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ABSTRACT: C−P bonds are widely found in a great many bioactive
compounds and functional molecules. Transition-metal-catalyzed dehydrogen-
ative C−H/P−H cross-coupling plays a crucial part in C−P bond formation
since it requires no pretreatment of substrates. Herein, we reported a Mn-
catalyzed electrochemical intermolecular dehydrogenative cross-coupling be-
tween aryl C−H and diphenyl phosphine oxides. In undivided cells, a series of
phosphorylation or diphosphorylation products could be obtained separately by
adjusting the proportion of substrates. A catalytic amount of inexpensive Mn(II)
salt was used, and no external chemical oxidants were needed in this process. A kinetic isotope effect experiment suggested that the
C−H activation was not the rate-determining step.
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The phosphorylation of aromatic compounds has drawn
great attention from researchers in recent years since the

C(sp2)−P bond widely exists in many bioactive compounds,
pharmaceutical molecules, and functional materials.1−11

Transition-metal-catalyzed cross-coupling of C−H/P−H is
an important method to synthesize aryl phosphorus com-
pounds,12−15 and many achievements have been made via two
strategies. In 2006, Zhang’s group reported a MnIII promoted
C−H phosphonation of thiazole and furan by using MnIII to
generate the P radical.16 Afterward, several reports have been
published using a similar strategy.17−19 In addition to the Mn-
induced P radical method, AgI/peroxide, a classical radical
reaction catalysis system, has also been utilized widely in
C(sp2)−P bond formation reactions20−23 (Scheme 1a).
Additionally, a directed aryl C−H activation strategy could
also be used in C−P bond formation. For example, Yu24 and
Murakami25 reported Pd-catalyzed pyridine-directed benzene
phosphorylation using benzoquinone and AgOAc, respectively,
as oxidants (Scheme 1b). However, the above metioned
methods usually require stoichiometric metal, chemical
oxidant, or noble metal catalyst. In consideration of atom-
economy and environment-friendliness, it would be desirable
to develop an efficient approach to construct the C−P bond.
Electrochemistry has been a hot point in recent years

because electricity was found to be an ideal alternative to
chemical oxidants and reductants.26−34 Combining transition-
metal catalysis and electrolysis is a great idea to solve the atom-
economical problem and expand the application of electro-
synthesis.35−39 Recently, many electrochemical transition-
metal-catalyzed C−H functionalizations have been reported,
including Co,40−42 Cu,43,44 Mn,45,46 Pd,47,48 and Ru.49,50 By
combining electrochemistry with traditional directed C−H
activation to construct the C−P bond, Xu reported an

electrooxidative directed Rh-catalyzed aryl C−H phosphor-
ylation51 (Scheme 1c). The strategy of metal-induced P radical
is still waiting to be discovered via the electrochemical method.
Herein, we introduce a Mn-catalyzed electrooxidative C−H
phosphorylation between electron-rich aromatics and diphenyl
phosphine oxide under a mild condition with low-cost

Received: February 4, 2021
Revised: March 10, 2021
Published: March 23, 2021

Scheme 1. Metal-Catalyzed Cross-Coupling between Aryl
C−H and P−H
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Mn(OAc)2·4H2O catalyst and no extra chemical oxidants
(Scheme 1d).
The cross-coupling between 2-methyl-thiophene (1a) and

diphenyl phosphine oxide (2a) was chosen as the model
reaction. Using nBu4NBF4 as electrolyte and Mn(OAc)2·4H2O
as catalyst, the target product (3a) could be obtained in 24%
yield under 7.5 mA constant current for 4 h in acetic acid
solvent (Table 1, entry 1). Other strong polar solvents such as

acetonitrile and dimethylformamide were screened, but
decreased yields were obtained (Table 1, entries 2 and 3).
Then MnII and MnIII salts with different coordination anion
were tried; nonetheless, only Mn(OAc)3·2H2O had similar
reactivity with Mn(OAc)2·4H2O (Table 1, entries 4 and 5).
Besides Mn, other transition-metal catalysts such as CuII and
AgI were examined, but both of them had bad reactivity for this
transformation (Table 1, entries 6 and 7; see Supporting
Information, Scheme S1 for the detailed catalyst screen).
Interestingly, the addition of sodium acetate greatly increased
the yield (Table 1, entry 8), which inspired us to screen
different inorganic and organic bases (Table 1, entries 9−12).
To our delight, an 81% yield was obtained with the addition of
phenanthroline (Table 1, entry 13). After optimization, control
experiments were conducted, and only a trace amount of
product could be obtained without electrolysis (Table 1, entry
14), while no reaction took place without Mn catalyst either
(Table 1, entry 15). In consideration of a high loading of
catalyst, we made attempts to lower the amount of Mn(OAc)2·
4H2O and recycle the catalyst and electrolyte (see Supporting
Information, Scheme S2).
Then the scope of this Mn-catalyzed electrooxidative

C(sp2)−H/P−H cross-coupling was explored under standard
conditions (Scheme 2). First, thiophene and different ortho-
substituted thiophenes were applied to this reaction (3a−3h).
Thiophene only gave a medium yield (3b) while the
difunctional byproduct was detected, and a good yield could
be obtained with phenyl group (3c). Thiophenes bearing a
halogen group and a strong electro-withdrawing acetyl or
aldehyde group simply gave a medium yield; however, by

increasing the amount of thiophene substrate and Mn catalyst,
a good yield could be obtained for these substrates bearing
electron-withdrawing groups (3d−3g). In addition, thiophene
with a TMS group, which could be transferred into other
functional groups, gave a rather good yield (3h). For
disubstituted thiophenes, both 2-chloride-3-methylthiophene
and 4-bromo-2-methylthiophene gave good yields (3i and 3j);
3,4-dimethylthiophene had a moderate yield (3k), and 2,3-
dihydrothieno[3,4-b][1,4]dioxine also had a medium yield by
increasing the amount of the thiophene substrate and Mn
catalyst (3l). When 3-ethylthiophene was applied as the
substrate, both ortho-positions had reactivity, and two different
phosphorylation products were obtained with the ratio of 1:1.2
according to NMR results (3m). In addition to thiophene,
furan-type substrates also showed good reactivity in this
reaction. Different sorts of furan were tried, and furan bearing
no group, alkyl group, halogen group, and electro-withdrawing
acetyl group obtained yields ranging from moderate to good
(3n−3q). Benzofuran was tried, and 2-phosphorylation
product was obtained with good yield (3r). However, N-
heterocycles such as indole and pyrrole could not produce the
corresponding products, which may be due to their active N−
H and electron-rich character. By trial and error, we found that
N-methyl-2-acetylpyrrole, which has a methyl protecting group
for N−H and an acetyl group to lower electron density of
pyrrole ring, could produce the target product with a good
yield (3s). Besides heteroaromatics, a moderate amount of α-
phosphorylation product was obtained by using naphthalene as
substrate (3t).
The scope of phosphine oxides was explored likewise under

standard conditions (Scheme 3). Diphenyl phosphine oxides
bearing diverse functional groups on benzene rings were
synthesized and tested. A methyl group showed no harm to the
reactivity, and both para-monomethyl substituted substrate
and meta-dimethyl substituted substrate showed good yields
(3u and 3v). Halogen-substituted diphenyl phosphine oxides
also exhibited good reactivity, and good yields could be

Table 1. Effects of Reaction Parametersa

entry catalyst additive solvent yieldb

1 Mn(OAc)2·4H2O none HOAc 24%
2 Mn(OAc)2·4H2O none MeCN 11%
3 Mn(OAc)2·4H2O none DMF 8%
4 MnBr2·4H2O none HOAc trace
5 Mn(OAc)3·2H2O none HOAc 25%
6 Cu(OAc)2 none HOAc n.d.
7 AgOAc none HOAc trace
8 Mn(OAc)2·4H2O NaOAc HOAc 51%
9 Mn(OAc)2·4H2O Na2CO3 HOAc 54%
10 Mn(OAc)2·4H2O DBU HOAc 56%
11 Mn(OAc)2·4H2O pyridine HOAc 59%
12 Mn(OAc)2·4H2O 2,2′-bypyridine HOAc 75%
13 Mn(OAc)2·4H2O 1,10-phen·H2O HOAc 81%
14c Mn(OAc)2·4H2O 1,10-phen·H2O HOAc trace
15 none 1,10-phen·H2O HOAc n.d.

aReaction conditions: undivided cell, 1a (1 mmol), 2a (0.5 mmol),
N2.

bIsolated yield. cWithout electricity.

Scheme 2. Substrate Scope of Aromatics

a1.5 mmol of aromatics and 30 mol % Mn(OAc)2·4H2O were used.
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obtained with fluorine and chlorine (3w and 3x). However, an
electron-donating methoxy group substituted substrate only
gave a 25% yield (3y).
During the scope of the thiophene substrate, we found that

thiophene and furan bearing two α-C-H had a difunctional
byproduct. By increasing the amount of diphenyl phosphine
oxide and prolonging the reaction time, ortho-diphosphory-
lated thiophene could be obtained with a 53% yield (Scheme 4,

4a). 3-Ethylthiophene also had a good yield (4b), and for 3,4-
disubstituted thiophenes, corresponding products could be
obtained with moderate yields (4c to 4e). Besides thiophene,
difunctional furan could also be afforded with moderate yield
using furan as the substrate (4f). It is worth mentioning that
diphosphorylated structure such as 4a, 4e, and 4f has been
reported for the synthesis of optical active polymers,52,53 and
our convenient synthetic method for diphosphorylated
skeleton could assist in the research.
Then we evaluated the synthetic potential of this electro-

oxidative C−P bond formation by performing a 5 mmol-scale
reaction. By using 20 mA current, 1.25 g of 3a could be
synthesized with an 84% yield, and 1.33 g of diphosphorylated
product 4a could also be synthesized with a 55% yield
(Scheme 5). These amplification reaction results exhibited

good potential application prospects of this electrooxidative
C−H/P−H cross-coupling method.

To investigate the mechanism of Mn-catalyzed electro-
oxidative undirected C−H/P−H cross-coupling, a kinetic
isotope effect experiment was conducted, and 2-phenyl-
thiophene-5-d (1c′) was synthesized (Scheme 6). The ratio

of reaction yield between 1c and 1c′ was 1.1 under same
reaction conditions (KIE = 1.1). This result indicated that C−
H bond cleavage of thiophene might not be involved in the
rate-determining step.
Furthermore, cyclic voltammetry experiments were con-

ducted to study the redox potential of the substrates and
catalyst (Figure 1). Oxidative peaks of 2-methylthiophene (1a)
were obviously observed at 1.9 and 2.1 V, while diphenyl
phosphine oxide (2a) exhibited no clear oxidative peak from

Scheme 3. Substrate Scope of Diphenyl Phosphine Oxides

Scheme 4. Double C−P Formation

Scheme 5. Gram-Scale Synthesis

Scheme 6. Kinetic Isotope Effect Experiment

Figure 1. Cyclic voltammograms.
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−0.5 V to 2.5 V. The oxidation of MnII could be detected from
1.0 to 2.0 V, but the oxidative current is slight and only a small
peak at 1.9 V could be confirmed. However, when we mix MnII

acetate and phenanthroline together, the oxidative current
apparently amplified, and the oxidative peak could be found at
1.5 V. The additives we used in Table 1 were also tested, and
the results implied that phenanthroline and bipyridine might
affect the oxidation of MnII by coordination since NaOAc and
pyridine had different CV results with them (see Supporting
Information, Scheme S3). These results suggest that MnII

catalyst might be oxidized prior to 1a in the reaction system
and the addition of 1,10-phenanthroline promoted the
oxidation of MnII.
On the basis of the above-mentioned experiment results and

previous reports,16,46,54,55 we proposed a plausible mechanism
for this Mn-catalyzed electrooxidative C−H/P−H cross-
coupling reaction (Scheme 7). First, MnII coordinated by

phenanthroline is oxidized to MnIII on the carbon anode,
which could be proved by the CV. Then MnIII−P(O)Ph2
complex (I) is formed from MnIII and substrate 2a with the
abstraction of proton by acetate anion. Subsequently, the
reaction between intermediate I and substrate 2a affords the
radical intermediate II, while MnIII is reduced to MnII, which
completes the Mn cycle. Finally, the allylic radical intermediate
II is oxidized by MnIII, and the following deprotonation gives
the final product 3a, while the proton is reduced on the Pt
cathode to release hydrogen gas.
In conclusion, we have developed a Mn-catalyzed electro-

oxidative dehydrogenative C−H/P−H cross-coupling between
electron-rich aromatics and phosphine oxides under undivided
electrolytic conditions. This electrochemical strategy employs a
catalytic amount of inexpensive Mn(II) salt and avoids the use
of chemical-oxidants, which affords a convenient and environ-
mentally friendly pattern for the synthesis of the C(sp2)−P
bond. Importantly, the good functional group tolerance, the
brand new diphosphorylation method, and the excellent
efficiency in gram-scale experiment reveal that this reaction
has further potential in industrial production.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.1c00549.

NMR data and characterization (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Aiwen Lei − The Institute for Advanced Studies (IAS), College
of Chemistry and Molecular Sciences, Wuhan University,
Wuhan 430072, P. R. China; orcid.org/0000-0001-
8417-3061; Email: aiwenlei@whu.edu.cn

Authors
Siyuan Wang − The Institute for Advanced Studies (IAS),
College of Chemistry and Molecular Sciences, Wuhan
University, Wuhan 430072, P. R. China

Qilin Xue − The Institute for Advanced Studies (IAS), College
of Chemistry and Molecular Sciences, Wuhan University,
Wuhan 430072, P. R. China

Zhipeng Guan − The Institute for Advanced Studies (IAS),
College of Chemistry and Molecular Sciences, Wuhan
University, Wuhan 430072, P. R. China

Yayu Ye − The Institute for Advanced Studies (IAS), College of
Chemistry and Molecular Sciences, Wuhan University,
Wuhan 430072, P. R. China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.1c00549

Funding
This work was supported by the National Natural Science
Foundation of China (21520102003, 21701127, 21702150)
and the Hubei Province Natural Science Foundation of China
(2017CFA010). The Program of Introducing Talents of
Discipline to Universities of China (111 Program) is also
appreciated.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (21520102003, 21701127, 21702150)
and the Hubei Province Natural Science Foundation of China
(2017CFA010). The Program of Introducing Talents of
Discipline to Universities of China (111 Program) is also
appreciated.

■ DEDICATION
Dedicated to Professor P. H. Dixneuf for his outstanding
contribution on organometallic chemistry and catalyst.

■ REFERENCES
(1) Sawa, M.; Kiyoi, T.; Kurokawa, K.; Kumihara, H.; Yamamoto,
M.; Miyasaka, T.; Ito, Y.; Hirayama, R.; Inoue, T.; Kirii, Y.; Nishiwaki,
E.; Ohmoto, H.; Maeda, Y.; Ishibushi, E.; Inoue, Y.; Yoshino, K.;
Kondo, H. New Type of Metalloproteinase Inhibitor: Design and
Synthesis of New Phosphonamide-Based Hydroxamic Acids. J. Med.
Chem. 2002, 45, 919−929.
(2) Tang, W.; Zhang, X. New Chiral Phosphorus Ligands for
Enantioselective Hydrogenation. Chem. Rev. 2003, 103, 3029−3070.
(3) Baumgartner, T.; Réau, R. Organophosphorus π-Conjugated
Materials. Chem. Rev. 2006, 106, 4681−4727.

Scheme 7. Proposed Mechanism

ACS Catalysis pubs.acs.org/acscatalysis Letter

https://doi.org/10.1021/acscatal.1c00549
ACS Catal. 2021, 11, 4295−4300

4298

http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00549/suppl_file/cs1c00549_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00549?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00549/suppl_file/cs1c00549_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aiwen+Lei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8417-3061
http://orcid.org/0000-0001-8417-3061
mailto:aiwenlei@whu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siyuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qilin+Xue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhipeng+Guan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yayu+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00549?ref=pdf
https://doi.org/10.1021/jm0103211
https://doi.org/10.1021/jm0103211
https://doi.org/10.1021/cr020049i
https://doi.org/10.1021/cr020049i
https://doi.org/10.1021/cr040179m
https://doi.org/10.1021/cr040179m
https://pubs.acs.org/doi/10.1021/acscatal.1c00549?fig=sch7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00549?fig=sch7&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c00549?rel=cite-as&ref=PDF&jav=VoR


(4) Surry, D. S.; Buchwald, S. L. Biaryl Phosphane Ligands in
Palladium-Catalyzed Amination. Angew. Chem., Int. Ed. 2008, 47,
6338−6361.
(5) Chou, H.-H.; Cheng, C.-H. A Highly Efficient Universal Bipolar
Host for Blue, Green, and Red Phosphorescent OLEDs. Adv. Mater.
2010, 22, 2468−2471.
(6) Alexandre, F.-R.; Amador, A.; Bot, S.; Caillet, C.; Convard, T.;
Jakubik, J.; Musiu, C.; Poddesu, B.; Vargiu, L.; Liuzzi, M.; Roland, A.;
Seifer, M.; Standring, D.; Storer, R.; Dousson, C. B. Synthesis and
Biological Evaluation of Aryl-phospho-indole as Novel HIV-1 Non-
nucleoside Reverse Transcriptase Inhibitors. J. Med. Chem. 2011, 54,
392−395.
(7) Chen, B.; Ding, J.; Wang, L.; Jing, X.; Wang, F. Phosphonate
substituted 4,4’-bis(N-carbazolyl)biphenyl with dominant electron
injection/transport ability for tuning the single-layer device perform-
ance of self-host phosphorescent dendrimer. J. Mater. Chem. 2012, 22,
23680−23686.
(8) Chen, X.; Kopecky, D. J.; Mihalic, J.; Jeffries, S.; Min, X.; Heath,
J.; Deignan, J.; Lai, S.; Fu, Z.; Guimaraes, C.; Shen, S.; Li, S.;
Johnstone, S.; Thibault, S.; Xu, H.; Cardozo, M.; Shen, W.; Walker,
N.; Kayser, F.; Wang, Z. Structure-Guided Design, Synthesis, and
Evaluation of Guanine-Derived Inhibitors of the eIF4E mRNA-Cap
Interaction. J. Med. Chem. 2012, 55, 3837−3851.
(9) Gagnon, K. J.; Perry, H. P.; Clearfield, A. Conventional and
Unconventional Metal-Organic Frameworks Based on Phosphonate
Ligands: MOFs and UMOFs. Chem. Rev. 2012, 112, 1034−1054.
(10) Jeon, S. O.; Lee, J. Y. Comparison of symmetric and
asymmetric bipolar type high triplet energy host materials for deep
blue phosphorescent organic light-emitting diodes. J. Mater. Chem.
2012, 22, 7239−7244.
(11) Carroll, M. P.; Guiry, P. J. P,N ligands in asymmetric catalysis.
Chem. Soc. Rev. 2014, 43, 819−833.
(12) Kagayama, T.; Nakano, A.; Sakaguchi, S.; Ishii, Y.
Phosphonation of Arenes with Dialkyl Phosphites Catalyzed by
Mn(II)/Co(II)/O2 Redox Couple. Org. Lett. 2006, 8, 407−409.
(13) Lin, W.; Su, F.; Zhang, H.-J.; Wen, T.-B. K2S2O8-Promoted
Direct C-H Phosphorylation of (Benzo)thiazoles. Eur. J. Org. Chem.
2017, 2017, 1757−1759.
(14) Strekalova, S.; Khrizanforov, M.; Sinyashin, O.; Budnikova, Y.
Catalytic Phosphorylation of Aromatic C-H Bonds: from Traditional
Approaches to Electrochemistry. Curr. Org. Chem. 2019, 23, 1756−
1770.
(15) Chen, L.; Liu, X.-Y.; Zou, Y.-X. Recent Advances in the
Construction of Phosphorus-Substituted Heterocycles, 2009−2019.
Adv. Synth. Catal. 2020, 362, 1724−1818.
(16) Mu, X.-J.; Zou, J.-P.; Qian, Q.-F.; Zhang, W. Manganese(III)
Acetate Promoted Regioselective Phosphonation of Heteroaryl
Compounds. Org. Lett. 2006, 8, 5291−5293.
(17) Berger, O.; Montchamp, J. L. Manganese-mediated intermo-
lecular arylation of H-phosphinates and related compounds. Chem. -
Eur. J. 2014, 20, 12385−12388.
(18) Li, L.; Wang, J.-J.; Wang, G.-W. Manganese(III) Acetate-
Promoted Cross-Coupling Reaction of Benzothiazole/Thiazole
Derivatives with Organophosphorus Compounds under Ball-Milling
Conditions. J. Org. Chem. 2016, 81, 5433−5439.
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