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Introduction

Fischer carbene complexes (FCCs) have become very useful
materials in organic synthesis. During the last two decades,
their chemistry has been extensively studied and at present
there are a large number of useful transformations involving
FCCs that find application in synthetic organic chemistry,
mostly oriented towards the preparation of carbo- and het-
erocycles. In fact, a particularly interesting feature of the
chemistry of FCCs is their ability to provide complex carbo-
cyclic structures from simple starting materials in processes
that usually involve the formation of several C�C bonds in a
cascade of elementary reactions.[2]

Among the most studied processes are the reactions be-
tween FCCs and alkynes.[3] In the first instance, these reac-
tions usually give rise to a,b-unsaturated carbene complexes
derived from the insertion of the alkyne which are generally

more reactive than the initial carbene and therefore evolve
to form different types of products. The evolution reactions
depend on the nature of the alkyne and the carbene com-
plex and may involve insertion of another alkyne,[4] insertion
of a CO ligand,[5] cyclopropanation of alkenes,[6] metalla-
triene cyclization,[7] a-hydrogen activation,[8] or dimerization
of the carbene ligand.[9]

The well-known Dçtz benzannulation reaction[10] can be
regarded as the most important and synthetically useful of
these reactions. In the Dçtz benzannulation reaction, an al-
kenyl FCC and an alkyne provide a p-alkoxyphenol deriva-
tive. The mechanism of this reaction has been thoroughly
studied both experimentally and computationally. The most
accepted route is shown in Scheme 1. The first step consists
of the loss of a CO ligand to generate the coordinatively un-
saturated tetracarbonyl complex I. Then, coordination of
the alkyne to the metal center leads to the h2-alkyne(tetra-
carbonyl)carbene complex II. Insertion of the alkyne produ-
ces carbene complex III, which evolves by insertion of one
CO ligand to yield the a,b,g,d-unsaturated metal–ketene
complex IV. Finally, electrocyclic ring closure followed by
tautomerization gives rise to the tricarbonylchromium-com-
plexed alkoxyphenol VI and eventually to the metal-free al-
koxyphenol VII upon decoordination.

Although the benzannulation product is commonly ob-
tained, in some cases, upon alkyne insertion, complexes III
can follow alternative pathways. In fact, the reaction be-
tween alkynes and a,b-unsaturated Fischer carbene com-
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plexes can produce more than 15 different types of organic
compounds.[11] For these reasons, every elementary step of
the Dçtz reaction and its variations has been the subject of
detailed experimental and theoretical studies aimed at ex-
plaining the different reaction pathways that lead to the
most important by-products.[12–16]

Aside from its mechanistic appeal, the Dçtz reaction
holds doubtless synthetic interest as it is a regioselective
method of synthesis of highly substituted phenols. In fact,
the Dçtz benzannulation reaction has found wide applica-
tion in the synthesis of benzo[b]heterocycles,[17] and also as
part of the synthesis of a number of natural products and
biologically active substances.[18]

In recent years, we have been interested in the prepara-
tion and synthetic applications of 1-metallahexa-1,3,5-tri-
enes.[19] These types of compounds can be regarded as ana-
logues of the intermediate III of the typical Dçtz benzannu-
lation reaction. In fact, most 1-metallahexa-1,3,5-trienes are
unstable and evolve through cyclopent- or benzannulation
reactions. However, when the C3=C4 double bond belongs
to a four-membered ring, the geometrical constraints im-
posed by the cyclobutene places the carbene moiety far
apart from the reacting double bond, making the benzannu-
lation reaction more difficult. Indeed, the metallatrienes A
are stable at room temperature and evolve to the Dçtz-like
benzannulation products B only upon heating (Scheme 2).

Interestingly, we have recently reported that the same cy-
clobutene-containing dienyl carbene complexes A in the
presence of alkynes give rise to cyclooctatrienones C in a
process that could be envisioned as an extended Dçtz cycli-
zation.[1] Note, this reaction represents a new methodology
for the preparation of functionalized eight-membered carbo-
cycles. Motivated by the originality of this process and its
potential synthetic interest, we decided to undertake a more
detailed study of the scope of this reaction. Accordingly, we

have investigated the behavior
of different dienyl Fischer car-
bene complexes A, differing in
the nature of the terminal
double bonds which form a part
of different olefinic and aro-
matic systems, in the presence
of alkynes. In fact, we have ob-
served that depending on the
nature of the trienylcarbene,
six- or eight-membered carbo-
cycles can be obtained. More-
over, to gain a deeper under-
standing of the mechanisms of
the different reactions, we have
also performed DFT computa-
tions to explain the behavior
observed for the different met-
allahexatrienes. Herein we pres-
ent the results of our study.

Results and Discussion

Our first approach in the study of the reactions between al-
kynes and cyclobutene-containing metallatrienes was made
using carbene complexes 2 which feature a regular double
bond between C5 and C6. These types of dienyl complexes
2 are easily prepared from [2+2] cycloaddition of alkynyl
carbene complexes 1 and electron-rich olefins such as enol
ethers (Scheme 3).[19a]

When these dienyl carbene complexes 2 were treated with
3 equiv of a terminal alkyne in THF and warmed to reflux,

Scheme 1. Accepted mechanism for the Dçtz benzannulation reaction.

Scheme 2. Different reaction pathways of metallatrienes A.

Scheme 3. Preparation of dienyl carbene complexes 2.
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the corresponding cyclooctatrienones 3 were obtained in
moderate yields (Scheme 4).

The reactions proceed in a regioselective fashion giving
rise exclusively to the regioisomer that features the hydro-
gen atom of the terminal alkyne in the position closest to
the methoxy group (Table 1). Compounds 3 were obtained
as a mixture of diastereoisomers as a result of the newly cre-
ated stereogenic center. The structure of these compounds
was elucidated on the basis of their COSY and HMBC
NMR spectra.

As shown in Table 1, the reaction can be conducted with
a variety of dienyl carbenes and terminal alkynes, giving rise
to a set of structurally diverse cyclooctatrienones. The same
reaction was also carried out with internal alkynes. Symmet-
ric systems such as tolane and bis(trimethylsilyl)acetylene
were selected to avoid problems of regioselectivity. The re-
actions took place providing the corresponding cycloocta-
trienones although with longer reaction times and lower
yields. Note, although the reaction between tolane and
dienyl carbene complex 2b gave rise to the expected prod-
uct 3o (Table 1, entry 15), when bis(trimethylsilyl)acetylene
was used, the loss of one TMS group occurred to give 3 f
(Table 1, entry 16), the product expected from the reaction
using trimethylsilylacetylene.

This process can be viewed as an extension of the Dçtz
reaction, as, just like in the benzannulation reaction, carbo-
cycle formation occurs upon insertion of an alkyne and a
CO molecule. However, in this case, the additional double
bond present in the starting complex participates in the elec-
trocyclic ring closure, giving rise to the eight-membered car-
bocycles 3.

Interestingly, the cyclooctatrienones 3 could also be pre-
pared in a tandem one-pot process from vinyl-substituted al-
kynylchromium carbene complexes 1.[20] Thus, upon reflux-
ing complexes 1 with three equivalents of 2,3-dihydrofuran
and the alkyne in THF, the desired products were also ob-
tained, although in slightly lower yields than in the stepwise
reaction. This experimental method allowed us to carry out
the reaction with the unstable and non-isolable dienyl car-
bene complex 2h. The final product 3 l was obtained as a di-
carbonyl compound after hydrolysis of the acetal group of
3p, which took place during the reaction work up
(Scheme 5).

We next turned our attention to the behavior of Fischer
carbene complexes 4 under similar reaction conditions. The
obvious difference between complexes 2 and 4 is that the
terminal double bond of the latter is part of a benzene ring.

Not surprisingly, when complexes 4 were refluxed in THF in
the presence of 1-hexyne, the corresponding cyclooctatrie-
nones were not obtained. Instead, as shown in Scheme 6,
complexes 4 reacted with the alkyne in the fashion expected
for single alkenyl complexes affording the benzannulation
products 5.

A straightforward explanation for this differential reactiv-
ity can be related to the high energy cost required to break
the aromaticity of the phenyl group in the course of a hypo-
thetical 8p-electrocyclic ring closure, which favors a Dçtz-
like benzannulation pathway.

With these different reactivity patterns in hand, we decid-
ed to perform a more extensive investigation of this reaction
by employing dienyl carbene complexes bearing different ar-
omatic substituents.

First of all, we examined the reactivity of naphthalene-
substituted dienyl carbene complex 6 with the idea that the
lower energy barrier required to involve naphthalene in an
8p-electrocyclization reaction might allow the eight-mem-
bered ring carbocycle to be obtained. However, the extend-
ed Dçtz-like reaction did not take place and the benzannu-
lation product 5c was again obtained (Scheme 7).

To study the effect of heterocyclic substituents on the re-
actions of dienyl carbenes we decided to introduce an indol-
yl substituent to the terminus of the alkenyl carbene. With
this idea, we set out to investigate the reactions of carbenes
7 and 8, bearing an indol-3-yl and an indol-2-yl substituent,
respectively, to explore the different reactivities of the C2
and C3 positions of the indole ring. Aside from the mecha-
nistic interest of this reaction, the participation of the indole
ring in an extended Dçtz reaction might be a synthetically
relevant transformation as it would be a new way of modify-
ing the privileged nucleus of indole, which is found in nu-
merous natural products and medicinally important com-
pounds.[21]

The required alkynyl carbene complexes 9 and 10 were
prepared from the 1-methyl-3-indolecarbaldehyde and 1-
methyl-2-indolecarbaldehyde, respectively, by employing
conventional chemistry,[22] as represented in Scheme 8. Then
[2+2] cycloaddition of 9 and 10 with 2,3-dihydrofuran pro-
vided the corresponding indole-substituted dienyl carbenes
7 and 8, respectively (Scheme 8).

When dienyl carbene complex 7 was treated with terminal
alkynes in THF under reflux the corresponding cyclooct[-
b]indoles 15 were obtained in moderate yields. Similarly,
when complex 8 was used as the starting product, cyclooct[-
b]indoles 16 were obtained in the same way (Scheme 9).
Note, in both cases, 8p electrocyclization involving the
double bond of the indole occurred,[23] indicating that the
different electronic properties of the 2- and 3-substituted in-
doles do not affect the course of the reaction.

The reactions proceeded in a regio- and diastereoselective
manner leading to a single diastereoisomer (Table 2). The
relative stereochemistry between the stereocenters was de-
termined by X-ray analysis of cyclooct[b]indole 16d.

This reaction represents a very straightforward approach
to cyclooct[b]indole, an unusual structural motif that is pres-

Scheme 4. Synthesis of cyclooctatrienones 3 by a Dçtz-like reaction.
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Table 1. Preparation of eight-membered carbocycles 3 from dienyl carbene complexes 2 and alkynes.

Entry Carbene 2 Alkyne Product 3 d.r.[a] Yield [%][b,c]

1 5:1 57 (41)

2[d] 2a 1.4:1 63[e,f]

3 3:1 75 (70)

4[g] 2b 1.3:1 59 (48)

5 2b 1.2:1 61

6[d] 2b 3:1 55[e]

7[d] 4:1 64

8 15:1 77[h]

9 15:1 67[h]

10 15:1 53[h]

11 15:1 56[h]

12 – 52[i]

Chem. Eur. J. 2007, 13, 7682 – 7700 I 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7685

FULL PAPERSynthesis of Eight-Membered-Ring-Containing Polycycles

www.chemeurj.org


ent in some biologically active indole alkaloids such as cau-
lerpin[24] and dregamine isomethine.[25]

As in the preceding reactions with cyclooctatrienones 3,
polycycles 15 and 16 could be prepared in a tandem one-pot
process from Fischer carbene complexes 9 and 10, respec-
tively, avoiding the isolation and purification of indolyl com-

plexes 7 and 8. In a typical example, after stirring the car-
bene complex 9 or 10 in THF with three equivalents of 2,3-
dihydrofuran at room temperature, the corresponding
alkyne was added and the mixture refluxed for 2 hours to
obtain polycycles 15 and 16 in similar yields to the stepwise
reaction.

Table 1. (Continued)

Entry Carbene 2 Alkyne Product 3 d.r.[a] Yield [%][b,c]

13 – 52

14 – 60

15 2b 15:1 38

16[d] 2b 3 f 3:1 29

[a] Determined by integration of the 1H NMR signals in the crude reaction mixture. [b] Yield of isolated product based on the starting Fischer carbene
complex. [c] Results in parentheses refer to the one-pot process from the corresponding alkynyl carbene complex 1. [d] TMS= trimethylsilyl. [e] Diaste-
reoisomers could not be separated by chromatography. [f] 20% of the product was isolated as the [Cr(CO)3] complex. [g] TBS= tert-butyldimethylsilyl.
[h] Only the major diastereoisomer was isolated. [i] Yield of the one-pot process from the corresponding alkynyl carbene complex. Ketal deprotection oc-
curred during work up of the reaction.

Scheme 5. Tandem one-pot process to obtain cyclooctatrienone 3 l.

Scheme 6. The reaction between dienyl carbene complexes 4 and 1-
hexyne giving rise to the benzannulation products 5.

Scheme 7. Reaction between dienyl carbene 6 and 1-hexyne leading to
benzannulation product 5c.

Scheme 8. Preparation of Fischer carbene complexes 9 and 7, the identi-
cal procedure was applied for 10 and 8.
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The one-pot process was also studied with a conjugated
enyne. Thus, reaction between carbene complex 10, 2,3-dihy-
drofuran and 2-methylbut-1-en-3-yne led to the carbocycle
17 after isomerization of the terminal olefin (Scheme 10).
Note, no side-product from a reaction between the carbene
complex and the double bond of the enyne was observed.[6]

The reaction between dienyl carbene complexes 7 and 8
and terminal alkynes leading to cyclooct[b]indoles 15 and
16, respectively, turned out to be quite general. However,
when the substituent of the terminal alkyne is a very bulky
group (R’=TMS, tBu), formation of the eight-membered
ring was not observed. In these cases, the reaction gave rise
exclusively to benzannulation products 18 and 19
(Scheme 11). The presence of bulky substituents probably

causes a distortion in the bond angles, favoring the forma-
tion of the six-membered ring.

The same reactivity trend observed for the indolyl com-
plexes was also followed by the Fischer carbene complex 20
derived from a benzo[b]furan ring. This carbene complex,
under the typical conditions of the one-pot process, gave
rise to the corresponding benzo[b]cycloocta[d]furans 21
(Scheme 12). However, in this case, the eight-membered car-
bocycles were obtained as a mixture of diastereoisomers in
relatively poor yields.

Mechanistic considerations : The formation of 3, 5, 15, 16
and 21 might be explained by a mechanism in which the ini-
tial steps, leading to intermediate 24, are identical to those
proposed for the Dçtz reaction. As shown in Scheme 13, in-
termediates 22, 23 and 24 are analogous to the intermediates
proposed in the accepted mechanism of the Dçtz benzannu-
lation reaction (II, III and IV in Scheme 1).

The key step in the reaction between dienyl carbene com-
plexes and alkynes is the electrocyclic ring closure of 24 and
the outcome of the reaction depends on the nature of the
C6=C7 double bond. When this double bond is part of an
aromatic six-membered ring (phenyl or naphthyl), inter-
mediate 24 undergoes a 6p-electron electrocyclization step
leading to cyclohexadienones 5. However, when the termi-
nal double bond is part of an alkene or a five-membered

Scheme 9. Synthesis of cyclooct[b]indoles 15 and 16.

Table 2. Reactions between Fischer carbene complexes 7 and 8 and ter-
minal alkynes.

Carbene complex R Product Yield [%][a,b]

7 Bu 15a 47 (50)
7 C8H17 15b 44 (49)
7 CH2CH2Ph 15c 56 (57)
8 Bu 16a 54 (58)
8 Ph 16b 57 (63)
8 CH2Ph 16c 66 (68)
8 CH2CH2Ph 16d 70 (69)

[a] Yield of isolated product based on the starting Fischer carbene com-
plex 7 and 8. [b] Results in parentheses refer to the one-pot process from
the corresponding alkynyl carbene complexes 9 and 10.

Scheme 10. Reaction between carbene complex 10 and 2-methylbut-1-en-
3-yne in a tandem one-pot process.

Scheme 11. Reactions of dienyl carbene complexes 7 and 8 with alkynes
containing bulky groups, giving rise to benzannulation products 18 and
19.

Scheme 12. Synthesis of carbocycles 21.
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ring of a benzo-fused heterocycle, 24 evolves through an 8p-
electron electrocyclization step, giving rise to cyclooctatrie-
none derivatives with the general structure 3. In the reac-
tions of indole and benzofuran derivatives, the final step is
the aromatization of the heterocyclic group leading to cyclo-
oct[b]indoles 15 and 16 or benzo[b]cycloocta[d]furans 21.

Computational studies : To gain a deeper understanding of
the different reaction pathways leading to either benzannu-
lation or the formation of cyclooctatrienones, we carried out
DFT calculations on three different model systems. We have
assumed the acetylene insertion process. This initial part of
the reaction mechanism is well-established as it has been ex-

tensively studied by both com-
putational[16c,d,26] and experi-
mental methods[12–16] for the
Dçtz reaction. Moreover, the
acetylene insertion process is
common to both the benzannu-
lation and the formation of the
eight-membered ring. There-
fore, we restricted the computa-
tional study to the part of the
reaction that determines the
formation of the different prod-
ucts and performed our model-
ling studies starting from the in-
termediates with the general
structure X (Figure 1).

We studied three model sys-
tems that cover the different
chemical behavior observed ex-
perimentally. First, the trienyl-
carbene complex A, in which a
pendant olefinic double bond
participates in the formation of
the eight-membered ring, and
then two different aromatically
substituted systems, the phenyl-
substituted dienyl carbene Ph,
which yields the typical benzan-
nulation product, and the
indole-substituted dienyl car-
bene In, which again provides
the eight-membered ring com-
plex.

A representation of the dif-
ferent reaction pathways found
in our study of simple model
system A is shown in Figure 2
and the reaction profile in
Figure 3.

We found three isomeric
energy minima for tetracarbon-
yl A in which the coordination
vacancy of the chromium is sta-
bilized by complexation with

the vicinal double bond A1, the internal double bond of the
cyclobutene A2 and the pendant terminal double bond A3
(Figure 4). Isomer A2 is stabilized by h2 bonding with the in-
ternal cyclobutene double bond. The presence of a complex
with a structure similar to A2 was proposed by SolS and co-
workers as an intermediate in the lowest-energy reaction
profile for the Dçtz benzannulation reaction.[16d] Moreover,
we have previously reported the characterization of a hexa-
triene(tetracarbonyl)chromium complex that features this
particular complexation mode.[12c] In the complex A3, the
hexatrienic moiety adopts a helical structure which allows
for a nearly perfect h2 interaction between the terminal
double bond and the tetracarbonylchromium, the C�Cr dis-

Scheme 13. Proposed mechanism for the reaction between Fischer dienyl carbene complexes and alkynes.
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tances being almost identical: dACHTUNGTRENNUNG(C7�Cr)=2.34 T and dACHTUNGTRENNUNG(C6�
Cr)=2.38 T. Complexes A2 and A3 are very similar in
energy. In contrast, complex A1 is clearly less stable than
A2 (9.6 kcalmol�1) as a result of the weak stabilization of
the chromium coordination vacancy by the vicinal double
bond. The interconversion between these three structures
occurs by simple rotation of the tetracarbonylchromium
moiety over the plane defined by the dienic structure. The
barriers to conversion are relatively low and therefore it is
expected that an equilibrium between these three structures
must exist.

In analogy with the typical Dçtz benzannulation reaction,
the following step en route to the cyclization must be the
CO insertion. Insertion of CO into complex A2 leads to the
new ketene complex A4, which features the Cr(CO)3 moiety
coordinated in a h5 mode to the triene. At this level of
theory, A4 was found to be 4.0 kcalmol�1 less stable than its
precursor A2. A high activation barrier of 22.4 kcalmol�1

was obtained for the conversion of A2 to A4 through TS-
ACHTUNGTRENNUNG(A2!A4). On the other hand, after extensive calculations,
we were not able to find a transition-state structure involv-
ing CO insertion starting from A1.[27]

Complex A4 might evolve to generate the tricarbonyl-
chromium-complexed cyclohexadienone A6 (not observed
experimentally) through TS ACHTUNGTRENNUNG(A4!A6) in an annulation pro-
cess that resembles a six-electron disrotatory electrocycliza-
tion. An activation energy barrier of 7.8 kcalmol�1 was
found for this transformation. On the other hand A4 may
also lead to the tricarbonylchromium-complexed cycloocta-
trienone A7 through the TS ACHTUNGTRENNUNG(A4!A7) structure in an 8p-
electron conrotatory electrocyclization. The formation of
the eight-membered ring has an even lower energy barrier
(5.6 kcalmol�1).

A different reaction pathway to another cyclooctatrienone
chromium complex was also found starting from complex
A3. We did not find a transition-state structure connecting
A3 with ketene A4. Instead, while searching for a TS for
the carbonyl insertion, we found a different saddle point TS-
ACHTUNGTRENNUNG(A3!A8) which connects A3 directly to the cyclooctatrie-
none complex A8. Intrinsic reaction coordinate (IRC) calcu-
lations confirmed that A3 and A8 are indeed connected
through TS ACHTUNGTRENNUNG(A3!A8). The concerted transformation from
A3 to A8 involves the formation of two C�C bonds between
the CO and both ends of the seven-membered carbon chain.
Moreover, the Cr(CO)3 moiety is partially stabilized by
complexation through two h2 interactions, with the double
bond and with the carbonyl. The activation energy found for
this process is 19.2 kcalmol�1. Indeed, this is the lowest-
energy reaction pathway found for the thermal rearrange-
ment of A1, A2 or A3. The TS ACHTUNGTRENNUNG(A3!A8) is 3.2 kcalmol�1

more stable than TS ACHTUNGTRENNUNG(A2!A4), the highest energy point in
the alternative reaction pathway. Thereby, our calculations
are in agreement with the experimental observations and
suggest the formation of the cyclooctatrienone chromium
complex A8 in an unusual single concerted step from A3
through TS ACHTUNGTRENNUNG(A3!A8).

The most outstanding results for the calculations on
model system Ph are represented in Figure 5 and Figure 6.
Two minimum structures Ph1 and Ph2 were found for the
phenyl-substituted chromahexatriene. Interestingly, a struc-
ture analogous to A3, in which the coordination vacancy of
the chromium is stabilized by the benzene ring, was not
found as a stationary point on the potential energy surface.
The structural characteristics found for Ph1 and Ph2 are
very similar to those obtained for the system A. Also, Ph2 is
clearly more stable than Ph1, by an energy difference of
8.8 kcalmol�1.

Figure 1. Model systems studied.

Figure 2. Calculated reaction pathways for system A, with the B3LYP
electronic energies obtained (hartree).
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We found two alternative reaction pathways leading to
the ketene complex Ph4. Insertion of CO into Ph2 leads di-
rectly to the new complex Ph4 through TS ACHTUNGTRENNUNG(Ph2!Ph4). This

transformation features a high energy barrier of 23.4 kcal
mol�1. Similarly to system A, Ph4 was found to be
3.5 kcalmol�1 less stable than its precursor Ph2. On the

Figure 3. Gibbs energy profiles for system A in solution. Relative Gibbs energies in the gas phase are indicated in parentheses.

Figure 4. B3LYP-optimized structures for A1, A2, A3, TS ACHTUNGTRENNUNG(InA3!A8) and A8. Hydrogen atoms have been omitted for clarity. The CO ligands on the
Cr(CO)3 moiety have been removed from the models of TS ACHTUNGTRENNUNG(InA3!A8) and A8.
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other hand, CO insertion into complex Ph1 affords the new
complex Ph5 through the TS ACHTUNGTRENNUNG(Ph1!Ph5) transition-state
structure (DGact=14.3 kcalmol�1). Note that a similar TS
could not be found for the A series. Complex Ph5 isomeris-
es to Ph4 through a very low barrier (1.1 kcalmol�1). This
time, the Ph1!Ph5!Ph4 pathway turned out to be the
lowest energy pathway to Ph4, even though a very small
energy difference was found between TS ACHTUNGTRENNUNG(Ph2!Ph4) and
TS ACHTUNGTRENNUNG(Ph1!Ph5). The calculated three-dimensional models for
the species involved in these transformations are represent-
ed in Figure 7.

Intermediate Ph4 can evolve to six-membered ring Ph6 or
eight-membered ring Ph7 via TS ACHTUNGTRENNUNG(Ph4!Ph6) and TS ACHTUNGTRENNUNG(Ph4!
Ph7), respectively. The transition-state structure for the for-
mation of the six-membered ring TS ACHTUNGTRENNUNG(Ph4!Ph6) was found
to be 1.2 kcalmol�1 more stable than TS ACHTUNGTRENNUNG(Ph4!Ph7), the
transition state for the formation of the eight-membered
ring (Figure 8). The influence of the solvent is remarkable in
this case, as a much higher barrier of 3.1 kcalmol�1 was ob-
tained in the gas phase. Moreover, single-point energy calcu-
lations with a larger basis set (6-311+G** for carbon, hy-
drogen and oxygen atoms, using the LANL2DZ ECP for
chromium) provided a larger energy gap between both TSs

(DEelec=3.2 kcalmol�1 for the larger basis set and
2.4 kcalmol�1 for the standard one). Thus, the formation of
Ph6 is kinetically favoured, although by a relatively small
free energy gap. On the other hand, the formation of Ph7 is
an endergonic process as a result of the disruption of the ar-
omaticity of the phenyl ring. Therefore, even if the unstable
cyclooctatrienone Ph7 were formed, it would revert to Ph4.
As a result, the formation of Ph6 is also thermodynamically
favoured. Taking into account the small energy difference
between the transition states, both kinetic and thermody-
namic effects may be responsible for the exclusive formation
of Ph6. These results are consistent with experimental obser-
vations as Ph6 is the only compound observed in this reac-
tion.

The results obtained for the indolyl-substituted system In,
represented in Figure 9, are again slightly different to those
obtained for models A and Ph. This time, as in the olefin-
substituted system A, we found three energy minima for the
tetracarbonyl complex, In1, In2, and In3. However, the sta-
bilization of the tetracarbonyl by donation of the double
bond of the indole in In3 is much weaker than in A3. As a
consequence, In2 is clearly the most stable species, while In1
and In3 have similar higher energies. Moreover, complex
In3 does not participate in the following steps as the trans-
formation of In3 into In8 has a very high energy barrier
(Figure 10).

As in the phenyl-substituted Ph system, carbonyl insertion
to give In4 can follow two different pathways. The opti-
mized structures obtained for both sequences are nearly
identical to those found for the Ph series (Figure 11). Again,
both transition states are very similar in energy, TS ACHTUNGTRENNUNG(In2!
In4) being 1 kcalmol�1 more stable than TS ACHTUNGTRENNUNG(In1!In5)
taking into account the solvation energy, while the latter
was found to be 1.1 kcalmol�1 more stable in the gas phase.
Either way, the formation of the six- or eight-membered
ring must proceed through the ketene In4 and the chemose-
lectivity of the process will be determined by the relative en-
ergies of the corresponding transition states TS ACHTUNGTRENNUNG(In4!In6)
and TS ACHTUNGTRENNUNG(In4!In7), respectively. Interestingly, TS ACHTUNGTRENNUNG(In4!In7),
the transition state that leads to the formation of the cyclo-
octatrienone, was found to be 5.7 kcalmol�1 more stable
than TS ACHTUNGTRENNUNG(In4!In6). These results are in agreement with ex-
perimental observations, as for the indolyl-substituted sys-
tems the cyclooctatrienone is the only compound obtained.

In order to explain the different behavior of the phenyl-
substituted system Ph compared with the indole system In
and olefin-substituted system A, it is very revealing to exam-
ine the structures of the transition states that lead to the for-
mation of either the six- or the eight-membered rings for
the three series. According to our modelling studies, the
transition states TS ACHTUNGTRENNUNG(A4!A6), TS ACHTUNGTRENNUNG(Ph4!Ph6) and TS ACHTUNGTRENNUNG(In4!
In6), which lead to the six-membered ring complexes A6,
Ph6 and In6, respectively, resemble a disrotatory 6p-elec-
tron electrocyclization with the Cr(CO)3 moiety as spectator
on top of the plane defined by the hexatriene structure. The
pericyclic nature of these annulations becomes apparent by
analysing the nearly identical C�C bond distances of the in-

Figure 5. Reaction pathways found for system Ph. B3LYP electronic en-
ergies are indicated in hartrees.
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cipient six-membered ring. The structures of the transition
states calculated for these transformations are very similar
for the three systems. For instance, the bond distances for
TS ACHTUNGTRENNUNG(Ph4!Ph6) (Figure 8) and TS ACHTUNGTRENNUNG(In4!In6) (Figure 11)
match almost perfectly. Therefore, the substituent at C6
does not seem to influence the stability of these transition
states.

On the other hand, the structures of the transition states
that would lead to the formation of the cyclooctatrienones
Ph7 and In7 are remarkably different, and thus, it must be
expected that an analysis of their differences might explain
their divergent reactivity.

During the transformation of Ph4 to Ph7 and In4 to In7,
two different events occur in a concerted manner: a conro-
tatory 8p-electron electrocyclic ring closure with C�C bond
formation between C1 and C8 and the migration of Cr(CO)3

from C1 to C6. For the indole-substituted system In we have
found a very early transition state TS ACHTUNGTRENNUNG(In4!In7) with a very
incipient bonding interaction between C1 and C8: dACHTUNGTRENNUNG(C1�
C8)=2.67 T. For system TS ACHTUNGTRENNUNG(Ph4!Ph7), a much shorter dis-
tance is observed, dACHTUNGTRENNUNG(C1�C8)=2.06 T, indicating a more ad-
vanced transition state. Moreover, the migration of the chro-
mium atom is already highly developed in the phenyl-substi-
tuted system TS ACHTUNGTRENNUNG(Ph4!Ph7), with very different distances
between the chromium atom and C1 and C6: d ACHTUNGTRENNUNG(Cr�C1)=
2.93 T and d ACHTUNGTRENNUNG(Cr�C6)=2.41 T. In contrast, Cr(CO)3 migra-
tion is at the mid-point in TS ACHTUNGTRENNUNG(In4!In7), as can be seen by
the similar atomic distances: d ACHTUNGTRENNUNG(Cr�C1)=2.58 T and d ACHTUNGTRENNUNG(Cr�
C6)=2.52 T. Therefore, for the Ph system, the aromaticity
of the phenyl ring is already broken in the transition state

and the energy cost associated
with the aromaticity loss has to
be paid to reach TS ACHTUNGTRENNUNG(Ph4!
Ph7). On the other hand, for
the In system, the energy re-
quired to reach TS ACHTUNGTRENNUNG(In4!In7) is
mostly paid in breaking the Cr�
C1 interaction, whereas the loss
of aromaticity of the indole
does not influence the activa-
tion barrier because it occurs
during the downhill part of the
reaction. Clearly, the lower
energy cost for the loss of aro-
maticity of the five-membered
ring of the indole, when com-
pared with the phenyl ring, is
compensated by the incipient
formation of the new C1�C8
bond and the stabilization of
the metal by the new Cr�C6 in-
teraction. Thereby, the different
aromatic nature of the phenyl
and indole rings determines the
energy and the position of the
transition state along the reac-
tion coordinate. As a result, in

the Ph model, the TS leading to the eight-membered ring,
TS ACHTUNGTRENNUNG(Ph4!Ph7), is destabilized when compared with the TS
that leads to the benzannulation product, TS ACHTUNGTRENNUNG(Ph4!Ph6). In
contrast, in the In model, the transition state that leads to
the cyclooctatrienone, TS ACHTUNGTRENNUNG(In4!In7), is more stable and the
eight-membered ring is the species that is formed.

From a thermodynamic point of view, the cyclooctatrie-
none Ph7 is very unstable and its formation should proceed
through an endergonic step. In contrast, cyclooctatrienone
In7 is the thermodynamically controlled product in the In
reaction pathway. Again, the lack of aromaticity in Ph7 is
responsible for this dramatic difference in the energy pro-
files. In fact, in both models, Ph and In, the products ob-
tained experimentally, Ph6 and In7, respectively, are fav-
oured by both kinetics and thermodynamics. Although ther-
modynamics may be important to justify the exclusive for-
mation of Ph6, the formation of In7 is successfully explained
by employing kinetic arguments.

The computational study presented herein establishes a
complex mechanistic picture with some alternative reaction
pathways. As expected, the nature of the terminal substitu-
ent determines the lowest-energy reaction channel for each
system. The preferred reaction channel found for the
alkene-substituted system A consists of an unusual chelo-
tropic-like reaction in which two C�C bonds are formed be-
tween a CO ligand and both ends of the carbon chain. How-
ever, this route does not operate in the aromatic-substituted
systems. Instead, more conventional CO insertion–electro-
cyclization sequences have been identified. The different re-
activities observed for the Ph and In systems rely on the dif-

Figure 6. Gibbs energy profiles for system Ph in solution. Relative Gibbs energies in the gas phase are indicat-
ed in parentheses.
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ferent structures found for the TS leading to the formation
of the eight-membered ring system, which ultimately de-
pends on the higher energetic cost required to break the ar-
omaticity of the aromatic ring. Moreover, these results clear-
ly establish the key role played by the Cr(CO)3 fragment in
the course of the electrocyclization reactions, and that could
not have been anticipated in the absence of computational
modelling.

Conclusion

In summary, in this paper we have reported a detailed ex-
perimental study of the extended Dçtz reaction of cyclobu-
tene-containing dienyl Fischer carbene complexes and al-
kynes, which represents a straightforward method for the
preparation of cyclooctatrienones. The scope of this reaction
includes metallahexa-1,3,5-trienes and also metallabuta-1,3-
dienes with a benzo-fused heterocyclic substituent. More-
over, mechanisms for alternative reaction pathways, consis-
tent with experimental results, have been established by
means of DFT computations.

Experimental Section

General : All reactions were carried out under nitrogen. THF was dis-
tilled over benzophenone/sodium under nitrogen. Column chromatogra-
phy was carried out on silica gel 60 (230–400 mesh). All other reagents
were of the best commercial grade available. 1H NMR spectra were re-
corded with a Bruker NAV-400 (400 MHz) or DPX-300 (300 MHz) spec-
trometer. Chemical shifts are reported in ppm from tetramethylsilane
with the residual solvent resonance as the internal standard (CHCl3: d=
7.26 ppm). Data are reported as follows: chemical shift, multiplicity (s:
singlet, d: doublet, dd: double doublet, td: triplet of doublets, t: triplet,
q: quartet, br: broad, m: multiplet), coupling constants (J in Hz), integra-
tion and assignment. 13C NMR spectra were recorded with a Bruker
NAV-400 (100 MHz) or DPX-300 (75 MHz) spectrometer with complete
proton decoupling. Chemical shifts are reported in ppm from tetrame-
thylsilane with the solvent resonance as internal standard (CDCl3: d=

76.95 ppm). Two-dimensional NMR experiments (COSY, HMQC,
HMBC and NOESY) were recorded with a Bruker AMX-400 (400 MHz)
spectrometer. Electron-impact (EI) high-resolution mass spectrometry
was carried out on a Finnigan-Mat 95 spectrometer.

General procedure for the preparation of alkynyl carbene complexes :
These complexes were prepared from the corresponding acetylenes by
the generation of the acetylide with BuLi in the presence of hexacarbo-
nylchromium at �78 8C and then by allowing it to react by slowly increas-
ing the temperature overnight. Carbene complexes 1 have already been
described.[19a] Complexes 9, 10, and 20 were prepared following the same
standard methodology from the corresponding acetylenes. These acety-

Figure 7. B3LYP-optimized structures for Ph1, TS ACHTUNGTRENNUNG(Ph1!Ph5), Ph5, TS ACHTUNGTRENNUNG(Ph5!Ph4), Ph2 and TS ACHTUNGTRENNUNG(Ph2!Ph4). Hydrogen atoms have been omitted for
clarity. The CO ligands on the Cr(CO)3 moiety have been omitted for clarity in Ph5, TS ACHTUNGTRENNUNG(Ph5!Ph4), Ph2 and TSACHTUNGTRENNUNG(Ph2!Ph4).
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lenes were prepared by Colvin rearrangement of the corresponding alde-
hydes by reaction with lithium trimethylsilyldiazomethane.[22]

Pentacarbonyl[1-methoxy-3-(1-methyl-1H-indol-3-yl)propynylidene]chro-
mium(0) (9): Yield: 62%. Crystallized from hexane; violet crystals; 1H
NMR (300 MHz, CDCl3): d=7.72 (d, J=7.6 Hz, 1H), 7.64 (s, 1H), 7.47–
7.32 (m, 3H), 4.44 (s, 3H), 3.91 ppm (s, 3H); 13C NMR (75 MHz,
CDCl3): d=306.2 (Cr=C), 225.2 (CO), 216.8 (4XCO), 138.3 (CH), 137.5
(C), 136.9 (C), 128.0 (C), 123.9 (CH), 122.6 (CH), 120.1 (CH), 110.3
(CH), 100.2 (C), 95.7 (C), 65.1 (OCH3), 33.8 ppm (NCH3).

Pentacarbonyl[1-methoxy-3-(1-methyl-1H-indol-2-yl)propynylidene]chro-
mium(0) (10): Yield: 67%. Crystallized from hexane; violet crystals; 1H
NMR (300 MHz, CDCl3): d=7.54 (d, J=7.5 Hz, 1H), 7.32–7.23 (m, 2H),
7.09–7.03 (m, 1H), 7.02 (s, 1H), 4.32 (s, 3H), 3.81 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=308.3 (Cr=C), 225.2 (CO), 216.3 (4XCO), 139.8
(C), 127.4 (C), 126.0 (CH), 122.2 (CH), 121.0 (CH), 119.1 (C), 114.5
(CH), 110.0 (CH), 99.8 (C), 90.9 (C), 65.6 (OCH3), 30.9 ppm (NCH3).

Pentacarbonyl[1-methoxy-3-(benzo[b]furan-2-yl)propynylidene]chromi-
um(0) (20): Yield: 67%. Crystallized from hexane; black crystals; 1H
NMR (400 MHz, CDCl3): d=7.68 (d, J=7.7 Hz, 1H), 7.55–7.49 (m, 3H),
7.33 (t, J=7.3 Hz, 1H), 4.46 ppm (s, 3H); 13C NMR (100 MHz, CDCl3):
d=310.22 (Cr=C), 225.6 (CO), 215.9 (4XCO), 156.4 (C), 128.3 (CH),
125.1 (C), 124.0 (CH), 123.1 (C), 122.1 (CH), 121.0 (CH), 111.9 (CH),
96.3 (C), 88.9 (C), 66.4 ppm (OCH3).

General procedure for the preparation of dienyl carbene complexes :
Complexes 2 and 4 have already been described.[19a] Complexes 6, 7 and
8 were prepared following the same procedure by reaction of the neat
carbene (1 mmol) with the corresponding enol ether (10 mmol) at room
temperature under nitrogen.

Pentacarbonyl ACHTUNGTRENNUNG{methoxy[2,3,3a,5a-tetrahydro-4-(1-naphthyl)cyclobuta[b]-
furan-5-yl]methylene}chromium(0) (6): Yield: 74%; orange solid; 1H
NMR (300 MHz, CDCl3): d=7.80–7.76 (m, 2H), 7.62–7.59 (m, 1H),
7.45–7.39 (m, 4H), 5.67 (d, J=3.5 Hz, 1H), 4.19 (t, J=8.8 Hz, 1H), 4.16
(s, 3H), 4.10–4.02 (m, 1H), 3.78 (dd, J=7.6, 3.3 Hz, 1H), 1.88–1.69 ppm
(m, 2H); 13C NMR (100 MHz, CDCl3): d=335.8 (Cr=C), 223.9 (CO),
216.3 (4XCO), 149.2 (C), 141.1 (C), 133.5 (C), 131.4 (C), 130.2 (CH),
129.9 (C), 128.8 (CH), 126.8 (2XCH), 126.2 (CH), 125.1 (CH), 125.0
(CH), 80.8 (OCH), 67.0 (OCH2), 65.7 (OCH3), 47.5 (CH), 27.0 ppm
(CH2).

Pentacarbonyl ACHTUNGTRENNUNG{methoxy[2,3,3a,5a-tetrahydro-4-(1-methyl-1H-indol-3-yl)-
cyclobuta[b]furan-5-yl]methylene}chromium(0) (7): Yield: 78%; red
solid; 1H NMR (300 MHz, CDCl3): d=7.88 (s, 1H), 7.82 (d, J=7.3 Hz,
1H), 7.46–7.28 (m, 3H), 5.84 (d, J=3.7 Hz, 1H), 4.81 (s, 3H), 4.20–4.13
(m, 1H), 3.98–3.81 (m, 2H), 3.87 (s, 3H), 2.16–2.07 ppm (m, 2H); 13C
NMR (75 MHz, CDCl3): d=320.2 (Cr=C), 223.9 (CO), 217.1 (4XCO),
142.0 (C), 141.5 (C), 137.4 (C), 136.1 (CH), 127.7 (C), 123.3 (CH), 122.2
(CH), 121.0 (CH), 110.4 (CH), 110.3 (C), 81.3 (OCH), 65.8 (OCH2), 64.6
(OCH3), 45.4 (NCH3), 33.7 (CH), 27.7 ppm (CH2).

Pentacarbonyl ACHTUNGTRENNUNG{methoxy[2,3,3a,5a-tetrahydro-4-(1-methyl-1H-indol-2-yl)-
cyclobuta[b]furan-5-yl]methylene}chromium(0) (8): Yield: 85%; red
solid; 1H NMR (300 MHz, CDCl3): d=7.60 (d, J=7.1 Hz, 1H), 7.40–7.22
(m, 2H), 7.13 (br s, 1H), 6.80 (s, 1H), 5.74 (br s, 1H), 4.61 (s, 3H), 4.25–
4.12 (m, 1H), 4.03–3.71 (m, 2H), 3.62 (s, 3H), 2.06–1.80 ppm (m, 2H);
13C NMR (75 MHz, CDCl3): d=335.9 (Cr=C), 223.8 (CO), 216.2 (4X
CO), 145.9 (C), 139.6 (C), 133.0 (C), 130.4 (C), 127.3 (C), 124.4 (CH),
121.5 (CH), 120.6 (CH), 109.7 (CH), 108.2 (CH), 81.1 (OCH), 66.7
(OCH2), 65.7 (OCH3), 46.0 (NCH3), 31.4 (CH), 27.5 ppm (CH2).

Figure 8. B3LYP-optimized structures for Ph4, TS ACHTUNGTRENNUNG(Ph4!Ph6), TS ACHTUNGTRENNUNG(Ph4!Ph7), Ph6 and Ph7. Hydrogen atoms and the CO ligands on the Cr(CO)3

moiety have been omitted for clarity.
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General procedure for the preparation of carbocycles 3, 5, 15–19 and 21:
A solution of the corresponding dienyl carbene (1 mmol) and acetylene
(3 mmol) in THF (15 mL) was refluxed under nitrogen until TLC analy-
sis revealed total consumption of the starting complex. The reaction mix-
ture was diluted with hexane (20 mL) and exposed to sunlight and air in
order to oxidise the metallic species to the corresponding organic com-
pounds. Filtration through a pad of Celite and flash chromatography pro-
vided carbocycles 3, 5, 15–19, or 21.

One-pot process: The corresponding alkynyl carbene complex (0.5 mmol)
was treated with the enol ether (2 mmol) in THF (10 mL) at room tem-
perature for 10 h. Then the corresponding alkyne (2 mmol) was added
and the mixture refluxed for 2 h. The oxidation and purification process-
es were carried out as described for the stepwise reaction.

Carbocycles 3a–e, 3 j, 3m, 5a, and 5b have already been described.[1]

1,2,3,3a,7b,9,10,10a-Octahydro-7-methoxy-5-trimethylsilylcyclopenta-
ACHTUNGTRENNUNG[7’,8’]cycloocta ACHTUNGTRENNUNG[3,4]cyclobuta[b]furan-4-one (3 f): A mixture of diastereo-
isomers. Yield: 55%; yellow oil; 1H NMR (300 MHz, CDCl3): d=6.65 (s,
1H, maj.), 6.34 (s, 1H, min.), 5.40 (d, J=4.8 Hz, 1H, maj.), 5.09 (d, J=
4.4 Hz, 1H, min.), 4.06–4.08 (m, 1H, min.), 4.00–4.01 (m, 1H, min.), 3.85
(s, 3H, maj.), 3.78 (s, 3H, min.), 3.56–3.63 (m, 1H, maj.), 3.32–3.40 (m,
1H, maj. + 1H, min.), 3.07–3.18 (m, 1H, min.), 2.51–2.61 (m, 2H), 2.30–
2.42 (m, 10H), 1.81–2.11 (m, 16H), 0.17 ppm (s, 9H, maj. + 9H, min.);
13C NMR (75 MHz, CDCl3): d=200.7 (C), 194.0 (C), 154.6 (C), 151.2
(C), 148.5 (C), 147.1 (C), 141.3 (C), 139.9 (C), 137.5 (CH, maj.), 132.5
(CH, min.), 132.4 (C), 132.0 (C), 127.4 (C), 126.3 (C), 79.7 (CH, maj.),
78.2 (CH, min.), 67.0 (CH2, min.), 66.6 (CH2, maj.), 59.8 (CH, min.), 58.7
(CH, maj.), 57.7 (CH3, maj.), 57.6 (CH3, min.), 45.2 (CH, min.), 45.2
(CH, maj.), 31.6 (CH2, min.), 31.3 (CH2, maj.), 29.5 (CH2, min.), 29.5
(CH2, maj.), 29.3 (CH2, min.), 29.3 (CH2, maj.), 26.5 (CH2, maj.), 26.0

(CH2, min.), �1.1 (CH3, maj.), �1.5 ppm (CH3, min.); HRMS (EI): m/z
calcd for C19H26O3Si: 330.1651; found: 330.1658.

7-Butyl-5,5a,9b,11,12,12a-hexahydro-3,3-dimethyl-9-methoxy-1H,3H-
furo[2’’,3’’:3’,4’]cyclobuta ACHTUNGTRENNUNG[3,4]cycloocta[e] ACHTUNGTRENNUNG[1,3]dioxepin-6-one (diast-3g):
Major diastereoisomer. Yield: 51%; yellow oil; 1H NMR (300 MHz,
CDCl3): d=6.67 (s, 1H), 5.49 (d, J=4.8 Hz, 1H), 4.23 (d, J=14.8 Hz,
1H), 4.17 (d, J=14.8 Hz, 1H), 4.17–4.15 (m, 1H), 4.00 (t, J=8.3 Hz,
1H), 3.93 (s, 3H), 3.89 (dd, J=13.1, 4.3 Hz, 1H), 3.72 (dd, J=8.3, 4.8 Hz,
1H), 3.56–3.47 (m, 1H), 2.67–2.49 (m, 1H), 2.44–2.26 (m, 1H), 2.17–2.12
(m, 1H), 1.86–1.79 (m, 1H), 1.66–1.53 (m, 1H), 1.46 (s, 3H), 1.37 (s, 3H),
1.44–1.24 (m, 4H), 0.87 ppm (t, J=7.1 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=186.8 (C), 150.0 (C), 149.1 (C), 138.8 (C), 133.0 (CH), 127.2
(C), 123.5 (C), 101.9 (C), 80.9 (CH), 66.6 (CH2), 60.2 (CH2), 60.0 (CH2),
58.1 (CH), 53.2 (CH3), 44.9 (CH), 36.5 (CH2), 32.1 (CH2), 30.1 (CH2),
24.4 (CH3), 24.2 (CH3), 22.4 (CH2), 13.8 ppm (CH3); elemental analysis
calcd (%) for C22H30O5: C 70.56, H 8.07; found: C 70.81, H 8.24.

7-Butyl-5,5a,9b,11,12,12a-hexahydro-3,3-dimethyl-9-methoxy-1H,3H-
furo[2’’,3’’:3’,4’]cyclobuta ACHTUNGTRENNUNG[3,4]cycloocta[e] ACHTUNGTRENNUNG[1,3]dioxepin-6-one (diast-3g):
Minor diastereoisomer. Yield: 13%; yellow oil; 1H NMR (300 MHz,
CDCl3): d=6.61 (s, 1H), 5.31 (d, J=5.1 Hz, 1H), 4.24–4.10 (m, 4H),
3.99–3.97 (m, 1H), 3.94 (s, 1H), 3.87 (dd, J=13.1, 4.3 Hz, 1H), 3.62–3.57
(m, 1H), 2.58–2.41 (m, 2H), 2.35–2.18 (m, 1H), 2.16 (dd, J=10.8, 4.6 Hz,
1H), 1.92–1.77 (m, 1H), 1.46 (s, 3H), 1.38 (s, 3H), 1.47–0.93 (m, 4H),
0.89 ppm (t, J=7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=190.1 (C),
151.3 (C), 150.8 (C), 141.6 (C), 130.8 (CH), 127.3 (C), 122.9 (C), 101.8
(C), 80.2 (CH), 67.5 (CH2), 60.7 (CH2), 60.1 (CH2), 53.2 (CH3), 45.5
(CH), 36.2 (CH2), 31.8 (CH2), 31.4 (CH2), 24.9 (CH3), 24.0 (CH3), 22.5
(CH2), 13.8 ppm (CH3); elemental analysis calcd (%) for C22H30O5: C
70.56, H 8.07; found: C 70.69, H 7.91.

8-Butyl-2,3,4,4a,6,10b-hexahydro-5-methyl-10-methoxy-6-phenyl-
ACHTUNGTRENNUNGcycloocta ACHTUNGTRENNUNG[3,4]cyclobuta[b]pyran-7-one (3h): Yield: 77%; yellow oil; 1H
NMR (200 MHz, CDCl3): d=7.57–7.52 (m, 2H), 7.38–7.28 (m, 3H), 6.93
(s, 1H), 5.16 (d, J=6.7 Hz, 1H), 3.97 (s, 3H), 3.78 (td, J=5.3, 1.3 Hz,
2H), 3.26 (s, 1H), 2.71–2.60 (m, 1H), 2.52–2.38 (m, 1H), 2.12–2.01 (m,
1H), 1.62 (s, 3H), 1.50–1.32 (m, 8H), 0.90 ppm (t, J=7.1 Hz, 3H); 13C
NMR (50.3 MHz, CDCl3): d=183.1 (C), 150.6 (C), 148.8 (C), 140.3 (C),
136.3 (C), 132.8 (CH), 129.7 (2XCH), 128.8 (C), 128.0 (2XCH), 126.7
(CH), 126.0 (C), 71.6 (OCH), 62.5 (OCH2), 59.5 (CH), 58.4 (OCH3), 38.9
(CH), 36.7 (CH2), 32.2 (CH2), 23.3 (CH2), 22.4 (CH2), 20.5 (CH2), 15.1
(CH3), 13.8 ppm (CH3).

7-Butyl-1,5,5a,9b,11,12,13,13a-octahydro-3,3-dimethyl-9-methoxy-3H-
pyrano[2’’,3’’:3’,4’]cyclobutaACHTUNGTRENNUNG[3,4]cycloocta[e] ACHTUNGTRENNUNG[1,3]dioxepin-6-one (3 i):
Yield: 67%; yellow oil; 1H NMR (300 MHz, CDCl3): d=6.83 (s, 1H),
5.06 (d, J=6.5 Hz, 1H), 4.17 (d, J=14.4 Hz, 1H), 4.07 (d, J=14.4 Hz,
1H), 3.89 (s, 3H), 3.96–3.75 (m, 2H), 3.74–3.52 (m, 2H), 3.33 (dd, J=
12.6, 6.1 Hz, 1H), 2.62–2.53 (m, 1H), 2.48–2.28 (m, 1H), 2.19–2.17 (m,
1H), 2.01–1.93 (m, 1H), 1.44 (s, 3H), 1.38 (s, 3H), 1.51–1.23 (m, 5H),
0.86 (t, J=7.4 Hz, 3H), 0.95–0.80 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3): d=186.9 (C), 149.5 (C), 149.3 (C), 139.9 (C), 133.2 (CH), 127.2
(C), 125.5 (C), 101.9 (C), 71.5 (OCH), 62.3 (OCH2), 60.0 (CH2), 58.2
(CH), 52.9 (OCH3), 38.6 (CH), 36.4 (CH2), 36.2 (CH2), 32.2 (CH2), 24.4
(CH3), 24.1 (CH3), 24.1 (CH2), 22.4 (CH2), 20.4 (CH2), 13.8 ppm (CH3);
elemental analysis calcd (%) for C23H32O5: C 71.11, H 8.30; found: C
71.35, H 8.08.

7-Butyl-5,5a,10,11-tetrahydro-3,3,10-trimethyl-9,10-dimethoxy-1H,3H-
cyclobuta ACHTUNGTRENNUNG[3,4]cycloocta[e] ACHTUNGTRENNUNG[1,3]dioxepin-6-one (3k): Yield: 56%; yellow
oil; 1H NMR (300 MHz, CDCl3): d=6.77 (s, 1H), 4.25–4.15 (m, 2H),
3.94–3.88 (m, 2H), 3.81 (s, 3H), 3.26 (s, 3H), 2.94 (d, J=3.1 Hz, 1H),
2.64–2.58 (m, 2H), 2.34–2.30 (m, 1H), 1.67 (s, 3H), 1.46 (s, 3H), 1.40 (s,
3H), 1.49–1.24 (m, 5H), 0.88 ppm (t, J=7.1 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=187.3 (C), 150.3 (C), 147.4 (C), 134.0 (C), 132.2 (CH), 130.8
(C), 129.5 (C), 101.9 (C), 81.4 (C), 60.9 (OCH2), 60.0 (OCH2), 59.5
(OCH3), 53.5 (OCH3), 51.3 (C), 36.9 (CH2), 36.5 (CH2), 32.1 (CH2), 25.1
(CH3), 24.6 (CH3), 24.3 (CH3), 22.6 (CH2), 13.9 ppm (CH3).

8-Butyl-6-methoxytricyclo[8.3.0.02,5]trideca-1(2),5,7-triene-4,9-dione (3 l):
Yield: 52%; yellow oil; 1H NMR (200 MHz, CDCl3): d=6.73 (s, 1H),
4.19 (s, 3H), 3.43 (dd, J=15.9, 1.8 Hz, 1H), 3.29 (dd, J=15.9, 1.3 Hz,
1H), 2.79–2.74 (m, 1H), 2.66–2.16 (m, 6H), 1.95–1.69 (m, 2H), 1.52–1.21

Figure 9. Reaction pathways found for system In. B3LYP electronic ener-
gies are indicated in hartrees.
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(m, 4H), 0.91 ppm (t, J=7.9 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=
190.2 (C), 189.8 (C), 153.7 (C), 149.3 (C), 137.9 (C), 130.7 (CH), 128.3
(C), 126.7 (C), 61.8 (OCH3), 57.3 (CH), 49.1 (CH2), 37.4 (CH2), 31.7
(CH2), 31.6 (CH2), 28.0 (CH2), 25.9 (CH2), 22.5 (CH2), 13.8 ppm (CH3);
HRMS (EI): m/z calcd for C18H22O3: 286.1569; found: 286.1573.

7-Butyl-5,5a,10,11-tetrahydro-3,3-dimethyl-9,10,10,11,11-pentamethoxy-
1H,3H-cyclobutaACHTUNGTRENNUNG[3,4]cycloocta[e] ACHTUNGTRENNUNG[1,3]dioxepin-6-one (3n): Yield: 60%;
yellow oil; 1H NMR (300 MHz, CDCl3): d=6.83 (s, 1H), 4.78 (d, J=
14.2 Hz, 1H), 4.17–4.08 (m, 2H), 3.96 (dd, J=12.8, 3.0 Hz, 1H), 3.78 (s,
3H), 3.51 (s, 3H), 3.49 (s, 3H), 3.42 (s, 3H), 3.11 (s, 3H), 2.67–2.58 (m,
1H), 2.41–2.31 (m, 1H), 2.19–2.17 (m, 1H), 1.44 (s, 3H), 1.40 (s, 3H),
1.37–1.19 (m, 4H), 0.87 ppm (t, J=7.1 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=186.8 (C), 153.7 (C), 148.9 (C), 137.2 (C), 135.9 (C), 131.0
(CH), 128.0 (C), 107.8 (C), 107.0 (C), 102.1 (C), 60.7 (OCH2), 59.8
(OCH2), 58.2 (OCH3), 54.1 (CH), 53.4 (OCH3), 52.1 (OCH3), 51.9
(OCH3), 51.7 (OCH3), 36.6 (CH2), 32.1 (CH2), 24.5 (CH3), 23.9 (CH3),
22.5 (CH2), 13.8 ppm (CH3).

1,2,3,3a,7b,9,10,10a-Octahydro-7-methoxy-5,6-diphenylcyclopenta ACHTUNGTRENNUNG[7’,8’]-
ACHTUNGTRENNUNGcycloocta ACHTUNGTRENNUNG[3,4]cyclobuta[b]furan-4-one (3o): Yield: 38%; yellow solid; 1H
NMR (300 MHz, CDCl3): d=7.18–7.10 (m, 8H), 6.95–6.92 (m, 2H), 5.17
(d, J=5.4 Hz, 1H), 4.26–4.20 (m, 1H), 4.11 (c, J=8.5 Hz, 1H), 3.54–3.39
(m, 1H), 3.38 (s, 3H), 3.37–3.26 (m, 1H), 2.48–2.39 (m, 1H), 2.30–2.16
(m, 1H), 2.05–1.85 (m, 4H), 1.60–1.45 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3): d=209.4 (C), 149.9 (C), 147.0 (C), 138.4 (C), 136.2 (C), 134.6
(C), 133.1 (C), 130.8 (2XCH), 130.1 (2XCH), 128.5 (C), 128.5 (2XCH),
128.1 (CH), 127.9 (2XCH), 127.6 (CH), 127.1 (C), 78.1 (OCH), 66.7
(OCH2), 58.1 (CH), 56.5 (OCH3), 46.0 (CH), 30.3 (CH2), 30.2 (CH2), 29.0
(CH2), 22.3 ppm (CH2); elemental analysis calcd (%) for C28H26O3: C
81.92, H 6.38; found: C 82.11, H 6.69. HRMS (EI): m/z calcd for
C28H26O3: 410.1882; found: 410.1888.

5-Butyl-2,3,3a,7b-tetrahydro-3b-(1-
naphthyl)-7-methoxy-3bH-benzo-
ACHTUNGTRENNUNG[3,4]cyclobuta[b]furan-4-one (5c):
Yield: 52%; yellow solid; 1H NMR
(400 MHz, CDCl3): d=8.48 (d, J=
8.6 Hz, 1H), 7.98 (dd, J=7.2, 1.0 Hz,
1H), 7.87 (d, J=8.2 Hz, 1H), 7.79 (d,
J=8.1 Hz, 1H), 7.58 (ddd, J=8.6, 6.9,
1.3 Hz, 1H), 7.48 (ddd, J=7.9, 6.9,
1.0 Hz, 1H), 7.42 (t, J=8.0 Hz, 1H),
6.30 (s, 1H), 5.26 (d, J=5.9 Hz, 1H),
4.17 (t, J=8.4 Hz, 1H), 4.05 (s, 3H),
3.86 (ddd, J=11.3, 9.0, 5.7 Hz, 1H),
3.56 (dd, J=8.8, 5.9 Hz, 1H), 2.80 (dd,
J=13.2, 5.7 Hz, 1H), 2.13–2.07 (m,
2H), 1.91–1.87 (m, 1H), 0.99–0.86 (m,
4H), 0.57 ppm (t, J=6.9 Hz, 1H); 13C
NMR (100 MHz, CDCl3): d=204.2
(CO), 148.9 (C), 140.7 (C), 135.0 (C),
133.2 (CH), 132.3 (C), 130.7 (C), 129.2
(CH), 129.0 (CH), 126.0 (CH), 125.9
(CH), 125.6 (CH), 125.0 (CH), 124.3
(CH), 113.9 (CH), 79.3 (OCH), 67.0
(OCH2), 58.0 (OCH3), 57.3 (C), 48.6
(CH), 29.8 (CH2), 29.0 (CH2), 26.8
(CH2), 21.7 (CH2), 13.5 ppm (CH3);
HRMS (EI): m/z calcd for C25H26O3:
374.1882; found: 374.1885.

6-Butyl-1,2,3a,6,8,12d-hexahydro-4-
methoxy-8-methylfuro[2’’,3’’:3’,4’]-
ACHTUNGTRENNUNGcyclobuta ACHTUNGTRENNUNG[3,4]cyclooct[b]indol-7-one
(15a): Yield: 50%; yellow oil; 1H
NMR (300 MHz, CDCl3): d=7.87 (d,
J=8.2 Hz, 1H), 7.33 (d, J=3.5 Hz,
2H), 7.16–7.11 (m, 1H), 5.46 (dt, J=
7.0, 1.3 Hz, 1H), 5.15, (d, J=3.1 Hz,

1H), 4.09–4.02 (m, 3H), 3.84 (s, 3H), 3.85–3.83 (m, 1H), 3.22 (s, 3H),
2.30–2.23 (m, 1H), 2.20–2.10 (m, 1H), 1.81–1.64 (m, 2H), 1.17–1.02 (m,
2H), 0.89–0.70 (m, 2H), 0.64 ppm (t, J=7.0 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=196.4 (CO), 140.8, 139.9, 138.8, 137.4, 136.3, 134.3, 126.0
(CH), 124.7, 122.1 (CH), 121.4 (CH), 114.9, 110.5 (CH), 79.3 (OCH),
75.1 (CHCO), (66.4 (OCH2), 56.6 (OCH3), 47.3 (NCH3), 34.2 (CH2), 32.2
(CH), 30.8 (CH2), 26.9 (CH2), 21.9 (CH2), 13.6 ppm (CH3); HRMS (EI):
m/z calcd for C24H27O3N: 377.1985; found: 377.1995.

1,2,3a,6,8,12d-Hexahydro-4-methoxy-8-methyl-6-octylfuro[2’’,3’’:3’,4’]-
ACHTUNGTRENNUNGcyclobuta ACHTUNGTRENNUNG[3,4]cyclooct[b]indol-7-one (15b): Yield: 49%; yellow oil; 1H
NMR (300 MHz, CDCl3): d=8.03 (d, J=8.2 Hz, 1H), 7.47 (d, J=3.6 Hz,
2H), 7.31–7.26 (m, 1H), 5.62 (d, J=7.0 Hz, 1H), 5.30 (d, J=3.1 Hz, 1H),
4.25–4.18 (m, 3H), 4.00 (s, 3H), 3.99–3.91 (m, 1H), 3.38 (s, 3H), 2.50–
2.41 (m, 1H), 2.34–2.25 (m, 1H), 1.97–1.82 (m, 2H), 1.40–1.25 (m, 4H),
1.25–1.02 (m, 6H), 0.84 ppm (t, J=6.7 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=196.4 (CO), 140.7, 138.7, 137.3, 136.2, 134.3, 126.6, 125.9
(CH), 124.6, 122.0 (CH), 121.4 (CH), 114.9, 110.4 (CH), 79.3 (OCH),
75.0 (CHCO), 66.4 (OCH2), 56.6 (OCH3), 47.2 (NCH3), 34.7 (CH2), 32.2
(CH), 31.5 (CH2), 29.0 (CH2), 28.9 (CH2), 28.7 (CH2), 28.6 (CH2), 26.9
(CH2), 22.4 (CH2), 13.9 ppm (CH3); HRMS (EI): m/z calcd for
C28H35O3N: 433.2611; found: 433.2614.

1,2,3a,6,8,12d-Hexahydro-4-methoxy-8-methyl-6-(2-phenylethyl)furo-
ACHTUNGTRENNUNG[2’’,3’’:3’,4’]cyclobutaACHTUNGTRENNUNG[3,4]cyclooct[b]indol-7-one (15c): Yield: 57%;
yellow oil; 1H NMR (300 MHz, CDCl3): d=7.87 (dd, J=8.2, 0.8 Hz, 1H),
7.35–7.32 (m, 2H), 7.18–7.12 (m, 3H), 6.94–6.91 (m, 3H), 6.79–6.76 (m,
2H), 5.46 (d, J=6.9 Hz, 1H), 5.12 (d, J=2.8 Hz, 1H), 4.05–3.97 (m, 3H),
3.78 (s, 3H), 3.70–3.60 (m, 1H), 3.19 (s, 3H), 2.64–2.50 (m, 4H), 1.76–
1.70 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=195.7 (CO), 140.3
(C), 138.8 (C), 136.3 (C), 136.1 (C), 134.4 (C), 128.4 (C), 128.2 (CH),
128.0 (CH), 126.0 (CH), 125.8 (CH), 124.7 (C), 122.1 (CH), 121.4 (CH),
115.2 (C), 110.5 (CH), 79.2 (OCH), 74.9 (CHCO), 66.4 (OCH2), 56.6

Figure 10. Gibbs energy profiles for system In in solution. Relative Gibbs energies in the gas phase are indicat-
ed in parentheses. The In3 to In8 transformation is not represented as a result of the high energy barrier in-
volved.
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(OCH3), 47.3 (NCH3), 36.4 (CH2), 35.3 (CH2), 32.3 (CH), 26.9 ppm
(CH2); HRMS (EI): m/z calcd for C28H27O3N: 425.1985; found: 425.1994.

(3aR*,6S*,12cR*)-6-Butyl-1,2,3a,6,12,12c-hexahydro-4-methoxy-12-
methylfuro[3’’,2’’:3’,4’]cyclobuta ACHTUNGTRENNUNG[7,8]cyclooct[b]indol-7-one (16a): Yield:
58%; yellow solid; m.p. 151–153 8C; 1H NMR (300 MHz, CDCl3): d=

8.70 (d, J=8.0 Hz, 1H), 7.44–7.42 (m, 2H), 7.37–7.32 (m, 1H), 5.48 (d,
J=3.5 Hz, 1H), 4.73 (d, J=8.8 Hz, 1H), 4.39–4.35 (m, 1H), 4.32–4.26 (m,
1H), 4.05 (s, 3H), 3.84 (dd, J=16.6, 9.1 Hz, 1H), 3.64 (s, 3H), 2.63–2.55
(m, 1H), 2.27–2.13 (m, 1H), 2.06–1.91 (m, 3H), 1.42–1.27 (m, 4H),
0.92 ppm (t, J=6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=191.7 (CO),
150.4 (C), 141.3 (C), 137.0 (C), 135.8 (C), 134.2 (C), 127.5 (C), 124.8
(CH), 123.1 (CH), 122.5 (CH), 122.0 (C), 109.1 (CH), 108.3 (CH), 78.2
(OCH), 66.8 (OCH2), 55.4 (OCH3), 48.8 (NCH3), 48.4 (CHCO), 32.5
(CH), 29.9 (CH2), 29.8 (CH2), 27.5 (CH2), 22.6 (CH2), 13.9 ppm (CH3);
HRMS (EI): m/z calcd for C24H27O3N: 377.1985; found: 377.1989.

(3aR*,6R*,12cR*)-1,2,3a,6,12,12c-Hexahydro-4-methoxy-12-methyl-6-
phenylfuro[3’’,2’’:3’,4’]cyclobutaACHTUNGTRENNUNG[7,8]cyclooct[b]indol-7-one (16b): Yield:
63%; yellow oil; 1H NMR (300 MHz, CDCl3): d=8.50 (d, J=8.1 Hz,
1H), 7.34–7.23 (m, 6H), 7.21–7.12 (m, 3H), 5.37 (d, J=3.5 Hz, 1H), 5.13
(d, J=9.2 Hz, 1H), 4.30–4.26 (m, 1H), 4.19–4.13 (m, 1H), 3.94 (s, 3H),
3.81 (d, J=9.2 Hz, 1H), 3.82–3.73 (m, 1H), 3.53 (s, 3H), 1.91–1.78 ppm
(m, 2H); 13C NMR (75 MHz, CDCl3): d=188.9 (CO), 150.7 (C), 141.1
(C), 138.7 (C), 137.0 (C), 135.8 (C), 134.9 (C), 129.1 (CH), 128.2 (CH),
127.7 (C), 127.0 (CH), 125.0 (CH), 123.2 (CH), 122.6 (CH), 121.8 (C),
109.1 (CH), 107.3 (CH), 78.3 (OCH), 66.9 (OCH2), 55.5 (OCH3), 54.3
(CHCO), 48.9 (NCH3), 32.5 (CH), 27.5 ppm (CH2); HRMS (EI): m/z
calcd for C26H23O3N: 397.1672; found: 397.1676.

(3aR*,6S*,12cR*)-6-Benzyl-1,2,3a,6,12,12c-hexahydro-4-methoxy-12-
methylfuro[3’’,2’’:3’,4’]cyclobuta ACHTUNGTRENNUNG[7,8]cyclooct[b]indol-7-one (16c): Yield:
68%; orange solid; m.p. 211–214 8C; 1H NMR (400 MHz, CDCl3): d=

8.67 (d, J=8.0 Hz, 1H), 7.39–7.29 (m, 4H), 7.24–7.13 (m, 4H), 5.40 (d,
J=3.5 Hz, 1H), 4.80 (d, J=8.8 Hz, 1H), 4.30 (dd, J=8.4, 3.5 Hz 1H),
4.18–4.13 (m, 1H), 3.99 (s, 3H), 3.69–3.59 (m, 2H), 3.58 (s, 3H), 3.23 (dd,
J=15.0, 7.6 Hz, 1H), 2.88 (dd, J=15.0, 7.4 Hz, 1H), 1.90–1.85 ppm (m,
2H); 13C NMR (75 MHz, CDCl3): d=190.8 (CO), 150.5 (C), 141.2 (C),
140.2 (C), 137.0 (C), 135.8 (C), 134.4 (C), 128.8 (CH), 128.2 (CH), 127.7
(C), 125.9 (CH), 124.9 (CH), 123.0 (CH), 122.5 (CH), 121.6 (C), 109.1
(CH), 107.6 (CH), 78.1 (OCH), 66.6 (OCH2), 55.4 (OCH3), 50.2
(CHCO), 48.8 (NCH3), 36.2 (CH2), 32.4 (CH), 27.4 ppm (CH2); HRMS
(EI): m/z calcd for C27H25O3N: 411.1828; found: 411.1827.

(3aR*,6S*,12cR*)-1,2,3a,6,12,12c-Hexahydro-4-methoxy-12-methyl-6-(2-
phenylethyl)furo[3’’,2’’:3’,4’]cyclobuta ACHTUNGTRENNUNG[7,8]cyclooct[b]indol-7-one (16d):
Yield: 70%; yellow solid; m.p. 200–202 8C; 1H NMR (400 MHz, CDCl3):
d=8.62 (d, J=8.1 Hz, 1H), 7.31–7.22 (m, 3H), 7.07–7.00 (m, 3H), 6.93–
6.90 (m, 2H), 5.26 (d, J=3.5 Hz, 1H), 4.61 (d, J=8.8 Hz, 1H), 4.13 (dd,
J=7.7, 3.5 Hz, 1H), 3.87 (s, 3H), 3.85 (dd, J=9.6, 7.5 Hz, 1H), 3.47 (s,
3H), 3.01 (ddd, J=11.1, 9.6, 5.3 Hz, 1H), 2.72–2.49 (m, 3H), 2.40 (td, J=
8.4, 5.9 Hz, 1H), 2.08–1.97 (m, 1H), 1.64 (dddd, J=12.7, 11.1, 7.7, 7.5 Hz,
1H), 1.58 ppm (dd, J=12.7, 5.3 Hz, 1H); 13C NMR (100 MHz, CDCl3):
d=191.2 (CO), 150.4 (C), 141.6 (C), 141.2 (C), 136.9 (C), 135.8 (C), 134.3
(C), 128.4 (CH), 128.0 (CH), 127.5 (C), 125.5 (CH), 124.8 (CH), 123.1
(CH), 122.5 (CH), 121.8 (C), 109.1 (CH), 107.4 (CH), 78.0 (OCH), 66.6
(OCH2), 55.3 (OCH3), 48.7 (NCH3), 46.6 (CHCO), 33.2 (CH2), 32.4
(CH), 31.5 (CH2), 27.2 ppm (CH2); HRMS (EI): m/z calcd for
C28H27O3N: 425.1985; found: 425.1986.

X-ray diffraction study of 16d : Data collection, crystal and refinement
parameters are collected in Table 3. Data collection was performed at
293(2) K on a Nonius-Kappa CCD single-crystal diffractometer using
CuKa radiation (l=1.5418 T). Images were collected at a 29 mm fixed
crystal–detector distance using the oscillation method with 28 oscillation

Figure 11. B3LYP-optimized structures for In4, TSACHTUNGTRENNUNG(In4!In6), TS ACHTUNGTRENNUNG(In4!In7), In6 and In7. Hydrogen atoms and the CO ligands on the chromium atom
have been omitted for clarity.
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and a 70 s exposure time per image. The data collection strategy was cal-
culated with the program Collect, Nonius BV, 1997–2004. Data reduction
and cell refinement were performed with the HKL Denzo and Scalepack
programs.[28] Unit cell dimensions were determined from 3756 reflections
between q=2 and 708. Multiple observations were averaged, Rmerge=

0.050, resulting in 3882 unique reflections of which 3028 were observed
with I>2s(I). A semiempirical absorption correction was applied using
the SORTAV program.[29] The crystal structure was solved by direct
methods using the SIR-92 program.[30] Anisotropic least-squares refine-
ment was carried out with SHELXL-97.[31] All non-hydrogen atoms were
anisotropically refined. All hydrogen atoms were located on a difference
Fourier map and isotropically refined. The final cycle of full-matrix least-
squares refinement based on 3882 reflections and 398 parameters con-
verged to a final value of R1 [F2>2s(F2)]=0.0375, wR2 [F2>2s(F2)]=
0.0948, R1(F

2)=0.0505, wR2(F
2)=0.1043. Final difference Fourier maps

showed no peaks higher than 0.172 eT�3 nor deeper than �0.132 eT�3.

CCDC-639747 contains the supplementary data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

1,2,3a,6,12,12c-Hexahydro-4-methoxy-12-methyl-6-(1-methylethyl-
ACHTUNGTRENNUNGidene)furo[3’’,2’’:3’,4’]cyclobutaACHTUNGTRENNUNG[7,8]cycloocta[b]indol-7-one (17): Yield:
62%; orange solid; m.p. 235–237 8C; 1H NMR (300 MHz, CDCl3): d=

8.61 (d, J=7.8 Hz, 1H), 7.31–7.18 (m, 3H), 5.29 (br s, 1H), 5.25 (d, J=
3.5 Hz, 1H), 4.09 (dd, J=7.4, 3.4 Hz, 1H), 3.99 (dd, J=7.4, 7.1 Hz, 1H),
3.81 (s, 3H), 3.55 (s, 3H), 3.52–3.46 (m, 1H), 1.69–1.56 (m, 2H), 1.60 (d,
J=1.4 Hz, 3H), 1.44 ppm (d, J=1.9 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=191.7 (CO), 151.1 (C), 141.7 (C), 137.3 (C), 136.9 (C), 132.9

(C), 132.7 (C), 132.2 (C), 127.5 (C), 124.7 (CH), 123.3 (CH), 122.6 (CH),
122.3 (C), 109.1 (CH), 103.0 (CH), 78.2 (OCH), 66.3 (OCH2), 55.5
(OCH3), 48.7 (NCH3), 32.3 (CH), 27.1 (CH2), 20.5 (CH3), 20.2 ppm
(CH3); HRMS (EI): m/z calcd for C23H23O3N: 361.1672; found: 361.1674.

2,3,3a,7b-Tetrahydro-3b-(1-methyl-1H-indol-3-yl)-7-methoxy-5-trimethyl-
silyl-3bH-benzo ACHTUNGTRENNUNG[3,4]cyclobuta[b]furan-4-one (18a): Yield: 48%; yellow
oil; 1H NMR (300 MHz, CDCl3): d=7.83 (d, J=8.0 Hz, 1H), 7.30–7.19
(m, 2H), 7.12 (d, J=7.8 Hz, 1H), 7.10 (s, 1H), 6.67 (s, 1H), 5.46 (d, J=
5.8 Hz, 1H), 4.13 (d, J=8.5 Hz, 1H), 4.01 (s, 3H), 3.82–3.73 (m, 1H),
3.76 (s, 3H), 3.39 (dd, J=8.4, 5.8 Hz, 1H), 2.53 (dd, J=13.4, 5.9 Hz, 1H),
2.02–1.96 (m, 1H), �0.05 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=
206.2 (CO), 146.9 (C), 144.8 (CH), 142.6 (C), 137.8 (C), 126.2 (CH),
126.0 (C), 121.7 (CH), 120.6 (CH), 119.2 (CH), 118.5 (C), 111.3 (C),
109.3 (CH), 80.6 (OCH), 67.5 (OCH2), 57.8 (OCH3), 51.7 (C), 48.2
(NCH3), 32.7 (CH), 26.7 (CH2), �1.7 ppm (3XCH3).

5-tert-Butyl-2,3,3a,7b-tetrahydro-3b-(1-methyl-1H-indol-3-yl)-7-methoxy-
3bH-benzo ACHTUNGTRENNUNG[3,4]cyclobuta[b]furan-4-one (18b): Yield: 52%; yellow solid;
m.p. 149–153 8C; 1H NMR (300 MHz, CDCl3): d=7.81 (d, J=7.9 Hz,
1H), 7.28 (d, J=8.1 Hz, 1H), 7.20 (t, J=7.0 Hz, 1H),7.10 (t, J=7.1 Hz,
1H), 7.10 (s, 1H), 6.29 (s, 1H), 5.37 (d, J=5.7 Hz, 1H), 4.10 (t, J=
8.4 Hz, 1H), 4.01 (s, 3H), 3.86–3.76 (m, 1H), 3.73 (s, 3H), 3.35 (dd, J=
8.8, 5.7 Hz, 1H), 2.57 (dd, J=13.4, 5.8 Hz, 1H), 1.96 (m, 1H), 0.93 ppm
(s, 9H); 13C NMR (75 MHz, CDCl3): d=203.5 (CO), 147.9 (C), 146.9
(C), 137.8 (C), 131.5 (CH), 126.4 (CH), 126.0 (C), 121.6 (CH), 120.5
(CH), 119.2 (CH), 114.3 (C), 111.0 (C), 109.3 (CH), 79.7 (OCH), 67.3
(OCH2), 57.7 (OCH3), 52.1 (C), 47.4 (NCH3), 34.3 (C), 32.6 (CH), 29.0
(3XCH3), 26.7 ppm (CH2); HRMS (EI): m/z calcd for C24H27O3N:
377.1985; found: 377.1980.

5-tert-Butyl-2,3,3a,7b-tetrahydro-3b-(1-methyl-1H-indol-2-yl)-7-methoxy-
3bH-benzo ACHTUNGTRENNUNG[3,4]cyclobuta[b]furan-4-one (19): Yield: 43%; yellow solid;
m.p. 155–158 8C; 1H NMR (400 MHz, CDCl3): d=7.56 (d, J=7.8 Hz,
1H), 7.28 (d, J=7.6 Hz, 1H), 7.21 (t, J=7.1 Hz, 1H), 7.10 (t, J=7.4 Hz,
1H), 6.70 (s, 1H), 6.28 (s, 1H), 5.35 (d, J=5.7 Hz, 1H), 4.15 (t, J=
8.6 Hz, 1H), 4.01 (s, 3H), 3.84–3.76 (m, 1H), 3.77 (s, 3H), 3.26 (dd, J=
8.6, 5.7 Hz, 1H), 2.70 (dd, J=13.2, 5.3 Hz, 1H), 2.03–1.92 (m, 1H),
0.94 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d=204.4 (CO), 148.3 (C),
147.7 (C), 139.0 (C), 135.6 (C), 131.5 (CH), 127.0 (C), 121.4 (CH), 120.3
(CH), 119.4 (CH), 112.1 (C), 108.9 (CH), 100.1 (CH), 78.9 (OCH), 67.0
(OCH2), 57.8 (OCH3), 52.1 (C), 46.3 (NCH3), 34.5 (C), 30.8 (CH), 28.9
(3XCH3), 26.1 ppm (CH2); HRMS (EI): m/z calcd for C24H27O3N:
377.1985; found: 377.1984.

6-Butyl-1,2,3a,12c-tetrahydro-4-methoxy-6H-benzo[b]furo[3’’,2’’:7’,8’]-
ACHTUNGTRENNUNGcycloocta ACHTUNGTRENNUNG[3,4]cyclobuta[b]furan-7-one (21a): Mixture of diastereoiso-
mers. Yield: 37%; yellow oil; spectroscopic data for the major diastereo-
isomer; 1H NMR (300 MHz, CDCl3): d=8.27 (d, J=8.2 Hz, 1H), 7.43 (d,
J=8.2 Hz, 1H), 7.37–7.22 (m, 2H), 5.29 (d, J=3.4 Hz, 1H), 4.47 (d, J=
8.9 Hz, 1H), 4.17–4.12 (m, 1H), 4.05–4.03 (m, 1H), 3.74–3.65 (m, 1H),
3.53 (s, 3H), 2.42–2.30 (m, 2H), 2.11–1.99 (m, 3H), 1.30–1.13 (m, 4H),
0.88 ppm (t, J=6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=190.4 (CO),
162.4 (C), 155.2 (C), 148.5 (C), 146.4 (C), 137.9 (C), 128.9 (C), 126.8
(CH), 126.5 (C), 124.3 (CH), 123.0 (CH), 111.0 (CH), 106.3 (CH), 77.8
(OCH), 66.7 (OCH2), 57.1 (OCH3), 51.6 (CH), 45.6 (CH), 29.6 (CH2),
27.1 (CH2), 26.4 (CH2), 25.9 (CH2), 14.0 ppm (CH3); HRMS (EI): m/z
calcd for C23H24O4: 364.1674; found: 364.1678.

Computational details : All calculations were performed with the Gaussi-
an 03 package of programs.[32] Full geometry optimizations were carried
out by using the B3LYP density functional method.[33] This hybrid func-
tional is generally considered a reliable method for transition-metal-con-
taining large molecules.[34] The relativistic effective core potential
LANL2DZ[35] for chromium and the standard 6-31G* basis set for hydro-
gen, carbon, oxygen and nitrogen atoms were employed in the calcula-
tions. Harmonic force constants were computed for the optimized geome-
tries to characterise the stationary points as minima or saddle points.
Zero-point vibrational corrections were determined from the harmonic
vibrational frequencies to convert the total energies Ee to ground-state
energies E0. Intrinsic reaction coordinate calculations were conducted to
verify the connection between the transition states and the minimum by

Table 3. Crystal data and structure refinement parameters for 16d.

16d

empirical formula C28H27O3N
formula weight 425.51
temperature [K] 293(2)
wavelength [T] 1.5418
crystal system monoclinic
space group P21/c
unit cell dimensions
a [T] 12.5300(3)
b [T] 10.7140(2)
c [T] 20.1690(3)
a [8] 90
b [8] 125.522(1)
g [8] 90
volume [T3] 2203.71(7)
Z 4
1calcd [Mgm�3] 1.283
m [mm�1] 0.657
F ACHTUNGTRENNUNG(000) 904
crystal size [mm3] 0.20X0.17X0.07
q range for data collection [8] 4.34–67.87
index ranges

�14%h%14
�12%k%0
�24% l%13

reflections collected 28931
independent reflections 3882 [RACHTUNGTRENNUNG(int)=0.0503]
completeness to q [8] 67.87 (97.0%)
absorption correction semi-empirical from equivalents
max. and min. transmission 1.043 and 0.970
refinement method full-matrix least-squares on F2

data/restraints/parameters 3882/0/398
goodness-of-fit on F2 1.066
final R indices [I>2s(I)] R1=0.0375, wR2=0.0948
R indices (all data) R1=0.0505, wR2=0.1043
extinction coefficient 0.0049(5)
largest diff. peak and hole [eT�3] 0.172 and �0.132
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employing the Gonzalez and Schlegel method[36] implemented in Gaussi-
an 03.

DGgas values were calculated within the ideal gas, rigid rotor and harmon-
ic oscillator approximations. A pressure of 1 atm and a temperature of
298.15 K were assumed in the calculations. To take into account con-
densed-phase effects a self-consistent reaction field model (SCRF) was
applied. To evaluate the Gibbs solvation energies, single-point energy cal-
culations were performed on the gas-phase structures within the polariza-
ble continuum model (PCM)[37] using the united-atom Hartree–Fock
(UAHF) parametrization.[38] DGsoln was obtained by addition of the solva-
tion Gibbs energy to DGgas. A relative permittivity of 7.58 was employed
to simulate THF as the solvent used in the experimental work. Unless
otherwise indicated, the relative energy values indicated in the discussion
will refer to Gibbs energies including the solvation contribution. Compu-
tational data, three-dimensional models and cartesian coordinates for all
the stationary points found are included in the Supporting Information.
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