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Amides are ubiquitous in natural and synthetic compounds, and amidation is by far the most prevalent
reaction in medicinal chemistry. In addition, atom-economical procedures for the direct amidation of
esters or acids with amines are in high demand. Encouraged by the abundance and low toxicity of iron
compounds, we envisaged that a new iron-catalyzed protocol for the acylation of amines with both esters
and carboxylic acids could be designed if the iron catalyst was combined with dioxygen. Several
experiments were carried out in order to define the iron source and to evaluate the effect of molecular
oxygen, additives and different reaction media. A number of substrates were then reacted under optimized
conditions, and experimental studies (kinetic, radical trapping and electron paramagnetic resonance
experiments) were conducted to shed light on the reaction mechanism. As a result, a new use for dioxygen
as an inducer of the direct amidation between amines and carboxylic acids or esters has been found. Thus,
an earth-abundant first-row metal catalyst (Fe(acac)s;) at low loading combined with pivalic acid and
molecular oxygen at atmospheric pressure triggers the reaction in a biodegradable greener solvent such as
diethyl carbonate. More than 65 high-yielding examples prove the generality of the procedure, which also
resulted to be scalable. In addition, insight into the mechanism behind this reaction taking place under
oxygenated conditions is provided as well as an explanation for the results obtained in the absence of
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Introduction

There is a growing interest in the development of new iron-
catalyzed reactions, stimulated by the scarcity of precious
metals and the abundance and comparatively much lower
toxicity of iron compounds.' This interest, reflected in the 12-
fold increase of the number of publications with the term
“iron-catalyzed” in the title in the past 20 years,” has led to
the discovery of a number of procedures based on iron
catalysts that rival and even exceed the performance of other
metal-catalyzed protocols.” However, there is much room for
improvement and many unexplored applications for iron
catalysts are yet to be discovered.*

Due to the need for activating agents, coupling reagents
and additives to perform amidation reactions, which are the
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most prevalent reactions in medicinal chemistry,” amide
formation with high atom economy has been regarded as a
key goal.®

In this respect, unlike other amidation reactions that
require some of the aforementioned activating agents in
stoichimetric amounts (e.g. carbodiimides,” benzotriazoles,®
carbon tetrachloride’ o,a-dichlorodiphenylmethane'® or
tert-butyl isocyanide and S-phenyl benzenethiosulfonate''),
direct acylation of amines with esters or carboxylic acids has
been scarcely explored using iron catalysts.'>"* Indeed, most
of the reports on this atom-economical process (Scheme 1)
show a scope limited to primary amines and/or aliphatic acid
derivatives,"®”'* and no general method for the iron-
catalyzed direct acylation of amines using both carboxylic
acids and esters as acylating agents has been reported to
date.

As part of our ongoing research on iron catalysts,"* we
became interested in the iron-catalyzed acylation of amines
with esters and unactivated acids. From the initial
experiments we noticed a curious difference between
reactions under inert conditions (Ar) and those conducted
open to the atmosphere. Interestingly, in spite of the plethora
of iron-catalyzed oxidative reactions found in the literature
(oxidation of alcohols and methylene compounds to carbonyl

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Iron-catalyzed direct amidation between carboxylic acids
and amines.
compounds and carboxylic acids,” oxidative cross-

dehydrogenative coupling,'® oxidative alkenylation of benzylic
C-H bonds with diazo compounds,'” oxidative homo-
coupling of alkenyllithiums,'® alkene syn-dihydroxylation'® or
1,2-alkylarylation of styrenes with a-carbonyl alkyl bromides
and indoles,*° inter alia), no oxidant has ever been employed
in this field of iron-catalyzed direct amidation, let alone
molecular oxygen, which is abundant, inexpensive and
completely harmless to the environment.

Several reports have shown the beneficial effect of
molecular oxygen in reactions not directly related to classical
oxidation processes, like the molecular oxygen-induced
activation of certain bonds,*’ of molybdenum-based Lewis
acids®* and of gold catalysts.>*

In addition, activation by dioxygen has resulted to be
essential for certain challenging reactions such as skeletal
rearrangements>! photoisomerization between the cis and
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the trans states of azobenzenes® and other oxygen-driven
photoisomerization reactions of alkenes and polyenes,*®
redox-neutral nucleophilic aromatic substitutions leading to
seven-membered ring formation,> conversion of pincer
metal complexes into metallabenzenes,”® and iron-catalyzed
dearomatization of 2-naphthols.?

Accordingly, we decided to investigate the influence of
dioxygen on iron-catalyzed amidation. In this paper we
present (i) a highly efficient and general procedure for the
direct acylation of amines applicable to both carboxylic acids
and esters and (ii) a mechanistic insight into the role of the
iron catalyst system and the aerobic reaction conditions.

Results and discussion

Phenyl benzoate (1a) and acetic acid (2a) were chosen as
model substrates to react with benzylamine (3a). A variety of
iron sources were tested as catalysts in different solvents in a
preliminary screening of reaction conditions,>® and the
catalyst loading was limited to 107> mol% in order to
maximize efficiency. Most of these initial assays were carried
out with acid 2a as the acylating agent, and only some
promising reaction conditions were tested on benzoate 1a.
From these preliminary results FeCl;, FeBr, and Fe(acac),
were chosen as catalysts for further optimization as well as
pivalic acid as an additive (Table 1).

After trying different solvents for the amidation of 2a, we
found that diethyl carbonate (DEC) provided slightly better
yields if combined with Fe(acac); (entry 7 vs. 1-6). To our
surprise, the yield rose significantly from 15% to 83% when
the reaction mixture in the latter solvent was heated in an
open vessel (entry 7 vs. 8). Furthermore, a slight increase was
observed when the reaction was carried out in an oxygen
atmosphere (entry 9). Remarkably worse
obtained from other iron(m) catalysts under the latter
oxygenated conditions (entry 11). Interestingly, Fe(acac),
showed a similar catalytic profile (entry 10). On the basis of
the wider availability and lower cost of Fe(acac)s;, we chose
this iron(m) source to continue the optimization of reaction
conditions. An excellent yield (entry 12) was obtained when
benzoate 1a was subjected to the reaction conditions
displayed in entry 9, but attempts to further reduce the
catalyst loading were unsuccessful.®® In contrast to 2a, a
moderate yield was obtained for the reaction from 1a under
argon (entry 13). No change was observed when the reaction
temperature was decreased to 80 °C in the case of 1a but the
yield dropped to 39% from 2a (entries 14 and 16). With
regard to the stoichiometry of the reaction, optimal results
were obtained with 1.5 equiv. of 3a, although the yield was
improved to almost quantitative values when 2 equiv. of the
amine were reacted with 2a (entry 18). After adjusting the
optimal amount of the additive for each substrate (entries
18-19), blank experiments proved the need for pivalic acid,
especially for 2a (entries 21-22) and of the iron catalyst
(entries 23-24).

results were

Catal Sci. Technol.,, 2024,14, 478-488 | 479


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cy01429k

Open Access Article. Published on 03 January 2024. Downloaded on 4/5/2026 10:11:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Catalysis Science & Technology

Table 1 Optimization of reaction conditions for the aminolysis of ester 1a and carboxylic acid 2a

[¢] (o]
Ph
oo . N
H
N ©/\NHZ 4aa
3a

o [Fe], PivOH, 24 h i
)J\OH ”/\©
2a 4ab

Entry 1a/2a Conditions® Product” (%)
1 2a FeCl;, PhMe, Ar, 100 °C 4ab (8)
2 2a FeBr,, dioxane, Ar, 100 °C 4ab (11)
3 2a Fe(acac);, DMF, Ar, 100 °C 4ab (7)
4 2a FeCl,;, DMSO, Ar, 100 °C 4ab (10)
5 2a Fe(acac);, EtOH, Ar, 100 °C 4ab (7)
6 2a Fe(acac);, DMA, Ar, 100 °C 4ab (9)
7 2a Fe(acac)z, DEC, Ar, 100 °C 4ab (15)
8 2a Fe(acac);, DEC, air, 100 °C 4ab (83)
9 2a Fe(acac)z;, DEC, O,, 100 °C 4ab (91)
10 2a Fe(acac),, DEC, O,, 100 °C 4ab (89)
11 2a FeCl;, DEC, O,, 100 °C 4ab (59)
12 la Fe(acac)z, DEC, O,, 100 °C 4aa (90)
13 la Fe(acac)s, DEC, Ar, 100 °C 4aa (50)
14 1a Fe(acac)z;, DEC, O,, 80 °C 4aa (90)
15 la Fe(acac)z, DEC, O,, 60 °C 4aa (84)
16° 1a Fe(acac);, DEC, O,, 80 °C 4aa (36)
17 2a Fe(acac)z, DEC, O,, 80 °C 4ab (39)
187 2a Fe(acac);, DEC, O,, 100 °C 4ab (98)
19¢ la Fe(acac);, DEC, O,, 80 °C 4aa (92)
20%¢ 2a Fe(acac)s;, DEC, O,, 100 °C 4ab (57)
21/ 1a Fe(acac)z;, DEC, O,, 80 °C 4aa (52)
224f 2a Fe(acac)s;, DEC, O,, 100 °C 4ab (12)
23 1a DEC, 0,, 80 °C 4aa (15)
244 2a DEC, O,, 100 °C 4ab (9)

“ Reaction conditions: 1a or 2a (0.54 mmol), amine 3a (1.5 equiv.), PivOH (1 equiv.), [Fe] (0.01 mol%), solvent (1 mL mmol™" 1a/2a), Ar, air or
0, (1 atm), T, 24 h. See ref. 34 and the ESIt for potential safety hazards associated with the combination of DEC and O,. ? Isolated yield.
° Amine 3a (1.0 equiv.). ¢ Amine 3a (2.0 equiv.). ° 0.5 equiv. of PivOH were added.”/ No PivOH was added.

The scope of the reaction was initially explored by reacting
benzoate 1a with a number of primary amines 3. As shown in
Table 2, the corresponding secondary benzamides 4aa-4au
were isolated with moderate to good yields regardless of the
structure  of the amine (alkylamine, arylamine,
propargylamine or allylamine) employed. However, a
substantial decrease in the yield of N-arylamides 4an, 4ao
and 4aq was observed in comparison with their structural
analogs 4am, 4at and 4au, probably due to the steric
hindrance associated to O-substituted 2-ethylaniline,
2-methoxyaniline and 2,5-dimethylaniline. This steric
drawback became a serious limitation with O,0’-disubstituted
anilines, and the reaction with 2,6-dimethylaniline provided
only 7% of the corresponding amide 4ap. With regard to
N-benzylamides 4aa, 4ac and 4ad, in addition to the good
yield obtained, it should be pointed out that the amidation
reaction of 4ad took place with complete retention of
configuration.

This fact was confirmed by comparison of the optical
rotation of  (S)-(-)-a-methylbenzylamine and (S)-N-(1-
phenylethyl)benzamide (4ad) with literature data.*'**

480 | Catal Sci. Technol., 2024, 14, 478-488

Next, different cyclic and linear secondary amines were
reacted with ester 1a to provide tertiary benzamides 4av-4bd
(Table 3). No clear trend was observed for the results from
cyclic amines (amides 4av-4ba), but it is noteworthy that the
reaction tolerated the presence of halogen substituents (4bc)
and that steric hindrance might be the reason for the
moderate yield from dibenzylamine (4bd).

Table 4 shows the results from the reaction of
benzylamine 3a with readily available®® esters 1b-1r. The
results from the preparation of acetamide 4ab indicate that
although phenyl esters (R> = Ph) provided better yields, the
procedure is also amenable to methyl, ethyl and trimethylsilyl
esters. A similar trend was observed for phenylacetamide
4be. Other arylacetamides 4bf, 4bg and 4bh were easily
prepared from the corresponding methyl and phenyl esters.
Good yields were also obtained from phenylbenzoates 1k-1n,
and the presence of sterically hindering or reactive groups
(o-methyl and o-hydroxy for 1m and 1k, respectively) did not
affect the reaction yield. Ethyl 2-cyanoacetate (10), butyl
formate (1p) and phenyl pivaloylacetate (1q) were successfully
reacted with benzylamine (3a) under optimized conditions,

This journal is © The Royal Society of Chemistry 2024
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Table 2 Synthesis of secondary amides from 1a and primary amines®®

Fe(acac); 0

(0.01 mol%) )J\ R

~Ph 4 R—NH,

PRm 0 O,, PivOH PR™ N
3 DEC, 80 °C, 24h 4
o} o} OMe o}
Ph)kN Ph)J\N PhkN
4aa (92% Me 4ac 72% 4ad (86%)

W@ )L"Bu )LA

4ae (75%) 4ag (93%)

o OI\
Q)k LWL

Ph
H

4af 89%

4ah ( 7% 4ai ( 6% 4aj (7 8%) 4dak (94%)
/Ik J/ i /ICL
)k Ph” N
PR N N
4al (85%) 4am (88% 4an (50%) Et 4a0 (49%) OMe
i j@ ﬁl
)L )‘k CFs
4ap ( 7% 4aq (57%) 4ar (53%)
i : : _OMe
4as (50%) 4at (96%) 4au (98%)

“ Reaction conditions: benzoate 1la (0.54 mmol), amine 3 (0.81
mmol), PivOH (0.27 mmol), Fe(acac); (0.01 mol%), DEC (1 mL
mmol " of 1a), O, (1 atm), 80 °C, 24 h. ? Isolated yields.

and a good yield for prolinamide 4bp was obtained from
phenyl N-tosylprolinate (1r).

Interestingly, the reaction between commercially available
ethyl 4-bromobutanoate (1s) and benzylamine (3a) provided
selectively 1-benzylpyrrolidin-2-one (4bq) as a result of a one-
pot amidation/nucleophilic substitution process (Scheme 2).
Although the conversion was relatively low (unreacted
starting materials were obtained along with cyclized product
4bq), it should be pointed out that no substitution by-
product (e.g. ethyl 4-(benzylamino)butanoate) was detected in
the reaction crude.

Regarding the use of optically active compounds and
following our previous observation on the preparation of (S)-
N-(1-phenylethyl)benzamide (4ad, Table 2), the reaction
between phenyl (S)-2-methoxy-2-phenylacetate (1j) and (S)-1-
phenylethan-1-amine (3¢) took place with complete
stereoselectivity, as target (S)-2-methoxy-2-phenyl-N-((S)-1-
phenylethyl)acetamide (4br) was obtained with excellent yield
as a single diastereoisomer and enantiomer (Scheme 3). A
complete retention of configuration was also observed for the
reaction, leading to 4bh (Table 4).*'?# X-ray diffractometry of
both 4bh and 4br confirmed®” the displayed stereochemistry,
which is shown in Fig. 1.

This journal is © The Royal Society of Chemistry 2024
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Table 3 Preparation of tertiary amides by the aminolysis of la with
secondary amines®”

o Fe(acac); o
(0.01 mol%)

O,, PiVOH ‘
DEC, 80 °C, 24h

iN Ph)kN Ph N Ph N
ashas

~
4av (94%) 4ax (76%) 4ay (56%) 4az (86%
Ph (0] [¢] Ph
Ph N Br Ph N
kF’h

4ba (53%) 4bb (89%)  4bc (79%) 4bd (57%)

“ Reaction conditions: benzoate 1a (0.54 mmol), amine 3 (0.81
mmol), PivOH (0.27 mmol), Fe(acac); (0.01 mol%), DEC (1 mL
mmol " 1a), O, (1 atm), 80 °C, 24 h. ? Isolated yields.

Finally, the model reaction was conveniently scaled up.
Thus, 2 grams of starting benzoate l1a were reacted with
benzylamine (3a) to provide benzyl benzamide (4aa) with

Table 4 Aminolysis of esters 1 with benzylamine 3a%?

o) Fe(acac); i
2 NH, (0.01 mol%) _Bn
R1J\O/R + 2 RN
0,, PiVOH H
1 3a DEC, 80 °C, 24h 4
o)
Ly OS
N
H
4ab 4bf (66%)

from 1b (R2= Ph): 99%
from 1c (R2= Me): 97%
from 1d (R2= Et): 68%

from 1e (R3= SiMe;): 68%
/ |
NS
OH

from 1f(R2— Ph): 54%
from 1g (R%= Me): 72%

from 1h (R2- Me)

N
4bg (70%) 4bh 83% 4bi (66%)
from 1i (R2= Me) from 1j (R3= Ph) from 1k (RZ- Ph)
4bj (55%) 4bk (83%) 4bl (96%)
from 11 (R2= Ph) from 1m (R2= Ph) from 1n (R2= Ph)
(0]

(0] (0]
NC\)k _Bn _Bn
N HJ\N
H H

4bm (54%)
from 10 (R2= Et)

4bn (57%) 4bo (98%)
from 1p (R%="Bu) from 1q (R%= Et)

4bp (78%)
from 1r (R2= Ph)

“ Reaction conditions: ester 1 (0.54 mmol), amine 3a (0.81 mmol),
PivOH (0.27 mmol), Fe(acac); (0.01 mol%), DEC (1 mL mmol " 1), O,
(1 atm), 80 °C, 24 h. ” Isolated yields.
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DEC, 80 °C, 24h
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Scheme 2 One-pot amidation/nucleophilic substitution.

©ANH2
\9 3¢ o

: °N Fe(acac)s B
Ph
(0.01 mol%) :
o) o
0,, PivOH
1 DEC, 80 °C, 24h 4br (90%)

Scheme 3 Stereoselective amidation.

95% yield. Furthermore, the fact that this scalable reaction is
carried out in diethyl carbonate (DEC) makes the process
more sustainable. Indeed, diethyl carbonate is an
environment-friendly and biodegradable solvent with mild
toxicity presently used in pharmaceutical formulations, in
green liquid-liquid extractions, as a component of
electrolytes in lithium batteries and as a fuel additive.*
However, even considering the atmospheric pressure
employed and the low volatility of this solvent (b.p.: 126 °C,
vapor pressure at 80 °C: 0.2 bar), its flammability in an
oxygen-rich atmosphere should not be ignored,® and
therefore a hazard warning note is included in the
experimental procedures.’® In spite of that, the use of pure
dioxygen as an oxidant and organic carbonates as solvents in
reactions even at high oxygen pressures has been reported
without any safety issues.**?

c16
S B
c7
s €} . c10 ‘15
¥ c8 ;\ N1/
ce N c11 \
A S — c14
* c12
05\‘~_—- \02/C1 f\l’\
Tca 3 1<) c13 \
Y
&) 02
c9 /
. © 4bh
(AN
C16A
N7
%
7 C5A C9A \/\/ \
N~
O1A
CoA J\ Y “can ﬁ ™~ /\{M,
a \ o1 a4y C10A\ C14A
A g
c7A ; S c13A
cea\ > C2A C11A\ N
024 c12a)
7
Jera
{ 4br

Fig. 1 ORTEP diagrams of chiral amides 4bh and 4br with thermal
ellipsoids given at 50% probability level.
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The reaction conditions optimized for the aminolysis of
acetic acid (2a) with benzylamine (3a) were then applied to a
variety of carboxylic acids 2 and amines 3 (Table 5). The
structural diversity of both acid and amine reagents should
be pointed out, and most of the 23 secondary amides
prepared in this way were obtained with good yields,
although slightly inferior results were achieved from
unsaturated acids (amides 4cd, 4cg, 4ci and 4cj). The
presence of a bulky o-ethyl group in 2-ethylaniline or the use
of branched carboxylic acids such as 2-(prop-2-yn-1-yl)

Table 5 Acylation of primary amines with a variety of acids®?

(0]
Fe(acac); (0.01 mol%)
RAkOH + R7NH, RAkN/R
0,, PivOH, DEC H
2 3 100 °C, 24h 4

o 0
)kN/Bn Ph)J\ JBu )‘k /& )kN/Ph

H H
4aa (78%) daf (74%) dag (ea% 4am (75%)

A K MQAJ@/

Ph

4bs (85%) 4ab (98%) 4bt (92%) 4bu (20%)
4bv 66% 4bx (81%)
(o] i (o]
Bn _Bn _Ph
N~ Fs.C~ °N Fst\N
H H H
4bh (66%) O\ 4by (59%) 4bz (54%)
Jix K @
FiC H
Et
4ca (63%) 4cb (54%
N /'\©
4cc (68%) 4cd (4 4% 4ce (94%)
\\))k @A)L
4cf (79% 4cg (52%) 4ch (65%)
O

4ci (41%) K@\ 4cj (55%) © /5\)/4; 65%)

“ Reaction conditions: acid 2 (0.54 mmol), amine 3 (1.08 mmol),
PivOH (0.54 mmol), Fe(acac); (0.01 mol%), DEC (1 mL mmol " 2), O,
(1 atm), 100 °C, 24 h. ? Tsolated yields.

This journal is © The Royal Society of Chemistry 2024
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Table 6 Synthesis of tertiary amides by acylation of secondary amines
with carboxylic acids®?

o) (0]
RZ Fe(acac); (0.01 mol%)
s ONH : LA
R" “OH ! R N
R O, PivOH, DEC L
2 3 100 °C, 24h 4 R
o}
pZ ‘\4/
4av (66%) 4cl (70%) 4cm (90%)
Q & bo
4cn (61%) 4co (63%) bo 4cp (65%)

¢ Reaction conditions: acid 2 (0.54 mmol), amine 3 (1.08 mmol),
PivOH (0.54 mmol), Fe(acac); (0.01 mol%), DEC (1 mL mmol ™" 2), O,
(1 atm), 100 °C, 24 h. ? Isolated yields.

octanoic acid did not have a deleterious effect on the reaction
outcome (amides 4ca and 4ck, respectively). In addition, as
with the aminolysis of esters 1, the acylation of amines 3 with
acids 2 occurred with complete retention of configuration,
and both amides 4bh and 4ce were isolated as single
enantiomers.**

To conclude the scope studies of this amidation reaction,
piperidine, pyrrolidine, morpholine, indoline and
tetrahydroisoquinoline were reacted with a handful of structurally
dissimilar carboxylic acids 2, thus providing the tertiary amides 4
shown in Table 6. Good yields were obtained in all cases,
irrespective of the structure of the amidation partner.

On another note, it should be mentioned that in addition
to the morpholinamide derived from 2-(2-phenoxyphenyl)
acetic acid (4cp), several N-benzylamides derived from acids 2
(4ci and 4ck, Table 5) and from esters 1 (4bh, 4br, 4bo, and
4bp, Table 4 and Scheme 3) have been synthetized for the
first time in this work.

Since the presented protocol can use esters and acids as
acylating agents for amines, we decided to compare the
results in those cases where the same amide had been
prepared. No difference could be found for acetamide 4ab
(99% vs. 98%), but for secondary benzamides 4aa, 4af, 4ag
and 4am and tertiary benzamide 4av significantly higher
yields were obtained from esters 1 than from acids 2 (92%,
89%, 93%, 88% and 94% vs. 78%, 74%, 68%, 75% and 66%,
respectively). the convenience of both atom-
economical processes and the release of water as a by-
product in the case of acid precursors cannot be ignored.

A number of experiments were then carried out to shed
light on the reaction mechanism. We had observed that
aminolysis of esters 1 and acids 2 took place with similar
kinetics although acids required a higher temperature to

However,
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O
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Scheme 4 Selective amidation of 1-(methoxycarbonyl)cyclopropane-
1-carboxylic acid (5).

5 3a

react. A meaningful example of this subtle difference was the
selective monoamidation of 1,1-cyclopropanedicarboxylic acid
monomethyl ester (5) when treated with one equivalent of
amine 3a under optimized reaction conditions (Scheme 4).
Besides, as predicted, the conversion rate vs. time curves for
la — 4aa and 2a — 4ab are very similar, both of hyperbolic
shape, which probably accounts for homogeneous catalysis.*®
Although the reaction temperature is 20 °C higher in the case
of 2a, the reaction from 1a shows slightly faster kinetics
(Fig. 2).

UPLC-ESI-QTOF analysis of the crude (reaction time: 12 h)
of the reaction between ester 1a and amine 3a revealed the
presence of acetylacetone, N-benzyl-1-phenylmethanimine,
phenylmethanimine, ethyl benzylcarbamate, phenol and
2,2-dimethylpropaneperoxoic acid (perpivalic acid). A small
amount of both imines, along with ethyl benzylcarbamate
and phenol, was also detected by GC-MS of the reaction
crude. As shown in Table 1, an excess of the amine is
required for both ester and acid substrates, as the use of
equimolecular amounts of the amine results in moderate to
low yields. Therefore we propose that the excess amine is one
of the main driving forces of the reaction and that ethyl
benzylcarbamate, easily formed by reaction between DEC and
3a, acts as a reservoir for 3a, as the acidic medium derived
from pivalic acid releases 3a by ethanolysis of the carbamate.
In fact, the reaction between ester 1a and ethyl
benzylcarbamate (1.5 equiv.) under optimized reaction
conditions provided target amide 4aa with good yield (83%).

100 o o—0— )
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Fig. 2 Aminolysis of phenyl benzoate (1a) and of acetic acid (2a) with
benzylamine (3a) as a function of time.
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Instead of benzylamine (3a), commercially available
N-benzyl-1-phenylmethanimine (N-benzylidenebenzylamine)
was reacted with ester 1a under optimized conditions in
order to check if this imine could be a reaction intermediate.
However, only 12% of 4aa was obtained.

Additionally, in order to define the role of dioxygen in this
reaction, other oxidants such as 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) and potassium peroxymonosulfate
(Oxone®) were assayed under anaerobic conditions (Ar) in
the the above reaction between ester 1a and amine 3a. Only
target 4aa was isolated in the case of potassium
peroxymonosulfate, but with a poor 9% yield.

In another experiment carried out in the absence of the
acylating agent 1 or 2, the aforementioned acetylacetone,
N-benzyl-1-phenylmethanimine, phenylmethanimine and
ethyl benzylcarbamate were detected by UPLC-ESI-QTOF.
Furthermore, after performing the same experiment, water
was added, the mixture was extracted with dichloromethane
and the resulting aqueous solution was acidified with H,SO,.
Potassium permanganate titration provided evidence for the
presence of Fe*" ions in the latter solution and revealed that
almost half of the initial amount of Fe(acac); had been
reduced to Fe(u) species.

A significant number of iron-catalyzed reactions mediated
by molecular oxygen are based on radical pathways.'>>*’
Therefore, the participation of radical species
investigated by adding several radical scavengers and
trapping agents to the reaction between ester 1a and amine
3a. As shown in Table 7, little or no inhibition was observed
even when this radical interception was attempted using
stoichiometric amounts of the aforementioned trapping
reagents. Sodium azide, a typical quenching agent for singlet
oxygen, had no effect on the reaction outcome either.

was

Table 7 Summary of poisoning experiments

3a
Radical trapping reag.
O/Ph (1 equiv.) N
Fe(acac); H/\©
(0.01 mol%)

1a 4aa
O,, PivOH
DEC, 80 °C, 24h

Entry Radical trapping reagent® 4aa” (%)
1 TEMPO 92
2 Galvinoxyl 66
3 BHT 93
4 DPPH 94
5 PBN 95
6 NaN; 93

¢ Reaction conditions: ester 1a (0.54 mmol), amine 3 (0.81 mmol),
radical trapping reagent (0.54 mmol), PivOH (0.27 mmol), Fe(acac);
(0.01 mol%), DEC (1 mL mmol™ 1a), O, (1 atm), 80 °C, 24 h.
b 1solated yields. TEMPO: 2,2,6,6-tetramethylpiperidine 1-oxyl; BHT:
butylated hydroxytoluene; DPPH: 2,2-diphenyl-1-picrylhydrazyl; PBN:
N-tert-butyl-a-phenylnitrone.

484 | Catal. Sci. Technol, 2024, 14, 478-488

View Article Online

Catalysis Science & Technology

However, electron paramagnetic resonance (EPR) analysis
of the reaction at ¢t = 1 h showed two overlapping signals
corresponding to two relatively stable radicals (Fig. 3a).

On the basis of the observed splitting pattern and
g-factors, these stable radicals are O-centered radicals. After
addition of PBN to the reaction mixture at ¢ = 1 h, the EPR
signals of the generated spin-adducts confirmed this
hypothesis (Fig. 3b). Accordingly, it seemed that radical
species (probably O-centered radicals) were formed during
the progress of the reaction but they did not intervene as
intermediates and did not affect the reaction outcome.

Pivalic acid has emerged as a crucial proton shuttle in
various metal-catalyzed reactions. Its unique properties,
demonstrated through its effectiveness in sub- and
overstoichiometric amounts and even as a solvent, have been
extensively studied. Replacing pivalic acid with other
carboxylic acids, such as benzoic or acetic acid, often leads to
significant changes in the results of the reaction,
underscoring its distinct role in facilitating proton transfer.*®
As mentioned before, in our case a small excess of the amine
was required to obtain reasonable yields. However, the
presence of pivalic acid as an additive (0.5-1.0 equiv.) had a
positive impact on the reaction outcome. We therefore
proposed that pivalic acid would act as a ligand facilitating
the interaction of the iron center with dioxygen.

With the results of all these studies in hand, we proposed
the mechanism depicted in Scheme 5 to explain the
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Fig. 3 Experimental (blue line) and least squares fit (red line) EPR

spectra of the reaction (la + 3a — 4aa) at t = 1 h before (a) and after
(b) addition of N-tert-butyl-a-phenylnitrone (PBN).
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Scheme 5 A mechanistic proposal for the iron-catalyzed aminolysis of phenyl benzoate 1a in the presence of dioxygen.

formation of 4aa by aminolysis of 1a with 3a under
oxygenated  conditions. After  protonation of the
acetylacetonate ligands of Fe(acac); by pivalic acid, the
resulting Fe(mr) ions would partially oxidize benzylamine to
the corresponding imine or N-benzyl-1-phenylmethanimine
in the presence of oxygen, as described by Castro®” and Xu.*’
This process would release catalytic amounts of Fe(u) species,
which are essential for the next step. Additionally, as a result
of the interaction between Fe(acac); and pivalic acid, the so-
formed trinuclear pivalate complex-pivalic acid adduct [Fes-
O(OPiv)s(PivOH);] contains a high-spin Fe(u) core and shows
a temperature-dependent mixed-valence state.”’ These Fe(n)
species would readily interact with dioxygen to generate ferric
superoxo species A and/or iron(m) peroxo intermediate B,
which in the presence of hydrogen atom donors (e.g. starting
amine 3a, pivalic acid or later released phenol) would
transform into iron(u)-hydroperoxo intermediate C.*?
Nucleophilic attack at this intermediate C by 1a or
protonated 1a’ would form iron(ur) acylperoxo complex D,
which would undergo addition by amine 3a to the
electrophilic carbonyl center. After prototropic tautomerism
E-F, condensation would release phenol and generate key
intermediate G. A nucleophilic attack by pivalic acid, akin to
that experienced by iron(m)-hydroperoxo species C, would
liberate N-benzylacetimidic acid 4aa’, in equilibrium with
target amide 4aa. As a result, iron(m)-pivaloylperoxo complex
H would form. The thermodinamically favourable homolytic
cleavage of the Fe(m)-O bond of high-spin Fe(m)-alkylperoxo
complexes to generate Fe(u) complexes and alkylperoxyl

This journal is © The Royal Society of Chemistry 2024

radicals has been discussed by Solomon and Que.** This
process would take place at complex H so that Fe(u) species
that would reinitiate the catalytic cycle would be released,
along with unstable acyl peroxy radical I.

Reaction of the latter with previously liberated phenol
would generate persistent phenoxyl radical,** one of the
aforementioned radical species detected by EPR. Considering
the radical scavenging ability of pivalic acid,*® formation of
pivaloxyl radical cannot be discarded. A similar mechanism
would account for the formation of 4ab.*® At this point, and
although all the mechanistic steps are based on experimental
results or literature reports, it should be pointed out that our
proposal is purely tentative. Indeed, our assumptions that
the aminolysis step takes place on intrinsically unstable
peroxide species (E-G) and about the subsequent homolysis
of the Fe-O bond at complex H are somewhat questionable.
However, the kinetic, radical trapping, detection by UPLC-
ESI-QTOF analysis, electron paramagnetic resonance and
additional experiments conducted along with the literature
precedents on related processes offer tentative support for
our proposal.

Conclusions

To sum up, a highly efficient procedure for the iron-catalyzed
direct acylation of amines with carboxylic esters and acids
has been developed. This scalable and atom-economical
process requires the use of molecular oxygen as an inducer
of the reaction along with pivalic acid as an additive. The
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generality of the procedure, applicable to a wide range of
primary and secondary amines, is demonstrated by more
than 65 examples presented in this paper. In addition, the
reaction is carried out in a greener solvent, diethyl carbonate.
A main mechanism based on a Fe(u)/Fe(u) cycle and the
interaction of the former ion with dioxygen has been
proposed to explain the role of the components in the
reaction. On the basis of the experimental studies carried
out, a subsidiary mechanism responsible for the results in
the absence of oxygen is also suggested.
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