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We report the theoretical analysis of the mechanism of the intramolecular cyclization of biaryl alkynes
and allenes, catalyzed by electrophilic transition metal complexes and soft Lewis acids. These reactions
proceed through initialπ-complexation of the alkyne or allene moiety, which triggers the nucleophilic
attack of the arene via anendo- or exo-dig pathway in a Friedel-Crafts-type mechanism. In addition,
alternative reaction mechanisms have been considered to account for some experimental observations.
The computed results over a variety of substrates and catalyst systems agree with experimental evidence
and suggest that both structural and electronic effects play a crucial role in the regioselectivity outcome
and in the involvement of operative intermediates in the reaction pathway.

1. Introduction

In the last years, the increasing interest in developing more
efficient strategies for the synthesis of functionalized polycycles
has led to the study and application of a range of new catalyst
systems able to catalyze C-C formation. Transition metal
complexes have been shown to perform highly efficient cyclo-
isomerizations of polyunsaturated precursors in a stereocon-
trolled way, to yield a wide variety of carbo- and heterocyclic
compounds.1 Thus, cycloisomerizations of enynes promoted by
electrophilic transition metal complexes have emerged as a
powerful synthetic protocol, fully atom economic, which may
give rise to important structural motifs in natural products
(Scheme 1).2-5 Remarkably, these processes can selectively
afford different cyclic structures depending on the reaction
conditions (catalyst system and solvent).

As a part of the broad scope, this flexible protocol has also
been applied in the hydroarylation of alkynes to form carbo-
and heteroarene derivatives, such as coumarins and quinolinones,

as an alternative to cross-couplings or the Heck reaction.6 Both
inter- and intramolecular processes have been disclosed by
various groups. Recently, Fu¨rstner et al. have reported7 the
intramolecular formation of phenantrenes and polycyclic het-
eroarenes catalyzed by a variety of soft Lewis acids: PtCl2,
AuCl3, GaCl3, and InCl3. They found that the regioselectivity
for this reaction was dependent on the catalyst system and on
the precursor structure (Scheme 2).

The scope of this protocol was also extended to other
unsaturated groups acting as electrophiles, by coordination to a
electron-deficient metal complex, such as allene. The intramo-
lecular hydroarylation of allenes also revealed a well-defined
regioselectivity, which was strongly dependent on the catalyst.
Thus, the allene precursorIV afforded the phenanthrene
framework V when Ga(III) and In(III) were employed as
catalysts, whereas PtCl2 gave rise to a mixture of isomeric
pyrrolo-azepinesVI and VII as major products (Scheme 3).
These results suggest a 6-exo-dig and 7-endo-dig cyclization
pathway, respectively.7c

These intriguing data and our continuing interest in this field8

prompted us to perform a detailed computational study on the
mechanism of the intramolecular hydroarylation of alkynes and
allenes, catalyzed by different catalyst systems.
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Diverse mechanistic proposals have been formulated in the
last decade for the hydroarylation of alkynes, depending on the
catalyst system. Fujiwara’s group has described the Pt(II)- and
Pd(II)-catalyzed regio- and stereoselectivetrans-hydroarylation
of alkynes. They proposed the involvement ofσ-aryl-metala-
complexesVIII , formed through electrophilic metalation of
aromatic C-H bonds (Scheme 4), followed bytrans-addition
across the alkyne.9 Related C-H bond activation catalyzed by
metal complexes has also been reported by Kobuke10 and
Trost.11 However, recent mechanistic studies based on kinetic
isotope effects with deuterated arene suggest that the reaction
proceeds via electrophilic aromatic substitution.12

Sames et al. have developed an intramolecular hydroarylation
methodology based on PtCl4 in CH2Cl2 to form chromene,
coumarin, and dihidroquinoline scaffolds from arene-yne com-

pounds.13 They have proposed that the cyclization proceeds
through an alkyne activation-electrophilic substitution pathway
rather than via Claisen rearrangement or arene metalation
routes.14

Although in the past silver and mercuric salts have been
known to mediate the cyclization of propargylic aryl ethers,15

there are only a few reports on the use of these systems in the
synthesis of polyarenes. In this sense, Nishizawa et al. have
developed the cycloisomerization of aryl-alkynes catalyzed by
Hg(II).16 Hashmi et al. have described the AuCl3-catalyzed
intramolecular reaction of alkyne and furan to provide phenol,17

a transformation also mediated less efficiently by transition
metals with a d8 configuration.18 Recently, He and Shi have
shown a Au(III)-based hydroarylation of alkynes under mild
and solvent-free conditions.19 They suggest a direct metalation
of the arene to form an arylgold(III) intermediate, in analogy
with the proposal by Hashmi, which could add to the alkyne to
yield the final product.

Reetz and Sommer reported hydroarylation of alkynes
catalyzed by Au(III)/Ag(I) systems, proposing that Au(III) likely
works as a Lewis acid to increase the electrophilicity of the
alkyne.20 In this regard, Murai et al. have described the Ru-
and Pt-mediated intramolecular couplings of alkynes with
electron-rich arenes21a and also suggested that the transition
metal complex acts as a Lewis acid, promoting the arene
nucleophilic attack to the coordinated alkyne,22,23 following a
Friedel-Crafts-type mechanism (Scheme 5). On the basis of
the hard and soft acid and base principle, they cleverly confirmed
an improved electrophilic alkyne activation by Ga(III).21b,24

For Au- and Pt-catalyzed reactions, isotope experiments17a,18

and the intramolecular cyclization of internal alkynes (Table
1)7c discard a mechanism via formation of a metal vinylidene
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intermediate25,26followed by a 6π-electrocyclization. However,
other metal complexes have been proven to catalyze the
cyclization of aromatic alkynes via metal vinylidene intermedi-
ates. Thus, W(CO)5(THF) promotes the electrocyclization of
o-(iodoethynyl)styrenes to afford iodo-substituted naphthalene
through tungsten-iodinated vinylidene as a key intermediate.25d,e

Ru-based catalysts,25asuch RuCl2(p-cymenes)PPh3 and cationic
ruthenium complexes, also promote the cyclization of aromatic
alkynes and enynes through this reaction pathway25 and
represent an efficient protocol for the aromatization ofo-
(ethynyl)phenyl ketones and aldehyde to give useful oxygen-

containing compounds.27 In this context, it is worth mentioning
unexpected results reported by Fu¨rstner in the same work,7c

revealing a divergent behavior in the transformation of biaryls
bearing a halo-alkyne moiety (IX ) (Scheme 6), which in
principle would be presumed to follow the same path as
substratesI . Therefore, two clear and well-defined mechanistic
schemes are proposed depending on the catalyst system.

As has been summarized above, the currently assumed
mechanism catalyzed by soft Lewis acids would follow a
Friedel-Crafts alkenylation pathway.28 The alkyne coordinates
to the metal complex, to form an electrophilicπ-alkyne complex
or a vinyl cation,7,29 which promotes the nucleophilic arene
attack to generate a polycylic zwitterionic intermediate. Finally,
this species evolves to the product by a formal [1,3]-H shift.
On account of the observed rate dependence on the nucleophi-
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Table 1. NPA Charges on the Reactant Complex and Optimized Structural Parameters along the Reaction Coordinate

1 2 3 4 5 6

NPA charge ona C1 -0.288 -0.288 -0.294 +0.003 -0.170 -0.277
C2 +0.131 +0.132 +0.136 +0.068 +0.173 +0.129
C1ar -0.072 -0.056 -0.098 -0.051 -0.062 -0.041
C2ar -0.202 -0.233 -0.183 -0.220 -0.212 -0.271

distance (in Å)
a Pt-C1 1.977 1.977 1.974 2.033 1.995 1.981

Pt-C2 2.464 2.467 2.504 2.222 2.291 2.432
TSa Pt-C1 2.585 2.513 2.562 2.727 2.615 2.437

Pt-C2 1.963 1.977 1.960 1.960 1.961 1.988
C1-C1ar 2.513 2.696 2.269 2.394 2.743 2.816
C1-C2ar 2.148 2.248 2.710 2.141 2.256 2.343

b Pt-C2 1.872 1.875 1.876
C1-C1ar 1.540 1.537 1.549
C1-C2ar 1.566 1.582 1.577

TSb Pt-C2 1.930 1.933 1.943
C1-C1ar 2.294 2.313 2.328
C1-C2ar 1.595 1.597 1.619

c Pt-C2 1.942 1.946 1.939 1.953 1.944 1.949
C1-C1ar 2.547 2.551 2.541 2.577 2.559 2.553
C1-C2ar 1.492 1.501 1.490 1.508 1.514 1.506

TSe Pt-C1 1.928 1.935 1.926 1.960 1.936 1.943
Pt-C2 2.808 2.797 2.829 2.741 2.752 2.768
C2-C1ar 2.586 2.603 2.572 2.514 2.612 2.653
C2-C2ar 2.095 2.168 2.074 2.046 2.112 2.295

f Pt-C1 1.891 1.899 1.891 1.913 1.916 1.904
C2-C1ar 2.401 2.409 2.397 2.407 2.404 2.414
C2-C2ar 1.530 1.533 1.531 1.535 1.538 1.537

a In toluene, at 80°C.

Scheme 5 Scheme 6
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licity of the aromatic ring (i.e., electron-donating aromatic
substituents favors the hydroarylation),21b it has been presumed
that the first step is rate-limiting.

On the other hand, it has been extensively demonstrated by
theoretical computations that divergent cycloisomerizations of
enynes catalyzed by electrophilic transition metal complexes
show a common mechanistic scheme8a,c-e and take place through
the initial formation of metal cyclopropyl carbenes via anexo-
or endo-cyclization pathway.30 A partial theoretical study by
Echavarren et al. on the intramolecular hydroarylation of 4- and
3-(butyn-3-yl)phenol suggests that both cyclopropanation and
Friedel-Crafts pathways are feasible and similar in energy, thus
giving an ambiguous resolution about the actual mechanism.31

Moreover, they only analyzed the Pt(II)-catalyzed reaction,
assuming that qualitatively similar results are obtained with Au-
(I) and Au(III) in the study on the cyclization of simple enynes.
Nevertheless, our present results disagree with their proposals
and reveal new conclusions regarding both the full reaction
pathways and the influence of the catalyst system on the
evolution of the key intermediate species.

In addition, to the best of our knowledge, we also report
herein the first theoretical study of the mechanism and factors
governing the regioselectivity on the hydroarylation of allenes
mediated by a metal complex.

2. Results and Discussion

2.1. Cycloisomerization ofortho-Alkenyl Biphenyl Deriva-
tives. First, we analyzed the intramolecular arene cyclization
with alkyne promoted by different catalyst systems. Moreover,
to gain insights into the influence of the arene substituents, we
initially studied the biphenyl derivative1 (Chart 1) as a model
precursor, although it was not included in the experimental
evaluation.7c

For the PtCl2-catalyzed process, we have located aη2-reactant
complex1a formed byπ-coordination of1 to the metal complex
(Pt-C1 ) 1.977 Å, Pt-C2 ) 2.464 Å; see Table 1), which
may undergo a 6-endo-dig or a 5-exo-dig cyclization (Scheme
7).

The 6-endo-dig process proceeds throughTSa1, which
evolves to the cyclopropyl-platinum carbene intermediate1b
(Pt-C2 ) 1.872 Å). The highly asynchronous transition
structure (C1-C1ar ) 2.513 Å, C1-C2ar ) 2.148 Å) is 14.16
kcal mol-1 higher in energy than the reactant complex, and
formation of the intermediate1b is exothermic (-5.81 kcal
mol-1) (Figure 1 and Table 2).

1b may evolve to the Wheland-type intermediate1c (Figure
1) by opening of the cyclopropane bond C1-C1ar. This step takes
place throughTSb1, which clearly shows a cleaved C1-C1ar

bond (2.294 Å). The formation of the intermediate1c from the
cyclopropyl platinum carbene1b is slightly endothermic (+0.42
kcal mol-1) and involves an energy barrier of 12.00 kcal mol-1

(6.19 kcal mol-1 from 1a). The altered bond lengths in the arene
and the bond angles of theipsocarbon C2ar in the intermediate
1cclearly indicate the sp3 hybridization, providing evidence for
the full σ-character of this species, similar to those described
experimentally in electrophilic aromatic substitution.32

Then, a formal [1,3]-H shift should lead to the final
phenanthrene structuree. Since these reactions were performed,
as usual, in an aprotic solvent (toluene), the proton migration
cannot take place though an intermolecular solvent-mediated
route. Therefore, we suggest a stepwise pathway via two
consecutive [1,2]-H shift steps. Accordingly, we have character-
ized two transition structures,TSc1 and TSd1, connected by
the intermediate1d (Figure 1), as IRC calculations confirm.
The proton is located between C2ar and C1 (C2ar-H ) 1.179 Å,
C1-H ) 1.555 Å) and C1 and C2 (C1-H ) 1.465 Å, C2-H )
1.244 Å), respectively, forTSc1 and TSd1. As expected, the
first [1,2]-H shift step is highly favored from both kinetic
(energy barrier of+1.09 kcal mol-1) and thermodynamic
perspectives (highly exothermic,-38.11 kcal mol-1), since it
recovers the arene aromaticity without geometric strain. The
final 1,2-H migration proceeds with an energy barrier of 23.66
kcal mol-1 (-19.84 kcal mol-1 below the reactant complex1a),
a higher value than those computed for the same step in the
cycloisomerization of 1,6- and 1,5-enynes bearing a propargylic
heteroatom (17.62 and 18.93 kcal mol-1, respectively),8a,e

probably because the lone pair at the heteroatom promotes a
[1,2]-H shift. Overall, the reaction is highly exothermic by
-47.67 kcal mol-1, which suggests the irreversible character
of the catalyzed intramolecular process.

On the other hand, a 5-exo-digcyclization can also take place.
Contrarily to the 6-endoprocess, the nucleophilic attack to the
internal alkyne carbon directly leads to the Friedel-Crafts-type
intermediate1f via TSe1 (C2-C2ar) 2.095 Å), and an analogous
cyclopropyl-Pt carbene is not observed along the energy profile,
probably due to the high strain of a fused bicyclo[2.1.0]pentane
framework (Figure 2). This step is slightly less exothermic
(-5.12 kcal mol-1) than the 6-endopath and proceeds with a
lower activation energy (10.92 kcal mol-1). The kinetic prefer-
ence for the 5-exo-digcyclization is comparable to that observed
for linear enynes8,33 and correlates with the computed NPA
charges at C1 (-0.288) and C2 (+0.131) on the reactant complex
1a. As for theendoroute, two consecutive [1,2]-H shift steps
would yield the final adduct. This stepwise [1,3]-H process takes
place throughTSf1 (C2ar-H ) 1.247, C2-H ) 1.380 Å) and
TSg1 (C2-H ) 1.345, C1-H ) 1.323 Å), involving energy
barriers of 9.86 and 10.17 kcal mol-1, respectively. The global
reaction is also highly exotermic, the fluorene skeleton1h being
about 12 mol-1 less stable than phenanthrene1e.

According to this mechanism, electron-donating arene sub-
stituents should favor the hydroarylation process via both 5-exo
and 6-endoroutes. Thus, the effects of a methoxy group at the
meta (2, Chart 1) orpara position (3, Chart 1) of the biaryl
connecting atom C1ar have been evaluated.

As expected, themeta-substituent increases the charge at C2ar

on the reactant complex2a (Table 1). Remarkably, theendo-
dig cyclization follows a Friedel-Crafts-type mechanism,
affording the Wheland intermediate2c, while a cyclopropyl
intermediate is not observed. This unanticipated result is
probably caused by the reduced nucleophilicity at C1ar (Table
1). As for the unsubstituted precursor1, the 5-exo-dig cyclization
directly affords the zwitterionic intermediate2f. In contrast, the

(30) Echavarren, A. M.; Nevado, C.Chem. Soc. ReV. 2004, 33, 431-
436.

(31) Nevado, C.; Echavarren, A. M.Chem. Eur. J.2005, 11, 3155-
3164.

(32) Hubig, S. M.; Kochi, J. K.J. Org. Chem.2000, 65, 6807-6818.
(33) Nevado, C.; Ca´rdenas, D. J.; Echavarren, A. M.Chem. Eur. J.2003,

9, 2627-2635.

Chart 1
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endo-cyclization for thepara-substituted precursor3agives rise
to the cyclopropylmetallacarbene3b as intermediate structure.
The enhanced nucleophilicity at C1ar, due to the electron-donor
group at thepara site, probably induces the stabilization of the
cyclopropyl intermediate. This transformation takes place
through the concertedTSa3, which shows that an orthogonal
disposition of the arene planes allows a stronger interaction of
the alkyne carbon C1 with C1ar (2.269 Å) than with C2ar (2.709

Å). This high asynchronicity highlights the effects of the nature
and position of the aromatic substituent on the reaction path
when a tether connecting both reactive moieties is long enough.
3b may evolve to the Wheland-type structure by C-C cyclo-
propane bond cleavage, throughTSb3 (C1-C1ar ) 2.313 Å), as
has been described above for precursor1.

Comparing the series1-3, the cyclizations for2 and3 show
earlier transition states than those for1, as can be deduced from

Figure 1. Computed reaction free-energy profile in solution (toluene) for the PtCl2-catalyzed hydroarylation of alkyne1 following an
endo-dig cyclization mode.

Scheme 7
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the incipient bond distances in Table 1. Energy results reveal
that they are kinetically more favorable than for the unsubstituted
derivative1 (Table 2) due to the enhanced nucleophilicity of
the arene entity. Moreover, the cycloisomerization of2, bearing
an electron-donating group at thepara site with respect to the
new C1-C2ar bond, shows the lowest activation energy, for both
the endo- and exo-cyclization paths, whereas2c presents the
highest stability of the tricyclic intermediates of typec.

Later, we focused on the biphenyl precursor4, bearing, in
addition, an internal alkyne group. In this case, the alkyne carbon
atoms display similar NPA charges (on4a), so the prevalent
cyclization mode should be governed mainly by steric effects.
The electrophilic attack of C1 onto the aromatic ring leads, as
for the unsubstituted compound1, to the concerted formation
of cyclopropyl-Pt carbene4b through a less asymmetric
transition structure,TSa4 (C1-C1ar ) 2.394 Å, C1-C2ar ) 2.141
Å, Table 1). This step is kinetically slightly less accessible than
for the unsubstituted model1 and less favored from a thermo-
dynamic viewpoint (Table 2). The opening of the cyclopropane
ring to form the Wheland-type structure relieves steric tension,
and hence this step is faster than for1 and3 (6.99 vs 12.00 and
13.67 kcal mol-1, respectively), although the intermediate4c
is less stable than the reactant complex4a.

The transition state for the 5-exo-dig cyclization path,TSe4,
lies 18.79 kcal mol-1 above4aand 4.39 kcal mol-1 aboveTSa4

for theendo-cyclization mode. The reduced NPA charge at C2

on 4a as compared to1a-3a and the steric hindrance from the
C-sp3 substituents (see Figure S1 in the Supporting Information)
could account for the difficulty in reaching the transition state.
These calculations agree with the experimental results reported
by Fürstner,7c which revealed that formation of a 5-exoproduct
from 4 was not observed. In sharp contrast, the electron-
withdrawing ester group on the alkyne generates an opposite
picture, since an increased electron-deficient character is
observed at C2 (NPA charges: C1 ) -0.170, C2 ) +0.173).
This electronic effect should favor a 5-exoover a 6-endoprocess.
Moreover, it must be expected that a strong steric hindrance
between the substituents could inhibit theendopath (Figure
3). In accordance with these expectations, the computed results

Figure 2. Computed reaction free-energy profile in solution (toluene) for the PtCl2-catalyzed hydroarylation of alkyne1 following an
exo-dig cyclization mode.

Table 2. Relative Free Energy in Toluene (kcal mol-1) for
the endo- and exo-Cyclization Mode of Alkynes 1-6 (see

Chart 1)

1 2 3 4 5 6

a 0.00 0.00 0.00 0.00 0.00 0.00
TSa 14.16 11.09 12.85 14.40 17.66 6.50
b -5.81 a -5.99 1.86 a a
TSb 6.19 a 7.68 8.85 a a
c -5.39 -13.39 -4.96 2.84 -4.00 -21.19
TSe 10.92 10.08 12.12 18.79 14.36 8.35
f -5.12 -13.07 -4.72 -0.62 -4.63 -20.82

a A cyclopropyl intermediate was not found.

Figure 3. Optimized geometries for theendo-dig (top) andexo-
dig cyclization (bottom) steps for precursor5.

Transition Metal-Mediated Hydroarylation of Alkynes and Allenes Organometallics, Vol. 25, No. 19, 20064547



indicate that theexo-cyclization proceeds with a lower activation
energy than theendo path (14.36 vs 17.66 kcal mol-1,
respectively). The successful orbital overlapping and charge
donation needed to achieve the transition stateTSa5 requires a
C1-C2ar distance that, indeed, enhances the steric hindrance
between the substituents (Figure 3). This acute steric effect could
account for the high energy barrier for theendo mode.
Additionally, as expected from the structural effects, both
cyclization routes are kinetically less accessible than for other
precursors. These observations are supported by the experi-
mental results (exo:endo) 95:5).7c

The opposed regioselectivity was experimentally found for
the substrate6 (exo:endo) 5:95). In this case, a parallel reaction
path to the precursor2 can be envisaged. In fact, both cyclization
modes analogously have been found to follow a Friedel-Crafts-
type mechanism, through the early transition statesTSa6 (for
the endopath, C1-C2ar 2.343 Å) andTSe6 (for the exopath,
C2-C2ar 2.295 Å). The formation of the vinylic metal interme-
diates takes place with lower energy barriers, 6.50 kcal mol-1

for theendoand 8.35 kcal mol-1 for theexoroute. Interestingly,
these values contrast with those found for the related precursors
2 and3, where theexo-cyclization mode was slightly favored
from a kinetic point of view. For6, the reversed regioselectivity
may be due to steric effects from the second methoxy group,
since the aryl group cannot overcome this unfavorable effect
by rotation, as is supposed to occur for2.

In summary, the intramolecular hydroarylation of biphenyl
precursors1-6 promoted by PtCl2 may proceed via 6-endoand
5-exo-dig cyclization pathways, where subtle steric and elec-
tronic factors control not only the regioselectivity but the kind
of intermediates involved in the reaction pathway. Thus, for
the 6-endopath, i.e., if the tether connecting the reactive units
is long enough, the reaction may follow a Friedel-Crafts
alkenylation manifold to form the Wheland intermediate or may
proceed through a concerted cyclopropanation route to yield a
Pt-carbene as intermediate structure, which evolves to the
Wheland intermediate by cyclopropane bond cleavage. There-
fore, both direct and stepwise paths areclosely relatedand
governed by electronic factors. For precursors with a high
nucleophilic C1ar position or with an enhanced electrophilic
character on the terminal alkyne carbon C1, it is possible to
locate a cyclopropyl intermediate as stable structure, by C1-
C1ar bond formation, which may converge to the Wheland
intermediate in a further step by cyclopropane bond cleavage.

On the contrary, for precursors bearing weak nucleophile and
electrophile units, this structure would probably be too unstable
to be characterized as a stationary point on the reaction energy
profile. In fact, the energy results for the cyclopropyl intermedi-
ate (for1, 3, and4) indicate that this structure is more stable
than the Wheland key intermediate. Interestingly, geometry
optimization of the hypothetical intermediate of typeb for
precursor2 reveals less stability than2c (by 5 kcal mol-1). So,
the stability of intermediateb as compared withc provides an
interesting clue for the prediction of the actual reaction pathway.
This observation sheds light on the mechanistic controversy of
the cyclization step unresolved by the work by Echavarren et
al.31

Once the effects of the arene and alkyne substituents were
evaluated, we next analyzed the ability of other electrophilic
metal complexes to promote these cycloisomerizations, such as
GaCl3, InCl3, and AuCl3, as was reported by Fu¨rstner.7c Gold
is a “soft” transition metal that shows high electrophilic affinity
for “soft” functional groups, such asπ-acids such as alkynes,
and can also act as a Lewis acid for the activation of
electrophiles,34 in analogy with GaCl3 and InCl3 complexes.21b,35,36

In addition, like PtCl2, gold(III)-catalyzed cycloisomerizations
of enynes have been suggested to proceed via formation of metal
cyclopropyl carbene complexes.33

Because a different reaction pathway has been observed for
the Pt(II)-catalyzed 6-endoprocess depending on the aromatic
ring substituents, we have carried out the analysis for precursors
1 and6 to gain deeper insights into the role of the catalyst.

Theπ-coordination of the alkyne to the metal center Ga(III)
and In(III) affords a slippedη1- rather than aη2-complex (Table
3), probably in order to reduce unfavorable interactions with
the aryl π-cloud, showing tetragonal coordination around the
metal. This coordination mode has been reported for different

(34) (a) For a review of gold-catalyzed reactions, see: Hashmi, A. S. K.
Gold Bull. 2004, 37, 51-65. (b) Arcadi, A. Di Giuseppe, S.Curr. Org.
Chem.2004, 8, 795-812. (c) Dyker, G.Angew. Chem., Int. Ed.2000, 39,
4237-4239.

(35) Amemiya, R.; Yamaguchi, M.Eur. J. Org. Chem.2005, 24, 5145-
5150.

(36) For recent examples of use of InCl3 as catalyst in organic
synthesis: (a) Cook, G. R.; Hayashi R.Org. Lett.2006, 8, 1045-1048. (b)
Fringuelli, F.; Pizzo, F.; Tortoioli, S.; Vaccaro, L.Org. Lett.2005, 7, 4411-
4414. (c) Das, S. K.; Reddy, K. A.; Narasimha, R.; Krovvidi, V. L.;
Mukkanti, K. Carbohydr. Res.2005, 340, 1387-1392. (d) Jiang, N.; Li,
C. J.Chem. Commun.2004, 394-395.

Table 3. NPA Charges on the Reactant Complex and Optimized Structural Parameters

GaCl3 InCl3 AuCl3

1 6 1 6 1 6

NPA charge ona
C1 -0.531 -0.537 -0.481 -0.489 -0.438 -0.426
C2 +0.202 +0.210 +0.154 +0.163 +0.193 +0.194
C1ar -0.074 -0.046 -0.072 -0.045 -0.078 -0.045
C2ar -0.208 -0.275 -0.210 -0.278 -0.198 -0.263

distance (in Å)
a M-C1 2.203 2.194 2.410 2.396 2.136 2.135

M-C2 2.821 2.813 2.921 2.915 2.840 2.816
TSa M-C1 2.790 2.699 2.941 2.864 2.757 2.596

M-C2 2.118 2.208 2.289 2.360 2.131 2.211
C1-C1ar 2.584 2.824 2.593 2.775 2.595 2.944
C1-C2ar 2.056 2.469 1.995 2.355 2.219 2.595

c M-C2 2.034 2.024 2.209 2.195 2.055 2.054
C1-C2ar 1.500 1.517 1.504 1.521 1.497 1.512

TSe M-C1 2.068 2.083 2.241 2.254 2.074 2.091
M-C2 2.990 2.948 3.152 3.110 2.948 2.927
C2-C1ar 2.522 2.596 2.511 2.580 2.545 2.634
C2-C2ar 1.944 2.163 1.910 2.120 2.028 2.270

f M-C1 2.020 2.010 2.196 2.182 2.020 2.024
C2-C2ar 1.550 1.558 1.555 1.562 1.538 1.545
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Ga and In complexes.37 Furthermore, the pertinent transition
structures for the cyclization steps assuming alternative square-
planar coordination could not be located. In contrast, the
effective Au(III) complex exhibits a square-planar complex upon
alkyne coordination, which can also be better described as a
slippedη1-complex.

The calculations reveal that none of the metal complexes
promote theendopathway through the formation of cyclopro-
pylmetallacarbenes as intermediate structures. Instead, the
electrophilic attack of the activated alkyne carbon C1 or C2 onto
the arene results in the direct formation of the Wheland-type
intermediatesc andf via a Friedel-Crafts alkenylation pathway.
An interesting hint was observed from the AuCl3-catalyzed
endo-dig cyclization of3, as it evolved to a spiro framework
by single formation of C1-C1ar bond (not shown). To gain
further insights, we also performed calculations on theendo-
cyclization catalyzed by a cationic gold(I) complex [Au(PR3)]+,
which has been proven very reactive and selective for the
cyclizations of enynes under mild conditions.38 It has been
postulated that it probably involves cyclopropyl gold carbene
as intermediates in the cyclization of simple enynes.39 Our
results reveal the same reaction paths as AuCl3 for the promoted
endo-cyclization of 1, 3, and 6, with no formation of such
intermediate (not shown). Hence, our results indicate that despite
Au(III) (and Au(I)) complexes frequently behaving as Pt(II)-
based catalysts, they share a different mechanistic picture for
theendo-cyclization of aryl-alkynes. Caution must be exercised
in extrapolating reaction pathways, even when dealing with
related processes.

The endo-cyclization transition stateTSa1 for the group 13
complexes and theexo-cyclization transition statesTSe1 and
TSe6 for all the catalyst systems appear later than those observed
for the same Pt(II) process (Table 3), whereasTSa6 is earlier.

Taking into account the computed energy results (Table 4),
the hydroarylation of the unsubstituted precursor1 catalyzed
by transition metal complexes shows a kinetic preference for
the exo-cyclization mode, while the Ga(III) and In(III) com-
plexes give rise to similar activation energy values for both
routes and higher than those for Au(III) and Pt(II) halides.
Moreover, the formation of the vinylic metal intermediatesc
and f promoted by these Lewis acids is endothermic, thus
suggesting a low ability for1 to cyclize under these conditions.

The improved nucleophilicity of the arene entity for the
dimethoxy precursor6 (see NPA charges, Table 3) results in a
significant lowering of the ring closure activation barrier. It is
noteworthy that formation of the Wheland-type intermediates
is exothermic, theendo-adduct being more stable than theexo-
adduct. As has been described for1, the Lewis acids GaCl3

and InCl3 display less favorable results, from both kinetic and
thermodynamic points of view.

The AuCl3-promoted cyclizations are not as exothermic as
the Pt(II)-catalyzed reaction and have slightly higher activation
energies, still favoring theendoprocess for6.

Overall, the results suggest that every catalyst follows the
PtCl2 trend, showing a kinetic and thermodynamic preference
for the 6-endo-dig cyclization of6, but InCl3, which leads to a
slightly faster 5-exo-cyclization. In general, these observations
agree with the experimental evidence. The results revealed for
precursor6 as compared with1, for a given catalyst, suggest
that the methoxy substituent not only strongly favors the
annulation due to electronic factors but may also play a steric
role leading to a kinetic preference for theendo-cyclization.
The divergent behavior for the InCl3-catalyzed cycloisomeriza-
tion showing no preference for the formation of a phenanthrene
versus fluorene skeleton is unclear, although it might be due to
subtle structural effects.40

The mechanistic scheme described above is in accordance
with the widely accepted Friedel-Crafts-type pathway for the
hydroarylation of alkynes mediated by an electrophilic metal
complex. As we have noted in the Introduction, the intermediacy
of metal vinylidene structures in these cyclizations has been

(37) (a) Sigl, M.; Schier, A.; Schmidbaur, H.Eur. J. Inorg. Chem.1998,
203-210. (b) Dhingra, S. S.; Kanatzidis, M. G.Inorg. Chem.1993, 32,
1350-1362. (c) Trotter, J.; Einstein, F. W. B.; Tuck, D. G.Acta Crystallogr.,
Sect. B1969, B25, 603. (d) Johnson, B. F. G.; Walton, R. A.Inorg. Chem.
1966, 5, 49. (e) Wood, R. E.; Ritter, H. L.J. Am. Chem. Soc.1952, 74,
1760-1763.

(38) (a) Ma, S.; Yu, S.; Gu, Z.Angew. Chem., Int. Ed.2006, 45, 200-
203. (b) Shi, X.; Gorin, D. J.; Toste, F. D.J. Am. Chem. Soc.2005, 127,
5802-5803. (c) Zhang, L.; Kozmin, S. A.J. Am. Chem. Soc.2005, 127,
6962-6963. (d) Luzung, M. R.; Markham, J. P.; Toste, F. D.J. Am. Chem.
Soc.2004, 126, 10858-10859 (e) V. Mamane, V.; Gress, T.; Krause, H.;
Fürstner, A.J. Am. Chem. Soc.2004, 126, 8654-8655.

(39) Nieto-Oberhuber, C.; Mun˜oz, M. P.; Buñuel, E.; Nevado, C.;
Cárdenas, D. J.; Echavarren, A. M.Angew. Chem., Int. Ed.2004, 43, 2402-
2406.

(40) It could be argued that the related transition state (TSe6) involves
a short C2-C2ar distance and, hence, a close C1-C2-C angle, which indeed
should induce a lower steric hindrance with the methoxy substituent.

Table 4. Relative Free Energy in Toluene (kcal mol-1) for
the endo- and exo-Cyclization Mode of Alkynes 1 and 6

Catalyzed by GaCl3, InCl 3, and AuCl3
GaCl3 InCl3 AuCl3

1 6 1 6 1 6

a 0.00 0.00 0.00 0.00 0.00 0.00
TSa 18.34 11.57 19.18 11.61 14.53 8.63
c 1.93 -12.95 5.64 -10.12 -3.61 -19.54
TSe 17.05 12.85 19.08 11.11 12.36 10.47
f 8.44 -7.54 11.98 -8.83 -2.37 -16.46

Scheme 8
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disregarded on the basis of the effective cyclization of internal
alkynes and isotope studies.7c,17a,18,28However, the unanticipated
formation of 9-halo-phenantreneXI from IX , upon exposure
to catalytic amounts of AuCl (Scheme 6), points to the
involvement of vinylidene intermediates, like those presumed
in the cyclization of aromatic alkynes catalyzed by other
transition metal complexes.25,27

The vinylidene structures might be formed by 1,2-halide
shift41 (Scheme 8,path a). On the basis of the mechanism
suggested for the related complex AuCl3, an alternative pathway
through a common 6-endo-dig cyclization step followed by a
1,2-shift could also be envisaged (Scheme 8,path b). This
mechanistic scheme has been proposed from studies of related
transition metal-catalyzed cycloisomerizations.8a,d,e

The initial π-complex7 undergoes a 1,2-halide shift to give
the vinylidene species8a. This step takes place throughTSh7
(C1-Br ) 2.257 Å, C2-Br ) 2.195 Å), a transition structure
12.99 kcal mol-1 above the reactant complex, and is endother-
mic by 9.27 kcal mol-1 (Figure 4). Then, the electrocyclization
of 8a, via the 6-endo-dig pathway, affords the tricyclic
skeleton,42 which ultimately should give rise to the 9-halophenan-

threne through a formal 1,2-H shift. The electrocyclization
transition structureTSi8 reveals the incipient formation of the
C1-C2ar bond (2.175 Å). The minor steric hindrance between
the catalyst and the arene may account for the favorable kinetic
and thermodynamic results for this step, showing a very low
energy barrier (0.76 kcal mol-1) and being exothermic by about
27 kcal mol-1.

The transformation of7 through the alternativepath b
proceeds first throughTSj7, which displays structural parameters
related to those found before (C1-C2ar ) 2.057 Å), and leads
to the Wheland-type intermediate. This Friedel-Crafts alkenyl-
ation step shows a higher activation barrier than that computed
for path a(18.63 kcal mol-1), likely related to the strong steric
hindrance between the bulky halide atom and the C-sp3 arene
substituent in the reactive groups approach. From a thermody-
namic point of view, this ring closure step appears favored
(endothermic by 5.87 vs 9.27 kcal mol-1 for path a). The
following 1,2-halide shift viaTSk8 involves a very high energy
barrier, about 45 kcal mol-1 (50.70 kcal mol-1 above 7),
probably caused by the large structural reorganization on a rather
rigid skeleton.

(41) Shen, H.-C.; Pal, S.; Lian, J.-J.; Liu, R.-S.J. Am. Chem. Soc.2003,
125, 15762-15763.

(42) The tricyclic intermediate is better described as9b than9a, as the
bond length (Au-C1 ) 2.025 Å) and NBO analysis suggest (bond order
Au-C1 ) 0.611).

Figure 4. Free-energy profiles in solution (toluene) for the AuCl-catalyzed hydroarylation of halo-alkyne7 following two plausible reaction
pathways; see Scheme 8.
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Hence, these results supportpath aas the operative mecha-
nism, clearly favored over the alternativepath b, which
furthermore suggests a preferred formation of the 9- (XI ) instead
of the 10-halo-phenanthrene (X), since it would also take place
throughTSj7.

In sharp contrast, the Lewis acid InCl3, which expectedly
promotes the formation of 10-halo-phenanthrene with halide
retention (X), leads to a different energy profile. Although
indium-carbene complexes have been characterized,43 the in-
dium-carbene intermediate44 and the pertinent transition structure
analogue toTSh could not be located after a thorough search,
probably due to severe steric impediment between the ligands
complex and the dimethylated arene. Instead, the system follows
theendo-dig cyclization pathway, affording the vinylic indium
intermediate through the transition state analogue toTSj (C1-
C2ar ) 2.079 Å). This transformation is endothermic (by 5.44
kcal mol-1) and involves an activation energy of 16.22 kcal
mol-1. These observations support a Friedel-Crafts-type mech-
anism for the InCl3-promoted reaction and satisfactorily account
for the divergent behavior depending on the chosen catalyst
system.

2.2. Cyclization of Allenes.This flexible approach tolerates
other unsaturated groups acting as an electrophilic entity, such
as allenes. In this sense, the high reactivity of cumulatedπ-bonds
is well-known.45

The experimental observations have revealed a well-defined
regioselectivity that strongly depends on the catalyst. Thus, the
allene precursor10 afforded the phenanthrene framework11
when Ga(III) and In(III) were employed as catalysts, whereas
PtCl2 gave rise to a mixture of isomeric pyrrolo-azepines12
and13 as major products (Scheme 9), which suggest a 6-exo-
dig and 7-endo-dig cyclization pathway, respectively.7c

To shed light on the factors that control the regioselectivity,
we have computed both cycloisomerization paths for every
catalyst system. The results are graphically depicted in the Figure
5.

A 7-endo-dig cyclization should proceed from the allene
moiety coordinated to the electrophilic complex, by means of

the terminalπ-bond for a proper activation, i.e., from reactant
complex14. The cyclization to16 (Scheme 9) is an exothermic
transformation, PtCl2 being the most favorable catalyst (Figure
5). The transition stateTSm lies about 10 kcal mol-1 above14
for the Lewis acids, whereas it reduces to a half value for the
late transition metal complex. The forming bond C-C shows
slightly larger values (2.185, 2.431, and 2.285 Å, for PtCl2,
GaCl3, and IndCl3, respectively) than those observed above for
the endo-cyclization of alkyne1. In summary, PtCl2 gives to
rise to the most favorableendo-cyclization mode from kinetic
and thermodynamic viewpoints.

In the PtCl2-promoted cycloisomerization, a higher yield for
the formation of the pyrrolo-azepines12 than for the isomeric
form 13 was observed. However, according to our computed
values, the former appears about 2 kcal mol-1 less stable than
the latter. This result may point out a metal complex-mediated
isomerization rather than a isomerization of the naked tricyclic
adduct.

On the other hand, theexo route might take place by
coordination of the terminal or the internalπ-bond of the allene,
since both modes may activate the central carbon. The reactant
complex14 (coordination of the terminalπ-bond) gives rise to
the tricyclic adduct15by attacking of the pyrrole to the activated
central carbon of the allene. The formation of15 is also
exothermic. In this case, the Pt(II)-catalyzed reaction is mod-
erately exothermic (-7.62 kcal mol-1), and the Ga(III)- and
In(III)-mediated steps are 3-fold more exothermic. The activation
energy to reach the transition stateTSl is higher for PtCl2 than
for the trihalides. These results show the opposite trends to the
endo-cyclization, suggesting a kinetic and thermodynamically
favoredendo-cyclization for the PtCl2-mediated process andexo-
cyclization for GaCl3 and InCl3. Amazingly, these findings are
in good agreement with the regioselectivity observed experimen-
tally.7c

Theπ-coordination of the internal double bond of the allene
to the metal complex reveals structural restrictions and affords
a less favorable energy profile (Figure 5). First, thetranshalide
arrangement in the PtCl2 complex avoids the proper formation
of the subsequent T-shaped Pt(II) complex14′ by coordination
of the allene, due to a strong steric repulsion between the ligands
and the pyrrole moiety. On the contrary, the chloride atoms are
far away in the Ga(III)- and In(III)-tetrahedral complexes14′.
However, they are about 6 kcal mol-1 less stable than the
reactant complex formed by coordination of the external double
bond,14. These reactant complexes lead to theexo-cyclization
adducts15′ in a less exothermic step than that from14 to 15.
In addition, the activation energy is significantly higher, so this
alternative coordination mode should be discarded as operative
in these transformations.

The striking catalyst-dependent regioselectivity can be ratio-
nalized in terms of electronic effects induced by structural
factors on the reactant complex14.

The coordination to the terminalπ-bond (14) results in a
enhanced nucleophilic character of C2 to theexo-attack com-
pared with the coordination to the internal bond (Figure 6),
consistent with the computed activation energy values. More-
over, Ga(III) and In(III) complexes induce a very low electro-
philicity at C1, which could explain the inhibition for theendo-
cyclization route. This step is significantly less favored than
for the PtCl2 complex. The complex14 exhibits an evidentη2-
character for PtCl2 (Pt-C1 ) 2.101 Å, Pt-C2 ) 2.043 Å), while
the structures for GaCl3 and InCl3 resemble a weakη1-hapticity,
probably due to a steric hidrance between the metal complex
ligands and the allene substituent at C3 (Figure 7).

(43) (a) For an example of an In(III)-carbene, see: Cotgreave, J. H.;
Colclough, D.; Kociok-Ko¨hn, G.; Ruggiero, G.; Frost, C. G.; Weller, A. S.
Dalton Trans.2004, 1519-1520. (b) For an example of an In(I)-carbene
analogue, see: Hill, M. S.; Hitchcock, P. B.Chem. Commun.2004, 1818-
1819.

(44) The energy minimization of the supposed In(III)-carbenic intermedi-
ate of type8a directly led to the formation of the 9-halo-phenanthrene
framework (analogue to9).

(45) (a) Marshall, J. A.Chem. ReV. 2000, 100, 3163-3185. (b) Zimmer,
R.; Dinesh, C. U.; Nandanan, E.; Khan, F. A.Chem. ReV. 2000, 100, 3067-
3125. (c) Ma, S.Acc. Chem. Res.2004, 37, 701-712. (d) Schuster, H. F.;
Coppola, G. M.Allenes in Organic Synthesis; Wiley: New York, 1984.
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3. Conclusions

The intramolecular hydroarylation of aryl alkynes catalyzed
by metal complexes may proceed via anendoand/orexo-dig
cylization pathway, depending on the catalyst and on the
precursor structure. Although these reactions have been seen
to take place through a Friedel-Crafts-type alkenylation mech-
anism, theendo-dig cyclization promoted by PtCl2 (but not
AuCl3) may involve a cyclopropylmetallacarbene as intermediate
before the formation of the expected Wheland-type intermediate,
i.e., the vinylic metal intermediate. This unusual electrophilic
aromatic substitution reaction pathway has been observed for
biaryls with a strongly nucleophilic arene entity (bearing a
electron-donor substituent at thepara position of the second
C-C cyclopropyl new bond) or with a highly electrophilic C1

alkyne carbon. Interestingly, this cyclopropyl metal intermediate

must be a more stable species than the vinylic metal intermediate
to be characterized as a local minimum along the reaction
coordinate.

The endo/exoselectivity has been shown to deeply depend
on the precursor substituents, where structural and electronic
factors play a critical role. For dimethylated biaryl precursors
bearing a haloalkyne, the steric hindrance in the Friedel-Crafts
pathway forces the system to follow alternative and lower energy
pathways, as through formation of metal vinylidene as key
intermediate.

DFT computations have also revealed that the regioselectivity
observed for the intramolecular cyclization of aryl allenes
critically depends on subtle structural effects of the reactant
complex. This species is preferably formed by coordination of
the terminalπ-bond of the allene rather than the internalπ-bond.
The metal complex ligands may involve steric hindrance with
the substituent at the internal allene carbon C3. This effect leads
to an improved electrophilicity for the central allene carbon C2

and a selectiveexo-dig-cyclization. On the contrary, the PtCl2-
reactant complex, with atrans-halide arrangement, lacks this
effect and the reaction is preferentially guided to the unusual
7-endo-dig cyclization.

Computational Methods

Calculations have been carried out using the Gaussian03
program.46 All the structures have been fully optimized at the DFT
level by means of the B3LYP hybrid functional.47 The standard
6-31G(d) basis set has been applied for all the atoms except metals
Pt, Au, Ga, and In, which have been described by the LANL2DZ
basis set,48 where the innermost electrons are replaced by a
relativistic ECP and the valence electrons are explicitly treated by
a double-ú basis set.

The optimized geometries were characterized by means of
harmonic analysis, and the nature of the stationary points was
determined according to the right number of negative eigenvalues
of the Hessian matrix. The intrinsic reaction coordinate (IRC)

(46) Frisch, M. J., et al.Gaussian 03, Revision B.03; Gaussian, Inc.:
Pittsburgh, PA, 2003.

(47) (a) Lee, C.; Yang, W.; Parr, R.Phys. ReV. B 1988, 37, 785-789.
(b) Becke, A.J. Chem. Phys.1993, 98, 5648-5652.

(48) Hay, P. J.; Wadt, W. R.J. Chem. Phys.1985, 82, 270-283.

Figure 5. Reaction energy profiles for the catalyzed cyclization of allene10 following an endo- and exo-route (through two plausible
reaction pathways).

Figure 6. NPA charges at the allene carbons in the reactant
complexes (PtCl2 normal, GaCl3 bold, InCl3 italic) for the internal
(14′) and terminalπ-bond (14) coordinated complex.

Figure 7. Optimized geometries for the reactant complexes14
formed by coordination of the externalπ-bond of the allene to PtCl2

(left) and GaCl3 (right).
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pathways49a from the transition structures have been carefully
followed from every transition structure using a second-order
integration method,49b to verify the expected connections of the
first-order saddle points with the correct local minima found on
the potential energy surface. Zero-point vibration energy (ZPVE)
and thermal corrections (at 298 K, 1 atm) to the energy have been
estimated on the basis of the frequency calculations at the
optimization level and scaled by the recommended factor.

The solvation energies were calculated on the gas-phase opti-
mized structures with the Polarizable Continuum Model, PCM,50

as implemented in Gaussian 03, and using the UAKS radii.51 A
relative permittivity of 2.379 was assumed in the calculations to
simulate toluene as the solvent experimentally used.

Natural bond orbital (NBO) analyses52 have been performed by
the module NBO v.3.1 implemented in Gaussian03 to evaluate the
NPA atomic charges.
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