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Carbon dioxide (CO,) capture and valorization remain central challenges in sustainable chemistry due to the persistence of CO; as

a major greenhouse gas. Herein, we describe the functionalization of a COj-activated organometallic complex,
[(Cp*—COy)Fe(diphosphine)] (1; Cp* = CsMes) in which CO is selectively incorporated into the Cp* ligand framework. Treat-
ment of 1 with trimethylsilyl chloride (TMSCI) affords [{Cp*—C(O)-O-TMS }Fe(diphosphine)Cl] (2) via silylation of the
Fe—O(CO») linkage. Chloride abstraction using NaBPhy generates the putative complex [{Cp*—~C(O)-O-TMS }Fe(diphosphine)]*
(3), featuring a labile dative R,C=0— Fe interaction that is readily displaced by acetonitrile to give [{Cp*—C(O)-O-TMS }Fe(di-
phosphine)(NCCH3)]" (4). Reduction of the ester functionality in 2 using HBCy, (Cy = cyclohexyl) provides access to new bory-

lated complexes. Collectively, these results demonstrate the cooperative capture and stepwise CO, functionalization at a common

Cp* ligand framework.

Introduction

Carbon dioxide (CO,) is a prominent greenhouse gas generated
by many natural pathways, including animal respiration and
plant death [1], but also increasingly through industrial pro-
cesses such as the burning of fossil fuels [2]. Greenhouse gases
are characterized by their inability to escape Earth’s atmo-
sphere, which in turn prevents the escape of heat — a key
contributor to climate change [3]. Fossil fuel-derived CO, emis-
sions continue to increase, with approximately 43% of annual
CO, emissions remaining in the atmosphere; this has led to a
growing interest in CO, remediation strategies [2]. Organome-

tallic compounds are well-known for their use in CO; activa-

tion, with examples spanning the s- [4,5], p- [6], d- [7,8], and
f-blocks [9]. For d-block elements, examples include early [9]
to late transition metals [10], with ongoing efforts focused on
optimizing CO, conversion catalysis [11,12] into useful
products, such as CO, formaldehyde, methanol, and more
[6,9,10].

Of reduction strategies, examples of CO, hydroboration and
hydrosilylation to give bisboryl or silyl ethers have been
achieved, which once hydrolyzed provide access to C1-contai-

ning synthons. CO; hydroboration has been demonstrated using

1295


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:marcus.drover@uwo.ca
https://doi.org/10.3762/bjoc.22.104

a wide range of metals including manganese [13], nickel [14],
and palladium [14] to generate borylated analogues of metha-
nol, with various reagents such as pinacolborane (HBPin) [13]
and 9-borabicyclo[3.3.1]nonane (9-BBN) [13,14]. Metal-free
examples using p-block elements such as silicon [15] and
nitrogen [16] have also been shown. Recently, our group con-
tributed to this space, reporting a tucked-in iron complex that
reacts with CO; to give a ferralactone (Scheme 1a and b) [17]
which undergoes addition of dicyclohexylborane (HBCy,) to
give [(Cp*-BCy,)Fe(diphosphine)H] — a competent catalyst for
CO, dihydroboration using HBCy, [18]. We suggest this reac-
tion occurs via a CO, B-O templating strategy using a pendent
secondary coordination sphere (SCS) borane moiety [18].

CO; (hydro)silylation is complementary to hydroboration,
leading to the formation of robust Si—O bonds. Indeed, Leitner
and co-workers demonstrated that a cobalt—triazine complex
can catalytically produce silylated analogues of formate, metha-
nol, and formaldehyde in the presence of silane, with product
selectivity depending on the reaction temperature [19]. Iron has
also been shown to hydrosilylate CO, by Cantat and
co-workers, who used different iron(II) phosphine salts to
generate formamides and methylamines in the presence of dif-
ferent amines [20]. Other contributions using cobalt pincer
complexes [21], NHC-stabilized (NHC = N-heterocyclic
carbene) stannyliumylidene complexes [22], and oxorhenium
tridentate PNN catalysts [23] to reduce CO, have also been
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established. Relevant to this work, a 2022 report by Horacek
demonstrated the silylation of CO, using a titanium ‘tucked-in’
compound in combination with trimethylsilyl chloride (TMSCI)
[24]. Building on these precedents, we sought insight into the
reactivity of [(Cp*—CO,)Fe(diphosphine)] with a silyl electro-
phile. The unusual CO,-functionalized Cp*Fe framework
provides a rare platform for interrogating how tucked-in motifs
participate in reductive transformations with silanes. These
studies complement our prior work on hydroboration
(Scheme 1b and c) and aim to elucidate broader patterns in
base-metal-mediated CO; reduction chemistry.

Results and Discussion

[(Cp*-COy)Fe(dnppe)] (1) [17] was
prepared by reaction of the tucked-in complex,
[(n°-CsMes—CHy)Fell(dnppe)] with 1 atm of CO, at room tem-
perature. Complex 1 has a characteristic 3'P NMR spectroscop-

To begin,

ic signature at dp = 79.1 ppm and a distinct v(CO) stretch at
1622 cm™!. Treatment of 1 with 1 equiv of trimethylsilyl
chloride (TMSCI) yielded a slightly darker purple solution, with
a very similar 3'P{'H} NMR shift to 1 at dp = 79.0 ppm, which
mirrors the value observed for the known complex
[Cp*Fe(dnppe)Cl] (8p = 79.4 ppm) (Scheme 2) [25]. Of note,
both complex 1 and its tucked-in precursor show no
productive reactivity with hydridosilanes such as Ph3SiH. By
H,29Si HMBC NMR spectroscopy, TMS incorporation was

corroborated by the presence of a cross-signal at 8 = 0.22 ppm

(a) catalytic hydroboration by a tucked-in CO, complex [18]
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Scheme 1: (a) Catalytic hydroboration by a tucked-in CO» complex ([18]); (b) CO» dihydroboration in the presence of excess borane substrate;

(c) this work: CO» silylation and hydroboration via ‘tucked-in’ motif.
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Scheme 2: Synthesis of the silylated CO» adduct 2 and subsequent chloride abstraction.

(9H) and 0g; = —24 ppm, indicating formation of
[{Cp*—C(0O)-O-TMS }Fe(dnppe)Cl] (2), having a peripherally
silylated CO, group. Further examination of the "H NMR spec-
tra confirms Cg symmetry, rendering the functionalized CH,
protons equivalent (dy = 3.49 ppm) (Figure 1a). By LIFDI-MS,
2 displays a molecular ion at m/z = 604.2474 (calcd. m/z =
604.2485 for CogHs550,CI1FeP,Si). The structure of 2 was
further confirmed by scXRD using purple crystals grown from a
saturated pentane solution at —35 °C. The solid-state structure
reveals an Fe—Cl bond length of 2.353(1) A and a Si-O bond
length of 1.699(2) A (Figure 1a, inset). The silylated ester frag-
ment exhibits bond metrics of r(C-C(O)) = 1.509(3) A,
1(C=0) = 1.207(2) A, and r(C-0) = 1.346(3) A. The lengths of
the C—O and C=0 bonds fall within the expected literature
range for ester functional groups of 1.35-1.40 A and 1.1-1.2 A,
respectively [26].

Motivated by the clean silylation reactivity of 1, we explored
whether removal of the iron-bound Cl ligand in 2 could promote

onwards reactivity, potentially enabling interaction between the

Fe center and the C=0 group. As such, 2 was reacted with sodi-
um tetraphenylborate (NaBPhy) in diethyl ether over 12 hours,
affording a cloudy yellow solution. Subsequent analysis by
3Ip(1H} NMR spectroscopy revealed a broad peak at
Op = 71.8 ppm (A, = 60 Hz), suggestive of abstraction
(Figure 1b). The width of this resonance suggested an equilib-
rium involving [{Cp*—C(0)-O-TMS }Fe(dnppe)]*, potentially
between a carbonyl oxygen-bound and unbound form, or
between the bound species and its dinitrogen adduct
[{Cp*-C(0O)-O-TMS }Fe(dnppe)(N)]* (dp = 71.2 ppm for
[Cp*Fe(dnppe)(N,)]*, for example). The unbound (N,-free)
species adopts a triplet electronic configuration (S = 1) and is
higher in energy than its corresponding N, adduct (S = 0) [27].
These possibilities prompted further investigation by variable-
temperature NMR spectroscopy (Figure 1b). Upon cooling
to =75 °C, this 3'P NMR peak significantly sharpens and
moves to Op = 73.5 ppm, which is attributed to the coordination
equilibrium, as described above. Further supporting an
“on—off” equilibrium in 3, introduction of the weak L—type
donor, acetonitrile, provided a 3'P NMR resonance at
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Figure 1: (a) 2, "H NMR, CgDg, 400 MHz, 298 K. Inset shows the molecular structure of 2 with ellipsoids drawn at 50% probability. Hydrogen atoms
are omitted for clarity; (b) variable-temperature (VT) 3'P{'H} NMR for 3 from 298 to 198 K (THF-Hg, 243 MHz). Broad signals in 'H NMR baseline of 2

attributed to dnppe CHy signals.

Op = 77.4 ppm; this is similar to the model complex,
[Cp*Fe(dnppe)NCCH;3]* (8p = 78.7 ppm) [28], suggesting for-
mation of [{Cp*-C(0)-O-TMS }Fe(dnppe)NCCH3]* (4) and
displacement of the weak R,C=0— Fe interaction (Scheme 2).
During efforts to characterize 4, desilylation occurred, likely
due to the presence of trace amounts of moisture in the THF or
MeCN used, giving 5 (dy = 11.1 ppm) and 0.5 equiv TMS,0
(0yg = 0.07 ppm) [29] (see Supporting Information File 1). By
ESI-MS, 5 displays an [M — H]* signal at m/z = 496.2309
(calcd. m/z = 496.2322 for Cy5HycFeO,P)); a signal for 4 was
not observed, again highlighting the ease by which the -OTMS
group is cleaved.

Like 1, complex 2 also undergoes reduction upon treatment
with excess HBCy,. Multinuclear NMR spectroscopic analysis
supports the formation of several C,-functionalized Cp* com-
pounds, including the bisborylacetal (6—H), vinyloxyborane
(7-H), and ethoxyborane (8—H) complexes where X—H refers to
an {Fe—H} species; these were identified in the crude reaction
mixture based on characteristic NMR signatures (Scheme 3)
and from our previous work independently reacting 1 with

HBCy; [18]. These products arise from successive borane addi-

tions to the CO,-derived C; unit, ultimately leading to the for-
mation of ethoxyborane complex 8—H. Unlike 1, the use of the
{Fe—Cl} precursor 2 further complicates analysis of the product
mixture, possessing several {Fe—Cl}-containing species (X-Cl)
in addition to {Fe—H}-containing complexes 6-H and 8§-H. By
LIFDI-MS of the product mixture, two predominant signals are
seen at m/z = 660.4416 (calcd. 660.4423 for C37H7;OBFeP; for
8-H) and m/z = 694.4025 (calcd. 694.4033 for
C37H79OBCIFeP; for 8-Cl). Consistent with the strong leaving
ability of -OTMS, silylated Cp* complexes were not observed
by crude 'H NMR spectroscopy nor LIFDI-MS. The fate of
—SiMej3 was not determined, however, TMS signals could be
observed between 0.1-0.3 ppm via "H NMR spectroscopy. For-
mation of Me3SiH during the synthesis of 6-H/ClI is possible,
however, it is highly volatile (bp 6.7 °C) [30], and a character-
istic multiplet (dgi_g ~ 4.0 ppm) [31] was not observed by
'H NMR spectroscopy.

Overall, this reductive chemistry provides a route to Cp*
products in which CO; serves as a C1 synthon at a silylated iron
complex, enabling access to reduced ethyl-functionalized deriv-

atives, albeit with lower selectivity for iron hydride products
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(a) previously: known reactivity with HBCys, (ref. [18])
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Scheme 3: Observed reactivity between 1, TMSCI, and HBCy,. Numbers refer to 'H NMR shifts (multiplicity).

when compared to previous results using hydroboration of 1
[18].

Conclusion

In summary, we have demonstrated that a CO,-functionalized
tucked-in iron complex can be stepwise derivatized. Electro-
philic silylation with TMSCI functionalizes the Fe—CO, linkage
to afford a silyl ester. Subsequent chloride abstraction suggests
generation of a cationic complex featuring a weak, fluxional
intramolecular carbonyl O— Fe interaction that is readily dis-
placed by the neutral donor ligand, acetonitrile, highlighting
the hemilabile nature of the tethered ester functionality.
Preliminary hydroboration studies further demonstrate
that the silylated CO, fragment remains susceptible to

downstream desilylation and reduction. Collectively, these
results provide new opportunities for the development of
organometallic strategies that combine CO, activation with
selective Cj—derivatization.

Experimental
General considerations

All experiments were carried out employing standard Schlenk
techniques under an atmosphere of dry nitrogen employing
degassed, dried solvents. Benzene and THF were tested with a
standard purple solution of sodium benzophenone ketyl in tetra-
hydrofuran to confirm effective moisture removal. Acetonitrile
was dried over molecular sieves and degassed by three

freeze—pump—thaw cycles [32]. All other reagents were pur-
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chased from commercial vendors and used without further
purification unless otherwise stated. [(Cp*—CO,)Fe(dnppe)] (1)

was prepared according to literature procedures [17].

Physical methods

All NMR data were recorded with a Bruker AVIII HD
400 MHz, a Bruker Neo 600 MHz, or a Varian INOVA 600
instrument. 'H NMR spectra are reported in parts per million
(ppm) and are referenced to residual solvent, e.g., 'H (CgDg):
8 =7.16; 13C (CgDg): & = 128.06; coupling constants are re-
ported in Hz. 1B, 13C, 295i, and 3!'P NMR spectra were per-
formed as proton-decoupled experiments (unless explicitly
stated otherwise) and are reported in ppm. Selective irradiation
experiments (\H 1D TOCSY) were performed by selective irra-
diating signal of interest using a Bruker Neo 600 MHz instru-
ment. 2D NMR experiments (\H,'H COSY, 'H,!3C HSQC)
were run using standard acquisition parameters on a Bruker Neo
600 MHz instrument. ]H,29Si HSQC was performed with a
Bruker AVIII HD 400 MHz instrument. VT 3'P{'H} NMR was
performed with a Varian INOVA 600 instrument. Mass spec-
trometry was carried out with a Thermo Scientific Orbitrap

Exploris 120 Instrument.

Preparation of compounds
[(n°-Cs5Me4—CH,-C0,Si(CH3)3)Fe(dnppe)Cl] (2;
CygHs5FeO,P,C1Si, MW = 604.6 g/mol): In a glovebox, 1
(23 mg, 0.046 mmol) was dissolved in benzene (2 mL) in a
20 mL scintillation vial. Trimethylsilyl chloride (5.89 uL,
0.046 mmol) was added and the reaction occurred immediately.
The mixture was then washed three times with pentane
(3 x 2 mL) and filtered through Celite® 545. Removal of vola-
tiles in vacuo gave 2 as a purple solid (11.4 mg, 48%)."H NMR
(400 MHz, CgDg, 298 K) 8y 3.49 (s, 2H, n°-CsMey-(CHy)),
2.09 (m, 6H, overlapping CH, signals), 1.94 (s, 6H, n-CsMe-
(u-CH>)), 1.83 (m, 2H, CH;), 1.59 (m, 2H, CH;), 1.45 (s, 6H,
n5—C5Me4—(p—CH2)), 1.30 (m, 10H, CHj signals), 0.99 (t, Jyu =
7.2 Hz, 6H, P-CH,-CH,-CH3) 0.85 (t, Jgg = 7.2 Hz, 6H,
P-CH,-CH,-CH3), 0.22 (s, 9H, Si-(CHz)3); 3'P{'H} NMR
(162 MHz, C¢Dg, 298 K) dp 79.0 ppm; 'H,2°Si NMR HMBC
(400 MHz, Cg¢Dg, 298 K) dgi —24 ppm; '3C{'H} NMR
(101.5 MHz, C¢Dg, 298 K) 8¢ 171.7 (s, CsMey-CH,-CO5), 86.1
(S, C5M64—CH2—C02), 79.9 (s, C5M64—CH2—C02), 79.1 (S,
C5M€4—CH2—C02), 34.6 (S, CHQ), 31.7 (m, CHz), 29.2 (m,
CH,), 23.2 (m, CHy), 19.3 (s, CH,), 18.4 (s, CHj), 16.6 (m,
CHj), 11.5 (s, CH3), 11.2 (s, CH3), —0.24 (s, Si-(CH3)3; FTIR
(ATR, benzene film) v: 1,716 cm™! (C=0); HRMS-LIFDI
(m/z): [M]* caled for CogHs55FeO,P,CISi, 604.2485; found,
604.2474.

[(n°-CsMe4—CH,-CO,Si(CH3)3)Fe(dnppe)][BPhy] (3:
Cs5,H7,FeO,P,SiB, MW = 888.9 g/mol): In a glovebox, com-
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pound 2 (11.4 mg, 0.019 mmol) was dissolved in diethyl ether
in a 20 mL scintillation vial. NaBPhy (6.1 mg, 0.018 mmol,
0.95 equiv) was added and the reaction mixture was stirred for
24 h. Volatiles were removed in vacuo, and the solids washed
with pentane (3 X 2 mL), where the residue was then dissolved
in THF, filtered through Celite® 545, and volatiles removed in
vacuo to afford 3 as a yellow—beige solid (18.3 mg,
>99%). 3'P{!H} NMR (243 MHz, THF-Hg, 298 K)
Op 71.8 ppm (br).

[(n°-CsMe4—CH,—CO,Si(CH3)3)Fe(dnppe)NCCD3][BPhy] (4;
Cs54H78FeNO,P,SiB, MW = 929.9 g/mol): In a glovebox, com-
pound 2 (10.6 mg, 0.018 mmol) was placed in a scintillation
vial and dissolved in THF—dg. NaBPh4 (6 mg, 0.018 mmol) was
then added, followed by the addition of approximately
5 uL of CD3CN, which immediately generated an orange-
colored solution. Upon standing for 12 h, compound 4 slowly
converted to compound 5, in which the TMS group had been
removed to reveal a carboxylic acid. This transformation was
supported by the appearance of a new !H NMR resonance at
Oy 11.1 ppm (RCO,H), together with a new broadened
3Ip NMR resonance at 8p 77.42 ppm, slightly upfield of that
observed for 4 (dp 77.43 ppm). 'H NMR (400 MHz, THF-dg,
298 K) 6y 7.28 (m, 8H, 0-C¢Hs5 BPhy ™), 6.85 (m, 8H, m-CgHs
BPhy), 6.71 (m, 4H, p-CgHs BPhy "), 2.98 (s, 2H, n°-CsMey-
(CH>)), 2.07 (m, 4H, overlapping CH, signals), 1.86 (m, 6H,
overlapping CH, signals), 1.67 (s, 6H, n-CsMe4-(u-CHy)),
1.62 (s, 6H, n°-CsMe4-(u-CHy)), 1.50 (m, 6H, overlapping CH,
signals), 1.23 (m, 4H, overlapping CH; signals), 1.07 (m, 12H,
P-CH,-CH,-CH3), 0.23 (s, 9H, Si-(CH3)3); 3'P{'H} NMR
(162 MHz, THF-dg, 298 K) 6p 77.43 (s, 4), 77.42
(br, 5); ''B{!H} NMR (128 MHz, THF-dg, 298 K) dg
-6.5 ppm; HRMS-ESI(+) (m/z): [M — H]", [5 — H]* calcd for
Cy5Hy6FeO,P,, 496.2322; found, 496.2309; FTIR (ATR, aceto-
nitrile film) v: 2,243 cm™! (C=N).

Reduction chemistry to give 6—H/CI and 8-H/CI: In the
glovebox, complex 2 (8.1 mg, 0.013 mmol) was added to a
20 mL scintillation vial and dissolved in 1 mL of C¢Dg. HBCy,
(11.9 mg, 0.067 mmol) was then added and the reaction mix-
ture was allowed to stir. Upon stirring overnight (12 h), the
solution changed from purple to orange. The product mixture
was dried in vacuo giving several reduced products as a yellow
oil (>95% conversion of 2 based on 3'P{!H} NMR spectrosco-
py). Due to similarity in polarity, these compounds were insepa-
rable. Treatment of the crude reaction mixture with NaBPhy
(4.2 mg, 0.0123 mmol) to possibly remove any {Fe—Cl} impuri-
ties by halide abstraction in Et,O, followed by stirring
overnight, afforded a brown solution. Removal of the solvent in
vacuo, followed by washing of the resulting solid with pentane
(3 x 2 mL) and filtration through Celite® 545, afforded an
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orange—brown solution. Dissolution of this material in C¢Dg
resulted in minor amounts (<2 mg) of mostly two isomers
having Cp*~CH,;CH;0BCy, connectivity, one an Fe-H (6-H),
and the other, an Fe—Cl (6-Cl). 'H NMR (400 MHz, C¢Ds,
298 K, selected signals) 0y 6.18 (t, 3Jy_pg = 5.0 Hz, 1H,
Cp*-CH,CH(OBCy>), 6-H) [18], 5.43 (t, 3Jy_g = 5.0 Hz,
1H, Cp*~CH,CH(OBCy,), 6-Cl), 4.01 (t, 3Jy_y = 7.6 Hz,
2H, Cp*-~CH,CH,0BCy, 8-H) [18], 3.95 (t, 3Jy_y = 7.6 Hz,
2H, Cp*~CH,CH,0BCy, 8-Cl), 3.04 (d, 3Jy_y = 5.0 Hz, 2H,
Cp*~CH,CH(OBCy,), 6-H), 2.89 (d, 3Jy_g = 5.0 Hz,
2H, Cp*—~CH,CH(OBCy>), 6-Cl), 2.78 (t, 3Jy_gz = 7.6 Hz,
2H, Cp*-CH,CH,0OBCy, 8-H), 2.61 (t, 3Jy_g =
7.6 Hz, 2H, Cp*-CH,CH,0OBCy, 8-Cl); 3C{'H} NMR
(101 MHz, CgDs, 298 K, selected signals by 'H,13C HSQC) 5¢
94.42 (Cp*-CH,CH(OBCy;); 6-Cl), 94.06
(Cp*—CH,CH(OBCyj5); 6-H), 65.8 (s; Cp*—~CH,CH,—-OBCy,
8-H), 64.18 (s; Cp*—~CH,CH,0BCy, 8-Cl), 37.99
(Cp*—~CH,CH(OBCy;); 6—Cl), 36.40 (Cp*~CH,CH(OBCy,),
6-H), 31.9 (s, Cp*~CH,CH,0OBCy, 8-H), 29.72 ppm (s,
Cp*—CH,CH,0BCy, 8-Cl); !B (128 MHz, Cg¢Dg, 298 K,
selected signals) dg 45-55 ppm (br; (RO)BCy»); 3'P{!H} NMR
(162 MHz, THF-dg, 298 K) dp 97.8 (d, Jgp = 21.0 Hz, 6-H),
79.0 (s, 6-Cl); HRMS-LIFDI (m/z): [M]* calcd for 8-H,
C37H7BFeOP,, 660.4423; found, 660.4416; [M]" calcd for
8-Cl, C37H7oBCIFeOP,, 694.4033; found, 694.4025;
[M]* calcd for 6-H, C49Hg,B,FeO,P,, 852.6108; found,
852.6102.
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Copper-catalyzed aerobic oxidation of alcohols and aldehydes has become a key transformation for the sustainable synthesis of car-

bonyl compounds, combining high efficiency with the use of molecular oxygen as a benign terminal oxidant. Owing to its earth-

abundance, low cost, low toxicity, and versatile redox properties, copper offers a compelling alternative to traditional noble metal

catalysts and stoichiometric oxidation methods. This review highlights the evolution of copper-catalyzed aerobic oxidation of alco-

hols, emphasizing two distinct mechanistic regimes: nitroxyl radical-mediated systems and nitroxyl-free pathways, in which

copper—ligand complexes directly promote dioxygen activation and substrate oxidation. Methods for conversion of

aldehydes to carboxylic acids were also discussed. Apart from historical overview of the considered protocols, recent advances in

the field were deliberated. Despite significant progress, the development of simpler, mediator-free catalytic systems based on

readily available reagents remains a central challenge and a promising direction for future research.

Introduction

Carbonyl compounds, particularly aldehydes and ketones, are
extremely valued commodities and building blocks in the phar-
maceutical and chemical industries [1-9]. Beyond their use in
traditional thermochemical synthesis, they have also found ap-
plications in modern fields like photochemistry [10] and elec-
trochemistry [11]. These chemicals of higher oxidation state
and importance are most often prepared via oxidation of alco-

hols [12]. Conventional oxidation methods in organic synthesis

often use stoichiometric oxidants such as chromium reagents
[13], permanganates [14], or hypervalent iodine reagents [15],
as well as classical protocols such as Swern [16], Corey—Kim
[17], Parikh—Doering [18] and Pinnick [19] oxidations. While
these traditional approaches have proved historically essential
and remain in use today, they typically generate significant
amounts of waste and are no longer favored due to sustain-

ability issues [20,21]. In the pursuit of greener protocols, strate-
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gies such as catalytic Oppenauer-type [22] and organocatalytic
solvent-free [23] oxidations have also been developed. Never-
theless, systems utilizing abundant first-row transition metals
remain particularly attractive, among which copper plays a
central role. Beyond copper chemistry, significant research
efforts have also been devoted to the development of iron-cata-
lyzed oxidations [24], yielding several robust, sustainable and
widely recognized protocols [25-28].

Copper-catalyzed oxidation reactions offer a compelling and
environmentally benign alternative to traditional methods, espe-
cially when molecular oxygen is employed as the terminal
oxidant [29]. Copper has gained prominence due to its earth-
abundance, low cost, and rich redox chemistry, and thus offers
an appealing option from both economic and environmental
perspectives [29,30]. In addition to these advantages, when
compared to other transition metals, copper exhibits a remark-
ably lower toxicity profile. According to the ICH Q3D (R2)
guidelines on elemental impurities [31], copper features a high
oral permitted daily exposure (3400 ug/day), allowing residual
concentrations of up to 340 ppm in final products, whereas
much stricter limits apply to metals such as gold (32 ppm),
nickel (22 ppm), palladium (10 ppm) and cobalt (5 ppm). Since
traces of toxic metal impurities are often difficult to remove
from the products, this regulatory advantage of copper signifi-
cantly minimizes the costs and complexity associated with post-
synthetic purification in the agrochemical and pharmaceutical

industries.

In recent decades, copper catalysis has evolved considerably,
with the development of ligand-enabled variants that have
opened new avenues for carbon—carbon and carbon-hetero-
atom-bond formation [32-34], as well as a broad range of oxida-

tive transformations [35-37].

Among others, copper-catalyzed oxidation of alcohols to alde-
hydes or ketones, and of aldehydes to carboxylic acids, has been
of central focus over the years [21,29]. These reactions are of
fundamental importance for both laboratory and industrial
chemistry, as they provide straightforward access to valuable
chemicals. While several reviews have addressed related topics,

H20 (H203) 2cu" substrate-H,
oxidase
1/2 03 (Op) + 2 H* 2 cu substrate® + 2 H*

Scheme 1: Oxidase- and oxygenase-like copper-based oxidation reactions.

Beilstein J. Org. Chem. 2026, 22, 1323-1343.

many are now outdated or treat these transformations within
broader contexts [21,29,36,38-43]. To address the lack of a
focused and up-to-date overview specifically dedicated to these
substrate classes, this review will discuss their relevant copper-
catalyzed aerobic oxidation reactions.

The use of oxygen is particularly appealing from a sustain-
ability point of view, as it is inexpensive, readily available, and
produces water as the only stoichiometric by-product in most
instances [44]. These important features have driven extensive
research into natural aerobic pathways and the creation of novel
synthetic methodologies based on them. In all of these pro-
cesses, oxygen functions either as an oxidant reduced to water
(oxidase-like activity), a reactant embedded into the final prod-
uct (oxygenase-like activity), or fulfills both roles simultaneous-
ly. In copper-based oxidations the oxidase catalytic cycle
simply utilizes O, as a two-electron or two-proton acceptor in
the catalytic oxidation of organic molecules. In the reaction,
oxygen atoms are eventually reduced to either H,O or H,0».
Thus the transfer of O atoms to the substrate is not observed. In
the oxygenase catalytic cycle, the oxidation of substrate
involves O transfer from O,, often through a high-valent metal
oxyl intermediate, while the other O atom is reduced to HyO
(Scheme 1) [45,46].

Dioxygen—dicopper complexes have been extensively investi-
gated as key species in copper-mediated oxidation reactions
[47]. Mechanistically, a Cu(I) complex A reacts with O, to
generate a Cupy—0O; species B. The O,-derived unit may adopt
different coordination geometries depending on the ligand envi-
ronment, including end-on (p-1,2-) [48,49] or side-on (p—n2:n2)
[50,51]. Although several Cu/O, species can be formed during
dioxygen activation by copper, and some of them can intercon-
vert [52-54], two of the most well-studied Cu,-O, complexes,
bearing trans-1,2-peroxo or (u-n2:n2-peroxo)dicopper cores,
have been proposed as reactive intermediates that promote sub-
strate oxidation (Scheme 2).

This review encompasses the important historical background
and development of Cu-catalyzed aerobic oxidation of alcohols
and aldehydes, as well as the most recent reports on the topic. It

i PON
\ Cul ' _Cu
| H,0 (0] substrate
I
: oxygenase
I
I
|
+ _
' Op+2H"+2e Cu”/o\Cu” substrate-O
I
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reactivity reported for species of this type:
C-H hydroxylation oxidation of benzaldehydes
L Cu-0 c—- of phenolates to benzoic acids
n \
O-CulL, | o HO. _O
ONa OH I -
end-on X
(trans-1,2-peroxo) OH
/ mode — \ —
I
0O, |
CulL, —= [CuL,]-0, or R R | R
A B \ ref. [49]
L Cu/Q\CuL species of this type were reported to
0" n hydroxylate THF and oxidize various alcohols:
side-on s : OH
rtperne) = | (O 5 R RS
mode 1 R” R R™ "R!
|
ref. [51]

Scheme 2: Formation and coordination modes (end-on vs side-on) of dioxygen—dicopper complexes and their synthetic applications in oxidation reac-

tions.

also puts emphasis on the mechanistic details behind these pro-
cesses. Cu-catalyzed aerobic oxidation reactions can be broadly
categorized into two mechanistically distinct classes. The first
type involves nitroxyl-radical-mediated systems, where a redox-
active organic co-catalyst operates in synergy with copper to
enable efficient oxidation. The second includes nitroxyl-radical-
free systems, in which copper-ligand complexes mediate both
substrate activation and dioxygen turnover in the absence of an
external redox mediator. Despite sharing common catalytic ele-
ments, these two approaches differ in their operative mecha-

nisms and catalytic roles of the individual components.

Review
Copper-catalyzed aerobic oxidation of

alcohols to aldehydes and ketones

Nitroxyl radical-mediated Cu-catalyzed aerobic
alcohol oxidation

The most widely used methods for aerobic alcohol oxidation
rely on redox-active nitroxyl radicals in combination with Cu
catalysts [42,46,55-57]. These radicals, especially when used
together with the appropriate copper salt, have proven to be
highly effective in selective and high-yielding aerobic alcohol

oxidation reactions.

In 1984, Semmelhack et al. reported the first practical Cu-cata-
lyzed aerobic oxidation of alcohols to aldehydes [58], using Cu
in combination with the stable 2,2,6,6-tetramethyl-1-piperidine-

N-oxyl radical (TEMPO) in DMF as a solvent at room tempera-
ture (Scheme 3). Although this system operated without a
ligand and generally achieved excellent yields of around 90%
with no over-oxidation to acids, it was efficient only for prima-

ry activated (benzylic and allylic) alcohols.

CuCl (1-10 mol %)
TEMPO (1-10 mol %)

I
1
I
R” O OH R o' / ry \
0O,, DMF, 25 °C, 1-24 h : Oe
' TEMPO
selected examples:
= ~0 o
94% 96% 85%
AN
NN X
~o
93% 92% 92%

Scheme 3: The first practical Cu-catalyzed aerobic oxidation of alco-
hols employing TEMPO.

While the pioneering work by Semmelhack and co-workers
originally identified TEMPO as the alcohol oxidant, with CuCl
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merely serving as a co-catalyst that drives TEMPO recycling,
follow-up mechanistic investigations by Sheldon et al. [59]
fundamentally revised this picture. Their findings revealed that
Cu actually functions as the direct, substrate-selective redox
catalyst, whereas TEMPO serves as the mediator responsible
for regenerating the active copper species (as illustrated in
Scheme 4).

As shown in the proposed catalytic pathway (Scheme 4), the
initial step involves the interaction of copper(I) species A with
TEMPO to yield the corresponding intermediate B. Subsequent
reaction of B with the alcohol substrate generates copper(Il)
alkoxide complex C alongside TEMPOH (the reduced form of
TEMPO). Complex C then reacts with another equivalent of
TEMPO, furnishing the carbonyl product, an additional mole-
cule of TEMPOH, and regenerating the copper(l) catalyst A. To
close the cycle, the formed TEMPOH is re-oxidized to TEMPO
in the presence of molecular oxygen (Scheme 4) [59,60].

Furthermore, Sheldon and co-workers demonstrated that the
combination of CuBr, and TEMPO, together with 2,2'-bipyri-
dine (bpy) as a ligand, efficiently promotes the oxidation of pri-
mary alcohols to aldehydes without over-oxidation to acids
[61]. A major feature of this remarkably mild protocol is its

Cu'

= :

OH

TEMPOH

Beilstein J. Org. Chem. 2026, 22, 1323-1343.

ability to deliver excellent conversions under ambient air (rather
than pure oxygen) at room temperature. The method also exhib-
ited excellent chemoselectivity as only primary alcohols were
converted, in contrast to secondary alcohols’ lack of reactivity
(Scheme 5).

The complete lack of reactivity observed for secondary alco-
hols was attributed to sterics [61]. The presence of an addition-
al R’ group in the secondary alcohols impairs the formation of
species A, whereas its absence in primary alcohols allows for
the stabilizing effect of the second f-hydrogen which facilitates
the formation of radical species B (Figure 1).

In 2007, the group of Sekar [62] reported a method that utilizes
CuCl, TEMPO, and 1,4-diazabicyclo[2.2.2]octane (DABCO),
all in 5 mol %. The latter is suggested by the authors to serve a
twofold purpose: deprotonating the alcohol’s hydroxy group as
a base and coordinating to CuCl as an N-donor ligand. Using
nitromethane as a solvent under an oxygen atmosphere, various
primary activated alcohols were smoothly transformed into the
corresponding aldehydes at ambient conditions. Secondary
alcohols, however, were found to be more challenging,
requiring a high temperature (100 °C in toluene) and prolonged
reaction time (Scheme 6). In addition, the catalytic system was

TEMPO
lCu-0-N
H,0O
B
1/2 O,

R1

)—OH
R2

Scheme 4: Revisited mechanism of the Cu/TEMPO-catalyzed aerobic oxidation of alcohols by Sheldon et al. [59].
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CuBr5 (5 mol %), bpy (5 mol %)
TEMPO (5 mol %), +-BuOK (5 mol %)

I

:

I
R™OH R Yo 1+ N\

:

I

I

A~ 7N
. N N
MeCN/H,0 2:1
air, 25°C, 1.5-24 h bpy
selected examples:
OH
©/\ 7NN 0N S OH
100% conv. 95% conv. 91% conv.
W T
X X OH \/\/\)\
OH
100% conv. 0% conv. 0% conv.

Scheme 5: CuBro/bpy/TEMPO-catalyzed oxidation of primary alcohols to aldehydes under air.

proven insufficient for oxidizing aliphatic alcohols with satis-

m m factory efficiency.

- ,\\/ )@ 0" ON In 2011, an extensive study conducted by Hoover and Stahl

RR' H \’\;_O R/-kH" H discovered a new copper-based catalytic system (Cu/bpy/
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Figure 1: Possible explanation for the lack of reactivity of secondary phatic substrates, and exquisite selectivity for primary alcohols

alcohols proposed by Sheldon et al. [61]. .
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Scheme 6: The CuCI/DABCO/TEMPO system for the aerobic oxidation of activated alcohols.
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achieved the selective oxidation of diols without the need of
protecting groups (Scheme 7).

The insights from the method developed by Hoover and Stahl in
2011 [63] established a basis for overcoming the major limita-
tion of the protocol, namely the non-reactivity of secondary
alcohols. Although this method enables a highly chemoselec-
tive oxidation of primary alcohols over unprotected secondary
ones, it comes at the expense of a narrower reaction scope. To
overcome the limitations of their initial Cu/TEMPO system, in
2013, Steves and Stahl introduced a complementary catalytic
system that employs the less sterically demanding nitroxyl
radical 9-azabicyclo[3.3.1]nonane N-oxyl (ABNO) [64]. This
refined approach exhibited exceptional catalytic activity across
a broad range of substrates, smoothly converting primary as
well as secondary alcohols, including benzylic, allylic, and ali-
phatic derivatives (Scheme 8). It is worth mentioning that al-
though Stahl’s TEMPO- and ABNO-based catalytic systems are
comprised of several components, it was later discovered that
their acetonitrile solutions offer long-term stability (=1 year)

when refrigerated and can be used directly in reactions, thereby

Beilstein J. Org. Chem. 2026, 22, 1323-1343.

improving operational simplicity of the protocols. In addition,

these solutions have been made commercially available [65].

While the protocol reported by Stahl and Steves [64] was tested
on several amino-functionalized molecules, in 2014, the group
of Iwabuchi [66] disclosed a Cu/AZADO system (AZADO =
2-azaadamantane N-oxyl) for the oxidation of a broader spec-
trum of amino alcohols (Scheme 9). The authors found that the
AZADO radical was superior to TEMPO and ABNO, and with
AZADO loadings of 1-5 mol % a series of primary and second-
ary alcohols bearing either protected or unprotected amine func-
tionalities were oxidized in good to excellent yields. Moreover,
the method was further applied to the synthesis of the natural

product (—)-mesembrine (Scheme 9).

The group of Iwabuchi later extended the substrate scope of
their catalytic system to oxidatively labile thioether-containing
alcohols, including dithianes and sulfides [67]. Under opti-
mized conditions, the chemoselective synthesis of the corre-
sponding carbonyl products was achieved in good to high yields

with preservation of the thioether groups (Scheme 10).
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Scheme 7: The Cu/bpy/TEMPO/NMI system for the chemoselective aerobic oxidation of primary alcohols.
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Scheme 9: The Cu/AZADO catalytic system for the aerobic oxidation of amino alcohols.
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Scheme 10: The Cu/AZADO catalytic system for the aerobic oxidation of sulfur-containing alcohols.

The success of the described above nitroxyl-mediated oxidation
relies on the presence of both ligand and a base. The need of ad-
ditional base comes from the understanding that it assists the
catalytic cycle through deprotonation of the alcohol, thus
enhancing the substrate coordination to the Cu center. More-
over, it stabilizes the reactive catalytic species and accelerates
molecular oxygen activation [40,41,68]. In an attempt to elimi-
nate the need of external base, new catalytic systems have
emerged in recent years.

For instance, TEMPO was successfully employed as a co-cata-
lyst in a combination with Cu(OAc),/BPYDCDE complex
(BPYDCDE = [2,2']bipyridinyl-5,5'-dicarboxylic acid diethyl
ester) for the oxidation of both primary and secondary activated
alcohols in the absence of exogenous base [69]. In all cases full
conversions and analytical yields of >99% were achieved
(based on GC analysis using n-decane as an internal standard),
when the reactions were conducted under air at 30 °C in MeCN
(Scheme 11).

I
! ~0 0.
' c\/ 0
Cu(BPYDCE)(OAc); (2 mol %) ! O—c,—0
OH TEMPO (10 mol %) 0 o NN o/
< Hw OO
air, MeCN, 30 °C, 2-5 h — _
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—0
@O (j/\AO o) /O @\g
HO E/)_/ N
H
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Xr Yo O
=

CF;

F3CCF3

CF3

GC yields of >99% in all cases

Scheme 11: Cu(BPYDCE)(OAc),/TEMPO-catalyzed external base-free aerobic oxidation of alcohols.
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In 2022, the group of Repo [70] reported a base-free system
comprised of the pre-catalyst Cul and 2,2'-dipyridylamine
(DPA) acting as a ligand, along with TEMPO, that oxidizes pri-
mary aliphatic and benzylic alcohols at room temperature under
air with nearly quantitative yields (Scheme 12). The authors
also demonstrated the stability and applicability of their catalyt-
ic system under aqueous conditions.

In 2025, the same group reported a modified version, adapted
for the oxidation of secondary alcohols [71]. By substituting
TEMPO with ABNO, the authors expanded the substrate scope
while employing the same DPA ligand (Scheme 13).

Zhai and Ma demonstrated that a Cu-catalyzed base- and
ligand-free aerobic method can successfully oxidize a wide
scope of allylic, propargylic, and benzylic alcohols, as well as
allenols [72]. The process utilizes the cheap Cu(NOj3),-3H,0
salt coupled with TEMPO. Moreover, the authors showed the
possibility of substituting TEMPO with the much cheaper
4-hydroxy-TEMPO (4-OH-TEMPO) while maintaining compa-

rable outcome (Scheme 14).

Nitroxyl radical-free Cu-catalyzed aerobic alcohol
oxidation

Early reports on nitroxyl radical-free Cu-mediated aerobic
alcohol oxidation reactions focused on simple homogeneous
complexes with nitrogenous ligands, such as pyridine, 2,2'-
bipyridine, and 1,10-phenanthroline. These organic ligands
primarily function as electron donors that stabilize various
metal oxidation states while creating a steric environment at the

Beilstein J. Org. Chem. 2026, 22, 1323-1343.
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Scheme 13: Cu/DPA/ABNO base-free system for the oxidation of sec-
ondary alcohols.

metal center and thereby enhancing catalytic activity and selec-
tivity. However, these early methods suffered from limited sub-
strate scope since only activated benzylic and allylic alcohols
could provide the corresponding aldehydes or ketones with
satisfactory efficiency, whereas aliphatic alcohols proved
incompatible. In several instances they were unreactive or
underwent side reactions such as competing C—C-bond cleavage
or over-oxidation to carboxylic acids [73-76]. Despite the
common drawbacks, these preceding works have paved the way

1
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Scheme 12: Cu/DPA/TEMPO base-free system for the oxidation of primary alcohols.
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Scheme 14: Base- and ligand-free Cu-catalyzed aerobic oxidation of alcohols.

for more in-depth research in the field and later catalytic aerobic
oxidations based on copper that do not rely on nitroxyl radicals
have emerged. These protocols have brought improvements in

terms of substrate scope, selectivity, and conversion.

Marko and co-workers pioneered much of the copper-catalyst
development between the end of the 20th and the beginning of
the 21st century. In their initial report in 1996, a combination of
CuCl, 1,10-phenanthroline, and di-tert-butyl azodicarboxylate
(DBAD) or di-fert-butyl hydrazodicarboxylate (DBADH;),
allowed the oxidation of alcohols with great functional group
tolerance [77]. The method was applicable to a wide range of
primary, secondary, allylic, and benzylic alcohols which were
smoothly oxidized to the corresponding aldehydes or ketones

with yields ranging from 71 to 97% (Scheme 15).

However, this system required the presence of 2 equivalents of
a base (K»,CO3) and was not consistent for the oxidation of pri-
mary aliphatic alcohols. To address this limitation, the same
group [78] later improved the previously established protocol.
They have found that a change of the solvent from toluene to
fluorobenzene allowed the use of a catalytic amount of base
(z-BuOK in 5 mol %). The addition of N-methylimidazole
(7 mol %) further boosted the efficiency of the system ensuring
high conversion of various primary aliphatic alcohols
(Scheme 16).

The mechanism of the reaction proposed by Marko et al. is
shown in Scheme 17A. The catalytic cycle initiates via a ligand
exchange between Cu(I) phenanthroline hydroxide complex A
and the alcohol substrate to yield the corresponding alkoxy
species B. Subsequent alcohol oxidation to the target carbonyl
compound proceeds concomitantly with diazodicarboxylate
reduction to a hydrazide complex, followed by aldehyde disso-
ciation that yields Cu(I) complex C. Aerobic oxidation of C
then generates Cu(Il) p-peroxo species D. Finally, a homolytic
peroxide bond (O-O) cleavage, which occurs with reduction of
the copper center and oxidation of the hydrazide, restores the
active Cu(I) catalyst A (Scheme 17A) [29,77,79]. Almost
20 years later, McCann and Stahl [80] conducted a detailed
mechanistic study and further elucidated the mechanism which
was initially proposed by Marko et al. [79]. They revealed that
the reaction is driven by two interconnected catalytic cycles
operating in succession. It begins with a rapid Cu/DBAD-medi-
ated step where DBAD acts as the oxidant, followed by a
slower, rate-limiting Cu-only pathway (Scheme 17B).

A method, initially described as nitroxyl radical-free, for
Cu-catalyzed aerobic oxidation of alcohols was published by
the groups of Arndtsen and Lumb in 2015 [81]. The approach
utilizes [Cu(MeCN)4]PFg, N,N’-di-tert-butylethylenediamine
(DBED) as a ligand and 4-dimethylaminopyridine (DMAP) as a

base. A variety of activated as well as non-activated substrates

1332



Beilstein J. Org. Chem. 2026, 22, 1323-1343.

i
1
R QLI
CuCl (5 mol %), phen (5 mol %) | o
DBAD or DBADH (5 mol %) ! DBAD
OH K,COj3 (2 equi o '
2CO3 (2 equiv)
e S 19
Oy, toluene, 80-90 °C, 1-2 h R®RT 0 Ny hg
! X 0] H
1
' DBADH,
selected examples:
e DA D
s N Z
92% 81% 89%
NN (0] O
~o
oy e
|
71% 84% 97%

Scheme 15: Oxidation of alcohols catalyzed by Cu/phen/DBADH,.
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Scheme 16: Improved protocol for primary aliphatic alcohol oxidation
by Marko et al. [78].

were well tolerated. The authors proved that the developed Cu/
DBED-catalyzed oxidation offers important complementary
selectivity to TEMPO-based systems, and favors the oxidation
of activated secondary over primary alcohols (Scheme 18).

Two years later, however, a mechanistic study performed by the
groups of Arndtsen and Stahl [82] challenged the initial claim

that the method proceeds in the absence of nitroxyl radicals.

The authors proved such species can, in fact, be generated in
situ under the reaction conditions. Influenced by the Cu cata-
lyst and oxygen atmosphere, the ligand, DBED, undergoes
N-hydroxylation leading to the formation of a nitroxyl-type
species (Scheme 19) which subsequently acts as a hydrogen
atom abstractor — a role analogous to that of TEMPO in related
oxidation systems.

Jiang et al. reported a mild Cu/NHC-catalyzed (NHC =
N-heterocyclic carbene) aerobic oxidation of benzylic and
heteroaromatic alcohols [83]. The method utilizes the commer-
cially available NHC complex (SIPr)CuCl. In the presence of
molecular sieves both primary and secondary alcohols were
converted to the corresponding carbonyl products with high iso-
lated yields (Scheme 20). However, beyond the requirement of
two equivalents of a base (KOH), a major drawback of this
protocol is its failure to oxidize aliphatic substrates. Despite
these disadvantages, the authors highlighted the practicality of
the protocol and achieved the synthesis of valuable imines and

amines in a cascade one-pot fashion.

Z. Zhang and F. Zhang et al. introduced another nitroxyl
radical-free approach for alcohol oxidation [84]. Their method
implements a Cu catalyst featuring a redox-active ligand under
an atmosphere of oxygen, without the need for a base additive.
As shown in Scheme 21, a range of primary, secondary, aromat-

ic, and aliphatic alcohols were smoothly oxidized at ambient
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Scheme 17: Mechanism of the Cu/DBAD-catalyzed oxidation: A) initial proposal by Marko et al.; B) further elucidation by McCann and Stahl.

temperature in hexafluoroisopropanol (HFIP). The Cu catalyst,
however, is not an off-the-shelf material and must be prepared
ex situ via a two-step procedure prior to the catalytic reaction.
Despite this drawback, the authors successfully adapted the
protocol to continuous-flow conditions, which significantly en-
hanced the reaction rate and reduced the reaction duration from

24 hours (for the batch conditions) to just 40 min.

The utility and scalability of Cu-catalyzed aerobic oxidations
have also attracted interest for pilot- and industrial-scale appli-
cations. Demonstrations of such protocols include process-
intensified setups [85,86], as well as patented upscale methodol-
ogies for oxidations of primary and secondary alcohols [87,88].
Furthermore, the value of copper-catalyzed aerobic oxidation is
increasingly amplified by the growing availability of biosourced
alcohols derived from renewable biomass. Converting bio-
derived chemicals such as 5-hydroxymethylfurfural [8§9-91] and

various a-ketoalcohols [92,93] into high-value products under

mild Cu-catalyzed conditions represents a key pillar of sustain-
able organic synthesis.

Copper-catalyzed aerobic oxidation of
aldehydes to carboxylic acids

Copper-catalyzed aerobic oxidation has been further developed
to promote not only the oxidation of alcohols to aldehydes but
also the conversion of the latter into the corresponding
carboxylic acids. While many catalytic systems are designed to
achieve selective oxidation of alcohols and typically stop at the
aldehyde stage, a number of methodologies have been reported
that enable complete oxidation. The vast majority of existing
protocols require the presence of water in the reaction mixture
to establish an equilibrium between the aldehyde and its corre-
sponding hydrate (gem-diol), as the latter serves as the actual
intermediate undergoing oxidation to the desired acid. In such
systems, aldehydes can be efficiently transformed into the

corresponding carboxylic acids, and in certain cases, alcohols
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Scheme 18: TEMPO-free Cu-catalyzed aerobic oxidation of alcohols reported by Arndtsen and Lumb [81].
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Scheme 19: In situ generation of N-oxyl radicals from DBED.

can be directly converted into acids in a one-pot fashion
(Scheme 22) [94], which is particularly attractive from both the
synthetic and the green chemistry standpoint.

Over the past decades, significant efforts have been directed
toward the development of transition-metal-catalyzed aerobic
oxidation of aldehydes to carboxylic acids, with early method-
ologies largely based on noble metal catalysts, e.g., palladium
(Pd) [95], platinum (Pt) [95], gold (Au) [96], silver (Ag) [97],
etc. Nonetheless, the cost and scarcity of precious metals limit
their practicality. Therefore, exploring earth-abundant metals,

such as Cu, is of significant importance.

meNk

O
[Cu], O, \

H

In 2016, the first example of homogeneous copper-catalyzed
aerobic oxidation of aldehydes was presented [98]. The method
utilizes a Cu/NHC system, namely [Cu(acac),]/SIMesCuCl,
under atmospheric oxygen. The reported reaction proceeds
under mild aqueous conditions, and covers a wide range of
functionalized aldehydes (Scheme 23). Another advantage of
this approach is that chromatography is generally not
necessary for product purification. However, stoichiometric
amount of a base (NaOH) is required. Identified by the
authors as a catalytic Fehling’s reaction, the proposed mecha-
nism (depicted in Scheme 23) begins with the hydroxide-medi-
ated conversion of NHC complex SIMesCuCl (A) into the
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Scheme 21: Base- and nitroxyl radical-free Cu-catalyzed aerobic oxidation of alcohols under continuous-flow conditions.

OH

Scheme 22: Carboxylic acids as products of aldehyde and alcohol
oxidations — general mechanism.

active SIMesCuOH (B). Aldehyde coordination to B generates
C, which is attacked by a hydroxide ion to yield intermediate D.
Subsequent B-hydride elimination affords the hydride E. Reac-
tion of E with molecular oxygen affords hydroperoxide F,
which coordinates a second aldehyde to form G. Attack of the
hydroperoxide in G produces intermediate H, which undergoes
hydride abstraction to form I. An intramolecular hydride-medi-
ated peroxide reduction within I furnishes the carboxylate com-
plex J. The catalytic cycle closes upon hydroxide substitution of

the carboxylate, releasing the product and regenerating B [98].
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In 2022, a similar to the NHC-based copper catalysts, namely
cyclic (alkyl)(amino)carbene copper chloride ((CAAC)CuCl)
was reported to promote the aerobic oxidation of aldehydes

(Scheme 24) [99]. The method operates at room temperature in

Beilstein J. Org. Chem. 2026, 22, 1323-1343.

water and uses only a catalytic amount of an additive (1 mol %
of KPFg) which is necessary for the release of the active cation
A. The authors’ mechanistic proposal is shown in Scheme 24.

Upon generation of A, activation of molecular oxygen produces
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Scheme 24: (CAAC)CuCl-catalyzed aerobic oxidation of aldehydes.
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species B, which then abstracts the aldehyde’s formyl hydrogen
atom to form radical species C and D. In the presence of O,, an
acyl peroxy radical E is generated, which in turn re-abstracts
the hydrogen of species D yielding peroxy acid F, and the cycle
closes with the regeneration of species B. Due to the unstable
nature of F under aqueous conditions, the final carboxylic acid
product is formed [99].

The above-mentioned methods, however, share a major draw-
back — the catalyst (a complex between a copper salt and a
carbene ligand) must be prepared ex situ in advance, which
complicates the overall synthetic procedure by requiring addi-
tional preparation steps prior to the catalytic reaction.

The most recent report on aerobic Cu-catalyzed oxidation of
aldehydes, published in 2025 by the group of Ma, overcomes
these disadvantages by offering an operationally simple ligand-
free procedure that utilizes a cheap and readily available salt,
namely Cu(NOj3);-3H,0, in combination with TEMPO as a
co-catalyst [100]. The transformation proceeds under mild
conditions in 1,2-dichloroethane (DCE) and tolerates an array

of functional groups. Moreover, the approach was proved selec-

Beilstein J. Org. Chem. 2026, 22, 1323-1343.

tive towards different aldehyde functionalities, and its utility
was showcased in the transformation of structurally complex

steroid molecules (Scheme 25).

The group of Ma also reported an approach in which primary
alcohols were efficiently and directly oxidized to acids employ-
ing catalytic amounts of Cu(NO3),-3H,0, TEMPO, and KHSO,
under O, [101]. Alcohols containing aliphatic, benzylic,
alkynyl, amino, as well as sterically demanding groups were
readily oxidized in high isolated yields. In addition, starting
from chiral alcohol precursors the synthesis of important
amino acids and drugs was achieved without racemization
(Scheme 26).

A mechanistic study showed that both bisulfate (KHSO4)
and water are essential for the reaction. The former facilitates
the alcohol oxidation, whereas water ensures the hydration
of the intermediate aldehyde, consequently accelerating the
overall reaction [102]. The mechanism proposed by the
group of Ma for the direct transformation of primary alcohols
into acids is depicted in Scheme 27. First, intermediate A is
formed from TEMPO and Cu(NO3),, which then undergoes a

Cu(NO3),-3H,0 (10 mol %)

TEMPO (10 mol %)

0
N

OH

Oy, DCE, 1t, 7-42 h

selected examples:

>LO)OJ\N OH
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O
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application of the method to structurally complex steroids
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Scheme 25: Cu(NO3)o-3H,O/TEMPO-catalyzed selective oxidation of aldehydes.
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Scheme 26: Cu(NO3),-3H>,0/TEMPO/KHSO4-catalyzed direct oxidation of alcohols to carboxylic acids.
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ligand exchange with the alcohol substrate to generate B.
Hydrogen-atom abstraction through the cyclic transition
state TS1 yields TEMPOH, Cu*, and aldehyde C. Oxidation of
TEMPOH by Cu2* regenerates TEMPO, whereas Cu2* is
restored by oxidation of Cu™ with NO,. Protonation of
aldehyde C affords intermediate D, which is then hydrated to
E. Finally, oxidation of gem-diol E via the same catalytic path-
way as for the alcohol furnishes the carboxylic acid product
[102].

Summary and Outlook

Copper-catalyzed aerobic oxidation of alcohols and aldehydes
represents a highly valuable transformation in modern synthetic
chemistry. A defining advantage of these reactions is the use of
molecular oxygen as the terminal oxidant, offering excellent
atom economy, low cost, and reduced environmental impact

compared to traditional stoichiometric oxidants.

The success of these methodologies is closely linked to the
accessibility and versatility of copper. Copper, as an earth-abun-
dant transition metal, provides a sustainable alternative to noble
metals while maintaining rich and tunable redox behavior. Its
ability to operate within diverse catalytic systems, including
those involving organic co-catalysts or ligand-assisted path-
ways, underpins the broad applicability of aerobic oxidation

chemistry.

In the context of green chemistry, copper-catalyzed aerobic oxi-
dation aligns well with key principles such as the use of benign
oxidants, waste minimization, and the avoidance of toxic or
precious metals, particularly when implemented under opera-

tionally simple conditions.

Despite the considerable progress achieved in this field, impor-
tant challenges remain. Many of the reported systems rely on
the presence of additional components such as nitroxyl media-
tors, tailored ligands, or basic additives, which can complicate
reaction design and limit practical applicability. Recent
advances, however, suggest that simpler catalytic systems,
potentially operating in the absence of external mediators,
ligands, and/or base additives, are within reach. These emerging
examples underscore the need for continued efforts in catalyst
discovery, systematic screening, and mechanistic investigation

within the synthetic community.

Furthermore, the development of methodologies based on
readily available, off-the-shelf reagents and catalysts should be
considered a priority. In many practical settings, such systems
are strongly preferred over in-house synthesized complexes, as
they enhance the operational simplicity, reproducibility, and

broader accessibility of the protocols. Progress along these lines

Beilstein J. Org. Chem. 2026, 22, 1323-1343.

is expected to further consolidate copper-catalyzed aerobic oxi-
dation as a cornerstone transformation in sustainable organic

synthesis.
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