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TANDEM TRANSFER HYDROGENATION AND OLIGOMERIZATION FOR
HYDROCARBON PRODUCTION

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional
Patent Application serial number 61/753,768, filed on January 17,
2014, which is incorporated herein by reference in its entirety.
FIELD OF THE INVENTION
[0002] The disclosure relates to hydrocarbon production by
hydrogenation and oligomerizaton and, more particularly, to
catalysis of alkanes and alkenes by a tandem transfer hydrogenation
and oligomerization.
BACKGROUND
[0003] Light alkane gases (ethane, propane, butane) and low-
boiling liquids (pentane, hexane, etc.) represent a considerable
proportion of petroleum-derived hydrocarbons. These light alkanes
are found in natural gas and petroleum reservoirs, and also
generated as low-value byproducts of refinery processes such as
catalytic cracking as well as in Fisher-Tropsch conversion of
synthesis gas. The latter processes may also produce corresponding
alkenes; streams containing substantial amounts of both alkane and
alkene are commonly obtained. These light hydrocarbons have
limited value as useful fuels, particularly in the transportation
sector, which generally requires heavier hydrocarbons. As the cost
of raw petrochemicals rises due to increased demand and an
anticipated reduction in supply, and concern over carbon emissions
leads to demands for increased energy efficiency, a method to
convert these under-utilized light hydrocarbons into more valuable
heavier products would greatly impact the production of chemical
fuels.
SUMMARY
[0004] The disclosure provides methods and compositions to
convert a mixture of hydrocarbons into a mixture of heavier
hydrocarbons. In a simplified version, a mixture of an alkane and
an alkene (which may or may not have the same carbon number) are
coupled to give an overall increase of the average carbon number of

the product components. This is accomplished through the action of
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two catalysts that act concurrently. In one embodiment, a first
catalyst (“hydrogenation catalyst”) is a transfer hydrogenation
catalyst. For example, a hydrogenation catalyst suitable for
transfer hydrogenation includes, but is not limited to, soluble
organometallic species containing a metal from group 9; these same
species immobilized on a solid support such as silica or alumina;
and platinum group metals dispersed on a suitable support. In one

embodiment, a suitable hydrogenation catalyst comprises formula I:

AN

/
X/P\ f

Ir—R
R——51
X/ R
R1

(I)
wherein, each R is independently H or a (Ci-Cs)hydrocarbyl radical;
each R! is independently a (Ci-Csy)hydrocarbyl radical; and each X
is independently an O or CH,.
[0005] This hydrogenation catalyst serves to dehydrogenate the
alkane reactants to alkenes, and to use the resulting H, to
hydrogenate alkenes to alkanes. The alkenes may be sacrificial
additives, or the products of the process itself. The second
catalyst (“dimerization catalyst”) effects alkene dimerization or
oligomerization; dimers/oligomers can be a coupling of identical
monomers (“homodimers/oligomers”) or a coupling of similar, but not
identical, monomers (“heterodimers/oligomers”). Exemplary
dimerization catalysts include, but are not limited to, soluble
organometallic species; supported versions of these same species;
and zeolitic materials containing group 10 metal ions. In one

embodiment, a suitable dimerization catalyst comprises Formula II:
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R2 R3

(II)
wherein, Z is either 1 or 2; n is an integer from 1 to 5; each Y is
independently selected from D, H, optionally substituted (Ci-
Ce¢)alkyl, silane, and (C1-Cs)alkylsilane; Y'is a H, D, halo, =S, =0,
PMes, =C(H) (CMes); Y? is a H, D, halo, =S, =0, PMes, or absent; R? is
a H, aryl, optionally substituted (C:-Cis)alkyl, or an optionally
substituted (Ci1-Cis)hetero-alkyl; and R?® is a H, aryl, optionally
substituted (Ci-Cis)alkyl, or an optionally substituted (Ci-
Cis)hetero-alkyl. In another embodiment, the dimerization catalyst

comprises the Formula II(a):

CI/,,JTa\

CI/ /
R?

IT(a)
wherein, R? is an aryl, optionally substituted (Ci-Cis)alkyl, or an

optionally substituted (Ci-Cis)hetero-alkyl. This catalyst converts
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the Cn alkenes, present in the reactant mixture and/or formed by
dehydrogenation catalysis, selectively into C,;, or higher alkenes.
[0006] In a particular embodiment, the disclosure provides a
method of coupling an alkane with an alkene so as to form one or
more higher molecular weight hydrocarbons, comprising: coupling an
alkane (e.g., a straight chain (Cs-Cio)alkane) with an alkene (e.g.,
a straight chain (Cs-Cig)alkene) in the presence of catalysts
comprising: (1) a hydrogen transfer catalyst and (ii) an alkene
dimerization catalyst so as to generate one or more higher
molecular weight hydrocarbons (e.g., alkanes or alkenes); wherein
the hydrogen transfer catalyst is an iridium pincer complex
catalyst and the alkene dimerization catalyst is tantalum catalyst,
wherein the one or more higher molecular weight hydrocarbons
comprise one or more carbon atoms from both the alkane and the
alkene. In a further embodiment, both the hydrogen transfer
catalyst and the dimerization catalyst are heterogeneous

catalysts. In yet a further embodiment, the dimerization catalyst

comprises a structure of Formula II:

R2 R3

(II)
wherein, Z is either 1 or 2; n is an integer from 1 to 5; each Y is
independently selected from D, H, optionally substituted (Ci-
Ce¢)alkyl, silane, and (C1-Cs)alkylsilane; Y'is a H, D, halo, =S, =0,
PMes, =C(H) (CMes); Y? is a H, D, halo, =S, =0, PMes, or absent; R? is
a H, aryl, optionally substituted (C:-Cis)alkyl, or an optionally
substituted (Ci1-Cis)hetero-alkyl; and R?® is a H, aryl, optionally
substituted (Ci-Cis)alkyl, or an optionally substituted (Ci-
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Cis)hetero-alkyl. 1In another embodiment, the dimerization catalyst

comprises a structure of Formula II(a):

IT(a)
wherein, R? is an aryl, optionally substituted (Ci-Cis)alkyl, or an
optionally substituted (C:-Cis)hetero-alkyl. In yet another

embodiment, the hydrogen transfer catalyst comprises a structure of

Formula I:

AN

/
X/P\I/R

r—R
R—_51
X/ R
R1

(I)
wherein, each R is independently H or a (Ci-Cs)hydrocarbyl radical;
each R! is independently a (Ci-Cso)hydrocarbyl radical; and each X
is independently an O or CH;. 1In a further embodiment, the

hydrogen transfer catalyst comprises a structure of Formula I(a):
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-B
t-Bu t-Bu

IrH4

R~ t-Bu
t-Bu
I(a).
[0007] In a particular embodiment, for the methods disclosed
herein, the hydrogen transfer catalyst is immobilized on a solid
support, wherein the reaction is carried out in a solvent, and
wherein the method further comprises the step of separating the
free hydrogen transfer catalyst from the solvent.
[0008] In a certain embodiment, for the methods disclosed
herein, the hydrogen transfer catalyst is immobilized on a solid
support, wherein the reaction is carried out in a solvent, and
wherein the method further comprises the step of separating free
hydrogen transfer catalyst from the solvent.
[0009] In a particular embodiment, the disclosure provides a
method for coupling a first alkane with a second alkane to form one
or more high molecular weight hydrocarbons, comprising: coupling a
first alkane (e.g., a straight chain (Cs-Cip)alkane) with a second
alkane (e.g., a straight chain (Cs-Cio)alkane) using a sacrificial
hydrogen acceptor in the presence of catalysts comprising: (i) a
hydrogen transfer catalyst and (ii) an alkene dimerization catalyst
SO0 as to generate one or more higher molecular weight hydrocarbons
(e.g., alkanes or alkenes); wherein the hydrogen transfer catalyst
is an iridium pincer complex catalyst and the alkene dimerization
catalyst is tantalum catalyst, wherein the one or more higher
molecular weight hydrocarbons comprise carbon atoms from the first
alkane and the second alkane. 1In a further embodiment, the
sacrificial hydrogen acceptor is styrene, tert-butylethylene or a
combination thereof. In yet a further embodiment, the first alkane
and the second alkane have the same structure. In an alternate
embodiment, the first alkane and the second alkane do not have the

same structure.
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[0010] In a certain embodiment, for the methods disclosed
herein, the hydrogen transfer catalyst and the dimerization
catalyst are heterogeneous catalysts. In a further embodiment, the

dimerization catalyst comprises a structure of Formula II:

R2 R3
(II)

wherein: Z is either 1 or 2; n is an integer from 1 to 5; each Y is
independently selected from D, H, optionally substituted (Ci-
Ce¢)alkyl, silane, and (C1-Cs)alkylsilane; Y'is a H, D, halo, =S, =0,
PMes, =C(H) (CMes); Y? is a H, D, halo, =S, =0, PMes, or absent; R? is
a H, aryl, optionally substituted (C:-Cis)alkyl, or an optionally
substituted (Ci1-Cis)hetero-alkyl; and R?® is a H, aryl, optionally
substituted (Ci-Cis)alkyl, or an optionally substituted (Ci-
Cis)hetero-alkyl. 1In another embodiment, the dimerization catalyst

comprises a structure of Formula II(a):
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wherein, R? is a phenyl. 1In yet another embodiment, the hydrogen

transfer catalyst comprises a structure of Formula I:

Ir—R
R—_51
X/ R
R1

wherein, each R is independently H or a (Ci-Cs)hydrocarbyl radical;
each R! is independently a (Ci-Csy)hydrocarbyl radical; and each X
is independently an O or CH;. 1In a further embodiment, the

hydrogen transfer catalyst comprises a structure of Formula I(a):
t-Bu

t-Bu\ /
P

IrH4

R~ t-Bu
t-Bu
I(a).
[0011] In a particular embodiment, for the methods disclosed
herein the hydrogen transfer catalyst is immobilized on a solid
support, wherein the reaction is carried out in a solvent system,
and wherein the method further comprises the step of separating
free hydrogen transfer catalyst from the solvent. In a further
embodiment, the solvent system comprises the first alkane and/or
the second alkane.
[0012] In another embodiment, for the methods disclosed herein,
the method further comprises the step of hydrogenating or reducing
the one or more higher molecular weight hydrocarbons made by the

methods disclosed herein.
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[0013] The disclosure further provides for a liquid hydrocarbon
fuel comprising the one or more higher molecular weight
hydrocarbons made by the methods disclosed herein.
[0014] The disclosure also provides for an apparatus for
carrying out the methods of the disclosure, which comprises an
inlet and an outlet; and a bed or column comprising a hydrogen
transfer catalyst and a dimerization catalyst disclosed herein. 1In
vyet a further embodiment, for the bed or column comprising the
catalysts: (i) the hydrogen transfer catalyst is immobilized on a
solid support; and (ii) the dimerization catalyst is immobilized on
a solid support.

BRIEF DESCRIPTION OF THE FIGURES
[0015] Figure 1. A time evolution plot of the tandem catalytic
coupling of l-hexene/n-heptane. Top: Reaction conditions and
products observed (“1” denotes dimerization catalyst; “2” denotes
hydrogenation catalysts). Bottom left: Time course plot for
concentrations of all observed species. Bottom right: Expansion and
simplification showing formation of Ci; (from l-hexene dimerization)
and n-hexane (from l-hexene/n-heptane transfer hydrogenation).
Points are from tandem reactions, while black hollow points
represent several individual catalytic runs with either 1
(diamonds) or 2 (squares). These data indicate that the rates of
the individual catalytic reactions are identical to the rates
observed during tandem catalysis, and therefore the two catalysts
operate independently.
[0016] Figure 2. A time evolution plot of the tandem catalytic
coupling the dimerization of l-hexene (240 mM) catalyzed by 1 (8
mM) at 100 °C (three runs).
[0017] Figure 3. Initial rate of formation of the major
regioisomer from dimerization of l-hexene (248-3996 mM) catalyzed
by 1 (8 mM) at 100 °C (each line generated by linear regression of
an overlay of at least three runs).
[0018] Figure 4. Top: Plot of initial rate (kos) for l-hexene
dimerization (blue points: major isomer; red points: minor isomer)
catalyzed by 1 (8 mM) at 100 °C versus [l-hexene]l, (248 mM-3996 mM;

data from Table 1), indicating an approach to saturation. Bottom:
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Corresponding double-reciprocal plot to calculate values for Keq, ki,
and k;K.q” according to equations 1-8.

[0019] Figure 5. Left: van’t Hoff plot (80 °C-125 °C) for the
equilibrium Cp*TaCl;(l-hexene) (A) + l-hexene S

Cp*TaCl, (metallacycle) (B) governed by Keq, with thermodynamic
parameters. Right: Eyring plot (80 °C-125 °C) for the unimolecular
decomposition of Cp*TaCl,(metallacycle) (B into () governed by ki,
with activation parameters.

[0020] FIGURE 6. Rates of l-hexene/n-decane transfer
hydrogenation and l-hexene isomerization catalyzed by 2 at 100 °C
versus initial [l-hexene] (248-1010 mM). The data clearly show
inverse order in l-hexene for transfer hydrogenation, and positive
order in l-hexene for isomerization.

[0021] Figure 7. Plot of 1ln([styrene]) versus time for the
dimerization of styrene (250 mM) catalyzed by 1 (8 mM) at 100 °C
through 4 half-lives (two runs, final 160 h data point not included
in linear correlation).

[0022] Figure 8. Reaction progress for entry 7 (Table 4).
Legend: blue ®: styrene; red B: ethylbenzene; green A: heptane
dimers; purple <: co-dimers; orange O: styrene dimer. Lines are
drawn as visual guides only.

[0023] Figure 9. Comparison of transfer hydrogenation progress
in the conversion of styrene (blue diamonds) to ethylbenzene (red
squares) for catalysis with 2 only (hollow points, dashed lines)
and with 1 and 2 in tandem (filled points, solid lines; wvalues
corrected for styrene converted to co-dimers and styrene dimers).
[0024] Figure 10. Linear correlation of response factors versus
carbon number.

[0025] Figure 11. GC trace of the dimerization of l-hexene to
produce C;; dimers.

[0026] Figure 12. Time course plot of the dimerization of 1-

hexene by 1 (overlay of three runs).

[0027] Figure 13. Initial rate of l-hexene dimerization as a
function of [l-hexenel]l, at 80 °C. Top: Rate vs.
[0028] Figure 14. Initial rate of l-hexene dimerization as a

function of [l-hexene], at 80 °C. Top: Rate vs. concentration.

Bottom: Double reciprocal plot.

10
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[0029] Figure 15. Initial rate

dimerization at 90 °C. Top: Major

isomer product.

[0030] Figure 16. Initial rate

function of [l-hexenel], at 90 °C.

Bottom: Double reciprocal plot.

[0031] Figure 17. Initial rate
dimerization at 100 °C. Top: Major
isomer product.

[0032] Figure 18. Initial rate

function of [l-hexenelys at 100 °C.

Bottom: Double reciprocal plot.

[0033] Figure 19. Initial rate
dimerization at 110 °C. Top: Major
isomer product.

[0034] Figure 20. Initial rate

function of [l-hexenelqs at 110 °C.

Bottom: Double reciprocal plot.

[0035] Figure 21. Initial rate
dimerization at 125 °C. Top: Major
isomer product.

[0036] Figure 22. Initial rate

function of [l-hexenely at 125 °C.

Bottom: Double reciprocal plot.
[0037]

Figure 23. Initial rate

PCT/US2014/011992
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measurements for l-hexene

isomer product. Bottom: Minor

of l-hexene dimerization as a

Top: Rate wvs. concentration.

measurements for l-hexene

isomer product. Bottom: Minor

of l-hexene dimerization as a
Top: Rate wvs. concentration.
measurements for l-hexene

isomer product. Bottom: Minor

of l-hexene dimerization as a

Top: Rate wvs. concentration.

measurements for l-hexene

isomer product. Bottom: Minor

of l-hexene dimerization as a

Top: Rate wvs. concentration.

measurements for l-hexene/n-

decane transfer hydrogenation at 100 °C. Top: n-Hexane formation
(hydrogenation) . Bottom: 2-Hexenes formation (isomerization).
[0038] Figure 24. Initial rate measurements for l-hexene/n-
decane transfer hydrogenation at 125 °C. Top: n-Hexane formation
(hydrogenation) . Bottom: 2-Hexenes formation (isomerization).
[0039] Figure 25. Initial rate of l-hexene hydrogenation and
isomerization by 2 (5 mM) versus [l-hexenelo. Top: 100 °C. Bottom:
125 °c.

[0040] Figure 26. GC trace of styrene (500 mM) dimerization by
1 (25 mM), 110 °C, 72 h.

[0041] Figure 27. Initial !'H NMR spectrum of styrene (500 mM)

dimerization by 1.

11
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[0042] Figure 28. 'H NMR spectrum of styrene (500 mM)
dimerization by 1 (25 mM), 110 °C, 72 h.

[0043] Figure 29. 'H NMR spectrum of the dimerization of

styrene with 1 (t = 0 h, initial).

[0044] Figure 30. 'H NMR spectrum of the dimerization of

styrene with 1 (t = 42 h, ~50%).

[0045] Figure 31. 'H NMR spectrum of the dimerization of

styrene with 1 (t = 160 h, final point).

[0046] Figure 32. Stack plot of H NMR spectra (2.5-6.7 ppm)

for styrene dimerization catalyzed by 1 at 100 °C. Nineteen spectra
were taken at the following time points: 0, 1, 2, 4, 7, 10, 18, 24,
32, 42, 52, 64, 72, 88, 97, 109, 119, 134, and 160 hours (t = 0 h
at bottom).

[0047] Figure 33. 'H NMR spectrum of Cp*TaCl;(styrene)?® in Ce¢Ds,
establishing chemical shifts for comparison to catalytic runs.
[0048] Figure 34. Consumption of styrene during dimerization
catalyzed by 1 at 100 °C and 125 °C monitored by 'H NMR
spectroscopy (two runs). Top: Conc. plot. Bottom: 1ln plot.

[0049] Figure 35. Initial rates of styrene/l-heptene co-
dimerization with 1.

[0050] Figure 36. GC trace of the co-dimerization of styrene
(250 mM) and l-heptene (250 mM) with 1 (25 mM) to produce co-dimers.
The Cis products (l-heptene dimers) are assigned based upon the work
of McLain et al. (J. Am. Chem. Soc. 102:5610 (1980)); the co-dimers
are assigned based on GC/MS and comparison to authentic samples of
three of the proposed compounds (vide infra). The styrene/l-nonane
co-dimer (peak at 11.102 min) is assigned based on GC/MS, and its
regiochemistry by analogy to the major isomer of the styrene/l1-
heptene co-dimers. The l-nonane is presumably generated from
coupling l-heptene and ethylene (from 1).

[0051] Figure 37. GC/MS trace of the co-dimerization of styrene
(250 mM) and l-heptene (250 mM) with 1 (25 mM) to produce co-dimers.
Mass spectrum corresponds to indicated peak.

[0052] Figure 38. GC/MS trace of the co-dimerization of styrene
(250 mM) and l-heptene (250 mM) with 1 (25 mM) to produce co-dimers.

Mass spectrum corresponds to indicated peak.

12
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[0053] Figure 39. GC/MS trace of the co-dimerization of styrene
(250 mM) and l-heptene (250 mM) with 1 (25 mM) to produce co-dimers.
Mass spectrum corresponds to indicated peak.

[0054] Figure 40. GC/MS trace of the co-dimerization of styrene
(250 mM) and l-heptene (250 mM) with 1 (25 mM) to produce co-dimers.
Mass spectrum corresponds to indicated peak.

[0055] Figure 41. GC/MS trace of the co-dimerization of styrene
(250 mM) and l-heptene (250 mM) with 1 (25 mM) to produce co-dimers.
Mass spectrum corresponds to indicated peak.

[0056] Figure 42. GC/MS trace of the co-dimerization of styrene
(250 mM) and l-heptene (250 mM) with 1 (25 mM) to produce co-dimers.
Mass spectrum corresponds to indicated peak.

[0057] Figure 43. GC trace of the nickel-catalyzed co-
dimerization of styrene and l-heptene to generate the major product
shown. The l-heptene dimers and styrene dimer are assigned based on
GC/MS (vide infra). The regiochemistry of the styrene dimer for

this Ni-catalyst was similar to that presented by Ho et al. (Angew.
Chem. Int. Ed. 49:9182 (2010)).

[0058] Figure 44. GC/MS trace of the nickel-catalyzed co-
dimerization of styrene and l-heptene. Mass spectrum corresponds to
indicated peak.

[0059] Figure 45. GC/MS trace of the nickel-catalyzed co-
dimerization of styrene and l-heptene. Mass spectrum corresponds to
indicated peak.

[0060] Figure 46. GC/MS trace of the nickel-catalyzed co-
dimerization of styrene and l-heptene. Mass spectrum corresponds to
indicated peak.

[0061] Figure 47. Top: Reproduction of FIG. 43 (bottom).

Middle: Reproduction of FIG. 36 (bottom). Bottom: GC trace of the
co-injection of styrene/l-heptene co-dimerization reactions

effected by 1 and the in situ generated Ni-catalyst. The peaks
marked with “Ta” are from the tantalum-catalyzed reaction, and

those marked with “Ni” are from the nickel-catalyzed reaction. The
red arrow highlights that the co-dimer peak at 10.29 min (middle
trace) corresponds to the 2-phenyl-3-methylene-octane product.

[0062] Figure 48. Plots of reaction progress over time for

Entry 7 in Table 4. Top: Overlay of both data sets. Bottom:

13
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Expansion of product concentration range. Lines are drawn as visual
guides.

[0063] Figure 49. Overlay of reaction progress for runs from
Entry 7 in Table 4 (filled points), and styrene/n-heptane transfer
hydrogenation catalyzed by only 2 (hollow points). Only styrene and
ethylbenzene concentrations are shown for clarity. The styrene
concentration for the tandem reactions was corrected by
compensating for the amount of styrene consumed in dimerization

reactions to form either styrene dimers or styrene/n-heptane co-

dimers.

DETAILED DESCRIPTION
[0064] As used herein and in the appended claims, the singular
forms "a,” "and,” and "the" include plural referents unless the
context clearly dictates otherwise. Thus, for example, reference

to "a catalyst" includes a plurality of such catalysts and
reference to "the alkane" includes reference to one or more alkanes

and so forth.

[0065] Also, the use of “or” means “and/or” unless stated
otherwise. Similarly, “comprise,” “comprises,” “comprising”
“include,” “includes,” “including,” “have,” “haves,” and “having”

are interchangeable and not intended to be limiting.

[0066] It is to be further understood that where descriptions
of various embodiments use the term “comprising,” those skilled in
the art would understand that in some specific instances, an
embodiment can be alternatively described using language
“consisting essentially of” or “consisting of.”

[0067] Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly understood to
one of ordinary skill in the art to which this disclosure belongs.
Although methods and materials similar or equivalent to those
described herein can be used in the practice of the disclosed
methods and compositions, the exemplary methods, devices and
materials are described herein.

[0068] As exploitation of traditional crude o0il reserves
becomes economically and geopolitically more volatile, and concern
regarding CO, emissions from the current inefficient use of carbon-

based energy carriers increases, many countries and industries are
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actively pursuing alternate fuel sources. These factors are driving
the development of new technologies for fuel production from carbon
sources such as bitumen and kerogen (so-called oilsands and shale
0il), natural gas, and lignocellulosic biomass. In contrast to
fuels derived from crude oil that are collected by fractional
distillation, obtaining hydrocarbons in the desired weight range
from these alternate carbon sources often requires extensive
refining and synthetic manipulation, such as catalytic cracking and
Fischer-Tropsch synthesis using syngas. In addition to the optimal
fuel-range hydrocarbons (Cs—Czz), lighter alkanes and alkenes are
abundant by-products of these processes. Currently, these light
hydrocarbons have little value as fuels due to their volatility and
low volumetric energy density. This inherent inefficiency in fuel
production will increase both the economic and environmental cost
of continued exploitation of these emerging carbon sources.

[0069] In order to better utilize low carbon number energy
carriers, these feedstocks need to be upgraded to higher molecular
weight compounds, ideally in the diesel fuel-range (Cio—Cz2). Such a
process must necessarily perform chemistry on alkanes under
relatively mild conditions: the entropic cost of coupling smaller
carbon chains into larger ones means that high temperatures are
potentially thermodynamically incompatible. One possible technology
for achieving this goal is alkane metathesis. Alkane metathesis
operates via combined alkane dehydrogenation and alkene metathesis
using either two separate catalysts, or one catalyst capable of
both transformations. In the ideal case, two C, alkanes afford one
Con-2 alkane and one equivalent of ethane in an approximately
thermoneutral reaction; however, alkane metathesis tends toward a
statistical carbon number distribution of alkanes, with few
examples that can achieve any selectivity for the desired Cin
product. While further catalyst development efforts may result in a
viable process, alternative methods for upgrading light
hydrocarbons are also needed.

[0070] The disclosure provides an approach toward light
hydrocarbon upgrading based on a tandem alkane dehydrogenation and
alkene dimerization. This method takes advantage of the mixed

nature of many light by-product streams by incorporating both
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alkanes and alkenes as substrates. In an ideal system (shown for a
linear alkane and l-alkene in Scheme I), one catalyst would
dimerize the alkene component of the mixed feedstock to a Cy, alkene.
Subsequent transfer hydrogenation by a second catalyst would
convert the alkane component to a l-alkene, while hydrogenating the
Con product to an alkane. The l-alkene thus formed is then
catalytically dimerized with a second equivalent of l-alkene, and
the cycle continues; the net reaction is coupling of alkane and
alkene to higher alkane, with no by-products generated.
Calculations indicate that such a reaction is thermodynamically
favored below ~250 °C; therefore, catalysts for both dimerization
and transfer hydrogenation must operate with appreciable rates at
relatively mild temperatures.

Scheme I: Idealized Tandem Catalytic Approach toward Alkane /
Alkene Upgrading

R

(1)

A/

Alkeng

Dimerization
R
R
R R
. N
Net Reaction: RN + R™X _@\_&: e
R R
[0071] The disclosure demonstrates this process using a dual

homogeneous catalytic system in which a dimerization catalyst (1)
comprises a structure of Formula II effects alkene dimerization,
and alkane/alkene transfer hydrogenation is carried out by a
hydrogenation catalyst. These catalysts function in tandem to
affect alkane/alkene coupling.

[0072] In a particular embodiment, hydrogen transfer catalyst

(2) comprises a structure of Formula I:
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R'
\J
X/ R
Ir/\—R
X/P\R1
R1
(I)

wherein, each R is independently H or a (C:—-Cso)hydrocarbyl radical;
each R! is independently a (Ci-Csy)hydrocarbyl radical; and each X

is independently an O or CH,.

[0073] In a further embodiment, hydrogen transfer catalyst (2)
comprises a structure of Formula I(a):
t-Bu
t-Bu
\/
R\\\
IR::
P
\\ t-Bu
t-Bu
I(a).
[0074] In a particular embodiment, dimerization catalyst (1)
comprises a structure of Formula II:
I 1
Yn
[ | J
| Z

R? R3

Formula IT
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wherein, Z is either 1 or 2; n is an integer from 1 to 5; each Y is
independently selected from D, H, optionally substituted (Ci-
Cs)alkyl, silane, and (Ci1-C:)alkylsilane; Y'is a H, D, halo, =S, =0,
PMes, =C(H) (CMes); Y? is a H, D, halo, =S, =0, PMes, or absent; R? is
a H, aryl, optionally substituted (C:-Cis)alkyl, or an optionally
substituted (C:-Cis)hetero-alkyl; and R® is a H, aryl, optionally
substituted (Ci-Cis)alkyl, or an optionally substituted (Ci-
Cis)hetero-alkyl.

[0075] In another embodiment, dimerization catalyst (1)

comprises a structure of Formula II(a):

IT(a)
wherein, R? is an aryl, optionally substituted (Ci-Cis)alkyl, or an
optionally substituted (C:-Cis)hetero-alkyl.
[0076] Ta-based alkene dimerization catalyst having the general
Formula II were used in the Examples presented herein.
Cp*TaX, (alkene) complexes are reported to be “indefinitely active”
for the selective dimerization of l-alkenes to two regioisomers at
temperatures up to 100 °C (see Scheme II below); they are inert to
internal alkenes and the product 1,1l-disubstituted alkenes. 1In

addition, no co-catalyst or activator is required.

1
n-B u/\ — + 4/—(
100°C n-Bu n-Bu n-Bu n-Bu

Regioselectivity ~3:1

Scheme II

18



WO 2014/113639 PCT/US2014/011992
Attorney Ref. 00016-086WO1/CIT6422-PCT

[0077] As described above, the disclosure provides a dual
homogeneous catalytic system for alkane/alkene coupling based on an
early/late transition metal dichotomy: alkene dimerization is
effected by a dimerization catalyst (1) comprising the structure of
Formula II or Formula II(a), while transfer hydrogenation is
performed by a hydrogen transfer catalyst (2) comprising the
structure of Formula I of Formula I(a). This system is capable of
coupling, for example, l-hexene and n-heptane with a high degree of
catalyst cooperativity. This system operates by a sacrificial H;
acceptor pathway, in which the alkene substrate, and not the Cy,
product, acts as the hydrogen acceptor (Scheme IITI). Thus, for
every equivalent of alkane upgraded, one equivalent of a different
alkane is generated as a byproduct. An additional feature of this
system is that in most cases the alkene substrate can also function
as a coupling partner: for example, in l-hexene/n-heptane mixtures,
competitive homodimerization of l-hexene generates a substantial
amount of Ciz, along with Ciz resulting from the coupling of 1-
hexene and l-heptene (generated via transfer hydrogenation).

Alkene as Coupling Partner and H, acceptor

Transfer Alkene
Hydrogenation Dimerization

D= e —0— A
R R

7\

R”//Q§§b R”//A\\\ R"//Q§§§ (or alkene

isomer)

Alkene as Sacrificial Hy, acceptor

Transfer Alkene
Hydrogenation Dimerization

N
N T N

e n
RV//Q§§§ R"//A\\\ 0.5 equiv.

Scheme III
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[0078] Both catalysts operate independently, with no mutual
inhibition or decomposition over the course of the reaction (see
FIG. 1). For example, kinetic studies reveal that l-hexene
dimerization catalyzed by the dimerization catalyst of Formula II
exhibits positive order (<1) dependence on [l-hexene], with an
approach to saturation at high concentrations; additionally, the
dimerization rate increases very little with temperature. In stark
contrast, the rate of l-hexene/n-heptane transfer using the
hydrogenation catalyst of Formula I has inverse order dependence on
[l1-hexene], and increases substantially with temperature. These
opposing kinetic features lead to an imbalance in the relative
rates of these two processes as either the concentration of 1-
hexene is raised, or the reaction temperature is raised. In an
effort to identify other alkene/alkane combinations that are
amenable to tandem catalysis, the use of styrene has been studied
as a sacrificial hydrogen acceptor for alkane dimerization. By
attenuating the ratio of the two catalysts, a high degree of
selectivity (>26:1) for tandem catalysis in this styrene/alkane
system can be realized.

[0079] The disclosure also provides a in-depth kinetic study of
the dimerization of 1l-hexene catalyzed by dimerization catalyst 1
(see, Scheme I - III) at elevated temperatures and low initial
substrate concentrations. The catalyst of Formula II (e.qg.,
Cp*TaCl; (alkene) complexes) undergo rapid decomposition at 100 °C
in the absence of added alkene. Thus, catalyst decomposition at
these elevated temperatures should be especially problematic at low
concentrations of l-alkene, since these conditions would favor
Cp*TaCl, (alkene) as the catalyst resting state. It is surprising,
then, that the tandem catalytic alkane/alkene coupling operates at
exactly this set of conditions with no apparent catalyst
decomposition, even over >30 hours with l-alkene added slowly via
syringe pump (see Examples, below).

[0080] Thus, an aspect of the disclosure is that the transfer
hydrogenation/dimerization occurs in a single-stage tandem process.
In one particular version the C, alkene reactant is dimerized by
dimerization catalyst 1 (comprising a structure of Formula II or

IT(a)) to generate a new C,, alkene product. This C;, alkene is
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converted to the C;, alkane by transfer hydrogenation with
hydrogenation transfer catalyst 2 (comprising a structure of
Formula I or I(a)); the source of hydrogen in this case is the C,
alkane reactant. This generates a C, alkene, which will undergo
dimerization with dimerization catalyst 1 having the structure of
Formula II or II(a), producing more C;, alkene. This process would
continue until all of the alkene equivalents are consumed and
converted to the C;, alkane. For simplicity Scheme IV shows a
single isomer of the product, but a different isomer or a mixture
of two or more might result preferentially, depending on the choice

of dimerization catalyst 1.

N
S ) ) e
R R R R

A

Scheme IV

[0081] This tandem process can also be applied to a number of
alternate transformations, such as combining transfer hydrogenation
with oligomerization, such that the reaction of one molecule of C,
alkane with x molecules of C, alkene would result in a Cx+1)n alkane.
It may also be possible to effect conversion of two (or more)
molecules of C, alkane to higher alkanes, either by carrying out
the reaction in the presence of a sacrificial hydrogen acceptor,
such as an alkene that cannot undergo oligomerization or another
species; or by devising conditions such that the H, liberated
during transfer dehydrogenation can be separated from reactant and
products.

[0082] In order for this tandem process to occur, the two
catalysts are present in the same reactor, and retain their
activity under the reaction conditions needed to effect both
transformations. This is accomplished by careful choice of the two
catalysts such that mutual or individual deactivation does not
occur. For example, in a batch reaction, both catalysts are
dissolved and/or suspended in the reaction medium containing or

consisting of the alkane/alkene mixture. In a flow reactor, the
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two catalysts would be supported on the same solid, or two solid
catalysts would be intimately mixed, and the alkane/alkene
reactants passed over this dual catalyst as either a gas or liquid.
[0083] The specific examples below have been successfully
carried out, demonstrating the feasibility of the disclosed process.
The disclosure thus, provides a homogeneous dual Ta/Ir catalyst
system can affect both selective coupling of alkane/alkene mixtures
and dimerization of alkanes to branched alkene products with a high
degree of cooperation. Additional modification can include
modifying the Ir catalyst and/or by selecting a different
dimerization catalyst to produce less branched alkene isomers;
these latter products may be more desirable from a fuels standpoint
as well.

EXAMPLE 1
[0084] General Considerations: All experiments were performed
under an argon inert atmosphere using standard Schlenk line, high-
vacuum line, or glovebox techniques. Solvents for routine syntheses
(pentane, toluene, diethyl ether, tetrahydrofuran (THF) were dried
by passage through activated alumina, degassed under vacuum by
several freeze-pump-thaw cycles, and stored over activated 4 A
molecular sieves under an inert atmosphere. n-Heptane for use in
catalytic reactions (HPLC grade, >99%, Sigma-Aldrich) was pre-dried
by stirring ~400 mL over CaH, (~10 g) for at least 48 hours. The
solvent was then vacuum transferred onto “titanocene”! (~1 g) and
stirred overnight; the solution remained black-green throughout.
The n-heptane was collected from this titanocene solution by a
final vacuum transfer and stored under an argon atmosphere. 1-
Hexene, l-heptene, and neohexene (isoprene-free) were distilled
under argon from CaH; after stirring for several days.
[0085] NMR Spectroscopy: Spectra were acquired on a Varian
Mercury 300 MHz instrument with a relaxation delay time of 2
seconds. Spectra were processed in the following way using
MestReNova: automatic baseline correction, automatic phase
correction, exponential apodization along tl of 1.00 Hz, and
automatic linear correction applied to the integrals.
[0086] GC Analysis: Gas chromatography was performed on an

Agilent 6890N instrument using a flame ionization detector and a
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DB-1 capillary column (10 m length, 0.10 mm diameter, 0.40 pm film).
Runs used the following program: hold at 35 °C for 2 minutes, ramp
temperature at 2 °C min™! to 50 °C, hold at 50 °C for 2 minutes, ramp
temperature at 100 °C min™ to 290 °C, hold at 290 °C for 5 minutes.
[0087] Response factors for linear hydrocarbons ranging from Cs
to Cis versus adamantane were determined by the following procedure.
Two standard samples were prepared containing known amounts of ten
compounds (n-pentane, l-hexene, n-heptane, n-octane, l-dodecene, 1-
tridecene, l-tetradecene, l-hexadecene, n-octadecane, and
adamantane) dissolved in dichloromethane. Analysis of these two
solutions by GC generated data used to calculate individual
response factors for each compound versus adamantane using the
following formula:

ReSp . faCtor = ( [Areaanalyte] X [mmOladamantane] ) / ( [Areaadamantane] X
[mmOlanalyte] )

The following response factors were obtained:

Run 1 Run 2
n-Pentane 0.3947 0.3979
1-Hexene 0.4970 0.5158
n-Heptane 0.6250 0.6320
n-Octane 0.7215 0.7364
1-Dodecene 1.1945 1.2061
1-Tridecene 1.3309 1.3274
1-Tetradecene 1.4134 1.3967
1-Hexadecene 1.6722 1.6639
n-Octadecane 1.8343 1.8544

These data were plotted versus carbon number, giving a linear
correlation in the range analyzed (See FIG. 10).

[0088] The equation of the line was used to determine response
factors for all of the hydrocarbons analyzed (the branching in the
C12-C1s dimers generated in catalytic reactions is assumed to have

negligible effect on the response).

Ce 0.5121
Ciz 1.1919
Cis 1.3052
Cisg 1.4185
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The response factor for neohexene versus adamantane was established
to lie outside this correlation, and was determined independently
from two separate runs. The response factors were 0.5982 (run 1)
and 0.5853 (run 2) for an average value of 0.5853.

[0089] GC/MS analysis was performed on an HP Model 6890N
instrument using an HP5-1 column (30 m length, 25 mm diameter, 0.40
pum film) and an HP 5973 mass-selective EI detector.

[0090] Dimerization of l-Hexene using dimerization catalyst:

ClimTa
o 7/
1
Dimerization catalyst 1 (6.6 mg, 0.016 mmol) was dissolved in 2 mL
of a standard solution of l-hexene (240.8 mM) and adamantane (25.4
mM) in n-heptane in a 4 mlL screw-top vial. The vial sealed with a
Teflon-lined screw cap. The mixture was heated briefly with a heat
gun to dissolve the precatalyst and ensure a homogeneous solution.
The solution was then split into ten aliquots of 0.2 mL each in ten
separate 4 mL vials containing stir bars. These vials were sealed
and stirred at 100 °C in an aluminum block heater (except for one
vial representing to). At specified time intervals, vials were
removed from the heat block, immersed in a dry-ice/acetone bath to
rapidly cool the contents, and then diluted with dichloromethane to
quench the reaction. These solutions were passed through a short
plug of silica gel into a GC autosampler vial, and analyzed by GC.
This procedure was repeated three times to generate the time
profile shown in FIG. 2.
[0091] Procedure for Determining Initial Rates of l-Hexene
Dimerization. Dimerization catalyst 1 (10.0 mg, 0.0240 mmol) was
dissolved in 3 mL of a standard solution of 1l-hexene (248, 252, 412,
699, 1010, 2000, or 3996 mM) and adamantine internal standard (~25
mM) in n-decane in a 4 mlL screw-top vial. The vial was sealed with
a Teflon-lined screw cap. The mixture was heated briefly with a

heat gun and stirred vigorously to dissolve the precatalyst and
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ensure a homogeneous solution. The solution was then split into
fifteen aliquots of 0.2 mL each in fifteen separate 4 mL vials
containing stir bars. These vials were sealed and stirred at 80, 90,
100, 110, or 125 °C in an aluminum block heater. At specified time
intervals, (1, 2, 3, or 4 minutes) vials were removed from the heat
block, immersed in a dry-ice/acetone bath to rapidly cool the
contents, and then diluted with dichloromethane to quench the
reaction. These solutions were passed through a short plug of
silica gel into a GC autosampler vial, and analyzed by GC.

[0092] Data for each time point was collected from 3 or 4
different vials, giving 12-15 data points for each initial rate
determination. The concentrations of both major and minor product
isomers were plotted versus time, and the kons values calculated by
linear regression analysis (TABLE 1, FIGs. 13, 15, 17, 19, and 21).
These data were used to generate double reciprocal plots for each
product isomer at each temperature (see FIGs. 14, 16, 18, 20, and
22). These plots were subject to linear regression analysis to
generate slope/intercept values, which were used to calculate ki,
Keq, and k;K.q" according to equations 1-8.

kK, [1— Hexenel[Ta],

Rate = (1)
1+ K, [1 - Hexene]
Rate™ = ;[I—Hexene]*1 +; (2)
kK, Tal, k| Tal,
1
k, = (3)
b|Ta],
K, =£ (4)
m
k,K_'[1- Hexenel|Ta
Rate = — e | Ii7al, (5)
1+ K, [1— Hexene]
4 1 B K,
Rate =—'[1—Hexene] t— (6)
k,K,,'Tal, k,K,,'Tal,
o1 (7)
P mlTa),
K, =2 (8)
m

TABLE 1: Initial Rate Data (numbers in parentheses are standard

error determined from regression analysis)
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Entry Temp. [1-Hexene]o kons Major kops Minor
(°c) (mM) (105 M s1) (105 M s1)

1 80 248 3.06(8) 0.73(3)
2 80 412 4.85(10) 1.19(3)
3 80 699 6.76(12) 1.59(4)
4 80 1010 7.28(25) 1.77(7)
5 80 2000 10.76(44) 2.54(13)
6 80 3996 12.42(55) 2.93(14)
6 90 248 4.35(10) 1.23(4)
7 90 412 7.52(15) 2.16(6)
8 90 699 10.21(21) 2.87(7)
9 90 1010 14.74(29) 4.10(8)
10 90 2000 18.58(58) 5.11(19)
11 90 3996 26.70(58) 7.44(17)
12 100 248 5.87(10) 1.85(4)
13 100 252 6.03(12) 2.00(5)
14 100 412 9.53(27) 2.98(10)
15 100 699 16.73(41) 5.56(15)
16 100 1010 21.37(52) 6.77(19)
17 100 2000 37.2(11) 12.24(38)
18 100 3996 42.9(14) 13.76(48)
19 110 248 6.66(18) 2.42(7)
20 110 412 10.75(22) 3.83(9)
21 110 699 18.22(35) 6.52(13)
22 110 1010 28.37(48) 10.17(19)
23 110 2000 41.7(13) 14.79(45)
24 110 3996 66.6(18) 23.78(71)
25 125 248 8.34(22) 3.62(11)
26 125 412 14.01(33) 6.08(14)
27 125 699 24.65(76) 10.84(32)
28 125 1010 33.4(16) 14.32(65)
29 125 2000 64.3(34) 28.3(16)
30 125 3996 102.1(64) 43.0(30)

[0093] Kinetic Fitting using DynaFit. The full time course

data represented in FIG. 2 was fitted according to the mechanistic
model from Scheme V, as well as terms for alkene isomerization to
cis- and trans-2-hexene, using the freeware kinetics program

DynaFit. Values for the rate and equilibrium constants ki, Keq, and
k;K.q" determined at 100 °C were used. All equilibria were assumed

to be rapid. The wvalues of K,rr and K.re! were set at different
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values (Korr = Koee! = 1, 2.5, 5, 10, and 15) and the quality of the

fit determined by inspection.
Scheme V: Postulated Catalytic Cycles for the Dimerization of 1-

Alkenes into Two Regioisomers Catalyzed by 1

g
7
AR
%,

7
¥4

)

Q“;h\i
Cl g
c
= 2.5-5 gave the best

[0094] Intermediate values of Korr = Ko’ =

correlation. Refining K.rr and Kore’! gave values of 4.4 (6) and 2.8(9)

respectively. Second order rate constants for alkene isomerization

were determined by fitting according to the equation:
Cp * TaCl, (1 - alkene)+1 - alkene — Cp * TaCl, (1 — alkene)+ 2 — alkene

(not an elementary step)

[0095] These values are 3.6(2) x 102 M s and 1.8(2) x 107> M

s™! for the formation of cis- and trans-2-hexene respectively.

Presumably this isomerization occurs via a nm-allylic-type mechanism,

since the major catalyst resting state is the [Tal] (1-alkene)

complex, rather than an insertion/pf-hydride elimination mechanism;
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however, due to the low degree of isomerization observed, the
mechanism of this side-reaction was not experimentally tested.
[0096] Procedure for Determining Initial Rates of l-Hexene/n-
Decane Transfer Hydrogenation. Hydrogen transfer catalyst 2 (8.8
mg, 0.0150 mmol) was dissolved in 3 mL of a standard solution of 1-
hexene (248, 412, 699, or 1010 mM) and adamantine internal standard
(~25 mM) in n-decane in a 4 mL screw-top vial. The solution was
stirred to dissolve the precatalyst and ensure a homogeneous
solution. The solution was then split into fifteen aliquots of 0.2
mL each in fifteen separate 4 mlL vials containing stir bars. These
vials were sealed and stirred at either 100 or 125 °C in an
aluminum block heater. At specified time intervals, (10, 20, 30, or
40 minutes) wvials were removed from the heat block, immersed in a
dry-ice/acetone bath to rapidly cool the contents, and then diluted
with dichloromethane to quench the reaction. These solutions were
passed through a short plug of silica gel into a GC autosampler
vial, and analyzed by GC.

[0097] Data for each time point was collected from 3 or 4
different vials, giving 12-15 data points for each initial rate
determination. The concentrations of n-hexane and the 2-hexenes
(combined) were plotted versus time, and the kos values calculated
by linear regression analysis (See FIG. 23 and FIG. 24). These rate
data were then plotted versus [l-hexene]; (see FIG. 25).

[0098] Heating a solution of l-hexene (248 mM) and hydrogen
transfer catalyst 2 (5 mM) in n-decane leads to the generation of

several products that can be analyzed by GC (Scheme VI).

Observed

products
250 mM

NN 55w : Cyo alkenes
+ .+ (obscured by (10)
100 °C solvent signal)

n-decane
solvent

Scheme VI

[0099] In the C¢; fraction, n-hexane (from transfer

hydrogenation) and internal hexenes (from alkene isomerization) are
observed. Cio alkenes are also observed (including l-decene), but
accurate quantification of these species is not reliable due to

overlap with the large signal for n-decane solvent. Therefore, the
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formation of n-hexane and internal hexenes has been monitored to
generate initial rate data for transfer hydrogenation and alkene
isomerization respectively (Table 2).

Table 2. Initial Rate Data for l-Hexene/n-Decane Transfer
Hydrogenation and l-Hexene Isomerization Catalyzed by 2.

Entry [1-Hexene]o Temp. kobs (hydrog) kobs (1som)
(mM) (°C) (105 M s1)a (10> M s-1)=
1 248 100 1.26(5) 1.00(4)
2 412 100 0.753(38) 1.53(5)
3 699 100 0.572(20) 2.31(7)
4 1010 100 0.387(10) 2.79(6)
5 248 125 12.4(4) 4.73(20)
6 412 125 8.85(23) 6.30(16)
7 1010 125 2.88(14) 11.8(5)

“Numbers in parenthesis are standard error from regression analysis.
[00100] Analysis of the initial rates of transfer
hydrogenation and isomerization versus [l-hexenely reveals that
transfer hydrogenation is inverse order in [l-hexene] from 248-1010
mM, whereas isomerization is positive order in [l-hexene],
exhibiting saturation behavior (see FIG. 6). The inverse dependence
on [l-hexene] is consistent with previous work on cyclooctane/tert-
butylethylene (TBE) transfer hydrogenation catalyzed by hydrogen
transfer catalyst 2: the rate is first order in [TBE] at low
concentrations (where the Ir dihydride F is the major resting
state), and inverse order at higher concentrations. While
inhibition by TBE is due to reversible oxidative addition/reductive
elimination of a vinyl C-H bond, linear alpha olefins (LAOs, such
as l-hexene) inhibit catalysis by competitive formation of the 1-
alkene complex G. Indeed, G (where the alkene is l-octene) 1is
reportedly a major resting state in TBE/n-octane transfer
hydrogenation. Thus, at higher [l-hexene], the equilibrium in
Scheme VII would be shifted toward G, which is not on the transfer

hydrogenation cycle.

i p
2 equiv.
o + ) R R
ir\H /\/ —_— Ir-—- ‘ + /\/R
P P
F G
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Scheme VII

[00101] This shift in equilibrium between resting states
is also consistent with the observation that the transfer
hydrogenation rate is affected dramatically by temperature,
increasing nearly 10-fold from 100-125 °C (see Table 2, entries 1
and 5). The equilibrium in Scheme VII is a 3-into-2 reaction, which
means that the reverse direction is entropically favored; thus, an
increase in temperature would shift the equilibrium toward F, which
is an on-cycle intermediate for transfer hydrogenation. Furthermore,
since G is also an active catalyst for alkene isomerization, this
shift should decrease the rate of isomerization relative to
transfer hydrogenation. This is exactly the case, where with an
initial [l-hexene] of 248 mM, Kges(hydrog) /keps(isom) is 1.26 at

100 °C and 2.62 at 125 °C. Of course, temperature effects on the

other steps of both catalytic cycles will influence these rates as

well.
[00102] Notably, the determination that isomerization is
positive order in [l-hexene] (from initial rate data) is in

contrast to the zero order dependence previously reported for
alkene isomerization catalyzed by hydrogen transfer catalyst 2
(observation over 5 half-lives with initial [l-alkene] = 100 mM).
This reaction proceeds by a m—allylic mechanism that has a
unimolecular turnover-limiting step and thus should be zero order
in [l-alkene]; however, the positive order dependence observed here
can be explained in terms of the equilibrium between resting states
in Scheme VII. As the concentration of l-hexene is increased, the
steady state concentration of G will increase, leading to a higher
rate of alkene isomerization. Thus, increasing [l-hexene] not only
inhibits transfer hydrogenation, it also favors the undesirable
alkene isomerization pathway. The trend toward saturation in the
rate of l-hexene isomerization shown in FIG. 6 is entirely
consistent with a unimolecular turnover-limiting step in the mu-
allylic isomerization catalytic cycle.

[00103] Implications for Tandem Catalytic Alkane/Alkene
Coupling. The diametrically opposed kinetic trends in alkene
dimerization catalyzed by dimerization catalyst 1 and transfer

hydrogenation catalyzed by hydrogen transfer catalyst 2 is a major
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factor in the homogeneous tandem catalytic coupling of l-hexene and
n-heptane. As for many other one-pot dual catalyst processes, the
optimal conditions for the individual catalysts do not necessarily
translate into the optimal conditions for the pair. While
dimerization catalyst 1 operates most efficiently at lower
temperatures and high substrate loading, hydrogen transfer catalyst
2 works best at high temperatures and low substrate loading. Thus,
in order to best match the rates of the two individual reactions,
tandem catalysis is effective at a moderate temperature (100 °C)
and an alkene concentration that is as low as possible. In terms of
simple batch reactions, the initial optimization led to a l-hexene

loading of ~250 mM (see TABLE 3, entry 1).
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[00104] Raising the substrate loading to 500 or 1000 mM
merely results in the production of more Ci; homodimer, with little
additional tandem catalysis observed (see entries 2 and 3 of Table
3); this is due to the positive order dependence on [l-hexene] for
dimerization catalyst 1, and the inverse order dependence on [1-
hexene] for hydrogen transfer catalyst 2. Conversely, raising the
temperature to 125 °C or 150 °C dramatically reduces catalyst
cooperativity (entries 4 and 7 of Table 3), due to the much
stronger temperature dependence exhibited by hydrogen transfer
catalyst 2 relative to dimerization catalyst 1.

[00105] While increasing [l-hexene] or temperature results
in a rate imbalance between the two catalysts, it is possible that
increasing both of these variables would have complementary effects,
allowing a higher degree of tandem catalysis at increased substrate
loading

[00106] Procedure for Styrene Dimerization using
Dimerization Catalyst 1. Dimerization Catalyst 1 (10.4 mg, 0.025
mmol), styrene (53.5 mg, 0.514 mmol), and mesitylene (internal
standard, 10.8 mg, 0.0898 mmol) were dissolved in Cs¢Ds (1 mL). This
solution was then transferred into two J. Young NMR tubes. Initial
'H NMR spectra were recorded (see FIG. 27), and then the tubes were
heated to 110 °C in an oil bath. After set time intervals, the
tubes were removed from the oil baths and new spectra acquired,
until ~95% conversion was reached (about 72 h, see FIG. 28). NMR
yields were determined in the following manner: The area of the
signal for the three aromatic protons of the mesitylene internal
standard (~6.75 ppm) was set at 25.00. The areas of the peaks for
the two terminal alkene protons of styrene were determined in the
initial spectra, as well as the areas of the two peaks for the
vinylidene protons of the major product at 72 hours. The ratios of
these values were determined, giving four measurements of the yield.
These values were averaged for each run, and then these two values
were averaged again to give a final NMR yield of ~88%. The peaks
for the minor regioisomer (d, 3H, 1.23 ppm, CHs; m, 1H, 3.25 ppm, -
CH(CH:) Ph) were also integrated in the 72 h spectra, giving an
average NMR yield of ~2%.
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NMR vields:
Run 1: 82.8%; 89.3%; 85.6%; 92.3%. Average: 87.5% (Minor isomer:
2.3%)

Run 2: 84.4%; 86.3%; 90.9%; 92.9%. Average: 88.6% (Minor isomer:
2.3%)

[00107] Once NMR yields were established, the two samples
were combined and diluted with dichloromethane to a total volume of
~4 mL. Adamantane (16.2 mg, GC standard) was added, and the mixture
analyzed by GC (see FIG. 26). The yield of both major and minor
styrene dimers was determined to be 81% (major) and 2% (minor).
[00108] Heating a 500 mM solution of styrene in C¢Ds with
25 mM dimerization catalyst 1 to 110 °C does in fact lead to
dimerization, albeit slowly (t1,2 ~14 h, see Scheme VIII). By 'H NMR
spectroscopy and GC analysis, there is one major product of this
reaction, the “head-to-tail” dimer formed. Interestingly, there is
a complete switch in regioselectivity from reactions with LAOs; the

“tail-to-tail” product in styrene dimerization is formed.

X A em /\)L \HI\

110 0C 72h

500 mM

Major Product
MinorProduct

Scheme VIII

[00109] Procedure for Monitoring Dimerization of Styrene
over Four Half Lives. Dimerization catalyst 1 (6.6 mg, 0.016 mmol),
styrene (53.0 mg, 0.509 mmol), and 1,3,5-trimethoxybenzene
(internal standard, 1.6 mg) were dissolved in C¢Dg (2 mL). This
solution was then split evenly into four J. Young NMR tubes.
Initial 'H NMR spectra were recorded, and then the tubes were
heated to either 100 °C (two tubes) or 125 °C (two tubes) in an oil
bath. After set time intervals, the tubes were removed from the oil
baths and new spectra acquired, until ~4 half lives had passed. The
three aromatic protons of the 1,3,5-trimethoxybenzene internal
standard (~6.25 ppm) were integrated versus the terminal vinylic
proton of styrene that is cis relative to the phenyl group (~5.6
ppm), with the former area set at 25.00. The concentration of

styrene at each time point was determined by the following formula,
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[Slyrene]o =

wherein 0.255 M; I =area of vinylic signal @ 5.6 ppm; and

l,=initial area of vinylic signal @ 5.6 ppm:

[SZyrene] = [Slyrene]0 x (I /1, )

The dimerization of Styrene was evaluated by H NMR over various
time points (see FIGs. 29-32).

[00110] Initial Rates of Styrene/l-Heptene Co-Dimerization
using Dimerization Catalyst 1. Dimerization catalyst 1 (10.1 mg,
0.0243 mmol), styrene (97.7 mg, 0.938 mmol), l-heptene (76.0 mg,
0.774 mmol), and adamantane (internal standard, 12.0 mg, 0.088
mmol) were dissolved in 2.8 mL of n-decane in a 4 mL screw-top vial
containing a Teflon-coated stir bar. The vial was sealed with a
Teflon-lined screw cap and the contents stirred vigorously to
ensure complete dissolution of dimerization catalyst 1. The
solution was then split into fifteen aliquots of 0.2 mL each in
fifteen separate 4 mL vials containing stir bars. These vials were
sealed and stirred at 100 °C in an aluminum block heater. At
specified time intervals, (1, 2, 3, or 4 minutes) vials were
removed from the heat block, immersed in a dry-ice/acetone bath to
rapidly cool the contents, and then diluted with dichloromethane to
quench the reaction. These solutions were passed through a short
plug of silica gel into a GC autosampler vial, and analyzed by GC.
[00111] Data for each time point was collected from 3
different vials, giving 12 data points for each initial rate
determination. The concentrations of the l-heptene dimers (both
regioisomers combined), and the co-dimers (all isomers combined)
were plotted versus time, and the ko values calculated by linear
regression analysis (see FIG. 35). In order to normalize for the
different concentrations of l-heptene and styrene used, the initial
rate for styrene dimerization was multiplied by a factor of 0.825
(the ratio of [l-heptene],/[styrenely), giving an initial rate ratio
of 4.05:1 for l-heptene dimerization versus styrene/l-heptene co-

dimerization. Styrene dimers were not observed under these

conditions.
[00112] Procedure for Co-Dimerization of Styrene/l-Heptene
using Dimerization Catalyst 1. Dimerization catalyst 1 (20.4 mg,
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0.050 mmol), styrene (52.1 mg, 0.500 mmol), l-heptene (49.0 mg,
0.499 mmol), and adamantane (internal standard, 10.2 mg, 0.075
mmol) were dissolved in 2 mL of n-heptane in a 4 mL screw-top vial
containing a Teflon-coated stir bar. The vial was sealed with a
Teflon-lined screw cap and the contents stirred at 100 °C in an
aluminum block heater. After 18 hours, the vial was removed, and
the contents diluted with dichloromethane to a total volume of ~4
mL. This solution was passed through a short plug of silica gel
before analysis by GC and GC/MS (see FIGs. 36-42).

[00113] Synthesis of Authentic Co-Dimers: (l-Methyl-2-
methylene-octyl)-benzene was prepared by Ni-catalyzed coupling of
l-heptene and styrene according to Ho et al., Angew. Chem. Int. Ed.
49:9182 (2010). Briefly: Under an N; atmosphere, Ni[COD], (27.5 mg,
0.10 mmol) and 1,3-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-
imidazol-2-ylidene (IPr, 38.9 mg, 0.10 mmol) were dissolved in
toluene (4 mL) in a reaction tube and stirred for ~1 hour. An
aliquot of l-heptene (~28 ul) was added, followed by the addition
of triethylamine (60.7 mg, 0.60 mmol), p-anisaldehyde (13.6 mg,
0.10 mmol), and TESOTf (52.9 mg, 0.20 mmol). The solution was
stirred for ~15 minutes. Finally, styrene (208.3 mg, 2.00 mmol) and
l-heptene (589.1 mg, 6.00 mmol) were added, and the solution was
stirred for ~24 hours at room temperature under N;. The contents
were then exposed to air and diluted with hexanes (~10 mL). The
mixture was filtered through a short silica plug, followed by
elution of the solid with 20% EtOAc in hexanes (~25 mL). The
solvent was evaporated, and the residue dissolved in
dichloromethane. The product solution was analyzed by GC and GC/MS
(see FIGs. 43-46). The regiochemistry of the major co-dimer was
definitively established by Ho et al., as well as the
regiochemistry of styrene homodimerization. This co-dimer solution
was co-injected with the co-dimer mixture generated by dimerization
catalyst 1 (see FIG. 47).

[00114] Procedure for Monitoring Styrene/n-Heptane
Coupling Reactions over Time: Dimerization catalyst 1 (6.6 mg,
0.016 mmol) and 2 (17.7 mg, 0.030 mmol) were dissolved in 2 mL of a
standard solution of styrene (250 mM) and adamantane (25.3 mM) in

n-heptane in a 4 mlL screw top vial containing a Teflon-coated stir
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bar. The vial was sealed with a Teflon-lined screw cap. The mixture
was heated to 100 °C for ~30 seconds in an aluminum block heater
inside an argon-filled glovebox to dissolve the precatalysts and
ensure a homogeneous solution, and then immediately cooled to -

35 °C in the freezer. An aliquot (~0.1 mL, representing to) was
removed and placed into a GC autosampler wvial; this aliquot was
then diluted with dichloromethane to a total volume of ~1 mL before
analysis by GC.

[00115] The reaction mixture was heated to 100 °C in the
aluminum block heater, and at specified times (1, 2, 3, 4, 5, 6, 7,
8, 10, 12, and 18 hours) the vial was removed and cooled to -35 °C
in the freezer before taking an aliquot for analysis by GC. The
concentrations of all major species were then plotted versus time
to give time course profiles of the tandem reaction (see FIG. 48).
The effects of the cooperativity in Styrene/n-Heptane Coupling by
dimerization catalyst 1 and hydrogen transfer catalyst 2 is

presented in Table 4.
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[00116] Procedure for Monitoring Styrene/n-Heptane
Transfer Hydrogenation over Time: Hydrogen transfer catalyst 2
(17.7 mg, 0.030 mmol) was dissolved in 2 mL of a standard solution
of styrene (250 mM) and adamantane (25.3 mM) in n-heptane in a 4 mL
screw top vial containing a Teflon-coated stir bar. The vial was
sealed with a Teflon-lined screw cap. The mixture was heated to

100 °C for ~30 seconds in an aluminum block heater inside an argon-
filled glovebox to dissolve the precatalysts and ensure a
homogeneous solution, and then immediately cooled to -35 °C in the
freezer. An aliquot (~0.1 mL, representing t¢) was removed and
placed into a GC autosampler vial; this aliquot was then diluted
with dichloromethane to a total volume of ~1 mL before analysis by
GC.

[00117] The reaction mixture was heated to 100 °C in the
aluminum block heater, and at specified times (1, 2, 3, 4, 5, 6, 7,
8, 10, 12, and 18 hours) the vial was removed and cooled to -35 °C
in the freezer before taking an aliquot for analysis by GC. The
concentrations of styrene and ethylbenzene were then plotted versus
time to give time course profiles of the transfer hydrogenation
reaction. These data were overlaid on the styrene/ethylbenzene
concentrations from the tandem reaction (see FIG. 49).

[00118] Results of Styrene Dimerization and Styrene/l1-
Heptene Co-Dimerization Catalyzed by Dimerization Catalyst 1. In
the catalytic coupling of 1l-hexene/n-heptane, competitive
homodimerization of l-hexene is prevalent; even with slow addition
of l-hexene by syringe pump, the Ci, fraction represents ~50% of the
higher molecular weight products. In an effort to minimize this
side reaction, TBE was initially examined as a possible sacrificial
hydrogen acceptor that would not be incorporated into the
dimerization catalytic cycle, enabling the catalytic dimerization
of alkanes.

[00119] While modest yield was achieved with TBE, poor
conversion and suspected catalyst decomposition led to the
consideration other hydrogen acceptors. Styrene is an attractive
alternative, since competitive alkene isomerization would be
avoided. Furthermore, the ethylbenzene generated during transfer

hydrogenation could, in principle, be regenerated by
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dehydrogenation (steam cracking), which is practiced industrially
on a large scale to synthesize styrene monomer.
[00120] In previously reported studies, the stoichiometric
and catalytic alkene dimerization by dimerization catalyst 1 and
related complexes was not reported for the dimerization of styrenes.
While the Cp*TaCl,(styrene) complex was prepared and characterized,
attempts to observe metallacycles derived from two styrene units,
or styrene and an aliphatic alkene, were unsuccessful. These
observations (or rather lack thereof) were encouraging in the
context of tandem catalysis, as competitive dimerization of the
hydrogen acceptor (i.e. styrene) should be minimized.
[00121] Monitoring the dimerization of styrene under
conditions analogous to tandem catalysis (250 mM styrene, 8 mM
dimerization catalyst 1, 100 °C) reveals strict exponential decay
of styrene up to ~3.5 half-lives, with ¢t1,, = 40 h (see FIG. 7);
deviation from linearity at high conversion is likely due to
product inhibition, as observed for l-hexene dimerization. This
first order dependence on [styrene] is consistent with a mechanism
analogous to the top catalytic cycle in Scheme V, where the
equilibrium of:

Cp*TaCl; (styrene) + styrene 5 Cp*TaCl;(metallacycle)

(with equilibrium constant Keq' ')

heavily favors reactants, which is in accord with the inability to
observe metallacycles derived from styrenes. The observed first
order rate constant kee = Kog' "kz[Talo, and therefore K ' 'ks =
6.00(6) x 10™* M! 5! (where ks is the rate constant for the
unimolecular decomposition of the styrene metallacycle, analogous
to k2 in Scheme V). Comparing K.’ 'ks to the corresponding values
for l-hexene dimerization to the major and minor isomers gives a
ratio of 53:17:1 (Kgki : Keq' k2 : Keq' ' k3); thus l-hexene
dimerization is ~70x faster than styrene dimerization.
[00122] The markedly slower dimerization of styrene
relative to l-hexene means that styrene should be useful as a
sacrificial hydrogen acceptor in tandem catalysis; however, co-
dimerization of styrene and the alkane is another likely product.
In order to determine the relative rates of LAO dimerization

relative to styrene/LAO coupling, a mixture of styrene (313 mM) and
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l-heptene (258 mM) was dimerized with dimerization catalyst 1.
Under initial rate conditions, l-heptene dimerization is 4x faster
than l-heptene/styrene co-dimerization. Notably, under these
conditions l-heptene dimerization is 2.8 x slower than l-hexene
dimerization in the absence of styrene. Clearly, the presence of
styrene inhibits LAO dimerization, probably because
Cp*TaCl,(styrene) is a significant resting state, which could be a
complicating factor in achieving a high degree of tandem catalysis.
[00123] Analysis of the GC traces of these initial rate
experiments indicated that there are multiple styrene/l-heptene co-
dimer products. Running a l-heptene/styrene co-dimerization to
completion gives l-heptene dimers, co-dimers, and styrene dimer. By
GC, there appear to be three or four co-dimers (one peak has a
consistent shoulder), with one major species. If both “tail-to-
tail” and “head-to-tail” regioisomers are considered, there are

four possible products (Scheme IX).

250 mM /\)L Ph
Ph CsHqq CsHqq

o X 1 5 mm) Major Product
+

100°C,72 h
N S X /\)L CsHys
250 mM CsHqq Ph Ph
Heptene Dimers Styrene Dimers
Scheme IX
[00124] Other embodiments, combinations and modifications

of the compositions and methods presented herein will occur readily
to those of ordinary skill in the art in view of these teachings.
Therefore, the compositions and methods are to be limited only by
the following claims, which include all such embodiments and
modifications when viewed in conjunction with the above

specification and accompanying drawings.
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CLAIMS

1. A method of coupling an alkane with an alkene so as to form
one or more higher molecular weight hydrocarbons, comprising:

coupling an alkane with an alkene in the presence of
catalysts comprising: (i) a hydrogen transfer catalyst and (ii) an
alkene dimerization catalyst so as to generate one or more higher
molecular weight hydrocarbons;

wherein the hydrogen transfer catalyst is an iridium pincer
complex catalyst and the alkene dimerization catalyst is tantalum
catalyst,

wherein the one or more higher molecular weight hydrocarbons
comprise one or more carbon atoms from both the alkane and the

alkene.

2. The method of claim 1, wherein both the hydrogen transfer

catalyst and the dimerization catalyst are heterogeneous catalysts.

3. The method of claim 1 or claim 2, wherein the dimerization

catalyst comprises a structure of Formula II:

(I1)
wherein,
Z is either 1 or 2;

n is an integer from 1 to 5;
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each Y is independently selected from D, H,

optionally
substituted (C.-Cs)alkyl,

silane, and (Ci-Cs)alkylsilane;

Y!' is a H, D, halo, =S, =0, PMes, =C(H) (CMes);

Y? is a H, D, halo, =S, =0, PMes;, or absent;

R? is a H, aryl, optionally substituted (Ci1-Cis)alkyl, or an

optionally substituted (Ci-Cis)hetero-alkyl; and

R> is a H, aryl, optionally substituted (Ci-Cis)alkyl, or an

optionally substituted (C:-Cis)hetero-alkyl.

4, The method of claim 3, wherein the dimerization catalyst

comprises a structure of Formula II(a):

IT(a)
wherein,

R? is an aryl, optionally substituted (Ci-Cis)alkyl, or an

optionally substituted (C:-Cis)hetero-alkyl.

5. The method of any one of claims 1 to 4, wherein the hydrogen

transfer catalyst comprises a structure of Formula I:

43



WO 2014/113639 PCT/US2014/011992
Attorney Ref. 00016-086WO1/CIT6422-PCT

Ir—R
P—51
X/ R
R1

(I)
wherein,
each R is independently H or a (Ci—Cso)hydrocarbyl radical;
each R! is independently a (Ci1-Cs)hydrocarbyl radical; and

each X is independently an O or CHy.

6. The method of claim 5, wherein the hydrogen transfer catalyst

comprises a structure of Formula I(a):

t-Bu

t-Bu\ /
P

7. The method of any one of claims 1 to 6, wherein the hydrogen
transfer catalyst is immobilized on a solid support, wherein the
reaction is carried out in a solvent, and wherein the method
further comprises the step of separating free hydrogen transfer

catalyst from the solvent.

8. The method of any one of claims 1 to 7, wherein the alkane is

a straight chain (Cs-Cig)alkane.
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9. The method of any one of claims 1 to 8, wherein the alkene 1is

a straight chain (Cs-Cig)alkene.

10. A method for coupling a first alkane with a second alkane to
form one or more high molecular weight hydrocarbons, comprising:

coupling a first alkane with a second alkane using a
sacrificial hydrogen acceptor in the presence of catalysts
comprising: (1) a hydrogen transfer catalyst and (ii) an alkene
dimerization catalyst so as to generate one or more higher
molecular weight hydrocarbons;

wherein the hydrogen transfer catalyst is an iridium pincer
complex catalyst and the alkene dimerization catalyst is tantalum
catalyst,

wherein the one or more higher molecular weight hydrocarbons

comprise carbon atoms from the first alkane and the second alkane.

11. The method of claim 10, wherein the sacrificial hydrogen

acceptor is styrene, tert-butylethylene or a combination thereof.

12. The method of claim 10 or claim 11, wherein the first alkane

and the second alkane have the same structure.

13. The method of claim 10 or claim 11, wherein the first alkane

and the second alkane do not have the same structure.
14. The method of any one of claims 10 to 13, wherein both the
hydrogen transfer catalyst and the dimerization catalyst are

heterogeneous catalysts.

15. The method of any one of claims 10 to 14, wherein the

dimerization catalyst comprises a structure of Formula II:
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(I1)
wherein:

Z is either 1 or 2;
n is an integer from 1 to 5;

each Y is independently selected from D, H,

substituted (Ci-Cs)alkyl, silane, and

optionally
(C1—-Cy)alkylsilane;
Y! is a H, D, halo, =S, =0, PMes, =C(H) (CMes)

Y? is a H, D, halo, =S, =0, PMe:, or absent;

R? is a H, aryl, optionally substituted (C:-Cis)alkyl,
optionally substituted (C:-Cis)hetero-alkyl;

or an
and

R> is a H, aryl, optionally substituted (Ci-Cis)alkyl, or an
optionally substituted (C:-Cis)hetero-alkyl.

16. The method of claim 15, wherein the dimerization catalyst

comprises a structure of Formula II(a):
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Cl / \
\
o] /
RZ
IT(a)
wherein,
R? is a phenyl.

17. The method of any one of claims 10 to 16, wherein the

hydrogen transfer catalyst comprises a structure of Formula I:

Ir—R
R——51
X/ R
R1

(I)
wherein,
each R is independently H or a (Ci—Cso)hydrocarbyl radical;
each R! is independently a (Ci1-Cso)hydrocarbyl radical; and

each X is independently an O or CHy.

18. The method of claim 17, wherein the hydrogen transfer

catalyst comprises a structure of Formula I (a):
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-B
t-Bu t-Bu

IrH4

R~ t-Bu

t-Bu
I(a).

19. The method of any one of claims 10 to 18, wherein the
hydrogen transfer catalyst is immobilized on a solid support,
wherein the reaction is carried out in a solvent system, and
wherein the method further comprises the step of separating free

hydrogen transfer catalyst from the solvent system.

20. The method of claim 19, wherein the solvent system comprises

the first alkane and/or the second alkane.

21. The method of any one of claims 10 to 20, wherein the first

alkane and the second alkane are straight chain (Cs-Cip)alkanes.

22. The method of any one of claims 1 to 21, wherein the method
further comprises hydrogenating or reducing the one or more higher

molecular weight hydrocarbons.

23. The method of any one of claims 1 to 21, wherein the one or

more higher molecular weight hydrocarbons are alkanes.

24, A liquid hydrocarbon fuel comprising the one or more higher
molecular weight hydrocarbons made by the methods of any one of

claims 1 to 23.
25. An apparatus for carrying out the method of any one of claims

1 to 22, comprising

an inlet and an outlet; and
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a bed or column comprising the hydrogen transfer catalyst and

the dimerization catalyst.

26. The apparatus of claim 25, wherein: (i) the hydrogen transfer

catalyst is immobilized on a solid support; and (ii) the

dimerization catalyst is immobilized on a solid support.

49



WO 2014/113639 PCT/US2014/011992

1/ 42

18 mM)

/\/\/ AN NN 2 (5 mM) W

——

250 mM solvent 100°C

R= n-C5H117 R'= n-C4H9
C14: R=R'= n-C5H11

Cu: R=R'= n-C4H9
R X Cpst R=1-CHy R'=n-CsH), or
R' R R’

&
L4
L

S F T

¥
%4

N
&

80 & s qn oS N

Concentration [mba}

W

FIGURE 1

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

8 ¥ 1-Hexene

; NC12 Major

200 o L3112 Minor

Gt-2-Hexene
O ¢-2-Hexene

Y
(W]
L]

Concentration {M)
= : :
e
Lo

[ ¥y}
&
%’Zﬁ Y

fo0b 5 ¢ o
0 &%&Q \\ ........ ‘§§i ........... § ............ e SRS R T R s \\\\
G 5G 100 156 200 250
Time {min)

100 ¢ $388mi 04290 - 30 Q§*§
RS- @ R 098963 ;

| A VRT3

o A wtegsaes

75 7 2gosmm

W0 mw

LD 2000 mi

0 sasssmm

Concentration {mM)

FIGURE 3

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

6.0E+04 -
y=12383x + 26771
5.0F+04 B2 = [} GOARD §

4.0E404

3.0E+04 -

2.0E4+04 -

. o & _—— \@\

10E+04 Y = 3958.6x + 874.2

o R*= 099749
0.0E#0Q g s A 5

T T E—

FIGURE 4

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639

4 / 42

P T— B A S =

250803 2.60E-03 2.70E-03 2.80E-03

A e 10424% - 29,445
R - 0.99514

Eﬁ(Keq)
L 4

‘58 g e ee e ee e LA e fe e Lo ee Lo re e L e ee et ne e

2508-03  2.60E-03  2.70E03  2.80E-03
TN

..

¥ o= 13808y + 35,368
S N R = 0.9980%

FIGURE 5

SUBSTITUTE SHEET (RULE 26)

PCT/US2014/011992



WO 2014/113639

5/ 42

PCT/US2014/011992

% I-Hexene Hydrogenation
- W1-Hexene Isomerization

N

25

35 -

y =-0.0173x - 1.4349
R* = 0.99739

FIGURE 7

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639

fed
LIt
]

Concentration {miv)

Concentratio

100

1%
o>

PCT/US2014/011992

6 / 42

200 400 600 300
Time {min)

200 400 600 800 1000 1200

FIGURE 8

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639

PCT/US2014/011992

400 600 800 1000 1200

Response Factor Correlation for
Hydrocarbons (C,-C,,)

Response Factor

y= 01333 - 0.1677
R?=(1.99883

031t 12 013 1 15 18 17 18 1§
Carbon Number :

FIGURE 10

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639

8 / 42

PCT/US2014/011992

R R

B, o \
B s

o : ;
™ Gty CiHg

RO

B
B
e

R S

S N R

¥ H 7 T T
) g b { Y] iR ] ooy

FIGURE 11

200

i

Concentration {})

o

et
[l S
3
s
VST
e

gt

Time {min

1 Hexene

N1 Majoe
CHCLZ Minor
SR -Hexang

Wed-Hexernn

FIGURE 12

SUBSTITUTE SHEET (RULE 26)




WO 2014/113639 PCT/US2014/011992

§ ¢ = QARR . 2078
h

/Y (07858

ot
it
%%
7]
1]
o
Z

4

& FO0HE el

T 3008 mi

)
[}

Concentration {mM)

683 mia

N EN K% = 097065

u

O 3805w

Concentration {mbd)}

FIGURE 13

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

4

-
[
m

&,

=
Ll

3

QUEH00

106405
08404 7

6.08404

lfkubs{SMl}

anesd - N

FIGURE 14

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

11 / 42

50 & ¥ERIBE- T
& 348 rald N 8053
‘ % R s 0.805

S e ma < ¥ s QLGN 6ETIR
4 = RY = Q99081

Concentration {m)

8w B& ?

& R0 mdg §§ v DBRLEN~ R 461
W ITEE vt % 8« 0 B5ERel

Concentration {mp)
s Y

FIGURE 15

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639

PCT/US2014/011992

20604

kﬂb{Mgll

408404 -

1/km{5mlj

3 08404

QOO0

TEMEBR

“

N iamees

A

e ANSES

IV

vt

AT
R
A o

% 130805

E0Y o
e

\,.»"""& o %\

#0808

FIGURE 16

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

& 245 il v DAY~ BB

&

fate

D593 m N
S 2000 mi
N 396G mkd

Concentration {m) 5

B 248 mi § s 0O8TS3

¥ = 3238y - 38858
B = 0.500%5

Fad
(%3
&

ag 2008wy
L 3a06 a

10 4

Concentration {mi}

TR
- e RN
§ AR TR "\\&

FIGURE 17

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

40ECY

SRR RRRVRRPREE Lo

0 I < 3

)‘ W

08408

208504

1;5(%%{51%1;

FIGURE 18

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639

Concentration {mhd)

Concentration {mbA)

i
L)

]
i

an

30

100 -

e
(%]

5 59% m

S 2000 el
N 3895 mbd

2006 i

¥ 3995 vl

PCT/US2014/011992

‘,,L}l,«" -\"‘.V"‘.“.‘"‘. \\\\

o § ¥F

N

AN

FIGURE 19

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

£+
=
rf’l
<
Er
%

Hmk;;iﬁa;&immmmmmmmmmmmmmmmmmﬁ

406404

AOEL04 -
N
w 2.05404 - =
ok ' -
= Ny S
>

ein o e B8 ¢ SHOTF

FIGURE 20

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/011992
17 / 42

WO 2014/113639

&

b o RN =
e - o ot
5] e S e
Z e w
o 7og 2% 2L
m ﬂw.u. o ] nﬂ
G %% )
[a e m..ﬁ.“ v
T T o e
o G22 n\ e i g
# z p 7 %
o s g ;

k=

3 s

wm e % % %

»xf \..\.‘.. \ou w b fee)
ST T3 8

120

2
%

Ay

& 288

QA%¥me

i 3
S

&

Fon

a1 = i

(i} :aﬁmﬁgmu:au

FIGURE 21
SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

LERLENR

LA

i
T
3
: g
: g
o

[
£
[k
&
2
s
u
=3
=3
WS
&
hfd
E~1

208404

156404 -

A

1!k0bg{swli}

8§ T *o 1, 5ORGY

J.0¢

O 2

(3]

FIGURE 22

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/011992

WO 2014/113639

19 / 42

%
b2

#

b1
o

28006

T
g

‘ ;
: w.\nu
.R “
‘ o

o ,y

2300
2300

%

e y\« o

NN\@NW M mwm

800

<
L

8
— &
1800

1366

840

it \.u\
ﬁ‘ & o =
«n ,ﬂ =z L

o
¥

2,
R

& 288 il
N
V598 mi
8
g
i
¥ 695 mbd
;

Saz

Ok

L

i -

fa=] o nu nu ﬁm |
_{,. = [ = -

fIAM  BORBAIAIUDD {ARLE ) UOIIRAIUSOIUOD

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/011992

WO 2014/113639

20 / 42

i} uonenusIUoD

S
E4d
]
e
B P
At
o w ]
o .
P e
v\“\ P iyl
POS iR
For] g
#“

480

420

260

309

AT
J41

180

e
w55 *, .
e e 4 sy v
£ 7 % i
[ 1
) v K
et wed

e s —

] s’ =
P 1251 7

{ius} uoneauIIU0D

FIGURE 24

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

; \\\\ \“
. ; o
& LOE-05 N

S r“‘,T.,\\v\\\v.,-.m“wm .
:\\\\ 1-Hexene Hydrogenation -

§1 Hexeme Ismmenzamﬂ
Q.OE+GG ...................................................................................................................................................... s

0 0.25 0.5 0.75 1
{1-Hexene], (M)

~
e
S

3.08-05 - e
5‘%\\"1 Hexene Hydrogenation

N1 HQKOﬂQ |SDmGF!Z§ﬁGﬂ
Ct . Uz E + DD ..................................................................................................................................................................................................................... e

FIGURE 25

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

22 / 42

pA § FID1 A DCLWVSD)
3000
2500
2000
1500

Arar 754.82

1000 ros: 47768 g""‘“m Area: 16489 § :

500 Az 2&1994% z ¢ Ay 5,3&9?‘—§ 7 R SS9

0 v .

2 4 & 8 1 12 min

PAJ FIDTA ELV2SD) , I s
400

dre: thgasy  J] A 1328

& * SOPE Y I
100 ‘ Arew: 53407 * Arey; 15,188
50 & nenoston I @ T— 2 g

75 8 8.5 9 85 10 10.5 11 1.5 rr

FIGURE 26

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

23 / 42

FIGURE 28

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

24 / 42

Measured
signal

JUUUSE o CUUUUUUR I e

fi , OCH:
P’y
HEO N OCH; %

A
Sl

11 {ppro)
FIGURE 29
S
TR
Olte HoH
. H @ 0 H 3
Me P O & =g
HCOTNF 08 Hy el fyph
‘ &

Q)
L e
1

FIGURE 30

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

25 / 42

oy
66 B4 B2 B0 52 58 84 52 B0 48 48 44 42 40 38 38 34 32 30 28 28
1 (ppm)

FIGURE 32

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

26 / 42

S - - - w

oy #h
G

FIGURE 33

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

ST B
R
Nl

<
[N
[#51

% T
i
W

P

By TN y =-0.0173x% - 1435

| i N R*= 09974
) S

| S \\ 5 ) ~. \_\ \§

\Bye-0.0873x- 15363 N

-4 : RY = 098071 N

in [Styrene]
G
?%

FIGURE 34

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

28 / 42

¢ Heptene Dimers

¥ GO + 108
N Wspnmw

L

- B Co-Dimers

%3]

[%s}

\\\\K ?‘“ R

‘: o
MMM@ RYv &,
| IR .
VRS .

g
53
£y

Conecentration {mil)
£
By
A

FIGURE 35

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

29 / 42
oA FID1 A {DCLIV-298.0)
49001 CH:C
0 o Area: 558783
3000+ Area: 3335367100 Sanel & Area: 28.0084
2500, nheptane 0565 ) \AVE, 68,0458 155
Ares: 16,9627 “§ Area: 435.627
26004 Areai 41 ??157 | 18, 11387
1500+ ,
10004 Areg: 6.29404
B0 \ ‘ 11721
b oo et S T Y LAy
2 nmmmEEEEAC S g 10 2 Sx  min
gEeEEEET . A P ‘0\\
;;‘;, FID1 A{DCLUV-298.D) Area: 617.086 PN Z‘b&b R
| 2T AP
3004 3 Areg: 266.079 ,
o ' Area; 6.23404
200d | Area: 208.03% 0 | RS R 95
1801 | Area: 28.0081
1004
5}
L " v p——
7.5 8 85 oz=v 5. Min
omsFETT N
e = = N N
pms:—;:?" FID1 A {DCLYV-298.D) %
4001 -, gj%eggt: 817.066 E;
e a 3304733 B gl
| TSR X L0y ‘
3004 My Cilin 10.292 % el Ph Area: 63.0488
2601 Profhog,y  AeESLI < 10 |
200+ , CsHﬂ‘LLPh " Coblay
‘ . ‘ Areg: 558783
1501 Gsﬂﬂ""{:ﬁﬂﬁ  Area: 16,9627 10,960
1004 10437 | ‘
% Arsa: 11.0341
50+ N ‘ 10832
) - J \. - _
85 8.7% 19 1025 10,5 10,75 1 1128 rin

FIGURE 36

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639

Abundance

30 / 42

PCT/US2014/011992

TIC: DLAVZ88 Didatams

P VJLCsfHﬂ
b

l

Qg v L ' . - b
2.00 9.60 16.00 10.60 11.00 11.80 1200
Stan 908 (10,271 min). DL-V-298. Didata ms
1121 oy, Y, Chiemical Formula :CogHyy®
Exact Mass; 131.09
Chemical Formula .CaH¢*
Exact Mass: 105.07
Bhia Chemical Formula :CyHes*
Y  ExactMass: 145.10
1 a4 Fhaghv s Chemical Formuia :CisHay
g 1172 Exact Mass: 20217
774 ‘ 1462 Ph
5 | #CSH‘H
2023

50 & 70 B0 80 100 MO 120 430

FIGURE 37

187.2

169.2

160 170 180 190 200

140 150

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639

Abundance

70000
85000
£0000
85000

15000
10000
5000

miz> O

31 / 42

PCT/US2014/011992

TIC: DL-V288 Didatanss

]

AAAAAAAAAAAAAAAA Y T e v
Scan 923 {10.357 min) DL-V-298.Didatams
1322 ' Chemical Formula [CypHa®
'}Lph Exact Mass: 131.09
7.2
Chemical Formuia (CgHye
Exact Mass: 103.08
, |
91.‘5 clph
1031
“ Chemical Formula :Cysh
‘ , Exact Mass: 20217
Cahsgh
146.2 P
R 4890 1732 2023

FIGURE 38

80 70 80 90 100 110 120 130 140 160 160 170 180 190 200

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

32 / 42

Abundance TIC: DLV-258.Diclatams

Time-> ¢ 3,00 8.50 10.00 10.50 11.00 11,50 12.08

5000000 )
100000 1
ARDODOG Ph Nlcsﬁﬁ

44000060
4309000 *

0004060

200000

600000 |

400000 |
200000 o

&

Scan 991 {10.746 min) DLAV-298.Didatams

1080000 1.1
1000000 Bh ,,Gheminai Formula :C/H»

ExactMass: 81.056

800000 Chemical Formula Gyt

560000 Formua .
30000 Chermical Formula :CiaHiee o oo o0

450000 Exact Mass: 131,09 Ph »

350000 e, A Chemical Formula CrsHas
300000 ‘ Exact Mass; 20247
250000 66.1 104.1 1312

80 80 100 140 120

1 46.2 Ph » CsHﬂ
2023
1594 1742 1873 &

o 140 150 160 170 180 190 200 210

FIGURE 39

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

33 / 42

Abundance : TIC: DL-V-288 Didatams

300000}
56000008
5400600}
52000008

Csﬂﬂ"JL Ph

| 4

Time-> 0 900 950 10.00 10.50 11.00 11.50 12.00
Abundance Scan 999 (10,721 min}:DLAV-298.Didata.ms

95000 a2 Chemical Formula :CoHo®

30008 by Exact Mass: 117.07
85000
80000
TEO00
0000
65000
0000
55000
ﬁgg Chemical Formula :Cahye
40000 Exact Mass: 103.06 Cherical Formula ‘CroHs®
35000 911 l! pp JI  EXRAMasSBL09 epemical Formuta sty
30000 z oK gy Exact Mass: 20217

25000
77.2
20000 § 13“2 CsHﬁ*\’“‘Ph
2023

150000 gy 4
f‘ W g4 1872 |

10000
5000

miz-> 0 50 & y 90 100 110 120 130 140 150 160 170 180 190 200

FIGURE 40

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

34 / 42

Abundance TIC: DLV-298 Didatams

§0000 A |

[aned )

400000 ‘ &
,,,,,,,,,,,,,,,,,, a,, B S L _ _ I, & L o SR

1)

Time-> 0 200 950 10.00 10.50 .00 1150 1200

g4 Scan 1148 {11,843 min):DL-V-298. Didata ms

Chemical Formula (CrHy
130000 Ph”*  ExactMass: 91.06

1 Chemical Formula :CyHgp®

90000 Exact Mass: 145.10

80000

70000 Chemical Formula :CqHe® Ph " Chemical Formula ks
60000 Exact Mass: 131.09 Exact Mass: 159.12

10000 J; . M,  Chemical Formula:CyHos
Ph AN Yy Pn Exact Mass: 230.20

Ph AJLC?“&&

1742 2305

mize> O B0 €0 70 80 80 100 10 120 130 140 150 160 170 180 490 200 210 220 230

FIGURE 41

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992
35 / 42

Abundance TIO: DLAV2B Didatams

s n s
5600000

5200600
0

80600
1600600
200000 A

al A

Time-> O 9.00 9,50 10.00 10.50 14.00 1.50 12.00
Abundance .
811 Scan 1210 {(11.987 min}DLAV-298 Didata.ms

140000 ’ Chenticsl Formula 1Crbye

130000 Ph Exact Mass: 51,05
120000

110000
100000
50000
80000

Chemical Formula :CigHis
Exact Mass: 208.13

PhlJ'L Ph

208.2

2304
B0 190 200 210 220 230

FIGURE 42

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

36 / 42
FIDT A, (DCLAMETR4D)
ph
2500
2000 )
o ﬁ: o
OF P
Nl
1500 FE S
A )
1000 ’g‘: g & &é‘
& ¥
[
ﬁ : Yy
| I 4 § 8 12 12
" FIDY & CLAV-2Y24.0) . e
#h S| ﬁ“‘%
359 ‘TLLCi;Hﬂ %ég?
200
158 '«
& , @
ol ¥ »
I 3
& & @ L
i A
85 9.75 10 1028 108 10.78 14 11,25
FIGURE 43

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

Abundanee

Bord7
§8e+07
Serl7
d5ed?
de+(y
387
3ewl?
25e+Q7
20407
15407
fe407

5000000

Q‘

TN ~2
Abundance

1100000
1050000
1000000

950000
$06000
850000
800000
750000
FOR00

37 / 42
TiC: DLW?‘?.».{)\:Eata.zms
— §§& ¥ Mm§§ ¥ * é&
400 9.50 10.00 10,50 100 11.50

562 Scan 781 {9.545 min): DLAV272 Didatams

Chemical Formula (Cighin
Exact Mass: 18622

97.2 CH
P w22 " #%Hﬁ

1282
186.3

140.2
3 1642 1683 1813 ‘

90 100 110 120 130 140 150 160 170 1480 190 200
FIGURE 44

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

38 / 42

Abundance
Ge+l7
£.8e+07
Se+07
4 5o+l7
407
350407
a7
2.5e+07
2e+l7
150407

1407 é
5000000 ﬁ .
g St ‘“M 5 5

¥ % ¥ ¥
8.00 8.50 10.00 10.50 11.00 11.50

TIC: DLV-272. Didatams

Titne ~>»

Abundance | Scan 915 (10.311 min): DLAVRA72. Dvdatams

8000000} 332§ ], Chemicat Formala:Cgh
7500000 ExactMass: 131.09
7000000 ,

85000001 Chiemical Fomula CaHy Chemical Formula :[CuH®
2000000 Exact Mass: 108.07 Exact Mass: 14510

5500000 Py Phiogh:
prateted 1064 1462
4500000 ¢ 944 MY ¥ Chemieal Formuta :CeHa
4000000 ¢ Exact Mass: 202.17
3500000
3000000 P"\y‘ CsHyy
2500000 2023
2000000
1500000
1000000
500000 1692 73 172

mz-> O 8 B0 70 B0 90 100 140 130 130 140 150 160 170 480 190 200

FIGURE 45

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

39 / 42

Abundance
TiC: DLV-272 Didatams
Ba+l?
b.5etl7
Se+d7
450407
4e+07
3 Ba+?
Je+l?
2.5e+07
20407
450407
o407
5000000
] goondbol 3& prooesBiaiiidy i ]
Tite <> 3.00 3.50 10.00 10.50 1100 11.80
Abundance Sean 1117 {11.466 minj: DLJV.272.Dhdatams
700000 774 1932 2082
£50000 154 Chemical Formula Gyt Chemisal Formula:CigHes
600000 ; 1304 Exact Mass: 183.10 ExgctMass: 0813
550000 ™ e
5000600 ‘
450000
400000 54 4
350000 g
300000
250000
200000
4150000
150000
50000 |

mz~>  Ug 50 60 70 80 90 100 190 120 130 140 150 160 170 180 190 200 210 220

17182

911

FIGURE 46

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

40 / 42
oy D1 ADCLIV-272-4.D) < Aes: 368968

Phogh |~ 10314
2504 CoHn N

| A
) & il £
“1 € & &

1504 W & ¥

2 g 3

5 1—heptane ol = e 0
w J\ N&

98 9.5 10 10.25 105 10.75 14 1125 Pin
FID1 A (DCLAV-288.D) 5527
PAY _Area: 617.086 O 1}[ Area; 4358
400 l“‘" 9,721 =Y P O 11287

Area: 41,7718 s

= BNV, 10.343 Areg: 654783 Area S0 4
aped  CoM? MCsHi area3ms 733 10.960

| 10.25;

2504

2604

1501

1604

504

Oy -~ - . > - - - - - . "

95 9.75 16 1025% 108 10.75 -ﬁ 11.25 min

FID1 A (DOLW-272C3.D) ;,

"1 AT mreg a2 Area: 745,963

4 2a. B, . e <X
600 10,3724, Area: 90,5378 e

P Niﬂ'a 10.4’;5 Ama: 56?.518

Area: 118.287 10.846 &
10.450 ;

Ph ‘ncsﬁﬂ

T1a

3004
2067
{
100 |
G ‘ . ‘ . » » L4 o b4 : b4 : » : hed »
86 Y 10 102 10.4 168 105 P e 114 min
FIGURE 47

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

W0 N & 8

Gt
57

R
§ ¥ Styrens

[
Lo
27

N gthylbenrens
& Maptang Dimer

i N S .
; & < Condimpr
00

~,
&

& 8 G Styresa dimey

&
b
&

=
=
£
3
d 3
B R
o
R
et
B
E ]
EEL¥ )
L
)
-

Lt
[

® 8 § 8

4 :3 S Shvrane

§- * R

Rhyrens divaer

]
L
Lt

§
% R

-
2
 E
e
-
i
C®
D
e
S
Pd
]
5
Pa

FIGURE 48

SUBSTITUTE SHEET (RULE 26)



WO 2014/113639 PCT/US2014/011992

42 / 42

17

77

& Styrane Tandem (Carrected]
N :
§ N Ethylbanzene Tandem

3 Styrens Iy Only

e Y B L

£
g 8 8 £ D Ethylenzene I Only

Concentration {mM)

R 200 &0 SIEH B3 1000 1209

FIGURE 49

SUBSTITUTE SHEET (RULE 26)



International application No.
PCT/US2014/011992

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
CO07C 7/20(2006.01)i, CO7C 15/107(2006.01)i, B01J 31/22(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
C07C 7/20, HOIM 8/04; C07C 6/08;, C07C 2/76, C07C 2/00, CO7F 9/00; CO7C 3/21, CO7C 15/107, BO1J 31/22

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

tandem transfer hydrogenation and oligomerization

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: hydrocarbon production, hydrogenation, oligomerization, catalysis, alkane, alkene,

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2007-0060781 A1 (ALAN GOLDMAN et al.) 15 March 2007 1-4,10-13
See abstract; paragraphs [0035], [0044], [0052]; and claim 1.

Y US 04197419 A (SCHROCK, RICHARD R.) 08 April 1980 1-4,10-13
See abstract; claims 2, 8, 14 and 20.

A US 2010-0028735 A1 (BASSET JEAN MARIE et al.) 04 February 2010 1-4,10-13
See abstract.

A US 2011-0071331 A1 (BASSET JEAN-MARIE et al.) 24 March 2011 1-4,10-13
See abstract.

A US 2005-0272966 A1l (JEAN-MARIE BASSET et al.) 08 December 2005 1-4,10-13
See abstract .

PX DAVID C. LEITCH et al., “Upgrading Light Hydrocarbons via Tandem Catalysis: 1-4,10-13
A Dual Homogeneous Ta/Ir System for Alkane/Alkene Coupling®,
J. Am. Chem. Soc., 25 JUNE 2013, Vol.135, pp. 10302-10305
See abstract; and Scheme 1.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:
"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priotity ¢claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, nse, exhibition or other
means

"P"  document published prior to the international filing date but later

than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory undetlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

'

myn

ng"

Date of the actual completion of the international search

15 May 2014 (15.05.2014)

Date of mailing of the international search report

15 May 2014 (15.05.2014)

Name and mailing address of the [ISA/KR
International Application Division

« Korean Intellectual Property Office

¥ 189 Cheongsa-ro, Seo-gu, Dagjeon Metropolitan City, 302-701,
Republic of Korea

Facsimile No, +82-42-472-7140

Authorized officer

KIM, Jong Ho

Telephone No. +042 481 8657

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2014/011992

Box No.II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. m Claims Nos.: 6, 16, 18, 20, 26
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

Claims 6, 16, 18, 20, 26 are unsearchable because they are worded in reference to multiple dependent claims.

3. Claims Nos.: 5, 7-9, 14, 15, 17-19, 21-25
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest [l The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009)



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2014/011992
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2007-0060781 Al 15/03/2007 AU 2006-268304 Al 18/01/2007
CN 101253132 A 27/08/2008
CN 101253132 CO 27/08/2008
EP 1931609 A2 18/06/2008
EP 1931609 A4 14/04/2010
US 7902417 B2 08/03/2011
WO 2007-008847 A2 18/01/2007
WO 2007-008847 A3 19/04/2007
WO 2007-008847 A8 28/02/2008
ZA 200800119 A 31/12/2008
US 04197419 A 08/04/1980 US 04231947 A 04/11/1980
US 04245131 A 13/01/1981
US 2010-0028735 Al 04/02/2010 AU 2007-336080 Al 26/06/2008
CA 2672449 A1 26/06/2008
CN 101616881 A 30/12/2009
EA 200900830 Al 30/12/2009
EP 1939158 Al 02/07/2008
EP 1939159 Al 02/07/2008
EP 1939160 Al 02/07/2008
EP 2102136 Al 23/09/2009
NO 20092656 A 16/09/2009
WO 2008-075031 Al 26/06/2008
US 2011-0071331 Al 24/03/2011 AU 2008-263609 Al 18/12/2008
CN 102648168 A 22/08/2012
EP 2014635 Al 14/01/2009
EP 2155636 Al 24/02/2010
WO 2008-152371 Al 18/12/2008
US 2005-0272966 Al 08/12/2005 AU 2003-232934 Al 22/12/2003
CA 2488758 Al 18/12/2003
CN 100528818 C 19/08/2009
CN 1659120 A 24/08/2005
EA 007620B1 29/12/2006
EP 1511703 Al 09/03/2005
FR 2840607 Al 12/12/2003
US 7473814 B2 06/01/2009
WO 03-104171 Al 18/12/2003

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - claims
	Page 48 - claims
	Page 49 - claims
	Page 50 - claims
	Page 51 - claims
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - wo-search-report
	Page 95 - wo-search-report
	Page 96 - wo-search-report

