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Abstract: The solvent effect of phenols on the reactivity and periselectivity for the pericyclic
reactions of L,_yuupt‘;ulaulcui)ucs with olefins i lllVUlVlHV LUII_’UEdlCU medium- i'il_g p()iy nes has been
investigated. The use of phenols as a solvent accelerates the reaction rates of cvcloadditions of
cyclopentadienones with nonactivated olefins. In the reaction of cycloheptamene in p-chlorophenol,
the exo [4+6]n cycloadduct was produced predominantly, in which a 15-fold increase of the reaction
rate was observed as compared with that in benzene. The [3,3]-sigmatropy and decarbonylation of the
i oy ralandds ara alon ansalacatad mhannle Tl gy Rpiguipiy PRO-rp | SR,

priiiiary \,yuuauuubm WEIe aisd accaicraica Uy pucl'lul:a e pU:blUlC role of puulum is discussed on

the basis of kinetic and molecular orbital (MO) calculation data. © 1999 Elsevier Science Ltd. All rights reserved.

Pericyclic reactions normally show only small solvent rate effects because the reactions proceed through a
mechanism which involves very little change in charge separation between the ground state and the transition
state.'® Therefore, pericyclic reactions in polar solvents have been considered to be unfavorable because of higher

activation energies than those in nonpolar solvents due to additional desolvation energies of the reactants.
Recently, remarkable accelerations of some Diels-Alder (DA) reactions in aqueous so!ut;ons have been reported,

the hydrophobic effect is of principal importance.'™ Hnwever “the h

expected for dienes like cyclopentadienones because active cyclopentadienones such as 2,5-bis
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(methoxycarbonyi)-3,4-diphenyicyciopentadienone (1a) react with hydroxylic solvents to give the corresponding
1,4-adducts.?

During the course of the studies of pericyclic reactions of olefinic xanthates, we found that the presence of a
large excess of a phenol * altered the reaction mechanism or significantly accelerated the reaction rate (Scheme 1).
Based on these findings together with the fact that the ortho-Claisen rearrangement of allyl p-tolyl ether is
accelerated by phenols,* we have undertaken a study of the pericyclic reactions of cyclopentadienones with
unsaturated compounds in phenolic solvents. °

This paper describes the overall aspects of the solvent effects of p-chlorophenol (PCP) on the cycloadditions of
some 2,5-disubstituted-3,4-diphenylcyclopentadienones with various olefins involving conjugated medium-ring
polyenes and the subsequent pericyclic reactions of the cycloadducts.®

Results
Cycloadditions with General Olefins  The solvent effect of PCP on the cycloadditions of 1a with various
olefins which have no electron-attracting functional groups in conjugation with a C=C bond was studied. The

ing of the reaction time was observed in each case. With

Table 1. Cycloaddition of 1la with Various Nonactivated Olefins in Benzene and PCP.

olefin solvent temp. (°C) time (h) yield (%) ref,

styrene (2a) benzene r.t. 6 96(endo: exo=11:1) 8
pPCP r.t. 1 91(endo: exo=4: 1)

2,4-hexadience (2b) benzene 60 12 83 3
PCP 60 3 79

bicyclo[2.2.1Thepta-2,5-diene (2¢) benzene 40 1 96 8
PCP 40 0.5 94

cyclohexene (2d) benzene 80 48 0
none 80 48 6l(endo: exo=2: 1) 5
PCP 80 72 88(endo: exo=1: 1)

1,5-cyclooctadiene (2e) benzene 80 8 86 7
PCP 80 3 95

cycloheptatriene (2f) benzene 60 48 99 11
PCP rt 96 96

bicyclof2.2.1Thept-2-ene (2g) benzene 40 2 89 8
PCP 40 1 87

In PCP, the yield of the exo cycloadducts increased comparison with those for benzene (see the reactions with
2a and 2d).

Rate Study The pseudo-first-order rate constants of the reactions in PCP at 40°C were obtained by
following the disappearance of the visible absorption of 1a using UV/Vis spectroscopy. The rate constants and
relative rates (Kpcp/Kpenzene) fOr the unsaturated compounds are summarized in Table 2. The rate enhancements



more than 10-fold were observed in the reactions with 2b and 2f. In dienophiles like 1-octene (2h), cyclooctene
(Zi) and 2a, an average of 5-fold rate enhancement was observed on changing the solvent from benzene to PCP.

Table 2. Pseudo-first-order Rate Constants (k) for Cycloadditions of 1a with Dienophiles in Benzene and PCP at 40 °C.

k¥x 105 (sec’)) HOMO
dienophile kpcplkpenzene level )
in benzenc in PCP (eV)

2a 323.3 1453 4.5 -9.129
Zh 7.28 97.4 i3.4 -8.916
2¢ 193.5 1695 8.8 -9.655
2d 0.046¢) 0.37 8.0 -9.593
2e 0.3729 2.07 5.6 -9.650
2f 3.26 475 14.6 -8.952
2g 37.66 275.4 7.3 -9.655
2h 3.14 19.56 6.2 -10.150
2i 232 12.59 5.4 -5.785

a) One hundred equivalents of dienophiles were used at 40°C. b) Calculated by PM3.
¢) Estimated from the rate constant at 80°C. d) The 1:2 adduct was produced in 8% yield.

To know the effect of PCP on the cycloadditions, the activation parameters for the ¢cycloaddition of 1a with Z¢
were measured in benzene and PCP solvents (Table 3). The activation entropies for benzene and PCP are -35 and
-36 e.u., respectively. The lowering of the activation energy on changing the solvent from benzene to PCP is 1.4

kcal/mol, in harmony with the increase of the observed cycloaddition reactivity.

Table 3. Activation Parameters for the Reaction of 1a with 2c in Benzene and PCP.2

solvent Ea (kcal/mol) AS* (e.u.)
benzene 11.8 -35
PCP 10.4 36

a) The relevant rate constants are collected in Table 9.

The rates of cycloaddition of 1a with 2¢ were found to be affected by the hydrogen-bonding power of
solvents, which can be judged from the rate response to the change of Y-values for phenol-benzene solvent
system ? and the substituent effect of phenols (p-cresol < phenol < PCP) (see Table 4).
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Table 4. Pseudo-first-order Rate Constants (k) for Cycloadditions of 1a with 2¢ in Phenol-Benzene Solvents at 40°C.,

ArOH (W/W%) kx 103 (sec’h) Y value

20% Phenol 4.33 -0.711
30% Phenol 477 -0.192
50% Phenol 5.22 0.425
70% Phenol 5.77 1.101
%0% p-Cresol 5.23

0% Phenol 6.05 1.427
90% PCP 6.50

Double Diels-Alder Reaction  The cycloaddition of 1a W'th 2e gave the DA adduct.” Thermolysis of the
DA adduct at 170°C for 10h gave the double Diels-Alder (DDA) adduct (5ae) via the decarbonylated DA adduct

(4ae). Heating a solution of 1a and 2e in PCP at 120°C for 12h gave the Sae in a one-pot procedure via three-
step sequential pericyclic reactions which invoives intermolecular DA reaction, decarbonylation and intramolecuiar
DA reaction (Scheme 2). This reaction occurred at a temperature ca. 50°C lower than that performed without
solvent. A rough estimation of the decarbonylation rate based on the half-lives of 3ae in PCP and o-dichloro-

benzene indicates that the decarbonylation is over 30-fold faster in PCP than in o-dichiorobenzene.

— [ N
Z Z UL‘-I Lenie rt
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3ae

64% | 120°C for 12n 170°C [\

The cycloadditions of 1a with both conjugated and nonconjugated linear dienes (2b, j-I) gave the endo DA
adducts (3ab, aj-al). '° The reaction conditions for the formation reaction of DDA adducts (Sab, aj-al) are
summarized in Scheme 3 and Table 5. As shown in Table 5, the reaction occurred at a temperature ca. 40-60°C
lower than that performed without solvent. The rate enhancement of the decarbonylation reaction was also

observed in PCP solvent.
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Table 5. Reaction Conditions for Formation of DDA Adducts (Sab, aj-al) from DA Adducts (3ab, aj-al).

DA adduct solvent temp. (°C) time (h) yield (%) ref.

3ab none 2102 48 77 (5ab) 10
PCP 150 48 75

3aj none 1702) g 64 (5aj) 10
PCP 120 9 53

3ak none 200 24 63 (5ak)
PCP 150 20 75

3al none 150 8 70 (5al) 7
PCP 110 9 63

a) Lowering of the reaction temperature afforded the [3,3]-sigmatropic rearrangement product (see Scheme 6).

Pericyclic Reactions of Conjugated Medium-ring Polyenes  To clarify the effect
periselectivity of conjugated medium-ring polyenes, we examined the cycloaddition o

LN

of 1a with 2f in benzene at 60°C afforded a 1:1 mixture of the exo [4+6]n cycloadduct (6af) and endo [2+4]n

cycloadduct (7af) derived from the [3,3]-sigmatropic rearrangement of the primary endo [4+2]n cycloadduct
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Scheme 4
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than in benzene. The effect of PCP on the periselectivity is worthy of note. The endo [4+2]r cycioaddition
virtually disappeared at a sufficiently high concentration of PCP. The 6af:7af ratio was 98:2 (total yield 96%).

The reaction behavior toward conjugated medium-ring polycnes having an electronegative functional group
was quite different from that of 2f.
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In connection with this reaction, the reaction behavior of 2 5-dicthyl~3 ,4-diphenyicyclopentadienone (1b) was
examined. The cycioaddition of b with 2m (5 eq) in benzene ® afforded an equilibrium mixture of 6bm, the
[3,3]-sigmatropic rearrangement product (7bm) of 6bm and the starting materials (Scheme 5). PCP hindered the

cycloaddition, requiring a 2.5-fold longer reaction time in comparison with that in benzene. However, PCP

enhanced the [3,3]-sigmatropic rearrangement of 6bm to give 7bm, i.e. the endo[2+8]r cycloadduct . When

6bm was dissolved in PCP at 80°C, the immediate coloration was observed, indicating that PCP also enhanced
the retro-[6+4]-cvcloaddition reaction.

ano—

in benzene at 80°C gave a 1:5 mixture of the exo [4+6]r cycioadduct (6an) and endo [2+4]n cycloadduct
(7an).'? The cycloadduct (7an) has been considered to be derived from the [3,3]-sigmatropic rearrangement of
the endo [4+2]n cycloadduct (3am) (see Scheme 5). In PCP, the cycloaddition reaction was decelerated but the

yield of the exo cycloadduct (6an) increased.

Pericyclic Reaction of Acyclic Conjugated Diene  Heating a toluene solution of the cycloadduct (3aj) of 1a
and 2j at 100°C for 24h gave the [3,3]-sigmatropic rearrangement product (7aj) in 33% yield. ' In PCP, the
yield of 7aj increased to 64% even at 80°C for 8h (Scheme 6). In comparison with the [3,3]-sigmatropic
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Scheme 6

Cycloaddi ophiles bearing Carbonyl or Hydroxy group  In the cycloaddition with dienophiles
bearing carbonyl or hydroxy group which can make hydrogen bond with phenols, the rate retardation was
observed. For example, the rate for cycloaddition of 1a with viny! acrylate (20) was 7.1-fold faster in benzene
than in DOP (Qrhama 7Y
LhHiAL: 111 1 i \\Jbllblllb i ].
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Next, we examined the cycloaddition reaction of 1a and cinnamyl alcohol (2p), in which the DA adduct (3ap)
transformed to the corresponding phthalide derivative (8ap) '* via intramolecular attack of the hydroxy group at
the strained bridged carbonyl carbon of the DA adduct (Scheme 8). The TH-NMR and UV/Vis spectral studies 14
on the products derived from the reaction in benzene indicate that the 1,4-adduct (9ap) was produced (ca. 50%

yield). Th reaction in PCP resulted in exclusive formation of 3ap which immediately transformed to 8ap.

imilar reaction hbehavior was ohserved in the cvcloaddition of 1a with allvl alcohol in PCP (k. Jk ... =4 N 15
miiar reaction behavior was observed 1n the cycloaddifion of 1a with ally! alcohol CEP (KoweneKpcp=4-1).
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Scheme 8 8ap
Visible Absorption Spectra of 1a,b in PCP The visible 2 \ \
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Figure 1. Visible Absorption Spectra of 1b

L

in benzene (a) and PCP (b).



NMR Spectra of Complexes of 1a with Phenols  To know the structure of the hydrogen-bonded 1a, the
NMR spectroscopic study was performed using PCP and p-nitrophenol (PNP). The shifts of the carbon chemical
shifts of 1a due to the hydrogen bonding to the oxygen atoms are summarized in Table 6.

Tablc 6. NMR Spectroscopic Data®) for 1a, 1b, 1a+PNP, 1b+PNP and 1a+PCP.

TH-NMR, 3 [ppm] I3C-NMR, & [ppm]
mole ratio of
CP/Phenol’s -OH -OMe -OMe ester C=0 enone C=0
1la : PNP®
1 0 : 3.72 51.6 161.9, 162.1 190.2
[ B 1 374 52.8 163.2, 1639 1911
1 3 3.75 53.0 163.5, 164.7 191.4
1 5 3.75 52.4 163.0, 164.0 191.4
1b PNPD)
1 0 203.6
1 1 205.2
1a pCpe)
1 : 0 5.24 3.73 51.6 161.9, 162.1 190.2
1 1 5.91 3.73 52.3 162.7, 163.3 191.0

The cyclopentadienone 1a has five oxygen atoms to make hydrogen bond with phenols. The *C-NMR spectral
data indicate that when a small amount of a phenol is used, the phenol forms hydrogen bonds with the ester

carbonyl (1.9 ppm) and an increase of the phenol concentration causes exhaustive

hydrogen bondings with the

oxveen atoms
oxygen atoms
(fr Ar\(l-) 0 A.’-‘Q
H 0.9%¢ ].2)IH H Ar y !
v\ Q 4 18019 TA
AN N
.“n%\(j N\ O -Me Et- Et
PN T 208 hAYa
H P Ph N . P Ar=NO2CgHs
Ar’O O‘AI’
ia ib

Figure 2. Chemical Shift Differences of 1a and 1b due to Complexation with PNP (1:1 mixture) .

The shifts for the 1:5 mixture are given in parentheses.

Molecular Orbital Calculations To know the cycloaddition reactivity of cyclopentadienones, MO
calculations on the parent cyclopentadienone (CP), 1a and their PCP complexes [1:3 and 1:5 complexes (la-
3PCP and 1a-5PCP) ] were carried out using the PM3 method. '7® The frontier molecular orbital (FMO) energies
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and coefficients are summarized in Table 7. The LUMO energy ievel of 1a is very low, indicating that 1a
participates in an inverse-type cycioaddition in Sustmann's classification for cycloadditions. ® In actual reactions,
as a large amount of PCP is used, all the oxygen atoms of 1a are considered to form hydrogen bonds with PCP.
The PM3 calculation indicates that hydrogen bonding of five molecules of PCP to 1a (1a-5PCP) lowers the
LUMO energy level by 0.73 eV, in which the difference in the LUMO coefficients of the reaction site (C, and C,)

between 1a and 1a-5PCP is small.

Table 7. FMO Energies and Coefficients of CP, CP-PCP, 1a, 1a-3PCP and 1a-5PCP Calculaied by PM3.2)
CcPp CP-PCP la 1a-3PCP 1la-5PCP
Orbital energies
HOMO LUMO HOMO LUMO HOMO LUMO HOMG LUMO HOMO LUMO
-998  -1.10 -10.30  -1.50 -1046 -1.72 -11.12 241 -11.09  -2.45
Coefficients
C, -0.566 0.418 C; 0566 -0.399 Cy -0460 0417 C, 0536 -0.369 C; 0524 -0.393
C, -0.424  -0.412 C, 0420 0414 Cy -0.333 -0.428 Cy; 0379  0.396 Cy, 0356 0.439
Cy -0.425 0409 Cy -0.287 0.423 Cy -0.375 0435
Cy -0.568 -0.397 Cy -0411 -0.389 C; -0.558 -0.388

a) Energies are given ineV.
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molecules hydrogen-bonded to the ether oxygen atoms. The approach of dienophiles is only allowed from the
cavity formed by the three PCP molecules bonded to the three carbonyl oxygens.

To know the degree of TS stabilization due to the hydrogen bonding, the transition structures for the
cycloaddition reactions of CP with ethylene in the presence of H,O or PCP were calculated. The obtained heats of
formation and reaction barriers are shown in Table 8 and the TS geometries are depicted in Figure 4. The forming

C=C bond lengths are about 2.14 A in every case.

AU 4 . ant A .
1391 A 1.301 A DY A 18114
) 1.391 A . /
L ; K ;2140 A o e —

2143A % ¢ / Y - | %
Al o 216A N TN~ 2145A % goiapA S =Oo—

4 a70 A s oo A .
o 1373A N (! O i.8i9A & 1.380 A
CP-TS CP-TS-H,0 CP-TS-PCP
T 2 s N T STE AT
AAH=27.3kcal/mol AAH=27.1kcal/mol AAH=27.0kcal/mol
Figura A DM Calaulated Trancitian (Teamotrioc and Ranction Rarmiare for Madal Ranctione ~F D D LI M oo
TIEUIV T, DiViJoLaibiiaivd DI v WUeUimnv i vy anu RUabuitn Daniivid 101 VU Reatuutis Ul L, Lr-rigu 4iia
CP-PCP with Ethylene
Tahla 2 Iante nf Farmatinn nf the Ciraiindocrata and Teancitinn_ctata Crrmintneae far Madal Danctinne ~F D D IT. N 1 OD DD
1auUiv U. 1ivaild Ul 1 VIHITAUUR V1 UiV UL VUHUTWAL AU L TAHBILIUITES LAt Dtiutidied I IvIvdL RlaLuUund Ul L h, Lr-nu dild ur-rur
with Ethylene and the Ground-state Structures of 1a, 1a-3PCP and 1a-5PCP Calculated by PM3
Geometry AH® Geometry AH® AAHP
1S 1a Q7 8 GS 1a.5PCD 286 8
S id 27.5 LS 1a=Ji od LJ09.0
Ccp 10.6 CP-H,O -45.8
ethylene 16.6 CP-PCP -21.3
PCP -284 TS CP-TS 54.5 27.3
H>O -534 CP-TS-H,O -2.1 27.1
1a-3PCP -194.5 CP-TS-PCP 223 27.0

a) kcal/mol. b) AAH¢ = AHfTS- AHfGS.

Discussion

The UV/Vis absorption and NMR spectral data indicate that phenois make hydrogen bonds with the carbonyl
oxygen atoms of cyclopentadienones. The visible absorption spectrum of 1b in PCP showed a sizable blue shift
(31.6 nm), which corresponds to the stabilization of the ground state (GS) by 5.2 kcal/mol.'” In the cycloaddition
of cyclopentadienones with nonactivated olefins, the rate enhancement was observed although the ground state is
stabilized by the hydrogen bonding. This suggests that the transition state is more effectively stabilized than the
ground state by PCP. As stated above, the activation entropies for 1a in benzene and PCP are -35 and -36 e.u.,
respectively, indicating that the difference of freedom of motion between the ground state and the transition state
in PCP is almost the same as that in benzene. In the transition state, PCP probably still forms hydrogen bonds
with 1a in the same way as in the ground state. From these observations, the cycloaddition reactivity is
considered to depend upon the enthalpy of activation.
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Inspection of the heats of formation (AHy) of the model cycloadditions of CP and CP-PCP with ethylene
indicates (see Figure 4) that the reaction barrier (AAH,) in PCP is about 0.3 kcal/mol less than that without PCP,
in accordance with the trend observed in the reactions of 1a in benzene and PCP.

The PM3 calculations indicate that the LUMO energy level of CP is stabilized from -1.10 eV to -1.50 eV by the
hydrogen bonding with PCP and the LUMO energy levels of 1a, 1a-3PCP and 1a-5PCP are -1.72eV, -2.41eV
and -2.45eV, respectively. (see Table 7) The hydrogen bonding to the ester carbonyls plays an important role to
lower the LUMO energy.

At least in the cycloaddition with nonactivated olefins, the lowering of the LUMO energy of the
cyclopentadienones seems to be a main contributor to the rate enhancement. As can be seen in Table 2, any
dienophile having a higher HOMO energy level seems to be effectively affected by PCP, supporting that the
cyclopentadienones act as acceptors in the inverse-type cycloaddition. When a large excess of PCP is used in the
cycloaddition, PCP would form hydrogen bonds with all the oxygen atoms of 1a. Inspection of the most stable

ground-state geometry of 1a-5PCP indicates that the motions of the COOMe o
groups are unduly restricted by addition of PCP. In such a situation, the “"‘”’P

direction of the access of dienophiles is assumed to be strictly controlled. As 1
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exo DA adducts (see Figure 3).

Similar cycloaddition behavior was found in the pericyclic reaction of 1a v 3 ;
with 2f in which the use of PCP dramatically changed its periselectivity to M ;4‘
bring about the predominant formation of the exo [4+6]r cycloadduct (see M "~ )
Figure 5 and Scheme 4). o -
. . .. . . . . Figure 5. Periselective Attack of 2f toward
As mentioned above, in the cycloaddition with dienophiles having 1a-5PCP.

carbonyl or hydroxy group which can make hydrogen bonds with phenols, a significant rate retardation was
observed in every case. These may be due to large steric interference between the sterically crowded
cyclopentadienone-PCP and dienophile-PCP complexes.

These observations indicate that the complexation of phenols with cyclopentadienones by hydrogen bonding

plays a leading role in determination of the endo/exo and periselectivities.
The origin of the rate enhancement for the decarbonylation and [3,3]-sigmatropic rearrangement reactions may

be due to the hydrogen bonding **?° between phenals and the carbonyl group of the strained bicyclo[2.2.1hept-
2-en-7-one moiety of the pnmary DA adducts. In FMO viewpoint, the observed rate enhancements for
decarbonylation and [3,3]-sigmatropic rearrangement may 1 O-Ar
be interpreted in terms of the favorable three system py- O-Ar ;?

2 . -
interaction, 12.2} in which the LUMO energies of the L O

H AN

breaking -bonds are lowered by the hydrogen bonding w L H /

with phenols (see Figure 6). ;’% i & s

Phenols other than PCP showed similar solvent effects.
Of liquid phenols studied, PCP showed very interesting
solvent effects on pericyclic reactions of various types. Figure 6. Three System Interactions for Decarbonylation
. ) i N L and {3,3]-S1gmatropic Rearrangement.
In conclusion, phenols are interesting solvents for the
cycloaddition reaction of cyclopentadienones with nonactivated olefins. The lowering of the LUMO energy of

cyclopentadienone plays a leading role in determination of the cycloaddition reactivity and the steric interference
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between the phenoi-cyclopentadienone and dienophiies controis the peri- and endo/exo selectivities.

Experimental

The melting points were uncorrected. The IR spectra were taken with a Hitachi 270-30 spectrophotometer. The
'H-NMR and "*C-NMR spectra were taken with JEOL JNM-EX 270 (270 MHz), GX-400 (400 MHz) and JNM-
A 500 (500 MHz) spectrometers for ca. 10% solution with TMS as an internal standard; chemical shifts are

expressed as § values and the coupling constants (/) are expressed in Hz. UV/Vis spectra were recorded on a
Simadzu UV-2500PC emotmnhmn meter.

dzu 2500k ophoto
Materials - 2 5-Ristmethoxvcarhonv-3 4d_dinhenvicvelonentadienone (1a) 22 and 2 5_diethvl_-2 A.dinhanvl.
ATRARAELC T R0 LA A A UIJUI\J vuAVVLlJ L] T Ulr’lwl(.’IUJVJVVVIAD“MIVAAVIIV \.L“} WEiNE drge/ WBAWLIEY L J,_l' ulllll\(ll 1

cyclopentadienone (1b) ** were prepared according to the previously reported methods. Compounds 3ae, Sae,

2ah Tai tal &ah &ai Sal Laf Taf Lo Lhm Thmm Lan Toan Tai 2an Qam and QGar zravas

Jau, Jdj, Jdi, 540, S4aj, Jdi, ¥al, /al, Vdill, O0iN, /Ui, vdil, /&, /aj, o806, oap and >ap weic

[N TS Py, [ VY oS R R S 5,7-12

PICVIODUDLY ICPLIICU DY LVLIC VI Ul auinors O1 uiis pdpblb
Cycloadditions of 1a, 1b with Dienophiles in Benzene (General Procedure).- The procedure was similar to

that described in the previous papers.® ! A mixture of 1a or 1b (2.8 - 5.7 x 10 mol) and an excess amount of
a dienophiie (6 -15 x 10 mol) in a soivent was stirred at a given temperature until the red color faded away (see
Schemes 2-8 for reaction conditions). The solvent was evaporated under reduced pressure. The residual oil was
treated with methanol to give a solid. The crude product was purified by recrystallization from EtOH or
chromatography on silica gel. The formation ratio was determined by 270 MHz 'H-NMR spectroscopy.

The known compounds (3ae, 3ab, 3aj, 3al, 6af, 7af, 6am, 6bm, 7bm, 6an, 7an, 3ao, 8ap and 9ap)
were identified by comparison of the '"H-NMR spectra with those of authentic samples.

Cycloadduct 3ak was obtained as colorless prisms: mp 114-115°C (from MeOH); IR (KBr) cm™!: 1794
(bridge C=0), 1730 (ester C=0); 'H-NMR (500MHz, CDCl,) & : 1.64 (1H, dd, J = 6, 13 Hz, methylene-endo),
1.98 (1H, m, methylene), 2.78 (1H, dd, J =9, 13 Hz, methylene-exo), 2.88-3.00 (1H, m, methylene), 3.06
(1H, dt, J =9, 6 Hz, methine), 3.63 and 3.64 (6H, s, -OMe), 5.13 (2H, q, J =15 Hz, CH,-CH=CH,), 5.86-
5.78 (1H, m, CH,-CH=CH,), 7.26-7.08 (10H, m, ar); *C-NMR (125MHz,CDCl,) & : 32.1 (methylene), 37.0
{methine), 37.7 (methylene), 52.2 (-OMe), 64.8 and 68.4 (s), 117.5 (olefinic methylene), 127.8, 128.1, 128.2,
128.5, 128.9 and 129.0 (ar), 133.3, 133.6, 137.5 and 140.2 (s), 134.5 (olefinic methine), 167.4 and 167.8
(>C=0), 191.2 (bridge >C=0); MS (m/z) 416 (M*) . Anal. Calcd for C,,H,;0,: C, 71.30, H, 5.78. Found:C,
70.77, H, 5.83 %.

Cycloadditions of 1a with Some Dienophiles in PCP (General Procedure

G ).- A solution
mol) with an excess amount of a diene (6-15 x 10%m I) in PCP was stirred at given temnerati

non e -

LyCIOLla(IlHOI’L\ 0] la with ‘dJ in PCP.- A solution

D h

™ 1 o ] 1

mol) in PCP (1 ml) was stirred at room temperature for 96 h. The mixture was di

1 1

uted with benzene and washed

=

three times with 10 % sodium hydroxide. The organic layer was dried (MgSQO,), and fiitered. The soivent was
removed under reduced pressure to give the mixture of cycloadducts 6éaf and 7af. The formation ratio (6af : 7af)
is 98 : 2. The resulting solid was recrystallized from EtOH to give 6af as colorless prisms.

The minor cycloadduct 7af was identified by comparison of the "H-NMR spectrum with that of the adduct
isolated in benzene.

Cycloadditions of 1a with 2e in PCP.- The procedure was similar to that described in the previous paper.’
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sample. A solution of 1a (0.50 g, 1.4 x 10~ mol) and 2e (1.52 g, 14.1 x 10> mol) in PCP (2 ml) was stirred at
120 °C for 12 h. The mixture was diluted with benzene and washed three times with 10 % sodium hydroxide. The
organic layer was dried (MgSO,), fiitered, and the solvent was removed under reduced pressure. The resulting
oil was purified by chromatography on silica gel with AcOEt-benzene (1:20) to give 5ae as colorless prisms

Thermolyses of the [4+2]r Cycloadduct (3ae, ab, aj-al). Formation of DDA Adduct (5ae, ab, aj-al).- The
procedure was similar to that described in the previous paper. ® The known compounds (5ab, 5aj and 5al) were
identified by comparison of the 'H-NMR spectra with those of authentic samples. The [4+2]r adduct (3ae, 0.50
g) was heated at 170°C to give oil with evolution of CO gas. The oily mass was purified by chromatography on
silica gel using AcOEt-benzene (1:20) as an eluent to give the pure sample of DDA adduct (5ae). Similarly, 3ab,
aj-al gave Sab, aj-al, respectively.

Compound Sak was obtained as colorless needles: mp 129-130°C (from EtOH) ; IR (KBr)em-!: 1726
(>C=0); TH-NMR (500MHz, CDCL,) 5 : 1.07 (1H, d, J =10 Hz, methylene), 2.03- 2.05 (2H, m, methylene)

[ g AATINLVAIN \JVVIVRIRL, \aix, u, v ixEvvid ‘vuv',, DS oS \Awa dy aEiy A2 A Ty

9 (H, d, J =13 Hz, methylene), 2.83-2.85 (2H, t, J = 7 Hz, methine), 3.22 and 3.27 (6H, s, -OMe), 6.86-
7.26 (10H, m, ar); 13C-NMR (125MHz,CDCl;) & : 36.7 and 36.8 (methylene), 38.1 (methine), 51.3 and 51.5 (-
OMe), 52.1 and 57.1 (s), 126.2, 126.5, 127.2, 127.5, 127.8, 128.4, 129.0 and 129.6 (ar), 134.9, 135.6, 141.7

and 147.0 (s), 175.1 and 174.9 (>C=0); MS (m/z) 388 (M*). ; Anal. Calcd. for C,sH,,0,: C, 77.30, H, 6.23.
Found: C. 77.25. H. .24,

REAENE. Ay 7T edey B2, U

] } 7
3 Of i & i YCLOGGG U , &J=8c,). I'C Won of A AGQUCT | [
enlntinn af ah (0 SNo) in POP 2m) was aatad at 1000N°C far 274h Tha m;vhn—n was dilntad with hanzana and
SO0 O Jan (U.OUE) Hl I (41T Wab 1CdiCG al 1vu L I0T L4140, 1100 MHAWIE Was Gt Wiul oenzZenet anda
washed three times with 10% sodium hydroxide. The organic layer was dried (MgSOy,), filtered, and the solvent

was removed under reduced pressure.The residual oil was purified by chromatography on silica gel using AcOEt-
benzene (1:20) as an eluent to give Sab. Similarly, 3aj-al gave 5aj-al, respectively.

[3,3]-Sigmatropic Rearrangement of Endo [4+2]n Cycloadduct (3aj) to Endo [2+4]x Cycloadduct (7aj). -
The procedure was similar to that described in the previous paper.!0 The known compound (7aj) was identified
by comparison of the H-NMR spectrum with that of an authentic sample. A solution of 3aj (0.50g) in toluene
(2ml) was heated at 100°C for 24h. The solvent was evaporated under reduced pressure. The residual oil was

purified by chromatography on silica gel using AcOEt-benzene (1-20) as an eluent to give 7aj.
[3,3]-Sigmarropic Rearrangement ¢ m" Endo [4+2]r Cycloadduc 3aj) to Endo [2+4]r Cycloadduct (7aj) in

17 TP 2 J

AcOEt-benzene (1:20) as an eluent to give 7aj.

Kinetics .- The pseudo-first-order conditions were maintained by using a 100:1 ratio of dienophiles to 1a in
benzene, PCP or benzene-phenol mixtures. The rates were followed at 40.0 £ 0.1 °C by measuring the decrease
of the absorption at 430 (benzene) or 490 nm (PCP), using a 10 mm quartz cell sealed with a ground-glass
stopper. The pseudo-first-order rate constants were determined by using infinity values taken after 10 half-lives.
The results are listed in Tables 2, 3,4 and 9.

Molecular Orbital Calculation.- Semicmpirical SCF-MO calculations were run through the ANCHOR 11
interface using MOPAC-V6.0 170 on a Fujitsu S4/2 work station (WS) or through the CS Chem3D Pro interface
using MOPAC93 on a Macintosh G3 personal computer. The computations of 1a, 1a-3PCP and 1a-5PCP were



carried out on a Scientists' Paradise Dragon AXP5A/433 computer. The transition structures were obtained using
the TS keyword and charactenized by the presence of a singie negative Hessian eigenvalue. Graphical analysis of
the MO calculation data was performed on a Macintosh G3 or 8500/150 personal computer.

The structure of 1a-3PCP and 1a-5PCP was obtained using a starting geometry in which all the substituents
were rotated by 90° out of the plane of cyclopentadienone.

Structure of 1a-3PCP: The optimized geometry shows that the distances of the hydrogen bonds between
C1C=0--HO-Ar, C2C=0--HOAr and C5C=0--HOAr are 1.827, 1.815 and 1.813 A, respectively, and the
dihedral angles of C1-C2-C=0, C2-C3-C, =C,,, C5-C4-C,,=C,, and C1-C5-C=0 are -97.7, 80.8, -128.4 and
98.2°, respectively. The optimized geometry is independent of the input geometries.

Structure of 1a-5PCP: The optimized geometry shows that the distances of the hydrogen bonds between
C1C=0--HO-Ar, C2C=0--HOAr C2C=0-0--HOAr, C5C=0--HOAr and C5C=0-0O--HOAr are 1.827, 1.798,
1.865, 1.808 and 1.853 A, respectively, and the dihedral angles of C1-C2-C=0, C2-C3-C4 =C,,, C5-C4-

" e d O R OO nra 0T & QA T1N and _0Q 20 racmantivals
\,Ar—l_/Ar allu vi-voe—u ailt -7 /7.7, 0%.4L, -~/ 1.V dlld ~70.0 , 1CSPCLULYLLY
Taldl, O Do Jon oot medar Dato Mamctante (L) Fov tho Danctines ~f 1o ith VY i Damarana A DD o Tt T g e e o
14AUIC 7. FOYCULBU-LHD-ULUTL RdAil CUNIDEALLLS () (Ul LHE NCAUHULE UL 1 Wil &0 HI DUNLTIIG allu O p at LCICEHL lt.lllpt,ldlul >
solvent temp. (°C) k x103 (sec-1) solvent temp. (°C) k x103 (sec-!)
benzene 25.0 0.744 PCP 43.0 16.53
NN 1MWMA AL N 1Q 14
AR AV .o ULy 17.14
35.0 1.399 49.0 22.12
40.0 1.935 52.0 26.17
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