
Synthesis of fluorinated telomers

Part 7.y Telomerization of 1,1-difluoro-2-chloroethylene

and 1,2-difluoro-1,2 dichloroethylene with methanol
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Radical telomerizations of 1,1-difluoro-2-chloroethylene and 1,2-difluoro-1,2-dichloroethylene with methanol,
leading to chlorofluoroalcohols, are presented. The optimization of the synthesis conditions led to 3-chloro-2,2-
difluoropropanol and 2,3-dichloro-2,3-difluoropropanol in 80% and 89% conversion, respectively, much higher
than those reported in the literature. The best conditions were achieved when 2,5-bis(tert-butylperoxy)-2,5–
dimethylhexane (DHBP) was used as the initiator at 407 K with an initial ([MeOH]0/[alkene]0) molar ratio, R0 ,
of 40. The unsymmetrical alkene led to one isomer only, in contrast to the formation of two isomers from
chlorotrifluoroethylene. Furthermore, this study has shown the influence of the fluorine and chlorine atoms of
the olefin in directing the radical reaction. Hence, by its polar and steric effects, the chlorine atom in these
alkenes does not favor the radical addition of HOCH2

�. In contrast, the inductive effects of the fluorine atom
increase the reactivity of the hydroxymethyl radical. A decreasing reactivity series of different
chlorofluoroolefins with respect to the radical addition of methanol is proposed with the optimal conditions for
each telomerization: F2C=CCl2 > F2C=CFCl > ClCF=CFCl > F2C=CHCl and an overall reactivity series of
different fluoroalkenes with methanol is also suggested.

Fluorinated alcohols have already been shown to be of great
interest for intermediate synthesis.1–7 Various preparations of
these hydroxyl derivatives are described in the literature. For
instance, the Grignard reaction can lead to these products.8,9

The chemical modification of several functions can also be
used with acids,10,11 alkane halides,12 thiols,13 and amines.14

Another way to achieve the synthesis of such compounds is
the polymerization of a fluorinated alkene in the presence of
a chain transfer agent, (called telogen), to yield a series of
low molecular weight products. Such a reaction is termed
telomerization.15–18 In this work, we have chosen to use this
reaction.
Alcohols are known to participate in chain transfer reactions

essentially by hydrogen abstraction from a cleavable C–H
bond on the carbinol carbon, the electron-withdrawing hydro-
xyl group making this chain transfer possible. However, their
chain transfer constants are usually considered as too low
for these compounds to be regarded as efficient telogens, inso-
far as the ‘‘activation’’ in hydrogen abstraction is due to the
hydroxyl function, which is in most cases is of low importance.
For this reason, few investigations involving alcohols as
telogens and fluorinated alkenes have been described, and
apparently excessive by-product formation coupled with
unfavorable product distributions have deterred any commer-
cial development. In fact, one of the most important steps in
the telomerization process is the homolytic cleavage of the
C–H bond in the a-position of the alcohol in the course of
the initiation steps. The dissociation energy of this bond
(BDE) is different depending on the structure of the telogen,
the lowest being for methanol (393 kJ.mol�1)19 among the

linear aliphatic alcohols. Thus, methanol could be a conveni-
ent and easily available telogen to be used for the synthesis
of fluorinated telomers bearing a hydroxyl endgroup.
Radical reactions between fluoroolefins and methanol have

also been reported in the literature. In the telomerization of
vinylidene fluoride (VDF) with methanol, Oku et al.20 proved
that the di-tert-butylperoxide initiated telomerization of VDF
with methanol was feasible. This was previously confirmed,21

leading, however, to only fair yields, the remaining products
arising from the concomitant formation of non-functional oli-
gomers produced from the direct initiation of tert-butoxy and
even methyl radicals onto VDF. This study also showed that
the thermal, photochemical and redox initiations were unsuc-
cessful. With trifluoroethylene (TrFE) and methanol, telomers
of low molecular weights (DPncum ¼ 3� 8) were also success-
fully prepared (over 70% yield) by Chambers and Powell.22

The telomerization of chlorotrifluoroethylene (CTFE) with
methanol was first investigated by Liska and Simek23 and,
more recently by our group, using a large excess of methanol
that led mainly to the monoadduct.24 The radical addition of
methanol onto bromotrifluoroethylene was also successfully
investigated by Demiel.25 In reaction with tetrafluoroethylene
(TFE), methanol proves to be an efficient chain transfer agent
under radical conditions, as shown in research pioneered by
Joyce.26 Later, Blickle et al.27 and Sotokawa et al.28 confirmed
these results. The first two adducts, HOCH2CF2CF2H and
HOCH2(C2F4)2H, were successfully isolated by Paleta and
Dedek.29 Furthermore, the kinetics of telomerization of TFE
with methanol was investigated by Kostov et al..30 In the case
of the reaction of hexafluoropropylene (HFP) with methanol,
Haszeldine et al.31 reported that under thermal, photochem-
ical or peroxide-initiated conditions, the monoadduct wasy For part 6 see ref. 24.
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obtained in high yields via a radical chain mechanism. Finally,
another, more exotic fluoroalkene, perfluoro-2-butene, was
reacted with methanol under g-ray initiation, leading to the
monoadduct mainly.32

As a matter of fact, telomerization reactions of 1,2-difluoro-
1,2-dichloroethylene (DCDFE) with methanol were carried
out by several authors33–37 in contrast to many other transfer
agents: RXO–F (where RX represents a perhaloalkyl group
containing 1 to 10 carbon atoms),38 Cl3C–F,

39 CHCl2–F,
40

ClCH2–F,
40 several alcohols [such as HOCH2CH2–H,

HOCH2CH2CH2–H, (CH3)2C(OH)–H33,35 and fluorinated
ones41], various ethers such asTHF, dioxane and diethyl ether,42

several acetates: CH3COOCH2–H, CH3COOCH(CH3)–H,
CH3COOC(CH3)2–H,35 (RO)2P(O)–H (where R stands for
CH3 , C2H5 or n-C3H7).

43 In addition, a few telomerization reac-
tions of 1,1-difluoro-2-chloroethylene (CDFE) have been car-
ried out with various transfer agents: CCl3–F,

44 CF3–I
45 and

CH3–CH2–OH.46 In this way, the radical addition of methanol
to 1,2-difluoro-1,2-dichloroethylene initiated by di-tert-butyl-
peroxide,35,37 g-rays34 or UV radiation,36 yielded mainly the
monoadduct . However, no work has been reported on the radi-
cal telomerization of CDFE with methanol.
The present work intends to complete the study concerning

the telomerization of both fluoroalkenes with methanol and
especially the synthesis of the monoadducts HO–CH2–CFCl–
CFCl–H and HO–CH2–CF2–CH2–Cl.

Results and discussion

Radical addition of methanol onto chlorofluorinated alkenes is
an appropriate and easy method to obtain halogenated alco-
hols.23,24,33–37,46 Recently, we have reported that the peroxidic
addition of methanol onto chlorotrifluoroethylene (CTFE)24

was regioselective since HOCH2CF2CFClH was the major
product (95%). Optimal conditions were achieved when
that reaction was initiated by 2,5-bis(tert-butylperoxy)-2,5-
dimethyl hexane (DHBP) at 407 K, and with a 40-fold excess
of methanol over CTFE. In these conditions, the CTFE con-
version was 92%. Hence, it was worth investigating similar
radical additions onto other chlorofluoroalkenes (Scheme 1)
such as 1,1-difluoro-2-chloroethylene (CDFE) and 1,2-
difluoro-1,2-dichloroethylene (DCDFE), and to compare the
results in terms of monoaddition, regioselectivity and yields
to those describes in previous work.24

Telomerization of 1,1-difluoro-2-chloroethylene with methanol

To the best of our knowledge, the only work describing the
synthesis of HOCH2CF2CH2Cl was reported by Boguslavs-
kaya et al.47 in 1971. It consisted in reacting Cl+ cation and
F� anion (produced in situ from ClF) with 2-fluoroprop-2-enol
to give the chlorofluoroalcohol in 76.3% yield, as follows:

H2C¼CFCH2OH ���!Clþ ½ClCH2C
þFCH2OH�

���!F
-

HOCH2CF2CH2Cl

The originality of our approach to produce the above chlor-
ofluoroalcohol involves the peroxidic addition of a 40-fold
excess of methanol to 1,1-difluoro-2-chloroethylene (CDFE)
using 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane (DHBP)
and di-tert-butyl peroxide (DTBP) as the initiators. The initial
[initiator]0/[CDFE]0 molar ratio was 2.5% and both reactions
were monitored at temperatures for which the half-lives of the
initiators were close to one hour (Table 1). The choice of these
conditions was made from the optimal conditions found in the
case of the telomerization of CTFE with methanol. The large
excess of methanol enables one to favor the monoadduct:

HO-CH3 þ F2C¼CHCl ����!ROOR
HO-CH2-ðC2F2HClÞ-H

Interestingly, DHBP led to better yields, and in both cases, the
reaction was regioselective, producing HOCH2CF2CH2Cl
selectively.
The 19F NMR spectrum of the total product mixture exhi-

bits a quintet (3JF(H-1) =
3JF(H-3) = 12.7 Hz) centered at

�113.7 ppm that confirms the formation of a unique isomer.
The 1H NMR confirms this attribution, because of the pre-
sence of two triplets (3JHF=12.7 Hz and 3JHF=12.4 Hz)
located at 3.77 and 3.89 ppm, respectively. This shows that
the HOCH2

� radical added exclusively onto the difluoromethyl-
ene side of CDFE. This observation can be explained by the
nucleophilic character of HOCH2

�48 and the electrophilic car-
bon atom bearing both fluorine atoms of CDFE.

Telomerization of 1,2-difluoro-1,2-dichloroethylene with
methanol (DCDFE)

According to the literature,33–37 the only method to produce
HOCH2CFClCFClH concerns the radical addition of metha-
nol onto DCDFE. Table 2 lists the different initiating systems
(g-rays, UV irradiation or di-tert-butylperoxide) leading to the
expected chlorofluoroalcohols in low yield (10–16%). Interest-
ingly, this reaction, when initiated by 2,5-bis(tert-butylperoxy)-
2,5-dimethylhexane under similar conditions as above, led to
the expected alcohol in much better yields (65%).

HO-CH3 þ ClFC¼CFCl ����!ROOR
HO-CH2-CFCl-CFCl-H

As in the case of the radical additions of methanol onto CTFE
and CDFE, this peroxidic initiator shows a better efficiency
producing the corresponding chlorofluoroalcohols in high
yields.
The 19F NMR spectrum of the distilled chlorofluoroalcohol

(Fig. 1) exhibits five signals centered at�118.9,�130.9,�130.5,
�148.7 and �153.2 ppm. Those at �130.9 and �130.5 ppm
are assigned to the CFCl group adjacent to the methylene
group while those centered at �148.7 and �153.2 ppm are
attributed to the CFCl–H endgroup. As expected, the presence
of two signals corresponding to the same fluorinated group
indicates that chlorofluoroalcohol HOCH2CFClCFClH con-
tains two diastereoisomers (as evidenced by the presence of
two asymmetric carbon atoms). This statement is confirmed
by both the 1H NMR spectrum (Fig. 2) that shows, beside
the signal centered at 4.12 ppm assigned to the HOCH2 group,
two doublets of doublets centered at 6.41 and 6.48 ppm
assigned to the CFClH endgroup, and the 13C NMR spectrum,

Scheme 1 Radical addition of methanol to chlorofluoro olefins. (Y,
X=Cl, F or H).
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whose signals are all doubled. In addition, in the 19F NMR
spectrum, the doublet (3JFH=9.6 Hz) of triplets (3JFH=12.8
Hz) centered at �118.9 ppm is attributed to the difluoromethy-
lene group of HOCH2CF2CCl2H. The presence of this isomer
was confirmed: (i) by the 13C NMR spectrum that exhibits a
triplet (1JCF=251.4 Hz) centered at 118.9 ppm characteristic
of the CF2 group and (ii) by the 1H NMR spectrum that shows
a triplet (3JHF=8.9 Hz) centered at 5.99 ppm corresponding to
the CF2CCl2H endgroup. The formation of this isomer arises
from the radical addition of methanol onto F2C=CCl2 present
as an impurity in 1,2-dichloro-1,2-difluoroethylene. Indeed, a
19F NMR characterization of commercially available 1,2-
difluoro-1,2-dichloroethylene reveals the presence of a signal
centered at �89.0 ppm assigned to F2C=CCl2 , besides the
characteristic peaks of DCDFE.
Interestingly, the regioselective HOCH2CF2CCl2H by-pro-

duct indicates that HOCH2
� radical is added to the difluoro-

methylene side of F2C=CCl2 . Such an observation can be
explained by both the electrophilic carbon atom (of this chlor-
ofluoroalkene) bearing both fluorine atoms and the steric hin-
drance of the other carbon atom bearing both chlorine atoms.
This confirms the study of Paleta et al.49 that pointed out the
unfavorable steric and polar effects. On the contrary, the report-
edly48 nucleophilic HOCH2

� radical is likely to add onto the
electrophilic carbon atom bearing the highest number of fluor-
ine atoms. This may be explained by the inductive character of
fluorine that makes the carbon atoms electron-withdrawing.
Furthermore, it was possible to assess the conversion rate of

these chlorofluoroolefins from the 19F NMR spectra: while
DCDFE led to a conversion rate of 45%, F2C=CCl2 reacted
quantitatively. Thus, an overall ranking on the telomerization
of these four chlorofluoroalkenes with methanol can be drawn
from Table 3. The following decreasing reactivity series of these
fluoroolefins is observed: F2C=CCl2 (100%) > F2C=CFCl
(92%) > F2C=CHCl (80%) > ClCF=CFCl (45%).
However, according to Modena et al.35 who reported the

radical addition of THF and 2-propanol onto DCDFE, the
DCDFE conversion rate increases with the initiator concentra-
tion. Hence, four telomerization reactions of DCDFE with

methanol were carried out with different peroxide concentra-
tions (Fig. 3). Interestingly, when C0= 10%, the DCDFE
conversion rate reached 89% and the overall yield was ca.
65%, which is much higher than those noted in the literature
(Table 2). When C0 is greater than 10%, the conversion rate
decreased. Our results show that the conversions of the fluor-
oalkenes are higher than 40% when C0 ranges between 2.5%
and 20%. This is encouraging in comparison to the investiga-
tions of Modena et al.35 who have found that the conversion
rate of CFCl=CFCl was lower than 30%, when it reacted with
i-PrOH and tetrahydrofuran. Hence, it is interesting to pro-
pose another reactivity scale from the optimal conditions of
this telomerization involving the different fluoroalkenes:
F2C=CCl2(100%) > F2C=CFCl(92%) > ClCF=CFCl(89%) >
F2C=CHCl (80%).

Conclusions

This investigation concerned the synthesis of several chloro-
fluoroalcohols, mainly 3-chloro-2,2-difluoropropanol and
2,3-dichloro-2,3-difluoropropanol, by telomerization reactions
of 1,1-difluoro-2-chloroethylene (CDFE) and 1,2-difluoro-1,2-
dichloroethylene (DCDFE) with methanol, respectively. The
preparation of 3-chloro-2,2-difluoropropanol was original
(with 80% conversion), resulting from a regioselective addition
of HOCH2

� onto the CF2 of CDFE. Radical telomerization of
1,2-difluoro-1,2-dichloroethylene with methanol was opti-
mized, leading to the corresponding 2,3-dichloro-2,3-difluoro-
propanol in 65% yield, which was greatly improved compared
to those obtained in previous studies from other radical-
induced systems. This work also shows the unfavorable influ-
ence of the presence of a chlorine atom, through a steric effect,
and in contrast, the favorable one of the presence of fluorine
atoms by an inductive effect for the addition of HOCH2

� radi-
cal onto a chlorofluoroolefin. Such halogenated alcohols are
potential intermediates for further original functional deriva-
tives, currently under investigation.

Experimental

Materials

2,5-Bis(tert-butylperoxy)-2,5-dimethylhexane (DHBP) and di-
tert-butylperoxide (DTBP) were generously offered by Akzo
France (60202 Compiègne). 1,2-Difluoro-1,2-dichloroethylene
(DCDFE) and 1,1-difluoro-2-chloroethylene (CDFE) were
supplied by Fluorochem (Derbyshire, U.K.). Surprisingly,
DCDFE contains 10% of 1,1-difluoro-2,2-dichloroethylene.
Methanol was of analytical purity grade and was provided
by Sigma-Aldrich Chimie (38299 Saint Quentin-Fallavier,
France). The reagent did not require any purification prior
to use.

Apparatus and analyses

The reactions were carried out in a 1000 and 2000 ml Hastelloy
(C276) Parr Systems autoclave equipped with inlet and outlet

Table 1 Experimental conditionsa and CDFE conversion for the radical addition of methanol to 1,1-difluoro-2-chloroethylene

Expt Initiatorb T/K
CDFE conversion (%)

HO–CH2–CF2–CH2–Cl HO–CH2–CClH–CF2–H

1 DTBP 419 48 0

2 DHBP 407 80 0

a R0 ([MeOH]0/[CDFE]0)= 40, C0 ([Initiator]0/[CDFE]0)= 0.025, reaction time=7 h. b DTBP (di-tert-butyl peroxide) and DHBP (2,5-bis (tert-

butylperoxy)-2,5 dimethylhexane).

Table 2 Experimental conditions and overall yields for the radical
addition of methanol to 1,2-difluoro-1,2-dichloroethylene (DCDFE)

Experimental conditionsa Overall yield (%) Reference

Co60 irr, 700 h,

313 K, R0= 3

16 33

Di-tert-butylperoxide

(C0= 0.5), 5 h,

423 K, R0= 9

10 35

UV, 313 K, R0=5 11 36

2,5-Bis(tert-butylperoxy)-

2,5-dimethylhexane (C0= 0.1),

7 h, 407 K, R0= 40

65 This work

a R0= [MeOH]0/[DCDFE]0 , C0= [Initiator]0/[DCDFE]0 .
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valves, a manometer with a security disk and fitted with a
mechanical stirrer and a specific electric heating mantle. The
stirring speed was fixed by an electronic driving device, which
also controlled the temperature of the autoclave via a thermo-
couple and an integrated heating-power regulator.
The products were characterized by 1H, 13C and 19F NMR

spectroscopy at room temperature. Spectra were recorded on
Bruker AC 200 and 250 instruments, using deuterated chloro-
form as the solvent. The letters s, d, t, q and m stand for
singlet, doublet, triplet, quintet and multiplet, respectively.
Coupling constants and chemical shifts are given in hertz
(Hz) and ppm, and TMS (CFCl3) as the reference for 1H
(19F) nuclei, respectively. In all cases, the yields were calculated
by using hexafluorobenzene of analytical purity grade pro-
vided by Aldrich, as external standard in the 19F NMR spec-
tra. The experimental conditions to record 1H (or 19F) NMR
spectra were the following: flip angle 90� (30�) ; acquisition
time 4.5 s (9.0 s); pulse delay 2 s (5 s); number of scans 16 (64).

Model reaction: radical addition of methanol to 1,1-difluoro-
2-chloroethylene

Into the same autoclave as above, were introduced 21.8 g
(0.075 mol) of 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane

and 975 g (30.4 mol) of methanol. Then, the autoclave was left
closed for 20 min and purged with 20 bars of nitrogen pressure
to check for any leaks and was degassed afterwards. Next, 96.6
g (0.726 mol) of 1,1-difluoro-2-chloroethylene was introduced
by double weighing. The mixture was heated up to 407 K while
stirring and the reaction was allowed to run for 7 h (Table 1).
After reaction, the autoclave was cooled to room temperature
and then put in an ice bath. Then the total product mixture
(pale yellow liquid) was characterized by 19F NMR spec-
troscopy to assess the nature and the yield of the formed
products. The mixture was then concentrated and 3-chloro-
2,2,-difluoropropanol was purified by distillation at 334–336
K under 20 mmHg.

3-Chloro-2,2-difluoropropanol.

Colourless liquid, bp=334–336 K/20 mmHg. 1H NMR
(CDCl3) d: 3.45 (br s, shifted with dilution, –OH, 1H); 3.77
(t, 3JHF=12.7 Hz, H-3, 2H); 3.89 (t, 3JHF=12.4 Hz, H-1,
2H). 19F NMR (CDCl3) d: �113.7 (q, 3JF(H-1)=

3JF(H-3) =
12.7 Hz, CF2).

13C NMR (CDCl3) d: 41.34 (t, 2JCF=32.7
Hz, C-3); 61.39 (t, 2JCF=30.8 Hz, C-1); 120.10 (t, 1JCF=
244.5 Hz, C-2).

Fig. 1 19F NMR spectrum of HO–CH2–CF
a(a,b)Cl–CFb(a,b)Cl–H and HO–CH2–CF

c
2–CCl2–H.

Fig. 2 1H NMR spectrum of HaO–CHb
2–CFCl–CFCl–H

c and HdO–CHe
2–CF2–CCl2–H

f.
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2,3-Dichloro-2,3-difluoropropanol.

Two diastereoisomers, a and b, colourless liquid, bp=336–339
K/20 mmHg.
Diastereoisomer a. 19F NMR (CDCl3 , Fig. 1) d: �130.5 (ddt,
3JF(F-3) = 19.5 Hz, 3JF(H-1) = 15.5 Hz, 3JF(H-3)= 7.0 Hz, F-2);
�153.2 (ddm, 2JF(H-3)= 49.2 Hz, 3JF(F-2) = 19.5 Hz, F-3). 1H
NMR (CDCl3 , Fig. 2) d: 3.40 (br s, shifted with dilution, –OH,
1H); 4.12 (m, H-1, 2H); 6.41 (dd, 2JH(F-3) = 49.2 Hz, 3JH(F-2) =
7.2 Hz, H-3, 1H). 13C NMR (CDCl3) d: 65.12 (d, 2JC(F-2) =
24.4 Hz, C-1) or 65.20 (dd, 2JC(F-2) = 24.4 Hz, 3JCaF2=2.4
Hz, C-1); 97.86 (dd, 1JC(F-3) = 248.7 Hz, 2JC(F-2) = 34.3 Hz,
C-3) or 98.29 (dd, 1JC(F-3) = 251.7 Hz, 2JC(F-2) = 31.02 Hz,
C-3); 110.00 (dd, 1JC(F-2) = 250.9 Hz, 2JC(F-3) = 25.9 Hz, C-2)
or 110.70 (dd, 1JC(F-2) = 251.9 Hz, 2JC(F-3) = 22.4 Hz, C-2).
Diastereoisomer b. 19F NMR (CDCl3 , Fig. 1) d: �130.9 (dddd,
3JF(H0-1) = 19.6 Hz, 3JF(F-2) = 19.6 Hz, 3JF(H00-1) = 13.5 Hz,
3JF(H-3)= 4.1 Hz, F-2); �148.7 (dd, 1JF(H-3) = 48.2 Hz,
3JF(F-2) = 19.6 Hz, F-3). 1H NMR (CDCl3 ,Fig. 2) d: 3.40
(br s, shifted with dilution, OH, 1H); 4.12 (m, H-1, 2H); 6.48
(dd, 1JH(F-3) = 48.2 Hz, 3JH(F-2) = 4.0 Hz, H-3, 1H). 13C NMR
(CDCl3) d: 65.20 (dd,

2JC(F-2)= 24.4 Hz, 3JC(F-3) = 2.4 Hz, C-1)
or 65.12 (d, 2JC(F-2) = 24.4 Hz, C-1); 98.29 (dd, 1JC(F-3) = 251.7
Hz, 2JC(F-2) = 31.02 Hz, C-3) or 97.86 (dd, 1JC(F-3) = 248.7 Hz,
2JC(F-2) = 34.3 Hz, C-3); 110.70 (dd, 1JC(F-2) = 251.9 Hz,
2JC(F-3) = 22.4 Hz, C-2) or 110.00 (dd, 1JC(F-2) = 250.9 Hz,
2JC(F-3) = 25.9 Hz, C-2).

3,3-Dichloro-2,2-difluoropropanol.

Colourless liquid, bp=336–339 K/20 mmHg. 19F NMR
(CDCl3 , Fig. 1) d: �118.9 (dt, 3JF(H-1) = 12.8 Hz, 3JF(H-3)=
9.6 Hz, CF2).

1H NMR (CDCl3 , Fig. 2) d: 3.45 (br s, shifted

with dilution, OH, 1H); 4.10 (m, CH2 , 2H); 5.99 (t, 3JHF=
8.9 Hz, CH, 1H). 13C NMR (CDCl3) d: 61.35 (t, 2J(C-1)F=
29.7 Hz, C-1); 67.64 (t, 2J(C-3)F= 32.7 Hz, C-3); 118.89 (t,
1J(C-2)F= 251.4 Hz, C-2).
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