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A novel and efficient method has been developed for the construction of aromatic-phosphorus (Ar-P) bond formation by
using Cu,0/TiO, nanoparticles as inexpensive and available photocatalyst, under visible light irradiation. This protocol

aspects simple system without use of any base, ligand, oxidant, and special conditions. This is the first report for the

synthesis of aryphosphonates

Introduction

From 1900, which Ph;C’ radical was discovered, the chemistry of
organic radicals began,1 In all these years, significant advances have
been made in organic radicals chemistry,z'4 Nowadays, enormous
activities have been done in radical chemistry which relies on photo
redox catalysis used for generation of radical species. From 2007,
MacMillan and after many other researchers disclosed a new term
in this chemistry and using organo or organometallic photocatalysts
under visible light for a wide range of organic synthesis.s'8 In
comparison between traditional redox and photoredox catalysis,
generally photo redox catalysis improved the aspects of green
chemistry (avoid using stoichiometric toxic initiators). In addition,
photoredox catalyst could absorb visible light instead of organic
molecules and so various photochemical reactions could be
successfully performed under visible light irradiation. Ruthenium(ll),
Iridium(Ill)- base complexes, and organic dyes are the commonly
and, mostly photocatalyst which these days were used in organic
synthesis.g'11 However, they are very expensive, toxic and also
homogeneous catalysts. So, replace these expensive photocatalysts
with a new series of inexpensive, heterogeneous, and more
available photocatalyst are very important. Based on our interest in
metal oxides, mixed metal oxides, and metal doped metal oxides
over the last 10 years,lz'15 we focused our new projects on the
development of new systems for photoredox catalytic
reactions.le,17

TiO, has been known for many years as a photocatalyst.
However, the main drawback of this metal oxide is its large band
gap (Rutile TiO,, Eg = 3.0 eV and Anatase TiO,, Eg = 3.2 eV), so, it
only could absorb the light under UV region. There are many
modifications reported in the literature to improve its
photocatalytic activity, which could absorb visible light (400-700
nm).zo'31 In addition, after TiO, absorb electromagnetic with E> Eg,
electrons transfer from valence band (VB) into conduction band
(CB) of TiO, and electron-hole pairs (e, h’) generate. Rapid
recombination of these e’. h* pairs is another drawback of TiO-.
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from arylhydrazines in visible light irradiation.

composites have been widely studied and used in many scopes.ls’
3236 Cuprous oxide (Cu,0) is a p-type semiconductor with narrow
bandgap (2.0 eV) which has capability for absorption light in visible
region.37‘ 8 Previously the Cu,0/TiO, system was reported as a good
photocatalyst.gg'42 However, to the best of our knowledge there are
no report for this semiconductor composite (Cu,0/TiO,) as a
photocatalyst in organic synthesis. Pure TiO, has no photo activity
in visible light, however Cu,0 could adsorb the visible light and
generate e, h' pairs. These photogenerated electrons could
transfer to CB of TiO, so the recombination of e, h* were
suppressed. Finally, the electrons in CB of TiO, and holes in VB of
Cu,0 have reduction, and oxidation ability, respectively, and they
can interfere in photocatalytic system.

Phosphin oxides and arylphosphonates have been known as
important organic compound owing to their widely uses in
pharmaceuticals, biochemistry, agrochemistry, organic chemistry
and also catalysis.“'52 Hence, many new and catalytic methods for
their synthesis have been reported.53'58 Among all methods, new
methods for CspZ-P bond formation in the area of visible light
photoredox catalysis have been developed.s’g'62 However, in
comparison with formation of C-C and C-X (O, N, and S) bonds using
photo redox <:ata|ysis,63'67 C-P and P-X bonds formation under
visible light stay less explored.so'sz’ % Based on the library studies
there are only one method published for the synthesis of
arylphosphonates using visible light irradiation, contain using
aryldiazonium salt, and aryl halides as precursors (Scheme 1).
Therefore, this is the first example for Cspz-P bond formation using
arylhydrazines as precursor under visible light irradiation using a
nano semiconductor composite as a photoredox catalyst (Scheme
1).
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Scheme 1. Synthesis of arylphosphonates

Results and Discussion

Characterization of Cu,0/TiO, nanoparticles

First to figure out the content of Cu and Ti in the catalyst, it was
dissolved in concentrated H,SO, and then analyzed by inducted
coupled plasma (ICP) analysis. The results were shown that the
amount of Cu and Ti were 30.06% (w/w) and 6.27% (w/w),
respectively.

Figure 1a, shows the crystal structure and composition of TiO,,
Cu,0, and Cu,0/TiO, nanoparticles, respectively. Five Cu,0
diffraction peaks at 29.87°, 36.48°, 42.37°, 61.45" and 73.51° (PDF
card No. 05—0667)69, can be indexed in XRD pattern of Cu,0/TiO,
nanoparticles. No diffraction peaks belonging to TiO, were
observed indicating the high dispersion of TiO, on Cu,0. This is
agreed with ICP analysis. The crystal size of Cu,0 is about 34 nm,
which was determined by Sherrer equation from 206 =
36.48°diffraction peak.

SEM and TEM of the synthesized Cu,0/TiO, nanoparticles is
represented in Figure 1b, and 1c. Spherical particles could be clearly
seen, with wide range of size. The size is approximately between
10-50 nm measuring from both SEM and TEM.

The FT-IR spectra of the catalyst is displayed in Figure 2. The peak at
632cm™ belongs to the Cu-O bond,70 and absorptions at about 550
cm s ascribed to the characteristic absorption band of Ti-0-Ti.”*73
The broad absorption at 1620 and 3440 em ™ are belong to the
bending vibration of H-O-H bond vibration and the stretching
vibration of the adsorbed water molecules, respectively.
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Figure 1. a) The XRD pattern, b) SEM, c) TEM, and d) HR-TEM
images of Cu,0/TiO, nanoparticles.

~ 100
Y AvEeRd Rl | ‘

| - 80
TiO, |

— - 60

Cu,0 ‘

e [y v L 40
CUZO/TP2

j— 20

T T T T 0

3600 2800 2000 1200 400

Figure 2. FT-IR spectrum of a) TiO,, b) Cu,0, and c) Cu,0/TiO,
nanoparticles.

BET measurements of Cu,0/TiO, nanoparticles and its data is
shown in Table 1. The BET surface area and BJH adsorption surface
area of pores of Cu,0/TiO, nanoparticles were detected to be
32.663 m?/g, and 39.282 m?/g, respectively. The single point total
pore volume and the pore diameter were found to be 0.091 cc/g,
and 3.891 nm, respectively.

Table 1. Results of BET surface area measurements for nano
Cu,0/TiO, photocatalyst.

BJH adsorption summary

Surface Area 39.282 m?/g
Pore Volume 0.091 cc/g
Pore Diameter Dv(d) 3.891 nm

BJH desorption summary

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

Surface Area
Pore Volume

47.576 m?/g
0.093 cc/g
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Pore Diameter Dv(d) 3.766 nm
BET summary

Surface Area 32.663 m?/g

Finally, to find the optical characteristics of catalyst, the UV-Vis
absorption measurements were performed and the spectrum
displayed in Figure 3. It is clear that the Cu,O and Cu,O/TiO,
nanoparticles could be excited by visible light, whereas TiO,
exhibited the absorption at belonging to the ultraviolet light range.
The combination of these two metal oxide can increase the
absorbance in long wavelength range. This assists and improves
photo generated carrier transfer and charge separation,
respectively. The Eg of Cu,0/TiO, nanocomposite is about 2.76,
which was determined by E=h*C/A,, from A,,,,=449 nm.”*
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Figure 3. UV-vis diffuse reflection absorption spectra of a) TiO,, b)
Cu,0, and c) Cu,0/TiO, nanoparticles.

Coupling of arylhydrazine and trialkylphosphite under visible light
over the nano Cu,0/TiO, photocatalyst

We began our consideration into a visible light CspZ-P bond
formation reaction with phenylhydrazine and triethylphosphite in
CH5CN and Cs,CO; in the presence of Cu,0/TiO, nanoparticles as
photocatalyst, and from this initial reaction the corresponding
diethylphenyl phosphonate 3a was produced in 91% yield (Scheme
2).

NHNH, 0
©/ + POE); — @.,?_OEt

1a

Scheme 2. Coupling of phenylhydrazine and triethylphosphite.

Then to improve the reaction condition different factors were
investigated. To check the solvent effect, the above model reaction
was performed in some chosen solvents such as DMF, DMSO,
toluene, THF, MeOH, EtOAc, and 1,4-dioxane under visible light
irradiation. According to the Table 2, acetonitrile was shown the
best result (entry 1), toluene and 1,4-dioxan was shown with lower
yields (entries 2, 3). MeOH and EtOAc were shown 65-70% yields

This journal is © The Royal Society of Chemistry 20xx
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(entries 4, 5) and also THF was shown poor yield (entry 6) and with
DMF and DMSO the photocatalyst lost its efficiency and no product
was observed (entry 7, 8). In addition, solvent-free condition was
not afforded any product (entry 9).

Table 2. Optimization of solvent®

Entry Solvent Yield (%)°
1 CH;CN 91
2 Toluene 86
3 1, 4 dioxane 82
4 MeOH 69
5 EtOAc 67
6 THF 36
7 DMF Trace
8 DMSO Trace
9 Neat Trace

a)

Reaction  conditions:  Phenylhydrazine (1.0  mmol),
diethylphosphite (1.0 mmol), Cs,CO; (3.0 mmol), Cu,0/TiO,
nanoparticles (0.01 g), solvent (1.5 mL), under CFL 12 W white for 4
h. ® Isolated yield.

During our optimization studies, some bases were also examined
such as Cs,CO;, tributhylamine, K3PO,, NaO'Bu and KOH (Table 3).
From Table 3, Cs,CO; was shown as the best base (Table 3, entry 1),
whereas tributhylamine and K,CO; rendered lower yield (Table 3,
entry 2, 3). KsPO, had good yield (Table 3, entry 4), but ‘BuONa and
KOH did not render any product (Table 3, entry 5, 6), respectively.
The reaction was also investigated under base free condition. The
reaction  underwent to generate the  corresponding
arylphosphonates without use of any base in high yield. So, all the
C-P bond formation reactions were achieved under base-free
conditions.

Table 3. Optimization of base *

Entry Base Yield (%)h
1 Cs,CO; 91
2 Tributhylamine 84
3 K,CO3 84
4 KsPO, 81
5 NaO'Bu Trace
6 KOH Trace
7 - 94

3 Reaction  conditions: Phenylhydrazine (1.0  mmol),

diethylphosphite (1.0 mmol), and Cu,0/TiO, nanoparticles (0.01 g),
base (3.0 mmol), in CH3CN (1.5 mL), under CFL 15 W white for 4 h. bl
Isolated yield.

According to Table 4, nano Cu,0/TiO, particles (was establised to be
the most potent photocatalyst in terms of reaction rate, and
isolated yield. With respect to the photocatalyst loading, 0.01 g of
Cu,0/TiO, nanoparticles (34/1 molar ratio) was found to be
optimal. When 0.005 g of Cu,0/TiO, nanoparticles were used, the
reaction did not go to completion and side product (biphenyl, which
was isolated and identified and also was confirmed by GC-Mass)
was observed (Table 4, entry 2). However, no serious development

J. Name., 2013, 00, 1-3 | 3
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was observed with 0.02 g of Cu,0/TiO, nanoparticles and again side
products (biphenyl) was observed (Table 4, entry 3). Different
amount of Cu,0 was also checked and the result are presented in
entries 4-6. No product was observed without use of any
photocatalyst (Table 4, entry 10)

Table 4. Investigation of the photocatalytic activity®

Entry Catalyst (g) Yield (%)b
1 Nano Cu,0/TiO, particles (0.01)° 94
2 Nano Cu,0/TiO, particles (0.005)° 79
3 Nano Cu,0/TiO, particles (0.02)° 82
4 Nano Cu,0/TiO, particles (0.01)d 88
5 Nano Cu,0/TiO, particles (0.01)° 81
6 Nano Cu,0/TiO, particles (0.01)f 82
7 Nano Cu,0 particles (0.01)® 38
8 Nano TiO, particles (0.01)® 0
9 TiO, (p25) (0.01)% trace
10 None® 0

3 Reaction conditions: Phenylhydrazine (1.0 mmol),

diethylphosphite (1.0 mmol), and catalyst in CH3CN (1.5 mL), under
CFL 15 W white for 4 h. ® Isolated yield. 9 The catalyst contains 6
mol% TiO,. 9 The catalyst contains 7 mol% TiO,. ® The catalyst
contains 9 mol% TiO,. T The catalyst contains 20 mol% TiO,. & After
24 h.

We also investigated four kinds of light. The process was carried out
under white, blue, green, red and also in dark condition. The results
are shown in Table 5. The same results were obtained by using
white and green light so for convenience and availability we choose
white light. Small amount of product 3a (21%) was observed in dark
condition (This small amount of product preparation could be
catalyzed by Cu(l)).54 Even after three days no improvement in yield
was observed. After three days the reaction was exposed to light
and after 4h the reaction was completed. So, light is required for
this reaction.

Table 5. Optimization of light®

Entry Light Yield (%)°
1 CFL white 12 W 94
2 Blue LED 12 W 83
3 Green LED 12W 94
4 Red LED 12 W 68
5 Dark 21°

3 Reaction  conditions: Phenylhydrazine (1.0  mmol),

diethylphosphite (1.0 mmol), and Cu,0/TiO, nanoparticles (0.01 g)
in CH3CN (1.5 mL) for 4 h. ® |solated yield. 9 The reaction was
performed for three days.

Finally, we tested the effect of the atmosphere on reaction. The
reaction was accomplished under air, Ar, and O, conditions. The
results are shown in Table 6.

At the end, from Tables 2-6 it can be seen that the best result was
achived with Cu,0/TiO, nanoparticles (0.01 g), in CH;CN under CFL
15W white in air.

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

View Article Online
DOI: 10.1039/C8CY00822A

Table 6. Optimization of atmosphere *

Entry Atmosphere Yield (%)b
1 Air 94
2 Ar 43
3 0, 95

3 Reaction  conditions: Phenylhydrazine (1.0  mmol),

triethylphosphite (1.0 mmol), and Cu,0/TiO, nanoparticles (0.01 g)
in CH5CN (1.5 mL) under CFL 15 W white for 4 h. ® Isolated yield.

The reusability of the nano Cu,0/TiO, photocatalyst was also
investigated and the results are outlined in Figure 4. To recover the
catalyst, it was centrifuged after completion of each cycle of the
reaction and washed by diethylether. No remarkable loss of the
catalytic activity was observed even after six cycles. In addition, XRD
pattern and SEM of the recovered catalyst after six cycle in compare
to the fresh catalyst (Figure 1a, b) was not shown any significant
changes.

a)

<)

oll1

=
St q220

== o311

L o222

Figure 4. a) Reusability of the recovered catalyst in coupling of
phenylhydrazine and triethylphosphite, b) SEM imag, and c) XRD
pattern of the Cu,0/TiO, nanoparticles after six cycle.

Some of substituted arylhydrazine derivatives and trialkylphosphite
as the substrate were investigated in this C-P bond formation
reaction, as shown in Table 7. The coupling reactions were well, and
the desired products were isolated in excellent yields. No any
homocoupling products were observed.

Table 7. C-P bond formation of arylhydrazine and trialkylphosphite
by using nano Cu,0/TiO, photocatalyst

This journal is © The Royal Society of Chemistry 20xx
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39, 64% 3h. 62% 3i 67%

®Reaction conditions: Arylylhydrazine (1.0 mmol), trialkylphosphite
(1.0 mmol), and Cu,0/TiO, nanoparticles (0.01 g) in CH;CN (1.5 mL)
under CFL 15 W white. ® Isolated yield.

The study suggests the mechanism:

To insights into reaction mechanism some control experiments
were investigated as shown in Scheme 3. By adding a radical
scavenger (TEMPO) to the reaction mixture under standard
conditions, the desired arylphosphonate was obtained in a trace
amount. Also in another experiment, triethanolamine (TEA) as a
hole scavenger was added and in this case, again the desired
product was obtained in trace amount. These results confirmed
that the reaction is likely to involve a radical process. Moreover,
when P(OPh); was used as phosphonylation reagent instead of
P(OEt);, it was decomposed into phenol and the corresponding
product 3g was not observed. So aryl radicals were contemplated as
intermediate.

Nano Cu,OfTiO; particles (0.01 g)
NHNH, TEMPO (1 eq) 97
o PORs CH3CN (1.5 mL) E’ oFt
3 5m
CFL15W Ot
4h, air, RT
1a 2a 3a (trace)

Nano Cu,O/TiO; particles (0.01 g)

NHNH, TEA (1.5 eq) o
O™ o O
CH4CN (1.5 mL) !
CFL15W OFt

4 h, air, R.T
1a 2a 3a (trace)
OH
NHNH, °
Nano CupO/TiO, particles (0.01g) i
+ P(OPh)3 CHLCN (1.5 mL) FT’*OPh +
3 5m
CFL15W OPh
1a 2a 4 h, air, R.T

39 (n.d)

Scheme 3. Control experiments

This journal is © The Royal Society of Chemistry 20xx
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Based on these results, a possible mechanism was proposed for
nano Cu,0/TiO, catalyzed photo P-CspZ bond formation (Figure 5).
When nano Cu,0/TiO, was irradiated by a CFL white lamp in a
visible region (400 nm) only Cu,O was excited and e/h” pairs were
generate. The conduction band of Cu,0(CB) is above of CB of TiO,
so the generated electron transfer to CB of Ti02.42 This could
prevent the recombination of e’/h" pairs (Figure 5, a). This electron
reacted with O, to generate the superoxide radical anion O,".
Further, phenylhydrazine react with O,” and undergoes
fragmentation to release aryl radical, nitrogen and hydrogen gases,
and HO, (Figure 5, b).75 Then the aryl radical was reacted with
trialkylphosphite to generate an unstable phosphoraryl radical.”® In
continue, an ethyl radical release and the desired product was
generated. The most reactive ethyl radical could transfer an
electron to the hole (h*) and formed a cation which could abstract a
proton from HO,". The reaction was investigated by GC and GC-MS
analysis but the detection of ethane, H,, and N, gas by our
instruments (GC and GC-MS analysis) because of their low boiling
points (lower than 30°C) was not possible at the present.

)
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-2 —
- e
14 . %
1
3 J
= o e
= -0.26 1l ~
Z o = CB
4 +0.6
g +1 4 Cllzo %
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TiO,
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HO, @
0, +CoHg «—— Et NHNH,
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L]
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Et. _P_ _Et
0" 0" OEt
.I'!’ €]
Et0” 1 OEt . N, + H, + HO,
Bt
e

Figure 5. A) Potential diagram of Cu,0 and Ti02,77 B) proposed
mechanism for synthesis arylphosphonates catalyzed by nano
Cu,0/TiO, photocatalyst under visible light illustration.

Theoretical calculations
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To gain more insights into the reaction mechanism for synthesis of
arylphosphonates, we performed density functional theory (DFT)
calculation by the use of Gaussian 09 suite of programs,78 All the
structures were optimized at the B3LYP/6-311G(d) level of theory.
Harmonic frequency calculations were performed at the same level
to ensure that there are no imaginary frequencies for the minima
and only one imaginary frequency for the transition state.
Moreover, the self-consistent reaction field (SCRF) theory79 was
used for modeling the solvent (acetonitrile) effect, Zero point
energies and thermodynamic functions were calculated at 298.15 K
and 1 atm.

As discussed above, when P(OPh); was used as phosphonylation
reagent the arylphosphonate product was not observed. In order to
probe the difference between P(OPh); and P(OEt); we briefly
compare their electronic properties. Figure 6 shows the optimized
structures together with the frontier molecular orbitals of P(OPh);
and P(OEt); molecules. It can be seen that in the P(OEt); the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are mostly localized on the phosphorus
atom. In contrast, the LUMO of P(OPh); is localized on the phenyl
groups. The calculated energy gaps between the HOMO and LUMO
orbitals are 2.89 and 1.36 eV for P(OPh); and P(OEt); molecules,
respectively, which suggest higher reactivity for P(OEt);. It has been
shown that, the most strongly binding site for an electron donor
(electron acceptor) is where LUMO (HOMO) of the molecules
farthest.® As shown in Figure 6, the LUMO of P(OEt); is more
protruding in comparison with that of P(OPh); indicating that
P(OEt); can adsorb the electron donor species such as aryl radical
more strongly than the P(OPh)s.

]

HOMO

Figure 6. Optimized structure of the P(OEt); and P(Oph); together
with the spatial distributions of their frontier molecular orbitals.
Bond distances are given in angstrom. P, C, O, and H atoms are
shown in orange, gray, red, and white, respectively.

To obtain further mechanistic details for the synthesis of
arylphosphonate we have calculated the reaction energy profile for
the reaction between P(OEt); and aryl radical. The energy profile
and the corresponding atomic configurations at various states along

6 | J. Name., 2012, 00, 1-3
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the reaction path are displayed in Figure 7. The process is
exothermic by 1.35 eV, but a barrier of 0.48 eV should be overcome
due to the breaking of the C-O bond and the formation of Ar-P
bond. We have selected the P(OEt); + aryl as initial state (IS). When
aryl approaches the P(OEt);, a metastable intermediate (IM) is
formed in which the phosphorous atom is four coordinated. In IM,
the Ar-P bond distance is 1.88 A and the configuration is 0.42 eV
lower in energy than IS. The reaction proceed by crossing a barrier
of 0.48 eV via passing over a transition state (TS). Figure 7 shows
that, in TS configuration, the O-Et bond is elongated to 1.82 A,
while the Ar-P bond is shortened to 1.75 A. The final state (FS)

consists of arylphosphonate together with an ethyl radical. To
enable the oxidation of ethyl, the VB of Cu,0 must be at an energy
above that corresponding to the redox potential of ethyl radical.
The edge of VB for Cu,0 was estimated to be at 0.6 VE and the
redox potential of ethyl that we calculated at G2 level of theory is
0.26 V. Thus, the electron transfer from ethyl radical into VB of
Cu,0is sufficiently energetic.

Finally, it is worth mentioning that when trying to obtain the energy
profile for the P(OPh)s;, the reaction stopped by the repulsive
interaction between P(OPh); and aryl radical which is in agreement
with our experimental observation.

0.00 0.06

-0.42

Relative Energy (eV)

. FS
-1.35

Reaction Coordinate
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Figure 7. Energy profile and the structures of corresponding species
along the reaction path for the P(OEt);+aryl. The bond lengths are
given in angstrom. P, C, O, and H atoms are shown in orange, gray,
red, and white, respectively.

Experimental Section
Preparation of Cu,0/TiO, nanoparticles81

Cu,0/TiO, nanostructure composite oxides were formed by the
modified subsequent method. 13.2 g (0.066 mol) of cupric acetate
monohydrate was dissolved in 600 mL of distilled water, then
addition of 3.2 mL (0.011 mol) of PEG-300 under vigorous stirring.
Subsequently, 0.7 g (0.002 mol) of tetrabutyl titanate digested with
ethanol (2-3 mL, Merck) was added drop by drop into the solution
of cupric acetate. So, a white precipitate was produced during the
mixing. Afterward, 5mL of 5 M NaOH and 15 mL of 5 M hydrazine
were added dropwise consecutively into this slurry under energetic
stirring, and the resulting mixture was hold onto 12-14°C for 15
min. An orange precipitate was then formed. It was centrifuged,
washed with distilled water to neutral and further 3 times washed
with acetone. The sample was then stay at 200°C for 3 h in oven
then in 40°C for 24 h in vacuum oven. By this amount the sample
was contained 6 mol% Ti and 30.06 mol% Cu. A series of Cu,0/TiO,
composite oxides were prepared in this way with different molar
ratios of TiO, and Cu,0. We prepared 7, 9, and 20 molar percentage
of TiO, in Cu,0/TiO,, respectively.

General procedure for the synthesis arylphosphonates under
visible light irradiation

Arylhydrazine (1 mmol), trialkylphosphite (1 mmol) CH;CN (1.5 mL)
and nano Cu,0/TiO, photocatalyst (0.01 g, contain 0.048 mmol Cu
and 0.0131 mmol Ti) were stirred at room temperature in air under
visible light irradiation (CFL 15 W) until it was completed (4 h).
Afterward, the reaction mixture was diluted with diethyl ether (10-
15 mL), and centrifuged to separate the photocatalyst, and the
solution was evaporated. The residue was purified by column
chromatography on silica gel (petroleum ether/ethyl acetate 5:1 to
2:1) to afford desired pure product.

Conclusions

A novel way to the synthesis of arylphosphonates from
arylhydrazine by using a nano photocatalyst has been
reported. This is the first report using arylhydrazines as
starting material to generate aryl radical for the synthesis of
arylphosphonates under visible light irradiation. This method
has experimental simplicity, very short reaction time at room
temperature, easy work-up, base, ligand and oxidant free. We
believe that this new photoredox C-P bond formation using a
visible light reaction could be find many applications in
pharmaceutical, academic, and industrial research.
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