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The thermal Diels-Alder reaction between alkenylmetal(0) Fischer carbenes and 1,3-dienes (isoprene
and cyclopentadiene) has been studied computationally within the density functional theory framework.
The selectivity of the [4+ 2] cycloadditions between alkenyl-group 6 (Fischer) carbene complexes and
isoprene is similar to the selectivity computed for the reactions involving Lewis acid complexed acrylates.
The experimentally observed completeendoselectivity in the [4+ 2] cycloadditions of alkenyl-group
6 (Fischer) carbene complexes with cyclopentadiene, which takes place under kinetic control, may be
due in part to the presence of stabilizing secondary orbital interactions. These interactions are stronger
than the analogues in the metal-free processes. The [4+ 2] cycloadditions between alkenyl-group 6
(Fischer) carbene complexes and neutral dienes occur concertedly via transition structures which are
more asynchronous and less aromatic than their non-organometallic analogues, a behavior which is
extensible to the reactions between Lewis acid complexed acrylates.

Introduction

Fischer-type carbene complexes experience high-yielding,
unconventional transformations under mild conditions.1

The [4 + 2] Diels-Alder cycloaddition between alkenyl or
alkynyl group 6 carbene complexes and 1,3-dienes occurs
smoothly and efficiently, and it has been used repeatedly in the
synthesis of new organic and organometallic compounds.2 The
origin of this success is the compatibility of Fischer carbene
complexes with sensitive functionalities, which are not tolerated
for metal-free or Lewis acid catalyzed Diels-Alder reactions.
The reaction rates, theendo/exoselectivities, and the regiose-
lectivities of the Diels-Alder reaction involving Fischer

complexes were found to be comparable to Lewis acid catalyzed
reactions of their corresponding organic esters.2d For instance,
the activating effect of the pentacarbonylchromium(0) moiety
makes the reaction rate of the Diels-Alder cycloaddition
between [(methoxy)(vinyl)pentacarbonyl]chromium(0) carbene
and isoprene comparable to the reaction rate associated with
the reaction of isoprene and methyl acrylate catalyzed by
AlCl3.

In this context, we recently reported3 that in terms of the
isolobal analogy model,4 it can be concluded that alkynyla-
lkoxymetal(0) Fischer carbene complexes act in their [3+ 2]
reaction with nitrones to produces-trans-2,3-dihydroisoxazole
carbene complexes (Scheme 1) as organometallic analogues of
organic alkyl propiolates with enhanced electrophilic character.
This dipolar cycloaddition takes place via transition structures
which are more asynchronous and less aromatic than their non-
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organometallic analogues but similar to the transition structures
obtained with Lewis acid-ester complexes. Although the latter
process takes place on the carbene ligand and, therefore, the
metal-carbene bond of the carbene ligand remains intact, the
latter DFT study proved that the metal plays an active role in
the transformation, and therefore it does not act as a mere
spectator in the reaction.

We now extend those previous findings and report an
extensive computational study on the mechanism of the [4+
2] cycloaddition reaction between group 6 alkenyl (Fischer)
carbene complexes and 1,3-dienes (isoprene and cyclopentadi-
ene). This study includes the origins of the observed regiose-
lectivities, as well as an insight in the nature of the saddle points
of the processes in terms of the aromaticity of the transition
states5 and calculated synchronicities.

Computational Details

All of the calculations reported in this paper were obtained
with the GAUSSIAN 03 suite of programs.6 Electron correlation
was partially taken into account using the hybrid functional
usually denoted as B3LYP7 and the standard 6-31+G(d) basis
set8 for hydrogen, carbon, oxygen, nitrogen, chlorine, aluminum,
and silicon and the Hay-Wadt small-core effective core
potential (ECP) including a double-ê valence basis set9 for
chromium and tungsten (LanL2DZ keyword). Spin-orbit cor-
rections have been not included in the calculations involving
tungsten. Zero-point vibrational energy (ZPVE) corrections were
computed at the B3LYP/LANL2DZ&6-31+G(d) level and were
not scaled. Reactants and cycloadducts were characterized by
frequency calculations10 and have positive definite Hessian
matrices. Transition structures (TSs) show only one negative
eigenvalue in their diagonalized force constant matrices, and
their associated eigenvectors were confirmed to correspond to
the motion along the reaction coordinate under consideration
using the intrinsic reaction coordinate (IRC) method.11 Nucleus-
independent chemical shifts (NICS) were evaluated by using
the gauge invariant atomic orbital12 (GIAO) approach, at the
GIAO-B3LYP/LANL2DZ&6-31+G(d) level.

The synchronicity13,14of the reactions was quantified by using
a previously described approach.15 For a given concerted
reaction, “synchronicity” is defined as16

wheren is the number of bonds directly involved in the reaction
(in this case,n ) 6) andδBi stands for the relative variation of
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a given bond indexBi at the transition state (TS), according to
the following formula

where the superscripts R and P refer to the reactants and the
product, respectively. The average value ofδBi, denoted asδBAV

is therefore

The Wiberg bond indices17 Bi and donor-acceptor interac-
tions have been computed using the natural bond orbital (NBO)18

method. The energies associated with these two-electron interac-
tions have been computed according to the following equation

whereF̂ is the DFT equivalent of the Fock operator andφ and
φ* are two filled and unfilled natural bond orbitals havingεφ y
εφ

* and energies, respectively;nφ stands for the occupation
number of the filled orbital.

In the present report, we only examine two-electron processes.
Therefore, we have considered neither biradical nor di-ion steps.

Results and Discussion

DFT calculations (B3LYP/LANL2DZ&6-31+G(d)) were
carried out starting with theanti-form of alkenylmetal(0) Fischer
carbene complexes1 (an orientation where the methyl group
of the methoxy substituent is directed toward the metal fragment)
which is the most stable conformation in the gas phase and in
the solid state.19 The regiochemistry of the reaction of these
complexes and isoprene was studied first. The [4+ 2]
cycloaddition reaction between isoprene and Fischer carbenes
may lead to two regioisomeric cyclohexenyl-carbene com-
plexes, 2 through pathway A, and3 through pathway B,
respectively (Scheme 2).

Data compiled in Table 1 demonstrate the high regioselec-
tivity of the reaction, which forms cycloadducts2 almost
exclusively. Compounds2 have the pentacarbonylmetal frag-
ment and the methyl group of the isoprene in a 1,4-relative
disposition and should be formed through the pathway A
(Scheme 2). Since the reaction energy differences (∆ER)
between paths A and B in Scheme2 are negligible in all cases
(Table 1), the observed regioselectivity must be of kinetic origin.
This becomes clear from the higher energy barrier required for
the formation of cycloadduct3 through the pathway B in
Scheme 2 (Table 1). These results are in very good agreement
with the 2/3 ratio experimentally observed by Wulff and co-
workers.2d This is also true for the higher regioselectivities
observed for group 6 Fischer carbene complexes (∆Ea(A-B)
≈ 1.5 kcal/mol) compared to the corresponding organic esters
(ca. 0.7 kcal/mol), as well as for the experimentally observed
reaction rate enhancement (ca. 2× 104) by the pentacarbonyl-
metal(0) moiety compared to the corresponding organic ester
analogues.2d Interestingly, we found higher energy barriers for
methyl substituted compounds (entries 3, 4, and 9) compared
to the corresponding hydrogen substituted compounds (entries
1, 2, and 7, respectively). This results in the higher temperature
required for the cycloaddition of complexes1c,d (50 °C) and
ester1i (230°C) compared to complexes1a,b (25 °C) and ester
1g (25 °C).20 Therefore, we predict that the [4+ 2] reaction of
SiH3 and phenyl-substituted complexes1e,f with isoprene would
require a high temperature on the basis of their high reaction
barriers (see entries 5 and 6 in Table 1, respectively). Finally,
no systematic difference was observed between isostructural
chromium (Table 1, entries 1 and 3) and tungsten complexes
(Table 1, entries 2 and 4).

Transition states depicted in Figure 1 show the cycloadditons
of alkenylcarbene complexes1 and isoprene to form the
cycloadducts2 occurring by a concerted pathway. Highly
asynchronous transition structures were located in contrast to
the transition states obtained for the analogous organic reaction
which points to a strong participation of the metal in the reaction.
In fact, in all cases the terminal C(alkenyl complex)-C1-
(isoprene) NBO bond orders are higher (ranging from 0.48 in
TSa(A) to 0.50 in TSf(A)) than the respective C(alkenyl
complex)-C4(isoprene) bond orders (ranging from 0.12 inTSa-
(A) to 0.17 inTSf(A), see Figure 1 for the corresponding bond
distances). Thus, Fischer carbene complexes lead to transition
states where the terminal C-C1 bonds are almost fully developed
while the second C-C4 bonds are only emerging. The computed
synchronicities are therefore quite low (Sy ≈ 0.75) as can be
found in Table 3. Actually, these values are close to the limit
between concerted and stepwise mechanisms. To the extent that
these processes involve two-electron steps, and not biradical or
di-ion steps, they appear concerted and asynchronous. This result
contrasts with the higher synchronicities computed for the metal-
free cycloadditions whose values are closer to the perfect
synchronicity (Sy ) 0.86 for methyl acrylate and 0.90 for (E)-
methyl but-2-enoate, see Table 3).

The [4+ 2] cycloaddition reaction between isoprene and the
methyl acrylate-AlCl3 and (E)-methyl but-2-enoate-AlCl3

(16) (a) Lecea, B.; Arrieta, A.; Roa, G.; Ugalde, J. M.; Cossı´o, F. P.J.
Am. Chem. Soc. 1994, 116, 12314. (b) Lecea, B.; Arrieta, A.; Lo´pez, X.;
Ugalde, J. M.; Cossı´o, F. P.J. Am. Chem. Soc. 1995, 117, 12314.

(17) Wiberg, K. B.Tetrahedron1968, 24, 1083.
(18) (a) Foster, J. P.; Weinhold, F.J. Am. Chem. Soc. 1980, 102, 7211.

(b) Reed, A. E.; Weinhold, F. J. J. Chem. Phys. 1985, 83, 1736. (c) Reed,
A. E.; Weinstock, R. B.; Weinhold, F.J. Chem. Phys. 1985, 83, 735. (d)
Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. ReV. 1988, 88, 899.

(19) (a) Ferna´ndez, I.; Cossı´o, F. P.; Arrieta, A.; Lecea, B.; Manchen˜o,
M. J.; Sierra, M. A.Organometallics2004, 23, 1065. (b) Andrada, D. M.;
Zoloff Michoff, M. E.; Fernández, I.; Granados, A. M.; Sierra, M. A.
Organometallics2007, 26, 5854.

(20) The reaction between1g and isoprene occurs at 25°C in 7 months
in only 54% yield, which is in accord with the high computed energy barrier
(Ea ) 20.6 kcal/mol, entry 7, Table 1). See ref 2d and: Nazarov, I. N.;
Titov, Y. A.; Kuznetsova, A. I.IzV. Akad. Nauk. SSSR, OKHN1959, 1412.

δBi )
Bi

TS- Bi
R

Bi
P - Bi

R

δBAV ) n-1 ∑
i)1

n

δBi

∆Eφφ*
(2) ) - nφ

〈φ*|F̂| φ〉2

εφ* - εΦ

SCHEME 2

Diels-Alder Cycloaddition Reactions

J. Org. Chem, Vol. 73, No. 6, 2008 2085



complexes1h and1j was computed next.2d The energy barrier
difference between the two possible pathways (Table 1, entries

8 and 10) is close to the energy difference involving the
analogous Fischer carbene complexes (Table 1, entries 1-4).

TABLE 1. Energy Barriers (Ea, kcal/mol)a and Reaction Energies (ER, kcal/mol)a for the [4 + 2] Cycloaddition Reactions between Fischer
Carbene Complexes 1 and Isoprene

a All values have been calculated at the B3LYP/LANL2DZ&6-31+G(d)+∆ZPVE level.b Ea(A) values computed asEa(A) ) E(TS-pathway A) - E(1)
- E(isoprene). c Ea(B) values computed asEa(B) ) E(TS-pathway B) - E(1)-E(isoprene). d ∆Ea values computed as∆Ea ) E(TS-A) - E(TS-B). e ER(A)
values computed asER(A) ) E(2) - E(1) - E(isoprene). f ER(B) values computed asEa(B) ) E(3) - E(1) - E(isoprene). g ∆ER values computed as∆ER

) ER(A) - ER(B). h Experimental2/3 ratio taken from ref 2d.

FIGURE 1. Ball-and-stick representations of the TSs corresponding to the reaction of complexes1 and the isoprene to yield cyclohexenyl-
carbene complexes2 through pathway A (see Scheme 2). All structures correspond to fully optimized B3LYP/LANL2DZ&6-31+G(d) geometries.
Bond distances are given in angstroms. The dummy atoms denote the ring point of electron density. Unless otherwise stated, white, gray, red, blue,
and pink colors denote hydrogen, carbon, oxygen, nitrogen, and silicon atoms, respectively.
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Therefore, the regioselectivity of the cycloaddition should be
also quite similar as was experimentally reported.2d The transi-
tion states of these reactions have geometrical features (Figure
2) resembling the transition states of the analogous [4+ 2]
cycloadditions of Fischer carbene complexes (Figure 1) and
isoprene. Again, in the Lewis acid catalyzed reaction, the
terminal C-C1 bond is nearly developed (2.011 Å,BCC ) 0.48
in TSh(A), and 2.009 Å,BCC ) 0.49 for TSj(A) ), while the
C-C4 bond is only emerging (2.873 Å,BCC ) 0.12 in TSh-
(A), and 2.810 Å,BCC ) 0.14 for TSj(A) ). The computed
synchronicities of these processes are also similar to the
synchronicity values of their Fischer complex analogues (Table
3) and, therefore, lower than the values for the processes
involving the respective metal-free organic esters1g,i.

In order to study theexo-endoselectivity in the Diels-Alder
cycloaddition involving alkenyl Fischer carbenes and cyclic
dienes, the reaction of complexes1 and cyclopentadiene was
studied. Now, two possible stereoisomers may be formed,4-exo
and 4-endo (Scheme 3). Data in Table 2 show that alkenyl
carbene complexes have a higherendo-stereoselectivity than
the uncatalyzed reactions of the corresponding esters. This may
be ascribed again to the higher computed reaction barrier
differences between theendo-exopathways (∆Ea(endo-exo)
ranging from-0.7 kcal/mol in 1c to -1.6 kcal/mol in 1d)
compared to the∆Ea(endo-exo) of metal-free processes (entries
5 and 7, Table 2). The results in Table 2 fully match the
experimental values. Moreover, the stereoselectivity of the
process involving alkenyl-carbene complexes and Lewis acid
mediated cycloadditions is comparable because of the rather

similar calculated∆Ea(endo-exo) values. For instance, the
experimentalendo-exoratio found for the reaction between
methyl acrylate-AlCl3 complex1h and cyclopentadiene (94:
6, entry 6) is identical to the ratio of the corresponding Fischer
carbenes1a,b as well as the computed∆Ea(endo-exo) values.

Figure 3 shows the transition states associated to the formation
of theendo-cycloadducts from Fischer carbene complexes1a-d
and Lewis acid complexes1h,j with cyclopentadiene. Again, a
concerted reaction pathway was found for these transformations,
and asynchronous transition structures were also located. In all
cases, the terminal C(alkenyl complex)-C1(cyclopentadiene)
NBO bond orders are higher (ranging from 0.48 inTSa(endo)
to 0.51 inTSd(endo)) than the respective C(alkenyl complex)-

TABLE 2. Energy Barriers (Ea, kcal/mol)a and Reaction Energies (ER, kcal/mol)a for the [4 + 2] Cycloaddition Reactions between Fischer
Carbene Complexes 1 and Cyclopentadiene

entry compd Ea (endo)b Ea (exo)c ∆Ea (endo-exo)d ER (endo)e ER (exo)f ∆ER (endo-exo)g exptlendo/exoh

1 1a, X ) Cr(CO)5, R ) H 16.3 17.4 -1.1 -7.3 -7.6 0.3 94:6
2 1b, X ) W(CO)5, R ) H 16.7 17.6 -0.9 -6.8 -7.2 0.4 93:7
3 1c,X ) Cr(CO)5, R ) Me 21.5 22.2 -0.7 -1.9 -2.4 0.6 88:12
4 1d, X ) W(CO)5, R ) Me 21.1 22.7 -1.6 -1.6 -2.3 0.6 90:10
5 1g, X ) O, R) H 20.7 21.1 -0.4 -10.9 -11.0 0.1 78:22
6 1h, X ) Cl3AlO, R ) H 8.9 9.9 -1.0 -14.8 -14.5 -0.3 94:6
7 1i, X ) O, R) Me 25.7 25.5 +0.2 -7.0 -6.6 -0.4 54:46
8 1j, X ) Cl3AlO, R ) Me 14.9 15.5 -0.6 -8.3 -8.5 0.2 93:7

a All values have been calculated at the B3LYP/LANL2DZ&6-31+G(d)+∆ZPVE level.b Ea(endo) values computed asEa(endo) ) E(TS-endo) - E(1)
- E(cyclopentadiene). c Ea(exo) values computed asEa(B) ) E(TS-exo) - E(1)-E(cyclopentadiene. d ∆Ea values computed as∆Ea ) E(TS-endo) -
E(TS-exo). e ER(A) values computed asER(endo) ) E(4-endo) - E(1) - E(cyclopentadiene). f ER(exo) values computed asEa(exo) ) E(4-exo) - E(1) -
E(cyclopentadiene). g ∆ER values computed as∆ER ) ER(endo) - ER(exo). h Experimental4-endo/4-exo ratio taken from ref 2d.

TABLE 3. Synchronicitiesa (Sy) and Nucleus-Independent
Chemical Shiftsb (NICS, ppm) of the Reactions between Carbene
Complexes 1a-e, Organic Esters 1f,j, and Isoprene or
Cyclopentadiene To Produce the Cycloadducts 2 and 4-endo,
Respectively

reaction with
isoprene Sy NICS (TS)

reaction with
cyclopentadiene Sy NICS (TS)

1a f 2a 0.75 -13.57 1a f 4a-endo 0.77 -17.30
1b f 2b 0.74 -13.08 1b f 4b-endo 0.78 -16.85
1c f 2c 0.76 -14.00 1c f 4c-endo 0.78 -17.30
1d f 2d 0.76 -13.53 1d f 4d-endo 0.76 -17.09
1ef 2e 0.76 -14.51
1f f 2f 0.80 -14.76
1g f 2 g 0.86 -17.17 1 g f 4 g-endo 0.89 -21.42
1h f 2h 0.76 -13.33 1h f 4h-endo 0.79 -18.22
1i f 2i 0.90 -17.35 1i f 4i-endo 0.90 -21.41
1j f 2j 0.77 -13.78 1j f 4j-endo 0.80 -18.05

a Computed at the B3LYP/LANL2DZ&6-31+G(d) level.b Computed at
the GIAO-B3LYP/LANL2DZ&6-31+G(d) level.

FIGURE 2. Ball-and-stick representations of corresponding TSs of
the [4+ 2] cycloadditions of methyl acrylate1g and methyl acrylate-
AlCl3 complex1h and (E)-methyl but-2-enoate1i and (E)-methyl but-
2-enoate-AlCl3 complex1j with isoprene through pathway A, respec-
tively. All structures correspond to fully optimized B3LYP/6-31+G(d)
geometries. Bond distances are given in angstroms. The dummy atoms
denote the ring point of electron density. See Figure 1 caption for
additional details.
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C4(cyclopentadiene) bond orders (ranging from 0.12 inTSa-
(endo) to 0.14 inTSc(endo), see Figure 3 for the corresponding
bond distances). The results collected in this work clearly show
that alkenyl-group 6 (Fischer) carbene complexes react with
dienes through transition states approaching the limit between
concerted and stepwise mechanisms. This is clear from the fact
that the terminal C-C4 bond is almost fully developed in the
transition state, while the second C-C1 bond is only emerging.
Similar geometric features were found for the transition states
associated with the cycloadditions involving AlCl3 complexes
1h,j . As a consequence, the computed synchronicities of both
types of complexes are low and similar (Sy ) 0.76-0.80, Table
3). This result contrasts with the higher synchronicities computed
for the metal-free cycloadditions whose values are close to the
perfect synchronicity (Sy ) 0.90).

The existence of secondary orbital interactions (SOI) in the
endo-transition states has been proposed to be an important
factor in the observedendo-selectivity of Diels-Alder cycload-
ditions.21 Thus, the natural bonding analysis onTSg(endo),
which corresponds to the transition state of the reaction of
cyclopentadiene and methyl acrylate, shows a stabilizing two-
electron interaction between the localizedπ-CdC (cyclopen-
tadiene) and theπ*-CdO (methyl acrylate) orbitals. The
associated second-order perturbation energy (∆E(2)) is -1.2 kcal/

mol (Figure 4). The analogous NBO analysis onTSa(endo) for
the cycloaddition of carbene complex1a shows a similar two-
electron interaction between the localizedπ-CdC (cyclopen-
tadiene) and theπ*-CrdCcarbeneorbitals, with a higher second-
order energy (∆E(2) ) -1.6 kcal/mol). The stronger secondary
interaction observed onTSa(endo) may be invoked as respon-
sible, at least in part, for the higher (nearly complete)endo-
selectivity encountered in the processes involving alkoxy-Fischer
type carbene complexes compared to metal-free cycloadditions.

From the above data, it can be concluded that the pentacar-
bonyl-metal moiety in a group 6 (Fischer) carbene complex is
equivalent to the coordination of a Lewis acid to the organic
moiety in the [4+ 2] cycloadditions with 1,3-dienes. To support

(21) (a) Arrieta, A.; Cossı´o, F. P.; Lecea, B.J. Org. Chem. 2001, 66,
6178. (b) Wannere, C. S.; Paul, A.; Herges, R.; Houk, K. N.; Schaefer, H.
F., III; Schleyer, P. v. R.J. Comput. Chem. 2007, 28, 344.

FIGURE 3. Ball-and-stick representations of the TSs corresponding to the reaction of complexes1 and cyclopentadiene to yield cycloadducts
4-endo. All structures correspond to fully optimized B3LYP/LANL2DZ&6-31+G(d) geometries. Bond distances are given in angstroms. The
dummy atoms denote the ring point of electron density. See Figure 1 caption for additional details.

FIGURE 4. Two-electron interactions and associated second-order
perturbation energies,∆E(2), in transition statesTSg(endo) andTSa-
(endo).
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this conclusion, the energies of the frontier orbitals of the
carbene complex1c, its organic ester analogue methyl but-2-
enoate1i, the methyl but-2-enoate-AlCl3 complex 1j, and
cyclopentadiene were computed (Figure 5). The most favorable
HOMO (diene)-LUMO (dienophile) interaction occurs for the
Lewis acid catalyzed reaction of methyl but-2-enoate, leading
to the computed lowest reaction barrier value. The energy
difference of the frontier orbitals for carbene1c and cyclopen-
tadiene is only 0.64 eV higher than the energy gap of methyl
but-2-enoate-AlCl3 complex and cyclopentadiene. Therefore,
the calculated trend of the HOMO-LUMO energy differences
is metal-free> Fischer carbene> AlCl3 complex, and it may
be used to systematize the computed energy barriers, which
follow a similar trend (see Table 2, entries 3, 7, and 8).

To complete this study, the effect of the metal moiety in the
aromaticity postulated for the standard [4+ 2] cycloaddition5

was finally addressed. The magnetic properties of the corre-
sponding transition structures were computed using the nucleus-
independent chemical shifts (NICS) values.22 Given the strongly
unsymmetrical character of our cyclic systems, we needed to
define the inner points of these systems unambiguously. We
proposed3,5b,c,23that thein-planearomaticity can be estimated
by the calculation of the NICS values inside the transient cyclic
atomic array at the (3,+1) ring critical point of the electron
density, as defined by Bader,24 due to its high sensitivity to
diamagnetic effects and its unambiguous character. The position
of the ring critical points of the different saddle points is
indicated in Figures 1-3, and the NICS values at these points
are reported in Table 3.

All transition structures involving Fischer carbene complexes
exhibit high negative NICS values (ca.-14.0 ppm for the
reaction with isoprene and ca.-17.0 ppm for the reaction with
cyclopentadiene), which should be attributed to strong diamag-
netic shielding due to a strong aromatic character of these TSs.
Interestingly, the calculated NICS values for the processes
involving metal-carbene complexes are less negative than the

computed values for the corresponding organic counterparts1g,i
(ca.-17.2 ppm in the cycloaddition with isoprene and ca. -21.4
ppm in the cycloaddition with cyclopentadiene). Therefore, the
metal moiety reduces the aromaticity of the [4+ 2] reaction.
Moreover, if we assume that bonding equalization and, in
transition structures, synchronicity characterize aromatic struc-
tures,25 it is not surprising that the NICS values obtained for
the Fischer carbene complexes are lower that those found for
standard [4+ 2] cycloadditions between organic acrylates and
1,3-dienes. As expected, the computed data show that both NICS
and synchronicity values of the reaction involving the AlCl3-
complexes1h,j are quite similar to those involving Fischer
carbene complexes in their reactions with isoprene or cyclo-
pentadiene (Table 3). These latter results provide further support
to the aforementioned statement that the pentacarbonylmetal
fragment acts as a Lewis acid for the organic moiety in this
kind of cycloadditions.

Conclusions

From the computational study reported in this paper, the
following conclusions can be drawn: (i) The [4+ 2] cycload-
ditions between alkenyl-group 6 (Fischer) carbene complexes
and isoprene are completely regioselective, favoring the cy-
cloadduct having the pentacarbonylmetal and the methyl group
in 1,4-relative disposition. This selectivity is similar to the
computed for the reactions between Lewis acid complexed
acrylates. (ii) The completeendo-selectivity observed in the
analogous reactions of alkenyl-group 6 (Fischer) carbene
complexes with cyclopentadiene, which takes place under kinetic
control, may be due in part to the presence of stabilizing
secondary orbital interactions. These interactions are stronger
than the analogues in the metal-free processes. (iii) The [4+
2] cycloadditions between alkenyl-group 6 (Fischer) carbene
complexes and neutral dienes occur concertedly via transition
structures which are more asynchronous and less aromatic than
their non-organometallic analogues, a behavior which is exten-
sible to the reactions involving Lewis acid complexed acrylates.
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FIGURE 5. Frontier orbitals energies of cyclopentadiene and dieno-
philes 1c,i,j . All values (in eV) were computed at the B3LYP/
LANL2DZ&6-31+G(d) level of theory.
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