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The oxidative coupling reaction of aldehydes with N,N-disubstituted carbodiimides catalyzed by N-heterocyclic carbenes under aerobic
conditions has been achieved. This reaction gives the corresponding N-acylurea derivatives in good to high yields. Various kinds of aldehydes

including aliphatic ones and carbodiimides are applicable to this reaction.

The broad range of applications for N-heterocyclic carbenes
(NHCs) in organic synthesis has been demonstrated in the
years since Bertrand, Arduengo, et al. reported the first stable
nucleophilic carbene around 1990."% The NHC-catalyzed
inversion of the normal reactivity of aldehydes, via so-called
umpolung, has become an area of intense research, providing
the basis for a wide range of organic transformations. The
umpolung reactivity of NHCs has been investigated in many
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organic transformations employing various kinds of acyl
anion acceptors." Recently, the utility of NHCs has been
extended to redox reactions* and oxidation reactions where
NHC was used in combination with molecular oxygen,’
carbon dioxide,® or with an organic oxidant.”

N-Acylureas have long attracted significant attention due
to their biological activities, i.e., analgesic, anti-inflamma-
tory, anthelmintic, antifungal, and larvicidal properties.® In
the area of natural products, cabergoline was found to be a
potent long-lasting prolactin inhibitor.” The efficacy of
cabergoline has been evaluated in many clinical trials.'® In
addition, it has been known that N-acylureas inhibit the
growth and reproduction of the fall army worm and
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house fly."! Very recently, Ruat reported N-acylureas have
acted as inhibitors of hedgehog signaling.'> For these rea-
sons, it is very important to develop an efficient synthesis of
N-acylurea derivatives. There are various examples in the
older literature of the formation of N-acyl derivatives from
reactions of carbodiimides with carboxylic acids in the
presence of bases.' In 1995, reactions of substituted benzoic
acids with N,N'-dicyclohexylcarbodiimide (DCC) in the
presence of [BusNH][CIO4]/[BusN] buffer were shown to
afford N-acylurea derivatives, and several improved reactions
of DCC with carboxylic acids have been reported.'* Recently,
Srivastava reported the reaction of benzoic acid derivatives
and N,N -disubstituted carbodiimides under solvent-free con-
ditions in a microwave oven in 2007.'> As far as we know, there
are no examples of the catalytic synthesis of N-acylureas from
aldehydes and N,N'-disubstituted carbodiimides. Herein, we
present the first report on a highly effective coupling reaction of
aldehydes with N,N'-disubstituted carbodiimides catalyzed by
NHC under aerobic conditions using several N-heterocyclic
carbene precursors (Figure 1).
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Figure 1. Structures of N-heterocyclic carbene precursors.
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We began the optimization studies using benzaldehyde
(1a) and N,N'-dicyclohexylcarbodiimide (2a) as a model
substrate (Table 1).

Table 1. Effect of Precatalysts and Solvents

c-Hex” N*‘C\\N,C-Hex
2a
precatalyszt (20 mo/l ‘)%) (0] )CJ)\
K,CO; (20 mol % '
Ph” “H Iv. (0.5 M) Ph)J\"\' H/c e
solv. (0.
air, 25 °C, 18 h c-Hex
1a 3aa
entry precatalyst solv. yield (%)
1 4 CH,CI, 65
2 5 CH,Cly 23
3 6 CH,Cly 4
4 7 CH,ClI, 6
5 8 CH,Cl, 10
6 9 CH,CI, 29
7 4 THF 62
8 4 toluene 35
9 4 MeCN 73
10¢ 4 MeCN 88
119 4 MeCN 93
129 — MeCN nr

“Concentration was 1.0 M. ® 1.2 equiv of 1a and 1.0 equiv of 2a were
used. Yield is calculated on the basis of 2a.

The initial experiments on the reaction between la and 2a
under aerobic conditions were performed using 20 mol % of
NHC precatalyst 4 and potassium carbonate (K,CO5) as a
base to generate the carbene catalyst in dichloromethane
(CH,Cly). The corresponding N-acylurea 3aa was obtained
in 65% yield after 18 h. Encouraged by this result, further
studies were carried out by employing 20 mol % of 5—9 asa
precatalyst (entries 2—6). The reaction proceeded in all
cases; however, the reactivities were very low, affording
the product 3aa in low yields. From these results, precatalyst
4 was found to be more active than the other precatalysts
5—9. The reaction proceeded smoothly in both CH,Cl, and
tetrahydrofuran (THF) to afford 3aa in good yields (entries
1 and 7). When toluene was used as a solvent, the reaction
was sluggish to afford 3aa in 35% yield (entry 8). Acetoni-
trile (MeCN) was the most effective solvent for this reaction,
affording 3aa in 73% yield (entry 9). When the reaction was
carried out at higher concentration (1.0 M), the product 3aa
was obtained in 88% yield (entry 10). A significant increase
in yield was observed when 1.2 equiv of 1a and 1.0 equiv of
2a were used, and the product 3aa was isolated in 93%
yield (entry 11). In the absence of the precatalyst 4, the
reaction did not proceed at all (entry 12).

Under the optimized reaction conditions using the highly
active precatalyst 4, the scope of the catalytic oxidative
coupling was explored with various aromatic and aliphatic
aldehydes (Table 2). We were delighted to find that our

(14) Slebioda, M. Tetrahedron 1995, 51, 7829-7834.
(15) Neves Filho, R. A. W.; de Oliveira, R. N.; Srivastava, R. M.
J. Braz. Chem. Soc. 2007, 18, 1410-1414.
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Table 2. Scope of Aldehydes and Carbodiimides

No
R2 2 C\\N,Rz
4 (20 mol %) o o0
0 K,CO3 (20 mol %) 1JJ\ )J\ R?
R H  MeCN (1.0 M) R 22 N
1 air, 25 °C, 18 h 3

entry® R! R? yield (%)
1 CeH5 (1a) c-Hex (2a) 93 (3aa)
2 2-naphthyl (1b) c-Hex (2a) 91 (3ba)
3t 2-BrCgHy (1c) c-Hex (2a) 83 (3ca)
4? 2-MeCgH, (1d) c-Hex (2a) 84 (3da)
5b 2-MeOCgH, (1e) c-Hex (2a) 97 (3ea)
6 2-CICgH,4 (1f) c-Hex (2a) 80 (3fa)
7 3-CICgH4 (1g) c-Hex (2a) 85 (3ga)
8 4-ClCgHy4 (1h) c-Hex (2a) 88 (3ha)
9 4-BrCgHy (11) c-Hex (2a) 90 (3ia)
10 4-CF3CgH,4 (1j) c-Hex (2a) 83 (3ja)
11° 4-MeCgH, (1k) c-Hex (2a) 96 (3ka)
12° 4-MeOCgH, (11) c-Hex (2a) 70 (3la)
13 2-pyridyl (1m) c-Hex (2a) 86 (3ma)
14° 2-furyl (1n) c-Hex (2a) 70 (3na)
15° 2-phenylethenyl (10) c-Hex (2a) 81 (80a)
16 2-phenylethynyl (1p)  c¢-Hex (2a) -
17° 2-phenylethyl (1q) c-Hex (2a) 81 (3qa)
18 c-Hex (1r) c-Hex (2a) 86 (3ra)
19° t-Bu (1s) c-Hex (2a) 38 (3sa)
20 CeH5 (1a) i-Pr (2b) 79 (3ab)
21 CgHjs (1a) Et (2¢) 76 (3ac)
227 Cg¢H; (1a) ¢t-Bu (2d) 43 (3ad)
23° CeH; (1a) 4-MeOCgH, (2e) 21 (3ae)

“1.2 equiv of 1 and 1.0 equiv of 2 were used. ” Reaction time was 45 h.
¢Reaction was messy. ¢ Reaction time was 90 h.

catalytic system was applicable to a wide range of aldehydes
when the reactions were conducted using 20 mol % of 4 and
20 mol % of K»,CO3 in MeCN at room temperature under
aerobic conditions. 2-Naphthaldehyde (1b) was found to be
a good substrate, and the product 3ba was obtained in 91%
yield (entry 2). Although the reaction times were longer,
ortho-substituted benzaldehydes 1c—e were applicable to
this reaction (entries 3—5). We examined substituted ben-
zaldehydes bearing electron-withdrawing groups. Regard-
ing the substitution pattern of the benzaldehydes, the 2-, 3-,
and 4-chloro substituents were all tolerated, furnishing the
corresponding N-acylureas in high yields (entries 6—38).
Similar reactivities were observed with 4-bromo and
4-(trifluoromethyl)benzaldehydes (1i and 1j) (entries 9
and 10). The reactions of relatively deactivated 4-methyl-
benzaldehyde (1k) and 4-methoxybenzaldehyde (11) were
sluggish; however, improved chemical yields were realized
after 45 h (entries 11 and 12). Heteroaromatic aldehydes,
2-pyridinecarboxaldehyde (1m) and furfural (In) were also
applicable to this reaction, although furfural (1n) showed
lower reactivity (entries 13 and 14). Cinnamaldehyde (10)
was also an effective substrate to afford the product 3oa in
81% yield (entry 15), however, phenylpropargyl aldehyde
(1p) was not effective in this reaction (entry 16). Fortu-
nately, aliphatic aldehydes 1q—s were also useful in this
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Scheme 1. Plausible Reaction Mechanism
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reaction without any production of aldol compounds
(entries 17 and 18). In the case of pivalaldehyde (1s), the
reactivity was very low, probably due to the steric bulkiness
of the substrate (entry 19). The reactivity toward various
N,N'-disubstituted carbodiimides 2b—e using benzalde-
hyde (1a) was examined next by treatment of 20 mol %
of precatalyst 4 and K,CO3. N,N'-Dialkylcarbodiimides
(R*> = i-Pr, Et) 2b and 2¢ were good substrates for this
reaction to afford the corresponding products (entries 20
and 21). The only exception was N, N -di-tert-butylcarbodii-
mide (2d) in which the reaction was very sluggish (entry 22).
In the case of aromatic substituted carbodiimide 2e, lower
reactivity was observed to afford the product in 21% yield
after 45 h (entry 23). In the case of the reactions of 1a, 1¢, and
1f with unsymmetrical carbodiimides 2f and 2g under opti-
mized reaction conditions, the reaction proceeded regioselec-
tively to afford the product 3af, 3cf, 3ff, and 3ag as a sole
product in moderate yield (eq 1).

To gain mechanistic insight into this reaction, a series
of control experiments was rationally designed and

Org. Lett,, Vol. 15, No. 9, 2013



performed (eqs 2—6). The first set of experiments was con-
ducted in order to determine the source of the oxygen atom in
this reaction (eq 2). Reaction of 1a under an argon or a carbon
dioxide atmosphere resulted in drastically decreased conver-
sion, while replacement with air or oxygen dramatically im-
proved the yield of 3aa. The introduction of water (1.0 equiv)
under an argon atmosphere did not show a significant effect in
this reaction. These results indicate that oxygen plays an
important role as the source of oxygen in this transformation.

Ph’N‘\C\\ .c-Hex or Et’N“C\\N/t-Bu

2f 4 29
(20 mol %)
K,CO. o o
(o} 2~ -3 O O
J o @omete L otex o, ey Bt
Ar H Ar N° °N or (1)
MeCN ) H A H
(1.2 equiv) @i 25°C,18h Ph +Bu
1a, 1¢, or 1f 3af = 67%, 3cf = 52%, 3ff = 50% 3ag = 55%

c-Hex” N“(3\\N,C-Hex
4 (20 mol %) O O g
O  KyCOj3 (20 mol %) g under air: 93%
4>Ph)J\NJ\N’C HeX| under Ar: 4%

Ph H MSSC"’\IC(11%,:~|A) c-l-llex H unger 8028:96;/" (2)
1a (1.2 equiv ' under O,: 89%
( o) 3aa under Ar + HO
(1 equiv) : 6%
j’\ 4 (20 mol %)
K>CO3 (20 mol %
pnoon  2CO2OMOIR) i 49% )]

10 (1.2 equiv) &F g/lseoccr\f %%M) without 4; 30%

2a
o) 4 (20 mol %)
0
Ph)H/Ph 4>K2C03 (20 mol %) 3aa; 34% 4)
OH air, MeCN (1.0 M)  without 4; nr

’

11 (1.2 equiv)

o} 4 (20 mol %)
Ph KzCO3 (20 mol %)

o
ph)K( —_— = )J\ )S‘/Ph (5)
On  arMeCN(1.0M) Ph” "OH * Ph
25°C, 18 h

. 0
11 (1.2 equiv) 10; 22% 12; 16%
recovered 11; 57 %

(o} o O
N .cH
| N\ H | N ',\IJJ\N c-Hex
P> 2a (1.0 equiv) ) c-Hex H
. 4 (20 mol %)
1m (1.0 equiv) K,COj3 (20 mol %) 3ma; 69% )
—_—»
o+ air, MeCN (1.0 M) o o
25°C, 18 h .
Ph Ph)J\NJ\N”C Hex
Fh c-Hex M
OH
11 (0.5 equiv) recovered 11; 32% 3aa; 27%

The reaction of benzoic acid (10) with 2a proceeded even
in the absence of precatalyst 4; however, reactivity was
lower (eq 3). Han and Yang recently reported the oxidation

(16) (a) Kim, S. M.; Kim, Y. S.; Yang, J. W. Bull. Korean Chem. Soc.
2011, 32, 2529-2530. (b) Kang, S.; Joo, C.; Kim, S. M.; Han, H.; Yang,
J. W. Tetrahedron Lett. 2011, 52, 502-504. (c) Yoshida, M.; Katagiri, Y.;
Zhu, W.-B.; Shishido, K. Org. Biomol. Chem. 2009, 7, 4062—4066.
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Ding, L.-S. Org. Lett. 2006, 8, 1521-1524. (b) Nair, V.; Bindu, S.;
Sreekumar, V.; Rath, N. P. Org. Lett. 2003, 5, 665-667.
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of benzoin (11) to benzoic acid (10) in the presence of
sodium hydride as a base under oxygen atmosphere.'®® When
benzoin (11) was used instead of 1a under optimized reaction
conditions, the product 3aa was obtained in 34% yield (eq 4).
Benzoic acid (10) was also obtained in 22% yield in the
absence of carbodiimide 2a (eq 5).'® In addition, the reaction
of Im and 2a in the presence of 11 (0.5 equiv) and precatalyst
4 afforded the mixture of 3ma and 3aa in 69% and 27%,
respectively (eq 6). On the other hands, we confirmed that
benzoin was obtained only in 13% yield after 18 h when the
reaction of 1a was carried out in the absence of 2a.

On the basis of these results, a plausible mechanism for this
transformation is proposed as shown in Scheme 1. Initially,
the addition of carbene A generated in situ from 4 to the
aldehyde forms intermediate B. Next, the harder oxygen
anion'” rather than the normal acyl anion equivalent (G,
shown in paths B and C) attacks the carbodiimide, followed by
proton transfer to afford the electron-rich enaminol ether C.
The intermediate C may attack an electrophilic dioxygen
to afford the hydroperoxide anion D.'® Then, another enam-
inol ether C may react with intermediate D to generate two
molecules of E, which subsequently eliminates the carbene
catalyst A to afford the carboxylate intermediate F.'° Finally,
acyl transfer leads to the corresponding N-acylurea 3 (path A).
Based on eqs 3—6, the carboxylic acid generated from the
oxidation of the Breslow intermediate G and/or benzoin 11
may be involved in this reaction (paths B and C) However, we
assume that path A is the predominant pathway due to the
low reactivity of carboxylic acids.*

In summary, we have achieved the oxidative coupling
reaction of aldehydes with N, N'-disubstituted carbodiimides
catalyzed by NHC under aerobic conditions. This reaction
gives the corresponding N-acylurea derivatives in good to
high yields. Various kinds of aldehydes including aliphatic
ones and carbodiimides are applicable to this reaction.
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