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a b s t r a c t

Aromatic aldehydes are the most fundamentally important compounds used in organic synthesis. The

development of new synthetic methods for introduction of a formyl group into an organic scaffold is

highly desirable. In this report, a nickel-catalyzed reductive coupling between aryl halides and α–chloro

N-methoxyphthalimide has been documented for the synthesis of a diverse array of aromatic aldehy-

des. Because of mild reductive coupling conditions, excellent functional group tolerance, especially for

substrates containing free -OH and -NH2, was observed. Due to the simple operation mode, a large li-

brary of aromatic aldehydes can be quickly constructed by this process. Moreover, the present protocol is

amenable for late-stage functionalization of bioactive compound. A combined computational and exper-

imental investigation suggested the reaction may undergo a reaction mechanism of active Ni(I) catalyst

formation and the formation of key formyl radical intermediate under zinc reductive conditions.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Earth-abundant nickel-catalyzed reductive cross coupling of aryl

halides with electrophiles has gained substantial attentions be-

cause of the useful role in organic synthesis for accurate con-

struction of a wide variety of C–C bonds [1–30]. Radical in-

termediates are always involved in the reactions, generally pro-

ceed via the initial oxidative addition and reduction to give

nickelII intermediate, followed by radical addition to afford aryl-

alkyl nickelIII species, which could give the product through re-

ductive elimination (Scheme 1a) [31–34]. A range of alkyl elec-

trophiles, such as alkyl halides [11,35–53], N-alkylpyridinium salts

[54–64], alkyl carboxylic acids [65–68], alkyl oxalates [69–76],

and alkyl N-hydroxyphthalimide esters [77–81] could be employed

as the sources of alkyl radicals through single electron transfer

(SET) process in nickel-catalyzed reductive cross coupling reactions

(Scheme 1b). Despite these considerable achievements, to the best

of our knowledge, the nickel-catalyzed reductive formylation of

aryl halides via formyl radical intermediate still remains undevel-

oped.

Considering the importance of aromatic aldehydes, to data, a

diversity of methods for the formylation of aryl halides using tran-

sition metal catalysts have been developed [81–85]. Earlier stud-

∗ Corresponding authors.

E-mail addresses: hjxu@hfut.edu.cn (H.-J. Xu), zhangq@hfut.edu.cn (Q. Zhang),

yfliang@sdu.edu.cn (Y.-F. Liang).

ies on the palladium/rhodium-catalyzed formylation of aryl halides

with CO and H2 have yielded impressive results [86–91]. For exam-

ple, Beller and coworkers clarified the catalytic cycle of the formy-

lation of aryl bromides catalyzed by palladium for industrial ap-

plication [86]. However, the inherent drawbacks of the reported

methods, such as the need for toxic and flammable CO, high re-

action temperatures, and precious metal complexes as accelera-

tors, have led chemists to explore cleaner and cheaper ways to

synthesize aromatic aldehydes. Inspired by the nickel-catalyzed re-

ductive cross coupling of aryl halides via radical intermediates, we

envisioned that aromatic aldehydes could be prepared if a formyl

radical is present in the catalytic conditions. Herein, we disclose

a nickel-catalyzed reductive formylation of aryl halides with α–

chloro N-methoxyphthalimide as the source of formyl radical to

access functionalized aromatic aldehydes (Scheme 1c). In terms

of practicality and usability, this protocol is easy to handle, scal-

able and proceeds smoothly with excellent tolerance of functional

groups.

Recently, Chen and coworkers demonstrated the generation

of formyl radical from α–chloro N-methoxyphthalimide under

photoredox conditions [92]. Encouraged by this elegant exam-

ple, we initiated our studies by monitoring the formylation of

p-iodotoluene 1 with α–chloro N-methoxyphthalimides 2 as the

formyl source under nickel-catalyzed reductive conditions. A col-

lection of salient results is summarized in Table 1 (see Support-
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Scheme 1. Nickel-catalyzed reductive cross coupling via radical intermediates for

the formation of C–C bonds.

Table 1

Representative results for the optimization of the reaction conditions.a

Entry Variation from the standard conditions Yield (%)b

1 None 92

2 NiCl2
.phen instead of NiBr2

.bpy 55

3 NiBr2
.(PPh3)2 instead of NiBr2

.bpy Trace

4 NiBr2
.DME instead of NiBr2

.bpy Trace

5 NiBr2 and bpy instead of NiBr2
.bpy 62

6 NiBr2 instead of NiBr2
.bpy Trace

7 2a instead of 2 34

8 2b-2f instead of 2 0

9 Without KI 70

10 NaI instead of KI 57

11 LiBr instead of KI 46

12 MgCl2 instead of KI Trace

13 50 °C instead of RT 56

14 80 °C instead of RT 36

15 Mn instead of Zn 25

16 Fe instead of Zn N.D.

17 Dioxane instead of DMA N.D.

18 DCE instead of DMA N.D.

19 DMSO instead of DMA Trace

20 NMP instead of DMA 40

21 4-Bromotoluene instead of 1 14%

22c 4-Bromotoluene instead of 1 36%

23 No NiBr2
.bpy or Zn N.D.

a Reaction conditions: 1 (0.1mmol), 2 (0.15mmol, 1.5 equiv.), [Ni] (10mol%), Zn

(3.0 equiv.) and KI (1.0 equiv.) in DMA (0.5mL) at room temperature for 8h under

N2.
b GC yields.
c With TBAI (0.2mmol), Py (0.4mmol) instead of KI, in dioxane: DMA (4:1) at

35 °C. N.D.=not detected.

ing information for further and exhaustive list ofattempts). Upon

extensive investigation, we were pleased to find that the reaction

using NiBr2
.bpy as the catalyst, Zn as the reducing agent, KI as the

additive, in DMA at room temperature generated formylation prod-

uct 3 in 92% yield (entry 1). Several NiII catalysts were system-

atic screened, such as NiCl2
.phen, NiBr2

.(PPh3)2, and NiBr2
.DME,

suggesting that NiBr2
.bpy performed as the best catalyst, and

in situ formation of NiBr2
.bpy or without bpy resulted in lower

yields (entries 2–6). The replacement of chloro with fluoro in sub-

strate 2 led to significant decrease of the yield (entry 7). In addi-

tion, the attempts to use α-trimethylsilyl N-methoxyphthalimide,

N-formylsaccharin, S-phenyl methanethioate, phenyl formate or

acetic formic anhydride as the formylation reagents failed to af-

ford any desired product (entry 8). Furthermore, the addition of

KI could increase the yield, while NaI, LiBr and MgCl2 failed to

improve the reaction efficiency (entries 9–12). Raising the tem-

perature would significantly decrease the yield because of unde-

sired homo-coupling and dehalogenation of p-iodotoluene (entries

13 and 14). Notably, zinc powder worked as a better reducing agent

than manganese and iron (entries 15 and 16). Next, the solvent

effects were carefully investigated. The reactions in dioxane, DCE,

DMSO and NMP gave lower yields than in DMA (entries 17–20).

For the use of unactivated aryl bromide as substrate under stan-

dard conditions, the yield is only 14%, which could be improved

to 36% after proper optimization (entries 21 and 22). As expected,

the control experiments demonstrated that the presence of both Ni

catalyst and reductant were mandatory for the formation of prod-

uct (entry 23).

With the optimal reaction conditions in hand, we then exam-

ined the generality of this transformation (Scheme 2). The formy-

lation reactions proceeded well for electron-donating groups and

generated the desired products bearing OMe (4), NMe2 (5), NHBoc

(6), NHAc (7), OAc (8), Ph (9). Good yields were obtained regardless

of substitution on the ortho (21, 22), meta (25) or para (3–12) po-

sition. Similarly, a wide range of electron-withdrawing groups (i.e.,

halogens, cyanide, trifluoromethyl, ester, methylsulfonyl) were ef-

fectively handled on the ortho (23, 24), meta (26–28) and para (14–

20) positions. Interestingly, with minor adjustments, the range of

substrates can be extended to bromoaromatics (16, 17, 19). In ad-

dition, the reaction showed excellent tolerance to sensitive groups.

The OTf (10), OAc (8), Bpin (12) and TMS (18) units were all well

tolerated and the corresponding products were isolated in sat-

isfactory yields, showing a notable selectivity of our cross cou-

pling. Iodine on electron-rich heterocycles such as naphthalene

(29, 30) and carbazole (32) also participated well in this conver-

sion. Moreover, Furan also did not affect the reaction (31). Signif-

icantly, alkenyl bromides with electron-withdrawing or electron-

donating groups can also reacted smoothly to furnish the target

cinnamaldehydes with excellent E/Z selectivity (33–35). Unfortu-

nately, alkyl halides and aryl sulfonates could not be transformed

into the desired formylation products.

Of particular note, substrates containing unprotected pheno-

lic hydroxyl, primary amino and alcoholic hydroxyl, which were

difficult substituents in transition metal-catalyzed cross-couplings,

were compatible well in this reductive formylation, further demon-

strating the high compatibility of this transformation with diverse

functional groups (Scheme 3a). The robustness and synthetic sig-

nificance of the catalytic protocol were also shown on the late-

stage functionalization of derivatized biologically relevant scaffolds

(Scheme 3b). As an illustration, derivatives of levulose and amino

acids (tyrosine, aspartic acid) reacted smoothly to deliver the cor-

responding products in moderate yields (43, 44, 47). Additionally,

highly lipophilic scaffold such as Vitamin E derivative proved to be

suitable as well, providing the desired aldehyde in 58% yield (45).

Derivatives of cholesterol, eugenol and the natural product men-

thol were also well compatible with this reaction (46, 48, 49), with
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Scheme 2. Scope of substrates. Reaction conditions: 1 (0.2mmol), 2 (0.3mmol, 1.5

equiv.), NiBr2
.bpy (10mol%), Zn (3 equiv.) and KI (1 equiv.) in DMA (1mL) at room

temperature (25 °C) for 8h under a nitrogen atmosphere. Isolated yields. a With

TBAI (0.2mmol), Py (0.4mmol) instead of KI in dioxane: DMA (4:1) at 35 °C. b At

10 °C. c 2h.

the olefin groups tolerated. Finally, to evaluate the practicality of

this approach, a gram-scale experiment was carried out. To our de-

light, the desired product was successfully constructed in 77% yield

(Scheme 3c).

To gain more insight into this reaction, a series of mechanistic

studies were conducted (Scheme 4). The isotope-labeling experi-

ments provided product with up to 95% deuterium incorporation

(Scheme 5a), indicating that the aldehyde hydrogen of the product

comes from ClCH2O unit. Moreover, intermolecular isotope com-

petition experiments show that the elimination of HCl is not the

rate-determining step in this transformation (Scheme 5b) [93,94].

The capture of formyl radical with the use of radical scavengers

(TEMPO, 51) and Michael acceptor (benzyl acrylate, 52) under the

standard conditions confirmed the radical process in this reaction

(Scheme 5c) [95–97]. Furthermore, the radical adduct 53 could still

Scheme 3. Divergent synthesis of aromatic aldehydes.

be detected and addition product 54 could be obtained in 23%

yield in the absence of nickel catalyst and KI, implying that zinc

powder plays an essential role in the reduction of α–chloro N-

methoxyphthalimide to generate formyl radical, while nickel cata-

lyst is useless in this process. Additionally, the control experiments

with stoichiometric of Ni(0) with or without of zinc afforded the

desired product in trace and 61% yield respectively, further sug-

gesting that Ni(0) alone failed to promote the formation of formyl

radical (Scheme 5d) [74,98].

To further elucidate the reaction mechanism, detailed DFT cal-

culations have been carried out. In the presence of Zn powder, the

original catalyst L-Ni(II)Br2 can be reduced to the form of low va-

lent Ni. As shown in Fig. 1, the Gibbs free energy change in the

process of reducing to Ni(0) catalyst cat2 is 34.2 kcal/mol, which

is difficult to carry out under the current reaction conditions at

room temperature. Relatively, the energy change for the process of

reducing to Ni(I) catalyst cat1 (LNi(I)Br) is −23.5 kcal/mol, which

is the favorable process. Therefore, Ni(I) is the form of active cat-

alyst. The I atom in p-iodotoluene 1 then complexes with cat1

to obtain Int1, and the intermediate undergoes oxidative addition

transition state TS1 to obtain the Ni(III) intermediate Int2, with

an energy barrier of 14.6 kcal/mol (cat1→TS1). The obtained in-

termediate Int2 was then reduced by Zn powder to form a Ni(II)

3
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Scheme 4. Mechanistic studies.

Scheme 5. Plausible reaction mechanism.

intermediate, which prepared for the subsequent formyl radical

addition. In this process, both halogen atoms (Br and I) of Int2

can be reduced. The Ni(II) intermediates Int3 and Int5 were ob-

tained by removing Br or I, respectively, with energies of −43.3

and −41.7 kcal/mol, respectively. In the subsequent formyl radical

addition step, we hope to obtain the Ni(III) intermediate for Ni−C

bonding, but during the structure optimization process, the formyl

group and toluene group are automatically bonded to form Ni(I)

intermediates Int4 and Int6, respectively, with corresponding en-

ergies of −99.3 and −98.5 kcal/mol, respectively. This shows that

the C–C bonding step is extremely advantageous in terms of kinet-

ics and thermodynamics. Finally, product 3 was generated, and the

recyclable Ni(I) active catalysts cat1 and cat3 were obtained, with

free energies of −103.3 and −101.4 kcal/mol, respectively. Accord-

Fig. 1. The calculated Gibbs free energy profiles of possible reaction mechanism.
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ingly, the Ni−Br involved mechanism (black lines) is more favor-

able than that of Ni−I (dark green lines), l-Ni(I)Br is therefore the

advantageous form of active catalyst.

The generation process of formyl radical is also examined in

detail. As shown in the upper right corner of Fig. 1, the sub-

strate α–chloro N-methoxyphthalimide 2 reacts with zinc powder

via single electron transfer (SET) to afford the anionic radical I,

which can be performed at room temperature with free energy

change of 14.7 kcal/mol. After SET, both the N–O bond and the

C=O bond in substrate 2 were elongated. Subsequently, I under-

went an N=O cleavage process to obtain phthalimido anion and α-

chloromethoxy radical II, which was relatively easy and had an en-

ergy change of −26.6 kcal/mol. Subsequently, the α-chloromethoxy

radical II undergoes the HCl geminal elimination to provide the

formyl radical III. The transition state of HCl elimination is TS2,

and the corresponding energy barrier is 5.4 kcal/mol (II→TS2), and

the energy change of this elimination step is −11.0 kcal/mol. Based

on this, the process of formyl radical formation with the participa-

tion of Zn powder as a reducing agent is available.

Overall, the reaction may undergo a reaction mechanism of ac-

tive Ni(I) catalyst formation, substrate complexation, oxidative ad-

dition, reduction of Ni(III) to Ni(II) with the participation of Zn, and

synergistic formyl radical addition-elimination (Scheme 5). Among

them, the generated formyl radical undergoes the SET, the N–O

bond dissociation and HCl elimination steps could occur with Zn’s

participation. The additive KI could activate Zn to improve the ef-

ficiency of the reaction. On the other hand, due to the poor ac-

tivity of aryl bromides in this system, the addition of KI could in

situ generate the reactive aryl iodides electrophiles. Under reaction

conditions, the above process is thermodynamically and kinetically

feasible.

In summary, a unique radical approach for the construction of

structurally diverse aromatic aldehydes via nickel-catalyzed reduc-

tive coupling of aryl halides with α–chloro N-methoxyphthalimide

as the formylation reagent has been established. The procedure

exploits the in-situ generation of a key formyl radical from α-

chlorine elimination. The present system is characterized by a wide

substrate scope, mild reaction conditions, and excellent functional

group compatibility. The late stage functionalization of structural

complex molecules highlighted the utility of this protocol. The

gram scale synthesis further demonstrated the usability and appli-

cability of this strategy. DFT calculations were conducted to illus-

trate the catalytic radical pathway. Further efforts to extend this

protocol to deliver aliphatic aldehydes and ketones and detailed

mechanistic studies are ongoing in our group.
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