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Abstract : An equation has been derived in terms of inherent 
electronegativity of the active centres, which can be utilised 
to determine the regioselectivity of the cycloaddition reactions. 

haroductioo : Regioselectivity of cycloaddition reactions1 was determined previously 

by the methods2 which were applicable to M.Os and inapplicable to GVB orbitals3. 

But pericyclic reactions can be explained both in terms of M.0s.l and GVB orbitalsl. 

So, the purpose of this communication is to report a novel technique to determine 

the regioselectivity of the cycloaddition reactions, which is independent of the type 

of the orbitals used to explain the reactions. 

Dvivatfon of an Eqn. : The relationship between electronegativity and energy is 

well 5 known . Paar has shown the equivalence of Sanderson's electronegativity and 

chemical potential (dE/dN)6. Both Sanderson and Parr 
8 

have drawn attention to the 

electronegativity equalisation as a possible guiding principle in chemical reactions. 

With these ideas in mind, an equation has been derived here in terms of electronegativity 

of the active centres in order to determine the regioselectivity of the nonpolar cycloaddi- 

tion reactions. Let the active centres of the cycloaddition reactions shown in Fig.1 

are all carbon atoms and xA, xB, xc and XD are the inherent electronegativities 

of the active centres A , B , C and 

D respectively. Since the active centres 

are all uncharged species, all the /A D, ,A%D 

electrostatic energy terms may be 4al2r + 2s +? 2z10z o?l 

neglected for simplicity and so covalent LB C' \B -C 
/ 

. ...(i) 

energy term has only been considered 

for the energy change associated with 
/* c\ 

/A-C 

4112~ + 2n + 2z/oz Jz 
the covalent ’ bond formation between 

\B D/ \B - D 
/ 
. . ..(ii) 

the two active centres. Since covalent 

energy term is proportional inversely 

to the difference in size and in energy Fig. 1. Cycloaddition reactions 
6729 
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of the participating orbitals and since inherent electronegativity is such a parameter 

which is related to both the energy and size of the orbital, so it can be said that 

the covalent energy term is proportional inversely to the inherent electronegativity 

difference between the participating active centres. Now, since in a concerted cycloaddi- 

tion reaction covalent bond formation occurs at both the ends of cycloaddition reactants 

simultaneously, so the energy change associated with the formation of bonds A - D 

and B - C in the cycloaddition reaction (i) in Fig. 1, El = Kl I’ ( X A - X D)( X B - X C}, 

Kl being the proportionality constant. Similarly, the energy change associated with 

the formation of bonds A - C and B - D in the cycloaddition reaction (ii) in Fig. 1, 

E2 = K2 I ( XA - XC) ( XB - X D), K2 being the proportionality constant. So, 

AE = El - E2 = Kl I ( XA - XD) ( XB - XC) - K2 I ( XA - Xc) ( XB - x,)....(i) 

When the active centres are all carbon atoms with the same order of hybridisation, 

then Kl = K2 = K (say) and then eqn. (i) becomes, A E = El - E2 

=K. (XA- XB) (Xc- XD) / (XA- XD) (XB- Xc) (XA- Xc) (XB- ‘D) 

. . . . . . . . (ii) 

Section I : 

Salient features of Eqn. (ii) : (a) Reaction (i) will be more favoured over reaction 

(ii) when AE = - ve. For opposite situation A E = + ve. (b) If X A = X B or I 

and XC = XD, then AE = 0 i.e. regioselectivity does not arise. Regioselectivity 

arises only when XA # XB and XC # X D. (c) When XA#XB#XC#XD, then two 

casesmayarise: (i) XA> XBand XD >XCorXA <XBandXD<XC: Here, 

the numerator in eqn. (ii) is always - ve. So, high - high I low - low electronegative 

attachment of the active centres (which corresponds to El ) will be more favoured 

over high - low electronegative attachment (which corresponds to E2) provided the 

denominator is + ve. But in case the denominator is - ve then the reverse order 

of combination is more favoured. (ii) XA > X B and X D < X C or vice-versa : In 

this case, the numerator of eqn. (ii) is always + ve. So, here high - low electronegative 

attachment of the active centres (which now corresponds to El) will be more favoured 

over high - high I low - low electronegative attachment (which now corresponds 

to E2) provided the denominator is - ve. But in case the denominator be + ve then 

the reverse order of combination will be more favoured. (d) If at least one factor 

of the denominator in eqn. (ii) b e zero then the energy change ( AE ) will be maximum 

i.e. regioselectivity is expected to be maximum. Here, the favoured combination will 

be one in which active centres having identical inherent electronegativity are joined 

together - a process associated with maximum energy change. (e) Eqn. (ii) can 

explain why Lewis acid catalysed cycloaddition reaction is more regioselective than 

the uncatalysed reaction9. When a Lewis acid is used as a catalyst in a cycloaddition 

reaction, the electronegativity of the active centre directly joined to the substituent 

participating in the complex formation with the Lewis acid, will increase (say v 

XD increases). Then the value of the fraction ( XC - XD)I( X A - XD) ( XB - ‘D) 

will increase 
10 

in eqn. (ii). Other fraction of the right hand side of eqn. (ii) Will 
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remain unchanged. Obviously, A E if negative for uncatalysed reaction will be more 

negative for the Lewis acid ca$alyed reaction i.e. regioseZectivitg of the reaction 

will increase. 

section II : 

Application of Eqn. (ii) : The inherent electronegativity of an active centre in a 

cycloaddition reactant can be calculated by Huheey ’ s method 11 from the a and b 

values of the substituents joined to the active centre viz. the inherent electronegativity 

of the Cl - active centre in the compound 1 can be calculated from the a and b 

values of the substituents H (a = 7.17, b = 12.85) and OH (a = 10.80, b = 8.86) 

and is found to be 9.16 (Fig. 2). Similarly, the inherent electronegativity of the 

other active centre (C,) can be calculated from the a and b values of CHO and 

CO2Me. In case the substituent be a ring residue then for calculating the inherent 

electronegativity of the active centre, the a and b values of the ring residue directly 

joined to the active centre are considered, which in turn can be determined from 

the a and b values of its substituents. After 

determining, as stated above, the inherent 

electronegativities of the active centres in 

each reactant the regioselectivity of a cycloaddi- CHO 

tion reaction can be predicted by use of 
9% >=< 9.96 

H 1 2 CO2Me 
eqn. (ii) (see Section I) . As for example, 

when inherent electronegativities of 
1 

the the 

active centres of the cycloaddition reactants 

mentioned in Table 1 are inserted in eqn. (ii) Fig. 2 

then the sign of A E can be determined from which regioselectivity can be easily 

predicted. In this case, high - high/low - low mode of combination has been assumed 

to be associated with the energy change El and high - low mode of combination 

has been assumed to be associated with the energy change E2. So, here negative 

value of A E means high - high/low - low electronegative attachment of the active 

centres and positive value of A E means high-low electronegative attachment of the 

active centres. Although a few examples have only been furnished in Table 1 the 

prediction of regioselectivity by use of eqn. (ii) has been found to be in agreement 

with the experimental observation for many other thermal and photochemical cycloaddition 

reactions18. 

Polar Effect : If at least one of the active eentres in each cycloaddition reactant 

is similarly substituted then the inherent electronegativity of such similarly substituted 

active centres will be indentical ; then according to Section I (d) above, the preferred 

mode of combination will be one that involve joining of the active centres having 

identical inherent electronegativity . In such cases, mere determination of the relative 

order of electronegativity of the active centres in each cycloaddition reactant is 
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Table - 1 

Zycloaddition Reactants with inherent Sign ~Predicted Observed 
reaction type electronegativities of their of regio- regio- Rd 

active centres AR selectivity selectivity 

A B 

/-%CO,M. QXJ 

h-h/l-l 
_ ve (high-high/ h-h/l-l 12 

7.68 low-low) 

L?- + 2) 9.34~ 7~*77 

I 

i ‘~:a Ph Jr::,” + ve ~hi~;~~ow~ h_l 13 

7.95 

(2 + 2) 
Thermal 

8.17 
Me -OS+OEt 

8.38 

0 8.05 

0 9.37 

Ph 8.36 

)1 

+ ve h-l h-l 
-0,-o 14 

Ph 13.21 + ve h-l h-l 

ClF2C CF2Cl 

Y 9.98 

9.37 0 

9.89 U 

-ve h - h/l -1 h-hl l-l 15 

d 
7.68 d 

(2 + 2) 
Photo 

.b 

9047 OAC 

9.89 
/i- - ve h - h/l-l h-h/l-l 16 

9’044 8.05 C02Me 

8.05 
Me0 0 + ve h-l h-l 17 

' 9.89 

0 

sufficient to determine the mode of combination (i.e. high - high/low - low or high 

- low mode of attachment) of the active centres. And the relative order of electronega- 

tivity of the active centres in each cycloaddition reactant can then be determined 

quaIitatively from the polar effect of the substituents present with the active centres 

and for this purpose we need not require to calculate the inherent electronegativity 

of the active centres by Huheey’s method. Now, the substituents (other than hydrogen) 

commonly in use in organic chemistry can be categorised into four types (I-IV) on 

the basis of the nature of polar effect exerted by them (see below). For all these 
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four types of eubstituents, the re- 

lative kder of electronegativfty 

Of the active centres in CI” 
0 

g” 
‘d 

a cycloaddition reactant such 

a5 1 - substituted ethylene W=CO2Me, D=OMe , J=Ph, M=CH3, 

can be determined from the COMe, Cl, CH=CH2, 9 
polar effect of the substituents CHO, Br, etc. 

a5 follows : etc. etc. 

(i) For type I subetituent(W): 

-1 and - R effects are (a) (b) (cl (d) 

present: In this case 

electronegativity of both Fig. 3 
the ethylenic carbon 

active centres will increase but the increase will be much higher at the carbon 

directly joined to the, substituent than the remote carbon as -1 effect of the 

substituent decreases with the increase of the distance (Fig. 3a). 

(ii) For type II substituent (D) : - I and + R effects are present ! 

Here, the electronegativity of the ethylenic carbon directly joined to the subetituent 

will increase but that of the remote carbon will decrease. This is obvious because 

- I effect is much stronger than + R effect and decreases with the increase 

of the distance (Fig. 3b). 

(iii) For type III substituent (J) : Conjugative effect is present : 

In this case, the conjugative effect of the substituent will try to decrease the 

Table - 2 

1 

Compound* Type of Relative order of 
substituent electronegativity of 

the active centres 

* S = Substituent 
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electronegativity of both the ethylenic carbons whereas T I effect of the Sp2 

carbon of the substituent will try to increase the electronegativity of ,both the 

ethylenic carbons and the latter effect will be appreciable at the carbon directly 

joined to the substituent and negligible at the romote carbon. Hence, the electrone- 

gativity of the ethylenic carbon directly joined to the substituent will be more 

than that of the remote carbon (Fig. 3~). 

(iv) For type IV substituent (hi) : Hyperconjugative effect is present : 

If the substituent be CH3 or CH2 group, then the situation becomes unique. 

Although the inherent electronegativity of CH3 I CH2 group is slightly greater 

than that of hydrogen, the former has a higher electron donating power than 

the latter because of its greater 

charge capacity llb . Such a substituent 

(CH3 or CH2) when attached to 

ethylenic carbon will exert hypercon- 

jugative effect. The result is 

that the electronegativity Of both 

the adjacent and remote carbon 

will decrease but the decrease 

will be less on the adjacent carbon 

and more on the remote carbon 

because the adjacent carbon will 

experience an additional electron 

pull (by induction) toward the 

SP3 hybridised carbon of methyl 

or methylene group. So the electrone- 

gativity of the ethylenic carbon 

bearing the CH3/CH2 group will 

be higher than that of the unsubstitu- 

ted ethylenic carbon (Fig. 3d). 

Similarly, the relative order of electro- 

negativity of the active centres in 1 - 

substituted and 2-substituted dienes can 

be determined from the polar effect of 

the substituent. All these have been summa- 

rised in Table 2. Following the Table 2,the 

relative order of electronegativity of 

the active centres in the cycloaddition 

reactants A & B (Table 3) and in the 

compounds 2 - 5 (Fig.4) have been deter- 

mined as depicted in the 
23 

diagrams . 

Since according to Section I (d) above, 

Table - 3 

Il. Reactant A Reactant B Ref. 
10. (4v) (2n) 

S 

1 . 

G 

$” 19 

S=Ph ,G02H, Me 

2 d 

CHO 
2 20 

S=Ph, OMe 

S 

/ 
3 

c \ gCOZH 21 

S=C02H, Me 

CN 

4 

< 

gs 22 
19b 

S=CH=CH2, 

C02Me 

Ph 

5 riCOzMe 
0 

zob 
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RO --.X0 

2 

@I R = Me 

b) R=Et (R =Cl,Me,CHO,CO2H) 4 

c) R = PhCH2 
3 

[ 
Ph 

5 

Fig.4 

the favoured combination will involve attachment of the active centres having identical 

electronegativity, so dimerization 24 of the compounds 2 and 3 and cycloaddition reaction 25 

involving 4 and 5 ,will go through high-high/low-low electronegative attachment of the 

active aentres. Similarly, the cycloaddition reactions involving the substrates A and 

B of Table 3 can be predicted to occur by high-high/low-low electronegative attachment 

of the active centres because the inherent electronegativity of the methylene carbon 

active centre in each substrate (A or B) can be expected to be identical. All these 

predictions are in accord with the experimental observations. 

Mw(lrsswnt : The disagreement between the predicted regioseiectivity and observed 

regioselectivity may arise mainly due to (i) steric interaction and (ii)lonepair-lone- 

pair or dipole-dipole interaction 
26 . As for example, the thermal (2+2) cycloaddition reac- 

Table - 4 

Zycloaddition Reactants withinherent electro- Sign Predicted Observed 
reaction type negativities oftheir active centres of regio- regio- Ref. 

AE selectivity selectivity 

A B 

0 
(2+2) 

Thermal 
Ph 8.36 

Ph’=;;2; mve h-h/l-l . h-l 27 

8.22 

(4+2) 

Thermal 

9.91 

0 N='C-e=o -ve h-h/l-l h-l 13 
7.68 

9.89 
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(4 (b) 

Me L ,COPh 
c-c 

6 
Me0 

(cl (d) 

tion between the substrates A and B (TabIe 4) favours high - iow electronegative attach- 

ment of the active centres 
27 

rather than high-high/Pow-Iow eIeetronegative attachment 

although eqn.(ii) predicts the Iatter. The atetic fnfaract&m in ihe high-highrlow-low 

approach is probabIy responsible for the disagreement (PQ.5a). Another case of dfsagree- 

ment was observed in the thermal (4+2) cycloaddition reaction 
13 

between 1 - cyanoethylene 

and cycloheptenone (Table 4). Although eqn.(ii) predicts high-high/low-low electronegative 

attachment of the active centres, yet the reaction goes through high-low eIectronegative 

joining of the active centres because in the former approach serious lone pair - lone 

pair interaction 28a is present (shown by double' headed arrow in Fig.5b). In the case 

of intramolecular cycloaddition reaction ring strain 
28b.c 

ortransannular interaction 29 
may 

be present which may sometimes become too important to jeopardise the prediction by 

eqn.(ii). 

DiSCUSSiOll : Although cycloaddition reactions with heterodienes and heterodienophiles 

have not been considered here yet there is no reason why eqn.(ii) will not be applicable 

for such thermal reactions if electrostatic energy term does not play any important role. 

As a typicaI example of such thermal reactions, the compound 2a is found to react 
30 

with compound 6 in benzene at r.t. to produce compound 7 (96%) (Fig.5) by high-highllow- 

-low electronegative attachment of the active centres which is in accord with the predic- 

tion by Section I(d). But photocycloaddition reactions involving heterodienes and hetero- 

dienophiles are complicated because of the possibility of excitation by nonbonding elec- 

trons. 

In our electronegativity method, the inherent electronegativities of the active centres 

in the excited state of a molecule have been assumed to be identical with those in the 

ground state and regioselectivity has been determined accordingly. Although this is me- 

rely an approximation and may not necessarily hold good for all photoexcited molecules 

yet our method has been found to be suitable in predicting the regioselectivity of many 
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photocycloaddition reactions on the basis of this approximation. The most advantage 

of the clectronegativity method is its wider applicability because the method is 

independent of the type of the orbital8 used to explain the cycloaddition reactions. 

So a practical organic chemist will find this method very useful as it does net involve 

advanced chemical calculation. Of course, sometimes solvent effect31 or homoconjugation3' 

plays an important role on the regioselectivity of the cycloaddition reaction for 

which due consideration should then be made. 
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