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Synthesis of substituted 6-imino-2-piperidinones has been achieved by cationic rhodium(I)/dppp com-
plex-catalyzed [4þ2] annulations of various 4-alkynals with carbodiimides at room temperature. The
reactions of benzene-linked 4-alkynals (2-alkynylbenzaldehydes) and carbodiimides also proceeded at
room temperature, affording the corresponding 6-imino-2-piperidinones.

� 2009 Elsevier Ltd. All rights reserved.
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Scheme 1. Transition-metal-catalyzed or mediated cycloadditions involving un-
tethered carbodiimides.
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1. Introduction

Transition-metal-catalyzed cycloadditions are powerful syn-
thetic methods for the construction of cyclic frameworks because of
their atom economical and convergent nature.1 For the synthesis of
six-membered carbonyl compounds, [4þ2] cycloadditions of five-
membered acylmetal intermediates with unsaturated compounds
have been developed.2,3 Such five-membered acylmetal inter-
mediates can be generated through the reactions of transition-
metal carbonyl complexes with alkynes4 and carbon–carbon bond
cleavage of cyclobutenones5–7 or cyclobutanones.8,9 An alternative,
more convenient generation of five-membered acylmetal inter-
mediates was realized by intramolecular cis addition of a rhodium
acyl hydride to a metal-bound triple bond of 4-alkynals, which
react intermoleculaly with alkynes,10 alkenes,11 or carbonyl com-
pounds12 to form substituted cyclohexenones,10 cyclohexanones,11

or 2-pyranones,12 respectively.13

On the other hand, transition-metal-catalyzed or mediated
cycloadditions involving heterocumulenes have been widely ex-
amined for the synthesis of heterocycles.14 In particular, cyclo-
additions utilizing isocyanates are efficient methods for the
synthesis of nitrogen heterocycles.15–19 For example, a number of
transition-metal-catalyzed [2þ2þ2] cycloadditions of alkynes
with isocyanates to form substituted 2-pyridones have been
reported using Co,15 Ni,16 Ru,17 and Rh18 catalysts. On the con-
trary, transition-metal-catalyzed or mediated cycloadditions in-
volving carbodiimides have been reported in a few number of
examples.15b,e,19a,20–22 A cobalt or nickel-complex15b,e,20 and
a zirconium complex19a are able to catalyze or mediate [2þ2þ2]
.
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cycloadditions of alkynes with untethered carbodiimides
(Scheme 1). Cobalt or rhodium-catalyzed Pauson–Khand-type
reactions of tethered alkyne-carbodiimides with carbon monox-
ide21 and rhodium-catalyzed asymmetric [2þ2þ2] cycloadditions
of tethered alkene-carbodiimides with alkynes22 have been
reported (Scheme 2). However, successful transition-metal-cat-
alyzed cycloadditions involving untethered carbodiimides are
limited to the above cobalt or nickel-catalyzed [2þ2þ2]
cycloadditions.15b,e,20
R1
R1 R2N

H H
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Scheme 2. Transition-metal-catalyzed cycloadditions involving tethered carbodiimides.
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Table 1
Screening of ligands for cationic rhodium(I) complex-catalyzed [4þ2] annulation of
4-alkynal 1a with carbodiimide 2aa

5–10 mol %
[Rh(cod)2]BF4/

Ligand

CH2Cl2, rt, 18 h

1a 2a

(1.1 equiv)

H

O

n-Bu

+
Me

N

O

NCy

Cy

Hn-Bu

N
•
N

Cy

Cy

n-Bu

O

+

H
Me

Me
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For the synthesis of nitrogen-containing six-membered car-
bonyl compounds, we have recently developed rhodium-catalyzed
intermolecular cross-[4þ2] annulations of 4-alkynals including 2-
alkynylbenzaldehydes with isocyanates, leading to substituted
glutarimides, presumably through five-membered acylrhodium
intermediate A (Scheme 3).23 The use of an isocyanate as a cyclo-
addition partner efficiently suppressed the formation of the un-
desired homo-[4þ2] annulation products (Fig. 1). In this paper, we
describe the successful use of carbodiimides instead of isocyanates
in the above cross-[4þ2] annulation, which furnishes substituted 6-
imino-2-piperidinones presumably through the same acylrhodium
intermediate A (Scheme 4).
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Figure 1. Structures of homo-[4þ2] annulation products.

3aa 4a

Entry Ligand Catalyst (%) Convnb (%) Yield (%)

3aac 4ab

1 dppe 10 <5 <5 <1
2 dppp 10 83 55 <1
3 dppb 10 90 18 7
4 dppf 10 42 9 22
5 rac-BINAP 10 74 7 6
6d dppp 5 94 58 <1

a [Rh(cod)2]BF4 (0.0050–0.010 mmol), ligand (0.0050–0.010 mmol), 1a
(0.10 mmol), 2a (0.11 mmol), and CH2Cl2 (1.0 mL) were used.

b Determined by 1H NMR.
c Isolated yield.
d For 48 h.
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Figure 2. Structures of bisphosphine ligands.
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Scheme 3. Rhodium-catalyzed [4þ2] annulations of 4-alkynals with isocyanates.
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Scheme 4. Rhodium-catalyzed [4þ2] annulations of 4-alkynals with carbodiimides.
2. Results and discussion

2.1. Rhodium-catalyzed [4D2] annulations of 4-alkynals with
carbodiimides

We first examined the reaction of 3-methyl-4-nonynal (1a)
with dicyclohexyl carbodiimide (2a) in the presence of a cationic
rhodium(I)/dppe complex (10 mol %) at room temperature. How-
ever, the reaction was sluggish and the expected 6-imino-2-
piperidinone 3aa was obtained in very low yield (Table 1, entry 1).
Screening of various bisphosphine ligands (Fig. 2) revealed that
the use of ligands having the large P-M-P natural bite angles
(dppp, dppb, dppf, and rac-BINAP, entries 2–5) improved the
conversion of 1a, and furnished the desired 6-imino-2-piper-
idinone 3aa along with cyclopentenone 4a.24 The highest yield of
3aa was achieved with dppp (entry 2), and the catalyst loading
could be reduced to 5 mol % without erosion of the product yield
(entry 6).

Thus, we explored the scope of this process by using 1.1 equiv of
carbodiimides and 5 mol % of the cationic rhodium(I)/dppp com-
plex at room temperature as shown in Table 2. With respect to
carbodiimides, not only dicyclohexyl carbodiimide (2a, entry 1) but
also diisopropyl carbodiimide (2b, entry 2) could participate in this
reaction giving the corresponding cycloadduct 3ab, although its
yield was lower than that of 3aa. Unfortunately, aromatic carbo-
diimide 2c failed to react with 1a (entry 3). With respect to 4-
alkynals, a variety of 5-substituted-4-alkynals could be subjected to
this process. Alkyl- (1a and 1b, entries 1, 4, and 5), chloropropyl-
(1c, entry 6), trimethylsilyl- (1d, entry 7), and alkenyl-substituted
4-alkynals (1e, entry 8) reacted with 2a to afford the corresponding
6-imino-2-piperidinones in moderate to good yields. 4-Alkynal 1f
bearing no substituent at the 3-position could also participate in
this reaction (entry 9). Importantly, a single olefin isomer, de-
scribed in Table 2, was produced for all of these annulations.
2.2. Rhodium-catalyzed [4D2] annulations of 2-
alkynylbenzaldehydes with carbodiimides

Having succeeded the intermolecular [4þ2] annulations of
4-alkynals with carbodiimides, we turned our attention to
rhodium-catalyzed intermolecular [4þ2] annulations of benzene-
linked 4-alkynals (2-alkynlbenzaldehydes) with carbodiimides.
After screening of bisphosphine ligands (Table 3, entries 1–5) in the
reaction of 2-hexynylbenzaldehyde (1g) and dicyclohexyl



Table 3
Screening of ligands for cationic rhodium(I) complex-catalyzed [4þ2] annulation of
2-alkynylbenzaldehyde 1g with carbodiimide 2aa

5–10 mol %
[Rh(cod)2]BF4 /

Ligand

CH2Cl2, rt, 18 h

1g 2a (1.1 equiv)

H

O

n-Bu

+

3ga

N

O

NCy

Cy

Hn-Bu

N
•
N

Cy

Cy

O

n-Bu

H
4g

Entry Ligand Catalyst (%) Convnb (%) Yield (%)

3gac 4gb

1 dppe 10 <5 <1 0
2 dppp 10 93 41 0
3 dppb 10 98 12 0
4 dppf 10 0 0 0
5 rac-BINAP 10 0 0 0
6 dppp 5 <5 <5 0

a [Rh(cod)2]BF4 (0.0050–0.010 mmol), ligand (0.0050–0.010 mmol), 1g
(0.10 mmol), 2a (0.11 mmol), and CH2Cl2 (1.0 mL) were used.

b Determined by 1H NMR.
c Isolated yield.

Table 2
Cationic rhodium(I)/dppp complex-catalyzed [4þ2] annulations of 4-alkynals 1a–f
with carbodiimides 2a–ca

Entry 1 2 3/% yieldb

1
H

O

n-Bu
Me

N
•
N

Cy

Cy

N

O

NCyMe

Cy

Hn-Bu
1a 2a 3aa/58

2
H

O

n-Bu
Me

N
•
N

i-Pr

i-Pr

N

O

Ni-PrMe

i-Pr

Hn-Bu
1a 2b 3ab/30

3
H

O

n-Bu
Me

N
•
N

p-Tol

p-Tol

N

O

Np-TolMe

p-Tol

Hn-Bu

1a 2c 3ac/0c

H

O

Cy
Me

N
•
N

Cy

Cy

N

O

NCyMe

Cy

HCy
4d 1b 2a 3ba/64
5d,e 1b 2a 3ba/75

6
H

O

Me
Cl

N
•
N

Cy

Cy

N

O

NCyMe

Cy

H
Cl

1c 2a 3ca/79

7

H

O

SiMe3

Me

N
•
N

Cy

Cy

N

O

NCyMe

Cy

HMe3Si

1d 2a 3da/39

8

H

O

Me

N
•
N

Cy

Cy

N

O

NCyMe

Cy

H

1e 2a 3ea/44

9
H

O

Cy

N
•
N

Cy

Cy

N

O

NCy

Cy

HCy

1f 2a 3fa/53

a Reactions were conducted using [Rh(cod)2]BF4 (0.010 mmol), dppp
(0.010 mmol), 1a–f (0.20 mmol), 2a–c (0.22 mmol), and CH2Cl2 (2.0 mL) at room
temperature for 24 h.

b Isolated yield.
c No reaction was observed.
d For 72 h.
e Catalyst: 10 mol %.
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carbodiimide (2a) at room temperature, we were pleased to find
that the desired 6-imino-2-piperidinone 3ga was obtained in
moderate yield by using dppp as a ligand (entry 2). In these re-
actions, intramolecular hydroacylation product 4g was not gener-
ated at all. Unfortunately, decreasing the catalyst loading to 5 mol %
significantly lowered the catalytic activity (entry 6).

Under the above optimized reaction conditions, the scope of
carbodiimides and 2-alkynylbenzaldehydes was examined as
shown in Table 4. The use of diisopropyl carbodiimide (2b, entry
2) instead of dicyclohexyl carbodiimide (2a, entry 1) decreased
the yield of the corresponding cycloadduct. Interestingly, aro-
matic carbodiimide 2c (entry 3) could also participate in this
reaction, although the reaction was sluggish. As the product 6-
imino-2-piperidinone 3gc was gradually decomposed to
unidentified mixture of products under the above reaction con-
ditions, prolonged reaction time did not increase the product
yield. Alkyl- (1g and 1h, entries 1 and 4), trimethylsilyl- (1i,
entry 5) and phenyl-substituted 2-ethynylbenzaldehydes (1j,
entry 6) could react with 2a to afford the corresponding 6-im-
ino-2-piperidinones. These [4þ2] annulations using 2-alky-
nylbenzaldehydes also produced a single olefin isomer described
in Table 4.
2.3. Mechanistic consideration regarding rhodium-catalyzed
[4D2] annulations of 4-alkynals with carbodiimides

Scheme 5 shows a plausible mechanism for the rhodium-cata-
lyzed [4þ2] annulation of 4-alkynal 1 with carbodiimide 2. The
rhodium catalyst oxidatively inserts into the aldehyde C–H bond of
1, affording rhodium acyl hydride B. The cis addition of the rhodium
hydride to the metal-bound alkyne then provides five-membered
acylrhodium intermediate A. Complexation of carbodiimide 2 is
followed by insertion to form rhodacycle C. Reductive elimination
furnishes 6-imino-2-piperidinone 3 and regenerates the rhodium
catalyst. The homo-[4þ2] annulations of 1 (Fig. 1), which are the
major side-reactions, also proceed presumably through the same
rhodacycle A.10,12 Cyclopentenone 4 can be obtained by the
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Scheme 5. Possible mechanism for rhodium-catalyzed [4þ2] annulation of 4-alkynal 1
with carbodiimide 2.

Table 4
Cationic rhodium(I)/dppp complex-catalyzed [4þ2] annulations of 2-alky-
nylbenzaldehydes 1g–j with carbodiimides 2a–ca

Entry 1 2 3/% yieldb

1
H

O

n-Bu

N
•
N

Cy

Cy

N

O

NCy

Cy

Hn-Bu
1g 2a 3ga/46

2
H

O

n-Bu

N
•
N

i-Pr

i-Pr

N

O

Ni-Pr

i-Pr

Hn-Bu
1g 2b 3gb/36

3
H

O

n-Bu

N
•
N

p-Tol

p-Tol

N

O

Np-Tol

p-Tol

Hn-Bu
1g 2c 3gc/23c

4
H

O

Cy

N
•
N

Cy

Cy

N

O

NCy

Cy

HCy
1h 2a 3ha/32

5

H

O

SiMe3

N
•
N

Cy

Cy

N

O

NCy

Cy

HMe3Si
1i 2a 3ia/34

6

H

O

Ph

N
•
N

Cy

Cy

N

O

NCy

Cy

HPh
1j 2a 3ja/53

a Reactions were conducted using [Rh(cod)2]BF4 (0.020 mmol), dppp
(0.020 mmol), 1g–j (0.20 mmol), 2a–c (0.22 mmol), and CH2Cl2 (2.0 mL) at room
temperature for 24 h.

b Isolated yield.
c Convn of 1g was ca. 40%.
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rhodium-catalyzed trans hydroacylation of 1 through six-mem-
bered acylrhodium intermediate D.24
3. Conclusions

In conclusion, we have determined that a cationic rhodium(I)/
dppp complex catalyzes [4þ2] annulations of various 4-alkynals
including 2-alkynylbenzaldehydes with carbodiimides at room
temperature, giving substituted 6-imino-2-piperidinones. Al-
though product yields using carbodiimides are lower than those
using isocyanates, this catalysis represents a successful new ex-
ample of scarcely reported transition-metal-catalyzed cycloaddi-
tions involving untethered carbodiimides. Furthermore, this
method serves as an attractive new route to substituted 6-imino-2-
piperidinones in view of the one-step access of 4-alkynals starting
from readily available terminal alkynes.
4. Experimental

4.1. General

1H NMR spectra were recorded on 300 MHz (JEOL AL 300). 13C
NMR spectra were obtained with complete proton decoupling on
75 MHz (JEOL AL 300). HRMS data were obtained on a Bruker
micrOTOF Focus II. Infrared spectra were obtained on a JASCO FT/IR-
4100. All reactions were carried out under an atmosphere of argon
in oven-dried glassware with magnetic stirring.
4.2. Materials

Anhydrous CH2Cl2 (No. 27,099-7) was obtained from Aldrich and
used as received. 4-Alkynals 1a,23 1b,23 1c, 1d,23 1e,23 and 1f25 were
prepared by 1,4-addition reactions of the corresponding terminal
alkynes and alkenylaldehydes.26 2-Alkynylbenzaldehydes 1g,12

1h,12 and 1j12 were prepared by Sonogashira couplings of 2-bromo-
benzaldehyde and the corresponding terminal alkynes. All other
reagents were obtained from commercial sources and used as
received.
4.3. 8-Chloro-3-methyloct-4-ynal (1c)

n-BuLi (1.59 M in hexane, 12.6 mL, 20.0 mmol) was added to
a stirred solution of 5-chloro-1-pentyne (2.05 g, 20.0 mmol) in THF
(40 mL) at �10 �C, and the resulting mixture was stirred at �10 �C
for 30 min. CuI (3.8 g, 20.0 mmol) was added, and the resulting
mixture was stirred at �10 �C for 5 min. After cooling to �78 �C,
TMSI (2.8 mL, 20.0 mmol) was added. Crotonaldehyde (1.40 g,
20.0 mmol) was added at �78 �C, and the resulting mixture was
stirred at�78 �C for 5 h. The reaction was quenched by the addition
of saturated aqueous NH4Cl. After stirring for 30 min, 37% HCl
(2.0 g) was added. Aftter stirring for another 30 min, the reaction
was extracted with Et2O. The organic layer was washed with 5%
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Na2S2O3 and brine, dried over Na2SO4, and concentrated. The res-
idue was purified by a silica gel column chromatography (hexane/
EtOAc¼20:1), which furnished 1c (2.66 g, 15.4 mmol, 77% yield) as
a yellow oil. IR (neat) 2968, 2933, 1726, 1442, 1332 cm�1; 1H NMR
(CDCl3, 300 MHz) d 9.77 (t, J¼2.1 Hz, 1H), 3.61 (t, J¼6.9 Hz, 2H), 2.96
(tsext, J¼6.9, 2.1 Hz, 1H), 2.54 (ddd, J¼16.5, 6.9, 2.1 Hz, 1H), 2.46
(ddd, J¼16.5, 6.9, 2.1 Hz, 1H), 2.34 (dt, J¼6.9, 2.1 Hz, 2H), 1.92 (quint,
J¼6.9 Hz, 2H), 1.20 (d, J¼6.9 Hz, 3H); 13C NMR (CDCl3, 75 MHz)
d 201.3, 83.7, 79.6, 50.2, 43.7, 31.5, 21.2, 20.6, 16.0; HRMS (ESI) calcd
for C9H13ClONa [MþNa]þ 195.0547, found 195.0539.

4.4. Representative procedure for rhodium-catalyzed [4D2]
annulations of 4-alkynals 1 with carbodiimides 2
(Table 2, entry 1)

A CH2Cl2 (0.2 mL) solution of dppp (4.1 mg, 0.010 mmol) was
added to a CH2Cl2 (0.2 mL) solution of [Rh(cod)2]BF4 (4.1 mg,
0.010 mmol) and the mixture was stirred at room temperature for
30 min. H2 was introduced to the resulting solution in a Schlenk
tube. After stirring at room temperature for 2 h, the resulting so-
lution was concentrated to dryness and dissolved in CH2Cl2
(0.5 mL). To this solution was added a CH2Cl2 (1.5 mL) solution of 1a
(30.4 mg, 0.200 mmol) and 2a (45.4 mg, 0.220 mmol). The mixture
was stirred at room temperature for 24 h. The resulting solution
was concentrated and purified by a preparative TLC (hexane/
EtOAc¼7:1, then CH2Cl2), which furnished 3aa (41.6 mg,
0.116 mmol, 58% yield) as a pale yellow oil.

4.4.1. (4E)-1-Cyclohexyl-6-cyclohexylimino-4-methyl-5-
pentylidenepiperidin-2-one (3aa)

Pale yellow oil; IR (neat) 2927, 2853, 1682, 1632, 1197 cm�1; 1H
NMR (CDCl3, 300 MHz) d 5.40 (t, J¼7.5 Hz, 1H), 4.68 (tt, J¼12.3,
3.6 Hz, 1H), 3.53 (tt, J¼8.4, 4.2 Hz, 1H), 2.95 (dquint, J¼6.6, 2.1 Hz,
1H), 2.62 (dd, J¼16.8, 6.6 Hz, 1H), 2.44 (dq, J¼12.3, 3.6 Hz, 1H), 2.39
(dd, J¼16.8, 2.1 Hz, 1H), 2.33 (dq, J¼12.3, 3.6 Hz, 1H), 2.17 (q,
J¼7.5 Hz, 1H), 2.09 (q, J¼7.5 Hz, 1H), 1.87–1.05 (m, 22H), 0.99 (d,
J¼6.6 Hz, 3H), 0.91 (t, J¼7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz)
d 170.4, 150.8, 131.7, 130.2, 58.4, 53.9, 41.9, 35.0, 34.6, 31.6, 30.1, 28.3,
26.82, 26.76, 26.7, 26.5, 25.9, 25.7, 24.3, 24.2, 22.3, 18.6, 13.9; HRMS
(ESI) calcd for C23H39N2O [MþH]þ 359.3057, found 359.3049.

4.4.2. (4E)-1-Isopropyl-6-isopropylimino-4-methyl-5-
pentylidenepiperidin-2-one (3ab)

Pale yellow oil; IR (neat) 2963, 2928, 1682, 1632, 1242 cm�1; 1H
NMR (CDCl3, 300 MHz) d 5.45 (t, J¼7.2 Hz, 1H), 5.11 (sept, J¼6.9 Hz,
1H), 3.84 (sept, J¼6.0 Hz, 1H), 2.97 (dquint, J¼6.6, 1.8 Hz, 1H), 2.62
(dd, J¼17.1, 6.6 Hz, 1H), 2.41 (dd, J¼17.1, 1.8 Hz, 1H), 2.18 (quint,
J¼7.2 Hz, 1H), 2.13 (quint, J¼7.2 Hz, 1H), 1.46–1.22 (m, 4H), 1.40 (d,
J¼6.9 Hz, 3H), 1.34 (d, J¼6.9 Hz, 3H), 1.18 (d, J¼6.0 Hz, 3H), 1.03 (d,
J¼6.0 Hz, 3H), 1.00 (d, J¼6.6 Hz, 3H), 0.92 (t, J¼7.2 Hz, 3H); 13C NMR
(CDCl3, 75 MHz) d 170.3, 150.6, 131.6, 130.4, 50.4, 45.1, 41.9, 31.6,
26.9, 26.7, 25.1, 24.6, 22.4, 20.5, 19.0, 18.4, 13.9; HRMS (ESI) calcd for
C17H31N2O [MþH]þ 279.2431, found 279.2423.

4.4.3. (4E)-1-Cyclohexyl-6-cyclohexylimino-5-cyclohexyl-
methylene-4-methylpiperidin-2-one (3ba)

Pale yellow oil; IR (neat) 2925, 2852, 1681, 1630, 1197 cm�1; 1H
NMR (CDCl3, 300 MHz) d 5.26 (d, J¼9.6 Hz, 1H), 4.69 (tt, J¼12.3,
3.6 Hz, 1H), 3.53 (tt, J¼8.4, 4.2 Hz, 1H), 2.96 (dquint, J¼6.6, 1.8 Hz,
1H), 2.62 (dd, J¼17.1, 6.6 Hz, 1H), 2.53–2.22 (m, 1H), 2.46 (dq,
J¼12.3, 3.6 Hz, 1H), 2.41 (dd, J¼17.1, 2.0 Hz, 1H), 2.34 (dq, J¼12.3,
3.6 Hz, 1H), 1.87–1.06 (m, 28H), 0.99 (d, J¼6.6 Hz, 3H); 13C NMR
(CDCl3, 75 MHz) d 170.4, 150.7, 135.9, 129.6, 58.5, 53.8, 42.3, 36.4,
35.0, 34.7, 33.6, 32.7, 30.0, 28.3, 27.1, 26.7, 26.5, 25.9, 25.7, 25.6, 25.5,
24.3, 18.7; HRMS (ESI) calcd for C25H41N2O [MþH]þ 385.3213, found
385.3239.
4.4.4. (4E)-5-(4-Chlorobutylidene)-1-cyclohexyl-6-
cyclohexylimino-4-methylpiperidin-2-one (3ca)

Pale yellow oil; IR (neat) 2927, 1852, 1679, 1632, 1197 cm�1; 1H
NMR (CDCl3, 300 MHz) d 5.35 (t, J¼7.5 Hz, 1H), 4.66 (tt, J¼12.0,
3.6 Hz, 1H), 3.55 (t, J¼6.3 Hz, 2H), 3.48 (tt, J¼8.4, 4.2 Hz, 1H), 2.99
(dquint, J¼6.6, 2.4 Hz, 1H), 2.63 (dd, J¼17.1, 6.6 Hz, 1H), 2.52–2.22
(m, 3H), 2.42 (dq, J¼12.0, 3.6 Hz, 1H), 2.40 (dd, J¼17.1, 2.4 Hz, 1H),
1.88 (quint, J¼6.3 Hz, 2H), 1.80–1.15 (m, 18H), 1.00 (d, J¼6.6 Hz, 3H);
13C NMR (CDCl3, 75 MHz) d 170.1, 150.4, 133.4, 127.7, 58.4, 53.9, 44.0,
41.8, 34.9, 34.6, 31.8, 30.0, 28.2, 26.74, 26.71, 26.4, 25.8, 25.7, 24.2,
24.15, 24.08, 18.6; HRMS (ESI) calcd for C22H36ClN2O [MþH]þ

389.2511, found 379.2516.

4.4.5. (4E)-1-Cyclohexyl-6-cyclohexylimino-4-methyl-5-
trimethylsilanylmethylenepiperidin-2-one (3da)

Colorless solid; mp 77–79 �C; IR (KBr) 2925, 2853, 1682, 1627,
1195 cm�1; 1H NMR (CDCl3, 300 MHz) d 5.41 (s, 1H), 4.69 (tt, J¼12.3,
3.6 Hz, 1H), 3.47 (tt, J¼8.4, 4.2 Hz, 1H), 2.83 (dquint, J¼6.6, 1.5 Hz,
1H), 2.67 (dd, J¼17.1, 6.6 Hz, 1H), 2.48 (dq, J¼12.3, 3.6 Hz, 1H), 2.47
(dd, J¼17.1, 1.5 Hz, 1H), 2.35 (dq, J¼12.3, 3.6 Hz, 1H), 1.87–1.12 (m,
18H), 1.02 (d, J¼6.6 Hz, 3H), 0.17 (s, 9H); 13C NMR (CDCl3, 75 MHz)
d 170.0, 151.1, 147.2, 129.5, 58.5, 53.9, 42.2, 34.9, 34.5, 32.5, 29.9, 28.1,
26.8, 26.5, 25.9, 25.7, 24.1, 18.4, 0.0; HRMS (ESI) calcd for
C22H39N2OSi [MþH]þ 375.2826, found 375.2825.

4.4.6. (4E)-5-Cyclohex-1-enylmethylene-1-cyclohexyl-6-
cyclohexylimino-4-methylpiperidin-2-one (3ea)

Yellow oil; IR (neat) 2928, 1853, 1678, 1628, 1198 cm�1; 1H NMR
(CDCl3, 300 MHz) d 5.76 (s, 1H), 5.71–5.64 (m, 1H), 4.73 (tt, J¼12.0,
3.6 Hz, 1H), 3.57 (tt, J¼8.4, 4.2 Hz, 1H), 3.26 (dquint, J¼6.6, 1.5 Hz,
1H), 2.66 (dd, J¼17.1, 6.6 Hz, 1H), 2.49 (dq, J¼12.0, 3.6 Hz, 1H), 2.40
(dd, J¼17.1, 1.5, 1H), 2.37 (dq, J¼12.0, 3.6 Hz, 1H), 2.24–1.19 (m, 4H),
1.88–1.13 (m, 22H), 1.02 (d, J¼6.6 Hz, 3H); 13C NMR (CDCl3, 75 MHz)
d 170.4, 150.9, 133.5, 132.0, 130.3, 129.2, 58.0, 53.9, 42.1, 35.0, 34.5,
30.0, 28.8, 28.3, 27.6, 26.8, 26.5, 26.0, 25.7, 25.5, 24.2, 24.0, 22.6,
21.8, 18.9; HRMS (ESI) calcd for C25H39N2O [MþH]þ 383.3057, found
383.3065.

4.4.7. (4E)-1-Cyclohexyl-6-cyclohexylimino-5-
cyclohexylmethylenepiperidin-2-one (3fa)

Pale yellow oil; IR (neat) 2925, 2852, 1682, 1631, 1187 cm�1; 1H
NMR (CDCl3, 300 MHz) d 5.38 (d, J¼9.3 Hz, 1H), 4.64 (tt, J¼12.0,
3.6 Hz, 1H), 3.57 (tt, J¼9.0, 4.2 Hz, 1H), 2.535 (t, J¼7.2, 1H), 2.533 (t,
J¼6.6, 1H), 2.48–2.15 (m, 3H), 2.40 (dd, J¼7.2, 6.6 Hz, 2H), 1.88–1.04
(m, 28H); 13C NMR (CDCl3, 75 MHz) d 171.1, 151.7, 137.1, 124.9, 58.3,
54.0, 36.6, 34.83, 34.79, 32.9, 29.3, 26.6, 25.9, 25.8, 25.7, 25.5, 24.3,
22.5; HRMS (ESI) calcd for C24H39N2O [MþH]þ 371.3057, found
371.3088.
4.5. Representative procedure for rhodium-catalyzed [4D2]
annulations of 2-alkynylbenzaldehydes 1 with
carbodiimides 2 (Table 4, entry 1)

A CH2Cl2 (0.2 mL) solution of dppp (8.2 mg, 0.020 mmol) was
added to a CH2Cl2 (0.2 mL) solution of [Rh(cod)2]BF4 (8.1 mg,
0.020 mmol) and the mixture was stirred at room temperature for
30 min. H2 was introduced to the resulting solution in a Schlenk
tube. After stirring at room temperature for 2 h, the resulting so-
lution was concentrated to dryness and dissolved in CH2Cl2
(0.5 mL). To this solution was added a CH2Cl2 (1.5 mL) solution of 1g
(37.2 mg, 0.200 mmol) and 2a (45.4 mg, 0.220 mmol). The mixture
was stirred at room temperature for 24 h. The resulting solution was
concentrated and purified by a preparative TLC (hexane/toluene/
EtOAc/triethylamine¼10:6:1:1), which furnished 3ga (36.4 mg,
0.093 mmol, 46% yield) as a yellow oil.



K. Tanaka et al. / Tetrahedron 65 (2009) 9008–9014 9013
4.5.1. (4E)-2-Cyclohexyl-3-cyclohexylimino-4-pentylidene-3,4-
dihydro-2H-isoquinolin-1-one (3ga)

Yellow oil; IR (neat) 2928, 1854, 1673, 1637, 1357 cm�1; 1H NMR
(CDCl3, 300 MHz) d 8.16–8.09 (m, 1H), 7.51 (dt, J¼7.5, 1.5 Hz, 1H),
7.45–7.35 (m, 2H), 5.83 (t, J¼7.5 Hz, 1H), 4.64 (tt, J¼12.0, 3.6 Hz, 1H),
3.75 (tt, J¼8.4, 4.2 Hz, 1H), 2.55–2.33 (m, 2H), 2.42 (q, J¼7.5 Hz, 2H),
1.87–1.08 (m, 22H), 0.92 (t, J¼7.5 Hz, 3H); 13C NMR (CDCl3, 75 MHz)
d 164.0, 151.3, 136.1, 133.3, 131.1, 128.8, 128.5, 127.8, 126.3, 126.0,
57.6, 55.8, 34.6, 31.8, 28.1, 26.6, 25.9, 25.8, 24.1, 22.4, 13.9; HRMS
(ESI) calcd for C26H37N2O [MþH]þ 393.2900, found 393.2932.

4.5.2. (4E)-2-Isopropyl-3-isopropylimino-4-pentylidene-3,4-
dihydro-2H-isoquinolin-1-one (3gb)

Pale yellow oil; IR (neat) 2964, 2928, 1675, 1356, 1247 cm�1; 1H
NMR (CDCl3, 300 MHz) d 8.14 (dd, J¼7.5, 1.5 Hz, 1H), 7.51 (dt, J¼7.5,
1.5 Hz, 1H), 7.41 (dt, J¼7.5, 1.5 Hz, 1H), 7.40 (dd, J¼7.5, 1.5 Hz, 1H),
5.86 (t, J¼7.5 Hz, 1H), 5.05 (sept, J¼6.9, 1H), 4.06 (sept, J¼6.3, 1H),
2.43 (q, J¼7.5 Hz, 2H), 1.57–1.43 (m, 2H), 1.49 (d, J¼6.9 Hz, 6H), 1.42–
1.25 (m, 2H), 1.16 (d, J¼6.3 Hz, 6H), 0.91 (t, J¼7.2 Hz, 3H); 13C NMR
(CDCl3, 75 MHz) d 163.9, 151.3, 136.6, 133.3, 131.2, 128.8, 128.4, 127.8,
126.2, 126.1, 49.9, 47.2, 31.9, 28.2, 24.8, 22.4, 20.3, 13.9; HRMS (ESI)
calcd for C20H29N2O [MþH]þ 313.2274, found 313.2267.

4.5.3. (4E)-4-Pentylidene-2-p-tolyl-3-p-tolylimino-
3,4-dihydro-2H-isoquinolin-1-one (3gc)

Yellow solid; mp 115–116 �C; IR (KBr) 2954, 2925, 2869, 1640,
1361 cm�1; 1H NMR (CDCl3, 300 MHz) d 8.23 (dd, J¼7.5, 1.5 Hz, 1H),
7.61 (dt, J¼7.5,1.5 Hz,1H), 7.50 (dt, J¼7.5,1.5 Hz,1H), 7.46 (d, J¼7.5 Hz,
1H), 7.36–7.17 (m, 4H), 7.07–6.96 (m, 2H), 6.67–6.55 (m, 2H), 6.00 (t,
J¼7.8 Hz,1H), 2.40 (s, 3H), 2.27 (s, 3H), 2.23 (q, J¼7.8 Hz, 2H),1.30–1.16
(m, 2H), 1.16–1.01 (m, 2H), 0.80 (t, J¼7.2 Hz, 3H); 13C NMR (CDCl3)
d 164.5,146.3,143.8,137.4,135.2,133.5,132.2,132.1,129.7,129.4,128.7,
128.6, 128.1, 127.9, 126.2, 122.5, 120.9, 31.1, 28.4, 22.0, 21.2, 20.7, 13.8;
HRMS (ESI) calcd for C28H29N2O [MþH]þ 409.2274, found 409.2274.

4.5.4. (4E)-2-Cyclohexyl-3-cyclohexylimino-4-cyclohexyl-
methylene-3,4-dihydro-2H-isoquinolin-1-one (3ha)

Colorless solid; mp 142–143 �C; IR (KBr) 2926, 2853, 1675, 1638,
1344 cm�1; 1H NMR (CDCl3, 300 MHz) d 8.13 (dd, J¼7.5, 1.2 Hz, 1H),
7.51 (dt, J¼7.5, 1.5 Hz, 1H), 7.41 (dt, J¼7.5, 1.2 Hz, 1H), 7.37 (d, J¼7.5,
1H), 5.65 (d, J¼10.5 Hz, 1H), 4.63 (tt, J¼12.0, 3.3 Hz, 1H), 3.72 (tt,
J¼8.4, 4.2 Hz, 1H), 2.68–2.52 (m, 1H), 2.44 (dq, J¼12.0, 3.3 Hz, 2H),
1.92–0.88 (m, 28H); 13C NMR (CDCl3, 75 MHz) d 164.1, 151.6, 141.3,
133.5, 131.3, 128.9, 128.5, 127.8, 125.6, 124.1, 60.4, 57.8, 55.7, 36.7,
34.7, 32.9, 26.6, 25.9, 25.8, 25.7, 25.2, 24.2, 21.0, 14.2; HRMS (ESI)
calcd for C28H39N2O [MþH]þ 419.3057, found 419.3064.

4.5.5. (4E)-2-Cyclohexyl-3-cyclohexylimino-4-trimethylsilanyl-
methylene-3,4-dihydro-2H-isoquinolin-1-one (3ia)

Pale yellow solid; mp 125–126 �C; IR (KBr) 2928, 2852, 1638,
1216, 1096 cm�1; 1H NMR (CDCl3, 300 MHz) d 8.11–8.04 (m, 1H),
7.52–7.40 (m, 3H), 5.85 (s, 1H), 4.60 (tt, J¼12.6, 3.3 Hz, 1H), 3.72 (tt,
J¼8.4, 4.2 Hz, 1H), 2.42 (dq, J¼12.6, 3.3 Hz, 2H), 1.98–1.00 (m, 18H),
0.13 (s, 9H); 13C NMR (CDCl3, 75 MHz) d 164.0, 152.3, 141.4, 135.9,
135.4, 131.0, 128.9, 128.7, 128.2, 125.4, 57.7, 55.9, 34.5, 29.8, 26.6,
25.9, 25.8, 24.0, 0.2; HRMS (ESI) calcd for C25H37N2OSi [MþH]þ

409.2670, found 409.2685.

4.5.6. (4E)-4-Benzylidene-2-cyclohexyl-3-cyclohexylimino-3,4-
dihydro-2H-isoquinolin-1-one (3ja)

Colorless solid; mp 65–66 �C; IR (KBr) 2928, 2852, 1674, 1638,
1344 cm�1; 1H NMR (CDCl3, 300 MHz) d 8.11 (d, J¼7.8 Hz, 1H), 7.39–
7.32 (m, 1H), 7.30–7.17 (m, 7H), 6.72 (s, 1H), 4.66 (tt, J¼12.3, 3.0 Hz,
1H), 3.98 (tt, J¼8.4, 4.2, 1H), 2.46 (dq, J¼12.3, 3.0 Hz, 2H), 1.94–1.19
(m, 18H); 13C NMR (CDCl3) d 164.1, 150.8, 134.9, 132.6, 132.0, 130.8,
129.2, 128.54, 128.51, 128.4, 128.3, 126.9, 126.6, 60.4, 58.1, 56.0, 34.7,
30.0, 26.6, 25.9, 25.8, 24.2, 21.1, 14.2; HRMS (ESI) calcd for
C28H32N2ONa [MþNa]þ 435.2407, found 435.2412.
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