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The activation and reaction volumes (∆V°/∆V) were showing negative volumes of activation (∆V° , 0) whereas
the others are slightly retarded (∆V° . 0). From the analysisdetermined for the retro Diels–Alder reactions of the parent

dihydrobarrelene 1a, its 2-cyano derivative 1b, the exo and of the volume data including the van der Waals volumes (Vw)
one can conclude that the packing coefficients of theendo Diels–Alder adducts of maleic anhydride to

naphthalene exo-, endo-4, and the exo and endo Diels–Alder pericyclic transition states are equal to or even larger than
those of the corresponding Diels–Alder adducts. This findingadducts of N-phenylmaleic imide to 6,6-dimethylfulvene

exo-, endo-8 from the pressure dependence of the rate may be explained with the restriction of the degrees of
freedom in the transition states leading to a contraction ofconstants and the partial molar volumes (V) of reactants and

products at various temperatures. The cleavage of exo-4, the expansion volume.
endo-4, and exo-8 are slightly accelerated by pressure

Many Diels2Alder reactions show a powerful pressure- The intrinsic molar volumes, the so-called van der Waals
volumes, VW, calculated for the pericyclic transition struc-induced acceleration which is often turned to good syn-

thetic purposes. [1] [2] The activation volumes ∆V° resulting tures of Diels2Alder reactions by the use of the structural
parameters obtained from quantum-mechanical calcu-from the pressure dependence of the rate constants are usu-

ally highly negative (∆V° ø 225 to 245 cm3mol21), some- lations[6] and the van der Waals radii of the different types
of atoms derived from X-ray data are generally larger thantimes even more negative than the corresponding reaction

volume ∆V so that the ∆V°/∆V ratio is close to or even those calculated analogously for the corresponding cycload-
ducts.[3g,7] Grieger and Eckert[8] considered two expla-larger than unity (Θ 5 ∆V°/∆V $ 1). [3]

Within the scope of the transition-state theory, activation nations of the ratio Θ > 1 in the Diels2Alder reaction of
isoprene as diene with maleic anhydride as dienophile: avolumes can be considered to be a measure of the relative

partial molar volume of the transition states [∆V° 5 larger dipole moment of the transition state or secondary
orbital interactions[9] from which the secondary orbital in-V°(TS) 2 ΣV(reactants)]. Accordingly, the molar volumes

of transition states of many Diels2Alder reactions are ap- teractions can only occur in endo Diels2Alder reactions.
The finding that the difference between the activation vol-proximately equal to or even smaller than those of the cor-

responding cycloadducts. These surprising results could be umes of many endo and exo Diels2Alder reactions is small
(∆∆V° > 122 cm3mol21), [1e] seems to rule out that second-confirmed by two independent studies. In the Diels2Alder

reactions of furan with acrylonitrile [4] and in that of N- ary orbital interactions are important and induce a larger
contraction of the volume of the endo transition state.benzoylpyrrole with N-phenylmaleic imide[5] the ratio ∆V°/

∆V was found to be larger than unity (Θ 5 1.06 and 1.37, In order to gain further insight into this remarkable effect,
respectively). The cycloadducts isolated from both reactions we investigated the volume profiles of retro Diels2Alder
undergo smooth retro Diels2Alder reactions showing nega- reactions of several dihydrobarrelene and 7-isopropylid-
tive volumes of activation in agreement with the value Θ > enenorbornene systems starting from the nonpolar parent
1 determined for the forward reactions. hydrocarbon 1a going to the systems 1b, endo-, exo-4, and

The observation that the transition-state volume in sev- endo-, exo-8 substituted by polar groups in different posi-
eral Diels2Alder reactions is smaller than the product vol- tions.
ume, is surprising and not well understood. This finding The retro Diels2Alder reaction of dihydrobarrelene 1a
seems to be contradictory to the generally accepted relation leading to benzene 3a and ethene is decelerated by pressure
between molecular structure and its volume. In the tran- and its activation volume was determined from the pressure
sition state the new bonds between diene and dienophile are dependence of the rate constants at 105.3°C to be slightly
only partially formed. According to quantum-mechanical positive (Scheme 1). The partial molar volumes of 1a and
calculations[6] the lengths of the newly forming σ bonds in benzene and, hence, the volume of reaction at 105.3°C, the
pericyclic transition states are in the range between 2.1 and temperature of reaction, were obtained from the tempera-
2.3 Å. ture- and concentration-dependent density measurement of

1a and benzene, respectively, dissolved in n-hexane. The
[a] Institut für Organische Chemie, Universität GH Essen, partial molar volume of gaseous ethene was extrapolated

D-45117 Essen, Germany by means of Exner increments[10] and by the use of the tem-Fax: (internat.) 1 49-(0)201/183-4252
E-mail: klaerner@oc1.orgchem.uni-essen.de perature coefficient κ0 determined for benzene (Scheme 1).
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From these data, the complete volume profile of this reac-
tion (Figure 1) can be constructed. The ratio of activation
volume to reaction volume for the experimentally inaccess-
ible Diels2Alder reaction of benzene with ethene is calcu-
lated to be Θ 5 ∆V°/∆V 5 0.94 and, hence, only slightly
smaller than unity as found for many other Diels2Alder
reactions, too. The packing coefficient η of the pericyclic
transition state [2a]° calculated from the ratio of its van der
Waals volume to its partial molar volume, η 5 VW/V 5
0.608, turned out to be approximately equal to or even a
little larger than that of the cycloadduct 1a, η 5 0.596.

Figure 1. Volume profile of the retro Diels2Alder reaction of dihy-
drobarrelene (1a) leading to benzene (3a) and ethene

Similar results were obtained for the reaction of 2-cyano-
dihydrobarrelene 1b included in Scheme 1. Again, the pack-
ing coefficient of the pericyclic transition state was found
to be slightly larger than that of the corresponding cycload-
duct 1b. The retro Diels2Alder reactions of endo-4 and exo-
4 leading both to naphthalene 6 and maleic anhydride (7;
MA), however, are slightly accelerated by pressure showing
negative volumes of activation (Scheme 1). Again, the pack-
ing coefficients are calculated to be larger for the pericyclic
transition state than for the corresponding cycloadducts.

The effect of pressure on the Diels2Alder reaction of
naphthalene 6 with MA (7) leading to a mixture of endo-4
and exo-4 is worth mentioning. At 100°C, this reaction,
which was reported by Plieninger et al. [11] to be the best
method for the synthesis of endo-4 and exo-4, occurs in
reasonable yields only at pressures higher than 7 kbar in
relatively concentrated solutions. In dilute solutions the re-
action stops at a relatively low pressure-dependent conver-

Scheme 1. Activation volumes (∆V°), partial molar volumes VT determined sion of naphthalene (6; Table 1). The ratio [6]/[endo-4]/[exo-
experimentally and van der Waals volumes Vw calculated by means of the

4] measured in relatively dilute solutions of the reactantsprogram MOLVOL[7e] which uses the cartesian coordinates of the ground
and transition structures obtained from force-field and quantum-mechanical obviously represents the equilibrium mixture at different
ab initio calculations, respectively; all volumes in cm3mol21; a) extrapolated pressures. The solubility of endo-4 and exo-4 is certainlyfrom the temperature dependence of V between T0 5 20°C and T 5 70°C

pressure-dependent, too, so that these cycloadducts precipi-by the use of the El9yanov equation VT 5 V0·[1 1 κ0·(T 2 T0)]; V0 [cm3

mol21]/κ0·104 [K21]: 110.6/8.86 (1a); 90.0/13.0 (3a); 113.4/10.2 (1b); 100.3/ tate from concentrated solutions at high pressure. The pre-
1.37 (3b); 164.2/3.19 (exo-4); 164.3/3.31 (endo-4); 122.9/6.83 (6); 69.3/7.88

cipitation causes a shift of the equilibrium toward the cyclo-(7), 227.4/7.04 (endo-8); 230.0/4.28 (exo-8); 116.2/8.83 (10); 132.3/4.69 (11);
b) η 5 VW/VT adducts. Under optimized conditions of reaction ([6]0 5
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[7]0 5 1.1 , in CHCl3 at 100°C, 12 kbar, 48 h), endo-4 and
exo-4 can be prepared in a yield of 94%.

Table 1. Pressure dependence of the ratio of [6]/[exo-4]/[endo-4] in
the Diels2Alder reaction of naphthalene (6) with MA (7); [6]0 5
[7]0 5 50 m in CDCl3 at T 5 100°C, time of reaction t 5 22 h

p [kbar] 6 (%) exo-4 (%) endo-4 (%) exo-4/endo-4

7.0 96.8 2.1 1.1 64:36
8.0 94.5 3.7 1.9 65:35
9.0 92.8 4.8 2.5 66:34

10.0 88.7 7.5 3.8 66:34
11.0 75.1 16.5 8.5 66:34
12.0 66.7 17.4 15.91 52:48[a]

[a] At 12 kbar exo-4 and endo-4 already precipitate partially. There- Figure 2. The pressure dependence of the rate constants of the retrofore, the ratio analyzed by 1H NMR of the solution does not repre- Diels2Alder reaction exo-8 R 10 1 11 at 87.0°C in methanolsent the actual amount of the reactants and products.

The effect of pressure on the retro Diels2Alder reactions of reaction is decreased at pressures higher than 1500 bar
of endo-8 and exo-8 leading both to dimethylfulvene 10 and up to 3000 bar and then remains almost constant between
N-phenylmaleic imide (11) are clear-cut examples which 3000 and 4000 bar. A similar but less pronounced pressure
show that secondary orbital interactions are not important dependence is also observed for the reaction exo-4 R 6 1 7.
for the finding of negative volumes of activation in retro According to preliminary thermolyses of exo-8 in different
Diels2Alder reactions. The reaction of endo-8 is deceler- solvents at different pressures, there is no relationship be-
ated by pressure, showing ∆V° > 0 whereas the reaction of tween the pressure-dependence of the rate constant and the
exo-8 is accelerated by pressure, showing ∆V° < 0 (Scheme solvent viscosity, contrary to the results obtained by Asano
1). In the case of [endo-9]° the packing coefficient is calcu- et al. [14] and Troe et al. [15] for their systems. Further investi-
lated to be equal to that of endo-8 and in the case of [exo- gations are required for these remarkable effects to be eluci-
9]° larger than that of exo-8. dated.

The following conclusions can be drawn from these re-
sults. The packing of the entire ensemble consisting of sol-
ute and solvent molecules and its reorganization during the Experimental Section
course of the reaction, and not the changes of the intrinsic

1H NMR, 13C NMR, DEPT, H,H COSY, C,H COSY: Bruker AM-molecular volumes of the reactants to the products during
X 300 (1H NMR: 300 MHz; 13C NMR: 75 MHz); the residualthe course of reaction, are most important for the magni-
protio solvent is used as internal standard; chemical shifts (δ) are

tude of activation and reaction volumes. The packing coef- reported relative to tetramethylsilane [δ(TMS) 5 0]. 2 IR: Infrared
ficients of the pericyclic transition states resemble those of spectrophotometer FTIR 1600 Series Spectrometer (Perkin2
the corresponding cycloadducts as already assumed for the Elmer). 2 MS: VG ProSpec 3000 (Fisons Instruments, 70 eV). 2
explanation of the different activation volumes of pericyclic Melting points are not corrected. 2 GC analyses are performed

with a Hewlett Packard HP 5890 (FID) with a Shimadzu C-R6Aand stepwise cycloadditions involving diradical intermedi-
integrator and a Carlo Erba Strumentatione (FID) with a Shim-ates. [12] In the retro Diels2Alder reactions showing ∆V° <
adzu C-R6A integrator (carrier gas: He); column A: fused silica0, the packing coefficients of transition states are calculated
OV17, 0.5 µm, 0.25 mm i.d. 3 30 m; column B: fused silicato be significantly larger than those of the corresponding
RTX200, 1.0 µm, 0.32 mm i.d. 3 30 m. Retention time is abbrevi-cycloadducts. This has been found particularly in the rela-
ated as tR. 2 HPLC analyses: Jasco PU-980 intelligent HPLCtively polar systems bearing cyclic anhydride or imide func-
pump with Jasco DG-890250 3-line degasser, Jasco LG-980202

tions. In these cases, the size of the activation volumes obvi- ternary gradient unit and Shimadzu SPD-6A UV spectrophoto-
ously depend not only on the effective packing around the metric detector; integrations are performed with the program
transition states, probably caused by the restriction of vi- NINA 4.1 chromatographic system (Nuclear Interface); column C:
brations and rotations, but also on the transition-state pola- analytical Spherisorp SW (Knauer), 3 µm, 4 3 125 mm; column

D: analytical Hypersil-100 CN (Knauer), 3 µm, 4 3 125 mm; col-rization enhanced by the polar groups. Blake and Jorgensen
umn E: analytical ODS-18 (Knauer), 3 µm, 4 3 125 mm. 2 Pre-have assumed similar effects to explain the acceleration of
parative high pressure experiments are carried out in a 14-kbarthe Diels2Alder reaction of 1,3-cyclopentadiene with
system containing a 100-mL vessel manufactured by A. Hofermethyl vinyl ketone in water. [13]

Hochdrucktechnik GmbH, 45481 Mühlheim/Ruhr, the vessel isThe retro Diels2Alder reaction exo-8 R 10 1 11 exhibits
heated with an external thermostat (temperature accuracy: ± 1°C).an unusual pressure dependence (Figure 2) comparable to
2 For pressure-dependent kinetic measurements, a 7-kbar vessel is

that observed by Asano et al. for the syn R anti isomeri- heated by an external oil bath thermostated to ± 0.2°C and pressu-
zation in azobenzenes and N-benzylideneanilines. [14] The rized by a motor-driven press (Dieckers). In order to follow the
reaction exo-8 R 10 1 11 is accelerated by raising the press- time dependence of a reaction at elevated pressure, one exit of the
ure from 1 to ca. 1200 bar (the activation volume given in vessel is connected to a valve equipped with a fine spindle which

allows the release of a small sample (ca. 100 µL) from the pressur-Scheme 1 is calculated from these values), whereas the rate

Eur. J. Org. Chem. 1999, 275722762 2759



F.-G. Klärner, V. BreitkopfFULL PAPER
Table 2. Pressure dependence of the specific rate constants k of retro Diels2Alder reactions at different temperatures

p 200 300 400 500 600 700 800 1000 1200 1400 1500 1600 2000 2500 3000 3500 4000
Reaction (T [°C]) k [1025s21]

1a R 3a 1 2 3.71 ± 3.73 ± 3.55 ± 3.61 ± 3.34 ± 3.21 ± 2.91 ±
(105.3) 0.02 0.03 0.03 0.03 0.03 0.02 0.03
1b R 3b 1 2 3.09 ± 3.15 ± 3.04 ± 2.95 ± 3.01 ± 2.99 ± 2.81 ± 2.52 ±
(105.6) 0.05 0.15 0.10 0.04 0.11 0.11 0.08 0.03
endo-4 R 6 1 7 4.57 ± 4.60 ± 4.64 ± 4.58 ± 4.67 ± 4.69 ± 4.67 ± 4.73 ± 4.70 ± 4.81 ± 4.76 ± 4.75 ± 4.79 ± 4.82 ± 4.80 ± 4.76 ±
(106.3) 0.05 0.04 0.07 0.06 0.05 0.09 0.06 0.04 0.05 0.05 0.07 0.13 0.05 0.08 0.06 0.17
exo-4 R 6 1 7 4.30 ± 4.30 ± 4.24 ± 4.40 ± 4.32 ± 4.41 ± 4.47 ± 4.27 ± 4.13 ± 3.91 ± 3.76 ±
(106.3) 0.03 0.12 0.05 0.08 0.04 0.03 0.04 0.04 0.07 0.02 0.13
endo-8 R 10 1 11 4.77 ± 4.77 ± 4.73 ± 4.44 ± 4.37 ± 4.12 ± 3.86 ± 3.41 ± 2.62 ± 2.43 ± 1.89 ±
(87.0) 0.02 0.05 0.07 0.04 0.09 0.07 0.13 0.04 0.04 0.06 0.11
exo-8 R 10 1 11 4.63 ± 4.73 ± 4.96 ± 5.06 ± 5.25 ± 5.41 ± 5.40 ± 5.31 ± 5.07 ± 4.71 ± 4.65 ± 4.68 ±
(121.7) 0.13 0.11 0.15 0.07 0.11 0.08 0.06 0.13 0.17 0.10 0.22 0.23

ized reaction mixture (8210 mL). The decrease of pressure during Pressure Dependence of the Ratio of [6]/[exo-4]/[endo-4] in the Diels2
Alder Reaction of 6 with 7: Portions of 0.8 mL of a mixture contain-the release of the sample is constantly monitored by the use of a

pressure transducer and corrected by a computer-driven control ing 6 (50 mg, 0.39 mmol), freshly sublimed 7 (38 mg, 0.39 mmol),
8 mg of acetonitrile as internal standard and 8 mL of anhydrousappliance. The analysis of the composition of products in the re-

leased sample is performed by GC or HPLC. 2 For density meas- CDCl3 were sealed in PTFE tubes and heated at different pressures
at 100°C for 22 h as stated in Table 1. The ratio of 6/ exo-4/endo-urements a densimeter DMA 48 (Chempro) is used. 2 Dihydrobar-

relene (1a) was prepared according to the literature[16] and purified 4 were analyzed by 1H NMR (300 MHz) using the integration of
the signals at δ 5 7.7 (6), 3.28 (exo-4), 3.42 (endo-4). 2 endo- andby preparative GC [aerograph P 90 with WLD (Varian), column:

2.5 m 1/4 inch column packed with 20% Carbowax on Chromosorb exo-8 were prepared by Diels2Alder reaction of 6,6-dimethylful-
vene (10) with N-phenylmaleic imide (11) according to the corre-P, carrier gas: He (100 ml·min21), 70°C, tR 5 10 min]. 2-Cyanodih-

ydrobarrelene (1b) was prepared as previously described. [17] sponding reactions of 10 with maleic anhydride. [18]

exo- and endo-2,3-Benzobicyclo[2.2.2]octa-2,5-diene-7,8-dicar-
endo-7-Isopropylidene-N-phenylbicyclo[2.2.1]hept-2-ene-5,6-di-boxylic Anhydride (exo- and endo-4): A solution of naphthalene (6;
carboxylic Imide (endo-8): [19] 10 (1.00 g, 9.42 mmol) was added to1.13 g, 8.83 mmol) and maleic anhydride (7; 0.86 g, 8.78 mmol) in
a stirred solution of 11 (1.63 g, 9.43 mmol) in 20 mL of diethyl8 mL of chloroform was sealed in a PTFE tube and thermolyzed
ether. The mixture was stirred for 24 h at room temperature. Thefor 48 h at 100°C and 12 kbar (conversion: 94%; ratio of exo-4/
precipitated colorless solid consisting of endo-8 was filtered, washedendo-4 5 66:34 determined by 1H NMR, CDCl3 of the crude reac-
with a small quantity of diethyl ether and dried with air. Yield 1.94tion mixture after removal of the solvent). The mixture was sepa-
g (74%), m.p. 150°C. 2 1H NMR (300 MHz, CDCl3): δ 5 1.58 (s,rated in portions of 100 mg by column chromatography (30 g SiO2;
6 H, 9-H, 10-H), 3.35 (dd, J 5 2.9 Hz, J 5 1.5 Hz, 2 H, 5-H, 6-cyclohexane/ethyl acetate, 6:1; UV detection 254 nm; fraction 1: 6;
H), 3.91 (m, 2 H, 1-H, 4-H), 6.37 (t, J 5 2.0 Hz, 2 H, 2-H, 3-H),fraction 2: exo-4; fraction 3: endo-4) The separated adducts were
7.12, 7.37 (2 m, 5 H, Harom).further purified by recrystallization from CHCl3/cyclohexane, 1:1.

Yields: exo-4 (0.9 g 45%), m.p. 172°C (decomp.); endo-4 (0.6 g
30%), m.p. 161°C (decomp.). 2 exo-4: 1H NMR (300 MHz, exo-7-Isopropylidene-N-phenylbicyclo[2.2.1]hept-2-ene-5,6-di-

carboxylic Imide (exo-8): 10 (4.30 g, 40.6 mmol) was added to aCDCl3): δ 5 3.28 (t, J 5 1.8 Hz, 2 H, 7-H, 8-H), 4.52 (m, 2 H, 1-
H, 4-H), 6.65 (dd, J 5 4.1 Hz, J 5 3.1 Hz, 2 H, 5-H, 6-H), 7.16 stirred solution of 11 (6.93 g, 40.1 mmol) in 50 mL of toluene.

The mixture was heated for 20 h at reflux. After cooling to room(dd, J 5 5.4 Hz, J 5 3.4 Hz, 2 H, 10-H, 11-H), 7.28 (dd, 2 H, 9-
H, 12-H). 2 13C NMR (75 MHz, CDCl3, DEPT, C,H COSY): δ 5 temperature, exo-8 precipitated as colorless solid which was filtered

and recrystallized from cyclohexane/ethyl acetate, 6:1. Yield: 6.7041.76 (CH, C-1, C-4), 47.38 (CH, C-7, C-8), 123.91 (CH, C-9, C-
12), 126.63 (CH, C-10, C-11), 134.88 (CH, C-5, C-6), 140.83 (C, g (60%). m.p. 158°C. 2 1H NMR (300 MHz, CDCl3): δ 5 1.58 (s,

6 H, 9-H, 10-H), 2.88 (s, 2 H, 5-H, 6-H), 3.82 (t, J 5 2.0 Hz, 2 H,C-2, C-3), 170.93 (C, C5O). 2 FT IR (KBr): ν̃ 5 3043, 3017 cm21

(C2H), 2979, 2959 (C2H), 1774 (C5O), 1465, 1458 (C5C), 1221, 1-H, 4-H), 6.44 (t, 2 H, 2-H, 3-H), 7.09, 7.41 (2 m, 5 H, Harom). 2
13C NMR (75 MHz, CDCl3, DEPT, C2H-COSY): δ 5 19.74 (21078 (C2O), 926, 766, 735 (C2H). 2 MS (70 eV); m/z (%): 226

(12) [M1], 181 (3), 153 (10), 128 (100) [C10H8
1], 102 (3), 76 (9) CH3, C-9, C-10), 46.14 (2 CH, C-1, C-4), 47.91 (2 CH, C-5, C-6),

115.56 (C, C-8), 126.31, 128.60, 129.18 (5 CH, Carom), 131.89 (C,[C6H4
1], 51 (4) [C4H3

1]. 2 C14H10O3: calcd. 226.0630, found
226.0622 (MS). 2 endo-4: 1H NMR (300 MHz, CDCl3): δ 5 3.42 Carom), 137.66 (2 CH, C-2, C-3), 140.62 (C, C-7), 176.58 (2 C, C5

O). 2 FT IR (KBr): ν̃ 5 3062, 3012 cm21 (C2H), 2981, 2914,(dd, J 5 2.3 Hz, J 5 1.5 Hz, 2 H, 7-H, 8-H), 4.46 (m, 2 H, 1-H,
4-H), 6.69 (dd, J 5 4.3 Hz, J 5 3.0 Hz, 2 H, 5-H, 6-H), 7.17 (m, 2855 (C2H), 1698 (C5O), 1592, 1493, 1453 (C5C), 1180 (C2N).

2 MS (70 eV), m/z (%): 279 (8) [M1], 173 (37) [NPMI1], 129 (11),2 H, 10-H, 11-H), 7.22 (m, 2 H, 9-H, 12-H). 2 13C NMR (75 MHz,
CDCl3, DEPT, C,H COSY): δ 5 41.78 (CH, C-1, C-4), 47.68 (CH, 117 (14), 106 (100) [C8H10

1], 91 (52) [C7H7
1], 77 (11) [C6H5

1], 65
(9) [C5H5

1], 39 (12) [C3H3
1]. 2 C18H17NO2: calcd. 279.1259;C-7, C-8), 124.73 (CH, C-9, C-12), 127.21 (CH, C-10, C-11), 135.99

(CH, C-5, C-6), 138.35 (C, C-2, C-3), 170.36 (C, C5O). 2 FT IR found 279.1260 (MS). 2 From the melting point (m.p. 161°C) re-
ported for endo-8 [19] it can be concluded that the Diels2Alder ad-(KBr): ν̃ 5 3041, 3009 cm21 (C2H), 2977, 2955 (C2H), 1792 (C5

O), 1472, 1461 (C5C), 1223, 1081 (C2O), 927, 758, 730 (C2H). duct isolated after recrystallization consists of exo-8 instead of
endo-8. The assignment of endo-8 and exo-8 unambiguously results2 MS (70 eV); m/z (%): 226 (6) [M1], 181 (3), 153 (8), 128 (100)

[C10H8
1], 102 (3), 76 (4) [C6H4

1], 51 (3) [C4H3
1]. 2 C14H10O3: from the coupling constant 3J1,6 5 3J4,5 5 2.9 Hz in the 1H-NMR

spectrum of endo-8 which is missing in the spectrum of exo-8.calcd. 226.0630; found 226.0621 (MS).

Eur. J. Org. Chem. 1999, 2757227622760



The Effect of Pressure on Retro Diels–Alder Reactions FULL PAPER
1988. 2 [1c] K. Matsumoto, R. Morrin Acheson (Eds.), OrganicPressure-Dependent Kinetic Measurements of Retro Diels2Alder
Synthesis at High Pressure, John Wiley, New York, 1991. 2 [1d]

Reactions W. B. Holzapfel, N. S. Isaacs (Eds.), High-Pressure Techniques in
Chemistry and Physics, a Practical Approach, Oxford UniversityGeneral: A solution of the corresponding Diels2Alder adducts in
Press, Oxford 1997. 2 [1e] M.K. Diedrich, A.E. Wigger, F.-G.an organic solvent (8210 mL) was thermolyzed as described above.
Klärner, “The effect of pressure on organic reactions”, in R.For each pressure, five to nine samples were released and analyzed van Eldik, C. D. Hubbard (Eds.), Chemistry under Extreme or

by GC and HPLC, respectively. From the time dependence of the Non-Classical Conditions, Wiley, New York, Spektrum, Heidel-
berg, 1997, chapter 3, p. 1032161. 2 [1f] F.-G. Klärner, M.K.disappearance of starting material versus the internal standard (in
Diedrich, “The effect of pressure on reactions of dienes andcase of the HPLC anaysis of endo-4 and exo-4 the constant volume
polyenes” in S. Patai, Z. Rappoport (Eds.), The chemistry ofof the injected sample was used as internal standard) the specific functional groups, the chemistry of dienes and polyenes, Wiley,

rate constants k (Table 2) were calculated by using the kinetic law New York, 1997, vol. 1, chapter 12, p. 5472617.
for first-order irreversible reactions. [2] Reviews: [2a] K. Matsumoto, A Sera, T. Uchida, Synthesis 1985,

1. 2 [2b] K. Matsumoto, A. Sera, Synthesis 1985, 999. 2 [2c] M.Thermolysis of 1a: Portions of a solution of 1a (640 mg) and n- Ciobanu, K. Matsumoto, Liebigs Ann. 1997, 6232635.
nonane (622 mg) as internal standard in 250 mL of n-hexane were [3] Reviews: [3a] T. Asano, W. J. le Noble, Chem. Rev. 1978, 78,
thermolyzed at 105.3°C and seven different pressures (Table 2). The 4072489. 2 [3b] R. van Eldik, T. Asano, W. J. le Noble, Chem.

Rev. 1989, 89, 5492688. 2 [3c] A. Drljaca, C.D. Hubbard, R.samples were analyzed by GC [column A; injector: 160°C; column:
van Eldik, T. Asano, M.V. Basilevsky, W. J. le Noble, Chem.programmed temperature 40°C/5 min; 10°C/min; 120°C/2 min; Rev. 1998, 98, 216722289. 2 [3d] W. J. le Noble, H. Kelm, An-

tR(3a) 5 4.8 min; tR(n-nonane) 5 8.4 min; tR(1a) 5 10.0 min]. gew. Chem. 1980, 92, 8872904; Angew. Chem. Int. Ed. Engl.
1980, 19, 841. 2 [3e] W. J. le Noble, Chem. Unserer Zeit 1983,Thermolysis of 1b: Portions of a solution of 1b (1.156 g) and n-
17, 1522162. 2 [3f] G. Jenner, J. Chem. Soc., Faraday Trans. 1tridecane (1.158 g) as internal standard in 130 mL of toluene were 1985, 81, 243722460. 2 [3g] F.-G. Klärner, Chem. Unserer Zeit

thermolyzed at 105.6°C at eight different pressures (Table 2). The 1989, 23, 53263. 2 [3h] F.-G. Klärner, V. Ruster, B. Zimny, D.
samples were analyzed by GC [column B; injector: 153°C; column: Hochstrate, High Pressure Res. 1991, 7, 133. 2 [3i] N.S. Isaacs,

Tetrahedron 1991, 47, 846328497. 2 [3j] F.-G. Klärner, F. Wur-115°C (isothermal); tR(3b) 5 5.7 min; tR(n-tridecane) 5 6.3 min;
che, Rev. High Pressure Sci. Techn. 1998, 8, 1042110.tR(1b) 5 18.1 min]. [4] G. Jenner, M. Papadopoulos, J. Rimmelin, J. Org. Chem. 1983,

Thermolysis of endo-4: Portions of a solution of endo-4 (1.41 g) in 48, 7482749.
[5] A. V. George, N. S. Isaacs, J. Chem. Soc., Perkin Trans. 2200 mL of tert-butyl methyl ether (MTBE)/acetonitrile (90:10) were

1985, 184521847.thermolyzed at 106.3°C at 16 different pressures between 200 and [6] Y. Li, K. N. Houk, J. Am. Chem. Soc. 1993, 115, 747827485;4000 bar (Table 2). Samples were analyzed by HPLC [column D; Review: K. N. Houk, Y. Li, J. D. Evanseck, Angew. Chem. 1992,
mobile phase MTBE/heptane, 80:20; flow 0.6 mL/min; detection: 104, 7112739; Angew. Chem. Int. Ed. Engl. 1992, 31, 682.

[7] [7a] T. Asano, W. J. le Noble, Rev. Phys. Soc. Jpn. 1973, 43,UV (254 nm); tR(6) 5 2.2 min; tR(7) 5 2.6 min; tR(endo-4) 5 3.5
82291. 2 [7b] Y. Yoshimura, J. Osugi, M. Nakahara, Bull.min].
Chem. Soc. Jpn. 1983, 56, 6802683. 2 [7c] Y. Yoshimura, J.

Thermolysis of exo-4: Portions of a solution of exo-4 (1.30 g) in Osugi, M. Nakahara, J. Am. Ch. Soc. 1983, 105, 541425418.
2 [7d] R. A. Firestone, G. M. Smith, Chem. Ber. 1989, 122,120 mL of MTBE/acetonitrile (90:10) were thermolyzed at 106.3°C
108921094. 2 [7e] The van der Waals volumes VW can be calcu-at 11 different pressures between 200 and 4000 bar (Table 2).
lated by the computer program MOLVOL: U. Artschwager-Samples were analyzed by HPLC [column C; mobile phase MTBE/ Perl, Cycloadditionen unter hohem Druck, Ph. D. Dissertation,

heptane, 50:50; flow 0.4 mL/min; detection: UV (254 nm); tR(6) 5 Ruhr-Universität Bochum, 1989 (F.-G. Klärner, Research Di-
rector). This program uses the cartesian coordinates of a molec-6.4 min; tR(exo-4) 5 7.6 min; tR(7) 5 11.5 min].
ular structure resulting from a force field or quantum mechan-Thermolysis of endo-8: Portions of a solution of endo-8 (166 mg) ical calculations and can be obtained on request. VW of ground

and naphthalene 6 (165 mg) as internal standard in 200 mL of states can also be calculated from tables of group contributions
to the van der Waals volumes published by A. Bondi, J. Chem.methanol were thermolyzed at 87.0°C at 11 different pressures be-
Phys. 1964, 68, 4412451.tween 200 and 3500 bar (Table 2). Samples were analyzed by HPLC

[8] R. A. Grieger, C. A. Eckert, J. Am. Chem. Soc. 1970, 92,[column E; mobile phase methanol/water, 70:30; flow 0.7 mL/min; 291822919; R. A. Grieger, C. A. Eckert, J. Chem. Soc., Faraday
detection: UV (230 nm); tR(11) 5 1.9 min; tR(endo-8) 5 2.9 min; Trans. 1970, 66, 257922584.
tR(10) 5 4.1 min; tR(6) 5 5.1 min]. [9] According to recent quantum-mechanical calculations, the im-

portance of secondary orbital interactions, which have alsoThermolysis of exo-8: Portions of a solution of exo-8 (135 mg) and been frequently used to explain the endo diastereoselectivity of
naphthalene (134 mg) as internal standard in 160 mL methanol Diels2Alder reactions, seems to be questionable and to be re-
were thermolyzed at 121.7°C at 12 different pressures between 200 served for special cases like the addition of cyclopropene to

various dienes. T. Karcher, W. Sicking, J. Sauer, R. Sustmann,and 4000 bar (Table 2). The samples were analyzed by HPLC [col-
Tetrahedron Lett. 1992, 33, 802728030; R. Sustmann, W. Sick-umn E; mobile phase methanol/water, 70:30; flow 0.7 mL/min; de- ing, Tetrahedron 1992, 48, 10293210300; Y. Apeloig, E.

tection: UV (230 nm); tR(11) 5 2.0 min; tR(endo-8) 5 2.8 min; Matzner, J. Am. Chem. Soc. 1995, 117, 537525376.
tR(10) 5 4.1 min; tR(6) 5 5.1 min]. [10] O. Exner, “Empirical Calculations of Molar Volumes”, in W.

J. le Noble (Ed.), Organic High Pressure Chemistry, Elsevier,
Amsterdam, 1988, chapter 2.

[11] W. H. Jones, D. Mangold, H. Plieninger, Tetrahedron 1962, 18,
2672272.Acknowledgments

[12] F.-G. Klärner, B. Krawczyk, V. Ruster, U. K. Deiters, J. Am.
Chem. Soc. 1994, 116, 764627657.We are grateful to the Deutsche Forschungsgemeinschaft, Minis- [13] J. F. Blake, W. L. Jorgensen, J. Am. Chem. Soc. 1991, 113,terium für Wissenschaft und Forschung des Landes Nordrhein- 743027435.

Westfalen, and the Fonds der Chemischen Industrie for financial [14] K. Cosstick, T. Asano, N. Ohno, High Pressure Res. 1992, 11,
support. 37254; T. Asano, H. Furuta, H. Sumi, J. Am. Chem. Soc. 1994,

116, 554525550; T. Asano, K. Matsuo, H. Sumi, Bull. Chem.
Soc. Jpn. 1997, 70, 2392244.

[15] J. Schroeder, D. Schwarzer, J. Troe, F. Voß, J. Chem. Phys. 1990,[1] Monographs: [1a] N. S. Isaacs, Liquid Phase High Pressure
Chemistry, John Wiley, Chichester, 1981. 2 [1b] W. J. le Noble 93, 239322404; L. Nikowa, D. Schwarzer, J. Troe, J. Schroeder,

J. Chem. Phys. 1992, 97, 482724835.(Ed.), Organic High Pressure Chemistry, Elsevier, Amsterdam,

Eur. J. Org. Chem. 1999, 275722762 2761



F.-G. Klärner, V. BreitkopfFULL PAPER
[16] O. De Lucchi, V. Lucchini, L. Pasquato, G. Modena, J. Org. [19] [19a] M. Furdik, V. Sutoris, Chem. Zvesti. 1960, 14, 5642580;

Chem. Abstr. 1961, 55, 16444c. 2 [19b] M. Furdik, V. Sutoris, J.Chem. 1984, 49, 5962604; C.A. Grob, H. Kny, A. Gagneux,
Helv. Chim. Acta 1957, 40, 1302140. Suchey, Chem. Zvesti. 1961, 15, 4902495; Chem. Abstr. 1961,

55, 27137d.[17] V. Breitkopf, H. Hopf, F.G. Klärner, B. Witulski, B. Zimny, Lie-
bigs Ann. 1995, 6132617. Received May 10, 1999

[O99264][18] K. Alder, R. Ruehmann, Justus Liebigs Ann. Chem. 1950, 566,
1; 15; D. Craig, J. J. Shipman, J. Kiehl, F. Widmer, R. Fowler,
A. Hawthorne, J. Am. Chem. Soc. 1954, 76, 457324575.

Eur. J. Org. Chem. 1999, 2757227622762


