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ABSTRACT: A redox-neutral Fe-electrocatalytic deoxygenative Giese reaction is reported. Hydroxyl groups are among the 

most abundant functional groups. The advancement of efficient conversion reactions holds significant importance in medicinal 

and process chemistry. In this report, we present a redox-neutral Giese reaction via anodic oxidation to generate phosphonium 

ions and cathodic reduction to yield low-valent Fe catalysts. This reaction constitutes a ground-breaking account of a redox-

neutral reaction utilizing Fe-catalyst and electrochemistry. It will facilitate the exploration of diverse novel reactions employing 

this redox cycle in the future. 

INTRODUCTION  

    The development of efficient transformations of abundant 

functional groups has been a central topic in synthetic or-

ganic chemistry. For example, among the numerous C‒C 

bond formations, transition metal-catalyzed cross-coupling 

reactions are generally the most reliable and indispensable.1 

On the one hand, these cross-coupling reactions generally re-

quire the use of halogenated substrates and a two-step pro-

cess involving a halogenation step and C‒C bond formation. 

Hydroxyl group is one of the most abundant functional 

groups, and several efficient conversion reactions have re-

cently been reported (Figure 1A).2 In 2018 and 2022, Suga, 

Ukaji et al. reported direct conversion reactions of alcohols 

using Ti-reagents.3 This reaction is applicable to primary to 

tertiary alcohols and proved to be useful because it can be 

used for aliphatic alcohols. In 2020, Wang, Shu et al. re-

ported the first C‒O bond cleavage of tertiary alcohols using 

Cp*TiCl3 as a catalyst.4 In the meantime, the development of 

sustainable chemical reactions with less waste using photo-

redox chemistry5 and electrochemistry6,7 has gained momen-

tum recently. In 2021, Li et al. reported nickel-catalyzed de-

hydroxylative cross-coupling using electrochemistry.8 This 

reaction is an excellent way to directly form C(sp2)‒C(sp3) 

bonds from primary and secondary alcohols. From 2021 to 

2023, MacMillan et al. reported a direct alcohol conversion 

reaction using NHC, photoredox catalyst, Ni- or Fe-catalyst.9 

This reaction is applicable from primary to tertiary alcohols. 

Iron is abundant, inexpensive, non-toxic, and has been used 

for a long time. Even in recent years, some Fe-catalyzed or-

ganic chemical reactions have been reported.10 However, the 

catalytic use of iron in organic chemistry is less common than 

that of other transition metals such as Pd-, Ni-, and Co-cata-

lyst. In this context, we report the direct C-C bond formation 

reaction using a redox-neutral Fe-electrocatalytic deoxygen-

ative Giese reaction. 

 

RESULTS AND DISCUSSION 

    First, an Fe-catalyzed redox-neutral Giese-type reaction 

was investigated using 4-phenyl-2-butanol (1) and 4-tert-bu-

tylstyrene (2) as the substrate (Figure 1C). The most chal-

lenging aspect of this reaction is that the halogenation of the 

alcohol at the anode electrode and the reduction of the Fe cat-

alyst at the cathode electrode must proceed at appropriate re-

action rates and potentials. More than several hundred condi-

tions for the optimization of this redox-neutral Giese-type re-

action with respect to metal catalysts, ligands, base, phos-

phine, Br source, electrolyte, electrode, and current values 

have been studied extensively. For the screening of the alco-

hol halogenation reaction at anode electrodes, the conditions 

of the Ni-catalyzed paired electrolysis approach pioneered by 

Li et al. were used as initial attempt to investigate the optimal 

condition for the present reaction.8 Detailed investigations re-

vealed that the best results were obtained using FeCl2 (15 

mol%), IPr ligand (L1) (15 mol%), PPh3 (4 eq.), TBAB (4 

eq.), DIPEA (4 eq.), nBu4NBF4 (0.5 eq.) in DMA. In terms 

of electrochemical conditions, a current of 6 mA (0.2 mmol 

scale, constant current) was effective at room temperature in 

an undivided cell, and the redox-neutral Giese reaction of 

secondary alcohol 1 and styrene derivative 2 was found to 

proceed with 60% isolation yield using carbon plates as an-

ode electrodes and Ni forms as cathode electrodes. 

    Direct control experiments revealed that no desired prod-

uct 3 was obtained in the absence of electric current or Fe 

catalyst (entries 1-2). In addition, the yield was significantly 

reduced to 10% when a sacrificial Zn electrode was used as 

the anode electrode instead of a carbon plate (entry 3). Ac-

cording to this result, it can be concluded that the oxidation 

reaction at the anode electrode is necessary for this reaction. 

When 9 mA was used as the constant current or only10 mol% 

catalyst was used in this reaction, the yield decreased (entries 

4-5). Fe catalysts were also investigated. When Fe(acac)2 was 

applied instead, the reaction proceeded, but only 34% yield 

was obtained (entry 6). In general, Fe(acac)2 has two acac 

ligands coordinated to Fe, making it very unfavorable for 

other ligands to coordinate. When FeCl3 was used, the yield 

decreased to 37% (entry 7) probably due to FeCl3 is more 

hygroscopic than FeCl2, making it difficult to handle, and 

thus the small amount of water in the reaction system may be 

the cause of the low yield. Another controlled experiment 

was performed on the ligand effect of this reaction, only 20% 

yiled of the desired product 3 was obtained in the ligand-free 

condition (entry 8). 
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Figure 1. (A) Representative deoxygenative C-C bond formation from alcohols; (B) This work; (C) Optimization. 

 

A range of ligands (L2-L7) were screened sequently, and it 

proved to be ineffective for this reaction in terms of yield 

(entries 9-14). It is worth mentioning that the use of 

nBu4NBF4 (0.5 eq.) as electrolyte in this reaction led to 

higher yield (entry 15). Next, the halogen sources were in-

vestigated, which play the dual role of not only halogen 

source but also electrolyte. It was found that the yield de-

creased using TBAI or NaI (entries 16-17). This is probably 

due to the high reactivity of the alkyl iodide generated in the 

reaction system, which may cause side reactions such as re-

duction and elimination. Furthermore, this reaction did not 

proceed at all when PPh3 was not used (entry 18). To confirm 

the solvent effect, NMP used very frequently in electrochem-

ical reactions, was tested in this reaction, but the yield 

dropped to 16% (entry 19). And when the reaction was per-

formed under air, the yield was less than 5% (entry 20). 

    With the optimal condition in hand, a range of substrates 

were investigated sequentially. First, we screened different 

Michael acceptors using 4-phenyl-2-butanol (1) as the alco-

hol and found that a variety of substrates were applicable as 

styrene derivatives (Table 1A). Substrates with alkyl groups 

such as tBu and Me groups on the aromatic ring easily pro-

vided the desired compounds (3, 4). When styrene was used, 

the reaction proceeded in 72% isolated yield to give the 

desired compound 5. Gram scale experiment (5) revealed that 

this reaction proceeded in 75% isolated yield. The investiga-

tion of the range of substrates of Michael acceptors continued. 

The electrochemical deoxygenative Giese reaction pro-

ceeded when styrene derivatives with electron withdrawing 

groups such as fluorine and chlorine, good yields of the de-

sired products were obtained with styrene derivatives con-

taining fluorine substituents (6, 7). And a slightly decrease in 

yield was observed for styrene derivatives with chlorine sub-

stituents (8-10). However, when the reaction was attempted 

for styrene derivatives substituted with bromine and iodine, 

the dehalogenation was observed and the desired product was 

not obtained. Besides, the reaction proceeded for styrene de-

rivatives with different ester groups as electron-withdrawing 

groups (11-12). The reaction was also applicable to other sty-

rene derivatives such as 1-vinyl naphthalene, 2-vinyl naph-

thalene, and 4-vinyl biphenyl (13-15). When the disubsti-

tuted olefins 1,1-diphenylethylene and α-methylstyrene were 

applied in the reaction (16-17), the desired product were ob-

tained. As we all know, the functional group transformation 

of heterocyclic compounds is critical in medicinal chemistry. 

Therefore, we attempted this reaction for heterocyclic com-

pounds. As a result, the electrochemical deoxygenative Giese 

reaction proceeded for pyridine, thiazole, thiophene, and  

https://doi.org/10.26434/chemrxiv-2023-xpc2f ORCID: https://orcid.org/0000-0001-5475-7883 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-xpc2f
https://orcid.org/0000-0001-5475-7883
https://creativecommons.org/licenses/by/4.0/


 

 

Table 1. Substrate scope of Fe-catalyzed electrochemical deoxygenative Giese reactiona 

 
aIsolated yield. bFeCl2 (15 mol%), IPr·HCl (15 mol%), PPh3 (4 eq.), TBAB (4 eq.), and DIPEA (4 eq.) was used. cTBAI (4 eq.) was used 

instead of TBAB. dFeCl2 (20 mol%), IPr·HCl (20 mol%)), PPh3 (6 eq.), TBAB (4 eq.), and DIPEA (2 eq.) was used. 
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Table 2. Substrate scope of Fe-catalyzed electrochemical deoxygenative Giese reactiona,b 

aIsolated yield. bFeCl2 (15 mol%), IPr·HCl (15 mol%), PPh3 (4 eq.), TBAB (4 eq.), and DIPEA (4 eq.) was used for 40. FeCl2 (20 mol%), 

IPr·HCl (20 mol%)), PPh3 (6 eq.), TBAB (4 eq.), and DIPEA (2 eq.) was used for 41. 

https://doi.org/10.26434/chemrxiv-2023-xpc2f ORCID: https://orcid.org/0000-0001-5475-7883 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-xpc2f
https://orcid.org/0000-0001-5475-7883
https://creativecommons.org/licenses/by/4.0/


 

 

other heterocycles (18-21). Interestingly, the reaction also 

proceeded for ferrocene in 23% isolated yield (22). 

    Next, acrylate derivatives and other Michael acceptors 

were investigated (Table 1B). The results showed that vari-

ous acrylate derivatives, including methyl methacrylate, 

could be applied in the Giese reaction (23-29). To confirm 

the applicability of functional groups, this reaction was also 

tested in Michael acceptors with amino groups, and it was 

found that the reaction was applicable to Michael acceptors 

such as 2-(diethylamino)ethyl methacrylate and 2-(dimethyl-

amino)ethyl methacrylate (30, 31). Furthermore, the reaction 

proceeded well with various acrylate derivatives, including 

cyclic and acyclic acrylates (32-37). To our delight, the elec-

trochemical deoxygenative Giese reaction also works well 

for amide (38). Further investigation of different Michael ac-

ceptors revealed that the reaction also proceeds well with di-

ethyl vinyl phosphonate (39), which is of great significance 

for diversity synthesis. 

    Various primary alcohols with tert-butyl methacrylate (40) 

and styrene (41) as Michael acceptors were investigated (Ta-

ble 2A). As a result, the reaction proceeded well with primary 

alcohols regardless of various functional groups such as elec-

tron donating and electron-withdrawing groups on the aro-

matic ring (42-52). The deoxygenative Giese reaction pro-

ceeded well with alcohols containing heterocycles such as 

pyridine rings and other aliphatic primary alcohols (53-59). 

The reaction was also effective with primary alcohols derived 

from important pharmaceuticals such as ibuprofen and 

naproxen. And when various primary alcohols were applied 

in this reaction, the desired product was obtained (62-64). 

    Various secondary alcohols were then investigated (Table 

2B). The reaction was also found to be applicable to a wide 

range of different secondary alcohols, when 2-hydroxyindan 

was used in this reaction, the target product (65) was obtained 

in 50% isolated yield. On the other hand, 1-hydroxyindan and 

1,2,3,4-tetrahydro-1-naphthol, which have an alcohol at the 

benzoivc position, gave the target compounds in lower yields 

(66, 67). The deoxygenative Giese reaction also proceeded 

with substrates such as cyclohexanol, cycloheptanol, and cy-

clooctanol (68-70). Further investigation of the range of sub-

strates for this reaction demonstrated that the desired com-

pounds could also be obtained by coupling secondary alco-

hols with styrene (41) (71-74). In addition, the reaction was 

also applicable to steroidal skeletons, which have a variety of 

biological activities and are important for drug development 

(75, 76). It is worth noting that compound 75 could be syn-

thesized on a gram scale. Finally, we confirmed the substrate 

applicability of the present reaction to heterocyclic com-

pounds, which are extremely important building blocks in the 

field of medicinal chemistry and found that the reaction was 

applicable to a wide range of compounds (77-83). These re-

sults indicate that this reaction can introduce a wide range of 

Michael acceptors to a variety of primary and secondary al-

cohols (Tables 1 and 2). 

    Mechanistic studies were attempted to elucidate the reac-

tion mechanism of this reaction (Figure 2A). First, cyclo-

propylmethanol (84) and 4-vinyltoluene (85) were reacted 

using the standard conditions for this reaction (Table 1). In 

consequence, the ring opening radical 86 was obtained. The 

Giese reaction of the chiral compound 87 with styrene (41) 

gave the racemic compound 77. From these experimental re-

sults, it is clear that this reaction is a radical reaction mecha-

nism. 

    At the same time, control experiments were performed 

with (3-iodobutyl)benzene (88), a putative intermediate of 

this reaction (Figure 2B). First, we tried the standard condi-

tion of this reaction using 88 and 4-tert-butylstyrene (2) with-

out electrodes and current, and using Zn dust (10 eq.) and Mn 

dust (10 eq.) as chemical reductants. Consequently, the de-

sired compound 3 was not obtained at all. In addition, we 

tried the standard condition of this reaction with (+)C plate / 

(-)Ni foam and no current flow (0 mA). However, the desired 

compound 3 was not obtained. Based on these results and the 

aforementioned control experiments (Figure 1C, entry 1), it 

can be concluded that the application of electrochemistry is 

essential for this reaction. A further control experiment was 

then performed to investigate the effect of FeCl2 in this reac-

tion (Figure 2B, bottom). Sacrificial anodes ((+)Zn plates) 

were used instead of (+)C plates in the standard reaction con-

ditions. As a result, the desired compound 3 was isolated in 

24% yield under the conditions without FeCl2 and IPr ligand. 

On the other hand, the yield was improved (42% isolated 

yield) under the condition with FeCl2 and IPr ligand. These 

experimental results indicated that the FeCl2 and IPr ligands 

are crucial in this reaction system. It is interesting to note that 

in the Giese reaction of 4-phenyl-2-butanol (1) and 4-tert-bu-

tylstyrene (2), the isolated yield under standard conditions 

was 60% (Figure 1C). This yield is higher than that of (3-

iodobutyl)benzene (88) in a sacrificial anode ((+)Zn plate) 

(Figure 2B, bottom). This is probably due to the fact that this 

reaction does not use alkyl halide as a starting material, but 

alcohol as a starting material, which allows the gradual for-

mation of alkyl halide in the reaction system and keeps the 

concentration of radicals at a reasonable level. From these 

experimental results, it can be concluded that FeCl2 is essen-

tial for this reaction. In addition, the importance of keeping 

the radical concentration in the reaction system at a reasona-

ble value is evident.  

    Based on the above mechanistic studies and control exper-

iments, the proposed mechanism of this reaction is shown be-

low (Figure 2C). First, as reported by Li et al.,8 X− (X = Br 

or I) is oxidized to Br2 or I2 by anodic oxidation. Subse-

quently, the resulting Br2 or I2 reacts with PPh3, and the Ap-

pel reaction proceeds in the presence of alcohol as substrate. 

The alcohol substrate is then converted to the Mitsunobu in-

termediate 89 to give the alkyl halide 90. The resulting alkyl 

halide 90 undergoes XAT (halogen atom transfer) through 

the Fe complex to form the radical intermediate 91. 91 reacts 

readily with the Michael acceptor to form 92, which is then 

derivatized by SET (single electron transfer) to give the de-

sired product 93 (path A). The Fen species produced after 

XAT and SET are expected to be converted to Fen-1 by ca-

thodic reduction and used in the next catalytic cycle. The pro-

cess of 92 to 93 may also be mediated by the HAT  
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Figure 2. (A) Mechanistic studies; (B) Control experiments; (C) Proposed reaction mechanism; (D) Application to gram scale and diversi-

fication. 
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(hydrogen atom transfer) mechanism (path B) in addition to 

the SET mechanism (path A). 

    To demonstrate the usefulness of this reaction, application 

to the gram scale and diversification were conducted (Figure 

2D). We tried to diversify the compound and scale up this 

reaction using lithocholic acid methyl ester (94), which con-

tains the RelyvrioTM scaffold in its molecule.11 As expected, 

the reaction proceeded well at the 10 mmol scale (3.9 g of 

94) and the target compound 95 was successfully obtained in 

60% yield (dr = 1:1, 2.9 g). Further attempts were made to 

diversify 94 on the 0.4 mmol scale. It was found that various 

Michael acceptors could be introduced into 94 in a single step 

(96-105). This diversification method could be applied to 

various bioactive and medically important compounds with 

hydroxyl groups. 

 

CONCLUSION  

    The redox-neutral Fe-electrocatalytic deoxygenative 

Giese reaction elucidated herein represents a powerful 

approach for the one-step installation of Michael acceptors 

into both primary and secondary alcohols. The key feature of 

this reaction is its independence from scarce metals or highly 

toxic reagents, allowing the use of readily available commer-

cial reagents to effortlessly form C‒C bonds from alcohols at 

ambient temperature. In addition, the previously unreported 

achievement of cathodic reduction, which facilitates the elec-

trochemical reduction of the Fe-catalyst, has been realized. 

Coupled with the Appel reaction via anodic oxidation, a re-

dox-neutral Giese reaction was achieved, providing tremen-

dous efficiency for small molecule diversification. This 

methodology represents a pioneering investigation into the 

fusion of Fe-catalysis and electrochemistry in the field of re-

dox-neutral reactions. In the near future, the exploration of 

diverse innovative reactions utilizing this redox cycle holds 

promising prospects. In addition, the application of this ap-

proach in the field of medicinal chemistry is expected to fur-

ther advances in medicinal chemistry. 

ASSOCIATED CONTENT  

Supporting Information. Experimental procedures, an-
alytical data (1H and 13C NMR, MS) for all new com-
pounds as well as optimization tables. This material is 
available free of charge via the Internet at 
http://pubs.acs.org.  

AUTHOR INFORMATION 

Corresponding Authors 

Hugh Nakamura; email: hnakamura@ust.hk 

Author Contributions 

§L.Y., S.L. and H.O. contributed equally to this work. 
Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGMENTS 

Financial support for this work was provided by start-up 
funds from HKUST (Project No. R9820) and the Interstel-
lar Initiative Early Career Program 2022 from AMED and 
the New York Academy of Sciences to H.N. 

 

REFERENCES 

(1) (a) J. Tsuji, Palladium Reagents and Catalysts, Wiley, New 

York, 1995. (b) F. Diederich and P. J. Stang, Palladium Rea-

gents and Catalysts: New Perspectives for the 21st Century, 

2nd ed. Wiley, New York, 2004. (c) J. F. Hartwig, Or-

ganotransition Metal Chemistry: From Bonding to Catalysis, 

University Science books, New York, 2009. (d) Gladysz, J. A. 

Introduction to Frontiers in Transition Metal Catalyzed Reac-

tions (and a Brief Adieu). Chem. Rev. 2011, 111 (3), 

1167−1169. 

(2) (a) Villo, P.; Shatskiy, A.; Karkas, M. D.; Lundberg, H. Elec-

trosynthetic C-O Bond Activation in Alcohols and Alcohol 

Derivatives. Angew. Chem.Int. Ed. 2022, 62 (4), e2022119. (b) 

Anwar, K.; Merkens, K.; Troyano, F. J. A.; Gomez-Suarez, A. 

Radical Deoxyfunctionalisation Strategies. Eur. J. Org. Chem. 

2022, 2022 (26), e202200330. 

(3) (a)Suga, T.; Shimazu, S.; Ukaji, Y.Low-Valent Titanium-Me-

diated Radical Conjugate Addition Using Benzyl Alcohols as 

Benzyl Radical Sources. Org. Lett. 2018, 20 (17), 5389‒5392. 

(b) Suga, T.; Takada, R.; Shimazu, S.; Sakata, M.; Ukaji, Y. 

Highly (E)-Selective Trisubstituted Alkene Synthesis by 

Low-Valent Titanium-Mediated Homolytic Cleavage of Al-

cohol C‒O Bond. J. Org. Chem. 2022, 87 (11), 7487−7493.  

(4) (a) Xie, H.; Guo, J. D.; Wang, Y. Q.; Wang, K.; Guo, P.; Su, 

P. F.; Wang, X. T.; Shu, X. Z. Radical Dehydroxylative Al-

kylation of Tertiary Alcohols by Ti Catalysis. J. Am. Chem. 

Soc. 2020, 142 (39), 16787‒16794. 

(5) (a) Wang, J. H.; Lv, X. X.; Jiang, Z. Y. Visible-Light-Medi-

ated Photocatalytic Deracemization. Eur. J. Chem. 2023, 29 

(29), e202204029. (b) Yin, Y. L.; Zhao, X. W.; Qiao, B. K.; 

Jiang, Z. Y. Cooperative photoredox and chiral hydrogen-

bonding catalysis. Org. Chem. Front. 2020, 7 (10), 1283‒

1296. (c) Beil, S. B.; Chen, T. Q.; Intermaggio, N. E.; Mac-

Millan, D. W. C. Carboxylic Acids as Adaptive Functional 

Groups in Metallaphotoredox Catalysis. Acc. Chem. Res. 2022, 

55 (23), 3481‒3494. (d) Chan, A. Y.; Perry, I. B.; Bissonnette, 

N. B.; Buksh, B. F.; Edwards, G. A.; Frye, L. I.; Garry, O. L.; 

Lavagnino, M. N.; Li, B. X.; Liang, Y. F.; et al. Metallapho-

toredox: The Merger of Photoredox and Transition Metal Ca-

talysis. Chem. Rev. 2022, 122 (2), 1485‒1542. 

(6) (a) Kolb, S.; Werz, D. B. Site-selective 

Hydrogenation/Deuteration of Benzylic Olefins Enabled by 

Electroreduction Using Water. Eur. J. Chem. 2023, 29 (32), 

e202300849. (b) Panja, S.; Ahsan, S.; Pal, T.; Kolb, S.; Ali, 

W.; Sharma, S.; Das, C.; Grover, J.; Dutta, A.; Werz, D. B.; et 

al. Non-directed Pd-catalysed electrooxidative olefination of 

arenes. Chem. Sci. 2022, 13 (32), 9432‒9439. (c) Kolb, S.; 

Petzold, M.; Brandt, F.; Jones, P. G.; Jacob, C. R.; Werz, D. 

B. Electrocatalytic Activation of Donor-Acceptor 

Cyclopropanes and Cyclobutanes: An Alternative C(sp3)-

C(sp3) Cleavage Mode. Angew. Chem. Int. Ed. 2021, 60 (29), 

15928‒15934. (d) Qiu, Y.; Scheremetjew, A.; Ackermann, L. 

https://doi.org/10.26434/chemrxiv-2023-xpc2f ORCID: https://orcid.org/0000-0001-5475-7883 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-xpc2f
https://orcid.org/0000-0001-5475-7883
https://creativecommons.org/licenses/by/4.0/


 

 

8 

Electro-Oxidative C‒C Alkenylation by Rhodium(III) 

Catalysis. J. Am. Chem. Soc. 2019, 141 (6), 2731‒2738. (e) 

Mei, R. H.; Sauermann, N.; Oliveira, J. C. A.; Ackermann, L. 

Electroremovable Traceless Hydrazides for Cobalt-Catalyzed 

Electro-Oxidative C‒H/N‒H Activation with Internal 

Alkynes. J. Am. Chem. Soc. 2018, 140 (25), 7913‒7921. (f) 

Sauermann, N.; Meyer, T. H.; Tian, C.; Ackermann, L. 

Electrochemical Cobalt-Catalyzed C‒H Oxygenation at 

Room Temperature. J. Am. Chem. Soc. 2017, 139 (51), 

18452‒18455. (g) Kuzmin, J.; Rockl, J.; Schwarz, N.; 

Djossou, J.; Ahumada, G.; Ahlquist, M.; Lundberg, H. 

Electroreductive Desulfurative Transformations with 

Thioethers as Alkyl Radical Precursors. Angew. Chem. Int. 

Ed. 2023, 62 (39), e202304272. (h) Fu, N. K.; Sauer, G. S.; 

Lin, S. Electrocatalytic Radical Dichlorination of Alkenes 

with Nucleophilic Chlorine Sources. J. Am. Chem. Soc. 2017, 

139 (43), 15548‒15553. (i) Fu, N. K.; Sauer, G. S.; Saha, A.; 

Loo, A.; Lin, S. Metal-catalyzed electrochemical diazidation 

of alkenes. Science 2017, 357 (6351), 575‒579. (j) Zhang, W.; 

Lu, L. X.; Zhang, W.; Wang, Y.; Ware, S. D.; Mondragon, J.; 

Rein, J.; Strotman, N.; Lehnherr, D.; See, K. A.; et al. 

Electrochemically driven cross-electrophile coupling of alkyl 

halides. Nature 2022, 604 (7905), 292‒297. (k) Yang, Q. L.; 

Wang, X. Y.; Lu, J. Y.; Zhang, L. P.; Fang, P.; Mei, T. S. 

Copper-Catalyzed Electrochemical C‒H Amination of Arenes 

with Secondary Amines. J. Am. Chem. Soc. 2018, 140 (36), 

11487‒11494. (l) Yang, Q. L.; Xing, Y. K.; Wang, X. Y.; Ma, 

H. X.; Weng, X. J.; Yang, X.; Guo, H. M.; Mei, T. S. 

Electrochemistry-Enabled Ir-Catalyzed Vinylic C‒H 

Functionalization. J. Am. Chem. Soc. 2019, 141 (48), 18970‒

18976. (m) Wang, Z. H.; Gao, P. S.; Wang, X.; Gao, J. Q.; Xu, 

X. T.; He, Z.; Ma, C.; Mei, T. S. TEMPO-Enabled 

Electrochemical Enantioselective Oxidative Coupling of 

Secondary Acyclic Amines with Ketones. J. Am. Chem. Soc. 

2021, 143 (38), 15599‒15605. (n) Xiong, P.; Xu, H. H.; Song, 

J. S.; Xu, H. C. Electrochemical Difluoromethylarylation of 

Alkynes. J. Am. Chem. Soc. 2018, 140 (7), 2460‒2464. (o) 

Xiong, P.; Long, H.; Song, J. H.; Wang, Y. H.; Li, J. F.; Xu, 

H. C. Electrochemically Enabled Carbohydroxylation of 

Alkenes with H2O and Organotrifluoroborates. J. Am. Chem. 

Soc. 2018, 140 (48), 16387‒16391. (p) Cai, C. Y.; Lai, X. L.; 

Wang, Y.; Hu, H. H.; Song, J. S.; Yang, Y.; Wang, C.; Xu, H. 

C. Photoelectrochemical asymmetric catalysis enables site- 

and enantioselective cyanation of benzylic C‒H bonds. Nat. 

Catal. 2022, 5 (10), 943‒951. (q) Ye, X. H.; Zhao, P. Y.; 

Zhang, S. Y.; Zhang, Y. B.; Wang, Q. L.; Shan, C.; Wojtas, 

L.; Guo, H.; Chen, H.; Shi, X. D. Facilitating Gold Redox 

Catalysis with Electrochemistry: An Efficient Chemical-

Oxidant-Free Approach. Angew. Chem. Int. Ed. 2019, 58 (48), 

17226-17230. (r) Ye, X. H.; Wang, C. H.; Zhang, S. Y.; Wei, 

J. W.; Shan, C.; Wojtas, L.; Xie, Y.; Shi, X. D. Facilitating Ir-

Catalyzed C‒H Alkynylation with Electrochemistry: Anodic 

Oxidation-Induced Reductive Elimination. Acs Catal. 2020, 

10 (20), 11693-11699. (s) Zhang, B. X.; Gao, Y.; Hioki, Y.; 

Oderinde, M. S.; Qiao, J. X.; Rodriguez, K. X.; Zhang, H. J.; 

Kawamata, Y.; Baran, P. S. Ni-electrocatalytic Csp(3)‒Csp(3) 

doubly decarboxylative coupling. Nature 2022, 606 (7913), 

313‒318. (t) Xu, H. C.; Moeller, K. D. Electrochemistry in 

Synthetic Organic Chemistry. J. Org. Chem. 2021, 86, 

15845−15846. (u) Nguyen, B. H.; Redden, A.; Moeller, K. D. 

Sunlight, Electrochemistry, and Sustainable Oxidation 

Reactions. Green Chem. 2014, 16, 69−72. (v) Wu, T.; 

Moeller, K. D. Organic Electrochemistry: Expanding the 

Scope of Paired Reactions. Angew. Chem., Int. Ed. 2021, 60, 

12883−12890. 

(7) (a) Yan, M.; Kawamata, Y.; Baran, P. S. Synthetic Organic 

Electrochemical Methods Since 2000: On the Verge of a 

Renaissance. Chem. Rev. 2017, 117 (21), 13230‒13319. (b) 

Kingston, C.; Palkowitz, M. D.; Takahira, Y.; Vantourout, J. 

C.; Peters, B. K.; Kawamata, Y.; Baran, P. S. A Survival 

Guide for the "Electro-curious". Acc. Chem. Res. 2020, 53 (1), 

72‒83. (c) Jing, Q.; Moeller, K. D. From Molecules to 

Molecular Surfaces. Exploiting the Interplay Between 

Organic Synthesis and Electrochemistry. Acc. Chem. Res. 

2020, 53, 135−143. (d) Moeller, K. D. Using Physical Organic 

Chemistry To Shape the Course of Electrochemical 

Reactions. Chem. Rev. 2018, 118, 4817−4833. (e) Little, R. D. 

A Perspective on Organic Electrochemistry. J. Org. Chem. 

2020, 85, 13375−13390. (f) McKenzie, E. C. R.; Hosseini, S.; 

Petro, A. G. C.; Rudman, K. K.; Gerroll, B. H. R.; Mubarak, 

M. S.; Baker, L. A.; Little, R. D. Versatile Tools for 

Understanding Electrosynthetic Mechanisms. Chem. Rev. 

2022, 122, 3292−3335. (g) Little, R. D.; Moeller, K. D. 

Introduction: Electrochemistry: Technology, Synthesis, 

Energy, and Materials. Chem. Rev. 2018, 118, 4483−4484. (h) 

Wirtanen, T.; Prenzel, T.; Tessonnier, J.-P.; Waldvogel, S. R. 

Cathodic Corrosion of Metal Electrodes-How to Prevent It in 

Electroorganic Synthesis. Chem. Rev. 2021, 121, 

10241−10270. (i) Kisukuri, C. M.; Fernandes, V. A.; Delgado, 

J. A. C.; Haring, A. P.; Paixao, M. W.; Waldvogel, S. R. 

Electrochemical Installation of CFH2-, CF2H-, CF3-, and 

Perfluoroalkyl Groups into Small Organic Molecule. Chem. 

Rec. 2021, 21, 2502−2525. 

(8) (a) Li, Z. J.; Sun, W. X.; Wang, X. X.; Li, L. Y.; Zhang, Y.; 

Li, C. Electrochemically Enabled, Nickel-Catalyzed Dehy-

droxylative Cross-Coupling of Alcohols with Aryl Halides. J. 

Am. Chem. Soc. 2021, 143 (9), 3536‒3543. 

(9) (a) Lyon, W. L.; MacMillan, D. W. C. Expedient Access to 

Underexplored Chemical Space: Deoxygenative C(sp3)‒

C(sp3) Cross-Coupling. J. Am. Chem. Soc. 2023, 145 (14), 

7736‒7742. (b) Gould, C. A.; Pace, A. L.; MacMillan, D. W. 

C. Rapid and Modular Access to Quaternary Carbons from 

Tertiary Alcohols via Bimolecular Homolytic Substitution. J. 

Am. Chem. Soc. 2023, 145 (30), 16330‒16336. (c) Wang, J. 

Z.; Sakai, H. A.; MacMillan, D. W. C. Alcohols as Alkylating 

Agents: Photoredox-Catalyzed Conjugate Alkylation via In 

Situ Deoxygenation. Angew. Chem. Int. Ed. 2022, 61 (35), 

e202207150. (d) Intermaggio, N. E.; Millet, A.; Davis, D. L.; 

MacMillan, D. W. C. Deoxytrifluoromethylation of Alcohols. 

J. Am. Chem. Soc. 2022, 144 (27), 11961‒11968. (e) Sakai, H. 

A.; MacMillan, D. W. C. Nontraditional Fragment Couplings 

of Alcohols and Carboxylic Acids: C(sp(3))‒C(sp(3)) Cross-

Coupling via Radical Sorting. J. Am. Chem. Soc. 2022, 144 

(14), 6185‒6192. (f) Dong, Z.; MacMillan, D. W. C. 

Metallaphotoredox-enabled deoxygenative arylation of 

alcohols. Nature 2021, 598 (7881), 451‒456.  
(10) (a) Shang, R.; Ilies, L.; Nakamura, E. Fe-Catalyzed Directed 

C(sp2)-H and C(sp3)-H Functionalization with Trimethylalu-

minum. J. Am. Chem. Soc. 2015, 137 (24), 7660‒7663. (b) 

Shang, R.; Ilies, L.; Nakamura, E. Fe-Catalyzed Ortho C‒H 

Methylation of Aromatics Bearing a Simple Carbonyl Group 

with Methylaluminum and Tridentate Phosphine Ligand. J. 

Am. Chem. Soc. 2016, 138 (32), 10132‒10135. (c) Doba, T.; 

Matsubara, T.; Ilies, L.; Shang, R.; Nakamura, E. Homocou-

pling-free Fe-catalysed twofold C-H activation/cross-cou-

plings of aromatics via transient connection of reactants. Nat. 

Catal. 2019, 2 (5), 400‒406. (d) Norinder, J.; Matsumoto, A.; 

Yoshikai, N.; Nakamura, E. Fe-catalyzed direct arylation 

through directed C‒H bond activation. J. Am. Chem. Soc. 

2008, 130 (18), 5858‒5859. (e) Yoshikai, N.; Matsumoto, A.; 

Norinder, J.; Nakamura, E. Fe-Catalyzed Chemoselective or-

tho Arylation of Aryl Imines by Directed C‒H Bond Activa-

tion. Angew. Chem. Int. Ed. 2009, 48 (16), 2925‒2928. (f) Yo-

shikai, N.; Mieczkowski, A.; Matsumoto, A.; Ilies, L.; Naka-

mura, E. Fe-Catalyzed C‒C Bond Formation at alpha-Position 

of Aliphatic Amines via C‒H Bond Activation through 1,5-

https://doi.org/10.26434/chemrxiv-2023-xpc2f ORCID: https://orcid.org/0000-0001-5475-7883 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-xpc2f
https://orcid.org/0000-0001-5475-7883
https://creativecommons.org/licenses/by/4.0/


 

 

9 

Hydrogen Transfer. J. Am. Chem. Soc. 2010, 132 (16), 5568‒

5569. (g) Green, S. A.; Vasquez-Cespedes, S.; Shenvi, R. A. 

Fe-Nickel Dual-Catalysis: A New Engine for Olefin Function-

alization and the Formation of Quaternary Centers. J. Am. 

Chem. Soc. 2018, 140 (36), 11317‒11324. (h) Gan, X. C.; Ko-

tesova, S.; Castanedo, A.; Green, S. A.; Moller, S. L. B.; 

Shenvi, R. A. Fe-Catalyzed Hydrobenzylation: Stereoselec-

tive Synthesis of (-)-Eugenial C. J. Am. Chem. Soc. 2023, 145 

(29), 15714‒15720. (i) Mako, T. L.; Byers, J. A. Recent Ad-

vances in Iron-Catalysed Cross Coupling Reactions and Their 

Mechanistic Underpinning. Inorganic Chemistry Frontiers 

2016, 3 (6), 766–790. (j) Kessler, S. N.; Bäckvall, J.-E. Iron-

Catalyzed Cross-Coupling of Propargyl Carboxylates and 

Grignard Reagents: Synthesis of Substituted Allenes. Angew. 

Chem. Int. Ed 2016, 55 (11), 3734–3738. 

(k) Mazzacano, T. J.; Mankad, N. P. Base Metal Catalysts for 

Photochemical C‒H Borylation That Utilize Metal-Metal Co-

operativity. J. Am. Chem. Soc. 2013, 135 (46), 17258–17261. 

(l) Jin, M.; Adak, L.; Nakamura, M. Iron-Catalyzed Enanti-

oselective Cross-Coupling Reactions of α-Chloroesters with 

Aryl Grignard Reagents. J. Am. Chem. Soc. 2015, 137 (22), 

7128–7134. (m) Scheiper, B.; Bonnekessel, M.; Krause, H.; 

Fürstner, A. Selective Iron-Catalyzed Cross-Coupling Reac-

tions of Grignard Reagents with Enol Triflates, Acid 

Chlorides, and Dichloroarenes. J. Org. Chem. 2004, 69 (11), 

3943–3949. (n) Fürstner, A.; Leitner, A.; Méndez, M.; Krause, 

H. Iron-Catalyzed Cross-Coupling Reactions. J. Am. Chem. 

Soc. 2002, 124 (46), 13856–13863. (o) Tong, X.; Yang, Z.-P.; 

Del Angel Aguilar, C. E.; Fu, G. C. Iron-Catalyzed Reductive 

Cross-Coupling of Alkyl Electrophiles with Olefins. Angew. 

Chem. Int. Ed 2023, 62 (34), e202306663. (p) Shaik, S. Iron 

Opens up to High Activity. Nat. Chem. 2010, 2 (5), 347–349. 

(q) Zhu, C.; Stangier, M.; Oliveira, J. C. A.; Massignan, L.; 

Ackermann, L. Iron-Electrocatalyzed C‒H Arylations: Mech-

anistic Insights into Oxidation-Induced Reductive Elimination 

for Ferraelectrocatalysis. Chemistry 2019, 25 (71), 16382–

16389. (r) Mo, J.; Müller, T.; Oliveira, J. C. A.; Demeshko, S.; 

Meyer, F.; Ackermann, L. Iron-Catalyzed C‒H Activation 

with Propargyl Acetates: Mechanistic Insights into Iron(II) by 

Experiment, Kinetics, Mössbauer Spectroscopy, and Compu-

tation. Angew. Chem. Int. Ed 2019, 58 (37), 12874–12878. (s) 

Mo, J.; Müller, T.; Oliveira, J. C. A.; Ackermann, L. 1,4-Iron 

Migration for Expedient Allene Annulations through Iron-

Catalyzed C‒H/N‒H/C‒O/C‒H Functionalizations. Angew. 

Chem. Int. Ed. 2018, 57 (26), 7719–7723.  

(11) Aschenbrenner, D. S. New Drug Approved For ALS. Am. J. 

Nurs. 2023, 123 (1), 22‒23.  

 

 

 

https://doi.org/10.26434/chemrxiv-2023-xpc2f ORCID: https://orcid.org/0000-0001-5475-7883 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-xpc2f
https://orcid.org/0000-0001-5475-7883
https://creativecommons.org/licenses/by/4.0/

