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Methyl radicals substituted by one ester or nitrile group are on 
the borderline between nucleophilic and electrophilic behavior. 
In addition reactions of these borderline radicals to styrenes, 
polar effects of both, electron-withdrawing and electron-donat- 
ing substituents at the alkeae, increase the rates. But these polar 
effects are smaller compared to those of nucleophilic or electro- 
philic radicals. In consequence, the stability of the radicals 
formed during the addition of the borderline radicals to styrenes 
are of major importance for the rate of the reaction. 

Rates and selectivities of radical reactions are often ruled by polar 
effects'.*'. This is explained by the frontier molecular orbital (FMO) 
theory as an interplay between the SOMO of the radical and the 
LUMO or the HOMO of the In nucleophilic radical 
reactions SOMO-LUMO interactions dominate, whereas electro- 
philic radical reactions are controlled by SOMO-HOMO interac- 
tions. 

We have now studied the question how radicals behave, which 
are on the borderline between nucleophilic and electrophilic reac- 
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tivity. As a model reaction the addition of radicals 1 to substituted 
styrenes 2, which gives adduct radicals 3, was used. Radicals 1 were 
generated by reduction of alkylmercuric chlorides 4 with NaBH4 
or by halogen abstraction from halides 5 with Bu3SnH, and prod- 
ucts 6 are formed by hydrogen abstraction (3-6)3b'. 

In competition experiments of radicals with alkene pairs the in- 
fluence of styrene substituents X on the rate of the radical addition 
was measured (Table l)4'. The data confirm the expected nucleo- 
philicity of cyclohexyl radical 72.5' and electrophilicity of malonyl 
radical 8@. 

Table 1. Relative rates for the addition of radicals 7- 10 to styrenes 
2a-g 

Radical 
. C ~ H I I  (7)a1 CH(CO>C>Hh (8)b' .CH>CN (9)b' .CH2C02CH3 2 

~ ~ ~ ~~~ 

a 6.1'' 3.6 4.5 
b 0.08 2.1 1 .o 0.9 
C E1.0 3 1.0 3 1.0 = 1.0 
d 3.6 1.2 1.6 
e 46 0.27 1.5 1.6 
f 54 0.18 1.3 1.4 
g 470 

a) Radicals generated from.cyclohexylmercury chloride, 2 0 T ,  mean 
error f 10%. - b, Radicals generated from bromides with tributyl- 
stannane, llO"C, mean error f 10%. - X = N (C2H5),. 

Thus, the addition rate of cyclohexyl radical 7 becomes larger by 
a factor of 5900 at 20°C if substituent X is changed from an elec- 
tron-releasing methoxy to an electron-withdrawing nitrile group, 
whereas the addition rate of malonyl radical 8 diminishes with 
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increase of the electron-withdrwaing ability of the styrene substit- 
uent (NEt,/COPh = 34, 1 l0’C). A completely different substituent 
influence was observed with the cyanomethyl and methoxycarbon- 
ylmethyl radicals 9 and 10, respectively. Now both, electron-do- 
nating morpholino and electron-withdrawing ester substituents, en- 
hance slightly the rates (Table 1). 

This behavior is similar to those cycloaddition reactions, in which 
both, SOMO-HOMO and SOMO-LUMO interactions, are of 
comparable relevance leading to U-shaped correlations between 
reactivities and polar substituent parameters”. Since in reactions 
of radicals 9 and 10 substituent effects on the addition rates are 
rather small (morpholine/methyl = 3.6 and 4.5; ester/methyl = 1.5 
and 1.6), we have investigated the influence of the radical stabilizing 
ability of alkene substituents X on the addition rates. Alkenes 15 
and 19 are suitable systems, because in alkene pairs 15/2d and 19/ 
2e the polar substituent effects are of the same order”, but in radical 
16 the bridging methylene group between the two phenyl substit- 
uents inforces the overlap between the p electrons of the radical 
center and the phenyl groups. Therefore, adduct radical 16 is more 
stable than 3d (X = Ph), in which the phenyl groups are twisted. 
Contrary to this, the radical destabilizing CF3 group” in alkene 19 
reduces the stability of 20 compared to adduct radical 3e (X = 

The rate data show that the radical-stabilizing substituent in- 
creases the addition rate (kl5/kZd) of cyanomethyl radical 9 by a 
factor of 10, and the destabilizing trifluoromethyl substituent 
decreases the rate (kl9/kZe) by a factor of 14. This means that the 
stability effects are larger than the overall polar effects. With nu- 
cleophilic cyclohexyl radicals 7 the same stability effects change the 
rates only by factors of about 4. This is a relatively small influence 

C02C2HS). 

compared to the large overall polar effect of 5900’0). Radicals 9 and 
10 are therefore borderline cases, in which the influence of polar 
substituents X in styrenes 2 on the SOMO-LUMO and SOMO- 
H O M O  interactions for the most part compensate each other’’). 
The U-shaped correlation between reactivities and polar substitu- 
ent effects is shallow, and radical-stabilizing effects become very 
important 

Steric effects, which reduce the overlap between the radical center 
and the benzene ring in benzylic radicals 3, should decrease the 
addition rate of radicals 9 and 10 more than that of the polar 
cyclohexyl radical 7, where the stability of the benzylic radical plays 
only a minor role. This is confirmed by selectivity measurements 
with fert-butylstyrene 23 and methyl styrene 2c. The tert-butyl sub- 
stituent in 23 twists the phenyl ring out of the plane of the alkene 
by ca. 60’ 1 3 ) .  A similar steric effect should, therefore, destabilize 
benzyl radical 24 compared to 3c. Actually, the addition rate of the 
cyanomethyl radical 9 is reduced by a factor of 14, whereas the 
nucleophilic cyclohexyl radical 6 is only slightly affected (k23/kk = 
0.64). 

Conclusion: Cyanomethyl and methoxycarbonylmethyl radicals 
9 and 10, respectively, are on the borderline between nucleophilic 
and electrophilic behavior. As predicted by FMO theory, reactions 
of these radicals are slightly enhanced by electron-donating and by 
electron-withdrawing substituents. But the influence of polar sub- 
stituent effects are so small that stability effects are of major im- 
portance. 

We thank Prof Hanns Fischer for valuable discussions and the 
DFG and the Fonds der Chemischen Indusfrie for their financial 
support. 
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Table 2. Yields, boiling points, 'H-NMR data (S[ppm] and J[Hz]), and analyses of new addition products 

Yield b.p. (bath) -CH,CHPhX Formula An a 1 y s i s 
Compound YO [C/Torr] J(CH2, CH) (Molecular Mass) C H N  

11 b 2-Cyclohexyl-1-methoxy- 
1 -phenylethane 

11 f 3-Cyclohexyl-l,2-diphenyl- 
1-propanone 

12f Ethyl-2-ethoxycarbonyl- 
5-oxo-4,5-diphenylpentanoate 

13a 4-Morpholino-4-phenyl- 
butanenitrile 

17 9-(Cyanoethyl)-9,10- 
dih ydroanthracene 

18 9-(Cyclohexylmethyl)- 
9,lO-dihydroanthracene 

21 4-Phenyl-5,5,5-trifluoro- 
pentanenitrile 

25 5,5-Dimethyl-4-phenyI- 
hexanenitrile 

26 l-Cyclohexyl-3,3-dimethyl- 
2-phenylbutane 

12 

49 

43 

43 

24 

23 

27 

10 

10 

1 00jO. 5 

74 - 75"' 

200/0.02 

160/0.2 

100- 101 a) 

100j0.4 

5510.2 

100/0.4 

4.18 (dd) 
4.9, 8.5 
4.70 (t) 
7.0 
4.75 (t) 
7.0 
3.42 (dd) 
6.0, 7.5 
3.90 (t)  
7.0 
4.05 (t)  
7.0 
3.46 (ddq) 
4.0, 11 .O, 18.0 
2.49 (dd) 
2.5, 12.5 
2.44 (dd) 
3.3, 12.0 

CisH220 
(218.3) 

CZIH240 
(292.4) 

C22H2405 
(368.2) 

C I ~ H I ~ N ~ O  
(230.3) 

(2 3 3.3) 

(276.4) 
C I  iHioF3N 

(213.2) 
C I ~ H I ~ N  

(201.3) 
CIXH28 

(244.4) 

C17H I SN 

C2IH24 

Calcd. 82.51 10.16 
Found 82.29 10.10 
Calcd. 86.26 8.27 
Found 86.30 8.35 
Calcd. 368.1624 
Found 368.1639 (MS)b' 
Calcd. 73.01 7.88 12.16 
Found 72.81 7.93 12.02 
Calcd. 87.55 6.44 6.00 
Found 87.55 6.36 5.95 
Calcd. 276.1 878 
Found 276.1860 (MS)b' 
Calcd. 61.97 4.73 6.57 
Found 61.82 4.53 6.44 
Calcd. 83.53 9.51 6.96 
Found 83.36 9.67 6.58 
Calcd. 88.45 11.49 
Found 88.75 11.53 

a)  Melting point. - bl Mass spectrum 

Experimental 
NMR: Bruker WM 300(TMS as internal standard). - MS: Fin- 

nigan MAT 311 A. - GC:  Perkin-Elmer Sigma 3 with SE 30 
(15Y0) and OV 11 (10%) columns. 

Synthesis of addition products 11 - 14, 17, 18, 21, 22, 25, and 26 
Tin method: To a boiling solution of 3.0 mmol of halide 5 (cy- 

clohexyl iodide, diethyl bromomalonate, bromoacetonitrile, methyl 
bromoacetate) and 3 - 30 mmol of alkene 2, 15, 19, or 23 in 20 ml 
of toluene a solution of 1.05 mg (3.6 mmol) of tributylstannane and 
60 mg (0.15 mmol) of dilauroyl peroxide or 25 mg (0.15 mmol) of 
AlBN in 2 ml of toluene was added within 10-60 min. After the 
reaction was completed, solvent and remaining alkene were distilled 
off, the residue was dissolved in 20 ml of ether, and stirred with 
2-5 g of K F  and 200-400 mg of dibenzo-18-crown-6 for 1-3 h. 
Filtration, distillation, and chromatography gave the addition 
products. Yields, analyses, and physical data of the new products 
arc listed in Table 2. 

Mercury method: To a solution of 600 mg (1.8 mmol) of cyclo- 
hexylmercury chloride and 2.0 g (9.6 mmol) of 2f in 10 ml of meth- 
ylene chloride 150 mg (3.8 mmol) of NaBH4 in 1 ml of H 2 0  was 
added at  20°C. After 20 min the mixture was filtered and distilled. 
Chromatography gave 260 mg (49%) of product 1 If. Analysis and 
physical data are listed in Table 2. 

Kinetic measurements4' 
Tin method: Ca. 0.20 mmol of halides 5 (diethyl bromomalonate, 

brorno acetonitrile, and methyl bromoacetate), 2.00 mmol of one 
alkenc, and 2- 30 mmol of a second alkene were dissolved in 5 ml 
of toluene and heated to  110°C. Under Nz a solution of ca. 0.25 
mmol of tributylstannane and ca. 0.05 mmol of dilauroyl peroxide 
in 1 ml of toluene was added. After 10 min the solution was cooled, 
concentrated, and the mixture of adducts was analyzed by GC. 

Mercury method: To a solution of ca. 0.15-0.30 mmol of cy- 
clohexylmercury chloride and a 10- to 50-fold excess of two alkenes 
in 10-30 rnl of methylene chloride 0.3-1.5 mmol of NaBH, in 
0.5 - 1 .O ml of H 2 0  was added at 20 C ,  and the mixture was stirred 

for 5-30 min. After filtration the mixture of the adducts was an- 
alyzed by GC. 

CAS Registry Numbers 

2a: 7196-01-2 / Zb: 4747-13-1 / 2c: 98-83-9 / 2d: 530-48-3 / 2e: 
22286-82-4 / 2f: 4452-1 1-3 / 2g: 495-10-3 / 3a (R = 8, X = NEt,): 
116076-93-8 / 3a (R = 9): 116076-99-4 / 3a (R = 10): 116077- 
05-5 / 3b (R = 7): 116076-87-0 / 3b (R = 8): 116076-94-9 / 3b 
(R = 9): 116077-00-0 / 3b (R = 10): 116077-06-6 / 3~ (R = 7): 
116076-88-1 / 3~ (R = 8): 116076-95-0 / 3~ (R = 9): 116077-01-1 / 
3~ (R  = 10): 116077-07-7 /3d  (R = 7): 116076-89-2 /3d  (R  = 8): 
116076-96-1 / 3a (R = 9): 116077-02-2 / 3e (R = 7): 116076-90-5 / 
3e (R = 8): 116076-97-2 / 3e (R = 9): 116077-03-3 / 3e (R = 10): 
116077-08-8 / 3f (R = 7): 116076-91-6 / 3f (R = 8): 116076-98-3 / 
3f (R = 9): 116077-04-4 / 3f (R = 10): 116077-09-9 / 3g (R  = 7): 
116076-92-7 / 7: 3170-58-9 / 8: 92303-29-2 / 9: 2932-82-3 / 10: 
54668-31-4 / l l b :  116076-78-9 / l l f :  116076-79-0 / 12f: 116076- 
80-3 / 13a: 116076-81-4 / 15: 40476-29-7 / 16 (R = CH2CN): 
116102-21-7 / 16 (R = cyclohexyl): 116102-22-8 / 17: 116076-82-5 / 

20 (R = cyclohexyl): 116077-11-3 / 21: 116076-84-7 / 23: 5676- 
29-9 / 24 (R = CH2CN): 116077-12-4 / 24 (R = cyclohexyl): 
116077-13-5 / 25: 116076-85-8 / 26: 116076-86-9 / BrCH2(COzEt)2: 
685-87-0 / BrCHzCN: 590-17-0 / BrCH2C02Me: 96-32-2 / 
CH, = CPhNEt,: 59590-86-2 / cyclohexyl iodide: 626-62-0 / cyclo- 
hexyl mercuric chloride: 24371-94-6 

18: 116076-83-6 / 19: 384-64-5 / 20 (R = CHZCN): 116077-10-2 

I )  Id) G. A. Russell, Free Radicals (J. K. Kochi, Ed.), Vol. 1, 
p. 275-332, Wiley, New York 1973. - I b )  W. A. Pryor, T. A. 
Lin, J. P. Stanley, R. W. Henderson, J. Am. Chem. Soc. 95 (1973) 
6993; J.  M. Tedder, Angew. Chem. 94 (1982) 433; Angew. Chem.. 
Int.  Ed. Engl.  18 (1982) 401. 

2, A. Citterio, F. Minisci, 0. Porta, G.  Sesana, J.  Am. Chem. Soc. 
99 (1977) 7960; B. Giese, J. Meixner, Angew. Chem. 91 (1979) 
167; Angew. Chem., In t .  Ed. Engl .  18 (1979) 154. 

'I Reviews: I. Fleming, Frontier Orbitals and Organic Chemical 
Reactions, Wiley, New York 1976. - Ib) B. Giese, Angew. Chem. 
95 (1983) 771; Angew. Chem., Int .  Ed. Engl.  22 (1983) 771. - 
") For ab initio calculations. see: K. N. Houk. M. N. Paddon- 
Row, D. C. Spellmeyer, N. 6. Rondan, S. Nagase, J. Org. Chern. 
51 (1986) 2874. 

4' The method is described in: B. Giese, J. Meixner, Chem. Ber. 114 
(1981) 2138. 
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also: K. Riemschneider, H. M. Bartels, R. Dornow, E. Drechsel- 
Grau, W. Eichel, H. Luthe, Y. M. Matter, W. Michaelis, P. Boldt, 
J.  Org. Chem. 52 (1987) 205. 

') Review: R. Sustmann, Pure Appl. Chem. 40 (1974) 569. 
"C .  Hansch, A. J. Leo, Substituent Constants for Correlation 

Analysis in Chemistry and Biology, Wiley, New York 1979. 
9J D. J. Pasto, R. Krasnansky, C.  Zercher, J .  Org. Chem. 52 (1987) 

3062. 
lo) Recently, M. Ueda and H. I t0  have measured a 7.5-fold rate 

increase for cyclohexyl radicals comparing trifluoromethylstyr- 
ene 19 with styrene at 20°C: M. Ueda, H. Ito, J .  Polym. Sci. 26 
(1988) 89. 

' I )  V. Ghodoussi, J. G. Gleicher, M. Kravetz, J.  Org. Chem. 51 (1986) 
5007. 

") The large influence of stability effects may be typical for styrene 
systems. Measurements by H. Fischer and I. Beranek show a 
larger influence of polar effects with different alkenes leading to 
a more pronounced U-shape correlation with the reactivity of 
radical 9. For the isobutvronitrile radical see: R. Merenvi. J. R. 
Desrnurs, H. Allairne, A: Borghese, H. G. Viehe, Tetr&edron 
Lett. 25 (1984) 3823. 

'I1 G. K. Ha'mer,I. R. Peat, W. F. Reynolds, Can. J.  Chem. 51 (1973) 
915. - Calculations using the AM 1 method of M. J. S. Dewar 
lead to a intemlanar anele of 7 0 .  A methvl erouD twists the 
system by only'30. 

- 
[ 168/88] 

Chem. Ber. 121, 2063-2066 (1988) 




