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ABSTRACT: The first direct and selective synthesis of substituted
itaconimdes by palladium-catalyzed aminocarbonylation of alky-
nols is reported. Key to the success of this transformation is the use
of a novel catalyst system involving ligand L11 and appropriate
reaction conditions. In the protocol here presented, easily available
propargylic alcohols react with N-nucleophiles including aryl- and
alkylamines as well as aryl hydrazines to provide a broad variety of
interesting heterocycles with high catalyst activity and excellent selectivity. The synthetic utility of the protocol is demonstrated in
the synthesis of natural product 11 with aminocarbonylation as the key step. Mechanistic studies and control experiments reveal the
crucial role of the hydroxyl group in the substrate for the control of selectivity.
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■ INTRODUCTION

Succinimides constitute an important class of organic
molecules, which widely exist in a large number of five-
membered natural products with diverse biological and
pharmaceutical activities.1−5 Among these compounds, itaco-
nimide derivatives characterized by exocyclic CC bonds are
found in many natural products, and this structural motif is
also present in current drug candidates (Scheme 1).6−11 For
example, longimide B I is known for its antitumor activity,2,6

while compounds II and III showed potent GPR119 agonistic7

and antagonist activity,8 respectively. In addition, 3-arylme-
thylidene pyrrolidine-2,5-diones IVa and IVb were tested as
type 2 5α-reductase (T2-5α-reductase) inhibitors.9,10 As a final
example, compound V is mentioned here displaying potent
anti-Xa activity, whereby both the cyclic structure and the
geometry provided by the double bond contribute to the
pharmaceutical potential of V.11 Interestingly, related fulgi-
mides, e.g., VI, are also known to be molecular switches with
many potential applications in optical materials.12−14

Moreover, itaconimides are recognized as useful synthons
VII as they contain condensed functionalities for further
scaffold diversification.15−30 For example, they can be readily
transformed into relevant pyrrolidines by reduction15 and
provide an easy access to the corresponding succinic acid
derivatives by ring-opening reactions.16−18 Furthermore, the
fairly acidic methylene group shows nucleophilic ability,19−25

which has been used in diazo-transfer reactions,19 allylic
additions,20 and Michael addition reactions.21−23 Finally, the
activated exocyclic olefin can be further functionalized26−32

through cycloadditions26−29 and asymmetric hydrogenation
reactions30 and forms highly stable thio-Michael adducts that

resist thiol-exchange-mediated breakdown under physiological
conditions.31,32

Although the synthesis of itaconimides attracted significant
interest in the area of drug development, relatively few
synthetic methodologies to access this class of compounds in a
general manner exist. Primarily, activated alkenes33−44 such as
α,β-unsaturated anhydrides,33−35 the parent compound,10 and
maleimides20,31,36−44 were used for their preparation (Scheme
2a−c). Thus, until today the most commonly used method
involves conjugate-addition of triphenylphosphine to endocy-
clic olefinic maleimides followed by a Wittig reaction with
aldehydes, resulting in the inevitable formation of (over)-
stoichiometric amounts of phosphine oxides.19,31,40−44 In
addition, more specific three-component reactions of alle-
noates, isocyanides, and carboxylic acids and a cycloisomeriza-
tion/rearrangement cascade of Ugi adducts have been also
reported.45,46

Preferably, any new methodology in this area should be
environmentally benign, atom-efficient, and straightforward.
On the basis of our general expertise and recent works on
carbonylations,47−50 we had the idea that specifically such
transformations can be also used to access itaconimides
(Scheme 2d). Indeed, as one of the most important
homogeneous catalytic processes, transition-metal-catalyzed
carbonylation reactions allow for direct conversion of easily
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available feedstocks into a variety of carbonylated com-
pounds.51−54 In this respect, the aminocarbonylation of
propargyl alcohols which are commercially available or easily
accessed is an ideal method. However, such methodologies are
intrinsically challenging due to the problems associated with
the acidity of the active metal hydride catalysts and the basicity
of the amine reagent. Moreover, aminocarbonylations are
prone to produce many side products such as esters (lactones),
acids, and branched or linear α,β-unsaturated amides. Thus, it
is not surprising that, to the best of our knowledge, no such
process has been reported, and herein, we present the first
example of a general and highly selective synthesis of
itaconimide derivatives through Pd-catalyzed aminocarbonyla-
tion.

■ RESULTS AND DISCUSSION

Model Reaction and Catalyst Optimization

At the beginning of our studies, carbonylation of 1-ethynyl-1-
cyclohexanol 1a with 4-fluoroaniline 2a was chosen as a
benchmark reaction. As shown in Figure 1, via selective
dicarbonylation of 1a, it should be possible to obtain
itaconimide 3aa directly. However, a variety of other
carbonylated products can be formed easily in this reaction.
For example, the branched α,β-unsaturated amide 4, linear
α,β,γ,δ-unsaturated amide 5, and linear α,β-unsaturated amide
with an allylic hydroxyl group 6.
In general, for palladium-catalyzed coupling processes, the

choice of ligand is crucial and allows for controlling the
selectivity and activity.55−59 Thus, to achieve the desired target
product 3aa, we investigated the effect of different bidentate

and monodentate phosphines (2 or 4 mol %, respectively) for
the carbonylation of 1a in the presence of 1 mol %
Pd(MeCN)2Cl2, in dichloromethane at 40 bar CO, 120 °C.
Using the classic ligand Xantphos L1, itaconimide 3aa was
obtained in only 7% yield; nevertheless, this demonstrated the
feasibility of a double carbonylation process. Other bi-
sphosphine ligands with different backbones and chelating
units such as DBFphos L2, Naphos L3, 1,2-bis((di-tert-
butylphosphan-yl)methyl)benzene L4, and bis(2-dicyclohex-
yl-phosphinophenyl) ether L5 favored the formation of linear
α,β,γ,δ-unsaturated amide 5. No improvement of the chemo-
selectivity was achieved when monodentate phosphine ligand
L6 was tested.
Notably, the imidazole-based ligand L7 showed high

chemoselectivity for monoaminocarbonylation of 1a, leading
to amide 4 with 52% yield. Interestingly, when ligand L8 was
applied, the yield of unsaturated succinimide 3aa was improved
to 15%. Using ligands L9 and L10 which bear pyridyl
substituents on the phosphorus atoms, ligand L10 gave the
best result (28% yield) in our preliminary ligand screening. To
optimize the benchmark reaction further, we evaluated the
influence of critical reaction parameters in the presence of L10.
By variation of catalyst precursors, solvents, and other factors,
the yield of 3aa reached 80% with a selectivity of 8/1 (3aa/5)
(see Supporting Information Tables S1−S4 for details).
Gratifyingly, with ligand L11 in which the phenyl groups are
replaced with bulkier adamantyl substituents, the linear side
product 5 was completely suppressed, giving 3aa in 87% yield

Scheme 1. Importance of Itaconimides: Selected Examples
of Natural Compounds, Biologically Active Molecules, and
Interesting Postfunctionalizations

Scheme 2. Summary of the Main Synthesis Methods of
Itaconimides
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(see Supporting Information Table S4 for details). Lowering
the reaction temperature (100 °C) resulted in an improved
yield of 3aa (94%), whereas a lower CO pressure (20 bar) had
a negative effect on the desired product yield (82%) (see
Supporting Information Table S5 for details), and finally, in
the presence of 10 mol % PTSA, the yield of 3aa reached
>99% with excellent chemoselectivity.

Mechanistic Investigations and Catalytic Cycle

To gain insights into the reaction mechanism, several control
experiments were conducted (Scheme 3). First, 1-ethynylcy-
clohexene 9 and cyclohexylacetylene 10 were examined under
the standard conditions, showing the crucial role of the
hydroxyl group in 1a to accommodate the conversion of the
propargylic alcohol. While 9 led to a complex mixture,
cyclohexylacetylene 10 afforded monoaminocarbonylated
products (see Supporting Information, Scheme S2).
Additionally, no conversion of 8 could be achieved when it

was tested with amine 2a under standard conditions, excluding
the possibility of condensation of α,β-unsaturated anhydrides
with the corresponding amines.
To determine the key intermediate which itaconimide 3aa

was generated from, amides 4, 5, 6, and 7 were isolated and
reacted with CO under standard conditions, separately. No
conversion was noted using linear α,β,γ,δ-unsaturated amide 5
as the starting material. Furthermore, 6 and 7 could not be
transformed to 3aa either. However, testing the branched
amide 4 with an allylic hydroxyl group in the carbonylation
reaction provided 3aa in 32% yield. The observed lower yield
of 3aa may result from different concentrations of 4 in the
control experiment compared to the catalytic process (Scheme
3a, see Supporting Information Schemes S2 and S3 for details).
Next, the kinetic progress of the reaction between alkynol 1a

and 4-fluoroaniline 2a was examined under the optimal
conditions. As shown in Scheme 3b, 1a is initially converted
into the monoaminocarbonylation product 4. Then, 3aa is
generated along with the consumption of the reaction
intermediate 4. Starting material 1a is fully converted, and

the formation of the branched amide 4 achieves a maximum
yield of 48% after 40 min. In the following 60 min, the yield of
desired product 3aa increases quickly and reaches >99% yield
after 100 min. Over the course of the reaction, formation of 7
is observed only in small amounts (maximum 10% yield),
which could be explained by the equilibrium with 4.
On the basis of these findings and previous mechanistic

studies of Pd-catalyzed aminocarbonylations,55−59 we propose
the following main reaction pathway (Scheme 3c). Initially, the
stable PdII salt is in situ reduced to give Pd0 phosphine
complexes A in the presence of an excess amount of
ligand.60−63 After protonation, active complex B is afforded.
Then, the carbon−carbon triple bond of alkynol 1a
coordinates to Pd to form complex C, and subsequent triple
bond insertion affords regioselectively the branched alkenyl-Pd
intermediate D. Pd complex D directly undergoes a facile CO
insertion process to give the corresponding acyl Pd species E.
Next, aminolysis of intermediate E leads to the mono-
aminocarbonylation product 4 and regenerates the palladium
hydride species B. Compound 4 is also prone to dehydration
to form 7, which can be a reversible process. After cycle I,
complex B reacts with 4, forming the π-allyl-palladium
intermediate F. This intermediate undergoes a fast equilibrium
with the corresponding σ-palladium complexes G. Finally, CO
insertion and aminolysis lead to the desired product 3aa.

Substrate Scope

With optimized reaction conditions established, we examined
the scope of this three-component process with respect to
alkynols. As shown in Table 1a, diverse propargylic alcohols
can be applied in the carbonylation transformation, demon-
strating a practical strategy utilizing abundant alkynol feed-
stocks directly as robust surrogates for the construction of
itaconimides. Different substituents (tert-butyl, phenyl) at the
4-position of cyclohexyl group were compatible with the
reaction conditions, giving rise to 3ba and 3ca in high yield
(77% and 88%, respectively). This transformation also
displayed good functional group tolerance. Hence, the

Figure 1. Pd-catalyzed aminocarbonylation of 1-ethynyl-1-cyclohexanol 1a: influence of phosphine ligands. Reaction conditions: 1a (0.5 mmol), 2a
(1.0 mmol), Pd(MeCN)2Cl2 (1.0 mol %), bisphosphine ligand (2.0 mol %) or monophosphine ligand (4.0 mol %), CO (40 atm), CH2Cl2 (2.0
mL), 20 h at 120 °C. The yields of products were determined by GC analysis with mesitylene as an internal standard. [a] indicates the following
conditions: Pd(cod)Cl2 (1.0 mol %), 2a (0.75 mmol), pentane (2.0 mL). [b] indicates the following conditions: Pd(cod)Cl2 (1.0 mol %), 2a (0.75
mmol), PTSA·H2O (10 mol %), pentane (2.0 mL), 100 °C.
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carbonylations of substrates 1d and 1e containing heteroatoms
(sulfur, nitrogen) were successful, providing 3da and 3ea in
good yields (67% and 87%). Moreover, a wide array of
carbocyclic ring systems (4-, 5-, and 12-membered) were
amenable to this approach, delivering the corresponding
unsaturated succinimides 3fa−3ha in 76−98% yields. Notably,
sterically crowded alkynol 1i also reacted smoothly, giving 3ia
in 84% yield. Noncyclic alkynols 1j−1n bearing different alkyl
and benzyl groups furnished the corresponding desired
products 3ja−3na with 35−98% yields. When α-monoalkyl-
substituted propargyl alcohols 1o−1q and the α-monoaryl-
substituted alkynol 1r were subjected to the optimized
conditions, this catalytic system exhibited good activities
(53−76% yields) and >20/1 E/Z selectivities. In addition,

the diaryl-substituted propargyl alcohol 1s was well-tolerated
by the catalyst to afford 3sa in 79% yield. The effectiveness of
this methodology is showcased by the late-stage modification
of biorelevant derivatives, which provides easy access to diverse
itaconimide derivatives, highlighting the substrate scope of this
protocol and its utility in organic synthesis. More specifically,
tropinone-derived propargylic alcohol 1t could be applied to
afford the desired product 3ta in decent yield. Pentoxifyllin, a
drug with anti-inflammatory properties, can be transformed to
the corresponding product 3ua in 73% yield (E/Z = 1/1).
Next, we evaluated the scope of this aminocarbonylation

process with respect to amines. As shown in Table 1b, a variety
of aromatic amines with electron-neutral, electron-deficient,
and electron-rich substituents led to the corresponding

Scheme 3. (a) Control Experiments, (b) Kinetic Monitoring of Intermediates over Time, and (c) Proposed Catalytic Cyclea

aStandard conditions: Pd(cod)Cl2 (1.0 mol %), L11 (4.0 mol %), PTSA·H2O (10 mol %), pentane (2.0 mL), CO (40 atm), 100 °C, 20 h, 1a or
4−10 (0.5 mmol), 4-fluoroaniline (0.75 mmol). The yields of products were determined by crude 1H NMR analysis using dibromomethane as the
internal standard.
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Table 1. Pd-Catalyzed Aminocarbonylation of Alkynols 1a−v with Amines 2a−pa

aStandard reaction conditions: 1 (0.5 mmol), Pd(cod)Cl2 (1.0 mol %), L11 (4.0 mol %), PTSA·H2O (10.0 mol %), 2 (0.75 mmol), CO (40 atm),
pentane (2.0 mL), 20 h at 100 °C. Isolated yields were given within the parentheses. The NMR yields (values before the parentheses) were
determined by crude 1H NMR analysis using dibromomethane as the internal standard. b1n (0.1 mmol), 2a (0.15 mmol), Pd(cod)Cl2 (5.0 mol %),
L11 (20.0 mol %), PTSA·H2O (0.1 mmol). c1a (0.5 mmol), BnNH22p (1 mmol), PdBr2 (1.0 mol %), L10 (4.0 mol %), TFA (10.0 mol %), CO
(40 atm), CH2Cl2 (2.0 mL), 20 h at 120 °C. dDisplacement ellipsoids correspond to 30% probability. See Supporting Information Section 2.5 for
details.
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carbonylative products in good yields (51−98%). The
substituents on the arylamines had no real impact on the
catalysis. Specifically, the reactions of arylamines bearing
phenyl, methoxy, and chlorine substituents proceeded
smoothly, providing the corresponding products 3ab−3ae in
91−98% isolated yields. Notably, bromine-substituted aryl-
amines, which are known to be sensitive to palladium catalysis,
also worked well and afforded 3vf in 51% yield. Interestingly,
the 4-aminoacetophenone 2g and 4-aminophenol (2h) which
contain functional groups reacted well to give 3ag and 3ah in
74% and 50% yield, respectively. The position of substituents
on the phenyl ring has no influence on the reaction outcome.
Hence, arylamines 2i−2k afforded 3ai−3ak in 65−82% yields.
Moreover, arylamines 2l−2n containing multiple substituents
proved to be efficient coupling partners and gave the
corresponding products in 80−93% yields. To be noted,
heteroaromatic amine 2o with an easily functionalized ester
group led to 3ao in quantitative conversion with excellent
chemoselectivity.

The carbonylation in the presence of aliphatic amines
continues to be a highly challenging goal due to their stronger
basicity compared with arylamines.64 Nevertheless, using
benzyl amine 2p as a representative example gave the desired
3ap as the major product (44% yield; see Supporting
Information Tables S6−S8 for details).
Finally, we became interested in the use of other N-

nucleophiles instead of amines. In this respect, specifically aryl
hydrazines attracted our interest; these constitute important
synthons in the synthesis of many biologically active and
industrially important organic compounds.65,66 Indeed, when
phenylhydrazine 2q was reacted with 1a under the previously
optimized conditions, the corresponding unsaturated succini-
mide 3aq was isolated as the sole product in excellent yield
(90%). Apart from phenylhydrazine, 4-hydrazinylbenzonitrile
2r, o-tolylhydrazine 2s, and 3-chlorophenylhydrazine 2t were
employed as efficient N-nucleophiles (Table 2). In all cases,
>99% NMR yields were obtained, and the chemoselectivities
for double carbonylative products 3ar−3as were excellent.
Notably, these novel hydrazine derivatives offer interesting
possibilities for the straightforward synthesis of other hetero-
cycles.67−71

The synthetic utility of our protocol is further demonstrated
in the straightforward synthesis of natural product 11, which
was isolated from an endophytic fungus.72 Itaconimide 3jq was
obtained without additional optimization by aminocarbonyla-
tion of 2-methyl-3-butyn-2-ol 1j and benzylic amine 2q.
Subsequent removal of the N-p-methoxybenzyl protecting
group with CAN gave natural product 11 (Scheme 4).

■ CONCLUSION

In summary, we report a new catalytic domino transformation
which allows an efficient synthesis of itaconimides from easily
available propargylic alcohols. Key to this effective method-
ology is a straightforward aminocarbonylation reaction in the
presence of a novel palladium catalystinvolving ligand L11.
This protocol complements the currently known methods for
carbonylation reactions in organic synthesis, allowing access to
this so far overlooked class of compounds. In fact, 40 out of 41
molecules prepared here have not been described before to the
best of our knowledge.
The general applicability of this highly selective protocol is

demonstrated by reacting more than 20 versatile alkynols
including structurally complex and biologically active mole-
cules. Furthermore, diverse N-nucleophiles including aryl-
amines, alkylamines, and aryl hydrazines can be easily
employed. Control experiments reveal the presence of the
hydroxyl group to be essential for the selective synthesis of the
desired products. Mechanistic studies further suggest a novel
sequential double carbonylation process with the branched
amide 4 as a key intermediate.
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Table 2. Pd-Catalyzed Aminocarbonylation of 1a with Aryl
Hydrazines 2q−ta

aStandard reaction conditions: 1a (0.5 mmol), Pd(cod)Cl2 (1.0 mol
%), L11 (4.0 mol %), PTSA·H2O (10.0 mol %), 2 (0.75 mmol), CO
(40 atm), pentane (2.0 mL), 20 h at 100 °C. Isolated yields were
given within the parentheses. The NMR yields (values before the
parentheses) were determined by crude 1H NMR analysis using
dibromomethane as the internal standard. bDisplacement ellipsoids
correspond to 30% probability. See Supporting Information Section
2.5 for details.

Scheme 4. Synthesis of Natural Product 11 with
Aminocarbonylation as Key Step
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