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ABSTRACT: A free-radical-mediated [2 + 2 + 1]
cycloaddition reaction comprising acetylenes, amidines,
and CO was achieved by radical chain reaction to give five-
membered α,β-unsaturated lactams in good yields. Both
acyclic and cyclic amidines reacted with a variety of
terminal acetylenes to afford monocyclic, bicyclic, and
tricyclic lactams. We propose that vinyl radical carbon-
ylation and nucleophilic addition of the amidine onto the
resulting α-ketenyl radical give stable intermediates that
are ready to undergo five-membered ring closure with
elimination of tin radical.

Cycloaddition reactions incorporating CO provide a
powerful means to access a wide range of cyclic and

heterocyclic carbonyl compounds, and many efforts have been
directed to transition-metal-catalyzed carbonylation reactions.1

Previously, we found that acyl radicals generated by the
addition of alkyl radicals to CO2 undergo N-philic acyl radical
cyclization onto the imine nitrogen, providing an annulation
method for the synthesis of lactams.3,4 The N-philic acyl radical
cyclization can be rationalized by dual orbital interactions
between the π* orbital of the acyl radical and the lone pair of
the imine nitrogen and the singly occupied molecular orbital of
the acyl radical and the π* orbital of the imine.5 With successful
examples of the intramolecular reaction using imines in hand,
we then embarked on the challenge of intermolecular trapping
of acyl radicals by N−C double bonds in the hope of
developing a novel multicomponent radical reaction.6 Herein
we report that the intermolecular [2 + 2 + 1] cycloaddition
reaction of acetylenes, amidines, and CO leading to five-
membered α,β-unsaturated lactams proceeds efficiently under
free-radical reaction conditions (Scheme 1), representing the
first radical-mediated aza-Pauson−Khand reaction.7,8

In our initial efforts, we focused on imines as the acyl radical
trap. Unfortunately, however, the reactivity of imines in the

intermolecular trapping reaction with acyl radicals was very
modest. For example, the reaction of 1-octyne (1a), CO, and
10 equiv of imine 2a gave the unusual [2 + 2 + 1] cycloaddition
product 3a in only 15% yield (Scheme 2). Imine 2b having a
methoxy group at the para position of the benzene ring gave a
better yield of lactam 3b (31%), and interestingly, p-
dimethylamino-substituted imine 2c gave lactam 3c in a further
improved yield of 51%. These trends led us to consider the use
of amidines rather than imines as the acyl radical trap.
As a model reaction, we examined the intermolecular [2 + 2

+ 1] cycloaddition reaction using 1a, CO, and 1,8-
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Scheme 1. Strategy for Lactam Synthesis by Radical-
Mediated [2 + 2 + 1] Cycloaddition

Scheme 2. Three-Component Coupling Reactions of
Acetylenes, Imines, and COa

aConditions: 1a (0.5 mmol), 2 (5 mmol), 1,1′-azobis(cyclohexane-1-
carbonitrile) (V-40) (30 mol %), CO (80 atm), Bu3SnH (1.2 equiv),
C6H6 (10 mL), 110 °C, 6 h.

Table 1. Radical-Mediated [2 + 2 + 1] Cycloaddition of 1-
Octyne, CO, and DBUa

entry equiv of 4a equiv of Bu3SnH time (h) yield (%)b

1 2.0 1.2 3 39
2 5.0 1.2 3 60
3 5.0 0.6 3 68
4 5.0 0.3 3 62
5 5.0 0.3 6 66

aConditions: 1a (0.5 mmol), 4a, AIBN (15−20 mol %), CO (80 atm),
Bu3SnH, C6H6 (10 mL), 80 °C.

bIsolated yields as determined by flash
chromatography.
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diazabicyclo[5.4.0]undec-7-ene (DBU, 4a) as the amidine
(Table 1). When 1-octyne (0.05 M) was treated with DBU
(2 equiv) under CO pressure (80 atm) in the presence of
tributyltin hydride (1.2 equiv) and 2,2′-azobis(isobutyronitrile)
(AIBN) (20 mol %) at 80 °C for 3 h, the expected five-
membered α,β-unsaturated lactam 5a was obtained in 39%
yield (entry 1). Using a larger excess of DBU (5 equiv)

increased the yield of 5a to 60% (entry 2). Since the product
does not contain a tributyltin moiety, we examined the reaction
with a decreased amount of Bu3SnH. Gratifyingly, the results
when 0.6 or 0.3 equiv of Bu3SnH was used were essentially
equivalent to those when a stoichiometric amount was used
(entries 3−5).
To examine the generality of the present [2 + 2 + 1]

cycloaddition reaction, a variety of acetylenes 1 and amidines 4
were exposed to similar radical carbonylation conditions (Table
2). The reactions of acetylenes bearing acetoxy, silyloxy, or
amino functional groups all worked well to give the
corresponding lactams, each having the desired functionality
intact (entries 2−4). Arylacetylenes 1e−g also participated in
the three-component reaction to give the corresponding 2-aryl-
substituted lactams 5e−g (entries 5−7). The reaction of 1a
with 4b having a 6,6-fused ring system also gave a good yield of
the corresponding tricyclic lactam 5h (entry 8). We also tested
monocyclic amidines 4c and 4d. The reactions of 1a and 1b
with six-membered amidine 4c gave the corresponding lactams
5i and 5j having a bicyclo[4.3.0] skeleton (entries 9 and 10). In
contrast, the reaction of 1a with five-membered amidine 4d
gave the uncyclized three-component product 6 as the major
product (entry 11). The very low yield of lactam 5k in this case
may be due to the steric demands of the bicyclo[3.3.0] system,
which could prevent the cyclization. Amidine 4e gave bicyclic
lactam 5l in 69% yield (entry 12). The reaction using acyclic
amidine 4f was also successful (entry 13).
A possible reaction mechanism for the present radical-

mediated [2 + 2 + 1] cycloaddition is shown in Scheme 3, using
entry 13 of Table 2 as the specific example. The addition of a
tributyltin radical to the acetylene terminus of 1a would
generate a β-stannylated vinyl radical, which would undergo
carbonylation to generate α,β-unsaturated acyl radical A and
the isomeric α-ketenyl radical B.9 Intermolecular trapping of
the α-ketenyl radical10 by amidine 4f would then afford
intermediate C, which can be drawn in several canonical forms,
including D. 5-Endo cyclization of C to give E11 followed by β-

Table 2. Three-Component Reactions of 1, 4, and COa

aConditions; 1 (0.5 mmol), 2 (2.5 mmol), AIBN (15−30 mol %), CO
(80 atm), Bu3SnH (0.3 equiv for entries 1 and 3; 0.6 equiv for entries
2, 4−10, 12, and 13; 1.2 equiv for entry 11), C6H6 (10 mL), 80 °C, 6
h. bIsolated yields as determined by flash chromatography on silica gel
and/or recycling preparative HPLC. c1e (0.01 M). d1f or 1g (0.02 M).
e4c (8.8 equiv).

Scheme 3. Radical Chain Mechanism for the [2 + 2 + 1]
Cycloaddition

Scheme 4. [2 + 2 + 1] Cycloaddition Using Dihydrooxazine
7
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fission would lead to the formation of α,β-unsaturated lactam
5m and regenerate the tributyltin radical.
The proposed key intermediate C should be highly stabilized

by the two nitrogen atoms originating from the amidine starting
material. In support of the importance of doubly donating
groups, dihydrooxazine 7 reacted smoothly to give the
corresponding bicyclic lactam ring 8 in good yield (Scheme 4).
In summary, we have developed a novel method for

constructing five-membered α,β-unsaturated lactam rings by a
[2 + 2 + 1] cycloaddition reaction between acetylenes,
amidines, and CO, which is accomplished by a free-radical
chain reaction. In this reaction, intermolecular trapping of α-
ketenyl radicals by the nitrogen of the amidine gives a highly
conjugated, highly stabilized radical species, which then
undergoes five-membered-ring closure leading to unique
heterocyclic ring systems. Thus, polarity-controlled radical
reactions clearly represent a promising strategy for exploring
multicomponent radical sequences, and we are continuing our
efforts along this line.
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