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We report a synthetic strategy for skeletally diverse hetero-
cycles featuring appendage diversity based on a tandem Ugi/
Diels–Alder reaction followed by domino metathesis. An as-
sociating effect of the amide carbonyl functionality to the ru-

Introduction

Metathesis plays a crucial role in modern synthetic or-
ganic chemistry. Olefin metathesis reactions are roughly cat-
egorized into three groups: cross metathesis (CM), ring-
closing metathesis (RCM), and ring-opening metathesis
(ROM). Since metathesis reactions provide complex molec-
ular architectures not readily accessible by other organic
transformations, they are now widely used even for the syn-
thesis of biologically important, complex natural prod-
ucts.[1,2]

Domino metathesis sequences, in which two or more me-
tathesis reactions take place sequentially, have also attracted
considerable attention. In these studies, combinations of the
above three types of metathesis reactions (CM, RCM, and
ROM) have been extensively investigated.[3,4] In this regard,
the norbornene skeleton is an interesting platform because
it undergoes domino ROM/CM/RCM reactions to generate
other complex skeletons.[5]

Combinations of these domino metathesis reactions with
other multicomponent coupling reactions (MCRs) are also
being actively studied for the generation of artificial small-
molecule libraries with high degrees of molecular diver-
sity.[6–8] In these researches, MCRs are generally used for
generation of complex molecular architectures with ap-
pendage diversity, whereas metathesis is used for skeletal
diversity. A variety of biologically active compounds, useful
in chemical biology studies, can be expected in such a di-
verse library.

In this study, we have investigated a methodology to yield
skeletally different compounds from 7-oxanorbornene ana-
logues readily available by tandem Ugi/Diels–Alder reac-
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thenium metal center is proposed in order to account for the
difference in the metathesis yields.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

tions,[9] through the use of a common synthetic pathway
including domino metathesis as a key reaction.

In 1999, Paulvannan reported the complexity-generating,
tandem reaction between 2-furfural, benzylamine, benzyl
isocyanide, and monoethyl fumarate (Scheme 1).[10,11] In
this sequential transformation, an Ugi four-component
coupling reaction[12] and a subsequent intramolecular
Diels–Alder reaction take place quite smoothly in MeOH
at room temp. to give the complex heterotricycle 1 in 89%
yield. In 2000, the tandem Ugi/Diels–Alder (UDA) reaction
product was transformed into the heterotetracycle 2 by
Schreiber et al., who used a two-step transformation involv-
ing N,N�-bisallylation followed by ROM and RCM reac-
tions as a complexity-enhancing sequence (Scheme 2).[6,7]

Scheme 1. Tandem Ugi/Diels–Alder reaction originally reported by
Paulvannan.[10]

Our aim in this research is to control skeletal and ap-
pendage diversities generated in these processes by using
“σ-elements”, different appendages that pre-encode skeletal
information.[7,13,14] Our ideas on these diversity-oriented
synthesis (DOS) processes[14,15] are shown in Scheme 3: if
the N-allylation of the tandem UDA reaction product A
can be controlled in a regioselective manner by some σ-
elements, then different types of heterobicycles D and/or
heterotricycles E and F should be readily accessible by a
common series of reactions. In addition, because this class
of domino metathesis reaction includes CM reactions with
various olefin compounds, appendage diversity should be
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Scheme 2. A precedent for diversity-oriented synthesis leading to complex skeleton 4.[6]

also introducible into the substituents X in D, E, and F by
this process. Here we report our efforts directed toward the
syntheses of the heterotricycles E and F by a common path-
way;[9] synthetic study of the heterobicycle D will be pub-
lished elsewhere.[16] Evaluation of the chemical space of the
products expected by these DOS processes is also included
in the Supporting Information.

This study has also provided a possible key for under-
standing reactivity difference in the domino metathesis re-
actions of 7-oxanorbornenes. We observed that reaction
yields were apparently different between two types of 7-oxa-
norbornenes: the B-type compounds are excellent sub-
strates but the C-type compounds are poor, whereas the
regioselectivities in the ROM reactions are excellent for
both substrates. It was speculated from this that exocyclic
amide carbonyl groups associate with the ruthenium metal
center of the metathesis catalyst, and that the lower “N-
monoalkyl (or -aryl)” amide carbonyl group in C (indicated
by an arrow in Scheme 3) deactivates the catalyst activity
through the association, while this is not the case for the
upper “N-monoalkyl (or -aryl)” amide carbonyl group in B
(indicated by an arrow). It is proposed here that the associa-
tions in intermediates derived from B-type and C-type com-
pounds are loose and rather tight, respectively, as discussed
in the final section.

Results and Discussion

At first we explored possible reaction conditions for the
synthesis of the F-type heterotricycle 6 from the known
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starting tandem UDA reaction product 1 (Scheme 4).[10] Al-
lylation of the amide functionality by the reported pro-
cedure (allyl bromide, KDMDS, THF, room temp.)[6] was
found to cause decomposition of 1. Other N-allylation con-
ditions were therefore extensively examined, and we finally
found that the combination of allyl bromide and CsOH
(THF, room temp., 14 h)[7] gave the desired N-allylamide 5
in 78% yield without significant decomposition.

ROM of 5 followed by RCM in the presence of the sec-
ond-generation Grubbs catalyst (3) was next investigated.[17]

A group led by Blechert has actively studied the metathesis
transformation of the 7-oxanorbornene scaffold.[2,18] Me-
tathesis of 5 was at first attempted under less dilute condi-
tions in CH2Cl2 at room temp. When the catalyst 3 (10 mol-
%) was applied to 5 at a concentration of 0.03 , the desired
F-type heterotricycle 6 was obtained in only 20% yield. Be-
cause undesirable ring-opening metathesis polymerization
(ROMP) was suspected (from thin-layer chromatography
monitoring of the reaction), the reaction was next carried
out under higher-dilution conditions (0.46 m). In this
case, catalyst 3 (30 mol-%) was used, and the yield of 6 was
found to be improved to 54%, although the polar ROMP
product was still detectable by TLC. ROMP can be gen-
erally suppressed by the addition of olefin (e.g., ethylene)
to the reaction mixture so that the metathesis sequence can
be terminated before the polymerization takes place.[4] We
decided to optimize the reaction conditions later to improve
the yield with more complex substrate 24 (see below).

The N-alkyl (or -aryl) group is the σ-element[7,13,14] for
the regiospecific N-allylation of the tandem UDA reaction
product A shown in Scheme 3. Generally, N-phenylamide
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Scheme 3. Our approach to various skeletons D–F from tandem UDA reaction product A. Arrows in B and C indicate the possible
interacting group with a ruthenium metal center in the metathesis reactions.

(anilide) exhibits stronger acidity than N-alkylamide; the
pKa values for protons of N-phenyl acetamide and N-
methyl acetamide, for example, are reported to be 15.1 and
16.6, respectively.[19] We anticipated that the two amide
groups indicated by arrows in the UDA product A
(Scheme 3), derived from isocyanide and fumarate compo-
nents, would be essentially differentiated if an appropriate
combination of alkyl and aryl groups were used for the R
and R� groups, since the more acidic N-phenylamide group
should be rather reactive in the N-allylation. On the basis
of this hypothesis, we prepared eight UDA products 16–
23, in which anilide groups were systematically introduced
(Table 1). 2-Furfural and benzylamine were used for alde-
hyde and amine components, respectively. Of the four isocy-
anides 7–10 used, benzyl isocyanide (8) and 4-meth-
oxyphenyl isocyanide (10) were purchased, whereas the
other two isocyanides 7 and 9 were prepared from the cor-
responding anilines by two-step reactions involving for-
mylation (HCOOH, Ac2O, pyridine, THF, 0 °C� room
temp.) and dehydration (POCl3, Et3N, CH2Cl2, 0 °C).[20] As
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carboxylic acid components, five fumaric acid monoamides
11–15 were prepared from commercially available mono-
ethyl fumarate in one-pot operations involving acid chloride
formation [(COCl)2, DMF, benzene, 0 °C, 2 h, then concen-
tration] followed by amidation and hydrolysis (RNH2,
Cs2CO3, THF, room temp., 12 h, then KOH, H2O, room
temp., 12 h).[21]

All tandem UDA reactions were carried out by mixing
equimolar amounts of the four components in MeOH and
stirring at room temp. for 48 h. The reaction mixtures were
then concentrated and purified to give the products 16–23
in 32–93% yields. Since the yields of the UDA reactions
generally depend on the formation of the imine intermedi-
ates (the first step in the Ugi MCR),[21] the low yields ob-
served especially in runs 1, 3, 5, and 6 should be improved
by the use of large excesses (20 equiv.)[21,22] of amine, isocy-
anide, and carboxylic acid components relative to 2-furfu-
ral. The structure of all products were spectroscopically de-
termined by analogy with the authentic compounds re-
ported previously by us.[21]
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Scheme 4. A preliminary study for the synthesis of the F-type
heterotricycle 6 from 1.

Table 1. Preparation of the tandem UDA reaction products 16–
23.[a]

Run R (isocyanide) R� (fumaric acid) Product Yield (%)

1 4-bromophenyl (7) benzyl (11) 16 45
2 benzyl (8) 4-bromophenyl (12) 17 88
3 4-chlorophenyl (9) benzyl (11) 18 32
4 benzyl (8) 4-chlorophenyl (13) 19 63
5 4-methoxyphenyl (10) benzyl (11) 20 40
6 benzyl (8) 4-methoxyphenyl (14) 21 35
7 benzyl (8) 4-nitrophenyl (15) 22 93
8 benzyl (8) benzyl (11) 23 87

[a] The four components were used in equimolar amounts for the
reaction.

Selective procedures for mono-N-allylation of the tan-
dem UDA reaction products were carefully investigated,
since the method shown in Scheme 4 generally induces al-
lylation of N-alkylamide, and hence was not expected to be
applicable to the chemoselective allylation of N-arylamide
over N-alkylamide. The substrate used for this experimenta-
tion was 17, bearing both N-monoalkyl and N-monoaryl-
amides, from which the B-type product 24 was expected on
selective N-allylation. The results are summarized in
Table 2. In these experiments, allyl bromide (2 equiv.) was
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?used in various solvents (THF, Et2O, CH3CN, H2O). Most
of these, other than H2O, are less polar than DMF, which
is frequently used for global N-alkylation, so that selective
reactions might take place. At first, LiOH (8 equiv.) was
employed as a base. Although in THF at 0 °C (run 1) no
reaction took place, the desired monoallylated product 24
was obtained after 72 h under improved conditions (Et2O/
H2O 1:2 as a solvent at room temp.; run 2). The structure
of 24 was determined from its 1H NMR spectrum: most
importantly a singlet anilide proton of 17 (δ = 8.01 ppm)
disappeared, whereas a double doublet N-benzylamide pro-
ton was preserved (at δ = 4.54 ppm) in 24. Neither K2CO3

nor Cs2CO3 was effective at all in THF/CH3CN (1:1), with
only 17 being recovered (runs 3 and 4). When CsOH
(2 equiv.) was employed in THF at 0 °C, the chemospecific
mono-N-allylation proceeded smoothly in the highest yield
(79%, run 5). The reaction was clean, and the undesired
N,N�-diallylamide was obtained only in a trace amount
(�5% yield). Under aprotic conditions with KN(TMS)2,
only significant decomposition was observed (run 6).

With this optimized procedure for the chemospecific N-
monoallylation to hand, we then carried out allylations of
other tandem UDA reaction products 16 and 18–23
(Table 3). All reactions were performed under the condi-
tions shown in run 5 in Table 2. The allylation of 16, in
which the anilide group is located at a different position
relative to that in 17, gave the C-type N-monoallylamide 25
in 86% yield (run 1, Table 3). In this reaction, neither the
B-type regioisomer nor the diallylated product G was ob-
tained at all. Thus, just like that of 17, the reaction of 16 is
highly chemospecific, indicating unambiguously that in the
reactants 16 and 17 the regiochemistry is controlled by the
anilide functionality and not by the 7-oxanorbornene skel-
eton. The structure of 25 was determined by 1H NMR
analysis as discussed above for 24. The selectivity switching
was also observed in two N-(4-chlorophenyl) amides 18 and
19. Thus, the anilide 18 gave the C-type N-monoallylamide
26 in 51% yield (run 2), whereas the anilide 19 gave the B-
type N-monoallylamide 27 in 50% yield (run 3), with high
chemospecificity in both runs. Because of the lower acidity
with respect to the 4-bromophenyl group, the allylations of
N-(4-chlorophenyl) amide did not go to completion in these
runs, and unreacted 18 and 19 were recovered in 11% and
26% yields, respectively. The N-(4-methoxyphenyl) amide
20 was allylated to give the expected C-type monoallyl-
amide 28 in 45% yield (run 4), while the isomeric amide 21
was unexpectedly overalkylated to give rise to the G-type
N,N�-diallylamide 29, but not the expected B-type product,
in fairly good yield (82%, run 5). Intermediary B-type N-
monoallylamide was not detected in run 5 even by TLC
during the reaction, indicating that the second allylation
proceeds quite rapidly and is hardly suppressed under these
reaction conditions. The N-(4-nitrophenyl) amide 22 did
not undergo allylation and was recovered intact under these
conditions, presumably because of the low reactivity of the
generated anion, which should be deactivated by its tauto-
meric delocalization (run 6). The allylation of the N,N�-di-
benzylamide 23 was a surprise to us; the unexpected N-
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Table 2. Investigation of reaction conditions for the chemoselective N-monoallylation of 17 leading to the B-type product 24.[a]

Run Base (equiv.) Solvent Temperature Time [h] % Isolated yield

1 LiOH·H2O (8) THF 0 °C 72 0
2 LiOH·H2O (8) Et2O/H2O (1:2) room temp. 72 66
3 K2CO3 (8) THF/CH3CN (1:1) room temp. 72 0
4 Cs2CO3 (8) THF/CH3CN (1:1) room temp. 72 0
5 CsOH (2) THF 0 °C 16 79
6 KN(TMS)2 (2) THF –10 °C � room temp. 16 0

[a] δH values indicated in the Figure are the data collected at 300 MHz (CDCl3).

Table 3. Chemospecific N-allylation of tandem UDA reaction products.

Run Reactant A Product distribution

(% Yield)
R R� B C G Recovered A

1 16 4-bromophenyl benzyl �5 86 (25) �5 �5
2 18 4-chlorophenyl benzyl �5 51 (26) �5 11
3 19 benzyl 4-chlorophenyl 50 (27) �5 �5 26
4 20 4-methoxyphenyl benzyl �5 45 (28) �5 25
5 21 benzyl 4-methoxyphenyl �5 �5 82 (29) �5
6 22 benzyl 4-nitrophenyl �5 �5 �5 81
7 23 benzyl benzyl �5 34 (30) �5 57
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monoallylamide 30 was obtained in 34% yield with the un-
reacted substrate 23 recovered in 57% yield (run 7). The
structure of 30 was determined by NOESY analysis (Fig-
ure 1). Though the origin for this reactivity in run 7 is not
quite clear at present, it is at least obvious from this reac-
tion that the lower exocyclic amide is essentially less reac-
tive than the upper one, probably because of steric crowd-
ing. Optimization of the reaction conditions for a high level
of chemospecificity might be further needed before the
achievement of a skeletally diverse small molecule library.
Nevertheless, we have thus successfully demonstrated that
N-alkyl or N-arylamide components function as σ-elements
in DOS on 7-oxanorbornenes.

Figure 1. NOESY correlations observed in the N-monoallylamide
30.

Metathesis reactions leading to two distinct hetero-
tricycles E and F were next explored. Our preliminary study
with the 7-oxanorbornene derivative 5 (Scheme 4) had
shown that the metathesis reaction should be performed
with the second-generation Grubbs catalyst 3[17] (30 mol-%)
at a concentration of 0.46 m for 5, preferably in the pres-
ence of the cross-metathesis reactant. On the basis of these
findings, we examined several sets of reaction conditions for
the ROM/CM/RCM reaction of the B-type N-monoallyl-
amide 24, and finally found that the use of catalyst 3
(10 mol-%) and styrene (10 equiv.) in CH2Cl2 (2.5 m for

Scheme 5. Metathesis on 24 (B-type reactant) in the presence of four CM reactants leading to the E-type heterotricycles. [a] Isolated
yield. [b] Yield for recovered 24.
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24) at room temp. smoothly converted 24 into the E-type
heterotricycle 31 in 81% yield (Scheme 5). As expected, the
addition of styrene greatly suppressed the undesirable for-
mation of ROMP product. It should be noted that the reac-
tion did not take place if the concentration of 24 was lower
(0.3 m). The structure of 31 was determined by extensive
NMR measurements and LC-MS analyses; most import-
antly, COSY and TOCSY spectra were used to determine
the 1H–1H connectivity. The E/Z ratio was �20:1 for 31 as
judged from 1H NMR spectra. While allyl bromide is not
effective as a CM reactant and no reaction was observed for
32, the use of but-3-enyl bromide and pent-4-enyl bromide
afforded the corresponding heterotricycles 33 and 34 in
81% and 82% yields, respectively. The low reactivity of allyl
bromide is assumed to be attributable to steric repulsion.

The isomeric C-type 7-oxanorbornene 25 was next sub-
jected to the ROM/CM/RCM reaction in the presence of
three CM reactants (Scheme 6). Though these reactions
with 25 were found to be sluggish and large amounts of 25
was recovered, especially for the syntheses of 36 (69%) and
37 (55%), the desired tricyclic compounds F (35–37) were
selectively obtained in all cases. It should be noted that use
of prolonged reaction times did not improve the yields, and
the recovered 25 indicates that the catalyst 3 was deacti-
vated during the reaction; the yield may therefore be im-
provable by use of a more sustainable metathesis catalyst
such as Hoveyda–Grubbs catalyst.[23] The F-type hetero-
tricycles 35–37 were characterized by extensive NMR and
LC-MS analyses. Here, COSY and TOCSY spectra again
played an important role in determination of the molecular
skeletons.

We have thus developed a common pathway for the con-
version of 7-oxanorbornenes (24, 25) into the two skeletally
distinct heterotricyclic systems E (31, 33, 34) and F (35–
37) with different appendages. As stated above, this strategy
should also provide the heterobicycles D and heterotetra-
cycles (such as 4) by the same series of reactions. It is note-
worthy that a collection of compounds prepared by this
method is reasonably diverse as judged from principal com-
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Scheme 6. Metathesis on 25 (C-type reactant) in the presence of three CM reactants leading to the F-type heterotricycles. [a] Isolated
yield. [b] Yield for recovered 25.

ponent analysis (see the Supporting Information). This is
particularly advantageous in terms of chemical biology,
since molecular diversity is one of the key elements for a
discovery of new useful compounds from small-molecule li-
braries of limited size through biological assays.[14,24]

The yields for these domino metathesis reactions leading
to two distinct skeletons E and F might suggest the reaction
mechanism (Scheme 7). The yields for the E-type hetero-
tricycles 31, 33, and 34 are more than 80%, whereas those
for the F-type heterotricycles 35–37 are apparently lower
(30–65%). Importantly, the unreacted substrates were reco-
vered intact after the reactions in reasonable yields in most
cases, showing that the first metathesis reaction determines
the overall domino transformation. Since we have recently
found that the domino metathesis of the B-type N-monoal-
lylamide (such as 24) proceeds in the order ROM/CM/
RCM,[16] the difference in yields must indicate that “the first
ROM reaction” takes place more rapidly in the 7-oxanor-
bornene skeleton of 24 than in that of 25: the B-type nor-
bornene 24 would be a matched substrate and the C-type
norbornene 25 would be a mismatched substrate.

Fürstner et al. have reported a regiospecific RCM reac-
tion controlled by a directing effect of an internal carbonyl
group.[25] Similar types of interactions have also been re-
ported by Cossy (ester carbonyl group),[26] Grubbs (amide
carbonyl group),[27] and Tayler (hydroxy group)[28] in CM
reactions.[29] Our domino metathesis sequence would also
be such a case, and at present we speculate that an N-
monoalkylamide, rather than a sterically crowding N-allyl-
N-arylamide, associates with the ruthenium metal center to
guide the reaction course. The proposed mechanism is
shown in Scheme 7. For the mechanism of the reaction of
B-type norbornene 24 it is speculated that the [Ru]=CH2

approaches from the less hindered upper side of the norbor-
nene skeleton with the guidance of the exocyclic amide car-
bonyl group (intermediate H). The effect of the association
becomes weak as the metallacyclobutane intermediate I
forms because of the geometrical strain caused by a fused
tetracyclic system.[30] ROM thus takes place smoothly to
generate the Ru-alkylidene species J, which in turn un-
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dergoes CM and RCM, giving rise to the E-type hetero-
tricycles 31, 33, and 34.

On the other hand, the mechanism for the domino me-
tathesis reaction of the C-type norbornene 25 is speculated
to be as follows. The [Ru]=CH2 presumably approaches
from the lower side of the norbornene skeleton, since the
upper side is shielded by the N-allyl-N-arylamide group.
The metallacyclobutane formation is guided by the associa-
tion of the lower exocyclic amide carbonyl group as shown
by K, giving rise to the intermediate L. In L, the association
between the amide carbonyl functionality and the ruthe-
nium metal center would be rather stable relative to that in
I, and so the subsequent metathesis reactions including CM
and RCM should be inhibited.[26–30] In summary, two ob-
stacles should reduce the reaction rate and the overall con-
version yield of 25 into the F-type heterotricycles 35–37:
1) the rather crowding reaction site at the lower side of the
norbornene skeleton (the intermediate K), and 2) inhibition
of the activity of the ruthenium metal catalyst 3 by the for-
mation of too stable metallacyclobutane intermediate L.
The structures for metallacyclobutanes I and L, optimized
at the PM3 level of theory, also support these specu-
lations.[30]

These mechanistic considerations are also in good agree-
ment with the predominant formation of heterotricycles E
and F without isomers such as E� and F� (Figure 2), which
indicates that the first ROM reaction takes place regioselec-
tively. This is particularly noteworthy, since ROM of nor-
bornenes is, in general, poorly regioselective.[5,29,31] In this
context, we have further studied the associating effects of
neighboring carbonyl functional groups in the domino me-
tathesis of 7-oxanorbornenes, and have found that the effect
essentially provides high level of regioselectivity in this reac-
tion.[16]

However, it should be noted here that a mechanism
based on [2+2] cycloaddition/cycloreversion[5] can be also
operative in the reaction of C-type 7-oxanorbornene 25. In
this mechanism, the first ROM reaction by [Ru]=CH2 takes
place in an unselective manner, and all reaction intermedi-
ates finally lead to thermodynamically stable F-type prod-
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Scheme 7. Proposed association mechanisms of the exocyclic amide
carbonyl group with the ruthenium metal center during the first
ROM reactions to account for the difference in yields.
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Figure 2. Heterotricycles E� and F� potentially generated by unse-
lective ROM process.

ucts 35–37 by the well-known Chauvin mechanism.[32]

Studies to elucidate the mechanisms of the domino metath-
esis reactions of functionalized 7-oxanorbornenes are in
progress.

Conclusions

In conclusion, we have shown the potential for the asso-
ciating effect between the amide carbonyl group and the
ruthenium metal center to affect the reaction rate and the
yield in the ROM of 7-oxanorbornenes. Here, the lower
exocyclic carbonyl group in the C-type 7-oxanorbornene
(such as in 25) may inhibit the reaction by forming a stable
chelate with a ruthenium metal center, whereas this is not
the case for the upper exocyclic carbonyl group in the B-
type 7-oxanorbornene (such as in 24). This type of associa-
tion would also be expected with use of a “regioselective”
ROM reaction. Indeed, we have recently successfully dem-
onstrated the usefulness of this effect in the development of
biologically active glutamate analogues.[16] Regiocontrol is
one of the major concerns in metathesis reactions.[5,25–28]

Works directed towards the use of the associating effect in
other types of metathesis reactions are in progress.

Through the use of the domino metathesis reaction, this
study has also developed a common pathway for the syn-
thesis of skeletally distinct heterotricycles E and F from the
structurally complex starting tandem Ugi/Diels–Alder reac-
tion product A (Scheme 3). Though the selectivity-con-
trolling factor in the N-allylation is not quite definitive at
the moment and some reactions are not complete after
16 h, all allylation reactions were found to proceed regios-
pecifically under identical reaction conditions. This meth-
odology is thus expected to be useful for the construction
of skeletally diverse small-molecule libraries with a variety
of appendages, used for biological assays.

Experimental Section
General: All reactions sensitive to air or moisture were carried out
under argon in oven-dried glassware unless otherwise noted. Anhy-
drous dichloromethane (CH2Cl2), acetonitrile (MeCN), and tetra-
hydrofuran (THF) were purchased from Kanto Chemical Co., Inc.,
Wako Pure Chemical Industries, Ltd. or Aldrich Chemical Co., and
were used without further drying. Benzyl isocyanide (8) and 4-
methoxyphenyl isocyanide (10) were purchased from Tokyo Chemi-
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cal Industry Co., Ltd. (TCI) and Aldrich Co., respectively. The
2nd-generation Grubbs catalyst (3, [246047-72-3])[17] was purchased
from Aldrich Co. Instant buffer (pH 7.0, TCI) was used to quench
reactions where stated. All other reagents were used as supplied
unless otherwise stated. Analytical thin-layer chromatography
(TLC) was performed with E. Merck silica gel 60 F254 pre-coated
plates (0.25 mm thickness). For column chromatography, Fuji Sily-
sia silica gel BW-300 (200–400 mesh) was used. For reversed-phase
column chromatography, Wako gel 100C18 (63–212 µm) was used.
IR spectra were recorded with a JASCO FT/IR-4100 spectrometer.
1H and 13C NMR spectra were recorded with Varian Gemini 2000
or Unity INOVA 500 or INOVA 600 spectrometers. Chemical shifts
are reported in ppm from tetramethylsilane with reference to in-
ternal residual solvent [1H NMR: CHCl3 (δ = 7.24 ppm),
CHD2OD (δ = 3.30 ppm), C6HD5 (δ = 7.15 ppm), HDO (δ =
4.70 ppm). 13C NMR: CDCl3 (δ = 77.0 ppm), CD3OD (δ =
49.8 ppm), C6D6 (δ = 128.0 ppm)]. The following abbreviations are
used to designate the multiplicities; s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, and br. = broad. High-resolu-
tion mass spectrometry (HRMS) for ESI (electrospray ionization)
was recorded on a Bruker Daltonics microTOF focus mass spec-
trometer fitted with an Agilent HPLC system (1100 series).

C-Type N-Monoallyl Amide 5: Allyl bromide (0.239 mL,
2.615 mmol) and CsOH (110.0 mg, 0.698 mmol) were added at
room temp. to a stirred solution of the tandem UDA reaction prod-
uct 1[10] (194.6 mg, 0.436 mmol) in THF (1.5 mL). After stirring
for 14 h, the mixture was diluted with water (20 mL) and extracted
with EtOAc (30 mL). The extract was dried with Na2SO4 and con-
centrated in vacuo to give the residue, which was purified by col-
umn chromatography on silica gel (5.0 g, benzene/Et2O 1:1) to give
the N-monoallylamide 5 (163.4 mg, 73%) as a colorless solid. 1H
NMR (300 MHz, CDCl3): δ = 7.35–7.05 (m, 10 H), 6.25 (dt, J =
5.7, 1.5 Hz, 1 H), 6.15 (dd, J = 5.7, 0.9 Hz, 1 H), 5.33 (m, 1 H),
5.22 (d, J = 1.5 Hz, 1 H), 5.20 (d, J = 15.0 Hz, 1 H), 5.04 (d, J =
14.1 Hz, 1 H), 4.95 (d, J = 12.0 Hz, 1 H), 4.90 (d, J = 15.3 Hz, 1
H), 4.43 (s, 1 H), 4.17 (d, J = 12.9 Hz, 1 H), 4.11 (q, J = 7.2 Hz, 1
H), 4.09 (d, J = 12.9 Hz, 1 H), 3.85 (d, J = 15.3 Hz, 1 H), 3.68 (dd,
J = 18.0, 4.8 Hz, 1 H), 3.55–3.45 (m, 2 H), 3.15 (d, J = 3.9 Hz, 1
H), 1.24 (t, J = 7.2 Hz, 3 H) ppm. 13C NMR (125 MHz, CDCl3):
δ = 173.4, 170.2, 167.1, 136.8, 135.4, 133.4, 131.1, 128.9, 128.8,
128.3, 128.0, 127.8, 127.6, 126.4, 91.7, 80.2, 61.2, 59.2, 58.9, 50.6,
49.4, 46.7, 45.4, 14.2 ppm. IR (film): ν̃ = 3064, 3029, 2980, 2927,
1735, 1699, 1661, 1448, 1211, 702 cm–1. HRMS (ESI, positive)
calcd. for C29H31N2O5 [M + H]+ 487.2227; found 487.2215.

F-Type Heterotricycle 6: Second-generation Grubbs catalyst (3,[17]

20 mg, 0.024 mmol) was added at 35 °C to a stirred solution of
the N-monoallylamide 5 (52.4 mg, 0.11 mmol) in CH2Cl2 (24 mL).
After stirring for 22 h, the mixture was concentrated in vacuo and
purified by column chromatography on silica gel (2.6 g, benzene/
Et2O 85:15) to give the heterotricycle 6 (28.4 mg, 54%) as a yellow
oil. 1H NMR (300 MHz, CDCl3): δ = 7.34–7.19 (m, 10 H), 6.39
(d, J = 10.8 Hz, 1 H), 5.90 (m, 1 H), 5.75 (ddd, J = 17.3, 10.0,
9.9 Hz, 1 H), 5.34 (d, J = 15.9 Hz, 1 H), 5.28 (d, J = 17.3 Hz, 1
H), 5.18 (d, J = 10.0 Hz, 1 H), 4.69 (d, J = 15.0 Hz, 1 H), 4.67 (s,
1 H), 4.46 (d, J = 15.0 Hz, 1 H), 4.13 (q, J = 7.2 Hz, 1 H), 4.01
(dd, J = 14.8, 4.2 Hz, 1 H), 3.78 (d, J = 7.5 Hz, 1 H), 3.39 (s, 1 H),
3.22 (q, J = 8.4 Hz, 1 H), 1.28 (t, J = 7.2 Hz, 1 H) ppm. 13C NMR
(125 MHz, CDCl3): δ = 172.2, 171.0, 168.0, 136.4, 135.7, 133.9,
133.4, 128.8, 128.7, 128.4, 127.8, 127.8, 118.3, 83.3, 82.1, 64.4, 61.2,
54.8, 54.8, 53.3, 51.1, 46.2, 41.9, 14.2 ppm. IR (film): ν̃ = 2980,
2927, 1733, 1700, 1699, 1450, 1233, 1184, 1029, 736, 701 cm–1.
HRMS (ESI, positive) calcd. for C29H31N2O5 [M + H]+ 487.2227;
found 487.2224.
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4-Bromophenyl Isocyanide (7): A solution of formic acid (99%,
0.82 mL) in Ac2O (2.05 mL) was added dropwise at 0 °C to a
stirred solution of 4-bromoaniline (1.50 g, 8.72 mmol) in pyridine
(5.0 mL) and THF (25.0 mL). DMAP (20 mg) was added to the
mixture, which was then allowed to warm to room temp. After
19 h, instant buffer (pH 7.0, 30 mL) was introduced, and the mix-
ture was extracted with EtOAc (3�50 mL). The combined extracts
were washed successively with hydrochloric acid (2 , 2�50 mL)
and brine (50 mL), dried with Na2SO4, and concentrated in vacuo
to give crude N-(4-bromophenyl)formamide (1.01 g) as a colorless
solid.

POCl3 (0.310 mL, 3.24 mmol) was added at 0 °C to a stirred solu-
tion of crude N-(4-bromophenyl)formamide (546.9 mg) as synthe-
sized above and Et3N (0.750 mL, 5.46 mmol) in CH2Cl2 (23.0 mL).
After 90 min, aqueous Na2CO3 (10%, 30 mL) was added, and the
mixture was extracted with CH2Cl2 (2�100 mL). The combined
extracts were dried with Na2SO4 and concentrated in vacuo, and
the residue was purified by column chromatography on silica gel
(10 g, benzene) to give 4-bromophenyl isocyanide (7, 447.2 mg,
2.46 mmol, 52% for 2 steps) as a colorless solid. The spectroscopic
data were in good agreement with those reported.[33]

4-Chlorophenyl Isocyanide (9): 4-Chloroaniline (1.24 g, 7.97 mmol)
was treated to give 4-chlorophenyl isocyanide (9, 765 mg, 71%), as
a green solid, by the same procedure as used for the synthesis of 7.
The spectroscopic data were in good agreement with those re-
ported.[33]

Fumaric Acid Mono-N-benzylamide (11): (COCl)2 (0.543 mL,
6.22 mmol) was added at room temp. to a stirred solution of mono-
ethyl fumarate (500 mg, 3.47 mmol) and N,N-dimethylformamide
(0.015 mL) in benzene (10 mL). After 4 h, the reaction mixture was
concentrated in vacuo to give a residue, which was dissolved in
THF (10 mL). Benzylamine (0.493 mL, 4.51 mmol) and Cs2CO3

(1.13 g, 3.47 mmol) were added successively at room temp. and with
vigorous stirring to the crude acyl chloride. The reaction was
slightly exothermic. After 10 h, insoluble materials were filtered off,
and the filtrate was concentrated to a volume of approximately
3 mL. Aqueous KOH (1 , 7 mL, 7 mmol) was added at room
temp. to the stirred mixture. After the resultant brown mixture had
been stirred for 4 h, it was washed with Et2O (5 mL). Et2O (3 mL)
and hydrochloric acid (2 , 7 mL, 14 mmol) were added to the
aqueous layer with vigorous stirring. The immediately generated
white precipitates were collected by filtration, washed with Et2O,
and dried under high vacuum to give fumaric acid mono-N-ben-
zylamide (11, 495 mg, 70%) as a white powder: 1H NMR
(600 MHz, CD3OD): δ = 8.99 (br. s, 1 H), 7.33–7.24 (m, 5 H), 7.00
(d, J = 15.5 Hz, 1 H), 6.71 (d, J = 15.5 Hz, 1 H), 4.46 (m, 2 H) ppm.
13C NMR (150 MHz, CD3OD): δ = 169.2, 167.0, 140.2, 138.3,
132.5, 130.5, 129.5, 129.2, 45.2 ppm. IR (KBr): ν̃ = 3293, 3085,
3132, 1689, 1651, 1556, 1416, 1336, 1263, 1244, 984, 719, 695 cm–1.
HRMS (ESI, negative) calcd. for C11H10NO3 [(M – H)–] 204.0666;
found 204.0661.

Fumaric Acid Mono-N-(4-bromophenyl)amide (12): Monoethyl fum-
arate (480 mg, 3.33 mmol) was treated by the same procedure as
used for the synthesis of 11, to give fumaric acid mono-N-(4-bro-
mophenyl) amide (12, 681 mg, 76%) as a white solid. 1H NMR
(500 MHz, CD3OD): δ = 7.61 (d, J = 7.5 Hz, 2 H), 7.47 (d, J =
7.5 Hz, 2 H), 7.14 (dd, J = 10.0, 2.5 Hz, 2 H), 6.80 (d, J = 13.0 Hz,
1 H) ppm. 13C NMR (125 MHz, CD3OD): δ = 169.1, 165.0, 139.6,
138.6, 133.7, 133.3, 123.7, 119.0 ppm. IR (KBr): ν̃ = 3303, 1693,
1665, 1594, 1530, 1489, 1397, 1334, 989, 822 cm–1. HRMS (ESI,
negative) calcd. for C10H7BrNO3 [(M – H)–] 267.9615; found
267.9612.
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Fumaric Acid Mono-N-(4-chlorophenyl)amide (13): Monoethyl fum-
arate (1.00 g, 6.94 mmol) was treated by the same procedure as
used for the synthesis of 11, to give fumaric acid mono-N-(4-chlo-
rophenyl) amide (13, 1.37 g, 87%) as a white solid. 1H NMR
(300 MHz, CD3OD): δ = 7.66 (d, J = 9.3 Hz, 2 H), 7.33 (d, J =
9.3 Hz, 2 H), 7.15 (d, J = 15.6 Hz, 1 H), 6.80 (d, J = 15.6 Hz, 1
H) ppm. 13C NMR (150 MHz, CD3OD): δ = 169.0, 164.9, 139.1,
138.6, 133.2, 131.4, 130.7, 123.3 ppm. IR (KBr): ν̃ = 3304, 1663,
1645, 1531, 989, 824, 688 cm–1. HRMS (ESI, negative) calcd. for
C10H7ClNO3 [(M – H)–] 224.0120; found 224.0121.

Fumaric Acid Mono-N-(4-methoxyphenyl)amide (14): Monoethyl
fumarate (480 mg, 3.33 mmol) was treated by the same procedure
as used for the synthesis of 11, to give fumaric acid mono-N-(4-
methoxyphenyl) amide (14, 732 mg, 100%) as a white solid. 1H
NMR (500 MHz, CD3OD): δ = 7.56 (d, J = 9.0 Hz, 1 H), 7.15 (d,
J = 15.5 Hz, 1 H), 6.90 (d, J = 9.0 Hz, 1 H), 6.77 (d, J = 15.5 Hz,
1 H), 3.78 (s, 3 H) ppm. 13C NMR (125 MHz, CD3OD): δ = 169.3,
164.6, 159.2, 139.0, 133.2, 132.6, 123.7, 115.6, 56.7 ppm. IR (KBr):
ν̃ = 3292, 1658, 1644, 1513, 1246, 1031, 830 cm–1. HRMS (ESI,
negative) calcd. for C11H10NO4 [(M – H)–] 220.0615; found
220.0614.

Fumaric Acid Mono-N-(4-nitrophenyl)amide (15): Monoethyl fum-
arate (1.00 g, 6.94 mmol) was treated by the same procedure as
used for the synthesis of 11, to give fumaric acid mono-N-(4-ni-
trophenyl) amide (15, 1.63 g, 100%) as a yellow solid. 1H NMR
(600 MHz, CD3OD): δ = 8.24 (dd, J = 8.4 Hz, 2 H), 7.91 (dd, J =
8.4 Hz, 2 H), 7.16 (d, J = 15.6 Hz, 1 H), 6.86 (d, J = 15.6 Hz, 1
H) ppm. 13C NMR (150 MHz, CD3OD): δ = 169.0, 165.3, 146.4,
145.8, 138.0, 134.3, 126.6, 121.5 ppm. IR (KBr): ν̃ = 3368, 3334,
1691, 1613, 1557, 1496, 1329, 1254, 1161, 1113, 976, 852 cm–1.
HRMS (ESI, negative) calcd. for C10H7N2O5 [(M – H)–] 235.0360;
found 235.0360.

Tandem UDA Reaction Product 16: 2-Furfural (0.0199 mL,
0.24 mmol), benzylamine (0.026 mL, 0.24 mmol), 4-bromophenyl
isocyanide (7, 43.7 mg, 0.24 mmol), and fumaric acid mono-N-ben-
zylamide (11, 55.9 mg, 0.24 mmol) were mixed and stirred in
MeOH (1.5 mL) at room temp. for 48 h. After concentration in
vacuo, the mixture was purified by column chromatography on sil-
ica gel (2.5 g, hexane/EtOAc 1:2) to give the tandem UDA reaction
product 16 (51.5 mg, 45%) as a yellow solid. 1H NMR (300 MHz,
CDCl3): δ = 7.42 (d, J = 8.7 Hz, 2 H), 7.34–7.17 (m, 12 H), 6.51
(dd, J = 5.9, 1.5 Hz, 1 H), 6.39 (d, J = 6.0 Hz, 1 H), 6.14 (br. t, 1
H), 5.20 (d, J = 4.8 Hz, 1 H), 4.85 (d, J = 15.3 Hz, 1 H), 4.42 (dd,
J = 15.0, 5.4 Hz, 1 H), 4.30 (dd, J = 15.0, 5.4 Hz, 1 H), 4.27 (d, J
= 15.3 Hz, 1 H), 4.22 (s, 1 H), 3.33 (t, J = 4.5 Hz, 1 H), 2.92 (d, J
= 3.9 Hz, 1 H) ppm. 13C NMR (125 MHz, CDCl3): δ = 174.9,
169.9, 165.3, 137.8, 136.7, 136.3, 134.7, 131.7 (2 C), 128.6, 128.4,
128.1, 127.8, 127.7, 127.5, 127.2, 121.4, 91.8, 80.6, 63.1, 52.2, 48.0,
45.7, 43.5 ppm. IR (film): ν̃ = 3254, 1695, 1662, 1490, 1276,
702 cm–1. HRMS (ESI, positive) calcd. for C30H27BrN3O4 [M +
H]+ 572.1185; found 572.1179.

Tandem UDA Reaction Product 17: 2-Furfural (0.0167 mL,
0.20 mmol) was treated by the same procedure as used for the syn-
thesis of 16, to give the tandem UDA reaction product 17 (101 mg,
88%) as a yellow solid. 1H NMR (300 MHz, CDCl3): δ = 8.01 (br.
s, 1 H), 7.40–7.13, (m, 14 H), 6.51 (dd, J = 5.7, 1.8 Hz, 1 H), 6.30
(d, J = 5.7 Hz, 1 H), 6.09 (br. t, J = 6.0 Hz, 1 H), 5.19 (dd, J =
4.4, 1.5 Hz, 1 H), 4.97 (d, J = 15.0 Hz, 1 H), 4.43 (dd, J = 9.3,
5.7 Hz, 1 H), 4.33 (dd, J = 9.3, 5.7 Hz, 1 H), 4.09 (s, 1 H), 4.04 (d,
J = 15.0 Hz, 1 H), 3.43 (t, J = 4.5 Hz, 1 H), 2.97 (d, J = 4.5 Hz, 1
H) ppm. 13C NMR (125 MHz, CDCl3): δ = 174.7, 167.9, 166.6,
137.1, 136.8, 135.6, 134.7, 132.8, 131.7, 128.9, 128.8, 128.0, 127.9,
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127.8, 127.7, 121.4, 116.8, 91.9, 80.7, 63.3, 52.2, 49.0, 45.9,
43.8 ppm. IR (film): ν̃ = 3258, 3114, 2871, 1669, 1587, 1486, 1395,
821 cm–1. HRMS (ESI, positive) calcd. for C30H27BrN3O4 [M +
H]+ 572.1185; found 572.1179.

Tandem UDA Reaction Product 18: 2-Furfural (0.0199 mL,
0.24 mmol) was treated by the same procedure as used for the syn-
thesis of 16, to give the tandem UDA reaction product 18 (40.6 mg,
32%) as a yellow solid. 1H NMR (300 MHz, CDCl3): δ = 7.45 (br.
s, 1 H), 7.36–7.19 (m, 14 H), 6.53 (dd, J = 11.4, 1.5 Hz, 1 H), 6.41
(d, J = 6.0 Hz, 1 H), 6.15 (br. t, 1 H), 5.22 (dd, J = 4.8, 1.8 Hz, 1
H), 4.87 (d, J = 15.0 Hz, 1 H), 4.44 (dd, J = 14.7, 5.7 Hz, 1 H),
4.32 (dd, J = 14.7, 5.7 Hz, 1 H), 4.29 (d, J = 15.0 Hz, 1 H), 4.24
(s, 1 H), 3.34 (t, J = 3.0 Hz, 1 H), 2.94 (d, J = 3.9 Hz, 1 H) ppm.
13C NMR (125 MHz, CDCl3): δ = 174.9, 169.9, 165.4, 137.8, 131.7,
129.8, 129.6, 128.4, 127.6, 127.4, 127.1, 125.8, 121.0, 91.8, 80.6,
63.0, 52.1, 47.9, 45.7, 43.5 ppm. IR (film): ν̃ = 3064, 3030, 2924,
1684, 1494, 700 cm–1. HRMS (ESI, positive) calcd. for
C30H27ClN3O4 [M + H]+ 528.1690; found 528.1696.

Tandem UDA Reaction Product 19: 2-Furfural (0.0199 mL,
0.24 mmol) was treated by the same procedure as used for the syn-
thesis of 16, to give the tandem UDA reaction product 19 (79.5 mg,
63%) as a yellow solid. 1H NMR (300 MHz, CDCl3): δ = 8.28 (br.
s, 1 H), 7.40–7.11 (m, 14 H), 6.43 (d, J = 5.7 Hz, 1 H), 6.30 (d, J
= 5.7 Hz, 1 H), 6.28 (br. t, J = 6.0 Hz, 1 H), 5.14 (dd, J = 4.0,
1.8 Hz, 1 H), 4.95 (d, J = 15.6 Hz, 1 H), 4.42 (dd, J = 14.6, 5.7 Hz,
1 H), 4.35 (dd, J = 14.6, 5.7 Hz, 1 H), 4.12 (s, 1 H), 4.01 (d, J =
15.6 Hz, 1 H), 3.42 (t, J = 4.5 Hz, 1 H), 3.02 (d, J = 4.2 Hz, 1
H) ppm. 13C NMR (125 MHz, CDCl3): δ = 174.7, 168.1, 166.5,
137.1 136.4, 134.7, 132.4, 129.2, 128.9 (2 C), 128.8, 128.0, 127.8,
121.1, 111.9, 91.8, 80.7, 63.3, 52.6, 49.2, 46.0, 43.9 ppm. IR (film):
ν̃ = 3088, 3063, 3031, 2924, 1669, 1418, 1399, 1241, 699 cm–1.
HRMS (ESI, positive) calcd. for C30H26ClN3O4 [M + H]+

528.1685; found 528.1699.

Tandem UDA Reaction Product 20: 2-Furfural (0.0167 mL,
0.20 mmol) was treated by the same procedure as used for the syn-
thesis of 16, to give the tandem UDA reaction product 20 (43.0 mg,
40%) as a yellow solid. 1H NMR (300 MHz, CDCl3): δ = 8.06 (br.
s, 1 H), 7.34–7.16 (m, 12 H), 6.81 (d, J = 5.4 Hz, 2 H), 6.39 (t, J
= 4.0 Hz, 1 H), 6.37 (br. t, 1 H), 6.34 (d, J = 3.6 Hz, 1 H), 5.13 (d,
J = 2.1 Hz, 1 H), 4.93 (d, J = 9.6 Hz, 1 H), 4.36 (dd, J = 9.0,
3.6 Hz, 1 H), 4.24 (s, 1 H), 4.22 (dd, J = 9.0, 3.9 Hz, 1 H), 4.10 (d,
J = 9.6 Hz, 1 H), 3.77 (s, 3 H), 3.27 (t, J = 2.7 Hz, 1 H), 2.95 (d,
J = 2.4 Hz, 1 H) ppm. 13C NMR (125 MHz, CDCl3): δ = 174.5,
169.6, 164.7, 157.1, 137.8, 136.4, 135.0, 132.7, 129.6, 129.0, 128.7,
128.1 (2�), 127.7, 127.6, 121.9, 114.2, 91.7, 80.6, 64.1, 55.5, 52.4,
48.5, 46.3, 43.7 ppm. IR (film): ν̃ = 3083, 3030, 2931, 1653, 1511,
1243, 700 cm–1. HRMS (ESI, positive) calcd. for C31H30N3O5 [M
+ H]+ 524.2180; found 524.2190.

Tandem UDA Reaction Product 21: 2-Furfural (0.0199 mL,
0.24 mmol) was treated by the same procedure as used for the syn-
thesis of 16, to give the tandem UDA reaction product 21 (44.1 mg,
35%) as a yellow solid. 1H NMR (300 MHz, CDCl3): δ = 8.08 (br.
s, 1 H), 7.33–7.10 (m, 12 H), 6.77 (d, J = 9.0 Hz, 2 H), 6.60 (br. s,
1 H), 6.42 (dd, J = 3.2, 1.5 Hz, 1 H), 6.27 (d, J = 6.0 Hz, 1 H),
5.12 (dd, J = 2.7, 1.5 Hz, 1 H), 4.90 (d, J = 15.9 Hz, 1 H), 4.39
(dd, J = 15.0, 6.3 Hz, 1 H), 4.32 (dd, J = 15.0, 6.3 Hz, 1 H), 4.13
(s, 1 H), 3.98 (d, J = 15.9 Hz, 1 H), 3.74 (s, 3 H), 3.38 (t, J =
4.2 Hz, 1 H), 3.01 (d, J = 4.2 Hz, 1 H) ppm. 13C NMR (125 MHz,
CDCl3): δ = 174.7, 168.0, 166.6, 156.4, 137.2, 136.6, 134.8, 132.3,
130.8, 128.9 (2 C), 128.0 (3 C), 127.9, 121.8, 114.0, 91.7, 80.7, 63.3,
55.4, 52.8, 49.2, 46.0, 43.9 ppm. IR (film): ν̃ = 3063, 3031, 2928,
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1684, 1511, 1243, 749, 699 cm–1. HRMS (ESI, positive) calcd. for
C31H30N3O5 [M + H]+ 524.2180; found 524.2199.

Tandem UDA Reaction Product 22: 2-Furfural (0.0199 mL,
0.24 mmol) was treated by the same procedure as used for the syn-
thesis of 16, to give the tandem UDA reaction product 22 (127 mg,
93%) as a yellow solid. 1H NMR (300 MHz, CDCl3): δ = 9.29 (br.
s, 1 H), 8.12 (d, J = 8.1 Hz, 2 H), 7.64 (d, J = 8.1 Hz, 2 H), 7.37–
7.12 (m, 10 H), 6.45 (dd, J = 6.0, 1.5 Hz, 1 H), 6.30 (d, J = 6.0 Hz,
1 H), 6.29 (br. t, 1 H), 5.18 (dd, J = 4.4, 1.2 Hz, 1 H), 5.00 (d, J =
15.3 Hz, 1 H), 4.44 (dd, J = 14.4, 5.7 Hz, 1 H), 4.37 (dd, J = 14.4,
5.7 Hz, 1 H), 4.13 (s, 1 H), 4.04 (d, J = 15.3 Hz, 1 H), 3.50 (t, J =
4.2 Hz, 1 H), 3.08 (d, J = 4.2 Hz, 1 H) ppm. 13C NMR (125 MHz,
CDCl3): δ = 174.8, 166.7, 166.6, 144.2, 143.0, 137.4, 135.7, 134.5,
132.5, 132.2, 128.5, 127.7, 127.6, 127.4, 124.6, 119.0, 92.1, 80.6,
62.6, 52.0, 52.0, 45.7, 43.5 ppm. IR (film): ν̃ = 3088, 3064, 2927,
1684, 1506, 1335, 1172, 699 cm–1. HRMS (ESI, positive) calcd. for
C30H27N4O6 [M + H]+ 539.1925; found 539.1941.

Tandem UDA Reaction Product 23: 2-Furfural (0.0199 mL,
0.24 mmol) was treated by the same procedure as used for the syn-
thesis of 16, to give the tandem UDA reaction product 23 (105 mg,
87%) as a yellow solid. 1H NMR (300 MHz, CDCl3): δ = 7.34–
7.13 (m, 15 H), 6.50 (d, J = 5.7 Hz, 1 H), 6.30 (d, J = 6.3 Hz, 1
H), 6.11 (br. t, 1 H), 5.95 (br. t, 1 H), 5.17 (dd, J = 8.4, 1.8 Hz, 1
H), 4.93 (d, J = 15.3 Hz, 1 H), 4.64–4.28 (m, 4 H), 4.05 (d, J =
15.3 Hz, 1 H), 3.31 (t, J = 4.2 Hz, 1 H), 2.86 (d, J = 4.8 Hz, 1
H) ppm. 13C NMR (125 MHz, CDCl3): δ = 174.9, 169.8, 166.8,
137.8, 137.4, 136.1, 134.6, 131.9, 128.5, 128.5, 128.3, 127.7, 127.6,
127.6, 127.4 (2 C), 127.1, 91.7, 80.5, 62.6, 51.9, 47.8, 45.6, 43.4,
43.3 ppm. IR (film): ν̃ = 3088, 3064, 2925, 1653, 1243, 943,
699 cm–1. HRMS (ESI, positive) calcd. for C31H30N3O4 [M + H]+

508.2231; found 508.2238.

B-Type N-Monoallylamide 24: CsOH (5.9 mg, 0.078 mmol) was
added at 0 °C to a stirred solution of the tandem UDA reaction
product 17 (22.5 mg, 0.039 mmol) and allyl bromide (3.5 µL,
0.078 mmol) in THF (1.0 mL). After the mixture had been stirred
for 16 h, saturated aqueous NH4Cl (5 mL) was added, and the mix-
ture was extracted with EtOAc (10 mL). The extract was dried with
Na2SO4 and concentrated in vacuo, and the residue was purified
by column chromatography on silica gel (1.0 g, hexane/EtOAc 2:1)
to give the N-monoallylamide 24 (19.3 mg, 79%) as a colorless so-
lid. The structure of 24 was determined by 1H NMR analysis (see
text). 1H NMR (300 MHz, CDCl3): δ = 7.60 (d, J = 7.6 Hz, 2 H),
7.34–7.08 (m, 12 H), 6.41 (d, J = 5.7 Hz, 1 H), 6.20 (dd, J = 5.7,
1.5 Hz, 1 H), 6.04 (br. t, J = 5.7 Hz, 1 H), 5.77 (ddd, J = 17.4,
10.2, 7.2 Hz, 1 H), 5.12 (d, J = 10.2 Hz, 1 H), 5.03 (d, J = 17.1 Hz,
1 H), 4.80 (d, J = 14.7 Hz, 1 H), 4.54 (dd, J = 4.4, 1.2 Hz, 1 H),
4.35 (t, J = 4.5 Hz, 2 H), 4.19 (t, J = 6.6 Hz, 2 H), 4.05 (d, J =
14.7 Hz, 1 H), 4.03 (s, 1 H), 3.30 (t, J = 3.6 Hz, 1 H), 3.25 (d, J =
3.3 Hz, 1 H) ppm. 13C NMR (125 MHz, CDCl3): δ = 174.2, 168.0,
166.5, 140.4, 137.1, 135.0, 134.3, 133.5, 133.2, 132.2, 128.9 (2 C),
128.1, 127.9, 127.8, 122.5, 118.8, 92.2, 80.5, 63.3, 53.0, 51.5, 46.2,
45.8, 43.8 ppm. IR (film): ν̃ = 3064, 3030, 2925, 1694, 1661, 1407,
1220, 729 cm–1. HRMS (ESI) calcd. for C33H31BrN3O4 [M + H]+

612.1498; found 612.1492.

C-Type N-Monoallylamide 25: Compound 16 (15.6 mg,
0.027 mmol) was treated by the same procedure as used for the
synthesis of 24, to give the N-monoallylamide 25 (14.5 mg, 86%)
as a colorless solid. 1H NMR (300 MHz, CDCl3): δ = 7.34–7.22
(m, 10 H), 7.07 (m, 2 H), 6.59 (m, 2 H), 6.59 (dd, J = 4.2, 1.5 Hz,
1 H), 6.40 (d, J = 6.0 Hz, 1 H), 6.23 (br. t, 1 H), 5.7 (ddd, J = 16.8,
9.9, 6.6 Hz, 1 H), 5.14 (dd, J = 3.6, 1.8 Hz, 1 H), 5.14 (d, J =
9.6 Hz, 1 H), 5.05 (d, J = 17.1 Hz, 1 H), 4.77 (d, J = 15.3 Hz, 1
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H), 4.42 (dd, J = 14.6, 5.7 Hz, 1 H), 4.30 (dd, J = 14.6, 5.7 Hz, 1
H), 4.29 (d, J = 15.3 Hz, 1 H), 4.15 (s, 1 H), 4.01 (ddd, J = 17.4,
10.8, 6.9 Hz, 1 H), 3.26 (t, J = 4.8 Hz, 1 H), 2.91 (d, J = 5.1 Hz, 1
H) ppm. 13C NMR (125 MHz, CDCl3): δ = 174.5, 170.1, 166.5,
139.0, 137.8, 136.9, 134.9, 132.9, 132.0, 131.5, 129.4, 91.2, 80.5,
59.6, 53.3, 52.7, 48.5, 45.9, 43.6 ppm. IR (film): ν̃ = 3088, 3064,
3031, 2926, 1669, 1418, 1222, 701 cm–1. HRMS (ESI, positive)
calcd. for C33H31BrN3O4 [M + H]+ 612.1498; found 612.1492.

C-Type N-Monoallylamide 26: Compound 18 (12.7 mg,
0.024 mmol) was treated by the same procedure as used for the
synthesis of 24, to give the N-monoallylamide 26 (6.9 mg, 51%) as
a colorless solid. Unreacted 18 (1.4 mg, 11%) was also recovered.
1H NMR (300 MHz, CDCl3): δ = 7.33–7.07 (m, 14 H), 6.58 (d, J
= 5.4 Hz, 1 H), 6.40 (d, J = 6.0 Hz, 1 H), 6.27 (m, 1 H), 5.72 (m,
1 H), 5.15 (d, J = 10.5 Hz, 1 H), 5.05 (d, J = 17.1 Hz, 1 H), 4.78
(d, J = 15.3 Hz, 1 H), 4.42 (dd, J = 15.2, 6.0 Hz, 1 H), 4.29 (dd, J
= 15.2, 6.0 Hz, 1 H), 4.26 (t, J = 4.2 Hz, 1 H), 4.14 (s, 1 H), 4.09
(d, J = 15.3 Hz, 1 H), 3.26 (t, J = 4.8 Hz, 1 H), 2.91 (d, J = 4.8 Hz,
1 H) ppm. IR (film): ν̃ = 3086, 3064, 2921, 1671, 1491, 1424, 1247,
701 cm–1. HRMS (ESI, positive) calcd. for C33H31ClN3O4 [M +
H]+ 568.1998; found 568.2003.

B-Type N-Monoallylamide 27: Compound 19 (24.0 mg,
0.045 mmol) was treated by the same procedure as used for the
synthesis of 24, to give the N-monoallylamide 27 (12.9 mg, 50%)
as a colorless solid. Unreacted 19 (6.2 mg, 26%) was also reco-
vered. 1H NMR (300 MHz, CDCl3): δ = 7.46–7.07 (m, 14 H), 6.40
(d, J = 6.0 Hz, 1 H), 6.19 (d, J = 6.0 Hz, 1 H), 6.12 (br. t, J =
5.4 Hz, 1 H), 5.77 (m, 1 H), 5.11 (d, J = 10.2 Hz, 1 H), 5.03 (d, J
= 17.1 Hz, 1 H), 4.80 (d, J = 15.3 Hz, 1 H), 4.53 (d, J = 4.2 Hz, 1
H), 4.38 (dd, J = 14.6, 6.0 Hz, 1 H), 4.31 (dd, J = 14.6, 6.0 Hz, 1
H), 4.18 (t, J = 5.4 Hz, 2 H), 4.03 (s, 1 H), 4.02 (d, J = 15.3 Hz, 1
H), 3.30 (t, J = 3.6 Hz, 1 H), 3.26 (d, J = 3.6 Hz, 1 H) ppm. IR
(film): ν̃ = 3031, 2926, 1671, 1413, 1220, 713 cm–1. HRMS (ESI,
positive) calcd. for C33H31ClN3O4 [M + H]+ 568.1998; found
568.2016.

C-Type N-Monoallylamide 28: Compound 20 (15.2 mg,
0.030 mmol) was treated by the same procedure as used for the
synthesis of 24, to give the N-monoallylamide 28 (7.6 mg, 45%) as
a colorless solid. Its 1H NMR spectrum indicated that 28 was ob-
tained as a mixture of two diastereomeric isomers (3:1) at the N-
allyl-N-arylamide moiety. Unreacted 20 (4.2 mg, 25%) was also re-
covered. 1H NMR (600 MHz, CDCl3, for the major isomer): δ =
7.34–6.81 (m, 14 H), 6.57 (dd, J = 5.7, 1.6 Hz, 1 H), 6.43 (d, J =
5.7 Hz, 1 H), 6.39 (dd, J = 5.9, 5.9 Hz, 1 H), 5.74 (m, 1 H), 5.16–
5.12 (m, 2 H), 5.05 (dd, J = 17.2, 1.2 Hz, 1 H), 4.77 (d, J = 15.4 Hz,
1 H), 4.41 (dd, J = 14.5, 5.9 Hz, 1 H), 4.31–4.25 (m, 2 H), 4.20 (s,
1 H), 4.10–4.06 (m, 2 H), 3.71 (s, 3 H), 3.26 (dd, J = 4.6, 4.6 Hz,
1 H), 2.93 (d, J = 4.6 Hz, 1 H) ppm. 13C NMR (150 MHz, CDCl3,
for the major isomer): δ = 174.5, 170.2, 166.9, 159.2, 137.8, 136.7,
135.1, 132.6, 132.5, 131.9, 128.9, 128.6, 128.6, 128.1, 127.9, 127.6,
127.4, 119.3, 114.1, 91.3, 80.3, 59.6, 55.3, 53.3, 52.9, 48.6, 45.9,
43.5 ppm. IR (KBr): ν̃ = 3309, 1689, 1606, 1511, 1441, 1332, 1298,
1247, 1172, 1031, 731, 702 cm–1. HRMS (ESI, positive) calcd. for
C34H34N7O [M + H]+ 564.2493; found 564.2489.

G-Type N,N�-Diallylamide 29: Compound 21 (14.2 mg,
0.027 mmol) was treated by the same procedure as used for the
synthesis of 24, to give the N,N�-diallylamide 29 (13.1 mg, 82%) as
a yellow amorphous solid. Its 1H NMR spectrum indicated that 29
was obtained as a mixture of two diastereomeric isomers (1:1) at
the N-allyl-N-benzylamide moiety: 1H NMR (300 MHz, CDCl3): δ
= 7.39–6.79 (m, 14 H), 6.54–6.08 (m, 3 H), 5.83–5.74 (m, 2 H),
5.24–4.77 (m, 4 H), 4.50–4.02 (m, 8 H), 4.83 and 4.76 (s, 3 H total),
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3.90–2.93 (m, 3 H) ppm. 13C NMR (150 MHz, CDCl3, for both
isomers): δ = 174.6, 174.2, 168.3, 167.5, 167.0, 166.7, 159.1, 155.4,
138.0, 137.6, 135.4, 135.2, 134.8, 134.1, 133.7, 133.7, 133.3, 133.1,
132.5, 132.2, 132.0, 130.7, 128.7, 128.4, 128.4, 128.4, 128.3, 128.1,
128.0, 127.9, 127.7, 127.6, 127.4, 127.3, 127.2, 127.1, 121.3, 121.2,
118.1, 114.8, 113.4, 113.4, 92.0, 91.8, 81.0, 80.2, 63.3, 63.0, 55.3,
55.2, 53.0, 52.9, 51.2, 50.7, 48.4, 48.0, 45.9, 45.9, 45.8, 45.2, 43.3,
43.2 ppm. IR (film): ν̃ = 2960, 1684, 1511, 1244, 1029, 701 cm–1.
HRMS (ESI, positive) calcd. for C37H38N3O5 [M + H]+ 604.2806;
found 604.2803.

C-Type N-Monoallylamide 30: Compound 23 (15.6 mg,
0.031 mmol) was treated by the same procedure as used for the
synthesis of 24, to give the N-monoallylamide 30 (5.4 mg, 34%) as
a colorless amorphous solid. 1H NMR spectrum indicated that 30
was obtained as a mixture of two diastereomeric isomers (2:1) at
the N-allyl-N-benzylamide moiety. The structure was determined
by NOESY analysis (see text). Unreacted 23 (8.9 mg, 57%) was
also recovered. 1H NMR (600 MHz, CDCl3, for the major isomer):
δ = 7.36–6.85 (m, 15 H), 6.54–6.51 (m, 2 H), 6.09 (d, J = 5.9 Hz,
1 H), 5.36 (m, 1 H), 5.19–5.13 (m, 1 H), 5.09 (d, J = 14.4 Hz, 1
H), 4.97 (d, J = 10.4 Hz, 1 H), 4.91 (d, J = 17.0 Hz, 1 H), 4.45 (s,
1 H), 4.41 (m, 1 H), 4.30 (dd, J = 14.7, 5.4 Hz, 1 H), 4.06 (d, J =
14.4 Hz, 1 H), 3.85 (d, J = 15.4 Hz, 1 H), 3.70 (br. d, J = 17.7 Hz,
1 H), 3.51 (dd, J = 17.7, 5.0 Hz, 1 H), 3.33 (dd, J = 8.4, 4.3 Hz, 1
H), 2.85 (d, J = 4.3 Hz, 1 H) ppm. 13C NMR (150 MHz, CDCl3,
for the major isomer): δ = 174.1, 170.1, 166.9, 137.8, 137.2, 136.6,
135.0, 131.8, 130.9, 128.9, 128.8, 128.7, 128.6, 128.0, 127.9, 127.7,
127.6, 127.4, 117.6, 91.1, 80.3, 59.5, 53.2, 49.2, 48.4, 48.3, 45.5,
43.5 ppm. IR (film): ν̃ = 3064, 3030, 2921, 1662, 1452, 1220,
701 cm–1. HRMS (ESI, positive) calcd. for C34H34N3O4 [M + H]+

548.2544; found 548.2568.

E-Type Heterotricycle 31: Styrene (43 µL, 0.38 mmol) and the sec-
ond-generation Grubbs catalyst (3, 3.4 mg, 3.8 µmol) were added
at room temp. to a stirred solution of the N-monoallylamide 24
(23.2 mg, 37.8 µmol) in CH2Cl2 (15 mL). After stirring for 12 h,
the mixture was concentrated in vacuo and purified by column
chromatography on silica gel (1.0 g, hexane/EtOAc 65:35) to give
the heterotricycle 31 (E isomer only, 22.0 mg, 81%) as a brown
solid. 1H NMR (300 MHz, CDCl3): δ = 7.34–6.97 (m, 12 H), 6.91
(d, J = 14.5 Hz, 2 H), 6.60 (d, J = 15.6 Hz, 1 H), 6.22 (d, J =
15.6 Hz, 1 H), 6.18 (m, 1 H), 6.08 (d, J = 11.1 Hz, 1 H), 5.67 (br.
t, J = 5.4 Hz, 1 H), 5.25 (d, J = 15.0 Hz, 1 H), 5.25 (d, J = 15.0 Hz,
1 H), 4.76 (dd, J = 4.5, 2.4 Hz, 1 H), 4.46 (dd, J = 10.5, 5.4 Hz, 1
H), 4.36 (dd, J = 8.4, 6.0 Hz, 1 H), 4.26 (dd, J = 8.4, 6.0 Hz, 1 H),
4.02 (d, J = 6.6 Hz, 1 H), 3.75 (s, 1 H), 3.63 (q, J = 8.4 Hz, 1
H) ppm. 13C NMR (125 MHz, CDCl3): δ = 174.3, 167.6, 167.3,
142.1, 136.8, 136.4, 135.3, 132.3, 132.0, 130.8, 128.9, 128.7, 128.5,
128.4, 128.0, 127.9, 127.7 (2 C), 127.6, 127.4 (2 C), 126.8, 119.9,
85.1, 77.1, 71.8, 54.9, 50.5, 46.4, 45.8, 44.0 ppm. IR (film): ν̃ =
3080, 3053, 3029, 1669, 1419, 1239, 1010, 746, 699 cm–1. HRMS
(FAB) calcd. for C39H35O4N3Br [M + H]+ 688.1811; found
688.1818.

E-Type Heterotricycle 33: The N-monoallylamide 24 (8.4 mg,
0.015 mmol) was treated by the same procedure as used for the
synthesis of 31, except for the reaction time (3 h), to give the hetero-
tricycle 33 (E/Z 3:2, 8.0 mg, 81%) as a brown solid. 1H NMR
(300 MHz, CDCl3): δ = 7.43 (d, J = 8.7 Hz, 5 H), 7.32–7.11 (m, 15
H), 6.99 (d, J = 8.7 Hz, 5 H), 6.20 (m, 2.5 H), 6.02 (br. s, 1.5 H),
5.98 (br. s, 1 H), 5.81 (br. t, J = 5.7 Hz, 1.5 H), 5.71 (br. t, J =
5.7 Hz, 1 H), 5.66–5.43 (m, 4 H), 5.19 (m, 4 H), 4.66 (dd, J = 6.8,
2.4 Hz, 1.5 H), 4.59 (dd, J = 6.8, 2.4 Hz, 1 H), 4.50–4.26 (m, 4.5
H), 4.10 (d, J = 5.7 Hz, 2.5 H), 3.98 (d, J = 6.0 Hz, 1 H), 3.85 (s,
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1 H), 3.77 (d, J = 14.4 Hz, 1.5 H), 3.75 (d, J = 14.4 Hz, 1 H), 3.67
(s, 1.5 H), 3.62 (m, 2.5 H), 3.18 (t, J = 6.9 Hz, 2.5 H), 2.26 (quint,
J = 7.2 Hz, 1 H), 2.12 (quint, J = 7.2 Hz, 1 H), 1.98–1.89 (m, 2.5
H), 1.72–1.64 (m, 5.5 H) ppm. 13C NMR (125 MHz, CDCl3): δ =
174.4, 174.3, 168.0, 167.6, 167.3, 167.2, 142.1, 142.0, 137.4, 137.3,
135.4, 135.3, 132.3, 132.2, 132.1 (2 C), 131.9, 130.3, 129.1, 128.9 (2
C), 128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 128.1, 128.0, 127.9,
127.6, 127.5, 127.4, 127.3, 120.9, 120.0, 85.3, 84.7, 72.0, 71.7, 56.3,
54.5, 50.6 (2 C), 46.4 (2 C), 45.9, 45.8, 43.9 (2 C), 34.1, 33.1 (2 C),
32.2, 31.9 (2 C), 30.2, 27.3 ppm. IR (film): ν̃ = 3305, 3009, 2925,
1694, 1682, 1489, 1424, 1240, 1010, 754 cm–1. HRMS (ESI, posi-
tive) calcd. for C35H34Br2N3O4 [M + H]+ 718.0911; found
718.0901.

E-Type Heterotricycle 34: The N-monoallylamide 24 (13.7 mg,
0.0225 mmol) was treated by the same procedure as used for the
synthesis of 31, except for the reaction time (3 h), to give the hetero-
tricycle 34 (E/Z 2:1, 13.9 mg, 82%) as a brown solid. 1H NMR
(300 MHz, CDCl3): δ = 7.43 (d, J = 9.0 Hz, 6 H), 7.34–7.11 (m, 30
H), 7.00 (d, J = 9.0 Hz, 6 H), 6.20 (m, 3 H), 6.04 (br. s, 2 H), 6.01
(br. s, 1 H), 5.82–5.62 (m, 3 H), 5.49 (d, J = 15.6 Hz, 3 H), 5.62–
5.29 (m, 3 H), 4.71 (dd, J = 6.8, 2.4 Hz, 2 H), 4.59 (dd, J = 6.8,
2.4 Hz, 1 H), 4.47 (m, 3 H), 4.38 (t, J = 6.3 Hz, 3 H), 4.08 (br. s,
2 H), 3.98 (d, J = 6.3 Hz, 3 H), 3.77 (d, J = 14.7 Hz, 3 H), 3.76 (d,
J = 14.7 Hz, 1 H), 3.68 (s, 1 H), 3.65 (quint, J = 8.1 Hz, 3 H), 3.12
(m, 2 H), 2.73 (quint, J = 7.2 Hz, 1 H), 2.58 (quint, J = 7.2 Hz, 1
H), 2.42–2.19 (m, 2 H) ppm. 13C NMR (125 MHz, CDCl3): δ =
174.4 (2 C), 168.0, 167.6, 167.3, 167.2, 142.1, 142.0, 137.3, 135.3,
132.1 (2 C), 131.9, 131.8, 129.1, 129.0, 128.9 (2 C), 128.7, 128.6,
128.5, 128.4, 128.3, 128.1, 128.0, 127.9, 127.6, 127.5, 127.4, 127.3
(2 C), 127.1, 120.1 (2 C), 85.3, 84.7, 72.0, 71.7, 56.3, 54.5, 53.4,
50.2, 46.4, 45.8, 43.9, 34.1, 33.1, 32.8, 32.5, 32.2, 31.9, 31.6, 31.3,
30.3, 30.2, 27.3 ppm. IR (film): ν̃ = 3069, 3036, 2927, 1683, 1423,
1233, 1010, 730, 700 cm–1. HRMS (ESI, positive) calcd. for
C36H36Br2N3O4 [M + H]+ 732.1067; found 732.1063.

F-Type Heterotricycle 35: The N-monoallylamide 25 (7.8 mg,
0.013 mmol) was treated by the same procedure as used for the
synthesis of 31, except for the reaction time (3 h), to give the hetero-
tricycle 35 (E/Z �20:1, 5.0 mg, 65%) as a brown solid. 1H NMR
(300 MHz, CDCl3): δ = 7.34–6.98 (m, 19 H), 6.11 (m, 1 H), 5.82
(br. t, J = 5.8 Hz, 1 H), 5.79 (m, 1 H), 5.46 (d, J = 15.0 Hz, 1 H),
5.27 (d, J = 14.1 Hz, 1 H), 5.17 (d, J = 10.5 Hz, 2 H), 4.47 (t, J =
7.5 Hz, 1 H), 4.34 (d, J = 5.1 Hz, 2 H), 4.10 (s, 1 H), 3.89 (d, J =
14.1 Hz, 1 H), 3.60 (s, 1 H), 3.32 (d, J = 6.9 Hz, 1 H) ppm. 13C
NMR (125 MHz, CDCl3): δ = 174.6, 171.1, 167.0, 139.8, 137.7,
136.8, 135.3, 134.2, 132.9, 132.4, 131.7, 128.9, 128.7, 128.6, 128.5,
128.0, 66.9, 55.9, 53.6, 52.9, 45.6, 43.7 ppm. IR (film): ν̃ = 3029,
2925, 1669, 1488, 1248, 1011, 700 cm–1. HRMS (ESI, positive)
calcd. for C39H35BrN3O4 [M + H]+ 688.1811; found 688.1805.

F-Type Heterotricycle 36: The N-monoallylamide 25 (16.6 mg,
0.0272 mmol) was treated by the same procedure as used for the
synthesis of 31, except for the reaction time (3 h), to give the hetero-
tricycle 36 (E/Z 1:1, 5.9 mg, 30%) as a brown solid. 1H NMR
(300 MHz, CDCl3): δ = 7.40 (d, J = 9.0 Hz, 2 H), 7.32–7.15 (m, 12
H), 6.02–5.85 (m, 2 H), 5.69 (d, J = 9.6 Hz, 0.5 H), 5.68 (d, J =
17.1 Hz, 0.5 H), 5.23 (d, J = 9.6 Hz, 0.5 H), 5.19 (d, J = 17.1 Hz,
0.5 H), 4.52 (t, J = 6.9 Hz, 1 H), 4.44–4.29 (m, 2 H), 3.85 (d, J =
15.0 Hz, 1 H), 3.80 (s, 1 H), 3.48 (d, J = 10.5 Hz, 1 H), 3.36 (t, J
= 6.3 Hz, 1 H), 3.29 (t, J = 5.4 Hz, 1 H), 3.15–3.00 (m, 2 H), 2.50–
2.27 (m, 3 H) ppm. 13C NMR (125 MHz, CDCl3): δ = 168.5, 168.4,
167.7, 165.7 (2 C), 144.3, 143.2, 135.8, 135.1 (2 C), 133.9, 133.8,
133.7, 132.9, 132.1 (2 C), 130.6, 130.2 (2 C), 130.0 (2 C), 129.0,
128.8, 128.7, 128.6, 128.5, 128.3, 128.0 (3 C), 127.7 (2 C), 121.6,
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121.3, 119.5, 117.7, 86.8 (2 C), 82.7, 82.5, 72.3 (2 C), 60.8 (2 C),
55.5, 55.4, 53.9, 53.7, 46.0 (2 C), 43.9, 43.8, 35.0, 34.8, 32.2,
31.9 ppm. IR (film): ν̃ = 3063, 3031, 2960, 2925, 1699, 1684, 1539,
1489, 1009, 701 cm–1. HRMS (ESI, positive) calcd. for
C35H34Br2N3O4 [M + H]+ 718.0911; found 718.0905.

F-Type Heterotricycle 37: The N-monoallylamide 25 (16.1 mg,
0.0264 mmol) was treated by the same procedure as used for the
synthesis of 31, except for the reaction time (3 h), to give the hetero-
tricycle 37 (E/Z 6:5, 7.9 mg, 41%) as a brown solid. 1H NMR
(300 MHz, CDCl3): δ = 7.42 (d, J = 9.0 Hz, 2 H), 7.32–7.15 (m, 12
H), 5.95 (br. t, J = 5.7 Hz, 1 H), 5.88–5.78 (m, 2 H), 5.60 (d, J =
15.6 Hz, 1 H), 5.55 (d, J = 12.3 Hz, 1 H), 5.19 (d, J = 12.3 Hz, 1
H), 4.51–4.26 (m, 3 H), 3.87 (d, J = 17.1 Hz, 1 H), 3.78 (d, J =
4.8 Hz, 1 H), 3.50 (br. s, 1 H), 3.37–3.28 (m, 2 H), 3.19–3.73 (m, 2
H), 2.12 (q, J = 7.2 Hz, 1 H), 1.94 (quint, J = 6.9 Hz, 1 H), 1.82
(quint, J = 6.9 Hz, 1 H), 1.63 (m, 1 H) ppm. 13C NMR (125 MHz,
CDCl3): δ = 169.3 (2 C), 168.6, 167.6, 167.2, 165.7, 143.3, 141.3,
139.3, 137.8, 137.5, 135.7, 135.1, 134.8, 134.6, 133.6, 132.4, 132.2
(2 C), 131.6, 129.2, 129.0 (2 C), 128.9, 128.8, 128.7 (2 C), 128.6,
128.2 (2 C), 128.0 (2 C), 127.9, 126.8, 126.6, 121.3 (2 C), 117.9,
86.9, 86.7, 83.3, 82.5, 72.5 (2 C), 68.8, 67.0, 55.4 (2 C), 54.0, 46.0,
43.8 (2 C), 32.9, 32.8, 31.7, 31.4, 30.4, 30.3 ppm. IR (film): ν̃ =
2956, 2931, 1700, 1684, 1540, 1489, 1244, 1009, 700 cm–1. HRMS
(ESI, positive) calcd. for C36H36Br2N3O4 [M + H]+ 732.1067; found
734.1070.

Supporting Information (see also the footnote on the first page of
this article): Structures of model compounds for metallacyclobut-
anes I and L optimized at the PM3 level of theory, together with
principal component analysis for compounds in this paper.
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