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(57) ABSTRACT

Disclosed herein 1s a process for the preparation of fluorine-
containing olefins comprising contacting a chlorofluoroalk-
ene with hydrogen in the presence of a catalyst at a tempera-
ture sullicient to cause replacement of the chlorine
substituents with hydrogen. Also disclosed 1s a catalyst com-
position for the hydrodechlorination of chlorofluoroalkenes
comprising copper metal deposited on a support.
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METHOD OF HYDRODECHLORINATION TO
PRODUCE DIHYDROFLUORINATED
OLEFINS

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS REFERENCE(S) TO RELATED
APPLICATION(S)

This application claims the benefit of priority of U.S. Pro-
visional Applications 60/958,190, filed Jul. 3, 2007, and

61/004,518, filed Nov. 27, 2007.

BACKGROUND INFORMATION

1. Field of the Disclosure

This disclosure relates 1n general to methods of synthesis
of fluornated olefins.

2. Description of the Related Art

The fluorocarbon 1industry has been working for the past
few decades to find replacement refrigerants for the ozone
depleting chlorotluorocarbons (CFCs) and hydrochlorofluo-
rocarbons (HCFCs) being phased out as a result of the Mon-
treal Protocol. The solution for many applications has been
the commercialization of hydrofluorocarbon (HFC) com-
pounds for use as refrigerants, solvents, fire extinguishing,
agents, blowing agents and propellants. These new com-

pounds, such as HFC refrigerants, HFC-134a and HFC-125
being the most widely used at this time, have zero ozone
depletion potential and thus are not atfected by the current
regulatory phase-out as a result of the Montreal Protocol.

In addition to ozone depleting concerns, global warming 1s
another environmental concern in many of these applications.
Thus, there 1s a need for compositions that meet both low
ozone depletion standards as well as having low global warm-
ing potentials. Certain hydrofluoroolefins are believed to
meet both goals. Thus there 1s a need for manufacturing
processes that provide halogenated hydrocarbons and fluo-
roolefins that contain no chlorine that also have a low global
warming potential.

SUMMARY

Disclosed 1s a process for the preparation of fluorine-con-
taining olefins comprising contacting a chlorotfluoroalkene
with hydrogen 1n the presence of a catalyst at a temperature
suificient to cause replacement of the chlorine substituents of
the chlorofluoroalkene with hydrogen to produce a fluorine-
contaiming olefin. Also disclosed are catalyst compositions
tor the hydrodechlorination of chlorotluoroalkenes compris-
ing copper metal deposited on a support, and comprising
palladium deposited on calcium fluoride, poisoned with lead.

The foregoing general description and the following
detailed description are exemplary and explanatory only and
are not restrictive of the invention, as defined in the appended
claims.

DETAILED DESCRIPTION

Disclosed 1s a process for the preparation of fluorine-con-
taining olefins comprising contacting a chlorofluoroalkene
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2

with hydrogen 1n the presence of a catalyst at a temperature
suificient to cause replacement of the chlorine substituents of
the chlorofluoroalkene with hydrogen to produce a fluorine-
containing olefin. Also disclosed are catalyst compositions
tor the hydrodechlorination of chlorofluoroalkenes compris-
ing copper metal deposited on a support, and comprising
palladium deposited on calcium fluoride, poisoned with lead.

Many aspects and embodiments have been described
above and are merely exemplary and not limiting. After read-
ing this specification, skilled artisans appreciate that other
aspects and embodiments are possible without departing
from the scope of the invention. Other features and benefits of
any one or more of the embodiments will be apparent from the
following detailed description, and from the claims.

Before addressing details of embodiments described
below, some terms are defined or clarified.

As used herein the term chlorofluoroalkene refers to com-
pounds of the formula R CCI=—CCIR, wherein each R,1s a
perfluoroalkyl group independently selected from the group
consisting of CF;, C,F., n-C,F-, 1-C,F-, n-C,F,, 1-C,F, and
t-C,F,y, and wherein one of the R . groups may be F. As used
herein, the chlorofluoroalkenes referred to may be eitther the
E-stereoisomer, the Z-stereoisomer, or any mixture thereof.

As used herein, the term fluorine-containing olefin refers to
compounds of formula E- or Z—R'CH=—CHR", wherein
each of R' and R* are, perfluoroalkyl groups independently
selected from the group consisting of CF;, C,F., n-CiF-,
i-C,F., n-CF,, i-C,F, and t-C,F,, and wherein R* may be F.

As used herein, an alloy 1s a metal that 1s a combination of
two or more elements, at least one of which 1s a metal.

In one embodiment, the process 1s run 1n the presence of a
catalyst.

Hydrogenation catalysts containing copper, nickel, chro-
mium, palladium, and ruthentum are known 1n the art. They
may be prepared by either precipitation methods or impreg-
nation methods as generally described by Satterfield on pages
87-112 in Heterogeneous Catalysis in Industrial Practice, 2”4
edition (McGraw-Hill, New York, 1991).

In one embodiment, the catalyst for the process is selected
from the group consisting of copper on carbon, copper on
calcium fluoride, palladium on barium sulfate, palladium/
bartum chloride on alumina, Lindlar catalyst (palladium on
CaCQO;, poisoned with lead), palladium on calctum fluoride
poisoned with lead, copper and nickel on carbon, nickel on
carbon, nickel on calcium fluoride, copper/nickel/chromium
on calcium fluoride and unsupported alloys of copper and
nickel.

In another embodiment, the catalyst 1s selected from the
group consisting of copper on carbon, copper on calcium
fluoride, copper and nickel on carbon, nickel on carbon, cop-
per/nickel/chromium on calcium fluoride and unsupported
alloys of copper and nickel. In one embodiment, the amount
of copper on carbon or calctum fluoride support 1s from about
1% by weight to about 25% by weight. The carbon support
may be acid washed carbon.

In one embodiment, the palladium on bartum sulfate cata-
lyst may contain from about 0.05% to 10% by weight palla-
dium. In one embodiment, copper and nickel on carbon may
contain from about 1% to about 25% by weight copper and
nickel combined on the carbon support. The carbon support
may be any of the carbon supports as described previously
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herein for other catalysts. The weight ratio of the copper to
nickel in the copper and nickel on carbon catalyst may range
from about 2:1 to about 1:2.

In one embodiment, the palladium/barium chloride on alu-
mina catalyst may contain from about 1% to about 25% by
weilght barium chloride and from about 0.05% to about 10%
by weight palladium relative to the total weight of the catalyst
composition. Preparation of a palladium/bartum chloride on
alumina catalyst 1s described 1n U.S. Pat. No. 5,243,103, the
disclosure of which 1s herein incorporated by reference.

In one embodiment, the palladium on calctum fluoride
catalyst poisoned with lead may contain from about 0.02% to
about 3% palladium by weight. In one embodiment, 1n the
preparation of the palladium on calcium fluoride poisoned

with lead catalyst, the ratio of lead acetate 1n solution to

palladium on support 1s from about 0.5:1 to about 2:1.

In one embodiment, the molar ratio of copper:nickel:chro-
mium oxide 1n the copper/nickel/chromium on calcium fluo-
ride catalyst 1s from about O to about 1 copper, from about 0.5
to about 3.0 nickel, and from about O to about 2 chromium. In
one embodiment, the molar ratio of copper:nickel:chromium
in the copper/nickel/chromium on calcium fluoride catalystis
1.0:1.0:1.0. In another embodiment, the molar ratio1s 1.0:2.0:
1.0. In yet another embodiment, the molar ratio 1s 1.0:2.0:
0.25. In yet another embodiment, the molar ratio 1s 0.5:3.0:
0.5. In yvet another embodiment, the molar ratio 1s 0.5:0.5:2.0.
In yet another embodiment, the molar ratio 1s 0:3.0:1.0. In yet
another embodiment, the molar ratio 1s 1:3.0:0. In one
embodiment, the weight ratio of total catalyst material to
support material may be from about 1:2 to about 2:1. A
method of preparation of the copper/nickel/chrome catalyst s
described in U.S. Pat. No. 2,900,423, the disclosure of which
1s herein incorporated by reference.

In one embodiment, the unsupported alloys of copper and
nickel include those described by Boudart in Journal of
Catalysis, 81, 204-13, 1983, the disclosure of which 1s herein
incorporated by reference. In one embodiment, the mole ratio

of Cu:Ni 1n the catalysts may range from about 1:99 to about
99:1. In another embodiment, the mole ratio of Cu:Ni1s about
1:1.

In one embodiment, the contact time for the process ranges
from about 2 to about 120 seconds.

In one embodiment, the ratio of hydrogen to chlorofluoro-
alkene 1s from about 1:1 to about 7.5:1. In another embodi-
ment, the ratio of hydrogen to chlorofluoroalkene 1s from
about 1:1 to about 5:1. In another embodiment, the ratio of
hydrogen to chlorotluoroalkene 1s from about 5:1 to about
10:1.

In one embodiment, the process for preparation of fluorine-
containing olefins comprises reacting a chlorofluoroalkene
with hydrogen 1n a reaction vessel constructed of an acid
resistant alloy material. Such acid resistant alloy materials
include stainless steels, high nickel alloys, such as Monel,
Hastelloy, and Inconel. In one embodiment, the reaction takes
place 1n the vapor phase.

In one embodiment, the temperature at which the process 1s
run may be a temperature suificient to cause replacement of
the chlorine substituents with hydrogen. In another embodi-

ment, the process 1s conducted at a temperature of from about
100° C. to about 450° C.
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4

In some embodiments, the pressure for the hydrodechlori-
nation reaction 1s not critical. In other embodiments, the
process 1s performed at atmospheric or autogenous pressure.
Means may be provided for the venting of the excess pressure
of hydrogen chloride formed 1n the reaction and may offer an
advantage 1n minimizing the formation of side products.

Additional products of the reaction may include partially
hydrodechlorinated intermediates; saturated hydrogenated
compounds; various partially chlorinated intermediates or
saturated compounds; and hydrogen chlonnde (HCI). For
example, wherein the chlorofluoroalkene 1s 2,3-dichloro-1,1,
1,4,4.4-hexatluoro-2-butene (CFC-1316mxx, E- and/or
Z-1somers), the compounds formed in addition to E- and/or
7-1,1,1,4.4,4-hexatluoro-2-butene (E- and/or Z-HFC-
1336mzz) may include, 1,1,1,4,4,4-hexatluorobutane (HFC-
356mil), pentatluorobutane (HFC-1345, different 1somers),
2-chloro-1,1,1,1.4,4,4-hexatluorobutane (HFC-346mdi), E
and/or Z-2-chloro-1,1,1,4,4,4-hexatluoro-2-butene (E- and/
or Z-HCFC-1326mxz), and 1,1,1,4,4,4-hexafluoro-2-butyne
(HEB).

In certain embodiments, the present disclosure provides a
catalyst composition for the hydrodechlorination of chlorot-
luoroalkenes comprising copper metal deposited on a sup-
port.

In one embodiment, the catalyst composition for the hydro-
dechlorination of chlorofluoroalkenes comprises copper
metal deposited on a support comprising acid-washed carbon
or calctum fluoride.

In one embodiment, the catalyst composition for the hydro-
dechlorination of chlorofluoroalkenes comprises copper
metal deposited on a support wherein said copper metal com-
prises about 5% to about 25% by weight of the catalyst
composition.

As used herein, the terms “comprises,” “comprising,”
“includes,” “including,” “has,” “having” or any other varia-
tion thereot, are intended to cover a non-exclusive inclusion.
For example, a process, method, article, or apparatus that
comprises a list of elements 1s not necessarily limited to only
those elements but may include other elements not expressly
listed or inherent to such process, method, article, or appara-
tus. Further, unless expressly stated to the contrary, “or”
refers to an inclusive or and not to an exclusive or. For
example, a condition A or B 1s satisfied by any one of the
following: A 1s true (or present) and B 1s false (or not present),
A 1s false (or not present) and B 1s true (or present), and both
A and B are true (or present).

Also, useof “a” or “an” are employed to describe elements
and components described herein. This 1s done merely for
convenience and to give a general sense of the scope of the
invention. This description should be read to include one or at
least one and the singular also includes the plural unless it 1s
obvious that it 1s meant otherwise.

Group numbers corresponding to columns within the Peri-
odic Table of the elements use the “New Notation™ conven-
tion as seen 1n the CRC Handbook of Chemistry and Physics,
81°° Edition (2000-2001).

Unless otherwise defined, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill 1n the art to which this invention
belongs. Although methods and materials similar or equiva-
lent to those described herein can be used in the practice or
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testing ol embodiments of the present invention, suitable
methods and matenals are described below. All publications,
patent applications, patents, and other references mentioned
herein are incorporated by reference 1n their entirely, unless a

particular passage 1s cited. In case of conflict, the present
specification, including definitions, will control. In addition,

the materials, methods, and examples are 1llustrative only and
not intended to be limiting.

EXAMPLES

The concepts described herein will be further described in
the following examples, which do not limit the scope of the
invention described 1n the claims.

Temp
> C.

310
310
310
310
311
339

340
340
340
340
340
340
340

In the examples the follow abbreviations or codes may be
used:
C'T=contact time
t-1336=E-1336mzz=E-CF ;CH—CHCEF,
c-1336=/-1336mzz=7/—CF ,CH—CHCEF3
356mit=CF,CH,CH,CF,
1345=C_ ,H,F.
346 mdi=CF,CHCICH,CF,
1326=E- and/or Z—CF,CH—CCICF,
t-1326mxz=7-1326mxz=/—CF ,CH—CCICF,
c-1326mxz=E-1326 mxz=E-CF,;CH—CCICF,
1316mxx=E/Z—CF,CCI—=CCICF,
t-1316mxx=E-1316mxx=E-CF ,CCl—=CCICF,
c-1316mxx=7-1316mxx=/—CF,CCI—=CCICF,
171-14mcexx=E/Z—CF;CF ,CF ,CCl—=CCICF ,CF,CF,
173-14mcczz=E/7Z—CF,CF,CF ,CH—CHCF,CF,CF,

10

15

6
t-172-14=E-CF,CF,CF,CCl=—CHCF,CF,CF,
¢c-172-14=7— CF,CF,CF,CCl-—CHCF.CF,CF,
HFB=CF,C=CCF,

Example 1

Example 1 demonstrates the conversion of CFC-1316mxx
to HFC-1336mzz over Cu on carbon catalyst.

An Inconel® tube (34 mnch OD) was filled with 13 cc (5.3
gm) of 25% Cu on acid washed carbon (18-30 mesh). The
temperature of the reactor was raised to 100° C. for 30 min-
utes under N, flow (30 sccm, 5.0x10™" m*/sec). The tempera-
ture was then increased to 250° C. under H, tlow for one hour.

The temperature and flows were changed as described 1n the
experiments in Table 1, below, and the reactor effluent was
analyzed by GCMS to provide the following molar percent of
products.

TABLE 1
Molar
CT ratio Reactor effluent concentration (molar %o)
(sec) H-/1316 t-1336 356mit 1345 c¢-1336 346mdf 1316mxx 1326
74 5.2:1 12 0 0 5 0 0 81
120 2.9:1 40 3 4 9 2 0 42
120 3.0:1 40 4 4 9 2 0 40
121 2.9:1 36 2 2 8 2 0 50
125 2.7:1 28 0 0 6 0 0 65
74 5.1:1 36 2 2 10 2 0 47
97 3.4:1 48 3 5 12 0 0 33
100 3.4:1 46 3 3 11 2 0 36
68 5.3:1 40 2 4 12 2 0 40
73 4.8:1 29 I 2 11 0 0 57
123 2.4:1 52 3 3 11 0 0 30
71 5.4:1 39 2 4 11 2 0 42
118 2.6:1 52 3 5 I1 0 0 27
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Example 2

Example 2 demonstrates the conversion of CFC-1316mxx
to HFC-1336mzz over Pd/BaCl,/Al,O, catalyst.

A Hastelloy reactor 10"LxY2" 0.d.x0.034" wall was filled
with 11 cc of the catalyst. The catalyst was conditioned at
150° C. for 65 hrs in hydrogen flow of 50 sccm (8.3x107
m->/sec). Then the temperature was raised to 300° C. for 2 hrs
at the same tlow. The hydrodechlorination of 1316mxx was
studied at temperatures of 240-400° C. as indicated in Table 2.
Products of the reaction were analyzed by GCMS to give the
tollowing molar concentrations.
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TABLE 2
Molar

Temp CT ratio Reactor effluent concentration (molar %)

deg C. (sec) H-/1316mxx t-1336 1345 356mif c-1336 t-1326mxz c-1326mxz t-1316mxx c-1316mxx
240 30 1:1 11.96 0.65 7.58 1.14 19.41 0.62 49.70 1.82
240 30 1:1 11.39  0.57 7.81 1.13 20.35 0.64 49.21 1.79
300 10 2:1 23.55 3.3% 13.30 1.39 27.14 0.27 15.98 0.26
300 10 2:1 2231  2.55 14.59 1.35 27.50 0.32 17.76 0.37
325 30 1:1 2695 0.30 3.14 3.0 19.77 0.99 3R8.91 3.06
325 30 1:1 2408  0.30 2.63 492 18.51 1.00 42.39 3.31
350 30 1:1 23.51 1.72 6.66 7.15 22.53 0.80 29.95 2.17
400 30 1:1 17.66 143 2.40 1.19 15.65 1.01 47.46 7.84

15

Example 3

Example 3 demonstrates the conversion of CFC-1316mxx
to HFC-1336mzz over Pd/BaSO,, catalyst.

A Hastelloy reactor 10"LxY2" 0.d.x0.034" wall was filled 5,
with 11 cc (19.36 g) of the catalyst. The catalyst was condi-
tioned at 300° C. for 2 hrs in hydrogen flow of 350 sccm
(8.3x107" m*/sec). The hydrodechlorination of 1316mxx was
studied at 100-200° C. as indicated 1n Table 3, below. The
mole ratio of hydrogen to 1316mxx was 1:1. Contact time for
all runs 1n Table 3 was 60 seconds. Products of the reaction
were analyzed by GCMS to give the following molar concen-
trations.

25

Example 5

Example 5 demonstrates the conversion of CFC-1316mxx
to HFC-1336mzz over Cu on carbon catalyst.

In a 400 ml Pyrex beaker a solution 01 10.73 g CuCl,.2H,O
was prepared mn 65 ml ol 10% HCI in deionized water. 46.0 g
of acid washed carbon (10/30 mesh) was added to the solu-
tion. The stiif slurry was allowed to stand at room temperature
for 1 hr with occasional stirring. Then the slurry was dried at

110-120° C. under air overnight. After that the catalyst was

transierred into quartz tube which was purged with 500 sccm
(8.3x107°m>/sec) N, at 25° C. for 15 min, then 100 sccm each

TABLE 3
Temp Reactor effluent concentration (molar %)
°C. t-1336 356mif c¢-1336 t-1326mxz 346mdf c-1326mxz t-1316mxx c-1316mxx
200  10.64 13.35 0.45 31.66 10.91 0.90 29.81 0.54
200  10.25 13.40 0.44 30.56 10.16 0.99 31.85 0.61

Example 4

Example 4 demonstrates the conversion of CFC-1316mxx .
to HFC-1336mzz over Lindlar catalyst.

Lindlar catalyst (from Strem Chemicals, Inc., Newbury-
port, Mass., USA) was pelletized and sieved to 12/20 mesh.
25 g of the catalyst was loaded into a Hastelloy reactor 10"Lx
15" 0.d.x0.034" wall thickness. The catalyst was conditioned >Y
at 300° C. for 2 hrs in hydrogen flow of 50 sccm (8.3x107’
m°/sec). The hydrodechlorination of 1316mxx was studied at
200-250° C. The mole ratio of hydrogen: 1316 was 2:1 and the
contact time was 45 seconds for all runs in Table 4. Products
ol the reaction were analyzed by GCMS to give the following

55

He and H,, for 15 min. Then the catalyst was heated at 5°
C./min to 500° C. for 6 hrs in He/H,. The procedure gave
48.52 g of catalyst.

A Hastelloy reactor 10"Lx%2" 0.d.x0.034" wall was filled
with 11 cc (4.73 g) of 8% Cu on acid washed carbon catalyst.
The catalyst was conditioned at 150° C. for 16 hrs 1n hydrogen

flow of 50 sccm (8.3x107" m*/sec). The temperature was
raised to 350° C. for 2 hrs i hydrogen flow of 50 sccm
(8.3x10~" m°/sec). The hydrodechlorination of 131 6mxx was
studied at temperatures ranging from about 300 to 400° C. as
indicated 1n Table 5, below. Products of the reaction were

analyzed by GCMS to give the following molar concentra-

molar concentrations. tions.
TABLE 4
Temp Reactor effluent concentration (molar %)
°C. t-1336 356mit ¢-1336 t-1326mxz 346mdf c¢-1326mxz t-1316mxx c¢-1316mxx
200 6.17 7.64 19.74 25.59 0.28 0.29 3R8.00 1.20
200 3.39 4.04 14.07 20.34 0.29 0.53 53.90 2.31
250 2.33 1.03 49.75 7.70 0.00 0.66 33.03 2.82
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TABL.

(Ll

D

Reactor effluent concentration (molar %)

10

Molar
Temp CT ratio
°C. (sec) H,/1316 t-1336 1345 356mit
300 30 4:1 0.58 0.0 0.40 0.09 31.47 1.65
300 60 4:1 1.65 0.0 1.18 0.12 73.93 4.16
340 60 4:1 27.34  0.06 0.90 1.38 66.35 2.87
340 75 5:1 56.81  1.18 3.42 3.25 32.00 1.14
325 75 5:1 35.80  0.66 2.62 2.63 53.64 2.05
360 75 5:1 68.83  2.54 5.14 3.21 17.76 0.63
360 75 5:1 66.08  2.63 5.27 3.39 19.91 0.68
400 75 5:1 65.00 9.13 17.40 2.10 0.48 0.00
400 50 5:1 69.78  5.93 8.94 4.39 7.07 0.08

Example 6

Example 6 demonstrates the conversion of CFC-1316mxx

c-1336 t-1326mxz c-1326mxz t-1316mxx t-1316mxx

34.41 29.85
5.16 11.72
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

sccm (8.3x1077 m’/sec). The hydrodechlorination of
1316mxx was studied at a temperature range of 250-450° C.

as 1ndicated in Table 6, below. The contact time was 45

to HFC-1336mzz over Cu on calcium fluoride catalyst. 20 |
A Hastelloy reactor 10"Lx4" 0.d.x0.034" wall was filled seconds and the mole ratio of hydrogen:1316 was 5:1 for all
with 10.5 cc (15.22 g) 0of 8% Cu on CaF, catalyst. The catalyst runs 1n Table 6. Products of the reaction were analyzed by
was conditioned at 300° C. for 18 hrs 1in hydrogen flow of 50 GCMS to give the following molar concentrations.
TABLE 6
Temp Reactor effluent concentration (molar %)
°C. HFB t1336 356mif c¢-1336 t-1326mxz c¢-1326mxz t-1316mxx c-1316mxx
250  0.32 0.21 0.43 0.68 0.72 0.12 R7.73 9.21
250 0.27 0.21 0.38 0.59 0.71 0.12 87.05 9.49
300  0.86 0.14 0.24 0.28 0.92 0.19 87.01 9.66
300 0.95 0.16 0.31 0.15 1.04 0.21 87.14 9.4%
400  R8.04 0.16 0.22 0.11 1.77 0.42 75.64 12.98
450  3.36 0.13 0.19 0.09 1.93 0.4%8 58.16 35.07
Example 7

Example 7 demonstrates the conversion of CFC-1316mxx

40 to HFC-1336 over Cu/Ni on carbon catalyst.

A Hastelloy reactor 13"Lx1" 0.d.x0.074" wall was filled
with 23 cc (8.7 g) of 1% Cu/1% N1 on carbon catalyst. The
catalyst was conditioned with 50 sccm (8.3x10™" m?/sec) of
hydrogen tlow according to the following protocol: 1 hr at 50°

4 (., followed by 1 hr at 100° C., followed by 1 hr at 150° C.,
followed by 1 hr at 200° C., followed by 1 hr at 250° C.,
followed by 2 hr at 300° C., followed by a final 16 hrs at 200°
C.

50 The hydrodechlorination of 1316mxx was studied over a
temperature range of 200-375° C. Products of the reaction
were analyzed by GCMS to give the molar concentrations as
listed 1n Table 7.

TABLE 7
Molar

Temp CT ratio Reactor effluent concentration (molar %)

°C. (sec) H-/1316 t-1336 ¢-1336 t-1326mxz c-1326mxz t-1316mxx c-1316mxx
200 75 5:1 0.14 0.47 40.50 1.24 51.34 5.3%8
300 7 5:1 7.10 0.61 R7.28 3.91 0.08 0.12
300 75 7.5:1 34.31 4.04 5%8.68 1.64 0.00 0.00
350 30 7.5:1 60.33 6.51 29.96 0.47 0.00 0.00
375 30 7.5:1 75.71 0.98 8.41 0.05 0.00 0.00
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Example 8

Example 8 demonstrates the conversion of CFC-1316mxx

to HFC-1336mzz over Ni on carbon catalyst.

A Hastelloy reactor 15"Lx1" 0.d.x0.074" wall was filled
with 23cc (10.58 g) of 8% Ni on carbon catalyst. The catalyst
was conditioned at 50 sccm (8.3x1077 m*/sec) of hydrogen

flow according to the following protocol: 1 hr at 50° C.,
followed by 1 hr at 100° C., followed by 1 hr at 150° C.,
followed by 1 hr at 200° C., followed by 1 hr at 250° C.,
followed by 2 hrs at 300° C., and finally followed by 16 hrs at
250° C.

The hydrodechlormation of 1316mxx was studied at a
temperature range of 250-375° C. Products of the reaction

were analyzed by GCMS to give the molar concentrations as
listed 1n Table 8.

TABL.

(L]
o0

Molar
Temp CT ratio

10

15
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CaF, (12/30 mesh, sintered) was added to the solution. 46.0 g
of acid washed carbon (10/30 mesh) was added to the solu-
tion. The mixture was placed on a warm hotplate and dried to
a damp solid 150-160° C. under air overnight. Then the cata-
lyst was placed 1n quartz tube which was purged with 500
sccm (8.3x107° m>/sec) N, at 25° C. for 30 min, then 100
sccm each of He and H, for 15 min. Then the catalyst was
heated at 0.5° C./min to 350° C. for 12 hrs in He/H,. After
cooling in He/H,,, the sample was passivated 1n 2% O,.N,, at
room temperature for 30 min. 22.728 g of the catalyst was
made.

A Hastelloy reactor 13"Lx1" 0.d.x0.074" wall was filled
with 23 cc (15.24 g) of 5% Ni on CaF, catalyst. The catalyst

was conditioned at 50 sccm (8.3x107" m*/sec) hydrogen

Flow according to the following protocol: 1 hr at 50° C.,

followed by 1 hr at 100° C., followed by 1 hr at 150° C.,
followed by 1 hr at 200° C., and finally followed by 16 hr at
250° C.

Reactor effluent concentration (molar %)

356mit ¢-1336 t-1326mxz c¢-1326mxz t-1316mxx ¢-1316mxx

°C. (sec) H,/1316 HFB t1336 1345

250 30  7.5:1 000 030 00 0.08 1.53 12.01
275 30  7.5:1 004 051 004  0.12 3.13 17.14
300 30  7.5:1 013 124 008  0.19 5.65  27.44
325 30  75:1 039 371 015 0.8 R84 4478
350 30 7.5:1  1.04 1205 030 048  11.69 5859
375 30 75:1 074 3063 062 112 11.84  47.46
375 75 7.5:1 004 6130 129  3.06 697  21.86
375 75 4:1  0.19 4961 059  1.17 805  34.63

0.65 73.11 11.75
0.90 54.74 22.59
1.32 36.19 26.62
2.13 20.05 18.01
2.68 5.70 >.12
1.78 1.00 0.86
0.39 0.00 0.00
1.02 0.13 0.12

Example 9

Example 9 demonstrates the conversion of CFC-1316mxx
to HFC-1336mzz over Ni on calcium fluoride catalyst.

In a 400 ml Pyrex beaker a solution of 5.698 g N1(NO,),.
6H,0O was prepared 1n 25 ml of deionized water. 21.76 g of

65

The hydrodechlorination of 1316mxx was studied at a
temperature range of 250-450° C. and the products indicated
in Table 9, below. Contact time was 75 seconds 1n all cases.
The ratio of hydrogen to 1316mxx was 5:1 1n all cases.
Products of the reaction were analyzed by GCMS to give the

molar concentrations as listed in Table 9.
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TABLE 9
Temp Reactor effluent concentration (molar %)
°C.  t1336 1345 356mitf c¢-1336 t-1326mxz c¢-1326mxz t-1316mxx c-1316mxx
250 0.09 0.23 0.64 2.45 1.08 0.19 84.59 9.49
400 7.52 142 1.93 29.96 3.37 0.54 31.20 13.76
450 1237  1.40 3.54 35.69 3.07 0.41 14.26 12.00
450 249  0.34 0.81 12.95 1.97 0.40 39.60 33.21

Example 10

Example 10 demonstrates the conversion of CFC-
1316mxx to HFC-1336mzz over a Cu/N1/Cr on calcium fluo-
ride catalyst.

A Hastelloy reactor 10"Lx12" 0.d.x0.034" wall was filled
with 11 cc of Cu/N1/Cr/CaF2 (with molar ratio of metals

1:1:1) catalyst made by the process described in U.S. Pat. No.

15

9.4% Cr, 6.9% N1, and 6.1% Cu, and 3.0% K. The catalyst
was conditioned at 250° C. for 90 hrs in hydrogen tlow of 50
sccm (8.3x107" m*/sec). The temperature was raised to 400°

C. for 2 hrs in hydrogen flow of 50 sccm (8.3x107" m™/sec).
The hydrodechlorination of 1316mxx was studied at a tem-
perature range of 350-450° C., as indicated by the results in
Table 10, below. For all runs in Table 10, the ratio of hydro-
gen:1316 was 2:1. Products of the reaction were analyzed by
GCMS to give the molar concentrations as listed 1n table 10.

TABL.

T

10

Reactor effluent concentration (molar %)

t-1336  356mitf c¢-1336 t-1326mxz c-1326mxz t-1316mxx c-1316mxx
0.4 0.0 1.8 3.7 0.3 61.9 6.7
0.7 0.0 3.2 2.8 0.3 533.4 0.8
0.6 0.4 0.8 2.2 0.4 41.2 14.8
0.9 0.7 2.3 5.0 0.6 35.1 0.8
1.1 0.6 2.7 6.0 0.7 30.1 0.1
4.5 0.4 10.7 6.1 0.5 8.5 3.9

Example 11

Example 11 demonstrates the conversion of
CFC-1316mxx to HFC-1336mzz over a Cu/Ni1/Cr on
calctum fluoride catalyst.

A Hastelloy reactor 10"Lx%2" 0.d.x0.034" wall was filled
with 11 cc of Cu/N1/Cr/CaF2 (with molar ratio of metals
1:2:1) catalyst made by the process described in U.S. Pat. No.
2,900,423. The catalyst was conditioned at 400" C. for 2 hrs 1n
hydrogen flow of 50 sccm (8.3x1077 m>/sec). The hydro-
dechlorination of 1316mxx was studied at a temperature
range of 350-450° C. Products of the reaction were analyzed
by GCMS to give the molar concentrations as indicated by the
results 1n Table 11, below.

TABL.

T

11

Reactor effluent concentration (molar %o)

2,900,423, This catalyst was analyzed by X-Ray Fluores- 20
cence and found to contain (mole %) 61.0% F, 13.5% Ca,
Temp CT
°C. (sec) HFB
350 15 22.9
400 15 29.5
450 15 30.5
400 30 405
400 45 433
450 45 53.1
35
40
45
Molar
Temp CT Ratio
°C. (sec) H,/1316 HFB
350 30 2:1 16.91
375 30 2:1 27.69
375 45 2:1 29.86
375 45 4:1 23.30
375 45 6:1 4.51

t-1336 ¢-1336 1345 t-1326mxz c¢-1326mxz t-1316mxx c-1316mxx
2.77 22.22 6.90 16.96 2.2 19.55 1.60
2.81 2473 5.66 13.25 1.0%8 13.64 1.05
2.22 22.32 2.94 12.85 0.9% 19.42 1.86
5.68 38.11  2.25 16.84 0.85 0.68 0.70
1.69 47.19 2.4 6.89 0.42 26.09 3.16
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Example 12

Example 12 demonstrates the preparation ol an unsup-

ported copper/nickel catalyst.
115 g (0.48 mole) of Cu(NO,),*4H,O was dissolved 1n

250 ml of water. 145.5 g (0.5 mole) of N1(NO,),*6H,O was
dissolved 1 250 ml H,O mixed together with the copper
solution, and then added to 174 g (2.2 g) of NH,HCO, dis-
solved 1n 2 L H,O. The resulting slurry was stirred for 1 hr,
allowed to settled overnight and filtered (paper filter). Solids
were placed 1n a beaker with 2 L of water, stirred and filtered
again. The mixed carbonates were dried 1n vacuum at 90° C.
tor 24 hrs. Then, they were crushed and calcined 1n air at 400°
C. for 2 hrs, then, recrushed, placed into furnace and reduced
in a regime as follows. The temperature was ramped from
room temperature to 260° C. 1n He, The concentration of H,
was 1ncreased to pure H, over 4 hrs, after which the tempera-
ture was 1ncreased to 350° C. and reduction was carried out
for 16 hrs. The samples were passivated by cooling to room
temperature in flowing He, gradually increasing the concen-
tration of O, 1n the He stream over 2 hrs. 46 g ot black powder
was made. The powder was pressed and pelletized 1nto 12-20
mesh size.

Example 13

Example 13 1llustrates the conversion of
CFC-1316mxx to HFC-1336mzz over the catalyst of
example 12.

A Hastelloy reactor 15"Lx1" 0.d.x0.074" wall was filled
with 10 cc (25 g) of Cu/Ni1 catalyst. The catalyst was condi-
tioned at 50 sccm (8.3x10™" m*/sec) hydrogen flow at 350° C.
The hydrodechlorination of 1316mxx was studied at a tem-
perature range of 250-325° C. and the products indicated in
Table, below. Contact time was 15-60 seconds. The ratio of
hydrogento 1316mxx was 5:1 or 7:1. Products of the reaction
were analyzed by GCMS to give the molar concentrations as

listed 1n Table 12.

TABLE 12
Contact
H2/1316 Time, Temp

ratio sec °C. t-1336 1345

5:1 30 250 0.09 0.47 0.15 5.7 1.4
5:1 30 300 0.54 1.28 0.49 21.56 3.41
5:1 30 325 1.04 2.13 2.13 33 4.04
7:1 30 325 1 2.23 0.65 39.2 3.18%
5:1 45 325 0.88 1.54 0.51 34.28 3.66
5:1 60 325 1 1.96 062 42,778 4.46
5:1 15 325 0.5 0.8 0.27 24.26 1.41

Example 14

Example 14 1llustrates the conversion of 4,5-dichlo-
ropertluoro-4-octene (CFC-171-14mcecx) to 4,5-di-
hydropertluoro-4-octene (173-14mccz) over Cu:Ni:

Cr (0.5:0.48:0.02) catalyst.

An Inconel® tube (34 inch OD) was filled with 11 cc of
Cu:Ni:Cr catalyst (12-20 mesh). The catalyst was activated at
350° C. for 2 hours under H, flow. 4,5-Dichloropertluoro-4-
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octene was evaporated at 200° C., and fed to the reactor at a
flow rate of 1 mL/hour. The reaction was run at 300° C. Table
13 below shows contact time and hydrogen to 171-14 ratio,

and the composition of the reactor effluent as analyzed by

GCMS to provide the following molar percent of products.

TABLE 13
Contact
Temp time  Molar ratio
°C. (sec) H-,:171-14  ¢-173-14 t-172-14 c-172-14 t-171-14
300 30 10:1 53.1 5.2 7.7 22.6
Example 15

In a 400 ml Teflon beaker, a solution of 3.33 g PdCl, (60%
Pd) in 100 ml 10% HCI/H,O was made. 98 g of CaF, was
added to the beaker. The slurry was allowed to stand at RT for

1 Hr with occasional stirring and then dried at 110° C. with
occasional stirring. The dried solid was crushed to a powder
and the powder was reduced at 300° C. 1n a He—H,, tlow for
8 hrs. The iitial gas composition forth reduction 1s 10% H,,
increasing to 100% over 4 hours. Then 2.45 g of lead acetate
was dissolved in 100 ml of water. To the beaker with the lead
acetate solution 99.3 g of 2% Pd/Cal’, was added. The slurry
was stirred at 50° C. for 2 hrs. The solid was collected on filter
paper and dried at 110° C. for 16 hrs. The catalyst was pressed
and pelletized to 12-20 mesh size.

356mit ¢-1336 t-1326mxz t-1316mxx c¢-1316mxx

54.775 35.9%
44.24 24.9%
36.39 17.41
32.46 17.36
35.2 20.39
30.27 15.24
43 28.14

Example 16

A Hastelloy reactor 13"Lx1" 0.d.x0.074" wall was filled

U with 5 cc of the catalyst of Example 15. The catalyst was

65

conditioned at 50 sccm (8.3x107" m*/sec) hydrogen flow at
250° C. The hydrodechlorination of 1316mxx was studied
over a temperature range of 200-300° C. and the products
indicated in Table 14, below. Contact time was from 2.5 to 30
seconds. The ratio of hydrogen to 1316mxx was from 2:1 to
6.3:1 as indicated. Products of the reaction were analyzed by
GCMS to give the molar concentrations as listed 1n Table 14.
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TABLE 14
Contact
H2/1316 Time, Temp

ratio sec °C. t-1336 356mif

2:1 30 200 4.78 9.26 13.22 11.46 2.32

2:1 30 250  14.96 16.21 17.97 254 3.21

2:1 4 250 2.66 2.85 13.03 8.91 1.14

4:1 2.5 250 2.79 3.59 13.52 8.96 1.42
6.3:1 2.5 200 2.92 5.65 12.57 12.83 1.73
6.3:1 2.5 250 6.68 8.11 23.58 21.26 1.32

Note that not all of the activities described above 1n the
general description or the examples are required, that a por-
tion of a specific activity may not be required, and that one or
more further activities may be performed 1n addition to those
described. Still further, the order 1n which activities are listed
are not necessarily the order 1n which they are performed.

In the foregoing specification, the concepts have been
described with reference to specific embodiments. However,
one of ordinary skill 1n the art appreciates that various modi-
fications and changes can be made without departing from the
scope of the mvention as set forth in the claims below.
Accordingly, the specification and figures are to be regarded
in an 1llustrative rather than a restrictive sense, and all such
modifications are intended to be included within the scope of
invention.

Benefits, other advantages, and solutions to problems have
been described above with regard to specific embodiments.
However, the benefits, advantages, solutions to problems, and
any feature(s) that may cause any benefit, advantage, or solu-
tion to occur or become more pronounced are not to be con-
strued as a critical, required, or essential feature of any or all
the claims.

It 1s to be appreciated that certain features are, for clarity,
described herein in the context of separate embodiments, may
also be provided in combination 1n a single embodiment.
Conversely, various features that are, for brevity, described 1in
the context of a single embodiment, may also be provided
separately or 1n any subcombination. Further, any reference
to values stated in ranges includes each and every value
within that range.

What 1s claimed 1s:
1. A process for the preparation of fluorine-containing ole-

fins comprising contacting a chlorofluoroalkene having the
formula R CCI=—=CCIR - wherein each R.1s a perfluoroalky]l
group independently selected from the group consisting of
CF;, C,F., n-C,F-, 1-C,F,, n-C,F,, 1-C F, and t-C F,, and
wherein one of the R -groups may be F with hydrogen in the
presence of a catalyst at a temperature suilicient to cause
replacement of the chlorine substituents of the chlorofluoro-
alkene with hydrogen to produce a product mixture compris-

ing a fluorine-containing olefin having the formula E- or
7Z—R'CH=CHR?, and optionally, a chlorofluoroolefin hav-

ing the formula E- or Z—R' CCI—CHR", wherein each of R’
and R” are, perfluoroalkyl groups independently selected
from the group consisting of CF,, C,F., n-C,F,, 1-C,F,
n-C,F,,1-C F,andt-C F,, and wherein R® may be F, wherein

the catalyst selected from the group consisting of copper on
carbon, copper on calcium fluovide, palladium on barium
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c-1336 t-1326mxz 346mdf t-1316mxx c¢-1316mxx

37.35 16.17
17.22 2.65
41.28 23.37
40.54 22.56
47.16 13.65
31.64 5.39

sulfate, palladium/barium chloride on alumina, Lindlar cata-
lvst (palladium on CaCQO,, poisoned with lead), palladium on
calcium fluoride poisoned with lead, copper and nickel on
carbon, nickel on carbon, nickel on calcium fluorvide, copper/
nickel/chromium on calcium fluovide and unsupported alloys
of copper and nickel.

[2. The process of claim 1 wherein said catalyst is selected
from the group consisting of copper on carbon, copper on
calcium fluoride, palladium on barium sulfate, palladium/
bartum chloride on alumina, Lindlar catalyst (palladium on
CaCQO;, poisoned with lead), palladium on calctum fluonide
poisoned with lead, copper and nickel on carbon, nickel on
carbon, nickel on calcium fluoride, copper/nickel/chromium
on calcium fluoride and unsupported alloys of copper and
nickel.]

3. The process of claim 1 wherein the said catalyst 1s
selected from the group consisting o copper on carbon, cop-
per on calcium fluoride, copper and nickel on carbon, nickel
on carbon, copper/nickel/chromium on calcium fluoride and
unsupported alloys of copper and mickel.

4. The process ot claim 1 wherein each R -1s CF;.

5. The process of claim 1 wherein each R,1s n-C,F.

6. The process of claim 1 wherein each of R* and R” is CF,,.

7. The process of claim 1 wherein each of R' and R” is
n-C, L.

8. The process of claim 1 wherein the process 1s conducted
at a temperature of from about 200° C. to about 450° C.

9. The process of claim 1 wherein the ratio of hydrogen to
chlorofluoroalkene 1s from about 1:1 to about 10:1.

10. The process of claim 1 wherein the ratio of hydrogen to
chlorofluoroalkene 1s from about 1:1 to about 7.5:1.

11. The process of claim 3 wherein the molar ratio of
copper:nickel:chromium 1n the copper/mickel/chromium on
calcium fluoride catalyst 1s about 0 to about 1 copper:about
0.5 to about 3.0 nickel, and about 0 to about 2 chromium.

12. The process of claim 3 wherein the amount of copper on
carbon or calcium fluoride 1s from about 1% to about 25% by
weight.

13. The process of claim 3 wherein the amount of copper on
carbon or calcium fluoride 1s from about 5% to about 25% by
weight.

14. The process of claim 1, wherein each R,is CF; and the

product mixture further comprises I/ and/or Z-2-chlovo-1,1,
1,4,4,4-hexafluoro-2-butene.

13. The process of claim 1, wherein each R,is CF; and the
product mixture further comprises Z-2-chloro-1,1,1,4,4,4-
hexafluoro-2-butene.
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