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Mechanism of Cyclization of Aryl Radicals containing Unsaturated 
ortho-Su bst ituents 

By Athelstan L. J. Beckwith and William B. Gara, Organic Chemistry Department, University of Adelaide, 
Adelaide, South Australia, Australia 

Aryl radicals generated by interaction of tributylstannane with aryl iodides containing unsaturated ortho-substituents 
cyclize regiospecifically to afford products containing the newly formed-radical centre exocyclic to the newly- 
formed ring. The relative rates of cyclization of a number of related radicals have been determined. The results 
are consistent with the hypothesis that the transition state for homolytic addition to an olefin bond i s  formed by 
primary interaction of the semi-occupied orbital with one lobe of the x" orbital. 

IN a previous paper we described the use of e.s.r. the radical centre towards the olefinic bond along axes 
spectroscopy as an exploratory tool for the investigation extending vertically from the terminal atoms and lying 
of intramolecular addition processes in aryl radicals within the plane of the x orbital. Inspection of models 
containing suitably constituted, unsaturated o~tho- suggested that the aryl radicals (2a and b) should 
substituents. Those experiments were intended to test undergo 116-intramolecular addition] unlike their ali- 
the validity of the hypothesis 2*3 that the direction of phatic analogues] in which 115-cyclization predomin- 
cyclization of hex-5-enyl radical 4-6 and similar a t e ~ . ~ - ~  However, the e.s.r. data indicated that the 
species2,3*7-9 is determined by the ease of approach of 
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radical (2b) exclusively underwent 1 ,&addition to afford 
the primary radical (3b). The homologous radical (9b) 
also cyclized in that direction which affords the product 
(lob) containing the smaller possible ring. 

The isolation of products from the one-electron 
reduction of suitable arenediazonium salts supported 
the conclusions based on e.s.r. spectral evidence, but the 
yields were insufficient to provide the basis of a quanti- 
tative investigati0n.l Consequently, we undertook a 
study of the reactions of suitable aryl iodides with 
tributylstannane in the hope that it would afford 
accurate data on the relative rates and direction of 
cyclization of aryl radicals containing unsaturated 
ortho-subst it uent s, and that further mechanistic details 
of the cyclization process would thereby be revealed. * 

were employed. Samples of each were heated with tri- 
butylstannane and a trace of azobisisobutyronitrile in 
benzene solution in sealed, evacuated tubes a t  130 -+ 3". 
Experiments were conducted in duplicate with initial con- 
centrations of stannane of ca. 0.08, 0.16, 0.32, and 0.6431, 
and the reaction mixtures were analysed by g.1.c. using 
authentic samples of the expected products as standards. 

The kinetic treatment was based on the expected mechan- 
ism, illustrated in the Scheme. Since cyclization of the 
intermediate radical (2) competes with its reaction with 
tributylstannane, the final yields of open chain (5 )  and 
cyclized products (6) and (7) should be approximately 

( 8 )  ( 9 )  
METHODS 

Although the intermediacy of alkyl radicals in the 
reduction of alkyl halides with tributylstannane has been 
adequately dernonstrated,l0 there has been no unequivocal 
proof that the reduction of aryl halides also involves a 
free-radical chain mechanism. Accordingly, preliminary 
experiments were conducted with o-allyloxyiodobenzene 
(lb). When this iodo-compound was heated in benzene 
with tributylstannane and azobisisobutyronitrile as initiator, 
a clean reaction ensued and 3-methyl-2,3-dihydrobenzo- 
furan (6b) was obtained in quantitative yield. In view of 
the results of the e.s.r. experiments 1 the only reasonable 
explanation for this outcome is that the radical (2b) is 
generated from the iodo-compound (lb), and undergoes 
cyclization to afford the radical (3b), from which the final 
product (6b) is formed by a hydrogen atom transfer process 

a. x =CH, 

b, X = O  
c, X = NMe 

( 14 1 ( 12 I 

( 17 1 118) 

a , X  = CH, 
b , X  = 0 
C ,  X = NMe 

0u3SnH k H  1 1 B u a S n H  

( 2 6 )  

with stannane, The conclusion that aryl iodides interact 
with tributylstannane by a mechanism involving free aryl 
radicals is also supported by the kinetic behaviour of the 
other compounds studied (see below), and it appears, 
therefore, that the hypothesis that the reaction involves a 
four-centre concerted process l1 is incorrect. 

The aryl iodides (la-c), (Sb), (Sc), (15), (20), and (27) 
* For a preliminary account of this work see -4. L. J. Beckwith 

and W'. B. Gara, J .  A m e y .  Chew. SOL, 1969, 91, 5691. 

related to the mean stannane concentration, [Bu,SnW],, 
according to expression (1). Consequently a plot of (yield, 

(yield, yo, open-chain product) k~[Bu,SnHl, 
(1) - - 

(total yield, % , cyclized products) kc 
lo H. G. Kuivila, Accounts Chem. Res., 1968, 1, 299. 
l1 D. H. Lorenz, P. Shapiro, A. Stern, and  E. I. Decker. J .  0 ~ g .  

Chem.. 1963. 28, 2332. 
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:h, open-chain products)/(total yield, yo, cyclized products) 
against [Bu,SnH], should afford a linear graph passing 
through the origin, the gradient of which enables K , l k ~  to 
be evaluated. 

A more accurate method for the estimation of k,/kE 
involves the solution by computer methods of the integrated 
rate expression (Z) ,  in which [C] is the total final concen- 
tration of cyclized products, and [S], and [S]f are the initial 

[c1 == Kc/kH{ln (cS10 + &lkH) - In (Cs1i + Fzc/kEd) (2) 

and final values respectively of [Bu,SnH]. In practice the 
results obtained by graphical and computational methods 
were in good agreement. 

Unequivocal syntheses of most of the compounds required 
as starting materials, or for reference, were accomplished 
by well-established methods. However, treatment of 
phenol with 4-bromobut-l-ene and potassium carbonate in 
acetone by the usual procedure gave only a small yield of 
the expected ether (12b), and the outcome was similarly 
disappointing when dimethyl sulphoxide or dimethyl- 
formamide were used as solvents, or when silver phenoxide 
was heated with the bromo-compound in benzene. Eventu- 
ally the ether (12b) was obtained by alkylation of sodium 
phenoxide with 4-bromobut- 1-ene in boiling water, and the 
iodo-ether (8b) was similarly prepared in good yield. 

the appropriate values of k , / k H  obtained bg7 solution of 
the rate expression (2). Also included in the Table are 
the ranges of values of kc/kH similarly calculated from 
the results of experiments conducted a t  lower stannane 
concentrations ; these are considered to be less reliable 
because of the relatively lower yields of open-chain 
compounds formed. In some cases the variation in 
I t , / k ~  is due to the probable intervention of intra- 
molecular hydrogen atom transfer reactions (see below). 
Values of k,/kE obtained by equation (2) from yields of 
products corrected for the fraction formed by hydrogen 
atom transfer are given in the column headed k,/kH 
(corrected). The final column contains values of 
kc/kH determined by the graphical method based on 
equation (1). 

We shall consider first the data pertaining to those 
compounds [(la+) and (20)] which give radicals 
potentially capable of undergoing either 1,5- or 1,6- 
cyclization. In fact each reaction was highly regio- 
specific; in every case the yield of six-membered product 
was (1% of the total yield of cyclic products. Although 
the hypothesis that the direction of intramolecular 
addition in alkenyl and similar radicals is related to the 

Reduction of aryl iodides with tributylstannane at  130" 

Products; % Yields a 

Open chain Cyclized 
(5a); 50 (6a); 50 
(5b); 1 (6b); 99 
(5c) ;  13 (6c); 78 
(24); 76 (25); 24 

(12b); 38 (13b); 62 
(12c); 42 (13c); 45 
(31); 71  (32); 14 

(18); 94 (19); <1 

kcka-l blmoll-1 
(Calculated) 

0.52 (0.43-0.52) 
> 60 

3.1 (0.9-3.1) 
0.18 (0.18-0.22) 

< 0.01 
0.9 (0*3-0*9) 
0.6 (0.1-0.6) 
0.12 (0.05-0.12) 

k,kH-l "C/mol 1-1 moll-1 
(Corrected) (Graphical) 

0.50 

4.0 (2-1-4.0) 4.0 
0.19 

1.1 (0.9-1.15) 1.1 
1.3 (1.0-1.3) 1-3 

0.14 (0.13-0.17) 0.15 
0 Mean absolute yields from duplicate experiments. b Figures in parentheses give the range of values obtained from the results 

0 Values obtained by application of equation (2) to data corrected 
d In  some experiments, traces (< 1 %) 

of four sets of duplicate experiments (see Experimental section). 
for the formation of open-chain products by hydrogen-atom transfer processes (see text). 
of other cyclized products were detected. 

Attempts to form the iodo-amines (lc) and (8c) by two 
consecutive monoalkylation steps on o-iodoaniline gave 
intractable mixtures of products. Nor was attempted 
methylation of N-o-iodophenyltoluene-p-sulphonamide with 
dimethyl sulphate successful. However, reduction of 
N-o-iodophenylformamide with diborane l2 efficiently 
afforded o-iodo-N-methylaniline, alkylation of which with 
ally1 bromide and with 4-bromobut-l-ene gave the amines 
(lc) and (8c) respectively. 

The iodo-ether (27) was conveniently prepared by the 
interaction of sodium allyloxide with o-iodobenzyl bromide, 
whilst the addition of di-iodoacetylene to the Grignard 
reagent prepared from 4-(o-~hlorophenyl)but- l-ene afforded 
the iodo-compound (Ia) .13 Dehydrobromination of 2- 
brornoethyl o-iodophenyl ether by treatment with ethyl- 
dicyclohexylamine l4 gave the vinyl ether (15). 

DISCUSSION 

The yields of products formed by reduction of each 
iodo-compound with tributylstannane of initial concen- 
tration 0.5-04x1 are given in the Table together with 

l2 H. C. Brown and P. Heim, J .  A J ~ E I .  Chew. SOC., 1064, 88, 
3566. 

distance of closest unstrained approach between the 
radical centre and the terminal atoms of the double 
bond is clearly incorrect, there appears to be a relation- 
ship between the relative rates of cyclization of radicals 
(2a -c )  and (21) and the distances between the appro- 
priate reactive centres. Accurate dimensions for species 
such as these have not been determined, nor is it possible 
readily to estimate the effect of conjugative interactions 
of the heteroatoms with neighbouring x systems on bond 
angles and distances. However, examination of Dreid- 
ing models indicates the probable order of 1 $-distance 
in the unstrained radicals to be (2b) < (2c) < (2a) z 
(21), whereas the order of reactivity is (2b) > (2c) > 
(2a) > (21). Possibly the comparatively low rate of 
cyclization of the radical (21) is due to polar effects, or 
to the loss of resonance energy associated with disruption 
of the vinyl ether function. The relative rate of 
cyclization of the allyloxyl radical (2b) is exceptionally 
high. The substitution of oxygen for carbon in an 
equivalent position in alkenyl radicals also enhances the 

l3 1'. Franzen, Chew. BeT.,  1954, 87, 1148. 
l4 S. Hiinig and 31. Riessel, Chcm. Be?<., 1958, 91, 380. 
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rate of cycli~ation,~ but the effect is less than that 
observed here. Possibly conjugative interaction of the 
oxygen lone pairs with the aromatic ring increases the 
populations of conformers of the radical (2b) favourably 
disposed for cyclization. 

Cyclization of those radicals [(Sb), (Sc), and (28)l 
potentially capable of forming either six- or seven- 
membered rings occurs exclusively by 1,6-intramolecular 
addition, but the range of values of kJkH is much less 
than that exhibited by the lower homologues. The 
greater flexibility of the longer side chains allows close 
unstrained approach between the 1- and 6-positions in 
each of the radicals (9b), (9c), and (28). 

Since representative values of ka ,  the rate constant 
for hydrogen atom transfer from tributylstannane to 
aryl radicals, are unavailable it is not possible to deter- 
mine values of k,. However, on the basis of the reason- 
able assumption l5 that kH > lo6 1 mol-l sL1, the minimum 
values of k, lie in the range 1.5 x 105-6 x lo7 s-l. 
The rates of cyclization of radicals (2a-c) and (21) 
containing four-membered side chains appear to be of 
the same order of magnitude as those for the hex-5-enyl 
radical and similar species .3-8 Presumably, the higher 
reactivity expected of an aryl radical as compared with 
alkyl radicals is counterbalanced by the greater strain 
engendered in the formation of five-membered rings 
fused to aromatic systems. 

However, 1,6-cyclization occurs much more rapidly in 
the radicals (9b), (Sc), and (28) than in the hept-6-enyl 
radicaL5 Angle strain in the product radicals (lob), 
(~OC), and (29) is negligible, there are fewer non-bonded 
interactions than in the cycloheptyl radical, and the 
presence of the aromatic ring decreases the loss of 
rotational degrees of freedom which accompanies 
cyclization. 

Intramolecular hydrogen atom transfer reactions are 
most likely to be observed when their occurrence through 
a six-membered transition state affords resonance- 
stabilized species, e.g. the formation of (34)-(36) from 
(9b), (Sc), and (28) respectively. Plots of relative yields 
of products against [Bu,SnH], for reactions of each of 
the compounds (8b), (8c), and (27) gave straight lines as 
expected according to expression ( I ) .  However, the 
lines did not pass through the origin, but gave positive 
values of the function (yield of open-chain product)/(yield 
of cyclized product) a t  [Bu,SnH], = 0. This indicates 
the formation of open-chain products by pathways 
which do not involve direct interaction of the parent aryl 
radicals with stannane. Such pathways are provided 
by the formation of the allylic radicals (34)-(36), and 
their subsequent conversion, by reaction with stannane, 
into open-chain products. The double bond isomers of 
olefins (12b), (12c), and (31), which should also be formed 
from (34)-(36) , respectively, would not have been 
separately detected by the analytical methods employed. 

The intercepts at [Bu,SnH], = 0 for the appropriate 
l5 D. J. Carlsson and K. U. Ingold, J .  Amer .  Chem. Soc., 1968, 

l6 A. S. Rodgers, D. M. Golden, and S. W. Benson, J .  Awev.  
90, 7047. 

Chem. SOC, 1967, 89, 4578. 

graphs of data from reactions of the iodo-compounds 
(8b), (8c), and (27) are 0.11, 0.53, and 0.90 respectively 
from which it can be calculated that the appropriate 

( 36 

values of kt/kH, where kt is the rate constant for intra- 
molecular hydrogen atom transfer, are 0.13, 0.7, and 
0-13 mol 1-l. On the basis of the assumption that 
kH > lo6 1 mol-l s-l minimum values of Kt lie in the range 
1-3 x 105-7-0 x lo5 s-l. The fact that they are 
considerably greater than Kt/kH for the hept-6-enyl 
radical can be attributed to the high aromatic C-H 
bond energy16 and to the relative absence of non- 
bonded interactions in the transition states. Previous 
e.s.r. measurements allowed kt/kH to be estimated as 
>lo2 s-l for aryl radicals with saturated side chains.l 

When allowance was made for the amounts of un- 
cyclized products arising via the allylic radicals (34)- 
(36), the values of kc/& (corrected) calculated by mews 
of equation (2) showed a small range and were in good 
agreement with those obtained directly from the 
gradients of the appropriate straight line graphs. 

A plot of the appropriate data for the radical (2c) also 
gives a positive intercept of 0.04 on the stannane axis. 
The reason for this is not clear. Possibly it reflects 
experimental inaccuracy arising from the fact that 
kc/kB is large and hence, under our experimental con- 
ditions, the yields of open-chain products were small. 
On the other hand it may indicate the occurrence Qf 
intramolecular hydrogen atom transfer from the N -  
methyl group and/or the allylic position to the aryl 
radical centre. An example of 1,4-hydrogen atom 
transfer in a substituted aryl radical has been recently 
reported.17 However, the relative rate (k,/kH = 0.13 
mol 1-l) is greater than might have been expected. 
When kc/ka was recalculated for radical (2c) on the 
assumption that intramolecular hydrogen atom transfer 
had occurred the range of values obtained was 2.1-4.0M. 

The most significant feature of these reactions is their 
regiospecificity ; the primary radicals actually formed 
are thermodynamically less stable than the alternative 
secondary radicals. The specificity of the process 
[(21) --f (22)] is especially noteworthy for in this case 
the alternative mode of cyclization would afford species 
(23) stabilized by conjugation of the free electron with 
the lone pairs on the adjacent oxygen atom. The 
observed regiospecificity cannot be attributed entirely 
to entropy factors for although the formation of the 
smaller possible ring will involve a lesser loss of rotational 
freedom,ls and have a smaller activation volume, simple 
calculations show that the maximum reasonable differ- 
ence between the values of A S  for 1,5- and 1,6-addition 

17 L. R. C. Barclay, D. Griller, and K. U. Ingold, J .  Amer .  
Cherui. Soc., 1974, 96, 3011. 

la B. Capon, Quart. Rev. ,  1964, 18, 45. 
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reactions cannot be sufficiently large to account fully 
for their difference in rates. We conclude, therefore, 
that the regiospecificity exhibited in the reactions of the 
radicals studied here, like the selectivity of intra- 
molecular addition in alkenyl  radical^,^ is due partly 
and probably predominantly to differences in the values 
of AH4 for the two modes of cyclization. 

The results obtained accord with the view that the 
preferred transition state for alkyl radical addition to a 
double bond comprises a triangular array of centres (37) 
arising from an initial interaction of the half-filled p 
orbital (or G orbital in the case of an aryl radical) with 
one lobe of the antibonding x* 

The distinguishing feature of all the cyclizations 
studied is that they specifically afford products in which 
the newly formed radical centre is exocyclic to the new 
ring. In the case of the one radical (16) €or which the 
only feasible cyclization process is that which leads to a 
product (17) containing an endocyclic radical centre no 
intramolecular addition occurs, despite the fact that the 
radical (17) should be stabilized by Px interaction. 

I 

C A  
;;2 ----------_ 

\ I37 1 

We believe that the key structural feature distin- 
guishing the cyclized radicals actually formed from the 
alternative products is the degree of coplanarity that 
can be attained between the newly formed bond and the 
semi-occupied orbital a t  the new radical centre. In 
primary radicals such as (3a), free rotation about the 
exocyclic C-C bond allows complete coplanarity to be 
achieved, but this is not possible in radicals containing 
an endocyclic centre, e.g. (4a) - We conclude, therefore, 
that the reactions described here exhibit a high degree of 
regiospecificity because the proposed transition state, 
which requires the orbitals containing the three electrons 
involved in the redistribution process to  lie in the one 
plane, is readily accommodated on pathways leading to 
exocyclic radicals but not on those leading to endocyclic 
radicals. 

Comparison of the reactions of the radicals (8b), (Sc), 
and (28) with cyclization of hept-6-enyl radical affords 
support for this view. The last reaction proceeds to a 
considerable degree (ca. 15%) by 1,7-intermolecular 
addition ; the flexibility of the cycloheptyl system 
allows the required planar transition state to be accom- 

H. Fujimoto, S. Yamabe, T. Minato, and K. Fukui, J .  Amer .  
Chem. SOC., 1972, 94, 9205. 

20 A. L. J .  Beckwith and G. Phillipou, Chem. Cornm., 1971,658. 
21 E. C. Friedrich and R. L. Holmstead, J .  Ovg. Chem., 1972,37, 

22 H. M. Frey and R. Walsh, Chem. Rev., 1969, 69, 103; R. 

H. L. Goering and R. R. Jacobson, J .  Amer .  Chem. SOC., 

z4 C. D. Hurd and H. T. Bollman, J .  Amer .  Chern. SOC., 1933, 

25 L. Schaap and H. Pines, J .  Amer .  Chem. SOC., 1957,79, 4967. 
26 L. W. Deady, R. D. Topsom, and J.  Vaughan, J .  Chern. SOC., 

2546, 2550. 

Walsh, Internat. J .  Chem. Kinetics, 1970, 2, 71. 

1958, 80, 3277. 

55, 699. 

1966, 5718. 

modated in structures leading to the endocyclic radical. 
The similar formation of the radicals ( l lb) ,  ( l lc) ,  and 
(29) is not possible because of the decrease in flexibility 
arising from the presence of the fused aromatic ring. 

Finally, it is noteworthy that the mechanism proposed 
for intramolecular radical addition reactions is com- 
pletely consistent with all the available data for the 
reverse process, namely the p-scission of cycloalkyl and 
cycloalkylcarbinyl r a d i c a l ~ . ~ ~ ~ c ~  20, 21 Cyclopropylcarbinyl 
and cyclobutylcarbinyl radicals readily undergo ring 
opening. In rigid systems the reaction is stereospecific 
and affords the product arising from scission of that bond 
which lies closest to the plane of the semi-occupied 
orbital.20. 21 Conversely p-scission of cyclopropyl, cyclo- 
butyl, and cyclopentyl radicals is relatively very slow 
and has large values of In each of these approxi- 
mately planar species, the bond undergoing fission is 
almost orthogonal to the plane of the half-filled orbital. 

EXPERIMENTAL 

Instruments and A$paratus .-Details of instruments and 
apparatus, and of physical methods employed, have been 
previously described.l The columns used for g.1.c. were as 
follows: (a) 10% Carbowax 20M on 100-120 Aeropak 30, 
20 f t  x 1/8 in stainless steel; (b) 3% PDEAS on 100-120 
Aeropak 30, 14 f t  x l /S  in glass; (c) 10% SE 52 on 100- 
120 Aeropak 30, 6 f t  x 1/8 in stainless steel. 

Materials and Reference Conzpounds.-Allyl phenyl ether 
(5b),Z3 4-phenylbut-l-ene (5a),24 l-methylindane (6a) ,25 

3-methyl-2,3-dihydrobenzofuran (6b) ,2  chroman (7b) ,26 N- 
methyl- 1,2,3,4-tetrahydroquinoline (7c) ,27 2,3,4,5-tetra- 
hydro-l-benzoxepin ( 14b),Z8 benzyl vinyl ether (24) ,29 

l-methylphthalan (25) ,30 isochroman (26) ,31 ally1 benzyl 
ether (311, 32 4-methylisochroman (32),33 and 1,3,4,5-tetra- 
hydro-2-benzoxepin (33) 34 were prepared by methods 
similar to or identical with those previously described. I n  
each case the physical constants agreed with those given in 
the literature, the spectral data were consistent with the 
structure, and the purity of the sample was established by 

Tributylstannane, prepared by reduction of tributyltin 
chloride with lithium aluminium h~dride,~5 was distilled 
under reduced pressure, and stored in sealed evacuated 
ampoules at  0" in the dark. All solvents were purified by 
established procedures. 

4-o-Iodophenylbut- l-ene (la) .-A mixture of magnesium 
turnings (0.65 g), 4-o-chlorophenylbut-I-ene 36 (4.18 g), and 
tetrahydrofuran (10 nd) was heated under reflux with 
stirring under nitrogen. When formation of the Grignard 
reagent was complete the mixture was cooled to Oo, and a 

27 J.  Meisenheimer and J .  Dodonow, Annalen,  1911, 385, 134. 
28 G. Baddeley, N. H. P. Smith, and &I. A. Vickars, J .  Chem, 

2B A. W. Burgstahler, L. K. Gibbons, and I. C. Nordin, J .  Chern. 

30 A. Rieche and M. Schulz, Annalen,  1962, 653, 32. 
31 P. Maitte, Ann. Chim.  (France), 1954, 9, 431. 
32 C. R. Hauser and S. W. Kantor, J .  Amer .  Chem. SOC., 1951, 

33 P. Maitte, Compt. rend., 1954, 239, 1508. 
34 A. Rieche and H. Gross, Chem. Ber., 1962,95, 91. 
35 H. G. Kuivila and 0. F. Beumel, J .  Amer .  Chem. SOC., 1961, 

36 R. W. Bott, C. Eaborn, and K. Leyshon, J .  Chem. SOC., 1964, 

g.1.c. 

SOC., 1956, 2455. 

SOC., 1963, 4986. 

73, 1437. 

83, 1246. 

1548. 
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solution of di-iodoacetylene 37 (3.47 g) in ether was added 
with stirring. After the addition, stirring was continued 
for 15 min, and the mixture was then poured into dilute 
sulphuric acid. Extraction of the mixture with ether, and 
distillation of the extract under reduced pressure afforded 
4-o-iodophenylbut-l-ene (4.1 g, 63y0), b.p. 130-132O at 
19 mmHg (Found: C, 46.5; H, 4-3. Cl,HllI requires C, 
46.5; H, 4-3%), m/e 258 (M+), 6 2.1-2-6 (2H, m, allylic 
CH,), 2.6-2.9 (2H, m, ArCH,), 4.7-5.2 (2H, m, C=CH,), 
5.5-6.2 (IH, m, CH=C), and 6.6-7.9 (4H, m, ArH). The 
compound showed only one peak on g.1.c. [column (b), 130'1. 

AEZyl o-Iodophenyl Ether (lb) .-Treatment of o-iodophenol 
with allyl bromide and potassium carbonate in acetone in 
the usual way,, afforded the required ether (48%), b.p. 
141-144" at 18 mmHg (Found: C, 41-5; H, 3.4; I, 48-5. 
C,H,IO requires C, 41.6; H, 3.5; I, 48.8%), wz/e 260 (M+), 
6 4-4-4.6 (2H, m, OCH,), 5.1-5.4 (2H, m, C=CH,), 5.5- 
6.2 (lH, m, CH=C), and 6.2-7.9 (4H, m, ArH). The 
compound gave one peak on g.1.c. [column (a), 135'1. 

o- (N-A ZZyl-N-wzethylamino)iodobenzene (lc) .-Treatment 
of o-iodoaniline with formic acid in benzene in the usual 
way gave N-o-iodophenylformamide 39 ( 67y0), n1.p. 113', 
a sample (31 g) of which was dissolved in tetrahydrofuran 
and kept at 0" whilst a stream of diborane (generated from 
19 g of sodium borohydride) in nitrogen was bubbled in. 
When the addition was complete (5-5 h) the mixture was 
refluxed under nitrogen for 2 h, then set aside overnight 
at room temperatu'lie. After addition of 6~-hydrochloric 
acid (40 ml) to the cooled mixture it was slowly heated to  
60" to complete the evolution of hydrogen. The mixture 
was then concentrated under reduced pressure, and the 
residue was made alkaline by the addition of aqueous 
sodium hydroxide. Extraction of the mixture with 
methylene chloride gave a red oil which was chromato- 
graphed on silica gel, using hexane-ether mixtures, t o  
afford o-(N-rtzethylamino)iodobenzene (25.5 g), b.p. 108-1 10' 
a t  4.5 mmHg (Found: C, 36.4; H, 3.4; N, 6.1. C,H,IN 
requires C, 36.1; H, 3.5; N, 6.0%), m/e 233 (M+) ,  8 2.85 
(3H, s, NCH,), 4.lbr (lH, s, NH), and 6.4, 7.1, and 7.5 
(4H, 3m ArH), vmax (film) 3420, 2815, 1310, and 735 cm-l. 

A mixture of the foregoing amine (2.33 g), allyl bromide 
(1.8 g), sodium carbonate (0.87 g), ethanol (4 ml), and water 
(1  ml) was refluxed for 48 h. The mixture was then 
concentrated under reduced pressure, diluted with water, 
and extracted with ether. Chromatography of the extract 
on silica gel using hexane-ether mixtures followed by 
distillation afforded o-(N-allyl-N-Ynethylamino)iodobenzene 
(1.75 g, 64%), b.p. 83' at 2 mmHg (Found: C, 44.2; H, 
4.4. Cl,Hl,IN requires C, 44.0; H, 4.4%), w]e 273 (M+) ,  
8 2.65 (3H, s, NCH,), 34-3-6 (2H, m, NCH,), 4.9-5.4 
(ZH, m, C=CH,), 5.6-6-2 ( lH,  m, CH=C), and 6.2-7.9 
(4H, m, ArH), v,, (film) 3090, 3020, 2800, 1645, 1350, 995, 
910, and 755 cm-l. The compound gave one peak on g.1.c. 
[column (b), 130"j. 

4-o-lodophenoxybut-l-ene (8b) .-A mixture of o-iodo- 
phenol (4.36 g) , sodium hydroxide (0.80 g), 4-bromobut- 
l-ene (2.80 g), and water (20 ml) was heated under reflux 
for 5 h, then cooled, diluted with water, and extracted with 
ether. The ether layer was washed successively with 
sodium hydroxide solution, water, and brine, dried, and 
concentrated under reduced pressure. The crude product 
was chromatographed on alumina, and distilled, to afford 

W. M. Dehn, J ,  Amer. Chew. SOC., 1911, 33, 1598. 
38 B. C. McKusick and 0. B. Webster, Ovg. Synth., 1961, 41, 

102. 

4-o-iodophenoxybut-l-ene (3.11 g, 57y0), b.p. 146-148" at 
13 mmHg (Found: C, 43-9; H, 4-0; I, 46.4. C,,H,,IO 
requires C, 43.8; H, 4.0; I, 46.3%), m/e 274 (&If), 6 2.4- 
2.8 (ZH, m, allylic CH,), 3.97 (2H, t ,  J 7 Hz, OCH,), 4.9- 
5.4 (ZH, m, C=CH,), 5.6-6.4 (lH, m, CH=C), and 6.6-7-8 
(4H, m, ArH), v,,, (film) 3060, 3020, 1645, 1245, 980, 915, 
and 745 cm-l. The compound gave one peak on g.1.c. 
[column (b), 130'1. 

o- (N-But-3-enyl-N-)nethyZartzino) iodobenzene (8c) .-A mix- 
ture of o-(N-methy1amino)iodobenzene (4.61 g), 4-bromobut- 
l-ene (7.2 g), sodium carbonate (2.6 g), ethanol (8 ml), and 
water (2 ml) was refluxed for 14 days. G.1.c. of a sample 
of the mixture then showed the presence of starting amine. 
Further portions of 4-bromobut-l-ene (2.4 g), sodium 
carbonate (0-85 g), ethanol (4 ml), and water (1  ml) were 
added, and the mixture was heated under reflux for another 
7 days. Work-up in the usual manner then afforded 
o- (N-but-3-enyl-N-methylanzino)iodobenzene (4.05 g, 7 2 yo), 
b.p. 113' at 2.5 mmHg (Found: C, 45.7; H, 5.0. CllHl,IN 
requires C, 46.0; H, 4-9%), m/e 287 (Mt), 8 2.0-2-5 (ZH, 
m, allylic CH,), 2-70 (3H, s, NCH,), 2.8-3.2 (2H, m, 
NCH,), 4.8-5.2 (2H, m, GCH,), 5.5-6.2 ( lH ,  m, CH=C), 
and 6.6-7.9 (4H, m, ArH), v,, (film) 3080, 3010, 2800, 
1645, 1370, 980, and 910 cm-l. The compound gave one 
peak on g.1.c. [column (b), 130'1. 
o-Iodophenyl Vinyl Ether (15) .-A mixture of 2-o-iodo- 

phenoxyethyl bromide 40 (2.7 g)  and ethyldicyclohexylamine 
(2.55 g) was heated at 170--180° for 5 h, then cooled, and 
diluted with acetone. After separation of amine hydro- 
bromide by filtration, the filtrate was mixed with brine and 
extracted with ether. The ether layer was washed 
successively with dilute hydrochloric acid, water, aqueous 
sodium hydroxide, and brine, dried, and concentrated 
under reduced pressure. Chromatography of the residue 
on alumina, followed by preparative g.l.c., and short path 
distillation gave o-iodophenyl vinyl ether (0.07 g), m1e 246 
(Ad+), 6 4.40 (lH),  4-65 (lH), and 6.45 (1H) (ABX, JAB 1.5, 
JAX 6.0, J S X  13.0 Hz, OCH=CH,), and 6 . G 7 . 8  (4H, ni, 
ArH). The compound gave one peak on g.1.c. [column (c), 
125'1. 
o-lodobenzyl Vinyl Ether (20) .-A mixture of o-iodobenzyl 

alcohol 41 (4.68 g), mercury(I1) acetate (0-2 g), and ethyl 
vinyl ether was heated under reflux. After 11 h a further 
portion (0.2 g) of mercury(I1) acetate was added, and heating 
of the mixture was continued for a further 10 h. The 
mixture was then cooled, washed with 10% aqueous 
potassium carbonate, dried, and concentrated under 
reduced pressure. Pentane (25 ml) was added to the 
residue, and the mixture was filtered to remove o-iodo- 
benzyl alcohol (0.8 8). Evaporation of the filtrate afforded 
an oil which was purified by chromatography on alumina 
and distillation to give the required ether (3.35 g, 780/,), 
b.p. 82-83' a t  0.8 mmHg (Found: C, 41-5; H, 3.4; I, 
48.4. C,H,IO requires C, 41.6; H, 3.5; I, 48-8%), nzJe 
260 (M+) ,  6 4-10 ( lH) ,  4-30 ( lH) ,  and 6.55 (1H) (ABX, 

ArCH,), and 6-8-7.9 (4H, m, ArH), vmx. 3120, 3070, 1640, 
1200, 990, 890, and 745 cm-l. The compound gave one 
peak on g.1.c. [column (b), 120'1. 

Allyl o-iodobenzyl ether (27) .-Treatment of o-iodobenzyl 
bromide 41 with sodium allyloxide in the usual way 32 gave 

JAB 2.0, JAX 14.0, Jsx  7.0 Hz, OCH=CH,), 4.7 (ZH, S, 

39 G. R. Pettit and E. G. Thomas, J .  Org. Chevn., 1959, 24, 895. 
40 P. E. Gagnon, G. Nadeau, and R. Cote, Canad. J .  Chem., 

R. G. R. Bacon and TT'. S. Lindsay, J .  Cheil.2. Soc., 1958, 1378. 
1952, 30, 592. 
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the required ether (71y0), b.p. 116-118" at 3.6 mmHg 
(Found: C, 43-9; H, 4-2; I, 46.5. Cl,HllIO requires C, 
43.8; H, 4-1; I, 46.3%), m/e 274 (Mf), 6 3-9-4-2 (2H, m, 
allylic CH,), 4.40 (2H, s, ArCH,), 5.0-5.5 (2H, m, C=CH,), 
5-6-6.3 (lH, m, CH=C), and 6.7-7-8 (4H, m, ArH), vmx. 
3070, 3020, 1085, 985, 920, and 745 cm-l. The compound 
gave one peak on g.1.c. [column (b), lSO"]. 

N-A ZZyZ-N-methyZaminobenzene (5c) .-A mixture of N- 
methylaniline (1 6.0 g), ally1 bromide (27.2 g) , anhydrous 
sodium carbonate (9-55 g), ethanol (60 ml), and water 
(15 ml) was refluxed with stirring for 15 h, then cooled and 
worked up in the usual way to give the required amine 42 

(11-84 g, 54y0), b.p. 118-120" a t  25 mmHg, 6 2.83 (3H, s, 
NCH,), 3-7-3.9 (2H, m, NCH,), 4.8-5.3 (2H, m, C=CH,), 
5.5-6-2 ( lH,  m, CH=C), and 6-5-7.3 (5H, m, ArH), v,, 
3070, 3030, 2810, 1645, 1350, 985, 910, 740, and 685 cm-l. 

1,3-DimethylindoZine (6c) .-Catalytic hydrogenation of 
1,3-dimethylindole 43 in ethanol and aqueous fluoroboric 
acid 44 afforded 1,3-dimethylindoline (97y0), b.p. 110" a t  
21 mmHg (picrate m.p. 110-111°),45 6 1-25 (3H, d, J 6 Hz, 
CCH,), 2.65 (3H, s, NCH,), 2.8-3.6 (3H, m, CHCH,), and 
6.0-7.1 (4H, m, ArH). 

4-Phenoxybut- l-ene (12b) .-Treatment of 4-bromobut- 
l-ene with sodium phenoxide in water according to the 
method used for the iodo ether (8b) gave the required 
ether46 (42y0), b.p. 130-131" a t  72 mmHg, 6 2.2-2.7 
(2H, m, allylic CH,), 3-87 (2H, t, J 6.5 Hz, OCH,), 4.8-5-3 
(2H, m, C=CH,), 5.5-6.3 ( lH,  m, CH=C), and 6.6-7.4 
(5H, m, ArH), v,,,. (film) 3070, 3040, 1640, 1235, 985, 910, 
750, and 685 cm-l. 

N-Bz&3-enyZ-N-methyZaminobenzene ( 12c) .--A mixture of 
N-methylaniline (8.0 g), 4-bromobut-l-ene (13.5 g), sodium 
carbonate (4.8 g), ethanol (32 ml), and water (8 ml) was 
heated under reflux with stirring for 15 h. Work-up by 
the method used for the compound (lc) gave N-but-3-enyZ- 
N-methylaminobenzene (9.5 g, 59y0), b.p. 114" a t  12 mmHg 
(Found: C, 81-7; H, 9.4. CllH15N requires C, 81.9; H, 
9.4%), nz/e 161 (M+) ,  6 2-0-2.5 (2H, m, allylic CH,), 2-90 
(3H, s, NCH,), 3.2-3.5 (2H, m, NCH,), 4-8-5.3 (2H, m, 
C=CH,), 5.4-6.1 ( lH,  m, CH=C), and 6-4-7-3 (5H, m, 
ArH), vmax. (film) 3070, 3030, 2810, 1635, 1340, 980, 905, 
740, and 690 cm-l. 

4-Methylchroman ( 13b) .-Hydrogenation of 4-methyl- 
chroman-4-01 47 in ethanol over platinum oxide afforded 
4-methylchroman 47 (70y0), b.p. 102-104" a t  13 nimHg, 
6 1-25 (3H, d, J 7 Hz, CH,), 1.4-2-3 (2H, m, CH,), 2.5-3-1 
( lH ,  m, CH), 4.05 (2H, t, J 5 Hz, OCH,), and 6.5-7-1 (4H, 
m, ArH). 

l14-Disnethy1- 1,2,3,4-tetrahydroquinoline (13c) .-Heating 
of 4-methylquinoline with formic acid and triethylamine ** 
gave 1-formyl-4-methyl- 1,2,3,4-tetrahydroquinoZine (70%), 
b.p. 168" a t  12 mmHg (Found: C, 75.2; H, 7.5; N, 7.9. 
C,,H,,NO requires C, 75.4; H, 7-5; N, 8.0%), nz/e 175 
(M+) ,  V,,~ (film) 1665 and 750 cm-l, 8 1-30 (2H, d, J 6 Hz, 
CH3), 1.4-2.4 (2H, m, CH,), 2.5-3.2 ( lH ,  m, CH), 3.4- 
4-0 (2H, m, KCH,), 6.8-7-5 (4H, m, ArH), and 8.55 (lH, 
s, CHO). 

42 V. L. Tweedie and J. C. Allabashi, J .  Ovg. Chem., 1961, 26, 

43 C. W. Rees and C. E. Smithen, J .  Chem. SOC., 1964, 938. 
44 A. Smith and J. H. P. Utley, Chem. Comm., 1965, 427. 
45 P. L. Julian and H. C. Printy, J .  Amer.  Chem. SOC., 1949, 71, 

46 S. G. Powell and R. Adams, J .  Amer .  Chem. SOC., 1920, 42, 

47 B. D. Tilak and Z. Muljiani, Tetrahedron, 1968, 24, 949. 
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The foregoing formyl compound (10.3 g) in ether (180 ml) 
was added dropwise with stirring to a suspension of lithium 
aluminium hydride (3.8 g) in ether (360 ml) under nitrogen, 
and the mixture was then refluxed for 15 h. After being 
cooled the mixture was cautiously treated with water ( I 6  
ml) and 15% aqueous sodium hydroxide (4 ml). The 
mixture was then filtered, and the filtrate was concentrated 
under reduced pressure. Chromatography of the residue 
on silica gel, followed by distillation gave 1,4-dimethyl- 
1,2,3,4-tetrahydroquinoline 4O (8.35 g, 88yo), b.p. 122" at 
12 mmHg, 6 1-25 (3H, d, J 7 Hz, CCH,), 1.4-2.7 (3H, m, 
CHCH,), 2.80 (3H, s, NCH,), 2.9-3.3 (2H, m, NCH,), and 
6.3-7.1 (4H, m, ArH). 

l-Methy1-2,3,4,5-tetmhydro- 1H- 1-benzazepine (14c) .-Re- 
duction of homodihydrocarbostyril 50 with lithium alu- 
minium hydride by the usual procedure 51 gave 2,3,4,5- 
tetrahydro-lH-l-ben~azepine,~~ a sample (7.3 g) of which 
was refluxed for 15 h with methyl iodide (9.5 g) and sodium 
carbonate (3.18 g) in ethanol (32 ml) and water (8 ml). 
Work-up in the usual way gave the required tertiary 
amine 53 (5.60 g, 75%), b.p. 114" a t  12 mmHg, 6 1.2-2.0 
(4H, m, CH,CH,), 2.6-3.0 (4H, m, NCH, and benzylic 
CH,), 2.85 (3H, s, NCH,), and 6.5-7.2 (4H, m, ArH). 

Phenyl Vinyl Ether (1 8) .-2-Phenoxyethyl toluene-p- 
sulphonate (8.76 g) was added in small portions with stirring 
to  potassium t-butoxide (3.7 g) in dimethylformamide 
(50 ml) a t  0" under nitrogen. After completion of the 
addition the mixture was kept a t  0" for 2 h, then at 20" for 
8 h. The mixture was then filtered, diluted with water 
(200 ml), and extracted with pentane. After being washed 
with aqueous sodium hydroxide and with water, the 
pentane solution was dried and concentrated. Distillation 
of the residue gave phenyl vinyl ether (1.38 g, 38y0), b.p. 
76-77" a t  50 mmHg, 6 4.30 (lH), 4.60 ( lH) ,  and 6.55 (1H) 
(ABX, JAB 1.5, J ~ x  6.0, J S X  13-5 Hz, OCHzCH,), and 6.7- 
7.4 (5H, m, ArH). 

2,3-Dihyd~obenzofuru~ (19) .-Reduction of benzofuran 
with sodium in ethanol, following the procedure described 1 
for 3-methylbenzofuran, gave 2,3-dihydrobenzofuran 54 
(89%), b.p. 78" at 12 mmHg, 6 3.00 (2H, t ,  J 8.5 Hz, ArCH,), 
4.35 (2H, t, J 8.5 Hz, OCH,), and 64-7.2 (4H, m, ArH). 

Reaction of Aryl Iodides with Tributy1stannane.-A 
standard solution (5.0 ml) of the iodo-compound was 
prepared by dissolving a weighed sample (ca. 2.5 mmol) in 
benzene in a standard flask. The mixture was weighed, 
and azobisisobutyronitrile (4.5 mg) was added to it. A 
standard solution (10.0 ml) of tributylstannane (ca. 8 mmol) 
in benzene was similarly prepared. Weighed portions 
(0-50 ml) of the solution of iodo-compound were placed in 
10 thick-walled ampoules. Then weighed portions of 
stannane solution were added as follows: to each of tubes 
nos. 1 and 2, 0.30 ml; t o  each of tubes nos. 3 and 4, 0.60 ml; 
to each of tubes nos. 5 and 6, 1-20 ml; to each of tubes nos. 
7 and 8, 2.40 ml. Tubes nos. 9 and 10 were kept as blanks. 
Each mixture was made up to 2.90 ml with benzene, then 

48 L. G. Yudin, A. N. Kost, E. Kh. Zolotarev, and A. N. Mirza, 
Vestnik Moscov. Univ., 1958,13, 169 (Chem. Abs. ,  1959, 53, 8134). 

49 J .  Metzger, H. Larive, E.-J. Vincent, and R. Dennilauler, 
Bzdl. SOC. chim. Fvance, 1967, 46. 

50 R. T. Conley, J .  Org. Chem., 1958, 23, 1330. 
5l C. V. Wilson and J. F. Stenberg, Org. Synth., 1956, 36, 48. 
52 J. V. Braun and B. Bartsch, Ber., 1912,45, 3376. 
53 G. Baddeley, J. Chadwick, and H. T. Taylor, J .  Clzem. SOC., 

54 J.  Gripenberg and T. Hase, Acta Chem. Scand., 1966, 20, 
1956, 451. 
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frozen in an ethanol-dry ice bath whilst the tubes were 
evacuated (0.05 mmHg) and sealed. The tubes were then 
heated a t  130 & 3" for 24 h in the dark, cooled, and opened. 
After addition of weighed portions (1.0 ml) of a solution of 
internal standard in carbon tetrachloride to each tube the 
contents were analyed by g.1.c. The columns used for the 
analysis of the reaction mixtures from the various iodo- 
compounds were as follows : 4-o-iodophenylbut-l-ene (la),  
column (a), 110"; allyl o-iodophenyl ether (lb), column (a), 
130" ; o- (N-allyl-N-methy1amino)iodobenzene (lc) , column 
(b), 130"; 4-o-iodophenoxybut-l-ene (Sb), column (b), 

100-130" ; o-(N-but-3-enyl-N-inetliylamino)iodobenzene 
(8c), column (b), 100-120"; o-iodophenyl vinyl ether (15) ,  
column (a), 120" ; o-iodobenzyl vinyl ether (20), column (b) , 
100-130" ; allyl o-iodobenzyl ether (27), column (b) , 
100-130". The results obtained are summarized in the 
Table. 
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