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ABSTRACT: We have developed a Cu-catalyzed reductive aminocarbonylation of alkyl iodides using nitroarenes as the nitrogen
source. The reaction proceeds with a single copper catalyst playing dual roles of synergistically mediating both carbonylation of alkyl
iodides and reduction of nitroarenes, providing acyl iodides and anilines as possible reactive intermediates that then do amide coupling
spontaneously. A diverse range of secondary N-aryl alkylamides are accessible from a variety of primary, secondary, and tertiary

alkyl iodides using this method.

Amides are among of the most important chemical units in
all of organic and biology chemistry,! and so the synthetic com-
munity has maintained an interest in developing different, com-
plementary synthetic methods to target diverse amide com-
pounds.? For example, the classic Ritter reaction involves pro-
tonation of an alcohol or alkene and in-situ trapping of the re-
sulting carbocation with a nitrile nucleophile;* thus, only N-al-
kyl amides are accessible. Similarly, amidation of esters or
transamidation between amides and amines typically only pro-
duce N-alkyl amides except in rare cases.* An efficient method
for N-aryl amide synthesis is aminocarbonylation of aryl halides
with anilines under CO atmosphere;® here use of alkyl electro-
philes has proven challenging and limits the scope of accessible
products to arylamides.

Nitroarenes can act as surrogates for anilines under reductive
conditions, in some cases exhibiting orthogonal functional
group tolerance to classical amine nucleophiles in various cou-
pling reactions.® However, there are only a few reports of suc-
cessful reductive aminocarbonylation using nitroarenes as the
nitrogen source, none of which involve C(sp*)-hybridized elec-
trophiles. Driver reported a Pd-catalyzed reductive aminocar-
bonylation of aromatic C-H bonds with Mo(CO)s serving as
both reducing agent and CO source, producing N-aryl aryla-
mides as long as the substrate contained an ortho-pyridyl direct-
ing group (Scheme 1a).” Additionally, recent advances by Hu,
Wu, and others have enabled Ni-catalyzed reductive aminocar-
bonylation of aryl halides (Scheme 1b), esters, and aryl boronic
acids.® The only example of alkylamide synthesis by reductive
aminocarbonylation was reported by Beller, who disclosed a
Pd-catalyzed coupling of terminal alkenes with nitroarenes un-
der syn-gas pressure to provide N-aryl alkylamides (Scheme
1c).? Here, the range of accessible products was limited by the
fact that only monosubstituted alkenes were amenable to cou-
pling. Recently, Hu also furnished alkylamides through reduc-
tive transamidation between nitroarenes and amides.'”

Although C(sp*)-X electrophiles have not been investigated in
reductive aminocarbonylation, they have been used in ami-
nocarbonylation with amine nucleophiles!! including a recent
report by Alexanian of stereospecific aminocarbonylation with
alkyl tosylates with primary and secondary amines.'?

Scheme 1. Reductive aminocarbonylation with nitroarenes
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Our group has reported several examples of carbonylative
coupling reactions involving single-electron transfer activation



of alkyl halides mediated by N-heterocyclic carbene (NHC)
copper catalysts in the presence of reducing agents such as hy-
drosilanes.!*!* Thus, we wondered whether this methodology
could be extended to reductive aminocarbonylation with ni-
troarenes as pro-nucleophiles (Scheme 1d), with the copper cat-
alyst playing dual roles of synergistically mediating nitroarene
reduction and alkyl halide carbonylation. To our knowledge,
copper catalysts have not been explored previously for reduc-
tive aminocarbonylation.!* Nonetheless, Beller has successfully
reduced nitroarenes to anilines using copper hydrides,'® and Yin
recently showed that copper catalysis is appropriate for reduc-
tive C-N coupling with nitroarenes using hydrosilane reduct-
ants.!” However, to realize our goal that involves controlling a
complex sequence of reduction, radical carbonylation, and ami-
dation steps, several challenges would need to be overcome: po-
tential multiple CO insertion,'® high energy activation of sub-
strates,11¢ competing reduction of alkyl halides by the copper
hydride catalyst,'” and competing hydroxymethylation via re-
duction of carbonylated intermediates by the copper hydride ra-
ther than by the nitrogen nucleophile.?

Table 1. Reaction Optimization for Copper-Catalyzed Re-
ductive Aminocarbonylation of Alkyl Iodides“’

ClomelMesCuCl (5 mol%)
OMe \'N
NaOH (3.0 eq) PR "N Ph

PANO, +  pp >N PhSiH; (3.0 eq) 3a O
- s . .
CO (5 atm)
1.0eq 20eq 1,4-dioxane, 70°C,30h  Ph” >""0[81] +  ppe ™
1a 2a 3aa 3aaa
IPr R = 2,6-(diisopropyl)phenyl X=H
X X IMes R = 2,4,6-trimethylphenyl X=H
?—< CIiMes R = 2,4,6-trimethylphenyl X=Cl
R'N\/N‘R BriMes R = 2,4,6-trimethylphenyl X=Br
o ClomelMes R = 4-methoxy-2,6-dimethylphenyl X= Cl
entry change from opti-  yield of yield of yield of

mized conditions 3a [%] 3aa [%] 3aaa
[%]

1 None 78 40 12
2 No catalyst 0 0 0
3 IPrCuCl catalyst 38 50 24
4 IMesCuCl catalyst 61 34 14
5 CIMesCuCl catalyst 59 32 0
6 BrIMesCuCl catalyst 38 39 23
7 LiOH base 18 22 18
8 LiOMe base 13 25 22
9 Ph2SiH: as silane 0 0 0
10 2.0 eq. PhSiH3 28 18
11 10 mol% catalyst 62 64 12
12 60 °C 51 39 10
13 3 atm CO 30 31 6

“Reactions were done on 0.1-mmol scale. ?Yields relative to 1a
were determined by 'H NMR with 1,1,2,2-tetrachloroethane as in-
ternal standard.

We began our study with nitrobenzene (1a) and 1-iodo-3-
phenylpropane (2a) as substrates, targeting amide compound 3a
(Table 1). After screening with different NHC ligands, we
found that while direct reduction of alkyl iodides (3aaa) can be
avoided by the choice of ligands (Table 1, entry 5), hy-
droxymethylation (3aa) cannot be avoided completely. In order
to compensate the loss of iodide substrate consumed by

hydroxymethylation, we employed 2.0 equivalents of 2a in the
reaction (see SI for more information). Based on further inves-
tigation, we noticed that the electronegativity of ligand is cru-
cial to improve the yield of 3a. For example, while IMes and
®Mes provided almost the same yields (Table 1, entries 4-5),
BIMes decreased yield (Table 1, entry 6) and “omeIMes boosted
the yield up to 78% (Table 1, entry 1). The choice of NaOH as
the base and PhSiHs as the hydrosilane are necessary for the
successful transformation (Table 1, entries 7—9). It is worth
noting that the use of LiOMe favored the hydroxymethylation
side reactions described above, which is in agreement with our
previous work (Table 1, entry 8).2° Reducing the amount of hy-
drosilane or raising catalyst loading both diminished the desired
reaction (Table 1, entries 10-11). Finally, we observed moder-
ate yields at lower temperature and pressure (Table 1, entries
12-13). Use of alkyl bromide in place of alkyl iodide resulted in
only trace conversion, but use of alkyl bromide + KI produced
the corresponding amide in 52% yield.
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Figure 1.” Scope of Alkyl lodides. “Reactions were done on 0.1-
mmol scale. All yields are isolated yields relative to 1 and average
two parallel experiments. ?Reactions were done on 1-mmol scale,
reported as average isolated yield relative to 1 from two parallel
experiments. “The “'IMes ligand was used instead of “'omcIMes.

With the optimized conditions in hand, we started to test the
scope of alkyl iodides (Figure 1). Simple primary (3a), second-
ary (31), and tertiary (3m) alkyl iodides underwent the transfor-
mation smoothly. Substrate containing aryl halides were effi-
ciently converted to target amides (3b—3d), implying that this
methodology is orthogonal to classical Pd-catalyzed couplings.
Synthetically important moieties, such as ether (3e), cyano (3g)
and trifluoromethyl (3h) are all compatible. To our delight,
some base-sensitive groups including benzyl ether (3f) and me-
thyl ester (3i) survived under these conditions. Heterocyclic
groups such as furan (3j) and indole (3k) gave modest yields
and required use of “IMes in place of “lomelMes. This method
can also be applied to complex carbohydrate substrates (3n).
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Figure 2.# Scope of Nitroarenes. “Reactions were done on 0.1-
mmol scale. All yields are isolated yields relative to 1 and average
two parallel experiments. ®Product was isolated with 10% insepa-
rable impurities. “The IPr ligand was used instead of “IMes. “The
ClomeIMes ligand was used instead of “IMes. “Phenolic group was
protected as its pivalic ester and underwent deprotection during the
reaction. /Yields were NMR yields relative to 1 against 1,1,2,2-tet-
rachloroethane as internal standard.

Next, we investigated the substrate scope with respect to ni-
troarenes (Figure 2). We found “IMes performed better than
ClomeIMes in this transformation with substituted nitroarenes.
Aryl halide (3q-3t) and thioether (3w) substituents posed no
problem in the transformation, whereas protected phenols (3x)
and heterocyclic groups (3z) gave moderate yields. Use of IPr
as ligand allowed for smooth conversion with nitroarenes con-
taining boronic esters (3y) and anisole (3u), while “opeIMes
was required for trifluoromethoxyl substituted nitroarenes (3v)
to give good yield. However, cyanide groups on the nitroarene
(4a) inhibited the reaction, and a polyaromatic nitroarene (4b)
performed poorly in this reaction. We also found this method is
highly sensitive to steric environment on the nitrobenzene part-
ner (4¢ and 4d).

To examine the mechanism of this reductive aminocarbonyl-
ation, a stoichiometric reaction was carried out by subjecting
acyl iodide 5 to the standard reaction in place of 2a under N,
atmosphere (Scheme 2a). The expected amide 3a was obtained
in 71% yield, implying that acyl iodide might serve as the car-
bonylated intermediate during catalysis. Then the radical nature
of this transformation was confirmed by the addition of radical
scavenger TEMPO to the standard reaction. The target amide
3a was not observed; instead the TEMPO adduct compound 8
was isolated in 30% yield (Scheme 2b).

Scheme 2. Mechanistic Studies

(a) Stoichiometric reaction with acyl iodide under inert atmosphere

ClomelMesCuCl (5 mol%)
NaOH (3.0 eq)

|

Ph-NO; + P> PhSiHy (2.5 €q) %

1a 5 O N
(1.0 eq) (2.0 eq) 1,4-dioxane, 70 °C, 30 h 1%
(b) TEMPO experiment?
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1a 2a TEMPO (2.0 eq) 6
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(c) Possible reduction intermediates from nitrobenzene
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(d) Control experiment without Cu catalyst
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PhNH,  + Ph” " 3a
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1,4-dioxane, 70 °C, 30 h

7e 2a
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(e) Experiment with potential copper amide intermediate

/H . Ph "N CO (5 atm), 70 °C 3a
Ph Cu®IMes 1,4-dioxane, 30 h
8 2a not observed
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(f) Control experiment for potential reducing agents

ClomelMesCuCl (5 mol%)
Ph-NO, * 5 NaOH (3. 0 eq)

1a PhSiH; ( 3.0 eq), CO (5 atm)
(1.0 eq) (2.0 eq) 1,4-dioxane, 70 °C, 30 h

3a
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X v X 0
v X v 0
X 4 v 71%

“Reactions were done on 0.1-mmol scale, and yields were deter-
mined by 'H NMR with 1,1,2,2-tetrachloroethane as internal stand-
ard. ®Isolated yield. €0.5 eq. intermediates were added instead of 1.0

eq.

To gain insight into the reactive nitrogen nucleophile during
catalysis, several possible intermediates resulting from ni-
troarene reduction were tested under catalytic conditions
(Scheme 2c¢).2! No amide product was detected with azobenzene
(7¢), and nitrosobenzene (7a), N-phenyl hydroxyamine (7b)
and azoxybenzene (7d) gave low yields. Only aniline (7e) gave
quantitative yield (94%) under the standard reaction conditions.
Thus, we propose that aniline might be the major reactive inter-
mediate for C-N bond formation. However, we cannot rule out
a potential role of other intermediates such as hydroxylamine
serving as nitrogen sources by minor pathways (see SI for more
information).

Then the aniline intermediate (7¢) was subjected to condition
shown in Scheme 2d without the presence of copper catalyst.



Surprisingly, amide 3a or other carbonylated compounds were
not detected. This indicates that the carbonylation is a copper-
mediated radical process rather than a radical chain-type atom
transfer carbonylation.?? Another potential copper amide inter-
mediate 8 was also tested under optimized conditions shown in
Scheme 2e. The absence of targeted 3a help to eliminate the
possible route of a copper amide intermediate mediating radical
carbonylation.

To probe the reducing reagent responsible for nitroarene re-
duction, several control experiments were conducted. Since car-
bon monoxide, hydrosilanes, and metal hydrides have all been
shown to reduce nitroarenes,”>7 each of them was eliminated
individually. According to the results shown in Scheme 2f, we
can conclude that only (NHC)CuH intermediates are competent
to reduce nitroarenes under these conditions.

Collectively, there is definitive evidence that the copper cat-
alyst plays a dual role of synergistically mediating both alkyl
iodide carbonylation and nitroarene reduction. While the de-
tailed mechanism of each step requires more study, we propose
that the dual roles of the copper catalyst produce the two reac-
tive intermediates, acyl iodide and aniline, which then engage
in C-N coupling via a rapid, uncatalyzed step.

In conclusion, we have developed a copper-catalyzed reduc-
tive aminocarbonylation from simple nitroarenes and alkyl io-
dides. This methodology has shown good tolerance with variety
of functional groups and serves as the only reductive aminocar-
bonyation method for C(sp®)-hybridized electrophiles.
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