that can more readily access the uranyl oxo group
in UN® than in 1-0-CF;.“* The vyields of reactions
catalyzed by 1-0-CF;were also consistently higher than
those catalyzed by UN°® on polycyclic substrates (12, 13)
(e.9. 54-67% catalyzed by 1-0-CF; versus 7-13%
catalyzed by UN3),

The higher activity of 1-0-CF; than of UM% extends to
aldehydes (15, 16) and cyclic ethers (18, 19). These
substrates undergo functionalization catalyzed by 1-o-
CF; in yields ranging from 71-99%, while the reactions
with UN% occur in much lower yield (6-25%). The only
exception is dimethyl acetamide (17), which reacts in
similar yields when catalyzed by UN% as when catalyzed
by 1-0-CF;. Complex substrates also reacted. For
example, (-)-ambroxide (20) underwent alkylation at the
secondary carbon alpha to oxygen in high yield (84%)
when catalyzed by 1-0-CF; but in just 8% yield when
catalyzed by UN. Collectively, these results highlight
the greater reactivity and versatility of 1-0-CF; for the
functionalization of C—H bonds than of UN®3,

The reactions of cyclohexane (2a) and cyclooctane (2d)
with a series of radical acceptors catalyzed by 1-0-CF;
are shown at the bottom of Table 2. The reactions with
alkenes containing varying aromatic groups to form
products 21-23 occurred in quantitative to near-
quantitative yields. The reaction of the alkene
substituted with a cycloalkyl group generated addition
product 24 in 72% yield. The reaction with di-tert-
butylazidodicarboxylate (DBAD, 25) catalyzed by 1-o-
CF;formed product containing a C—N bond in 32% yield.

Table 2: Scope of C—H functionalization catalyzed by 1-o-CFs;and UN°®



NC CN 1 mol% catalyst NC CN Catalyst:
R=H + \I: I

MeCN, 20 °C
3a 18h, 450 nm 4.25

1-0-CF3
Ph yNos3

H-atom donors:

n=0 4 90% 8%

Q 15 90% 20%
n o,
n=037 26 B86% 23%
37 299% 33%

84
66

140

13 43% 15
67% (dr 1:1.75) 1% >99%
13% 3% 22%, 12%
Radical acceptors:

n 1 mol% uranyl R
n=1,3
+ MeCN, 20 °C N

450 nm n=1,3

radical

R=
R
0

@;f:@ \Jb,@»

R'=CF3 21

acceptor Cl 22 >99%

gt >99% <19%

B
9® 33% <1% MeO
100 73% <19 1"

\fo O 0
e %

18
" 82% 19

. A
82% (dr 1:1) 95% 20 [(-)-Ambroxide]
80% 6% 25%

NC.__cN NC
CN  MeO,C._ co.m Boc
2lvie N
NH
= N,
S/ Boc
R 24 25

23

>99%

93% 72% 32%

@ Reaction conditions: 500 umol R—H (5 equiv), 100 umol 3a (1 equiv), 1 mol% photocatalyst, 1 mL anhydrous MeCN, N,

atmosphere, 450 nm, 20 °C, 18h; ° Irradiation for 36h; ° Only three equivalents C—H substrate used; underlined = isolated yields,
otherwise 'H NMR spectroscopic yields with MeOAc internal standard.

1ll. Site selectivity for C—H functionalization

As discussed in the introduction, these photocatalysts
were designed to influence the site selectivity of the
functionalization of C(sp®)—H bonds. Indeed, the site
selectivity of the reactions of n-hexane (26) as a model
substrate and 2-benzylidenemalononitrile (2b) as the
radical acceptor with 1-0-CF;and 1-0-C,F, as catalyst is
distinct from that of UV“®3, Catalyst 1-0-CF; and,
particularly, 1-0-C4Fyreacts with higher selectivity for the
more sterically accessible C—H bonds than does UN®3
(Error:  Reference source not found). Tetra-n-
butylammonium decatungstate (TBADT) was also used
as a photocatalyst, though the irradiation wavelength
was reduced to 390 nm. The distribution of products
from alkylation at the C1, C2, and C3 positions varies
from 0:44:56, respectively, with UN°® to 5:54:41 with 1-o-
CF;to 17:56:27 with 1-0-C4Fs and 8:59:33 with TBADT.
The site selectivity of the alkylation of 26 with 1-0-CF; is
similar to that with TBADT under these conditions. In
contrast, the more sterically hindered 1-0-C,F, favors
alkylation at the sterically accessible C1 and C2
positions of 26. This result emphasizes that the ligands
on the uranyl photocatalysts influence the site selectivity
for C—H functionalization. This type of catalyst-control
has not been demonstrated with prior metal-oxo HAA
photocatalysts such as TBADT. The yield of the reaction

is highest with 1-0-CF; (97%), followed by 1-0-C,F,
(52%). The reaction with UN°® gave only 18% yield, and
TBADT gave trace product at 450 nm irradiation, but the
yield increased to 36% at 390 nm. For all three of these
complexes, the selectivity remains consistent
throughout the reaction time, suggesting that the active
catalyst is unchanged during the reaction (Figure SI134-
36). Furthermore, all of the reported yields and
selectivities were measured at the point when the yield
of the product reached its maximum value. The
selectivity of 1-0-1Bu is similar to that of 1-0-C4F,, but
the product yield is significantly lower (4%).

A distinct selectivity of the fluoroalkyl-substituted uranyl
benzoate catalysts for HAA was observed for reactions
of all the substrates tested. The tendency for reaction of
the more sterically hindered C-H bonds of linear and
branched alkanes (27, 28) was higher for reactions
catalyzed by complex 1-0-C4F, than for those catalyzed
by 1-0-CF; or U, The yields were also higher when
catalyzed by 1-0-CF; and 1-0-C,Fthan when catalyzed
by UN°3. For example, the reaction of cyclopentyl methyl
ether (29) favors the primary C—H bond over the tertiary
C—H bond (60:40), whereas the reaction catalyzed by 1-
o-CF; (35:65) and UN® (15:85) favor reaction at the
tertiary C—H bonds and the yield of the reaction is higher
when catalyzed by 1-0-CF; and 1-0-C4F, (>99% and
84%, respectively) than by UN%. Any products derived
from a beta-scission mechanism were not included in
the distribution of products from reaction of substrate 29
with olefin 3a because the two alkylation products shown



were by far the major products, as determined by 'H
NMR and GC-MS analysis of the crude reaction mixture
after 18 h of irradiation.

Likewise, the selectivity for reaction at the primary
versus tertiary benzylic C—H bonds of p-cymene (30) are
higher with 1-0-C4F, (91:9) than with 1-0-CF; (75:25),
and the reactions occurred in good to high, 53% and
83% yields with 1-0-C4Fy and 1-0-CF;. In contrast, the
reaction with UN® gave the alkylated product in <1%
yield, and the selectivity could not be measured for such
small amounts of material. Similarly, the selectivity for
the primary versus secondary C-H bonds of
tetraethylsilane (31) with 1-0-C,F, (96:4) was higher
than that with 1-0-CF; (80:20), and the yields were 90%-
99%. Again, the reaction catalyzed by U"° gave only
trace product.

Table 3: Site selective C—H alkylation with different uranyl
photocatalysts

Catalyst:

NC.__CN 1 mol% catalyst NCICN 1-0-CF;

Ret \[ 1-0-C,Fy
pn  MeCN,20°C R”“pp  UNO3
3a 450 nm 26-31 .

5 44

27 % 47 g 30 57 4 47 45
56 233710 35

56 20 0 35
a4 22 3645 9 65

26

27 28b

0

97%; 52%; 18%; 30%2 >99%:; 60%; 15%  81%; 48%; 13%

5

/\SI/\ 80
0 35
N 60 s
>99%; 84%, 53% 83%; 3%, <1% >99%: 90%: <1%
0
/\/c\/ , radical Mﬁt —
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NC CN
| 0 8
29 52 45
ng
NN
F3C
32 >99%; 63%; 15%
39 6
.Boc 3 gg 8
i s k
43
Boc’N PN
3% 80%; 58%; 22%

Reaction conditions: 500 pmol R—H (5 equiv), 100 pmol 3a
(1 equiv), 1 mol% photocatalyst, 1 mL anhydrous MeCN,
N, atmosphere, 450 nm, 20 °C, 18 h; 2390 nm LED was
used; °lrradiation for 36 h; underlined = isolated yields,
otherwise 'H NMR spectroscopic yields with MeOAc
internal standard.

We next sought to determine if selectivity is maintained
across different radical acceptors. If the selectivity is
dictated by HAA and each of the radicals formed reacts
fully with the radical acceptor, then the site selectivity
should not be significantly affected by the identity of the
acceptor. To test this prediction, we conducted the
functionalization of n-hexane with a series of radical
acceptors. As shown in Table 3, the site selectivity of

reactions with another aryl-substituted alkene and even
with the azo acceptor (32 and 33, respectively) were
nearly identical to each other and to those with 2-
benzylidienemalononitrile (3a). These results indicate
that site selectivity is likely controlled exclusively by the
HAA step.



IV. Catalyst lifetime

1-o-CF3 1-0-CF X UNOSX! ! 1 -0-CFX

or MeCN 23°C or
UNG3  18h 450 nm  UNO3X =
Sche

me 1: Irradiation of uranyl complexes before addition of
substrate. Reaction conditions: 1 umol 1-0-CF; and UN%, 1
mL anhydrous MeCN, N, atmosphere, 450 nm, 20 °C, 18h.

To assess the effect of the ancillary ligand on the catalyst
lifetime, we conducted a series of experiments to
determine the fate of the complexes with and without the
benzoate on [UO,*. In the absence of a stabilizing
ligand environment, previous literature suggests that
many uranyl(V) intermediates undergo spontaneous
intermolecular disproportionation, forming uranyl(VI)
and insoluble uranium(lV) oxides.**-*¢ We hypothesized
that the carboxylate ligands might suppress the
dimerization of U(V) intermediates that leads to
disproportionation and deactivation of the catalyst by
precipitation of U(IV). To test this idea, we irradiated both
1-0-CF; and UM with 450 nm light in the absence of
alkane and alkene for 18 h. After irradiation, the catalyst
solution containing UN°® had turned a dark gray color,
with visible precipitate present, but irradiation of 1-0-CF3;
led to little change in color of the solution and no
precipitation (Scheme 1). The uranium species present
in the vials after irradiation will be referred to as UN9*
and 1-0-CF3¥, respectively. After addition of both alkane
(2a) and alkene (3a) and irradiation for an additional 18
h, the reaction with 1-0-CF;* delivered 5 in 86% yield
while the reaction with UN°* gave only trace product
(Table 4, entries 1 and 2).

Quantitative *F NMR spectroscopic analysis of the
solutions of the reactions catalyzed by 1-0-CF;, 1-o0-
C,F,, 1-p-CF;, and 1-m-CF; in Scheme 1b was
conducted to determine the fate of the catalysts under
the standard reaction conditions. In every case, the
benzoate catalyst remained intact in near quantitative
amounts (Table 4, >95%, entries 3-5), suggesting that
the equatorial ligands are responsible for the high
stability of these complexes. Furthermore, the high
reactivity of 1-0-CF; and 1-0-C4F, is likely due to more
than just catalyst longevity because 1-0-CF; and 1-0-
C,F, lead to higher yields of the functionalized products
than do 1-p-CF; or 1-m-CF;. 1-0-CF; was isolated from
the reaction mixture after 18h of irradiation, with 58%
recovery (Table 4, entry 6). This result further supports
the high stability of 1-0-CF; under the reaction
conditions.

Cyclic voltammetry (CV) of complexes 1-0-CF; and 1-m-
CF; in MeCN was conducted to assess the difference in
the U(VI)/U(V) reduction potentials of these two
complexes and to determine if the difference in reactivity

parallels the difference in reduction potential. The CVs
of these complexes contain an irreversible reduction
peak at -1.40 V and -1.69 V versus Fc/Fc*, respectively;
we attribute this to the U(VI) to U(V) reduction (Figures
SI12 and SI13). The CV of UN® contains an irreversible
reduction wave at the much higher potential of -0.464 V
vs Fc/Fc* in MeCN (Figure Sl14). Between the two
benzoate catalysts, the higher reactivity of 1-0-CF; can
be attributed to its lower reduction potential in the ground
state and, presumably, the corresponding excited
states. The low reactivity of UN° can be attributed to the
observed catalyst decomposition during irradiation. Due
to the irreversibility of the reduction of the uranyl
tris(benzoate) complexes, an excited state potential
could not be accurately calculated for these complexes.

Table 4: Cyclohexane alkylation under standard conditions

with various uranyl photocatalysts showing stability of

tris(benzoate) complexes
1 mol% catalyst NC.__CN

NCT
O MeCN, rt Ph

18h
450 nm 5

Entry Catalyst % ;Z:’:I‘;’:t"g % yield 5

1 1-0-CF ;X NA 86%

2 yNoax NA trace

3 1-0-CF >95% >99%

4 1-0-C4Fg >95% 49%

5 1-m-CF; >95% 10%

6 1-0-CF3? 58%P >99%

Yield determined by 'H NMR spectroscopy with MeOAc as
internal standard.; remaining catalyst determined by
integration of the 'F NMR signal against 1-
fluoronaphthalene as internal standard. 2 mol% loading;
Yisolated yield after completion of the reaction.

V. Mechanistic studies

To gain information on the HAA step of this reaction,
Stern-Volmer quenching analyses were conducted and
kinetic isotope effects were measured for reactions
catalyzed by a series of uranyl complexes. Stern-Volmer
quenching experiments with 20 mM 1-R in anhydrous
MeCN solutions and cyclohexane as the excited state
quencher revealed a Stern-Volmer constant (Ksv) of 14.6
M for 1-0-CF; (SI129). This constant is higher than the
corresponding values of 8.16 M and 8.05 M for 1-p-
CF; and 1-m-CF;, (SI131-33). The larger value for 1-0-
CF; implies that HAA by 1-0-CF; is faster than by the
other benzoate photocatalysts.

We also measured the KIE of the reaction of
cyclohexane from reactions run side by side. The KIE
determined from measurements of the initial rates of



parallel reactions with 1-0-CF; as catalyst was 5.0
(Figure 5a), while that with 1-0-C,4F, as catalyst was
11.0. These KIE values suggest that HAA is the rate
determining step in these reactions. Furthermore, the
high KIE value with 1-0-C4F, as catalyst suggests that
the HAA step occurs with a contribution from tunneling.

The spectroscopic and kinetic data are consistent with
the mechanism shown in Figure 5b. First, the ground
state uranyl(VI) is excited to a triplet state that cleaves
the C—H bond to form a carbon-centered radical and a
uranyl(V) hydroxide complex. The carbon-centered
radical then reacts with the alkene or related radical
acceptor to yield an electron-poor radical. The catalyst,
then, would be regenerated either by oxidation of the
U(V) to U(VI) by the electron-poor radical, forming a
stabilized carbanion, followed by proton transfer or by
direct hydrogen atom transfer from the uranyl(V)
hydroxide to the electron-poor radical. When a mono-
substituted olefin, such as methyl acrylate, was
employed as the radical acceptor, less than 1% product
was observed. This observation is consistent with
inefficient regeneration of the starting U(VI) complex
because the o-radical intermediate does not react with
the U(V) intermediate to regenerate the catalyst. The
primary KIE rules out two potential alternative
mechanisms, one in which HAA occurs by the
olefin 3a by energy transfer from the excited uranyl
complex, and one in which addition of the radical is
reversible. The first mechanism is ruled out because
HAA by the olefin would lead to identical KIE values for
reactions with different uranyl photocatalysts, but the KIE
values (5.0 and 11.0) are distinct for reactions of 1-0-
CF; and 1-0-C,F,, respectively. The second mechanism
can be ruled out because the large primary KIE indicates
that HAA is irreversible. Therefore, any influence on
product distribution would have to arise from
rearrangement of the resulting carbon radical. Although
reversible radical addition could increase the lifetime of
this radical and enable rearrangement, changing the
identity of the radical acceptor has little effect on the
product distribution. Thus, reversibility is likely not
influencing product distribution, ruling out this
mechanism.

a)

NC\[CN 1 mol% uranyl NC.__CN
|
O MeCN, 20 °C
Ph 450 nm Ph
2a 3a
5
D
/D12 NC\[CN 1 mol% uranyl NC. | .CN
I
+
MeCN, 20 °C
Ph 450 nm Ph
2a- Dy, 3a N
D1
5-Dy,

1-0-CF;, Ratey/Ratep = 5.0 1-0-C4Fy, Ratey/Ratep =11.0

b) hv
AN
H ) uv
NC._]_CN o
/ Ci
Ph
r RDS
NC.__CN o
UV
o n [ g ]
NC._ _CN

Figure 5: a) kinetic isotope effects of 1-0-CFs;and 1-0-C4F,
using cyclohexane-H:» and Ds,; products were tracked by
GC-FID with n-dodecane internal standard b) proposed
mechanism for uranyl photocatalyzed C—H alkylation.

CONCLUSIONS

We have described a set of uranyl benzoate complexes
that catalyze the functionalization of both unactivated
and activated alkyl C-H bonds by hydrogen-atom
abstraction under visible light irradiation and have shown
how changing the ancillary ligand modulates the activity
and site selectivity of the catalyst for functionalization of
C—-H bonds to form C—C and C—N bonds. This new class
of uranyl-based photocatalysts, 1-R possess several
advantages over the benchmark UM photocatalyst.
First, the three equatorial benzoate ligands in 1-R remain
bound under catalytic conditions, thereby contributing to
the combination of high stability, reactivity, and
selectivity of these catalysts. The photocatalytic
reactivity of the catalysts bearing electron-withdrawing
and ortho-substituted groups is significantly enhanced
over that of complexes bearing electron-donating groups
or either meta- or para-electron-withdrawing groups,
indicating the importance of ligand electronic and steric
properties for the photoreactivity. Second, the visible-
light absorption coefficient of the 1-R complexes is
greater than that of UN° while maintaining similar



excitation energies, thereby enabling more efficient
photochemical activation with visible light. Third, ortho
substituents create a defined pocket around the reactive
0Xo0 group, leading to substrate-catalyst interactions that
enable ligand-controlled site selectivity for the HAA step.
Finally, the 1-R catalysts are protected from interactions
with unsaturated substrates that form exciplexes and
lead to unproductive energy transfer that deactivates
UN°® By mitigating this interaction, the scope of the
substrates for the catalytic functionalization is
broadened. Together, these features confer higher
reactivity and broader substrate scope and offer a
platform for modulating selectivity by ligand design. We
anticipate that this catalyst framework will expand
reactivity further with diverse radical acceptors and
greater control over C—H functionalization.
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