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Introduction

Over the last few years, the ability of a,b-unsaturated car-
bene complexes to participate in cyclization reactions and
thus allow the construction of a great number of cyclic com-
pounds has been demonstrated.[1] The strong activation of
carbon–carbon double and triple bonds by metal carbenes
has permitted [4+2][2] and [3+2][3] cycloadditions to pro-
ceed with very high selectivity. More importantly, when a
metal–carbon bond is involved, these a,b-unsaturated com-
plexes can behave as one-, three-, or even five-carbon syn-
thetic equivalents. In this context, two-component carbocyc-
lization reactions—[2+1],[4] [3+2],[5] [3+3],[6] [4+3],[5b,7]

[5+1],[8] [5+2],[9] [6+3][10]—have been reported, as well as
multicomponent processes such as [3+2+1],[11] [3+2+

2],[12] and [5+2+1][13] cyclization.
Conversely, the reaction of a,b-unsaturated Fischer car-

benes with substrates that contain heteroatoms has been less
intensively studied. Apart from the known [4+2], [2+2],
and 1,3-dipolar heterocycloaddition reactions that occur
through the activated carbon–carbon bond,[14] some reac-
tions involving the metal–carbene functionality have been
described; imines and unsaturated imines are the substrates
in most of these reactions (Scheme 1). Thus, Akiyama and
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Scheme 1. Cyclization reactions of imine derivatives with unsaturated
Fischer carbene complexes.
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co-workers reported that simple imines undergo diastereo-
and enantioselective [3+2] cyclization with enantiopure al-
kenyl carbene complexes to provide pyrrolidinone deriva-
tives.[15] Moreover, the reaction of a,b-unsaturated imines
with simple carbenes and alkynyl carbenes takes place
through the terminal N1 and C4 atoms to afford the [4+

1][16] and [4+2][14a]/ ACHTUNGTRENNUNG[4+3][17] cycloadducts, respectively
(Scheme 1). Convinced of the potential of Fischer metal car-
bene complexes and imines in heterocyclic synthesis,[18] we
were intrigued by new pathways for these reactions. Specifi-
cally, we focused our attention on the 8-azaheptafulvene
framework, a particular eight-p-electron cross-conjugated
imine, which seems to be a suitable system for higher-order
cycloaddition reactions.[19] The feasibility of this goal is sup-
ported by the precedent of the [6+2] and [6+3] cycloaddi-
tion reactions of unsaturated carbene complexes with penta-
fulvenes and 2,5-diazapentafulvenes (Scheme 1).[20]

Herein we describe the first cycloaddition reactions of
Fischer carbene complexes with the 8-azaheptafulvene
system. Specifically, we show that alkenyl carbene com-
plexes 1 react with azaheptafulvenes 2 (Scheme 2) to pro-
duce the [8+2] and [8+3] cycloadducts 3–6 in a selective
way (Scheme 1).

Results and Discussion

ACHTUNGTRENNUNG[8+2] Cycloaddition of Alkenyl Carbene Complexes 1 with
8-Aryl-8-azaheptafulvenes 2

First, chromium alkenylcarbene 1a (R1=Ph) was mixed
with 8-azaheptafulvene 2a (R2=p-Me-C6H4) (1:1 molar
ratio) in MeCN, and the mixture was stirred for 12 h at
room temperature. Removal of the solvent and analysis of
the crude reaction mixture by 1H and 13C NMR spectrosco-
py revealed the formation of a new carbene complex 3a
(Scheme 3). As all attempts at purification resulted in par-

tial oxidation, compound 3a was subjected to oxidation with
pyridine oxide (THF, 25 8C, 1 h) to furnish, after extraction
with diethyl ether and filtration through celite, pure
1,2,3,3a-tetrahydro-1-azaazulene 4a (91% overall yield from
1a) as a single diastereomer (Scheme 3 and Table 1,
entry 1). When this [8+2] cycloaddition/oxidation sequence
was extended to alkenyl carbenes 1b–e and 8-azaheptaful-
vene 2a, the expected tetrahydro-1-azaazulenes 4b–e were
obtained in high yields (79–86%) and always with complete
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Scheme 2. Carbene complexes 1 and azaheptafulvenes 2 used.

Scheme 3. ACHTUNGTRENNUNG[8+2] Cycloaddition of Fischer carbene complexes 1a–f and
8-azaheptafulvenes 2. Py=pyridine.
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stereoselectivity (Table 1, entries 2–5). Moreover, we found
that the N-deprotectable azaheptafulvene 2b (R2=p-MeO-
C6H4)

[21] underwent cycloaddition efficiently with carbene
1a (80% yield; Table 1, entry 6). On the other hand, the
[8+2] cycloaddition can also be carried out with tungsten
carbene complexes. Thus, the cycloadduct 4a was also
formed from the tungsten carbene 1 f in yields slightly lower
than that reached with the chromium carbene 1a (84 vs.
91% yield; Table 1, entries 7 and 1).

The structural arrangement and stereochemistry of com-
pounds 4 were in accordance with the spectroscopic data
(1H and 13C NMR, HRMS), and the full structure was unam-
biguously determined for 4d (R1=3-furyl, R2=p-Me-C6H4)
by an X-ray analysis of crystals grown from hexanes/chloro-
form (Figure 1).

Owing to the presence of a cycloheptatriene unit and an
enolizable ester function, compounds 4 might easily undergo
epimerization, either thermally or under acidic/basic condi-
tions (Scheme 4). For instance, compounds 4a and 4b af-
forded various mixtures of epimers 4a,b and 4’a,b when
subjected to column chromatography (SiO2, hexanes/
EtOAc=10:1) as a consequence of [1,5] hydrogen sigma-
tropic shifts. Gratifyingly, the resulting epimeric mixture
could be transformed into the stereochemically pure alco-
hols 5’a,b by LAH reduction (THF, 25 8C, 1 h) and column

chromatography (85–87% yield). In accordance with this
finding, the treatment of 4a,b with LAH (THF, 25 8C, 1 h)
resulted in clean ester reduction to alcohols 5a,b (93–94%
yield) without detectable epimerization. Furthermore, these
cycloadducts completely epimerized to 5’a,b either by
column chromatography or upon standing in dichlorometh-
ACHTUNGTRENNUNGane. The relative stereochemistry of 5a,b and 5’a,b was con-
firmed by NOESY experiments on compounds 5a and 5’a
(Scheme 5). The trans arrangement of the R1 and ester

groups probably makes this portion thermodynamically
stable, whereas the epimerization of the C-bridged atom to
the more stable trans,trans isomer by consecutive [1,5] hy-
drogen rearrangements seems favorable.

With the aim of expanding the synthetic utility of this re-
action, a,b-disubstituted carbene complexes were used with
the expectation that complex cycloadducts with a quaternary
carbon center would be accessible (Scheme 6). Thus, carbo-
cyclic and heterocyclic carbenes 1g and 1h were treated
with 8-azaheptafulvene 2a under the same reaction condi-
tions to furnish the polycyclic chromium carbenes 3h and 3 i
as a single diastereomer, according to the 1H NMR spectrum
of the crude reaction mixture. Further purification by
column chromatography (SiO2, hexanes/ethyl acetate=10:1)
afforded the pure cycloadducts in 92–94% yield. In turn, the
cycloadduct 3 i was subjected to oxidative demetalation (pyr-
idine oxide/THF, room temperature, 1 h) to afford the corre-
sponding ester 4 i (91% yield). Finally, LAH reduction of

Table 1. Cycloadducts 4 from carbene complexes 1a–f and azaheptaful-
venes 2.

Entry 1 2 M R1 R2 Product Yield
[%][a]

1 1a 2a Cr Ph p-Me-C6H4 4a 91
2 1b 2a Cr p-MeO-C6H4 p-Me-C6H4 4b 86
3 1c 2a Cr p-Cl-C6H4 p-Me-C6H4 4c 84
4 1d 2a Cr 3-furyl p-Me-C6H4 4d 79
5 1e 2a Cr tBu p-Me-C6H4 4e 84
6 1a 2b Cr Ph p-MeO-C6H4 4 f 80
7 1 f 2a W Ph p-Me-C6H4 4a 84

[a] Overall yields after celite filtration (hexanes/EtOAc=2:1).

Figure 1. X-ray crystal structure of compound 4d.

Scheme 4. Reduction and epimerization of ester cycloadducts 4a and 4b.
LAH= lithium aluminum hydride.

Scheme 5. Selected NOESY correlations for compounds 5a, 5’a, and 5 i.
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the latter gave rise to alcohol 5 i (88% yield). NOESY ex-
periments on compound 5 i (Scheme 5) allowed us to ascer-
tain the relative stereochemistry of adducts 3 i–5 i. Unlike
the bicyclic adducts 4a–f (Scheme 3), the tricyclic adducts
3h, 3 i, 4 i, and 5 i are configurationally stable and do not
suffer epimerization under the purification conditions.

Therefore, this first regio- and diastereoselective [8+2]
cycloaddition of Fischer carbenes represents a facile access
to the interesting tetrahydroazaazulene structure[22] in which
three stereogenic centers are created in a stereoselective
manner. Notably, the sole precedent of [8+2] cycloaddition
of 8-azaheptafulvenes to olefins found in the literature is
limited to doubly activated styrenes.[19d] Accordingly, this
new reaction demonstrates once again the superiority of al-
kenyl carbenes over classical metal-free electrophilic al-
kenes in the participation of selective cycloaddition reac-
tions.

ACHTUNGTRENNUNG[8+3] Cycloaddition of Alkenyl Carbene Complexes 1 with
8-Aryl-8-azaheptafulvenes 2

During the study into the optimization of the [8+2] cyclo-
addition reaction described above, we found that when the
reaction of carbene 1a and 8-azaheptafulvene 2a was car-
ried out in hexane instead of MeCN, a minor compound was
formed along with the known cycloadduct 3a in a 1:2 ratio.
After column chromatography of the crude mixture (SiO2,
hexanes/EtOAc=10:1), the new compound was isolated and
identified as the 1,2,4,4a-tetrahydrocyclohepta[b]pyridin-2-
one 6a as a single diastereomer (Scheme 7 and Table 2,
entry 1). Therefore, a new [8+3] cycloaddition between 1a
and 2a was found to compete by performing the reaction in

hexane. In the same way, the use of b-aryl alkenyl carbenes
1b and 1c led to separable mixtures of cycloadducts 6b,c
and 3b,c (Table 2, entries 2 and 3). Surprisingly, it was ob-
served that carbene 1 i (R1=2-furyl) and azaheptafulvene
2a underwent the [8+3] cycloaddition exclusively and inde-
pendently of the solvent used—either hexane or MeCN—to
give 6d in high yield (Table 2, entry 4).[23] This particular re-
action pathway for carbene 1 i was successfully extended to
other alkenyl carbenes bearing similar heterocyclic substitu-
ents, such as 1 j (R1=2-thienyl) and 1k (R1=2-(N-methyl-
pyrrolyl)), as well as dienyl carbene 1 l (R1= trans-styryl), to
lead exclusively to adducts 6e–g (Table 2, entries 5–7).
Moreover, the chromium furyl alkenyl carbene 1 i reacted
efficiently with the N-p-methoxyphenyl azaheptafulvene 2b
to afford the N-p-methoxyphenyl-protected adduct 6h (83%
yield; Table 2, entry 8),[21] whereas its tungsten analogue 1m
reacted with 2a to provide the adduct 6d in rather low yield
(51% yield; Table 2, entry 9). Significantly, the reaction of
3-furyl alkenyl carbene 1d with 2a did not follow this [8+3]
cycloaddition model but led cleanly to the [8+2] cycload-
duct 4d (see above; Table 1, entry 4).

The structures of cycloadducts 6 were ascertained on the
basis of their NMR spectroscopic and HRMS data. An X-
ray analysis allowed us to confirm unambiguously the struc-
ture of compound 6e (Figure 2).

Scheme 6. ACHTUNGTRENNUNG[8+2] Cycloaddition reaction of cyclic carbene complexes
1g–h and 8-azaheptafulvene 2a.

Scheme 7. ACHTUNGTRENNUNG[8+3] Cycloaddition reaction of alkenyl Fischer carbene
ACHTUNGTRENNUNGcomplexes 1a–c, i–m and 8-azaheptafulvenes 2.

Table 2. Cyclohepta[b]pyridin-2-ones 6 from alkenyl carbenes 1 and
8-azaheptafulvenes 2.

Entry 1 R1 2 R2 Product Yield
[%][a]

1 1a Ph 2a p-Me-C6H4 6a 27[b]

2 1b p-MeO-C6H4 2a p-Me-C6H4 6b 21[b]

3 1c p-Cl-C6H4 2a p-Me-C6H4 6c 25[b]

4 1 i 2-furyl 2a p-Me-C6H4 6d 87
5 1j 2-thienyl 2a p-Me-C6H4 6e 85
6 1k 2-(N-methylpyrrolyl) 2a p-Me-C6H4 6 f 70
7 1 l (E)-C6H5CH=CH 2a p-Me-C6H4 6g 78
8 1 i 2-furyl 2b p-MeO-C6H4 6h 83
9 1m 2-furyl 2a p-Me-C6H4 6d 51

[a] Yields after purification by column chromatography (silica gel, hex-
anes/EtOAc=10:1). [b] Obtained along with the corresponding [8+2]
cycloadduct (6a–c/4a–c=1:2).

Figure 2. X-ray crystal structure of compound 6e.
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Finally, this new [8+3] cyclization of alkenyl carbenes
makes accessible the cyclohepta[b]pyridine structure, which
is present in the skeleton of some biologically active com-
pounds[24] and natural products, such as the homoaporphine
family of alkaloids.[25]

Mechanistic Proposal

A tentative mechanism that might explain the [8+2] and
[8+3] cycloaddition models as well as the observed prefer-
ence for one over the other, depending on the substituent at
the Cb carbon atom of the alkene, is displayed in Scheme 8.

First, we anticipate that models for both individual pathways
have already been well-established. Thus, the [8+2] cyclo-
addition would involve the 1,4-addition of the heptafulvene
nitrogen atom to the activated carbon–carbon double bond
of the carbene to form the intermediate I. Further cycliza-
tion from the endo metal conformation, which would be fa-
vored by charge interaction between the ionic metal and cy-
cloheptatrienyl-ring moieties, would provide the kinetic car-
bene cycloadduct 3. On the other hand, the formation of the
[8+3] cycloadduct would be initiated by 1,2-nucleophilic
attack of the nitrogen atom on the metal–carbene bond to
generate the zwitterionic species II. At this point, if we
assume this step to be reversible under the reaction condi-
tions, the following steps would control the overall process.
Thus, the cyclization is known to be induced by [1,2] metal
migration to generate the intermediate III, a species that
would lead to the final cycloadduct 6 upon reductive metal
elimination and enol ether hydrolysis. According to this sce-
nario, the rate of cyclization of II to III seems to control the
type of cycloaddition. Thus, the presence of substituents (2-
furyl, 2-thienyl, 2-pyrrolyl, styryl, but not 3-furyl) capable of
coordinating to the metal would stabilize the transition state

IV (Scheme 8) and drive the reaction according to the [8+

3] model.[26] To the best of our knowledge, there is no prece-
dent for this dependence of the substituent on the reaction
course.

Conclusions

New higher-order heterocyclization reactions have been de-
scribed for alkenyl Fischer carbenes with fulvenoid sub-
strates. Alkenyl carbene complexes react with 8-azaheptaful-
venes with complete regio- and stereoselectivity through
[8+2] and [8+3] heterocyclization reactions. The progress
of the reaction is highly dependent on the Cb substituent of
the alkenyl carbene complex. The presence of a coordinat-
ing moiety favors the reaction to proceed completely by the
[8+3] cyclization route, whereas formal [8+2] cycloaddition
takes place when the carbene complex lacks appropriate co-
ordinating groups. This work can be regarded as a selective
and straightforward entry into the tetrahydroazaazulene and
cycloheptapyridone frameworks. The presence of this skele-
ton in the structures of biologically active molecules enhan-
ces the interest of the cycloadducts described herein and
makes them promising for bioactivity screening.

Experimental Section

General

All reactions involving air-sensitive compounds were carried out under
nitrogen atmosphere (99.99%). All glassware were oven-dried (120 8C),
evacuated, and purged with nitrogen. All common reagents and solvents
were obtained from commercial suppliers and used without further pu-
rification unless otherwise indicated. Fischer carbene complexes 1[27] and
8-azaheptafulvenes 2[28] were prepared by following described procedures.
Solvents were dried by standard methods and distilled prior to use. Flash
column chromatography was carried out on silica gel 60, 230–240 mesh.
NMR spectra were recorded on Bruker AC-200, AC-300, or DPX-300
spectrometers. 1H NMR spectra were recorded in CDCl3 (unless other-
wise noted) at 300.08 MHz at 20 8C with tetramethylsilane (d=0.0 ppm)
as the internal standard. 13C NMR spectra were recorded in CDCl3
(unless otherwise noted) at 75.46 MHz at 20 8C. 1H NMR signal multiplic-
ities are abbreviated as: s= singlet, d=doublet, m=multiplet. 13C NMR
signal multiplicities were determined by DEPT (distortionless enhance-
ment by polarization transfer) and are abbreviated as: q=CH3, t=CH2,
d=CH, s=quaternary carbon atoms; some 13C NMR signals overlapped.
COSY, HMSQC (heteronuclear multiple/single quantum coherence),
HMBC, and NOESY experiments were carried out on a Bruker AMX-
400 spectrometer. Standard pulse sequences were employed for the
DEPT experiments. High-resolution mass spectrometry (HRMS) was per-
formed on a Finnigan Mat95 mass spectrometer, and electron-impact
(EI) techniques (70 eV) were employed. Elemental analysis was carried
out with a Perkin–Elmer 240 B microanalyzer.

Syntheses

General procedure for the synthesis of 3 and 4 : A solution of 1a–h
(0.5 mmol) and 2 (0.5 mmol) in MeCN (3 mL) was stirred under nitrogen
at room temperature for 12 h, and the solvent was removed in vacuo. The
crude adducts 3a–g and 3 i were oxidized to the corresponding esters 4a–
f and 4 i by treatment in THF with pyridine oxide (3 equiv) followed by
extraction, workup, and filtration through celite (hexanes/EtOAc=2:1).
The crude carbenes 3h and 3 i were purified by column chromatography
(silica gel, hexanes/EtOAc=10:1).

Scheme 8. Proposed mechanisms for the cyclization of 1 and 2.
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3h : Yield=94%. 1H NMR: d=7.03 (d, 7.9 Hz, 2H), 6.84 (d, J=7.9 Hz,
2H), 6.47 (dd, J=10.2, 7.4 Hz, 1H), 6.15–6.04 (m, 2H), 5.13 (d, J=

6.7 Hz, 1H), 4.93 (s, 3H), 4.37 (dd, J=7.8, 5.8 Hz, 1H), 3.68 (s, 1H),
2.96–2.86 (m, 1H), 2.21 (s, 3H), 2.14–2.06 (m, 2H), 1.66–1.43 (m, 4H),
0.85–0.71 ppm (m, 2H); 13C NMR (C6D6): d=372.4 (s), 222.1 (s), 216.2
(s, 4C), 141.6 (s), 140.0 (s), 136.0 (s), 131.0 (d), 129.8 (s, 2C), 126.9 (d),
126.5 (s, 2C), 120.1 (d), 107.6 (d), 94.3 (d), 71.0 (s), 68.7 (d), 63.6 (q), 53.6
(d), 35.1 (t), 24.2 (t), 23.9 (t), 21.1 (q), 20.6 ppm (t); HRMS: m/z calcd
for C27H25CrNO6: 511.1087 [M]+ ; found: 511.1089.

3 i : Yield=92%. 1H NMR: d =7.18 (d, J=8.5 Hz, 2H), 7.04 (d, J=

8.5 Hz, 2H), 6.58 (dd, J=10.4, 6.7 Hz, 1H), 6.27–6.13 (m, 2H), 5.37 (d,
J=7.0 Hz, 1H), 5.08 (s, 3H), 4.48 (dd, J=9,5, 6.1 Hz, 1H), 4.12–4.03 (m,
1H), 3.87 (s, 1H), 3.50–3.41 (m, 1H), 2.62 (d, J=5.2 Hz, 1H), 2.08–1.93
(m, 1H), 1.90–1.77 (m, 1H), 1.55–1.42 (m, 1H), 1.39–1.25 ppm (m, 1H);
13C NMR: d=368.5 (s), 223.2 (s), 216.2 (s, 4C), 141.2 (s), 139.7 (s), 135.8
(s), 131.4 (d), 130.0 (d, 2C), 127.7 (d), 125.7 (d, 2C), 120.3 (d), 107.0 (d),
94.5 (s), 94.2 (d), 68.4 (q), 66.0 (t), 61.3 (d), 53.7 (d), 22.4 (t), 21.5 (q),
19.6 ppm (t); HRMS: m/z calcd for C25H23CrNO6: 485.0925 [M�CO]+ ;
found: 485.0923.

4a : Yield=91%. 1H NMR: d=7.42 (d, J=7.7 Hz, 2H), 7.32–7.22 (m,
5H), 7.01 (d, J=7.7 Hz, 2H), 6.60 (dd, J=10.5, 6.8 Hz, 1H), 6.38–6.19
(m, 2H), 5.48 (d, J=6.8 Hz, 1H), 5.20 (dd, J=8.5, 4.9 Hz, 1H), 5.02 (d,
J=9.4 Hz, 1H), 3.75 (s, 3H), 3.53 (t, J=9.4 Hz, 1H), 2.69–2.50 (m 1H,),
2.21 ppm (s, 3H); 13C NMR: d=171.2 (s), 141.5 (s), 140.2 (s), 139.5 (s),
134.7 (s), 131.1 (d), 129.4 (d, 2C), 128.4 (d, 2C), 127.9 (d), 127.7 (d, 2C),
127.6 (d), 124.8 (d, 2C), 120.9 (d), 111.1 (d), 93.5 (d), 69.9 (d), 53.6 (q),
51.8 (d), 43.6 (d), 20.7 ppm (q); HRMS: m/z calcd for C24H23NO2:
357.1729 [M]+ ; found: 357.1732.

4b : Yield=86%. 1H NMR: d=7.34 (d, J=7.8 Hz, 2H), 7.00 (d, J=

8.0 Hz, 2H), 6.90 (d, J=7.8 Hz, 2H), 6.81 (d, J=8.0, Hz, 2H), 6.62 (t, J=

6.8 Hz, 1H), 6.38–6.21 (m, 2H), 5.46 (d, J=6.2 Hz, 1H), 5.22–5.20 (m,
1H), 4.96 (d, J=9.2 Hz, 1H), 3.85 (s, 3H), 3.81 (s, 3H,), 3.47 (t, J=

8.7 Hz, 1H), 2.66–2.64 (m, 1H), 2.29 ppm (s, 3H); 13C NMR (C6D6): d=

171.1 (s), 159.5 (s), 141.7 (s), 140.9 (s), 134.8 (s), 131.7 (d), 131.4 (s), 129.6
(d, 2C), 129.2 (d, 2C), 128.5 (d), 125.7 (d, 2C), 121.4 (d), 114.0 (d, 2C),
110.9 (d), 94.3 (d), 70.1 (d), 54.3 (q), 53.9 (q), 51.2 (d), 44.0 (d), 20.5 ppm
(q); HRMS: m/z calcd for C25H25NO3: 387.1834 [M]+ , found: 387.1836;
elemental analysis: calcd (%) for C25H25NO3: C 77.49, H 6.50, N 3.61;
found: C 77.67, H 6.39, N 3.77.

4c : Yield=84%. 1H NMR: d=7.38 (d, J=8.3 Hz, 2H), 7.31 (d, J=

7.8 Hz, 2H), 7.07 (d, J=7.8 Hz, 2H), 6.90 (d, J=8.3 Hz, 2H), 6.62 (dd,
J=10.2, 6.6 Hz, 1H), 6.35–6.20 (m, 2H), 5.48 (d, J=6.7 Hz), 5.20 (dd, J=

8.8, 5.0 Hz, 1H), 4.97 (d, J=9.6 Hz, 1H), 3.73 (s, 3H), 3.48–3.40 (m, 1H),
2.69–2.60 (m, 1H), 2.21 ppm (s, 3H); 13C NMR: d =171.2 (s), 141.4 (s),
140.2 (s), 138.1 (s), 135.5 (s), 133.6 (s), 129.7 (d, 2C), 129.3 (d, 2C), 128.8
(d, 2C), 127.8 (d), 125.1 (d, 2C), 124.9 (d), 121.4 (d), 111.1 (d), 93.9 (d),
69.3 (d), 53.8 (q), 52.1 (d), 43.7 (d), 20.9 ppm (q); HRMS: m/z calcd for
C24H20ClNO2: 389.1177 [M�2H]+ ; found: 389.1173.

4d : Yield=79%. 1H NMR: d=7.38 (d, J=8.0 Hz, 2H), 7.37–7.23 (m,
1H), 7.13–7.06 (m, 2H), 6.97 (d, J=8.0 Hz, 2H), 6.62 (t, J=10.2 Hz,
1H), 6.50–6.48 (m, 1H), 6.34–6.28 (m, 1H), 6.29–6.15 (m, 1H), 5.41 (d,
J=6.5 Hz, 1H), 5.29–5.17 (m, 1H), 4.98 (d, J=9.7 Hz, 1H), 3.81 (s, 3H,),
3.51 (t, J=9.2 Hz, 1H), 2.69–2.61 (m, 1H), 2.25 ppm (s, 3H); 13C NMR:
d=171.3 (s), 155.3 (d), 141.5 (s), 140.2 (s), 135.4 (s), 131.3 (d), 127.8 (d,
2C), 126.7 (d), 124.9 (d, 2C), 124.5 (d), 124.0 (s), 116.4 (d), 110.7 (d),
107.4 (d), 93.9 (d), 61.8 (d), 52.0 (q), 51.5 (d), 43.5 (d), 20.9 ppm (q);
HRMS: m/z calcd for C22H21NO3: 347.1521 [M]+ ; found: 347.1524; ele-
mental analysis: calcd (%) for C22H21NO3: C 76.06, H 6.09, N 4.03;
found: C 75.89, H 6.13, N 4.24.

4e : Yield=84%. 1H NMR: d =7.13–7.09 (m, 4H), 6.58–6.50 (m, 1H),
6.26–6.18 (m, 1H), 6.15–6.08 (m, 1H), 5.27 (d, J=6.9 Hz, 1H), 4.97 (dd,
J=9.0, 4.8 Hz, 1H), 4.23 (d, J=7.6 Hz, 1H), 3.86 (s, 3H), 3.48 (dd, J=

9.7, 7.6 Hz, 1H), 2.67–2.55 (m, 1H), 2.32 (s, 3H), 0.93 ppm (s, 9H);
13C NMR (C6D6): d=173.3 (s), 144.4 (s), 143.6 (s), 136.6 (s), 131.01 (d),
129.8 (d, 2C), 127.3 (d), 126.4 (d, 2C), 119.5 (d), 111.8 (d), 93.1 (d), 75.3
(d), 51.9 (q), 46.4 (d), 44.3 (d), 29.5 (s), 26.9 (q), 22.5 ppm (q, 3C);
HRMS: m/z calcd for C22H27NO2: 337.2042 [M]+ , found: 337.2046.

4 f : Yield=80%. 1H NMR: d=7.48–7.21 (m, 5H), 6.98 (d, J=7.7 Hz,
2H), 6.76 (d, J=7.7 Hz, 2H), 6.69–6.50 (m, 1H), 6.39–6.30 (m, 1H),
6.28–6.20 (m, 1H), 5.41 (d, J=6.1 Hz, 1H), 5.29–5.20 (m, 1H), 4.98 (d,
J=9.3 Hz, 1H), 3.81 (s, 3H), 3.78 (s, 3H), 3.57 (t, J=9.0 Hz, 1H), 2.75–
2.65 ppm (m, 1H); 13C NMR: d=171.1 (s), 157.0 (s), 142.2 (s), 139.2 (s),
135.7 (s), 128.7 (d), 128.3 (d, 2C), 127.9 (d, 2C), 127.8 (d), 127.6 (d),
126.8 (d, 2C), 120.7 (d), 114.0 (d, 2C), 110.6 (d), 93.5 (d), 70.3 (d), 55.0
(q), 53.0 (q), 51.8 (d), 43.5 ppm (d); HRMS: m/z calcd for C24H23NO3:
373.1672; found 373.1676; elemental analysis: calcd (%) for C24H23NO3:
C 77.19, H 6.21, N 3.75; found: C 77.46, H 6.34, N 3.89.

4 i : Yield=91%. 1H NMR: d =7.19 (d, J=8.1 Hz, 2H), 7.05 (d, J=

8.1 Hz, 2H), 6.57 (dd, J=10.8, 6.6 Hz, 1H), 6.27–6.15 (m, 2H), 5.31 (d,
J=6.6 1H), 5.02 (dd, J=9.1, 8.4 Hz, 1H), 4.05 (s, 1H), 4.03–3.96 (m,
1H), 3.92 (s, 3H), 3.56–3.40 (m, 2H), 2.35 (s, 3H), 2.09–1.97 (m, 1H),
1.95–1.87 (m, 1H), 1.68–1.60 (m, 1H), 1.40–1.27 ppm (m, 1H); 13C NMR:
d=171.1 (s), 141.6 (s), 139.4 (s), 136.0 (s), 131.6 (d), 129.9 (d, 2C), 127.6
(d), 126.4 (d, 2C), 120.5 (d), 107.5 (d), 93.8 (d), 83.2 (s), 65.5 (t), 62.1 (q),
52.6 (d), 51.8 (d), 21.1 (t), 21.0 (q), 19.4 ppm (t); HRMS: m/z calcd for
C21H23NO3: 337.1673 [M]+ ; found: 337.1674; elemental analysis: calcd
(%) for C21H23NO3: C 74.75, H 6.87, N 4.15; found: C 74.87, H 6.70, N
4.01.

Synthesis of 5a,b, i and 5’a,b : The ester adducts 4a,b, i (0.4 mmol) were
treated with LAH (0.8 mmol) in toluene (1.5 mmol) under nitrogen, and
the mixture was stirred for 1 h. Next, the reaction was quenched with the
addition of a few drops of NaOH (2m), and the mixture was filtered
through Na2SO4 and celite. The filtrate was concentrated under vacuum
to give alcohols 5a,b, i. Additionally, if the resulting crude mixture was
purified by column chromatography (silica gel, hexanes/EtOAc=5:1) al-
cohols 5’a,b and 5 i were obtained.

5a : Yield=94%. 1H NMR (C6D6): d =7.37 (d, J=8.1 Hz, 2H), 7.23–7.11
(m, 5H), 7.09 (d, J=8.1 Hz, 2H), 6.88–6.78 (m, 1H), 6.59–6.41 (m, 2H),
5.96 (d, J=6.5 Hz, 1H), 5.55–5.48 (m, 1H), 4.51 (d, J=9.1 Hz, 1H), 3.83–
3.75 (m, 1H), 3.62–3.50 (m, 1H), 2.85–2.78 (m, 1H), 2.60–2.51 (m, 1H),
2.04 ppm (s, 3H); 13C NMR (C6D6): d =143.0 (s), 142.4 (s), 141.6 (s),
134.0 (s), 132.0 (d), 130.0 (d, 2C), 129.1 (d, 2C), 128.5 (d), 127.8 (d),
127.6 (d, 2C), 124.1 (d, 2C), 122.5 (d), 112.2 (d), 96.1 (d), 71.5 (d), 60.1
(t), 50.3 (d), 43.8 (d), 20.9 ppm (q).

5b : Yield=93%. 1H NMR (C6D6): d=7.26 (d, J=7.8 Hz, 1H), 7.11 (d,
J=7.6 Hz, 2H), 6.89 (d, J=7.6 Hz, 2H), 6.89 (d, J=7.8 Hz, 2H), 6.67–
6.53 (m, 1H), 6.51–6.47 (m, 1H), 5.95 (d, J=6.7 Hz, 1H), 5.61–5.53 (m,
1H), 4.49 (d, J=8.9 Hz, 1H), 4.01–3.90 (m, 1H), 3.72–3.60 (m, 1H), 3.47
(s, 3H), 2.92–2.84 (m, 1H), 2.73–2.61 (m, 1H), 2.11 ppm (s, 3H);
13C NMR: d=169.3 (s), 142.7 (s), 141.3 (s), 133.9 (s), 133.3 (s), 130,5 (d),
129.7 (d, 2C), 128.6 (d, 2C), 127.3 (d), 124.3 (d, 2C), 122.2 (d), 114.3 (d),
111.3 (d), 95,3 (d), 70.8 (d), 60.3 (t), 54.5 (q), 50.0 (d), 43.4 (d), 20.6 ppm
(q).

5’a : Yield=85%. 1H NMR (CD2Cl2): d=7.30–7.27 (m, 5H), 7.15 (d, J=

8.6 Hz, 2H), 7.10 (d, J=8.6 Hz, 2H), 6.46 (dd, J=10.7, 7.1 Hz, 1H),
6.27–6.15 (m, 1H), 6.05 (dd, J=10.7, 5.6 Hz, 1H), 5.41 (d, J=7,1 Hz,
1H), 5.10 (d, J=7.2 Hz, 1H), 5.03 (dd, J=11.0, 4.7 Hz, 1H), 3.91 (dd, J=

11.1, 6.5 Hz, 1H), 3.84 (dd, J=11.1, 5.5 Hz, 1H), 2.77–2.74 (m, 1H),
2.59–2.50 (m, 1H), 2.21 ppm (s, 3H); 13C NMR (C6D6): d=146.5 (s),
141.9 (s), 139.0 (s), 133.0 (s), 131.3 (d), 129.6 (d, 2C), 128.7 (d, 2C), 128.5
(d), 127.2 (d, 2C), 127.0 (d), 123.7 (d, 2C), 123.1 (d), 121.1 (d), 94.1 (d),
69.3 (d), 62.3 (t), 56.3 (d), 45.2 (d), 20.5 ppm (q); HRMS: m/z calcd for
C23H23NO: 329.1780 [M]+ ; found: 329.1779; elemental analysis: calcd
(%) for C23H23NO: C 83.85, H 7.04, N 4.25; found: C 83.70, H 7.35, N
4.36.

5’b : Yield=87%. 1H NMR (C6D6): d=7.19 (d, J=7.7 Hz, 2H), 7.13 (d,
J=7.4 Hz, 2H), 6.89 (d, J=7.4 Hz, 2H), 6.71 (d, J=7.7 Hz, 2H), 6.70–
6.61 (m, 1H), 6.50–6.46 (m, 1H), 6.42–6.33 (m, 1H), 5.89 (d, J=6.9 Hz,
1H), 5.19–5.11 (m, 1H), 5.09 (d, J=7.0 Hz, 1H), 3.62–3.51 (m, 2H), 3.23
(s, 3H), 3.08–3.00 (m, 1H), 2.51–2.45 (m, 1H), 2.09 ppm (s, 3H);
13C NMR (C6D6): d=159.8 (s), 147.8 (s), 139.1 (s), 133.3 (s), 133.1 (s),
131.8 (d), 129.7 (d, 2C), 128.5 (d, 2C), 128.1 (d), 124.4 (d, 2C), 123.8 (d),
120.8 (d), 114.1 (d, 2C), 94.2 (d), 69.0 (d), 62.3 (t), 56.1 (d), 54.5 (q), 45.1
(d), 20.5 ppm (q); HRMS: m/z calcd for C24H25NO2: 359.1885 [M]+ ;
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found: 359.1880; elemental analysis: calcd (%) for C24H25NO2: C 80.19,
H 7.01, N 3.90; found: C 80.31, H 6.90, N 4.03.

5 i : Yield=88%. 1H NMR (C6D6): d=6.87 (s, 4H), 6.68 (dd, J=10.7,
6.8 Hz, 1H), 6.40–6.37 (m, 1H), 6.32–6.28 (m, 1H), 5.58 (d, J=6.8 Hz,
1H), 5.21 (dd, J=9.2, 5.2 Hz, 1H), 3.87 (d, J=12.1 Hz, 1H), 3.64 (d, J=

12.1 Hz, 1H), 3.44–3.36 (m, 1H), 3.28–3.26 (m, 1H), 2.92 (t, J=2.6 Hz,
1H), 2.55 (d, J=5.2 Hz, 1H), 2.04 (s, 3H), 1.79–1.71 (m, 1H), 1.62–1.45
(m, 1H), 1.09–1.05 (m, 1H), 0.78–0.72 ppm (m, 1H); 13C NMR (C6D6):
d=141.5 (s), 140.3 (s), 135.2 (s), 131.4 (d), 129.9 (d, 2C), 128.1 (d), 125.9
(d, 2C), 120.6 (d), 110.0 (d), 94.7 (d), 80.1 (s), 61.5 (d), 61.2 (t), 58.8 (t),
50.7 (d), 21.9 (t), 20.7 (q), 19.9 ppm (t); HRMS: m/z calcd for
C20H23NO2: 309.1723 [M]+ ; found: 309.1729; elemental analysis: calcd
(%) for C20H23NO2: C 77.64, H 7.49, N 4.53; found: C 77.47, H 7.30, N
4.69.

General procedure for the synthesis of 6 : A solution of 1a–c, i–m
(0.5 mmol) and 2 (0.5 mmol) in hexane (3 mL; for 1a–c) or MeCN
(3 mL; for 1 i–m) was stirred under nitrogen at room temperature for
12 h. Next, the solvent was removed under vacuum, and the crude prod-
uct was dissolved in hexanes/EtOAc (20:1) and air-oxidized in an open
flask in sunlight (4–6 h). The solution was then filtered over celite, and
the filtrate was concentrated under vacuum. The resulting crude product
was purified by column chromatograhy (silica gel, hexanes/EtOAc=

10:1).

6a : Yield=27%. 1H NMR: d =7.41–7.31 (m, 2H), 7.31–7.22 (m, 3H),
7.20 (d, J=8.3, 2H), 7.01 (d, J=8.3 Hz, 2H), 6.50–6.45 (m, 2H), 6.29–
6.20 (m, 1H), 5.49–5.44 (m, 1H), 5.25 (dd, J=9.1, 5.4 Hz, 1H), 3.50–3.41
(m, 1H), 2.92 (d, J=7.4 Hz, 2H), 2.39 (s, 3H), 2.22-2.16 ppm (m, 1H);
13C NMR: d=170.9 (s), 141.1 (s), 137.2 (s), 137.0 (s), 134.7 (s), 129.9 (d,
2C), 128.8 (d, 2C), 128.7 (d), 127.8 (d, 2C), 127.4 (d), 127.2 (d, 2C),
127.1 (d), 122.8 (d), 111.4 (d), 44.7 (d), 43.1 (d), 40.3 (t), 21.0 ppm (q);
HRMS: m/z calcd for C23H21NO: 327.1618 [M]+ ; found 327.1614; ele-
mental analysis: calcd (%) for C23H21NO: C 84.37, H 6.46, N 4.28; found:
C 84.76, H 6.72, N 4.00.

6b : Yield=21%. 1H NMR: d=7.23–7.19 (m, 4H), 7.10 (d, J=7.8 Hz,
2H), 6.90 (d, J=8.3 Hz, 2H), 6.46–6.44 (m, 2H), 6.30–6.26 (m, 1H),
5.47–5.43 (m, 1H), 5.24 (dd, J=8.3, 5.0 Hz, 1H), 3.81 (s, 3H), 3.45–3.40
(m, 1H), 2.99–2.89 (m, 2H), 2.36 (s, 3H), 2.20–2.13 ppm (m, 1H);
13C NMR: d =171.0 (s), 158.7 (s), 137.2 (s), 137.1 (s), 134.9 (s), 133.2 (s),
129.9 (d, 2C), 128.8 (d), 128.2 (d, 2C), 127.8 (d, 2C), 127.4 (d), 127.1 (d),
122.5 (d), 114.2 (d, 2C), 111.4 (d), 55.2 (q), 44.9 (d), 42.4 (d), 40.6 (t),
21.1 ppm (q); HRMS: m/z calcd for C24H23NO2: 357.1729 [M]+ ; found:
357.1727.

6c : Yield=25%. 1H NMR: d =7.45 (d, J=8.3 Hz, 2H), 7.30–7.20 (m,
4H), 7.00 (d, J=8.3 Hz, 2H), 6.55–6.45 (m, 2H), 6.34–6.27 (m, 1H),
5.51–5.46 (m, 1H), 5.23 (dd, J=9.1, 5.4 Hz, 1H), 3.51–3.41 (m, 1H),
2.95–2.88 (m, 2H), 2.37 (s, 3H), 2.19–2.12 ppm (m, 1H); 13C NMR: d=

170.6 (s), 139.8 (s), 137.4 (s), 137.0 (s), 134.5 (s), 133.1 (s), 130.1 (d, 2C),
129.1 (d, 2C), 129.0 (d), 128.6 (d, 2C), 127.8 (d, 2C), 127.7 (d), 127.2 (d),
122,4 (d), 111.6 (d), 44.7 (d), 42.7 (d), 40.2 (t), 21.1 ppm (q); HRMS: m/z
calcd for C23H20ClNO: 361.1228 [M]+ ; found: 361.1223.

6d : Yield=87%. 1H NMR: d=7.40–7.38 (m, 1H), 7.21 (d, J=8.1 Hz,
2H) , 6.99 (d, J=8.1 Hz, 2H), 6.50–6.48 (m, 2H), 6.41–6.36 (m, 2H),
6.19–6.17 (m, 1H), 5.40–5.32 (m, 2H), 3.64–3.57 (m, 1H), 3.06 (dd, J=

15.2, 3.4 Hz, 1H), 2.90 (dd, J=15.2, 10.7 Hz, 1H), 2.36 (s, 3H), 2.35–
2.29 ppm (m, 1H); 13C NMR: d=169.6 (s), 154.4 (s), 141.9 (d), 137.2 (s),
136.6 (s), 133.7 (s), 129.9 (d, 2C), 129.0 (d), 127.8 (d, 2C), 127.3 (d),
127.0 (d), 122.3 (d), 110.8 (d), 110.1 (d), 105.5 (d), 41.8 (d), 37.0 (t), 36.4
(d), 20.9 ppm (q); HRMS: m/z calcd for C21H19NO2: 317.1416 [M]+ ;
found 317.1411; elemental analysis: calcd (%) for C21H19NO2: C 79.47, H
6.03, N 4.41; found: C 79.11, H 6.14, N 4.28.

6e : Yield=85%. 1H NMR: d =7.28–7.21 (m, 3H), 7.02–6.99 (m, 4H),
6.50–6.46 (m, 2H), 6.38–6.36 (m, 1H), 5.44 (d, J=3.1 Hz, 1H), 5.36–5.31
(m, 1H), 3.83–3.77 (m, 1H), 3.10 (dd, J=14.9, 3.5 Hz, 1H), 2.96 (dd, J=

14.9, 11.7 Hz, 1H), 2.37 (s, 3H), 2.26–2.23 ppm (m, 1H); 13C NMR: d=

169.9 (s), 144.9 (s), 137.3 (s), 136.7 (s), 134.0 (s), 130.0 (d, 2C), 128.9 (d),
127.7 (d, 2C), 127.5 (d), 127.2 (d), 126.9 (d), 124.1 (d), 124.0 (d), 122.5
(d), 111.2 (d), 45.4 (d), 40.7 (t), 38.4 (d), 21.1 ppm (q); HRMS: m/z calcd
for C21H19NOS: 333.1187 [M]+ ; found: 333.1185.

6 f : Yield=70%. 1H NMR: d =7.22 (d, J=5.5 Hz, 2H), 7.03 (d, J=

5.5 Hz, 2H), 6.63–6.62 (m, 1H), 6.49–6.45 (m, 2H), 6.32–6.31 (m, 1H),
6.11–6.09 (m, 1H), 5.95–5.93 (m, 1H), 5.40–5.38 (m, 1H), 5.26–5.23 (m,
1H), 3.68 (s, 3H), 3.54–3.49 (m, 1H), 2.96 (dd, J=1H), 2.76 (dd, J=1H),
2.37 (s, 3H), 2.34–2.20 ppm (m, 1H); 13C NMR: d =169.8 (s), 137.3 (s),
136.6 (s), 134.2 (s), 132.0 (s), 130.0 (d, 2C), 129.1 (d), 127.9 (d, 2C), 127.4
(d), 127.1 (d), 122.7 (d), 122.6 (d), 110.0 (d), 107.1 (d), 105.6 (d), 42.3 (d),
39.3 (t), 34.8 (q), 33.8 (d), 21.1 ppm (q); HRMS: m/z calcd for
C22H22N2O: 330.1732 [M]+ ; found 330.1732; elemental analysis: calcd
(%) for C22H22N2O: C 79.97, H 6.71, N 8.48; found: C 79.22, H 6.86, N
8.33.

6g : Yield=78%. 1H NMR: d=7.43–7.38 (m, 5H), 7.31 (d, J=8.0 Hz,
2H), 7.06 (d, J=8.0 Hz, 2H), 6.67 (d, J=15.9 Hz, 1H), 6.54–6.52 (m,
2H), 6.40–6.32 (m, 1H), 6.23 (dd, J=15.9, 7.1 Hz, 1H), 5.50–5.47 (m,
1H), 5.36–5.34 (m, 1H), 3.19–3.11 (m, 1H), 2.96 (dd, J=14.6, 2.9 Hz,
1H), 2.77 (dd, J=14.6, 12.0 Hz, 1H), 2.41 (s, 3H), 2.09–2.01 ppm (m,
1H); 13C NMR: d=170.3 (s), 137.1 (s), 136.9 (s), 136.6 (s), 134.3 (s),
131.1 (d), 129.9 (d, 2C), 129.6 (d), 128.9 (d), 128.5 (d, 2C), 127.8 (d, 2C),
127.5 (d), 127.4 (d), 127.0 (d), 126.2 (d, 2C), 122.7 (d), 111.1 (d), 43.2 (d),
40.5 (d), 38.5 (t), 21.0 ppm (q); HRMS: m/z calcd for C25H23NO:
353.1780 [M]+ ; found: 353.1777; elemental analysis: calcd (%) for
C25H23NO: C 84.95, H 6.56, N 3.96; found: C 84.22, H 6.69, N 3.83.

6h : Yield=83%. 1H NMR: d=7.41–7.39 (m, 1H), 7.07 (d, J=2.2 Hz,
2H), 6.93 (d, J=2.20 Hz, 2H), 6.51–6.48 (m, 2H), 6.35–6.33 (m, 2H),
6.18–6.13 (m, 1H), 5.49–5.47 (m 1H), 5.34 (dd, J=9.1, 5.6 Hz, 1H), 3.87
(s, 3H), 3.61–3.58 (m, 1H), 3.08 (dd, J=15.5, 3.4 Hz, 1H), 2.93 (dd, J=

15.2, 10.7 Hz, 1H), 2.33–2.29 ppm (m, 1H); 13C NMR: d=169.8 (s), 158.6
(s), 154.4 (s), 142.0 (d), 134.0 (s), 132.0 (s), 129.1 (d, 3C), 127.34 (d),
127.1 (d), 122.4 (d), 114.6 (d, 2C), 110.7 (d), 110.1 (d), 105.6 (d), 55.3 (q),
41.7 (d), 37.0 (t), 36.4 ppm (d); HRMS: m/z calcd for C21H19NO3:
333.1365 [M]+ ; found: 317.1316; elemental analysis: calcd (%) for
C21H19NO3: C 75.66, H 5.74, N 4.20; found: C 75.31, H 5.24, N 4.41.

X-ray Crystal-Structure Determination

The most relevant crystal and refinement data for 4d and 6e are as fol-
lows.

4d : C22H21NO3, Mr=347.40, T=293(2) K, l=1.54178 U, orthorhombic,
Pna21, a=17.6486(2), b=18.2306(3), c=5.7996(3) U, V=1865.99(12) U3,
Z=4, 1calcd=1.237 Mgm�3, m =0.660 mm�1, F ACHTUNGTRENNUNG(000)=736, crystal size:
0.36V0.07V0.03 mm, q range: 3.49–75.688, index ranges: �20�h�21,
�22�k�21, �7� l�5, reflections collected/unique=7216/2896 (Rint=

0.0645), completeness to 2q =70.00 (97.6%), absortion correction: semi-
empirical from equivalents, refinement method: full-matrix least squares
on F2, data/restraints/parameters=2896/60/233, goodness-of-fit on F2=

0.917, final R indices (I>2s(I)): R1=0.0733, wR2=0.1765, R indices (all
data): R1=0.1314, wR2=0.2167, extinction coefficient=0.0097(12), larg-
est difference peak and hole=0.234 and �0.217 eU�3. The ortho and
meta carbon atoms of the phenyl ring were disordered over two posi-
tions; refinement of the anisotropic displacement parameters was unsta-
ble for these atoms, therefore they were kept isotropic.

6e : C21H19NOS, Mr=333.43, T=293(2) K, l=1.54178 U, triclinic, P1̄, a=

7.0088(2), b=11.8766(3), c=12.3066(3) U, a =108.257(2), b=105.501(2),
g=103.853(2)8, V=877.06 (4) U3, Z=2, 1calcd=1.263 Mgm�3, m=

1.675 mm�1, F ACHTUNGTRENNUNG(000)=352, crystal size: 0.25V0.12V0.10 mm, q range:
4.19–68.198, index ranges: 0�h�8, �14�k�13, �14� l�13, reflections
collected/unique=8575/3166 (Rint=0.0506), completeness to 2q=68.19
(98.3%), absortion correction: semiempirical from equivalents, refine-
ment method: full-matrix least squares on F2, data/restraints/parame-
ters=3166/0/218, goodness-of-fit on F2=1.128, final R indices (I>2s(I)):
R1=0.0811, wR2=0.2585, R indices (all data): R1=0.0929, wR2=0.2773,
extinction coefficient=0.015(4), largest difference peak and hole=0.817
and �0.667 eU�3.

CCDC-654648 (4b) and -654649 (6e) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre at www.cam.ac.uk/
data_request/cif.

Chem. Asian J. 2008, 3, 767 – 775 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 773

Cyclization of Alkenyl Carbenes and 8-Azaheptafulvenes



Acknowledgements

This research was partially supported by the Spanish and Principado
de Asturias Governments (CTQ2004–08077 and IB05–136), the MEC,
and the ESF (Juan de la Cierva contract to S.M.).

[1] Recent reviews: a) W. D. Wulff in Comprehensive Organometallic
Chemistry II, Vol. 12 (Eds.: E. W. Abel, F. G. A. Stone, G. Wilkin-
son), Pergamon, New York, 1995, pp. 469–547; b) J. W. Herndon,
Tetrahedron 2000, 56, 1257–1280; c) D. F. Harvey, D. M. Sigano,
Chem. Rev. 1996, 96, 271–288; d) J. Barluenga, F. J. FaÇan@s, Tetra-
hedron 2000, 56, 4597–4628; e) M. A. Sierra, Chem. Rev. 2000, 100,
3591–3637; f) A. de Meijere, H. Schirmer, M. Duetsch, Angew.
Chem. 2000, 112, 4124–4162; Angew. Chem. Int. Ed. 2000, 39, 3964–
4002; g) A. de Meijere, Y.-T. Wu, Top. Organomet. Chem. 2004, 13,
21–57; h) J. Barluenga, F. Rodriguez, F. J. FaÇan@s, J. FlRrez, Top.
Organomet. Chem. 2004, 13, 59–121; i) J. Barluenga, M. Fern@ndez-
Rodr<guez, E. Aguilar, J. Organomet. Chem. 2005, 690, 539–587;
j) J. W. Herndon, Coord. Chem. Rev. 2007, 251, 1158–1258.

[2] a) W. D. Wulff, D. C. Yang, J. Am. Chem. Soc. 1984, 106, 7565–7567;
b) W. D. Wulff, P.-C. Tang, K. S. Chan, J. S. McCallum, D. C. Yang,
S. R. Gilbertson, Tetrahedron 1985, 41, 5813–5832; c) J. Bao, W. D.
Wulff, V. Dragisich, S. Wenglowsky, R. G. Ball, J. Am. Chem. Soc.
1994, 116, 7616–7630; d) J. Barluenga, F. Aznar, A. Martin, S. Bar-
luenga, Tetrahedron 1997, 53, 9323–9340; e) J. Barluenga, R.-M.
Canteli, J. FlRrez, S. Garc<a-Granda, A. GutiQrrez-Rodr<guez, E.
Mart<n, J. Am. Chem. Soc. 1998, 120, 2514–2522; f) J. Barluenga, F.
Aznar, S. Barluenga, M. Fern@ndez, A. Mart<n, S. Garc<a-Granda,
A. PiÇera-Nicol@s, Chem. Eur. J. 1998, 4, 2280–2298; g) M. A.
V@zquez, L. Cessa, J. L. Vega, R. Miranda, R. Herrera, H. A. JimQ-
nez-V@zquez, J. Tamariz, F. Delgado, Organometallics 2004, 23,
1918–1927; h) M. A. V@zquez, L. Reyes, R. Miranda, J. J. Garc<a,
H. A. JimQnez-V@zquez, J. Tamariz, F. Delgado, Organometallics
2005, 24, 3413–3421; i) J. Barluenga, S. Mart<nez, A. L. Su@rez-So-
brino, M. Tom@s, Organometallics 2006, 25, 2337–2343.

[3] a) M. L. Yeung, W.-K. Li, H.-J. Liu, Y. Wang, K. S. Chan, J. Org.
Chem. 1998, 63, 7670–7673; b) C. A. Merlic, A. Baur, C. C. Aldrich,
J. Am. Chem. Soc. 2000, 122, 7398–7399; c) J. Barluenga, M. A.
Fern@ndez-Rodr<guez, E. Aguilar, F. Fern@ndez-Mar<, A. Salinas, B.
Olano, Chem. Eur. J. 2001, 7, 3533–3544.

[4] a) A. Wienand, H.-U. Reissig, Organometallics 1990, 9, 3133–3142;
b) J. Barluenga, M. Tom@s, J. A. LRpez-Pelegr<n, E. Rubio, J. Chem.
Soc. Chem. Commun. 1995, 665–666; c) J. Barluenga, S. LRpez,
A. A. Trabanco, A. Fern@ndez-Acebes, J. FlRrez, J. Am. Chem. Soc.
2000, 122, 8145–8154; d) J. Barluenga, M. A. Fern@ndez-Rodr<guez,
P. Garc<a-Garc<a, E. Aguilar, I. Merino, Chem. Eur. J. 2006, 12, 303–
313.

[5] a) R. Aumann, M. Kçssmeier, A. J[ntti, Synlett 1998, 1120–1122;
b) M. Hoffmann, M. Buchert, H.-U. Reissig, Chem. Eur. J. 1999, 5,
876–882; c) J. Barluenga, M. Tom@s, A. Ballesteros, J. Santamar<a,
C. Brillet, S. Garc<a-Granda, A. PiÇera-Nicol@s, J. T. V@zquez, J.
Am. Chem. Soc. 1999, 121, 4516–4517; d) J. Barluenga, S. LRpez, J.
FlRrez, Angew. Chem. 2003, 115, 241–243; Angew. Chem. Int. Ed.
2003, 42, 231–233; e) J. Barluenga, J. Alonso, F. J. FaÇan@s, J. Am.
Chem. Soc. 2003, 125, 2610–2616; f) J. Barluenga, R. Vicente, L. A.
LRpez, E. Rubio, M. Tom@s, C. Alvarez-Rffla, J. Am. Chem. Soc.
2004, 126, 470–471; g) J. Barluenga, R. Vicente, P. Barrio, L. A.
LRpez, M. Tom@s, J. Am. Chem. Soc. 2004, 126, 5974–5975; h) Y.-T.
Wu, D. Vidovic, J. Magull, A. de Meijere, Eur. J. Org. Chem. 2005,
1625–1636.

[6] a) J. Barluenga, A. Ballesteros, J. Santamar<a, R. B. de La Rffla, E.
Rubio, M. Tom@s, J. Am. Chem. Soc. 2000, 122, 12874–12875; b) J.
Barluenga, A. Ballesteros, R. B. de La Rffla, J. Santamar<a, E. Rubio,
M. Tom@s, J. Am. Chem. Soc. 2003, 125, 1834–1842.

[7] a) W. D. Wulff, W. E. Bauta, R. W. Kaesler, P. J. Lankford, R. A.
Miller, C. K. Murray, D. C. Yang, J. Am. Chem. Soc. 1990, 112,
3642–3659; b) J. Barluenga, F. Aznar, A. Mart<n, J. T. V@zquez, J.
Am. Chem. Soc. 1995, 117, 9419–9426; c) J. Barluenga, J. Alonso, F.

Rodr<guez, F. J. FaÇan@s, Angew. Chem. 2000, 112, 2555–2558;
Angew. Chem. Int. Ed. 2000, 39, 2459–2462; d) J. Barluenga, S. Mar-
t<nez, A. L. Su@rez-Sobrino, M. Tom@s, J. Am. Chem. Soc. 2002, 124,
5948–5949; e) J. Barluenga, P. Garc<a-Garc<a, M. A. Rodr<guez-
Fern@ndez, E. Aguilar, I. Merino, Angew. Chem. 2005, 117, 6025–
6028; Angew. Chem. Int. Ed. 2005, 44, 5875–5878.

[8] a) C. A. Merlic, J. Am. Chem. Soc. 1991, 113, 7418–7420; b) C. A.
Merlic, E. E. Burns, D. Xu, S. Y. Chen, J. Am. Chem. Soc. 1992, 114,
8722–8724; c) C. A. Merlic, C. C. Aldrich, J. Albaneze-Walker, A.
Saghatelian, J. Am. Chem. Soc. 2000, 122, 3224–3225; d) J. Barluen-
ga, F. Aznar, M. A. Palomero, Chem. Eur. J. 2002, 8, 4149.

[9] J. Barluenga, J. Alonso, F. J. FaÇan@s, J. Borge, S. Garc<a-Granda,
Angew. Chem. 2004, 116, 5626–5629; Angew. Chem. Int. Ed. 2004,
43, 5510–5513.

[10] J. Barluenga, S. Mart<nez, A. L. Su@rez-Sobrino, M. Tom@s, J. Am.
Chem. Soc. 2001, 123, 11113–11114.

[11] For leading references on the annulation of aryl and alkenyl carbene
complexes with alkynes, see: a) W. D. Wulff, B. M. Bax, T. A. Brand-
vold, K. S. Chan, A. M. Gilbert, R. P. Hsung, J. Mitchell, J. Clardy,
Organometallics 1994, 13, 102–126; b) J. Barluenga, F. Aznar, A.
Mart<n, S. Garc<a-Granda, E. PQrez-CarreÇo, J. Am. Chem. Soc.
1994, 116, 11191–11192; c) K. H. Dçtz, C. Stinner, M. Nieger, J.
Chem. Soc. Chem. Commun. 1995, 2535–2536; d) R. P. Hsung, J. F.
Quinn, B. A. Weisenber, W. D. Wulff, G. P. A. Yap, A. L. Rheingold,
Chem. Commun. 1997, 615–616; e) V. Gopalsamuthiram, W. D.
Wulff, J. Am. Chem. Soc. 2004, 126, 13936–13937; for a recent
review, see: f) A. Minatti, K. H. Dçtz, Top. Organomet. Chem. 2004,
13, 123–156.

[12] a) J. Barluenga, P. Barrio, L. A. LRpez, M. Tom@s, S. Garc<a-Granda,
C. >lvarez-Rffla, Angew. Chem. 2003, 115, 3116–3119; Angew.
Chem. Int. Ed. 2003, 42, 3008–3011; b) J. Barluenga, R. Vicente, P.
Barrio, L. A. LRpez, M. Tom@s, J. Borge, J. Am. Chem. Soc. 2004,
126, 14354–14355.

[13] J. Barluenga, F. Aznar, M. A. Palomero, Angew. Chem. 2000, 112,
4514–4516; Angew. Chem. Int. Ed. 2000, 39, 4346–4348.

[14] Selected references: [4+2]: a) J. Barluenga, R. B. de La Rua, D.
de S@a, A. Ballesteros, M. Tom@s, Angew. Chem. 2005, 117, 5061–
5063; Angew. Chem. Int. Ed. 2005, 44, 4981–4983; [2+2]: b) W. D.
Wulff, K. L. Faron, J. Su, J. P. Springer, A. L. Rheingold, J. Chem.
Soc. Perkin Trans. 1 1999, 197–219; 1,3-dipolar: c) see reference [3].

[15] a) H. Kagoshima, T. Okamura, T. Akiyama, J. Am. Chem. Soc. 2001,
123, 7182–7183; for [3+2] cyclization with alkynyl carbenes, see:
b) H. Schirmer, T. Labahn, B. Flynn, Y.-T. Wu, A. de Meijere, Syn-
lett 1999, 2004–2006.

[16] a) T. N. Danks, D. Velo-Rego, Tetrahedron Lett. 1994, 35, 9443–
9444; b) J. Barluenga, M. Tom@s, J. A. LRpez-Pelegr<n, E. Rubio, J.
Chem. Soc. Chem. Commun. 1995, 665–666.

[17] J. Barluenga, M. Tom@s, E. Rubio, J. A. LRpez-Pelegrin, S. Garc<a-
Granda, P. Pertierra, J. Am. Chem. Soc. 1996, 118, 695–696.

[18] J. Barluenga, J. Santamar<a, M. Tom@s, Chem. Rev. 2004, 104, 2259–
2284.

[19] The [8+2] cycloaddition of 8-azaheptafulvenes was reported to
occur with highly reactive substrates such as cumulenes (allenes, ke-
tenes, isocyanates) and doubly activated styrenes; see: a) K. Haya-
kawa, H. Nishiyama, K. Kanematsu, J. Org. Chem. 1985, 50, 512–
517; b) K. Takaoka, T. Aoyama, T. Shioiri, Heterocycles, 2001, 54,
209–215; c) K. Yamamoto, S. Kajigaeshi, S. Kamenasa, Chem. Lett.
1977, 6, 85–90; d) V. Nair, K. G. Abhilash, Tetrahedron Lett. 2006,
47, 8707–8709.

[20] J. Barluenga, J. Garc<a-Rodriguez, S. Mart<nez, A. L. Su@rez-Sobri-
no, M. Tom@s, Chem. Eur. J. 2006, 12, 3201–3210.

[21] J. M. M. Verkade, L. J. C. van Hemert, P. J. L. M. Quaedflieg, P. L.
Alsters, F. L. van Delft, F. P. J. T. Rutjes, Tetrahedron Lett. 2006, 47,
8109–8113.

[22] For a review on azaazulenes, see: T. Nishiwaki, N. Abe, Heterocycles
1981, 15, 547–882.

[23] As far as we are aware, the cycloaddition of 8-(4-chlorophenyl)-8-
heptaazafulvene with tetramethyloxylallyl cation (37% yield) repre-
sents the sole precedent for the [8+3] cyclization of 8-azaheptaful-

774 www.chemasianj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 767 – 775

FULL PAPERS
J. Barluenga et al.

http://dx.doi.org/10.1016/S0040-4020(99)00981-3
http://dx.doi.org/10.1016/S0040-4020(99)00981-3
http://dx.doi.org/10.1016/S0040-4020(99)00981-3
http://dx.doi.org/10.1021/cr950010w
http://dx.doi.org/10.1021/cr950010w
http://dx.doi.org/10.1021/cr950010w
http://dx.doi.org/10.1016/S0040-4020(00)00237-4
http://dx.doi.org/10.1016/S0040-4020(00)00237-4
http://dx.doi.org/10.1016/S0040-4020(00)00237-4
http://dx.doi.org/10.1016/S0040-4020(00)00237-4
http://dx.doi.org/10.1021/cr9804137
http://dx.doi.org/10.1021/cr9804137
http://dx.doi.org/10.1021/cr9804137
http://dx.doi.org/10.1021/cr9804137
http://dx.doi.org/10.1016/j.jorganchem.2004.10.032
http://dx.doi.org/10.1016/j.jorganchem.2004.10.032
http://dx.doi.org/10.1016/j.jorganchem.2004.10.032
http://dx.doi.org/10.1016/j.ccr.2006.11.002
http://dx.doi.org/10.1016/j.ccr.2006.11.002
http://dx.doi.org/10.1016/j.ccr.2006.11.002
http://dx.doi.org/10.1021/ja00336a041
http://dx.doi.org/10.1021/ja00336a041
http://dx.doi.org/10.1021/ja00336a041
http://dx.doi.org/10.1016/S0040-4020(01)91421-8
http://dx.doi.org/10.1016/S0040-4020(01)91421-8
http://dx.doi.org/10.1016/S0040-4020(01)91421-8
http://dx.doi.org/10.1021/ja00096a019
http://dx.doi.org/10.1021/ja00096a019
http://dx.doi.org/10.1021/ja00096a019
http://dx.doi.org/10.1021/ja00096a019
http://dx.doi.org/10.1016/S0040-4020(97)00586-3
http://dx.doi.org/10.1016/S0040-4020(97)00586-3
http://dx.doi.org/10.1016/S0040-4020(97)00586-3
http://dx.doi.org/10.1021/ja972588o
http://dx.doi.org/10.1021/ja972588o
http://dx.doi.org/10.1021/ja972588o
http://dx.doi.org/10.1002/(SICI)1521-3765(19981102)4:11%3C2280::AID-CHEM2280%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/(SICI)1521-3765(19981102)4:11%3C2280::AID-CHEM2280%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/(SICI)1521-3765(19981102)4:11%3C2280::AID-CHEM2280%3E3.0.CO;2-%23
http://dx.doi.org/10.1021/om0601394
http://dx.doi.org/10.1021/om0601394
http://dx.doi.org/10.1021/om0601394
http://dx.doi.org/10.1021/jo9803840
http://dx.doi.org/10.1021/jo9803840
http://dx.doi.org/10.1021/jo9803840
http://dx.doi.org/10.1021/jo9803840
http://dx.doi.org/10.1021/ja9934753
http://dx.doi.org/10.1021/ja9934753
http://dx.doi.org/10.1021/ja9934753
http://dx.doi.org/10.1002/1521-3765(20010817)7:16%3C3533::AID-CHEM3533%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3765(20010817)7:16%3C3533::AID-CHEM3533%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3765(20010817)7:16%3C3533::AID-CHEM3533%3E3.0.CO;2-E
http://dx.doi.org/10.1021/om00162a027
http://dx.doi.org/10.1021/om00162a027
http://dx.doi.org/10.1021/om00162a027
http://dx.doi.org/10.1039/c39950000665
http://dx.doi.org/10.1039/c39950000665
http://dx.doi.org/10.1039/c39950000665
http://dx.doi.org/10.1039/c39950000665
http://dx.doi.org/10.1021/ja000694b
http://dx.doi.org/10.1021/ja000694b
http://dx.doi.org/10.1021/ja000694b
http://dx.doi.org/10.1021/ja000694b
http://dx.doi.org/10.1002/chem.200500918
http://dx.doi.org/10.1002/chem.200500918
http://dx.doi.org/10.1002/chem.200500918
http://dx.doi.org/10.1055/s-1998-1861
http://dx.doi.org/10.1055/s-1998-1861
http://dx.doi.org/10.1055/s-1998-1861
http://dx.doi.org/10.1002/(SICI)1521-3765(19990301)5:3%3C876::AID-CHEM876%3E3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1521-3765(19990301)5:3%3C876::AID-CHEM876%3E3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1521-3765(19990301)5:3%3C876::AID-CHEM876%3E3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1521-3765(19990301)5:3%3C876::AID-CHEM876%3E3.0.CO;2-T
http://dx.doi.org/10.1021/ja9825736
http://dx.doi.org/10.1021/ja9825736
http://dx.doi.org/10.1021/ja9825736
http://dx.doi.org/10.1021/ja9825736
http://dx.doi.org/10.1002/ange.200390055
http://dx.doi.org/10.1002/ange.200390055
http://dx.doi.org/10.1002/ange.200390055
http://dx.doi.org/10.1002/anie.200390087
http://dx.doi.org/10.1002/anie.200390087
http://dx.doi.org/10.1002/anie.200390087
http://dx.doi.org/10.1002/anie.200390087
http://dx.doi.org/10.1021/ja029170x
http://dx.doi.org/10.1021/ja029170x
http://dx.doi.org/10.1021/ja029170x
http://dx.doi.org/10.1021/ja029170x
http://dx.doi.org/10.1021/ja038817q
http://dx.doi.org/10.1021/ja038817q
http://dx.doi.org/10.1021/ja038817q
http://dx.doi.org/10.1021/ja038817q
http://dx.doi.org/10.1021/ja049200r
http://dx.doi.org/10.1021/ja049200r
http://dx.doi.org/10.1021/ja049200r
http://dx.doi.org/10.1002/ejoc.200400858
http://dx.doi.org/10.1002/ejoc.200400858
http://dx.doi.org/10.1002/ejoc.200400858
http://dx.doi.org/10.1002/ejoc.200400858
http://dx.doi.org/10.1021/ja002905i
http://dx.doi.org/10.1021/ja002905i
http://dx.doi.org/10.1021/ja002905i
http://dx.doi.org/10.1021/ja0278077
http://dx.doi.org/10.1021/ja0278077
http://dx.doi.org/10.1021/ja0278077
http://dx.doi.org/10.1021/ja00165a060
http://dx.doi.org/10.1021/ja00165a060
http://dx.doi.org/10.1021/ja00165a060
http://dx.doi.org/10.1021/ja00165a060
http://dx.doi.org/10.1021/ja00142a006
http://dx.doi.org/10.1021/ja00142a006
http://dx.doi.org/10.1021/ja00142a006
http://dx.doi.org/10.1021/ja00142a006
http://dx.doi.org/10.1002/1521-3757(20000717)112:14%3C2555::AID-ANGE2555%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3757(20000717)112:14%3C2555::AID-ANGE2555%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3757(20000717)112:14%3C2555::AID-ANGE2555%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3773(20000717)39:14%3C2459::AID-ANIE2459%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3773(20000717)39:14%3C2459::AID-ANIE2459%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3773(20000717)39:14%3C2459::AID-ANIE2459%3E3.0.CO;2-E
http://dx.doi.org/10.1021/ja0260667
http://dx.doi.org/10.1021/ja0260667
http://dx.doi.org/10.1021/ja0260667
http://dx.doi.org/10.1021/ja0260667
http://dx.doi.org/10.1002/ange.200501468
http://dx.doi.org/10.1002/ange.200501468
http://dx.doi.org/10.1002/ange.200501468
http://dx.doi.org/10.1002/anie.200501468
http://dx.doi.org/10.1002/anie.200501468
http://dx.doi.org/10.1002/anie.200501468
http://dx.doi.org/10.1021/ja00019a047
http://dx.doi.org/10.1021/ja00019a047
http://dx.doi.org/10.1021/ja00019a047
http://dx.doi.org/10.1021/ja00048a068
http://dx.doi.org/10.1021/ja00048a068
http://dx.doi.org/10.1021/ja00048a068
http://dx.doi.org/10.1021/ja00048a068
http://dx.doi.org/10.1021/ja994313+
http://dx.doi.org/10.1021/ja994313+
http://dx.doi.org/10.1021/ja994313+
http://dx.doi.org/10.1002/1521-3765(20020916)8:18%3C4149::AID-CHEM4149%3E3.0.CO;2-R
http://dx.doi.org/10.1002/ange.200460547
http://dx.doi.org/10.1002/ange.200460547
http://dx.doi.org/10.1002/ange.200460547
http://dx.doi.org/10.1002/anie.200460547
http://dx.doi.org/10.1002/anie.200460547
http://dx.doi.org/10.1002/anie.200460547
http://dx.doi.org/10.1002/anie.200460547
http://dx.doi.org/10.1021/ja011600g
http://dx.doi.org/10.1021/ja011600g
http://dx.doi.org/10.1021/ja011600g
http://dx.doi.org/10.1021/ja011600g
http://dx.doi.org/10.1021/om00013a021
http://dx.doi.org/10.1021/om00013a021
http://dx.doi.org/10.1021/om00013a021
http://dx.doi.org/10.1021/ja00103a058
http://dx.doi.org/10.1021/ja00103a058
http://dx.doi.org/10.1021/ja00103a058
http://dx.doi.org/10.1021/ja00103a058
http://dx.doi.org/10.1039/c39950002535
http://dx.doi.org/10.1039/c39950002535
http://dx.doi.org/10.1039/c39950002535
http://dx.doi.org/10.1039/c39950002535
http://dx.doi.org/10.1039/a604742d
http://dx.doi.org/10.1039/a604742d
http://dx.doi.org/10.1039/a604742d
http://dx.doi.org/10.1021/ja0454236
http://dx.doi.org/10.1021/ja0454236
http://dx.doi.org/10.1021/ja0454236
http://dx.doi.org/10.1002/ange.200351216
http://dx.doi.org/10.1002/ange.200351216
http://dx.doi.org/10.1002/ange.200351216
http://dx.doi.org/10.1002/anie.200351216
http://dx.doi.org/10.1002/anie.200351216
http://dx.doi.org/10.1002/anie.200351216
http://dx.doi.org/10.1002/anie.200351216
http://dx.doi.org/10.1021/ja045459y
http://dx.doi.org/10.1021/ja045459y
http://dx.doi.org/10.1021/ja045459y
http://dx.doi.org/10.1021/ja045459y
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4514::AID-ANGE4514%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4514::AID-ANGE4514%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4514::AID-ANGE4514%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4514::AID-ANGE4514%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4346::AID-ANIE4346%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4346::AID-ANIE4346%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4346::AID-ANIE4346%3E3.0.CO;2-8
http://dx.doi.org/10.1002/ange.200501400
http://dx.doi.org/10.1002/ange.200501400
http://dx.doi.org/10.1002/ange.200501400
http://dx.doi.org/10.1002/anie.200501400
http://dx.doi.org/10.1002/anie.200501400
http://dx.doi.org/10.1002/anie.200501400
http://dx.doi.org/10.1039/a805718d
http://dx.doi.org/10.1039/a805718d
http://dx.doi.org/10.1039/a805718d
http://dx.doi.org/10.1039/a805718d
http://dx.doi.org/10.1021/ja015866z
http://dx.doi.org/10.1021/ja015866z
http://dx.doi.org/10.1021/ja015866z
http://dx.doi.org/10.1021/ja015866z
http://dx.doi.org/10.1055/s-1999-2960
http://dx.doi.org/10.1055/s-1999-2960
http://dx.doi.org/10.1055/s-1999-2960
http://dx.doi.org/10.1055/s-1999-2960
http://dx.doi.org/10.1016/S0040-4039(00)78565-0
http://dx.doi.org/10.1016/S0040-4039(00)78565-0
http://dx.doi.org/10.1016/S0040-4039(00)78565-0
http://dx.doi.org/10.1039/c39950000665
http://dx.doi.org/10.1039/c39950000665
http://dx.doi.org/10.1039/c39950000665
http://dx.doi.org/10.1039/c39950000665
http://dx.doi.org/10.1021/ja952710o
http://dx.doi.org/10.1021/ja952710o
http://dx.doi.org/10.1021/ja952710o
http://dx.doi.org/10.1021/cr0306079
http://dx.doi.org/10.1021/cr0306079
http://dx.doi.org/10.1021/cr0306079
http://dx.doi.org/10.1021/jo00204a018
http://dx.doi.org/10.1021/jo00204a018
http://dx.doi.org/10.1021/jo00204a018
http://dx.doi.org/10.1016/j.tetlet.2006.10.032
http://dx.doi.org/10.1016/j.tetlet.2006.10.032
http://dx.doi.org/10.1016/j.tetlet.2006.10.032
http://dx.doi.org/10.1016/j.tetlet.2006.10.032
http://dx.doi.org/10.1002/chem.200501402
http://dx.doi.org/10.1002/chem.200501402
http://dx.doi.org/10.1002/chem.200501402
http://dx.doi.org/10.1016/j.tetlet.2006.09.044
http://dx.doi.org/10.1016/j.tetlet.2006.09.044
http://dx.doi.org/10.1016/j.tetlet.2006.09.044
http://dx.doi.org/10.1016/j.tetlet.2006.09.044


venes; see: T. Ishizu, K. Harano, M. Yasuda, K. Kanematsu, J. Org.
Chem. 1981, 46, 3630–3634.

[24] F. G. Njoroge, B. Vibulbhan, D. F. Rane, W. R. Bishop, J. Petrin, R.
Patton, M. S. Bryant, K.-J. Chen, A. A. Nomeir, C.-C. Lin, M. Liu, I.
King, J. Chen, S. Lee, B. Yaremko, J. Dell, P. Lipari, M. Malkowski,
Z. Li, J. Catino, R. J. Doll, V. Girijavallabhan, A. K. Ganguly, J.
Med. Chem. 1997, 40, 4290–4301.

[25] a) S. M. Barolo, X. Teng, G. D. Cuny, R. A. Rossi, J. Org. Chem.
2006, 71, 8493–8499; for a review, see: b) E. Tojo, J. Nat. Prod.
1989, 52, 909–921.

[26] The use of acetonitrile as solvent seems to favor the [8+2] cycliza-
tion over the [8+3]. Owing to its coordinating ability, acetonitrile

could compete with the intramolecular chelation of functional R1

substituents (transition state IV). Thus, low-coordinating R1 sub-
stituents lead to the [8+2] cycloadducts (Table 1), whereas the cor-
responding [8+3] cycloadducts are formed in the case of R1 sub-
stituents with higher metal affinity (Table 2, entries 4–9).

[27] a) E. O. Fischer, A. Maasbçl, Angew. Chem. 1964, 76, 645–645;
Angew. Chem. Int. Ed. Engl. 1964, 3, 580–581; b) R. Aumann, H.
Heinen, Chem. Ber. 1987, 120, 537–540.

[28] K. Sanechika, S. Kajigaeshi, S. Kamenasa, Synthesis 1977, 202–204.

Received: October 11, 2007
Published online: March 20, 2008

Chem. Asian J. 2008, 3, 767 – 775 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 775

Cyclization of Alkenyl Carbenes and 8-Azaheptafulvenes

http://dx.doi.org/10.1021/jo00331a009
http://dx.doi.org/10.1021/jo00331a009
http://dx.doi.org/10.1021/jo00331a009
http://dx.doi.org/10.1021/jo00331a009
http://dx.doi.org/10.1021/jm970464g
http://dx.doi.org/10.1021/jm970464g
http://dx.doi.org/10.1021/jm970464g
http://dx.doi.org/10.1021/jm970464g
http://dx.doi.org/10.1021/jo061478+
http://dx.doi.org/10.1021/jo061478+
http://dx.doi.org/10.1021/jo061478+
http://dx.doi.org/10.1021/jo061478+
http://dx.doi.org/10.1021/np50065a001
http://dx.doi.org/10.1021/np50065a001
http://dx.doi.org/10.1021/np50065a001
http://dx.doi.org/10.1021/np50065a001
http://dx.doi.org/10.1002/ange.19640761405
http://dx.doi.org/10.1002/ange.19640761405
http://dx.doi.org/10.1002/ange.19640761405
http://dx.doi.org/10.1002/anie.196405801
http://dx.doi.org/10.1002/anie.196405801
http://dx.doi.org/10.1002/anie.196405801
http://dx.doi.org/10.1002/cber.19871200413
http://dx.doi.org/10.1002/cber.19871200413
http://dx.doi.org/10.1002/cber.19871200413
http://dx.doi.org/10.1055/s-1977-24325
http://dx.doi.org/10.1055/s-1977-24325
http://dx.doi.org/10.1055/s-1977-24325

