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(A)

Fig.1 Side view(A) and the Schlegel diagram of C, (D, ) (B)

Bl 14T Cy (D) BJLI 5 R B AN I8, B 1 Haf DUEH, Cy (D) A 4 ERTRN
BRIFET(Cl & C4) 6 AR C—C H. Hb C1—C2 1 C3—C3 X Wizt )® 76,64, c1—Cl,
C2—C3 fl C3—C4 X 3 J4 IR T [5,6 | . (HA—HAIE, 5 Co M Co AN, 16 Cy (D) A —2K[5,
574 B C4—C4 2hh 5.
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KIFEFik I 2 £, ARG T, S IEAEH Cy ( Dy, ) BB 6 P AU = A e 1 i) 32 22
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Table 1 AMI calculated bond length( nm) and POAYV calculated pyramidalization
angles 0,(°) and strains(6,,) for Cy, (D) "

Bond type Bond length/nm Atom type Gp/( °) 6%
C1—C1[5,6] 0. 1446 Cl 11.48 0. 04015
C1—C2[6,6] 0.1388 C2 12. 12 0. 04471
C2—C3[5,6] 0. 1470 C3 12. 56 0. 04808
C3—C3[6,6] 0.1376 C4 15. 62 0.07434
C3—C4[5,6] 0.1472
C4—C415,5] 0. 1403

# 0,=0,, - 90°(in degree). 6 is defined as strain, where 6 is in rad.

Scheme 1 25T Cyy (Dy,) 43515 1,3-T 204, 2,3-200-1,3-T 204, 2,3-240-1,3-T 4%, 2,3-
TUR-13-T TR, 2,3- i1 3T TR, 2,3- R 3. T T, 2,3- 3 3T LA 2,3-
31, 3-T 0 B BRI AL S B AL B, Sl i, & i 2 3 R(1) 2 R(8) kKR, HM
M, AN JERS TS 43900k TS1 2 TS8. Ik 2y T /b K45 R F 145, Hh iS5 Hid 14 )2
W R 10 5 36 SRR R, FAE, 555 T 15 2 R M 37 SRR X RR
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FRIBER S F)

R(1): X=H; R(2): X=F; R(3): X=Cl; R(4): X=Br; R(5): X=1I; R(6): X=CH,; R(7): X=0H; R(8): X =NO,.
Scheme 1 Proposed mechanism for the Diels-Alder cycloadditon of C,,(D;,) with
1,3-butadiene and several substituted 1,3-butadiene

2.1 AR, SESHHRIEE

W R(1), BV Coy (Ds,) 5 1,3-T ZHGpOEA M 2, Ry 7 — Ak 25, 375 TS1 %
PE—ASHEARIAS 119. 4 em ™", 5iZ4R SN HE A X0 I A 177 IE AR SR, 5 Bz DX I3 A 1 TE AR A DL 3K 2.
M2 WLLEH, 25 F151 SR TFRIRSIN—41, 26 1 52 S IRFRITRSIN—4, XA kIR 52
BROR L RBIIT AR S, RV P 2 i SR e IRl T B 1A R 84, Bl B 1 AR Sk T W R
OIS . BE— PR IRC THRAS R R W2 P 25 2 14 4% Scheme 1 AP R 7R K2 9 A1 ) ) L IE
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Table 2 Normal coordinates of atoms in the addition area for the vibration mode corresponding to

the imaginary frequencies of the transition states for the reactions R(1)—R(8) ~

Atom TS1(119.4i em™}) TS2(297.0i em 1) TS3(231.6i cm™}) TS4(242.3i em ™)
x y z X y z x y z x y z
Cl4 0.02 0.00 0.02 0.02 0.01 0.04 -0.02 -0.01 0.04 -0.02 -0.01 0.04
C15 0.02 0.00 0.02 0.02 -0.01  0.04 -0.02 0.01 0.04 -0.02  0.01 0.04
25 0.12 -0.02 0.01 0.23 -0.05  0.04 -0.20 0.04 0.03 -0.20 0.04 0. 04
26 0.12 0.02 0.01 0.23 0.05 0. 04 -0.20 -0.04 0.03 -0.20 -0.04 0.04
€36 0.02 0.01 -0.02  0.03 0.01 -0.03 -0.03 -0.01 -0.03 -0.03 -0.01 -0.03
37 0.02 -0.01 -0.02  0.03 -0.01 -0.03 -0.03 0.0l -0.03  -0.03 0.0l -0.03
cs1 -0.35 0.05 -0.01 -0.37 0.09 -0.10 0.36 -0.07 -0.11  0.35 -0.07 -0.12
C52 -0.35 -0.05 -0.01 -0.37 -0.09 -0.10 0.36 0.07 -0.11  0.35 0.07 -0.12
€53 -0.19  0.02 -0.01 -0.06 0.05 -0.04  0.09 -0.04 -0.05  0.09 -0.04 -0.06
C54 -0.19 -0.02 -0.01 -0.06 -0.05 -0.04 0.09 0.04 -0.05  0.09 0.04 -0.06
Ao TS5(272.7i em™") TS6(74. 6i em™") TS7(151.8i em™") TS8(410. 6i cm ")
x ¥ z x ¥y z x ¥ z x ¥y z

Cl4 0.02 0.01 0.04 0.03 0.00 0.01 -0.02 -0.01 0.04 0.01 0.01 -0.04
C15 0.02 -0.01  0.04 0.03 0. 00 0.01 -0.03  0.00 0.02 0.01 -0.01 -0.05
25 0.22 -0.05  0.04 0.10 -0.02 0.01 -0.13  0.03 0.02 0.27 -0.07 -0.07
€26 0.22 0.05 0.04 0.10 0.02 0.01 -0.17 -0.04 0.02 0.28 0.07  -0.07
€36 0.03 0.01 -0.03  0.03 0.00 -0.02 -0.03 -0.01 -0.04 0.03 0.01 0.03
37 0.03 -0.01 -0.03  0.03 0. 00 -0.02 -0.03  0.00 -0.02  0.03 -0.01  0.03
cs1 -0.35 0.07 -0.12 -0.31 0.03 -0.03  0.28 -0.04 -0.05 -0.37 0.09 0.12
€52 -0.35 -0.07 -0.12 -0.31 -0.03 -0.03 0.43 0.08 -0.11 -0.35 -0.08 0.13
C53 -0.08 0.04 -0.06 -0.20 0.01 0. 00 0.11 -0.01 -0.01 -0.05 0.06 0.05
C54 -0.08 -0.04 -0.06 -0.20 -0.01 0.00 0.14 0.03 -0.03 -0.05 -0.06 0.05

# Values in parentheses are imaginary frequencies for the transition states. The bold type is to make the normal coordinates of reacting atoms

stand out.

Fl, He 7 M BUUHY 1,3-T 2065 Cy (Dy) RO R &P T — AR OW B, £ Kb i)
TSI XS R — AR, BT R(6) A1 R(7) By JEZS TS6 HI TST XF R A4 BSR4 /N(74. 6 cm ™' Al
151.8 em ™), HE RN A BAIFAE 232 ~411 em ™ Z (8], ASIRB AR XT I (1) {87 1 3R S = s b X
JRFRIfRIEARPR S TR 2. WLAVEH, 5 TSI —#E, 2 VA TE RNV i A2 b 34 B 338 a] A . A9 52 1
PRy, IRC THAS5 SRR SR I A ik S Y 2% 2 Scheme 1 HIT7R SN )R ) ) B0 IE S 2
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K. R TSI HPAIETEIE U C—C 845505 0. 1518 nm AR R BAFGE M EiY—A R RE &
W/, XRERET RS . TR Wb WAORTE A C—C B Head JES P AR N Y C—C B4R T
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ISR C—C P, RIS 1[5 ,5 1 BHE Y C—C 88 FLJFRAHE T 0. 0052 nm.

Table 3 AMI1 calculated major geometrical parameters of reactant, transition state and

product for the reaction R(1)

Reactant TS1 Product
Bond length(nm) C25—C51 0.4327 0. 2430 0.1518
C26—C52 0.4327 0. 2430 0.1518
C52—C54 0. 1350 0. 1349 0. 1483
C53—C54 0. 1446 0. 1434 0. 1336
C25—C26 0. 1403 0. 1425 0. 1597
Cc25—Cl14 0. 1472 0. 1478 0. 1528
Bond angle/ (°) C25—C51—C53 83.2 94.1 112. 8
C14—C25—C36 120.2 117.8 106. 6
C14—C25—C26 109. 4 108.7 104.3
Dihedral angle/(°) (C25—C52—C51—C53 90.0 108. 6 142.2
C25—C26—C52—C51 0.0 0.0 0.0
M3 AT LA, HENPIE B YRyt g, (1) 8 C25—C51—C53 il C26—C52—C54 7E
B, BIR =Y A I KR 112, 8°. (2) BRFE_L LA IR N 14 I Sk T00 s 1) 45 Bk #6325 T 0

/N, BRI X C—C K AR b — St vt B AR 58 L 20 i by 19 SRS ) S8 AN Y. (3) IR fA
C25—C52—C51—C53 FEZ WG R . OV iZ 1l WP 900, B 1,3-T 2o 1B 48V i 5 5E
EBIR[5,5 | 3G ILT- AT, AR TSR N R L p PUBAH EES , R,
AR 142,20, 1,3-T 455 C M[ 5,5 ] RUTE RUK A TCH A AR &, AN R it
TR C25—C26—C52—C51 WRZARERE, UiIH AR 4 IR FAR LS, X SRR BEE T ¢ Xt
PRI —S0.

BT R(7)MIR(8), HES5 P IR 1,3-T U615 Cy, (Dy, ) RN R R R AR A AR 4k 5 J i
R(1) MR R B AR, 2805 1 PR B RD A s it B8, AR 4 ATAE H, R(2) & R(6) X 5 M2
N, PRR BN A ESE, PSR IEEIE Y C—C 845 % 5] 0. 2340 ~0. 2481 nm Z[H]. Hr | 7E R(2) Ay
HPESH, XA (0. 2340 nm) , 78 R(6) [0 I 25 H ok 5 458 K (0. 2481 nm).

Table 4 Bond length(nm) of C25—C51 and C26—CS52 in the reactant, transition
state and product for the reactions R(1)—R(8)

Reactant TS Product
Reaction Substitution group
C€25—C51 C26—C52 C25—C51 C26—C52 C25—C51 C26—C52
R(1) H 0. 4327 0. 4327 0. 2430 0. 2430 0.1518 0.1518
R(2) F 0. 4327 0. 4327 0. 2340 0. 2340 0.1516 0.1516
R(3) Cl 0.4327 0. 4327 0.2368 0.2368 0.1517 0.1517
R(4) Br 0.4327 0. 4327 0.2362 0.2362 0.1517 0.1517
R(5) 1 0. 4327 0. 4327 0. 2350 0. 2350 0.1518 0.1518
R(6) CH, 0. 4327 0. 4327 0. 2481 0. 2481 0. 1517 0. 1517
R(7) OH 0.4327 0. 4327 0.2527 0.2327 0.1519 0.1518
R(8) NO, 0. 4327 0. 4327 0.2293 0. 2301 0. 1515 0. 1517

XFFRER(T) , W 2 o TST PR, fEd s, —4> OH AR T 5 % — OH WA TE
BTN ERE (R, =0.2132 nm) , WIMTTEL 51 S8 J1 10 B 1 25 8 AR AN 52 5B 1 1 L
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~BETR, XA 51 52 SRR IE T 05 25 F1 26 Sk R T R C51—C25 Z IR MEH S
C52—C26 Z AW PEH I AT, Z5RIEWER 2 f13k 4 h TR, M R(7) 7F 258 o W2 TST B,
C51—C25 Z [R5 C52—C26 Z IR S B A, sk C—C SR AR H. H L,
KON R(7) 207 e ORI AL R B XTI R(8) , FITF AN NO, RS R FHAE T, fifS Wi %
C—N AR AHG (K2 H TS8) , G5B AR R ANFHEA U R(1)—R(6) KRR EA M CXTRRME,
BRI NZE 2 F12 4 PR LS5 BIE A TS8 i, C51—C25 Z I AIREIiF S C52—C26 2 1h]
HIYR S REMETANIR] , P 4% C—C BRI ABIS A A, SR R(7)—#F, &V R(8) & &b
EHERNEEFUEuE

W eamg

o

751

52t /
0.2327% /0.2527
126 25/

Fig.2 Geometries of the transition states TS7(A) and TS8(B) at the AMI1 level
2.2 BEEMRANEME
5 AT ALY SN | LS F I A R, 0SB BN F T A B LA K
JSUSLINE ) S A
Table 5 AMI calculated the heats of formation of reactant(E, ), transition state( E,¢) and product(E,) to-
gether with activation energy (E,) , activation energy of retroaddition(E, ) and heats of reaction
(A_H) for the eight reactions R(1)—R(8) (All energies are in kJ/mol)

Substitution
Reaction E" Eqrg E, E, E, . AH
group
R(1) H 4400. 73 4416. 63 3998. 23 15.90 418. 40 -402. 50
R(2) F 4032. 12 4055.55 3629. 62 23.43 425.93 -402. 50
R(3) Cl 4350. 94 4370. 61 3945.93 19. 67 424. 68 —-405. 01
R(4) Br 4448. 43 4468. 09 4044. 25 19. 66 423.84 -404. 18
R(5) I 4536. 29 4557.63 4138. 39 21.34 419.24 -397.90
R(6) CH,4 4343.99 4359.73 3936. 31 15.74 423.42 -407. 68
R(7) OH 4041. 01 4045. 55 3629. 04 4.54 416. 51 -411.97
R(8) NO, 4188. 61 4500. 18 4083. 23 311.57 416. 95 -105. 38
th H 4200. 74 4268. 94 3988. 19 68. 20 280. 75 -212.55
C7Ob H 4571. 86 4634. 20 4351.78 62.34 282.42 —-220.08

a. E_is the sum of the heats of formation of the reactants; b. AMI calculated energy results for the reactions of 1,3-butadiene with Cq,, C;,
reported in ref [3]. In the above table, only the energies corresponding to the cycloaddition to the most reactive bonds are listed. For Cgy the most

reactive bond is 6—6 bond, and for C;, the most reactive bond is C—C bond.

M5 hAT LB AT LA (1) Cy (D) 5 1,3-T 4 BRhn s 0 (435 AL RE 7 15. 90 kJ/mol
Lb Cogo 1 oo 5 1,3-T I PRSI BTG AL RE (5351124 68. 20 F1 62. 34 kJ/mol) k452, 1] Cy (Ds,)
Eb Coo 1 Corp BB BTG PR B R A 22, 53— 71T, Cyo (Dyg,) 5 1,3-T 0 B0 A S5 I i R e 1 i
402. 50 kJ/mol, i Cgo 1 Cop 5 1,3-T M BRI AR S 0 3cd 2 Hhose s 9 4 it 4331 R 212. 55 1 220. 08 kJ/
mol, B Cy, ( Dy, ) FIFRITEG W L Coo BT Coy PRI W ERREAF 2. (2) R(2) 2 R(5) NI fk
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fELL R(1) B RN TR ALRE R, HE A AE R (5. 44 ~7. 53 kI/mol ) B/, %2 THULIHE F, Cl, Br il
1 M5 73, EATRYSS o TAE RIS 13- T M 4% C = C AU B 725 %5 B R, AT 3%
SR 1,3- T PR BT PRGN TG AL RE T 5. X T R(6), T CH, BURILM 5545
HLFAER, (EA5 1, 3-T 0 18 B0 s 52 1 336 1 s A 386, 9 LA B g i 16 AR RE L R (1) BEAIK. X F
R(7), BT OH BRI SRE EF1E I WA= 1T 1,3-T @ ay Sl s M, M RRREAR T
RV HIEALRE, H R(1) BT ARAEMR 11. 36 kJ/mol. XFT R(8), 1T NO, B KLY % iy -5 FH i
KRR T 1,3-T A ARl B 7 36 14, AT (o6 4532 s I 1) 36 AL R (2 35 T/ 0 311,57 kJ/mol, H
R(1) W& AL RERS N 295. 67 kJ/mol. FF H ANIL R A9IG L BER B T )b R(8) iTREA S AL, B2,
55 H I B 2 B TR Cy, 5 1,3-T M 11 Diels-Alder BRI N 115 AL BE BE R AS K, T 38 25 H
TR R TSI B S O T AR O S AR RE, RS L B SRR ARTE fL e, 5RO LA T
G IEEE. (3) Coo 5— RN T I IR S B 1) 385 S W 3 AL BEEBAR 51, 7E 416. 51 ~425. 93 kJ/mol i
i, UERAIE R AN AT A AR , A5 3 BR T R(8), Cs 5— RN T ZIRIHE 7 NI
N7 A S W FRAE — 400 ~412 kJ/mol ZE47, U BH X SEER N AR iz 7 2 A Y, LA (8 35 51 HL AR AH [R].
XTTR(8) , TERINA G FR ik B9 A 105. 38 kI/mol, FHT 7 AERMNAL SN 1 52 o SR E /M 42 |
XA e NO, BURIEAY IR A 1 A5 20 il = AR e EAR S I EE . (4) 5 Cyo (Dg,) #HLE, Cgy o
Coo 5 1,3-T PRI N 19385 S BTG AL BEZARAT 2, B Cyy o Co BIIR IR = WA XS 25 5 53 fift , (053
ffBLER I 280 kJ/mol ZEAT IREZR, H IR FAEXELLEAT, i B A R

3 4

ARSCH AMI FEERFE T 1,3-T 20 M 7 #0 2, 3- 2B AY 1,3-T — 4 (BURIE R FL Cl, Br, I,
CH, . OH 1 NO,) 5 C,, (D,,) ) Diels-Alder AN HLEE. FEIGRN LT 4518

(1) B&T OH FINO, Bty 1,3-T 45 Cy (D, ) B Diels-Alder BRANMZ N R(7) FIR(8) , HE
6 AN ERZ T T MRl ELIRIAE 0 s s R OmE R(7) T R (8) 28077 11 2 U AN [6) 25 1 R R ad . 4%
F AR BBk 5 AN, I IETEIE R C—C B7E 0. 2293 ~0.2527 nm Z[i]. C . C,y 5 1,3-T 4
(R AR BB N 28 17 b S U ) L TR) 25 B g 2k B, 3o V8 A4 B R AR IE ZE T Y C—C 48EFE 0. 21 ~0. 23 nm
ZJH].

(2) Cs(Dy,) 5 1,3-T ) Diels-Alder BRI N (75 AL BERAR (24 15. 90 kJ/mol ) , HAEA I
JCH A PR R (4 402. 50 kJ/mol) , B JCIE M sl 2 ff 5 A S NI T 24 B2 R N BB AR 25 5 KA
BUHH IR FBES) AT, Cog (D) L Cog T Co BRI PESERE 15 25 ( Cog M Cog 5 1,3 T s BRI 1
TEALRE STk 68. 20 1 62. 34 kJ/mol) , 1 H. Cy FIEFRMS = b Cy, F1 C, RN = bR E R £
(Coo T Cop 5 1,3-T AN 43 BITECHA 212. 55 F1220. 08 kJ/mol).

(3) M4E1,3-T 2 2, 3 MBURARIIER G, ARIFEAIRIEX Cy (Dy,) 5 1,3-T Z M)
Diels-Alder 1A S IV 9 TL BERZ M ASTR] . 559 08 HL 73 08 55 £ L 7386560 R B0 i 52 7 11 3% A i 52 i)
A, T 58 & P S5 R R 6 0 ) S B3 T R R N TS AR B, SR A FE IR ] R AIR TS AR R, O
W Ha, - S B 8 T e Ak e

(4) Cso(Dsy,) F—FRHNT M BRI BB NE 19 335 S 0 376 AL RE AR AR /55, 7E 416. 51 ~425. 93 kJ/mol i
i, BLEATE B IS AT E AR SE , NG arf. 5 Cyy (Dg, ) HHEL, Cooy Coo 5 1,3-T I AL
()38 52 97 1% AL BE (43931 280. 75 F11 282. 42 kJ/mol) BAKIG 2.
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Theoretical Study on the Reaction Mechanism for Diels-Alder
Cycloaddition of C,, (D, ) with 1,3-Butadiene and
2 ,3-Disubstituted 1,3-Butadienes

XU Xiu-Fang® , SHANG Zhen-Feng, LI Rui-Fang, ZHAO Xue-Zhuang
( Department of Chemisiry, Nankai University, Tianjin 300071, China)

Abstract The reaction mechanism for Diels-Alder cycloaddition of Cy, (D, ) with 1,3-butadiene and 2, 3-
disubstituted 1,3-butadienes has been investigated using the semiempirical AM1 method. The calculated re-
sults show that: (1) All the Diels-Alder cycloaddition reactions take place via a concerted process. The length
of the forming C—C bonds in transition states is in the range of 0. 2293—0. 2527 nm. (2) The activation en-
ergy(15.90 kJ/mol) for the cycloaddition of Cy,( Dy, ) with 1,3-butadiene is low. Moreover, this reaction is
high exothermic of 402. 50 kJ/mol. Therefore, it is predicted that not only kinetically but also thermodynami-
cally the cycloaddition of Cy, (Ds,) with 1,3-butadiene is easy to take place at room temperature. The Ci,
(Dy,) is more reactive than Cg, and C,,. (3) Different substituted groups on 1,3-butadiene have different
effect on the reaction activation energy of the cycloaddition of Cy,( Dy, ) with substituted 1,3-butadiene. Weak
electron-withdrawing or weak electron-donating groups have small effect on the reaction activation energy.
While strong electron-withdrawing or strong electron-donating groups have outstanding effect on the reaction ac-
tivation energy : Strong electron-donating groups obviously lower and strong electron-withdrawing group dramat-
ically increase the reaction activation energy, respectively. (4) All the reverse reaction activation energies for
the Diels-Alder cycloaddition of Cy, ( Dy, ) with 1,3-butadiene and the substituted 1,3-butadienes are very high
and in a range of 416.51—425.93 kJ/mol, indicating that the product of the Diels-Alder cycloadditions is
very stable kinetically.

Keywords Diels-Alder cycloaddition; Reaction mechanism; Transition state; Activation energy



