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The PtCl2-mediated cycloisomerization of hept-1-en-6-ynes functionalized at propargylic
positions shows a high versatility and may afford different kinds of products. On the basis
of a broad DFT computational study, mechanistic understandings of these processes are
provided. The results suggest that these reactions could proceed through cyclopropyl platinum
carbenes formed by endo or by exo cyclization routes. The role of the propargylic substituent
and the additional alkene chain for dienyne precursors in the course of each type of
cycloisomerization is discussed. Thus, although the metathesis process and formation of
polycyclic adducts involves an initial 5-exo cyclopropanation path, a propargylic acyl group
promotes the formation of bicyclic enol esters by an initial endo cyclopropanation, followed
by [1,2]-acyl migration. This bulky propargylic group also inhibits other cycloisomerization
reactions due to steric interactions, such as the Alder-ene process, and simultaneously allows
an easy [1,2]-acyl migration by anchimeric assistance to yield bicyclic [n.1.0] enol esters.

Introduction

In the last few years, the transition-metal-catalyzed
cycloisomerization of 1,6-enynes has become a powerful
methodology for the synthesis of a variety of carbo- or
heterocycles.1 Intriguingly, several transformations are
possible for these kinds of substrates, and they may give
rise to metathesis products,2,3 Alder-ene adducts,4,5 and
formation of diverse cyclopropyl derviatives.6 Thus, it

has been observed that minor changes of the reaction
conditions and/or substrate structures can lead to
completely different products.

In this context, a very interesting study by Marco-
Contelles, Malacria, Fensterbank, et al. has reported the
cyclization of precursors bearing a free or protected
hydroxy group at the propargylic position. The results
clearly show that the nature of the propargylic sub-
stituent critically controls the evolution of the processes.
Thus, depending on the type or absence of this protect-
ing group, skeletal rearrangement, stereoselective tet-
racyclic compounds, or bicyclic [4.1.0] enol esters are
isolated.7

Because of the high versatility, further insights into
the mechanistic aspects and the role of the propoargylic
substituent in the evolution of the catalytic processes
are desirable, to develop new useful synthetic strategies.
Thus, as a part of an extensive study of PtCl2-mediated
cycloisomerizations of diverse polyunsaturated sys-
tems,8 we present a detailed DFT analysis to elucidate
the molecular mechanisms and identify the factors that
selectively lead to the cycloisomerizations shown in
Scheme 1. Herein, we wish to focus our attention on the
mechanism of formation of bicyclic enol esters from
propargylic carboxylates. We have discussed the effects
of other propargylic substituents elsewhere.8a,9
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Nevado, C.; Cárdenas, D. J.; Echavarren, A. M. J. Am. Chem. Soc.
2001, 123, 10511-10520.

(7) Mainetti, E.; Mouries, V.; Fensterbank, L.; Malacria, M.; Marco-
Contelles, J. Angew. Chem., Int. Ed. 2002, 41, 2132-2135.

(8) (a) Soriano, E.; Ballesteros, P.; Marco-Contelles, J. J. Org. Chem.
2004, 69, 8018-8023. (b) Soriano, E.; Marco-Contelles, J. Chem. Eur.
J. 2005, 11, 521-533.

3182 Organometallics 2005, 24, 3182-3191

10.1021/om050134r CCC: $30.25 © 2005 American Chemical Society
Publication on Web 05/24/2005



Transition-metal-promoted cycloisomerization of pro-
pargylic carboxylates is a very attractive reaction, as it
may lead to differently functionalized bicyclo[n.1.0]-
alkane enol esters (n ) 3, 4).10-13 Rautenstrauch
described a pioneering similar transformation and
proposed that it proceeds via an acetoxonium or buteno-
dienylcarbene intermediate.14 More recently, Ohe and
Uemura have reported the intermolecular version of this
reaction, suggesting the involvement of vinylcarbene
complexes as key intermediates.15 However, the actual
reaction pathway remains uncertain. Formation of a
bicyclo[4.1.0]hept-4-ene framework from 1,6-enyne would
suggest an initial 6-endo cyclization to afford a cyclopro-
pylcarbene,8a which then could easily undergo a [1,2]-
acyl migration to yield the unsaturated bicyclic struc-
ture. An inverse sequence of steps should also be
conceivable: i.e., initial acyl migration by anchimeric
assistance to form a platinum carbene intermediate that
subsequently would cyclize, by trapping the alkene.7,12,13,15

Results and Discussion

A wide experimental study aimed at establishing the
scope and generality of the PtCl2-catalyzed cycloisomer-
ization of unsaturated propargylic carboxylates has
shown10 that, under the standard conditions, the enyne
7 afforded compounds 8 and 9 (Scheme 2). Although 9
was isolated in poor yield, the allenyl esters are rou-
tinely found in the transition-metal-catalyzed isomer-
ization of propargylic acetates.16 On the other hand, and

very interestingly, no product was detected from the
Alder-ene reaction.

In principle, several reaction pathways can be pro-
posed for the transformation of 7 into 8 (Scheme 3).
Transition-metal-catalyzed intramolecular cyclizations
of 1,6-enynes may proceed via an initial 6-endo (or 5-exo)
cyclopropanation step, upon activation of the triple
bond by electrophilic catalysts, to afford cyclopropyl
Pt-carbene structures. These intermediates have been
proposed from experimental evidence7,17,18 and theoreti-
cal calculations6d,8a,9,19 for related cycloisomerizations
of enynes. Then, a plausible [1,2]-acyl migration process
could yield the subsequent enol ester (path I of Scheme
3). Alternatively, it has been suggested7 that the process
could take place by initial acyl migration from the
propargylic position to the â-carbon center, followed by
a concerted addition of the vinyl platinacarbene to the
alkene (path II of Scheme 3). In connection with this
mechanistic picture, it has been proposed that related
metallacarbenes would intramolecularly add to alkenes
to form cyclopropane adducts.17b,c Instead, 14 could give
a [2 + 2] cycloaddition to form 15, which would yield
the cyclopropane structure by reductive elimination20
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Scheme 2

Scheme 3. Possible Reaction Pathways for the
Transformation of 7 into 8
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(path III of Scheme 3). Finally, formation of 8 from
transition-metal-catalyzed reactions has also been de-
scribed by other authors, and a conceivable mechanistic
proposal based on the initial η2 complexation of the
alkene onto the catalyst (path IV of Scheme 3) has been
suggested.11

Initially, we explored path I and, thus, coordination
of PtCl2 to the alkyne forms the η2 complex 10 (path I
of Scheme 3 and Scheme 4). The optimized geometry
shows a slightly distorted T-shaped tricoordinated
complex. Both chloride atoms are trans arranged, and
the alkyne ligand lies nearly perpendicular to the
coordination plane. The reactant complex evolves to the
cyclopropyl Pt-carbene 11 by concerted nucleophilic
anti addition of alkene onto the terminal carbon C1 of
the activated alkyne. This transformation takes place
through the early and highly asymmetric transition
state TS1 (C1-C6 ) 2.419 and C1-C7 ) 2.709 Å). The

short Pt-C2 bond in 11 (1.872 Å) is consistent with a
Pt(II)-carbene nature,21 though there is a lack of
coplanarity between coordination and carbene planes
(84-95°), which is due to the presence of substituents
at the propargylic position. The formation of 11 is highly
exothermic (-25.81 kcal mol-1, Figure 1) and proceeds
with a low activation energy (7.17 kcal mol-1), which
points out an easy and favorable transformation from
both thermodynamic and kinetic perspectives.

In this way, it is straightforward that a following 1,2-
migration of the acetoxy group should afford the enol
ester 8. We found the transition state TS2 by intramo-
lecular nucleophilic attack of the carbonyl oxygen atom
on the electrophilic carbene22 atom (NPA charges at O3
and C2 in 11 -0.605 and +0.169; see Table S3 in the
Supporting Information). IRC calculations revealed that
TS2 drives to the polarized intermediate 12 (10.05 D
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Scheme 4. Optimized Structures for the Reaction Pathway of the PtCl2-Mediated Intramolecular
Cyclization of 4-O-Acetyl-1,6-enyne 7 to the Bicyclo[4.1.0]heptane Derivative 8
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vs 7.68 D for 11) rather than to that involving the
complete migration to C2. The simultaneous bonds of
the acyloxy group with C2 (O3-C2 ) 1.589 Å) and C3
(O1-C3 ) 1.512 Å) in 12 give rise to a nearly planar
oxacycle,23 which allows an effective π delocalization.
This second step is slightly endothermic (1.63 kcal
mol-1), and the low activation energy (3.64 kcal mol-1)
is consistent with the slight structural distortion re-
quired to reach TS2. Finally, 12 generates the enol ester
by opening of the heterocycle. This transformation
proceeds through TS3 (O1-C3 ) 2.007 Å) with an
activation barrier of 18.74 kcal mol-1 (-5.44 kcal mol-1

relative to 10). The developed C2-C3 double bond is η2

coordinated to the metal in an expected square-planar
framework in the final adduct 8-PtCl2.

These findings lead to the reaction energy profile
depicted in Figure 1. The overall process is highly
exothermic (-25.49 kcal mol-1), and the rate-limiting
step is the opening of the oxacycle 12, involving a
moderate activation free energy.

Regarding path II, summarized in Scheme 3, the first
step should involve an O-acyl migration to the â-carbon.
We have verified that it would take place from an
analogous η2-alkyne reactant complex rather than from
a slipped η1 complex,7 which could not be located as a
stable ground state. The nucleophilic attack at the
internal alkyne carbon would lead to the polarized
oxacycle 13 (12.1 D vs 5.0 D for the reactant complex)
via TS4 (O3-C2 ) 2.448 Å). It is remarkable that,
although this step is also exothermic and proceeds with
a moderately low activation free energy (9.51 kcal
mol-1), TS4 is about 2 kcal mol-1 less stable than TS1,
and 13 is about 4 kcal mol-1 higher in energy than 11;
therefore, path I would be the preferred pathway from
kinetic24 and thermodynamic reasons. To obtain more

reliable energy values, single-point energy calculations
were carried out at the B3LYP/6-311+G(2d,p)/LANL2DZ
level, and we observed that the free energy difference
between the two transition states rises slightly to 2.44
kcal mol-1.

However, in view of the small energy difference
between TS1 and TS4, and to gain further insights into
this feasible mechanism, we determined the overall free
energy profile for the proposal path II.25 Accordingly,
the vinyl platinacarbene 14 is formed by an easy
cleavage of the O1-C3 bond (via TS5), which may evolve
through a cyclopropanation to the fused bicyclic adduct.
The last transition structure, TS6, shows C1-C6 (1.920
Å) and C1-C7 distances (2.358 Å) closer than those
computed for an initial 6-endo attack (path I); thus, we
could presume a more significant steric hindrance due
to substituents on the alkene. As expected, the energy
barrier for this cyclization step (21.01 kcal mol-1) is
higher than that for an initial 6-endo process.

To sum up, this plausible mechanism should proceed
through three steps with low to moderate activation
energy, the rate-limiting step involving a higher activa-
tion barrier than the alternative path I.

As we have discussed elsewhere,9 the reactant com-
plex under study presents a vacant coordination site
around the metal, which might be occupied by an
additional donor ligand such as a solvent molecule. In-
deed, a more complete coordination sphere may induce
energy changes. To get a deeper understanding about
the role of an additional ligand, we performed calcula-
tions for the first step of paths I and II by incorporating
H2O as a ligand.26 In analogy with our previous obser-

(23) Geometrical parameters: O1-CC-O3-C2 ) 11.16°;
CC-O3-C2-C3 ) -15.09°; O3-C2-C3-O1 ) 13.27°; C2-C3-O1-CC )
-9.03°; C3-O1-CC-O3 ) -1.24°.

(24) It could be argued that the lower electrophilic character at C2
in the reactant complex (+0.04 vs +0.17 in 11, Table S3; see the
Supporting Information) would account for a less favorable electrostatic
interaction with nucleophilic carbonyl oxygen and a higher energy
transition state for acyl migration step as the first step.

(25) Optimized structures for this mechanistic proposal are given
in the Supporting Information.

Figure 1. Free energy profiles computed for the PtCl2-catalyzed formation of 8 and 9 (free energy differences relative to
the reactant complex are given in kcal mol-1).
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vations, the formation of the Pt-carbene (path I) takes
place with a higher activation energy for the coordina-
tively saturated system (11.54 vs 7.17 kcal mol-1). As
has been proposed,9 this effect could be attributed to
the more effective back-donation from the metal into the
π* of the alkyne, which reduces the electrophilic activa-
tion. On the other hand, this step is similarly exothermic
(-25.28 kcal mol-1). Interestingly, the free energy of
activation for the initial 1,2-acyl migration (path II) is
again about 2 kcal mol-1 higher (13.43 kcal mol-1) than
the formation of the Pt carbene (Scheme S2; see the
Supporting Information).

Since 14 resembles a vinyl platinacarbene structure
(Pt-C1 ) 1.910 Å), it might undergo an intramolecular
[2 + 2] cycloaddition with the alkene (via TS7, not
shown) to form the platina(IV)cyclobutane 15 (path III
of Scheme 3), which could lead to the final bicyclic
product (via TS8; not shown). However, this alternative
route also entails a rather high energy barrier (26.32
kcal mol-1).8a

The mechanistic proposal suggested for the ZnCl2-
catalyzed cycloisomerization of 711 (path IV of Scheme
3) assumes the initial formation of a metal-alkene
rather than a metal-alkyne π complex, 16. The in-
tramolecular trans attack of C1 on the alkene carbon
C6 gives rise to TS9,25 which displays a relatively short
C1-C6 bond (1.891 Å). IRC calculations confirm that this
transition state affords the bicylic intermediate 17 (path

IV of Scheme 3). This route implies an activation energy
of 21.05 kcal mol-1, TS9 being 9.33 kcal mol-1 less
stable than TS1. In addition, this step is less exothermic
(-5.76 kcal mol-1) than formation of the fused bicycle
11. Therefore, although the calculations were in agree-
ment with the mechanistic proposal by Ohloff,11 we also
ruled it out as an active mechanism on the basis of
kinetic and thermodynamic preferences.

In summary, our calculations suggest that path I
should be the favored reaction path for the catalyzed
formation of bicyclic enol esters from propargylic car-
boxylates.

Experimental results indicate that, along with 8,
allene 9 is also isolated in low yield (Scheme 2);10

therefore, our next goal was the elucidation of the
reaction mechanism for this rearrangement. We pro-
posed the structure 18 as the initial η2-reactant complex,
a more stable structure (4.13 kcal mol-1) than 10, due
to the less constrained alkyl chain. Starting from this
structure, we located the transition state TS10 (Scheme
5) by having the acyloxy group approach C1 (O3-C1 )
2.169 Å). TS10 evolves to the polarized Pt-carbene 19
(11.57 D vs 4.55 D in 18), showing a nearly planar six-
membered heterocyclic structure.27 This geometry al-
lows an optimal orbital interaction and π delocalization.

The full migration of the acetyl group to C1 takes place
via TS11, by opening of the heterocycle (O1-C3 ) 2.084

(26) Despite this evaluation, the isomerizations under study were
carried out in toluene, a solvent which has been proved to interact
weakly with the Pt center.9

(27) Geometrical parameters: C3-O1 ) 1.603, O3-C1 ) 1.434 Å;
dihedral angles O1-CC-O3-C1 ) -2.03°, CC-O3-C1-C2 ) 3.03°, O3-
C1-C2-C3 ) 0.26°, C1-C2-C3-O1 ) -3.49°, C2-C3-O1-CC ) 4.63°,
C3-O1-CC-O3 ) -2.07°.

Scheme 5. Optimized Structures for the Reaction Pathway of the PtCl2-Mediated Formation of
1-acetoxyallene 9 from the 4-O-Acetyl-1,6-enyne 7
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Å), and leads to the allenyl ester η2 complex 9-PtCl2.
The Pt-C2 (2.003 Å) and Pt-C3 (2.276 Å) distances
imply π complexation onto the metal center, and the
long C2-C3 bond length (1.424 Å) reveals significant
back-donation to the π* orbital, resulting in a distorted
allene structure (C1-C2-C3 ) 151.63°).

To sum up, the reaction proceeds through two exo-
thermic steps (-13.99 and -2.75 kcal mol-1, respec-
tively; see Figure 1), the first one being the rate-limiting
step (12.68 kcal mol-1). Although the second step takes
place with a very low energy barrier (2.22 kcal mol-1,
-11.77 kcal mol-1 relative to 18), the [1,3]-acyl migra-
tion should be a stepwise rather than a concerted
process. Remarkably, π coordination of alkyne onto
the catalyst unvaryingly shows a Pt-C1 distance that
is shorter than the Pt-C2 distance and a polarized
C1-C2 bond with an electrophilic center at the internal
acetylenic carbon (Tables S3 and S6; see the Supporting
Information). It should imply an unfavorable O3-C1
electrostatic interaction and a subsequent difficult
migration to C1. Calculated energy results show that
TS10 lies 1.38 kcal mol-1 above TS1, and this energy
difference should account for the experimental ratio of
products.

Interestingly, formation of 8 is a more exothermic
reaction than formation of 9 (-25.49 vs -16.73 kcal
mol-1) and the major bicyclic product is 4.62 kcal mol-1

more stable than the allenyl ester. Hence, the PtCl2-
mediated cycloisomerization of 8 is the favored process
from both kinetic and thermodynamic viewpoints. Fig-
ure 1 depicts and quantitatively compares the absolute
energy profiles computed for both reactions.

It is well-known that transition-metal complexes
catalyze the cyclization of enynes to give the Alder-ene
product (1,4-diene).4a,28,29 To justify and understand the
absence of this product, under the reaction conditions,
we have carried out a mechanistic study of this alterna-
tive cycloisomerization. Accordingly, we have analyzed
the mechanistic proposal suggested by Trost and Lau-
tens29 (Scheme 6), which involves an oxidative cycliza-
tion, â-H elimination, and reductive elimination steps.30

The coordination of catalyst to unsaturated ligands
of the enyne forms the η4 complex 20 (see Scheme 7 and

Table S9 in the Supporting Information). Oxidative
cyclization affords the platinacyclopentene 21 through
TS12 (C2-C6 ) 2.151 Å). The chelate complex 21 shows
a trans arrangement of chloride ligands and an octa-
hedral coordination framework with the trans positions
to σ Pt-alkenyl and σ Pt-alkyl bonds vacant. The bite
angle (C1-Pt-C7) is 82.20°, slightly distorted from the
ideal octahedral arrangement. This oxidative cyclization
step takes place with a moderately high activation
energy (35.39 kcal mol-1; see Figure 2 and Table S10
in the Supporting Information) and is exothermic by
-13.93 kcal mol-1. These results are significantly less
favorable than those previously reported by Echavarren
et al. at the same theoretical level for the simple enyne
(30.1 and -23.6 kcal mol-1, respectively),6d probably due
to steric effects arising from propargylic substituents.

Since an exhaustive description of the overall trans-
formation is beyond the scope of this essay, we focus
herein on the most remarkable conclusions we have
found from this study.31 Our calculations were in perfect
agreement with the mechanistic pathway advanced in
Scheme 6 and showed that the rate-limiting step should
be the oxidative cyclization step. Furthermore, the
transition structure TS12 suggests that a quaternary
propargylic center may cause congestion in the course
of the catalyst approach. Consequently, the cyclometa-
lation could be inhibited or retarded, as it can be
confirmed from comparison between energy values for
simple and substituted 1,6-enynes related above. In
other words, the bulkier the substituents at the prop-
argylic position, the more congested the transition
structure and the more difficult the cyclometalation.
Under these conditions, a complete change in mecha-
nism could be observed, affording alternative cycloi-
somerization products.32

In light of the computed results for the Alder-ene
reaction and those for formation of enol ester 8 and
allene 9, some relevant conclusions can be drawn. Since
the Alder-ene adduct is the most stable of the calculated
products (compare Tables S2, S5, and S10 in the
Supporting Information), the product ratio observed
experimentally should be due to kinetic factors. For the
three types of reaction mechanisms described above, the
calculated results indicate that the first transition
structure is the highest energy stationary point along
the reaction energy profile. Notably, the formation of
enol ester 8 involves the lowest energy transition state,
TS1, while formation of allene implies a transition
structure 1.4 kcal mol-1 above and the Alder-ene
product 10.7 kcal mol-1 above TS1. These findings are
consistent with experimental data and suggest that the
product ratio in these catalytic processes could be
mainly attributed to a kinetic preference induced by the
propargylic substituent.

Finally, we extended our analysis to the dienyne
precursor 24 to get theoretical insights into the effect
of an additional alkenyl ligand (Scheme 8). As shown
in Scheme 1, the presence of two lateral alkene groups
may provide two bicyclo [n.1.0] enol esters as cyclo-

(28) Trost, B. M.; Lautens, M. J. Am. Chem. Soc. 1985, 107, 1781-
1783.

(29) Trost, B. M.; Tanoury, G. J.; Lautens, M.; Chan, C.; Macpher-
son, D. T. J. Am. Chem. Soc. 1994, 116, 4255-4267.

(30) This mechanism has also been proposed by other authors. (a)
For Rh(I)-catalyzed cycloisomerization of enynes for the preparation
of functionalized lactams, see ref 5c. (b) For Ti(II)-catalyzed cycliza-
tions, see: Sturla, S. J.; Kablaoui, N. M.; Buchwald, S. L. J. Am. Chem.
Soc. 1999, 121, 1976-1977. (c) For cylocloisomerization with PtCl2,
see ref 6d. (d) For cycloisomerization with [CpRu(MeCN)3][PF6], see:
Trost, B. M.; Toste, F. D. J. Am. Chem. Soc. 2000, 122, 714-715.

(31) A detailed analysis of the overall mechanism, which also
accounts for the preferential abstraction of hydrogen from the trans
allylic position in the intermediate 21, is provided as part of the
Supporting Information.

(32) Trost, B. M.; Toste, F. D. J. Am. Chem. Soc. 2002, 124, 5025-
5036.

Scheme 6. Reaction Pathway for the
Pd-Catalyzed Generation of Alder-ene Type

Products from 1,6-Enynes
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isomerization products, suggesting the same operative
mechanism. On the basis of the mechanistic picture
proposed for the formation of 8 (Scheme 4), we computed
the energy profile for both cyclohexene (28) and cyclo-
pentene (32) derivatives (Table 1). In comparison with
the enyne, the formation of the cyclohexyl platinacar-
bene intermediate 26 is a more exothermic step due to
the lesser steric hindrance of the unsubstituted fused
cyclopropane, which indeed could also account for a
thermodynamically favored overall process (-25.49 kcal
mol-1 for gem-dimethyl enyne vs -30.75 kcal mol-1 for
unsubstituted enyne).

As we have reported for a related free alcohol deriva-
tive,9 the presence of the pendant alkene chain could
affect the nature and stability of the intermediate
structures (Table 1). As expected, additional π complex-
ation of the remote alkene leads to more stable struc-
tures along the reaction path (for instance, the η4

reactant complex is 19.96 kcal mol-1 lower in energy
than the coordinatively unsaturated η2 complex). Nev-
ertheless, the formation of the platinacarbene 26(η4)
proceeds with a higher activation barrier. These results,
parallel to those described for the 5-exo and 6-endo
cyclization of the alcohol precursor,9 reveal that ad-
ditional complexation stabilizes the stationary struc-
tures along the reaction path due to a more effective π
back-bonding interaction that, indeed, results in a less
enhanced electrophilic character of the coordinated
alkyne (NPA charges -0.214 vs -0.184 for C1 in the η4

and η2 complexes, respectively). The energy profile
remains qualitatively equivalent.

The cycloisomerization should proceed through a
6-endo cyclopropanation followed by a stepwise [1,2]-
acyl migration, involving low activation barriers. The
reaction is largely favored from a thermodynamic
perspective (-24.06 kcal mol-1), and the rate-limiting
step should be the cyclopropanation. The optimized
structures are depicted in Scheme 9.

On the other hand, the formation of 32 shows some
remarkable energy differences (see Scheme S4 in the
Supporting Information). The initial 5-endo cyclization
implies an activation energy (17.21 kcal mol-1) consid-
erably higher than that estimated for the 6-endo attack
(11.17 kcal mol-1) and is less exothermic (-13.21 vs
-21.26 kcal mol-1), due to a higher annular tension of
the substituted intermediate. In comparison with the
formation of 28, the formation of the bicyclo[3.1.0]-
hexane framework leads to less stable structures along
the reaction path, whereas the activation barriers for
the [1,2]-acyl migration show similar values. This
results leads to a less exothermic formation of 32
(-16.79 kcal mol-1) with respect to 28 (-24.06 kcal
mol-1).

Conclusions

In this paper we present additional mechanistic
insights into the transition-metal-mediated cycloisomer-

Scheme 7. Optimized Structures for the Reaction Pathway of the PtCl2-Mediated Intramolecular
Cycloisomerization of 1,6-Enyne 7 to the Alder-ene Product
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ization of 1,6-enynes bearing propargylic substituents.
As a complement to further studies,9 we report herein
the reaction pathway for the Pt(II)-mediated cyclo-
isomerization of propargylic carboxylates, which can
yield bicyclo [n.1.0] enol esters.

The coordination of the alkyne to electrophilic PtCl2
activates the intramolecular nucleophilic attack by the
tethered alkene and leads to the key Pt-carbene
intermediates a and b, through exo and endo cyclopro-

panation steps, respectively (Scheme 10), which may
evolve through different pathways depending on the
molecular structure. The selection of the initial cycliza-
tion mode is governed by the precursor structure.
Formation of the intermediate a should be the common
path for the formation of the metathesis adduct (d) and
functionalized polycyclic structures (e).9 In contrast, the
propargylic O-acyl protecting group in simple enyne or
dienyne induces the formation of bicyclic enol ester(s) f
through an initial endo attack, followed by a stepwise
[1,2]-acyl migration. In these cases, the bulky propar-
gylic substituent inhibits other cycloisomerization reac-
tions, such as an exo-cyclization route or the Alder-ene
process (h), and the easy [1,2]-acyl migration by anchi-
meric assistance promotes the formation of bicyclic
[n.1.0] enol esters.

In summary, these findings provide new mechanistic
details about the PtCl2-mediated isomerizations of
enynes and the origin of the chemo-, regio-, and stereo-
selectivity.

Figure 2. Free energy profile for the Alder-ene reaction (free energy differences relative to the reactant complex are
given in kcal mol-1).

Scheme 8 Table 1. Totala and Freeb Energy Differences
Computed for PtCl2-Mediated Cycloisomerization

of 24
η2 complex η4 complex η4 complex

∆E
(kcal

mol-1)

∆G298
(kcal

mol-1)

∆E
(kcal

mol-1)

∆G298
(kcal

mol-1)

∆E
(kcal

mol-1)

∆G298
(kcal

mol-1)

25 0.00 0.00 0.00 0.00 29 0.00 0.00
TS15 +5.65 +7.02 +9.75 +11.17 TS18 +17.39 +17.21
26 -35.71 -33.40 -23.67 -21.26 30 -14.48 -13.21
TS16 -34.09 -30.62 -21.51 -18.04 TS19 -12.11 -9.35
27 -35.31 -31.51 -24.12 -20.70 31 -12.65 -10.25
TS17 -23.26 -20.00 -13.88 -10.38 TS20 -1.71 +1.09
28 -33.84 -30.75 -25.35 -24.06 32 -18.44 -16.79

a Zero-point corrected values. b Includes thermal corrections at
298 K.
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Computational Methods

Calculations have been carried out using the Gaussian03
program.33 The geometries have been fully optimized at
the DFT level by means of the B3LYP hybrid functional.34 Pt

has been described by the LANL2DZ basis set,35 where the
innermost electrons are replaced by a relativistic ECP and the
18 valence electrons are explicitly treated by a double-ú basis
set. For all other atoms, the 6-31G(d) basis set has been
employed.

Scheme 9. Optimized Structures for the PtCl2-Mediated Formation of Bicyclic Enol Ester from Dienyne
24

Scheme 10. PtCl2-Mediated Cycloisomerization of 1,6-Enynes
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Harmonic frequencies were calculated at the optimization
level, and the nature of the stationary points was determined
in each case according to the right number of negative
eigenvalues of the Hessian matrix. The intrinsic reaction
coordinate (IRC) pathways36a from the transition structures
have been followed using a second-order integration method,36b

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 ther-

mal corrections (at 298 K) to the energy have been estimated
on the basis of the frequency calculations at the optimization
level and scaled by the recommended factor.

To obtain more reliable energy values, some single-point
energy calculations at the B3LYP/6-311+G(2d,p)/LANL2DZ
level were carried out on the B3LYP/6-31G(d)/LANL2DZ
geometries. The results revealed a negligible basis set effect.

Natural bond orbital (NBO) analyses37 have been performed
at the DFT level by the module NBO v.3.1 implemented in
Gaussian03, in order to evaluate the NPA atomic charges and
delocalization interactions.

Supporting Information Available: Text, tables, and
figures giving results for the calculations of the cycloisomer-
ization reactions and of the alternative mechanistic proposals
evaluated throughout this study, including a detailed analysis
of the Alder-ene reaction pathway, and atomic coordinates for
computed structures. This material is available free of charge
via the Internet at http://pubs.acs.org.
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