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Adhbesion Promoters and Gel-Muodifiers for OGlefin Metathesis Compositions

RELATED APPLICATIONS
This application claims the benefit of U.S, Provisional Patent Application No. 61/498 528, filed
hume 17, 2011, and U.S. Provisional Patent Application No. 61/654,744, filed June 1, 2012, and

the contents of each are incorporated herein by reference.

TECHNICAL FIELD
1601} The present invention relates to methods and compositions for improving the
adhesion of olefin metathesis compositions to substrate materials, and for catalyzing and
controlling oletin metathesis reactions, More particularly, the invention relates to methods and
compositions for improving the adhesion of ring opening metathesis polymerization (ROMP)
compostiions to substrate materials, and for catalyzing and controlling ROMP reactions and the
manufacture of polymer articles via ROMP. Polymer products produced via the metathesis
reactions of the invention may be utilized for a wide range of materials and composite
applications. The wvention has utility wn the fields of catalysis, organic synthesis, and polymer

and materials chemistry and manufacture.

BACKGROUND
{662} Polymer-matrix composites offer unique combinations of propertics and are uscful in
a wide range of applications. Such composites may be fabricated utilizing either thermosetting
or thermuoplastic polymer matrix materials with a variety of particulate or fibrous fillers or
reinforcements. I is generally advantageous to have strong adhesion between the polymer
matrix material and the surfaces of the various particulate or fibrous substrates and there is
cousiderable art related to subsirate finishes aud other treatments to optinnize adhesion to
polymer matrices. For example, in the production of long-fiber reinforced composites, improved
adhesion between the polyroer matrix and the fiber reinforcement leads to ncreased material
performance. Good adhesion is particularly important where failures are hikely to occur by
delamination or by other adhesive fatlure modes,
16631 As described in, for example, U.S. Pat. Nos. 5,840,238, 6,310,121, and 6,525,125, the

disclosures of each of which are incorporated herein by reference, polymers generated by olefin
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metathesis processes are attractive as composite matnix materials. Of particularly beneficial use
are the polymers generated by the ROMP of cyclic olefins. The low viscosity of cyclic olefin
resin formudations and the ability to control ROMP kinetics {e.g., U.8. Pat. Nos. 4,708,969 and
5,939,504, the disclosures of both of which are incorporated herein by reference) facilitate
composite processing and manufacture, and the corrosion resistance and high toughness of
ROMP polymers leads to good composite durability, Additionally, certain properties of ROMP
polyriers, e.g., mechameal strength and stiffuess, heat distortion teraperature and solvent
resistance, can be further enhanced by crosshinking induced via thermal treatment {e.g., U.8. Pat.
No. 4,902,560, the disclosure of which 1s incorporated herein by reference) or chemucally by
addition of peroxides (e.g., U.S. Pat. No. 5,728,785, the disclosure of which is incorporated
hercin by reference).

0041 Commercially important ROMP resin formulations are generally based on readily
available and inexpensive cyclic oletins such as dicyclopentadiene (DCPD), norbornenes,
cyclooctadiene (COD), and various cycloalkenes. However, in contrast to traditional resin
systems (e.g., epoxy, acrylate, urethane, and polyester resins) based on polar functional group
chemistries, these nonpolar ROMP resins have poor intrinsic adhesion to the relatively polar
surfaces of common carbon, glass, or mineral fillers and reinforcements. The addition of various
stlanes to such resin formulations for improvement of electrical and mechamcal properties of
ROMP polymers is described in U.S. Pat. Nos. 5,840,238, 6,001,909, and 7,339,006, the
disclosures of cach of which are mcorporated heretn by reference. Many widely used
commercial silanes do not give optimal properties with ROMP polymers, however, and the
greatest enhancernents are only obtained when the silanes comprise groups with high metathesis
activity {the relative reactivity of various metathesis active groups is described in J. Am. Chem.
Soc., 2003, 125, 11360-11370).

{305} Polymers generated by ROMP are particularly well-suited for casting of molded parts
and infusion of resin-glass and resin-wood composites, as non-limiting examples, According to
one method process, the cychic olefin maonomer is blended with appropriate additives and fillers,
and then mixed with an olefin metathesis catalyst. The initial resin mixture is typically a low-
viscosity liguid, allowing for 2 wide range of resin infusion and casting techniques. As the
polymerization proceeds, the resin first “gels” {increases in viscosity such that it no longer flows

freelyy and then “cures” as the resin reaches peak monomer conversion. The kinetics of the rate
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of gel and cure of olefin metathesis polymerizations depend on monomer, catalyst, and
temperature,

{606} When manufacturing articles using olefin metathesis polymerization, any pouring or
infusion of catalyzed resin must be complete before the resin viscosity increases o the point that
the resin no longer flows to fill the mold under the manufacturing conditions. Pouring or
infusion of highly viscous (pre-gelied) or gelled resin may lead to inclusion of trapped air, or
produce other defects or conditions that decrease the mechanical properties or visual appearance
of the manufactured part. It would, therefore, be desirable to control the gel formation process,
in particular to delay the onset of viscosity increase and the onset of the resin gel and cure states,
through the use of a gel modification agent. Once the pour or mfusion is complete, it would be
further advantageous for the onset of polymerization to begin within a reasonable time atter the
mold is filled, and to proceed at a desirable rate of cure.

1607} The time during which the liquid monomer/catalyst muxture can be worked atter the
monomer and catalyst is mixed is called the “pot life” of the polymerization reaction mixtuare.
The ability to control the “pot life” becomes even more important for the molding of large parts
aund to achieve defect-free infusion of porous matenials. It would be particularly useful to be able
to control the gel formation process, especially the onset of the gel state, of catalyzed ROMP
reactions when such large parts are to be produced, or when defects arising from viscosity build-
up are to be reduced or climinated.

{008} Certain himited types of gel modification agents for olefin metathesis polymerizations
have been disclosed. For example, U.S. Pat. No. 5,939,504 discloses the use of phosphines,
pyridines, and other Lewis bases as gel modifiers, While useful, the offect of such gel modifiers
in ROMP reactions can be difficult to control, particularly where relatively small changes in the
onsct of polymerization are desired. For example, while the addition of small amounts of
tributylphosphine, a commercially attractive additive becaunse of its low cost, may produce vo
noticeable change in pot life, adding a slightly greater amount may overshoot the desired effect
by creating a significantly longer delay in the onset of polymenization than desired, Froma
practical perspective, the inability to finely control the gel formation process makes these gel
modificrs less usetul in the manutacture of articles of large or varying dimensions, Certain gel
maodifiers, such as phosphines, also oxidize quite quickly in resin thereby decreasing the ability

of the modifier to extend the pot life. Resin compositions relying on phosphine compounds for
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gel modification, therefore, cannot be stored for any appreciable length of time without
reformulation with fresh gel wodification additive.

6091 Although acting as activators in some systems (e.g., U.S. Pat. Nos. 4,380,617 and
4,049,616), active oxygen containing corapounds, including hydroperoxides, are generally
considered to have a negative impact on metathesis catalyst performance. Olefins intended for
use in metathesis reactions are often chemically treated (e.g., U.S. Pat. No. 5,378,783} or pre-
treated with an adsorbent such as alurina or zeolites {e.g., U.S. Pat. Nos, 7,700,698; 4,943,397;
and 4,584,425} to reduce the concentration of oxygen-containing impuritics such as
hydroperoxides. For exarple, U.S. Pat. No. 4,584,425 shows that hydroperoxide compounds
have a significant negative impact on the ROMP of DCPD with a two part tungsten metathesis
catalyst and U.S. Pat, No, 7,576,227 tcaches that it is advantageous to remove hydroperoxides
and other catalyst poisons to improve cross metathesis turnover number when using ruthenium
alkylidene catalysts.

{6010] Hydroperoxide additives have been suggested as post-polymerization radical
crosslinking initiators for ROMP polymers (e.g., U.8. Pat. Nos. 7,025,851 and 7,476,716},
However, U.S, Pat. No. 5,728,785 specifically shows that ROMP of dicyclopentadiene fails 1o
the presence of 1 wt. % (relative to dicyclopentadience) of rer-butyl hydroperoxide, a level
typically useful to effect post-polymerization cross-linking. Others teach that additives used in
ROMP fornmmlations should not contain hydroperoxide functionalities, so as to avoid adverse
interactions with metathesis catalysis {(e.g., U.S. Pat. Nos. 6,323,296 and 6,890,650, the
disclosures of which are incorporated herein by reference).

{6011 Despite the advances achieved n the art, particularly in the propertics of olefin
metathesis polymers and their associated applications, a continuing need therefore exists for
further improvement in a number of areas, including the adhesion of olefin metathesis
compositions, in particular, ROMP compositious, to substrate materials, especially the wide
varicty of existing substrate materials that have been used with traditional resin systems, and the
use of certaim gel-modifiers to control the gel formation process of polymerizing ROMP

compositions,
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SUMMARY OF THE INVENTION
{0012] The mnvention 1s directed to addressing one or more of the aforementioned concerns
and relates to the use of an adhesion promoter in a resin composition, such as a ROMP
composition, or as a subsirate material pre-treatment to provide useful improvements n the
adhesion of a metathesis catalyzed composition to the substrate material, and to the use of a
hydroperoxide gel modifier in a ROMP composttion to provide useful improvements in the
ability to control a ROMP reaction. More particularly, the inventors have discovered that
addition of an adhesion promoter according to the invention to a resin composition, particularly a
ROMP composition, allows for improvements in the adhesion of the polymerized (resing
composition to the substrate material, without adversely affecting the mechanical properties of
the polymerized resin. Alternatively, a substrate material may be pre-treated with an adhesion
promoter according to the invention in order to improve the adheston of the polymerized (resin)
composiiion to the substrate material, without adversely affecting the mechanical properties of
the polymerized resin. In addition, the inventors have discovered that addition of a
hydroperoxide to the reaction mixture of a ROMP composition allows for superior control over
the resin gel and cure formation process, without adversely affecting the mechanical properties
of the polymerized ROMPF material. Furthermore, the gel modification effect of hydroperoxides
is remarkably stable in resin compared to other gel modification agents known in the art,
{6013} In one embodiment, the invention provides a method for improving the adhesion of
an olefin metathesis reaction, for cxample, a ROMP reaction, of a cyclic olefin catalyzed by an
olefin metathesis catalyst (e.g., a cyclic olefin metathesis catalyst) to a substrate material, in
which an adhesion promoter is combined with a cyclic olefin, an olefin metathesis catalyst (e.g.,
a cyelic olefin metathesis catalyst), and a substrate material thereby forming a resin composition
with improved mechanical properties. In another embodiment, the invention provides a method
for improving the adhesion of an olefin metathesis reaction, for example, a ROMP reaction, of a
cyclic olefin catalyzed by an olefin metathesis catalyst {e.g., a cyclic olefin metathosis catalyst)
to a substrate roaterial, such as, for example, a glass substrate material, in which an adhesion
promoter is combined with a cyelic olefin, an olefin metathesis catalyst (e.g., a cyelic olefin
metathesis catalyst), and a substrate material, such as, for example, a glass substrate material,
thereby forming a resin substrate composite material with improved properties. The invention i3

further directed to a ROMP composition of a cyclic olcfin, which may be functionalized or

N
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unfunctionalized and may be substituted or unsubstituted, a cyclic olefin metathesis catalyst, a
hydroperoxide gel modifier, and an adbesion provaoter. The inventive ROMP compositions are
sasy to handle and use and, when combined with a substrate material and cured, form resin
substrate composiie materials with improved propertics. The adhesion promoter according to the
invention, discussed infra, is generally comprised of a compound containing at least two
isocyanate groups. An optionally metathesis active compound containing at least one
heteroatom may be present 1o the ROMP cowmposition. The resin composition is then subjected
to conditions effective to promote an olefin metathesis reaction of the cyclic olefin in the
presence of the olefin metathesis catalyst, the adhesion promoter, and substraie matenial. The
resin composition may also be contacted with a substrate material, rather than, or in addition to
the substrate material added to the resin composition, and then subjected to conditions ctfective
to promote an olefin metathesis reaction of the cyclic olefin in the presence of the olefin
metathesis catalyst, the adhesion promoter, and the optional added substrate matenal and/or in
contact with the substrate material.

HEHEY The tnvention is further directed to a resin composition, for cxample, a ROMP
composition, of a cyclic olefin, which may be functionalized or unfunctionalized and may be
substituted or unsubstituted, an olefin metathesis catalyst, an adhesion promoter, and a substrate
material, such as, for example, a glass substrate material. In general, the adhesion promoter
comprises a compound with at least two isocyanate groups., The adhesion promoter should be
present in an amount cffective to increase the adhesion of the resin composttion to a subsirate
material when the resin composition is subjected to metathesis catalysis conditions in the
presence of the substrate material. The adhesion promoter may also be a mixture of compounds,
wherein each compound contains at least two isocyanates. In another embodiment, the adbesion
promoter contains at least two isocyanates and contains an olefin metathesis active group, In
another embodiroent, the adhesion promoter contains at least two isocyanates and does not
contain an olefin metathesis active group. In a further embodiment, the adhesion promoter may
also contain aun optional compouund comprising 4 heteroatom-contaiming functional group and a
metathesis active olefin.

106015} The addition of the adhesion promoter of the invention provides beneticial

improvements in the adhesion of an olefin metathesis (e.g., ROMP) composition to the substrate
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material, such as, for cxample, a glass substrate material, as compared to a resin composition that
is the same with the exception that the adhesion promoter of the invention is not included.

16016} In another embodiment, the invention provides a method for modifying the onsetof a
ROMP reaction of a cyclic olefin catalyzed by a cvelic oletin metathesis catalyst, in which a
hydroperoxide gel modifier is combined with a cyelic olefin and a cyclic olefin metathesis
catalyst, thereby forming a ROMP composition. The ROMP composition 1s then subjected to
conditions effective to promote a ROMP reaction of the cyclic olefin in the presence of the cyclic
olefin metathesis catalyst and the added hydroperoxide gel modifier.

{6017} The wvention is further directed to a ROMP coruposition of a eyclic olefin, which
may be functionalized or unfunctionalized and may be substituted or unsubstituted, a cyclic
oletin metathesis catalyst, and a hydroperoxide gel modificr. The invention is also directed to a
composition comprising a cyclic olefin, which may be functionalized or unfunctionalized and
may be substituted or unsubstituted, a cyclic oletin metathesis catalyst, a hydroperoxide gel
modifier, and an adhesion promoter of the invention.

{6018} In general, the hydroperoxide gel modifier is added in an amount effective to increase
the gel time of a ROMP reaction of the cyclic olefin catalyzed by the cyclic olefin metathesis
catalyst in the presence of the added hydroperoxide compared to a ROMP reaction of the same

cyclic olefin catalyzed by the same cyclic olefin metathesis catalyst in the absence of the added

hydroperoxide.
106019} While the invention is of particular benefit for ring-opening metathesis

polymerization (ROMP) reactions, it may also find use in combination with other metathesis
reactions, such as a ring-opening cross metathesis reaction, a cross metathesis reaction, a self-
metathesis reaction, an ethenolysis reaction, an alkenolysis reaction, or an acyclic diene
metathesis polymerization reaction, as well as combinations of such metathesis reactions.

100261 These and other aspecis of the invention will be appareut to the skilled artisan i light

of the following detailed description and examples.

BRIEF BDESCRIPTION OF THE DRAWINGS
10021} FIG. 1 depicts the effect of curnyl hydroperoxide {CHP) on exotherm time as

described in the Examples.
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{60221 FIG. 2 depicts the viscosity profile for ROMP of CHP-moditied DCPD resin as
described in the Examaples,

DETAILED DESCRIPTION OF THE DISCLOSURE

Terminclogy and Definitions

{6623} Unless otherwise indicated, the invention i1s not imited to specific reactants,
substituents, catalysts, reaction conditions, or the like, as such may vary, s alsotobe
understood that the terminology used herein is for the purpose of describing particular
embodiments only and is not to be interpreted as being limiting,
16024] As used 1u the specification and the appended claims, the singular forms “a,” “an,”
and “the” include plural referents unless the context clearly dictates otherwise. Thus, for
example, reference to “an g-olefin” includes a single a-olefin as well as a combination or
mixture of two or more a-olefins, reference to “‘a substituent” encompasses a single substituent
as well as two or more substituents, and the like.
{G025] Asused in the specification and the appended claims, the terms “for example,” “for
instance,” “such as,” or “including” are meant to infroduce examples that further clarify more
general subject matter. Unless otherwise specified, these exanples are provided ounly as an aid
for understanding the invention, and are not meant to be limiting in any fashion.
{0626} In this specification and in the claims that follow, reference will be made to a number
of terms, which shall be defined to have the following meanings:
{6027] The term “allky!” as used herein refers to a linear, branched, or cyclic saturated
hydrocarbon group typically although not necessartly containing 1 to about 24 carbon atoms,
preferably I io about 12 carbon atoms, such as methyl, ethyl, n-propyl, isopropyl, n-butyl,
isobutyl, ~-butyl, octyl, decyl, and the like, as well as cycloalkyl groups such as cyclopentyl,
cyclohexyl, and the like, Generally, although again not necessarily, alkyl groups herein contain
I to about 12 carbon atoms. The term “lower alky!” refers to an alkyl group of 1 to 6 carbon

E

atoms, and the specific term “cycloalkyl” refers to a cyclic alkyl group, typically having 4 to §,

o
]
7

preferably 5 1o 7, carbon atoms. The term “substituted alkyl” vefers to alkyl substituted with one
or more substituent groups, and the terms “heteroatom-containing alkyl™ and “heteroalkyl” refer
to alkyl in which at least one carbon atom 1s replaced with a heteroatom. If not otherwise
indicated, the terms “alkyl” and “lower alky!l” include linear, branched, cyclic, unsubstituted,

substituted, and/or heteroatom-containing alkyl and lower alkyl, respectively.
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{6028 The term “alkylene” as used herein refers to a difunctional linear, branched, or cyclic
alkyl group, where “alkyl” 1s as defined above.

106291 The term “alkeny!” as used herein refers to a linear, branched, or cyclic hydrocarbon
group of 2 to about 24 carbon atoms containing at least one double bond, such as ethenyl, #-
propenyl, isopropenyl, n-butenyl, isobutenyl, octenyl, decenyl, tetradecenyl, hexadecenyli,
cicosenyl, tetracosenyl, and the like. Preferred alkenyl groups hercin contain 2 to about 12
carbou atoms. The term “lower alkenyl” refers to an alkeuy] group of 2 to 6 carbon atoms, and
the specific term “cycloalkenyl” refers to a cyclic alkenyl group, preferably having 5 to 8 carbon
atoms. The term “substituted alkenyl” refers to alkenyl substituted with one or more substituent
groups, and the terms “heteroatonm-containing alkeny!” and “heteroalkeny!l” refer to alkenyl in
which at least one carbon atom is replaced with & heteroatorn, 1 not otherwise indicated, the
terms “alkenyl” and “lower alkeny!l” include linear, branched, cyclic, unsubstituted, substituted,
and/or heteroatom-containing alkenyl and lower alkenyl, respectively.

{6039] The term “alkenylens” as used herein refers to a difunctional linear, branched, or
cyclic alkenyl group, where “alkenyl!” is as defined above.

{8031} The terra “alkyny]” as used herein refers to a linear or branched hydrocarbon group of
2 to about 24 carbon atoms containing at least one triple bond, such as ethynyl, #-propynyl, and
the like, Preferred alkynyl groups herein contam 2 to about 12 carbon atoms. The term “lower
alkynyl” refers to an alkynyl group of 2 to & carbon atoms. The term “substitited alkynyl” refers
to alkynyl substituted with one or more substituent groups, and the terrus “heteroatorn-containing
alkynyl” and “heteroalkynyl” refer to alkynyl in which at least one carbon atom is replaced with
a heteroatom. 1 not otherwise indicated, the torms “alkynyl” and “lower altkynyl” include linear,
branched, unsubstitated, substituted, and/or heteroatom-containing alkyny! and lower alkynyl,
respectively.

180321 The terra “alkoxy™ as used hereiu refers to an alkyl group bound through a single,
terminal cther linkage:; that is, an “alkoxy” group may be represented as -O-alkyl where alkyl is
as defined above. A “lower alkoxy” group refers to an alkoxy group contaiming 1 to 6 carbon
atoms. Analogously, “alkenyloxy” and “lower alkenyloxy™ respectively refer to an alkenyl and
lower alkenyl group bound through a single, termunal cther linkage, and “alkynyloxy” and
“lower alkynyloxy” respectively refer to an alltyny! and lower alkynyl group bound through a

single, terminal ether linkage.
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{6033} The term “aryl” as used herein, and unless otherwise specified, refers to an aromatic
substituent containiug a single aromatic ning or multiple aromatic rings that are fused together,
directly linked, or indirectly linked (such that the different aromatic rings are bound to a common
group such as a methvlene or cthylene motety). Preferred aryl groups contain 3 to 24 carbon
atoms, and particularly preferred aryl groups contain 5 to 14 carbon atoms. Exemplary aryl
groups contain onc aromatic ring or two fused or linked aromatic rings, ¢.g., phenyl, naphthyl,
biphenyl, diphenylether, diphenylamine, benzophenone, and the like, “Substituted aryl” refers to
an aryl moiety substituted with one or more substituent groups, and the terms “heteroatom-
contatning aryl” and “heteroaryl” refer to aryl substituents in which at least one carbon atom 18
replaced with a heteroatom, as will be described in further detail infra.

{0034} The term “aryloxy” as used herein refers to an aryl group bound through a single,
terminal ether Hukage, wherein “aryl” is as defined above. An “arvloxy” group may be
represented as ~O-aryl where arvl is as defined above. Preferred aryloxy groups contain S to 24
carbon atoms, and particularly preferred aryloxy groups contain 5 to 14 carbon atoms. Examples
of aryloxy groups include, without limitation, phenoxy, o-halo-phenoxy, m-halo-phenoxy,
p-halo-phenoxy, o-methoxy-phenoxy, m-methoxy-phenoxy, p-methoxy-phenoxy, 2,4~
dimethoxy-phenoxy, 3,4,5-trimethoxy-phenoxy, and the like.

{6035] The term “alkaryl” refers to an aryl group with an alkyl substituent, and the term
“aralkyl” refers to an alkyl group with an aryl substituent, wherein “aryl” and “alky!” are as
defined above, Preferred alkaryl and aralkyl groups contain 6 to 24 carbon atoms, and
particularly preferred alkaryl and aralky! groups contain 6 to 16 carbon atoms. Alkaryl groups
include, for example, p-methylphenyl, 2 4-dimethylphenyl, p-cyclohexylphenyl,

2, 7-dimethylnaphthyl, 7-cyclooctylnaphthyl, 3-ethyl-cyclopenta-1.4-diene, and the like.
Examples of aralkyl groups include, without limitation, benzyl, 2-phenyl-ethyl, 3-phenyl-propyl,
4-phenyl-butyl, S~-phenyl-pentyl, 4-phenyleyclohexyl, 4-benzyleyclohexyl,
4-phenyicyclohexylmethyl, 4-benzyleyelohexylmethyl, and the like. The terms “alkaryloxy” and
“aralicyloxy” refer to substituents of the formula ~-OR wherein R 13 alkaryl or aralkyl,
respectively, as just defined.

16036} The term “acyl” refers to substituents having the formula ~(COJ-alkyl, -{CO¥-aryl, or
~(COy-aralkyl, and the term “acyloxy” refers to substituents having the formula ~-O(CO}-alkoyl,

~OH{COY-aryl, or -O(CO)-aralkyl, wheretn “alkyl,” “aryl,” and “aralkyl” arc as defined above.

10
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Additionaily, the term “acyl” also refers to substituents having the formula «(CO}-alkaryl, -(CO)-
alkenyl, or {(COj-alkynyl and the term “acyloxy” also refers to substituents having the formula -
O{CO)-alkaryl, ~-O(CO}-alkenyl, or ~-O(C)-alkynyl wheretn “allaryl”, “alkenyl,” and “alkynyl”
are as defined above,

{60371 The terms “cyclic” and “ring” refer to alicyclic or aromatic groups that may or may
not be substituted and/or heteroatom countaining, and that ruay be monocyclic, bicyclic, or
polyeyclic. The term “alicyclic” is used 1n the conventional sense to refer to ap aliphatic cyche
moicty, as opposed to an aromatic cyclic moiety, and may be monocyclic, bicyclic, or
polycyelic,

{6038) The terms “halo” and “halogen” are used in the conventional sense to referto a
chioro, bromeo, fluoro, or 10do substituent.

{6039} “Hydrocarbyl” refers to univalent hydrocarbyl radicals containing 1 to about 30
carbon atoms, preferably 1 to about 24 carbon atorms, most preferably 1 to about 12 carbon
atoms, including linear, branched, cyclic, saturated, and unsaturated species, such as alkyl
groups, alkenyl groups, aryl groups, and the like. The term “lower hydrocarbyl” intends a
hydrocarbyl group of 1 1o 6 carbon atoms, preferably 1 to 4 carbon atoms, and the term
“hydrocarbylene” refers to a divalent hydrocarbyl moiety containing 1 to about 30 carbon atoms,
preferably 1 to about 24 carbon atoms, most preferably 1 to about 12 carbon atoms, including
finear, branched, cyclic, saturated, and unsaturated species. The torm “lower hydrocarbylene”
refers to a hydrocarbylene group of 1 o 6 carbon atorns, “Substituted hydrocarbyl” refers to
hydrocarbyl substituted with one or more substituent groups, and the terms “heteroatom-
containing hydrocarbyl” and “heterohydrocarbyl” refer to hydrocarbyl in which at least one
carbon atom is replaced with a heteroatom. Similarly, “substituted hydrocarbylene” refers to
hydrocarbylenc substituted with one or more substituent groups, and the terms “heteroatom-
countaining hydrocarbylene” and “heterohydrocarbylene” refer to hydrocarbylene in which at
least one carbon atom is replaced with a heteroatom. Unless otherwise indicated, the term
“hydrocarbyl” and “hydrocarbylene” are to be interpreted as including substituled and/or
heteroatom~-containing hydrocarbyl and hydrocarbylene moieties, respectively.

{0040} The term “heteroatom-containing” as in 4 “heteroatom-containing hydrocarbyl group”
refers to a hydrocarbon molecule or a hydrocarbyl molecular fragment in which one or more

carbon atoms is replaced with an atom other than carbon, ¢.g., nitrogen, oxygen, sulfur,

It
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phosphorus, or silicon, typically nitrogen, oxygen, or sulfur. Similarly, the toerm “heteroalkyl”
refers to an alkyl substituent that is heteroatom-containing, the term “beterocyche” refers to a
cyvclic substituent that is heteroatom-containing, the terms “heteroaryl” and “heteroaromatic”
respectively refer to “aryl” and “aromatic” substituents that are heteroatormn-containing, and the
like. it should be noted that a “heterocyclic” group or compound may or may not be aromatic,
and further that “heterocycles” may be monocyclhie, bicyelie, or polyeyclic as described above
with respect to the term “aryl” Examples of heteroalkyl groups inchude alkoxyaryl,
alkylsulfanyl-substituted alkyl, N-alkylated amino alkyl, and the like. Examples of heteroaryl
substitueuts include pyrrolyl, pyrrolidinyl, pyridinyl, quinolinyl, indolyl, pyrimidinyl,
imidazolyl, 1,2, 4-triazolyl, tetrazolyl, etc., and examples of hetercatom-containing alicyclic
groups are pyrrolidino, morpholine, piperazino, piperiding, cic.

{0041} By “substituted” as in “substituted hydrocarbyl,” “substituted alkyl,” “substituted
aryL” and the like, as alluded to in some of the aforementioned definitions, 1s meant that in the
hydrocarbyl, alkyl, arvl, or other moiety, at least one hydrogen atom bound to a carbon {(or other}
atom is replaced with one or more non-hydrogen substituents. Exampies of such substituents
inclade, without hmitation: functional groups referred to herewn as “Fn,” such as halo, hydroxyl,
sulthydryl, C-Cy alkoxy, Co-Co alkenyloxy, C-Cos alkynyloxy, Cs-Cas aryloxy, Ce-Coy
aralkyloxy, Ce~-Cyg alkaryloxy, acyl (including Co-Cyy alkylcarbounyl ((CO-alkyl) and Ce-Chy
aryicarbonyl (-CO-aryl}}, acyloxy {(-O-acyl, including C,-Cyy alkylcarbonyloxy (-O-CO-alkyl}
and Ce-Coa arvicarbonyloxy (-O-CG-arvl}), T-Cyy alkoxycarbonyl (<{CO-O-alkyl), Cs-Coy
aryloxycarbonyl (-{CO)-O-aryl}, halocarbony! (<COX where X is halo), Cy-Csy alkylcarbonato
(-O-{CO}-O-alkyl), Cs-Coy arylearbonato (-O-(CO)-0O-aryl), carboxy (-COOH), carboxylato
{-COO™, carbamoy! («{(CO)-NH,), mono-{C-Cyy aloyh-substituted carbamoyl ((({CO}NH(C,-
Coa alkyly), di-(Cy-Cra atkyli-substituted carbamoyl (-«{CO)-N{C-Cyy alkyl)y), mono-{C-Coy
haloaltkyl}-substituted carbamoyl (<(CO-NH{C-Cys haloalky )y, di-(C-Cay haloalkyl)-
substituted carbamoyl (-«{CO}-N{C-Cy, haloalkyl),), mono-{Cs-Cyy aryl)-substituted carbamoyl
{(~{CO}PNHAC5-Coy ary)y, di-(Cs-Cyy aryli-substituted carbamoyl (<{COWN{Ts5-Coyq aryl)y), di-N-
{C1-Coy alkeyl}, N-(Cs-Chyg aryiy-substituted carbamoyi ((({CO}RN(C1-Cay alkyhHCs-Cog aryl)y,
thiocarbamovl (-<{CS)»-NH;), mono-{C-Cys alkyl)-substituted thiocarbamoyl (((CS5-NH(C-Cy
alkoyh)), di-{C1-Cas alkyly-substituted thiocarbamoy!l (({(CS -N(C1-Cyy alkyl)s), mono-(Cs-Cy
aryl}-substituted thiocarbamovl (<(CS}-NH-(Cs-Cpy aryl)), di<{Cs-Cyy arvly-substituted

12
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thiocarbamoyl (-<{CS-N{Cs-Cos aryih), di-N-{C-Cys alkyD N-(Cs-Coy aryly-substituted
thiocarbamoyl {(<{CS)-N{C-Cys alkvi¥Ts-Cyy arvly}, carbarmdo ((NH-(CO)-NHy), cyano
(~C=N}, eyanato (<3-C=N), thiocyanato (-8-C=N), formyl (((CO)-H), thioformy! (({T8)-H},
amino (~-NH,), mono-(C,-Coq allyh-substituted amino ((NH{C;-Cyy alkyl)), di-{C-Cyy alkyl}-
substituted anmuino ((N{C-Cay alkylhn), mono-{Cs-Coq aryli-substituted amino ({NH{CTs-Coy aryl})),
di-{Cs-Cpq aryly-substituted amino (-N{Cs-Cys arviyy), Cp-Chy alkvlamido (-NH-(CO)-alkyl), Cy-
Cogarviamido ({NH~{CO}-aryl), imino (<CR=NH where R = hydrogen, Ci-Cogalkyl, Cs-Cagaryl,
Ce-Cog alkaryl, Cs-Coa aralkyl, ete.), Cr-Coyp alicylimino (-CR=N{alkyl}, where R = hydrogen,
C1-Coq alkwl, Cs-Cog aryl, Ce-Cog alkaryl, Ce-Chy aralkyl, eic.), arviimino ((CR=N{aryl), where R
= hydrogen, C-Cy alloyl, Cs-Coy aryl, Ce-Cyy alkaryl, Ce-Coyg aralkyl, ete.), nitro (-NOy}, nitroso
(-NO)}, sulto (-SO;-0OH), sulfonato (-50,-07), C;-Cyy alloylsulfanyl (-S-alkyl; also termed
“alkvlthio™}, Cs-Cay arylsulfanyl (-8-arvl; also termed “arylthio™), C;-Cay alkylsulfiny] ({80}~
alkyly, Cs-Cog arylsulfinyl («(SO)-aryl), C-Cog alkylsultonyl (-SOz-alkvl), Ci-Cos
moncalkylaminosulfonyl -SOh-N(H) alkyl}, C;-Cyy dialkylaminosulfonyl -80,-N{alkyl), Cs-Coy
aryisulfonyl (-50s-aryl), boryl (-BH,), borono (-B(OH}),), boronato (-B{OR}), where R is alkyl or
other hydrocarbyl), phosphono (-P{O}OH)), phosphonato (P{OY )}, phosphinato
(-P{OYO™), phospho (PO}, and phosphino (-PHa ) and the hydrocarbyl moteties C;-Cyq alkyl
{preferably C;-Cy; alkyl, more preferably C-Cy alkyly, C5-Cyy alkenyl (preferably Co-Cys
alkenyl, more preferably C,-Cy alkenyl), C5-Cyy alkynyl (preferably C2-Cy; alkynyl, more
preferably Cp-Ce alloynyly, Cs-Chg aryl (preferably Cs-Cyy aryl), Co-Coy alkaryl (preferably Co-Cig
alkaryl), and Ce-Coy aralkyl (preferably Ce-{Cis aralkyl). Additional functional groups referred to
herein as “Fn”, include without limitation, 1socyanate (-N=(C=0}, and thioisocyanate (-N=C=S).
{6042] By “functionalized” as in “functionalized hydrocarbyl,” “functionalized alkyl,”

> ¢

“functionalized olefin,” “functionalized cyclic olefin,” and the like, is meant that in the
hydrocarbyl, alkyl, olefin, eyclic olefin, or other moicty, at least ouve hydrogeun atora bound to a
carbon {or other) atom is replaced with one or more functional groups such as those described
hereimabove. The term “functional group” 1s meaunt to include any functional species that is
suitable for the uses described herein. In particular, as used herein, a functional group would
necessarily possess the ability to react with or bond to corresponding functional groups on a

substrate surface,



WO 2012/174502 PCT/US2012/042850

{6043} In addition, the aforementioned functional groups may, if a particular group permits,
be further substituled with one or more additional functional groups or with one or rore
hydrocarbyl moteties such as those specifically mentioned above. Analogously, the above-
mentioned hydrocarbyl moictics may be further substituted with one or more functional groups
or additional hydrocarbyl moicties as noted above.

10044] “Optional” or “optionally” means that the subscquently described circumstance may

or may not occur, so that the description includes nstances where the circumstance oceurs and

6

instances where it does not. For example, the phrase “optionally substituted” means that a non-
hydrogen substituent may ot may pot be present on a given atom, and, thus, the description
includes structures wherein a non-hydrogen substituent is present and structures wherein a non-
hydrogen substituent 18 not present.

15045] The term “substrate material,” as used herein, is intended to generally mean any
muaterial that the resin compositions of the invention may be contacted with, apphied to, or have
the substrate material incorporated into the resin, Without limitation, such materials include
reinforcing materials, such as filaments, fibers, rovings, mats, weaves, fabrics, knitted material,
cloth or other known structures, glass fibers and fabrics, carbou fibers and fabrics, aramid fibers
and fabrics, and polyoletin or other polymer fibers or fabrics. Other suitable substrate materials
include metallic density modulators, ricroparticulate density modulators, such as microspheres,
and macroparticulate density modulators, such as glass or ceramic beads.

{0046} In reference to the ROMP reaction of a cyclic olelin catalyzed by the cychic olefin
metathesis catalyst, the tern “onset of a ROMP reaction” generally refers to the initial rapid
increase in the viscosity of the resin compostition that occurs during polymcrization just prior io
gelation. The progress of an olefin metathesis polymerization can be mounitored by measuring
the increase in viscosity as the reaction proceeds from the monomer to the gelled state.

100471 The progress of an exothermic olefin metathesis polymerization may also be
conveniently monitored by measuring the temperature increase as the metathesis reaction
proceeds from the monomer to the cured state. In the coutext of the present invention, and as
described in the examples herein, the term “timae to exotherm” {or “exotherm time”) is defined as
the last measured time pont after which the tomperature of a metathesis catalyzed resin

Qe
i

composifion increases by nore than 1°C/second. As shown in FIG. 1, the initial increase in the

exotherm profile s distinct allowing for a precise measurement of the exotherm onset, the

14
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exotherm time, and the exotherm peak temperature. The exotherm peak temperature is the
roaxumom temperature the resin reaches during the polymerization and is related to the
completensss of the polymerization reaction. Lowered peak temperatures can be an indication of
incomplete polymerization. In general, measurement of the exotherm profile s convenient and
provides an understanding of the cure behavior and when the cured state is achieved.

{0048} The terms “pot 1ife” and “gel time” are gencrally used interchangeably, Various
techniques and equiproent useful for determuning gel timoe are known in the art and may be
utilized in the present invention. For example, the gel behavior, including the gel time and pot
life, roay be determived using a viscoreter, as described in the exarnuples, or by other suitable
technigues. In many cases, it is convenient and sufficient to estimate the gel time by qualitative
obscrvation of properties such as pourability or elasticity. Such techniques must necessarily
allow for an increase in the gel time to be determined, such that, in the context of the present
invention, the difference in gel time can be determined between ROMP compositions containing
added hydroperoxide and ROMP compositions that do not contain added hydroperoxide. The
skilled artisan will appreciate that measurement of the actual gel time may depend on the
equipment and techniques utilized, as well the type of coruposition being evaluated. However, in
the context of the present invention, a determination of the relative increase in gel time achieved
through the addition of hydroperoxide to a ROMP composition should not be affected by the
particular technique or equipment utilized to determine the gel time.

{0049} The skilled artisan will also appreciate that the “working time” (or “workable pot
life”} may vary for different ROMP compositions and, for a particular ROMP composition, may
also depend on the application or cquipment utilized. Typically, the working time is greater than
the time to ounset of the polymerization (e.g., when the viscosity begins to rise rapidly), but less

than the exotherm time,

Adhbesion Promoter
16050] One aspect of this favention is divected to adhesion promoters generally comprising a
compound containing at least two isocyanate groups (such as, for example, methylene diphenyl
ditsocyanate and hexamethylene ditsocyanate). In one ermbodiment, the adhesion promoter is a
ditsocyanate, tritsocyanate, or polyisocyanate (i.e., containing four or more isocyanate groups).

In a further crubodiment, the adhesion promoter is a mixture of at least one dusocyanate,
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triisocyanate, or polyisocyanate. In a more particular aspect of the invention, the adhesion
promoter comprises, or 1s Hrtied to, a diisocyanate compound, or mixtares of dilsocyanate
compounds.

{0051 In general, the adhesion promoter may be any compound having at least two
isocyanate groups. Suttable adhesion promoters include, without limitation, isocyanate
compounds comprising at least two isocyanate groups, and wherein the compounds are selected
from hydrocarbyl, substituied hydrocarbyl, heteroatom-containing hydrocarbyl, substituted
heteroatom-containing hydrocarbyl, and functionalized hydrocarbyl compounds. As described
above, suitable hydrocarbyl adhesion promoter compounds geuerally include alkyl, cycloalkyl,
alkylene, alkenyl, alkynyl, aryl, cycloalkyl, alkyaryl, and aralkyl compounds. Substituted
heteroatom-containing, and functionahized hydrocarbyl adhesion promoter compounds inclade
the afore-mentioned hydrocarbyl compounds, as well as the variations thereof noted
hereinabove.

{6052] In one embodiment the adhesion promoter is an alky] ditsocyanate. An alkyl
diisocyanate refers to a linear, branched, or cyclic saturated or unsaturated hydrocarbon group
typically although not necessarily containyng 1 to about 24 carbon atoms, preferably a
diisocyanate containing 2 to about 12 carbon atoms, and more preferably a diisocyanate
containing 6 to 12 carbon atoms such as hexarethylene duisocyanate (HDI), octamethylene
ditsocyanate, decamethylene diisocyanate, and the like. Cycloalicyl diisocyanates contain cyclic
alkyl group, typically having 4 to 16 carbon atoms. A preferred cycloalkyl ditsocyanate
containing 6 to about 12 carbon atoms are cyclohexyl, cycloctyl, cyclodecyl, and the like. A
more preferred cycloalkyl ditsocyanate origimates as a condensation product of acetone called

S-tsocyanato-~1-{isocyanatomethyii-1,3 3-trimethyl-cvclohexane, commonly known as

cvclohexane (H:MDIE. HpMBI 1 derived from the hydrogenated {orm of the aryl diisocyanate
methylene diphenyl diisocyanate (MD1).

{6053} In another embodiment, the adhesion promoter is an aryl ditsocyanate, Aryl
diisocyanates refers to aromatic diisocyanates containing a single aromatic ring or multiple
arornatic rings that are fused together, directly linked, or indirectly hinked (such that the different
aromatic rings are bound to a common group such as a methylene or ethylene moiety). Preferred

aryl ditsocyanates contain S to 24 carbon atorus, and particularly preferred aryl diisocvanates

16



WO 2012/174502 PCT/US2012/042850

contain 5 to 14 carbon atoms. Exemplary aryl diisocyanates contain one aromatic ring or two
fused or linked arowmatic rings, ¢.g., phenyl, tolyl, xvlene, naphthyl, biphenyl, diphenylether,
benzophenone, and the like. Preferred aromatic diisocyanates include toluene diisocyanates,
tetramethylxylene ditsocyanate (TMXD1), and methylence diphenyl] diisocyanate (MBI}, which
may comprise any muixture of its three isomers, 2,2'-MDI, 2,4-MDJ, and 4,4-MD1.

{0054] In another embodiment, the adhesion promoter 18 a polymer-containing isocyanate,
such as, for example, dusocyanates. Polymer-containing isocyanates refers to a polyruer-
containing two or more terminal and/or pendant alkyl or aryl isocyanate groups. The polymer-
containing isocyanates geverally have to have a minimal solubility in the resin to provide
improved mechanical properties. Preferred polymer-containing isocyanates include, but are not
limited to, PM200 (poly MDI), Lupranate™ {poly MDI from BASF}, Krasel” isocyanate
terminated polybutadiene prepolymers, such as, for example, Krasol™ LBI2000 (TDI based),
Krasol™ LBD3000 (TDI based), Krasol™ NN-22 (MDI based), Krasol® NN-23 (MDI based),
Krasol™ NN-25 (MDD based), and the like. Krasol® isocyanate terminated polybutadiene
prepolymers are availabic from Cray Valley.

{B0S5] In yet another embodiment, the adbesion promoter 1s a trivoer of alkyl ditsocyanates
and aryl diisocyanates. In its simplest form, any combination of polyisocyanate compounds may
be trimerized to form an tsocyanurate ring contaiming isocyanate functional groups. Trimers of
alkyl diisocyanate and aryl diisocyanates may also be refeired o as isocyanurates of atkyl
ditsocyanate or aryl diisocyanate. Preferred alkyl duisocyanate and aryl diisocyanate trimers
include, but are not Hmited to, hexamethylene diisocyanate trimer (HIMt), isophorone
diisocyanate trimaer, toluene diisocyanate trimer, tetrarncthylxylene dusocyanate trirner,
methylene diphenyl diisocyanate trimers, and the like. More preferred adhesion promoters are
toluene diisocyanates, tetramethylxylene diisocyanate (TMXD1), and methylene diphenyl
diisocyanate (MD) including any muxture of its three somers 2,2°-MDI, 2,4°-MD1 and 4,4°-
MDI; liguid MDI; solid MDI; hexamethyleneditsocyanatetrimer (HDIt);

hexamethylenediisocyanate (HDI); isophorone ditsocyanate (IPD), 4,4 methylene

bis{cyclohexyl 1socyanate} (H1ZMDI); polymeric MBI (PM200); MDI prepolymer { Lupranate®
S080); higmd carbodimude modified 4,4°-MDI (Lupranate® MM103); liguid MDI (Lupranate®
MI}; hiquid MDI (Mondur® ML}, Even more preferred adhesion promoters are methylene

diphenyl dusocyanate (MDI) including any mixture of its three 1somers 2,2°-MDI, 2,4°-MDM and

[u—
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4,4°-MDI; hquid MDY solid MDI; hexamethylenediisocyanatetrimer (HDIt);
hexamethylenediisocyanate (HDI); 1sophorone dusocyanate (IPD1), 4,4’ methylene
bis{cyclohexyl isocyanate} (HI2ZMDI); polymeric MDE (PM200); MBI prepolymer (Lupranate®
5080); hquid carboditmide modified 4,4’ -MDI (Lupranate® MM103); liguid MDI (Lupranate®
Mi}; ligoid MDPE (Mondur® ML),

106056} In further embodiments, the adhesion promoter may include an optional compound
with a heteroatom-containing functional group and a metathesis active olefin. The compound
containing a heteroatom-containing functional group and a metathesis-active olefin reacts with
an isocyanate group and may provide the olefin metathesis composite with improved mechanical
properties. The compound containing a heteroatom-containing functional group and a
metathesis-active olefin typically contains between 2 and 20 carbons with oxygen, nitrogen,
sulfur, phosphorus, or silicon functional groups. Preferred compounds containing a heteroatom-
containing functional group and a metathesis-active olefin typically contain between 5 and 10
carbons with hydroxyl, amine, thiol, phosphorus-containing functional groups, or silane
functional groups. Phosphorous-containing functional groups include, for example, atkyl and
aryi-substituted phosphonato, phosphoryl, phosphanyl, and phosphine compounds., More
preferred compounds containing a hetercatom-containing functional group and a metathesis-
active olefin derived from norbornenes, oxanorbornenes, cyclooctenes, and cyclooctladienes,
which typically contain between 7 and 10 carbons with hydroxyl, amine, thiol, phosphorus-
containing functional groups, or stlane functional groups. Further preferred compounds
containing a hetercatom-containing functional group and a metathesis-active olefin include, but
are not limited to, S-norbornene-2-methanol (NB-McOH); 2-hydroxyethyl bicyclof2.2. LThept-2-
ene-5-carboxylate (HENB); and allyl alcohol.

{60571 Any concentration of adhesion promoter which improves the mechanical properties of
the olefin composiie s sufficient for the invention. In general, suitable amounts of adhesion
promoter range from 0.001-50 phr, particularly, from 0.05-10 phr, more particularly, 0.1-10 phr,
or, even more particularly, 0.5-4.0 phr.

{6058] In one embodiment, the adhesion promoter is contacted with a cyclic olefin, an olefin
metathesis catalyst, and a substrate material, such as, for cxample, a glass substrate material,
thereby forming a resin composition, for example, a ROMP composition. The resin composition

18 then subjected to conditions eftective to promote an olefin metathesis reaction. In a further
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embodiment, the adhesion promoter may be applied to or contacted with the substrate surface,
such as, for example, a glass substrate, to functionalize the surface prior to application of the
resin composition. In a further embodiment, the adhesion promoter is combined with a resin
composition commprising a cyclic olefin, the resin corposition 1s combined with an olefin
metathesis catalyst, and the resulting resin composition is applied to the substrate material, such
as, for exaraple, a glass substrate.

1065891 In an additional embodiment, the adhesion promoter is contacted with a cyclic olefin,
an olefin metathesis catalyst, a hydroperoxide gel modifier, and a substrate material thereby
forming a resin composition, for example, a ROMP coraposition. The resin composition is then
subjected to conditions effective to promote an olefin metathesis reaction. In a further
cembodiment, the adhesion promoter may be applied to or contacted with the substrate surtace to
functionalize the surface prior to application of the resin composition. fn a further embodiment,
the adhesion promoter is combined with a resin composition comprising a cyclic olefinand a
hydroperoxide gel modifier, the resin composition is combined with an olefin metathesis

catalyst, and the resulting resin composition is applied to the substrate material.

Substrate Surfaces
{6060} The wnvention is generally suitable for use with any substrate material in which the
addition of the adhesion promoter provides beneficial improvements in the adhesion of a resin
{e.g., ROMP) composition to the substrate material as compared to a resin composition that is the
same with the exception that the adhesion promoter is not included. The invention is directed to
the use of any substrate material in which the surfaces of such materials are capable of reacting
with the adhesion promoters of the invention having at least two isocyanate groups. The
invention is particularly beneficial for use with glass and carbon material surfaces suitable for
use with epoxy and methacrylate resins, including those contaimng finishes or sizings, in which
case the finishes or sizings do not need to be removed (¢.g., by washing or heat cleaning) for the
inventive adhesion promoters to be effective. The mvention is also suitable for use with wood
and aluminum materials. Suitable substrate materials may also be selected from fibrous, woven,

microparticulate, ceramic, metal, polymer, and semiconductor materials,
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Method for Modifving Gel Formation
{8061} In another aspect, the invention provides a method for modifying the ouset of a
ROMP reaction of a cyclic olefin catalyzed by a cyclic olefin metathests catalyst, in which a
hydroperoxide gel modifier 1s combined with a cyclic olefin and a cyelic olefin metathesis
catalyst, thereby forming a ROMP composition. The ROMP composition is then subjected to
conditions cffective to promote a ROMP reaction of the cyclic olefin in the presence of the cyclic
olefin metathesis catalyst and the added hydroperoxide gel modifier,
16062] The addition of an olefin metathesis catalyst to an olefinic composition can, under
appropriate conditions, itiate a polymerization reaction, thereby forming a catalyzed resin. The
period of time during which the catalyzed resin has sufficiently low viscosity such that the resin
will flow for the manufacturing process 18 known as the pot life. As the polymerization reaction
progresses, the viscosity of the resin increases such that the resin is no fonger able to flow freely.
This 1s known as the gel state. After the resin has achieved a gel state, the polymerization
reaction contimues until no further monomer is consumed under the reaction conditions. This is
known as the cured state. In some embodiments, the polymerization may be exothermic, driving
the polymerization to the cured state. The progress of an olefin metathesis polymerization is
commonly monitored by measuring the increase in viscosity from the monomer to the gelled
state, or by monttoring the temperature inerease of an exothermic polymerization from the
mononier to the cured state.
{6063} The onset of the gel state can be varied by many factors, including the chemical
nature of the monomer, type of olefin metathesis catalyst, catalyst concentration, reaction
teraperature and the cffect of various additives, 1t 1s often useful to be able to delay the onset of
the gel state and to increase the gel time in a controlied fashion to tailor the polymerization
process to the desired application or reaction conditions. Use of gel-modification additives
allows the pot life of the catalyzed resiu to be extended such that the resin remains fluid during
the pour, cast, injection, or infusion into the mold. Gel-modification additives must offer
controlled changes 1u the viscosity profile and time to exotherm such that the resio polymerizes
efficiently once the mold ts filled, to minimize mold cycle time. Ideally controliing the amount
of gel modification agent allows conirol of the gel ime over several hours. Furthermore, it 18
important the gel-modifying agent does not adversely affect the mechanical properties of the

cured resin.
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{6064] Applicants have discovered that the use of hydroperoxide-containing compounds
allows the onset of the resin gel and cure states 1n olefin metathesis polymerizations 1o be
delaved in a controlied manner. Although in general the hydroperoxide may be any organic
hydroperoxide that is effective to delay the onsct of the gel state, the hydroperoxide 1s typically
an alkyl, for example, C2-Cog alkyl, aryl, for example, Cs-Coy aryl, aralkyl, or alkarvl, for
example, Ci-Chs alkaryl, hydroperoxide, especially secondary or tertiary aliphatic or aromatic
hydroperoxides. More specific hydroperoxides suitable for use include rers-butyl hydroperoxide,
rerr-amyl hydroperoxide, cumene hydroperoxide, diisopropyl benzene hydroperoxide, {2,5-
dihydroperoxy)-2,5-dimethylhexane, cyclohexy] hydroperoxide, triphenyimethy! hydroperoxide,
pinane hydroperoxide (e.g., Glidox™ 500; LyondeilBasell}, and paramenthane hydroperoxide
{e.g., Glidox™ 300; LyondeliBasell). More preferably, the hydroperoxides suitable for use
include 7ers-butyl hydroperoxide and cumene hydroperoxide. Gel-modification additives may be
added to the reaction mixture inn the absence of solvent, or as organic or aqueous solutions. A
single hydroperoxide compound may be used as the gel-modification additive, or a combination
of two or more different hydroperoxide compounds may be used.

{0065} The hydroperoxide compounds can generally be added to the reaction mixture at any
point prior to the onset of the gel state. Conveniently, an appropriate amount of hydroperoxide
gel modifier may be added to the resin during the formulation step at which time any other
additives can be included prior to coming into contact with catalyst. Unlike other gel-
modification additives known in the art, hydroperoxides may be added to a stock solution of
resin and have a usable shelf life of many weeks or months while substantially mamtaining the
gel-modification activity. Alternatively, the hydroperoxide compound can be added directly to
the catalyst and/or a catalyst carrier and delivered to the resin during the catalyzation step. In
another embodiment, the hydroperoxide may be added to the catalyzed resin mixture after
addition of the catalyst.

{0066} The mvention includes all concentrations of hydroperoxide which delay the onset of
the gel-state of a particular metathesis polymenization. Advantageously, the use of
hydroperoxides gel modifiers has been found to substantially maintain the properties of the cured
polymer including peak exotherm temperature and rocchanical propertics. While not necessarily
limited, the hydroperoxide concentration is advantageously between 0.01 and 1000 equivalents

with respect to catalyst. In other embodiments the hydroperoxide concentration may be between
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0.1 and 20 equivalents with respect to catalyst. Generally, higher concentrations of
hydroperoxide will lead to longer pot ftfe. Additionally, in other embodiments the
hydroperoxide concentration may be between .05 and 100 equivalents with respect to catalyst.
Additionally, i other embodiments the hydroperoxide concentration may be between 0.1 and 50
equivalents with respect to catalyst.
{60671 Moditication of highly active polymerizations (due to higher resin termperatures,
highly active metathesis catalyst, or other factors) typically requires addition of higher
concentrations of hydroperoxide compounds. However, if the concentration of gel-modification
agent is too high for a given catalyst or the reaction conditions, the polymerization may be
incomplete, and the resin may fail to cure properly. This could result in lower exotherm
temperatures or reduced mechanical properties.
{6068 The use of hydroperoxide allows for the time to the onset of the gel state to be
controlled based on the concentration of added hydroperoxide gel modifier, In general, the gel
time {e.g., as tracked by the time of the exotherm) can be controllably delayed by about 2
minutes or up to about 12 hours. In more specific aspects, the gel time (or time to exothern}
raay be delayed for about 10 vmnutes up to about 6 hours, or, even more particularly, from about
20 minutes up to about 2 hours. The time to the onset of the gel state is impacted by the choice
of olefin, catalyst, olefin/catalyst ratio and temperature aroong other factors. The desired time to
the onset of the gel state is frequently dependent on the manufacturing type conditions, Under
some conditions, delaying the onset of the gel state by 10-60 minutes, so the resin can be poured
without trapped air or other defects, is typically sufficient. In other applications, such as the
vacuum assisted resin transtor molding of large parts, delaying the onsct of the gel state by 6-12
hours may be desirable.

Cyelic OGlefin
10069} In addition to the adhesion promoter and/or hydroperoxide compound, described
hereinabove, resin compositions disclosed herein inchude one or more cyclic olefins. In general,
any cyclic olefin suitable for the wetathesis reactions disclosed herein way be used. Such cyelic
olefins may be optionally substituted, optionally heteroatom-containing, optionally
functionalized, mono-unsaturated, di-unsaturated, or poly-unsaturated Cs to Cys hydrocarbons
that may be mono-, di-, or poly-cyclic. The cyclic olefin may generally be any strained or

unstrained cyclic olefin, provided the cyclic olefin s able to participate in a ROMP reaction
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ecither individually or as part of a ROMP cyclic olefin composition. While certain unstrained
cyelic olefins such as ¢yclohexene are generally understood to not undergo ROMP reactions by
themselves, under appropriate circumstances, such unstrained cyelic olefins may nonetheless be
ROMP active, For example, when present as a comonomer in a ROMP composition, unstrained
cyclic olefins may be ROMP active. Accordingly, as used herein and as would be appreciated by
the skilled artisan, the term “unstrained cyclic olefin” is intended to refer to those unstrained
cyelic olefins that may undergo a ROMP reaction under any conditions, or in any ROMP

composition, provided the unstrained cyclic olefin ts ROMP active.

{6070} fu general, the cyclic olefin way be represented by the structure of formula (A)
()
*) =\
RA

wherein J and R™ are as follows:

R™ is selected from the group consisting of hydrogen, hydrocarbyl (e.g., C1-Cag alkyl,
Cs-Cop aryl, Cs-Cap aralioyl, or Cs-Cyq alkaryl), substituted hydrocarbyl (e.g., substituted C-Cyg
alkyl, Cs~Cog arvl, Cs-Cag aralloyl, or Cs-Cyp alkaryl), heteroatom-containing hydrocarbyl (e.g.,
1-Cyg heteroalkyl, Cs-Cop heteroaryl, heteroatom-containing Cs-Csq aralkyl, or hetercatom-
containing Cs-Csg alkaryl), and substituted heteroatom-containing hydrocarbyl (e.g., substituted
Cy-Cag hetercalkyl, Cs-Cop heteroaryl, hetercatom-containing {Us-Cso aralkyl, or heteroatom-
containing Cs-Csp alkaryly and, it substituted hydrocarbyl or substituted heteroatom-containing
hydrocarbyl, wherein the substituents may be functional groups (“Fn”} such as phosphonato,
phosphoryl, phosphanyl, phosphine, sulfonato, C-Cyg alkylsulfanyl, Cs-Cag aryl sulfanyl, Ci-Cop
alkylsulfonyl, Cs~-Cyp arylsulfonyl, Ci-Cop alkylsulfinyl, Cs-Cop arvisulfioyl, sulfonamido, ammno,
amido, imine, nitro, nitrosoe, hydroxyl, Ci-Cyg alkoxy, Cs-Coyp aryloxy, C)-Cyy alkoxycarbonyl,
Cs-Cop aryloxyearbouyl, carboxyl, carboxylato, mercapto, formyl, C;-Cyy thicester, cyano,
cyanato, carbamoyl, epoxy, styrenyl, silyl, silyloxy, silanyl, siloxazanyl, boronato, boryl, or
halogen, or a motal-containing or metalloid-containing group {(wherein the metal may be, for
example, Su or Ge). R™ may itself be one of the aforementioned groups, such that the Fn moiety

18 directly bound to the olefinic carbon atom indicated i the structure. In the latter case,

]
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however, the functional group will generally not be directly bound to the olefinic carbon through
a hetercatom countaining one or more lone pairs of electrons, e.g., an oxygen, sulfur, nitrogen, or
phosphorus atom, or through an electron-rich metal or metailoid such as Ge, Sn, As, Sb, Se, Te,
etc, With such functional groups, there will normally be an intervening linkage 2, such that R®
then has the structure ~(Z )Jo-Fn wherein n is 1, Fu is the functional group, and 2 is a
hydrocarbylenc linking group such as an alkylene, substituted alkylene, heteroalkylene,
substituied heteroalkene, arvlene, substituted arylene, heteroarylene, or substituted heteroarylene
linkage. Additionally, functional groups ("Fn”) may be thiocyanato, isocyanate, or
thioisocyanate.

I is a saturated or unsaturated hydrocarbylene, substituted hydrocarbylene, heteroatom-
containing hydrocarbvlene, or substituted heteroatom-containing hydrocarbylene hnkage,
wherein when | is substituted hydrocarbylene or substituted heteroatom-containing
hydrocarbylene, the substituents may include one or more ~(Z )o-Fn groups, wherein n is zero or
1, and Frnand 27 are as defined previously. Additionally, two or more substituents attached to
ring carbon {(or other) atoms within J may be linked to form a bicyclic or polycyelic olefin. 1 will
generally contain in the range of approximately 5 to 14 ring atoms, typically 5 to & ring atoms,
for a monocyclic olefin, and, for bicyclic and polycyclic olefins, cach ring will generally contain
410 8, typreally 5 to 7, ring atoms.

{6671} Mono-unsaturated cyclic olefin reactants encompassed by structure {A) may be

represented by the structure (B)

(B)

wherein b is an integer generally although not necessarily in the range of | to 10, typically 1 t0 5,
R* is as defined above, and RPL, RP?2 R®? R® R®S and R® are independently selected from the
group consisting of hydrogen, hydrocarbyl, substitited hydrocarbyl, heterocatom-containing
hydrocarbyl, substituted heteroatom-containing hydrocarbyl and «(Z),-Fn where n, Z° and Fn
are as defined previously, and wherein if any of the R® through R™ moieties is substituted

hydrocarby! or substituted heteroatorm-containing hydrocarbyl, the substituents may inchude one
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Or MOTe —(ﬁZ*‘}n—Fn groups. Accordingly, RYORM R® R RY and R may be, for example,
hydrogen, hydroxyl, C-Cyp alkyl, Cs-Cyp arvl, C1-Cyp alkory, Cs-Chy aryioxy, Ci-Crg
alkoxycarbonyl, Cs-Cap aryloxyearbonyl, amino, aniido, nitro, etc. Furthermore, any of the R®!
RB%, R® Rm, RBS, and R®® moicties can be linked to any other of the R’}ﬁ RB%, RB‘A’? rB RBS,
and R moieties to provide a bicyclic or polycyclic olefin, and the linkage may include
heteroatoms or functional groups, ¢.g., the linkage may include an cther, ester, thioether, amine,
alkylamino, mmno, or anhydride moiety.

18072} Examples of monounsaturated, monocyclic olefins encompassed by structure (B}
include, without limitation, cyclopentene, cyclohexene, cycloheptene, cyvclooctene, cyclononene,
cyclodecene, cycloundecene, cyclododecene, tricyclodecene, tetracyclodecene, octacyclodecene,
and cyclocicosene, and substituted versions thereof such as T-methylcyclopentene,
I-ethyicyclopentene, 1-isopropylicyclohexene, I-chloropentene, 1-fluorocyclopentens,
4-methylcyclopentene, 4-methoxy-cyclopentene, 4-cthoxy-cyclopentene, cyclopent-3-ene-thiol,
cyclopent-3-ene, 4-methylsulfanyl-cyclopentene, 3-methyicycichexene, 1-methyleyclooctene,

1, 5-dimethylcyclooctene, ete.

10073} Mouocyclic diene reactants encompassed by siructure (A} may be generally

represented by the structure (C)

(©)

wherein ¢ and d are independently integers 1 the range of 1 to about 8, typically 20 4,
preferably 2 (such that the reactant is a cyclooctadiene), R” is as defined above, and R, RY,
RS \ RM, RCS, and R*® are defined as for R®! through RB® 1n this case, i 1s preferred that R
and R be non-hydrogen substituents, in which case the second olefinic moiety is
tetrasubstituted. Examples of monocyclic diene reactants include, without limitation,
I,3-cyclopentadiene, 1,3-cyclohexadiene, 3-ethyl-l,3-cyclohexadiene, 1,3-cycloheptadiene,

cyclohexadiene, 1,5-cyclooctadiene, 1,3-cyclooctadicne, and substituted analogs thereof, Triene

B2
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reactants are analogous to the diene structure (C}), and will generally contain at least one
methylene linkage between any two olefinic segments,
16074} Bicyclic and polycyclic olefinic reactants encompassed by structure (A} may be

generally represented by the structure (D)

e RD’]
{D)

wherein ¢ 1s an integer in the range of 1 to 8, typically 210 4, 15 generally 1 or 2, T 1s lower
alkylene, lower alkenylene, generally substituted or unsubstituted methy! or ethyl, or heteroatom,
generally oxygen, sulfur, or nitrogen optionally substituted by lower alkyl or lower alkylene, R®
is as defined above, and RY', RP? RY, and RY are as defined for R®! through R¥ Preferred
olefinic reactants within this group are in the norbornene and oxanorbornene families, having the

structure (E) and (F), respectively

RE6
RE5 RA
RE4
RE3
RE2
(E} RE']
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RE6
RE5 RA
RE4
RE3
RE2
(F) R

. - - H R o R B . B
wherein R® and T are as defined above, R™, RF, R and R™ have the same definitions as R®!

through R™, and R™ and R™ arc defined as for R™ and R™, respectively.

Additionaily, any of the R”, R™, R™ R™, R® and R™ moieties can be linked to any other of
the R® RP ™ R¥ RY, R™ moieties to provide a bicyclic or polycyclic olefin, and the
linkage may include heteroatoms or functional groups e.g., the linkage may include without
iimitation an cther, ester, thioether, amino, alkylamino, imino, or anhydride moicty.

16075} Examples of bicyclic and polycychic olefinic reactants thus include, without
limitation, dicyclopentadiene, tricyclopentadiene, dicyclohexadiene, norbornene, S-methyl-2-
norbornene, S-ethyl-2-norbornene, S-isobutyl-2-norbornene, 5,6-dimethyl-2-norbornene, 5-
phenyinorbornene, S-benzylnorbormnene, S-acetylnorbornene, S-methoxycarbonylnorbornene, 5-
cthoxycarbony-1-norbornene, S-methyl-5-methoxy-carbonyinorbornene, S-cyanonorbornene,
5,5, 6~trimethyl-2-norbornene, cyclo-hexenyinorbornene, endo, exo-5,6-dimethoxynorbornens,
endo, endo-3,6-dimethoxynorbornene, endo,exo-5,6-dimethoxycarbonylnorbornene, endo, endo-
3,6~-dimethoxycarbonylnorbornene, 2,3-dimethoxynorborene, norbornadiene, tricycloundecene,
tetracyclododecene, 8-methyltetracyclododecens, 8-cthyl-tetracyclododecens,
8-methoxycarbonyltetracyclododecene, 8-methyl-8-tetracyclo-dodecene,
8-cyanotetracyclododecene, pentacyclopentadecene, pentacyclohexadecens, and the like.
Additional examples of bicyclic and polycyclic oletfins mchade, without imitation, higher order
oligomers of cyclopentadiene such as cyclopentadiene tetramer, cyclopentadiene pentamer, and
the like; and Cy-Cy» hydrocarbyl substituted norbornenes such as S-butyl-2-norbornene, 5-hexyl-
2-norboruene, S-octyl-Z-norbornene, 5-decyl-2-norbomene, S-dodecyl-2-norbormene, S-vinyl-2-
norbornene, S-ethylidene-2-norbornene, S-isopropenyl-2-norbornene, 5-propenyi-Z-norbornene,
and S-butenyl-2-norbomene, aud the like.

{6076] Preferred cyclic olefins inchude Cs to Cyy unsaturated hydrocarbons. Also preferred
are Cs to Ty oyelic hydrocarbons that contain one or more {(typically 2 to 12) heteroatoms such
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as O, N, 3, or P, For example, crown ether cyelic olefins may inchude numerous O heteroatoms
throughout the cycle, and these are within the scope of the tavention. In addition, preferred
cyvelic olefins are Cs to Cyy hydrocarbouns that contain one or more (typically 2 or 3} olefins. For
example, the cyclic olefin may be mono-, di-, or tri-unsaturated. Examples of cyclic olefins
include cyclooctene, cyclododecene, and {(¢,1,13-1,5,9-cyclododecatriene.

{60771 The cyclhic olefins may also comprise multiple (typically 2 or 3} rings. For example,
the cyclic olefin wmay be mono-, di-, or tri~cyclic. When the ¢yclic olefin comprises more than
one ring, the rings may or may not be fused. Preferred examples of cyclic olefins that comprise
multiple rings 1nclade vorbornene, dicyclopeuntadiene, and 3-cthylidene-2-norborneue.

{6G78) The cyelic olefin may also be substituted, for example, a Cs to Cyy cyclic hydrocarbon
wherein one or more (typically 2, 3, 4, or 5) of the hydrogens are replaced with non-hydrogen
substituents. Suitable non-hydrogen substituents may be chosen from the substituents described
hereinabove. For example, functionalized cychic olefing, 1.¢., Cs to Cys cyclic hydrocarbons
wherein one or more {typically 2, 3, 4, or 5} of the hydrogens are replaced with functional
groups, are within the scope of the invention. Suitable functional groups may be chosen from the
functional groups described hereinabove. For exanple, a cyclic olefin functionalized with an
alcohol group may be used to prepare a telechelic polymer comprising pendent alcohol groups.
Functional groups on the cychie olefin may be protected in cases where the functional group
interferes with the metathesis catalyst, and any of the protecting groups commonly used in the art
may be emploved. Acceptable protocting groups may be found, for example, in Greene et al,,
Protective Groups in Organic Synthesis, 3rd Ed. (New York: Wiley, 19993, Examples of
functionalized cyclic olefins include 2-hydroxymcthyl-S-norbornene, 2-[(2-
hydroxyethyljcarboxylate-5-norbornene, cydecanol, 5-n-hexyl-2Z-norbornene, 5-n-butyl-2-
norbornene.

180791 Cyche olefins incorporating any combination of the abovereuntioned features (ie.,
heteroatoms, substituents, multiple olefins, multiple rings) are sunitabic for the invention
disclosed herein.

{6480} The cyclic olefins useful in the invention disclosed herein may be strained or
unstrained. It will be appreciated that the amount of ring sirain varies for each cyclic olefin
compound, and depends upon a number of factors including the size of the ring, the presence,

and 1deuntity of substitucnts, and the presence of multiple rings. Ring strain 1s one factor in
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determining the reactivity of a molecule towards ring-opening olefin metathesis reactions.
Highly strained cyciic olefins, such as certain bicyclic compouuds, readily undergo ring opening
reactions with olefin metathesis catalysts. Less strained cyclie olefins, such as certain
unsubstituted hydrocarbon monocyclic olefins, are generally less reactive. In some cases, ring
opening reactions of relatively unstrained (and therefore relatively unreactive} cyclic olefins may
become possibic when performed in the presence of the olefinic compounds disclosed herein,
D081} A plurality of cyclic olefins may be used to prepare metathesis polymers from the
olefinic compound. For example, two cyclic olefins selected from the cyelic oletins described
hereinabove may be emploved in order to form metathesis products that incorporate both cyclhic
olefins. Where two or more cyclic olefins are used, one example of a second cyclic olefinis a
cyclic alkenol, 1.e., a Cs~Cyy cyelic hydrocarbon wherein at least one of the hydrogen substituents
is replaced with an alcohol or protected alcohol moiety to yield a functionalized cyclic olefin.
{6082} The use of a plurality of cvelic olefing, and i particular when at least one of the
cyclic olefins is functionalized, altows for further control over the positioning of functional
groups within the products. For example, the density of cross-linking points can be controlled in
polymers and macromonomers prepared using the methods disclosed herein. Coutrol over the
quantity and density of substituents and functional groups also allows for control over the
physical properties {e.g., melting point, tensile sirength, glass transition temperature, etc.) of the
products. Control over these and other properties is possible for reactions using only a single
cyclic olefin, but 1t will be appreciated that the use of a plurality of cyclic olefins turther
enhances the range of possible metathesis products and polymers formed.

{0083} Further preferred cyclic olefins encompassed by structure (D) that are in the

norborene family may be generally represented by the structure (G):

RF'] RF4

(T

(G) RF2
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wherein R™ and T are as defined above, R', RF? RY R™ RF° R R and RY are as defined
for R through R™, and *“a” represents a single bond or a double bond, f is generally 1 or 2, g is
an integer from 0 to 5, and when “a” is a double bond one of R, R and one of RY, R™ is not
present. Furthermore, any of the R, R%, R, and R"™ moieties can be Hnked to any of the other
R R RY, and R™ moieties to provide a substituted or unsubstituted alicyclic group
containing 4 to 30 ring carbon atoms or a substituted or unsubstituted aryl group containing 6 to
18 ring carbon atoms or combinations thereof and the linkage may inchude heteroatorms or
functional groups, e.g., the linkage may include without limitation an ether, ester, thicether,
amino, alkyl amino, imino, or anhydride moiety. The cyclic group can be monocyclic, bicyclic,
or polycyche, When unsaturated the cyclic group can contain wonounsaturation or
multiunsaturation, with monounsaturated cyclic groups being preferred. When substituted, the
rings contain roonosubstitution or miuliisabstitution wherein the substituents are independently
selected from hydrogen, hydrocarbyl, substituted hydrocarbyl, functional groups (Fn),
heteroatom-containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl, and (2 -
Fn where 1 is zero or 1, 77, and Fn are as defined above.

10084] More preferred cyclic olefins possessing at least one norbornene moiety have the
structure (H)

— - RO

\LRGZ

a

RG3

N

uy
—
I

L
[¢je]

‘ W oGl 3 32 . - B 6t o i
wherein, RY', R, R™ and R™ are as defined for R through R® and “a” represents a single

bond or a double bond, g is an integer from 0 to 5, and when “a” is a double bond one of R,

RY and one of R%, R is not present. Furthermore any of the RY

J R RY and RY* moieties
can be linked to any of the other RG]f, R, RG‘?‘, and RY! moieties 1o provide a substituted or
unsubstituted alicyclic group containing 4 to 30 carbon atoms or a substituted or unsubstituted
ary! group containing 6 to 18 ring carbon atoms or combinations thercof and the linkage may

include heteroatoms or functional groups, ¢.g., the linkage may include without limitation an
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cther, ester, thiocther, amino, alkylamino, imino, or anhydride moiety. The alicyclic group can
be monocyelic, bicyelie, or polyeyclic. When unsaturated the cyclic group can contain
monounsaturation or multiunsaturation, with monounsaturated cyclic groups being preferred.
When substituted, the rings contain monosubstifution or multisubstitution wherein the
substituents are independently selected from hydrogen, hydrocarbyl, substituted hydrocarbyl,
functional groups (Fuy, heteroatom-containing hydrocarbyl, substituted heteroatom-containing
hydrocarbyl, and -( Z*)n—Fn where n is zero or 1, 7, and Fn are as defined above,
{0085] One route for the preparation of hydrocarbyl substituted and functionally substituted
norborenes employs the Diels-Alder cycloaddition reaction i which cyclopentadiene or
substituted cyclopentadione is reacted with a suitable dienophile at elevated temperatures to form
the substituted norbornene adduct generally shown by the following reaction Scheme I
SCHEME 1

RG1

LRGZ
+ RG’IRG2CzCRG3RG4 L’ @
VRGS

RG4

wherein R%' to RY are as defined above.

{3086} Other norborpene adducts can be prepared by the thermal pyrolysis of
dicyclopentadiene in the presence of a suitable dienophile. The reaction proceeds by the initial
pyrolysis of dicyclopentadiene to cyclopentadiene followed by the Diels-Alder cycloaddition of
cyclopentadiene and the dienophile to give the adduct shown below in Scheme 2:

SCHEME 2

A \LRGZ
+ RG'] RGZc—CRG3RG4 _—
/TRGS

R . . ~ . Gl G4 -
wheretn gis an juteger from 010 5, aud R™ to R™ are as detined above.
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{6087} Norbornadiene and higher Diels-Alder adducts thereof similarly can be prepared by
the thermal reaction of cyclopentadiene and dicyclopentadicue in the presence of an acetylenic

reactant as shown below is Scheme 3;

SCHEME 3
RG1
- A
+ R'C=CR*  —»
RG4
[ i RG']
A
+ RC1C=CR®* —_—
RG4

wherein g is an integer from 0 to 5, R and RY are as defined above.

{6088 More preferred cyclic olefins include dicyclopentadiene, tricyclopentadiene,
dicyclohexadiene, norbomene, S-methyl-2~-usorbornene, 5-cthyl-2-norbormene, S-isobutyl-2-
norbornene, 5,6-dimethyl-2-norbornene, S-phenyinorbornene, 5-benzylnorbornene, 5-
acetyluorbornene, 3-methoxyecarbonylnorbornene, S—ethoxycarbony-1-norbornene, 5-methyl-5-
methoxy-carbonyinorbornene, 5-cvanonorbornene, 5,5,6-trimethyl-2-norbornene, cyclo-
hexenylnorbornene, endo, exo-5,6-dimethoxynorbornene, endo, endo-5,6-dimethoxynorbornene,
endo,ex0-5,6-dimethoxycarbonylnorbornene, endo, endo-5,6-dimethoxycarbonyinorbornene,
2,3-dimethoxynorbornene, norbornadiene, tricycloundecene, tetracyclododecene,
B-methylietracyclododecene, 8-ethyl-tetracyclododecene,
S-methoxycarbonylietracyclododecene, 8-methyl-8-tetracyclo-dodecene,
g~cyanotetracyclododecene, pentacyclopentadecene, pentacyclohexadecene, higher order
oligomers of cyclopentadienc such as cyclopentadiene tetramer, cyclopentadicne pentamer, and
the like: and C-Cyy hydrocarbyl substituted norbornencs such as 5-butyl-2-norbornene, 5-hexyl-
2-norbornene, S-octyl-Z-norbornene, 5-decyl-2-norbornene, S-dodecyl-2-norbornene, S-vinyl-2-
norbornene, S-ethyhidene-2-norbornene, S-isopropenyl-2-norbornene, S-propenyi-2-norbomene,
and S-butenvl-2-norbornene, and the like. Even more preferred cyclic olefins include
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dicyclopentadicne, tricyclopentadiene, and higher order oligomers of cyclopentadiene, such as
cyclopentadiene tetramer, cyclopentadiene pentamer, and the hike, tetracyclododecene,
norbornene, and Co-Cip hydrocarbyl substituted norbornenes, such as 5-butyl-2-norbornene, 3~
hexyl-2-norbornene, S-octyl-2Z-norbornene, S-decyl-2-norbornene, 5-dodecyl-2-norbornene, 5-
vinyl-2-norbornene, 5-ethylidene-2-norbomene, 5-isopropenyl-2-norbornene, S-propenyl-2-

norborene, S-butenyl-2-norbornene, and the like.

(Olefin Metathesis Catalyst
{608Y] The olefin metathesis catalyst complex according to the invention s preferably a

Group 8§ transition metal complex having the structure of formula (1)

(L0 =Y
|/
() >M$(C)m;—;‘;(;
X? ; \
. R?
{7

in which:

M is a Group 8 transition metal;

L', 17, and L7 are neutral eleciron donor 1 gands;

nis 0 or I, such that L’ may or may not be present;

mis{, 1, or2;

kisQorl;

X and X7 are anionic Hgands; and

R' and R” are independently selected from hydrogen, hydrocarbyl, substituted
hydrocarbyl, heteroatom-containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl,
and functional groups,

wherein any two or more of X3 L LA L R and R? can be taken together to form
one or more cyclic groups, and further wherein any one or more of Xl, Xz, Ll, LZ, L‘%, R! and R?
may be attached to a support.
{6090} Additionally, in formula (), one or both of R' and R® may have the structure -(W,—
U™V, in which W is selected from hydrocarbylene, substituted hydrocarbylene, heteroatom-

containing hydrocarbylene, or substituted heteroatom-containing hydrocarbylene; Uisa
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positively charged Group 15 or Group 16 clement substituted with hydrogen, hydrocarbyl,
substituied hydrocarbyl, heteroatom-containing hydrocarbyl, or substituted heteroator-
containing hydrocarbyl; V is a negatively charged counterion; and n is zero or 1. Furthermore,
R' and R” may be taken together to form an indenylidene moiety.

{6091 Preferred catalysts contain Ru or Os as the Group 8 transition metal, with Ru
particularly preferred.

{0692} Numerous embodiments of the calalysts useful in the reactions disclosed herein are
described in more detail infra. For the sake of convenience, the catalysts are described in
groups, but it should be emphasized that these groups are not meant to be lmiting wn any way.
That is, any of the catalysts useful in the invention may {it the description of more than one of
the groups described herein,

{6093} A first group of catalysts, then, are commonly referred to as First Generation Grubbs-
type catalysts, and have the structure of formula (I}, For the first group of catalysts, M and m are
as described above, and n, X', X7, L', L7, L7, RY, and R” are described as follows.

{6094 For the first group of catalysts, n is 0, and L' and L” are independently selocted from
phosphive, sulfonated phosphine, phosphite, phosphinite, phosphonite, arsine, stibine, ether,
amine, amide, imine, sulfoxide, carboxyl, nitrosyl, pyridine, substituted pyridine, imidazole,
substituted itmidazole, pyrazine, and thiocther. Exewmplary higands are trisubstituted phosphives.
Preferred trisubstituted phosphines are of the formula PRVRR'™, where RY, ™™, R are cach
independently substituted or unsubstituted aryl or C-Cyp alkyl, particularly primary alkyl,
secondary alkyl, or cycioalkyl. In the most preferred, L' and L” are independently selected from
the group consisting of trimethylphosphine (PMes), triethylphosphine (PEL), tri-n-
butylphosphine (PnBus), tri{ortho-tolyl}phosphine (P-o-tolyls}, tri-zers-butylphosphine (P-fers-
Bus), tricyclopentyiphosphine (PCyclopentyls), tricyelohexylphosphine (PCy3),
triisopropylphosphine (P-i-Pr3), tritsobutyiphosphine {(P-i-Bus), trioctylphosphine (POcts),
triphenylphosphine (PPhs), tri{pentafiuorophenyliphosphine (P(CsFs)3),
methyldipbenylphosphine (PMePh,), dimethylphenylphosphine (PMe,Ph), and
diethylphenylphosphine (PELPRY. Alternatively, L' and L? are independently selected from
phosphbicycloalkane (e.g. monosubstituted 9-phosphabicyclo-{3.3. lnonane, or monosubstituted
9-phosphabicyclof4.2.1nonane such as cyclohexylphoban, isopropylphoban, ethyiphoban,

methylphoban, butviphoban, pentylphoban, and the like.
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{6095] X' and X* are anionic ligands, and may be the same or different, or are linked
together to form a cyclic group, typically although not necessarily a five- to eight-membered
ring. In preferred embodiments, X' and X° are cach independently hydrogen, halide, or one of
the following groups; C-Chg alkyl, Cs-Cogaryl, C1-Cyp alkoxy, Cs-Coa arvioxy, Cr-Cag
alkoxycarbonyl, Ce-Cos aryloxycarbonyl, C-Cys acyl, Co-Coy acyloxy, C1-Cyp alkylsulfonato,
C5-Chq arylsulfonato, C-Cog alkylsulfanyl, Cs-Coy arvisulfanyl, C1-Cop alkyisultinyd, or Cs-Cyy
arylsulfiny]. Optioually, X' and X? may be substituted with one or more moicties selected from
Cy-Cyy alkyl, C-Cyy alkoxy, Cs-Chag aryl, and halide, which may, in turn, with the exception of
halide, be further substituied with one or more groups selected from halide, C1-Cy alkyl, Ci-Cq
alkoxy, and phenyl. In more preferred embodiments, X' and X are halide, benzoate, C,-Cg acyl,
(y-Cs alkoxycarbonyl, Ci-Cs alkyl, phenoxy, C;-Cs alkoxy, T-Cy alkylsuifanyl, arvl, or C-Cq
alkylsulfonyl. In even more preferred embodiments, X' and X7 are each halide, CF300;,
CH3COy, CFHLCOn, (CH3 1CO, (CF{(CHCO, (CF M CH31»C0, PRO, Me(, EIQ, tosvlate,
mesylate, or trifluoromethane-sulfonate. In the most preferred embodiments, X' and X7 are each
chloride. Alternatively X' and X are independently NO;, -N=C=0, or -N=C=8.

10096} R and R? are independently selected from hydrogen, hydrocarbyl {e.g., Ci-Cao alkyl,
Cr-Cop alkenyl, Cr-Cop alloynyl, Cs-Cos aryl, Cy-Chs alkarvl, Ce-Cyy aralkyl, ote.}, substituted
hydrocarbyl {e.g., substituted C-Cyg alkyl, Cr-Cyp alkenyl, $r-Chg alkyuyl, Cs-Chy aryl, Ce-Chay
alkaryl, C¢-Coy aralkyl, etc.), heteroatom-containing hydrocarbyl (¢.z., heteroatom-containing
C1-Cog alleyl, Cr-Chg alkenyl, Cp-Cop alkynyl, Cs-Coy aryl, Cg-Chy alkaryl, Cs-Chg aralkyl, etc.),
and substituted hetercatom-containing hydrocarbyl {e.g., substituted heteroatom-containing C;-
Coe alkoyl, Ca-Cyp alkenyl, Cr-Chg alkynyl, Cs-Cag aryl, Ce-Coa allaaryl, Cg-Cay aralkyl, etc.), and
functional groups. R’ and R? may also be linked to form a cyclic group, which may be aliphatic
or aromatic, and may contain substituents and/or heteroatoms, Generally, such a cyclic group
will contain 4 to 12, preferably S, 6, 7, or 8 ring atoms,

100971 In preferred catalysts, R'is hydrogen and R” is selected from Cy-Cag alkyl, Cp-Cag
alkenyl, and Cs-Chy aryl, more preferably C-Cy alkyl, Cp-Cp alkenyl, and C5-Cyy aryl, Still more
preferably, R? is phenyl, vinyl, methyl, isopropyl, or t-butyl, optionally substituted with one or
more moicties selected from C,-Cg alkyl, Ci-Cy alkoxy, phenyl, and a functional group Fn as

defined cartier herein. Most preferably, R? is phenyl or vinyl substituted with one or more
F y paensy 3

(2
(4]
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moicties selected from methyl, ethyl, chioro, bromo, 1odo, fluore, nitro, dimethylamino, methyl,
methoxy, and phenyl, Optimally, R? is phenyl or -C=C(CH;),.

16098] Any two or more {typically two, three, or four) of X', X7 LY, L7 L2, RY, and R? can
be taken together to form a cyclic group, including bidentate or multidentate higands, as
disclosed, for example, in U.S. Pat. No. 5,312,940, the disclosure of which is incorporated herein
by reference. When any of XU 3, LY LA LY R, and R? are linked to form cyelic groups, those
cyclic groups may contain 4 to 12, preferably 4, 5, 6, 7 or 8 atoms, or may coruprise two or three
of such rings, which may be either fused or linked. The cyclic groups may be aliphatic or
aromatic, and roay be heteroatoru-containing and/or substituted. The cyclic group may, in sorue
cases, form a bidentate ligand or a tridentate ligand. Examples of bidentate ligands include, but
are not limited to, bisphosphines, dialkoxides, alkyldikctonates, and aryldiketonates.

{8099 A second group of catalysts, commonly referred to as Second Generation Grubbs-
type catalysts, have the structure of fornula (1), wherein L' is a carbene ligand having the

structare of formula (1)

E(QB)W»-R3"- } [(Q’*‘)Z»R“A L
p L.

R (1) e X

(an @y

such that the complex may have the structare of formula (I1H

E(Q%—RM E E@‘*)z—-ﬁ“\ ]
o q

R e (3 )me\ /Y {Q?),—R*
(1
A <LV‘>.1 R1
X /
>r\ﬁm<<::>m
XZ
R?
'(5-2 ¥

. o2 12 13 pl 2 o g . 4
wherein M, m, n, X0, X5, L5, L7, RY, and R™ are as defined for the first group of catalysis, and the

remaining substituents are as follows;
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X and Y are heteroatoms typically selected from N, O, S, and P. Since © and S are
divalent, p is pecessanily zero when X 18 O or §, q is necessarily zero when Yis Qor S, and k is
zero or 1. Howsever, when XisNor P thenpis |, andwhen YisNor P thengis 1. Ina
preferred embodiment, both X and Y are N;

0!, Q% @, and Q7 are linkers, e.g., hydrocarbylene (including substituted
hydrocarbylene, heteroatom-containing hydrocarbylene, and substituted heteroatom-containing
hydrocarbylene, such as substituted and/or heteroatom-containing alkylene) or {CO)~, and w, %,
y, and z are independently zero or 1, meaning that each linker is optional. Preferably, w, x, v,
and z are all zero. Further, two or more substitucnts on adjacent atoms within @', ¢°, Q°, and ¢
may be linked to form an additional cyclic group; and

RY, R, R, and R™ are independently selected from hydrogen, hydrocarbyl, substituted
hydrocarbyl, heteroatom-containing hydrocarbyl, and substituted heteroatom-containing
hydrocarbyl, In addition, X and Y may be independently sclected from carbon and one of the
heteroatoms mentioned above. Also, L and L' may be taken together to form a single bidentate
clectron-donating heteracyclic ligand. Furthermore, R’ and R* may be taken together to form a
indenyhidene motety. Moreover, KX LA LY X, and Y is further coordinated to borou or to a
carboxylate.

[60100]  Tn addition, any two or more of X', 32 LY L4 LY R RA BY RS R R, QL Q4
QS, and Q4 can be taken together to form a cyclic group, and any one or more of XU L L,
0oL oL QN QLR R RS R RY and R* may be attached to a support, Any two or more of
XL UL L R R R, R, R* and R*™ can also be taken to be ~A-Fn, wherein “A” is a
divalent hydrocarbon moicty selected from altkylene and arylalkylene, wherein the alkyl portion
of the alkylene and arylalkylene groups can be linear or branched, saturated or unsaturated,
cyclic or acyclic, and substituted or unsubstituted, wherein the aryl portion of the of arylalkylene
can be substituted or unsubstituted, and wherein hetero atoms and/or functional groups may be
present in either the aryl or the alkyl portions of the alkylene and arylalkylene groups, and Fnisa
functional group, or together to form a cyclic group, and any oue or muore of X', X2, L0 L7, O,
Q"", Q3 , Q4, R R R, RSA, kY and R** may be attached 1o a support.

{60101}  Proferably, R™ and R™ are linked to form a cyelic group so that the carbene ligand

has the structure of formula (IV)

(42
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Q

(v} / \\}

R3 N N 24

N

wherein R’ and R” are defined above, with preferably at feast one of R” and R®, and more
preferably both R” and RY, being alicyelic or aromatic of one to about five rings, and optionally
containing one or more heteroatorns and/or substituents. Q is a linker, typically a
hydrocarbylene linker, including substituted hydrocarbyiene, hetercatom-containing
hydrocarbylene, and substituied heteroatorm-coutaining hydrocarbylene Hukers, wheren two or
more substituents on adjacent atoms within ¢ may also be linked to form an additional cyclic
structure, which may be similarly substituted to provide a fused polyeyelic structure of two to
about five cyclic groups. Q is often, although not necessartly, a two-atom lnkage or a three-
atom linkage.

{60102]  Examples of N-heterocyelic carbene (NHC) ligands and acyclic diaminocarbene
ligands suitable as L' thus include, but are not limited to, the following where DIPP 18

dnsopropylphenyl and Mes is 2,4,6-trimethylphenyl:

RE N R4
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{00163]  Additional examples of NHC ligands and acyclic diaminocarbene ligands suitable as

L' thus include, but are not limited to the following:

RW4 RWS R\Nz RW3

N N
RW1 \/ S~RW2 RW1=" N RW4
RWS RW2
N=— N—N

R"‘”/N\/N\RW2 RW1/N\)\RW3

o Wi W2 W3 W4 : . Qe
wherein R, R™5, R™7, R are independently hvdrogen, unsubstituted hydrocarbyl, substituted

hydrocarbyl, or heteroatom containing hydrocarbyl, and where one or both of RY and R™

may
be 1o independently selected from halogen, mitro, amido, carboxyl, alkoxy, arvioxy, sulfonyl,
carbonyl, thio, or nitroso groups.

[60164]  Additional examplos of NHC ligands suitable as L' arc further described in U.S. Pat.
Nos. 7,37R8,528; 7,652,145, 7,294,717: 6,787 ,620; 6,635,768; and 6,552,139 the disclosures of
which are incorporated herein by reference,

{60105]  Additionally, thermally activated N-Heterocyclic Carbene Precursors as disclosed in

U8, Pat. No. 6,838,489, the contents of which are incorporated herein by reference, may also be

used with the present invention.

2
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{00106] When M is ruthenium, then, the preferred complexes have the structure of formula

(V)
)

N-——*

Rfj

{3, R

Fiti

o/

Ru=
RZ
L

2

{60107]  In a more preferred embodiment, Q is a two-atom linkage having the structure -
CRYRM-CRPRM. or -CRYM=CRY-, preferably CRYRMLCRPRYS, wherein RY, RPLURY, and RY
are independently selected from hydrogen, hydrocarbyl, substitited hydrocarbyl, heteroaton~
containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl, and functional groups.
Examples of functional groups here inchude carboxyl, C-Cy alkoxy, Cs-Coy arvioxy, Cr-Uyg
alkoxycarbonyl, Cs-Coy alkoxycarbonyl, Cr-Cys acyloxy, C-Cyy alkylthio, Cs-Cyy arylthio, Cy-
Coe alkylsulfouyl, and Ci-Cop alkylsulfinyl, optionally substituted with one or more moieties
selected from C-Cy; alkyl, Cy-Cyy alkoxy, Cs-Cyg aryl, hydroxyl, sulfhydryl, formyl, and halide.
RY R R, and R' are preferably independently selected from hydrogen, C;-Cyy alloyl,
substituted C,-Cy; alkyl, C-Cy; heteroallyl, substituted C,-Cy; hetersalioyl, phenyl, and
substitutod phenyl, Alternatively, any two of R' R RY, and R™ may be linked together to
form a substituted or unsubstituted, saturated or unsaturated ring structure, e.g., a {s-Cyp alicyelic
group or a Cs or Cy aryl group, which may itscl be substituted, ¢.g., with linked or fused
alicyclic or aromatic groups, or with other substituents. In one further aspect, any one or more of
R RY RY and Y comprises one or more of the linkers. Additionally, L’ may be Lz(k),
wherein k is zero or 1. R’ and R* may be unsubstituted pheayl or phenyl substituted with one or
more substituents selected from C1-Cyy alkyl, substituted C-Cyq alkyl, C1-Cyg heteroalkyl,
substituted C-Cyg heteroalkyl, Cs-Coy arvl, substituted Cs-Coyy arvl, Cs-Coy heteroaryl, Co-Cy
aralkyl, Cg-Uaq alkaryi, or halide. Furthermore, X and X° may be halogen.

[60108] When R’ and R arc aromatic, they arc typically although not necessarily composed
of ane or two aromatic rings, which may or may not be substituted, e.g., R and R* may be

phenyl, substituted phenyl, biphenyl, substituted biphenyl, or the hike. In one preferred
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embodiment, R’ and R” are the same and arc each unsubstituted phenyl or phenyl substituted
with up to three substitnents selecled from C1-Cyp alkyl, substituted C;-Cyy alkyl, C)-Cy
heteroalkyl, substituted C-Cay hetercaltkyl, Us-Cog aryl, substitited Cs-Cay aryl, Ca-Cyy

heteroaryl, Ce-Coy aralkyl, Ce-Coy alkaryl, or halide. Preferably, any substituents present are
hyvdrogen, C;-Cip atkyl, C-Cy; alkoxy, Cs-Cig aryl, substitited Ca-Ciy aryl, or halide. As an
example, R and R are mesityl (i.c., Mes as dofined herein),

[66169]  In a third group of catalysts having the structure of formula (13, M, r, u, X', X%, R,
and R” are as defined for the first group of catalysts, L' is a strongly coordinating neutral electron
douor ligand such as any of those described for the first and second group of catalysts, and 1.2
and L’ are weakly coordinating neutral electron donor ligands in the form of optionally
substituted hoterocyelic groups, Again, n is zero or 1, such that L’ may or may not be present.
Generally, in the third group of catalysts, L” and L' are optionally substituted five- or six-
membered monocyclic groups containing 1 to 4, preferably 1 to 3, most preferably 1 t0 2
heteroatoms, or are optionally substituted bicyclic or polyeyelic structures composed of 2 to §
such five- or six-membered monocyclic groups. If the heterocyelic group is substituted, it should
not be substituted on a coordinating heteroatom, and any one cyclic moiety within a heterocyclic
group will generally not be substituted with more than 3 substituents.

[00118]  For the third group of catalysts, examples of L7 and L” include, without linitation,
heterocycles containing nitrogen, sulfur, oxygen, or a mixture thereof.

[60111] Examples of nitrogen-containing heterocycles appropriate for L’ and L include
pyridine, bipyriding, pyridazine, pyrimidine, bipyridamine, pyrazine, 1,3,5-triazine, 1,2,4-
iriazine, 1,2,3-triazine, pyrrole, 2H-pyrrole, 3H-pyrrole, pyrazole, 2H-imidazole, 1,2,3-tr1azole,
1,2 4-triazole, indole, 3H-indole, TH-isoindole, cyclopenta(b)pyridine, indazole, quinoline,
bisquinoline, isoguinoline, bisisoquinoline, cinnoline, quinazoline, naphthyridine, piperidine,
piperazine, pyrrolidine, pyrazohdine, qunuchidine, imidazohdine, picolylinune, purine,
benzimidazole, bisimidazole, phenazine, acridine, and carbazole. The nitrogen-containing
heterocycles may be optionally substituted ou a von-coordinating heteroatom with a non-
hydrogen substituent.

[60112] Examples of sulfur-containing heterocycles appropriate for L? and L include
thiophene, 1,2-dithiole, 1,3-dithiole, thiepin, benzo{b)thiophene, benzo{c}thiophene,

thionaphthene, dibenzothiophene, 2H-thiopyran, 4H-thiopyran, and thioanthrene.
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{60113] Examples of oxygen-containing heterocycles appropriate for L and L’ include 2H-
pyran, 4H-pyran, 2-pyrone, 4-pyrove, 1,2~-dioxan, 1,3-dioxin, oxepin, furan, 2H-1-benzopyran,
coumarin, coumarone, chromene, chroman-4-one, isochromen-1-one, isochromen-3-ong,
xanthene, tetrahydroturan, 1,4-dioxan, and dibenzoturan,

{60114] Examples of mixed heterocycles appropriate for L and L’ include isoxazole, oxazole,
thiazole, 1sothiazole, 1,2, 3-oxadiazole, 1,2.4-oxadiazole, 1,3,4-oxadiazole, 1,2,3,4-oxatriazole,
1,2,3,5-0xatriazole, 3H-1,2,3-dioxazole, 3H-1,2-oxathiole, 1,3-oxathiole, 4H-1,2-oxazine, 2H-
1,3-oxazine, 1,4-oxazine, 1,2,5-oxathiazine, o-1s00xazine, phenoxazine, phenothiazine,
pyrano]3,4-bipyrrole, indoxazine, benzoxazole, anthranil, and morpholine.

{60115] Preferred L7 and L ligands arc aromatic nitrogen-containing and oxygen-containing
heterocycles, and particularly preferred L and L ligands are monocyclic N-heteroaryl ligands
that are optionally substituted with 1 to 3, preferably 1 or 2, substituents. Specific examples of
particularly preforred L” and L ligands are pyridine and substituted pyridines, such as 3-
bromopyriding, 4-bromopyridine, 3,5-dibromopyridine, 2,4,6-tribromopyridine, 2,6~
dibromopyridine, 3-chloropyridine, 4-chloropyridine, 3,5-dichloropyridine, 2,4,6-
trichloropyndine, 2,6-dichloropyridine, 4-iodopynidine, 3,5-dijodopyridine, 3,5-dibromo-4-
methylpyridine, 3,5-dichioro-4-methyipyridine, 3,5-dimethyl-4-bromopyridine, 3,5-
dimethylpyridine, 4-wethylpyridine, 3,5-diisopropylpynidine, 2,4,6-ttumethylpyridive, 2,4,6-
triisopropylpyridine, 4-(fer-butyhpyridine, 4-phenylpyridine, 3,5-diphenylpyridine, 3,5-
dichloro-4-phenylpyridine, and the bike.

100116]  In general, any substituents present on L™ and/or L7 are selected from halo, C;-Cag
alkyl, substituted C,-Cyg alkyl, C-Chp heteroalkyl, substituted C;-Cyg heteroalkyl, Cs-Cog arvl,
substituted Cs~Cy4 aryi, Cs-Cay heteroaryl, substituted Cs-Coy heteroaryl, Cp-Chyg alkaryl,
substituted Cg-Caa alkaryl, C-Cry heteroalkaryl, substituted Cy-Chs heteroalkaryl, Co-Chy arabicyl,
substituled Cs-Cog aralloyl, Cs-Coy heteroaralkyl, substituted Cg-Chs heteroaralkyl, and functional
groups, with suitable functional groups including, without limitation, C;-Cyg alkoxy, Cs-Coy
arvioxy, Co-Cog atkylcarbonyl, Ce-Chy arylcarbonyl, Cp-Cop alloylcarbonyloxy, Ce-Cay
arylcarbonyloxy, Cr-Cos alkoxycarbonyl, Ce-Cag aryioxycarbonyl, halocarbonyi, Co-Cag
alkylearbonato, Ce-Cys arylcarbonato, carboxy, carboxylato, carbamovl, mono-(C-Cyg alkyl}-
substituted carbamoyl, di-{C-Cy alkyli-substituted carbamoyl, di-N-{Ci-Cag alloyh), N-(Ts-Cyy

aryl}-substituted carbamoyl, mono-(Cs-Cyy aryl)-substituted carbamovl, di-{Cq-Cyy arvly-
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substitited carbamoyl, thiocarbamoyi, mono-(C,-Cy alkyl}-substituted thiocarbamoyl, di-{(Cs-
Chp alkyl)-substituted thiocarbamoyl, di-N-{C;-Cyg alkyD-N-{Cs-Coy aryl)-substituted
thiocarbamoyl, mono-{{Cs-Coy arvi}-substituted thincarbamoyl, di-{Cs-Coy arvh)-substituted
thiocarbamoyl, carbamido, formyl, thioformyl, amino, mono-(C-Cyy alkyl}-substituted amino,
di~{C-~Cop alkyl-substituted amino, mono-{Cs-Coy arylj-substituted amino, di-{Cs-Coq aryl}-
substituted amino, di-N-(C;-Cyg alloyD) N-(Cs5-Cyy arvly-substituted amine, C-Cop alkylarmido,
Ce-Coa arylamido, 1mino, C1-Cyg allkyhimine, Cs-Cyy arylimine, nitro, and nitroso. In addition,
two adjacent substituents may be taken together to form a ring, generally a five- or six-
mermbered alicychic or aryl ring, optionally contaiming 1 to 3 heteroatoms and 1 {o 3 substituents
as above.

{08117] Preferred substituents on L% and L? include, without limitation, halo, C-Cy; alkyl,
substituted C-Cyp alkyl, C1-Cop heteroalkyl, substituted C1-Cys heteroalkyl, Cs-Cigaryl,
substituted Cs-Cyg aryl, Cs-Ciy heteroaryl, substituted Cs-Chg heteroaryl, Cg-Cig alkaryl,
substituted Co-C g alkaryl, Cg-Cyg heteroalkaryl, substituted Cg-Cig heteroalkaryl, Cs-Cig aralkyl,
substituted Cs-C g aralyl, C-Cyy heteroaralkyl, substituted Cg-C s heteroaratkyl, Ci-Cy; alkoxy,
Cs-Craaryloxy, Cro-Cyz alkylcarbonyl, Ce-Cra aryicarbonyl, Co-Coo alkylcarbonyloxy, Ce-Cia
arylcarbonyloxy, C-Cy, alkoxycarbonyl, Ce-C iy aryioxycarbonyl, halocarbonyl, formyl, amino,
mono-{C;-Cy; alkyli-substituted amino, &i-{C,-C;; alkyl)-substituled amino, mono-(Cs-Cyaryl)-
substituted amino, di-{(Cs-Cy4 aryl}-substitited amino, and nitro,

{00118] Of'the forcgoing, the most preferred substituents are halo, T-Cy alkyl, C-Cs
haloalkyl, C1-Cs alkoxy, phenyl, substituted phenyl, formyl, N,N-di{C,-Cy alkylianino, nitro,
and nitrogen heterocycles as described above (including, for example, pyrrolidine, pipernidine,
piperazine, pyrazine, pyrimidine, pyridine, pyridazine, ete.}.

{06119]  In certain embodiments, Prand L? may also be taken together to form a bidentate or
multidentate ligand containing two or more, generally two, coordimating heteroatoms such as N,
0, 8, or P, with preferred such ligands being diimine ligands of the Brookhart type. One

representative bidentate ligand has the structure of formula (V1)

R']? RIG
{Vh YLy \ R 15
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wherein RIS, Rmﬁ R”, and R hydrocarbyl (e.g., Ci-Cop alkyl, Cp-Coy alkenyl, Cr-Cyp alkynyl,
Cs-Cqy aryl, Ce-Coy alkarvl, or Cg-Coq aralkyly, substituted hydrocarbyl (e.g., substitated C)-Chy
alkoyl, Cr-Cop alkenyl, Tr-Cop alkynyl, Cs-Cog aryl, Ca-Coq alkaryl, or Ce-{ag aralloyl), heteroatom-
containing hydrocarbyl (e.g., C1-Cop heteroalkyl, Cs-Chy heteroaryl, heteroatom-containing
(Ce~Coq aralkyl, or heteroatom-containing Ce-Cay alkaryl}, or substituted heteroatom-containing
hydrocarbyl (¢.g., substituted Cy-Cyg heteroalkyl, Cs-Cyy heteroaryl, hetercatom-containing
Ce-Cay arallovl, or heteroaton-containing Cs-Chg alkaryl}, or (1) R* and Rlé, (2} R and Rlsn,

(3) R'® and RY, or (4) both R* and R“ﬁ, and R' and Ri‘g, may be taken together to form a ring,
i.e., an N-heterocycle. Preferred cyclic groups wn such a case are five-and sux-membered rings,
typically aromatic rings.

100126]  In a fourth group of catalysts that have the structure of tormula (1), two of the
substituents are taken together to form a bidentate ligand or a iridentate ligand. Exanples of
bidentate hgands include, but are not limtted to, bisphosphines, dialkoxides, aliyldiketonates,
and aryldiketonates. Specific examples include -P(PhLCHCHyP(Ph-,

~As{Ph),CH,CH As(Phy )=, -P{PhY, CHyCHLC(CF3 1 0-, binaphtholate dianions, pinacolate
diamtons, -PCHz (CHo RP{CHs -, and -OC(CH {CH R CO-~, Preferred bidentate ligands are
-P(Ph}, CHyCH,P(Ph)y- and -P{CH: »{CH ), P(CHs},-. Tridentate ligands include, but are not
fmited to, (CH3 L NCHCHPPYCH,CHN(CH; ). Other preforred tndentate ligands are those
in which any three of oG L Lt L R and R {c.g., X' L', and sz are taken together to be
cyclopentadienyl, mndenyl, or fluorenyl, each optionally substituted with C)-Chg alkenyl, Cp-Cog
alloyayl, Ci-Cay abloyl, Cs-Cog aryl, Ci-Cop alkoxy, Co-Cyp alkenyloxy, C:-Cag alkynyloxy, Cs-Cog
arvioxy, Cy-Cag alkoxycarbonyl, C;-Cyp alloylthio, C-Chyp alkylsultonyl, or C-Cyyp alkylsultinyl,
each of which may be further substitited with C,-Cq alkyl, halide, C,-Cg alkoxy or with a phenyl
group optionally substituted with halide, C-Cs alkyl, or C-Cq alkoxy. More preferably, in
compounds of this type, X, L', and L” are taken together to be cyclopentadienyl or indenyl, each
optionally substituted with vinyl, C;-Cyp alkyl, Cs5-Coyp aryl, Ci-Cjp carboxylate, Cr-Cyg
alkoxyearbonyl, C-Cyp alkoxry, or Cs-Cop arvioxy, each optionally substituted with C-Cy alkyl,
halide, C-Cq alkoxy or with a phenyl group optionally substituted with halide, C-Ce alkyl or
C;-Cy alkoxy. Most preferably, X, L' and L’ may be taken together to be cyclopentadicnyl,
optionally substituted with vinyl, hydrogen, methyl, or phenyl. Tetradentate ligands include, but

are not limited to O,C(CH, R P(PRYCH, ), P(PRY{CH, ), CO;, phthalocyanines, and porphyrins.
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{60121] Complexes wherein Y is coordinated to the metal are examples of a fifth group of
catalysts, and are commonly called “Grubbs-Hoveyda™ catalysts. Grubbs-Hoveyda metathesis-
active metal carbene complexes may be described by the formula (VI

L1

X!
//
7,

’/,'

M

e R

Y R’

/

(D)n

(VII) R R®

wherein,

M is a Group 8 transttion metal, particularly Ru or Os, or, more particularly, Ruy;

X!, X2, and L' are as previously defined herein;

Y 1s a heteroatom selected from N, O, 8, and P; preferably Y is O or N;

R®, R® R, and R® are each, independently, sefected from the group consisting of
hydrogen, halogen, atkyl, alkenyl, alkynyl, aryl, heteroalkyl, hetercatom containing alkenyl,
heteroatkenyl, heteroaryl, alkoxy, alkenyloxy, aryloxy, alkoxycarbonyl, carbonyl, alkylamino,
alkylthio, aminosulfonyl, monecalkylaminosulfonyl, dialkylaminosulfonyl, alkyisulfonyl, nitrile,
nitro, alkylsuifinyl, trihaloalkyl, perfluorcalkyl, carboxylic acid, ketoue, aldehyde, nitrate, cyano,
isocyanate, hydroxyl, ester, ether, amine, imine, amide, halogen-substituted amide,
irifluorcammde, sulfide, disulfide, sulfonate, carbamate, silane, stloxane, phosphine, phosphate,
borate, or ~A-Fn, wherein “A” and Fn have been defined above; and any combination of' Y, 2,
R, R® R’, and R® can be luked to form one or more eyclic groups;

nis O, 1, or 2, such that n 15 I for the divalent hetercatoms O or S, and 1 18 2 for the
trivalent heteroatoms N or P; and

£ 1s a group selected from hydrogen, alkyl, aryl, functionahized alkvl, functionalized aryl
where the functional group(s) may independently be one or more or the following: alkoxy,
aryloxy, halogen, carboxylic acid, ketone, aldehyde, nitrate, cyano, isocyanate, hydroxyl, ester,
ether, amine, imine, amide, triflucrcamide, sulfide, disulfide, carbamate, silane, siloxane,
phosphine, phosphate, or borate; methyl, isopropyl, sec-butyl, t-butyl, ncopentyl, benzyl, phenyl
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and trimethylsilyl; and wherein any combination or combinations of X , X/ LE,Y, Z, RS, Rfj, R";ﬂ
and R® may be linked to a support. Additionally, R”, R®, R’, and R may independentily be
thioisocyanate, cyanato, or thiocyanato. Additionally, £ may independently be thicisocyanate,
cyanato, or thiocyanato.

{60122]  In general, Grubbs-Hoveyda complexes useful in the invention contain a chelating

alkylidene moiety of the formula (VI

(Dn—Y, ——CHCHR®R'?

wherein Y, n, 7, R, R'S, R, and R® are as previously detined herein;

Y, 7, and R can optionally be linked to form a cyclic structure; and

R” and R'Y are each, independently, selocted from hydrogen or a substituent group
setected from alkyl, aryl, alkoxy, aryloxy, Cr-Chg alkoxycarbonyl, or C~Cyg trialkylsilyl, wherein
cach of the substituent groups is substituted or unsubstitited; and wherein any combination or
combinations of 7, V. R°, R‘S, R, Rg, R’ and R may be linked to a support. The chelating

alkyvlidene moiety may be derived from a ligand precursor having the formula
(D, //““““"«-—-—-—-—CHCHR‘}F{*C‘

[60123] Examples of complexes comprising Grubbs-Hoveyda ligands suitable in the invention

include;



WO 2012/174502 PCT/US2012/042850

wherein, L', X', X2, and M are as described for any of the other groups of catalysts. Suitable
chelating carbenes and carbene precursors are further described by Pederson et al. (U.S. Pat.
Nos, 7,026,495 and 6,620,955, the disclosures of both of which are incorporated herein by
reference} and Hoveyda et al. (U.8. Pat. No. 6,921,735 and W(0214376, the disclosures of both
of which are incorporated herein by reference).

100124]  Other useful complexes include structures wherein L7 and R” according to formulae
(1), (I}, or (V) are linked, such as styrenic compounds that also include s functional group for
attachment o a support. Examples in which the fanctional group is a trialkoxysilyl

functionalized moiety include, but are not limited to, the following:

~
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{60125]  Further examples of complexes having linked ligands include those having linkages
between a veutral NHC ligand and an antonic ligand, a neutral NHC higand and an alkylidine
ligand, a noutral NHC ligand and an L’ ligand, a neutral NHC ligand and an L’ ligand, an anionic
ligand and an alkylidive higand, and any corabination thereof, While the possible structures are

too numerous to list herein, some suttable structures based on formula ({1} include:
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100126]  In addition to the catalysts that have the structure of formula (1), as described above,
other transition metal carbene complexes include, but are not limited to:

neutral ruthenium or osmium metal carbene complexes containing metal conters that are
formally in the +2 oxidation state, have an electron count of 16, are penta-coordinated, and are of

the general formula (1X};
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cutral ruthenium or osmium metal carbene complexes containing metal centers that are

formally m the +2 oxidation state, have an electron count of 18, are hexa-coordimated, and are of
the general formula (X},

cationic ruthenium or osmium metal carbene complexes containing metal centers that are
formally in the +2 oxidation state, have an electron count of 14, are tetra-coordinated, and are of
the general formula (XI); and

cationic ruthenium or osmium metal carbene coraplexes contaimng metal cenlers that are
formally in the +2 oxidation state, have an clectron count of 14 or 16, are tetra-coordinated or

penia-coordinated, respectively, and are of the general formula (X1

1
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X' ’ R ©
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X2/ 17T
l [2%s—2°
(~)
(XHb) - k -

wherein:

M, X', X% L L% L7 RY, and R7 are as defined for any of the previously defined groups
of catalysts;

rand s are independently zero or 1

tis an integer in the range of zero to 5;

Ik 1s an integer in the range of zero to 1;

Y 18 any nou-coordinating anion (e.g., a hahde ion, BF4, etc.);

7' and 77 are independently selected from -O-, -S-, NR, PR, -P{ ZO)}{z—, ~P(OR7’)—,
-P(=OXOR-, -C(=0)-, ~-C(=00-, -0C(=0)-, -0C(=0)Y0-, -8(=0)-, and -5(=0)-;

77 is any cationic moiety such as -P(R”);” or -N(R™):"; and

any two or more of X, Xz, Ll, LZ, Lg, Zl, ‘ZZ, 7’ , R . and R? may be taken together to
forn1 a cyclic group, e.g., 2 multidentate ligand, and wherein any one or more of X', X7, L', L%,
L zh 77, 7 R, and R? may be attached fo a support. Additionally, Zhand 7° may also be an
optionally sabstituted and/or optionally heteroatom-contamning C;~Cyo hydrocarbylene linkage.
i80127]  Additionally, another group of olefin metathesis catalysts that may be used in the
invention disclosed herein, 18 a Group 8 fransition metal coraplex having the structure of formula

{ X1ty

RJZ
L1 RJ']
X1\ |
M
Vs — RY6
X2 |
2
L J5
J3 R
R RJ4
{XH)
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wherein M is a Group 8 transition metal, particularly rutheniom or osmiurg, or more particularly
rutheniuny

3, X%, LY and L7 are as defined for the first and sccond groups of catalysts defined
above; and

RY RZ RP, R RP, and R™ are cach independently selocted from the group consisting
of bydrogen, halogen, alkyl, alkenyl, alkynyl, arvl, heteroalkyl, heteroatom contamning alkenyl,
heteroalkenyl, hetercaryl, atkoxy, altkenyloxy, aryloxy, alkoxyecarbonyl, carbonyl, alkylamine,
alkylthio, aminosulfonyl, monoalkylaminosulfonyl, dialkylaminosalfonyl, alkylsalfonyl, nitrile,
nitro, alkylsulfinyl, trihaloalkyl, perfluorcalkyl, carboxylic acid, ketone, aldehyde, nitrate, cyano,
isocyanate, thioisocyanate, cyanato, thiocyanato, hydroxyl, ester, ether, thioether, amine,
alkylamine, imine, amide, halogen-substitited amide, trifhuoroamide, sulfide, disulfide,
sulfonate, carbamate, silane, siloxane, phosphine, phosphate, borate, or —A-Fn, wherein “A” 15 a
divalent hydrocarbon moiety selected from alkylene and arylalkylene, wherein the alkyl portion
of the alkylene and arylalkylene groups can be linear or branched, saturated or unsaturated,
cyclic or acyelic, and substituted or unsubstituted, wherein the aryl portion of the arylatkylene
can be substituted or unsubstituted, and wherein hetero atoms and/or functional groups may be
present in either the arvl or the alkyl portions of the alkylene and arylalkylene groups, and Fu is a
functional group, or any one or more of the RYOR7 R, RM R, and R may be linked together
to form a cyclic group, or any one or more of the R RZ R R RP and R may be attached
to a support.
{00128]  Additionally, one preferred embodiment of the Group § transition metal complex of

formula (X1} 1s a Group 8 transition metal complex of formula (X1V):



WO 2012/174502 PCT/US2012/042850

(XIV)

wherein M, X', X, L}, L, are as defined above for Group § transition metal complex of formuda
X and

rY R,JSQ rY ri le, Rm, Rm, Rm, R'P and RM® are as defined above for R“, RJZ,
R”, ®RM R”, and R'® for Group & transition metal complex of fornmla XI1f or any one or more of
the R, Rmf,, R RO R R RIP R ORI gnd R may be hinked together to form a cyclic
sroup, or any ong or more of the R R"g, RY R R RME R pM R and Rt may be
attached to a support,
i80129]  Additionally, another preferred embodiment of the Group 8 transition metal complex

of formula (X1} is a Group § transition metal complex of fornwla (XV):

(XV)

h
G2
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wherein M, Xl, X2, LY 12, are as defined above for Group 8 transttion metal complex of formula
(X1

{00136]  Additionally, another group of olefin mctathesis catalysts that may be used in the
invention disclosed herein, is a Group 8 transition metal complex comprising a Schiff base

ligand having the structure of formula (XV1I)

RKS RK7
RK6
RKQ \ Z RKS
/N\ ’
RK10 yd | R4
1
X L1
RK1 RK3
RK2
(XVD)

wherein M 1s a Group 8 transition metal, particularly ruthenium or osmiurn, or more particularly,
ruthemium

X' and L' are as defined for the first and second groups of catalysts defined above;

7 is selected from the group consisting of oxygen, sulfur, selenium, NRM! PRMY
ASRM! and SbR®Y; and

RMORM R RM RS RRE RFT RFE RM REY and R are cach independently
selected from the group consisting of hydrogen, halogen, alkyl, alkenyl, alkynyl, aryl,
heteroalkyl, heteroatom containing alkenyl, heteroalkenyl, heteroaryl, alkoxy, atkenvloxy,
aryloxy, alkoxycarbonyl, carbonyl, alkvlamine, allkcylthio, aminosulfonyl,
monocalkylaminosulfonyl, dialkylaminosulfonyl, alkylsulfonyl, nitrile, nitro, alkylsulfinyl,
trthaloalkyl, perfluoroalkyl, carboxyhic acid, ketone, aldehyde, nitrate, cyano, 1socyanate,
thioisocyanate, cyanato, thiocyanato, hydroxyl, ester, ether, thiocther, amine, alkylamine, imine,

amide, halogen-substituted amude, trifluorcamide, sulfide, disulfide, sulfonate, carbamate, silane,
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stioxane, phosphine, phosphate, borate, or —A-Fn, wherein “A” is a divalent hydrocarbon moiety
selected from alkylene and arylalkylene, wherein the alkyl portion of the alkylene and
arylalkylene groups can be linear or branched, saturated or unsaturated, cyclic or acyclic, and
substituted or unsubstituted, wherein the aryl portion of the arylalkylene can be substituted or
unsubstituted, and wherein hetero atoms and/or functional groups may be preseunt in either the
aryl or the allyl portions of the alkylene and arylalkylene groups, and Fn is a functional group,
or any one or more of the REDRR K RM RKS REE RKT pRE REY RRU apg pRY may be
linked together to form a cyelic group, or any one or more of the R, RM g™ R »™ ®*,
RY, Rm, R RMY apa R®H may be attached to a support.

{60131] Additionally, one preferred embodiment of the Group 8 transition metal complex of
formula (XV1) 1s a Group § transition metal coraplex comprising a Schiff base ligand having the

structure of formula (X VI

RKB

(XVID)

. 1pl K7 pK§ Ko Ko Kit ,
wherein M, X', L', Z, R>, R™ R™, R™", and R™ are as defined above for Group §
transition metal complex of formula XVI; and
KiZz K13 pKid pKi5 pKif pKi7 pKi8 ki 5K20 K21 o o oKl
RN RSCORMY RN ORMY RN RMY RMY, R, and RN are as defined above for RY,
K2 $K3 pKé K5 . s nKé oo o et e vt , P e s e
R™, R™,R™, R™, and R™ for Group 8 transition metal complex of formula XV, or any one or

more of the RK"/” E{RS‘. RK9, }{K‘:O’ 1{‘-{} i’ R*\U', 1{‘!{}3; RKM’ H,{KJS, RKH}’ H,{K”, RKlS’ }{KN; RK’Z()’ and
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R** may be linked together to form a cyelic group, or any one or more of the R/, R*, ¥,
REIO RRU pEIZ pRE pkld pRIS il pRI7 o8 R8P R and R* may be attached 1o a
SuPPoTt.

{00132]  Additionally, another preforred embodiment of the Group 8 transition metal complex
of formula (XV1} is a Group 8 transition metal complex comprising a Schiff base ligand having

the structure of formula (XVI):

RK8 RK7
RK® \ Z
/N\ M
RK10 / |
X1
L1
(XVHI

wherein M, X', LY, 2, R®, RKS, RY R and R®Y are as defined above for Group 8 transition
metal complex of formula XV

{60133]  Additionally, another group of olefin metathesis catalysts that may be used in the
invention disclosed hercin, 18 a Group 8 transition metal complex comprising a Schiff base

ligand having the structure of formula {XIX}):

Py
<
<

N

(XiX)
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whereim M 1s a Group 8 transition metal, particularly rutheniom or osmiurg, or more particularly,
rutheniuny

3, LY R, and R” are as defined for the first and sccond groups of catalysts defined
above;

Z is selected from the group consisting of oxygen, sulfur, selenium, NR™, PR, AR,
and SbRY;

mis{, I, or2; and

RV RV RY RYY and RV are each independently selected from the group consisting of
hydrogen, halogen, alkyl, alkenyl, alkynyl, aryl, hetercalkyl, heteroatom containing alkenyl,
heteroalkenyl, heteroaryl, alkoxy, alkenyloxy, aryloxy, alkoxycarbonyl, carbonyl, alkylamimno,
alkylthio, aminosulfonyl, monoalkylaminosulfonyl, dialkylammosultonyl, allcvisulfonyl, nitrile,
nitro, alkylsuifinyl, trihaloalkyl, perfluoroalkyl, carboxylic acid, ketone, aldehyde, nitrate, cyano,
isgeyanate, thioisocyanate, cyanato, thiocyanato, hydroxyi, ester, ether, thipether, amine,
alkylamine, imine, amide, halogen-substituted amide, trifluorcamide, sulfide, disulfide,
sulfonate, carbamate, silane, siloxane, phosphine, phosphate, borate, or —A-Fn, wherein “A” s a
divalent hydrocarbon moiety selected from alkylene and arylalkylene, wherein the alkyl portion
of the alkylene and arylalkylene groups can be linear or branched, saturated or unsaturated,
cyclic or acyclic, and substituted or unsubstituted, wherein the aryl portion of the arylalkylene
can be substituted or unsubstituted, and wherein hetero atoms and/or functional groups may be
present in either the aryi or the alkyl portions of the alkylene and arylalkylene groups, and Fnisa
functional group, or any ong or more of the RVERYE RV, RV and RY? may be linked together
to form a cyclic group, or any one or more of the RV, RY, RY RY* and RY” may be attached to
a support.
100134]  In addition, catalysts of formulas (XVI} to (XIX) may be optiovally coutacted with an
activating compound, where at least partial cleavage of a bond between the Group 8 transition
metal and at least one Schiff base ligand occurs, wherein the activating compound is cither a
metal or silicon compound selected from the group consisting of copper (1} halides; zinc
compounds of the formula Zn(R™),, wherein RY is halogen, - alky! or aryl; tin compounds
represented by the formula SnR7PRVRYRY wherein each of R, RY, R™ and RV is

independently selected from the group consisting of halogen, Cyp alkyl, C5-Cig cycloalkyl, aryl,

h
~1
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benzyl and C,.7 alkenyl; and silicon compounds represented by the formula SiR"°RYRYRY
wherein each of R™, RY, RS, R is mdependently selected from the group consisting of
hydrogen, halogen, Cig alkyl, halo, €17 alkvl, aryl, hetercaryl, and vinyl.

In addition, catalysts of formulas (XV) to (XIX) may be optionally contacted with an activating
compound where at least partial cleavage of a bond between the Group & transition metal and at
icast one Schitt base ligand occurs, wherein the activating compound 18 an morganic acid such as
hydrogen 1odide, hydrogen bromide, hydrogen chioride, hydrogen tluoride, sulfuric acid, nitric
acid, iodic acid, perindic acid, perchloric acid, HOCIO, HOCID, and HOIO;. In addition,
catalysts of formulas (XVI} to (X1X) may be optionally contacted with an activating compound
where at least partial cleavage of a bond between the Group 8 transition metal and at east one
Schiff base ligand occurs, wherein the activating compound 1s an organic acid such as sulfonic
acids inchuding but not limited to methanesulfonic acid, aminobenzenesulfonic acid,
benzenesulfonic acid, naphthalencsulfonic acid, sulfanilic acid and trifluoromethanesulfonic
acid; monocarboxylic acids including but not limited to acctoacetic acid, barbituric acid,
bromoacetic acid, bromobenzoic acid, chloroacetic acid, chlorobenzoic acid,
chlorophenoxyacetic acid, chloropropionic acid, cis-cinnamic acid, cyanoacetic acid,
cyanobutyric acid, cyanophenoxyacetic acid, cyanopropionic acid, dichloroacetic acid,
dichloroacetylacetic acid, dibydroxybenzoic acid, dihydroxymalic acid, dihydroxyiartaric acid,
dinicotinic acid, diphenylacetic acid, fluorobenzoic acid, formic acid, furancarboxylic acid,
furoic acid, glycolic acid, hippuric acid, iodoacetic acid, 1odobenzoic acid, lactic acid, lutidnic
acid, mandelic acid, a~-naphtoic acid, nitrobenzoic acid, nitrophenylacetic acid, o-phenylbenzoic
acid, thioacetic acid, thiophene-carboxylic acid, trichloroacetic acid, and trihydroxybeunzoic acid;
and other acidic substances such as but not limited to picric acid and uric acid.

{60135]  In addition, other examples of catalysts that may be used with the present invention
are located n the following disclosures, each of which 1s incorporated herein by reference, UK.
Pat. Nos. 7,687,635, 7,671,224; 6,284,852; 6,486,279, and 5,977,393; International Publication
Number WO2010/037550; and U.S. Pat. App. Nos. 12/303,615; 10/590,380; 11/465,651
{Publication No. U.S. 2007/6043188}; and 11/465,651 (Publication No. U.S. Z008/02983905
Corrected Publication); and European Pat. Nos. EP1757613Bland EP1577282B1.
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{00136] Non-limiting examples of catalysts that may be used to prepare supported complexes

and i the reactions disclosed herein include the following, some of which for convenicuce are

identified throughout this disclosure by reference to their molecular weight:
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130137} Additional non-limiting exaraples of catalysts that may be used to prepare supported

conmplexes and in the reactions disclosed herein include the following,

Mes—N N—Mes cl TCp3 PCys
Cl/,,h'\( \\\\ph /////,,Ru C|///,, Rlu
CI’RIUZ‘\ s\ | _ CI/ _\

P(Bu)s PCps F>Cy3
C771 C716 C823

{60138]  lu the foregoing molecular structures and formulae, Ph represents phenyl, Cy
represents cyclohexyl, Me reprosents methyl, Bu represents n-butyl, i-Pr represents isopropyl, py
represents pyridine (coordinated through the N atom}, Mes represents mesityl (i.¢., 2,4,6-
trimethylphenyly, DIPP and DIPP represents 2,6-diisopropyiphenyl, MiPP represents
2-1sopropylphenyl. Additionally, t-Bu represents fers-butyl, and Cp respresents cyclopentyl.
{6013%]  Further examples of catalysts useful to prepare supported complexes and in the
reactions disclosed herein include the following: ruthenium (11} dichloro (3-methyl-2-
butenyiidene} bis(tricyclopentylphosphine) (C716}; ruthenium (1) dichloro (3-methyl-
2-butenylidene) bis{tricyclohexylphosphine)} (C801); ruthenium (H) dichloro(phenylmethylene)
bis{tricyclohexylphosphine) (C823); rutheniurn (1) (1,3-bis-(2 4,6-trimethyiphenyl)-2-

63



WO 2012/174502 PCT/US2012/042850

imidazolidinylidene) dichloro {(phenylmethylene) (triphenylphosphine} (C838}, and ruthenium
(I} dichloro (phenylvinylidene) bisttricyclohexylphosphine) (C838); ruthenmium (1) dichioro
(tricyclohexylphosphine) {o~isopropoxyphenylmethylene) (681}, and ruthenium (3) (1, 3-bis-
(2, 4, 6,-trimethylphenyD-2-imidazolidinylidene) dichloro (phenylmethylene) bis-(3-
bromopyridine) {C884)).

{00140]  Sull further catalysts useful in ROMP reactions, and/or in other metathesis reactions,
such as ring-closing metathesis, cross metathesis, ring-opening cross metathesis, seif-metathesis,
ethenolysis, alkenolysis, acyclic diene metathesis polymerization, and combinations thereof,

include the following structures:
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Additional, non-limiting exaraples of catalysts that may be used to prepare supported

complexes and in the reactions disclosed herein include the following
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Mes——N N——Mes CI/ Peys
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Ph CI'.:_Ru=CH
CI,/,,, o:
Ru Y
CI/ )
P(O'Pr)s N
N N
A\

{00142]  In general, the transition metal complexes used as catalysts herein can be prepared by
several different methods, such as those described by Schwab et al. (1996} J. dm. Chem. Soc.
118:100-110, Scholl et al. (1999} Org. Letr. 6:953-956, Santord et al. (2001} J. dm. Chem. Soc.

which are incorporated herein by reference. Also see U.S. Pat. Pub. No. 2003/0055262 to
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Grubbs et al,, filed April 16, 2002, for “Group 8 Transition Mctal Carbene Complexes as
Enantioselective Olefin Metathesis Catalysts,” International Patent Publication No, WO
02/079208, and U.S. Pat. No. 6,613,910 to Grubbs et al,, filed April 2, 2002, for “Une-Pot
Synthesis of Group 8 Transition Metal Carbene Cormplexes Useful as Olefin Metathesis
(Catalysts,” the disclosures of each of which are incorporated herein by reference. Preferred
synthetic methods are described in International Patent Pyublication No, WO 03/11455A1 to
Grubbs et al. for “Hexacoordinated Ruthentum or Osmium Metal Carbene Metathesis Catalysts,”
published February 13, 2003, the disclosure of which is incorporated herein by reference.
{60143]  Preferred olefin metathesis catalysts are Group 8 transition metal complexes having
the structure of formmula (I) commonly called “First Generation Grubbs” catalysts, formmula (11}
commonuly called “Second Generation Grubbs” catalysts, or formula (VII) commonly called
“Crubbs-Hoveyda” catalysts.

{00144] More preforred olefin metathesis catalyst has the structure of formula (1)

i1

ﬂ»—%)n =Y
X‘.
('17\3 \Mm(c‘ ==
1) M= Cy
XZ
, R2
(L2

in which:

M is a Group 8 transition wetal;

L' L7 and L are neutral clectron donor 1 gands;

nisdori;

mis, 1, or2;

kisQorl;

X' and X7 are anionic ligands; and

R' and R? are independently selected from hydrogen, hydrocarbyl, substituted
hydrocarbyl, hetercatom-containing hydrocarbyl, substituted heteroatom-~containing hydrocarbyl,
and functional groups,

wherein any two or more m“Xl, G Lz, Ls, RI, and R® can be taken together to form
ong or more ¢yclic groups, and further wherein any one or more of X4 Lh L L R and R

may be attached to a support,
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{00145] Most preferred olefin metathesis catalyst has the structure of fornwula (1)

T

T (Lé)n R1
x‘:

0 ™
N

M)y T2

R2
(L%

in which:

M 1 ruthenium;

nis 0

mis{;

kis I

L' and L* are trisubstituted phosphines independently sclected from the group consisting
of tri-n-butylphosphine (Pn-Buy), tricyclopentylphosphine (PCps), tricyelohexylphosphine
(PCys), tritsopropylphosphine (P-i-Pra), triphenyiphosphine (PPhs), methyldiphenylphosphine
(PMoPh,), dimethylphenylphosphine (PMe,Ph), and dicthylphenylphosphine (PEGPh); or L' is
an N-heterocyclic carbene selected from the group consisting of 1,3-bis(2,4,6-trimethyiphenyl}-
4,5-dihydroimdazol-2-ylidene, 1,3-bis(2,4,6-trimethylphenyl}-2-imidazolidinylidene, 1,3-
bis(2,6-di-isopropylpheny!}-4,5-dibydroimidazol-2-ylidene, and 1,3-bis{2,6-di-isopropylphenyl}-
2-imidazolidinylidene and L is a trisubstituted phosphine selected from the group consisting of
iri-n-butviphosphine (Pn-Bus), tricyclopentylphosphine {PCps), tricyclohexylphosphine (PCys),
triisopropylphosphine (P-1-Pr3), triphenylphosphine (PPhy), methyldiphenylphosphine (PMePh,),
dimethylphenyiphosphine (PMe,Ph), and diethyiphenylphosphine (PERPh);

X' and X° are chloride; and

R’ is hydrogen and R” is phenyl or —<C=C(CH;}; or thienyl; or R' and R” are taken
together to form 3-phenyl-1H-indene.
160146]  Suitable supports for any of the catalysts described herein may be of synthetic, semi-
synthetic, or naturally occurring materials, which may be organic or inorganic, e.g., polvmeric,
ceramic, or metallic. Attachment to the support will generally, although not necessarily, be
covalent, and the covalent hinkage may be divect or indirect. Indirect covalent hinkages are
typically, though not necessarily, through a functional group on a support surface. lonic

attachracnis are also suitable, including combinations of one or more anionic groups on the metal
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complexes coupled with supports containing cationic groups, or combinations of one or more
cationic groups on the metal complexes coupled with supports containing anionic groups.
{00147] When utilized, suitable supports may be selected from silicas, silicates, aluminas,
aluminum oxides, silica-aluminas, aluminosilicates, zeolites, titantas, titanium dioxide,
magnetite, magnesium oxides, boron oxides, clays, zirconias, zircontum dioxide, carbon,
polymers, cellulose, cellulosic polymers amylose, amylosic polymers, or a combination thercof,
The support preferably compnrises silica, a silicate, or a combination thereof,

{00148} In certain embodiments, it 18 also possible to use a support that has been treated to
include functional groups, inert moieties, and/or excess ligands. Any of the functional groups
described herein are suitable for incorporation on the support, and may be generally
accomplished through technigues known in the art. Inert moieties may also be imcorporated on
the support to generally reduce the available attachment sites on the support, e.g., in order o
control the placement, or amount, of a complex linked to the support.

{3314%]  The metathesis catalysts that are described infra may be utilized in olefin metathesis
reactions according to techniques known in the art. The catalyst is typically added to the
reaction medium as a solid, or as a suspension wherein the catalyst is suspended 1o an
appropriate liquid. It will be appreciated that the amount of catalyst that is used (i.¢., the
“catalyst loading”) 1u the reaction is dependent upou a variety of factors such as the identity of
the reactants and the reaction conditions that are employed. 1t is therefore understood that
catalyst loading may be optimally and independently chosen for each reaction, In general,
however, the catalyst will be present in an amount that ranges from a low of about 8.1 ppm,

I ppm, or S ppry, to a high of about 10 ppm, 15 ppm, 25 ppm, 50 ppro, 100 ppm, 200 ppm, 500
ppn, or 1000 ppo relative to the amount of an olefinic substrate. Additionally, the catalyst may
be added to the reaction medium or resin composition as a solution. Additionally, when the
catalyst is added to the reaction medium or resin composition as a suspension, the catalyst is
suspended in an appropriate liquid, such as a dispersing carrier such as mineral oil, paraffin oil,
soybean ol, tritsopropylbenzene, or any hydrophobic liguid which has a sufficiently high
viscosity so as to permit effective dispersion of the catalyst, and which is sufficiently inert and
which has a sutficiently high boiling peint so that 1 docs not act as a low-boiling impurity in the

olefin metathesis reaction,
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{60158] The catalyst will generally be present in an amount that ranges from a low of about
8.00001 mol%, 0.0001 mol%, or 0.0005 mol%, to a high of about §.041 moi¥, 0.0015 mol%,
0.0025 mol%, §4.005 mol%, 0.01 moi%, 0.02 mol%, (.05 mol%, or §.1 mol¥% relative to the
olefinic substrate.

{60151]  When expressed as the molar ratic of monomer to catalyst, the catalyst (the
“monomer to catalyst ratio”), loading will generally be present in an amount that ranges froma
iow of about 10,000,000:1, 1,000,000:1, or 200,00:1, to a high of about 100,000:1 66,667:1,
40,000:1, 20,000:1, 10,000:1, 5,000:1, or 1,000:1.

Cyclic Olefin (Resin) Compositions and Articles
100152]  Cyclic olefin resin, particularly ROMP, compositions according to the invention,
generally comprise one or more cyclic olefins, an olefin metathesis catalyst, an adhesion
promoter, and a substrate material, such as, for example, a glass substrate matenal; one or more
cyclic olefins, an olefin metathesis catalyst, an adhesion promoter, and a hydroperoxide gel
modifier; or one or more cyclic olefins, an olefin metathesis catalyst, and a hydroperoxide gel
modifier. In another embodiment, cyclic olefin resin, particularly ROMP, compositions
according to the invention, generally comprise one or more cyclic olefins, an olefin metathesis
catalyst, an adhesion promoter, and a heteroatorm-functionalized substrate. The cychic olefins
described hereinabove are suitable for use and may be functionalized or unfunctionalized, and
may be substituted or unsubstituted. In general, particularly advantageous resulis may be
obtained for ROMP resin compositions wherein the adbesion promoter is present in an amount
effective to merease the adhesion of the ROMP composition to a substrate material when the
ROMP composition is subjected to metathesis catalysis conditions in the presence of a substrate
material. Additionally, cyclic olefin resin compositions according to the invention may also
comprise one or more cyclic olefins and an adhesion promoter, where the resin composition 18
combined with an olefin metathesis catalyst, and the resulting resin composition is applied to a
substrate, such as, for example, a glass substrate. Additionally, cyclic olefin resin compositions
according to the mvention may also comprise one or more cyclic olefins and an adhesion
promoter, where the resin composition is combined with an olefin metathesis catalyst, and the
resulting restn composition is applied to a substrate, wherein the substrate may be a

functionalized substrate, such as, for example, a heteroatom-functionalized substrate, such as, for
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example, an amino-functionalized substrate. Furthermore, cyclic olefin resin compositions
according to the mvention roay also compnise one or more cyclic olefins, an adhesion promoter,
and a hydroperoxide gel modifier, where the resin composition is combined with an olefin
metathesis catalyst, and the resuliing resin composition is applied to a substrate, In addition,
cyclic olefin resin compositions according to the invention may also comprise one or more cyclic
oleting and a hydroperoxide gel modifier, where the resin composition 1s combined with an
olefin metathesis catalyst, and the resulting resin composition is applied to a substrate.

{80153] The amounts of the adhesion promoter in the resin composition may vary over a wide
range and may vary depending on the manufacturing operation or the particular end-use
application. Generally, any level of adhesion promoter which produces a desired increase in
mechanical propertics 1s of particular intercst. When formulated or combined with a resin
composition, the concentration of the adhesion promoter typically ranges from 0.05-10 phr, more
particularly, from €.5-4.0 phr, In a preferred aspect of the invention, increased mechanical
properties may be obtained for resin compositions comprising the adhesion promoter and
substrate materials, or resin compositions comprising the adhesion promoter that are applied to
substrate materials, compared to resin corupositions without the adhesion provuoter. For
example, the inclusion of the adhesion promoter in resin compositions according to the invention
may provide an improvement i mechanical properties, such as juterlaninar shear strength
{ILSS), of at least about 10% compared to the same resin composition that does not contain the
adhesion promoter, Preferably, the use of the adhesion promoter provides at least a 2%
improvement in an adhesion property (e.g., ILSS, as deseribed i the examples), more
particularly at feast a 5%, or 10%, or 15%, or 20%, or 30%, or 40%, or 50%, or 80%
improvement in the adhesion property compared to the adhesion property value (e.g., HL.SS}
obtained for the same resin composition that does not include the adhesion promoter. In
particalar aspects of the favention, substrate materials may advantageously comprise an
aminosilane-treated substrate.

{601534]  The amounts of hydroperoxide gel modifier i the resin coruposition may vary over a
wide range and may vary depending on the manufacturing operation or the particular end-use
application, Generally, any level of hydroperoxide gel modifier which delays the onset of the
gel-state of a particular metathesis polymerization is of particular interest. When formulated or

combined with a resin composition, the concentration of the hydroperoxide gel modifier
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typically ranges between 0.01 and 1000 equivalents with respect to catalyst, such as, for
example, between 0.05 and 100 equivalents with respect to catalyst, such as, for example,
between 0.1 and 50 equivalents with respect to catalyst, such as, for example, between 0.1 and
20 equivalents with respect to catalyst,

{B3155]  Resin compositions of the invention may be optionaily formulated with additives.
The amount of additives present in the resin compositions may vary depending on the particular
type of additive used. The conceuntration of the additives 1o the resin corapositions typically
ranges from, for example, 0.001-85 percent by weight, particularly, from ¢.1-75 percent by
weight, or, even more particularly, frorn 2-60 percent by weight. Suitable additives include, but
are not limited to, additional gel modifiers, hardness modulators, antioxidants, stabilizers, fillers,
binders, plasticizers, pigments, flame retardants, dyes, fibers and reinforcement materials,
including sized reinforcements and substrates, such as those treated with finishes, coatings,
coupling agents, film formers, and/or lubricants,

{60156] Resin compositions of the invention may be optionally formulated without a
crosslinker, for example, a crosslinker selected from dialkyl peroxides, diacyt peroxides, and
peroxyacids,

{00157  Additionally, suitable impact modifiers or elastomers include without limitation
natural rubber, butyl rabber, polyisoprene, polybutadiene, polyisobutylene, ethylene-propylene
copolymer, styrene-butadiene-styrene triblock rubber, random styrene-butadiene rubber, styrene-
isoprene-styrene triblock rubber, styrenc-ethylene/butylenc-styrene copolymer, styrene-
sthylene/propylene-styrene copolymer, ethylene-propylene-diene terpolymers, ethylene-vinyl
acetate, and niirile rubbers, Preferred impact moditiers or elastomers are polybutadiene Dienc
55AC10 (Firestone), polybutadiene Diene 55AMS (Firestone), EPDM Raoyalene 301T, EPDIM
Buna T9650 (Bayer), styrene-cthylene/butylene-styrene copolymer Kraton G1651H, Polysar
Buty] 301 (Bayer), polybutadiene Takteune 710 (Bayer), styrene-ethylene/butylene-styrene
Kraton G1726M, Ethylene-Octene Engage 8150 (DuPont-Dow), styrenc-butadiene Kraton
DHIR4, EPDM Nordel 1070 (DuPount-Dow), and polyisobutylene Vistanex MML-140 (Exxon).
Such materials are nonmally employed in the resin composition at levels of about 4.10 phr to 10
phr, but more preferably at levels of about 0.1 phr to 5 phr, Various polar impact modifiers or

elastomers can also be ysed.
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{00158] Additionally, antioxidants and antiozonants include any antioxidant or antiozonant
used 1o the rubber or plastics industry. An “lodex of Commercial Antioxidants and
Antiozonants, Fourth Edition” is avatlable from Goodyear Chemicals, The Goodyear Tire and
Rubber Company, Akron, Ohio 44316, Suitable stabilizers (i.c. antioxidants or antiozonants)
include without limitation: 2,6-di~ferr-butyl-4-methyiphenct (BHT}; styrenated phenol, such as
Wingstay S (Goodyear); 2- and 3-fert-butyl-d-methoxyphenol; alkylated hindered phenols, such
as Wingstay C (Goodyear); 4-hydroxymethyl-2.6-di-feri-butylphenol; 2,6-di-fere-butyl-4-sec-
butylphenol; 2,2"-methylencbis(4-methyl-6-fert-butylphenol); 2,2"-methylencbis{(4-cthyl-6-rers-
butylphenol); 4,4 -methylenebis(2,6-di-fer-butylphenol); miscellaneous bisphenols, such as
Cyanox 53 and Permanax W50, 2,2'-ethylidenebis(4,6-di-rers-butyiphenoly; 2,2'-
methylenebis(4-methyl-6-(1-methylcyciohexyliphenol); 4,4"-butyhidenebis(6-fert-butyl-3-
methylphenol); polybutylated Bisphenol A; 4,4"-thiobis{(6-zers-butyl-3-methylphenol); 4,4'-
methylenebis(2,6-dimethylphenol); 1, U-thiobis{Z-naphthol); methylene bridged polyaklylphenol,
such as Ethy! antioxidant 738; 2,2'-thiobis(d-methyl-6-fer-butyiphenol); 2,2'-
isobutylidenebis{4,6-dimethyliphenoly; 2,2 -methylencbis{4-methyl-6-cyclohexylphenol);
butylated reaction product of p-cresol and dicyclopentadicue, such as Wingstay L;
tetrakis(imethylene-3,5-di-ferr-butyl-4-hydroxyhydrocinnamate ymethane, t.e., frganox 1010;
1,3,S-trimethyl-2,4,6-tris(3,5-di~tert-butyl-4-hydroxybenzylhbenzene, e.g., Ethanox 330; 4,4'-
methylenebis (2,6-di-tertiary-butylphenol), e.g. Ethanox 4702 or Ethanox 4710; 1,3,5-tr1s(3,5-di~
tert-butyl-d4-hiydroxybenzyljisocyanurate, 1.e., Good-rite 3114, 2,5-di-fert-amylhydroquinone,
rert-butythydroguinone, tris{nonyiphenyiphosphite}, bis(2,4-di-rers-
butylypentacrythritolydiphosphite, distearyl pentaerythritol diphosphite, phosphited phenols and
bisphenols, such as Naugard 492, phosphite/phenclic antioxidant blends, such as Irganox B215;
di-n-octadecyl(3,5-di-fert-butyl-4-hydroxybenzyljphosphonate, such as frganox 1093; 1,6~
hexamethylene bis{3-(3,5-di-ter-butyl-4-hydroxyphenyipropionate), such as Irganox 239, and
octadecyl-3,5-di-fer-butyl-4-hydroxyhydrocinnamate, i.¢., Irganox 1076, tetrakis(2 4-di-rers-
butylphenyl}4,4 -biphenylylenediphosp houite, diphenylamine, and 4,4'-
diemthoxydiphenylamine. Such materials are normally employved in the resin composition at
iovels of about 0,10 phr to 10 phr, but more preferably at levels of about 0.1 phr to 5 phr,
{00159]  Suitable reinforcing materials include those that add to the strength or stiffness of a

polymer composite when incorporated with the polymer. Reintorcing materials can be in the
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form of filaments, fibers, rovings, mats, weaves, tabrics, knitted material, cloth, or other known
structures. Suttable retnforcement matenals include glass fibers and fabrics, carbon fibers and
fabrics, aranid fibers and fabrics, polyolefin fibers or fabrics (including ultrahigh molecular
weight polyethylene fabrics such as those produced by Honeywell under the Spectra trade name),
and polyoxazole fibers or fabrics (such as those produced by the Toyobo C Orpmatmn under the
Zylon®™ trade name). Reinforcing materials containing surface finishes, sizings, or coatings are
particularly suttable for the described invention including Ahlstrom glass roving (R338-2400),
Johns Manville glass roving (Star ROV ?.086), Owens Corning rovings (OCV 366-AG-207,
R25H-X14-2400, SE1200-207, SE1500-2400, SE2350-250), PP glass rovings (Hybon® 2002,
Hybon® 2026), Toho Tenax™ carbon fiber tow (HTR-40), and Zoltek carbon fiber tow {(Panex®
35}, Furthermore, any fabrics prepared using reinforcing materials containng surface finishes,
sizings or coatings arc suitable for the invention. Advantageously, the invention does not require
the expensive process of removing of surface finishes, sizings, or coatings from the remforcing
materials. Additionally, glass fibers or fabrics may include without limitation A-glass, E-glass or
S-glass, S-2 glass, C-glass, R-glass, ECR-glass, M-glass, D-glass, and quartz, and silica/quartz.
Preferred glass fiber reinforcements are those with finishes formulated for use with epoxy, vinyl
ester, and/or polyurcthane resins. When formulated for use with a combination of these resin
types, the reinforcements are sometimes described as “multi-compatible.” Such reinforcements
are generally treated during their manufacture with organosilane coupling agents comprising
vinyl, amino, glyaidoxy, or rocthacryloxy functional groups {or various combinations thereof)
and are coated with a finish to protect the fiber surface and facilitate handling and processing
{e.g., spooling and weaving). Finishes typically comprise a mixture of cherical and polymeric
compounds such as film formers, surfactants, and lubricants. Especially preferred glass
reinforcemments are those containing sorne arnount of amino-functionalized silane coupling agent.
Especially preferred finishes are those comprising and epoxy-based and/or polyurethane-based
film formers. Examples of preferred glass-fiber reinforcements are those based on Hybon®
2026, 2002, and 2001 (PPG) multi-compatible rovings; Ahlstrom R338 epoxysilane-sized
rovings; StarRov® 086 (Johns Manville) soft silane sized multi-compatible rovings; OCV™
366, SE 1200, and R25H (Owens Corming) multi-compatible rovings; OCVI™M SE 1500 and 2350
{Owens Corning) epoxy-compatible rovings; and Jushi Group multi-compatible glass rovings

{752 type, 396 type, 312 type, 386 type). Additional suitable polymer fibers and fabrics may
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include without limitation one or more of polyester, polyamide {for example, NYLON polamide
available from E.I. DuPont, aromatic polyarmde (such as KEVLAR aromatic polyanade
available from E.I. DuPont, or P84 aromatic polyamide available from Lenzing
Aktiengesellschafl), polyimide (for example KAPTON polyimide available from E.I DuPont,
polyethylene {for example, DYNEEMA polyethylene from Toyobo Co., Lid.}. Additional
suitable carbon fibers may mchude without imitation AS2C, AS4, AS4C, AS4D, AS7, IM6,
IM7, IM9, and PV42/830 from Hexcel Corporation; TORAYCA T300, T300J, T400H, To00S,
17608, T700G, T8O0H, TE00S, TI000G, M35J, M40, M46), M30J, M55]1, M60J, M30S,
M30G and M40 {rom Toray Industries, Inc.; HTS12K/24K, G308-500 3k/6K/12K, G30-500 12K,
330-700 12K, G30-7000 24K F402, G40-800 24K, STS 24K, HTR 40 F22 24K 1550tex from
Toho Tenax, Inc.; 34-700, 34-700WD, 34-600, 34-600WD, and 34-600 unsized from Grafil Inc;
T-300, T-650/35, T-300C, and T-650/35C from Cytec Industries.

{00166]  Other suitable {illers include, for example, metallic density modulators,
microparticulate density modulators, such as, for example, microspheres, and macroparticulate
density modulators, such as, for example, glass or ceramic beads, Metallic density modulators
include, but are not limited to, powdered, sintered, shaved, flaked, filed, particulaied, or
granulated metals, metal oxides, metal nitrides, and/or metal carbides, and the like. Preferred
metallic density modulators include, among others, tungsien, tungsten carbide, alumiour,
titanium, iron, lead, silicon oxide, aluminum oxide, boron carbide, and silicon carbide.
Microparticulate density modulators include, but are not limitted to, glass, metal, thermoplastic
{either expandable or pre~expanded) or thermoset, and/or ceramic/silicate microspheres.
Macroparticulate density modulators include, but arc not limited to, glass, plastic, or ceramic
beads; metal rods, chunks, pieces, or shot; hollow glass, ceramic, plastic, or metallic spheres,
balls, or tubes; and the like.

{80161} The invention 1s also directed to articles manufactured frov a resin composition
comprising a cyclic olefin, an olefin metathesis catalyst, such as a ROMP catalyst, the adhesion
promoter, and a subsirate material, such as, for example, 4 glass substrate matenial; a cyclic
olefin, an olefin metathesis catalyst, such as a ROMP catalyst, the adbesion promoter, and the
hydroperoxide gel modifier; and a cyclic olefin, an olefin metathesis catalyst, such as a ROMP
catalyst, and the hydroperoxide gel modifier. Articles may include, but are not himited to, those

formed by standard manufacturing technigues mcluding casting, centrifugal casting, pultrusion,
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molding, rotational molding, open molding, reaction mjection molding (RIM}, resin transfer
molding (RTM), pouring, vacuum impregnation, surface coating, filament winding and other
methods known to be useful for production of polymer asticles. Molded parts include but are not
iimnited to reaction wjection molding, resin transfer molding, and vacuurn assisted resin transfer
molding. Furthermore, the compositions and articles of manufacture of the invention are not
fimited to a single polymer-surface mterface but include also multilayers and laminates
countaining wultiple polymer-surface interfaces. The invention 1s also suitable for manufacture of
articles by the infusion of the resin into a porous material. Such porous matenials include but are
not limited 1o wood, cement, concrete, open-~cell and reticulated foams and sponges, papers,
cardboards, felts, ropes or braids of natural or synthetic fibers, and various sintered materials.
Addutionally, other manufacturing technigues melude without limitation cell casting, dip casting,
continuous casting, embedding, potting, encapsulation, film casting or solvent casting, gated
casting, mold casting, slush casting, extrusion, mechanical foaming, chemical foaming, physical
foaming, compression molding or matched die molding, spray up, Vacuum Assisted Resin
Transfer Molding (VARTM), Seeman’s Composite Resin infusion Molding Process (SCRIMP),
blow molding, in mold coating, in-mold painting or injection, vacoum forming, Remforced
Reaction Injection Molding (RRIM}, Structural Reaction Injection Molding (SRIM), thermal
expansion transfer molding (TERM}, resin mjection recireulation molding (RICM), controlled
atmospheric pressure resin infusion (CAPRI), hand-layup. For manufacturing technigues
requiring the use of a RIM or impingement style mixhead, including without limitation RIM,
SRIM, and RRIM, articles of manufacture may be molded using a single mixhead or a plurality
of mixheads as well as a plurality of material injection streams (e.g. two resin streams and one
catalyst stream}.

{00162] Additionally, the invention is also directed to articles manufactured from a resin
composition comprising a cychic olefin and an adhesion promoter, where the resin composition is
combined with an olefin metathesis catalyst, and the resulting resin composition is applied to a
substrate, which may be, for example, a functionalized substrate, such as, for example, a
heteroatom-~functionalized substrate, such as, for example, an amino-functionalized substrate.
160163]  Furthermore, the present invention also allows for the molding of articles of
manufacture of any configuration, weight, size, thickness, or geometric shape. Examples of

articles of manufacture include without limitation any molded or shaped article for use as an
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acrospace component, a marine component, an antomotive component, a sporting goods
component, an electrical component, an industrial component, medical component, or military
component. In one embodiment an article may be a turbine component used on aircraft or
general power generation. In one embodiment, turbine components may inchude without
limnitation one or more of an inlet, a pylon, a pylon fairing, an acoustic panel, a trust reverser
panel, a fan blade, a fan containment case, a bypass duct, an aerodynamic cowl, or an artotl
component, In one embodiment, an article may be a turbine blade component or may be a
turbine blade. In one embodiment, an article may be a wind rotor blade, tower, spar cap, tower,
or nacelle for wind turbines. In one embodiment, au article may be an airframe component.
Examples of acrospace components may include without limitation one or more of fuselage skin,
wing, tairing, doors, access panel, acrodynamic control surface, or stiffuer, In one embodiment
an article may be an automotive component. Examples of avtomotive components may tnclude
without limitation one or more of body pancl, fender, spoiler, truck bed, protective plate, hood,
longitudinal rail, pillar, or door. Examples of industrial components may include without
limitation one or more of risers platforms, impact protection structures for ol and gas; bridges,
pipes, pressure vessels, power poles, coils, containers, reinforcement structares for concrete
architectures and roads, or radiators. Examples of electrical components may include without
Hrtiation one or more wound articles, such as cous of electric motors. In one embodiment, an
article may be an eddy-current shielding component of a magnetic resonance imaging system or
shielding component for any clectromagnetic radiation, In one embodiment, an article may be a
military component inchiding without limitation ballistics resistant armor for personnel or
vehieles, or ballistics resistant siructures for protecting personnel or equipment, In one
embodiment, an article may be a sporting goods component including without limitation an
arrow shaft, a tennis racket frame, a hockey stick, compound bow limbs, or a golf club shaft.
{00164] Resin compositions according to the invention may further comprise a sizing
composition, or be used to provide improved adhesion to substrate materials that are sized with
certain commercial silanes commonly used 1 the industry. As 13 known in the art, glass fibers
are typically treated with a chemical solution {e.g., a sizing composition} soon after their
formation to reinforce the glass fibers and protect the strands’ mechanical integrity during
processing and composite mamufacture, Sizing treatments compatible with olefin metathesis

catalysts and polydicyclopentadiene composiies have been described in ULS. Pat. Nos. 6,890,650
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and 6,436,476, the disclosures of both of which are incorporated herein by reference. However,
these disclosures are based ou the use of specialty silane treatments that are not commonly used
in industrial glass manufacture. By comparison, the current invention may provide improved
mechanical properties for polyruer-glass composites that are sized with silanes commonly used
in the industry.

100165]  Glass sizing formulations typically comprise at least one film former (typically a film
forming polymer), al least one silane, and at least one lubricant. Any components of a sizing
formulation that do not interfere with or substantially decrease the effectiveness of the metathesis
catalyst or olefin polymenization reaction are considered to be compatible with the current
invention and may generally be used herein.

{00166] Fim formers that are compatible with ROMP catalysts imclude epoxics, polyesiers,
polyurethanes, polyolefins, and/or polyvinyl acetates. Other common film formers that do not
adversely affect the performance of the olefin metathesis catalyst may also be used, Film
formers are typically used as nonionic, aquecus enulsions. More than one film former may be
used in a given sizing formulation, to achieve a desired balance of glass processability and
composite mechanical properties.

{80167] More particularly, the film former may comprise a low molecular weight epoxy
emulsion, defined as an epoxy monomer or oligormer with an average molecular weight per
epoxide group (EEW)} of less than 500, and/or a high molecular weight epoxy enmlsion, defined
as an epoxy monomer or oligomer with an average molecular weight per epoxide group (EEW)
of greater than S00. Examples of suitable low molecular weight products include agueous epoxy
emulsions produced by Franklin International, including Franklin K8-0203 (EEW 190) and
Franklin BE-102 (EEW 225-275}. Other examples of low molecular weight epoxy emmulsions are
available from Hexion, including EPI-REZ™ 3510-W-60 (EEW 185-215), and EPI-REZ™
3515-W-60 (EEW 225-275). Further examples of low molecular weight epoxy emulsiouns are
available from COIM, inchading Filco 309 (EEW 270) and Filco 306 (EEW 330). Further
exarmples of low molecular weight epoxy emulsions are available from DSM, including Neoxil™
965 (FEW 220-280) and Neoxil” 4555 (EEW 220-260). Examples of suitable high molecular
weight epoxy emulsion products mclude epoxy emulsions produced by Hexion, including EPI-

REZ™ 3522.W-60 (EEW 615-715).
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{60168]  Aqucous enmlsions of modified epoxics, polyesters, and polyurethanes may also be
used 1o the film former, Exarupies of suitable modified epoxy products include emulsions
produced by DSM, including Neoxil™ 2626 (a plasticized epoxy with an EEW of 500-620),
Neoxil® 962/D {an epoxy-ester with an EEW of 470-550), Neoxil™ 3613 (an epoxy-ester with an
EEW of 500-800), Neoxil™ 5716 (an epoxy-novolac with an EEW of 210-2990), Neoxil™ 0035 (a

®

plasticized epoxy-cster with an EEW of 2500), and Neoxal™ 729 (a lubricated cpoxy with an
EEW of 200-R00), Further examples of modified epoxy emulsions are available from COIM,
including Filco 339 {(an unsaturated polyester-epoxy with an EEW of 2000} and Filco 362 (an
epoxy-ester with an EEW of 530). Examples of suitable polyester products include emulsions
produced by DSM, including Neoxil® 954/D, Neoxil®™ 2635, and Neoxil® 4759 (unsaturated
bisphenolic polyesters). Additional suitable products from DSM include Neoxil™ 9166 and
Neoxil® 968/60 (adipate polyesters). Further examples of suitable products include emulsions
produced by COIM, including Fileo 354/N (unsaturated bisphenolic polyester), Filco 350
{unsaturated polyester), and Filco 368 (saturated polyester). Examples of suitable polyurethane
products include emulsions produced by Bayer Material Science, including Baybond”™ 330 and
Baybond® 401,

{80169]  The film former may also comprise polyolefins or polyolefin-acrylic copolymers,
polyvinylacetates, modified polyvinylacetates, or polyoletin-acetate copolymers. Suitable
polyolefins mclude, but are not limited to, polycthylenes, polypropylenes, polybutylenes, and
copolymers thereof, and the polyolefins may be oxidized, maleated, or otherwise treated for
sffective film former use. Examples of suitable products include emulsions produced by
Michelman, including Michem®™ Emulsion 91735, Michem™ Emulsion 35160, Michem™
Emulsion 42540, Michem” Ennulsion 66230, Michem”™ Emulsion 24040M1 \ Michem" Prime
4983R, and Michem® Prime 49828C. Examples of suitable products include emulsions
produced by HB Fuoller, including PD 708H, PD 707, and PD 0166, Additional suitable products
include emulsions produced by Franklin International, including Duracet™ 637. Additional
suitable products include emulsions produced by Celanese, including Vinamul”™ 8823
{plasticized polyvinylacetate), Dur-O-Set” E-200 (ethylene-viny! acetate copolymer), Dur-O-
Set” TX240 (cthylene-vinyl acetate copolymer), and Resyn™ 1971 (epoxy-modified

polyvinylacetate}.
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{60170} While not limited thereto, preferred film formers include low- and high-molecular
weight epoxies, saturated and unsaturated polyesters, and polyolefins, such as Franklin KR0-203,
Franklin E-102, Hexion 3510-W-60, Hexion 3515-W-60, and Michelman 35160,

{00171] Nonionic lubricants may also be added to the sizing composition. Suttable nontonic
lubricants that are compatible with ROMP compositions include esters of polyethylene glycols
and block copolymers of ethylene oxide and propylene oxide. More than one nontonic lubricant
raay be used w a given sizing formulation if desived, e.g., to achieve a desired balaunce of glass
processability and composite mechanical properties.

{60172]  Suitable lubricants way contan polyethylene glycol (PEG) units with an average
molecular weight between 200 and 2000, preferably between 200-600. These PEG units can be
esterified with one or more fatty acids, including oleate, tallate, laurate, stearate, and others.
Particularly preferred lubricants include PEG 400 dilaurate, PEG 600 dilaurate, PEG 400
distearate, PEG 600 distearate, PEG 400 dioleate, and PEG 600 dicleate. Examples of suitable
products include compounds produced by BASE, including MAPEG® 400 DO, MAPEG" 400
DOT, MAPEG™ 600 DO, MAPEG® 600 DOT, and MAPEG" 600 DS. Additional suitable
products include compounds produced by Zschimmer & Schwarz, including Mulsifan 200 DO,
Mulsifan 400 DO, Mulsifan 600 DO, Mulsifan 200 DL, Mulsifan 400 DL, Mulsifan 600 DL,
Mulsifan 200 DS, Mulsifan 400 DS, and Mulsifan 600 DS, Additional suitable products include
compounds produced by Cognis, including Agnigque™ PEG 300 DO, Agnique® PEG 400 DO, and
Agnigue”® PEG 600 DO.

i80173]  Suitable nonionic lubricants also include block copolymers of ethylene oxide and
propylenc oxide. Examples of suitable products include compounds produced by BASF,
including Phironic® 162, Phironic® L1041, Pluronic”™ P1 (3, and Pluronic” P105.

{60174] Cationic lubricants may also be added to the sizing composition. Cationic hubricants
that are corupatible with ROMP include modified polyethyleneimines, such as Emery 6760L
produced by Pulcra Chemicals.

{60175]  Silane coupling agent may optionally be added (o the sizing composition, non-
limaiting examples including, methacrylate, acrylate, amino, or epoxy functionalized silanes along
with alkyl, alkenyl, and norbornenyl silanes.

{80176] Optionally, the sizing composition may contain one or more additives for modifying

the pH of the sizing resin. Oue preferred pH modifier 18 acetic acid.
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{60177] The sizing composition may optionally contain other additives useful in glass sizing
compositions, Such additives may include emulsifiers, defoamers, cosolvents, biocides,
antioxidants, and additives designed to improve the effectiveness of the sizing composition. The
sizing composition can be preparcd by any method and apphied to substrate materials for use
herein, such as glass fibers or fabric, by any technique or method.

{00178] In a preferred embodiment, the metathesis reactions disclosed herein are carried out
under a dry, inert atmosphere. Such an atmosphere may be created using any 1nert gas, including
such gases as nitrogen and argon. The use of an tnert atmosphere is optimal in terms of
promoting catalyst activity, and reactions performed under an mert atmosphere typically are
performed with relatively low catalyst loading. The reactions disclosed herein may also be
carried out in an oxygen-containing and/or a water-containing atmosphere, and in one
embodiment, the reactions are carried out under ambient conditions. The presence of oxygen or
water in the reaction may, however, necessitate the use of higher catalyst loadings as compared
with reactions performed under an inert atmosphere. Where the vapor pressure of the reactants
allows, the reactions disclosed herein may also be carried out under reduced pressure.

{80179  The reactions disclosed herein may be carvied ool in 4 solvent, and any solvent that i
inert towards cross-metathesis may be employved. Generally, solvents that may be used in the
metathesis reactions include organic, protic, or aqueous solvents, such as aromatic hydrocarbons,
chlorinated hydrocarbons, ethers, aliphatic hydrocarbons, alcohols, water, or mixtures thereof.
Example solvents include benzene, toluene, p-xylene, methylene chloride, 1,2-dichlorocthane,
dichlorgbenzene, chlorobenzene, tetrahydrofuran, diethylether, pentane, methanol, ethanol,
water, or mixtures thereof. In a preferred embodiment, the reactions disclosed herein are carried
out neat, 1.¢., without the use of a solvent,

{60188] It will be appreciated that the temperature at which a metathesis reaction according to
raethods disclosed herein s conducied can be adjusted as needed, and may be at least about -
78°C, -40°C, -10°C, 8°C, 10°C, 28°C, 25°C, 35 °C, 50°C, 70°C, 100°C, or 150°C, or the
leraperature way be in a range that has any of these vahues as the upper or lower bounds, Ina
preferred embodiment, the reactions are carried out at a temperature of at least about 35°C, and
in another preferred embodiment, the reactions are carried out at a temperature of at least about

56°C.

81



WO 2012/174502 PCT/US2012/042850

EXPERIMENTAL
{B0181]  In the following examples, efforts have been made to ensure accuracy with respect to
numbers used {(e.g., amounts, temperature, etc.} but some experimental error and deviation
should be accounted for. Unless indicated otherwise, temperature 1s in degrees C and pressure is
at or near atmospheric.
{00182] The following exarples are to be considered as not being limiting of the invention as
described herein, and are 1nstead provided as representative examples of the adhesion promote
and gel modification compositions of the invention and the methods for their use.
EXAMPLES
Materials and Methods
{00183] Al glassware was oven dried and reactions were performed under arabient conditions
unless otherwise noted. All solvents and reagents were purchased from commercial suppliers
and used as received unless otherwise noted.
{60184]  Dicyclopentadiene (Ultreng® 99) (DCPD) was obtained from Cymetech Corporation.
A modified DCPD base resin containing 20-25% tricyclopentadiene (and small amounts of
higher cyclopentadiene homologs) was prepared by heat treatment of Ultrene™ 99 as generally
described in U.S. Pat. No. 4,889,005,
{B01858]  Solid MDD (4.4 -methylene diphenyl diisocyanate) was used as received from Sigma
Aldrich (98% purity}. Liquid MBI (59/58 mixture of 4,4'-MDI and 2,4'-MDI) was used as
received from Bayer Material Science (Mondur® ML), Hexamethylenediisocyanurate
{hexamethylenediisocyanatetrimer, HDt, CAS# 3779-63-3) was used as received from Bayer
Material Science (Df:smﬂdur@ N3300A). HDI (hexamethylenediisocyanate or
diisocyanatohexane, CAS#822-06-0) was used as recetved from Sigma Aldrich (98% purity},
Acros Organics (99+% purity), TCI America (98% purity), or Bayer Material Science
{Desmodur™ H, 99.5% purity). Isophorone diisocyante (IPDI) was used as received from Sigma
Aldrich (98% purity). Meta-tetramethylxylylene diisocyanate (TMXDI®) was used as recoived
from Cytee. HIZMDI (4,4-Methylenchis{cyclohexyl isocyanate), was used as received from
Sigma Aldrich (90% purity). Polymeric MDY (PM200) was used as received from Yantai
Wanhua Polyurethane Company. Lupranate™ 5080 (MDI prepolymer), Lupranate™ M1 (liguid
MD1), and Lupranate™ MM 103 (liquid carbodiimide modified 4,4’-MDI) were used as received

from BASF.  Adduionally, 4-Benzylphenyl isocyanate (CASH 1823-37-6, purity 97%} and 2~
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biphenylyl isocyanate (CAS# 17337-13-2, purity 98%) were used as received from Sigma
Aldrich.

{00186] NB-McOH (5-Norbornene-2-methanol, CAS#95-12-5) was used as received from
Sigma Aldrich or prepared by literature methods, HENB (2-hydroxyethyl bicyclo|2.2.1thept-2-
ene-5-carboxylate} was prepared by literature methods. Allyt aleohol, Z-ethyl hexanol, and 1-
octanol were used as recetved from Sigma Aldrich. DCPD-OH (dicvelopentadiene aleoholy was
used as recetved from Texmark,

{B0187] Motathesis catalysts were prepared by standard methods and include {1,3-bis-(2,4,6-
irimethylphenyl)-Z-imidazolidinvlidenc]dichloro(3-ruethyl-2-

butenylidene }{tricyclohexylphosphine} ruthenium (I1) (C827), ruthentum (11} dichloro (3-methyl-
2-buteniylidene) bis(tricyclohexylphosphine) (C861), ruthenium (1) dichloro
(tricyclohexylphosphine) {o~-isopropoxyphenylmethylene) (U681}, [1,3-bis-(2,4,6-
irimethylphenyl)-2-imidazohdinylidencldichloro(benzylidene ){iri{n-butylphosphine) ruthenium
{1 (C771), and [1,3-bis-(2. 4,6-trimethyiphenyi-2-
imidazolidinylidene}dichloro{phenylindenylidene {iri{n-butyhyphosphine) ruthenmum (11} (C871}.
Ethanox™ 4702 antioxidant (4,4 methylenebis (2,6-di-tertiary-butylphenol), Albemarle
Corporation) was used where indicated.

{00188]  Cumene hydroperoade (CHP} was used as received from Sigma Aldrich (88% purity,
unless otherwise specified) or Syrgis Performance Initiators {Norox™ CHP, 85%). CHP was
added to resin tormaulations as a 1,000 ppr concentration stock solution in DCPD. rers-Butyl
hydroperoxide was used as received from Sigma Aldrich (5.5M solution in decane}. mCPBA (3-
chloroperoxybenzoic acid), benzoyl peroxide (97% purity), di-fert-butyl peroxade (98% purity),
and tri-n-butylphosphine (TNBP} were used as received from Sigma Aldrich. Triphenyl
phosphine (TPP) was used as received from Arkema. Additionally, mineral oil used to prepare
the catalyst suspeusions was Crystal Plas 70FG,

{00189}  Glass rovings and fabrics were used as supplied by Ahlstrom (R338-2400), Johns
Manville (Star ROV “'@-(}86}, Owens Corning (OCV 366-AG-207, R23H-X14-2400, SE1200-207,
SE1500-2400, SE2350-250), and PPG (Hybon® 2002, Hybon® 2026}, Toho Tenax® HTR40

carbon {iber roving was used as received.
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{60198]  Additives to the resin are reported as ppm, which is defined as the weight in grams of
additive per million gramos of resin, or as phr, which is defined as the weight in grams of the
additive per hundred grams of resin.

{00191] Roving wrap composites were prepared using a small-scale variation of a hand layup
technigue. (Glass roving was saturated with catalyzed dicyclopentadiene resin and layered into a
1/4” x 6" bar mold under moderate tension, The bar mold was compressed to achiove
approximately 54% fiber volume at 1/87 thickness, and held with C-clamps during the oven cure
process. Roving wrap composties were heated from room temperature to 120°C at 1°C/min, and
held at 120°C for two hours.

{60192]  Glass composite laminates were prepared using the VARTM process. The laminate
was constructed by cutting and arranging plies of glass fabric on an aluminum tool to achicve
approximately 53% fiber volume at 1/8” thickness. A rigid piate was placed on top of the ply
stack to ensure that pressure was applied cvenly across the surface. Using braided tubing, an
infusion inlet and outlet vent were positioned appropriately near the glass fabric. A sheet of
vacuum bagging film and tacky tape was used to create an air-tight cover on the glass and the
tubing and evacuated to a vacuam level of between 25 inches-Hg to 28 inches-Hg. A mixture of
resin and catalyst was degassed in vacuo for 15 minutes and then back-filled with argon. The
muxture was then mfused 1o to the glass fabric, driven by the pressure gradient between the
ambient pressure and the evacuated glass fabric assembly. After the infusion was complete, the
composite laminate was heated from room temperature to 75°C at a heating rate of 1°C/min, and
then the composite laminate was heated to 120°C and held at that temperature for two hours.
100193]  Gel modifier ppm s defined as the grams of gel moditier per million grarus of resin,
Corrections for gel modifier purity were made. With regard to other formulation additives, PHR
is defined as the weight of the additive per hundred grams of base resin.

100194]  Viscosity profiles were measured on a Brookfield LVDVI viscometer, and data was
analyzed by Wingather V3.0-1 software. Measurements were made with Spindle #1 set to 50
RPM on 400 g saraples equilibrated to 20-25°C. Data pownts were logged at two-second to two-
minute intervals, depending on experimental timescale. Temperatures were measured using J-
type thermocouples, sampling at five second intervals and collected by Omega 2.0 OM-CP series

data logging software.
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{60195] The mechanical properties were measured using standard technigues. All values
reported are the average of 3 samples. Interlamunar shear strength (JL8S) at 10% strain was
measured by the short-beam shear method according to ASTM 2344 on 17 x 1/4" x 1/8”
samples, The ILSS values were reported in units of pounds per square inch (psi). Interlamunar
shear strength (ILSS) is a measure of the adhesion and/or compatibility between polymer matrix
and fiber reinforcement in a composite. The following criteria, based on inferlaminar shear
strength valaes, was used to characterize the adhesion and/or compatibility between the polymer
matrix and the glass or carbon fiber reinforcement materials. Composttes having poor adhesion
and/or corapatibility between the polymer matrix and fiber reinforcement were charactenized has
having ILSS values less than about 3000 pst suggesting a lack of covalent adhesion between the
polymer matrix and fiber reinforcement. Composites having moderate adhesion and/or
compatibility between the polymer matrix and fiber reinforcement were characterized as having
ILSS valucs from about 3000 psi to about 6000 pst suggesting minimal to no covalent adhesion
between the polymer matrix and fiber reinforcement. Composites having superior adhesion
and/or compatibility between the polymer matrix and fiber reinforcement were characterized as
having LSS values greater than about 6000 psi suggesting a mgher degree of covalent adhesion
between the polymer matrix and fiber reinforcement. Heat deflection temperature was measured
according o ASTM D648 on 5" x 2" x ¥" samples. Flexural peak strength and Bexural
modulus were tested according to ASTM D790 using 53" x 2" x ¥4" samples. {zod pendulum
impact resistance was tested according to ASTM D526 using 2.57 x ¥2" x ¥4" samples. All
samples were stored and tested at ambient room conditions.

Synthesis of HENB (2-hyvdroxyethyl bicyclo]2.2.1]hept-2-ene-S-carboxyiate)
{60196] HEA (2-hydroxyethyl acrylate) (640 g, 1.0 mol eq.) was added to a 3L round bottom
flask containing toluene (1 kg). DCPD (dicyclopentadiene) (1.5 kg) was added to a separate 3L
round bottora flask, and the 3L flask containing DCPD was affixed with a Vigreanx coluron and
distillation head connected to a condenser. The 3L flask containing HEA and toluene was
connected to the condenser. The DCPD was heated to > 160 °C under an inert atmosphere to
“crack” the DCPD and form CPI} {cyclopentadiene), The CPD (740 g, 2.0 mol eq.) was added
dropwise to the HEA/toluene mixture at 10 - 40 °C under an incrt atmosphere, Conversion of
HEA to HENB (2-hydroxyethyl bicyclo{2.2.1hept-2-ene-5-carboxylate} was monitored by GC

{gas chromatography}. Toluene and reformed DCPD (364 g) were removed from the reaction
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mixture by vacuum distillation to give the desired HENB product as a colorless liquid (1004 g,

quantitative yield, approx. 98% purity).

Examples {a-1}-4{a-1)
Roving Composites Prepared with Isocyanate Adhesion Agents
{60197]

tricyclopentadiene), 20 ppm CHP, 2 phr Ethanox™ 4702 antioxidant, and 2 phr of the appropriate
YEI0] Pr p p pprop

Resin was prepared using the modified DCPD (containing 20-25%

isocyanate adhesion promoter. The resin was catalyzed by the addition of C827 (monomer to
catalyst ratio 30,000:1}) 1o a suspension of mineral oil. Roving wrap composiies based on glass
roving {Examples 1{a-1) PPGZ002; Examples 2{a-1) PPG2026; Examples 3(a-1} Ahlstrom R338-
2400; Examples 4(a-1) Star ROV®-086) were saturated with the catalyzed dicyclopentadiene
resin and layered into a 1/4”7 x 6” bar mold under moderate tension. The bar mold was
compressed to achieve approximately 50% fiber volume at 1/8” thickness, and held with C-
clamps during the oven cure process. Roving wrap composites were heated from room
temperature to 120°C at 1°C/min, and held at 120°C for two hours. The ILSS of the resulting
composites were measured (Table 1), Samples without adbesion promoter (Exaruples 1a, 2a, 3a,
4a}) all had poor mechanical properties. Generally, all the tested adhesion promoters improved
the mechanical properties of the PPG2026 composites. Several adhesion prowoters improved
the mechanical properties of all four composites testing: 4,4'-MD1 (¢}, the 4,4’-MD¥/2,4’-MDI

mixture (b}, and hexamethylenediisocyanurate (HDIt, d) (Table 1).

Table 1. ILSH {or Roving Composites Prepaved with Isocyanate Adhesion
Promoter
LSS {psi}
Fxample Adhesion 3 4
N P Promoter 1 2 Ahlstrom Ktar
PPG 2002 | PPG2026 | R338- ROV".
2460 (186
a None 1376 3574 1464 1347
4, 4-MDV2 4~ ) ,
’ ’ 7 788 313 '
b MDI 6760 886 631 6499
¢ 4.4"-MD} 7012 6890 6417 6279
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d HDIt 5461 6714 5129 4933
e HIZMDI not tested 6931 not tested 1837
f HDI 2604 7007 3719 2837
¢ jigd i) not tested 6811 2730 2329
h TMXDI® nottested | 5622 1888 1848
PM200 . - . .
i 712 T 7318 7052
i PolyMDI 7124 7985 318 0
. Lupranate” e , S -
i 5080 5075 7083 6105 4957
k Lupranate@ Mi 6974 8633 7168 6484
Lﬁipmnate@ 139 600 " Q
i MM103 6822 760¢ 6948 64045

“Not tested” samiples were damaged during fabrication so ILSS could not be evaluated.

Examples 5(a-h)-8(a-h)

Roving Composites Prepared with Isocyanate Adhesion Agents and HENB
{00198] Resin was prepared using the rodified DCPD (containing 20-25%
tricyclopentadiene), 20 ppm CHP, 2 phr Ethanox” 4702 antioxidant, 2 phr of the appropriate
dusocyanate adhesion promoter, and 2 phr of HENB. The resin was catalyzed by the addition of
(827 {(monomer to catalyst ratio 30,000:1) in a suspension of mineral oil. Roving wrap
composites based on glass rovings (Examples 5(a-h) PPG2002; Examples 6{a-h} PPG2026;
Examples 7{a-h} Ahlstrom R338-2400; Examples 8{a-h) Star ROV™-086) were prepared as
described in Example 1. The ILSS of the resulting coraposites were measured (Table 2). In
most cases the addition of HENB further maproved the wechanical properties of the resulling
composites compared with those using the diisocyanate adhesion promoter alone (1b-1h, 2b-2h,

3b-3h, and 4b-4h from Table 1), HENE alone did not improve adhesion (5h-8h}.

o
'
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Table 2. LS5 for Roving Composites Prepared with Isocyanate Adhesion Prometer
and HENB
FLSS (psi)
. 7
D 3 ¢ XN} R Q
Example Adhbesion Prometer S 6 Ahlstrom . 8 .
PPG : Star ROV -
2002 PPG2O26 R338- 086
2400
a 44'-MDY2.4"-MDI 7895 8052 8330 8093
b 4.4-MDI 7334 6736 75596 7450
€ HDRt 7489 7525 7848 7143
d HIZMBI not tested 6153 not tested 2524
e HDI 6570 7307 7468 6966
f IPDY 4367 7002 4912 4376
g TMXDI® 2102 5809 3186 3160
b HENBwithno 50 1 2263 | not tested 1269
adhesion promoter

ixamples 1#a-); 1 1{a-)

Roving Compesites Prepared with Isccyanate Adhesion Agents
{00199]  Resin was prepared using the modified DCPD (containing 20-25%
tricyclopentadienc), 20 ppm CHP, 2 phr Ethanox®™ 4702 antioxidant, and cither 2 phr of 4,4'-
MDV/2,4’-MDI (Examples 10(a-f}) or HDUt (examples 11{a-1}) diisocyanate adhesion promoter,
The resin was catalyzed by the addition of C827 (monomer to catalyst ratio 30,000: 1) in a
suspension of mineral oil. Roving wrap composites based on glass rovings were prepared as
described in Example 1. The ILSS of the resulting composites were measured {Tables 3 and 4).
4,4'-MD1/2,4"-MDI and HDH are effective adhesion promoters for all rovings tested, which were

indicated for use with epoxy resins,
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Table 3. ILSS for Glass Rovings Prepared with 4,4-MDU/2,4-MDI
Example Glass Roving Adhesion promoter IL5S
b PPG 2602 44"-MDI2.4-MDI 6760
2b PPG 2026 4.4-MDY/2.4-MDI 7886
3D gﬁéﬁéé} 4,4"-MDY/2,4'-MDI 6313
4b Star ROV"-086 44" MDU2.4"-MDI 6499
1a OCY 366-AG-207 44'-MDI/2.4-MDI 7462
10b OCV RISH-X14-2400 4.4-MDY24"-MDI 6004
10e¢ OCY SEL1260-207 4,4-MIDY/24"-MDI 7776
104 OCV SE1500-2400 4.4-MDI2.4-MDI 8071
10e OCV SE2350-250 44-MDY2.4'-MDI 6611
1 OCV SEB380-113 4.4-MDY/2.4-MDI 2061

Table 4. LSS for Glass Rovings Prepared with HDHt

Example Glass Roving Adhesion 1LSS
promoter
id PPG 20062 HDIit 5461
2d PPG 2026 HDIt 6714
3d Ahlstrom HDIt 5129
R338-2400
4d Star ROV -086 HDIt 4933
iia OCV 366-AG-207 HDIt 5039
iib OCV RISH-X14-2400 HDIt 5666
iic OCY SE1280-207 HDR 4846
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1id OCV SE1580-2400 HDIt 4894

iie OCY SE2350-256 HDL 5360

1if OCV SE8380-113 1711
HDIit

Examples 12{a-g)-15(a-g)

Roving Composites Prepared with HDIit Adhesion Promster and Various Alcohels
{00206]  Resin was prepared using the modified DCPD {(containing 20-25%
tricyclopentadiene), 20 ppm CHP, 2 phr Ethanox™ 4702 antioxidant, 2 phr of HDIt adhesion
promoter, and 2 phr of various alcohols. The resin was catalyzed by the addition of C827
{monomer to catalyst ratio 30,000:1) in a suspension of raneral o, Roving wrap comaposites
based on glass rovings {Examples 12{a-g} PPG2002; Examples 13(a-g) PPG2026; Examples
14{a~g) Ahlstrom R338-2400; Examples 15(a-g) Star ROV"-086) were prepared as described in

Example 1. The ILSS of the resulting composites were measured (Table 5).

Table 8. 1LSS for Roving Composites prepared with HDIt Adhesion promoter and
Various Alcohels
LSS (psh)
. ) 14 i3
Example Aleohol iz 13 Ahlstrom Star
PP( 2002 PPG2026 | R338- ROV"-

2460 86

a MNone 5461 6714 5129 4933

b HENB 7489 7525 7848 7143

€ NBMeOH 6882 7011 7244 6658

4 Allyi alcohol 6487 4611 7344 6337

& BCPD-OH 2902 6715 4104 2741

{ 2-ethyl hexanol 1630 4616 2040 1601

z I-octanol 1543 3272 1663 1419
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Examples 16(a-H-19a-)
{00201F Composite Rovings with 1 phr Adhesion Promoter
Resin was prepared using DCPD (containing 20-25% tricyclopentadienc), 20 ppm CHP, 2 phr
Ethanox" 4702 antioxidant, 1 phr of the 4,4-MD/2,4’-MD1 or HBIt adhesion promoter, and 1
phr of optional alcohol compounds. The resin was catalyzed by the addition of U827 {monowmer
to catalyst ratio 30,000:1) in a suspension of mineral oil. Roving wrap composites based on
glass rovings { Examples 16(a-f) PPG2002Z; Examples 17(a-1) PPG2026; Examples 18(a-f}
Ahlstrom R338-2400; Examples 19(a-f) Star ROV"-086) were prepared as described in Example
1. The LSS of the resulting composites were measured (Tabie 6). At 1 phr, 4,4 -MDV2,4’-MDHi
was an effective adbesion promoter, and the addition of 1 phy HENB or NBMeOH improved the
performance of the adhesion promoter. HDIt improved the properties of the composite
significantly for PPG 2026 and Ablstrom R338-2400 and shightly for two rovings (PPG 2002 and
Star-ROV-086). The addition of HENB and NBMeOH improved the efficacy of the adhesion
promoter {Table 6).

Table 6. ILSS for Compesite Rovings with 1 phy Adhesion Promoter

LSS (psi)
. Adhbesion 19
Example Promoter Alcohol 16 17 &héfmm Star
PYBLT % YT - LRERES s
PPG 20062 | PPG2O26 23387400 ROY
086
a 4,4 -MD1/2.4'- None 6764 6550 4912 3309
MDBi
b 4.4 -MDi1/2.4'- HENB 7564 70365 6798 7431
MbDi
Iy 4.4 -MDI/2.4°- | NBMeOH 7368 7ORG 6782 6857
MDD
d HDit None 2767 6378 4687 2567
e HDE HENEB 6034 7030 6528 5546
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6451 4514

W
A
o0
(¥4

f HDt NBMeOH 5296

Examples 20(a-k)}-23(a-k}

Composite Rovings with Various Loadings of Adhesion Promoter and HENB
100202] Resin was prepared using the modificd DCPD (containing 20-25%
tricyclopentadiene), 20 ppr CHP, 2 phr Fthanox™ 4702 antioxidant, 0.1, 0.5, or 2 phr of the
MDI adhesion promoter (4,4-MDV2,4'-MDI), and 0, 0.1, 0.5, 1, or 2 phr of HENB. The resin
was catalyzed by the addition of C827 (monomer to catalyst ratio 30,000:1) 1n a suspension of
raiperal ol Roving wrap comaposites based on glass rovings (Examples 20(a-k) PPG2002;
Examples 21{a-k) PPG2026; Examples 22(a-k} Ahlstrom R338-2400; Examples 23(a-k} Star
ROVE-086) were prepared using a small-scale variation of a hand layup technique. Glass roving
was saturated with catalyzed dicyclopentadiene resin and layered into a 1/4" x 6" bar mold under
moderate tension. The bar mold was corapressed to achicve approximately 58% fiber volume at
1/8" thickness, and held with C-clamps during the oven cure process. Roving wrap composites
were heated from room teraperature to 120°C at 1°C/min, and held at 120°C for two hours. The

{LSS of the resulting composttes were measured (Table 7).

Table 7. ILSS for Compeosite Rovings with Varicus Adhesion Promoter
and HENB Loadings
FLSS (psi)
phr Adhesion phr 33 33
Example lfgggﬁgzii&;ﬁé HENEB pAt 21 Ahlstrom Star
e T PPG 2002 | PPG2026 | R338- ROV"-
2400 186
a 8.1 ¢ 1331 4556 1814 1376
b 8.1 3.1 1585 2452 3186 2232
€ 9.1 2.0 2616 4476 4303 3245
d 0.5 ) 3760 7086 3603 3203
. 5523 ;
e 6.5 8.5 58106 6170 5087
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{ 0.5 2.0 0325 6755 6603 5969
z 2.8 ¢ 6760 7886 6313 6499
h 2.0 8.1 7439 7561 7790 7466
i 2.8 3.5 7317 6948 7684 76592
i 2.8 1.0 7244 7487 7704 7392
k 2.8 2.8 7895 8052 8330 8393

Examples 24(a-d}-26(a-d}

{66203]  The modifted DCPD (containing 20-25% tricyclopentadiene} was formulated with 20
ppm CHP, 2 phr Ethanox® 4702 antioxidant, 2 phr 4,4-MD1/2,4’-MDI, and with and without 2
phr HENB (24(a.,b}, 25(a,b), 26(a,b)). The resin was catalyzed by the addition of €827
{monomer to catalyst ratio 30,000:1} in a suspension of mineral oil, VARTM samples were
prepared using commercial unidirectional fabrics including Vectorply ELR 2410 fabric (made
from PPG 2026 roving), fabric based on Ahlstromn R338, and {abric based on OC SE-1500. The
composite laninates were cured for 120°C for 2 hours. The ILSS of the resulting composites
were measured (Table 8}, The modified DCPD (containing 20-25% tricyclopentadicne) was
formulated with 20 ppm CHP, 2 phr Ethanox" 4702 antioxidant, and 2 phr 2-biphenylyl
isocyanate (24 (¢)) or 2 phr 4-benzylphenyl 1socvanate (24 (d}). The resin was catalyzed by the
addition of C827 (rmaonomer Lo catalyst ratio 30,000:1) in a suspeunsion of mineral oil. VARTM
samples were prepared using commercial unidirectional fabric Vectorply ELR 2418 fabric {made
from PPG 2026 roving). The 1LSS of the resulting composites were mweasured (Table 8). The
diisocyanate containing compositions (24{a,b}, 25(a,b}, 26{(a,b}} showed superior adhesion, while

the compositions containing the monoisocyanates {24¢, 24d) dervounstrated poor adhesion.
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Table 8. LSS for VARTM with Adhesion Prometer
and Commercial Fabrics
ELSS (psi)

Example Adhesion promaoter 24 25 . 26_,_
PPG 2126 Ablsrem | OCSE

Fabri R338 1500
e Fabric Fabric

a 4,4’ -MDI/2,4-MDI §452 £468 8538

4.4 -MDI2,4-MDI . . -
3312 x42 88
b and HENR 851 8429 819
e 2: biphenyiyl 3494 not tested | not tested
ispcyanate
4-henzyiphenyl ,
d . 3806 not tested | not tested
isocyanate
Example 27{a-ck:
Unidirectional Compesite Wraps with Carbon Fiber
{00204]  Resio was prepared using the modified DCPD {coutaining 20-25%

tricyclopentadiene), 20 ppm CHP, and 2 phr Ethanox” 4702 antioxidant. Samples with no

adhesion promoter (a), 2 phr 4,4-MDI/2,4'-MDI (b}, and 2 phr 4,4-MDV2,4’-MDI and 2 phr

HENB (¢ were prepared. The resin was catalyzed by the addition of U827 {(monomer to catalyst

ratio 30,000:1) in a suspension of mineral oil. Carbon-fiber tow composites based on Toho

Tenax”® HTR4AO were prepared as described in Fxample 1. The ILSS of the resulting composites
preg P

were mieasured (Table 9. The isocyanate adhesion promoter is effective for carbon rovings.

Table #. ILSS for Carbon Reving Composites

Example Adhesion prometer ELSS (psh
a None 1844
b 4,4-MDY2,4-MDI 5399
€ 4.4’-MD1/2.4-MD1 7947

and HENB
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Example 28(a-¢}

VARTM with Adhesion Promeoter and a Range of Catalysts
180205]  The modified DCPD (containing 20-25% tricyclopentadiene) was formulated with 2
phr 4702 Ethanox™, 2 phr 4,4-MD1I/2,4'-MDIL, and with the inhibitor described in Table 10. The
resin was catalyzed by the addition of the catalyst histed in Table 10 (monomer to catalyst ratio
between 5,000:1 and 45,000:1 as listed in Table 10} in a suspension of mineral o1, VARTM
samples were prepared using commercial fabric Vectorply ELR 2410 (made from PPG 2026
roving). The ILSS of the resulting composites were measured {Table 14). For a range of
catalysts, the adhesion promoter improves the physical properties of the composites when

compared to Example 2(a).

Tableid. LSS for VARTM with MDI and Various Catalysts
Example Catalyst Monomer to Inhibitor FLAS (psi)
Catalyst Ratio
a 7718 36,0606:1 none 8755
b {801 5,000:1 TPP (0.1 phr) 7104
€ {871 45,6003 none 8168
d ol 5,000:1 none 4715
€ {827 36,0600:1 CHP (20 ppm) 8452

Fxample 29 (a-h}
YVARTM with Adhesion Prometer and Carben Fabric
{00206] Resin was prepared using the rodified DCPD (containing 20-25%
tricyclopentadiene), 20 ppm CHP, and 2 phr Ethanox™ 4702 antioxidant. Samples with varying
isocyanate adhesion promoter compositions were prepared. The resin was catalyzed by the
addition of U827 {monomer to catalyst ratio 30,000:1} in a suspension of mineral oil. VARTM
samples were prepared using Zoliek UDS00 carbon fabric, The ILSS of the resulting composites

were measured (Table 11},
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Table 11. ILSS for Loltek UDS08O Carbon Fabric Compeosites
Example Adhesion prometer HEXNB LSS (psi)
] None None 1634
b Iphr 44-MDI2.4'- None 4945
MDI

€ dphr 4,4-MDI/2,4'- None 5615
MDD

d None 2 phr 1563

€ 2 phr 4,4'-MDV2,4'- 2 phr 8664
M

L 4phr 44-MDI2.4'- 2 phr 8847
MDI

g 2 phr HDIt None 4639

h 2 phy HDIt 2 phr 7156

Examples 30(a~}-32¢a-{):

Roving Compeosites Prepared with 4.4 -MDI/2.4'-MD1 Adhesion Promoter and Various

Alcohols

{00207]  Resin was prepared using the wodified DCPD (containing 20-25%

tricyclopentadiene ), 20 ppm CHP, 2 phr Fthanox"® 4702 antioxidant, 2 phr of 4,4’-MD1/2,4"-MD{

adhesion promoter, and 2 phr of various alcohols. The resin was catalyzed by the addition of

{827 (monomer to catalyst ratio 30,000: 1) in a suspension of rineral o, Roving wrap

composites based on glass rovings (Examples 30(a-f) PPG2002; Examples 3 1{a-f) PPG2026;

Examples 32

resulting composites were measured {Table 12}

96
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Table 12. ILSS for Roving Composites prepared with 4,4-MBD1/2.4'-
MDI Adhesion promoter and Various Alcohels
LSS (psi)
_ , , 32

Example Alcohol 10 31 Star
PPG 20602 PPG2O26 | ROV™-

086

a Neone 6760 7886 6499

b HENB 7493 7392 7460

¢ NBMeOH 5804 5603 6280

d Allyi alcohol 2447 2276 2454

e DCPD-OH 2736 4367 2698

f f-octanel 1966 2244 1461

Example 33

Effect of cumene hydroperoxide on the onset of the gel state
{60208] A plastic 250 ml. beaker was charged with 1060 g of dicyclopentadiene base resin
{containing 20-25% tricyclopentadiene} and 0-100 ppm cumene hydroperoxide (CHP) was added
as a 1000 ppm conceniration stock solution o resin. The beaker was placed wn an ol bath, and a
temperature probe was placed in the reaction vessel. Once the sample was equilibrated to the
test temperature {30°C) the motathesis catalyst was added. Polymerizations 33a-33h were
catalyzed by the addition of 9.6 mig of catalyst C827 dissolved in a mixture of 1 g of toluene and
2 g of mineral ol (monomer to catalyst ratio 60,000:1), Polymerizations 331-33m were catalyzed
by the addition 19.2 mg of catalyst C827 suspended in 2 g of mineral oil {monomer to catalyst
ratio 30,000:1). The temperatures of the reaction mixtures were monitored over the course of the
polymerizations, The exotherm tume is related to the onset of polymenization. Peak exotheru
temperature s related to the completeness of the polymerization reaction. Lowered peak
temperatures are an indication of wncomplete polymerization. The exotherm times and peak

temperatures for the unmodified and modified polymerizations can be seen in Table 13.
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{ncreasing concentrations of CHP in the resin resulted in increased time to reach polymerization
exotherm, with no significaunt drop 1u exotherm peak temperature. At both catalyst
concentrations, addition of CHP effectively modifies the onset of polymerization, and the delay
titne can be controlled over several hours by controlling the amount of CHP added. FIG. |
shows the temperature profiles of examples 33a-33¢ with 0, 2.5, and 5 ppm CHP. The gel-
modification of the invention is particularly useful, because 1t increases the workable pot life of

the catalyzed resin without otherwise necessarily changing the overall teraperature profile of the

polymerization.
Table 13: Gel Modification by Cumene Hydroperoxide (CHP})
Example mmgﬁiﬁon QHﬁP:cami?’st r}:.%xmherém E?:::;iiiiiik
(ppm) molar ratio Uime (min} {C)
33a 0 0.00 114 183
336 2.5 0.14 28.6 182
33¢ 5 0.28 43.3 180
33d 10 0.57 67.0 179
33e 25 1.42 121.9 184
33f 50 2.84 1674 184
33g 75 4.26 179.2 182
33k 100 5.68 209.0 186
334 0 0.00 R.5 199
33 10 0.26 37.1 197
33k 20 .52 67.1 196
331 40 1.04 110.3 192
33m 50 1.30 137.7 191
33a-33h: monomer/C827 = 60,0001

[
[ %

-33m: monomer/C827 = 30,000:1
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Example 34

Effect of cumene hydroperexide (CHP) on DUPD polymerization viscosity prefile
80209] Dicyclopentadiene base resin {containing 20-25% tricyclopentadiene) was filtered
through activaied alumina and stlica gel to remove any contaminants, A plastic S00mL beaker
was charged with 400 g of the filtered resin as a control. Additional plastic 500mL. beakers were
charged with 400 g of the filtered resin and 4, 25, or 100 ppm cumence hydroperoxide (CHP) was
added as a 1000 ppm concentration stock solution in resin. Each resin sample was equilibrated
at 23-25°C, and catalyzed by addition of 9.6 mg of C827 suspended 1 2 g of mincral o1l
Viscosity profiles are shown in FIG. 2, in which the cure profile of the filtered coutrol sample s
shown along with the cure profiles of CHP-modified resin compositions having CHP
concentrations of 4, 25 and 100 ppm. The reaction modification of the invention is particularly
uscful because it increases the workable pot life of the catalyzed resin and allows for low

viscosity characteristics to be retamed for a longer period of time.

Example 35

Mechanical properties of unmeodified and modified polyDCUPD plagues
i8021¢] To cvaluate mechanical properties of polydicyclopentadiene (polyDCPD)
formulations, 200 g of dicyclopentadiene base resin (containing 20-25% tricyclopentadiene) was
formulated with 2 PHR Ethanox™ 4702 antioxidant and 0-100 ppm cumene hydroperoxide,
equilibrated to 30°C and catalyzed by the addition of 19.2 mg of C827 suspended in 2 g of
mineral oil. After mixing, the catalyzed resin was poured into a 10x10x8.5” glass and aluminum
mold and placed in a 40°C oven until exotherm (Example 35a-d). After cure, the polyDCPD
panels were cut into samples for measurement of Heat Deflection Temperature (HDT, ASTM
D648), Izod Pendulum Impact Resistance (ASTM D3526), and Flexural propertics (ASTM
D7903). As shown in Table 14, there 1s no sigmificant deviation iu panel mechanical properties

over a range of hydroperoxide-to-catalyst ratios.

99



WO 2012/174502 PCT/US2012/042850

Table 14: Effect of hydroperoxide gel modification on polyDCPD mechanical properties

. CHP CHP  CHPuatalyst Hpr 04 Flex Hex
Example concentration moles molar ra t‘éﬂ o {ft- Peak  Mod.
{ppm} Ib/in} {ksi) {ksi}
35a 0 0.00E+G0 (.00 138.0 i1 13.0 304
35h 20 2.63E-05 1.04 140.7 I 12.9 307
35¢ 50 6.57E-05 261 140.9 1.0 13.¢ 386
35d 160 1.31E-04 5.21 1421 1.2 12.7 302
‘xample 36

Storage stability of phosphine gel modifier
{B0211] A stock resin formulation was prepared by mixing dicyclopentadiene base resin
(containing 20-23% tricyclopentadienc) with 2 PHR Ethanox”™ 4702 antioxidant and 0.5 PHR of
a 0.15 wt% solution of TNBP in dicyclopentadiene as the gel modifier. An exctherm trial was
conducted on a 100 g aliquot of this resin equilibrated to 40°C according to the procedure
outlined in Example 33, using C771 as the olefin metathesis catalyst (monomer to catalyst ratio
15,000:1) dissolved in a mixture of 1 ¢ of toluene and 2 g of mineral oil (Example 36a). The
rernainder of the stock formulation was sparged with mirogen, sealed, and stored at room
temperature. Further exotherm trials were conducted according to the procedure of Example 36a
on 100 g aliguots at 4-hour, 8-hour, and 24-hour tervals (Examples 36b-36d). The
effectiveness of the phosphine at delaying the onset of polymerization dropped sharply over

these time intervals, with near-total loss of pot life extension within 24 hours. (Table 15).

Example 37
Storage stability of cumene hydroperoxide gel modifier
{60212] A stock resin formulation was prepared by mixing dicyclopentadiene base resin
{containing 20-25% tricyclopeniadiene) with 2 PHR Fthanox”™ 4702 antioxidant and 23 ppm of
cumene hydroperoxide in dicyclopentadiene as the reaction gel-modifier. Ap exotherm trial was
conducted on a 100 g aliquot of this resin equilibrated to 30°C according to the procedure
outlined in Example 33, using 19.2 mg of CR27 as the olefin metathesis catalyst (monomer to

catalyst ratio 30,000:1) suspended 10 2 ¢ of mineral o1l (Example 37a). The remaimnder of the
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stock formulation was sparged with nitrogen, sealed, and stored at room temperature. Further
exotherm trials were conducted according to the procedure outlined in Example 37a on 100 g
aliguots at 15-day {360 hour}, 35-day (840 hour), and 90-day (2,160 hour) intervals (Table 15}
Unlike the standard phosphine gel modified resin (Example 36}, the ability of cumene
hydroperoxide to delay the onset of polymerization remains stable. The cumene hydroperoxide
modificd resin retained 84% of the delayed exotherm time effect atter 90 days, with no

significant change i peak exotherm temperature.

Table 15: Storage stability of phosphine and hydroperoxide gel modifiers

Exotherm Peak

Example : G?i Time aged Ffwm erm Temperature

Modifier (hours) Time (min} °C)
364" TNBP 0 50.4 203
36b TNBP 4 40.0 203
36¢ TNBP 8 327 203
36d TNBP 24 148 203
37a CHP 0 68.5 191
37b CHP 368 64.38 193
37¢ CHP 844 61.4 198
37d CHP 2,160 57.7 195

" unmodified exotherm time for this resin was 10.9 minutes
Examples 36a-36b: C771; monomer to catalyst ratio = 15,000:1; 40°C

Examples 37a-37d: C827; monomer to catalyst ratio = 30,000:1; 30°C

‘xample 38
el Modification by other hydroperoxides (FBHP)
{00213]  An exotherm trial was conducted according to the procedure outlined in Example 33,
using 40°C as the oil bath and resin teraperature. The resin was formulated with 0-21 ppruo of
rert-butyl hydroperoxide (TBHP), and the reaction polymerization was catalyzed by the addition

ot 9.6 mg of C827 dissolved in a muixture of 1 g of toluene and 2 g of muneral o1l (Examples 38a-
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38¢). The exotherm time and exotherm peak temperature can be seen in Table 16, Addition of
increasing amounts of TBHP resulied in increasing tivnes to reach polymerization exothero and

no significant drop in exotherm peak temperature.

Table 16: Gel modification by rerr-Butyl Hydroperoxide

TBHP - Excotherm Exotherm Peak

, R TBHP:catalyst . )
Example concentration e Time Temperature

molar vratio . ©
{(ppm) {min) 9
38a { (.00 i1l 192
38b 3 0.28 218 190
38¢ 6.2 0.54 28.8 189
38d 18.5 .93 355 188
38¢ 21.0 1.85 583 187

Example 39

CHP gel modification of resins with 1% gen catalysts
{00214]  An cxotherm trial was conducted according to the procedure outlined in Example 33,
using (0-100 ppro cumene hydroperoxide and resin equilibrated to 30°C. The reaction
polymerization was catalyzed by the addition of first generation ruthenium metathesis catalyst
CROT dissolved ina naxture of 1 g of toluene and 2 g of miineral oil {monomer to catalyst ratio
5,000:1) (Examples 39a-39d). The exotherm times and exotherm peak temperatures can be seen
in Table 17. Addition of increasing amounts of CHP resulted in increasing times to reach

polymerization exotherm and no significant drop in exotherm peak tenmiperature.

Example 40
CHP gel modification of resin formulated with 2°° gen catalyst
] &
[00215]  An exotherm trial was conducted according to the procedure outlined in Example 33,
using (-50 ppm cumene hydroperoxide and resin equilibrated to 60°C. The reaction
polymerization was catalyzed by the addition of 2° generation metathesis catalyst C771
dissolved in a mixture of 1 g of toluene and 2 g of mineral oil {monomer to catalyst ratio

60,000: 1) (Exarnples 402-40d). The exotherm times and cxotherm peak temperatures can be
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seen in Table 17. Addition of increasing amounts of CHP resulted in increasing times to reach

polymernization exotherm and no significant drop 1o exotherm peak temperature,

Table 17: Gel modification by CHP using 1™ and 2™ generation ruthenium catalysts

Exotherm

X CHP \ CHP:catalyst Eg({?herm Peak

Example catalyst concentration : Fime .
v , molar ratio X Vemperature
{ppm) {min} 0

O

39a e8] { $.000 1.9 190

39b c801 20 0.109 2.7 192

39¢ c801 50 0.274 3.5 194

39d c&i1 100 0.544 5.2 196

40a c771 0 .00, 17.5 199

40b c771 10 (.680 350 197

46 c771 20 1.303 369 198

464d c771 50 3.285 44.6 200

39a-39d: 30°C, C801, monomer to catalyst ratio = 5,000:1

40a-40d; 60°C, C771, monomer to catalyst ratio = 60,000:1

Example 41

Hydropersxide gel modification at higher loadings
{60216]  Exotherm trials were conducted according to the procedure outhned i Example 33
using (-5,000 ppm of CHP. The resin was equilibrated to 60°C to speed the rate of
polymerization, The reaction polymerization was catalyzed by the addition of 9.6 mg of
metathesis catalyst C827 dissolved i a mixture of 1 g of toluene and 2 g of mineral o1l
(Examples 41a-d). The exotherm times and cxotherm peak teraperatures can be seen in Table
18, Comparison of exotherm times and exotherm peak temperatures show increasing time
required to reach polymerization exotherm, demonstrating that the onset of polymerization may
be effectively delayed with high CHP:catalyst ratios if reaction conditions require. However, as
hydroperoxide concentrations reach high levels, overall exotherm peak temperatures do start to
decline (Example 41¢), demonstrating some negative impact of high levels of cumence

hydroperoxide on polymerization completeness. Once the loading of hydroperoxide becomes
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too high for a given set of polymerization conditions, the polymerization will fail to exotherm
{Example 41d}. The upper concentration linnt for effective use of hydroperoxide compounds as
gel modification agents will vary, depending on metathesis catalyst, olefin resin, and reaction
conditions. However, as shown by Examples 33b-33g and Examples 41b-41d, there is a wide
range of hydroperoxide:catalyst molar ratios that give useful modification of the onset of
polymerization. The time to reach the gel and cure states can be controlled over a wide range for

a given polymerization,

Table 18: Gel modification using CHP at higher concentrations

: Exotherm
. CHP  CHPeatalyst TXOtRerm Peak
Example concentration M Time .
molar ratio . Temperature
{ppm} {min} B
{0
4ia 8 0.00 1.g 204
41b 1,660 64.35 22.9 191
4ic 2,060 128.70 30.6 {61
41d 5,600 321.74 fatled to cure after 120
minutes

‘xample 42

Effect of benzoyl peroxide — diacyl pereoxides are not gel medifiers
{60217]  Exotherm trials were conducted according to the procedure outlined in Example 33
using 0-2000 ppm of benzoyl peroxide and resin equilibrated at 40°C. The reaction
polymerization was catalyzed by the addition of metathesis catalyst C827 dissolved in a mixture
of 1 g of toluene and 2 g of mineral oil (monomer to catalyst ratio 60,000:1}) (Examples 42a-
42f). The exotherm times and exotherm peak temperatures can be seen in Table 19, Increasing
amounts of benzoy! peroxide resulted in no significant delay of the onset of the polymerization
{exotherm time) until relatively large ratios of peroxide:catalyst. At such exiremely high
concentrations of benzoyl peroxide, the exotherm peak temperature dropped dramatically. This
indicates that the di-acyl peroxide functional group 1s not an effective gel modifier compared to

the hydroperoxide functional group.
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Example 43

Effect of mCPBA - peroxycarbexylic acids are not gel modifiers
{00218] Exotherm trials were conducted according to the procedure cutlined i Example 42,
with the addition 20-2,000 ppm of mCPBA (3-chloroperoxybenzoic acid) to the resin
formulation prior to addition of catalyst (Examples 43a-43d). No significant delay of the
exotherm was noted at any concentration of mCPBA (Table 19), The exothorm time accelerated
somewhat, and the exotherru peak temperature dropped dramatically. This indicates that the
peroxycarboxylic acid functional group does not act to moderate the onset of polymerization as

the hydroperoxide functional group does.

Example 44
Effect of di-fert-butyl peroxide — dialkyl peroxides are not gel modifiers
{00219]  An cxotherm trial was conducted according to the procedure outlined in Example 42,
with the addition of 10,000 ppm di-fert-butyl peroxide. Only a very minor modification of the
exotherm is observed, even at this high peroxide:catalyst ratio (Table 19}, This indicates that
dialkyl peroxide functional group does not act in the same gel modifying fashion as the

hydroperoxide functional group.

Table 19: Gel modification using other types of peroxides

. N Exotherm
medifier - , Yxotherm
. oo . medifier:catalvst s Peak
Example Modifier concentration . Time .
molar ratio s Temperature
(ppm) {min) o

()
benzoyl

428 ) { 0.00 111 192
peroxide
benzoyl

47b ) 2 (.09 115 191
peroxide
benzoyl

42¢ ‘ 116 0.41 10.2 191
peroxide
benzoyl

42d ) 24 .85 115 188
peroxide

42e benzoyl 1,600 35.59 18.3 146
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peroxide
benzoyl
42f ‘ 2,000 7118 29.2 128
peroxide
43a m{CPBA 26 1.00 10.8 196
43b mCPBA 100 5.00 8.9 184
43¢ mCPBA 1,800 49,95 4.7 168
43d mCPBA 2,000 99.91 4.1 163
di-fert-butyl
44 : 10,000 589.53 i4.8 201
peroxide

Examples 45(a-c) and 46(a-¢}
{00226] Resin was prepared using the rodified DCPD (containing 20-25%
tricyclopentadiene}, 20 ppm CHP, 2 phr Ethanox® 4702 antioxidant and either no adhesion
promoter and no aleohol compound (Exaraples 45a, 46a), or 2 phr diisocyanate adhesion
promoter (4,4°-MD/2,4°-MD1) (Examples 45b, 46b) or 2 phr ditsocyanate adhesion promoter
(4,4°-MDI/2,4°-MDI) and 2 phr alcohol compound (HENB) (Examples 45¢, 46¢). The resin in
Examples 45a and 46a was catalyzed by the addition of C827 (monomer to catalyst ratio
60,000:1) 1n a suspension of mineral oil. The resin in Examples 45b, 46b, 45¢, and 46¢ was
catalyzed by the addition of C827 (mounoruer to catalyst ratio 30,000:1) 10 a suspension of
mineral oil. VARTM samples were prepared using the following glass fabrics (Hexcel 7781~
F12; heat cleaned, no silane coupling agents); (BGF 7781-4974A; amino- and methacrylate-silane
coupling agents only}. The ILSS of the resulting composites were measured (Table 20}, The
heat cleancd glass fabric with no silane coupling agent (Hexceel 7781-F12) showed (1) poor
adheston without adhesion promoter and alcohol (Example 45a); (it) moderate adhesion with
adhesion promoter alone {(Example 45b); and (i11) moderate adhesion with adhesion promoter
aund alcohol (Example 45¢). The multicompatible glass with amino- and methacrylate-silane
coupling agent only (BGF 7781-497A) showed (i) moderate adhesion without adhesion promoter
and alcohol (Exawmple 46a); (i) moderate adhesion with adhesion provooter alone (Example 46b);
and (ii1} superior adhesion with adhesion promoter and alcobol (Example 46¢). Commercially
available glass fabric and/or fiber with a complete sizing composition {¢.g. film formers,

lubricants, silane coupling agents, etc.} showed poor adhesion without adhesion promoter and
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alcohol {Table 1. Examples 1a-4a), showed superior adhesion with adhesion promoter alone
{Table 1. Examples 1b-4b & Table 8. Examples 24a-26a) and superior adhesion with adbesion

promoter and alcohol (Table 2. Examiples 5a-8a & Table 8. Examples 24b-26b).

Table 2. LSS for VARTM with Adhesion Prometer and Fabrics Having Various Sizing
ILSS (psi)
Example | Adhesion Promoter Alcohol 45 46
Hexcel 7781-F12 BGF 7781-497A
a None None 2178 3342
b 2 phr 4,4°-MD1/2,4°- None 3094 4459
MDD
c 2 phr 4,4°-MD1/2.4°- 2 phr HENB | 5122 7465
MD1

Examples 47(a-e} and 48{a-¢)
[00221]  Resio was prepared using 150 grams of dicyclopentadiene (countaining 20-25%
tricyclopentadiene) and 2 phr Ethanox® 4702 and ecither 20,000 ppm di-zers-butyl peroxide
{Examples 47a, 483}, or 20,000 ppm cumene hydroperoxide (Examples 47b, 48b), or 2000 ppm
di-rert-butyl peroxide (Examples 47¢, 48¢), or 2000 ppm cumene hydroperoxide {Examples 47d,
48d}), or no peroxade (Examples 47¢, 48¢). The prepared resin was equilibrated to 30°C and
combined with (U827 catalyst (monomer to catalyst ratio 30,000:1} in a suspension of mineral oil.
After mixing, the combined resin was poured into a 57 x 77 x /4" aluminum mold placed in a
30°C oven. Before exotherm, the uncured polymer was removed from the mold and then post-
cured for 2 hours at either 180°C or 200°C. Examples 47b and 48b, containing 20,000 ppm
cumene hydroperoxide did not polymerize after 18 hours at 30°C; therefore, no polymer saruples
were available for measuring glass transition temperature (Tg). Glass transition temperature
{Tg) was measured by thermal mechanical analysis (TMA) according to 180 11358-2 on 1/47 x
1/4" x 1/4” samples. Cumene hydroperoxide (CHFP) (R0% purity) was used as received from
Sigma Aldrich. Di-fert-butyl peroxide (98% purity) was used as received from Sigma Aldrich.
{33222] The data in Table 21 shows (i} that alkyl hydroperoxides, such as CHP, are gel
modificrs and dialkyl peroxides, such as di-fert-butyl peroxide, are not gel modificrs; and (1)
dialkyl peroxides, such as di-¢eri-butyl peroxide, imcrease polymer cross-linking leading to

higher Te and alkvl hydroperoxides, such as CHP, do not increase polymer cross-linking,
> 5 } o B B y &‘
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Table 21; Effect of peroxides on gel time and poelymer cross-linking

Example | Post Care Peroxide | Peroxide Peroxide:Catalyst | Tg | Gel
Temperature Concentration | Molar Ratio (°Cy | Time
(pprm) (min)
47a 18¢°C di-terr- | 20,000 590.78 148 | 5.7
butyl
peroxide
475 180°C CHP 20,000 567.72 NR | NR
47¢ 180°C di~fert- | 2000 59.08 152 1 4.6
butyl
peroxide
47d 180°C CHP 2000 56.77 133 12257
47¢ 18g°C None None None 131 143
483 200°C di~fert- | 20,000 590,78 161 |57
butyl
peroxide
48b 200°C CHP 20,000 567.72 NR | NR
48¢c 200°C di~fert- | 2000 56.08 155 1 4.6
butyl
peroxide
48d 200°C CHP 2000 56.77 145 12257
48¢ 200°C None None None 156 143

NR= 1o reaction

{00223] It is to be understood that while the invention has been described in conjunction with
specific embodiments thereof, that the description above as well as the examples that follow are
intended to illustrate and not limit the scope of the invention. Other aspects, advantages, and
rodifications within the scope of the invention will be apparent to those skilled 1o the art to

which the invention pertains.
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The claimed invention is:
I. A composition, comprising:

at feast one cyclic olefin;

at least one cyclic olefin metathesis catalyst;

at least one adhesion promoter comprising at least one compound containing at least two
isocyanate groups; and

and at least one hydroperoxide gel modifier, in an amount effective to increase the gel
time of a cyclic olefin metathesis reaction of the cyclic olefin catalyzed by the cyclic olefin

metathesis catalyst 1u the absence of the hydroperoxide gel modifier,

A composilion, comprising:

N2

at least one cyclic olefin;

at least one cyclic olefin metathesis catalyst; and

at least one hydroperoxide gel modifier, in an amount effective to increase the gel time of
a cyclic olefin metathesis reaction of the cyclic olefin catalyzed by the cyclic olefin metathesis

catalyst 1u the absence of the hydroperoxide gel modifier,

L2

A composition, comprising:

at least one cyclic olefing

at feast one cychic olefin metathesis catalyst;

at least one adhesion promoter comprising at least one compound containing at least two
isocyanate groups; and

at least one glass substrate.

4. A method for improving the adhesion of a resin composition to a substrate material,
COmMprising:

combining at least one adhesion promoter, at least ove cyclic olefin, at least one
hydroperoxide gel modifier, and at least one olefin metathesis catalyst to form the resin
composition,

contacting the resin composition with the substrate material, and

subjecting the resin composition to conditions effective to promote an olefin metathesis

reaction of the cyelic olefin,
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wherein the at least one adhesion promoter comprises at least one compound containing
at least two isocyanate groups,

wherein the at least one hydroperoxide gel modifier in present in an amount effective to
increase the gel time of a cyclic olefin metathesis reaction of the cyclic olefin catalyzed by the

cyclic olefin metathesis catalyst in the absence of the hydroperoxide gel modifier.

5. A method for improving the adhesion of a resin composition to a glass substrate material,
COMPprising:

combining at least one adhesion promoter, at least oue cyclic olefin, and at least one
olefin metathesis catalyst to form the resin composition,

contacting the resin composition with the glass substrate material, and

subjecting the resin composition to conditions effective to promote an olefin metathesis
reaction of the cyclic olefin,

wherein the at least one adhesion promoter comprises at least one compound containing

at least two isocyanate groups.

6. A method for improving the adhesion of a resin composition to a glass substrate material,
COMPrising:

combining at lcast one cyclic olefin, at least one olefin metathesis catalyst, at icast one
adhesion promoter, and at least one glass substrate material to form the resin composition, and

subjecting the resin composition to conditions effective to promote an olefin metathesis
reaction of the cyclic olefin,

wherein the at least one adhesion promoter comprises at least one compound containing

at least two isocyanate groups.

7. A method for improving the adhesion of 4 resin composition to a substrate material,
comprising:

combining at least one cyclic olefin, at least one olefin metathesis catalyst, at least one
adhesion promoter, at least one hydroperoxide gel modifier, and at least one substrate walerial to
form the resin composition, and

subjecting the resin composition to conditions effective to promote an olefin metathesis

reaction of the cyelic olefin,
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wherein the at least one adhesion promoter comprises at least one compound containing
at least two isocyanate groups,

wherein the at least one hydroperoxide gel modifier in present in an amount effective to
increase the gel ime of a cyclic olefin metathesis reaction of the cyclic olefin catalyzed by the

cyclic olefin metathesis catalyst in the absence of the hydroperoxide gel modifier.

g. A method for improving the adhesion of a resin composition to a glass substrate material,
COMPprising:

combining at least one cychic olefin and at least one olefin metathesis catalyst to form the
resin composition,

contacting at least one adhesion promoter with at least one surface of the glass substrate
material,

applying the resin composition to the at least one surface of the glass substrate material,
and

subjecting the resin composition to conditions etfective to promote an olefin metathesis
reaction of the cyclic olefin,

wherein the at least one adhesion promoter comprises at least one compound containing

at least two 1socyanate groups.

9, A wmethod for improving the adhesion of a resin composition to a substrate material,
comprising:

combining at least one cychic olefin, at least onc hydroperoxide gel modificr, and at least
one olefin metathesis catalyst to form the resin composition,

contacting at least one adhesion promoter with at least one surface of the substrate
material,

applying the resin composition to the at least one surface of the substrate material, and

subjecting the resin composttion to conditions effective to promote an olefin metathesis
reaction of the cyclic olefin,

wherein the at least one adhesion promoter comprises at least ove compound containing

at least two isocyanate groups,
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wherein the at least one hydroperoxide gel modifier in present in an amount cffective to
increase the gel tmwe of a cychic olefin metathesis reaction of the cychic olefin catalyeed by the

cyclic olefin metathesis catalyst in the absence of the hydroperoxtide gel modifier.

18, A method for modifying the ouset of a ROMP reaction of a cyclic olefin catalyzed by a
cyehic olefin metathesis catalyst, comprising:

combining a hydroperoxide gel modifier with a cyclic olefin and a cyelic olefin
metathesis catalyst, thereby forming a ROMP composition, and

subjecting the ROMP composition to conditions effective to promote a ROMP reaction of
the cyclic olefin in the presence of the cyclic olefin metathesis catalyst and the added
hydroperoxide gel modifier,

wherein the hydroperoxide is added in an amount effective to increase the gel time of the
ROMP reaction of the cyclic olefin catalyzed by the cyclic olefin metathesis catalyst in the

absence of the added hydroperoxide.

it in a ROMP reaction of an olefin composition comprising a cyclic olefin and an olefin
metathesis catalyst, wherein the ROMP reaction of the cyclic olefin is catalyzed by the olefin
metathesis catalyst, the improvement comprising adding a hydroperoxide gel modifier to the
olefin composition, in an amount effective to increase the gel time of the ROMP reaction of the
cyclic olefin catalyzed by the olefin wetathesis catalyst in the absence of the added

hydroperoxide.

12, Anarticle of manufactare comprising at least ope resin composition containing at least
one cyclic olefin, at least one oletin metathesis catalyst, and at lcast one adhesion promoter

comprising at least one compound containing at least two 1socyanate groups.

13 Aun article of manufacture comprising at feast one resin composition containing at least
one cyclic olefin, at least one olefin metathesis catalyst, at least one adhesion promoter
comprising at least one compound containng at least two isocvanate groups, and at least one

hydroperoxide gel modifier.



WO 2012/174502 PCT/US2012/042850

4. An article of manufacture comprising at least one resin composition containing at least
one cyclic olefin, at least one olefin metathesis catalyst, and at least one hydroperoxide gel

modifier.

15.  Use of at least one compound containing at least two 1socyanate groups as an adhesion

promoter for adhering a metathesis-polymerized resin composttion to 4 glass substrate material.

16, Use of at least one compound containing at least two isocyanate groups as an adhesion
o -
promoter and at least one hydroperoxide gel modifier for adhering a metathesis-polymerized

resin composition to a substrate material

17.  Usc of at least one hydroperoxide gel moditier for modifying the onset of a ROMP

reaction of a cyclic olefin catalyzed by a cyclic olefin metathesis catalyst.

18. The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, &, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of claim 17,

wherein the at least one cyclic olefin 1s functionahized.

19, The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, 8, 9, or 10, the
reaction of claim 11, the articles of manufacture of ¢latms 12, 13, or 14, or the use of claim 17,

wherein the at least one cyclic olefin is substituted.

26, The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, 8, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of ¢claim 17,

wherein the at least one cyclic olefin contains at least one heteroatom.

21, The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6,7, 8, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of claim 17,

wherein the at least one cyclic olefin 1s mono-unsaturated, di-unsaturated, or poly-unsaturated.

22. The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, 8, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of claim 17,
wherein the at least one cyelic olefin 18 selected fron strained cyclic olefins, unstrained cyelic
olefins, acyclic olefins, dienes, and unsaturated polymers, or combinations thereof, wherein the
cyclic olefin ray contain a functional group, or be substituted with a group, selecied frow
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halogen, hydroxyl, hydrocarbyl, alkoxy, alkenyloxy, alkynyloxy, aryloxy, aralkyloxy,
alkaryloxy, acyl, acyloxy, alkoxycarbonyl, alkylcarbonato, arvlcarbonato, carboxy, carboxylato,
carbamoyl, alkyl-substituted carbamoyl, haloalkyl-substituted carbamoyl, aryl-substituted
carbamoyl, thiocarbamovl alkyl-substituted thiocarbamoyl, aryl-substituted thiocarbamoyl,
carbamido, cyano, cyanato, thiocyanato, formyl, thioformyl, amino, alkyl-substituted amino,
aryl-substituted amino, allylamido, arylamido, imino, atkyhimino, arylimino, nitro, nitroso, sulfo,
sulfonato, alkylsulfanyl, arylsolfanyl, allkylsulfioyl, aryisulfinyi, alkyisulfouyl,
alkylaminosulfonyl, arylsuifonyl, boryl, borono, boronato, phosphono, phosphonato,

phosphinato, phospho, phosphine, or a combination thereof,

23, The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, 8, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of ¢claim 17,
wherein the at lcast one cyclic olefin s selected trom eyclobutene, cycloheptene, cyclooctence,
cvelononeneg, cyclodecens, cyclooctadiene, cyclononadiene, cyclododecatriene,
tetracyclododecadiene, substituted norbornenes, substituted dicyclopentadienes,
dicyclopentadiene, tneyclopentadiene, dicyclobexadiene, norborueue, S-roethyl-2-norbornene, 5-
cthyl-2-norbornene, S-isobutyl-2-norbornene, 5,6-dimethyl-2-norbornene, S-phenylnorbornene,
S-benzyluorbornene, 3-acetylnorbornene, S-methoxycarbonylnorboruene, S—ethoxycarbouny-1-
norbornene, S-methyl-5-methoxy-carbonylnorbornene, S-cyanonorbornene, 5,5,6-trimethyl-2-
norbomene, cyclo~bexenylnorbomene, endo, exo-3,6-dimethoxynorbornene, endo, endo-5,6-
dimethoxynorbornene, endo,exo-5,6-dimethoxycarbonyinorbormene, endo, endo-5,6-
dimethoxycarbonylnorbornene, 2,3-dimcthoxynorborene, norbornadiene, tricycloundecene,
tetracyclododecene, &-methyltetracyclododecene, K-ethyl-tetracyclododecene,
S-methoxycarbonylictracyclododecene, 8-mucthyl-8-tetracyclo-dodecene,
§~cyanotetracyclododecene, pentacyclopentadecene, or pentacyclohexadecene, or a combination

thereof,

24, The composition, method, reaction, article of manufacture, and use of claim 23, wherein
the at least one cyclic olefin is selected from cyclobutene, cycloheptene, cyclooctene,
cvelononene, cyclodecens, cyclooctadiene, cyclononadiene, norbornene, dicyclopentadiene, or a

combination thereof,
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25, The composition, method, reaction, article of manufacture, and use of claim 24, wherein

the at least one cyclic olefin is dicyclopentadiene,

26, The composition of claims 1, 2, or 3, the mcethods of claims 4, 5,6, 7, 8, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of claim 17,
wherein the at least one cyclic olefin metathesis catalyst is a Group 8 transition metal complex

having the structure of formula (1)

3 (3),, R
X".
(1 \Mm(c) s
K / m
X2 ;
) R?
(L%

in which:

M is a Group 8 transition metal;

L', L?, and L’ arc independently selected from neutral eloctron donor ligands;

nis 0 or 1, such that L’ may or may not be present;

mis, 1, or2;

kis@orl,

X' and X are independently anionic ligands; and

R' and R” are independently selected from hydrogen, hydrocarbyl, substituted
hydrocarbyl, heteroatom-containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl,
and functional groups; wherein one or both of R' and R® may have the structure {W),—U"V', in
which W is selected from hydrocarbylene, substituted hydrocarbylene, heteroaton-containing
hydrocarbylene, or substituted heteroatom-containing hydrocarbylene; U is a positively charged
Group 15 or Group 16 element substituted with hydrogen, hydrocarbyl, substituted hydrocarbyl,
heteroatom-containing hydrocarbyl, or substituted heteroatom-containing hydrocarbyl; Vis a
negatively charged counterion; and nis zero or 1,

wherein any two or more of XU XA LU LA L R and RY can be taken together to form
one or more ¢yclic groups, and further wherein any one or more oi’Xl, G T I Rl, and R”

may be attached to a support.
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27. The composition, method, reaction, article of manufacture, and use of claim 26, wherein

5
L f

at least one of L', L7, and L7 is an N-heterocyelic carbene ligand.

28, The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, &, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of claim 17,

wherein the at least one cyclie olefin metathesis catalyst has the structure

{ (QS)W_RBA }

e g
RBW(Q*)me\/Y (Q%), 1

4 (Ls)n =

X \ /

"/P"’E‘;_:'_;;(C)m
x2

R2

(A

wherein,

M is a Group & transition metal;

nisfori:

mis@, 1, or2;

kisGorl;

X' and X are independently selected from anionic ligands;

L? and L’ arc independently selected from neutral electron donor ligands, or may be
taken together to form a single bidentate electron-donating heterocyclic ligand;

R' and R” are independently selected from hydrogen, hydrocarbyl, substituted
hydrocarbyl, heteroatom-containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl,
and functional groups;

X and Y are independently selected from C, N, O, 8, and P;

piszerowhen X8O or S, andpis 1 when XisNor P

giszerowhen YisQorS,andgis | when YisNorP;

O, O, QF, and @ are independently selected from hydrocarbylene, substituted
hydrocarbylene, heteroatom-containing hydrocarbylene, substituted heteroatom-containing
hydrocarbylene, and -(CO}- , and further wherein two or more substituents on adjacent atoms

within Q may be linked to form an additional cyclic group;
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w, X, v, and z are independently zero or 1; and

RY, R RY, and R™ are independently selected from hydrogen, hydrocarbyl, substituted
hydrocarbyl, heteroatom-containing hydrocarbyl, and substituted heteroatom-containing
hydrocarbyl,

wherein any two or more of X!, 3% 18 L R R Ql, Qz,, Q3, Q4, R?, R, R, and R
can be taken together to form a eyelic group, and further wherein any one or more of X', X7, L%,

L, QL8 @7, O R R R R RY and R4 may be attached to a support.

29, The coraposition, method, reaction, article of manufacture, and use of claim 28, wherein

R’ and R” are taken together to form an indenylidene moicty

30, The composition, method, reaction, article of manufacture, and use of claim 2¥, wherein
. ‘ . - - . 3A A4 . -
M is ruthenium, w, x, v, and # are zero, X and Y are N, and R7" and R™ are linked to form -Q-,

such that the complex has the structure

Q\
=g N N4
: Py, R
N VA4
) /Rumc,
= ' \

wherein (Q 1s a hydrocarbylene, substituted hydrocarbylene, heteroatom-containing
hydrocarbylene, or substituted heteroatom-containing hydrocarbylene linker, and further wherein
two or more substituents on adjacent atoms within Q may be linked to form an additional cyclic

group.

31 The composition, method, reaction, article of manufacture, and use of claim 30, wherein:
X' and X° are halo;
Qis -CRVRMCRPR™ or -CRY=CRY-, wherein R', B, RY, and RY are
independently selected from hydrogen, hydrocarbyl, substituted hydrocarbyl, heteroator-

containing hydrocarbyl, substituted hetercatom-containing hydrocarbyl, and functional groups,
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- - —~ 12 & - . -
or wherein any two of R', R'?, RY, and R" may be linked together to form a substituted or
unsubstituted, satarated or unsaturated ring; and

R’ and R” are aromatic.

32, The composition, method, reaction, article of manufacture, and use of claims 30 or 31,
wherein;

Qis CRYRPLCRVRY. wherein R'Y, YR, and RY are independently selected from
hydrogen, C;-Cy; alkyl, substituted Ci-Cy alkoyl, C-Cy, heteroalkyl, substituted C-Cyy
heteroalkyl, phenyl, and substituted phenyl; and

R’ and R* are unsubstituted phenyl or phenyl substituted with one or more substituents
selected from C)-Cyy alloyl, substituted C-Cyy alkyl, C-Cyp heteroalkovl, substituted C-Coy
heteroalloyl, Cs-Cos aryl, substituted Cs-Coq aryl, Cs-Chg heteroaryl, Ca-Cog aralkyl, Ca-Caa

alkaryl, or halide.

33, The composition, moethod, reaction, article of manufacture, and use of claim 28, wherein
w2 2y 3 2 2 3 d 3 plA 44 . ‘
two or more of X', X7, L7, L, RY RY, Ql, Q°, 7, QR R’Aa RY and R** together form a cyelic

group.

34, The composition, method, reaction, article of manufacture, and use of claim 33, wherein
4 . : ; 1 ~y . 142 12 73
the cyclic group is formed frora R and/or R” taken together with one or more of X0, X7, L7, L7,

QL QL QL QLR R R and R

35, The composition, method, reaction, article of manufacture, and use of claim 33, wherein
. s , y cT2 T3 13 pid
the eyclic group is formed from R' and/or R? taken together with one or more of L2, L?, R?, R,

®Y and R*,

]

36, The composition, method, reaction, article of manufacture, and use of claim 2¥, wherein

one or more of X', X%, L%, L, X, and Y is further coordinated to boron or to a carboxylate.

37, The composition, method, reaction, article of manufactiure, and use of claim 2§, wherein
4 5 b 3 5

A A .
R’ and R” are mesityl,

38. The composition, method, reaction, article of manufacture, and use of claim 27, wherein

o

he N-heterocyclic carbene ligand has the structure
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wherein,

O is -CRMR“.CRVR™ or -CRV=CRY-, wherein R" RY, R" and " are
independently selected from hydrogen, hydrocarbyvl, substituted hydrocarbyl, heteroatom-
countaining hydrocarbyl, substituted heteroatom-containing hydrocarbyl, and functional groups,
or wherein any two of R', R', R", and R'* may be linked together to form a substituted or
unsubstituted, saturated or unsaturated ring; and

R’ and R® are unsubstituted phenyl or phenyl substituted with one or more substituents
selected from C-Cyy alkyl, substituted C;-Cyg alkyl, Ci-Chg heteroalkyl, substituted C)-Cyyg
heteroalkyl, Cs~Coq aryl, substituted Cs-Cag aryl, Cs-Cay heteroaryl, Co-Cos aralkyl, Ce-Coy

alkaryl, or halide.

39, The composition, method, reaction, article of manufacture, and use of claim 26, wherein
.7 1 7 3. . . .. o~
one ormore of L', L7, and L7 is selected {from nitrogen-containing heterocycles, sulfur-

containing heterocycles, and oxygen-containing heterocycles.

44, The composition, method, reaction, article of manufacture, and use of claim 26, wherein

L° and L are sefected from nitrogen-containing heterocycles.

41, The coraposition, method, reaction, article of manufacture, and use of claim 40, wherein
L7 and L’ are sefected from pyridine, bipyridine, pyridazine, pyrimidine, bipyridamine, pyrazine,
1,3, 5-tnazine, 1,2 4-iriazine, 1,2,3-tnazine, pyrrole, 2ZH-pyrrole, 3H-pyrrole, pyrazole, 2H-
imidazole, 1,2,3-triazole, 1,2, 4-triazole, indole, 3H-indole, 1H-isomdole, cyclopentalb)pynidine,
indazole, quinoline, bisquinoline, isoguinoline, bisisoquinohine, cinnoline, quinazoling,
naphthyridine, pipenidine, piperazine, pyrrolidine, pyrazolidine, quinuchidine, rondazoliding,
picolylimine, purine, benzimidazole, bisimidazole, phenazine, acridine, carbazole, any of which

is optionally substituted on a non-~coordinating heteroatom with a non-hydrogen substituent.

472, The composition, method, reaction, article of manufacture, and use of claim 41, wherein

2 3 - o : -
L7 and 17 are selected from pyridine and substitited pyridines.
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43, The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, 8, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of ¢claim 17,

wherein the at least one cyclic olefin metathesis catalyst comprises a chelating alkylidene higand.

44, The composition, method, reaction, article of manufacture, and use of claim 43, wherein

the chelating ligand is derived from a ligand precursor having the formula

(Z)

¥, S CHCHR RO

RE W

wherein,

Y 18 a heteroatony selected from N, O, 8, and P

nis | or 2, such that n is | for the divalent hetercatoms O or 8§, and n is 2 for the trivalent
heteroatoms N or P

7 is a group selected from hydrogen, alkyl, aryl, functionalized alkyl, functionalized aryl
where the functional group(s) may independently be one or more or the following: alkoxy,
aryloxy, halogen, carboxylic acid, ketone, aldehyde, nitrate, cyano, isocyanate, hydroxyl, ester,
gther, amine, wming, amde, tnfleorcamide, sulfide, disulfide, carbamate, silane, siloxane,
phosphing, phosphate, or borate; methyl, isopropyl, sec-butyl, t-butyl, neopentyl, benzyl, phenyl
and trimethylsilyl; and

R’ R, R’ and RY are gach, independently, selected from the group consisting of
hydrogen, halogen, alkyvl, alkenyl, alkynyl, aryl, heteroalkyl, heteroatorn containing alkenyl,
heteroalkenyl, heteroaryl, alkoxy, alkenvloxy, aryloxy, alkoxycarbonyl, carbonyl, alkylamino,
alkylthio, aminosulfonyl, moncalkylaminosulfonyl, dialkylammosulfonyl, alkylsulfonyl, nitrile,
nitro, alkylsulfinyl, tribaloalkyl, perfluoroalkyl, carboxylhic acid, ketone, aldehyde, nitrate, cyano,
isocyanate, hydroxyl, ester, ether, amine, imine, amide, halogen-substituted amide,
trifluorcamide, sulfide, disulfide, sulfonate, carbamalte, silane, siloxane, phosphine, phosphale,
borate, or —A-Fn, wherein A is a divalent hydrocarbon moiety selected from alkylene and
arylalkylene, wherein the alkyl portion of the alkylene and arylalkylene groups can be linear or

branched, saturated or unsaturated, cyclic or acyclic, and substituted or unsubstituted, wherein
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the aryl portion of the of arylalkylene can be substituted or unsubstituted, and wherein hetero
atoms and/or functional groups may be present o either the aryl or the alkyl portions of the
alkylene and arylalkylene groups, and Fn is a functional group; and any combination of R®, RS,
R’, and R® can be linked to form ene or more cyclic groups;R’ and R' are cach, independently,
selected from hydrogen or a substituent group selected from alkyl, aryl, alkoxy, aryloxy, Ca-Cog
alkoxycarbonyl, or Cy-Cyg trialkyvisilyl, wherein each of the substitucnt groups 18 substituted or
unsubstituted; and wherein any combination or combinations of 2, Y, R%, R® R, R,g, R, and R*

may be linked to a support.

45, The composition, method, reaction, article of manufacture, and use of claim 44, wherein

the at least one cyclhic olefin ructathesis catalyst has the structure

L1
7,
7,
/,"
M

Y R’

wherein,

M is a Group 8 transttion metal;

X' and X are indopendently anionic ligands;

L' is selected from neutral electron donor ligands;

Y is a heteroatom selected from N, O, S, and P;

R, R R, and RY are each, independently, selected from the group consisting of
hydrogen, halogen, alkyl, alkenyl, alkynyl, aryl, heteroalkyl, heteroatom contaiming alkenyl,
heteroalkenyl, heteroaryl, alkoxy, alkenyloxy, aryloxy, alkoxycarbonyl, carbonyl, alkylamimno,
alkylthio, aminosulfonyl, monoalkylaminosulfonyl, dialkylammosultonyl, allcvisulfonyl, nitrile,
nitro, alkylsuifinyl, trihaloalkyl, perfluoroalkyl, carboxylic acid, ketone, aldehyde, nitrate, cyano,
isgeyanate, hydroxyl, ester, ether, amine, imine, amide, halogen-substituted amide,
triftuoroanmiide, sulfide, disulfide, sulfonate, carbamate, silane, siloxane, phosphine, phosphate,

borate, or —A-Fu, wherein A s a divalent hydrocarbon motety selected from alkylene and
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arylalkylene, wherein the alkyl portion of the alkylene and arylalkylene groups can be linear or
branched, saturated or unsaturated, cyclic or acyclic, and substituted or unsubstituted, wherein
the aryl portion of the of arvlalkylene can be substituted or unsubstituted, and wherein hetero
atoms and/or functional groups may be present in oither the aryl or the alkyl portions of the
alkylene and arylalkylene groups, and Fn is a functional group; and any combination of R”, R®,
R/, and R® can be linked to form one or more cyclic groups;

nis | or 2, such that nis 1 for the divalent heteroatorus O or S, and u 18 2 for the trivalent
hetercatoms N or P; and

£ 1s a group selected from hydrogen, alkyl, aryl, functionahized alkvl, functionalized aryl
where the functional group may independently be one or more or the following: alkoxy, aryloxy,
halogen, carboxylic acid, ketone, aldehyde, nitrate, cyano, isocyanate, hydroxyl, ester, cther,
amine, imine, amide, trifluorcamide, sulfide, disulfide, carbamate, silane, stloxane, phosphine,
phosphate, or borate; methyl, isopropyl, sec-butyl, t-butyl, neopentyl, benzyl, phenyl and
trimethylisilyl; and wherein any combination or combinations of XX LLY, 7R, Rf’, R’ and

r* may be linked to a support.

46, The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, 8, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of ¢claim 17,
wherein the at least one cyclic olefin metathesis catalyst is selected from the group consisting of
F1,3-bis-(2,4, 6-trimethylphenyl)-2-imidazoiid-inylidene Jdichloro(3-methyl-2-

butenylidene }(tricyclohexylphosphine) ruthenium (1), ruthentum (11} dichloro
{(tricyclohexylphosphine) (o-tsopropoxyphenylmethylene), [1,3-bis-(2,4.6-trimethylphenyl)-2-
inidazolidinylidene]dichloro{benzylidene}{tri{»-butyliphosphine} ruthenram (I}, and {1,3-bis-
(2.4, 6-trimethylphenyh-2-imidazolidinylidene Jdichloro{phenylindenyhdene Y tri(s-butyh)-

phosphine} ruthenium (H).

47, The composition of claims 1 or 3, the methods of claims 4, 5, 6, 7, 8, or 9, the articles of
manufacture of claims 12 or 13, or the use of claims 15 or 16, wherein the at least one compound
countaining at feast two isocyanate groups is a compound selected from hydrocarbyl, substitute
hydrocarbyl, heteroatom-containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl,

functionalized hydrocarbyl compounds, or mixtures thereof.
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48, The composition of claims 1 or 3, the methods of claims 4, 5, 6, 7, 8, or 9, the articles of
mamufactore of claims 12 or 13, or the ase of claims 15 or 16, wherein the at least one compound
containing at feast two isocyanate groups is selected from at least one diisocyanate, triisocyanate,

polyisocyanate compound, or mixtures thercof,

49, The composition, method, article of manufacture, or use of claim 48, wherein the at least
one compound containing at least two isocyanate groups is a diisocyanate compound or mixtures

thereof,

54, The composition, method, article of manufacture, or use of claim 49, wherein the

ditsocyanate compound does not contain an olefin metathesis active group.

51, The corposition, method, article of manufacture, or use of claim SO, wherein the
ditsocyanate compound is selected from methylene diphenyl ditsocyanate, hexamethylene

dusocyanate, or mixtures thercof,

52, The composition, method, article of manufacture, or use of claim 30, wherein the at least
one diisocyanate compound is selected from at least one alkyl diisocyanate, at least one
cycloalkyl diisocyanate, at least one aryl ditsocyanate, at least one polymer-containing

ditsocyanate, or mixtures thereof.

53. The composition, method, article of manufacture, or use of claim 52, wherein the at least
one atkyl diisocyanate is selected from hexamcthylene diisocyanate, octamethylene diisocyanate,

decaruethylene dusocyanate, or mixtures thereof,

54, The composition, method, article of manufacture, or use of claim 32, wherein the at least
one cycloalkyl diisocyanate is selected from at least one cyclohexyl diisocyanate, cycloctyl

ditsocyanate, cyclodecyl ditsocyanate, or mixtures thereof.

58, The composition, mothod, article of manufacture, or use of claim 54, wherein the at least
one cycloalkyl dilsocyanate 1s selected from S-isocyanato-1-(isocyanatomethyl)-1.3,3-trimethyl-

cyclohexane, isocyanato-{{isocyanatocyclohexyhmethyl] cyclohexane, or mixtures thereof.
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56, The composition, method, article of manufacture, or use of claim 52, wherein the at least
one aryl ditsocyanate 1s selected from tetrarvethylxylene diisocyanate, wethylene diphenyt

ditsocyanate, or mixtures thereof.

57, The composition, method, article of manufacture, or use of claim 52, wherein the at least
one polymer-containing ditsocyanate 1s selected from at least one poly-methylene diphenyt

diisocyanate {(poly MM} or isocyanate terminated polybutadiene prepolymers.

38. The composition, method, article of manufacture, or use of claim 32, wherein the at least
one alkyl diisocyanate, at least one aryl diisocyanate, or mixtures thercof are reacted to form a

trimer.

59, The composition, method, article of manufacture, or use of claim S8, wherein the trimer
is selected from hexamethylene diisocyanate trimer, isophorone ditsocyanate trimer, toluene
diisocyanate trimaer, tetramcthylxylene diisocyanate trimer, or methylene diphenyl diisocyanate

trimer,

60, The composition of claims T or 3, the methods of claims 4, 5, 6, 7, 8, or 9, the articles of
manufacture of claims 12 or 13, or the use of claims 15 or 16, wherein the at least one adhesion
promoter is present i an amount effective to increase the adhesion of the composition to the at

least one substrate material, when the composition has been contacted with, and polymerized in

the presence of, the at least oue subsirate material,

61, The composition of claims 1 or 3, the methods of claims 4, 5, 6, 7, 8, or 9, the articles of
manufacture of claims 12 or 13, or the use of claims 15 or 16, wherein the at least one adhesion

promoter is present in an amount ranging frorm 0.001 to 50 phr.

62. The composition of claims 1 or 3, the methods of claims 4, 5, 6, 7, 8, or 9, the articles of
mamifactore of claims 12 or 13, or the use of claims 15 or 16, wherein the at least one adhesion
promoter further comprises at least one compound containing at least one hetercatom-containing

functional group and at least one wetathesis-active olefin.
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63, The composition, method, article of manufacture, or use of claim 62, wherein the at least
one heleroatom-~-containing functional group 1s a hydroxyl, amine, thiol, phosphorus-containing

functional group, or silane functional group.

64, The composition, method, article of manufacture, or use of claim 62, wherein the at least
one cornpound containing at least one heteroatom-contaming functional group and at least one
metathesis-active olefin is selected from S-norbornene-Z-methanol or 2-hydroxyethyl

bicycio[2.2. 1 thept-2-ene-5-carboxylate.

635, The composition of claims 1 or 2, the methods of claims 4, 7, 9, or 10, the reaction of
clairg 11, the articles of manufacture of clairus 13 or 14, or the use of claims 16 or 17, wherein

the hydroperoxide gel modifier content ranges from 0.01 to 1000 ppm.

~

66, The composition of claims T or 2, the methods of claims 4, 7, 9, or 18, the reaction of
claim 11, the articles of manufacture of claims 13 or 14, or the use of claims 16 or 17, wherein

the hydroperoxide gel modifier content ranges from .05 to 100 ppo.

67, The composition of claims T or 2, the methods of claims 4, 7, 9, or 18, the reaction of
claim 11, the articles of manufacture of claims 13 or 14, or the use of claims 16 or 17, wherein

the hydroperoxide gel modifier content ranges from 0.1 to 20 ppro.

68, The coraposition of claims T or 2, the methods of claims 4, 7, 9, or 18, the recation of
claim 11, the articles of manufacture of claims 13 or 14, or the use of claims 16 or 17, wherein

the gel time 18 mereased by from about 2 rmnutes 1o about 12 hours,

69, The composition of claims 1 or 2, the methods of claims 4, 7, 9, or 10, the reaction of
claim 11, the articles of manufacture of claims 13 or 14, or the use of claims 16 or 17, wherein

the gel time 18 increased by from about 10 minutes to about 6 hours.

74, The composition of claims 1 or 2, the methods of claims 4, 7. 9, or 10, the reaction of
clairg 11, the articles of manufacture of clairus 13 or 14, or the use of claims 16 or 17, wherein

the gel time is increased by from about 20 minutes to about 2 hours.

71, The composition of claims | or 2, the methods of claims 4, 7, 9, or 10, the reaction of
claim 11, the articles of manufacture of claims 13 or 14, or the use of claims 16 or 17, wherein

125



WO 2012/174502 PCT/US2012/042850

the hydroperoxide gel modifier is selected from alky! hydroperoxides, aryl hydroperoxides,

alkaryl hydroperoxides, or combinations thereof,

72 The composition of claims 1 or 2, the methods of claims 4, 7, 9, or 10, the reaction of
claim 11, the articles of manufacture of claims 13 or 14, or the use of claims 16 or 17, wherein
the hydroperoxide gel moditier 1s selected from Cr-Cyy alkyl hydroperoxides, Cs-Cog aryl

hydroperoxides, {5-Cyq alkaryl hydroperoxides, or combinations thereof,

73. The composition of claims 1 or 2, the methods of claims 4, 7, 9, or 10, the reaction of
claim 11, the articles of manufacture of claims 13 or 14, or the use of claims 16 or 17, wherein
the hydroperoxide gel modifier is selected from fert-butyl bhydroperoxide, ferf-arayl
hydroperoxide, cumene hydroperoxide, diisopropyl benzene hydroperoxide, (2,5~
dihydroperoxy)-2,S-dimethythexane, paramenthanc hydroperoxide, triphenyimethyl

hydroperoxide, pinane hydroperoxide, or combinations thereof.

74, The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, 8, or 9, the articles
of manutacture of claims 12, 13, or 14, or the use of claims 16 or 17, wherein the composiiion s
selecied from a ring-opening metathesis polymerization composition, a ring-opening cross
metathesis composition, a cross metathesis composition, a self-metathesis reaction, an
ethenolysis reaction, an alkenolysis reaction, an acyclic diene metathesis polymerization

composition, or combinations thereof,

75. The composition of claims 1 or 2, the methods of claims 10 or 11, the reaction of claim
11, the articles of manufacture of claims 13 or 14, or the use of claim 17, further comprising at

least one subsirate material,

76, The composition, method, reaction, article of manufacture, or use of claim 75, wherein

the at least one substrate material coraprises a functionahized substrate material.

7T, The composition, method, reaction, article of manufacture, or use of claim 76, wherein

the functionalized substrate material comprises a heteroatom-functionalized substrate material,
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78. The composition, mcthod, reaction, article of manufacture, or use of claim 77, wherein
the hetercatom-functionalized substrate material comprises an amino functionalized substrate

material.

79, The composition, method, reaction, article of manufacture, or use of claim 75, wherein
the at least one substrate material 1s selected from reinforcing matenials, glass fibers, glass
fabrics, carbon fibers, carbon fabrics, aranid fibers, aramid fabrics, polyolefin fibers, polyolefin

fabrics, polymer fibers, or polymer fabrics.

&4, The composition of claims 1, 2, or 3, the methods of claims 4, 5, 6, 7, 8, 9, or 10, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the use of ¢laims or

15, 16, or 17, further comprising at least one additive,
81. A substrate having at least one surface coated with the composition of claims 1, 2, or 3.

82. The composition of claims 1, 2, or 3, the reaction of claim 11, the articles of manufacture
of claims 12, 13, or 14, or the use of claims 16 or 17, wheretn the composition has been

subjected to conditions effective to promote an olefin metathesis reaction of the cyclic olefin.

83, The composition of claims 1, 2, or 3, the methods of claims 4, 5,6, 7, 8,9, 10, or 11, the
reaction of claim 11, the articles of manufacture of claims 12, 13, or 14, or the usc of claims 15,
16, or 17, wherein a crosslinker selected from dialkyl peroxides, diacyl peroxides, and

peroxyacids 1s excluded.



