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A direct dehydrogenative amidation reaction of aldehydes and
amines under a visible light mediated ligand-to-metal charge
transfer (LMCT) process was described. In this protocol, aldehyde
substrates were activated by photoinduced hydrogen atom
abstraction (HAA), generating acyl chloride intermediates followed
by nucleophilic addition of amines. The synthetic method furnishes
good functional group tolerance and broad substrate scope toward
both aliphatic and aromatic components.

Amide compounds widely exist in various organic molecules
and materials.” Developing effective synthetic routes of amides
has been considered as one of the most important subjects in
organic and medicinal chemistry.” Traditional transformations
employing carboxylic acids and amines have been well estab-
lished toward the synthesis of amides,” yet high temperature is
required in most of the cases. Transition metal-catalysed cross-
coupling reactions between carboxylic acid derivatives and
amines have recently become viable pathways.* As an impor-
tant alternative to the preparation of amides, aldehyde amida-
tion reaction keeps attracting chemists’ attention due to its
atom economy and selectivity.> The usage of transition metals
(Scheme 1a),® N-heterocyclic carbenes (NHC) (Scheme 1b),” or
peroxides (Scheme 1c)® was developed through different path-
ways in the dehydrogenative process, while high temperature
was still necessary, which might restrict further development of
the transformations. A visible-light-induced mild construction
pathway of amide bonds from aldehydes was accomplished by
the in situ generation of hydrogen peroxide, combined with
different photosensitizers (PS) in most cases (Scheme 1d).” The
hemiaminal intermediate was oxidized by hydrogen peroxide
and then formed amide bonds. However, the elegant pathway
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would somehow gain limitations in the scope of aldehydes and
amines, most of which only worked with secondary alkyl
amines and aryl aldehydes. Recently, Pandey and co-workers
developed a cross-dehydrogenating coupling (CDC) pathway to
form amide bonds.'® Amines were oxidized, followed by N
radical addition to aldehydes to form the hemiaminal radical
intermediate (Scheme 1e). For another approach, the hydrogen
atom abstraction (HAA) process of aldehyde C-H was developed
employing multiple photocatalysts to build new C-C bonds,
achieving cross-coupled products.'’ Different pathways were
also reported applying the HAA method to amide synthesis."?
However, it seemed underdeveloped directly using amine sub-
strates to approach one-pot amide synthesis by activating alkyl/
aryl aldehydes through the HAA process under light irradiation.*®

Ligand to metal charge transfer (LMCT), as a common
photoexcitation pathway, has been rekindled in organophoto-
catalysis during the past few years.'* The oxidized ligand could
be unleashed from the metal complex as a free radical species
and participated in subsequent organic transformations. Our
group recently reported a ring-opening process combining
LMCT decarboxylation with singlet oxygen.'> Combining LMCT
and HAA processes has brought unique opportunities for the
design of new transformations, among which the release of
chlorine radicals plays the critical role to activate C-H bonds. In
2019, Rovis and co-workers successfully achieved the direct
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Scheme 1 Aldehyde amidation reaction.
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activation of C-H bonds, generating carbon radicals followed
by the addition of Michael acceptors under visible-light
mediated copper (u) catalysed LMCT conditions.'® Soon after,
the same group realized a similar HAT process using Ferric
chloride to proceed with LMCT transformation."” Very recently,
Zeng and co-workers reported a Fe-LMCT amidation transfor-
mation using aldehydes and nitroarenes.'® In their work, trace
product was detected if aniline was applied as a substrate
instead of nitrobenzene. Yoon and co-workers discovered an
elegant decarboxylative amination process to form C-N bonds
using excess copper () salt as an LMCT initiator and oxidant."®
As part of our ongoing interest in the development of photo-
induced transformations, we herein reported a photoinduced
dehydrogenative amidation reaction, building C-N bonds
enabled by iron salts (Scheme 1f).

Following this thought, we initially set up the optimization
study using benzaldehyde (1) and N-methyl-1-phenylmethanamine
(2) as model substrates with ferric chloride as a catalyst (Table 1).
With the addition of ferrous chloride (1.0 equiv.) and potassium
fluoride (2.0 equiv.) into the system, 73% yield of product 3 was
isolated (Table 1, entry 1). Employment of 450 nm LEDs decreased
the yield (entry 2). If the reaction was performed in dry DCM, the
yield dramatically dropped (entry 3). If using dry MeCN instead,
the yield increased to 57% (entry 4). Reduced iron(u) loading did
not give a positive effect on the yield (entry 5). When no base or
other bases such as NaHCO; and CsF were employed, the reaction
efficiency dropped (entries 6-8). Moreover, reducing the amount of
aldehyde substrate negatively affected the reaction yield (entry 9),
and switching the additive from ferrous chloride to NH,Cl pro-
vided less efficiency (entry 10). Furthermore, if the reaction was
performed open air, only a small amount of product was isolated

Table 1 Exploration of the reaction conditions?

FeCls (15 mol%)

FeCl; (1.0 equiv.) o
(@] H !
ph)J\H . Me/N\/Ph KF (2.0 equiv.) Ph)Lr;l/\Ph
DCM:MeCN = 2:1, rt Me
1 2 390 nm LEDs, 12 h 3
Entry Deviation from standard conditions Yield%”
1 None 73
2 450 nm 10 W LEDs Trace
3 Dry DCM as solvent 33
4 Dry MeCN as solvent 57
5 5 mol% of FeCl; 56
6 Without KF 33
7 NaHCOj; instead of KF 62
8 CsF instead of KF 18
9 1.0 equiv. of aldehyde 1 35
10 NH,CI instead of FeCl, 43
11 Open to air 16
12 In the dark N.R.
13 Without FeCl; 35
14 Without FeCl, 60
15 Glove box setup® 8

¢ Reaction conditions: 1 (0.3 mmol), 2 (0.1 mmol), FeCl; (15 mol%), KF
(2.0 equiv.), FeCl, (1.0 equiv.) in DCM:MeCN = 2:1, 10 W 390 nm LEDs
at room temperature for 12 hours. ” Yields of isolated product. N.R.: no
reaction. © Oxygen less than 2 ppm.
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(entry 11). The control reaction showed that light was crucial
(entry 12).

After obtaining the optimized conditions, we next investi-
gated the scope with respect to amine components (Table 2).
Secondary N-methyl benzylamine derivatives bearing different
aromatic substituents were firstly investigated and proved to be
suitable for the reaction (4-10). Other secondary alkyl amines
performed well, giving the desired products (11-13) in moder-
ate to good yields. Commercially available pharmaceutical
molecules, such as haloperidol and donepezil, were also amen-
able to amidation for their derivatives (14, 15), where the
tertiary hydroxyl group was compatible under this transforma-
tion. Primary alkyl amines including benzylamines (16-18) and
more general alkyl amines (19-23), showed moderate reactivity
with aldehydes under photoinduced conditions. Encouraged by
above results, we continued investigating aromatic amines,
which were relatively obscure in most of the amidation reac-
tions under light irradiation. Various secondary N-alkyl sub-
stituted anilines proved to be suitable under the optimized
conditions (24-30). Additionally, unprotected aniline deriva-
tives with different aromatic substitutions were explored, which
showed descend to good reactivity to give the desired amide
products in 30-72% yields (31-35).

After investigation in amine substrates, we then explored the
aldehyde scope (Table 1). Various substituted benzaldehydes
were readily reacted with N-methyl-1-phenylmethanamine
(36-46). Heteroaryl aldehydes were also well tolerated (47-49).
Moreover, vinyl aldehyde was also examined, and 37% yield of
the product was obtained (50). Aliphatic aldehydes, in which
generated acyl radicals were not as stable as aromatic ones,
were then investigated. Corresponding amide products were
both successfully generated no matter whether alkyl or aryl
amines were employed (51-56). Citronellal was also introduced
as the substrate, generating the corresponding amide product
(57) in moderate yield. Furthermore, imidazole substrates were
also compatible and successfully formed subsequent amide
bonds (58-60), which indicated potential application in further
development of this method. To illustrate the capability of the
transformation, a gram-scale setup (10 mmol of amine 2) was
delivered. Gratifyingly, 61% of product 3 was isolated after 54 h,
indicating the potential application of this transformation
(Scheme 2).

To further understand the reaction mechanism, control
experiments were carried out, as shown in Scheme 3. The
addition of TEMPO as a typical radical scavenger significantly
hindered the generation of amide, which proved that the
reaction might go through a radical process (Scheme 3A). To
further prove the existence of an acyl radical intermediate,
Michael acceptor (61) was introduced in the absence of amines.
Radical addition-hydrogenation product (62) was subsequently
isolated in 12% yield, revealing the generation of an acyl radical
(Scheme 3B). Acyl chlorides (63) and a small amount of acyl
fluoride (64) were detected by high resolution mass spectro-
metry (HRMS) under standard conditions in the absence of
amines after 6 h, which indicated the existence of acyl chloride
intermediates (Scheme 3C).>°

This journal is © The Royal Society of Chemistry 2023
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Table 2 Substrate Scope
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37,78% (R=4-CN) 42, 50% (R = 4-Ph)
Ny ON"Ph 38,67% (R=4-Br) 43, 38% (R = 4-NHC(O)Me)
39, 68% (R =4-OMe) 44, 59% (R = 2-Me)
40, 47% (R = 3-OPh) 45, 45% (R = 2-OCF,H)

Rz
i i /©/ Me Me O
R Nn RN AN~ ANK
U
© OMe
51,30% (R = Cy)
55, 38% (R = C,H,Ph)
56, 26% (R = n-Pentyl)

52, 34% (R = Cy, R, = OMe)
53, 51% (R; = Cp, Ry = H)
54, 44% (R = n-Bu, R, = H)

57, 55%
(from citronellal)

o FeCl; (1.0 equiv.) o)
H .
)J\ 5 4 KF (2.0 equiv.) A )k _R?
iNage T > AvAKyT N
ArAlkyl” "H R DCM:MeCN = 2:1, rt R
390 nm LEDs, 12 h
------------------------------------------------------------------------ scope of aliphatic amine EEEEEE e e L LR LR LE L
4,41% (R = 4-OMe)
Q 5,58% (R = 4-F) )OL OMe
N 6,73% (R=4-C)  ph” N Ph
PPN T IR 71 (R = 4-Br) y K/
SR 51% (R = 4-Br;
Me _ , Me J NBoc F.C
8, 55% (R = 3-F) OMe FsC °
9,67% (R= 3-CI) 10, 50% 11,85% 12, 62% 13, 46% 14, 53%

2 RR Q 0 Me o)
M
OMe NXPh N O Lk Me Npn o I e
b ph > PhTONTTMe » Ph” N
FsC FsC o H FiC H

15, 35% 16, 34% (R = H) 18, 32% 19, 46% 20, 68% 21, 45%
17, 54% (R = Me)
] o of aromatic amine R
0 /Q : o A o A Py o
{ LY Ae o) o] ) 0 o)
)J\ ! )L N )L P TR
Ph™ N n ¢ PhT N P N Ph)j\N'Ph Ph/lLN X Ph)LN cl Ph)LN
H : Me iPr Cly H H H
22,47% (n=1) : 24, 66% (R =H) 28,68% (R=H) 30, 38% 31, 47% (R = 4-OCF3) 34,72% 35, 62%
23,40% (n = 3) : 25, 63% (R = 4-F) 29, 63% (R = 3-CF3 & 4-Br) 32, 30% (R = 4-tBu)
: 26, 66% (R = 4-OMe) 33, 60% (R = 3,5-Cl)
: 27, 55% (R = 2-Me)
------------------------- L T T L L PP L PP P PP PP PP PRPTPPEPPRPRPPRRII Scope of aromatic aldehyce Errp PP P PP PP R PP PP R PP P PR P PP PRPPRPY
o 36, 72% (R = 4-CF3) 41, 67% (R = 4-SO,Me)

46 55%

Me’ N
Me Me

47, 77% 48, 46% 49, 67% 50, 37%
--------- ssEssus s e ss Tt s e u e ----
s Br,
o //‘N)\Q )"N»\Q \
e O Hr
E 58, 44% 59, 27% 60 34%

FeCls (15 mol%)

o] ,O‘I\\l o] o] o]
NP N _Ph
| N ’?‘/\Ph NS I}IAPh J ’ l}l/\Ph Ph/\)Ll}l
N A Me Me S Me Me

Reaction conditions: aldehyde (0.6 mmol), amine (0.2 mmol), FeCl; (15 mol%), KF (2.0 equiv.), FeCl, (1.0 equiv) in DCM:MeCN =2:1, 10 W 390 nm

LEDs at room temperature for 12 hours. Yields of isolated product.

FeCls (15 mol%)

o FeCl, (0.8 equiv.) 0]
H KF (2.0 equiv.
P N (2.0 equiv) Ph)J‘hll/\Ph
Ph™ H e DCM:MeCN = 2:1, 35 °C Me
1 2,10 mmol 390 nm LEDs, 54 h 3,1.379,61%

Scheme 2 Gram-scale reaction.

Based on the above discovery, a plausible mechanism was
proposed for this reaction, as shown in Scheme 4. Tervalent
iron chloride proceeded through the LMCT process under
irradiation of purple light (390 nm), generating a Cl radical
and Fe(u) species. Fe(m) salts would be refilled by the generated
Fe(u), which was oxidized by a trace amount of O, which might
be dissolved in the solvents.>! The additive FeCl, could also be
oxidized and participated in the reaction minorly. The ClI
radical abstracted a hydrogen atom from the aldehyde sub-
strate, generating a carbonyl radical and hydrogen chloride.
The carbonyl radical then captured a Cl radical, which was
extruded from the chloride intermediate, and would minorly
react with KF, generating an acyl fluoride intermediate. Finally,

This journal is © The Royal Society of Chemistry 2023

(0]
o] H 'standard condtion'
®*) Py N_Ph T, Ph)Lr}l/\Ph
Ph™ "H TEMPO (2.0 equiv.) Me
1 2 3, 0% yield
o = OEt 'standard condtion' Q
(B) P /\ﬂ/ — OEt
Ph H o 14 h 0
1 61 62, 12% yield
Q ‘standard condtion' 9 Q
© PSR €
Ph” H 6h Ph”Cl Ph”F
1 63 64

GC-MS and HRMS detected

Scheme 3 Control reaction and radical trapping experiment.

the acyl halide intermediate was nucleophilically attacked by
the amine to form the final amide product, hydrogen chloride
and hydrogen fluoride.

In conclusion, we have developed an amidation reaction
directly using aldehydes and amines/imidazoles as starting
materials under mild photoinduced LMCT conditions. Broad

Chem. Commun., 2023, 59, 2771-2774 | 2773
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[LoFe']
hv [LnFe”]
trace O, [LFe"-cli=== [L,Fe"-CI]*
ne = HCl
[LnoFe''Clo]
HAA [e)
R TH

Scheme 4 Proposed reaction mechanism.

scope and great functional group tolerance of both aldehydes
and amines showed the potential application prospects of this
reaction. Moreover, control experiments and radical trapping
experiments revealed that the reaction underwent acyl radical
mediated nucleophilic addition upon visible light irradiation.
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