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Chromium-catalyzed reductive alkylation of
N-heteroarenes using alkyl formates as transfer
hydroalkylation reagents

Anit Pal, Asish Borah and Animesh Das *

Alkyl formates are employed as transfer hydroalkylation reagents in

the reductive alkylation of N-heteroarenes to saturated azacycles.

This is achieved using a well-defined chromium catalyst and LiI as a

promoter via the cleavage of the C�O r-bond of the formate,

generating a hydride nucleophile and an alkyl electrophile. The

reaction produces volatile CO2 as the only byproduct, making the

method atom-efficient and environmentally friendly.

The direct hydroalkylation reaction has found widespread
applications in organic synthesis as it offers both reduction
(hydro) and functionalization (alkylation) of unsaturated bonds
such as alkenes or imines in an atom-economical manner.1 In
general, the reaction proceeds via a radical (1 electron mecha-
nism) or non-radical (2 electron mechanism) pathway in the
catalytic process.2 Of these, the two-electron mechanism invol-
ving metal hydride as the active species represents the most
efficient synthetic approach.

Owing to the ready accessibility of hydrocarbon substrates,
this reaction has attracted significant attention. However, as
this strategy requires the activation of inherently strong C–H
alkyl bonds, its substrate scope is limited (e.g. acidic hydrogen-
containing substrates).3 As an alternative, transfer hydroalkyla-
tion has been well-studied4,5 by Oshima (Rh-catalyzed hydro-
allylation),4a Tang (Lewis acid-promoted hydroalkylation of
imines with Hantzsch esters),4b Akiyama (photocatalyzed hydro-
alkylation of activated alkenes with benzothiazole),4c Li (Ru or
Pd-catalyzed alkylation of imines with hydrazones),4d Shibasaki
(Cu-catalyzed hydroalkylation of aldimine using cyanocarboxylic
acids),4e and Cantat (Ru-catalyzed reductive N-alkylation of
imines with alkyl formate).4f However, most of these studies are
limited to simple alkenes, alkynes, and imines as the unsaturated
coupling partners. The use of alkyl formates as transfer hydroalk-
ylating reagents with multiple unsaturated bond-containing sub-
strates remains in its infancy, largely due to the issue of controlling
their reactivity and selectivity (Scheme 1).

The reductive alkylation of N-heteroarenes offers an effective
route to structurally diverse saturated N-heterocycles, which are
valuable scaffolds in the design of pharmaceuticals, bioactive
molecules, agrochemicals, functional materials, ligands, sen-
sors, pigments, and dyes.6 However, achieving direct and
selective functionalization of N-heteroarenes remains challen-
ging due to their high thermodynamic stability, their kinetic
inertness, and the tendency of the heteroatom’s lone pair to
deactivate metal catalysts.7 Only a few strategies are available to
realize the synthesis under metal catalysis.8 Furthermore, N-
heteroarenes are challenging substrates compared with simple
imines and alkenes in terms of selectivity and mechanism.
Herein, we report a reductive hydroalkylation cascade of
pyridine-fused N-heteroarenes that possess multiple reducible
sites (e.g. imine and alkene units) by utilizing a well-defined (N–
N–N)Cr(III) pincer complex as a catalyst9 and alkyl formates as
transfer hydroalkylating reagents. The use of chromium salts
has emerged as an alternative to precious metal catalysts
because of their low cost, acceptably low toxicity, and abun-
dance in nature.10 Nevertheless, this is the first example of Cr
catalysts for dearomative reductive transformations of pyridine,
quinoline, and other N-heteroarenes.

Scheme 1 Hydroalkylation and transfer hydroalkylation of unsaturated
bonds.
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Our investigation commenced with the reaction of quinoline
(1a, 1 equiv.), benzyl formate (2a, 1 equiv.), and formic acid
(3, 2 equiv.) in the presence of the (N–N–N)Cr(III) complex Cr-19

(7 mol%) in THF at 120 1C (Table 1, S3 and S4). After 18 h, no
desired product 4a was obtained under the reaction conditions.
Gratifyingly, in the presence of LiI (30 mol%), N-benzyl tetra-
hydroquinoline 4a was obtained in 47% yield (entry 1). With a
further increase of the LiI loading to 50 mol%, we were pleased
to observe an 83% yield (entry 2). Alternative metal halides (e.g.
potassium and zinc) showed negligible reactivity (entries 3 and
4). Combining NaI with a Lewis acidic metal successfully
facilitated the reaction, underscoring the crucial role of both
the iodide and Lewis acid (entries 5 and 6). The yield of 4a was
decreased by reducing the catalyst loading to 3 mol% (entry 7)
or by using the simple chromium salt instead of N-ligated Cr
complex Cr-1 (7 mol%) (entry 8). The yield of 4a was also
decreased by reducing the reaction temperature (entry 9) or
by shortening the reaction time (entry 10). Screening other
solvents revealed that highly polar solvents such as DMF and
DMSO resulted in significantly reduced yields (entry 11). In the
absence of formic acid 3, product 4a was obtained in only 17%
yield, suggesting the importance of 3 in the reaction (entry 12).11

With the optimized reaction conditions in hand, we probed
the scope of various functionalized quinolines 1a–1aw using
formate 2a as the standard alkylating agent (Table 2). The
substrates having both electron-donating and electron-
withdrawing groups at different positions in the aryl moiety
were efficiently reacted to obtain the desired products 4a–4w in
27–85% yields. Notably, the retention of reducible functional
groups (6-Cl, 6-Br, 6-OCOPh, 5-NO2, 5-CRCPh, 7-Cl, 7-Br,
7-NO2, 7-OBn, and –CO2Me) in the final products highlighted
the excellent chemoselectivity of the present reductive protocol.
The structures of the compounds 4l and 4w were unambiguously

confirmed by single-crystal X-ray diffraction analyses (SC-XRD).
Slightly higher yields were realized for electron-withdrawing
groups. Free hydroxyl functionalities afforded desired N-
alkylated products 4l and 4r, demonstrating the effectiveness
of the base-free reaction conditions. The reactions with pyrene-
tethered quinoline proceeded smoothly to provide the product 4v
in 71% yield. Next, benzyl formates 2a–2j, with electron-poor and
electron-rich groups, were subjected to the reaction conditions
with 1a and gave N-benzyl THQs 4ab–4aj in 65–85% yield. The
formates containing nitro (2g), nitrile (2h), and sulfonyl (2j)
functionalities provided the products 4ag–4aj efficiently. The

Table 1 Optimization studiesab

Entry Deviation from the conditions above Yield of 4a (%)

1 With 30 mol% LiI 47%
2 None 83% (15%, 1a)
3 KI, ZnI2, Bu4NI instead of LiI 0%, 0%, 0%
4 LiCl, LiClO4 instead of LiI 0%
5 NaI (0.5 equiv.) 31%
6 LiClO4 (0.2 equiv.) + NaI (0.5 equiv.) 46%
7 With 3 mol% of Cr-1 31%
8 With CrCl3�3THF, CrCl2 instead of Cr-1 62%,c 15%
9 At 100 1C instead of 120 1C 23%
10 For 8 h 41%
11 DMF, DMSO, CH3CN, toluene 23%, 56%, 0%, 0%
12 Without formic acid 3 17% (72%, 1a)

a Reaction conditions: 1a (0.5 mmol), 2a (0.5 mmol), formic acid 3
(1 mmol), Cr-1 (7 mol%), LiI (0.25 mmol), stirred in THF (1.5 mL) at
120 1C for 18 h in a sealed tube. b Isolated yield. c Along with bypro-
duct, N-formyl THQ, was isolated in 12% yield.

Table 2 Substrate scopeab

a Reaction conditions: 1a (0.5 mmol), 2a (0.5 mmol), formic acid 3
(1 mmol), Cr-1 (7 mol%), LiI (0.25 mmol), stirred in THF (1.5 mL) at
120 1C for 18 h in a sealed tube, isolated yield. b With 0.5 mmol LiI.
c With 0.25 mmol formate. d With 1 mmol LiI.

Communication ChemComm

Pu
bl

is
he

d 
on

 0
2 

D
ec

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 6
/1

9/
20

26
 3

:5
2:

49
 P

M
. 

View Article Online

https://doi.org/10.1039/d5cc06076a


962 |  Chem. Commun., 2026, 62, 960–964 This journal is © The Royal Society of Chemistry 2026

methodology was successfully utilized to synthesize a lipoprotein
receptor 4aj. The biosourced furfuryl formate 2k, thiophen-2-
ylmethyl formate 2l, polyaromatic containing formates 2m–2n
and 1,4-phenylenebis(methylene) diformate 2o were also
smoothly transformed (4am–4ao), underscoring the broad
applicability of this approach to diverse heterocyclic structures.

The use of methyl formate 2p as a microbial feedstock can
also lead to the biologically relevant N-methyl tetrahydroquino-
line derivatives 4ap and 4aq. It is worth mentioning that com-
pound 4aq was observed exclusively in the trans-diastereomer
under the reaction conditions. In the case of secondary benzylic
formates 2s–2v, although the cleavage of the C–O bond is more
difficult than that of the primary benzylic formate, desired
alkylated products 4at-4aw were obtained in moderate to good
yields. Additionally, the structure of 4av was confirmed by SC-
XRD. Interestingly, other related pyridine-fused N-heterocycles
1y–1ad were successfully converted into the targeted N-alkylated
compounds 5a–5d under the optimized conditions. Unfortu-
nately, isoquinoline, pyrimidine and indole were incompatible
with this process. In general, pyridines are more challenging to
reductively alkylate due to their high energy barrier to dearoma-
tization, lower reactivity and strong tendency to coordinate with
the active site. The current method was extended to a pyridine-
based substrate, affording 5d–5h in good yields.

Considering that the functionalization of N-benzyl THQs
into biomedical molecules could result in renewed physico-
chemical properties and improve the metabolic stability,6 we
conducted late-stage transformation of several quinolines deco-
rated with pharmaceutical fragments under standard condi-
tions. The functionalized quinolines (1ae–1ak from fenofibric,
bezafibrate, gemfibrozil, oxaprozin, ibuprofen, and naproxen)
underwent smooth reductive dearomatization and N-alkylation
cascade, affording the desired products 6a–6g in good yields.
These findings highlight the wide functional group tolerance
and the promising potential of the current chemistry in further
drug development.

Next, the method was used to the concise synthesis of
cilostazol, a marketed pain-relief drug 7 via late-stage a-
methylene C–H oxidation of 6f,12 further demonstrating the
practical utility of this protocol (Scheme S23). Furthermore, the
practicality of the reaction was extended to C-functionalized
THQ derivative 9 in one pot by using para-quinone methide 8 as
an alkylating precursor (Scheme S24). Then, following this
developed protocol, natural alkaloid cuspareine 10 was directly
synthesized from styryl quinoline 1al and microbial feedstock
2p (Scheme S25). Moreover, the reaction was viable even with
consecutive double bond bearing quinoline 1am, yielding the
product 11 in 72% yield (Scheme S26). Notably, compounds 5d,
5g and 5h were found as the key intermediates for the synthesis
of paroxetine 12, HDAC inhibitor 13 and histamine H3 receptor
14, respectively (see SI, Scheme S22).13 To showcase the prac-
tical applicability of this protocol, a gram-scale synthesis of 4a
was successfully conducted (Scheme S29). Then, the methodo-
logy’s sustainability was evaluated using green chemistry
metrics,14 yielding an atom economy of 62.6%, an atom mass
efficiency of 50%, a carbon efficiency of 76.2%, and a reaction

mass efficiency of 49.7%, demonstrating environmental advan-
tages (see SI, Section 9). There were no by-products; only
volatile CO2 was formed, which can be separated easily.
Furthermore, the evolved CO2 was trapped efficiently as a
bench-stable amine carbamate ammonium salt 15 (Scheme
S28), and this can be utilized as a reagent and catalyst for
different organic transformations.

To obtain insight into the reaction pathway, a series of
control experiments was performed (see SI, Section 5). First,
to determine the possible intermediate in the reaction, the
reaction was examined with quinolinium salt I1 and N-benzyl-
1,2-dihydroquinoline I2 independently, in the presence of 2a
and 3 under standard conditions (Schemes S4 and S5). The
desired product 4a was obtained in quantitative yields, suggest-
ing that the reaction likely proceeded through quinolinium salt
I1, and the 1,2-dihydroquinoline I2 intermediate. Conversely,
the yield of 4a with THQ I3 is quite low (34%), and therefore, I3
may not be an intermediate in the catalytic cycle (Scheme S6).
When formate 2a was reacted with 1 equivalent of LiI under the
reaction conditions, benzyl iodide was obtained in 71% yield,
showing that LiI promotes the cleavage of the C–O s-bond to
form the iodinated electrophile and lithium formate (Scheme
S7). The presence of 12-crown-4 led to a decrease in the yield of
4a (21%) and using NaI (instead of LiI) provided the product 4a
in 31% yield, indicating that the lithium ion played an impor-
tant role in the given transformation (Schemes S8 and S9).
Furthermore, control experiments using LiOCHO instead of LiI
provided no desired product 4a, pointing to the crucial role of
iodide in the reaction. To validate the homogeneous catalytic
system for the alkylation reaction, the mercury drop test was
conducted, showing no inhibition of the reaction or reduction
of the product yield (Scheme S3). To probe the mechanism of
the reaction, the regio-specificity of hydrogen transfer with the
deuterated benzyl formate (2a-D) and deuterated formic acid-d2

(DCO2D) was investigated for 1a (Scheme 2). The use of 2a-D
resulted in the formation of 4a-d1 with 92% deuterium incorpora-
tion at the C4-position. This suggests that formate hydrogen is
successfully transferred to the N-heteroarene. A second experiment
with deuterated formic acid-d2 led to the formation of 4a-d4 with
deuterium incorporated into the C2-and C3-positions. Deuterium-
labeling experiments with 1a-d (488% D) indicate no H/D scram-
bling product at the C4-position, suggesting that an intramolecular
1,3-H shift might not occur under the current reaction conditions
(Scheme S16). In summary, the deuterium-labeling experiment

Scheme 2 Reaction pathway and deuteration of N-heteroarenes.
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suggests that the reaction pathway involves a stepwise 1,4-addition,
followed by a 2,3-addition. Furthermore, in the presence of D2O,
70% deuterium incorporation at the C3-position was observed. In
addition, deuterium incorporation was detected at the C6- and C8-
positions, which is likely the result of hydrogen isotope exchange
(HIE) processes facilitated by the HCO2D present in the reaction
mixture.15 We also synthesized the deuterated lipoprotein receptor
4aj-d3 with adequate deuterium incorporation at the C3-position,
highlighting the practical utility of the given method.16 In the
presence of radical scavengers such as 1,1-diphenylethene (DPE),
butylated hydroxytoluene (BHT), and 9,10-dihydroanthracene
(DHA), the reaction is not affected, suggesting that the radical-
based MHAT pathway17 is not likely to be involved in the given
transformation (Scheme S17). To investigate the rate-determining
step of the reaction in detail, a series of kinetic experiments was
conducted. The results suggested first-order rate dependence on
quinoline 1a and the catalyst, and zero-order dependence on
formate 2a and LiI (Fig. S3–S6, SI). These data suggested that
substrate 1a and the catalyst are kinetically relevant; formate 2a
and LiI might not be involved in the rate-determining step.
Furthermore, the electronic effect of the quinoline substrate on
the rate of the reaction was examined (Schemes S18–S21). A
competitive reaction suggested that an electron-withdrawing group
(–Cl) on the quinoline enhanced the rate of the reaction with
respect to an electron-donating group (–Me). In contrast, there is
little electronic effect of the formate. Based on the electronic effect
and order dependence, one can postulate that the addition of
metal hydride to the activated quinolinium salt is likely to be the
rate-determining step.18 On the basis of previous reports4f,19 and
the present experimental findings, a plausible catalytic cycle has
been proposed as shown in Scheme 3. First, formate 2a is activated
by the LiI to generate a reactive electrophile alkyl iodide (PhCH2I)
and a formate salt [Li][HCO2]. The Lewis acidity of lithium(I) may
help to cleave the C–O bond in the formate. The intermediate
[Li][HCO2] can react with Cr-1 to form formate species A. The
resulting chromium formate A undergoes decarboxylation under
the reaction conditions to provide chromium hydride species B

and releases CO2. The presence of CO2 was confirmed by the GC
analysis of the gas phase. Meanwhile, in situ generated alkyl iodide
can react with 1a to produce quinolinium salt I1. The resulting
metal hydride B is a potent reductant, able to reduce the activated
quinolinium salt I1 by forming the N-alkyl-1,4-dihydroquinoline I4
intermediate. The resulting enamine I4 isomerizes to an iminium
species I5 and is then reduced via a 1,2-hydride addition, affording
the product 4a.

In summary, the reductive alkylation of N-heteroarenes to
saturated azacycles using alkyl formates as bifunctional
reagents has been accomplished using a chromium catalyst.
Its versatility enables late-stage diversification of complex
structures and deuteration of quinolines. Notably, this envir-
onmentally benign strategy offers several advantages, including
high conversion efficiency and atom economy in the synthesis
of valuable N-heterocyclic products, while utilizing readily
available starting materials, such as N-heteroarenes and alkyl
formates, without requiring flammable hydrogen gas.8
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