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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.!
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.® 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*TiCl; as a catalyst.* In the meantime, the development of
sustainable chemical reactions with less waste using photo-
redox chemistry® and electrochemistry®” has gained momen-
tum recently. In 2021, Li et al. reported nickel-catalyzed de-
hydroxylative cross-coupling using electrochemistry.® This
reaction is an excellent way to directly form C(sp?)-C(sp®)
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.®
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.'® 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.® Detailed investigations re-
vealed that the best results were obtained using FeCl, (15
mol%), IPr ligand (L1) (15 mol%), PPh; (4 eq.), TBAB (4
eq.), DIPEA (4 eq.), nBu:NBF4 (0.5 eg.) 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), was
applied instead, the reaction proceeded, but only 34% vyield
was obtained (entry 6). In general, Fe(acac), has two acac
ligands coordinated to Fe, making it very unfavorable for
other ligands to coordinate. When FeCls; was used, the yield
decreased to 37% (entry 7) probably due to FeCls is more
hygroscopic than FeCl,, 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).

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/

A. Representative deoxygenative C-C bond formation from alcohols
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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
nBusNBF. (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 Nal (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 PPh3z 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 a-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
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Table 1. Substrate scope of Fe-catalyzed electrochemical deoxygenative Giese reaction?
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3Isolated yield. °FeCl2 (15 mol%), IPr-HCI (15 mol%), PPhs (4 eq.), TBAB (4 eq.), and DIPEA (4 eq.) was used. °TBAI (4 eq.) was used
instead of TBAB. 9FeCl2 (20 mol%), IPr-HCI (20 mol%)), PPhs (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 reaction2P
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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 aresult, 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 FeCl, 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 FeCl, and IPr ligand.
On the other hand, the yield was improved (42% isolated
yield) under the condition with FeCl, and IPr ligand. These
experimental results indicated that the FeCl, 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 FeCl; 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..® X~ (X = Br
or 1) is oxidized to Br, or I, by anodic oxidation. Subse-
quently, the resulting Br; or I reacts with PPhs, 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 alky!l
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 Fe" species produced after
XAT and SET are expected to be converted to Fe"™! 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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A. Mechanistic studies
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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 Relyvrio™ scaffold in its molecule.!! 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% vyield (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
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