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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 alkenygroup 6 (Fischer) carbene complexes and
isoprene is similar to the selectivity computed for the reactions involving Lewis acid complexed acrylates.
The experimentally observed completedoselectivity in the [4+ 2] cycloadditions of alkenytgroup

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. Thie 24 cycloadditions between alkenygroup 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 complexes were found to be comparable to Lewis acid catalyzed
reactions of their corresponding organic estéiSor instance,

the activating effect of the pentacarbonylchromium(0) moiety
makes the reaction rate of the Diel8lder cycloaddition

. between [(methoxy)(vinyl)pentacarbonyllchromium(0) carbene
alkynyl group 6 carbene complexes and 1,3-dienes oCcurs,,q jsoprene comparable to the reaction rate associated with

smoothly and efficiently, and it has been used repeatedly in the,[he reaction of isoprene and methyl acrylate catalyzed by
synthesis of new organic and organometallic compodritse AICI

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 Dieldlder reactions.
The reaction rates, thenddexo selectivities, and the regiose-
lectivities of the Diels-Alder reaction involving Fischer

Fischer-type carbene complexes experience high-yielding,
unconventional transformations under mild conditiéns.
The [4 + 2] Diels—Alder cycloaddition between alkenyl or

In this context, we recently reportethat in terms of the
isolobal analogy modél,it can be concluded that alkynyla-
Ilkoxymetal(0) Fischer carbene complexes act in theif-[2]
reaction with nitrones to producetrans2,3-dihydroisoxazole
carbene complexes (Scheme 1) as organometallic analogues of
+ To whom corespondence should be addressed organi_c alkyl propiolat.e.s with enhanced glectrophilic character.

t Universidad Complutense. : This dipolar cycloaddition takes place via transition structures
*Universidad del PaiVasco - Euskal Herriko Unibertsitatea. which are more asynchronous and less aromatic than their non-
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Computational Details

All of the calculations reported in this paper were obtained
with the GAUSSIAN 03 suite of progranf<=lectron correlation
was partially taken into account using the hybrid functional
usually denoted as B3LYRand the standard 6-31G(d) basis
set for hydrogen, carbon, oxygen, nitrogen, chlorine, aluminum,
and silicon and the HayWadt small-core effective core

organometallic analogues but similar to the transition structures Potential (ECP) including a doublg-valence basis seffor

obtained with Lewis aci¢tester complexes. Although the latter

chromium and tungsten (LanL2DZ keyword). Spiorbit cor-

process takes place on the carbene ligand and, therefore th&ections have been not included in the calculations involving

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
state8 and calculated synchronicities.

(1) Selected reviews in the chemistry and synthetic applications of Fischer
carbene complexes: (a)'Bo K. H.; Fischer, H.; Hofmann, P.; Kreissel,
R.; Schubert, U.; Weiss, Kiransition Metal Carbene Complexegerlag
Chemie: Deerfield Beach, FL, 1983. (b)'2pK. H. Angew. Chem., Int.
Ed. Engl. 1984 23, 587. (c) Wulff, W. D. In Comprehensgie Organic
SynthesisTrost, B. M., Fleming, I., Eds.; Pergamon: Oxford, 1991; Vol.
5, p 1065. (d) Schwindt, M. A.; Miller, J. R.; Hegedus, L.J5Organomet.
Chem.1991 413 143. (e) Rudler, H.; Audouin, M.; Chelain, E.; Denise,
B.; Goumont, R.; Massoud, A.; Parlier, A.; Pacreau, A.; Rudler, M.; Yefsah,
R.; Alvarez, C.; Delgado-Reyes, Ehem. Soc. Re 1991 20, 503. (f)
Grotjahn, D. B.; Déz, K. H. Synlett1991 381. (g) Wulff, W. D. In
Comprehensie Organometallic Chemistry ;llAbel, E. W., Stone, F. G.
A., Wilkinson, G., Eds.; Pergamon: Oxford, 1995; Vol. 12, p 470. (h)
Hegedus, L. S. IlComprehengie Organometallic Chemistry;llAbel, E.
W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon: Oxford, 1995; Vol.
12, p 549. (i) Harvey, D. F.; Sigano, D. NChem. Re. 1996 96, 271. (j)
Hegedus, L. STetrahedronl997, 53, 4105. (k) Aumann, R.; Nienaber, H.
Adv. Organomet. Cheml997, 41, 163. () Alcaide, B.; Casarrubios, L.;
Dominguez, G.; Sierra, M. ACurr. Org. Chem1998 2, 551. (m) Sierra,
M. A. Chem. Re. 200Q 100, 3591. (n) de Meijere, A.; Schirmer, H.;
Duetsch, M.Angew. Chem., Int. E®200Q 39, 3964. (o) Barluenga, J.;
Florez, J.; Faanss, F. J.J. Organomet. Chen2001, 624, 5. (p) Barluenga,
J.; Santamaa, J.; Toma, M. Chem. Re. 2004 104 2259. (q) Gmez-
Gallego, M.; Manchén, M. J.; Sierra, M. AAAcc. Chem. Re2005 38,
44. (r) Sierra, M. A.; Gmez-Gallego, M.; Maftez-Avarez, R.Chem. Eur.

J. 2007, 13, 736.

(2) Examples of the use of group 6 metahrbene complexes in Diels
Alder reactions: (a) Diz, K. H.; Kuhn, W.; Miler, G.; Huber, B.; Alt, H.
G. Angew. Chem., Int. Ed. Engl986 25, 812. (b) Wulff, W. D.; Yang,
D. C.; Murray, C. K.J. Am. Chem. Sod.988 110 2653. (c) Wulff, W.
D.; Yang, D. C.; Murray, C. KPure Appl. Chem1988 60, 137. (d) Wulff,
W. D.; Bauta, W. E.; Kaesler, R. W.; Lankford, P. J.; Miller, R. A.; Murray,
C. K.; Yang, D. C.J. Am. Chem. S0d.99Q 112 3642. (e) Dte, K. H.;
Noack, R.; Harms, K.; Miler, G. Tetrahedrornl99Q 46, 1235. (f) Anderson,
B. A.; Wulff, W. D.; Powers, T. S.; Tribbitt, S.; Rheingold, A. 0. Am.
Chem. Soc1992 114, 10784. (g) Wulff, W. D.; Powers, T. Sl. Org.
Chem.1993 58, 2381. (h) Adam, H.; Albrecht, T.; Sauer, Detrahedron
Lett 1994 35, 557. (i) Barluenga, J.; Aznar, F.; Barluenga,JSChem
Soc, Chem Commun1995 1973. (j) Barluenga, J.; Aznar, F.; Barluenga,
S.; Martn, A.; Garéa-Granda, S.; Mam, E. Synlett 1998 473. (k)
Barluenga, J.; Aznar, F.; Barluenga, S.; Fexfez, M.; Martn, A.; Garcéa-
Granda, S.; Piera-Nicols, A. Chem Eur. J. 1998 4, 2280.

(3) Ferrdadez, I.; Sierra, M. A.; Cossj F. P.J. Org. Chem?2006 71,
6178 and references therein.

(4) (a) Hoffmann, RSciencel98], 211, 995. (b) Hoffmann, RAngew.
Chem., Int. Ed. Engl1982 21, 711.

(5) (a) Jiao, H.; Schleyer, P. v. R. Phys. Org. Chenl998 11, 655.
(b) Coséo, F. P.; Morao, |.; Jiao, H.; Schleyer, P. v. R.Am. Chem. Soc
1999 121, 6737. (c) Ferhadez, |.; Sierra, M. A.; Coss) F. P.J. Org.
Chem 2007, 72, 1488.
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tungsten. Zero-point vibrational energy (ZPVE) corrections were
computed at the B3LYP/LANL2DZ&6-3tG(d) level and were
not scaled. Reactants and cycloadducts were characterized by
frequency calculatiot8 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) metibdlucleus-
independent chemical shifts (NICS) were evaluated by using
the gauge invariant atomic orbital(GIAO) approach, at the
GIAO-B3LYP/LANL2DZ&6-31+G(d) level.

The synchronicit}?14of the reactions was quantified by using
a previously described approathFor a given concerted
reaction, “synchronicity” is defined s

n 0B, — 0B,y |
—1 1= 0B,y
S/ 2n—2

wheren is the number of bonds directly involved in the reaction
(in this casen = 6) anddB; stands for the relative variation of

(6) Gaussian 03, Revision C.02: Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, Jr.,
J. A.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S.
S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega,
N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.;
Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala,
P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J.
V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.;
Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D.
J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.;
Pople, J. A. Gaussian, Inc., Wallingford CT, 2004.

(7) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G.Phys. Re. B 1998 37, 785. (c) Vosko, S. H.; Wilk, L.;
Nusair, M.Can. J. Phys198Q 58, 1200.

(8) Hehre, W. J.; Radom, L.; Scheleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory Wiley: New York, 1986; p 76 and references
therein.

(9) Hay, P. J.; Wadt, W. R]. Chem. Phys1985 82, 299.

(10) Mclver, J. W.; Komornicki, A. K.J. Am. Chem. Sod972 94,
2625.

(11) GonZ#ez, C.; Schlegel, H. BJ. Phys. Chem199Q 94, 5523.

(12) Wolinski, K.; Hilton, J. F.; Pulay, RI. Am. Chem. S0d99Q 112,
8251.

(13) (a) Dewar, M. J. SJ. Am. Chem. S0d.984 106, 209. (b) Borden,

W. T.; Loncharich, R. J.; Houk, K. NAnnu. Re. Phys. Chem1988 39,
213.

(14) Leroy has proposed the term “asynchronism” in similar contexts.
See: Leroy, G.; Sana, Mletrahedron1975 31, 2091.

(15) Moyano, A.; Pericg, M. A.; Valent| E. J. Org. Chem1989 54,
573.
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Data compiled in Table 1 demonstrate the high regioselec-
tivity of the reaction, which forms cycloadduc® almost
exclusively. Compound® 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 differencA&g|
between paths A and B in Scher®are negligible in all cases
where the superscripts R and P refer to the reactants and thgTable 1), the observed regioselectivity must be of kinetic origin.
product, respectively. The average valu@Bf, denoted asBay This becomes clear from the higher energy barrier required for
is therefore the formation of cycloadduc8 through the pathway B in

Scheme 2 (Table 1). These results are in very good agreement
n with the 2/3 ratio experimentally observed by Wulff and co-
0By =n*S 0B workers?d This is also true for the higher regioselectivities
i= observed for group 6 Fischer carbene complexes,(A—B)
~ 1.5 kcal/mol) compared to the corresponding organic esters

The Wiberg bond indicéé B; and donor-acceptor interac-  (ca. 0.7 kcal/mol), as well as for the experimentally observed
tions have been computed using the natural bond orbital (MBO) reaction rate enhancement (cax210 by the pentacarbonyl-
method. The energies associated with these two-electron interacmetal(0) moiety compared to the corresponding organic ester
tions have been computed according to the following equation analogueg¢ 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 complexés,d (50 °C) and
esterli (230°C) compared to complexds,b (25°C) and ester
1g(25°C).2° Therefore, we predict that the 4 2] reaction of
SiHz and phenyl-substituted complexsf 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

DFT calculations (B3LYP/LANL2DZ&6-33G(d)) were of alkenylcarbene complexe$ and isoprene to form the
carried out starting with thanti-form of alkenylmetal(0) Fischer ~ cycloadducts2 occurring by a concerted pathway. Highly
carbene complexes (an orientation where the methyl group ~@synchronous transition structures were located in contrast to
of the methoxy substituent is directed toward the metal fragment) the transition states obtained for the analogous organic reaction
which is the most stable conformation in the gas phase and inWhich points to a strong participation of the metal in the reaction.
the solid staté?® The regiochemistry of the reaction of these In fact, in all cases the terminal C(alkenyl complex1-
complexes and isoprene was studied first. The 44 2] (isoprene) NBO bond orders are higher (ranging from 0.48 in
cycloaddition reaction between isoprene and Fischer carbenestSa(A) to 0.50 in TSf(A)) than the respective C(alkenyl

a given bond inde; at the transition state (TS), according to
the following formula

_ B®-B}

0B
B — B

AED, = - ZIFLE
€, T €g

whereF is the DFT equivalent of the Fock operator apdnd
¢* are two filled and unfilled natural bond orbitals haviagy
€, and energies, respectively, 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

may lead to two regioisomeric cyclohexerygarbene com-
plexes, 2 through pathway A, and through pathway B,
respectively (Scheme 2).

SCHEME 2
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complex)-C4(isoprene) bond orders (ranging from 0.1 8a-
(A) t0 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 €C4 bonds are only emerging. The computed
synchronicities are therefore quite 10\, (=~ 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 § = 0.86 for methyl acrylate and 0.90 foE)-
methyl but-2-enoate, see Table 3).

The [4+ 2] cycloaddition reaction between isoprene and the
methyl acrylate-AlCl; and €)-methyl but-2-enoateAlCl;

(16) (a) Lecea, B.; Arrieta, A.; Roa, G.; Ugalde, J. M.; Coséi. P.J.
Am. Chem. Sod 994 116, 12314. (b) Lecea, B.; Arrieta, A.; lpez, X;
Ugalde, J. M.; Cossi, F. P.J. Am. Chem. Sod995 117, 12314.

(17) Wiberg, K. B.Tetrahedron1968 24, 1083.

(18) (a) Foster, J. P.; Weinhold, &. Am. Chem. S0d98Q 102 7211.
(b) Reed, A. E.; Weinhold, F..J. Chem. Physl985 83, 1736. (c) Reed,
A. E.; Weinstock, R. B.; Weinhold, RI. Chem. Phys1985 83, 735. (d)
Reed, A. E.; Curtiss, L. A.; Weinhold,.Ehem. Re. 1988 88, 899.

(19) (a) Fernadez, I.; Cos®, F. P.; Arrieta, A.; Lecea, B.; Manchen
M. J.; Sierra, M. A.Organometallic2004 23, 1065. (b) Andrada, D. M.;
Zoloff Michoff, M. E.; Fernadez, I.; Granados, A. M.; Sierra, M. A.
Organometallic2007, 26, 5854.

(20) The reaction betweely and isoprene occurs at 2& 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. Ilzv. Akad. Nauk. SSSR, OKHI959 1412.
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TABLE 1. Energy Barriers (Ea, kcal/mol)® and Reaction Energies Eg, kcal/mol)? for the [4 + 2] Cycloaddition Reactions between Fischer
Carbene Complexes 1 and Isoprene

Entry x:(oﬁ E(A) E B) AE,(A-B)® Egr(A)* Egr(B)' AER(A-B)® exp.2/3"
R

1 1a, X=Cr(CO)s, R=H  16.1  17.6 -15 302 -30.1 0.1 92:8
2 1b,X=W(CO)5,R=H 164  17.9 -1.6 297 297 0.0 91:9
3 1¢,X=Cr(CO)s,R=Me  21.0 226 -1.6 238 239 0.1 >97:3
4 1d,X=W(CO)5,R=Me 21.1 227 -1.6 238 238 0.0 >97:3
5  le,X=Cr(CO)s;, R=SiH; 186  19.9 -13 237 237 0.0 -

6  1f, X=Cr(CO)s, R=Ph 233 250 -1.7 2192 -192 0.0 -

7 1g. X=0, R=H 206 213 -0.7 335 -335 0.0 70:30
8  1h,X=CLAI-O,R=H 9.2 10.8 -1.6 365 -36.4 0.1 95:5
9 1i, X=0, R=Me 251 258 0.7 292 292 0.0 only 2
10 1j,X=CLAI-O,R=Me 151  16.7 -1.6 303 -303 0.0 -

a All values have been calculated at the B3LYP/LANL2DZ&643%&(d)+AZPVE level.P Ex(A) values computed aB,(A) = E(TS-pathway A) — E(1)
— E(isoprend). ¢ E4(B) values computed &&(B) = E(TS-pathway B) — E(1)-E(isoprené. 9 AE, values computed aSE, = E(TS-A) — E(TS-B). € Er(A)
values computed a&x(A) = E(2) — E(1) — E(isoprens). f Er(B) values computed &&,(B) = E(3) — E(1) — E(isoprene. 9 AEr values computed aSEg
= Er(A) — Er(B). " Experimental2/3 ratio taken from ref 2d.

TSa(A) TSh(A)

TSc(A) TSd(A)

TSe(A)

FIGURE 1. Ball-and-stick representations of the TSs corresponding to the reaction of comfilexekthe isoprene to yield cyclohexenyl

carbene complexesthrough pathway A (see Scheme 2). All structures correspond to fully optimized B3LYP/LANL2DZ&®&84) 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.

complexeslh and1j was computed nexf The energy barrier 8 and 10) is close to the energy difference involving the
difference between the two possible pathways (Table 1, entriesanalogous Fischer carbene complexes (Table 1, entrids. 1

2086 J. Org. Chem.Vol. 73, No. 6, 2008
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TABLE 2. Energy Barriers (E,, kcal/mol)? and Reaction Energies Eg, kcal/mol)? for the [4 + 2] Cycloaddition Reactions between Fischer
Carbene Complexes 1 and Cyclopentadiene

entry compd Ea(endd® Ea(exg® AEa(endo-exy¥ Er(endg® Er(exof AEg(endo-exy  exptlenddexd
1 1la, X =Cr(CO), R=H 16.3 17.4 —-1.1 —-7.3 —7.6 0.3 94:6
2 1b, X = W(CO), R=H 16.7 17.6 —-0.9 —6.8 —-7.2 0.4 93:7
3 1c,X = Cr(COk, R= Me 21.5 22.2 —-0.7 —-1.9 —2.4 0.6 88:12
4 1d, X=W(CO)s;, R= Me 21.1 22.7 —-1.6 —-1.6 —-2.3 0.6 90:10
5 1, X=0,R=H 20.7 21.1 —-0.4 —10.9 —-11.0 0.1 78:22
6 1h, X =CI;AIO, R=H 8.9 9.9 -1.0 —14.8 —-14.5 -0.3 94:6
7 1i, X =0, R=Me 25.7 25.5 +0.2 —=7.0 —6.6 -0.4 54:46
8 1j, X = CI3AIO, 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+43&(d)+AZPVE level.? Eendd values computed a&(end9 = E(TS-endg — E(1)
— E(cyclopentadiengd. ¢ Ex(ex9 values computed aB4(B) = E(TS-ex0 — E(1)-E(cyclopentadiene ¢ AE, values computed adE, = E(TS-endg —
E(TS-ex0). € Er(A) values computed aBr(endg = E(4-endg — E(1) — E(cyclopentadieng. f Er(ex0 values computed a&x(exg = E(4-exo) — E(1) —
E(cyclopentadieng. 9 AEr values computed aAEg = Eg(endg — Er(ex0). " Experimentak-endd4-exo ratio taken from ref 2d.

Therefore, the regioselectivity of the cycloaddition should be
also quite similar as was experimentally repofédhe transi-

tion states of these reactions have geometrical features (Figure
2) resembling the transition states of the analogous-[2]
cycloadditions of Fischer carbene complexes (Figure 1) and
isoprene. Again, in the Lewis acid catalyzed reaction, the
terminal G-C1 bond is nearly developed (2.011 Bgc = 0.48

in TSh(A), and 2.009 ABcc = 0.49 for TSj(A)), while the
C—C4 bond is only emerging (2.873 Bcc = 0.12 in TSh-

(A), and 2.810 A 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 estegs.

TABLE 3. Synchronicitiest (S;) and Nucleus-Independent
Chemical Shiftd (NICS, ppm) of the Reactions between Carbene
Complexes la-e, Organic Esters 1f,j, and Isoprene or
Cyclopentadiene To Produce the Cycloadducts 2 and éndg
Respectively

1838  1.417

TSi(A) TSj(A)

reaction with reaction with
isoprene S, NICS(TS) cyclopentadiene S,  NICS (TS) FIGURE 2. Ball-and-stick representations of corresponding TSs of
la—2a 0.75 —13.57 la—daendo 0.77 —17.30 the [4+ 2] cycloadditions of methyl acrylateg and methyl acrylate
1b— 2b 0.74 —13.08 1b—4b-endo 0.78 —16.85 AICl; complex1h and E)-methyl but-2-enoaté&i and €)-methyl but-
lc—2c 0.76 —14.00 1c—4cendo 0.78 —17.30 2-enoate-AICl; complex1j with isoprene through pathway A, respec-
1d—2d 0.76 —1353 1d—4d-endo 0.76 —17.09 tively. All structures correspond to fully optimized B3LYP/6-BG(d)
le—2e 0.76 —14.51 geometries. Bond distances are given in angstroms. The dummy atoms
1f—2f 0.80 —14.76 denote the ring point of electron density. See Figure 1 caption for
lg—2g 086 —17.17 1g—4gendo 089 —21.42 additional details.
1h—2h 0.76 —13.33 lh—4h-endo 0.79 —18.22
1i— 2i 0.90 -—17.35 1li—4i-endo 090 —21.41 SCHEME 3
1j — 2] 0.77 —13.78 1j—4j-endo  0.80 —18.05
aComputed at the B3LYP/LANL2DZ&6-31G(d) level.? Computed at X OMe . @ j R . 7 HOMe

the GIAO-B3LYP/LANL2DZ&6-31+G(d) level. :<=\ }1{ H B X

R Meo” X ;

In order to study thexo-endaselectivity in the Diels-Alder 1 4-endo 4-exo0

cycloaddition involving alkenyl Fischer carbenes and cyclic

dienes, the reaction of complexésand cyclopentadiene was similar calculatedAE,(endo-exd values. For instance, the
studied. Now, two possible stereocisomers may be fordheko experimentalendo-exoratio found for the reaction between
and 4-endo (Scheme 3). Data in Table 2 show that alkenyl methyl acrylate-AlCl3 complex1h and cyclopentadiene (94:
carbene complexes have a higlerdestereoselectivity than 6, entry 6) is identical to the ratio of the corresponding Fischer
the uncatalyzed reactions of the corresponding esters. This maycarbenedab as well as the computetiE;(endo-exd values.

be ascribed again to the higher computed reaction barrier Figure 3 shows the transition states associated to the formation
differences between thendo-exopathways AEs(endo-exd of theendacycloadducts from Fischer carbene complekasd
ranging from—0.7 kcal/mol in1lc to —1.6 kcal/mol in1d) and Lewis acid complexekh,j with cyclopentadiene. Again, a
compared to thAE,(endo-exd of metal-free processes (entries concerted reaction pathway was found for these transformations,
5 and 7, Table 2). The results in Table 2 fully match the and asynchronous transition structures were also located. In all
experimental values. Moreover, the stereoselectivity of the cases, the terminal C(alkenyl complexd1(cyclopentadiene)
process involving alkenylcarbene complexes and Lewis acid NBO bond orders are higher (ranging from 0.48l8a(endo
mediated cycloadditions is comparable because of the ratherto 0.51 inTSd(end9) than the respective C(alkenyl complex)
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TSa(endo) TSb(endo)

TSc(endo) TSd(endo)

TSh(endo) TSj(endo)

FIGURE 3. Ball-and-stick representations of the TSs corresponding to the reaction of comflexescyclopentadiene to yield cycloadducts
4-enda All structures correspond to fully optimized B3LYP/LANL2DZ&6-315(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.

C4(cyclopentadiene) bond orders (ranging from 0.17 $a-
(endo to 0.14 inTSc(endo, see Figure 3 for the corresponding
bond distances). The results collected in this work clearly show
that alkenyt-group 6 (Fischer) carbene complexes react with \
dienes through transition states approaching the limit between _351/‘\”
concerted and stepwise mechanisms. This is clear from the fact !
that the terminal €C4 bond is almost fully developed in the )
transition state, while the second-C1 bond is only emerging. >\
Similar geometric features were found for the transition states
associated with the cycloadditions involving A{Glomplexes
1h,j. As a consequence, the computed synchronicities of both
types .Of complexes are qu and Sf'm'la’ & 0'76_.0;80’ Table FIGURE 4. Two-electron interactions and associated second-order
3). This result contrasts with the higher synchronicities computed perturbation energiesE®, in transition stateg Sgendg and TSa-
for the metal-free cycloadditions whose values are close to the (endo.
perfect synchronicity§, = 0.90). . .

The existence of secondary orbital interactions (SOI) in the mol (Figure 4,)_' The analogous NBO analy3|s'E$1a_(en_dc) for
endotransition states has been proposed to be an importantth® cycloaddition of carbene compléa shows a similar two-

factor in the observedndoselectivity of Diels-Alder cycload- ~ ©/€ctron interactii)n between the localizedC=C (cyclopen-
ditions2! Thus, the natural bonding analysis @18g(endo, tadiene) and the*-Cr=Ccarencorbitals, with a higher second-

2) — —
which corresponds to the transition state of the reaction of °7d€r epergyti(xE( )_d 16 kcag/mol). Tgle.strolr(lggrsecondary
cyclopentadiene and methyl acrylate, shows a stabilizing two- Interaction observed onSaendg may be invoked as respon-
electron interaction between the localizeedC=C (cyclopen- sible, at least in part, for the higher (n_early_comple&e)jq
tadiene) and ther*-C=0 (methyl acrylate) orbitals. The selectivity encountered in the processes involving alkoxy-Fischer
associated second-order perturbation enetd§?) is —1.2 kcal/ type carbene complexes pompared to metal-free cycloadditions.
From the above data, it can be concluded that the pentacar-

(21) () Arrieta, A Coss, F. P Lecea, BJ. Org. Chem 2001, 66 bon_yl-metal moiety in a group 6 (Fische_r) carbene complex _is
6178. (b) Wannere, C. S.; Paul, A.: Herges, R.; Houk, K. N.; Schaefer, H. €duivalent to the coordination of a Lewis acid to the organic
F., lll; Schleyer, P. v. RJ. Comput. Cherr2007, 28, 344. moiety in the [4+ 2] cycloadditions with 1,3-dienes. To support

TSg(endo), AE(2) = -1.20 kealimol TSa(endo), AE(2) = -1.57 keal/mol
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this conclusion, the energies of the frontier orbitals of the computed values for the corresponding organic counterpgyits

carbene complesc, its organic ester analogue methyl but-2-
enoate li, the methyl but-2-enoate-Alglcomplex 1j, and
cyclopentadiene were computed (Figure 5). The most favorable
HOMO (diene}-LUMO (dienophile) interaction occurs for the

(ca.—17.2 ppm in the cycloaddition with isoprene and€21.4
ppm in the cycloaddition with cyclopentadiene). Therefore, the
metal moiety reduces the aromaticity of the-42] reaction.
Moreover, if we assume that bonding equalization and, in

Lewis acid catalyzed reaction of methyl but-2-enoate, leading transition structures, synchronicity characterize aromatic struc-
to the computed lowest reaction barrier value. The energy tyres?s it is not surprising that the NICS values obtained for
difference of the frontier orbitals for carbetie and cyclopen-  tne Fischer carbene complexes are lower that those found for
tadiene is only 0.64 eV higher than the energy gap of methyl giandard [4+ 2] cycloadditions between organic acrylates and
but-2-enoate-AlCl; complex and cyclopentadiene. Therefore, 1 3 gienes. As expected, the computed data show that both NICS

the calculated trend of the HOME&@.UMO energy differences

is metal-free> Fischer carbene AICl3; 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).

E/leV

& 1 7

HOMO-6 w2
s

\

!

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.

To complete this study, the effect of the metal moiety in the
aromaticity postulated for the standard-{42] cycloadditio®
was finally addressed. The magnetic properties of the corre-

and synchronicity values of the reaction involving the Al€l
complexeslh,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 #42] cycload-
ditions between alkenylgroup 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 completendcselectivity observed in the
analogous reactions of alkenygroup 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 alkenygroup 6 (Fischer) carbene
complexes and neutral dienes occur concertedly via transition
structures which are more asynchronous and less aromatic than

sponding transition structures were computed using the nucleustheir non-organometallic analogues, a behavior which is exten-

independent chemical shifts (NICS) val#é&iven the strongly
unsymmetrical character of our cyclic systems, we needed to
define the inner points of these systems unambiguously. We
proposeé¢23that thein-plane aromaticity 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 Badét,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 13, 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 cal7.0 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

(22) (a) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J. R. v. EJ. Am. Chem. S0d.996 118 6317. (b) Chen, Z.; Wannere,
C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. vORem. Re. 2005
105, 3842.

(23) Morao, |.; Lecea, B.; CossIF. P.J. Org. Chem1997, 62, 7033.

(24) Bader, R. F. WAtoms in MoleculesA Quantum TheoryClarendon
Press: Oxford 1990; pp 152.

sible to the reactions involving Lewis acid complexed acrylates.
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