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Electrocyclic ring-opening and -closing reactions between cy- Scheme 1. Synthesis of cis-Boryl-Substituted Vinylallenes 2a and
a

clobutene derivatives and conjugated dienes have been a source of
continuing interest. Both thermodynamic and kinetic properties  pp ap MesSn__Ph Ph o
I‘I — I 7\ 4 :~:

—_—

of the reactions change according to the structural variation with B(pin) = B
additional unsaturation. Cyclobutene undergoes a thermal ring- o
opening reaction in gas phase at temperatures ranging from 130 to

(pin)B R/ Blpin)

1 2a(R=H
175°C, producing 1,3-butadiene, which is thermodynamically more 22 ((R = M)e)
stable than cyclobuterfeOn the other hand, 1,2,4-pentatriene- aReagents and conditions: (a) Ma—B(NEt),, Pd(PPh)s, benzene,

(vinylallene) and methylenecyclobutene possess comparable ther4o °C. (b) Pinacol, room temperature (90%, two steps). (c) Propargyl

modynamic stabilities such that thermal treatment produces anbromide, PhCHPdCI(PPR),, Cul, DMF, room temperature35 °C (2a

equilibrium mixture of them (eq B* 45%); 3-chloro-1-butyne, PhGRdCI(PPh),, Cul, DMF, room tempera-
ture—35 °C (2b 11%)).

7\ _827498°C ;] (1) Scheme 2. Synthesis of trans-Boryl-Substituted Vinylallene 42
7 SnMe, /_{’i
a, b . c,d 7 )
On the basis of theoretical calculation, de Lera et al. suggested Vo.Si Zz NN T VA N—g(pin) =~ J \—(pin)
that introduction of a methyl group at the vinylic terminus of a " MesS, 3 4

vinylallene re_nders the ring-closed methylen_ecyclobutene the aReagents and conditions: (a) M B(NEt)s, Pd(PPE), toluene,
thermodynamically favored fori?.We have described the remark-  oom temperature. (b) Pinacol, room temperature (52%, two steps). (c)

able effects that silyl substituents have on the electrocyclization of lodobenzene, PhGIRACI(PPB)2, Cul, DMF, 90 °C (24%). (d) NaOH,
vinylallenes36 A silyl substituent at the vinylic terminus stabilizes ~MeOH (16%).
the ring-closed product and, in particular, lowers the temperature ejectrocyclization oRa were investigated. A dilute solution @&
required for the ring closure to 1FC. Recently, Sato et al. reported  \yas heated over the temperature range B2D°C in a sealed NMR
that a titanium-substituted vinylallene formed as a reaction inter- tpe, and the conversion to product was determine#-b)NMR.
mediate underwent a unidirectional ring-closing reaction even at 0 The reaction was shown to be first orderds, and the rate was
°C."8Herein, we report the dramatic effects that a boron substituent descriped by the Arrhenius equatibrs 10114 exp(—26.8RT) sL.
exerts on electrocyclization of vinylallenes together with the  The transisomer4 also underwent ring-closure, leading 3a
electronic interpretation. unidirectionally (eq 3). However, the reaction was much slower
5-Borylpenta-1,2 4-trienes were chosen as the reaction substrateshan that of2a. An Arrhenius plot provided activation parameters
Cis- and transisomers2 and 4 were synthesized as shown in = 10136exp(~33.2RT) s It is of note that the activation energy

Schemes 1 and 2, respectively. The palladium-catalyzed stannafor 4 is 6.4 kcal/mol greater than that of tisées-isomer2a.
boratior? of phenylacetylene with stannylborane afforded ¢iee

adductl stereoselectively. Subsequent palladium-catalyzed coupling Ph Ph logA = 13.6

at the vinyltin moiety ofl with propargyl bromide produced the NB(pin) ;( E, = 33.2 keal/mol 3)
cisisomer 2a. Vinylallene 2b was synthesized in an analogous 7 B(pin)

manner. 4 5a

trans-Isomer4 was prepared from 1-(trimethylsilyl)penta-1,4-
diyne, which was subjected to the palladium-catalyzed stanna-
boration. Only the terminal acetylenic moiety reacted with the
stannylborane to give addu8t The phenyl group was introduced
by the cross-coupling reaction 8fwith iodobenzene. Desilylation
and isomerization under basic conditions affordedithrsisomer
4_10

Heating thecis-isomer 2a in xylene at 140°C affected the
electrocyclic ring-closing reaction in 3 h, providing the ring-closed

Ph
Ph
product 5a in 96% isolated yield (eq 2). The kinetics of the //_\< . );(Ph + potmers (4
7 Ph
N
~ 7

For comparison, the thermal reactivity of vinylalle6éacking
a boryl group was examined (eq 4). Self-dimerizatio by [4 +
2] cycloaddition occurred while being stored neat ever 3@ °C.
Only the [4+ 2] cycloaddition was observed in a xylene solution
up to 90°C. When heated at 14@ for 8 h, the electrocyclic ring-
closed produc® was formed in ca. 20% vyield (estimated Hyt
NMR) together with intractable polymeric compourids.

P

h Ph
J logA=11.4 6
Vi \ ) E, = 26.8 kcal/mol 2)
7" Bpin) B(pin) Thus, introduction of a boron substituent caused a dramatic
2a 5a change in the reactivity of vinylallene. It markedly facilitated the
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electrocyclic ring-closing reaction. Furthermore, a large difference
between the activation energies for ttie andtrans-stereoisomers

(63:37 at 120°C) (eq 5). The low selectivity observed suggests
that the terminal methyl group has a limited effect on the
torquoselectivity.

The products of the ring closure reaction have a doubly-allylic
boron substituent, which is a competent partner in allylation
chemistry. Wher2awas heated at 14%C in xylene (5 h) and then
at 80°C with benzaldehyde (48 h), sequential ring-closing reaction
and allylation took place, yielding homoallylic alcoHi® with high
diastereoselectivity (eq 6). The allylation occurs exclusively at the
endocyclic position obato avoid the formation of an antiaromatic
cyclobutadiene. Although the relative configuration was not
determined, we predict, on the basis of a six-membered cyclic
chairlike transition state, the major isomer as shown in eq 6.

OH

Ph
Ph

13 71% (dr = 17:1)

PhCHO
2a [5a |
xylene 80 °C

140 °C

©)

In summary, we have shown that boryl substituents have

was observed. These results can be understood by assumingyronounced effects on the ring-closing reaction of vinylallenes.

electronic participation of the vacant p orbital of the boryl
substituent, in accord with the prediction made by Houk for the
ring-opening reaction of 3-borylcyclobuteteThe vacant p orbital
interacts with the frontier orbitals of the transition states as an

These effects can be accounted for by considering electronic
participation of the vacant boron p orbital.

Supporting Information Available: Experimental details and

electron acceptor. Scheme 3 shows the second highest occupiedelected spectral data for new compounds. This material is available

molecular orbitals (SHOMOSs) of the transition stat&@sfrom
vinylallene 8 to methylenecyclobuten®, B from cis-borylvinyl-
allene 10 to borylmethylenecyclobutengl, and C from trans
borylvinylallene12 to 1113 A significant part of the SHOMO of
A is concentrated along thebond axis developing between C2
and C5, which is still distorted as exemplified by the schematic
depiction!* With the SHOMOs ofB and C, there is extensive
mixing of the distortedr-orbital with the vacant p orbital of boron.
This mixing leads to a stabilizing two-electron interaction and thus
results in stabilization of the transition states. Furthermore, the
mixing of the distortedr-bond with the boron p orbital is greater
at B than that atC, because the boron p orbital Bfis in much
closer proximity to the orbital sketched on the remote C2. Therefore,
the reaction of theis-isomer is more accelerated than that of the
transisomer.

If the allene terminus is unsymmetrically substituted, torquose-
lection would be transferred to the stereochemistry of the ring-
closed product?

r}h

The ring-closing reaction of vinylallerzb having one methyl group
at the allene terminus furnished a mixture 8j-(and €)-isomers

Ph
7 \/> _120°C \;[
7 B(pin) B(pin) B(pin)
2b (2)-5b (E)-5b

63:37

free of charge via the Internet at http://pubs.acs.org.

References

(1) Durst, T.; Breau, L. IlComprehensie Organic SynthesiSrost, B. M.;
Fleming, I.; Paquette, L. A., Eds.; Pergamon Press: Oxford, 1991; Vol.
5, pp 675-697.

(2) Cooper, W.; Walters, W. DI. Am. Chem. S0d.958 80, 4220.

(3) (a) Gil-Av, E.; Herling, J.Tetrahedron Lett1967 1. (b) Pasto, D. J.;
Kong, W.J. Org. Chem1989 54, 4028.

(4) A facile and unidirectional electrocyclization of vinylallenes has been
reported with retinoid series. (a) pez, S.; Gara Rey, J.; Rodguez, J.;
de Lera, A. RTetrahedron Lett1995 36, 4669. (b) Lpez, S.; Rodguez,

J.; Garta Rey, J.; de Lera, A. R. Am. Chem. S0d996 118 1881 and
references therein.

(5) Murakami, M.; Amii, H.;
1995 34, 1476.

(6) For the effect of silyl substitution on the ring-opening of cyclobutenes,
see: (a) Murakami, M.; Miyamoto, Y.; Ito, YAngew. Chem., Int. Ed.
2001 40, 189. (b) Murakami, M.; Miyamoto, Y.; Ito, YJ. Am. Chem.
Soc.2001, 123 6441. (c) Lee, P. S.; Zhang, X.; Houk, K. BL.LAm. Chem.
Soc.2003 125 5072.

(7) Delas, C.; Urabe, H.; Sato, B. Am. Chem. So001, 123 7937.

(8) Hietbrink and co-worker reported on a theoretical study of titanated
vinylallenes: Shen, Y.; Hietbrink, B. NAbstracts of Papers227th
National Meeting of the American Chemical Society, Anaheim, CA, March
28—April 1, 2004; American Chemical Society: Washington, DC, 2004;
ORGN 293.

(9) Onozawa, S.; Hatanaka, Y.; Sakakura, T.; Shimada, S.; Tanaka, M.
Organometallics1996 15, 5450.

(10) Alternatively, theransisomer4 could be obtained as a separable mixture
with 2a (45:55) by photochemical isomerization of this-isomer2a

(11) Schneider, R.; Siegel, H.; Hopf, Hiebigs Ann. Chem1981, 1812.

(12) The computational study by Houk predicted exclusive inward rotation
for the boryl group of 3-borylcyclobutene during the thermal ring-opening
reaction as a result of electron delocalization from the transition state
HOMO to the vacant boron p orbital. Rondan, N. G.; Houk, KJNAm.
Chem. Soc1985 107, 2099.

(13) Frontier molecular orbitals were generated with restricted Harffeek
calculations with the 6-31G(d) basis set using Spartan.

(14) The transition state HOMO is essentially the bondingrbital of the
C1-C2 double bond.

JA046429Y

Itami, K.; Ito, Y.Angew. Chem., Int. Ed. Engl.

J. AM. CHEM. SOC. = VOL. 126, NO. 35, 2004 10839



