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ABSTRACT: The cross-coupling of maleimides with electron-deficient

alkenes such as acrylates proceeds smoothly under ruthenium catalysis. This

unique C—C coupling provides a simple, straightforward synthetic method for

preparing alkylidene succinimide derivatives.

ince maleimide derivatives are stable and readily available

building blocks, they are of importance in polymer
manufacturing. Maleimide structures are also recognized as
synthetically important units because of their high reactivities
toward various reactions, including Diels—Alder reactions and
Michael additions. One of the important applications is for the
modification of proteins by attaching maleimide derivatives via
nucleophilic addition of the thiol moiety of cysteine residues to
maleimides." This is a key step in preparing chemically
modified human hemoglobin such as maleimide—poly(ethylene
glycol)-modified hemoglobin (MP4).>* A thiol addition to an
alkylated maleimide was used in the multistep synthesis of
Cdc25 phosphatase inhibitors.”> As these examples show,
nucleophilic additions to maleimides provide simple synthetic
routes toward variously substituted succinimide derivatives.
Such succinimide frameworks are often seen in pharmaceuticals
and biologically active natural products.” Compared with well-
developed coupling reactions with nucleophiles, the direct C—
C coupling with electronically neutral or deficient reagents has
been less explored.”

On the other hand, transition-metal-catalyzed direct cross-
coupling reactions between readily available substrates have
been developed to provide efficient synthetic routes.” A
representative example is the Ru(0)-catalyzed direct coupling
of simple aromatic ketones such as acetophenone with alkenes
to form the corresponding ortho-alkylated ketones.® Recently,
the relevant Ru(II)-catalyzed coupling of aromatic ketones with
maleimides was disclosed to produce 3-arylsuccinimides
(Scheme 1a).” Very recently, Kim and co-workers reported
the Rh(IIl)-catalyzed direct coupling of acrylamides with
maleimides through amide-directed C—H bond cleavage
(Scheme 1b).* In the context of our studies on ruthenium-
catalyzed direct coupling reactions,”” we have found that N-
substituted maleimides smoothly undergo intermolecular cross-
coupling with other electron-deficient alkenes such as acrylates
(Scheme 1c). Notably, the cross-coupling between these
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Scheme 1. Cross-Coupling with Maleimides
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electron-deficient alkenes took place exclusively, with no
homocoupling product being detected. Some deuterium-
labeling experiments have been conducted to obtain mecha-
nistic information. These new findings are described herein.
In an initial attempt, N-cyclohexylmaleimide (la) (0.5
mmol) was treated with butyl acrylate (2a) (1 mmol) in the
presence of RuH,(CO)(PPh;); (0.025 mmol, S mol %) under
N, in toluene at 120 °C for 5 h, and the corresponding
coupling product, butyl (E)-3-(1-cyclohexyl-2,5-dioxopyrroli-
din-3-ylidene)propanoate (3aa), was obtained in 87% yield
(Table 1, entry 1). In previously reported Ru(0)-catalyzed
reactions, RuH,(CO)[P(p-FC¢H,);]; showed higher activity
than RuH,(CO)(PPh;);.'’ In the present reaction, the use of
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Table 1. Reaction of N-Cyclohexylmaleimide (1a) with Butyl

Acrylate (2a)”
Bu”0,C
&
o o

OJ\}O Ru-cat. N
) + /\COZBU" )
Cy toluene Cy
1a 2a 3aa
entry Ru-cat. temp (°C) yield (%)"
1 RuH,(CO)(PPh,), 120 87
2 RuH,(CO)[P(p-FC¢H,);15 120 93
3¢ RuH,(CO)[P(p-FC4H,); ], 120 85
4 RuH,(CO)[P(p-FCH,),]; 135 9
5 RuH,(CO)[P(p-FC4H,);]; 110 70
64 RuH,(CO)[P(p-FC¢H,);]; 120 84

“Reaction conditions: 1a (0.5 mmol), 2a (1 mmol), and Ru-cat.
(0.025 mmol) under N, in toluene (3 mL) for 5 h, unless otherwise
noted. “Isolated yields based on the amount of 1a used. “In PhCI (3
mL). “1a (5.6 mmol), 2a (11.2 mmol), and Ru-cat. (0.28 mmol) were
employed.

RuH,(CO)[P(p-FC¢H,);]; gave a somewhat better result
(entry 2). In PhC], the yield of 3aa slightly decreased (entry
3). While increasing the reaction temperature to 135 °C did not
show any influence, decreasing it to 110 °C retarded the
reaction (entries 4 and S). It should be noted that the gram-
scale synthesis of 3aa could be achieved by a simple scale-up.
Thus, treatment of 1a (5.6 mmol) with 2a (11.2 mmol) in the
presence of RuH,(CO)[P(p-FC¢H,);]; (0.28 mmol) gave 3aa
(1.45 g) in 84% yield (entry 6).

With the optimized conditions in hand (Table 1, entry 2),
the cross-coupling of various maleimides la—i with electron-
deficient alkenes 2b—h was next examined (Table 2). A series
of acrylates 2b—f coupled with la smoothly to afford the
corresponding products 3ab—af in 81—94% vyield (entries 1—
5). Although N,N-dimethylacrylamide (2g) also underwent the
coupling (entry 6), the reaction with acrylonitrile (2h) did not
proceed at all (entry 7)."" N-Alkyl- and N-arylmaleimides 1b—h
reacted with 2a to give 3ba—ha in fair to good yields (entries
8—14). In contrast to these N-substituted maleimides, N-
unsubstituted maleimide itself did not react with 2a at all. An
N- and 3-substituted maleimide, N-cyclohexyl-3-methyl-1H-
pyrrole-2,5-dione (1i), coupled with 2a in a similar manner to
afford 3ia (entry 15). The C—C coupling seems to take place at
the less hindered 4-position of 1i.

To obtain some mechanistic information, coupling reactions
using deuterated substrates were examined (Scheme 2). The
reaction of 1g with deuterated butyl acrylate (CD,=
CDCO,Bu, 2a-d;, 80% D at the vinylic positions of the
acrylate moiety) was conducted under the standard conditions,
and the resulting mixture was post-treated by silica gel column
chromatography to isolate 3ga-d, in 62% yield (Scheme 2a). It
was confirmed that the deuterium at the a-position of the
butoxycarbonyl moiety was completely exchanged with proton
during the post-treatment. At the S-position, D/H exchange
during the reaction took place to somewhat reduce the D
content. Instead, deuterium was introduced at the sp* carbon of
the succinimide ring (39% D for the methylene). Meanwhile,
the reaction of deuterated N-phenylmaleimide (1g-d,, 40% D at
the vinylic positions of the maleimide moiety) with unlabeled
2a gave 3ga-d, in 56% yield (Scheme 2b). After the reaction,
the D content at the sp® carbon of the succinimide ring became
12% (for the methylene), accompanied by simultaneous
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Table 2. Reaction of Maleimides 1 with Alkenes 2“

R2
4_2
RUHACO)P(pFCeHa)ala o

N +  FORe N
R! toluene R’
1 2 3
entry 1 2 product  yield (%)
RO,C
- &
04}0 %\CO;_‘H (8] N (o]
Cy Cy
1 la 2b: R = Bu! 3ab: R = Bu’ 81
2 2¢: R=Bu' 3ac: R = Bu' 94
3 2d: R =Me 3ad: R = Me 84
4 2e: R=Et 3ae: R = Et 90
5 2f R=Cy 3af R=Cy 85
H
- A
o’é}o Z R 0\ ~~0
Cy Cy
6 la 2g: R=CONMe, 3ag: R=CONMe, 47
7 2h: R=CN 3ah: R=CN 0
Bu"0.C
_ ;({
04}0 ZC0oBu 0=y 0
1
R R
8 1b: R=Me 2a 3ba: R = Me 85
9 1lc:R=Bv 3ca: R =B 83
10 1d: R=Cj,Hys 3da: R =Cj;H,4 60
11 le: R=CzHy, 3ea: R =Cj3Hy; 78
12 1f: R=Bn 3fa: R = Bn 83
13 1g: R=Ph 3ga: R=Ph 67
14 1h: R = 0-BrCgH, 3ha: R =0-BrCH, 83
Bu"O,C
L o
o] N (o] /\COZBU O;(N (o}
1 1
Ph Ph
15 li 2a 3ia 35

“Reaction conditions: 1 (0.5 mmol), 2 (1 mmol), and RuH,(CO)-
[P(p-FCH,)5]5 (0.025 mmol) under N, in toluene (3 mL) for S h at
120 °C. “Isolated yields based on the amount of 1 used.

Scheme 2. Reactions of Deuterium-Labeled Substrates
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deuterium incorporation at the f-position of the butoxycar-
bonyl moiety.
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On the basis of these results and literature information,'*™'*

one plausible mechanism for the direct coupling of 1 with 2 is
illustrated in Scheme 3. Oxidative cyclization of 1 and 2 with a

Scheme 3. Plausible Mechanism for the Reaction of 1 with 2
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ruthenium(0) species generated in the reaction medium gives
five-membered ruthenacycle intermediate A."> Then f-hydro-
gen elimination and reductive elimination take place via B to
form C. Thus, deuterium incorporation at the sp* carbon of the
succinimide ring in the reaction of 1g with deuterated butyl
acrylate 2a-d; (Scheme 2a) can occur at this step. Intermediate
C undergoes double-bond migration® to produce 3. The
observed deuterium incorporation at the [-position of the
butoxycarbonyl moiety in Scheme 2b implies that the g-
hydrogen elimination step to go from A to B and the reductive
elimination step to go from B to C are reversible. Besides the
oxidative cyclization mechanism, however, the participation of
another pathway initiated by the addition of a hydridoruthe-
nium species across the double bonds cannot be excluded
completely."*

In summary, we have demonstrated that maleimides readily
undergo cross-coupling with electron-deficient alkenes under
ruthenium catalysis. A variety of alkylidene succinimide
derivatives could be prepared selectively. Work is underway
toward the further development of the catalysis.
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