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ABSTRACT: Radical telomerization of methyl, ethyl, propyl, and butyl methacrylates was 
carried out by using bromotrichloromethane (BTCM) as a chain transfer agent at 50, 70, and 90°C. 
This series of primary alkyl methacrylates showed a similar temperature dependence of the 
telomerization behavior, but no significant effect of the alkyl chain length of the ester group was 
observed in the telomerization. The n[Monomer]: [BTCM] adducts, that is, the n-mers (n= 1-3), 
were separated by silica gel column chromatography. The increase of the molecular flexibility by 
increasing the alkyl chain length of the estO!r group caused a decrease of the melting point in the 
homologous telomers. The stereochemistry and the reactivity of the homologous telomers were 
studied by comparing the·1 H NMR spectra and the reactions of dimers. The elimination reaction of 
dimers with triethylamine gave both two isomeric unsaturated compounds and two isomeric 
lactones. Heating of dimers in the absence of solvent resulted in the lactonization selectively, and a 
similar reaction was also observed by the catalytic action of silica gel. The processes of lactonization 
of the telomers were mechanistically elucidated. 
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Bromotrichloromethane (BTCM) is known 

to be an excellent radical addition reagent for 

various olefins and a strong telogen for the 
radical telomerization of vinyl monomers. 1 - 4 

However, the separation and the structural 

analysis of telomers synthesized using BTCM 

as a telogen have rarely been reported except 
for some 1: 1 adducts.2 

polymers provide valuable data as model com­
pounds for higher polymers, and detailed 

analyses of the telomers are available for a 
molecular design of new polymers. 

Since the corresponding telomeric molecules 

have labile substituent groups at both ends, 

they can be utilized as "reactive oligomers" 
through the chemical modification of their 

functional groups. Furthermore, studies on the 
stereochemistry and the reactivity of the lower 

t Part I of this series is ref 5. 

In the previous paper,5 we separated methyl 
methacrylate (MMA) telomers up to trimers 

synthesized in the presence of BTCM as the 
telogen and investigated their structures by 1 H 

NMR spectroscopy and chemical reactions. 
Syndiotactic (st) diastereoisomers were formed 
preferentially, and no isotactic (it) trimer was 

found. The most stable conformations of the 

st- and it-dimers were suggested to be zigzag 
and helical, respectively. 

The present study was carried out to eluci­
date the telomerization behavior of a series of 
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primary alkyl methacrylates in the presence of 
BTCM as the telogen and the characteristics of 
the resulting telomers. In this article, the 
stereochemistry and the reactivity of the ho­
mologous telomers are compared, and the 
mechanism of the lactonization of the telomers 
is discussed. 

EXPERIMENTAL 

Measurements 
GPC analysis was carried out with a Hitachi 

635 chromatograph (column: Shodex A-803, 
A-802, and KF-802; eluent: THF; detector: RI 
monitor). Melting points were measured with 
a model MP-21 apparatus (Yamato) and un­
corrected. IR spectra were obtained by the 
KBr method with a Hitachi 295 spectropho­
tometer. 1 H NMR spectra were recorded 
with a JNM-C-60HL (60 MHz) spectrometer 
(JEOL) using tetramethylsilane as an internal 
standard in CC14 . Mass spectra were measur­
ed with an M-80 (Hitachi) apparatus using a 
chemical ionization method [20eV (3.2 x 

J)]. Satisfactory patterns were obtained 
for all isotope peaks resulting from bromine 
and chlorine atoms in the mass spectra. The 
spectra corresponding only to 79Br and 
35Cl are used in this study. 

Materials 
Commercial MMA, ethyl (EMA), and butyl 

(BMA) methacrylatcs were purified by a con­
ventional method.6 Propyl methacrylate 
(PMA) was synthesized by esterification of 
methacrylic acid (0.5 mol) and propyl alcohol 
(0.5 mol) in the presence of cone. sulfuric acid 
(0.05 mol) as the catalyst and p-benzoquinone 
(0.005 mol) as a polymerization inhibitor. 
After reftuxing for 24 h, the reaction mixture 
was extracted with hexane. The organic layer 
was washed with an aqueous alkaline solution 
and then with water, and dried overnight with 
anhydrous sodium sulfate. PMA was obtained 
in a 62% yield by distillation in vacuo; bp 43-
44oC [16mmHg (2.13kPa)]. Commercial 
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BTCM was purified by distillation under re­
duced pressure, and 2,2'-azobisisobutyro 
nitrile (AIBN) by recrystallization from 
methanol. 

Telomerization Procedure 
Telomerization was carried out at 50, 70, 

and 90oC for 24, 8, and 4h, respectively, under 
the conditions of [BTCM]0 /[Monomer]0 = 8 
and [AIBNJ8·5 /[Monomer]0 = 0.5. The reaction 
mixture was treated in a manner similar to the 
case of the previous paper. 5 

Separation and Identification of Telomers 
The n-mers (n= 1-3) were separated by 

silica gel column chromatography (packing 
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material, Wakogel C-300; eluent, benzene). 
Separation was achieved rapidly by pressing 
with nitrogen gas to avoid any side reactions 
such as lactonization in the column. The elut­
ing order of the telomers was as follows: 1-mer 
(l)>st-dimer (2a)>it-dimer (2b)>st-trimer 
(3a). Strongly adsorbed components contain­
ing lactones and oligomers higher than trimer 
were desorbed with methanol. 

Identification of the series of telomers and 
lactones was carried out by a technique similar 
to the case of previous paper. 5 

Reactions of Telomers 
Elimination Reaction by Triethylamine 

(TEA). A mixture of a telomer sample and 
TEA (1 g in 10 ml) was refluxed for a pre­
scribed time. The reaction mixture was treated 
in a manner similar to the case of previous 
paper. 5 

Pyrolysis. A telomer sample was directly 
heated at a given temperature for a given time 
in a sealed tube. The lactone yield was de­
termined from 1 H NMR data, and if nec­
essary, the product was separated by silica gel 
column chromatography with benzene. 

Catalytic Reaction by Silica Gel. To a so­
lution of a telomer sample (0.3 g in 9 ml dry 
benzene), 3 g of silica gel (Wakogel C-300, 
dried at 180-200°C for 3 h) was added, and 
the suspended mixture was stirred at 30°C for 
a prescribed time. After the mixture was fil­
tered, the residue was extracted with methanol. 
The combined filtrate and extract were evap­
orated to give products. The lactone yield was 
determined as above. 

Hydrolysis. A dimeric telomer was hydro­
lyzed, under given conditions, to yield the 
following products: carboxylic acid (8a), mp 
177-179°C (dec.); IR 3000 (OH) and 1780, 
1720cm- 1 (C=O); mass spectrum m/z 289 
(QM+); 1H NMR (DMSO-d6) t5 1.30 (3H, s, 
-CH3), 1.62 (3H, s, -CH3), 2. 72 (2H, s, 
-CH2-), 3.13 (lH, d, J= 15.0Hz, -CH2-) and 
3.48 ppm (lH, d, -CH2-), and carboxylic acid 
(8b), mp 116-119°C (dec.); IR 3150 (OH) and 
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1770, 1740cm- 1 (C=O); mass spectrum m/z 
289 (QM+); 1H NMR (CC14 ) t5 1.58 (3H, s, 
-CH3), 1.73 (3H, s, -CH3), 2.19 (lH, d, 
J= 15.0Hz, -CH2-), 3.22 (2H, s, -CH2-), 3.33 
(lH, d, -CH2-), and 9.03 ppm (lH, s, 
-COOH). 

RESULTS AND DISCUSSION 

Telomerization of Primary Alkyl Methacrylates 
with BTCM 
The results of radical telomerization of a 

series of primary alkyl methacrylates are sum­
marized in Table I. Figure 1 shows typical 
GPC diagrams of the products obtained in the 
telomerization of EMA. Similar chromato­
grams were also observed in the telomeriza­
tion of the other monomers. The telomeriza­
tion of all monomers showed similar tempera­
ture dependence of the apparent rate of 
polymerization (Rp') and the product dis­
tribution (MWD). Above 70°C, all compo­
nents of n 2 contained small amounts of 
lactones in addition to major telomers, and 
the formation of the lactones increased with 
increasing reaction temperature. This fact 
was also confirmed by IR spectra of the 
whole products as shown in Figure 2. The 
effect of the alkyl chain length of the ester 
group was not observed with respect to RP' 
and MWD. Furthermore, no significant tem­
perature dependence of the tacticity of the 
dimers was observed except for MMA, and the 
product ratio of 2a to 2b was roughly 4: 1. 

Identification of Telomers and Lactones 
The characterizations of the homologous 

telomers and lactones are listed in Tables II 
and III, The ion peaks based on 
an identical fragmentation pattern were de­
tected in the mass spectra of the homologous 
telomers; particularly, the a-cleavage of ester 
groups and the cleavage between bromine and 
carbon atoms were preferentially occurred. 

The 1 H NMR parameters of the homo­
logues are summarized in Tables IV and V. 
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Table I. Radical telomerization of primary alkyl methacrylates 

Temp R/ X 106 MWD/wt% Tacticity of dimer/% 
Monomer 

oc moll- 1 s- 1 n=l 

50 8 6 
MMA 70 79 22 

90 147 29 

50 8 6 
EMA 70 70 23 

90 147 33 

50 18 13 
PMA 70 67 27 

90 140 29 

50 15 10 
BMA 70 68 25 

90 138 32 

a [ ], the content of dimeric lactones. 

n=2 n=1 
:>. 

"iii 
c: 

"E -

-:;; 70;_0-=C;__ __ _ 

35 40 
Elution Volume I cm3 

45 

Figure 1. GPC diagrams of the products obtained in 
the telomerization of EMA. 

Methyl- and methylene-proton signals indi­
cated by the same symbol gave nearly identical 
b-values regardless of the alkyl chain length of 
the ester group. All methylene protons of the 
homologous telomers except for the central 
methylene protons (K, L) of 3a exhibited an 
AB pattern (doublet-doublet) due to the mag­
netic nonequivalence. The order of magnitude 
of the magnetic nonequivalence was as fol­
lows: (M, N) of all>(K, L) of 2b>(K, L) of 
2a (1, J) of 3a. The two dimeric lactones ( 6a) 
and (6b) showed significantly different b-values 
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Figure 2. IR spectra of the products whose MWD are 
illustrated in Figure I. The arrows show the C = 0 
stretching vibration of the lactone ring. 
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Table II. Characterization of telomers 

mp [bp] 
Telomer R Shape• 

oc 

Me c [111-113/SmmHg] 
Et c [ 77- 78/l mmHg] 

n-Pr c [114-ll6/4mmHg] 
n-Bu c [l05-l06j2mmHg] 

Me A 58 - 59.5 

2a 
Et A 48 -49 

n-Pr A 23 -25 
n-Bu B 

Me A 79 - 80 
Et A 17.5- 19 

n-Pr B 
2b 

n-Bu B - b 

Me A Ill -112 
Et A 62.5- 64.5 

n-Pr B - b 3a 

n-Bu B - b 

• A, colorless crystals; B, colorless viscous oil; C, colorless liquid. 
h Not solidified at - l0°C. 

v(C=O) 

cm- 1 

1750 
1745 
1745 
1745 

1735 
1740 
1730 
1740 

1730 
1735 
1740 
1740 

1735 
1725 
1730 
1740 

Table III. Characterization of lactones 

mp 
Lactone R Shape" 

oc 

Me A 73.5- 75 
Et A 72 - 73.5 

6a 
n-Pr A 101.5-102 
n-Bu A 

Me A 
Et A 

n-Pr A 6b 

n-Bu B 

Me A 
Et B 

n-Pr B 
7a 

n-Bu B 

• A, colorless crystals; B, colorless viscous oil. 
h Not solidified at -l0°C. 

74 - 74.5 

94 -95.5 
48.5- 50 
28.5- 30 

_b 

65.5- 67 
b -
b -
b -

v(C=O) 

cm- 1 

1770, 1740 
1775, 1730 
1770, 1750 
1770, 1750 

1765, 1735 
1770, 1735 
1770, 1740 
1780, 1750 

1780, 1755, 1740 
1775, 1730 
1780, 1740 
1780, 1740 

m/z (QM+) 

297 
311 
325 
339 

397 
425 
453 
481 

397 
425 
453 
481 

497 
539 

m/z (QM+) 

303 
317 
331 
345 

303 
317 
331 
345 

403 
431 
459 
487 

of methylene protons (K, L) and (M, N), and 
this may be explained by the difference in the 
magnetic environment based on a stable con-

figuration as discussed in the previous paper. 5 

The proton signals of the ester groups, which 
are omitted in the tables, appeared in expected 
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Table IV. 1 H NMR parameters of telomers 

Telomer Proton Symbol 
MMA 

-CH3 A 2.19 
1 -CH2- M,N 4.21 3.50 

(15.6)" 

-CH3 A 1.83 
-CH3 B 1.29 

2a -CH2- K, L 2.90 2.63 
(14.4) 

-CH2- M,N 3.52 2.84 
(14.4) 

-CH3 A 1.97 
-CH3 B 1.55 

2b -CH2- K, L 2.85 2.37 
(15.0) 

-CH2- M,N 3.59 2.87 
(15.0) 

-CH3 A 1.77 
-CH3 B 0.87 
-CH3 c 1.28 

3a -CH2- I, J 2.79 2.53 
(13.8) 

-CH2- K, L 2.02 
-CH2- M,N 3.41 2.73 

(15.0) 

• ( ), coupling const. J in Hz. 

resonance regions. 

Reactivity of Telomers 
Elimination Reaction by TEA. The reaction 

of 1 with TEA was found to proceed following 
Saytzetrs law, and the elimination product (4) 
was exclusively obtained after 20 h in the fol· 
lowing yields: MMA, 83%5 ; EMA, 64%; PMA, 
79%; and BMA, 81%. However, the law was 
not followed in similar reactions of dimers as 
shown in Table VI, and all dimers, except 2b 
(R=Me), gave the terminally unsaturated 
compound (Sa) in preference to the internally 
unsaturated compound (5b). Furthermore, 
two dimeric lactones 6a and 6b were also 
obtained in the reaction of dimers with TEA. 
The proportion of the two lactones in the 
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Chemical shift b/ppm 

EMA PMA BMA 

2.19 2.16 2.16 
4.24 3.51 4.15 3.44 4.18 3.46 

(15.6) (15.0) (15.0) 

1.86 1.85 1.83 
1.32 1.31 1.29 

2.91 2.62 2.94 2.64 2.90 2.61 
(14.4) (15.0) (14.4) 

3.53 2.83 3.57 2.85 3.54 2.82 
(15.6) (15.6) (15.0) 

1.96 1.98 1.95 
1.54 1.56 1.54 

2.83 2.36 2.85 2.38 2.83 2.35 
(15.0) (15.0) (15.0) 

3.59 2.88 3.62 2.90 3.60 2.86 
(15.6) (15.0) (15.6) 

1.78 1.76 1.78 
0.92 0.90 0.89 
1.33 1.29 1.30 

2.81 2.55 2.80 2.54 2.77 2.51 
(13.8) (14.4) (14.4) 
2.04 1.99 2.00 

3.42 2.74 3.43 2.73 3.40 2.70 
(15.0) (15.0) (15.0) 

products increased with the alkyl chain length 
of the ester groups, as opposed to that of the 
two unsaturated compounds. But no signifi· 
cant effects of the alkyl substituent groups 
were observed on the ratio of the isomeric 
products. 

Pyrolysis. Heating of dimers in the absence 
of solvent resulted in the lactonization easily, 
and the reaction proceeded by the following 
routes: 2a--+6a and 2b--+6b. Figure 3 shows the 
time-conversion plots of the lactonization of 
2a (R=Et). The reaction was completed in 
about 12 hat 1 00°C, and in about 1 h at 150oC. 
On heating at 150°C for 5 min (1 0 min), dimers 
2a gave 6a in the following yields: MMA, 49% 
(70%); EMA, 50% (74%); PMA, 48% (73%); 
and BMA, 49% (61%). The effects of the alkyl 
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Table V. 1 H NMR parameters of lactones 

Lactone Proton Symbol 
MMA 

-CH3 A 1.67 
-CH3 B 1.32 

6a -CH,- K, L 2.75 
-CH2- M,N 3.38 3.07 

(16.2)a 

-CH3 A 1.66 
-CH3 B 1.53 

6b -CH2- K, L 3.24 2.08 
(14.4) 

-CH2- M,N 3.18 

-CH3 A 1.59 
-CH3 B 1.59 
-CH3 c 1.17 

7a -CH2- I, J 1.90 
-CH2- K,L 2.44 2.14 

(13.8) 
-CH2- M,N 3.67 2.84 

(15.0) 

a ( ), coupling const. J in Hz. 

Table VI. Elimination of dimers with TEA" 

Yield of products/% Recovd. 
Dimer R 

5a 5b 6a 6b % 

Me 44 22 
Et 40 15 5 30 

2a 
n-Pr 25 27 31 
n-Bu 18 23 23 9 

Me 13 24 26 
Et 31 11 45 

2b 
n-Pr 15 7 13 26 2 
n-Bu 9 6 14 33 10 

a Reaction time, 60 h. 

substituent groups were not observed on the 
lactone yields. Similarly, 3a gave trimeric lac­
tone (7a) exclusively by heating at 200oc for 
2h. 

Catalytic Reaction by Silica Gel. The lac­
tonization was also observed in the catalytic 
action of silica gel, and the reaction proceeded 
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Chemical shift <5/ppm 

EMA PMA BMA 

1.66 1.65 1.65 
1.32 1.30 1.30 
2.73 2.73 2.73 

3.36 3.05 3.36 3.06 3.35 3.05 
(16.2) (16.2) (15.6) 

1.67 1.69 1.66 
1.55 1.57 1.55 

3.28 2.06 3.28 2.07 3.26 2.03 
(14.4) (14.4) (14.4) 
3.19 3.20 3.18 

1.59 1.60 1.62 
1.59 1.60 1.62 
1.20 1.19 1.20 
1.91 1.91 1.93 

2.45 2.17 2.47 2.18 2.48 2.18 
(13.2) (13.8) (13.8) 

3.69 2.86 3.71 2.87 3.76 2.90 
(15.0) (15.6) (15.0) 

100 c) 
I 

I 

80 I 
;/! I 

I 
I 

I 

60 
'0 I -.; I 
> I 

I 40 I 
I 

2 () 
u I j 20 I 

I 
I 

l 

0 
0 2 4 6 8 10 12 

Time I h 

Figure 3. Time-conversion plots of the lactonization in 
pyrolysis: Sample, 50mg of 2a (R=Et); 0, 100°C; ct, 
100°C in the presence of a drop of water; •• 150°C. 

by the same route as pyrolysis. The reactivities 
of 2a and 2b were greatly different in this case 
and the conversion of 2b was greater than that 
of 2a. As discussed in the previous paper,5 the 
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-! 
0 

:!:! 
.!! 
> 
Gl 

N 

100 

0 -o--
80 

60 

40 

20 

n=l :4 
n=2:5b 

6a 

--o 0 

2 3 4 

Carbon Number of R 

Figure 4. Dependence of carbon number in primary 
alkyl substituent (R) in the lactonization by silica gel: 0. 
2a (time, 72h); e. 2b (time, 4h). 

difference in this reactivity of the lactonization 
is attributable to the configurational differ­
ences of 2a and 2b. Furthermore, the lactoni-
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7a 

CH 3 CH 2 
I II 

Cl C-CH -C-CH -C 
3 2 I 2 I 

COOR COOR 

Sa 

6b 

o'! 80 

'0 60 
.!! 
> 
Gl 40 
c: 
0 

N 20 

0 0 
Super I I II Ill IV v 

Activity GradE' 

Figure 5. Effect of water content in the lactonization 
by silica gel: Sample, 2a (R =Me); time, 72 h. 

zation of dimers by silica gel generally in­
creased with an increase in the alkyl chain 
length of the ester groups as shown in Figure 4. 
Under similar conditions to those in the case 
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Sa 

Table VII. Hydrolysis of dimers with typical 
acid- and base-catalysts 

Yield of products/% 
Dimer Condition• 

6a 6b Sa Sb 

2a (R=Me) i) 14 84 
ii) 82 

2b (R=Me) i) 14 67 
ii) 59 

• i), a solution of dimer (I g) in cone. H2S04 (6 ml) was 
stirred at 40°C for 24 h; ii), a solution of dimer (I g) in 
10% KOH-MeOH: H 20[9: I] (6 ml) was stirred at 
40°C for 24 h. 

of 2a, trimer 3a was converted to 7a in the 
following yields: MMA, 44 %; EMA, 69%; 
PMA, 51%; and BMA, 57%. 

Mechanistic Consideration of Lactonization 
The lactonization of 2a (R = Et) by heating 

at lOOoC was accelerated by the addition of 
water as shown in Figure 3, and the lactoni­
zation was also observed in the presence of an 
equimolar amount of 1,1-diphenyl-2-picryl­
hydrazyl as radical scavenger. Furthermore, 
ethyl bromide was simultaneously detected 
as an elimination product, which was identi­
fied with an authentic sample by 1 H NMR. 

The behavior in lactonization of 2a 
(R =Me) by silica gel varied greatly with the 
activity of silica gel as shown in Figure 5. The 
activity of silica gel was adjusted by the ad­
dition of water in accordance with Activity 
Grade of Brockmann. 7 The silica gel dried at 
180-200°C for 3 h corresponds to Activity 
Grade I. The yield of lactone decreased with 
an increase in the water content in the silica 
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Sb 

2a: R, = CH3 , R2 = COOR 2a 
Ill 2b:R1 =COOR, R2 =CH3 III 2b 

H+l SNi 

(front-side attack) 

6a: R, =CH3 , R2 =COOR 
6b: R, =COOR, R2 =CH3 

OH -1 SN2-like 

(back-side attack) 

+ 

Scheme 1. Mechanisms of lactonization. 

gel. When the physically adsorbed water was 
thoroughly removed from the silica gel, the 
catalytic ability was found to reach a max­
imum. Similar lactonization reactions also 
took place by the action of a typical proton 
donor, cone. sulfuric acid, as shown in Table 
VII. Therefore, the lactonization of telomers 
with silica gel is considered to be promoted by 
a Bmnsted acid such as silanol attached to the 
surface of the catalyst. 

On the other hand, in the lactonization of 
dimers by TEA, no selectivity of the two 
isomers 6a and 6b was observed. The following 
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lactonization reactions, 2a (R =Me) -+car­
boxylic acid (8b) and 2b (R = Me)--+carbox­
ylic acid (Sa), took place by the action of a 
typical base, I 0% aqueous potassium hydrox­
ide, as shown in Table VII. 

The lactonization in pyrolysis and in the 
presence of silica gel is considered to take place 
through a cationic SNi mechanism, and the 
lactonization with a base-catalyst, a SN2-like 
mechanism as shown in Scheme 1. 
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