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Diketones Enables Wolff Rearrangement and Staudinger Synthesis of
b-Lactams
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Abstract: A novel visible-light-driven catalytic activation of
C=O bonds by exploiting the photoredox chemistry of 1,3,2-
dioxaphospholes, readily accessible from a-diketones and
trialkyl phosphites, is reported. This mild and environmentally
friendly strategy provides an unprecedented and efficient
access to the Wolff rearrangement reaction which traditionally
entails a-diazoketones as precursors. The resulting ketenes
could be precisely trapped by alcohols/thiols to give a-aryl
(thio)acetates and by imines to afford the valuable b-lactams in
up to 99% yields.

Chemoselective deoxgenation of carbon–oxygen bonds
represents one of the fundamental transformations in organic
chemistry.[1] In particular, the reductive deoxygenation of
ketones has attracted increasing attention of researchers
owing to its wide application in the synthesis of bioactive
natural products[2] and in processes for the transformation of
petroleum and biomass feedstocks.[1, 3] However, the direct
activation of C=O bonds is particularly difficult due to their
strong bond strength and high redox potentials. Modern
hydrodeoxygenation transformations both in the laboratory
and on industrial scales are still highly dependent on the
classical Clemmensen (Zn/Hg, HCl)[4] and Wolff–Kishner
methods,[5] demanding fierce conditions which lead to func-
tional group compatibility problems.

Visible-light-driven photoredox catalysis is a powerful
tool revitalized in recent years for the activation of covalent
bonds, featuring intrinsic mildness and unparalleled reactivity
that is usually difficult or impossible to access by other
means.[6] Direct photoredox cleavage of C�O single bonds has
already been realized by exploring the b-fission chemistry of
phosphoranyl radicals.[7] In 2018, the Zhu group reported

a novel activation platform for C�O bonds of carboxylic acids,
yielding a green procedure for the synthesis of ketones
directly from the abundant acids and alkenes (Scheme 1a).[7c]

Doyle and co-workers disclosed their work for the photo-
catalytic hydrodeoxygenation of not only carboxylic acids but
also alcohols adopting essentially the same strategy.[7d] How-
ever, to the best of our knowledge, the direct deoxygenation
of C=O bonds has never been achieved with photoredox
catalysis.

Our group has a lasting interest in developing innovative
photocatalytic methodologies, among which we paid special
attention to the transformations of ketones.[8] By drawing
inspiration from the phosphine-mediated C�O bond activa-
tion strategy, we imagined that photoredox-catalyzed frag-
mentation of 1,3,2-dioxaphospholes, the penta-coordinated
oxyphosphoranes readily accessible from the reaction of a-
diketones with phosphites,[9] would be a possible way of direct
reductive deoxygenation of ketones (Scheme 1b). We present
herein our work along this line, which yielded a photoredox
catalytic manifold for the direct synthesis of ketenes from
activated ketones via formal Wolff rearrangement.[10] The
strategy was further adapted for the direct preparation of b-
lactams[11] (Staudinger reaction),[12] important core structures
of antibiotic drugs and natural bioactive molecules.[13]

We began our investigation with benzil and triethyl
phosphite as the model substrate and the deoxygenation
reagent, respectively. With the irradiation of a 3 W blue LED
(450 nm) and the catalysis of a dicyanopyrazine derived
chromophore (DPZ) photosensitizer,[8, 14] benzil underwent
swift deoxygenation and Wolff rearrangement, affording
a ketene intermediate which was trapped by ethanol
(Table 1). Under optimized conditions, a,a-diphenylacetate
2a was obtained in excellent yield (90 %, entry 6). When polar
solvents such as THF or DMF were used, the yields dropped

Scheme 1. Photocatalytic C�O bond activation.
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dramatically (entries 2 and 3). Other transition-metal or
organic photosensitizers turned out to be less effective, even
with a tenfold increase of the catalyst loading (entries 9–12).
It is noteworthy that when the reaction was performed in the
absence of photocatalyst or in the dark, 2a could not be
observed, thus underlining a photocatalyzed transformation.

With the optimal reaction conditions in hand, we explored
the substrate scope for this Wolff rearrangement-enabled
synthesis of 2-aryl acetates. As can be seen from Table 2, this
method could be readily applied to the preparation of
different alkyl esters by using the corresponding alcohols
(2a–2d). Thioester 2e could be obtained in even better yield

(95 %) possibly due to the added nucleophilicity of ethane-
thiol. Both electron-donating (2 f–2h, 2 l, 2m, 2w, 2x) and
electron-withdrawing (2 i–2k, 2n–2s, 2u, 2v) substituents on
the phenyl rings could be well tolerated regardless of whether
the ketone substrates are symmetrical or not. Electron-
donating groups promoted Wolff rearrangement efficiently,
while substrates with electron-withdrawing groups on the
phenyl ring usually gave slightly lower yields, reflecting their
different substituent effect on the migratory aptitude of the
phenyl ring. When two phenyl groups of benzil were replaced
by 2-naphthyl, reaction also worked effectively, furnishing
product 2t [U1] in 50% yield. Less successful or failed
substrates for this transformation afforded a substantial
amount of a-alkoxy ketones and a-benzyl ketones, originat-
ing from the O�H bond insertion and H abstraction of the
carbene intermediates, respectively, as has already been well
documented.[10]

The Staudinger synthesis of b-lactams[11] from ketenes by
[2+2] cycloaddition with imines represents one of the most
practical strategies to date. To our delight, under slightly
modified conditions, our phosphite-mediated generation of
ketenes could be efficiently merged with the Staudinger
reaction (Table 3). When N-phenyl imine 3, instead of
alcohol, was added to the stirred solution of benzil and
triethyl phosphite, the cycloaddition product b-lactam 4a was

Table 1: Optimization of the reaction conditions.[a]

Entry Photocatalyst [x mol%] Solvent Yield [%][b]

1 DPZ [0.1 mol%] toluene 22
2 DPZ [0.1 mol%] THF 15
3 DPZ [0.1 mol%] DMF N.D.
4 DPZ [0.1 mol%] MeCN 70
5 DPZ [0.1 mol%] DCE 53
6[c] DPZ [0.1 mol%] DCE 90
7[d] DPZ [0.1 mol%] DCE N.D.
8 – DCE N.D.
9 [Ru(bpy)3][PF6]2 [1.0 mol%] DCE 34
10 [Ir(dtbbpy)(ppy)2][PF6] [1.0 mol%] DCE 38
11 Methylene Blue [1.0 mol%] DCE 12
12 Eosin Y [1.0 mol%] DCE 5

[a] Reaction conditions: benzil 1a (0.1 mmol), P(OEt)3 (0.2 mmol),
EtOH (0.2 mmol), DPZ (0.1 mol%), solvent (1.0 mL), under argon
protection, 3 W blue LED, 24 h, rt. [b] Determined by crude NMR with
mesitylene as the internal standard. [c] Reaction time was extended to
48 h. [d] In the dark. DCE = dichloroethane. DMF=N,N-dimethylfor-
mamide. N.D.= not detected.

Table 2: Substrate scope for the synthesis of 2-aryl (thio)acetates.[a]

[a] Reaction conditions: a-diketone 1 (0.1 mmol), ROH (0.2 mmol),
P(OEt)3 (0.2 mmol), DPZ (0.1 mol%), DCE (1.0 mL), degassed with
argon by three freeze–pump–thaw cycles, 3 W blue LED, 48 h, rt.

Table 3: Visible-light-promoted Staudinger synthesis of b-lactams from
a-diketones.[a]

[a] Reaction conditions: a-diketone 1 (0.2 mmol), imine 3 (0.1 mmol),
P(OEt)3 (0.24 mmol), DPZ (0.1 mol%), DCE (1.0 mL), degassed with
argon by three freeze–pump–thaw cycles, 3 W blue LED, 48 h, rt.
[b] 0.3 mmol of 1 and 0.36 mmol of P(OEt)3 used.
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obtained in 98 % yield. The substituents on the N-aryl ring can
be varied, with product yields mostly ranging from good to
excellent (4a–4g). N-Benzyl protection (4q) is another good
option, giving b-lactam in very good yield too. The substitu-
tions on the aryl rings of a-diketone 1, electron-donating or
-withdrawing, can also be largely tolerated, affording cyclo-
addition products smoothly (4h–4n). It is worth mentioning
that two monocyclic b-lactam molecules with potent anti-
bacterial and antifungal activities [15] (4o, 4p) were synthe-
sized in good yields by our concise strategy, comparing
favorably with the originally reported method.[15] The Ar1

group of the aldimine 3 could be tuned with different
substitutions on the phenyl ring (4r–4u) or other aromatic
systems (4y) to give the desired cycloadducts in up to 99%
yields. Cyclic imines incorporated in fused ring systems (4v,
4w) are also viable substrates for our strategy. In addition to
aldimines, ketimines derived from aromatic ketones are also
compatible substrates for the [2+2] cycloaddition, as exem-
plified by 4x, thus greatly extending the imine scope of our
method.

Mechanistic studies were carried out to gain insights into
the reaction mechanism (Scheme 2). Firstly, control experi-
ments showed that 1,3,2-dioxaphosphole INT1 prepared in
advance could be converted to diphenylacetate 2a directly
under the same conditions (Scheme 2a), suggesting that INT1
might be the key intermediate to undergo the photoredox
cycle. Then, when ethanol was applied as the solvent for the
model Wolff rearrangement reaction, in addition to 2a, two
new products, that is, 5 and 6, which could be generated
through trapping a-keto carbene by HAT and H�O bond
insertion reactions,[10] were obtained in 20% and 14 % yield,
respectively (Scheme 2b), serving as solid evidence for a step-
wise Wolff rearrangement process. A cyclic voltammetry
study showed that 1,3,2-dioxaphosphole INT1 had a half-
wave oxidation potential of + 0.696 V (vs. SCE in CH3CN,
Scheme 2c, see Supporting Information for details), well
below the reduction potential of excited state DPZ (Et(S*/
SC�) =+ 1.42 V vs. SCE in CH3CN).[14] Fluorescence quench-
ing experiments (Scheme 2d) finally concluded that INT1 was
an active reductive quencher of the excited DPZ (*DPZ).

To help further elucidate the detailed process of ketene
generation, DFT computation at the M06-2X/def2-TZVPP/
SMD(DCE)// B3LYP-D4/def2-TZVP level of theory[16] was
conducted (Figure 1). As can be seen from the free energy
profile of this transformation, the fission of the P�O bond in
radical cation INT2 is very fast, with an energy barrier of only
6.2 kcalmol�1. Reduction of the radical cation INT3 is highly
exothermic (�63.4 kcalmol�1), affording diradical INT4,
which could undergo straightforward decomposition (energy
barrier: 2.0 kcalmol�1) to release the crucial a-keto carbene
intermediate. Triplet carbene INT5B, only 4.2 kcalmol�1

more stable, is in fast equilibrium with the singlet state
structure INT5A. However, Wolff rearrangement from
INT5B to ketene INT6 has a remarkably higher energy
barrier than that from INT5A (18.8 vs. 9.1 kcalmol�1),
indicating that the rearrangement proceeds mainly from the
singlet carbene intermediate at room temperature. This is
consistent with the fact that halogenated solvents (such as
DCE), which can selectively stablize singlet carbenes via
halogen–carbene complexation,[17] greatly promote the Wolff
rearrangement (Table 1, entry 6). The overall transformation
from benzil and triethyl phosphite to ketene INT6 is energeti-
cally favorable by �12.3 kcalmol�1.

Based on mechanistic study results and our DFT compu-
tation study above, a photoredox catalytic Wolff rearrange-
ment from a-diketones and phosphites is proposed herein
(Figure 2). 1,3,2-Dioxaphosphole INT1, formed in situ at the
initial stage, undergoes photoredox decomposition with the
catalysis of the excited sensitizer DPZ*, to give a-keto
carbene INT5B, which is in fast equilibrium with the singlet
state INT5A. The Wolff rearrangement from the singlet state
is the dominant process at room temperature, affording
ketene INT6 exothermically. Trapping the ketenes with
alcohols yields diphenyl acetates 2, while [2+2] cycloaddition
with imines gives valuable b-lactams 4. The intermediate
carbene could also be trapped by alcohol via HAT or O�H
bond insertion reaction to yield single-carbonyl reduced
product 5 and a-alkoxy ketone 6.

To demonstrate the application potential of this method,
the Staudinger synthesis of b-lactams 4q was scaled up to
1.0 mmol without noticeable decrease in yield, proving itsScheme 2. Mechanistic studies.

Figure 1. Free energy profiles of the photoredox Wolff rearrangement
from benzil and triethyl phosphite. [a] Free energy with one mole of
triethyl phosphate included.
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value in a practical synthetic context (Scheme 3). The lactam
was reduced efficiently by lithium aluminium hydride in
refluxing ether to give, in good yield, azetidine 7, the core
structure of many natural and non-natural bioactive mole-
cules,[18] thus providing an attractive alternative strategy for
its preparation.

In summary, by exploring the photoredox chemistry of
1,3,2-dioxaphospholes readily accessible from a-diketones
and trialkyl phosphites, we developed a direct C=O bond
deoxygenation strategy that provides novel access to the
Wolff rearrangement which demands traditionally a-diazo-
ketones as the precursors. The resulting ketenes can be
trapped by nucleophilic alcohols/thiols to give a-aryl (thio)-
acetates, or imines to afford, through [2+2] cycloaddition,
valuable b-lactams which are the core structure of important
antibiotic drugs and natural bioactive molecules. This strat-
egy, notable for its high efficiency, environmental benignancy
and operational simplicity, represents an unprecedented
example of photoredox catalytic Wolff rearrangement from
in situ formed 1,3,2-dioxaphospholes, and the first successful
synthesis of b-lactams via photoredox Staudinger reaction
from a-diketones. Furthermore, the reaction can be safely
scaled up and the b-lactam core is able to be readily
transformed to azetidine, underscoring the application poten-
tial of our strategy in not only the chemical preparation of b-
lactam-containing bioactive molecules, but also other struc-
turally related compounds.
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Photoredox Catalysis

H. Yang, H. Li, G. Wei,*
Z. Jiang* &&&&—&&&&

Photoredox Catalytic Phosphite-Mediated
Deoxygenation of a-Diketones Enables
Wolff Rearrangement and Staudinger
Synthesis of b-Lactams

Photocatalytic C=O bond activation is
enabled by exploring the unprecedented
photoredox chemistry of 1,3,2-dioxa-
phospholes formed from a-diketones and
trialkyl phosphites, which provides

a novel diazo-free access to the Wolff
rearrangement. The strategy was suc-
cessfully applied to the efficient synthesis
of a-aryl (thio)acetates and valuable b-
lactams.
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