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The Captodative Effect 

HEINZ G. VIEHE,* ZDENEK JANOUSEK, and ROBERT MER~NYI 

Laboratoire de Chimie Organique, Universitl de Louvain, B-1348 Louvain-La-Neuve, Belgium 

LUCIEN STELLA 

Laboratoire de Chimie Organique B Associl au CNRS, L A  109, Uniuersitg d’Aix-Marseille 3, 13397 Marseille Cedex 13, France 

Received December 23, 1983 (Revised Manuscript Received January I O ,  1985) 

Some years ago we postulated that the captodative 
effect, the combined action of an electron-withdrawing 
(captor) and an electron-releasing (donor) substituent 
on a radical center, leads to an enhanced stabi1ization.l 
It is the goal of this Account to outline the genesis of 
the concept and to retrace the course of events which 
have marked its progress from inception to the present 
day. First, we will describe how the intuitive idea based 
on the fundamental principles governing the stabiliza- 
tion of radicals and ions led us to formulate the concept. 
We will then demonstrate that the concept is well 
founded by emphasizing the most significant experi- 
mental evaluations concerning it and especially by de- 
scribing the mechanistic consequences for homolytic 
reactions and its applications in selective organic syn- 
thesis. 
Substituent Effect on Radical Stabilization 

Substituent effects in free radical chemistry have 
been the subject of considerable work and discussion. 
Being of steric or electronic nature, they influence both 
the kinetic and thermodynamic radical stabilizations.2 
Therefore, through their steric effects, substituents can 
play a significant role in the kinetic stabilization of 
radicals. It is easily understood that by preventing 
molecules and oLher radicals from approaching the 
radical center, steric effects isolate it from its environ- 
ment and grant it some persistence. This is the case 
for di- and tri-tert-butylmethyl  radical^,^ for example. 
Thermodynamic stabilization, on the other hand, cor- 
responds to a lowering of the radical energy ground- 
state. It is, therefore, an intrinsic property that is 
principally influenced by the ability of the substituents 
to delocalize the unpaired electron. This can reduce the 
reactivity by reducing the spin density on the radical 
center. In general, thermodynamically stabilized rad- 
icals are not persistent.2 It can be observed, however, 
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that the combined electronic effects of polar substitu- 
ents also cause a certain chemical inertia. The re- 
markable persistences of dicyano(dimethylamin0)- 
methyl ( 1)4 and l-ethyl-4-carboniethoxypyridinyl rad- 
icals (2)6 provide two examples that are, a priori, sur- 
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prising. How can such a behavior be explained in the 
cases where, apparently, steric effects do not play a 
determining role? We tried to find the answer to this 
question, as well as to other more general questions 
concerning the fundamental problem of thermodynamic 
stabilization of polysubstituted radicals. 

In parallel with our own work, developed essentially 
for synthetic application purposes, the captodative ef- 
fect has been compared in recent years with the com- 
bined effect of identical Substituents. This Account not 
only reflects this renewed activity in theoretical and 
physicochemical studies of polysubstituted radical 
stabilization but also provides a new perspective on the 
earlier work in relation to this problems6 

With our current understanding of the relationships 
between structure and reactivity in the homolytic pro- 
cess, it has been well established that free radicals can 
be thermodynamically stabilized both by electron do- 
nors and electron  acceptor^.^ The earliest explanation, 
and the simplest, is based on the notion of conjugation. 
It suggests that the substituted radicals are stabilized 
when and because additional resonance structures can 
be drawn wherein the unpaired electron is delocalized 
onto the substituents. Thus, for the a-aminomethyl 
3 and the a-cyanomethyl 4 radicals, two mesomeric 

(1) (a) Stella, L.; Janousek, Z.; MerBnyi, R.; Viehe, H. G. Angew. 
Chem., Int. Ed. Engl. 1978,17,691. (b) Viehe, H. G.; Mer€nyi, R.; Stella, 
L.; Janousek, Z. Ibid. 1979, 18, 917. 

(2) Griller, D.; Ingold, K. U. Acc. Chem. Res. 1976, 9, 13. 
(3) Mendenhall, G. D.; Ingold, K. U. J. Am. Chem. SOC. 1973,95,3422. 
(4) De Vries, L. J. Am. Chem. SOC. 1978,100, 926. 
(5) Kosower, E. M.; Waits, H. P.; Teuerstein, A.; Butler, L. C. J. Org. 

Chem. 1978,43,800. 
(6) A special effect on polysubstituted radical stabilization has been 

first suggested by theoretical argument by (a) Dewar, M. J. S. J. Am. 
Chem. SOC. 1952,74,3353 and then observed experimentally and termed 
‘push-pull stabilization by (b) Balaban, A. T. Rev. Roum. Chim. 1971, 
16,725 and “meroetabilization” by (c) Baldock, R. W.; Hudson, P.; Ka- 
tritzky, A. R.; Soti, F. J. Chem. SOC., Perkin Trans. 1 1374,1422. See also: 
(d) Aurich, H. G.; Deuschle, E.; Weiss, W. J.  Chem. Res., Synop. 1977, 
301; J.  Chem. Res., Minipr. 1977, 3457. (e) Diihne, S. Science (Wash- 
ington, D.C.) 1978,199,1163. (f) Fabian, J.; Hartmann, H. Theor. Chim. 
Acta 1976, 36, 351; J.  Mol. Struct. 1976, 27, 67. 

(7) Fleming, I. “Frontier Orbitals and Organic Chemical Reactions”; 
Wiley: New York, 1976; p 182. 
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Figure 1. Interactions of a radical orbital (SOMO) with (a) a 
vacant acceptor orbital, A, and (b) a filled donor orbital, D. 

forms 3a,b and 4a,b account for the conjugative sta- 
bilizing effect of the a-donor and the a-acceptor groups, 
respectively. 
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More recently, frontier orbital theory has provided 
radical stabilization with a representation which em- 
phasizes the rektive polar characters of the substituted 
 radical^.^ Parts a and b of Figure 1 show the orbital 
interactions responsible for the stabilization of a radical 
center by an acceptor A and a donor D, respectively. 
The interaction between the unperturbed radical 
SOMO and the acceptor LUMO A results in lowering 
of the singly occupied orbital of the substituted radical. 
This accounts for its stabilization as well as for its more 
electrophilic character. A donor D, on the other hand, 
stabilizes via a three-electron interaction; the resulting 
singly occupied orbital +2 is higher in energy than the 
unperturbed radical SOMO. Consequently, a donor- 
substituted radical is more nucleophilic than its un- 
substituted counterpart. 

Even though it is not strictly correct to attribute an 
intrinsic polar character to a radical without considering 
the reaction type in which it is involved: it is possible, 
to define a relative polarity scale for a homogeneous 
series of radicals. Thus, the a-aminomethyl radical 3 
is more nucleophilic than the methyl radical, which is, 
in turn, less electrophilic than the a-cyanomethyl rad- 
ical 4. 

The ability of a substituent to stabilize a cation, an 
anion, or a polar transition state by direct resonance is 
now well understood in terms of u+ and u- .~  The in- 
tuitive formulation of the concept results from the ap- 
plication of these fundamental ideas to the prediction 
of substituent effects on the monosubstituted polar 
radicals 3 and 4. 

The Concept of Captodative Effect 
An acceptor substituent (for example cyano) by its 

nature contributes a stronger stabilization to the nu- 
cleophilic radical 3, and a weaker one to the electro- 
philic radical 4, than it contributes to the methyl rad- 
ical. Conversely, a donor substituent (for example am- 
ino) contributes a weaker stabilization to the nucleo- 
philic radical 3, and a stronger one to the electrophilic 
radical 4, than it contributes to the methyl radical. 
These propositions indicate that pairs of identical 

4b - 4a - 

(6) Minisci, F.; Citterio, A. In 'Advances in Free-Radical Chemistry"; 

(9) Chapman, N. B.; Shorter, J. 'Advances in Linear Free Energy 
Williams, G. H., Ed.; Heyden: London, 1980, Vol. 6; p 65. 
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Figure 2. Stepwise perturbational approach of orbital interactions 
involved in stabilization of a radical center by the captodative 
substitution. 

substituents act on the radicals 6 and 7 in a conflicting 
manner, while pairs of substituents of opposite polarity 
act in synergy on the stabilization of the captodative 
radical 5. 
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Qualitatively, the concept thus formulated corre- 
sponds to the drawing of five resonance structures in 
the case of the captodative radical 5, whereas only three 
are possible in the case of radicals 6 and 7, which carry 
two identical substituents. Moreover, the charge sep- 
aration in the opposite direction to the atom electro- 
negativities in 3b is a conflicting situation that is en- 
hanced in 6b by the introduction of a second donor 
substituent, but which is, in contrast, attenuated in 5b 
by the introduction of an acceptor substituent. 

This qualitative description of the captodative effect 
resembles that which can be predicted and visualized 
with use of a stepwise perturbational approach.lb In 
terms of frontier orbitals, the stabilizing interactions 
between a radical and a substituent increase as the 
orbital energies involved come closer together. It is 
clear that, in general, when the orbital energies are in 
the order LUMO A > SOMO > HOMO D (Figure 2), 
the energy difference between and LUMO A is 
smaller than that separating the SOMO from the 
LUMO A. It follows that stabilization by an acceptor 
A is more effective in the ACHD captodative radical 
than in the ACHz monosubstituted radical, Further- 
more, as the singly occupied orbital of the ACHz radical 
is lower in energy than the methyl radical SOMO, it is 
closer to the HOMO of the donor substituent D. Sta- 
bilization by a donor substituent is, therefore, more 
significant in the captodatiye radical ACHD than in the 
monosubstituted radical CH2D. Thus, in the case of 
two substituents of opposite polarity A and D, the 
overall effect on the radical stabilization is greater than 
the sum of the individual substituent effects. In other 
words, the two substituents act in unison; they poten- 
tialize one another. This is what we call the captodative 
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Table I. 
Hyperfine Coupling Constants and Delocalization Parameters in Benzylic Radicals 1 2  and 13 

___-__- 
radical X Y aHCH3, G Sexptl Scaled A S ,  % 

12L 

1 2 e  
Y 12f  

12g 
1 2 h  
12i  

1 2  - 

1 3 a  
1 3 b  
13c 
1 3 d  
1 3 e  
13f  CH 3 

H 
H 
H 
CN 
CN 
OMe 
OMe 
CN 
OMe 
H 
OMe 
H 
H 
CN 
CN 

H 
OMe 
CN 
H 
CN 
OMe 
H 
OMe 
CN 
H 
OMe 
CN 
OMe 
CN 
OM e 

13 

effect. The effect is quite general; it appears each time 
neutral or charged acceptor and donor act simultane- 
ously on a radical center. Their combined action can 
be produced either directly or through a T system ca- 
pable of transmitting the substituent effects.1° Thus, 
the 1,2-enamine radical cation 8 and the a-diketone 
radical anion 9 are two typical examples of captodative 
radical ions. Wurster salts 10 and the hydroquinone 
radical anion 11 are cyclic vinylogues of 8 and 9, re- 
spectively. 

/ \N< 6 4 = 0  
s 

rl 

Evaluating the Captodative Effect 
We have purposely used a qualitative line of reason- 

ing, based on the most basic principles of conjugative 
interaction or overlap, as a simple introduction to the 
captodative concept. If the simple argument is true, 
then any approximate method must confirm it. Fore- 
most among the methods that have been used to 
evaluate the substituent effects on radical stabilization, 
electron spin resonance spectroscopy is ideally suited." 
This technique detects free radicals and concerns the 
ground state of paramagnetic species. Compared with 
the other methods, this is independent of the substit- 
uent effects on the radical precursors or on the decay 
products. This also discounts any hypotheses on the 
nature of a postulated transition state wherein the 
radicals can be more or less developed. A t  the same 
time, this technique provides precise information about 
the delocalization of the unpaired electron. 

In the homogeneous series of benzylic radicals 12 
(Table I), the freely rotating methyl group provides a 
suitable probe for the benzylic carbon spin density.12 
The steric interactions between substituents X and Y 
are nonexistent, and the configurational variations can 
be considered negligible since the radical planarity is 

(10) Deuchert, K.; Hiinig, S. Angew. Chem., Int. Ed. Engl. 1978, 17, 
875. 

(11) Jansen, E. G. Acc. Chem. Res. 1969,2, 279. 
(12) Sylvander, L.; Stella, L.; Korth, H. G.; Sustmann, R. Tetrahedron 

Lett. 1985, 26, 749. 

17 .70  
17 .25  
16 .90  
1 6 . 1 0  
1 5 . 9 0  
15 .75  
1 5 . 5 0  
1 4 . 8 5  
13.95 

6.53 
6.40 
5.92 
5.90 
5.90 
4.44 

0 
0.025 
9 .045  
0.090 
0.102 0 .131  - 22  
0.110 0.146 - 2 5  
0.124 
0.161 0.113 .t 4 2  
0.212 0 .163  + 30 
0 
0.020 0 .0183 - 89  
0 .093  
0.096 
0.096 0.177 - 46 
0.320 0.180 -I- 78 

ensured by the presence of the aromatic nucleus. 
Therefore, variations in the P-H hyperfine splittings 
aHCH3 should reflect changes in spin delocalization, and 
an increased spin delocalization should indicate an in- 
creased radical ~tabi1ization.l~ An experimental delo- 
calization parameter, SXyexPtl, can be defined (eq 1) for 

each substituent or substituent pair. For the unsub- 
stituted benzylic radical 12a, SHHeXPtl is zero and the 
value increases with the stabilizing power of the sub- 
stituent or substituent pair. The data in Table I clearly 
indicates that the stabilization contributed by the 
captodative substitution is greater than those contrib- 
uted by either two acceptor or two donor substituents. 

Furthermore, the value Sdd can be estimated for the 
disubstituted radicals (eq 2), representing the superim- 

position of the individual substituent effects. These 
values are greater than the corresponding experimental 
values in the case of two identical substituents but are, 
in contrast, smaller than Sewd in the case of captodative 
radicals. The difference A S  (eq 3) represents a syner- 

(3) 

getic substituent effect if positive and an antagonistic 
one if negative. Although phenylogy attenuates the 
substituent effect of Y, the variations observed in A S  
certainly are significant. It is obviously verified that 
the antagonistic or synergetic effects are stronger when 
X and Y are directly bonded to the radical center12 such 
as in benzylic radicals 13. An analogous conclusion is 
reached following the study of an allylic radical series14 
(Table 11). The delocalization parameters derived from 
the coupling constants uH) and aH2 emphasize analogous 
antagonism and synergy in the combined action of two 
substituents. In addition, the rotational barriers of the 
substituted allylic radicals reflect the thermodynamic 
stabilization contributed by the substituents. A com- 
parison of these values shows that the captodative effect 
exceeds the sum of the individual substituent effects. 

(13) Dust, J. H.; Arnold, D. R. J. Am. Chem. SOC. 1983, 105, 1221. 
(14) Korth, H. G.; Lommes, P.; Sustmann, R. J. Am. Chem. SOC. 1984, 

106, 663. 
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Table  11. 
Hyperfine Coupling Constants,  Delocalization Parameters,  and  Rotational Ba r r i e r s  i n  Allylic Radicals 14 

X Y aH1' G aHz? S e X P f l  S** AS, % E,, kcal/mol 
14a H H 14.81 13.92 
14b 
14c 
14d 
14e 
14f 
14g 
14h 
14i 

CN 
H 
M e 0  
H 
CN 
M e 0  
M e 0  
CN 

H 
CN 
H 
M e 0  
CN 
M e 0  
CN 
M e 0  

13.15 
13.05 
13.64 
13.11 
12.16 
14.91 
10.77 
10.89 

12.42 
12.20 
13.18 
13.07 
11.30 
14.35 
10.34 
10.09 

0 
0.110 
0.121 
0.067 
0.089 
0.184 

-0.018 
0.267 
0.267 

15.7 
10.6 
9.8 

14.7 
14.3 

0.218 -16 9.6 
0.150 -112 12 
0.180 +48 6.0 
0.189 +41 6.1 

Stabilization energies of polysubstituted radicals have 
been estimated in recent years by various physico- 
chemical and theoretical methods. The studies relating 
to carbon-carbon bond homolysis of hexasubstituted 
ethanes,l& cis-trans isomerization of tetrasubstituted 
ethylenePf and  cyclopropane^,'^^^ and thermolysis of 
azo compounds,15j as well as theoretical c a l c ~ l a t i o n s , ~ ~ ~ ~  
all converge on the fact that the action of a captodative 
couple is more stabilizing than the actions of the cor- 
responding dicaptor or didonor pairs. 

The captodative effect appears to be general, not only 
in the stabilization of monoradicals but also in that of 
the 1,l-biradicals (carbene triplet states),16 1,Zbiradicals 
(transition state for cis-trans isomerization of ethyl- 
e n e ~ ) , ~ ~ ~  1,3-biradicals (transition state for cis-trans 
isomerization of cycl~propanes),~~g-~ and other 1,w-di- 
radicals. l7 
Mechanistic Consequences of the Captodative 
Effect 

Whatever may be the exact magnitude of the capto- 
dative effect, which obviously depends on each of the 
partners in the couple considered, a synergetic contri- 
bution to radical stabilization can, under thermody- 
namic control, promote the formation of captodative 
radicals and influence the product distribution and 
yield of reactions where these radicals are intermediates. 

A u bond linking an atom, or group of atoms, to a 
captodatively substituted center is activated toward 
homolysis. This proradical property is clearly illus- 
trated by the rearrangement reactions involving radical 
pairs. Thus, the meso-dl interconversion of the capto- 
dative radical dimers takes place at  relatively low tem- 
p e r a t u r e ~ . ~ ~ ~ ~ ~  The weak dissociation enthalpy of the 
dimers reflects the importance of the r~ bond energy 

(15) (a) Louw, R.; Bunk, 3. J. Red.  Trau. Chim. Pays-Bas 1983,102, 
119. (b) Zamkanei, M.; Kaiser, J. H.; Birkhofer, H.; Beckhaus, H. D.; 
Rijchardt, C. Chem. Ber. 1983,116,3216. (c) Barbe, W.; Beckhaus, H. 
D.; Rachardt, C. Ibid. 1983,116,1058. (d) Stella, L.; Pochat, F.; MerBnyi, 
R. Nouv. J. Chim. 1981, 5,  55. (e) Mer€nyi, R.; Daffe, V.; Klein, J.; 
Masamba, W.; Viehe, H. G. Bull. SOC. Chim. Belg. 1982, 91, 456. (f) 
Leigh, W. J.; Arnold, D. R. Can. J. Chem. 1981, 59, 609, 3061. (9) De 
Mesmaeker, A.; Vertommen, L.; MerCnyi, R.; Viehe, H. G. Tetrahedron 
Lett. 1982,23,69. (h) MerBnyi, R.; De Mesmaeker, A.; Viehe, H. G. Ibid., 
1983, 24, 2765. (i) Arnold, D. R.; Yoshida, M. J. Chem. SOC., Chem. 
Commun. 1981,1203. (j) Janousek, Z.; Timberlake, J. W.; Viehe, H. G., 
to be submitted for publication. (k) Crans, D.; Clark, T.; Schleyer, P. v. 
R. Tetrahedron Lett. 1980,21, 3681. (1) Kleasinger, E. M. Angew. Chem., 
Int. Ed. Engl. 1980,19,908. (m) Leroy, G. Int. J. Quant. Chem. 1983, 
23, 271. 

(16) Humphreys, R. W. R.; Arnold, D. R. Can. J. Chem. 1979,57,2652. 
(17) (a) Kosower, E. M.; Ikegami, Y. J. Am. Chem. SOC. 1967,89,461. 

(b) Itoh, M.; Kosower, E. M. Ibid. 1968, 90, 1843. 

lowering.la Thus, the dimers of 1,3-bis (captodative) 
allyl radicals homolyze already around room tempera- 
ture.lsb The {l,Z)- or (1,3)-type rearrangements also take 
place with remarkable ease if the radicals involved carry 
captodative substitution. Ammonium ylides 15 rear- 
range to tertiary amines 17, whereby radical pairs 16 
may intervene.lg The compound 18 undergoes a 
thermal 1,3 shift to its isomer 19. The strongly positive 
activation entropy and the lack of any significant sol- 
vent effect are consistent with the homolytic cleavage 
to an intermediate pair of stabilized radicals.20 

E 

EtS SEt 

SEt 

CHO 
E E 

The transition state of C-H abstractions being polar, 
other radicals than the captodative ones may be formed 
under kinetic control. The initially formed radicals 
would then undergo a fast hydrogen transfer reaction 
which generates a thermodynamically favored capto- 
dative radicalsS2l 

The captodative effect such as in 37 appears also in 
the weakening of A bonds. The captodative substitution 
draws together the olefin frontier orbitals (with respect 
to ethylene, simultaneous increase of the HOMO and 
decrease of the LUMO energies).lb Consequently, 

(18) (a) Himmelsbach, R. J.; Barone, A. D.; Don Kleyer, L.; Koch, T. 
H. J. Org. Chem. 1983, 48, 2989. (b) Van Hoecke, M.; Borghese, A.; 
Penelle, J.; Mergnyi, R.; Viehe, H. G., submitted for publication in Tet- 
rahedron Lett. 

(19) (a) Ollis, W. D.; Rey, M.; Sutherland, I. 0.; Closs, G. L. J. Chem. 
SOC., Chem. Commun. 1975,543,545. (b) Baldwin, J. E.; Erickson, W. 
F.; Hackler, R. E.; Scott, R. M. Ibid. 1970,576. (c) Chantrapromma, K.; 
Ollis, W. D.; Sutherland, I. 0. Ibid. 1978, 670, 672, 673, 675. 

(20) Bates, G. S.; Ramaawamy, S. Can. J. Chem. 1981, 59, 3120. 
(21) (a) Beaujean, M. Ph. D. work, Louvain-la-Neuve, 1984. (b) Til- 

quin, B.; De Laet, M.; Massaut, B. Proceedings of the 7th International 
Congress of Radical Research, Amsterdam 1983, Book of Abstracts A2-28. 
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radical addition and cycloaddition reactions are favored 
thermodynamically and even kinetically;22 the capto- 
dative olefins can be considered as rudicophiles.lb The 
LUMO lowering of captodative olefins also results in 
good dienophilic properties. 

Finally, by stabilizing the radical, the captodative 
effect favors homolytic reactions of lowest activation 
energies (dimerization or coupling) to the detriment of 
other reactions such as addition (polymerization), hy- 
drogen abstraction, dismutation. A mechanistic study 
shows that the captodative radicals dimerize without 
noticeable energy barrier.23 Many attractive synthetic 
applications result from this set of properties, some of 
which are illustrated in the next section of this Account. 
Synthetic Applications of the Captodative 
Effect 

The dehydrodimers of captodative compounds can 
be obtained very selectively and in good yields.% The 
captodative centers can be used to interlink numerous 
derivatives (a-amino esters or nitriles, a-alkoxy esters 
or nitriles, etc...). The reaction of methyl pyroglutamate 
(20) with tert-butyloxy radicals illustrates the possibility 

C4* 

- 20 21 
of bond forming between two tertiary carbon atoms.25 
With various oxidizing agents such as oxygen, sulfur, 
and halogens, the selective functionalization of capto- 
dative methylene or methyne groups can be easily 
performed. Piperazinedione (22) reacts regiospecifically 
with oxygen, thereby forming the double hydroperoxide 
23.26 If the donor is an amino group, compounds 24 

n 

22  - 
s 

S, I DMF II 
R,N-CH,-c - R,N-C-c  

1 

24 25 
react smoothly with sulfur; this thionation represents 
a useful entry to captor-substituted thioamides 25.27 
Halogenating agents such as C12, Br2, NBS, NCS, and 
S02C12 lead selectively to captodative halo compoundsB 
which have been applied for alkylations of olefinic29 and 
aromatic30 derivatives. 

When the amide chlorides are activated by an elec- 
tron-withdrawing group, their covalent form 26 un- 

(22) Lahousse, F.; MerBnyi, R.; Desmm, J. R.; Allaime, H.; Borghese, 
A.; Viehe, H. G. Tetrahedron Lett. 1984,25, 3823. 

(23) Korth, H. G.; Sustmann, R.; Merinyi, R.; Viehe, H. G. J.  Chem. 
Soc., Perkin Tram 2, 1983, 67. 

(24) Naarman, H.; Beaujean, M.; MerBnyi, R.; Viehe, H. G. Polym. 
Bull. 1980, 2, 363, 417. 

(25) Obata, N.; Niimura, K. J. Chem. SOC., Chem. Commun. 1977,238. 
(26) Schmidt, U.; Hausler, J.; Ohler. E.; Poisel. H. Fortschr. Chem. 

Org. Naturst. 1979, 37, 286. 
(27) (a) Woitrin-Dutron, F.; Merhyi, R.; Viehe, H. G. Synthesis 1985. 

(b) Mayer, R.; Schobel, H. J.; Viola, H. Z .  Chem. 1980,20,436. (c) Viola, 
H.; Jakisch, L.; Mayer, R. Ibid. 1982,22, 405. 

(28) Lahousse, F. Ph. D. Thesis, Loouain-la-Neuve, 1981. 
(29) Wada, M.; Shigehisa, T.; Kitani, H.; Akiba, K. Tetrahedron Lett. 

(30) Arai, K.; Ohara, Y.; Iizumi, T.; Takabuwa, Y. Ibid. 1983,24,1531. 
1983,24, 1715. 

dergoes an unprecedented internal, nonionic, redox 
reaction, leading to the bis-electrophilic synthon 28.31 

t 

+ 
-1 -C=NYz -CN -CO$ -CF3/-CC13 

61 
T("C) -60 t o  -40 -40 t o  - 2 0  n t o  70 qo to 170 

Its ease depends on the strength of the acceptor group. 
Although details of the mechanism remain open, there 
is evidence for facile homolysis of C-Cl bonds when the 
carbon carries captodative s u b ~ t i t u t i o n . ~ ~ * ~ ~  

Benzylic captodative anions can readily take up ox- 
ygen from the air. Thus, donor-substituted benzyl 
cyanides 29 produce, in a basic medium, the corre- 

ph- CH-II KOH. Ph-C-<{ 
I 
CN R4hF Air* 0 

E 30 
d =  NR,, OR. SR 

sponding amides, esters, and thio esters while benzyl 
cyanide itself remains ~ n a f f e c t e d . ~ ~  Since captodative 
carbanions tend to be destabilized depending on the 
electron-donating group, they are readily oxidized 
through a single electron transfer (SET) 
leading to captodative radicals. From the many exam- 
ples known to date, the classical synthesis of indigo 32 
is particularly enlightening because air is sufficient as 
oxidant.% Captodative radical intermediates may occur 

- 31 32 

in nucleophilic substitutions where they arise through 
a SET process. When the anion deriving from 29 (d = 
NMe,) is reacted with a chiral secondary alkyl bromide, 
a partial racemization takes place. This side reaction 
can be suppressed by adding a radical inhibitor.36 

Strongly nucleophilic captodative anions 33 and 35 
react with unprecedented eaSe with tert-butyl i ~ d i d e . ~ ~ , ~  

(31) (a) Huys, F.; Merhyi, R.; Janousek, 2.; Stella, L.; Viehe, H. G. 
Angew. Chem., Int. Ed. Engl. 1979,18,615. (b) Janousek, Z.; Huys, F.; 
R e d ,  L.; Masquelier, M.; Stella, L.; Merinyi, R.; Viehe, H. G. Ibid. 1979, 
18, 616. (c) Rover-Kevers, M.; Vertommen, L.; Huys, F.; Merinyi, R.; 
Janousek, Z.; Viehe, H. G. Ibid. 1981, 20, 1023. 

(32) Singh, H.; Tedder, J. M. J. Chem. SOC., Chem. Commun. 1980, 
1095. 

(33) (a) Stella, L. unpublished results. (b) Aurich, H. G. Tetrahedron 
Lett. 1964, 657. 

(34) Chanon, M.; Tobe, M. L. Angew. Chem., Int. Ed. Engl. 1982,21, 
1. 

(35) Russel, G. A.; Kaupp, G. J. Am. Chem. SOC. 1969, 91, 3851. 
(36) Chauffaille, J.; Hebert, E.; Welvart, Z. J. Chem. SOC., Perkin 

Trans. 2 1982, 1645. 
(37) (a) Deuchert, K.; Hertenstein, V.; Hunig, S. Synthesis 1973,777. 

(b) Deuchert, K.; Hertenstein, U.; Hiinig, S.; Wehner, G. Chem. Rer. 1979, 
112, 2045. 



Vol. 18, 1985 The Captodative Effect 153 

I 
Me 

36 
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- 35 - 
Me 

This finding does not fit the classical SN1 or S N ~  pat- 
terns. A SET process apparently leads to the incursion 
of energetically favorable captodative radicals; their 
dimers accompany the substitution products. Intimate 
radical pairs deriving from 35 have been proposed.3s 

Original reactions can also be accessed through ho- 
molytic additions to captodative olefins 37.1ap39 The 
thermodynamic stabilization of the captodative radical 
adduct permits the selective formation of double ad- 
ducts 38 or adduct dimers 39 without side reactions. 

R* 
C C 

H&=CC' - R-CHI-k-R and/or (R-CH.-k+ I .  

d A J 
37 - 38 3s 

- 38a.arr R =  M ~ & N  

Thus, addition of isobutyronitrile radical (IBN) to 
various captodative olefins 37 takes place on preparative 
scale leading to double adducts 38a and adduct dimers 
39a, whereas acryl esters, acrylonitrile, methylene ma- 
lonate, and the like, lead to polymerization.la IBN 
radical leads mostly to double adducts 38a because the 
corresponding adduct dimers reversibly dissociate to 
radicals which are irreversibly scavenged by IBN rad- 
ical. The study has been extended to a host of radicals 
ranging from strongly electrophilic ones, like tert-but- 
oxy, to nucleophilic species, e.g., acyl and a-amino- 
methyl radicals.39 In all cases, good yields of adduct 
dimers 39 are obtained. This new reaction is comple- 
mentary to dehydrodimerization since four carbon at- 
oms are inserted between two substrate molecules. This 
is illustrated in the case of crown ethers 40,40 which can 
be selectively transformed to either dehydro dimers 41 
or bridged dehydro dimers 42a-d (n = 1, 3, 4, 5) .  

3 a-d 

Captodative dienes 43, 44, and 45 are better radical 
traps than captodative olefins since allylic resonance 
joins the captodative effect in stabilizing the corre- 
sponding radical adducts. They usually form mixtures 
of &adducts and adduct dimers which renders them less 
attractive from purely preparative ~ t a n d p o i n t . ~ l * ~ ~  

(38) Grierson, D.: Urrea, M.: Husson, H. P. J. Chem. SOC., Chem. 

c 

4 L d  

43 44 45 

The long-known spontaneous head-to-head cyclo- 
dimerizations of a-(alky1thio)acrylonitriles (46)43 and 
of the naturally occurring protoanemonine (48)44 are 
typical of captodative olefins and dienes; apparently, 
such reactions are favored because of intermediate- 
stabilized captodative 1,6biradicals. Trifluorochloro- 
ethylene forms (2 + 2) adducts with various captodative 
olefins and dienes.41p42*46t46 Dienes 50 react at the less 
substituted double bond.41a 

SR 

CN 
4 6 +  

SR 
0 

- 50 51 

Competition experiments reveal that a-(tert-butyl- 
thi0)acrylonitrile (52) reacts faster than acrylonitrile.& 

CN 
=/ 

IZO", 8h C t  
CN 

F,C=CFCI + ___) 

CN 
J F$+:"" (85%) 

7St Bu F F  . .  
53 - 52 

5 4  - 
StBu 

5 5  - 
The regiospecific cycloaddition of 52 to allene47 and 
dicyclopropylidene48 warrants further study in this field. 
The thermal intramolecular (2 + 2) cycloaddition of the 
captodative olefin 56 has been reported to occur with 
exceptional ease.49 Aldonitrones 58 undergo a regios- 

Ph 

0 aJoS" I R -2% [ *;*.i R 
-o&oMe(90%) R 

- 56 57 

Coi&h" 1983,891: 
(39) (a) Mignani, S.; Beaujean, M.; Janousek, Z.; MerCnyi, R.; Viehe 

H. G. Tetrahedron 1981,37 (Suppl. I ) ,  111. (b) Mignani, S.; Janousek, 
Z.; MerBnyi, R.; Viehe, H. G.; Riga, J.; Verbist, J. Tetrahedron Lett. 1984, 
25, 1571. (e) Mignani, S.; MerBnyi, R.; Janousek, Z.; Viehe, H. G. Bull. 
SOC. Chim. Belg. 1984, 93, 991. 

(40) Beaujean, M.; Mignani, S.; MerCnyi, R.; Janousek, Z.; Viehe, H. 
G.; Kirch, M.; Lehn, J. M. Tetrahedron 1984,40,4395. publication. 

(41) Stevenart-De Mesmaeker, N. Ph. D. Thesis, Louvain-la-Neuve, 

(42) Vandevelde, 0. Ph. D. Thesis, Louvain-la-Neuve, 1984. 
(43) Gundermann, K. D.; Rahrl, E. Liebigs Ann. Chem. 1974, 1661. 
(44) Moriarty, R. M.; Romain, C. R.; Karle, I. L.; Karle, J .  J. Am. 

Chem. SOC. 1965,87,3521. 
(45) (a) De Cock, C. Ph. D. work, Louvain-la-Neuve, 1983. (b) De 

Cock, C.; Piettre, 5.; Lahousse, F.; Janousek, Z.; Merhyi, R.; Viehe, H. 
G., submitted for publication in Tetrahedron. 

(46) Groutars, P.; Ghosez, A.; Viehe, H. G.; unpublished results. 
(47) Motte, G. Ph. D. work, Louvain-la-Neuve, 1983. 
148) De Meiiere. A.: Gallez, V.: Viehe, H. G., to be submitted for 

1983. 



154 Acc. Chem. Res. 1985,18, 154-158 

pecific (3 + 2) cycloaddition to a-morpholinoacryloni- 
trile (59) whereby the stabilized biradial60 may be the 
intermediate. The oxazolidines 61 cannot be isolated, 
as they undergo an eliminative ring-opening to push- 
pull amides 62.50 The versatile a-(tert-butylthio)- 
acrylonitrile (52) can even act as the 7r-4 component in 
(3 + 2) cycloadditions with electron-poor dienophiles, 
e.g., N-phenylmaleic imide, maleic anhydride, and 
acetylenedi~arboxylate.~~ 

R' 

62 
61 

Finally, captodative olefins and dienes react cleanly 
as 7r-2 components in Diels-Alder reactions.52 The 
a-(methy1thio)acrylonitrile (63) exhibits more dieno- 
philic character than acrylonitrile or a-chloroacrylo- 
nitrile.52c The captodative dienes, e.g., 65, react at  the 
less substituted double bond with unactivated dienes.52" 
The cycloadducts (e.g., 67) of a-morpholinoacrylonitrile 
(59) are easily transformed to the corresponding ketones 
68. Thus, this captodative olefin constitutes a new 
ketene equivalent.52b Owing to the numerous possi- 

(49) Alder, A.; BelluH, D. J.  Am. Chem. SOC. 1983,105,6712. 
(50) Dapp, D.; Walter, J. Heterocycles 1983, 20, 1055. 
(51) Dbpp, D.; Libera, H. Tetrahedron Lett. 1983,24, 885. 
(52) (a) Stella, L.; Boucher, J. L. Tetrahedron Lett. 1982,23,953. (b) 

Boucher, J. L.; Stella, L. Tetrahedron, in press. (c) Boucher, J. L. Ph. 
D. work, Marseille 1984. 
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67 ss 
bilities offered by variations of the captodative sub- 
stitution and by their further transformations, the new 
concept provides a general approach for organic syn- 
thesis of polyfunctional compounds via radicals, espe- 
cially in the field of selective reduction and oxidation, 
substitution, addition, and cycloaddition reactions. 
Outlook 

Although much work still remains to be done, the 
captodative substituent effect now emerges as theo- 
retically and experimentally well-founded. The capto- 
dative concept has proven to be useful in explaining 
many phenomena and in stimulating synthetic work. 
The applications are anticipated to reach beyond 
chemistry to all fields where unpaired electrons are 
occurring, last but not least in life processes. 
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The concept of nucleophilicity has been a corner- 
stone of organic chemistry ever since the early inves- 
tigations of Ingold and co-workers.l The definition of 
nucleophilic reactions forms an important conceptual 
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basis. For many years they were the favorites of 
physical organic chemists. In his classical work Ingold 
clearly defined a series of reaction mechanisms with two 
limiting cases of s N 2  (eq 1) and s N 1  (eq 2) type. 

(1) x -  'c-z - X-C- + z -  
nucleophile ""cleolug or 

!eQVl"g group  

m t c  

(21 R Z  - 2- + R+ - R X  

Equation 1 clearly demonstrates that nucleophiles 
and nucleofuges are basically species of the same sort. 

( 1 )  C. K. Ingold "Structure and Mechanism in Organic Chemistry", 
2nd ed., Cornel1 University Press, Ithaca, N.Y., 1969, Chapter 7. 
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