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a b s t r a c t

A method for the generation of alkyl radicals from inert alkyl C-O bonds has been developed via an

iron/borane reagent/alkoxide catalytic system, which can be employed for the synthesis of amines from

nitroarenes with excellent efficiency. This reductive amination features good functional group compatibil-

ity and enables the late-stage amination of bio-relevant compounds, thus providing good opportunities

for applications in medicinal chemistry. Preliminary mechanistic studies reveal that the amine synthesis

may be involving a Fe/Li cation-assisted single electron transfer pathway to form alkyl radicals, and the

low-valent iron species may be the active intermediates.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Alkyl radicals have received increasing attention in transition

metal-catalyzed transformations in recent years [1]. At present, the

generation of alkyl radicals is typically from alkyl halides, while

a few alkyl radical sources have been reported, such as alkyl car-

boxylic acids [2,3] and alkylamines [4]. However, these approaches

suffer from some limitations, including halogenated wastes and the

requirement of multi-step synthesis of radical precursors. There-

fore, developing an efficient method for the generation of alkyl

radicals from green feedstocks is highly desired. Alkanols are more

popular starting materials than alkyl halides in organic synthe-

sis because of their halogenated-waste avoidance, good safety and

ready availability. Alkanols as radical sources in the Giese reactions

and Ni-catalyzed coupling reactions have been reported, in which

alkanols should be converted into redox-active radical precursors

(Fig. 1A) [5–13]. In contrast, alkyl pseudohalides, such as alkyl to-

sylates are attractive alkyl group sources as they avoid multi-step

pre-functionalization. Nevertheless, alkyl tosylates are inert and

difficult to generate alkyl radicals through the SET process due to
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the high-lying antibonding orbital of the C-O bond [14]. Very re-

cently, Weix [15] and Komeyama [16–18] found that highly nucle-

ophilic cobalt(I) species can undergo SN2 reaction with alkyl tosy-

lates to afford cobalt(III)-alkyl complexes, which then provide alkyl

radicals through the homolytic cleavage of Co-C bond (Fig. 1B). In

order to enhance the synthetic utility of alkanols, we set out to

develop new catalytic systems for efficient generation of alkyl rad-

icals from inert C-O bonds [19–21].

Amines are the most important compounds in organic synthe-

sis, widely existing in materials, pharmaceuticals and agrochemi-

cals [22]. The most widespread methods for amine synthesis are

the Buchwald-Hartwig and Ullman-Ma C-N bond coupling reac-

tions [23–25]. It should be noted that these amination methods

use anilines as the nitrogen sources, which are usually obtained

by hydrogenation of nitroarenes. Consequently, the direct use of

nitroarenes as starting materials for amine synthesis is more at-

tractive due to its step economy and cost efficiency [26–41]. In

addition, in the classical C-N bond formation coupling reactions,

the sensitive functional groups such as hydroxyl and thiol are not

always compatible, which would readily react with electrophiles

to afford alkylated or arylated products. In comparison, when ni-

troarenes are employed as coupling partners, such groups could be

well tolerated. Recently, the Niggemann group developed a novel

nucleophilic type of amination reaction of organozinc reagents

with nitroarenes through a borane-promoted 1,2-migration (Fig.
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Fig. 1. Methods for the generation of alkyl radicals and amines synthesis from nitroarenes.

1C) [42,43]. In 2015, the Baran group reported an elegant iron-

catalyzed hydroamination protocol for amine synthesis from ni-

troarenes and alkenes, though this catalytic system is not suitable

for primary alkylamines (Fig. 1D) [44]. Soon after, the Hu group

employed zinc as a reductant to achieve the amination of alkyl

bromides and alkyl iodides with nitroarenes [45], but the catalytic

system was not suitable for inert substrates, such as alkyl chlorides

and alkyl tosylates (Fig. 1D). Therefore, it is necessary to develop

more efficient catalytic systems for the inert C-O bonds cleavage

to generate alkyl radicals.

Our recent studies demonstrated that the in situ generated iron-

boryl complex in the iron/borane reagent/alkoxide catalytic sys-

tems (such as Fe(OAc)2/B2pin2/MeOLi) have strong reducing prop-

erties, which could promote the transformation of the inert bonds

[46,47]. Inspired by these findings, we envisioned that, with such

catalytic systems, inert alkyl tosylates may be reduced to gener-

ate alkyl radicals via a similar Fe/Li cation-assisted single elec-

tron transfer process [47], and nitroarenes may also be reduced to

nitrosoarenes, and the resulting alkyl radicals could subsequently

be trapped by nitrosobenzene to afford the amination products.

Therefore, as a part of efforts in exploring the nature of iron cataly-

sis [48–71], we investigated the iron-catalyzed amine synthesis us-

ing unreactive alcohol derivatives as substrates (Fig. 1E).

Given these considerations, we set out to study this iron-

catalyzed amination reaction by the treatment of 1-methyl-4-

nitrobenzene 1a and alkyl tosylate 2b with an iron catalyst in the

presence of t-BuXphos. Reassuringly, the desired product 1 was ob-

tained in 16% yield using MeONa as a base (Table 1, entry 1). Af-

ter evaluation of various inorganic bases, MeOLi was found to pro-

mote this reaction smoothly with 25% yield (Table 1, entry 2; for

details, see Supporting information). Various iron sources were fur-

ther tested, and Fe(OTf)2 exhibited good performance, providing 1

in 31% yield (Table 1, entries 3 and 4; for details, see Supporting

information). Solvents proved to be important for this transforma-

tion, and CPME was a good choice, yielding the desired product

in 38% yield (Table 1, entries 5 and 6; for details, see Support-

Table 1

Representative results for the optimization of iron-catalyzed reductive coupling of

1-methyl-4-nitrobenzene 1a with 2b.a

Entry [Fe] Ligand Solvent Base Yield (%)b

1 FeCl2
.4H2O t-BuXPhos THF MeONa 16

2 FeCl2
.4H2O t-BuXPhos THF MeOLi 25

3 Fe(OAc)2 t-BuXPhos THF MeOLi 19

4 Fe(OTf)2 t-BuXPhos THF MeOLi 31

5c Fe(OTf)2 t-BuXPhos Toluene MeOLi 12

6c Fe(OTf)2 t-BuXPhos CPME MeOLi 38

7d Fe(OTf)2 dppe CPME MeOLi 10

8d Fe(OTf)2 XantPhos CPME MeOLi 40

9d Fe(OTf)2 JohnPhos CPME MeOLi 26

10e Fe(OTf)2 PAd3 CPME MeOLi 78

11e Fe(OTf)2 PAd3 MTBE MeOLi 83

12f Fe(OTf)2 PAd3 MTBE MeOLi 88 (86)

a Reaction conditions (unless otherwise specified): 1a (0.2 mmol, 1.0 equiv.), 2b (0.3

mmol, 1.5 equiv.), B2pin2 (0.6 mmol, 3.0 equiv.), [Fe] (0.02 mmol, 0.1 equiv.), ligand

(0.1-0.2 equiv.), base (0.7 mmol, 3.5 equiv.), solvent (1.0 mL), 100 °C, 15 h.
b Determined by 1H NMR using mesitylene as an internal standard. The isolated

yield is shown in parentheses.
c MeOLi (0.65 mmol, 3.25 equiv.).
d 2b (0.4 mmol, 2.0 equiv.), MeOLi (0.65 mmol, 3.25 equiv.), 70 °C.
e 2b (0.4 mmol, 2.0 equiv.), B2pin2 (0.55 mmol, 2.75 equiv.), MeOLi (1.6 mmol, 8.0

equiv.), 70 °C.
f 2b (0.4 mmol, 2.0 equiv.), B2pin2 (0.55 mmol, 2.75 equiv.), MeOLi (1.6 mmol, 8.0

equiv.), MTBE (0.8 mL), 75 °C.
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Scheme 1. Scope of the borane-promoted thiolation of (hetero)aryl sulfonyl chlorides. Reaction conditions: nitroarenes (0.2 mmol, 1.0 equiv.), alkyl tosylates (0.4 mmol, 2.0

equiv.), B2pin2 (0.55 mmol, 2.75 equiv.), Fe(OTf)2 (0.02 mmol, 0.1 equiv.), PAd3 (0.04 mmol, 0.2 equiv.), MeOLi (1.6 mmol, 8.0 equiv.), MTBE (0.8 mL), 75 °C, 15 h. a Alkyl

tosylates (0.26 mmol, 1.3 equiv.) were used.

ing information). Additionally, ligands were then checked, and the

phosphine ligands facilitated this reaction well (Table 1, entries 7-

9; for details, see Supporting information). Xantphos showed good

reactivity, and 40% yield was obtained (Table 1, entry 8). To our

delight, this reaction proceeded with good efficiency using bulky

PAd3 [72] as the ligand, providing 1 in 78% yield (Table 1, entry

10). It is reasoned that electron-rich PAd3 ligand with bulky group

may favor the generation of alkyl radical to facilitate the amina-

tion reaction. Switching CPME to MTBE and increasing the concen-

tration afforded the best results, furnishing 1 in 86% isolated yield

(Table 1, entries 11 and 12). Without the borane reagent, no de-

sired product was observed (for details, see Supporting informa-

tion). Other reductants such as Zn and Mn, were also examined, as

anticipated, which could not promote this amination reaction (for
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Scheme 2. Gram-scale synthesis and late-stage functionalization of biomolecules.

details, see Supporting information). Furthermore, control exper-

iments demonstrated the importance of iron catalyst and ligand,

and only 12% yield was obtained in the absence of iron and ligand

(for details, see Supporting information). The high-purity iron cata-

lysts were examined as well, and comparable yields were provided

(for details, see Supporting information). These results suggest that

this transformation is promoted by the iron catalyst.

After the standard reaction condition was established, we ex-

amined the scope of this iron-catalyzed amination reaction. As

shown in Scheme 1, this boron-promoted amination showed excel-

lent functional group tolerance. Functional groups, such as, OMe,

CN, OCF3, SMe, hydroxyl, F, Cl, Br, I, OTs, OTf, Bpin, carboxylate,

morpholinyl, amide, CF3, alkenyl, alkynyl, and sulfone were all

compatible with this catalytic system (4, 6-19, 31-34). Nitroarenes

with electron-donating groups exhibited good reactivity, providing

the corresponding products in moderate to good yields (3-5, 75%-

80%). The substrate with an electron-withdrawing group was also

suitable for this transformation, giving rise to a moderate yield

(10, 76%). Importantly, the sensitive hydroxyl group usually read-

ily reacts with alkyl halides under traditional C-N bond forma-

tion conditions, while it was well-tolerated in this protocol (9,

71%). Substrates containing a halogen group or Bpin group pro-

ceeded this reaction smoothly (10-13, 51%-76%; 16, 60%), providing

a good chance for the downstream transformations. Nitroarenes

bearing a π-conjugated system performed this amination effi-

ciently, furnishing the desired products in moderate yields (21-24,

50%-70%). Moreover, the substrates bearing a heteroaromatic ring,

such as pyridine, benzofuran, benzo[d]thiazole, benzo[d]oxazole,

indole, and indazole were also demonstrated to be good substrates,

delivering the corresponding products in reasonable yields (25-30,

50%-71%). Subsequently, some alkyl tosylates were evaluated. Pri-

mary and secondary alkyl tosylates were good coupling partners,

affording the amination products in moderate to good yields (31-

53, 45%-84%). Notably, alkyl tosylates with an alkenyl or alkynyl

group could react well, providing the desired products in synthet-

ically useful yields, while hydroboration of the unsaturated bonds

did not occur (32, 53%; 33, 54%). Alkyl tosylates bearing a func-

tional group (such as sulfone and carboxylate) at the carbon chain

underwent this amination smoothly, and moderate yields were ob-

tained (34, 58%; 36, 70%).

To demonstrate the synthetic utilities of this reductive am-

ination reaction, gram-scale syntheses were carried out under

standard conditions. As shown in Scheme 2, when 1 g of 1a

or 48b was employed for this transformation, moderate yields

of desired products were provided. In addition, some drugs and

biomolecules were used as substrates to evaluate the applicability

of this methodology. Nimesulide, a nonsteroidal anti-inflammatory

drug, with a challenging sulfonamide group underwent this trans-

formation smoothly, providing the corresponding product in syn-

thetically valuable yields (54, 30%). Nitrofen was used as an her-

bicide, and performed this amination well, affording the desired

product 55 in 73% yield. Notably, the phenylalanine derivative with

some sensitive groups such as ester and NHBoc, reacted well, and

a good yield was obtained (56, 73%). Substrates derived from cin-

chophen and gemfibrozil exhibited good performance, and good

yields of the corresponding products were afforded (57, 70%; 61,

70%). The telmisartan derivative carried out this amination effec-

tively, delivering the coupling product 58 in 70% yield. Interest-

ingly, cholesterol and stigmasterol derivatives showed excellent re-

activity, furnishing the desired products in good yields (59, 85%;

60, 84%); meanwhile, the alkenyl group on the alkyl tosylates could

be reduced in this catalytic system.

Subsequently, some experiments were performed to shed light

on the mechanism of this iron-catalyzed amination reaction. First,
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Scheme 3. Mechanistic studies.

this transformation could be completely depressed, when a radical

scavenger TEMPO (200 mol%) was added under the standard re-

action conditions (for details, see Supporting information). More-

over, a radical clock experiment was performed, and the major

ring-opening product 63 was obtained (Scheme 3A). These results

suggest that the radical pathway is dominant in this amination re-

action, and the SN2 pathway is also involved. Subsequently, we at-

tempted to investigate the possible intermediates in this transfor-

mation. In our catalytic system, nitrosoarene 64a-1 could be iso-

lated, and according to the literature [27,29,30], some potential

intermediates derived from nitrobenzene 64a were evaluated. As

shown in Table S16 (Supporting information), nitrosoarene 64a-1

and N-phenyl hydroxylamine 64a-2 could provide moderate yields,

while other compounds performed this transformation with lower

efficiency (for details, see Supporting information), suggesting that

nitrosoarene and N-aryl hydroxylamines were the plausible inter-

mediates in the iron-catalyzed reductive amination. In our recent

work [46,47], it was found that the iron/B2pin2/MeOLi catalytic

systems could allow the high-valent iron species to be reduced

to deliver the low-valent iron(I)-boryl species. Therefore, a dppe-

ligated iron(I)-Cl complex [73] were synthesized, which could in-

deed promote this amination, affording the desired product in

moderate yields (Scheme 3B). These outcomes suggest that iron(I)

species might be participated in the catalytic cycle.

On the basis of these mechanistic studies, a plausible mecha-

nism is proposed (Scheme 3C). First, Fe(II) species was reduced by

B2pin2 with the assistance of MeOLi to form a low-valent iron(I)-

boryl complex [47]. The resulting intermediate II could coordinate

with alkyl-OTs to produce alkyl radicals via a Li cation-assisted

single electron transfer pathway. Additionally, nitroarene could be

reduced to form nitrosoarene in the iron/borane reagent/alkoxide

catalytic systems [45]. Subsequently, the in situ generated alkyl

radical was trapped by nitrosoarene to afford the N-aryl hydrox-

ylamine. Finally, the resulting N-aryl hydroxylamine reacted with

B2pin2 and underwent protonation to afford the coupling amina-

tion product [44].

In summary, we have developed an efficient method for the ac-

tivation of inert alkyl C-O bonds to generate alkyl radicals through

an iron/borane reagent/alkoxide catalytic system. This transforma-

tion exhibits excellent functional group compatibility and late-

stage functionalization of bioactive molecules, thus offering good

opportunities for applications in drug discovery and development.

Mechanistic studies suggest that the iron/B2pin2 catalytic system

can induce the cleavage of inert alkyl C-O bonds to generate alkyl

radicals, and the amination reaction proceeds through the alkyl

radical addition pathway.
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