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Deoxygenative phosphonation of ketones by

*a

Tertiary phosphine oxides are ubiquitous motifs with essential roles across synthetic chemistry and life

sciences, yet C(sp®-P coupling remains underdeveloped. Herein, we report an accessible di-oxo-

titanium trichloride complex, operating in combination with Mn powder, that enables a deoxygenative
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C(sp®—P coupling of ketones with secondary phosphine oxides. The transformation proceeds under mild

conditions and shows good compatibility with carbonyl substrates, including cyclic and acyclic ketones,

DOI: 10.1039/d5sc09520d

rsc.li/chemical-science alcohol are well tolerated.

Tertiary phosphine oxides display diverse biological activities
and serve as versatile ligands or ligand precursors." While
C(sp®)-P bond formation is well established,> strategies for
constructing C(sp’)-P bonds remain underdeveloped. Tradi-
tional approaches typically involve substitution reactions of
alkyl halides or alkyl metal reagents (Scheme 1A, a and b), such
as Michaelis-Arbuzov rearrangements® or H-phosphinate
additions.* Other methods include cross-coupling reactions,’
hydrophosphination of olefins (Scheme 1A, c),® and carbene
insertion into P(O)-H bonds (Scheme 1A, d).” Despite these
advances, further extension of phosphonation strategies to
more readily available functional groups would enhance the
practical utility of this chemistry.

Ketones are among the most widely available functionalities
in organic synthesis, rendering them attractive precursors for
accessing aliphatic tertiary phosphine oxides via direct phos-
phonation. In this context, the pioneering work by Suzuki and
co-workers disclosed a niobium chloride-mediated deoxy-
genative phosphonation of aldehydes with P(um) reagents, in
which only two ketone examples were demonstrated (Scheme
1B, a).® Very recently, the use of bench-stable H(O)PR, for
phosphonation of benzylic ketones has been realized (Scheme
1B, b).° Related progress has also been made in the deoxy-
genative phosphonation of esters and acids to install H(O)PR, at
benzylic positions.' However, despite these advances, a broadly
applicable and mild deoxygenative phosphonation of structur-
ally diverse ketones remains underdeveloped.

Radical-based strategies offer new opportunities to expand
the scope of coupling partners. For example, MacMillan and co-
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as well as aliphatic aldehydes. Functionalities such as carboxyl, acetal, alkyne, sulfonate, phenol, and

workers recently reported two isolated cases of radical phos-
phonation of NHC-activated primary alcohols with HP(O)Ar, to
afford alkyl-P(O)Ar, products.'* However, progress in this area
remains limited, in sharp contrast to the numerous reports on
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Scheme 1 Progress in deoxygenative phosphonation of ketones.
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radical alkylation of P(m) reagents such as CIPPh,, Me;SnPPh,,
P(OR)3, and P(SPh);."> Moreover, methods enabling the instal-
lation of phosphine oxides at stable and readily available
functional positions would substantially broaden their practical
utility.

Low-valent titanium complexes play a pivotal role in
enabling radical transformations of C-O compounds,**** espe-
cially for carbonyl compounds.” Since the discovery of the
McMurry coupling,'® a wide range of reductive carbonyl trans-
formations have been realized, including pinacol couplings via
carbonyl-carbonyl dimerization,"”” umpolung-type carbonyl-
cyano couplings to form a-hydroxy ketones,' as well as reduc-
tive cross-couplings and [3 + 2] cycloadditions with halides,"
N,N'-dimethylformamide,” and activated alkenes.”® These
advances underscore the exceptional capacity of low-valent
titanium species to mediate radical pathways and construct
diverse C-C frameworks under mild conditions. However, their
application in C-X bond-forming reactions remains largely
unexplored.*

Motivated by these encouraging results and building upon
our recent progress in the deoxygenation functionalization of

C-O compounds,”® we introduce a titanium-mediated

Table 1 Optimization of the reaction conditions®

Ti complex (2.2 equiv)

o 0 . Oy oPh

Me\ﬁ)j\(_(Me . _P1Ph Mn (4.0 equiv) Pwph

> HN . MeWMe

DMPU (0.2 M), 80 °C, 12 h A

1a 2a 4a
Entry Change from standard conditions 4a (%)
1 None 81 (80)°
2 THF 18%
3 DMA 69%
4 60 °C 71
5 Zn instead of Mn 11
6 Without Ti or Mn 0

B Effect of Ti-Complex
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“ Reaction conditions: 1a (O 1 mmol) and 2a (0.15 mmol) were used; the
yields were | determined by "H NMR analysis using CH,Br, as an 1nterna1
standard. Isolated yield obtained from 1a (0.2 mmol) and 2a (0.3
mmol) is given. © Bench-top reaction.
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deoxygenative phosphonation reaction of ketones for con-
structing C(sp*)-P bonds (Scheme 1b). The method facilitates
an intermolecular cross-coupling between ketones and diaryl
phosphine oxides through a radical pathway, proceeds under
mild conditions and shows good functional group compati-
bility. This transformation will provide a simplified and effi-
cient alternative to the existing methods>* and expand the scope
of radical transformations of carbonyl compounds by titanium.

We initiated our investigation by evaluating the reaction
between ketone 1a and diphenylphosphine oxide 2a. Optimal
efficiency was achieved using titanium complex 3m (2.2 equiv.),
Mn powder (4.0 equiv.), and DMPU (0.2 M), affording the
desired product in 80% isolated yields (Table 1, entry 1).
Replacing DMPU with DMA led to a modest decrease in yield
(entry 3), whereas THF, despite its widespread use in related
titanocene systems, resulted in strong inhibition of product
formation (entry 2). Lowering the reaction temperature to 60 °C
(entry 4) or replacing Mn with Zn (entry 5), a reductant of weaker
reducing strength, both resulted in substantial reductions in
efficiency. Control experiments verified that both the Ti
complex and Mn reductant are essential (entry 6), as omission
of either component completely suppressed formation of the
target product.

The ligand sphere around titanium exerts a decisive influ-
ence on the reaction outcome. Cp,TiCl, (3a) predominantly
promoted P-centered homocoupling of 2a and fails to deliver
the desired product. In contrast, Cp*TiCl; (3b) enabled forma-
tion of product 4a in moderate yield. Other classical titanium
complexes, including TiCl,(collidine) (3¢) and the alkoxide
complex (‘PrO),Ti (3e), are ineffective, and unreacted substrates
were recovered. Incorporation of less sterically encumbered di-
oxo donors, as in complexes derived from isopropanol (3h) and
catechol (3i), markedly improved coupling efficiency.
Conversely, more rigid and sterically congested ligand frame-
works, such as BINOL- or Salen-supported Ti complexes (3d and
3g), significantly reduce reactivity. Among all evaluated Ti pre-
catalysts, the di-oxo titanium trichloride series incorporating
simple 1,2-diol backbones (3j-3m) performed most effectively,
especially the ethylene glycol-derived complexes (3k, 31, and
3m). Within this group, the arylated complex 3m was identified
as the optimal precatalyst for enabling the coupling.
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Scheme 2 Deoxygenative phosphonation of ketone-containing
bioactive molecules. PKetone substrate lag (E/Z = 1.5: 1) was used.
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Table 2 The substrate scope of ketones and aldehydes®
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B Aldehydes

Q Oy_.wPh
s i R 1] Me P
PsiPh Fe @\/P\'"Ph ~Ph
D\/ Ph N Ph W

4ad, R = 0-PPhy, 32%

4ab, 67%
4ae, R= p-CO,Me, 44%
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“ Ketones/aldehydes 1 (0.2 mmol) and phosphine oxide 2b (0.3 mmol) were used; isolated yields are given. ” 1g (0.3 mmol) and 2b (0.2 mmol) were
used.

to activate conformationally and sterically constrained carbonyl
frameworks. Cyclic ketones bearing substituents at different
ring positions (4g-4i), including those with steric crowding
adjacent to the carbonyl site (4g), were equally compatible,
indicating the steric tolerance of this titanium complex
(Table 2).

With the optimized conditions in hand, we evaluated the
substrate scope of ketones with diphenylphosphine oxide 1b
(Scheme 2). The reaction proved effective for cyclic ketones,
accommodating ring sizes from 4 to 12 members (4b-4f) and
delivering the corresponding phosphonated products in good
yields. Structurally rigid polycyclic ketones also participated
smoothly (4j-4f), demonstrating the capacity of this Ti platform

© 2026 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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Table 3 The substrate scope of phosphine oxides®
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“ Cyclohexanone 1 (0.2 mmol) and phosphine oxides 2 (0.3 mmol) were used; isolated yields are given.

The method is also effective for acyclic aliphatic ketones
featuring varied chain lengths (4a, 40-4p) or increased steric
demand around the carbonyl unit (4q and 4r), furnishing
products in 69-90% yields. Functionalities including silyl ethers
(4s), alkynes (4r), ethers, fluorine (4u), and sulfonates (4v and
4w) are tolerated. Notably, ketones containing hydroxy-derived
motifs (4v-4y), especially for the phenols (4x) and aliphatic
alcohol-based frameworks (4y), which are typically ligating or
deactivating in classical low-valent Ti systems, remained intact
under the present conditions. This highlights the good stability
and robustness of the titanium complex used.

This titanium system also enabled efficient deoxygenative
phosphonation of aldehydes, demonstrating good tolerance
toward diverse functional motifs. Aldehydes containing thio-
phene, ferrocenecarbonyl (4ac), phosphines (4ad), esters (4ae),*®
and acrylaldehyde units (4af) all underwent smooth C-O
cleavage and phosphonylation without compromised selec-
tivity, further underscoring the versatility and practical utility of
the method in complex settings.

The substrate scope of phosphine oxides was then evaluated
using cyclohexanone as the coupling partner (Table 3). Diverse
diarylphosphine oxides participated in the transformation,
including those decorated with electron-donating substituents
(4ag-4ai) as well as electron-withdrawing groups (4aj-4ak), all
undergoing smooth C-P bond formation. Phosphine oxides
bearing conjugated naphthyl (4al) and heteroaryl (4am) variants
were tolerated in the current titanium system. In contrast,
phosphine oxides in which the aryl groups were replaced by
alkyl (4an) and alkoxy (4a0) moieties did not furnish the desired
products.

The methodology further demonstrated competence in the
late-stage functionalization of bioactive molecules. Ketone-

Chem. Sci.

containing compounds, including epiandrosterone (4ap), ger-
anyl acetone (4aq), unprotected fatty acid (4ar), and fluvastatin
analogues (4as), underwent deoxygenative phosphonation to
furnish the corresponding C-P coupled products in syntheti-
cally useful yields.

El Reactivity of ketones and H(O)PAr, under the standard conditions

(0] OH (o]
Standard Conditi
ph L _pn endardCondlions, oy L _ph + ph A _rn
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Q » 0 Ph
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13 Effect of Mn on the reaction of 1a with 2a
Oy wPh
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Me/\)\/\Me
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1a (0.2mmol) 2a (0.3 mmol) 4a
QP
~Ph
entry  conditions 4a 10 1 /io)l\/\
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1 without Mn 0% 0% 0% 10
2 with Mn 80% 0% 0% Me/\i/v\/k/\Me
3 with Mn? 33% trace 6% Me Me

Scheme 3 Mechanistic investigations. ®Titanium complex 3m was
pre-activated with Mn powder for 12 h, followed by Mn removal
through filtration before the addition of 1la and 2a to start the
transformation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To gain mechanistic insight into the transformation, a series
of control experiments were executed. Independent exposure of
ketone 1q and phosphine oxide 2a to the standard manifold led
to efficient reduction of 1q, affording the corresponding alcohol
5 in 76% yield,” whereas phosphine oxide 2a exhibits
substantially weaker interaction with the titanium species, with
more than half recovered (Scheme 3a). These observations
indicate that ketones possess higher reactivity over phosphine
oxides toward the active Ti species.

The role of Mn in Ti initiation was then examined. In the

absence of Mn, no productive C-P coupling occurred, and both
1la and 2a were almost fully restored, consistent with a Mn-
enabled Ti(wv) to low-valent Ti reduction even being required to
access the catalytically competent state (Scheme 3b, entries 1 vs.
2). The filtrate obtained from preactivation of 3m with Mn dust
(see the SI for details) promoted the coupling of 1a and 2a to
afford 4a in 33% yield (Scheme 3b, entry 3), with 52% recovery
of ketone 1a and minor formation of McMurry byproduct 11.
These results indicate that in situ generated low-valent titanium
species are required to initiate the transformation. *'P NMR
analysis revealed a signal corresponding to a-hydrox-
yphosphonates (10) at 27.9 ppm,?® suggesting that it may be an
intermediate in the transformation.
3'P NMR monitoring further validated this
proposal. As shown in Fig. 1, product 4a appeared within 35
minutes, accompanied by a transient and low-intensity reso-
nance for 10 at 27.9 ppm. The reaction reached completion
within 2 hours without detection of other P-containing adducts
derived from 2a. In contrast, the deoxygenated phosphine
HPPh, (6, —40.8 ppm) only emerged after extended reaction
times (6 h) and accumulated gradually, indicating that 6 forms
downstream and outside the catalytic C-P bond-forming
process.

The real-time

O
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Fig. 1 Real-time 3P NMR monitoring of the coupling of 1a and 2a.
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(a) Radical trapping experiment using ethyl acrylate
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/A(P“‘Ph Standard Conditions AP“‘Ph K/\/P“Ph

12 (0.2 mmol) 13, 32% 14,11%
Scheme 4 Radical verification studies.
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Scheme 5 Proposed mechanism.

The intermediacy of radicals was supported by orthogonal
experiments. Addition of Michael acceptors delivered a radical-
trapped-esterified product 9 in 15% yield (Scheme 4a),*” indi-
cating accessible carbon-centered radicals. A radical clock
experiment employing cyclopropyl-containing  o-hydrox-
yphosphonates 12 afforded the ring-opened product 14
(Scheme 4Db), revealing radical-mediated C-O scission during
deoxygenation. The initially formed alkenyl fragment from
cyclopropane opening underwent subsequent reduction to 14
under the current Ti/Mn system.

Based on the above results and literature reports,*® a plau-
sible reaction mechanism is proposed (Scheme 5). The Lewis
acidity of the Ti complex enables P(v) to P(u) isomerization,>
while carbonyl deoxygenation under the Ti(iv)/Mn manifold
generates alkyl radical A, which is captured by P(m) species to
form intermediate B.***® Subsequent B-scission restores the P(v)
species and Ti(iv) reduction to afford low-valent complex C,
followed by radical dehydroxylation and protonation to release
the deoxygenatively phosphonated product.

Conclusions

In conclusion, we have developed a titanium-mediated deoxy-
genative C(sp’)-P coupling of ketones and aldehydes with
secondary phosphine oxides, providing a practical route to
diverse aliphatic organophosphorus compounds. The reaction
proceeds via a distinct radical pathway, in which the combined
Lewis acidity and single-electron reductive capacity of the tita-
nium complex are essential for C-O bond radical activation and

Chem. Sci.
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productive phosphonylation. The protocol operates under mild
conditions and tolerates a wide range of functional groups,
including carboxyl, phenolic OH, and alcohol groups that typi-
cally challenge classical polar phosphonation manifolds.
Further deoxygenative functionalization of aldehydes/ketones is
ongoing in our laboratory.
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