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Extraordinarily rapid 6r-electrocyclization

Hexatriene electrocyclization, if not disfavored by its harsh reaction conditions, can be highly useful for
the synthesis of complex organic molecules. Herein we developed a two-layer ONIOM method which
could predict the activation free energy of hexatriene electrocyclization with an accuracy of about 1.0
kcal/mol. Using this carefully benchmarked method, we calculated the activation free energies for a
variety of substituted hexatrienes. It was found that extraordinarily rapid electrocyclization could occur
for certain patterns of captodative substituted hexatrienes, including 2-ace8pionor hexatrienes,
2-acceptor-5-donor hexatrienes, and 3-acceptbrdonor hexatrienes. The activation free energies for
these systems could be up to 10 kcal/mol lower than that of the unsubstituted hexatriene, and therefore,
their electrocyclization could proceed smoothly even at room temperature. The mechanism for the
captodative effect on hexatriene electrocyclization could be understood by calculating the affinity between
the donor and acceptor group in the reactant state and transition state of the reaction. If the affinity was
stronger in the transition state, captodative substitution would produce an extra acceleration effect. It
was shown that our theoretical results were in excellent agreement with the experimental data from the
recent synthetic studies of hexatriene electrocyclizations. Thus, the theoretical tools developed in the
present study could be used to predict not only how to accelerate the hexatriene electrocyclization via
substituent manipulation but also under what conditions each particular electrocyclization could be
accomplished in the real experiment.

1. Introduction endiandric aciddand eudesmane sesquiterpeh@gccidentalol
. ] ] . from plants? polypropionate-derived 9,10-deoxytridachione
The interconversion of 1,3,5-hexatriene to 1,3-cyclohexadiene produced by a marine mollué@ small number of pheromones
(Figure 1) is the most simple example of a thermal, disrotatory, jsolated from a brown alghand certaino-dialkyl-substituted

six-electron electrocyclization allowed for by the Woodward  penzenoid natural productsThe elegance and efficiency of
Hoffmann rulest This type of reaction has been proposed to
be involved in the biosynthesis of vitamindzertain polycyclic (3) Bandaranayake, W. M.; Banfield, J. E.; Black, D. St.JCChem.
Soc., Chem. Commut98Q 902.

(4) Hortmann, A. G.; Daniel, D. S.; Martinelli, J. B. Org. Chem1973

(1) Woodward, R. B.; Hoffmann, FAngew. Chem., Int. Ed. Endl969 38, 728.
8, 781. (5) Ireland, C.; Faulkner, Jetrahedron1981, 37 (Suppl. 1), 233.
(2) Havinga, E.; de Kock, R. J.; Rappoldt, M. Retrahedronl96Q 11, (6) Keitel, J.; Fischer-Lui, I.; Boland, W.; Mier, D. G. Helv. Chim.
276. Acta199Q 73, 2101.
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proposed that the coexistence of amido and carbonyl groups
“electronically activated” the thermalscyclization.
Both Magomedov’s and Funk’s studies intimate that tactical

~ facile incorporation of electron-donating and -withdrawing groups in
N EWG 78°Con Ewg Magomedov et al. a hexatriene may effectively lower the activation energy of its
0© 0°© electrocyclization. This hypothesis, if true, would have signifi-
cant implications for the utilization of hexatriene electro-
facile cyclization in target-oriented organic synthesis. It would allow
| O "110°c, 2 | O Funketal. one to design captodatitfesubstituted hexatrienes from which
Z>NHBoc NHBoc novel carbocycles could be obtained via facile-éectro-

cyclization. Furthermore, by strategic substituent manipulations,
in particular, protecting group introductions and removals, one

) ) i ) ~could be able to achieve thermai-@lectrocyclization of fragile
these biological transformations have prompted chemists to find yolecules under tolerable conditions. Nonetheless, a few

applications of hexatriene electrocyclization in the synthesis of questions have to be answered first: (1) to what extent the
complex molecules, including natural products. It has been captodative substitution can reduce the activation energy of
demonstrated in many cases that thermal hexatriene electroynermal 6r-electrocyclization? (2) whether all the captodative
cyclization is indeed an enabling approach for the construction g pstituted hexatrienes can undergo facitesectrocyclization?
of carbocyclic six-membered rings in suitably substituted or ang (3) what is the mechanism responsible for the acceleration
functionalized form$. of 6r-electrocyclization by captodative substitution? Since none
Despite the previous successes, there remain a few seriousf these important questions have been answered before, we
problems with the utilization of hexatriene electrocyclization recently carried out a systematic study on the electrocyclization
in target-oriented synthesisirst, the preparation of trienes with  of captodative substituted 1,3,5-hexatrienes using the state-of-
the requiredcis configuration of the central double bond has art computational methods.
not been straightforward. This problem can sometimes be solved |t is worth mentioning that some other theoretical studies have
or avoided by placing the central double bond in a ring system. also been conducted concerning the electrocyclization of certain
Second, and perhaps even more limiting, hexatriene electro-special groups of hexatrien&sFor instance, Houk et al. once
cyclization normally has a huge energy barrier to overcome. studied the electrocyclization reaction of 1-substituted 1,3,5-
Thus, a reaction temperature as high as-18300 °C is often hexatrienes (F, Ckl CN, CHO, NO, BH) using the MP2/6-
necessary to trigger hexatriene electrocyclization. Such high 31G* method, with an emphasis on the inward or outward
temperatures may cause tremendous problems in the synthesigotation of the substituent in the transition st&&More recently,
of delicate compounds. It is, therefore, highly important to find Guner et al. investigated the electrocyclizations of 1,3,5-
solutions to effectively decrease the energy barrier of hexatriene hexatrienes having a 1-dimethylamino latent leaving group using
electrocyclization. In this regard, Magomedov et al. recently the B3LYP/6-31G* method3 It was found that introducing
reported a very interesting finding that the presence of electron- CO,Me at C4 further decreases the activation energy by 7 kcal/
withdrawing groups at the C2 of the 3-oxido hexatrienes mol. Electron-withdrawing groups (NQ SQPh, and G
enormously lowers the activation energy of the-&ectro- N*Me,) at C2 have a profound effect of 25 kcal/mol on
cyclizations (see Figure 1j.More recently, Funk et al. reported  the activation energy. Furthermore, Jiao and Schleyer predicted
novel indole annulations that involved fairly facile electrocyclic appreciable electrostatic acceleration (10.9 kcal/mol, B3LYP/
ring closures of amidotrienes (also see Figurélllt was 6-3114-G*) of the cyclization of 1,3sis-5-hexatriene to 1,3-
cyclohexadiene by L complexationt3®

FIGURE 1. Some unusually facile hexatriene electrocyclizations.

(7) Richards, R. W.; Skropeta, Oetrahedron2002 58, 3793.

(8) For some examples, read: (a) Nicolaou, K. C.; Petasis, N. A.; Zipkin,
R. E.; Uenishi, JJ. Am. Chem. S0d982 104, 5555. (b) Okamura, W. H.;
Peter, R.; Reischl, W0. Am. Chem. Sod.985 107, 1034. (c) Gilchrist, T.
L.; Stanford, J. EJ. Chem. Soc., Perkin Trans1987, 225. (d) Whitesell,

J. K.; Minton, M. A.J. Am. Chem. S0d.987, 109, 6403. (e) Gilchrist, T.
L.; Summersell, R. JJ. Chem. Soc., Perkin Trans. 1988 2595. (f)
Venkataraman, H.; Cha, J. K. Org. Chem1989 54, 2505. (g) Leclaire,
M.; Lallemand, J. Y Tetrahedron Lett1989 30, 6331. (h) Katsumura, S.;
Kimura, A.; Isoe, STetrahedronl989 45, 1337. (i) Fehr, C.; Galindo, J.;
Guntern, O.Tetrahedron Lett199Q 31, 4021. (j) Hettrick, C. M.; Scott,
W. J.J. Am. Chem. S0d.99], 113 4903. (k) Trost, B. M.; Pfrengle, W.;
Urabe. H.; Dumas, J. Am. Chem. S0d992 114, 1923. (I) Trost, B. M;
Shi, Y. J. Am. Chem. Sod992 114, 791. (m) Torok, D. S.; Scott, W. J.;
Tetrahedron Lett1993 34, 3067. (n) Henniges, H.; Meyer, F. E.; Schick,
U.; Funke, F.; Parsons, P. J.; de Meijere, TRtrahedronl996 52, 11545.
(o) Suffert, J.; Salem, B.; Klotz, R. Am. Chem. So001, 123 12107.
(p) Lomberget, T.; Bouyssi, D.; Balme, Gynlett2002 1439. (q) de
Meijere, A.; Schelper, M.; Knobe, M.; Yucel, B.; Sunnemann, H. W.;
Scheurich, R. P.; Arve, LJ. Organomet. Chem2003 687, 249. (r)
Suennemann, H. W.; de Meijere, Angew. Chem., Int. EQ004 43, 895.
(s) Nicolaou, K. C.; Sasmal, P. K.; Xu, H. Am. Chem. SoQ004 126,
5493.

(9) For a very nice recent article describing the situation, please read:
Brandange, S.; Leijonmarck, HChem. Commur2004 292.

(10) Magomedov, N. A.; Ruggiero, P. L.; Tang, ¥.Am. Chem. Soc.
2004 126, 1624.

(11) Greshock, T. J.; Funk, R. ). Am. Chem. So@006 128 4946.

2. Methods

Ab initio calculations were performed with the Gaussian 03 suite
of programs:* Geometry optimizations were performed using the
B3LYP/6-31G(d) method without any constraint. For compounds

(12) The word “captodative” is usually used to describe the combined
action of a captor (electron-withdrawing) and a dative (electron-donating)
substituent, both attached to the radical center or unsaturated compounds.
For reviews about the captodative effects, see: (a) Viehe, H. G.; Janousek,
Z.; Merenyi, R.; Stella, LAcc. Chem. Red.985 18, 148. (b) Sustmann,
R.; Korth, H. G.Adv. Phys. Org. Chem199Q 26, 131.

(13) (a) Evanseck, J. D.; Thomas, B. E., IV; Spellmeyer, D. C.; Houk,
K. N. J. Org. Chem1995 60, 7134. (b) Jiao, H.; Schleyer, P. v. R.Am.
Chem. Soc1995 117, 11529. (c) Luo, L.; Bartberger, M. D.; Dolbier, W.
R., Jr.J. Am. Chem. S0d997, 119, 12366. (d) Rodriguez-Otero, J. Org.
Chem.1999 64, 6842. (e) Sakai, S.; Takane, S.-).Phys. Chem. A999
103 2878. (f) Fabian, W. M. F.; Kappe, C. O.; Bakulev, V. A. Org.
Chem200Q 65, 47. (g) Rodriguez-Otero, J.; Cabaleiro-Lago, E.Ghem—

Eur. J.2003 9, 1837. (h) Zora, MJ. Org. Chem2004 69, 1940. (i) Guner,

V. A.; Houk, K. N.; Davies, I. W.J. Org. Chem2004 69, 8024. (j) Davies,

I. W.; Marcoux, J.-F.; Kuethe, J. T.; Lankshear, M. D.; Taylor, J. D. O;
Tsou, N.; Dormer, P. G.; Hughes, D. L.; Houk, K. N.; Guner,JVOrg.
Chem.2004 69, 1298. (k) Lecea, B.; Arrieta, A.; Cossio, F. B. Org.
Chem.2005 70, 1035. (I) Cabaleiro-Lago, E. M.; Rodriguez-Otero, J.;
Varela-Varela, S. M.; Pena-Gallego, A.; Hermida-Ramon, J.JMOrg.
Chem.2005 70, 3921.
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that have multiple conformations, the conformation with the lowest
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our theoretical activation free energies in the gas phase have a
root of mean square error (RMS) of 1.0 kcal/mol. This manifests
that the ONIOM(QCISD(T)/6-31G(d,p)):B3LYP/6-31%
G(2df,2p) method can provide reliable predictions for the 6
electrocyclization of substituted hexatrienes. To take the solvent
effects into consideration, we have chosen benzene as a solvent
whose polarity is close to hexatrienes. It is found that the
theoretical activation free energies in benzene have a RMS error
of 0.9 kcal/mol, which represents a marginal improvement over

energy was chosen for the present study. Frequency calculationghe calculations in the gas phase. Thus, we conclude that the

were carried out at the B3LYP/6-31G(d) level of theory and
performed on all of the species to confirm convergence to

solvation effects on the thermat&lectrocyclization are usually
negligible. In the subsequent studies, we will focus on the gas

appropriate local minima or saddle points on the energy surface. phase free energies only.

In all instances, transition-state structures gave one significant

imaginary frequency, while no imaginary frequencies were observed
for the minimum-energy species.

Single-point energies were determined using the ONIOM
method!® as pure QCISD(T) calculations for the substituted
hexatrienes were impractical for our computational resources. A
two-layer ONIOM method was utilized, that is, ONIOM(QCISD-
(T)/6-31+G(d,p)):B3LYP/6-311#+G(2df,2p)). The inner layer treated
at the “high” level (i.e., QCISD(T)/6-3tG(d,p)) was comprised
of six carbon atoms and their hydrogens, while the whole system
was treated at the “low” level (i.e., BSLYP/6-3+5G(2df,2p)) (see
Chart 1). Corrections of the energy to 298 K were made from the
frequency calculations, including zero point energy corrections.

The integral equation formalism version of PCM (IEF-PCM) as

implemented in Gaussian 03 was used to calculate the solvation

free energies in benzefeln the calculation, the solute was modeled

3.2. Electrocyclization of Monosubstituted Hexatrienes.
Before studying captodative substituted hexatrienes, we need
to know the effect of monosubstitution on the thermal- 6
electrocyclization of hexatrienes. Previously, Houk et al.
reported that most of the substituents at C1 would slightly
increase the activation barrier of hexatriene electrocyclization,
as expected due to the steric crowdifyln agreement with
this finding, our own calculations for seven representative
substituents (i.e., an alkyl group GHwo typical electron donors
NH; and OH, a halogen F, and three typical electron acceptors
CHO, CN, and N®) show that four of them increase the
activation free energy slightly by 0-2.4 kcal/mol (see Table
2). Although the remaining three C1 substituents (i.e., OH, F,
and NQ) reduce the activation free energy, the decrease is

as a cavity made up of a set of interlocking spheres by using the insignificant (0.7-2.4 kcal/mol). Thus, it is concluded that

United Atom model (UAO). Hydrogen atoms were included in the
sphere of the atom to which they were bonded. All the IEF-PCM
calculations were performed at the B3LYP/6433(d,p) level. Both

the electrostatic and nonelectrostatic contributions were considered

for the total solvation energies.

3. Results and Discussion

3.1. Systems with Known Experimental Dataln Table 1,

we show the experimental rate constants and corresponding

activation free energies for the thermat-8lectrocyclization

monosubstitution at C1 does not exert any significant effect on
the rate of thermal B-electrocyclization.

Compared to the case of C1 substitution, our calculations
suggest that monosubstituent at C2 or C3 will decrease the
activation free energy of hexatriene electrocyclization, regardless
of whether the substituent is an electron donor or acceptor. The
mechanism for the energy decrease is probably attributable to
the anchimeric assistance effect exerted by the substituent on
the transition staté® It is interesting to note that an electron
acceptor tends to bring about more significant decrease in the

of several hexatrienes (note: these experiments were performedctivation free energy. Furthermore, for each particular sub-

in neat conditions). Compared to the experimental #afs,

(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; 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.; 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, I.; 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. Baussian 03
revision A.1; Gaussian, Inc.: Pittsburgh, PA, 2003.

(15) (a) Dapprich, S.; Komiromi, I.; Byun, K. S.; Morokuma, K.; Frisch,
M. J. THEOCHEM1999 461462 1. (b) Bersuker, |. BComput. Chem.
2001, 6, 69.

(16) (a) Tomasi, J.; Persico, Mbthem. Re. 1994 94, 2027. (b) Barone,
V.; Cossi, M.; Tomasi, JJ. Chem. Phys1997, 107, 3210.

(17) Charles, W. STetrahedron1976 32, 2681.

(18) Spangler, C. W.; Ibrahim, S.; Bookbinder, D. C.; Ahmad].£hem.
Soc., Perkin Transl979 717.

(19) Spangler, C. W.; Jondahl, T. P.; Spangler,JBOrg. Chem1973
38, 2478.

stituent, the C2-substituted hexatriene always exhibits an
activation free energy lower than that in the C3 case. Combining
these two effects, the lowest activation free energy is seen for
2-NO,-hexatriene (24.8 kcal/mol). Its cyclization rate is pre-
dicted to be about 2x 10* times faster than that of the
nonsubstituted hexatriene.

3.3. Electrocyclization of Disubstituted HexatrienesHav-
ing learned the effect of monosubstitution on the activation free
energy of hexatriene electrocyclization, we next carried out
extensive calculations to explore the disubstitution effects.
Because very little has been known in the past about such
effects, our calculations have to be exhaustive, covering all the
possible combination of substituents (see Table 3). Preliminary
analysis of the bulky data in Table 2 provides the following
summary conclusions:

1. In most cases, the activation free energy of electrocycliza-
tion differs from that of the unsubstituted hexatriene by less
than 5 kcal/mol. This is consistent with the past experience that
thermal electrocyclization of hexatriene is a difficult reaction
under most conditions.

2. Extraordinarily low activation free energies are observed
for some captodative substituted cases, including 2-BHQIH,
(20.4 kcal/mol), 2-N@-3-OH (19.8 kcal/mol), 2-CHO-3-N§

J. Org. ChemVol. 71, No. 16, 2006 6159
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TABLE 1. Comparison between the Computational and Experimental Activation Free Energies for Seven Hexatrienes (unit fokG*:
kcal/mol)

solvent AG” (theor)  AG™ (theor)

R r (exp) logk (exp) 4G (exp)” (gas phase) (in benzene) ref.
(> 432 Neat 3.62 32.1 314 315 17

[ > 432 Neat 3.05 31.0 309 30.9 17
[ 432 Neat 3.03 30.9 29.6 29.6 17

T 3952 Neat 234 276 28.0 28.1 18
\/\@ 4182 Neat 3.43 30.7 294 29.4 19
\/\@ 4182 Neat 3.43 30.7 292 29.4 19
3986  Neat 3.07 292 29.4 29.7 17

\ /

aCalculated by using the equatio&kG* = —2.30RT x log(kiVk,T).

TABLE 2. Activation Free Energies (kcal/mol) for (2-NO2-5-NH2-hexatriene), the activation free energy is as low
Electrocyclization of Monosubstituted Hexatrienes at 298 K as 16.7 kcal/mol. Such a magnitude of activation free energy
R i \ R can be translated to a rate constant of about™as 298 K,
S = (&) — € meaning that th ding el izati b
. < g that the corresponding electrocyclization can be
completed in less than a second (!) at room temperature. This
o finding is remarkable considering that electrocyclization of most
| : Ry 4G ‘ 4G* Rs i : 46" ngxatrienes requires hours, if not days, to manifest at about 150
= .
Ri=H 30.7 R,=H 30.7 R;=H 30.7 Given the significance of the above results, it becomes
R;=CH 322 R,=CH 27.7 R3=CH. 30.4 : iati H H
R —NH, 30 R.—NH, 37 R.—NH, 304 obwops lthat a mephgmsnc understanding of the captoqatlve
R, =OH 30.0 R,=OH 29.8 R; =OH 304 substitution effect is highly warranted. At least two questions
R;=F 283 R,=F 30.0 R;=F 30.0 i - I
Ri2 CHO i Ro . CHO 353 Rec CHO 370 need to be answered amb|guously._ (1) Does captodative
R,=CN 319 R,=CN 249 R;=CN 291 substitution produce any extra energetic effect over the sum of
R, =NO, 302 R, =NO, 24.8 R; =NO, 254 the effects produced individually by the electron donor and

acceptor in monosubstitution? (2) If such an extra energetic
effect exists, why is it not seen for all the captodative substituted
cases? To answer these questions, we focus on the captodative
substitution of NH and NG and carry out a series of energetic
analyses (see Table 4). These include the calculation of “extra”
energetic effectHexrs by using the following equation:

(20.3 kcal/mol), 2-CHO-3-OH (20.0 kcal/mol), 2-NH-NO,
(20.8 kcal/mol), 2-CHO-5-NK(17.9 kcal/mol), 2-CN-5-Nkl
(18.7 kcal/mol), 2-N@-5-NH, (16.7 kcal/mol), 2-CHO-5-OH
(20.8 kcal/mol), and 2-N&5-OH (20.9 kcal/mol). The activa-
tion free energies for these molecules are about 10 kcal/mol
lower than that of the unsubstituted hexatriene. Their electro-

R ; At + + +
cyclization rates are expected.to be more Fham 208 times Eeura= AGNHZ,NOZ +AG, — AGNHZ,H — AGNOZ,H (1)
faster than that of the unsubstituted hexatriene.

/3. Not all the captodative substituted hexatrienes have yhere the subscripts describe whether the activation free energy
significantly low activation free energies. Sometimes a capto- corresponds to a disubstituted or monosubstituted caBeif
dative substituted hexatriene, for example, 3-NIENH, (31.9 is negative, the two substituents (i.e., Nénd NHb) together
kcal/mol) or 3-CHO-4-OH (31.5 kcal/mol), may even have a produce a more pronounced acceleration effect than that
higher activation free energy than the unsubstituted hexatneneexpected from their individual capability of acceleration.
(30.7 kcal/mol). Conversely, ifEexrais positive, the two substituents together

~ 4. Proper location of the electron donor and acceptor is also cause a less pronounced acceleration effect than that expected
important in order to produce a dramatic acceleration effect. from their individual capability of acceleration.

For instance, 2-N@3-OH-hexatriene has an activation free From Table 4, it can be seen that in five cases (i.e., --NO
energy of 19.8 kcal/mol, which is considerably lower than that 3-NH,, 1-NO,-6-NH,, 2-NO»-3-NH,, 2-NO»-5-NH,, and 3-NG-
of 2-OH-3-NQ-hexatriene (243 kcal/mol) by 4.5 kcal/mol. 5_NH2)’ the Eextrava]ues are negative (notfextrafor 1_N02_

5. Some hexatrienes with two electron acceptors also have5-NH, is —0.3 kcal/mol, a value that is technically considered
extraordinarily low activation free energies. The followings are to be zero due to the inaccuracy of the calculation). Conse-
the most outstanding cases: 1-CN-2-CHO (19.0 kcal/mol), quently, these substitution patterns (see Figure 2) produce an

1-CN-2-CN (19.7 kcal/mol), 1-CN-2-N£(18.3 kcal/mol), extra acceleration effect on the electrocyclization reaction
2-CN-4-NG (20.3 keal/mol), and 2-N&4-NO; (20.8 kcal/mol). compared to the sum of the individual substituent effects. Due
3.4. Origin of the Captodative Acceleration Effect.From to this extra acceleration effect, three of the five cases (i.e.,

exhaustive examinations, it is found that captodative substituted2-NO»-3-NH,, 2-NOx-5-NH,, and 3-NGQ-5-NH,) exhibit the
hexatrienes indeed tend to have low activation free energies inlowest energy barriers (i.e., 20.4, 16.7, and 20.8 kcal/mol) among
the thermal @-electrocyclization. In the most pronounced case all the electrocyclization reactions shown in Table 4. The other

6160 J. Org. Chem.Vol. 71, No. 16, 2006
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TABLE 3. Activation Free Energies (kcal/mol) for Electrocyclization of Various Disubstituted Hexatrienes at 298 K

T () -

R
RZZCH:; R2:NH2 RZZOH R2:F Rz:CHO RZZCN Rzz NOz
1,2-disubstitution R= CHjs 28.8 26.5 30.2 31.6 25.5 27.3 27.9
R; = NH; 29.8 26.3 26.6 31.0 315 29.7 34.5
R; =OH 28.4 25.3 27.7 29.0 28.1 26.8 30.4
Ri=F 26.4 24.9 27.2 26.6 24.1 24.0 25.0
R;=CHO 28.8 355 38.7 32.3 21.7 26.4 23.6
R;=CN 229 23.2 25.3 25.1 19.0 19.7 18.3
R1=NO; 28.3 36.4 39.3 30.4 229 25.5 25.1
R3;=CHs; Rs = NH, R;=OH Rs=F R;= CHO R;=CN R;= NO,
1,3-disubstitution R= CHjs 31.6 317 32.1 31.6 29.5 30.7 26.8
R1 = NH; 30.3 30.6 313 30.5 30.2 30.6 27.5
R; = OH 29.2 28.9 29.9 29.3 29.5 29.8 27.0
Ri=F 27.8 27.0 28.1 27.6 28.4 28.1 25.7
Ry =CHO 325 31.8 32.2 319 30.0 311 27.6
R;=CN 313 30.1 31.2 31.0 30.2 311 28.4
R; = NO; 29.7 28.0 29.2 29.1 29.0 29.5 26.8
R; = CHjs R; = NH_ R;= OH Ry=F R,= CHO R,=CN Rs= NO;
1,4-disubstitution R= CHs 32.0 31.4 31.7 31.6 29.8 31.0 27.9
R1 = NH; 30.9 30.2 30.4 31.0 29.1 30.3 27.6
R1=OH 29.7 29.2 29.5 29.9 27.8 29.1 25.9
Ri=F 28.0 27.6 28.2 28.5 26.1 27.6 24.4
R; = CHO 33.0 33.9 33.7 32.7 29.8 314 27.2
R1=CN 317 32.2 324 31.8 28.8 30.7 26.6
R1 = NO; 29.9 30.6 30.9 30.4 27.0 29.0 24.9
Rs = CHj3 Rs = NH2 Rs = OH Rs=F Rs= CHO Rs=CN Rs= NO;
1,5-disubstitution R= CHjs 28.8 28.4 31.0 314 26.4 26.5 26.2
R; = NH; 27.3 26.4 28.9 29.8 25.7 26.1 25.4
R; =OH 26.1 25.7 28.5 29.5 25.6 25.3 24.9
Ri=F 24.7 24.1 27.3 28.3 24.4 24.0 24.2
R, = CHO 30.2 29.4 32.9 33.3 28.6 28.3 28.3
R;=CN 28.9 27.9 31.9 325 27.9 275 27.9
R1=NO; 27.3 26.3 30.5 31.0 26.6 26.0 26.8
Rs = CHs; Rs = NH Rs = OH Rs=F Rs= CHO Rs=CN Rs= NO,
1,6-disubstitution R=CHj 33.3
R1 = NH; 32.0 33.1
R; =OH 31.1 31.2 30.5
Ri=F 29.6 29.6 29.1 28.2
R;=CHO 345 32.6 32.7 315 36.8
R;=CN 33.1 30.8 31.4 30.7 35.7 35.1
R1 =NO, 31.3 294 30.3 30.0 34.6 34.0 33.2
Rs = CHs Rs = NH, R;=OH Rs=F Rs= CHO R;=CN Rs= NO,
2,3-disubstitution R= CHjs 30.3 30.9 30.8 26.9 29.8 28.0 29.0
R2 = NH; 29.7 294 29.3 26.0 24.4 229 23.6
R,=OH 29.3 30.7 29.6 29.2 25.3 27.5 24.3
R,=F 29.8 29.9 30.2 30.4 28.7 28.9 24.5
R, = CHO 26.1 20.3 20.0 225 27.9 25.4 26.9
R;=CN 25.6 215 23.9 24.9 23.3 25.7 27.7
R, = NO; 26.4 20.4 19.8 25.3 27.2 27.0 30.2
R;=CHs Rs = NH2 R;=OH Ry=F R4,= CHO R,=CN Rs= NO;
2,4-disubstitution R= CHjs 26.6 26.1 26.8 27.1 24.8 26.2 22.1
R, =NH; 26.0 25.1 25.0 25.4 24.0 24.7 20.8
R, =OH 28.5 27.5 28.1 29.0 26.4 28.3 24.3
R,=F 28.7 27.6 28.6 29.5 26.9 28.9 24.9
R, =CHO 25.0 25.2 25.7 25.6 23.2 24.8 21.2
R,=CN 24.0 24.2 25.0 255 22.3 24.5 20.3
R, =NO; 24.3 24.2 25.1 25.3 22.7 24.4 20.8
Rs = CHs; Rs = NH, Rs = OH Rs=F Rs= CHO Rs=CN Rs= NO,
2,5-disubstitution R= CHjs 26.8
Rz = NHZ 26.3 25.5
R, =OH 25.1 28.0 31.9
R=F 25.5 26.8 27.7 28.5
R,=CHO 21.9 17.9 20.8 23.2 21.8
R,=CN 22.5 18.7 21.9 23.9 21.9 21.7
R, =NO, 21.1 16.7 20.9 23.6 22.0 21.8 22.7
R;=CHgs R4 = NH, R,=OH R,=F Ry,= CHO R,=CN Ry= NO;
3,4-disubstitution R= CHj 29.4
R3; = NH; 30.1 294
R;=OH 28.7 31.2 29.1
Rs;=F 30.0 29.9 30.6 30.0
R;=CHO 26.5 315 315 27.5 23.1
R3=CN 28.8 31.1 311 29.4 26.5 27.7
R3 = NO; 26.2 31.9 31.0 26.6 23.6 24.1 22.7
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TABLE 4. Energetic Analyses of the Captodative Effects in (a) 40
Hexatriene Electrocyclization (the unit for all the energies is
kcal/mol)
. r=-0.7402
C1-C6 351
distance
hexatriene AG* Eexra AGreactant AGuansition (au) NICS
1-NOr2-NH, 364 9.8  10.1 0.3 2.204 —10.56 30+
1-NO,-3-NH; 28.0 —1.9 —-0.5 1.5 2.264 -—14.67
1-NO,-4-NH, 30.6 0.7 5.1 4.5 2.234 —12.48 *(D
1-NO,-5-NH, 26.3 —0.3 0.3 0.6 2.263 —13.11 < 254
1-NO»-6-NH, 294 -—-1.1 5.0 6.2 2.331 —-10.72
2-NOx-1-NH, 34.5 9.4 9.1 -0.3 2.200 —11.73
2-NO»-3-NH, 20.4 —4.1 —-1.1 3.0 2.324 —13.28 204
2-NOx4-NH; 24.2 —-0.3 2.0 2.3 2.261 —14.59
2-NOx-5-NH; 16.7 —4.5 0.1 4.5 2.318 —11.46
2-NO»-6-NH, 25.4 0.3 2.1 1.8 2.307 —12.48
3-NO»1-NH, 275 1.8 2.1 0.4 2.280 —13.51 15 - - - -
3-NOr2-NH, 236 1.8 3.6 1.8 2.369 —12.93 215 220 225 230 235 240
3-NOx-4-NH, 31.9 6.8 6.6 -0.2 2.173 —13.86 C1_CG Distance
3-NO»-5-NH, 20.8 —1.0 —-0.4 0.6 2.302 -—13.66
3-NO»-6-NH, 27.6 1.9 7.2 54 2.282 —11.96 (b) 40
aNICS value of the transition state.
r=0.2981 .
35 °
A A A °
DA A D [ 30 °
| _ | | |
D 7 " . °
D D Q)
Extraordinarily rapid electrocyclization Q 251 b
[ ]
D = Electron donor substituent 1
A = Electron acceptor substituent °
20 - b
FIGURE 2. The substitution patterns that produce captodative
acceleration effect on the electrocyclization. L]
15 T T T T T T T T T
two captodative cases (i.e., 1-B3-NH, and 1-NQ-6-NH,) -5 -4 -3 12 1 -10

NICS of Transition State

FIGURE 3. The correlations between the free energy barriers of the
reactions and the CiC6 distances (a) or the NICS values (b) of the
transition state.

have relatively higher energy barriers because substituents at
the 1-position tend to decelerate the cyclization reaction due to
the steric effects.

Nonetheless, it is clear from Table 4 that not all the
captodative substitution patterns would provide a neg&ive
value. This means that captodative substitution does not alwaysTABLE 5. Energetic Analyses of the Effects of Two Electron
promise an extra acceleration effect on electrocyclization. To Acceptors in Hexatriene Electrocyclization (the unit for all the
understand this behavior, we decide to calculate the free energy?"'9'¢s 1S keal/imol)

changes for the following two isodesmic reactions (data shown  hexatriene AG* Eextra AGreactant  AGrransition
in Table 4)20 2-NO-3-NO;, 30.2 10.7 -0.3 —11.1
2-NO,-4-NO, 20.8 1.3 -3.9 -5.2
HoN N on 2-NO,-5-NO, 22.7 3.8 -1.8 -5.6
A 2 2 3-NO-4-NO;, 22.7 2.6 -12.2 —-14.9
E>\ + | o AGeactant @ + @ 2)
Z e = =
O,N
’ between the two adjacent substituents). This means that the
HZ"{a\ HoN ON_ donor and acceptor have affinity with each other, and it is
[>/ + [ _AGuansiton @ * Q/j &) energetically unfavorable to separate them. More importantly,
ON = > due to the change of the way that electrons are conjugated, the

affinity between the donor and acceptor changes from the

The free energies describe how the two substituents interactreactant state to the transition state. In some cases, the affinity
with each other in the starting material and transition state of becomes stronger in the transition state, such as the case of
hexatriene electrocyclization. If the value is negative, it is an 2-NOx-5-NH; (AGieactan= 0.1 kcal/mol, AGyansition= 4.5 kcal/
energetically favorable process to separate the two substituentsmol). This is when the captodative substitution produces an extra
Conversely, if the value is positive, it is energetically unfavor- acceleration effect on electrocyclization. On the other hand, in
able to separate the two substituents. some cases, the affinity becomes weaker in the transition state,

According to Table 4, in almost all the cases, h@eactant such as the case of 1-NQ-NH; (AGyeactant= 10.1 kcal/mol,
and AGyansition Values are positive (NoteAGreactantfor 2-NO,- AGrransiion = 0.3 kcal/mol). This is when the captodative
3-NH, is negative probably because of the steric repulsion substitution produces an extra deceleration effect on electro-
cyclization. Thus, although it is almost always energetically
unfavorable to separate a donor substituent from an acceptor

(20) Hoffmann, R.; Stohrer, W. DI. Am. Chem. Sod.971, 93, 6941.
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FIGURE 4. Activation free energies for the facile electrocyclizations that have been accomplished experimentally.

substituent in a molecular system, whether captodative substitu-are always positive. This means that the acceleration effect of
tion produces an extra acceleration effect on the overall reactiontwo acceptor groups together is lower than the sum of their
depends the change of affinity between donor and acceptor fromindividual acceleration effects. Nonetheless, because in some
the reactant state to the transition state. cases theqa Value is close to zero (such as in the case of

In addition to the energetic analyses, we have also examined2-NO,-4-NO), the overall acceleration effect by two acceptor
some other possible explanation for the captodative effects.groups (which individually can lower the electrocyclization
These include (1) the relationship between the energetic andenergy barrier by up to 6 kcal/mol) is still pronounced.

geometric properties, and (2) the relationship between the  Furthermore, it is interesting to note that th&eactaniand
energetic aqd magngtu: pfOpefFIF!S- Thus, we have calculatedAG,,,.siion Values in Table 5 are all negative. Consequently, it
the C1-C6 distances in the transition state for all the compounds g always an energetically favorable process to separate two
listed in Table 4. We have also calculated the NICS (Nucleus acceptor groups in a molecular system. For the electrocyclization
Independent Chemical Shifts) valdésor the transition state  of hexatrienes, thaGyansiionvalues for two acceptor substituents

in order to learn their aromaticity. The correlations between the 516 more negative thamGreactant Thus, the two acceptor
free energy barriers of the reactions and the-C6 distances  gypstituents repel each other more strongly in the transition state
or the NICS values of the transition state are shown in Figure han in the starting material. This explains why the acceleration

3. From the correlations, it can be seen that the free energyeffect of two acceptor groups together is lower than the sum of
barriers exhibit a negative correlation with the-&6 distance. the acceleration effects produced by them individually.

This indicates that a lower barrier corresponds to an earlier
transition state, while a higher barrier corresponds to a later
transition state. Nevertheless, because the correlation coefficien
(r value) is only—0.7402, the relationship between the energetic

and geometric properties is only modest. From Figure 3, it can
also been seen that the energy barrier of the electrocyclization
reaction has a positive correlation with the NICS value of the
transition state. This is easily understandable because a mor

3.6. Experimental Implications. From the above calcula-
{ions, it can be envisaged that extremely rapid-edectro-
cyclization under mild conditions is easily attainable by strategic
captodative substitution. To further illustrate the concept, the
activation free energies of the facile electrocyclization reactions
reported by Magomedov et #land Funk et at! are calculated
e(see Figure 4). Assuming that these free energies do not change

negative NICS value suggests a higher degree of electronWith temperature significantly and hoping that the reaction can

. . . .. 1 0, 1 i
delocalization. Nonetheless, because the correlation coefflclentbe almost completed (i.ez80% conversion) in about an hour,

is only 0.2981, we have to conclude that the relationship between W€ estimate that the desirable reaction temperatures should be
the enefgetic'and magnetic properties is very weak 0 and 61°C for the two electrocyclization reactions, respectively.

3.5. Concerning Hexatrienes with Two Electron Acceptors The first prediction is in excellent agreement with the experiment
As aforementioned, some hexatrienes with two electron accep-becausﬁ_ Lh% etlect:)troi:oglllg?_trl]on by I(\j/lagogjtidg\; et al.twas
tors also exhibit extraordinarily low activation free energies. "J!CCO”‘E'S €d at about fL. € second predicted temperature
To understand why this occurs, we have calculatedBhiga (i.e., 61°C) is relatively lower than the experimental temperature

AGreactant aNdAGyansiionvalues for representative bis-acceptor (1-€-» 110°C) reported by Funk et at

systems (See Table 5) As seen from Table 5,Bhga values It is worth nOting that, in both MagomedOV’S and Funk’s
experiments, an electron acceptor was placed at the 2-position

(21) Schleyer, P. v. R.; Maercker, C.; Dransfield, A.: Jiao, H.; Hommes, while an electron donor was placed at the 3-position. This pattern
N. J. R. v. EJ. Am. Chem. S0od.996 118 6317. of captodative substitution is in excellent agreement with our
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predictions shown in Figure 2. Thus, using the theoretical tools 5. By comparing with the experimental results from the recent
developed in the present study, we can predict not only how to synthetic applications of hexatriene electrocyclizations, we
accelerate the hexatriene electrocyclization via substituentdemonstrate that the theoretical tools developed in the present
manipulation but also under what conditions each particular study can be used to predict not only how to accelerate the
electrocyclization can be accomplished in the real experiment. hexatriene electrocyclization via substituent manipulation but

also under what conditions each particular electrocyclization
4. Conclusions can be accomplished in the real experiment.

In the present study, we try to learn how to use captodative  Finally, after demonstrating that extremely facile electro-
substitution to promote the sluggish hexatriene electrocycliza- cyclization is not something nature forbids, we wish to note an
tion. A two-layer ONIOM method is developed, and its accuracy interesting and important problem that has not been discussed
in predicting the activation free energy of electrocyclization for above. That is, how can a hexatriene ever be synthesized in
substituted hexatrienes is determined to be around 1.0 kcal/molreality if it can undergo very rapid electrocyclization? Clearly,
by comparison to the known experimental data. Using this the elegant work by Magomedov et al. has already provided an
carefully benchmarked method, we have calculated the activa- answer, where an unstable hexatriene could be produced in situ
tion free energies for a huge variety of mono- and disubstituted g supsequently utilized to accomplish the predesigned reac-
hexatrienes. Our new findings are summarized as follows:  tion | Magomedov's study, the unstable hexatriene was
c 11' dFor the tmonotsubs.tltu.tf(.ad htex?;rlg[nes, twono;sub?tltt#tlon "’lltproduced through the addition of a vinyl anion to cyclobutenone,
6 elggtsrorc]:ocl'exaetror? S'?‘g’r;c;sn meoneocs (t))r;t't ?.org 2t002 grm(]:% followed by a charge-accelerated four-electron ring opening.

v-electrocyclization, w NonoSUbSttut .~ Other possible approaches, especially the recently popularized
rr?ay S|gn|f||cantly d%crease the I? ctll\;atloln free energy of heanenetransition-metal-catalyzed cross-couplings, can also be utilized
electrocyclization by up to 6 kcal/mol. - N i

2. Extraordinarily rapid electrocyclization can be observed to construct an unstable hexat_rlene in situ from s_table buﬂdl_ng

blocks. Furthermore, we envisage that, by using protection

for certain captodative disubstituted hexatrienes, including .
2-acceptor-3-donor hexatrienes, 2-acceptd-donor hexatrienes, = 9rOUPS to convert a less electron-donating group (e:@COR)

and 3-acceptor5-donor hexatrienes. The activation free ener- 0 @ more powerful electron donor (e.g:0") or by using Lewis

gies for these systems are up to 10 kcal/mol lower than that of cid to convert a modest electron acceptor (in particular, a

unsubstituted hexatriene. Therefore, their electrocyclization can ¢arbonyl) to a stronger one, one may also be able to trigger the

be accomplished readily even at room temperature. electrocyclization of an otherwise unreactive hexatriene. Since
3. However, not all the captodative disubstituted hexatrienes most of these have not been examined in the past, it appears

have low activation free energies in electrocyclization. In fact, that more efforts are needed to appreciate the full potential of

electrocyclization of some captodative disubstituted hexatrieneshexatriene electrocyclization in organic synthesis.

may be even slower than that of the unsubstituted hexatriene.

On the other hand, some hexatrienes with two electron acceptors Acknowledgment. This study was supported by NSFC (Nos.

may be electrocyclized extraordinarily rapidly. 20332020 and 20472079).
4. The mechanism for the captodative effect on hexatriene

electrocyclization can be understood by calculating the affinity
between the donor and acceptor group in the reactant state an
transition state of the reaction. If the affinity is stronger in the

transition state, captodative substitution will produce an extra
acceleration effect. JO060885I

d Supporting Information Available: Detailed optimized ge-
ometries and detailed energies. This material is available free of
charge via the Internet at http:/pubs.acs.org.
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