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718 KOKKO, MESILAAKSO, AND PAJUNEN 

ABSTRACT 

Diels-Alder adducts of 1,4-diphenyl- 1,3-~yclopentadiene and maleic 

anhydride were investigated by recording the 'H and I3C{'H} NMR spectra of 

three isomeric diphenylbicycl0[2.2.l]heptJ-ene endo and ex0 2,3-dianhydrides. 

The spectra were recorded in CD,CI, and analysed completely. The effect of the 

endo and ex0 configuration of the anhydride ring on the chemical shifts of the 

bridgehead phenyl protons is discussed. The ortho protons of the ex0 isomers 

resonate at higher field than those of the endo isomer, and the resonance pattern 

of the aromatic protons is narrower in the exo than the endo anhydride. The 

aromatic regions of the spectra are compared with the same regions of the 'H 

NMR spectra of the earlier investigated addition products of 1,4-di-p-tolyi-l,3- 

cyclopentadiene and 1 -phenyl-4-p-tolyl- 1,3-~yclopentadiene with maleic 

anhydride. Chemical shifts of the bridge protons are explained on the basis of X- 

ray data of the compounds and MacroModel calculations on the minimum energy 

conformations. 

INTRODUCTION 

Substituent effects on the 'H and I3C chemical shifts as well as the effects of 

molecular geometry on spin-spin coupling constants have been discussed for a 

variety of bicyclo[2.2. llheptene (norbornene) derivatives.'-' Fewer studies have 

dealt with aryl-substituted norbornenes."-" Whereas, inductive and mesomeric 

substituent effects are transmitted through chemical bonds, interaction of 

anisotropic groups such as: carbonyls, carbon-carbon double bonds, and phenyls 

occurs through space.l4 On the basis of their examination of a number of adducts 

of tetraphenylcyclopentadienone with different dienophiles (e.g., maleic 
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'H AND "C{'H} NMR SPECTRA OF ISOMERIC ANHYDRIDES 719 

anhydride, cyclohexene, norbornene), Coxon and Battiste'' "cautiously" 

suggested the rule that in an ex0 adduct the protons of the bridgehead phenyls 

appear as a downfield singlet (at 60 MHz), while the protons of the phenyls at 

double bond form an upfield multiplet. In endo adducts the proton resonances of 

both types of phenyls usually appear as multiplets. Warrener with his co- 

workersI6 showed later that the endo/exo stereochemistry of the addition 

products of tetraphenylcyclopenta-dienone or phencyclone and various 

cyclobutenes cannot be predicted according to the rule of Coxon and Battiste 

because there is no singlet resonance of aromatic protons in the 80 MHz spectra 

of the ex0 adducts. Their dienophiles consisted of exceptional four-membered 

rings which can be expected to have less steric interactions with bridgehead 

phenyls. Hindered rotation of the bridgehead phenyls was later demonstrated by 

LaPlanche et al. "*" using 200 MHz 'H NMR spectra of phencyclone - 

norbornadiene adducts. 

Earlier in~pection'~ of 60 MHz 'H NMR spectra of diarylbicyclo[2.2. llhept- 

5-ene-2,3-dicarboxylic anhydrides (1 - 9) in CDCl, revealed a complex multiplet 

for the endo anhydrides and a singlet-like resonance for the ex0 anhydrides at the 

aromatic regions (unpublished results). 

In the present study, we prepared 1,4-diphenylbicyclo[2.2.l]hept-5-ene-endo- 

2,endo-3-dicarboxylic anhydride (lo), 1 ,5-diphenylbicyclo[2.2.l]hept-5-ene- 

endo-2,endo-3-dicarboxylic anhydride (ll), and 1,5-diphenylbicyclo[2.2. llhept- 
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720 KOKKO, MESILAAKSO, AND PAJUNEN 

5-ene-exo-2,exo-3-dicarboxylic anhydride (12), and investigated the effects of the 

substituents and molecular geometries on spectral parameters. A complete 

analysis of the 400 MHz 'H NMR spectra makes it possible to explain why the 

signals of the C-1 phenyl protons of the exo adducts at 60 MHz looked like a 

singlet in earlier investigations. Molecular modelling and X-ray data confirm the 

results. The I3C{'H) NMR spectra of the three anhydrides were also analysed 

completely for the first time. 

EXPERIMENTAL 

The synthesis and structural determinations of 1 - 9 have been described 

earlier." Compounds 10 - 12 were synthesised according to Leppanen" and the 

structures were verified on the basis of melting points and MS, IR and NMR 

spectra. 

For the present studies, 33 mg of 10, 42 mg of 11 and 28 mg of 12 were 

separately dissolved in 0.8 ml of CD,CI, (Acros, 99.6%-D). TMS (Sigma) served 

as internal chemical shift reference (6H=6,=0.00 ppm). The spectra were recorded 

on a Bruker AMX-400 at +30 "C. The 400 MHz 'H NMR spectra were recorded 

with 32 transients, a 6.4 ps pulse duration (flip angle 45"), a 22.9 s repetition 

time, a 4717.0 Hz spectral width, and 64k and 128k data points in the time and 

frequency domains, respectively. For the iterative computer analysis the data 

were resolution enhanced by gaussian multiplication. The 'H NMR spectral 

parameters (6", ''JH,") were analysed with PERCH NMR software." 
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'H AND I3C { 'H) NMR SPECTRA OF ISOMERIC ANHYDRIDES 72 1 

R4 ' 4 7  1 R2& 1 R2&o 1 

3: R, = C,H,; R, = C,H,CH, 
5: R, = C,H,CH,; R, = C,H, 
8: R, = R, = C,H,CH, 

1: R, = R, = R, = R, = C,H, 
2: R, = C,H,; R, = C,H,CH, 

7: R, = R,= C,H,CH, 

4: R, = C,H,; R, = C,H,CH, 
6: R, = C,H,CH,; R, = C,H, 
9: R, = R, = C,H,CH, R,= R, = H 

R, = R, = H 
10: R, = R, =C,H, 

R, = R, = H 

11: R, = R, = C,H, 12: R, = R, = C,H, 

13 

The 100 MHz 13C{'H} NMR spectra were recorded with 210-866 transients, a 

3.8 ps pulse duration (flip angle 45"), a 3.6 s repetition time, a 23809.5 Hz 

spectral width, and 64k and 128k data points in the time and frequency domains, 

respectively. Exponential multiplication was applied using a 0.50 Hz line 

broadening factor. The accuracy of the determined chemical shifts is better than 

the digital resolution owing to the interpolation of the peak top frequencies by the 

spectrometer software. The 'H and I3C resonance assignments were confirmed 

with the aid of COSY2oa andC,H-COSY spectra obtained with decoupling of 

proton-proton couplings in F 1 -dimension (optimised: 142 Hz) and long-range 
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722 KOKKO, MESILAAKSO, AND PAJUNEN 

C,H-COSY (optimised: 10 Hz).'Ob Molecular mechanics calculations were made 

with a MacroModel' interactive molecular modelling system." 

RESULTS AND DISCUSSION 

- Geometries of ComDounds 10 - 12 

Except for the orientation of the anhydride ring, the greatest difference in the 

geometries of compounds 10 - 12 determined by molecular mechanics is the 

orientation of the phenyls at the bridgeheads (C-1 and C-4). The minimum 

energy dihedral angles between the phenyl rings and the bridge are - 1 1 " in 

compound 10 and -12" in compound 11; in the ex0 compound 12 the 

corresponding angle is - 1 ". The same dihedral angles determined by X-ray 

diffraction are - 17" in 11 and -5" in 12.22 

Even though the phenyls at C-1 and C-4 in the endo and ex0 isomers rotate, 

some steric repulsion exists between the ortho protons of the phenyl at C-l and 

one carbonyl group, especially in the ex0 compound 12. According to 

MacroModel calculations, the rotational barrier of the bridgehead phenyl is 29 

kJ/mol (dihedral angle 75") in the ex0 compound 12 and 4 kJ/mol and 8 kJ/mol 

(dihedral angles 75" and 160", respectively) in the endo compounds 10 and 11. 

'H Chemical Shifts and Couplinrr Constants of Aliuhatic Protons 

The 'H chemical shifts and coupling constants of compounds 10 - 12 are 

presented in Table 1. Proton H-7a resonates at higher field than H-7s in the 
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'H AND "C{'H} NMR SPECTRA OF ISOMERIC ANHYDRIDES 723 

TABLE 1 
1H NMR Spectral Parameters @[ppm], TMS=O.O ppm, J[Hz])a) of 10, l l  and 12 in CD2C12. 

10 I 1  12 

F(H-2) 4.065 
F(H-3) 
6(H-4) 
F(H-5) 
6(H-6) 
F(H-7syn) 
F(H-7anti) 
F(H-11, 15) 
F(H-12, 14) 
F(H-13) 
F(H-17.21) 
F(H-18-20) 
F(H- 19) 
J(H-2. H-3) 
J(H-2, H-7syn) 
J(H-3, H-4) 
J(H-3, H-6) 
J(H-3, H-7syn) 

J(H-4, H-7anti) 
J(H-4, H-7syn) 
J(H-5, H-7anti) 
J(H-5, H-7syn) 
J(H-6, H-7anti) 

J(H-7anti, H- 

J(H-4. H-6) 

J(H-6, H - ~ s ~ I I )  

7syn) 
J(H-l I ,  H-12) 
J(H-11, H-13) 
J ( H - l  I ,  H-14) 
J(H-11, H-15) 
J(H-12, H-13) 
J(H-12, H-14) 
J(H-17, H-18) 
J(H-17, H-19) 
J(H-I 7,H-20) 
J(H-17, H-21) 
J(H-18, H-19) 
J(H- 18, H-20) 

4.065 

6.637 
6.637 
2.307 
2.45 1 
7.572 
7.454 
7.373 
7.572 
7.454 
7.373 

0.9 
-0.3' 
0.9 

-0.3' 
-9.0 

7.87 
1.20 
0.58 
2.09 
7.46 
1.48 
7.87 
1.20 
0.58 
2.09 
7.46 
I .48 

3.963 
4.000 
4.099 

6.7 17 
2.244 
2.170 
7.598 
7.456 
7.312 
7.508 
7.368 
7.316 

8.3 

4.7 
0.4 

1.3 
I .5 
1.7 

0.8 
0.3 
-9.0 

7.85 
1.21 
0.58 
2.1 1 
7.46 
1.47 
7.89 
1.20 
0.60 
2.01 
7.45 
1.44 

3.439 
3.394 
3.981 

6.666 
2.216 
2.070 
7.406 
7.449 
7.379 
7.51 1 
7.396 
7.329 

7.4 
I .6 
1 .1  

1.6 
1.2 
1.6 
1.7 

0.9 
-0.3' 
-10.1 

7.79 
1.22 
0.60 
2.03 
7.47 
I .46 
7.86 
1.21 
0.61 
1.98 
7.44 
1.45 

a) The error in the chemical shifts is less than 0.001 ppm and in the coupling constants 
determined from the aromatic rings less than 0.01 Hz. In other couplings it is less than 
0.1 Hz. b) Does not show splitting, i.e. the coupling is estimated from the linewidth. 
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724 KOKKO, MESILAAKSO, AND PAJUNEN 

unsubstituted bicyclo[2.2.1 ]hept-5-ene-endo-2,endo-3-dicarboxylic anhydride 

(A6 - 0.19 ppm) and in the corresponding ex0 anhydride (A6 - 0.22 ppm).',8.23 

This is a common feature in norbornene derivatives when no anisotropic 

substituents are present.'4a In the endo compound 10 the chemical shifts ofH-7a 

and H-7s are 2.451 ppm and 2.307 ppm, respectively (A6,= -0.144 pprn). This 

exceptional order of the resonances was confirmed with NOESY, which revealed 

the spatial proximity of €1-7a to H-2 and H-3. Coupling constants of H-5/H-6 

with H-7a (0.9 Hz) and H-7s (0.3 Hz) further confirmed the assignment. The 

order of the chemical shifts of H-7aand H-7s in compounds 11 and 12 is the 

same as that in the unsubstituted anhydrides. 

The differences in the chemical shifts of H-7a and H-7s can be explained by 

the geometries of the molecules. The C-1 and C-4 phenyls of 10 deshield M-7a 

more than H-7s because the aromatic rings are turned towards H-7a in their 

minimum conformation. Compound I 1  does not have a phenyl ring at C-4, but 

still the deshielding effect of the aromatic ring24b can be seen: the chemical shift 

difference of H-7a and H-7s is 0.074 pprn. In 12 the aromatic ring at C-1 in its 

minimum energy conformation is almost equidistant from the bridge protons and 

the difference in the chemical shifts of H-7a and H-7s is 0.146 ppm. 

The ena'o/exo configuration of norbornene derivatives can be determined in a 

number of ways. For example, the anisotropic double bond shifts the signals of 

the exo protons downfield and those of the endo protons upfield,'.' and the 
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'H AND "C('H} NMR SPECTRA OF ISOMERIC'ANHYDRIDES 725 

protons H-2 and H-3 resonate clearly downfield in 10 and 11 compared with 12. 

Furthermore, the vicinal coupling constants between H-3 and H-4 are in good 

agreement with the Karplus curve: 4.7 Hz in 11 (X-ray dihedral angle 39") and 

1,1 Hz in 12 (dihedral angle 69'). An additional characteristic feature of the ex0 

compound 12 is the W-path coupling of H-7s with H-2 and H-3 (both 1.6 Hz). 

Other W-path couplings are found between H-4 and H-6 in 11 and 12 (1.3 and 

1.2 Hz, respectively). 

'H Chemical Shifts of Aromatic and Olefinic Protons 

The C-5 phenyl protons in compounds 1 0 , l l  and 12 form an AA'MM'X spin 

system, while the C-1 phenyl protons in 12 are an AA'DD'K system. Because of 

the symmetry in 10 the two spin systems are identical and overlap exactly; in 11 

and 12 they overlap partly (Fig. 1). The aromatic protons are coupled only with 

the other protons in the same aromatic ring. The chemical shifts of the C-1 

phenyl protons in 11 are similar to those in 10, but the protons of the phenyl at C- 

5 resonate at higher field than the protons of the phenyl at C-1 (Table 1). In 12 

the phenyl multiplets overlap each other much more and the resonances lie in a 

narrower region than in 10 and 11. Owing to the orientation of the anhydride 

ring, the carbonyl group anisotropy affects the ortho protons of the phenyl at C-1 

differently in ex0 and endo anhydrides; the chemical shifts of the ortho protons 

H-I1 and H-15 in 12 move considerably (0.192 ppm) upfield. The chemical shifts 
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l a 

b I 

C 

l " ' ~ " " ' " " ' " ' ' " ' ~ ' ~  ! ' ' ' ! - ' ' <  

7.60 7.50 7.40 7.30 ppm 

d 

i 
e I I  

3000 2950 Hz 

FIG. 1. The aromatic regions of 400 MHz 'H NMR spectra of a) 10, b) 11, c) 12, 

d) 12 calculated, and e) 12 experimental. 
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'H AND I3C{'H} NMR SPECTRA OF ISOMERIC ANHYDRIDES 127 

of the C-1 phenyl protons are within 0.070 ppm in 12,0.225 ppm in 11, and 

0.199 ppm in 10, which explains why a singlet-like resonance was observed for 

ex0 compounds in earlier  investigation^."^'^ 

The same "singlet" and "multiplet" resonances can be seen in the simulated 60 

MHz 'H NMR spectra (line width 0.6 Hz; parameters from Table 1) of 

compounds 11 and 12 (Fig. 2). For comparison the aromatic regions of the 60 

MHz 'H NMR spectra of aryl-substituted bicyclo[2.2. I]hept-5-ene-2,3- 

dicarboxylic anhydrides 1 - 9 are shown in Fig. 3. Spectra of the endo 

compounds (1,2,3,5,7,8) display multiplets, while the ex0 compounds (4,6,9) 

show singlet-like resonances of the C-1 phenyl protons together with a multiplet 

of the C -5 phenyl protons. Comparison of the ex0 compounds 9 and 12 shows 

that the aromatic tolyl protons resonate at higher field than the phenyl protons. 

The singlet-like resonance of the ex0 compound 6 occurs upfield of the other 

aromatic resonances and has the same chemical shift as the singlet-like resonance 

of 9, leading to the conclusion that a tolyl group lies at C-1 and a phenyl group at 

C-5. Likewise, in the ex0 compound 4 there must be a phenyl at C-1 and a tolyl at 

C-5 because the singlet-like resonance appears downfield from the other aromatic 

signals and at the same frequency as the singlet-like resonance of 12. 

I3C I 'H} NMR Suectra 

The I3C chemical shifts of compounds 10 - 12 are presented in Table 2. The 

ex0 anhydride ring shifts the I3C resonance of C-7 upfield in 12 compared with 
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728 KOKKO, MESILAAKSO, AND PAJUNEN 

a 

t ~ ~ ' ~ " " ' B ' l ' ' ' " l l l l l . . . l l ( l l l l l l . l '  
460 450 440 Hz 

b 

FIG. 2. The simulated aromatic regions of 60 MHz 'H NMR spectra of a) 11 and 

b) 12. The simulations were done by using the spectral parameters obtained in 

this work. 
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5 

L ----- 
7.11 8.11 . 7.0 n.u 7.11 n.0 7.0 mi 7.11 u.0 

729 

. ---- 
7.0 a0 7.0 6.0 8.0 7.a 8.0 7.1 8.0 

FIG. 3. The aromatic regions of the 60 MHz 'H NMR spectra of aryl-substituted 

bicyclo[2.2. I]hept-5-ene-2,3-dicarboxylic anhydrides 1 - 9. 
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730 KOKKO, MESILAAKSO, AND PAJUNEN 

TABLE 2 
13C Chemical Shifts a) (vs. TMS=O.O ppm) of 1 0 , l l  and 12 in CD2CI2. 

10 11 12 
F(C-I) 62.43 63.51 64.30 
6(C-2) 53.59 52.98 55.23 
Fj(C-3) 53.59 49.81 5 1.34 
6(C-4) 62.43 47.84 48.28 
6(C-5) 139.05 148.81 150.30 
6(C-6) 139.05 130.22 134.89 
6(C-7) 64.5 I 58.60 45.65 
6(C-8) 170.48 171.06/ 170.80 169.01 
6(C-9) 170.48 170.80/ 171.06 171.85 
6(C- 10) 138.69 139.26 137.57 
qc-1 I ,  15) 127.41 127.49 127.54 
6(C-12, 14) 129.20 129.14 128.98 
6(C- 13) 128.17 128.06 128.04 
F(C- 16) 138.69 133.34 133.34 
F(C-17,21) 127.41 126.23 125.59 
6(C-l8,20) 1 29.20 129.01 129.29 
6(C-19) 128.17 129.10 129.00 

a) The error in the chemical shifts is less than 0.01 ppm. 

the endo compounds 10 and 11 (A6 = 18.66 ppm and 12.95 ppm, respectively). In 

all compounds, carbons C-5 and C-6 could be distinguished from the aromatic 

carbons through their correlation with H-7a. Carbons C-5 and C-6 also resonate 

upfield in 11 relative to 12. The influence of the anhydride ring is greater on C-6 

than on aryl-substituted C-5. 

The downfield shift caused by the aromatic substituent is larger in position 2 (p- 

effect) than in position 3 (y-effect), and in compounds 11 and 12, therefore, C-2 

resonates at a lower field than C-3. Although H-2, and H-3 in 11 resonate fairly 
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'H AND "C{'H) NMR SPECTRA OF ISOMERIC ANHYDRIDES 73 1 

close to each other, the chemical shifts of C-2 and C-3 could be assigned: C-2 

and C-3 both correlate with H - ~ s ,  but C-2 correlates in addition with H-4. 

The I3C shifts of the carbonyl carbons C-8 and C-9 could not be assigned in 11. 

The dihedral angle H-4-C-4-C-3-C-9 in 11 is 88", which may be one reason for 

the missing correlation between C-9 and H-4. The corresponding dihedral angle 

in 12 is 49O; the carbonyl carbons C-8 and C-9 were distinguishable from one 

another because only C-9 correlates with H-4. 

CONCLUSION 

Although the bridgehead phenyl rotates, the steric interactions are larger in the 

ex0 anhydride 12 than in the endo anhydrides 10 and 11. The ortho protons of 

the C-1 phenyl are shifted upfield in 12, with the result that the protons of the C-1 

phenyl resonate in a considerably narrower range than the corresponding protons 

in 10 and 11. This observation explains the earlier results obtained with low-field 

spectrometers. 

The conformations of the C-1 phenyls of 11 and 12 in solid state provide an 

explanation for the chemical shifts of H-7a and H-7s in liquid state. On this basis 

the solid state and minimum energy liquid state conformations would appear to 

be similar. 
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