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Scheme 1 Diels-Alder reactions between germabenzenes and dienophiles
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Fig.1 Molecular structures and atomic numbering system of transition states
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Table 1 Bond length(nm) of two new forming bonds for transition states

Bond TSla TS1b TS2a TS3a TS4a TS4a’ TS5a TS5a’ TS6a TS6a’
Cl1—C4 0.2541 0.2644 0.2541 0.2611 0.2756 0.2392 0.2751 0.2338 0.2839 0.2401
C2—Ge3 0.2397 0.2414 0.2371 0.2223 0.2492 0.2237 0.2597 0.2182 0.2537
C2—C3 0. 1823

Bond TS7a TS7h TS8a TS9a TS10a TS10a’ TS1la TS11a’ TS12a TS12a’
C1—C4 0.2438 0.2378 0.2430 0.2520 0.2527 0.2338 0.2521 0.2300 0.2620 0.2367
C2—Ge3 0.2391 0.2409 0.2389 0.2223 0. 2455 0.2247 0.2520 0.2200 0.2473
C2—C3 0.1933
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Table 2 Electronic density(p/a.u. ) of two new forming bonds for transition states at

bond critical points(in gas phase)

Bond TSla TS1b TS2a TS3a TS4a TS4a’ TS5a TS5a’ TS6a TS6a’
Cl1—C4 0.0304 0.0255 0.0304 0.0268 0.0210 0.0398 0.0212 0.0437 0.0183 0.0388
C2—Ge3 0.0524 0.0509 0.0555 0.0721 0.0450 0.0704 0.0382 0.0788 0.0427
C2—C3 0. 1205

Bond TS7a TS7b TS8a TS9a TS10a TS10a’ TS11a TS11a’ TS12a TS12a’
Cl1—C4 0.0367 0.0407 0.0372 0.0314 0.0321 0.0444 0.0323 0.0475 0.0272 0.0418
C2—Ge3 0.0540 0.0523 0.0545 0.0742 0.0492 0.0711 0.0444 0.0782 0.0487
C2—C3 0.0974
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Table 3 Activation barriers E,(kJ/mol) and reaction energies E, (kJ/mol) for the studied reactions

Reaction E, E. Reaction E, E,

la 76.61(79.96) * -90.21( —-84.10) Ta 68.66(70.67) -40.63( -37.24)
1b 189.83(194.35) 18.54(23.64) 7b 189.95(192.72) 71.13(74.10)

2a 75.69(79.66) -92.42( -86.02) 8a 69.12(71.38) -41.63( -38.07)
3a 63.01(66.19) -108.49( -103.55) 9a 54.31(55.48) -62.51( -60.71)
4a 71.88(75.77) -72.43( -67.20) 10a 66.44(69.37) -12.80( -8.62)
4a’ 96.57(100.21) -74.68( —69.83) 10a’ 88.03(90.75) -16.82( —12.80)
Sa 70.75(75.06) -75.10( -69.58) lla 66.19(69.66) -14.06( -9.62)
Sa’ 97.99(102.51) -71.38( -65.35) 11a’ 89.62(93.55) -17.36( -12.30)
6a 54.94(58.24) -90.83( —86.82) 12a 48.16(50.50) -34.35( -31.55)
6a’ 89.54(93.68) -86.94( -82.51) 12a’ 78.62(80.67) -34.10( -31.63)

# The data in parentheses are for B3LYP-SCRF/6-311G(d, p)//B3LYP/6-311G(d, p) single-point calculations.
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Theoretical Study on the Diels-Alder Reactions Between
Germabenzenes and Dienophiles

WANG Yan'", ZENG Xiao-Lan', FANG De-Cai’

(1. College of Chemistry and Chemical Engineering, Xinyang Normal University, Xinyang 464000, China;
2. College of Chemistry, Beijing Normal University, Beijing 100875, China)

Abstract Density functional theory( DFT) calculations, at the B3LYP/6-311G(d,p) level of theory, were
performed to study the reaction mechanism and potential energy surface of the Diels-Alder reactions between
germabenzenes and some dienophiles. The influences of substituents and benzene as a solvent on the potential
energy surface of the hetero-Diels-Alder reactions were investigated and the origin of regioselectivity in the he-
tero-Diels-Alder reactions was explored. Our calculation results show that all of studied reactions proceed in a
concerted way. The influences of phenyl at C atom of dienophiles on the asynchronicity in the bond-formation
process and activation barrier of reaction are closely related to the relative position of phenyl with respect to Ge
atom in products. The CCl; group at Ge atom of germabenzene molecule is in favor of process of the hetero-
Diels-Alder reactions and solvent effect is not crucial for the potential energy surfaces of the studied reactions.
The present calculations reproduce the regioselectivity observed experimentally in hetero-Diels-Alder reactions,
which indicates that the kinetic factor controls the reaction proceeding.

Keywords Germabenzene; Dienophile; Diels-Alder reaction; Reaction mechanism; Density functional
theory
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