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and G. I. Nikishin 

Reactions involving distant functional substitution of carboxylic acids and their 
derivatives number among the most important transformations of these classes of organic 
compounds and open up approaches to the synthesis of various polyfunetional compounds. Re- 
cently we discovered the direct oxidative laetonization of alkanoic acids By the action of 
the sodium peroxydisulfate-metal chloride oxidizing systems [I, 2]. This reaction is also 
typical of the amides of alkanoie acids [2, 3], and alkanehydroxamic acids [4]: 
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R ---- H or Alk, X = OH, NH2, NHOH, M n C l n =  CuCI~, NaC1. 

In a continuation of research into the one-electron oxidation of alkanoic acids in the 
sodium peroxydisulfate--chloride ion systems we studidd the regioselectivity and diastereo- 
selectivity of the oxidative lactonization (OL) of 2-methylpem~anoie (i) and 3-methyipentan- 
oic (II) acids in the Na2S=Os--CuCI= and Na=S2Or-NaCl=systems. 

During oxidation in aqueous solutions at 85-90=C with equimolar amounts of Na=S=08 and 
CuCI2 or two molar equivalents of sodium chloride 2-methylpentanoic acid is converted into 
a mixture of eis- and trans-2,4-dimethyl-4-butanolides (Ilia, b) [with the (2R*, 4S*) and 
(2S*, 4S,) configurations respectively] and 2-methyl-5-pentanolide (IV) (Table i). The 
ratio of the lactones (Ilia, b) and (IV) was determined by PMR spectroscopy (250 MHz) and 
GLC. 
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Thus, the acid (I) undergoes OL with high regioseleetivity at the T-carbon atom, and 
this agrees fully with data on the OL of pentanoie acid [i, 2]. The lactonization of (I) 
in Both oxidizing systems takes place nonstereoselectively and leads to the formation of 
the laetones (Ilia) and (lllb) in a ratio of i:I~ 

Under analogous conditions 3-methylpentanoie acid (II) gives eis- and trans-3,4-dimethyl- 
4-butanolides (Va, b) with the (3S*, 4S*) and (3S*, 4R*) configuration respectively, 3- 
methyl-5-pentanolide (VI), and also 3-chloro-3-methylpentanoic acid (VII) (Table 2). 
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TABLE i. Oxidation of 2-Methylpentanoic Acid 
(I) in the,  Na2S20s--CuCl2 and Na2S2Oa--NaCI* 
Systems 

Reaction products 
Cnnver- and yield,  % on 

reacted substrata Oxidizing system sion of  (I). o/o 
I (iv) 

Na2S20.-cuCi~ 40 42 I I " t l  
Na:S~Os- NaC1 ~0 ~ 40 ~o 3 

"85-90~ 6 h, 50 mmole of  (I), 50 mmole of  
Na=S2Oa, ~ 50 mmole of CuCla'2H20 or i00 mmole 
of NaC1, I00 ml of water. 

TABLE 2. Oxidation of 3-Methylpentanoic Acid (II) 
the Na~S20a--CuCI2 and Na~S2Oa--NaCl* Systems 

Ico" e - 
Oxidizing system ] sion of " 

[ gD, % 

Na2SzOs - CuC12 [ 40 

I 

Na2S2Os - NaC1 ] 35 

i n  

�9 " Reaction produetg and yield%. ' ' 
% ,on reaeted substrate 

I t ..... f . .  

(Va) (Vb) (vl) (vii) 

14 
33 vu 14 

"85.90~ 6 h, 50 mmole of (II), 50 mmole of Na2S20,, 
50 mmole of CuClz'2HuO, or 100 mmole of NaCI, 100 ml 
of water. 

The results show that the acid (II), like2-methylpentanoic acid (I) and pentanoic 
acid [I, 2], is converted regioselectively into the y-lactones (VA) and (9%). It should be 
noted particularly that, unlike oxidation in the presence of sodium chloride, during oxida- 
tion in the Na~S~Oa--CuCI2 system the lactonizatlon of (II) is dlastereoselective, and the 
lactones (Va) and (~b) are formed in a ratio of 1:1.6. 

The compositions and rotlos of the products from the OL of the acids (I) and (II) do 
not depend on the reaction time. As shown by a control experiment, the products retain their 
configurations under the reaction conditions. 

We suppose that the oxidation of substituted pentanoic acids (I) and (II) takes place 
according to the mechanism previously proposed for the OL of n-alkanoic acids [i, 2]. Accord- 
ing to this mechanism, acyloxyl radicals (VIII) are formed during one-electron oxidation of 
2-methylpentanoic acid (I) and rearrange as a result of 1,5- and 1,6-mlgration of a hydrogen 
atom into 4-carboxypent-2-yl (IX) and 4-carboxypent-l-yl (X) radicals. Oxidative cycllzatlon 
of the radicals (IX) leads to the 7-1actones (Illa, b), and the 6-1actone (IV) is formed from 
the radicals (X). The preference for 1,5-migration of the hydrogen atom over 1,6-m• 
is a normal rule for radical rearrangements [5]. 
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Similarly, the alkoxyl radicals (XI) are formed during the one-electron oxidation of 
3-methylpentanoic acid (II). They undergo rearrangement with 1,5- and 1,6-mi~ration of a 
hydrogen atom into 3-methyl-4-carboxypent-2-yl (Xlll) and 3-methyl-~-carboxypent-l-yl (XIII) 
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radicals. The oxidative cyclization of the radicals (XII) and (XIII) leads to the y-lactones 
(Va, b) and the ~-lactone (VI) respectively. The l-carboxy-2-methylbut-2-y! radicals (XIV) 
are generated as a result of abstraction of the mobile methine hydrogen atom from the C~ atom 
of the acid (II) by the radicals present in the reaction mixture. The radicals (XIV) are 
oxidized by a mechanism with ligand transfer into 3-chloro-3-methylpentanoic acid (VII). 

O 
(II) ~ ~ C  / S~O~--Cl-(VII) 

H~ \ 
(XlV) OH 

The o b s e r v e d  d i a s t e r e o s e l e c t i v i t y  of  t h e  0L o f  t h e  a c i d  ( I ! )  i n  t h e  Na2S206--CuCI= s y s -  
tem can  be r e g a r d e d  a s  a f u r t h e r  a r g u m e n t  i n  f a v o r  o f  t h e  p r o p o s e d  r e a c t i o n  mechan i sm.  The 
a c y l o x y l  r a d i c a l s  (XI) g e n e r a t e d  d u r i n g  o n e - e l e c t r o n  o x i d a t i o n  o f  t h e  a c i d  ( I I )  a r e  p r e s e n t  
b o t h  i n  t h e  f r e e  s t a t e  and combined  i n t o  a complex  w i t h  t h e  c o p p e r  i o n s  (Cu *+ a n d / o r  Cu S+) 
[ 6 ] .  The c o n f o r m a t i o n a l  r i g i d i t y  o f  t h e  oxygen  a tom c a r r y i n g  t h e  u n s h a r e d  e l e c t r o n ,  due to  
complex  f o r m a t i o n ,  s e c u r e s  t h e  s t e r e o c h e m i c a l  n o n u n i f o r m i t y  o f  t h e  d i a s t e r e o t o p i c  h y d r o g e n  
a toms  a t  t h e  C * a tom i n  t h e  1 , 5 - m i g r a t i o n  o f  t h e  h y d r o g e n  a tom.  The mos t  t h e r m o d y n a m i c a l l y  
f a v o r a b l e  s i x - m e m b e r e d  t r a n s i t i o n  s t a t e  o f  t h i s  r e a c t i o n ,  c h a r a c t e r i z e d  by c o m p a r a t i v e l y  r e -  
duced d e s t a b i l i z i n g  i n t e r a c t i o n s  b e t w e e n  t h e  s u b s t i t u e n t s ,  can  be r e p r e s e n t e d  by f o r m u l a  A. 
The c o p p e r  i o n s  wh ich  t a k e  p a r t  i n  complex  f o r m a t i o n  mus t  h e r e  p r e v e n t  i n v e r s i o n  o f  t h e  i n d i -  
c a t e d  " p r e c h a i r "  c o n f o r m a t i o n  and p r o m o t e s  t h e  d i s p l a y  by t h e  C00H g r o u p ,  a f t e r  r e a r r a n g e -  
men t ,  o f  a " b u t t r e s s i n g "  e f f e c t ,  s i m i l a r  t o  t h a t  o b s e r v e d  d u r i n g  i n v e s t i g a t i o n  o f  t h e  s t e r e o -  
c h e m i s t r y  o f  t h e  o x i d a t i v e  c h l o r i n a t i o n  o f  c y c l o h e x a n e  c a r b o x y l i c  a c i d  i n  t h e  Na2S208-CuC12 
s y s t e m  [ 7 ] .  The s i m u l t a n e o u s  a p p e a r a n c e  o f  complex  f o r m a t i o n  and t h e  b u t t r e s s i n g  e f f e c t  o f  
t h e  C00H g roup  makes i t  p o s s i b l e  f o r  o x i d a t i v e  c y c l i z a t i o n  o f  t h e  r e a r r a n g e d  r a d i c a l  B t o  
o c c u r  o n l y  " f r o m  t h e  r e a r , "  i . e . ,  f rom t h e  s i d e  o p p o s i t e  t h e  m i g r a t i n g  h y d r o g e n  a tom ( t h e  
d i r e c t i o n  i n  which  t h e  C=0 g roup  moves d u r i n g  c y c l i z a t i o n  i s  i n d i c a t e d  by t h e  a r row)  w i t h  
t h e  f o r m a t i o n  o f  (3S*,  4 R * ) - ( V b ) .  I f  t h e  s t a g e  o f  c y c l i z a t i o n  to  t h e  l a c t o n e s  i s  p r e c e d e d  

H H 
I CH 3 H3C/.'~-..~I[.~ ~ i q"a "*"-. H3c%[.___] 

' ~ - - ' c u ~ 4 , . I  
" 

~ )  (B) (aS*, ~R *)- (Vb) 
by o x i d a t i o n  o f  B w i t h  l i g a n d  t r a n s f e r ,  t h e  p r o d u c t  f rom such  o x i d a t i o n  (which  i s  a l s o  
realized from the ~rear" for the reasons considered above) is (2S*, 4S*)-4-chloro-3-methyl- 
pentanoic acid (XV). Cyclization of the latter by a mechanism of the SN2 type with inversion 
of the configuration at the C 4 atom must also lead to (3S*, 4R*)-(Vb). 

H 

�9 (B) " (as *, ~S*)- (xv) 

The comparatively not very high diastereoselectivity in the OL of the acid (II) in the 
Na=SzOs--CuCI2 system [(Va):(Vb) ratio 1:1.6] is most likely explained by the insufficiently 
full bonding of the intermediate radicals, including acyloxyl radicals of the (XI) type, 
into complexes with the copper ions, and this leads to the presence in the reaction mixture 
of a significant amount of the uncomplexed radicals (XI), the H migration and OL processes 
of which are practically nonstereoselective. According to the proposed explanation, the OL 
of the acid (II) in the Na~S2Os--NaCI system not containing metal ions capable of complex 
formation is fully nonstereoselective. 
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In the absence of any metal salts during the homolytic addition of ethanol to ethyl 
crotonate, initiated by di(tert-butyl) peroxide, a mixture of lactones (Va) and (Vb) was ob- 
tained in a ratio of 1.2:1, i.e., with a preponderance of the cis-lactone (Va) (see the ex- 
perimental section). 

Recently a significant effect from complex-forming metal salts on the electrophilicity 
and associated chemical characteristics was discovered [8] in alkoxylradicals, which can be 
regarded as sufficiently close analogs of the acyloxyl radicals. 

As shown by examination of molecular models, the methyl group at the C 2 atom in the al- 
cyloxyl radicals (VIII), combined into a complex with copper ions, interacts with the C=O 
group but does not interact sterically with the CH3 at the C ~ atom. The interaction of two 
CH3 groups is observed in the complexes of the acyloxyl radicals (IX) with copper ions with 
the absence of interaction between the CH3 at the C 3 atom and the C=O group, and this is con- 
sistent with the stereodifferentiation in the OL of the radicals (XI). 

The assignment of the signals in the PMR spectra of the mixtures of diastereoisomeric 
lactones (Va, b) was made by the double resonance and INDOR techniques. Irradiation of the 
quintet at 4.05 ppm leads to the coalescence of the doublet at 1.33 ppm into a singlet. Ir- 
radiation of the quintet at 4.60 ppm leads to the coalescence of the doublet at 1.20 ppm 
into a singlet. During irradiation of the multiplets at 2.15 and 2.60 ppm the splitting of 
the quintet at 4.05 ppm disappears, and the quintet at 4.60 ppm coalesces into a quartet. 
The interrelationship between the signals at 1.33 and 4.05 ppm and also between the signals 
at 0.95 and 2.60 ppm was confirmed by the INDOR technique. From the obtained results with 
due regard to published data on the PMR spectra of the PMR spectra of the stereoisomeric bu- 
tanolides [9, i0] it follows unambiguously that the signals at 1.07, 1.33, 2.15, and4.05 ppm, 
cc "espond to the lactone (Va), and the signals at 0.95, 1.20, 2.60, and 4.60 ppm correspond 
to the lactones (Vb), i.e., the signals of the CH3 groups in the cis isomer appear in the 
downfield region, while the signal of the methine proton of the CHO group appears in the up- 
field region from the trans isomer. 

EXPERIMENTAL 

The GLC analysis was performed on a LKhM-BMD chromatograph with a flame-ionization de- 
tector in a stream of nitrogen (stainless steel column, 3000 x 3 mm, 5% PEGS on Chromosorb 
P, 120-14Omesh, treated with dimethyldichlorosilane). The PMR spectra of solutions in deu- 
terochloroform were measured on Bruker WM-250 (250 MHz) and Tesla BS-497 (60 MHz) spectrom- 
eters from TMS. The IR spectra were obtained in thin layers and in carbon tetrachloride 
solutions on a UR-20 instrument. The Na=S2Oe of analytical grade, CuCI2'2H20 of pure grade, 
and sodium chloride of analytical grade were used without further purification. The 3- 
methylpentanoic acid (II) was purified by vacuum distillation; bp 101~ (14 mm Hg) (cf. 
[ii]). The PMR spectrum of the acid (II) is given in Table 3. 

2-Methylpentanoic Acid (I). Propylmalonic ester was synthesized with a yield of 75% 
by alkylation of malonic ester with l-bromopropane according to [12]; bp I07-I08~ (13 ram 
Hg) (of. [12]). By alkylation of the last compound with methyl iodide [12] we obtained 
methylpropylmalonlc ester with a yield of 70%; bp 120-122~ (13 mm Hg) (of. [13]), which we 
saponified with the formation of metbylpropylmalonic ester; yield 70%, mp I05~ (cf. [13]). 
By decarboxylation of the latter according to [12] we obtained compounds (I) with a yield of 
75%; bP 100~ (14 mm Hg), n D 1.4125 (cf. [14]). The spectral characteristics of the acid 
(I) are given in Table 3. 

Oxidation of 2- and 3-Methylpentanoic Acids (I, II) in the Na2S2Os--CuCI2 and Na2S20,-- 
NaCI Systems. To a mixture of 50 m~ole of the acid (I)" or (II) and 50 mmole of CuCI2"2H~O 
or i00 mmole of sodium chloride in 50 ml of water at 85-90~ we added dropwise over i h with 
effective stirring a solution of 50 mmole of NaS208 in 50 ml of water. The mixture was 
stirred for a further 5 h at 85-90~ cooled, and extracted with 3 x i00 ml of ether. The 
extract was dried with magnesium sulfate and evaporated, The residue was analyzed by PMR 
spectroscopy and quantitative GLC. To isolate the products we treated the evaporated residue 
with a saturated solution of sodium bicarbonate (50 ml) and concentrated ammonia (20 ml) and 
extracted it with 3 x 50 ml of ether, The extract was dried with magnesium sulfate, evapora- 
ted, and distilled, giving the lactones (Ilia, b, IV) [bp II0-I15~ (13 nun Hg)] from the oxi- 
dation of (I) and the lactones (Va, b, VI) [bp III-I17~ (13 mm Hg)] from the oxidation of 
(II). The aqueous phase was acidified to pHI with concentrated hydrochloric acid and ex- 
tracted with 3 x 50 ml of ether. The extract was dried with magnesium sulfate and evaporated, 
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TABLE 3. 
Acids (I, 
(IV, Vl) 

Com- 
pound 

(D 

(ii) 

(IIIa) 

(IIIb) 

(iv) 

(va) 

(Vb) 

(VI) 

(VII) 

Spectral Characteristics of 2- and 3-Methylpentanoic 
II), 4-Butanolides (Ilia, b, Va, b), 5-Pentanolides 
and 3-Chloro-3-methylpentanoic Acid (VII) 

IR 
spectrum v, cm-' PMR~pectrur~, 6, p~m 

t7t0, 3100-3200 0,85 ~ (3H, CH3CH~), t,t0d (3H, CI-IscH), t,20-t,70 .m 
�9 (4H, CH2CH2), 2,35 rn (IH~ CHCO), 12,0: bs= (IH, OH) 

1710, 3i00-3200 0,85 t (3H, CH3CH2), 0,95d (3H, CH3CH), 1,10-1,70 rn 
(3H, CH3CH2CH), 2,t5m (2H, CH2CO), t0,5 bs 
(ill, OH) 

1780 i,23d. (3H; CH3CHC=O), t,35d (3H, CHsCHO), 2,30- 
2,50 m (3H, CH=CHC=O), 4,43 m (tH, CHO) 

i780 1,t7d (3H, CH~CHC=O), L3id (3H, CH3CHO), 2,55- 
2,65m (3H, CH=CHC=O), 4,63 m (IH, CHO) 

t730 tA5d (3H, CH3CHC=O), t,40-t,60m (4H, CH2CH2CH), 
2,65 m (ill, CH~CH),/~05m (2H, CH20) 

t780 i,07d (3H, CHsCHCH2); t,33 d (3H, CH3CHOi, 2,t5m ' " 
(3H, CHCHzC= 0), 4,05 m (ill, CHO) 

~780 0~95 d (3H, CH3CHCHz), ~,20 d (3H, CH~CHO), 2,60 m 
(31{, CHCH2C=O), 4,60m (ill, CHO) 

t730 0,93 d (3H, CH3CHCH2), 1,50 m (2H, CH~CtI20), 2,05m 
(ill, CH3CHCHJ, 2,35m (2H, CH2C=O), 4,30m (2H, 
CH20) 

800, 1710, 0,82t (3H, CHzCH2), 1,50 s (3H, CHsCCI), 1,64m (2H, 
3100-3200 CH~CH2CCI),2,70m (2H, CH2C=O) ' 

giving, either the acid (I) or a mixture of the acids (II) and (VII). The spectral charac- 
teristics of the lactones (III-VI) and the chloro acid (VII) are given in Table 3. 

Configurational Stability of the Lactones (Ilia, b, Va, b). To 20 mmole of the mixture 
of lactones (Ilia, b) or (Va, b) in a ratio of I:I, containing <5% of the lactone (IV) or 
(VI) as impurity, and 20 mmole of CuCI2'2H20 or 40 mmole of sodium chloride in 30 ml of 
water at 85-90~ we added a solution of 20 mmole of Na2S2Os in 20 ml of water. The mixture 
was heated at 85-90~ for 2 h and was then treated according to the general method of analy- 
sis. We obtained 19 mmole of a mixture of the lactones (Ilia, b) or (Va, b) in a ratio of 
i:I. 

Homolytic Addition of Ethanol to Ethyl Crotonate [15]. A mixture of 50 mmole of ethyl 
crotonate, i0 mmole of di(tert-butyl) peroxide, and 500 mmoi-e of absolute ethanol was heated 
at 170~ for 8 h in a sealed tube. The mixture was cooled, the alcohol was distilled, and 
the residue was poured into 200 ml of iced water and extracted with 4 • 50 ml of ether. The 
extract was washed with saturated sodium bicarbonate solution, dried with magnesium sulfate, 
and evaporated. By fractional distillation we isolated 15 mmole (yield 30%) of a mixture 
of lactones (Va) and (Vb) in a ratio of 1.2:1; bp III-I13~ (13 mm Hg). 

The authors are indebted to A. I. Lutsenko and E. V. Shuleshov for assistance in the 
discussion of the PMR spectra. 

CONCLUSIONS 

i. The oxidative lactonization of 2- and 3-methylpentanoic acids in the sodium peroxy- 
disulfate--copper chloride or sodium chloride systems takes place regioselectively at the C 4 
atom with the formation of 5,4- and 3,4-dimethyl-4-butanolides. 

2. The oxidative lactonization of 3-methylpentanoic acid in the Na=S2Oe-CuCI2 system 
takes place diastereoselectively and leads to trans- and cis-3,4-dimethyl-4-butanolides in 
a ratio of 1.6:1. The diastereoselectivity of the reaction is explained by complex formation 
between the intermediate acyloxyl radicals and the copper ions. 
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TELOMERIZATION OF 1,3-BUTADIENE BY CARBON TETRABROMIDE AND DIBROMO- 

DICHLOROMETHANE 

T. T. Vasil'eva, L. F. Germanova, 
V. I. Dostovalova, and B. V. Nelyubin 

UDC 66.095.2:547.315.2 

The telomerization of 1,3-butadiene with polybromo- and polybromochloromethanes with 
isolation of the individual telomers has not been achieved. The polymerization of butadiene 
in the presence of CBr~, giving a mixture of oligomers CBrs(CH2CH=CHCH2)nBr has been de- 
scribed [i] where n = 4-10. Attempts to telomerize butadiene by CBr~ and CHBrs under the 
action of Cu ions [2] or Ru(Ph3P) sCl2 [3] did not lead to telomers. 

We have achieved telomerization of butadiene with CBr4 as well as with CBr2CI= with the 
isolation of the first two members of the series of telomer homologs. In the presence of 
azobis-isobutyronitrile (AIBN) at 80 ~ the reaction proceeds according to the usual scheme 

CBr~X~ ~ ~BrX2 
CBrX2 + CH~=CHCH~CH2 ~ CBrX~CH2CH=CH~H~ (A) 

A ~ CBr~X~ ~ CBrX2CH~CH=CHCH2Br ~ ~BrX2 
(Ia,  b) 

CBrX~CH~CH=CHQH2CH~CH=CH~H~ 
A + CH~=CHCH=CH2--] ~ 

�9 CBrX~CH2CH=CHCH2CH~CHCH= CH~ ' 
CBrX~CH~CH= CHCH~CH2CH=CHCH2Br (l!a, 
CBrX~CH2CH=CHCH~CH2CHBrGH=CH~ (llla, b ) 

X = Br  (a); 01 (b) 

It must be pointed out that only 1,4-addition is achieved in both cases in the first 
stage; on the other hand, the growing radical attaches itself to the second butadiene mole- 
cule less selectively in the 1,4 position (IIa, b) as well as in the 1,2-position (IIIa, b). 
In the case of CBr~ the ratio of the isomers is (IIa):(IIIa) ~ 80:20, while in the case of 
CBr2CI= the ratio is (IIb):(IIIb) % 50:50. Telomers (Ia, h) with one monomer unit in the 
molecule have been isolated individually, while the telomers with two monomer units in the 
molecule have been obtained as a mixture of isomeric products of the 1,4- and 1,2-addition 
((IIa) +(IIIa) and (lib) + (IIIb) respectively). 
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