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Abstract : 

The enhanced reactivity of the meta carbonyl function vis-a-vis 

nucleophiles in 3-substituted phthalic anhydrides is interpreted in 

terms of an internal steric effect. A through-space interaction 

between the substituent and the carbonyl function causes a 

displacement of electrons in the C=O bond from the oxygen to the 

carbon atan with shltaneous deactivation of the carbon atan toward 

nucleophil ic 

counter ion. 

Introduction 

attack and the oxygen atan tcward canplexation with a 

Intrmlecular steric effects are generally ve11 understood and 

are predictable by mlecular mechanics calculations. 'Ihe 

interactions of proximate polar groups are mre canplex due to the 
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832 KAYSER 

possibility of electronic interactions, in addition to sinple steric 

effects. 

"he object of the research reported in this paper is to 

determine how the proximity of the substituent to the carbonyl group 

in 3-substituted phthalic anhydrides affects the reactivity of this 

function vis-a-vis nucleophiles. Previously reported ab initio 

and Extended Hcckel calculations for sane d e l  phthalic anhydrides 

have shown that a correlation exists between the relative 

reactivities of the tw carbonyl groups and the electronic character 

of substituents. n7e experimental results fran metal hydride 

reductions of phthalic anhydrides suggested, however, that other 

than electronic effects must also be inplicated in the 

regioselectivity control . 2 

The chemical shifts in nuclear magnetic resonance are observable 

phenanena which are believed to be the result of the through-bond, 

as tell as through-space interactions. "he latter interactions 

involve non-bonded repulsions, dipole-dipole attractions, 

charge-transfer processes, hydrogen bonding and solvent effects. AS 

a result, the 13C chemical shifts for the t m  carbonyl groups in 

3-substituted phthalic anhydrides should reflect not only the 

electronic properties of the substituents, but also various 

proximity effects and thus provide realistic experimental estimation 

of the intrinsic reactivity of the carbonyl group. 

"he 13C chemical shifts for a number of 3-substituted phthalic 

anhydrides and the corresponding lactones were measured. The 

results are shown in Tables I and 11. The assignments of the t m  
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THE INTERNAL S T E R I C  PUSH-EFFECT 833 

TABLE I 

13C M Data for Subs t i t u t ed  Ph tha l i c  Anhydrides 

R 0 
(or tho  

Anhydride R 

H 

F 

c1 
Br 

I 

OCH3 

Cli3 

*2 

t-Eu 

~ ( c = o ) ~  (l70) 

163.8 (374) 

159.5 (385) 

159.5 (386) 

160.1 (385) 

160.6 (382) 

160.3 (383) 

162.7 (396) 

163.0 (383) 

165.8 (395) 

(metal 
~ ( c = o ) ~  (l70) 

163.8 (374) 

162.2 (376) 

161.1 (375) 

160.9 (374) 

161.0 (373) 

162.6 (371) 

163.3 (367) 

163.1 (372) 

167.0 (377) 

TABLE I1 

13c EpR Data for 7-phthalides and 4-phthalides 

R 0 

7-Phthalide R 

H 

F 

c1 
Br 

-3 

Cli3 

N02 

( c = o ) ~  (l70) 

171.3 (320) 

166.0 (334) 

167.8 (335) 

168.0 (334) 

168.7 (330) 

168.9 (333) 

171.3 (332) 
165.3 (327) 

4-Phthalide R (C=O) (170) 

H 171.1 (320) 
1 

F 169.0 (325) 

C 1  169.8 (327) 

Br 169.9 (327) 

C 1  170.3 (327) 

OCH3 170.8 (323) 

Cli3 171.5 
W2 168.4 (325) 
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a 34 KAYSER 

13C s i g n a l s  f o r  t h e  anhydrides s tud ied  were made by analogy with t h e  

s i g n a l s  f o r  t h e  corresponding i s ane r i c  lac tones .  

Escperimental 

Carbon-13 spectra were obtained on a Varian HA-100 and Fourier 

Sanples of anhydrides and lac tones  were transform NMR spectrmter. 

run i n  CDCl i n  5 - m  sanple tubes  and were locked on deuterium. 3 
Each spectrum was noise  decoupled a t  100 Mlz to  e l imina te  l3C-k 

coupling. 

Materials 

Chemical s h i f t s  are reported r e l a t i v e  to  TMS as zero .  

The anhydrides prepared i n  a few-step syntheses *re reduced by 

a v a r i e t y  of silrple and corrplex metal hydrides to  t h e  corresponding 

lactones. The mixtures were separated by chromatography q d  t h e  

l a c t o n i c  products e r e  p u r i f i e d  by c r y s t a l l i z a t i o n  and sublimation 

as reported previous ly  . 3 

Discussion 

A small up f i e ld  s h i f t  of t h e  carbonyl s i g n a l  of about 2 . 5  ppn 

genera l ly  accorrpanies dehydration of t h e  diacid to  t h e  corresponding 

anhydrides. It seem to be t h e  n e t  r e s u l t  of two opposing 

p h e n m n a :  t h e  sh i e ld ing  "anhydride e f f e c t "  and t h e  &shie ld ing  

"five-member r i n g  e f f e c t "  . The s k i e l d i n g  of the anhydride 

carbonyl may be due to  t h e  e l imina t ion  of hydrogen bonding on going 

f r a n  t h e  &acid to  anhydride 5aJ or it may be l inked  to t h e  e f f e c t  

of t h e  acetoxy group which, by withdrawing e l ec t rons  f r a n  t h e  

carbonyl carbon, opposes po la r i za t ion  of t h e  n-electrons by t h e  

carbonyl oxygen. The similar u p f i e l d  s h i f t  of carbonyl carbon is 

observed i n  a-haloketones and aryl h a l i d e s  5b9 '. To our knowledge, 
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THE INTERNAL STERIC PUSH-EFFECT 835 

no s a t i s f a c t o r y  r a t i o n a l i z a t i o n  f o r  t h e  desh ie ld ing  five-member r i n g  

e f f e c t  has  been proposed. Nevertheless,  t h e  experimental r e s u l t s  

i nd ica t e  t h a t  carbonyl carbon atans i n  f i v e  member ketones,  

4 resonate  downfield f r m  carbonyl lac tones  5c and anhydrides 

carbons i n  six-mher r i n g s  or s t ra ight -cha in  ccmpounds. Thus, t h e  

small u p f i e l d  s h i f t  observed upon dehydrating a diacid to t h e  

corresponding five-member anhydride may be due t o  the smewhat mre 

inpor tan t  con t r ibu t ion  of t h e  "anhydride e f f e c t "  c a n c e l l i n g  t h e  

f ive-member r i n g  e f f e c t  . 
The above i n t e r p r e t a t i o n  is supported by t h e  f a c t  t h a t ,  upon 

reduction of five-member c y c l i c  anhydrides t o  t h e  corresponding 

lac tones ,  an inpor tan t  downfield s h i f t  of 8-9 ppn is observed (see 

Table I ) .  

Subs t i t uen t  e f f e c t s  

The halogens (F, C1, Ex, I ) ,  methyl and mthoxy s u b s t i t u e n t s  

cause a weak u p f i e l d  s h i f t  of carbonyl carbons i n  anhydrides and 

lac tones  (Table I and 11). The e f f e c t  is s l i g h t l y  l a r g e r  f o r  t h e  

ortho- than for t h e  meta-carbonyl carbon atm. For t h e  No2 group a 

downfield shift of carbonyl carbons is observed. This  s h i f t  is 

smal le r  f o r  t h e  ortho carbonyl group. 

"he observed s l i g h t  sh i e ld ing  of t h e  tm carbonyl carbon atans 

i n  3-halo and 3-mthoxy p h t h a l i c  anhydrides (relative to t h e  

unsubs t i tu ted  canpound) sugges ts  a weak mesmer ic  e l e c t r o n  donating 

e f f e c t  of t h e s e  s u b s t i t u e n t s  1, while the deshie ld ing  observed i n  

3-n i t rophtha l ic  anhydride is c o n s i s t e n t  wi th  t h e  e l e c t r o n  with- 
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836 KAYSER 

drawing character of No2 group. ?he resonance e f f e c t s ,  h o e v e r ,  

cannot account f o r  t h e  sanewhat h igher  sh i e ld ing  of the ortho (v.s.  

metal carbonyl carbon atan i n  t h e  inves t iga t ed  collpounds. Although 

mesmeric e f f e c t s  *re successfu l ly  enployed to expla in  t h e  s l i g h t  

sk i e ld ing  of t h e  R-carbonyl r e l a t i v e  to  t h e  a c a r b o n y l  i n  ch loro ,  

b r m  and methyl maleic anhydrides 1 4 ,  such an i n t e r p r e t a t i o n  does 

not appear t o  be correct f o r  3-subs t i tu ted  ph tha l i c  anhydrides.  

2 

I n  t h e  latter canpounds the observed sk ie ld ing  of t h e  ortho-carbonyl 

carbon atan is accanpanied by simultaneous deshielding of t h e  oxygen 

atan of t h i s  func t ion ,  as was demns t r a t ed  by a 170 NW? s tudy  

"he 13C upf i e ld  s k i f t  does not  appear t o  be t h e  r e s u l t  of t h e  

through-bond e l ec t ron ic  e f f e c t s ,  (similar to  those  observed i n  

-haloketones and acyl  ha l ides  5b1 s i n c e  electron-donating and 

e l ec t ron  withdrawing groups a l i k e  s h i e l d  t h e  carbon and &sh ie ld  t h e  

oxygen atan of t h e  ortho-carbonyl func t ion .  Nor does it appear to 

be caused by mesmric e f f e c t s ,  which m u l d  s h i e l d  t h e  oxygen as 

well as t h e  carbon atan as shown i n  - 1. On t h e  o the r  hand, there is 

anple evidence t h a t  t h e  observed sh ie ld ing  has  its o r i g i n s  i n  t h e  
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THE INTERNAL STERIC PUSH-EFFECT a37 

intra mlecular van der Waals interactions between the carbonyl 

function and the neighbouring substituent. 

m e  net result can be interpreted as a displacement of 

electronic density fran the oxygen toward the carbon atom in the 

carbonyl function. In the process, oxygen becanes 'less" 

nucleophilic and the carbon atan "less" electrophilic than the 

oxygen and carbon atans in the meta-carbonyl group. In view of the 

above it may be expected that the ortho-function sbuld be less 

reactive towards nucleophilic additions , particularly in metal 

hydride reductions, in which shltaneous or prior association of 

the oxygen with a counter ion prcmotes nucleophilic addition to the 

carbon atan of the carbonyl group. 

This conclusion matches reasonably well the experimental results 

obtained in metal hydride reductions of the 3-substituted phthalic 

anhydrides, carried out in the absence of an effectively chelating 

counter-ion *. 
Recently Li and Chesnut reported that a good correlation 

exists betwen the local van der Waals steric energy (as calculated 

by MM2 force field calculations) and the chemical shifts of the 

resonant nuclei in R, y ,  and y positions. The relationship 

associates a repulsive interaction with deskielding effects and 

attractive interactions with shielding effects. 

The inportant repulsive interactions between the 3-substituents 

and the ortho carbonyl function in phthalic anhydrides ensue from 

the rigid geanetry of these ccmpounds, which forces the carbonyl and 

the 3-substitcent into close proximity. 
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838 KAYSER 

TABLE I11 

hM2 Calculations for 3-substituted phthalic anhydrides 

Type Angle (Degrees 1 

F c1 Br I t-BU 
121.82 122.69 123.12 123.56 124.8 
125.87 126.04 126.14 126.19 127.69 
110.30 110.51 110.59 110.62 111.28 
110.23 110.21 110.19 110.18 109 * 14 
125.55 125.57 125.59 125.61 125.82 

'5'SR 
c5c9011 
'5'9'8 
'4'7'8 
c4c7010 

The M M 2  calculations for several of 3-substituted phthalic 

anhydrides predict that the substituent and the neighbowring 

carbonyl group remain co-planar and within the plane of the aromatic 

ring. To alleviate the inposed crowding there is an in-plane 

distortion of the bond angles of the substituent and the carbnyl 

function. ?he observed angle distortion increases with the 

increasing steric demand of the substituent (see Table III), in 

agreement with repulsive van der Waals interaction between these two 

groups. 

Baumstark and co-workers have shown that, for 3-methyl and 3-t 

butyl phthalic anhydrides, the magnitude of the calculated in-plahe 

distortion parallels the deshielding observed in 170 chemical shift 

data lo. Furthemore, the force-field-predicted gemtry was 
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THE INTERNAL STERIC PUSH-EFFECT a39 

confirmed by the crystallographic data reported for 

3-t-butylphthalic anhydride . 10 

In substituted maleic anhydrides, the interaction between the 

substituent and the a-carbonyl function is quite different. The t m  

groups are splayed and the actual non-bonded distance between the 

substituent and the carbonyl function is larger than in 
IS 3-substituted phthalic anhydrides. The observed C signals for 

l-carbonyl are shifted downfield with respect to the R-carbonyl - 2, 

thus making C-1 a better target for nucleophilic attack. These 

predictions correlate well with the experimental results showing 

preferential reduction of the B-carbonyl function in a series of 

substituted maleic anhydrides . 11 

In conclusion, we should point out that the diminished 

reactivity of the ortho carbonyl groups vis-a-vis nucleophiles in 

3-substituted phthalic anhydrides may be linked to the internal 

steric "push effect" which causes the displacement of electrons in 

the C=O bond from the oxygen to the carbon atom. This phencmenon, 

associated with the particuhr geanetry of 3-substituted phthalic 
.- 

anhydrides, -- can be detected by lJC - nmr. 

be operative in other rigid system of similar geanetry. 

It is possible that it may 
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