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PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents" (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www stopfakes.gov. Part of a Department of Commerce initiative,
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4158).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184
Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
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set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).
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PROCESS FOR THE MANUFACTURE OF FLUORINATED OLEFINS

CROSS-REFERENCES TO RELATED APPLICATIONS
This application is related to and claims the priority benefit of US Provisional Patent
Application No. 61/036,526, filed March 14, 2008, which is incorporated herein by reference.
Also incorporated herein by reference are US Patent Application Nos. 11/588,465 and
11/588,671, both of which were filed on October 27, 2006.

BACKGROUND OF THE INVENTION

Fluorinated olefins, as a class, have many and varied uses, including as chemical
intermediates and monomers, refrigerants, blowing agents, propellants and solvents.

Several methods for preparing fluorinated olefins are known. For example, U.S. Patent
No. 5,679,875 discloses methods for manufacturing 1,1,1,2,3-pentafluoropropene and 1,1,1,2,3-
pentafluoropropane; U.S. Patent No. 6,031,141discloses a catalytic process using chromium-
containing catalysts for the dehydrofluorination of hydrofluorocarbons to fluoroolefins; U.S.
Patent No. 5,396,000 discloses a process for producing CF3CHFCH2F using vapor phase
catalytic dehydrohalogenation to produce CF3CF=CHF and HF, followed by vapor phase
catalytic hydrogenation of CF3CF=CHEF in the presence of HF; U.S. Patent No. 6,548,719
discloses a process for producing fluoroolefins by dehydrohalogenating a hydrofluorocarbon in
the presence of a phase transfer catalyst; U.S. Publication No. 2006/0106263 discloses the
production and purification of hydrofluoroolefins compounds; and WO98/33755 discloses
catalytic process for the dehydrofluorination of hexafluoropropanes to pentafluoropropenes.

Applicants have also come to appreciate that 1,1,1,2,3-pentafluropropene (HFO-1225y¢)
and 1,1,1,2-tetrafluoropropene (HFO-1234yf) are each useful in various application, and in
certain application, one¢ of the compounds might be favored over the other. For example, HFO-
1234yf is more preferred than HFO-1225ye for certain refrigerant and blowing agent
applications.

Applicants have previously developed a process for producing HFO-1234yf which
involves hydrogenating HFO-1225ye to produce 1,1,1,2,3-pentafluropropane (HFC-245¢b) and
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then using the HFC-245¢b as a reactant in a dehydrofluorination reaction to produce HFO-
1234ye. Applicants have also previously developed a process for producing HFO-1225ye which
involves first hydrogenating hexafluoropropylene (HFP) to produce 1,1,1,2,3,3-hexafluropropane
(HFC-236¢a) and then using the HFC-236¢a as a reactant in a dehydrogenation reaction to
produce HFO-1225ye. To commercially produce these two products according to these prior art
processes, a manufacturing facility would require a minimum of four separate unit operations for
cach product, i.c., hydrogenation of the starting material, separation of the desired intermediate,
dehydrofluorination of the intermediate to produce the desired product, followed by another
separation to isolate the desired product. Applicants have come to appreciate that substantial
economic investment would be required to develop such a commercial facility. As a result, it
might become economically prohibitive to build a processing facility to produce ecach of these
desirable fluorinated olefins according to the prior art processes.

In view of applicants’ recognition of the above-noted problems and features of prior
processes, applicants have developed improved processes that are capable of achieving
substantial economic advantage in capital cost as well as substantial flexibility and advantage in

the actual operation to maximize efficiency and production of a range of fluorinated olefins.

SUMMARY OF THE INVENTION

Applicants have found that both HFO-1225ye and HFO-1234yf can be produced in a
single facility having four unit operations. The present invention, in part, is the recognition that
hydrogenation of HFP with hydrogen yields both HFC-236ea and HFC-245¢b. (It is believed
that the HFC-245¢b forms from the reaction of HFC-236¢a with H,.) Like HFC- 236¢a, HFC-
245¢b subsequently can be dehydrofluorinated to produce a desirable product. In particular,
HFC-236¢a can be dehydrofluorinated to produce HFO-1225ye and HFC-245¢b can be
dehydrofluorinated to produce HFO-1234yf. Thus, both HFO-1225ye and HFO-1234yf can be
produced using a single set of four unit operations: hydrogenation of the starting material,
separation of the desired intermediate, dehydrofluorination of the intermediate to produce the
desired product, followed by another separation to isolate the desired product. For example, in a
preferred system, HFP and H2 are reacted in a hydrogenation reactor to form an intermediate
product stream comprising HFC-236¢a and/or HFC-245¢b. The relative concentrations of HFC-

236¢a and HFC-245¢b is dependant on reaction conditions in the hydrogenation reactor, such as
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pressure, temperature, and relative concentration of reactants in the reactor. If the desirable end
product is HFO-1225ye, then processing conditions preferably favor the production of HFC-
236¢a. That is, the hydrogenation reactor is operated to produce an intermediate product stream
rich in HFC-236ea which is subsequently separated from the intermediate process stream and fed
into a dehydrofluorination reactor to form a final product stream comprising HFO-1225ye. This
HFO-1225ye is then separated from the final product stream and recovered as a purified product.
If the desirable end product is HFO-1234yf, then processing conditions preferably favor the
production of HFC-245¢b. That is, the hydrogenation reactor is operated to produce an
intermediate product stream rich in HFC-245¢b. This can be accomplished by operating the
hydrogenation reactor under conditions favorable to convert the HFP into HFC-236¢a and then
converting the HFC-236¢a into HFC-245¢b. The HFC-245¢b is then separated from the
intermediate product stream and fed into a dehydrofluorination reactor to form a final product
stream comprising HFO-1234yf. This HFO-1234yf is then separated from the final product
stream and recovered as a purified product.

In addition, when HFO-1234yf is the desired product, HFO-1225ye can be introduced
into the hydrogenation reactor at some point and then converted into HFC-245¢b. The source of
this HFO-1225ye can be cither a separate feed stream and/or a recycle stream (i.c., recycling
HFO-1225ye derived from HFC-236¢a as noted above). The HFC-245¢b is again separated from
the intermediate product stream and fed into a dehydrofluorination reactor to form a final product
stream comprising HFO-1234yf. This HFO-1234yf is then separated from the final product
stream and recovered as a purified product.

The discovery that both HFO-1225ye and HFO-1234yf can be produced using the same
processing equipment is of great economic advantage. Accordingly, the present invention
provides in one aspect methods of producing fluorinated olefins, preferably fluorinated olefins
having from 3 to 6 carbon atoms and at least 4 fluorine substituents, and even more preferably at
least one fluorinated olefin selected from the group consisting of 1,1,1,2-tetrafluoropropene
(HFO-1234yf), 1,1,1,2,3-pentafluoropropene (HFO-1225y¢) and combinations of these. The
methods preferably comprise: hydrogenating at least one highly fluorinated olefin, preferably a
fluorinated propene having a degree of fluorination of N+1, and even more preferably at least
five fluorine substituents (i.c., N = 4 or greater), and even more preferably HFP, to produce one

or more fluorinated alkanes, preferably one or more fluorinated propanes having a degree of
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fluorination of N+1, even more preferably HFC-236¢a and/or HFC-245¢b; and
dehydrofluorinating the fluorinated alkane(s) to produce a crude product stream comprising one
or more of the desired fluorinated olefins having a degree of fluorination of N, preferably HFO-
1234yf and/or HFO-1225ye. In preferred applications, these methods further comprise the step
of providing a separation system capable of separating from the crude product stream a first
desired fluorinated olefin and further providing at least a first and a second alternative flow path
for said first fluorinated olefin, said first flow path being adapted to introduce (e.g., recycle) at
least a portion of said first fluorinated olefin into said hydrogenation reaction step and said
second flow path being adapted to deliver said first desired fluoroolefin to further processing to
produce a relatively refined product stream containing said first desired fluoroolefin, said first
and second alternate flow paths being operable independently.

Referring to Figure 10, another aspect of the present invention provides systems capable
of simultancously and alternatively producing 1,1,1,2-tetrafluoropropene (HFO-1234yf) and
1,1,1,2,3-pentafluoropropenc (HFO-1225y¢e) comprising: (a) at least a first hydrogenation reactor
adapted to be operated under conditions effective to convert a feed stream comprising HFP, and
optionally or alternatively HFO-1225ye, into at least one hydrogenation reaction product stream
comprising a major proportion of HFC-236¢a or a major proportion of HFC-245¢b (based on the
total amount of HFC- 236ea and HFC-245¢b in the hydrogenation reaction product stream); (b)
at least a first separator capable of separating said hydrogenation reactor product stream into a
plurality of streams, wherein at least one of said streams (i.¢., a first intermediate stream) is
relatively rich in either HFC-236¢a or HFC-245¢b and, optionally, another stream (i.¢., a second
intermediate stream) relatively rich in the other; (¢) at least one dehydrofluorination reactor
adapted to be operated under conditions effective to convert at least a portion of the
hydrogenation reaction product separated into said first and/or second intermediate streams into
at least one of 1,1,1,2-tetrafluoropropene (HFO-1234yf), 1,1,1,2,3-pentafluoropropene (HFO-
1225ye), and combinations of these. In preferred embodiments, the systems further comprise: (d)
at least a second separator capable of separating dehydrofluorination reaction product into at
least a first product stream relatively rich in HFO-1234yf and/or at least a second product stream
relatively rich in HFO-1225ye. In certain preferred embodiments the systems include a flow path
for recycling at least a portion, and preferably all, of the stream rich in HFO-1225ye to the

hydrogenation reactor and a flow path. In certain preferred embodiments, the systems include at
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least a second flow path operable simultancously and independently of said first flow path to
deliver said HFO-1225ye to further processing to produce a relatively refined product stream
containing relatively higher concentrations of HFO-1225ye.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a process flow diagram showing the production of fluoroolefins according to an

embodiment of the invention.

FIG. 2 is a process flow diagram showing the hydrogenation unit operation according to

an embodiment of the invention.

FIG. 3 is a process flow diagram showing the hydrogenation unit operation according to

another embodiment of the invention.

FIG. 4 is a process flow diagram showing the first separation unit operation according to

an embodiment of the invention.

FIG. 5 is a process flow diagram showing the first separation unit operation according to

another embodiment of the invention.

FIG. 6 is a process flow diagram showing the dehydrofluorination unit operation

according to an embodiment of the invention.

FIG. 7 is a process flow diagram showing the dechydrofluorination unit operation

according to another embodiment of the invention.

FIG. 8 is a process flow diagram showing the second separation unit operation according

to an embodiment of the invention.
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FIG. 9 is a process flow diagram showing the second separation unit operation according

to another embodiment of the invention.

FIG. 10 is a process flow diagram showing the production of different fluoroolefins using

the same four unit operations according to certain embodiments of the invention.

DETAILED DESCRIPTION

In certain highly preferred embodiments, the desired fluorinated olefins of the present
invention comprise one or more C3 to C6 fluoroalkenes, preferably compounds having a formula
as follows:

X'CF,Rs.,

where X' is a C2, C3, C4, or C5 unsaturated, substituted or unsubstituted, alkyl radical,
cach R is independently CI, F, Br, I or H, and z is 1 to 3. Highly preferred among such
compounds are propenes and butenes having from 3 to 5 fluorine substituents, and among these
tetrafluoropropenes (HFO-1234) and pentafluoropropenes (HFO-1225) are especially preferred.

Preferred processes of the present invention comprise reacting a fluorinated olefin
starting material with a degree of halogen substitution of N+1 having substantially the same
number of carbon atoms as the fluorinated olefin(s) to be synthesized with a degree of halogen
substitution of N. Preferably the fluorinated olefin starting material having a degree of fluorine
substitution of N+1 is exposed to reaction conditions effective to produce a reaction product
containing one or more fluorinated alkanes having the same number of carbons atoms as the
olefin. In one preferred aspect of the present invention, this olefin conversion step comprises a
reaction that is sometimes referred to herein for convenience, but not necessarily by way of
limitation, as a reduction or hydrogenation step. The fluorinated alkane is then preferably
converted to a fluorinated olefin having a degree of fluorine substitution of N. In one preferred
aspect of the present invention, this alkane conversion step comprises a reaction that is
sometimes referred to herein for convenience, but not necessarily by way of limitation, as a
dehydrohalogenation reaction or more particularly in certain embodiments as a

dehydrofluorination or dehydrochlorination reaction.
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According to one aspect of the present invention, the present processes preferably
comprise the steps of
(a) hydrogenating a compound of formula (I)
(CXaY3.0)(CR'iR%),CX=CHuXz.m (1)
under conditions effective to form at least one fluorinated alkane of formula (II)
(CX,Y1.)(CR'R%,),CHXCH 1 X (IT)
where:
each X is independently Cl, F, I or Br, provided that at least two Xs are F;
cach Y is independently H, CI, F, | or Br;
cach R' is independently H, Cl, F, I,Br or unsubstituted or halogen substituted methyl or ethyl
radical;
each R, is independently H, Cl, F, I, Br or unsubstituted or halogen substituted methyl or ethyl
radical;
nis 1, 2 or 3 (preferably 3),
a and b are cach 0, 1 or 2, provided that a+b = 2;
mis 0, 1 or 2 (preferably 0 or 1); and
zis 0, 1, 2 or 3 (preferably 0), and
(b) deydrohalogenating the compound of formula (II) under conditions effective to
produce a fluoroolefin with a lower degree of fluorine substitution than the compound of formula
(1), preferably to produce a compound of formula (11I):
(CX,Y1.)(CR' . R%),CX=CHyp:1 X .mm (111
where each n is the same value as in formula (I) and mis 0 or 1.
In certain preferred embodiments, the reactant of formula (1) comprises a three carbon
olefin of formula (IA) wherein z is 0, namely
CXoY3.CX=CH. X0 AA)
to produce a three carbon alkane of formula (IIA) as follows:
(CXhY3.)CHXCH 1 X2-m (1TA)
where X,Y, n, and m are all as indicated above, which compound is then dehydrohalogenated to
form a compound of formula (I11A)
(CX,Y3.4)CX= CHyp1 Xy (ITTA)

where n is the same value as in formula (IA) and mis O or 1.
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In certain highly preferred aspects of such embodiments, a saturated terminal carbon of
the compounds of formulas (I) or (IA) is fully substituted with fluorine (for example, n on the
saturated terminal carbon is 3 and each X on that carbon is F), and even more preferably n is 3
and each X in the compound is F.

For three carbon embodiments of such preferred aspects, the compound of Formula (1A)
is preferably a fluoropropene having from three to six fluorine substituents, and potentially other
halogen substituents, including for example hexafluoropropene (thatis, Z is 0, nis 3, m is 0, and
all X are F) or pentafluoropropene (that is, Z 1s 0, n is 3, m is 1, and all X are F), and the
compound of formula (IIA) preferably comprises, and more preferably is selected from the group
consisting of, one or more of the following fluorinated alkanes: chlorotrifluoropropane (HCFC-
244) and pentafluoropropane (HFC-245), and hexafluoropropane (HFC-236), including all
isomers of each of these, but preferably 1,1,1,2,3-pentafluoropropane (HFC-245¢b) , 1,1,1,2,3,3-
hexafluoropropane (HFC-236¢a) and combinations of these. In certain preferred embodiments
the fluorinated alkane produced by the conversion step has a degree of fluorine substitution of
N+1.

In preferred embodiments, the step wherein the olefin is converted to an alkane is carried
out under conditions effective to provide a formula (I) conversion of at least about 40%, more
preferably at least about 55%, and even more preferably at least about 70%. In certain preferred
embodiments the conversion is at least about 90%, and more preferably about 99%. Further in
certain preferred embodiments, the conversion of the compound of formula (1) to produce a
compound of formula (II) is conducted under conditions effective to provide a formula (I1)
selectivity of at least about 60%, more preferably at least about 80%, and more preferably at least
about 90%, and even more preferably about 100%.

In preferred embodiments, the step wherein the alkane is converted to a fluorinated olefin
having a degree of fluorination of N is carried out under conditions effective to provide a
formula (II) conversion of at least about 40%, more preferably at least about 55%, and even more
preferably at least about 70%. In certain preferred embodiments the conversion is at least about
90%, and more preferably about 95%. Further in certain preferred embodiments, the conversion
of the compound of formula (II) to produce a compound of formula (IIT) is conducted under

conditions effective to provide a formula (II1) selectivity of at least about 60%, more preferably
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at least about 80%, and more preferably at least about 90%, and even more preferably about
98%.

With reference now to Figure 1, the preferred methods and systems of the present
invention comprise at least a first hydrogenation reactor A and at least a first feed stream 1 to the
hydrogenation reactor which comprises at least one fluorinated olefin having a degree of halogen
substitution, and preferably a degree of fluorine substitution, of N+1. The hydrogenation step A
preferably involves also a feed stream 2 comprising a reducing agent. The converting step A
preferably includes providing one or more reaction vessels, at least one of which preferably
contains a reduction or hydrogenation catalyst, and introducing streams]1 and 2 into the vessel(s)
under conditions effective to achieve the desired conversion.

Although the streams 1 and 2 in the figure are shown for convenience as being separate
streams, this is done for convenience and the present invention is not so limited. For example,
the streams 1 and 2 could in certain embodiments be combined outside the vessel and then
introduced to the vessel together, or in other embodiments stream 1 and stream 2 might each
comprise several separate streams, each of which is introduced into the vessel(s) at different
times and/or at different locations. Furthermore, the present invention contemplates, as will be
described in more detail hereinafter, that the stream 1 may actually comprise two or more
separate streams and the step A may comprise two or more reaction vessels. All such variations
are contemplated. This same convention has been used and applies herein throughout to all use

33 &4

of the term “stream,” “step” and the like in both the description and in the figures, unless
specifically indicated otherwise.

The preferred converting step A produces at least one reaction product stream 3 which
contains a fluorinated alkanc in accordance with the present invention. Stream 3 is preferably
introduced to a separation step B which provides at least a first stream 5 which is used as a
reactant in the dehydrohalogenation step C. A stream or flow path 4 is also preferably provided
from separation step B for returning at least a portion of the reaction product stream 3 to the
hydrogenation reaction step A. Stream 5, which contains at least a portion of the fluorinated
alkane reaction product form step A, is fed to the dehydrohalogenation step C, wherein the
fluorinated alkane in stream is converted to a fluorinated olefin have a degree of halogen

substitution, and in certain preferred embodiments fluorine substitution, of N in accordance with

the present invention. The converting step C preferably includes providing one or more reaction
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vessels, at least one of which preferably contains a dehydrohalogenation catalyst and introducing
at least stream 5 into the vessel(s) under conditions effective to produce the desired fluoroolefin
in crude reaction product stream 6.

In preferred embodiments, the conversion step C produces a reaction product which
includes not only one or more of the desired fluoroolefins, but also hydrogen and other by-
products, which are withdrawn from the reaction step C by crude product stream 6. In such
embodiments it is generally preferred to introduce the stream 6 into a separation step D in which
at least a portion of the hydrogen is separated from the stream to produce at least a first stream 7
relatively rich (in comparison to the crude product stream 6) in the desired fluorinated olefin, at
least a second stream relatively rich (in comparison to the feed stream 4) in hydrogen and/or
other byproducts, and at least one recycle stream 8 for returning at least a certain portion of the
unreacted reactants to the dehydrohalogenation step C. In addition, according to preferred
embodiments, it is preferred to provide from the separation step or unit a flow path 10 for
returning at least a portion of any HFO-1225ye contained in the crude reaction product 6 to the
hydrogenation step A.

Preferred aspects of cach of the steps A, B, C and D, and each of the feed streams,

product streams and flow paths associated therewith are described below.

THE HYDROGENATION STEP

Although it is contemplated that the hydrogenation or reduction step may be conducted in
batch operation, it is preferred that the hydrogenation reaction is carried out as a substantially
continuous operation. Furthermore, it is contemplated that the hydrogenation reaction may be
conducted in a single reaction vessel, it is also contemplated that reaction step A may comprise
two or more reactors or reaction stages in parallel, in series, or both, or any combination of
reactor designs. In addition, it is contemplated that the reaction step may include one or more
feed preheating steps or stages, depending on the particulars of each application.

While it is possible that the reaction may involve in certain embodiments a liquid phase
reaction, it is contemplated that in preferred embodiments the hydrogenation reaction comprises,
and even more preferably consists of, at least one vapor phase reaction stage.

In one preferred embodiment of the present invention, the hydrogenation step comprises

a reaction step A having associated therewith at least a first flow path or feed stream 1A, at least

10
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a second flow path or feed stream 1B and at least a third flow path or feed stream 2, with each
flow path being independently operable. One such embodiment is illustrated schematically in
Figure 2. In such embodiments, it is preferred that the first flow path or feed stream 1A
comprises HFP and preferably substantially all of the HFP being fed to the reaction step A, the
second path or feed stream 1B comprises HFO-1225ye, and preferably substantially all of the
HFO-1225ye being fed to the reaction step A (it being recognized that the feed stream 1B in
many embodiments will have a substantially zero flow and that in other embodiments this feed
stream 1B may in fact be a recycle stream from subsequent operations in the process). The feed
stream 2 comprises the hydrogenation agent, preferably H2, for the reaction step A. Flow path or
stream 4 is at path for allowing introduction of a recycle stream into the reaction step. In some
embodiments, the actual flow of recycle stream 4 is zero, but in preferred embodiments, the
recycle stream comprises a relatively low temperature stream comprising a portion of the
reaction product stream 3A after it has been cooled and separated, the content of recycle stream
4, when present, preferably being relatively rich in HFC-236¢a, HFC-245¢b, or a combination of
these.

In another preferred embodiment of the present invention as illustrated in Figure 3, the
hydrogenation step comprises at least a first reaction step Al and a second reaction step A2. The
first reaction step Al, which may comprise one or more reaction stages in parallel or in series or
a combination of parallel or series, having associated therewith at least a first flow path or feed
stream 1A and at least a second flow path or feed stream 2A, with each flow path being
independently operable. The first reaction step A1, which may comprise one or more reaction
stages in parallel or in series or a combination of parallel or series, having associated therewith at
least a first flow path or feed stream 1A and at least a second flow path or feed stream 2A, with
cach flow path being independently operable. In such embodiments, it is preferred that the first
flow path or feed stream 1A comprises HFP and preferably substantially all of the HFP being fed
to the reaction step A, the second path or feed stream 2B comprises the hydrogenation agent,
preferably H2, for the reaction step A. Flow path or stream 4A is at path for allowing
introduction of a recycle stream into the reaction step. In some embodiments, the actual flow of
recycle stream 4A is substantially zero, but in preferred embodiments, the recycle stream
comprises a relatively low temperature stream comprising a portion of the reaction product

stream 3A after it has been cooled and separated, the content of recycle stream 4, when present,
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preferably being relatively rich in HFC-236ea, HFC-245¢b, or a combination of these. The first
reaction step A1, which may comprise one or more reaction stages in parallel or in series or a
combination of parallel or series, having associated therewith at least a first flow path or feed
strecam 1A and at least a second flow path or feed stream 2A, with each flow path being
independently operable.

In connection with the reaction stage converting HFP in the hydrogenation reactor, it is
preferred in certain embodiments to use a trickle bed reactor. It is contemplated that the reaction
is such case proceeds as follows:

CF3CF=CF, + H, = CF;CHFCF,H (HFC-236¢a).

A major side reaction of this process yiclds HFC-245¢b and HF. It is believed that 245¢b is
formed from 236¢a by hydrodefluorination and/or by dehydrofluorination followed by reduction:

HFC-236¢a + H, = HFC-245¢b + HF.

The second reaction step A2, which may comprise one or more reaction stages in parallel
or in series or a combination of parallel or series, having associated therewith at least a first flow
path or feed stream 1B and at least a second flow path or feed stream 2B, with each flow path
being independently operable. In such embodiments, it is preferred that the first flow path or feed
stream 2B, when present, comprises HFO-1225ye, and preferably substantially all of the HFO-
1225ye being fed to the reaction step A (it being recognized that the feed stream 2B in many
embodiments will have a substantially zero flow and that in other embodiments this feed stream
2B may in fact be a recycle stream from subsequent operations in the process). The second path
or feed stream 2B comprises the hydrogenation agent, preferably H2, for the reaction step A2.
Flow path or stream 4B is at path for allowing introduction of a recycle stream into the reaction
step. In some embodiments, the actual flow of recycle stream 4B is zero, but in preferred
embodiments, the recycle stream comprises a relatively low temperature stream comprising a
portion of the reaction product stream 3A and/or 3B after it has been cooled and separated, the
content of recycle stream 4B, when present, preferably being relatively rich in HFC-236¢a, HFC-
245eb, or a combination of these. Flow path or stream 10 is at path for allowing introduction of a
second recycle stream into the reaction step, which in preferred embodiments comprises at least
a portion of the reaction product stream 6 after being processed to comprise a stream relatively

rich in HFO-1225ye.
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In connection with the reaction stage converting HFO-1225ye in the hydrogenation
reactor, it is preferred in certain embodiments to use a trickle bed reactor. It is contemplated that
the reaction is such case proceeds as follows:

CF;CF=CFH (liq) + H» (gas) = CF;CHFCFH, (HFC-245¢b - gas)

A major side reaction is contemplated to be:

HFC-245¢b + H, = CF;CHFCH; (HFC-254) + HF

Preferably, the hydrogenation reaction conditions are controlled in the reaction in order to
achieve the desired conversion and/or selectivity in accordance with the present invention. As
used herein, the term “reaction conditions” is intended to include the singular and means control
of any one or more processing parameters, including possibly using or not using a reaction vessel
or stage, which can be modified by the operator of the reaction to produce the conversion and/or
selectivity of the feed material in accordance with the teachings contained herein. By way of
example, but not by way of limitation, conversion of the feed material may be controlled or
regulated by controlling or regulating any one¢ or more of the following: the temperature of the
reaction, the flow rate of the reactants, the presence of diluent, the amount of catalyst present in
the reaction vessel, the shape and size of the reaction vessel, the pressure of the reaction, and any
onec combinations of these and other process parameters which will be available and known to
those skilled in the art in view of the disclosure contained herein. The size and shape, and other
characteristics of the reaction vessel itself may vary widely with the scope of the present
invention, and it is contemplated that the vessel associated with each stage may be different than
or the same as the vessel associated with the upstream and downstream reaction stages.
Furthermore, it is contemplated that all reaction stages can occur inside a single vessel, provided
that means and mechanisms necessary to control conversion are provided. For example, it may
be desirable in certain embodiments to utilize a single tubular reactor for each reaction stage,
providing conversion control by judicious selection of the amount and/or distribution of catalyst
throughout the tubular reactor. In such a case, it is possible to further control the conversion in
different sections of the same tubular reactor by controlling the amount of heat removed from or
added to different sections of the tubular reactor.

Those skilled in the art will be readily able to select the type of catalyst(s) used for the
hydrogenation step of the present invention in view of the teachings contained herein. For

example, it is preferred in certain embodiments that at least one, but preferably all, reaction
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stages utilize palladium catalyst, preferably 1% palladium on carbon, either alone or in
combination with other catalysts. In this regard one or more of the hydrogenation catalyst
disclosed in US Patent 5, 679,875, which is incorporated herein by reference, may be used for
one or more of the reaction stages in accordance with the present invention. In certain preferred
embodiments, the catalyst preferably comprises palladium supported on carbon, such as a carbon
mesh.

Thus, certain embodiments of the present methods comprise bringing a fluorinated olefin
in accordance with formula I and a hydrogenation agent, such as H», into contact with a first
amount of catalyst in at least a first reaction stage to produce a reaction stream comprising
hydrofluorocarbon(s), unreacted fluorinated olefin and hydrogen. In certain preferred
embodiments the hydrogenation step is followed by a preferred separation step as described
below. While it is contemplated that a wide variety of hydrogenation reaction temperatures may
be used, depending on relevant factors such as the catalyst being used and the most desired
reaction product, it is generally preferred that the reaction temperature for the hydrogenation step
is from about 50°C to about 150°C, preferably about from 75°C to about 115°C, and even more
preferably from about 90°C to about 100°C.

In general it 1s also contemplated that a wide variety of reaction pressures may be used,
depending again on relevant factors such as the specific catalyst being used and the most desired
reaction product. The reaction pressure can be, for example, from about 100 psig to about 300
psig, preferably about from 150 psig to about 250 psig, and even more preferably about 200 psig.

Applicants have found, without being bound by or to any particular theory, that the use of
a cooled recycle stream 4 in the hydrogenation reaction allows the feed materials to serve as a
means for removing heat from the hydrogenation reaction. Since the reduction or hydrogenation
reaction of the present invention is generally exothermic, and usually substantially exothermic,
the use of such a recycle material has the effect in preferred embodiments of maintaining the
reactor temperature below that which would exist if the recycle were not used, assuming all other
process conditions were maintained the same.

It is contemplated that the amount of hydrogen used may vary widely. In preferred
embodiments, the hydrogen is feed to the reaction step as a gas in a H2:olefin feed ratio of from
about 1:1 to about 2:1, and even more preferably ratio of from about 1:1 to about 1.5:1, and even

more preferably about 1.3:1.
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THE HYDROGENATION REACTION EFFLUENT SEPARATION

Thus, in certain preferred embodiments, the present invention includes the step of cooling
at least a portion reactor product stream to remove at least a portion of the heat of reaction. In
many preferred embodiments, this cooling step is included as part of the preferred aspects of the
separation step B, which are described in connection with Figures 4, 5 and 6 below. Preferably
the ratio of cooled recycled reaction product to fresh feed is about 12:1, with the temperature of
the recycle stream preferably being at about 50 °C to about 100 °C, and even more preferably
about 70 °C. In addition, in order to help remove heat of reaction, it is preferred in certain
embodiments to introduce the fresh feeds and/or the recycle feeds to the reaction in the liquid
phase and allowing the heat of reaction to evaporate the liquid feed and/or the reaction products
and withdrawing the reaction products in the gas phase.

With reference now to Figure 4, the reaction product streams 3A and 3B are directed to a
separation step B, which comprises in the embodiment of Figure 4 a cooling step Bl which
produces one or more cooled reaction product streams 3AB, which in turn are fed to one or more
separation stages B2. It is contemplated that those skilled in the art will be able to devise without
undue experimentation many means and mechanisms for attaining such cooling in view of the
teachings contained herein and all such means and mechanisms are with the scope of the present
invention. The preferred separation step B2 preferably includes at least a first separation step
which produces a first stream 4 relatively rich in unreacted hydrogen, fluorinated alkane, such as
HFC-236¢a and/or HFC-245¢b, or a combination of these, which may be recycled, with or
without further processing, to the reaction step A. A second stream 5, which is relatively rich in
the fluorinated alkane, such as HFC-236¢a and/or HFC-245¢b, is also produced from the
separation step B2.

In one preferred embodiment shown in Figure 4A, the separation step comprises, in
addition to the cooling step B1 and the separation step B2 which produces at least a first cooled
stream 4A containing a portion of the reaction product, which is preferably recycled to the
reaction step A, and a crude product stream 100 which is fed to a further separation step B3 in
which a substantial portion of excess hydrogen in the stream 100 is purged from the stream and
sent for disposal or further processing in stream 4B. The stream 101 from the separation step B3
1s then feed to a further separation step B4 where unwanted by-products are removed in stream

4C and one or more product streams SA and 5B are produced. In preferred embodiments, stream
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SA is relatively rich in a first fluorinated alkane, preferably HFC- 236¢a, and a second stream 5B
rich in a second fluorinated alkane, preferably HFC-245¢b.

In another embodiment described with reference now to Figure 5, the reaction product
streams 3A and 3B are cach directed to a separate separation steps, which comprise separate
cooling steps B1 and B1°, ecach of which produces one or more cooled reaction product streams
3A” and 3B’, which in turn are fed to separate separation stages B2 and B2’ to produce a first
stream S5A relatively rich in a first of the fluorinated alkane products, such as HFC-236ea when
the feed stream 3A is rich in HFP, and a second reaction product stream 5B relatively rich in a
second of the fluorinated alkane products, such as HFC-245¢b when the feed stream 3B is rich in
HFO-1225ye. A stream 4 (not shown) as described above in connection with Figure 4 may also
be removed from each of the steps B2 and B2’. In addition, the particular embodiments shown
and described in Figure 4A may also be adapted for use in connection with one or both the

separation steps B and B’ shown in Figure 5.

DEHYDROHALOGENATION

It is contemplated that the dehydrohalogenation reaction step may be preformed using a
wide variety of process parameters and process conditions in view of the overall teachings
contained herein, such as for example it is contemplated that the dehydrohalogenation step may
comprise, in certain nonpreferred embodiments, a liquid phase reaction. However, it is preferred
in many embodiments of the present invention that this reaction step comprise a gas phase
reaction, preferably in the presence of catalyst, preferably a metal catalyst, and even more
preferably one or more transition metal-based catalysts (including in certain preferred
embodiments transition metal halide catalysts), such as FeCls, chromiumoxyfluoride, Ni
(including Ni mesh), NiCl,, CrF3, and mixtures thereof, supported or in bulk. Other catalysts
include carbon-supported catalysts, antimony-based catalysts (such as SbCls), aluminum-based
catalyst (such as AlFi, Al,0O3, and fluorinated Al,O3). It is expected that many other catalysts
may be used depending on the requirements of particular embodiments, including for example
palladium-based catalyst, platinum-based catalysts, rhodium-based catalysts and ruthenium-
based catalysts. Of course, two or more any of these catalysts, or other catalysts not named here,

may be used in combination.
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In general it is preferred that the catalysts are fluorinated. In preferred embodiments,
fluorination of the catalysts comprises exposing the catalyst to a stream of HF at about reaction
temperature and pressure. The gas phase dehydrohalogenation reaction may be conducted, for
example, by introducing a gaseous form of a compound of formula (II) into a suitable reaction
vessel or reactor. Preferably the vessel is comprised of materials which are resistant to corrosion
such as Hastelloy, Inconel, Monel and/or fluoropolymers linings. Preferably the vessel contains
catalyst, for example a fixed or fluid catalyst bed, packed with a suitable dehydrohalogenation
catalyst, with suitable means to heat the reaction mixture to the desired reaction temperature.

While it is contemplated that a wide variety of reaction temperatures may be used,
depending on relevant factors such as the catalyst being used and the most desired reaction
product, it is generally preferred that the reaction temperature for the dehydrohalogentation step
1s from about 150 °C to about 600 °C, preferably about from 200 °C to about 400 °C, and even
more preferably from about 250 °C to about 300 °C.

In general it is also contemplated that a wide variety of reaction pressures may be used,
depending again on relevant factors such as the specific catalyst being used and the most desired
reaction product. The reaction pressure can be, for example, superatmospheric, atmospheric or
under vacuum. In certain embodiments, an inert diluent gas and/or an oxidizing agent, such as
nitrogen, oxygen and mixture of nitrogen and oxygen, may be used in combination with the
compound of formula (II) as a feed to the dehydrohalogenation step. When such a diluent and/or
oxidizing agent is used, it is generally preferred that the feed streamed comprise formula (11)
compound in an amount of from about 5% to greater than 95% by weight based on the combined
weight of diluent and formula (IT) compound.

It is contemplated that the amount of catalyst used will vary depending on the particular
parameters present in each embodiment. In preferred embodiments, the contact time, which is
expressed as the ratio of the volume of the catalyst (ml) to the total feed flow (ml/sec) is from
about 0.1 seconds to about 1000 seconds, and preferably from about 2 seconds to about 120
seconds.

In general it is contemplated that the reaction is endothermic. To assist thermal
management, it is contemplated in certain embodiments that the reactor comprises an isothermal
tubular reactor, with heat input being provided by means of a relatively high temperature heating

medium, such as hot salt and/or oil, superheated steam, or re-circulating hot gas. In addition,
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recycling of the HFO-1225ye produced in the reaction may be used to help control the
temperature of the reaction.

One preferred dehydrohalogenation reaction comprises a dehydrofluorination reaction.
For example, for embodiments in which the desired product of formula (I11) is HFO-1234yf, it is
preferred in certain embodiments that the compound of formula (IT) comprises 1,1,1,2,3
pentafluoropropane. Applicants have found that in such embodiments it is preferred to use as the
catalyst a fluorinated chromium oxide catalyst.

Preferably in such dehydrofluorination embodiments, the conversion is at least about
50%, more preferably at least about 65%, and even more preferably at least about 90%.
Preferably, the selectivity to HFO-1234yf is at least about 70%, more preferably at least about
80% and more preferably at least about 90%. Preferably before each cycle of use, the
dehydrohalogenation catalyst is dried, pre-treated and activated. It may also be advantageous in
certain embodiments to periodically regenerate the catalyst after prolonged use while in place in
the reactor. Pre-treatment may include heating the catalyst to about 250 °C to about 430 °C with
a stream of nitrogen or other inert gas. The catalyst may then be activated by treating it with a
stream of HF diluted with a large excess of nitrogen gas in order to obtain high catalyst activity.
Regeneration of the catalyst may be accomplished by any means known in the art such as, for
example, by passing air or oxygen over the catalyst at temperatures of from about 100 °C to
about 400 °C for from about 1 hour to about 3 days depending on the size of the reactor.

While it is possible that the reaction may involve in certain embodiments a liquid phase
reaction, it is contemplated that in preferred embodiments the dehydrohalogenation reaction
comprises, and even more preferably consists of, at least one vapor phase reaction stage. In one
preferred embodiment of the present invention, the dehydrohalogenation step comprises a
reaction step C having associated therewith at least a first flow path or feed stream SA, at least a
second flow path or feed stream 5B and at least a third flow path or feed stream 8, with cach
flow path being independently operable. One such embodiment is illustrated schematically in
Figure 6. In such embodiments, it is preferred that the first flow path or feed stream SA
comprises HFO-236¢a and preferably substantially all of the HFO-236¢a being fed to the
reaction step C, the second path or feed stream 5B comprises HFC-245¢b, and preferably
substantially all of the HFO-245¢b being fed to the reaction step C (it being recognized that the

feed stream 5B in many embodiments will have a substantially zero flow). Flow path or stream 8
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is at path for allowing introduction of a recycle stream into the reaction step. In some
embodiments, the actual flow of recycle stream 8 is zero, but in preferred embodiments, the
recycle stream comprises a relatively low temperature stream comprising a portion of the
reaction product stream 6A after it has been cooled and separated, the content of recycle stream
4, when present, preferably being relatively rich in HFC-236¢a, HFC-245¢b, or a combination of
these.

In another preferred embodiment of the present invention as illustrated in Figure 7, the
dehydrohalogeantion step comprises at least a first reaction step C1 and a second reaction step
C2. The first reaction step C1, which may comprise one or more reaction stages in parallel or in
serics or a combination of parallel or series, having associated therewith at least a first flow path
or feed stream 5A and at least a second flow path or feed stream 8A, with each flow path being
independently operable. The second reaction step C1, which may comprise one or more reaction
stages in parallel or in series or a combination of parallel or series, having associated therewith at
least a first flow path or feed stream 5B and at least a second flow path or feed stream 8B, with
cach flow path being independently operable. In such embodiments, it is preferred that the first
flow path or feed stream SA comprises HFO-236¢a and preferably substantially all of the HFO-
236¢a being fed to the reaction step C, the second path or feed stream 5B comprises, when
present, HFO-245¢b and preferably substantially all of the HFO-245¢b being fed to the reaction
step C. Flow path or streams 8A and 8B are flow paths for allowing introduction of a recycle
stream comprising at least a portion of unreacted feed back into the reaction step. In some
embodiments, the actual flow of recycle streams 8A and 8B are substantially zero, but in
preferred embodiments, the recycle streams comprises relatively low temperature streams
comprising a portion of the reaction product streams 6A and 6B after they have been cooled and
separated.

In connection with the reaction stage converting HFO-236¢a in the dehydrohalogenation
reactor, it is contemplated that the reaction is such case proceeds as follows:

CF3;CHFCF;H (HFC-236¢a - gas) = CF:CF=CHF (HFC-1225ye¢ - gas) + HF

It will be appreciated that the present processes may include an isomerization step to
convert to a desirable isomer of HFO-1225ye, which would typically be carried out at

temperatures of about 150 °C.
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The second reaction step C2, which may comprise one or more reaction stages in parallel
or in serics or a combination of parallel or series, having associated therewith at least a first flow
path or feed stream 5B and at least a second flow path or feed stream 8B, with each flow path
being independently operable. In such embodiments, it is preferred that the first flow path or feed
stream 5B comprises HFC- 245¢b, and preferably substantially all of the HFC-245¢b being fed
to the reaction step C. The second path or feed stream 8B comprises recycle of a portion of the
reaction product, as described above.

In connection with the reaction stage converting HFC-245¢b in the dehydrohalogenation
reactor, it is contemplated that the reaction is such case proceeds as follows:

CF;CHFCFH; (gas) = CF;CF =CH, + HF

Preferably, the reaction conditions are controlled in the reaction in order to achieve the
desired conversion and/or selectivity in accordance with the present invention. As used herein,
the term “reaction conditions” is intended to include the singular and means control of any one or
more processing parameters, including possibly using or not using a reaction vessel or stage,
which can be modified by the operator of the reaction to produce the conversion and/or
selectivity of the feed material in accordance with the teachings contained herein. By way of
example, but not by way of limitation, conversion of the feed material may be controlled or
regulated by controlling or regulating any one or more of the following: the temperature of the
reaction, the flow rate of the reactants, the presence of diluent, the amount of catalyst present in
the reaction vessel, the shape and size of the reaction vessel, the pressure of the reaction, and any
one combinations of these and other process parameters which will be available and known to
those skilled in the art in view of the disclosure contained herein. The size and shape, and other
characteristics of the reaction vessel itself may vary widely with the scope of the present
invention, and it is contemplated that the vessel associated with each stage may be different than
or the same as the vessel associated with the upstream and downstream reaction stages.
Furthermore, it is contemplated that all reaction stages can occur inside a single vessel, provided
that means and mechanisms necessary to control conversion are provided. For example, it may
be desirable in certain embodiments to utilize a single tubular reactor for each reaction stage,
providing conversion control by judicious selection of the amount and/or distribution of catalyst

throughout the tubular reactor. In such a case, it is possible to further control the conversion in
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different sections of the same tubular reactor by controlling the amount of heat removed from or

added to different sections of the tubular reactor.

THE DEHYDROHALOGENATION EFFLUENT SEPARATION

As mentioned above, in addition to producing a fluorinated olefin, preferably fluorinated
propene, the dehydrofluorination reaction also produces HF. In one preferred embodiment, HF is
removed from the dehydrofluorination product stream by countercurrent extraction with sulfuric
acid. In this embodiment, the product stream containing the HF is fed in one direction to a
column, preferably a packed column. At the same time, a stream of sulfuric acid is fed,
preferably countercurrently, to the same packed column. Appropriate column packing 1s readily
determinable by one skilled in the art. Suitable column packing materials include those made of
non-metallic polymeric materials, metals and alloys that are not reactive in the presence of HF or
sulfuric acid, such as PTFE, PFA, hastelloy, monel, and noble metals. Preferably, the stream of
sulfuric acid contains from about 50% to about 100% sulfuric acid, and more preferably about
80% sulfuric acid. In onec embodiment, the stream of sulfuric acid is continuously fed to the top
of the packed column at a feed rate of about twice the feed rate of the product stream, which in
preferred embodiments is fed from the bottom of the packed column and moves in an generally
upward direction substantially counter currently to the substantially down flowing stream
containing the sulfuric acid. In certain embodiments, a stream comprising sulfuric acid and HF is
removed from the bottom of the column and preferably at least a portion of the stream, and most
preferably substantially all of the stream, is recycled back to the extraction tower. The recycling
step 1s repeated preferably until the HF concentration in the column bottom is greater than about
10 % by weight HF.

In one embodiment, the sulfuric acid and HF mixture containing greater than about 10%
by weight HF is charged into a separate vessel. The mixture is then heated to a temperature
sufficient to vaporize and flash off HF, which is collected. Another embodiment includes
purifying the HF collected from the flash distillation.

Optionally, the HF or HCI generated from the dehydrohalogenation reaction is scrubbed
from the product stream using water or caustic solutions.

In certain preferred embodiments, the present invention includes the step of cooling at

least a portion reactor product stream to remove at least a portion of the heat of reaction. In many
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preferred embodiments, this cooling step is included as part of the preferred aspects of the
separation step B, which are described in connection with Figures 4, 5, and 6 below. Preferably
the ratio of cooled recycled reaction product to fresh feed is about 12:1, with the temperature of
the recycle stream preferably being at about 50 °C to about 100 °C, and even more preferably
about 70 °C. In addition, in order to help remove heat of reaction, it is preferred in certain
embodiments to introduce the fresh feeds and/or the recycle feeds to the reaction in the liquid
phase and allowing the heat of reaction to evaporate the liquid feed and/or the reaction products
and withdrawing the reaction products in the gas phase.

With reference now to Figure 8, the reaction product streams 6A and 6B are directed to a
separation step D, which comprises in the embodiment of Figure 8 a cooling step D1 which
produces one or more cooled reaction product streams 7AB, which in turn are fed to one or more
separation stages D2. It is contemplated that those skilled in the art will be able to devise without
undue experimentation many means and mechanisms for attaining such cooling in view of the
teachings contained herein and all such means and mechanisms are with the scope of the present
invention. The preferred separation step D2 preferably includes at least a first separation step
which produces a first stream 8 relatively rich in unreacted fluorinated alkane, such as HFC-
236¢a and/or HFC-245¢b, or a combination of these, which may be recycled, with or without
further processing, to the reaction step C.

In one preferred embodiment shown in Figure 8, the reaction product 7AB is separation
step comprises a step for recovering any HF, preferably as described above, and a step for
separating from the crude product stream unwanted by-product to produce a relatively purified
product stream rich in HFO-1234yf, HFO-1225ye, or a separate stream rich in both. In certain
embodiments, a portion of the HFO-1225ye may be separated from the product stream and
recycled back to the hydrogenation reaction step and used as a feed thereto.

In an alternative embodiment, as illustrated in Figure 9, separate separation trains may be
used for the effluent from the dehydrohalogenation reaction step, especially when the feeds

HFC-236¢a and HFC-245¢b are fed substantially separately into separate reaction trains.
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CLAIMS
What is claimed is:

1. A method for producing at least one fluorinated olefin comprising:
a. hydrogenating a starting material stream comprising at least one alkene according to

Formula (I):
(CX,Y3.0)(CR' R?%),CX=CHpX).m M

by contacting said starting material with a reducing agent to produce an intermediate

product stream comprising at least one alkane according to Formula (11):
(CXaY1)(CR'R?),CHXCH i1 X m (In

where:

cach X is independently CI, F, I or Br, provided that at least two Xs are F;

cach Y is independently H, CI, F, I or Br;

cach R' is independently H, CI, F, I, Br or unsubstitued or halogen substituted methyl

or ethyl radical;

cach R, is independently H, CI, F, I, Br or unsubstitued or halogen substituted methyl

or ethyl radical;

nis 1,2 or 3;

aand b are each 0, 1 or 2, provided that a+b =2,

mis 0, 1 or2; and

z18 0,1, 2 or 3;

b. optionally, separating said intermediate product stream into a plurality of strecam, said
plurality of intermediate product streams comprising two or more stream selected
from the group consisting of a first stream rich in at least a first alkane according to
Formula II, a seconds stream rich in at least a second alkane according to Formula II,

and an alkane recycle stream;

23

Page 0000026



PATENT Attorney Docket No. H0016235-4511

c. dehydrofluorinating at least a portion of said intermediate process stream from step
(a) or said plurality of intermediate process streams of step (b) to produce an alkene
product stream comprising 1,1,1,2,3-pentafluoropropene and at least one additional
alkene having a lower degree of fluorine substitution compared to the degree of
fluorination of the compound of formula (I);

d. separating at least a portion of said 1,1,1,2,3-pentafluoropropene from said alkene
product stream to produce a recycle stream rich in 1,1,1,2,3-pentafluoropropene and a
final product stream rich in said additional alkene; and

¢. Introducing said recycle stream at said step (a), wherein at least a portion of said
1,1,1,2,3-pentafluoropropene is hydrogenated to form a portion of said intermediate

product stream.

2. The method of claim 1 wherein said additional alkene is a compound according to formula

(II1):

(CX1Y3.0)(CR'R%)zCX=CH+1X 1. (I11)

where each n is the same value as in formula (I) and mis 0 or 1.
3. The method of claim 2 wherein Z is 0.
4. The method of claim 3 whereinmis 0 or 1.
5. The method of claim 4 wherein said n is 3.
6. The method of claim 5 wherein X is F.

7. The method of claim 1 wherein said reducing agent is H,.

8. The method of claim 1 wherein said starting material stream comprises hexafluoropropylene

and said additional alkene is 1,1,1,2-tetrafluoropropene.
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9. A method for producing 1,1,1,2-tetrafluoropropene comprising:

a. hydrogenating a starting material stream comprising hexafluoropropylene by
contacting said starting material stream with a reducing agent in a hydrogenation
reactor to produce an intermediate stream comprising 1,1,1,2,3-pentafluoropropane;

b. dehydrofluorinating said 1,1,1,2,3-pentafluoropropane in a dehydrofluorination

reactor to produce a product stream comprising 1,1,1,2-tetrafluoropropene.

10. The method of claim 9 wherein at least a portion of said hexafluoropropylene reacts with said
reducing agent to produce 1,1,1,2,3,3-hexafluoropropane and at least a portion of said
1,1,1,2,3,3-hexafluoropropane reacts with said reducing agent to produce at least a portion of

said 1,1,1,2,3-pentafluoropropane.

11. The method of claim 10 wherein said intermediate stream further comprises 1,1,1,2,3,3-

hexafluoropropane.

12. The method of claim 11 wherein said intermediate stream is separated into an intermediate
recycle stream rich in 1,1,1,2,3,3-hexafluoropropane and said intermediate recycle stream is
introduced into the hydrogenation reactor wherein at [east a portion of said recycled

1,1,1,2,3,3-hexafluoropropane is hydrogenated to form 1,1,1,2,3-pentafluoropropanc.

13. The method of claim 11 further comprising:
c. dechydrofluorinating said 1,1,1,2,3,3-hexafluoropropane in said dehydrofluorination

reactor to form 1,1,1,2,3-pentafluoropropene.

14. The method of claim 13 wherein at least a portion of said 1,1,1,2,3-pentafluoropropence is
recycled and is introduced at step (a) wherein at least a portion of said recycled 1,1,1,2,3-

pentafluoropropene is hydrogenated to form 1,1,1,2,3-pentafluoropropane.

15. The method of claim 13 wherein steps (b) and (¢) are performed concurrently in the
dehydrofluorination reactor, and said product stream further comprises said 1,1,1,2,3-

pentafluoropropenc.
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16. The method of claim 15 wherein said product stream is separated into a final product stream
rich in said 1,1,1,2-tetrafluoropropene and a product recycle stream rich in said 1,1,1,2,3-
pentafluoropropene, and introducing said product recycle stream into the hydrogenation
reactor, wherein at least a portion of said 1,1,1,2,3-pentafluoropropenc is hydrogenated to

form a portion of said intermediate stream.

17. The method of claim 16 wherein said intermediate stream is separated into an intermediate
recycle stream rich in 1,1,1,2,3,3-hexafluoropropane and said intermediate recycle stream is
introduced into the hydrogenation reactor wherein at least a portion of said recycled

1,1,1,2,3,3-hexafluoropropane is hydrogenated to form 1,1,1,2,3-pentafluoropropane.

18. A system for producing at least one fluorinated olefin comprising:
a. ahydrogenation reactor;
b. a starting material feed stream fluidly connected to said hydrogenation reactor,

wherein said starting material feed stream comprises hexafluoropropylene;

[

one or more intermediate streams fluidly connected to said hydrogenation reactor;

£

a first separator fluidly connected to said one or more intermediate streams;

one or more post separator streams fluidly connected to said first separator;

f. optionally, a first recycle stream fluidly connected to said first separator and said
hydrogenation reactor;

g. adchydrohalogenation reactor fluidly connected to at least one of said post separator
streams;

h. a product stream fluidly connected to said dehydrohalogenation reactor;

1. asecond separator fluidly connected to said product stream;

J. asecond recycle stream fluidly connected to said second separator and said
hydrogenation reactor; and

k. a final product stream fluidly connected to said second separator, wherein said final

product stream is rich in 1,1,1,2-tetrafluoropropene or 1,1,1,2,3-pentafluoropropene.
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19. The system of claim 18 wherein said final product stream is rich in 1,1,1,2-
tetrafluoropropenc and said second recycle stream is rich in said 1,1,1,2,3-

pentafluoropropene.
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ABSTRACT

A method for producing 1,1,1,2-tetrafluoropropene and/or 1,1,1,2,3-pentafluoropropene
using a single set of four unit operations, the unit operations being (1) hydrogenation of a starting
material comprising hexafluoropropene and optionally recycled 1,1,1,2,3-pentafluoropropene;
(2) separation of the desired intermediate hydrofluoroalkane, such as 1,1,1,2,3,3-
hexafluoropropane and/or 1,1,1,2,3-pentafluoropropane; (3) dehydrofluorination of the
intermediate hydrofluoroalkane to produce the desired 1,1,1,2-tetrafluoropropene and/or
1,1,1,2,3-pentafluoropropene, followed by another separation to isolate the desired product and,

optionally, recycle of the 1,1,1,2,3-pentafluoropropene.
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BASIC FEE N/A N/A N/A N/A 330
(37 CFR 1.16(a), (b}, or (c)) )
SEARCH FEE
(37 CFR 1.16(K), (i), or (m)) N/A N/A N/A N/A 540
EXAMINATION FEE )
N/,
(37 CFR 1.18(0). (), or {Q)) N/A N/A N/A A 220
TOTAL CLAIMS
(37 CFR 1.16(3)) 19 minus 20 = x$26 OR X352
INDEPENDENT CLAIMS .
(37 CFR 1.16(h)) : 3 minus 3 = x$110 x$220
If the specification and drawings exceed 100
APPLICATION SIZE sheets of paper, the application size fee due is
FEE $270 (3135 for small entity) for each additional
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See
’ 35 U.8.C. 41(a)(1)(G) and 37 CFR
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 195 390
* If the difference in column 1 is less than zero, enter "0" in column 2. TOTAL TOTAL 1090
APPLICATION AS AMENDED - PART Il
OTHER THAN
{Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
ADDI- ADDI-
REMAINING NUMBER PRESENT .
< AFTER PREVIOUSLY EXTRA RATE (8) I'SEN';L RATE (8) l'é)ggt
= AMENDMENT PAID FOR ®
L Total N . v _ _ OR _
Z | @7.cFR 1.16() Minus = X = X =
Z | Independent |, ; e = = =
g (37 CFR 1.16(h)) Minus = X = OR X =
< | Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) N/A OR N/A
TOTAL TOTAL
ADD'T FEE OR  ADD'T FEE
(Column 1) (Column 2) (Column 3) OR
CLAIMS HIGHEST
ADDI- ADDI-
REMAINING NUMBER PRESENT
a AFTER PREVIOUSLY EXTRA RATE (3) ?gENgL RATE ($) IT:E;&L
E AMENDMENT PAID FOR ® )
w
TOtaI * H -k —_— - OR -
§ (37 CFR 1.16(7)) Minus = X = X =
Independent R - .
w * ek = - =
= | 37cFR 1.16m) Minus = X = or | X -
< Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16())) N/A OR N/A
TOTAL TOTAL
ADD'T FEE . OR  ADDT FEE
* If the entry in column 1 is less than the entry in column 2, write “0" in column 3.
** If the "Highest Number Previously Paid For® IN THIS SPACE is less than 20, enter “20".
*** |f the “Highest Number Previously Paid For” IN THIS SPACE is less than 3, enter “3".
The "Highest Number Previously Paid For” (Total or Independent) is the highest number found in the appropriate box in column 1.

This collection of information is required by 37 CFR 1.16. The information is required to obtain or retain a benefit by the public which is to file (and by the
USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete,
including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments
on the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Paten
and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS
ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PT0-9199 and select option 2.
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