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AMmct- Homolytic alkylatioo of pyridine, quinoline and acrid& by redox systems is a selective process 
as regards orientation and reactivity. Tk. synthetic aspects and the mechanism of tk reduction of 
oxaziranca and homolytk substitution are discussed. 

A PREUMXNARY communication’ showed the possibility of achieving new syntheses 
by taking advantage of the nucleophilic character of alkyl radicals. Quantitative 
data has been published’ concerning the aEn& of alkyl radicals for conjugated 
oleflns, which clearly con&m this nuckophilk character. Now we report the results 
obtained in the alkylation of pyridin6 quinoline and acridine by redox systems 
formed by hydroperoxides or oxaziranes and ferrous salts. 

Radical sources 

(A) Hydroperoxides. (1) l-Methoxycyclohexylhydroperoxide (I)3 with ferrous salt 
gives rise to the Sdmethoxycarbonyl)-peentyl radical (II): 

CH,O OOH 

0 

+ Fe’+ - FeOH’+ + - CH,OCX-(CH,), - CH; 

11 

(2) The peroxide obtained born diethylketone and hydrogen peroxide can be 
formulated as III and produces ethyl radicals with a ferrous salt : 

OH 

Et& 
I 

+ Fe’+ -, Eti + Et-COOH + FeOH2+ 
\ 

OOH 

III 
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(3) In the analogous peroxide obtained from methyl-ethyl-ketone, the @cission 
of the alkoxy radical, formed initially, is not selective, but leads mainly to ethyl 
radicals and, to a minor extent, to Me radicals: 

HO 0, Et‘ + AcOH 
\/ / 

Et---C--Me 
\ 

Me + Et-COOH 

(4) t-Butylhydroperoxide gives rise to Me radicals: 

(Me).&OOH + Fe’+ + Me-CO-Me + Me* + FeOHz+ 

(5) 2,4,4-T~e~yl-2-hydro~roxy~~e (IV) is obtained by adding hydrogen 
peroxide to d~sobutylene~ In this case there are also two ~ssib~iti~ of &s&&on, 
giving rise to either a neopentyl or a Me radical: 

/ 
Me + Me+-CH,-CO-Me 

Me,C-CH,--CMe, Fe’: Me&-CH,-CMe, 

I 
OOH e&--&H, + Me-CO-Me 
IV 

A quantitative ~v~tigation of this reaction was not undertaken, but a quahtative 
study did not reveal a possible rearrangement of the neopentyl radical: 

Me&AH, -t Me&CH,-Me 

(B) Oxuziranes. 2-Methyl-3,3-pentamethyleneoxazirane (V)’ yields alkyl radical 
VI by the suggested sequence:6 

N-Me + Fe’+ + H,O - FeOH’+ 

0' 

NHMe - MeNHCO - (CH,),- CH; 

V1 

We have suggested’ an alternative mechanism involving formation of an ammo 
radical, which subsequently undergoes f&c&ion : 

-Me + Fe’++H,O - FeOH’+ + 

- MeNHCO - (CH, )1- CH; 
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Our hypothesis was based on (a) the structural analogy with hydroxylamines, which 
give amino radicals on reduction with metal salts : 

R,N-OH + Ti’+ -+ R,N* + TiOH’+ 

(b) considerations concerning an electron transfer on the N-O bond, and (c) the 
behaviour of the oxaziranes with cuprous salts.* 

Since in the case of the oxaxirane V each of the two mechanisms leads to the same 
alkyl radical intermediate VI, the reaction product cannot be used to discriminate 
between them Thus, s-derivatives of caproic acid N-methylamide ate formed by a 
redox transfer process in the presence of halogen or pseudohalogen ions,’ in a way 
simiIar to the behaviour of the alkyd radicals from peroxides? 

MeNHCO+CH,)-CH,~ + FeX’+ -, MeNHCO-(CH,),-X + Fez+X = Cl. Br, N,, SCN etc 

To verify our hypothesis we used 2-phenethyk3,3dimethyloxazirane (VII), for which 
two redox processes am possible: 

0. 

I 

/O\ / 
Me&-NH-CH,-CH,-Ph 

Me,C- N-CH,--CH,--Ph 
\ 

VII Me&-IbYH,--CH,-Ph 

I 
OH 

The alkoxy radical may give rise to a Me radical by B-se&ion : 

Me,&NH-CH,--CH,-Ph -+ Mc + Me-CO-NH-CH2--CH,-Ph 

whereas the amino radical may give two different alkyl radicals, a Me or a benzyl 
radical : 

Me 

‘C - fi--CH -CH -Ph 

Me/AH 
2 2 

The higher stability of the benxyl over the Me radical favoured the formation of the 
former in the case of an intermediate amino radical and therefore suggested the 
possibility of distinguishing between the two mechanisms. Actually the reaction of 
the oxaxirane VII with ferrous sulphate in the presence of ferric chloride led to 
benxyl chloride, formed by a redox transfer process on the benxyl radical, thus sup 
porting our hypothesis : 

W-CH., + FeC12+ -+ Ph--CH,--Cl + Fe’+ 

RESULTS AND DISCUSSION 

The reactions were carried out in aqueous solution with protonated het~~omatic 
bases, except iu the case of the peroxide I, for which MeOH was used, since it is 
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insoluble in water. MeOH was also used to investigate non-basic aromatic substrates 
insoluble in water, such as benzene, chlorohenxene and naphthalene. In the absence 
of heteroaromatic substrates the alkyl radicals react in various ways, mainly by 
dimerixation and, to a lesser extent, by oxidation and reduction. Thus, the peroxide I 
and the oxazirane V lead respectively to the methyl esterlo and the N-methylamide 
of 1,12dodecandioic acid in good yields In contrast, in the presence of protonated 
heteroaromatic bases, no dimerimtion of the radical but alkylation of the hetero- 
aromatic ring takes place. The results obtained with the peroxide I and the oxaxirane 
V are summarized in Table 1; Tables 2 and 3 show the data concerning Me and Et 
radicals. 

With quinoline the reaction leads exclusively to substitution products with both 
hydroperoxides and oxazirane. Only the isomers substituted at positions 2 and 4 
are obtained and that substituted at the 2-position always prevails over that at the 
4-position. When an excess of radical source is used, 2,4disubstituted derivatives 
are formed. 

With the peroxide of methylethylketone the ethyl- to methyl-quinolines ratio is 
about 5:1, indicating that the formation of Et radicals prevails over that of Me 
radicals in accordance with their relative stabilities However, this ratio cannot be 
regarded as a quantitative measure of g-scission of the intermediate alkoxy radical, 
since the alkylation yield, in this case, is about 40%. Actually, the peroxide is reduced 
mainly to the starting ketone, without undergoing radical s&ion : 

HO OOH 

MALEt + 2 Fe’+ + Me-CO-Et + 2 FcOH*+ 

TAEU 1. ALK~LKT~ON BY PEROXIDE I AND OXAZIRA~ V 

Heterocyclic 
Base 

Radiad 
Isomer3 Total yield’ 

% % 

Quinoline 

VI 2- : 53.1 
4- :46*9 

80 

II 2- : 53.8 
4-:46.2 

60 

VI 9- 76 
Acridine 

Pyridine 

II 

VI 

11 

9- 

2-i&+ dimer VIII 

2- :34 
4-:64 

61 

79 

not 

determinal 

VI = (CHJ,CONHMe; II = (CH,),COOMe 
‘ Yield calculated on the radical source 
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TABLE 2. M ElHYLAllON AND ElHYLATlON OF QUINOUNB 

PClOXkk 
QuinoIine/ Quinolinc MCthYI- 2+DhlCthyl- Ethyl- 
paOX& 

% 
quiIloliDLX quillolka qllillotins 

ratio % % % 
2 4 2 4 

t-Butylhydroperoxide 1 :3 23.7 32-4 29.3 146 

Diethylkctonc peroxide 2 : 1 834 9-6 6.9 

Methylcthylketonc 
perOX& 1 :l 595 4.5 3.8 17Q 15.1 

TABLE 3. M BI-HYIATION AND ElTMATION OP PYRIDINE 

Peroxide 
Pyridine : 
peroxide Pyridine Methylpyridioes Ethylpyridims 

ratio % % % 
2 4 2 4 

t-Butylhydroperoxide 1 :1 869 3.8 9.3 

Diethylketone peroxide 2 :l 801 5-O 14.9 

Methylethylketone peroxide 1 :1*5 49.8 1.7 5.4 9.4 33.8 

and, furthermore, not all the radicals react only with quinoline, so that the ethyl- to 
methylquinoline ratio may lose its quantitative significance owing to the differing 
reactivity of the two radicals. 

The products of the reaction between the peroxide IV and quinoline were not 
quantitatively analyzed but only qualitatively investigated, in order to verify a 
possible rearrangement of the neopentyl radical: the NMR spectrum of the basic 
reaction product shows or& singlets for the Me and methylene groups, but no 
signal of the Et group, thus excluding the rearrangement of the neopentyl radical 
during the alkylation. 

The alkylation reaction in the case of acrid& is selective with both peroxides 
and oxaxirane, and leads to exclusive substitution at the position 9. 

With pyridine and peroxides only substitution at positions 2 and 4 takes place, 
whereas with the oxaxirane V these isomers are accompanied by the dimer VIII : 

Tbe 4csubstituted isomer is always prevalent over that substituted at the 2-position. 
This behaviour is in contrast with the data for alkylation of pyridine by acyl peroxides 
and electrolysis of carboxylic salts” (the analytical methods wete not accurate in 
these cases), for benxylation by dibenxylmercury12 amI homolytic arylation:r3 in all 
these cases a large prevalence of the 2-substituted isomer was reported. 
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Two aspects emphasize the importance of the nucleophilic character of the alkyl 
radicals in these reactions: orientation and reactivity. Orientation in the positions 
2 and 4 has been reported” in the alkylation of pyridine with acylperoxides. It was 
however observedi that the absence of the 3-substituted isomer in these reactions is 
probably a result of the method of analysis (isolation by distillation) during which a 
small portion of this isomer may have been lost, since there is evidence that in general 
the isomer distribution obtained in homolytic methylation is similar to that obtained 
in phenylation. Actually our results indicate that the position 3 is not attacked either 
in pyridine or in quinoline (with quinoline no position of the benzene ring is attacked) : 
certainly the analytical conditions used are able to reveal concentrations of 3-methyl- 
pyridine and quinoline lower than 050/, as shown by careful GLC analyses with 
authentic samples The selectivity of attack at positions 2 and 4 is therefore complete, 
at least with the redox systems used. 

As regards the 2-substituted :4_substituted* isomer ratios, which in our case are 
noticeably different from the results previously reported with different radical 
sources, we think that the different experimental conditions, some sort of complexing 
between the alkyl radicals and the metal salts and, in some cases, the formation of 
dimers may play an important role. This high selectivity in the orientation is also 
accompanied by a remarkable selectivity in the reactivity towards different aromatic 
substrates. In fact, under the experimental conditions used with heteroaromatic 
bases, benzene, chlorobenzene and naphthalene do not react, but the reaction takes 
place as in the absence of such substrates, i.e. dimerization of the alkyl radicals takes 
place. 

This behaviour may be connected with the nucleophilic character of the alkyl 
radicals, i.e. with the contribution of polar forms to the transition state: 

l R - R+ 

NH 

This contribution of polar forms would be favoured ;y solvents such as water or 
methanol which can solvate and stabilize the alkyl cations, and probably also by 
some sort of complexation of the alkyl radical with the metal salt. The protonation 
of the aromatic base increases the nucleophihc reactivity. 

The mechanism of the substitution is not completely clear: the first step is charac- 
terized by addition of the alkyl radical to the heteroaromatic ring, as generally 
accepted in homolytic aromatic substitution :” 

In this respect the formation of the dimer VIII is indicative: it arises from dimerixation 
of the intermediate radical IX and subsequent oxidation : 

R f.2 -Ro-OR Ox. RO-OR 
+NH +NH +NH +NH +NH 
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We have obtained analogous dimers with pyraxine and isoquinoline,l but not with 
quinoline or acridine: it seems that they can be formed only when the position para 
to the radical attack is free (with exclusion of the heteroatom). 

For the rearomatization of the intermediate radical IX several possibilities may 
be considered: oxidation or reduction (followed by oxidation of the dihydroderiva- 
tive) by metal salts, oxidation by the radical source, abstraction of an H atom by 
intermediate radicals. It may also be that a single mechanism is not responsible for 
the rearomatization process in all cases. 

We hope to obtain more information about these mechanistic details from the 
study of the reaction with quaternary salts of heteroaromatic bases. 

EXPERIMENTAL 

Readon of2-methyl-3, 3-pentamethylene-oxazirane (V) with quinoline 
To a soln of quinoline (19.2 g) in 20% H,SO, (100 ml), 2-methyl-3.3~pentamethylene-oxazirane (95 g) 

and a sohr of FeSO.*7H,O (21 g) in water (50 ml) were simultaneously added dropwise with stirring over 
a period of 30 min, temperature: 20”-38”. After completion of the addition, the soln was extracted with 
CHCl,, then basilied with 10% NaOH and the basic product extracted with CHCl> In the first extract 
only a small amount of cyclohexanone was present. The basic extract, after removal of the solvent and 
excess quinoline, gave 15 g product (8WA yield). TLC (EtOAc-MeOH 9 : 1) revealed two components. The 
qualitative separation and the identification of the compounds were. accomplished as follows : 

Isomer in position 4: The mixture gave a picrate from MeOH, m.p. 183”. (Found: C, 54.3; H, 4.8; N, 
14,4. C&H,,N,O, requires: C, 54.4; H, 4.7; N, 14.40/ MS of the picrate is identical with the spectrum 
of the free base, obtained from tbe picrate with alcoholic NaOH. The spectrum shows the molecular ion 
M (256) and significant ions at 226 (M-NHCH,I 198 (226-COX 184, 170, 156, 143, 128 corresponding to 
a gradual fragmentation of the aliphatic chain; the IR spectrum of the free base shows typical bands of 
the -CG-NH- group at 1650 cm-i and 3250 cn- ‘; NMR spectrum (CDCI,) shows that it is the 
4-substituted isomer: in fact for 6 aromatic protons 10 aliphatic protons am present and a Me-NH- 
group (d at 2.75 6); the aromatic pattern shows the protons in position 2 at 8.71 d (d) and in position 3 at 
7.15 6 (d) and 4 protons of the benzene ring at 74-8.2 6 (m). 

Isomer in position 2: The mixture of the two isomers was chromatographed on silica gel (EtOAc-MeOH 
9:l) At first the pure 2-substituted isomer was separated, m.p. 70” (Found: C, 75.1; H, 79; N, 1@7. 
C,6H,0N,0 requires: C, 75a; I-L 7.8; N, 109%); picrate, m.p. 153” (Found: C, %2; II, 46; N, 146. 
C,2H,,NsOa requires: C, 54.4; H, 47; N. 144%). The MS is practically identical with the spectrum of 
the Csubstituted isomer; IR spectrum shows typical bands of the CO-NH- group at 1650 cm-’ and 
3250 cm-‘; NMR spectrum reveals the substituted position: the ratios of aromatic, CH,,NH,Me protons 
(6:lO:l :3) indicate a monosubstituted quinohne; the absence of signals at d > 8.2 indicates that the 
position 2 is substituted. The quantitative analysis of the mixture was accomplished by transforming the 
amides into methyl esters. A soln of 65 g of the mixture of isomers in 20 ml cone HCI was refluxed for 
8 h, then evaporated to dryness, 50 ml MeOH added and 2 ml cone H,SO,. The soln was refluxed for 6 h, 
diluted with water, basilied with NaxCO, and extracted with ether. After removal of the solvent, the residue 
was distilled to yield 5.3 g of product b.p. 180”-185”/1.5 mm It was analyzed by GLC (C. Erba Fractovap 
GV, flame ionization detector, 2 m x 3 mm i.d Pyrex column with 1% Silicon SE-30 on Gas-Chrom P, 
at 180”; He at 40 ml/min flow rate). Only two compounds were present: the 2-substituted isomer (53.1%) 
and the Csubstituted isomer.(469%). The pure isomers for comparison were prepared with the same 
procedure starting from the pure amides qualitatively isolated as previously described. 

Reaction of 1-methoxycyclohexyl hydroperoxide (I) with quinoline 
34% H,Os (75 ml) was added to cyclohexanone (14.8 g) while the temp was kept below 40” by inter- 

mittent cooling The mixture was then dissolved in MeOH (100 ml) which contained cone H,SO, (14 ml). 
The soln obtained was added to a solo of quinoline (38 g) and cone H,SO, (84 ml) in MeOH (200 ml); 
finely powdered FeSO,*7 H,O (21 g) was added over a period of 40 min with stirring and N, flushing at 
2&30”. The soln was extracted with ether to remove non basic products and then basilled with 10% NaOH 
at 0”. The basicproducts were extracted with ether: at&r removal d the solvent and excess quinoline. 
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the residue (11.5 & WA yield) was directly analyzed by GLC. The analysis, carried out as de-scribed for 
the reaction with V, showed only two compounds: the 2-substituted isomer (538y’J and tk 4-substituted 
isomer (46.2%). 

Reaction cf 2-methyl-3,3-pentmnethylene-o*azirane (V) and 1-methoxycyclohexyl hydroperoxide (I) with 

acridine 
To a soln of acridioc (45 g) and HISOb (2 ml) in wata (200 ml), V (3 g) and a soln of FeS0~7Hs0 

(7.5 g) in watt (50 ml) were simultaneously added dropwise with &ring ovct a period of 1.5 ht (acrid& 
sulphate is partially soluble), temp: 20-W. After completion of the addition, the soln was stirred for an 
additional 30 min and extracted with CHCI,, then basified with 10% NaOH and the bask product extracted 
with CHCl,. The basic extract, aftez removal d the solvent, gave 5.5 g product crystallized from EtOAc, 
m.p. 168” (Found: C, 78-6; H, 7.2; N, 91. &H,,N,O requires: C, 784; H, 7.2; N, 91%); MS shows 
molecular ion M (306) and significant ions at 276 (M-NHCH,), 248 (276 -CO), 234,220,206, 193, 180 
corresponding to f’ragmentation of the aliphatic chain; IR bands at 1560 and 3250 cm-’ (-CO-NH-); 
NMR: ratio of aromatic, CH,, NH and Me protons =8:10:1:3;theabsewcofsignaleatd>8.2indi- 
caa that position 9 is substituted. The reaction with I ww carried out uodcr the conditions described for 
quinoline, yielding 67% of the product substituted in position 9. It was identifted as free acid, mp. 167’. by 
comparison with an authentic sample obtained by hydrolysis of the ami& from the oxaxirane. V. 

Reaction gf.2-methyl-3,3-pentmnethylene-oxazfrrme (V) and l-methoxyeyclohexyi hydroprroxide (I) with 

PYUine 
To a soht of pyridine (16 g) in WA aq H,SO, (100 ml) V (69 e) and a soln d FeS0,*7HI0 (14 g) in 

wata (50 ml) were simultaneously added dropwisc with stirring over a period d 20 min, temp: 15-35”. 
The soln was stirred for an additional 15 min at room temp and extractul with CHCl, to remove non-basic 
products, then basified the 10% NaOH. The basic products were extracted with CHCI,; after removal of 
the solvent and excess pyridine, 82 g product (79% yield) was obtained ; TLC (EtOAc-MeOH 8 : 2) revealed 
3 camps. The qualitative ideotificatioo of these camps was accomplished as follows: 

Compound VIII: The mixture was crystallixed from EtOAc-MeOH (9: 1) to give VIII, m.p. 185”. (Found: 
C, 70-4; H, 8.2; N, 13.5. C,,H,*N,OI requires: C, 70.2; H, 8.3; N, 13.6%); IR bands at 1650 and 
3250 cm-’ ; MS: molecular ion M (410); significant ions at 380(M-NHCH,), 352(380-X0), 338,324,310, 
297,266,251,238,223,209,187 and 183 correspooding to a gradual fragmentation d the aliphatic chains; 
NMR spectrum (CD&) shows a double at 2.76 6 (-CH,-NH-) and 3 aromatic protons for 5 CH, 
group The aromatic protons ccotered at 860 d (position 2), 7.65 6 @sition 4) and 7.15 6 (position 5) 
confirm the structure VIII. 

Isomer in position 4: The EtOAc-MeOH soln, afta crystallization d VIII, was evaporated to dryness. 
The product was extracted with warm EtOAc and TIX d the residue showed the presena d VIII and 
the Csubstituted isomer. This last compound was isolated, as a viscous liquid, by chromatography oo 

silica gel (EtOAc-MeOH 8:2). (Found: C, 701; H, 8-5; N, 13.7. C,,H,,NIO requires: c, 700; H, 8.7; 
N, 136%); IR bands at 1650 and 3250 cm-’ (-CO-NH-); MS: molecular ion M (2061 significant ions 
at 176 (M-NHCH,X 148 (176 -CO), 134, 124 106,93 (fragmentation d the aliphatk chain); NMR: 
double at 2.75 6 (CH,-NH-) and 4 aromatic protons for 5 CH, groups; 2 aromatic protons 81t centered 
at 8.50 d (a-protons) and 2 at 7.10 d (B-protons) indicating substitution in position 4. 

Isomer in position 2: The products solubk in EtOAc were transformed into methyl esters by the procc- 
dur described in the reaction with quinoline and aoalyxed by GLC (conditions used for the reaction with 
quinoline, at 140”). Only 2 compds were present: the 2-substituted isomer (28.3%) and the Csubstituted 
(71.7%); these compounds were identical to those obtained in the reactioo of pyridine and I. This last 
reaction was carried out under the conditions described for quinolinc but only partial decomposition of 
the peroxide took plaaz GLC showed 34% of the 2-substituted isomer and 66% d the 4-substituted 
isomer. The two isomers were isolated by preparative GLC and characterixed as 2-substituted the isomer 
with Iowa retention time and as esubstituted the other. NMR speara show for one Me group (8 at 3.65 
6, -0Me) 5 CH, groups and 4 aromatic protons The spectra am practically identical for both isomers 
as regards rdiphatic protons, but they arc quite different in the aromatic protons: the 4-substituted isomer 
shows a pattern very similar to the spectrum of the corresponding N-methylamide, above separated, i.e. 
two pairs of protons centered at 7.10 6 (B-protons) and 8.50 6 (a-protons); the 2+3ubstituted isomer has a 
more compkx spectrum, in which, however, the appearana d a multipkt centered at 7.60 d (r-protons) 
and the attenuation d the signals centered at 8.60 6 (a-protons) agree with the assigned structu~. 
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Alkylatbn qf pyridine Md quinollne by &uyl hydropwoxide and t/w peroxides qf methyl ethyl ketone and 
diethyl ketone 

t-Butyl hydroperoxidc was a commercial product. The peroxides of diethyl and methyl ethyl ketone 
welv! prepUed as previously described.” 

General procedure. To a soln of heteroaromatic baac (@l M) and H,SO, (01 M) in watex (50 ml) equi- 
molecular amounts c4 hydroperoxide and FeSO, aq were simultaneously added dropwise with stirring 
and cooling (15-200) ovex a period of 30 min. Aftex completion of the addition, the soln was extracted with 
ether to remove non basic products, then basitied to separate the bask products, which were then directly 
analyxd by GU: (Aerograph A400 B with flame ionization detector, aluminium column, 2 m x #” 
packed with rz/, Silicon DC-SH) + % Carbowax 20 M on Chromosorb P alkalized (5% KOH), 60/80 
mesh, N, at 30 ml/min flow rates; column temp 80” for pyridines and 150’ for quinolines). Tbe results 
ate shown in TabI= 2 and 3. 

Quinoline amf ~4,4-trimelhyl-2-hydroperoxy-pentrme. The reaction was carried out according to the above 
general procedure T~K. products were not anaIm by GLC; NMR spectrum shows only singlets at 685 
d (Me-) and 2.82 6 (-CH1-Ar) indicating the attack of the neopentyl radical without rearrangement. 

Reaction of2-phenethyl-3.3dimethyl~xazirane (VII) with iron salts and chlorine ion. 
Tbe oxaziram was prepared accordicqj to tbe procedure. of Krimm’s from 2_phenethylamine, acetone 

aml pcrbenzoic acid, and 2-phenethyl-3,34imetbyl-oxaziram (16 g) was added, dropwise with stirring and 
under N,, to a soln of FeSO,-7H10 (25 g) and FeCl, (25 g), temp: 20-30”. The mixture was then acidified 
and extracted with ether. After removal of the solvent, 3.8 g benzyl chloride was distilled off; the product 
was identified by comparison with an authentic sample (GLC IR, MS). 
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