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Abstract
Hexafluoropropylene oxide (HFPO) is a versatile fluorochemical widely used in the synthesis of various fluorinated com-
pounds and fluorinated polymers. In this paper, we report on the successful synthesis of HFPO via the epoxidation of hex-
afluoropropylene (HFP) with NaOCl in a two-phase solvent system. Among the organic phase solvents tested, hydrofluoro-
ethers such as  C4F9OCH3,  C4F9OC2H5, and  C7F15OC2H5 showed high HFPO yields, indicating their potential to replace 
conventional  CFCl2CF2Cl (CFC-113), which is ozone depleting and global warming chemical. When the reaction was 
carried out for 20 min at room temperature, the  C4F9OCH3—water two-phase system produced HFPO with over 40% yield 
and over 70% selectivity. To optimize the reaction conditions, various reaction parameters were investigated, including the 
effects of NaOH and phase transition catalysts. Analysis of the by-products using 19F and 13C NMR and X-ray diffraction 
(XRD) showed that HFP/HFPO decomposes during oxidation to F¯,  CO2, oxalate, trifluoroacetate, etc. Density functional 
theory (DFT) calculations elucidated the reaction pathway of this epoxidation: with a lower E-barrier of 12.8 kcal/mol, the 
nucleophilic attack of OCl¯ on the β-carbon of HFP is preferable to the α-carbon pathway.
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Introduction

E.I du Pont de Nemours & Co. first reported on hexafluo-
ropropylene oxide (HFPO, 2,2,3-trifluoro-3-trifluorometh-
yloxirane) in 1959, and since then it has become one of the 
most important perfluoro compounds, as a raw material 
for various fluorinated chemicals and fluorinated polymers 
including Teflon, Nafion, and Krytox [1, 2]. Recently, it has 
attracted industrial attention again as a starting material for 
hexafluoroacetone, which is one of the precursors for fluo-
ropolyimide, a film material suitable for foldable electronic 
devices [3].

HFPO can be synthesized from hexafluoropropylene 
(HFP) by electrophilic, radical or nucleophilic reaction with 
difference oxidants [1, 4–6]. In the electrophilic reaction, 
HFP reacts with  KMnO4-anhydrous HF or  Cr2O3–FSO3H 
at  70 °C to produce HFPO with yields of 30% and 55%, 
respectively [7, 8].

The second, radical reaction, involves HFP reacting with 
molecular oxygen in the presence of a radical generator such 
as benzoyl peroxide. According to the patents, very high 
yields of more than 90% were obtained using this process 
[1]. Recently, direct epoxidations of HFP using molecu-
lar oxygen have been developed [9–11]. The first reported 
system proceeded at high pressure and high temperature 
(around 200 °C) in the presence of fluorocarbons or chloro-
fluorocarbons (CFCs) as solvent [12]. This system achieved 
a 76% yield of HFPO but produced toxic  COF2 as a side-
product. Lokhat et al. introduced a continuous system for 
the synthesis of HFPO from HFP in the gas phase using 
 O2 without any catalyst [9, 13, 14]. The reaction at around 
200 °C reached 40% yield of HFPO.

Although these electrophilic reactions and radical reactions 
have recently been studied for the synthesis of HFPO, the first 
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industrialized process for HFPO was a nucleophilic reaction 
with  H2O2/NaOH or NaOCl [15]. The reaction between HFP 
and hydrogen peroxide  H2O2 was carried out in a water–meth-
anol mixture solvent system, where alkali metal bases such 
as KOH or NaOH were used to generate active oxidant spe-
cies HOO¯. A higher yield of more than 50% HFPO could be 
achieved in this  H2O2-KOH system by slowly adding these 
alkaline solutions to the reaction mixture, thereby reducing 
the decomposition of  H2O2.

Meanwhile, a less expensive oxidant, hypochlorite (OClˉ), 
can also oxidize HFP to HFPO (Scheme 1). The reaction is 
carried out at pH 9–11 and 15–20 °C in the presence of water 
and a water-miscible organic solvent such as acetonitrile or 
diglyme, which increases the solubility of HFP in the reaction 
mixture. In order to increase the contact of hydrophobic HFP 
and hydrophilic NaOCl, Kazuyoshi et al. proposed that the 
HFP in organic solvent and NaOCl in the water be fed into a 
micro mixer such as a 1.0 mm diameter tube, where the reac-
tion can happen. The advantages of this method are a short 
reaction time, no need for a phase transfer catalyst, and high 
product selectivity, of over 99%. However, this method does 
not seem easy to scale-up due to a clogging problem, caused 
by by-product salt, NaCl and side-product NaF in the micro 
mixer tube (Scheme 1 and Supplementary information S1).

Accordingly, one of the methods used for the synthesis of 
HFPO was to oxidize HFP using NaOCl in a two-phase solvent 
system in the presence of a phase transfer catalyst (PTC) such 
as quaternary ammonium salts (Scheme 2). Chlorofluorocar-
bons (CFCs) such as  CFCl2CClF2 (CFC-113) and water have 
been used as solvents for HFP and NaOCl, respectively. As a 
PTC, trioctylmethylammonium chloride (TOMAC) has been 
used. With this method, HFPO can be synthesized with a yield 
of 69% and a selectivity of over 99% [16]. However, consider-
ing the ozone depletion and global warming potential of CFCs, 
there is a great need to replace traditional CFC-based solvents 
with an environmentally benign solvent.

Here, hydrofluoroethers (HFEs) such as  C4F9OCH3, 
 C4F9OC2H5, and  C7F15OC2H5 are proposed as solvents for 
the epoxidation of HFP with NaOCl. These HFEs are known 
engineered fluids that can be used as a substitute for CFC, 
HCFC, HFC, and PFC as a solvent, dispersion medium, heat 
transfer agent, and aerosol, because they have no ozone deplet-
ing potential and very little global warming potential (Table 1). 
Furthermore, the acute toxicities of HFEs are also lower than 
that of CFC-113 [17–19].

In the HFP oxidation reaction, HFEs were found to be 
a viable alternative to traditional CFC solvents such as 

 CF2ClCFCl2 (CFC-113). The effects of various reaction 
conditions such as reaction time, the amount of base, and 
phase transfer catalyst were investigated. In addition, for the 
first time, the side products formed during HFP oxidation 
were analyzed in qualitative and quantitative ways. Density 
functional theory (DFT) calculations were also conducted to 
understand the reaction mechanism of the HFP epoxidation.

Experimental

Materials

NaOCl (aq. 12 wt%) was purchased from Yakuri (Japan). 
1,1,2-trichloro-2,2,1-trifluoroethane  (CF2ClCFCl2, CFC-
113) and hydrofluoroethers(HFEs) such as  C4F9OCH3 (HFE-
7100),  C4F9OC2H5 (HFE- 7200), and  C7F15OC2H5 (HFE-
7500) provided by 3 M™. HFP and HFPO were supplied by 
Zhejiang Huanxin Fluoro Material Co.,Ltd. (China). Phase-
transfer catalysts (PTC) and other chemicals were purchased 
from Sigma Aldrich.

Scheme 1  Epoxidation of HFP 
by NaOCl with co-solvent

Scheme 2  Epoxidation of HFP in a two-phase system
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Epoxidation of HFP

Epoxidation of HFP was carried out in pressure reaction 
vessels (Andrews glass) equipped with a thermocouple and 
pressure gauge. NaOCl solution, HFEs, NaOH, and PTC 
were added to the reactor and purged with  N2. Afterward, 
the reactor was filled with HFP and stirred at room tempera-
ture for 20 min. Because the reaction is exothermic, a water 
bath was used to keep the reaction temperature constant. 
(Fig. S1).

The conversion of HFP (CHFP), the yield of HFPO 
(YHFPO), and the selectivity to HFPO (SHFPO) were deter-
mined, as in following equations.

where  [HFP]i is the initial mole of HFP,  [HFP]f and [HFPO] 
are the moles of HFP and HFPO after reaction, respectively. 
The yield of side product (Yside(%)) indicates the amount 
of HFP converted to side products such as  CF3CO2¯, oxa-
late  (C2O4

2¯),  CO2, and polymeric materials. The details for 
quantitation and qualification for the product are shown in 
supplementary information S3–S6.

Instruments

The gas product was analyzed using GC–MS (Agilent 
5973–7890 MSD) equipped with a PoraPlot Q column 
(Agilent, 25 m × 0.32 mm x 10 μm). The liquid product was 
analyzed by 19F NMR and 13C NMR (Bruker 400 MHz) to 

CHFP(%) =
[HFP]i − [HFP]f

[HFP]i
× 100

YHFPO(%) =
[HFPO]

[HFP]i
× 100

SHFPO(%) =
[HFPO]

[HFP]i − [HFP]f
× 100

characterize the side products and determine the F content, 
and the solid remaining after the removal of all volatile com-
ponents was analyzed by XRD (Bruker, D8 advance).

Computational Studies

The DFT calculations in this study were performed using the 
Gaussian16 suite with the Becke’s three-parameter hybrid 
exchange functional and the Lee–Yang–Parr’s correlation 
functional (B3LYP) with a polarization and diffusion com-
bined basis set of 6–31 + g(d,p) for all atoms [20–23]. The 
convergence criterion of the total energy difference was set 
as  10–6 a.u for the stationary geometry optimizations. Har-
monic vibrational frequency calculations were performed 
to confirm one imaginary frequency of the saddle point for 
the expected transition state (TS). Solvation correction was 
performed using the universal continuum solvation model 
(SMD) with water solvent parameters for all gas-phase opti-
mized structures, and the relative free energy calculation 
was corrected by zero point vibrational energy (ZPVE), with 
thermal corrections at a temperature of 298.15 K, and a pres-
sure of 1 atm [24].

Results and Discussion

Solvent Screening

The oxidation of hexafluoropropylene (HFP) with 
NaOCl (aq.) was conducted using 5 different kind of sol-
vent,  CF2ClCFCl2 (CFC-113),  C4F9OCH3 (HFE-7100), 
 C4F9OC2H5 (HFE-7200),  C7F15OC2H5 (HFE-7500), 
CH2Cl2, and C6F14. The physical properties and environ-
mental impact of these solvents are shown in Fig. 1. The 
reaction proceeded at room temperature for 20 min in the 
presence of a phase transfer catalyst, tetrabutylammonium 
bromide (TBAB). Figure 1 shows that hydrofluoroethers 
(HFEs) such as HFE-7100, HFE-7200, and HFE-7500 gave 
a HFPO yield comparable to CFC-113; the yield of HFPO 

Table 1  Properties of solvents for HFP epoxidation used in this study [17–19]1

1 Data collected from 3 M™ chemical data sheets

Formula CF2ClCFCl2 
(CFC-113)

C4F9OCH3 
(HFE-7100)

C4F9OC2H5 
(HFE-7200)

C7F15OC2H5 (HFE-7500) CH2Cl2 C6F14

Molecular weight 187 250 264 414 85 338
Boiling point (OC) 48 61 76 128 40 51—59
Ozone Depletion Potential (ODP) 0.80 0.00 0.00 0.00 0.01–0.02 –
Global Warming potential (GWP) 6000 320 55 90 9 9300
Acute toxicity (ppm)
(4 h.  LC50 [Rat])

55,000  > 100,000  > 92,000  > 10,000 (6 h) 2000 5000
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obtained from CFC-113 was 47.7%, while the yields from 
HFE-7100, HFE-7200, and HFE-7500 solvent systems were 
37.0, 41.2, and 35.2%, respectively.

In terms of selectivity to HFPO, the HFEs showed higher 
values than CFC-113. The selectivity to HFPO in the HFEs 
solvents were 67–74%, while it was 62% in the CFC-113 
solvent.  CH2Cl2, a versatile solvent used in lab and industry 
for two-phase reaction, showed a HFPO yield and selectiv-
ity similar to that of the HFEs. However, after the reaction, 
it was found that a large amount of  CCl4 was present in the 
organic phase, which presumably was synthesized from the 
chlorination of  CH2Cl2 by NaOCl or  Cl2.  CCl4 is also an 
ozone depleting and global warming chemical. Perfluorohex-
ane (C6F14), which was expected to have high solubility for 
HFP and HFPO, resulted in a negligible amount of HFP due 
to the low solubility for HFPO and TBAB in the solvent.

One of the primary roles of a solvent in a chemical reac-
tion is to drive the reaction by dissolving the reactants uni-
formly through solvation. In this respect, solubility of HFP 
in the organic solvent can be an important factor for this 
reaction. Although the exact solubility of HFP in each sol-
vent at reaction temperature was not determined, the rela-
tive solubility could be estimated by observing the pressure 
drop of HFP in the reactor. Fig. S2 shows that in all solvents 
except C6F14, the pressure of reactor decreases rapidly in 
5 min when the reaction is barely underway, and the pressure 
is maintained for 20 min when the reaction almost finish. In 
the case of C6F14, the pressure did not decrease as much as 
other solvent tested, which might be the main reason for the 
poor HFP conversion/HFPO yield in this reaction. For the 
other solvents tested, the conversion of HFP and the pressure 
drop did not correlate exactly, suggesting that other factors, 

such as the solubility of OCl¯/PTC in the organic phase and 
its ability to stabilize reaction intermediates, also play a role 
in the reaction.

Overall, the substitution of CFC-113 with HFEs seems 
quite promising in terms of HFPO yield and selectivity, and 
HFE-7200 showed the highest HFPO yield among the tested 
HFEs.

When the gas phase of the product was analyzed using 
GC and GC-Mass, the only components detected were HFP 
and HFPO (Supplementary information Fig. S3). However, 
the selectivity to HFPO was 50–80% in all the solvents 
tested, which indicates that some HFP and HFPO turn to 
non-gaseous materials during the reaction. One possible side 
product is a polymeric material formed from the polym-
erization of HFPO. The other side product could be over-
oxidation species like  CO2.

For a better understanding of the side products forma-
tion, the solution phases were analyzed after the reaction. 
The evaporation of all volatile components such as HFP, 
HFPO, and organic solvent from the organic phase left 
small amounts of viscous material, indicating polymeric 
compounds that were formed from HFPO during the reac-
tion. Meanwhile, the analysis of the water phase showed the 
decomposition of HFP/HFPO had proceeded to a substantial 
degree to trifluoroacetate  (CF3CO2¯), oxalate  (C2O4

2¯),  CO2, 
and fluoride (F¯).

When all of the volatile components were removed from 
the water phase after the reaction, a white powder remained. 
XRD analyses revealed the main components of the white 
powder were NaCl and NaF (Fig. 2). NaCl is the by-product 
of HFP oxidation, as shown in Scheme 1, while NaF is one 
of the side products, formed by the decomposition of HFPO 
during the oxidation.

When HFP is oxidized, over-oxidation produces tri-
fluoroacetate  (CF3CO2¯), oxalate  (C2O4

2¯), and  CO2 with 
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the liberation of F¯ [1, 25]. The analyses of the aqueous 
phase using 13C and 19F NMR clearly showed the formation 
of these side products. 19F NMR shown in Fig. 3 reveals the 
peaks of  CF3CO2¯ (at − 75.4 ppm) and F¯ (at − 121.6 ppm). 
The 13C NMR spectrum also shows the peaks of  CF3CO2¯ 
(172 0.5 ppm for  CO2¯, and 116 ppm for  CF3), oxalate ion 
(172.8 ppm), and carbonate ion (168.6 ppm).

Based on the intensities of each component in the 19F 
NMR, the concentration of  CF3CO2¯, F¯ and unknown fluo-
rine components were quantitated according to the organic 
solvent used (Fig. S4 in SI). Among the tested solvents, 
CFC-113 showed the highest F¯ concentration, indicating 
over-oxidation happened quite heavily. At the same time, the 
F¯ concentrations of HFEs were less than that of CFC-113. 
When the entire F concentration is divided by 6, the amount 
of over-oxidized HFPO can be calculated. Figure 1 and Fig. 
S4 also show that the degradation of HFP/HFPO was more 
severe in CFC-113 than in the HFEs, which may be another 
advantage of HFEs, besides environmental effects.

Effect of NaOH

NaOCl is a basic material; the pH of aq. NaOCl (12 wt%) is 
11.6. However, in the absence of NaOH,  Cl2 is easily formed 
by the decomposition of NaOCl due to the decrease in pH 
during the reaction as Eq. (1) (the pH after the reaction with-
out NaOH was 4.9) [26]. In the absence of NaOH, a yellow 
gas was observed in the reactor (Fig. S6 and Fig. S7) with 
the formation of  CF3CFClCF2Cl, a  Cl2 added product to 
 CF3CF=CF2 (HFP). Accordingly, in the epoxidation of HFP 
to HFPO, it was found that the HFPO yield and side prod-
uct formation were highly depended on the NaOH/NaOCl 
molar ratio.

(1)HOCl (aq) + Cl− + H+
⇌ Cl2(aq.) + H2O

Figure 4 shows that when the reaction was conducted 
in the absence of NaOH, it resulted in negligible HFPO 
formation. However, the addition of NaOH increased the 
HFPO yield and increased side product formation. When 
the molar ratio of NaOH/NaOCl was changed from 0.3 
to 1.0 with a constant amount of NaOCl (30 mmol), the 
yield of HFPO increased linearly from 9.4 to 15.1% with 
increased side product yields; the HFP portion that decom-
posed to  CF3CO2¯,  (CO2)2

2¯, and  CO3
2¯ increased from 5.5 

to 10.2%. Interestingly, when the amount of NaOH was 
increased to NaOH/NaOCl = 1.3, a rapid increase in HFPO 
yield to 41.2% was observed, which is almost triple com-
pared to the HFPO yield at NaOH/NaOCl = 1. However, 
a further increase in NaOH/NaOCl to 1.6 resulted in a 
decrease in yield to 32.8% due to the increased decomposi-
tion of HFPO. Overall, the optimum molar ratio of NaOH/
NaOCl for the highest HFPO yield was 1.3 when the 
amounts of HFP and NaOCl were 20 mmol and 30 mmol, 
respectively.

Fig. 3  NMR analysis of the 
dried solid from water phase. 
19F NMR (left) and.13C NMR 
(right)
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Mechanism Study

The epoxidation of HFP to obtain HFPO is initiated by 
the nucleophilic attack of the hypochlorite ion on the sp2-
carbon of HFP. The nucleophilic addition of O–Cl can 
occur at two different possible sites: (1) carbon-α and 
(2) carbon-β as shown in Fig. 5. Each of the sp2-carbons 
have different electrophilicity, caused by the presence 
of the electron withdrawing trifluoromethyl group on 
the carbon-β site. Previous relevant studies on the OCl-
mediated epoxidation of fluoro-olefin predicted a reaction 
pathway according to the product configurations and their 
concentrations [27–29]. Although the two reaction paths 
resulted in the same product as in this HFP oxidation, the 
detailed reaction pathway was investigated via Density 
Functional Theory (DFT) study. 

Two different propagating intermediates and transi-
tion states are incorporated in the overall kinetics of the 

reaction, as presented in Fig. 5. Depending on the reaction 
site, the intermediate states are observed in the form of 
 intα and  intβ, and the corresponding transition states,  TSα 
and  TSβ, are formed by the release of the chloride ion. The 
presence of a hydroxide ion adjacent to the chlorine helps 
the chloride ion release by abstracting a partially positively 
charged Cl from the electron rich oxygen atom. Thus, the 
addition of a base can accelerate the reaction rate, which 
is in line with the experimental results of NaOH addition.

Despite having similarly endergonic intermediates, the 
overall energy profile of each reaction pathway indicates that 
the route for HFP epoxidation prefers to follow the β-carbon 
pathway with a total energy barrier of 9.4 kcal/mol, whereas 
the α-carbon pathway requires 22.2 kcal/mol, as presented 
in Fig. 6.

The energy differences between the pathways can be 
explained using a geometrical analysis, as in S6 of SI. The 
impact of the –CF3 substituent on the interaction between 
HFP and a hypochlorite ion allows the C–O bond in the 

Fig. 5  Reaction mechanism of HFP epoxidation: two possible pathways with different nucleophilic adition sites

Fig. 6  Relative energy profiles 
of both possible pathways in the 
HFP epoxidation
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transition state to have a different bond distance and Wiberg 
bond index (WBI) depending on the reaction site carbon 
[30]. Because of the low electron density of C2, the C2–O 
bond in  TSβ is relatively strong compared with the C1–O 
in  TSα considering the short bond distance of C2–O in 
 TSβ (1.394 Å). This leads to the O–Cl bond in  TSβ being 
stretched further than the one in  TSα. Thus, the simultane-
ous bond dissociation of O–Cl is rather undemanding in the 
β pathway, followed by the easy bond formation of C1–O.

Effect of PTC

Various kinds of quaternary ammonium salt-based phase 
transfer catalysts (PTCs) were tested and the results are 
shown in Fig. 7. Tetramethylammonium chloride (TMAC) 
showed no HFPO in the gas phase, presumably due to the 
low solubility of TMAC in the organic phase, HFE-7200. 
With the increasing length of the alkyl group in the ammo-
nium salt, from ethyl to butyl, the yield of HFPO increased 
rapidly to 41.2% along with an increase of side products 
formation. Trioctylmethylammonium chloride (TOMAC) 
had HFP conversion similar to TBAC, but a lower HFPO 
yield due to the increased by-product formation. On the 
other hand, the difference between chloride and bromide 
as an counter anion in PTC was insignificant, as was also 
observed by Wang et al. with the oxidation of benzyl alcohol 
by NaOCl [31].

Like NaOH, PTC is an indispensable component in this 
oxidation reaction. Without PTC, the epoxidation reaction 
only marginally occurs (Fig. 8). Increasing the amount of 
PTC from 0.5 mol% to 3 mol% with respect to the amount 
of HFP led to an increase in HFP conversion, from 20.3% 

to 65.6%. However, the effect was more pronounced in the 
side product formation; it increased from 5.5% to 35.5%. 
As a result, the yield of HFPO reached a maximum value of 
41.2% at 1.0% addition of TBAB, but decreased to 30.2% at 
3 mol% of TBAB condition.

Effect of Reaction Time

As can be seen in Fig. 9, the yield of HFPO reached its peak 
at 20 min. Prolonging the reaction time did not increase the 
conversion but slightly decreased product selectivity, from 
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72.7% to 68.3%. After reaching the highest HFPO yield at 
20 min, longer reaction times did not significantly increase 
over-oxidation products. In fact, HFPO itself was quite stable 
to NaOCl and NaOH. When HFPO was reacted with NaOH 
and NaOCl, only 1.9% of HFPO was oxidized. HFP was 
also very stable to NaOH, at least for 20 min. Although the 
pathway for the formation of the byproduct was presumed 
to begin with HFPO oxidation (Supplementary Information 
S1), these results indicate over-oxidation did not proceed via 
HFPO but via some transition species during HFP oxidation.

Conclusion

In conclusion, this study explored the synthesis of hex-
afluoropropylene oxide (HFPO) through the epoxidation 
of hexafluoropropylene (HFP) using NaOCl in a two-phase 
solvent system. The investigation of various organic phase 
solvents highlighted the efficacy of hydrofluoroethers such 
as  C4F9OCH3,  C4F9OC2H5, and  C7F15OC2H5 in providing 
high yields of HFPO, suggesting their potential as environ-
mentally friendly alternatives to conventional and environ-
mentally harmful compounds such as CFC-113. Through a 
systematic investigation of reaction parameters, including 
the effects of NaOH and phase transition catalysts, we deter-
mined that the use of a  C4F9OC2H5-water two-phase system, 
which achieved 41.2% yield and 72.7% selectivity for HFPO 
synthesis within a short reaction time at room temperature, 
stands out as a promising approach. Density Functional The-
ory (DFT) calculations to elucidate the reaction pathway add 
a theoretical dimension to the study, further enhancing our 
understanding of the underlying mechanisms.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11814- 024- 00120-6.
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