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A single transition structure was located on the potential energy surface of the cycloisomerization of
protic and Lewis acid activated E24Z2)-heptatrienal and the corresponding methyl ester to provide the
bicyclo[3.1.0]hexene derivatives, the central skeleton of the crispatene natural products. A two-dimensional
scan of the &C bond-forming reactions revealed a barrierless cyclopropane closure following the
pentadienyl cycloisomerization, with preservation of the stereochemical information.

Introduction

Among the wealth of organic reactions, concerted reactions ls|
have always been challenging to chemists. Their mechanisms’
are hard to determine experimentally as a result of the lack of
intermediates and the complexity of the concomitant changes
ocurring in the structure of the molecules. Computational
methods have succeeded at shedding some light onto differenfFIGURE 1. Cyclization of protonated @ 42)-heptatrienatlm.
mechanistic controversies, but they present limitations as well
in regard to the size of the molecular system under investigation, backbone (see Figure 1). Initially, we were unable to explain
the simplifications assumed to perform the calculatibasthe this behavior because no precedents were available in the
interpretation of the resulés® literature for such rearrangement. Moreover, after a thorough

We have recently been studying the mechanistic features ofS€arch, the only transition state located showed exclusively the
several (oxo)carbenium ion electrocyclic reactioasd found ~ features of a classical pentadienyl cation electrocyclic ring
that’ for Vlnylogous systems (eg_m), the rearrangement of C|OSUI’e, Wlthout Oﬁe”ng any h|nt asto hOW a putatlve b|CyC||C
the oxocarbenium ion results intentatie bicyclo[3.1.0Jhexene ~ Structure could be formed. At first glance, we suspected that

the energy minimum related with this peculiar cycloisomeriza-

* Corresponding author: Fax: 34986811940. tion was simply a bicyclic molecule ift-m in Figure 1).

(1) Cramer, C. JEssentials of Computational Chemistry: Theories and However, further investigation actually revealed it to be a

Models 2nd ed.; John Wiley & Sons: Chichester, England, 2004. | ntenvl ion wh har ficiencv h n nu-
(2) de Lera, A. R.; Alvarez, R.; Lecea, B.; Torrado, A.; Cosst. P. cyclopentenyl catio ose charge deficiency had been attenu

Im 2m

Angew. Chem., Int. E®001, 40, 557—561. ated by the assistance of theelectron density of its enol
(3) Rodfguez-Otero, J.; Cabaleiro-Lago, E. Mingew. Chem., Int. Ed.  substituent, resulting in a nonclassical carbocation (see Figure
2002 41, 1147-1150. 1). The fact that the nonclassical carboniumiisam was stable
ﬂggde Lera, A. R.; Cossio, F. Angew. Chem., Int. E002 41, 1150~ and did not evolve toward a cyclopropane ring was enigmatic
(5) Chamorro, E. E.; Notario, Rl. Phys. Chem. 2004 108 4099~ and led us to consider these findings as computational artifacts,
4104. resulting from the assumptions inherent to our calculations (gas-

(6) Matito, E.; SolaM.; Duran, M.; Poater, JJ. Phys. Chem. B005 i
109, 75917593, phase structures, limited methodology, etc).

(7) Nieto Faza, O.: Silva Ligez, C.; Avarez, R.; de Lera, A. RChem— Trauner and co-workers recently reported a novel cyclization
Eur. J.2004 10, 4324-4333. process that proved itself very useful in synthesizing the central,
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6m e X [ratn2a] Solvent effects were taken into account with sequential single-
R | rary - point calculations at the gas-phase-optimized B3LYP/6-8G-
P (d,p) geometries.

Two different solvation model§ were considered for compari-
son: (1) the polarizable continuum model (PCM}° and (2) a
variation of the conductor-like screening model (COSKIO;
employing the parameters provided by Klamt and co-wofgrs
as implemented in Gaussian &2 Al PCM and COSMO
calculations were performed at the B3LYP/6-3tG(3df,2p)//

0 B3LYP/6-31+G(d,p) level, as for the gas-phase calculations,

H  Me

(-)-crispatene using the UAKS radi??
Lewis Results
Acid
BTN Proton Activation. The mechanistic proposal for the cy-
AN Et clization of heptatrienals activated with protic acids has been
described in Figure 1. The activatede(22)-heptatrienallm
COOEt

undergoes cyclization between positionsadd G, yielding a
cyclopentenyl cation that, in turn, is readily stabilized by the
FIGURE 2. Two potential cyclizations occurring in Z}-hexatrienes. exocyclic enol, thus creating a bicyclic structure as a result of
The structure of {)-crispatene and the synthesis of its central bidck  a homoallylic, anchimerically assisted cation (see Figuré 3).
(in racemic form) by one-step Lewis acid cycloisomerization of alkyl- The distorted, cyclopropane-like structure suggests a nonclas-
substituted (E,4Z,6E,8E)-undecatrienoat8. sical carbonium ion, but the putative allyl cation is strongly
localized due to the anchimeric assistance of the enol, as
indicated by its bond lengths (1.35 and 1.46 A for the
nonassisted, £-Cg, and assisted, £2-Cs, bonds, respectively).
APT?5 partial charges also reinforce this interpretation, with the
charge deficiency being largely supported by énd G
(numbering as inlm in Figure 1 throughout the discussion)
with partial charges of 0.64 and 1.12 acu, respectively. Despite

3

fused, bicyclic block of natural products related to crispatene
in only one step. The reaction is triggered simply by Lewis acid
activation of heptatrienoates and yields bicyclo[3.1.0]hexenes
under mild conditions (Figure 2)° Trauner and co-workers
described this reaction as an intramoleculds [+ .24 Diels—
Alder with a tether, thus related to the photochemical cyclization
of hexatrienes (see Figure 2), although they did not discard an ) . . .

. o . he strong evidences pointing toward the existence of a chemical
alternative two-step cationic cascade process. The experimenta . :

. ; ond between €and G, further analysis led to contradictory

results on the rearrangement of activated heptatrienoates

. 4 . . . results. An analysis of the topology of the electron defsity
revealed a considerable increase in complexity, which may or " .

. . - A showed no bond critical point between the nucleus phd
may not be achieved in a single step. The similarity of the

systems depicted in Figures 1 and 2 prompted us to resume our 13) Frisch M. 3. Tracke. G. W.- Sehieael H. B.- Scuseria. G. E.- Robb

previous calcul_auc_nns because they seemed to cc_)mply with theM_(A_;)Chees'emén': LR Mohtggmew, g_ A, Jr- Vreven, T.. Kudin, K.
experimental findings. We decided to include in our study N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

nonprotic Lewis acid activation of both heptatrienal and methyl Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;

heptatrienoate. 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.;

Computational Methods Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

To minimize any of the spurious effects described above, a high- Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
quality, dual-level approach was considered. Nonetheless, it wasS.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

found that even when employing a very wide basis set in a dual B Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

level strategy, the geometries and relative energies of all previously Si's:k(élr'foé,d.’ Eé;m(g?;rfiwls-kkﬂir;tir? t(ga'ﬂo.vﬁoli' %‘; JL'.ul‘(St}; L}@Rﬁt‘;ﬁaﬁ*

computed structures (those shown in Figure 1) remained mainly p A - Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
unaltered. All the geometries of the stationary points were computed Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian

at the B3LYP/6-3%++G(d,p) levell®12 and the nature of these 03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

points was established, obtaining the second derivatives of theUn%gzsﬁadF?rfésF; '?\ie\\/,VvA\;g:ES liggfzdew'eSi a quantum thep@xford
energy with respect to the displacement of the atoms (Hessian). (15)Né0 Version 3.1G|en'dening, E.D. Reed, A E., Carpenter, J. E.,
An energy refinement was subsequently performed at the B3LYP/ Weinhold, F.

6-311++G(3df,2p) level. All the electronic structure calculations (16) Cramer, C. J.; Truhlar, D. GChem. Re. 1999 99, 2161—2200.
were performed with the Gaussian 03 céél€opological analysis (17) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094.

of the electron density (AIM) was performed with the AIMPAC (18) Mineva, T.; Russo, N.; Sicilia, B. Comput. Cheni.998 19, 290
programi* Natural localized orbitals were computed with NBO 299

3.11% as implemented in Gaussian 03.

(19) Cossi, M.; Scalmani, G.; Rega, N.; Barone JVChem. Phy2002
117, 43—-54.

(20) Klamt, A.; Schiirmann, G.J. Chem. Soc., Perkin Trans.1®93
(8) Miller, A. K.; Banghart, M. R.; Beaudry, C. M.; Suh, J. M.; Trauner, 2, 799-805.

D. Tetrahedron2003 59, 8919-8930. (21) Klamt, A.; Jonas, V.; Buwer, T.; Lohrenz, J. C. W. Phys. Chem.
(9) Miller, A. K.; Byun, D. H.; Beaudry, C. M.; Trauner, DProc. Natl. A 199§ 102 5074-5085.
Acad. Sci. U.S.A2004 101, 12019-12023. (22) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995-2001.
(10) Becke, A. DPhys. Re. A: At., Mol., Opt. Phys1988 38, 3098~ (23) Barone, V.; Cossi, M.; Tomasi, J. Chem. Physl997, 107, 3210-
3100. 3221.
(11) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. (24) Despite numerous attempts to locate it, a suitable bicyclic structure
(12) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B: Condens. Mattet988 seems not to lie on the PES of the protonatef, @)-heptatrienal.
37, 785-789. (25) Cioslowski, JJ. Am. Chem. Sod.989 111, 8333-8336.
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Cycloisomerization of (2E,4Z)-Heptatrienoate

FIGURE 3. Homoallylic carbenium ion, characterized as the product
of the proton-catalyzed cyclization of E2Z2)-heptatrienallm. The
anchimeric charge-transfer interaction is noted with a dashed line, and
its bond lengthis provided in angstroms.
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FIGURE 4. Cycloisomerization of Bfactivated methyl (&,42)-
heptatrienoatda and (E,42)-heptatrienallb.

the nucleus of & but the Wiberg bond index matrix obtained
in the course of Natural Bond Orbital analy8ishowed a
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FIGURE 5. Displacement vectors associated to the imaginary
frequency at the transition structut&a. Remarkably, carbon atoms

C, and G do not approach each other but separate from each other
along the reaction coordinate.

transition state where the three-membered ring would form
following or preceding the five-membered ring closure. Thus,
only the reactant, the five-membered ring formation transition
state, and the product minimum were located.

Concerted reactions are characterized by the simultaneous
partial formation and/or breaking of bonds in a single transition
state. Epitomes of pericyclic reactions usually exhibit symmetry,
which implies that bonds are formed/broken exactly to the same
extent in the transition state. In these cases, concerted mecha-
nisms are noted as synchronous. Otherwise, when some delay
is present between the two concerted bond-forming/breaking
events, they are noted as asynchrorfduStepwise reactions,
on the other hand, are characterized by the presence of
intermediates along the reaction coordinate. The bond-making/

moderate bond order (0.59). Thus, we came to the conclusionbreaking events are, therefore, separated in the timeline of the

that, whereas a considerably strong electrostatic interaction and®action or in the space on the PES. Thi 2 mechanism we
a certain amount of charge transfer between the allyl cation anghereto described cannot be defined as either concerted (because

the enol moieties exist, the existence of a chemical bond, strictly
speaking, could not be ascertained.

Lewis Acid Activation. Due to the intriguing difference
between the products obtained by our initial computations and
the experimental results reported by Trauner and co-workers,
we decided to explore both the effect of the activator (proton
vs Lewis acid) and the effect of the carbonyl group (aldehyde
vs ester). We, therefore, studied the cycloisomerization @f BF
activated methyl (B,42)-heptatrienoatela and (Z&,42)-hep-
tatrienallb, as illustrated in Figure 4.

The computational study performed to attain further insight
in the mechanism of the double cyclization with Lewis acid
activation proved very challenging as a result of the unusual

features the potential energy surface (PES) exhibits. Only one

transition structure (see Figure 5) for the cycloisomerization,
— 2, could be located along the reaction coordirfatetrigu-
ingly, the normal mode related to the reaction coordinate in
this transition structure shows vectors only for the five-

no simultaneous formation of the five- and three-membered rings
is observed) or stepwise (due to the lack of intermediates).

A handful of reactions exist that, being at first sight considered
concerted processes, have been only rigorously characterized
after a thorough examination of their PB&20 In all of them,

a bifurcation is observed passing the transition structure, leading
to two possible products, the distribution of which could help
in the experimental characterization of these mechanisms. We
considered the possibility of such peculiar PES, but all our
computations suggest that theo 2 reaction mechanism does
not show any bifurcation (vide infra) and, as a consequence,
determination of the product distribution cannot help discern
the mechanistic features through experimental studies.

To unequivocally address which is the pathway of the-

2 transformation, a thorough two-dimensional scan (555 con-
strained optimizatior®) of the PES of thelb — 2b cyclo-
isomerization (see Figure 6) was performed, selecting the
distance between the termini of both cyclizing systems—C

membered ring closure. No evidence of the three-membered

ring formation was found after an inspection of the displacement
vectors of the only imaginary frequency tf-a. The atoms
potentially associated with the three-membered ring remain still,
and positions € and G are not bound (see the transition
structure in Figure 5). Several attempts to find an intermediate
were unsuccessful, as were the attempts to locate anothe

(26) Reed, A. E.; Weinstock, R. B.; Weinhold, F..Chem. Physl985
83, 735-746.

(27) Birney, D. M.; Houk, K. N.J. Am. Chem. S0d.99Q 112 4127~
33.

(28) GonZ#ez-Lafont, A Moreno, M.; Lluch, J. MJ. Am. Chem. Soc.
2004 126, 13089-13094.

(29) Bartsch, R. A.; Chae, Y. M.; Ham, S.; Birney, D. I.Am. Chem.
Soc.2001, 123 7479-7486.

(30) Bekele, T.; Christian, C. F.; Lipton, M. A.; Singleton, D. A.Am.
{Chem. Soc2005 127, 9216-9223.

(31) For the sake of efficiency, the two-dimensional scan was computed
at the lower B3LYP/6-31G(d) level. Notwithstanding, this level of theory
yielded structures and relative energies very similar to those computed at
the much higher level described in the Computational Methods section.
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FIGURE 6. Gas-phase two-dimensional scan of the PES for the rearrangemen-atBFated (E,42)-heptatrienallb, computed at the B3LYP/
6-31G(d) level of theory. Relative electronic energy is expressed in kcal/mol and distances in angstre@%;aD8 C2-C4 bond distances (A)
are provided in plain text and italics, respectively.

C; and G—C,4 for the five- and three-membered rings, respec- extremely asynchronougi, + 75 Diels—Alder reaction. On
tively) as independent coordinates. The two-dimensional PESthe other hand, it can also be seen as a stepwise reaction with
confirms that the reaction actually proceeds through just one a infinitesimally shallow intermediate (corresponding with the
transition state, which involves the formation of only the five- near-zero slope of the inflection area found after the transition
membered ring (reaction path between the transition state andstate). We consider, however, that the present case exceeds both
the inflection area). A slight descent to a plateau is then observedmechanistic definitions, and the reaction actually proceeds
before a dramatic change in the reaction coordinate occursthrough the ill-defined frontier region: a pentadienyl cation
further downhill. This change, associated to no stationary point, cyclization reaction ofl is followed by the barrierless capture
is driven by a gradient with high curvature beyond the plateu of the carbonium ion by an enol to afford the bicyclo[3.1.0]-
region (noted amflection areain Figure 6) and is responsible  hexene derivative.
for the formation of the three-membered ring of the final bicyclic Usually concerted processes are considered to keep better
structure. We, therefore, suggest that the double cyclization organizationin terms of the stereochemical course of reactions.
reaction is not of a concerted nature, at least to the extent organicOrganic chemists intuitively associate synthetically valuable
chemists usually interpret this term, because the reaction stereocontrolled reactions with pericyclic, concerted processes
transition state shows no signs of concomitant bond formation and stereorandom with ionic, stepwise mechanisms. There are,
and both cyclization processes occur at clearly separated regionsiowever, examples in the literature showing how often we
in the configurational space (which translates into separate underestimate the stereocontrol certain ionic reactions can
events in the time domain). achieve3?33

The question of which mechanistic definition should be In this case, the reaction stereocontrol stems from the fact
applied to this cycloisomerization is still open. It cannot be that the three-membered ring cyclization occurs through a
considered a stepwise process because no intermediate is fountarrierless pathway. This prevents conformational scrambling,
along the reaction path, and it is not a concerted mechanismand the chiral information is transferred from the stereogenic
because the timing of the bond-formation process is such thatC,—C; double bond to the cyclopropane, yielding only one of
the second bond-formingent only starts after the first one is  the possible diastereomers (see Figure 6). The thermodynamic
fully completedThe PES suggests the mechanism is an extremedata provided in Table 1 show no significant role for the ester
case of both concepts: on one hand it can be seen as a limitgroup, other than raising the activation energy for the process
case of asynchrony for concerted processes, whetieerted relative to the trienal counterpart. Furthermore, a second
nature of the reaction is only granted by the lack of intermediates : -
between reactants and products but where the bond-forming 4((33;12) Arrieta, A.; Cos®, F. P.; Lecea, BJ. Org. Chem200Q 65, 8458~
events are clearly separated in two independgeps Being

' c ' (353) Heathcock, C. HProc. Natl. Acad. Sci. U.S.A996 93, 14323~
this the case, the reaction could also be interpreted as an14327.
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TABLE 1. Thermodynamic Data for the Cyclization of Molecules 6 X6
1m, 1a, and 18 N N
gas phase Ci€l, X A2 AGeq | AN 2
AE AEg AH AG AGcosmo AGpcm
Proton Activation MeO” 1 X0 MeO” 1 X0
im 0.00 0.00 0.00 0.00 0.00 0.00
ts-m 20.04 19.38 18.72 20.35 16.40 16.90
int-m 8.21 9.17 8.40 10.44 4.35 4.73 la X=H AGeq =4.05 kcal/mol
Lewis Acid Activation lag.me X=Me  AG, = 0.28 kcal/mol
la 0.00 0.00 0.00 0.00 0.00 0.00
ts-a 38.81 3813 3729 3951 31.45 33.09 FIGURE 7. Model systems to account for the effect of the C6-methyl
ﬁ‘ 888 g(l)g (1)(1)8 8(733 égé (2)(2)5 substitution on the £&-Cg s-cis/strans conformational equilibrium of
b 3505 3533 3452 3577 24.45 26.12 the acyclic precursor of crispatene.
2b 2.76 4.29 3.32 5.68 3.75 3.69

biomimetic nature of the route developed by Trauner and co-

aRelative thermodynamic magnitudes (electronic energy, electronic
4 g ( % workers8:?

energy plus the ZPVE, enthalpy, and Gibbs free energy at 298 K) of the
stationary points computed at the B3LYP/6-3t1G(3df,2p)//B3LYP/6-
31++G(d,p) level of theory. Nonexplicit solvent effects have been taken Conclusion

into consideration through the PCM and its conductor-like variation Lo . L i
(COSMO; see Section 2). The mechanistic features of the cycloisomerization of protic
and Lewis acid activated E4Z)-heptatrienal and methyl
bidimensional scan ofa was also performed yielding a PES (_2E,4Z)-heptatr|enoate to provide blcyclo[3.1.0]he>_<ene derlva_-
whose topology closely resembles that of aldehifeThus, it tives, the skelgton of crispatenes, has been studied. De.partllng
can be concluded that both substrates can potentially undergofro.m the _classmal definitions of t_hese terms, the_reactlon_ IS
the same cycloisomerization, provided they are activated with neither stnqtly cone erted nor stepwise .bUt somehow mtermedla_te
Lewis acids (potential side r’eactions such as acid-indzced ™ both. Th|_s amblgu_ous c_haracter Is inferred .ffom the analysis
_. E isomerization. could drive the p;rocess toward different of the reaction coordinate linking the only transition state located

products notwithstanding). on t_he I_DES an(_j the reactant and produ_ct wells. The barrier_less
All the conclusions extracted from the study of these model _cychzathn forming the cyclopropane moiety preserves the_chlral
systems should also apply to the synthesis of the crispatene Corénformat]!on of 'ghe sltereogebrllllczelczk d?IUb le b?nq byfp;]eventmg |
4, starting from a more-substituted acyclic precur8oiThe ?ny con orfrna.tlona scram d INg. urt. er anahy5|s 0 It € structurg |
location of methyl groups along the polyenic structure of the eatures of crispatene and its reaction path reveals an essentia

precursor must enforce this unprecedented cycloisomerization.E)c::l((;"ufrOlr the methyl group at £for the cycloisomerization to
In particular, because the reactive geometry of the polyene chain '

involves thes-is conformation at the £-Cs bond, we studied Acknowledgment. The authors are grateful to the Spanish
the effect of the methyl group ate®n the conformational  \EC (Ranimy Cajal contract to R.A.; FPU fellowships to O.N.
equilibrium. Calculations of both conformers of methyk(27)- and C.S.). Financial support was provided by the European
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7). Thes<is conformation inla lies 4.05 kcal/mol above the  We are also indebted to Prof. Trauner for insightful discussions.
sdrans global minimum, and methylation at C6 renders these _ ) ) ) )

two conformations oflas_ye nearly degenerate in energy (the Supporting Informatlon Avgallable: Two-dlmgnsmngl scan qf _
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