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(57) ABSTRACT

The present invention provides heterogeneous organometal-
lic catalysts for alkyne metathesis, including the metathesis
of internal alkynes. Organometallic precursors are
covalently bonded to the oxygen atoms of metal oxide
supports to form catalysts having carbyne functionality. The
heterogeneous catalysts provide improved turn-over fre-
quencies at lower reaction temperatures than conventional
catalysts.
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HETEROGENEOUS ALKYNE METATHESIS

REFERENCE To RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 60/688,936 entitled “Heterogeneous
Alkyne Metathesis” filed Jun. 9, 2005, which is incorporated
by reference in its entirety.

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] The subject matter of this application may have
been funded in part under the following research grants and
contracts: Contract Number CHE03-45254 awarded by the
National Science Foundation (NSF); and Contract Number
DEFG02-91 ER45439 awarded by the U.S. Department of
Energy (DOE). The U.S. Government may have rights in
this invention.

BACKGROUND

[0003] Metathesis is a chemical reaction where two mol-
ecules exchange atoms or groups of atoms. One example of
alkyne metathesis, homodimerization, is depicted below in
Scheme I.
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[0004] The metathesis catalyst catalyzes the cleavage of
two carbon-carbon triple bonds (C=C) to provide four
fragments that rejoin with a new partner. Thus, two starting
alkynes (X—=—Y) each having an X and a Y group
undergo metathesis to provide a first product alkyne having
two X’s (X—=—X) and a second product alkyne having
two Y’s (Y—=—Y). Because metathesis is an equilibrium
reaction, removal of one of the alkynes, X—=—X for
example, as the reaction proceeds, such as through precipi-
tation or vaporization, may provide the other alkyne,
Y—=—Y for example, as the major product of the reaction.

[0005] While homodimerization is shown in Scheme I, the
group exchange ability of the metathesis reaction also can be
used for other reaction types, including ring closure, and
ring-opening type polymerizations. For example, if the X
groups for the two starting alkynes are linked by a continu-
ous chain, metathesis may result in a closed ring structure
and a YY alkyne by-product. An example of ring closure is
depicted below in Scheme II.
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[0006] While multiple organometallic catalysts that met-
athesize carbon-carbon double bonds (C=C), known as
olefins, are known, catalysts that metathesize carbon-carbon
triple bonds (C=C), known as alkynes, are uncommon.
While a plethora of reasons exist for a lack of suitable alkyne
metathesis catalysts, two significant issues are undesirable
dimerization and polymerization. Dimerization occurs when
two catalyst molecules join with each other, thus arresting
catalytic activity and the metathesis reaction. Polymeriza-
tion is a problem in that instead of metathesizing the
alkynes, the catalyst polymerizes the alkynes into long
polymer chains, thus loosing alkyne functionality.>® The
lack of suitable alkyne metathesis catalysts increases the
cost and complexity of making fine chemicals and natural
products for pharmaceuticals, semiconducting polymers for
electronic devices, petrochemicals, and the like.

[0007] Defined-surface organometallic chemistry has
proved advantageous for the production of various cata-
lysts.'*"'* When organometallic precursors are used to form
ill-defined-surface catalysts, 2% or less of the deposited
transition metal is catalytically active. In contrast, when
defined-surface organometallic catalysts are formed by
covalently bonding controlled amounts of a catalytic orga-
nometallic complex to a support, a greater portion of the
transition metal is catalytically active. In this manner,
defined-surface preparation methods may provide catalysts
where parts of the coordination sphere existing about the
transition metal center of the organometallic complex in
solution is present when the complex is bonded to a support.
Multiple molybdenum, tungsten, and rhenium alkylidyne
complexes have been bonded to metal oxide supports to
provide defined-surface heterogeneous catalysts for olefin
metathesis.'>'#

[0008] Conventional organometallic catalysts for alkyne
metathesis have multiple disadvantages in relation to olefin
metathesis catalysts.” While homogeneous alkyne metathe-
sis catalysts with phenol-type ligand systems are known to
provide catalytic activity at ambient temperature®®, the
ligand systems are toxic. Furthermore, these homogenous
catalysts require complex and expensive chromatography to
separate the desired products from the catalyst solution.

[0009] Conventional undefined heterogeneous catalysts
for alkyne metathesis have been made by impregnating
molybdenum oxides on silica, alumina, or titania, but were
inefficient, requiring temperatures of greater than 160° C. to
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obtain turn-over frequencies (TOF) of only several turnover
per hour.”'° Relatively poor results also were obtained for
a silica supported rhenium catalyst [(SiO)(Re(C—
‘Bu)(=CH—'"Bu)(CH,Bu)], which could only convert 15
equivalents of 2-pentyne to 2-butyne and 3-hexyme in 20
minutes at approximately 6.7% loading, thus having at, , of
less than 10 min.'® Unless stated otherwise, all percents are
given on a mol/mol basis.

[0010] While not described in the reference, one disad-
vantage of this rhenium catalyst for alkyne metathesis may
be attributable to the methylene hydrogens present on the
t-butyl methylene ligands. In one aspect, these hydrogens
may transfer from the ligands to the transition metal center
and undergo a-elimination with the carbyne to form a
transition metal carbene. While transition metal carbenes
metathesize olefins, they are ineffective for alkyne metathe-
sis. In another aspect, these hydrogens may undergo reduc-
tive elimination from the transition metal center to the
oxygen of the silica support, thus removing the organome-
tallic rhenium complex from the support.

[0011] As can be seen from the above description, there is
an ongoing need for heterogeneous organometallic catalysts
that efficiently catalyze alkyne metathesis. The heteroge-
neous organometallic catalysts of present invention over-
come at least one of the disadvantages associated with
conventional catalysts.

SUMMARY

[0012] In one aspect, the invention provides a heteroge-
neous alkyne metathesis catalyst prepared by a process
including covalently bonding a precursor to a support.

[0013] In another aspect, the invention provides a method
of metathesizing an alkyne by reacting the heterogeneous
alkyne metathesis catalyst with the alkyne at a temperature
between 15 and 100° C. to metathesize the alkyne.

[0014] In another aspect, the invention provides a hetero-
geneous alkyne metathesis catalyst, including a means for
supporting a precursor, the precursor comprising means for
metathesizing the alkyne.

[0015] In another aspect, the invention provides a com-
pound having structure formula (III).

[0016] In another aspect, the invention provides a method
of metathesizing an alkyne by reacting the compound having
the structure (III) with the alkyne at a temperature between
15 and 100° C. to metathesize the alkyne.

[0017] In another aspect, the invention provides an
improved alkyne metathesis catalyst, the improvement
including covalently bonding the transition metal center of
the catalyst to at least one oxygen atom of a support.

[0018] The following definitions are included to provide a
clear and consistent understanding of the specification and
claims.

[0019] The term “organometallic complex” is defined as a
complex where a transition metal is bonded to at least one
carbon atom through a sigma bond (formal charge of -1 on
the carbon atom sigma bonded to the transition metal) or a
pi bond (formal charge of 0 on the carbon atoms pi bonded
to the transition metal). For example, ferrocene is an orga-
nometallic complex with two cyclopentadienyl (Cp) rings,
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each bonded through its five carbon atoms to an iron center
by two pi bonds and one sigma bond. Another example of an
organometallic complex is ferricyanide (III) and its reduced
ferrocyanide (II) counterpart, where six cyano ligands (for-
mal charge of -1 on each of the 6 ligands) are sigma bonded
to an iron center through the carbon atoms.

[0020] A “homogenous” alkyne catalyst solubilizes in the
same solution in which the alkyne is solubilized.

[0021] A “heterogeneous” alkyne catalyst is insoluble in
the solution or gas phase in which the alkyne is present.

[0022] A “heterogeneous alkyne metathesis catalyst” is a
heterogeneous catalyst that metathesizes alkynes at a TOF of
at least 0.007 molp”‘molc"ls"1 between 20 and 26° C. with a
catalyst loading of 0.3%.

[0023] The terms “soluble” or “solubilized”” mean a solid,
liquid, or gas solvated in a liquid to provide a solution,
where a solution, unlike a dispersion, suspension, or mix-
ture, lacks an identifiable interface between the solubilized
species and the solvent. Thus, in homogenous catalyst
solutions, the organometallic complex is in direct contact
with the solvent. Conversely, for heterogeneous catalysts, an
interface exists between the solvent and the catalyst. For a
catalyst to be “soluble in the solution,” at least one ppm of
the catalyst solubilizes in the solution.

[0024] The term “catalyst loading” is defined as the mol %
of catalyst relative to the alkyne. For example, 1 mol. of
catalyst relative to 100 mol. of alkyne is 1% catalyst loading.

[0025] The term “turn-over frequencies” (TOF) is defined
as the number of alkyne molecules converted into a product
by one molecule catalyst as a function of time. For example,
if 100 moles of an alkyne were converted to a product by 1
mol. of a catalyst in 10 seconds, the TOF for the catalyst is
10 molp*molc"ls"l.

[0026] The t,,, value is the time it takes for a catalyst to
convert 72 of an alkyne starting material into a product. In a
related aspect, the t,,, value for a catalyst may be the time
is takes to convert 2 of a convertible alkyne starting material
into a product. For example, in an equilibrium reaction
where only 80% of the alkyne starting material may be
converted to a product, the t,, value is reached when 40%
of the alkyne has been converted to the product.

[0027] The term “substituted” refers to a group that is
bonded to a parent molecule or group. Thus, a benzene ring
having a methyl substituent is a methyl-substituted benzene.
Similarly, a benzene ring having 5 hydrogen substituents
would be an unsubstituted phenyl group when bonded to a
parent molecule.

[0028] The term ‘“covalent bond” represents a type of
homopolar bonding where an electron is shared between two
atoms to form the bond. Covalent bonds have definite
directions in space, thus allowing for the spatial relationship
between atoms to be maintained. Conversely, ionic bonds
are formed by the transfer of an electron from one atom to
another to create an attractive charge that forms the bond.
Ionic bonds lack definite directions in space, thus preventing
distinct spatial relationships between atoms. Unlike
covalently bound compounds, ionic compounds dissociate
in water and are commonly referred to as salts. Hydrogen
bonds differ from covalent bonds because hydrogens bonds
require three atoms and include heteroatoms or halogens.
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Covalent bonding is unlike hydrogen bonding where elec-
trons are not shared between the atoms.

[0029] The term “aliphatic” refers to a monovalent group
including carbon and hydrogen that is not aromatic. In
addition to carbon and hydrogen, aliphatic groups may
include heteroatoms. For example, aliphatic groups may
include alkyl, cycloalkyl, alkoxy, hydroxy, halo, and amino
groups.

[0030] The term “alkyl” refers to an unsubstituted or
substituted monovalent saturated hydrocarbon group which
may be linear or branched. Unless otherwise defined, such
alkyl groups typically contain from 1 to 10 carbon atoms.
Representative alkyl groups include, by way of example,
methyl, ethyl, n-propyl, isopropyl, n-butyl, sec-butyl, isobu-
tyl, tert-butyl, n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl,
n-decyl, and the like.

[0031] The term “cycloalkyl” refers to a monovalent satu-
rated carbocyclic hydrocarbon group having a single ring or
fused rings. Unless otherwise defined, such cycloalkyl
groups contain from 3 to 10 carbon atoms. Representative
cycloalkyl groups include, by way of example, cyclopropyl,
cyclobutyl, cyclopentyl, cyclohexyl, and the like.

[0032] The term “aromatic” refers to a monovalent group
including carbon and hydrogen exhibiting aromatic charac-
ter. For example, aryl and heteroaryl groups are aromatic.

[0033] The term “aryl” refers to an unsubstituted or sub-
stituted monovalent aromatic hydrocarbon having a single
ring (e.g., phenyl) or fused rings (e.g., naphthalene). Unless
otherwise defined, such aryl groups typically contain from 6
to 10 carbon ring atoms. Representative aryl groups include,
by way of example, phenyl and naphthalene-1-yl, naphtha-
lene-2-yl, and the like.

[0034] The term ‘“heteroaryl” refers to a substituted or
unsubstituted monovalent aromatic group having a single
ring or fused rings and containing in the ring at least one
heteroatom (typically 1 to 3 heteroatoms) selected from
nitrogen, oxygen, or sulfur. Unless otherwise defined, such
heteroaryl groups typically contain from 5 to 10 total ring
atoms. Representative heteroaryl groups include, by way of
example, monovalent species of pyrrole, imidazole, thiaz-
ole, oxazole, furan, thiophene, triazole, pyrazole, isoxazole,
isothiazole, pyridine, pyrazine, pyridazine, pyrimidine, tri-
azine, indole, benzofuran, benzothiophene, benzimidazole,
benzthiazole, quinoline, isoquinoline, quinazoline, quinoxa-
line and the like, where the point of attachment is at any
available carbon or nitrogen ring atom.

[0035] The term “hydroxy” or “hydroxyl” refers to an
—OH group.

[0036] The term “alkoxy” refers to an —OR group, where
R can be a substituted or unsubstituted alkyl, alkylene,
cycloalkyl, or cycloalkylene. Representative alkoxy groups
include, by way of example, methoxy, ethoxy, isopropyloxy,
and trifluoromethoxy.

[0037] The term “halo” or “halogen” refers to fluoro-(—
F), chloro-(—Cl), bromo-(—DBr), and iodo-(—1I).

[0038] The term “metal” refers to the metal and metalloid
elements from Groups I, IL, IIL, IV, V, and VI of the Periodic
Table. Hydrogen, carbon, nitrogen, phosphorous, oxygen,
sulfur, and selenium are excluded.
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[0039] The term “hydride functionality” refers to a hydro-
gen that may be transferred to a chemical moiety as H—. For
example, a metal hydrides include (n-Bu);SnH and NaBH,,.

[0040] The term “condensation” refers to a reaction in
which two or more molecules are covalently joined. Like-
wise, condensation products are the products formed by the
condensation reaction.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] The invention can be better understood with refer-
ence to the following drawings and description. The figures
are not intended to accurately represent molecules or their
interactions, emphasis instead being placed upon illustrating
the principles of the invention.

[0042] FIG. 1 is a plot of the percent homodimerization of
an aliphatic alkyne verses time.

[0043] FIG. 2 is a plot of the amount of metathesis
product formed in relation to catalyst loading verses time.

[0044] FIG. 3A is an X-ray photoelectron spectrum of a
catalytic precursor before bonding with a support.

[0045] FIG. 3B is an X-ray photoelectron spectrum of a
heterogeneous alkyne metathesis catalyst in accord with the
present invention.

[0046] FIG. 4 is a *C magic angle spinning nuclear
magnetic resonance spectrum of a heterogeneous alkyne
metathesis catalyst after covalent bonding to a support in
accord with the present invention.

[0047] FIG. 5 depicts before and after infrared spectra of
a support and a heterogeneous alkyne metathesis catalyst in
accord with the present invention.

[0048] FIG. 6 depicts multiple alkynes homodimerized by
the heterogeneous alkyne metathesis catalyst depicted as
Structure (II).

[0049] FIG. 7 depicts multiple substrates suitable for ring
closing alkyne metathesis (RCAM), the ring closure prod-
ucts corresponding to each substrate, and the percent yield
when reacted with the heterogeneous alkyne metathesis
catalyst depicted as Structure (II).

[0050] FIG. 8 represents a reaction similar to ring closure,
except that the alkynes joined by the heterogeneous alkyne
metathesis catalyst depicted as Structure (II) are held on
separate molecules to form macrocycles.

DETAILED DESCRIPTION

[0051] The present invention provides heterogeneous
organometallic catalysts for alkyne metathesis, including the
metathesis of internal alkynes. Organometallic precursors
are covalently bonded to the oxygen atoms of metal oxide
supports to form catalysts having carbyne functionality.
Surprisingly, the heterogeneous catalysts provide improved
turn-over frequencies at lower reaction temperatures than
conventional catalysts. The use of ligands having amide
functionality in the precursor complex may be responsible
for these unexpected benefits.

[0052] Scheme III, below, represents the covalent attach-
ment of a carbyne precursor 100 to a metal oxide support
200 to provide a heterogeneous alkyne metathesis catalyst
300.
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[0053] While higher temperatures may be possible, the
catalyst 300 may catalyze alkyne metathesis at temperatures
from 15 to 100° C., from 15 to 50° C., or preferably from 20
to 26° C. The ability of the catalyst 300 to catalyze alkyne
metathesis at or near room temperature is an unexpected and
surprising benefit.

[0054] FIG. 1 is a plot of the percent homodimerization of
an aliphatic alkyne verses time. The catalyst 300 was
prepared from the precursor 100 having Structure (II),
below, with 0.8% catalyst loading and was allowed to
catalyze the metathesis of 6.1 mg of a 1-phenyl-1-butyne in
600 L of m-xylene solvent at room temperature. The t, , for
the reaction was less than 5 minutes, thus establishing at
least an order of magnitude improvement over a conven-
tional catalyst having t-butyl methylene ligands.

[0055] 1In one aspect, with an alkyne concentration of 0.28
moles/Liter, 0.3% catalyst loading, and a reaction tempera-
ture of from 20 to 26° C., the catalyst 300 has a TOF of at
least 0.007, at least 0.02, at least 0.1, or at least 0.2
mol *mol ~'s™*. In another aspect, with the same alkyne
concentration and reaction conditions, the t,,, for the cata-
lyst 300 is less than 20, 10, 8, 5, or 3 minutes.

[0056] While not wishing to be bound by any particular
theory, the unexpected ability of the heterogeneous catalyst
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300 to metathesize alkynes with good turnover at room
temperature is believed to be attributable to the amide
ligands present on the precursor 100. In relation to conven-
tional catalysts, the amide ligands lack hydrogen atoms a to
the transition metal center (M-Z-H), thus preventing pos-
sible deactivation of the catalyst with regard to alkyne
metathesis from conversion of the transition metal carbyne
to a transition metal carbene. Furthermore, the nitrogen
ligands, which have a lone electron pair and a substantially
different electronegativity than carbon, provide a different
electronic environment at the active transition metal center
than carbon ligands, when not completely replaced by the
oxide ligands of the support 200.

[0057] FIG. 2 is a plot of the amount of homodimerization
metathesis product formed (mmol) for catalyst loadings of
0.2, 0.4, and 0.8% as a function of time. While higher
loadings are possible, the catalyst 300 may catalyze alkyne
metathesis at loadings below 1, 0.8, 0.5, 0.1, or 0.08 mol %.
In one aspect, loadings from 0.2 to 1 or from 0.5 to 0.9% are
preferred.

[0058] In another aspect, the catalyst 300 demonstrates
catalytic activity for at least three cycles. Unexpectedly, the
catalyst 300 resists undesirable alkyne polymerization and
may homodimerize 3-propynyl thiophene, an alkyne unable
to undergo metathesis with conventional homogeneous or
heterogeneous catalysts.*”

[0059] The catalyst 300 may catalyze metathesis of
alkynes in solution or in the gas phase. When used with
alkynes in solution, the catalytic reaction may be driven to
produce a gelected product by removal of a competing
by-product. " For example, the by-product may be
removed from the solution in a gaseous state by vacuum or
gas purging. If the by-product is insoluble in the solution, it
may be removed by precipitation to drive the reaction to the
desired product.

[0060] The catalyst 300 is formed by covalent bonding of
the precursor 100 to the support 200. During bonding, the
amide ligands are believed to convert to secondary amines
through condensation with hydrogen atoms removed from
the hydroxyl ligands present on the support 200. The bond-
ing process results in from one to three of the transition
metal-nitrogen bonds provided by the amide ligands of the
precursor 100 being replaced by transition metal-oxygen
bonds provided by oxide ligands from the support 200. Thus,
for Scheme 111, above, n is an integer from 1 to 3, preferably
from 1 to 2. In this manner, a substantially pure heteroge-
neous alkyne metathesis catalyst may be formed.

[0061] While metal-oxygen bonding has replaced transi-
tion metal-nitrogen bonding, the covalent nature of the
bonding remains. Thus, the coordination sphere about the
transition metal center of the precursor 100 is substantially
maintained for the heterogeneous catalyst 300. This bonding
reaction (ligand substitution) is illustrated in Scheme III,
above, which shows that the catalyst 300 includes 3-n amide
ligands for n oxide bonds with the support 200.

[0062] The covalent bonding of the catalyst 300 was
established by multiple spectroscopic techniques. FIG. 3A
is an X-ray photoelectron spectra (XPS) showing the oxygen
(O), nitrogen (N), carbon (C), and molybdenum (Mo) peaks
of a precursor having Structure (II), as described further
below. FIG. 3B is a XPS of the precursor of FIG. 3A
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covalently bonded to a silica support to form a heteroge-
neous alkyne catalyst. As seen in FIG. 3B from the shifting
of the affinity energy to a higher region, the transition
metal-oxygen bonds are significantly more electronegative
than the transition metal-nitrogen bonds they replace.

[0063] FIG. 4 shows a magic angle spinning nuclear
magnetic resonance (MAS-NMR) carbon thirteen spectra
establishing the existence of a carbyne bond between molyb-
denum and carbon. The peak at ~330 ppm represents the
carbyne carbon bonded to the molybdenum.

[0064] FIG. 5 depicts before and after infrared (IR) spec-
tra establishing that —OH groups present on the support 200
at ~3747 cm™" disappear when the precursor 100 is bonded
to the support 200 to form the catalyst 300. The reduction in
the hydroxyl peak may be attributed to the elimination of
aniline as the oxide bonds replace nitrogen bonds at the
transition metal center.

[0065] The precursor 100 preferably bonds to the support
200 at a concentration of from 0.5 to 100, preferably from
50 to 80, and more preferably from 60 to 70% (mol.
metal/mol. hydroxyl). Before bonding the precursor 100
with the support 200, the support 200 may be treated to
enhance bonding with the precursor 100. In one aspect,
treating includes heating the support 200 from 200 to 700°
C., preferably from 180 to 220° C., under vacuum. In
another aspect, treating includes heating the support 200
from 300 to 700° C., preferably from 380 to 420° C., under
an oxygen atmosphere.

[0066] The carbyne precursor 100 has the general Struc-
ture formula (I):

@

R Rr!
N 2.
RZ/ \ l R”; where
RZ\ /M—N\
N R?
\R3

[0067] M is a transition metal selected from the group
consisting of Mo and W.

[0068] In one aspect, R' is any carboyl. In another aspect,
R! is selected from the group consisting of aliphatic and
aromatic moieties. In another aspect, R' is selected from the
group consisting of aliphatic and aromatic moieties exclud-
ing hydroxy, primary amine, secondary amine, thiol, sulfox-
ide, sulfate, phosphine, phosphite, phosphonate, primary
silane, secondary silane, tertiary silane, and protic acid
functionality. In another aspect, R' is selected from the
group consisting of aliphatic and aromatic moieties, which
do not contain hydrogen atoms bonded to elements other
than carbon.

[0069] In another aspect, R' is selected from the group
consisting of aliphatic and aromatic moieties, which do not
include hydride functionality at the alpha position when R*
includes one carbon atom, at the alpha and beta positions
when R! includes at least two carbon atoms, and at the alpha,
beta, and gamma positions when R* includes at least three
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carbon atoms. In another aspect, when R includes at least
four carbon atoms, R* is selected from the group consisting
of aliphatic and aromatic moieties excluding hydroxy, pri-
mary amine, thiol, sulfoxide, phosphite, and phosphine
functionality at delta and higher positions.

[0070] In one aspect R?is a secondary or tertiary carboyl.
In another aspect, R? is independently selected from the
group consisting of aliphatic and aromatic moieties. In
another aspect, R? is independently selected from the group
consisting of aliphatic and aromatic moieties excluding
hydroxy, primary amine, secondary amine, thiol, sulfoxide,
sulfate, phosphine, phosphite, phosphonate, primary silane,
secondary silane, tertiary silane, and protic acid functional-
ity. In another aspect, R* is independently selected from the
group consisting of aliphatic and aromatic moieties, which
do not contain hydrogen atoms bonded to elements other
than carbon.

[0071] In another aspect, R? is independently selected
from the group consisting of aliphatic and aromatic moi-
eties, which do not contain hydride functionality at the alpha
position when R? includes one carbon atom and at the alpha
and beta positions when R? includes at least two carbon
atoms. In another aspect, when R? includes at least three
carbon atoms, R? is independently selected from the group
consisting of aliphatic and aromatic moieties excluding
hydroxy, primary amine, thiol, sulfoxide, phosphite, and
phosphine functionality at gamma and higher positions.

[0072] R? is a phenyl group. In another aspect, R> is a
phenyl group having m substituents where m is an integer
from 1 to 5. In another aspect, each substituent may be
independently selected from the group consisting of hydro-
gen, aliphatic moieties, and aromatic moieties. In another
aspect, each substituent may be independently selected from
the group consisting of aliphatic and aromatic moieties
excluding hydroxy, primary amine, secondary amine, thiol,
sulfoxide, sulfate, phosphine, phosphite, phosphonate, pri-
mary silane, secondary silane, tertiary silane, and protic acid
functionality. In another aspect, each substituent may be
independently selected from the group consisting of ali-
phatic and aromatic moieties that do not contain hydrogen
atoms bonded to elements other than carbon.

[0073] Inone aspect, preferred precursors have the general
structure formula (I), where M is Mo. In another aspect,
preferred precursors have the general structure formula (I),
where R' and R* are independently selected aliphatic
groups. In another aspect, preferred precursors have the
general structure (I), where R' and R? are independently
selected aromatic groups. In another aspect, these aromatic
groups may be substituted or unsubstituted. In another
aspect, the aromatic groups are aryl or heteroaryl.

[0074] When R' and R* are aliphatic groups including
only carbon and hydrogen, each may be independently
selected alkyl or cycloalkyl groups, such as t-butyl or ethyl.
In a preferred aspect, R' is ethyl, thus having two hydrogen
substituents at the alpha carbon and three hydrogen sub-
stituents at the beta carbon, and R? is t-butyl, thus having
three methyl substituents at the alpha carbon and three
hydrogen substituents at the beta carbon.

[0075] Inone aspect, preferred precursors have the general
structure formula (I), where R? is a phenyl group having 3,
2, or 1 substituent. In a preferred aspect where m is 2, the
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substituents are independently selected aliphatic groups.
When the substituents are unsubstituted aliphatic groups,
each substituent may be an independently selected alkyl or
cycloalkyl group. In one preferred aspect, the phenyl rings
are each substituted with a methyl group at each of the two
meta positions. In another preferred aspect where m is 2, the
substituents are independently selected aromatic groups. In
another aspect, the aromatic groups are aryl or heteroaryl. To
tune the reactivity of the catalyst, the substituents of the
phenyl rings may be electron withdrawing groups, such as
halogens, or electron donating groups, such as alkoxy
groups.

[0076] In a preferred aspect, the precursor 100 is structure

formula (1):
N\ l(

Mo—mm

an

>L

Z

N

-

[0077] The support 200 may be any metal oxide including
hydroxyl surface ligands that is compatible with the precur-
sor 100 and the desired metathesis reaction. Preferably, the
metal oxide that forms the support 200 is selected from the
group consisting of oxides of silica, alumina, magnesia,
titania, or combinations thereof. Thus, M, as shown in the
support 200 of Scheme III above, may be Si, Al, Mg, Ti, or
combinations thereof. More preferably, the support 200
includes oxides of silica, alumina, titania, or combinations
thereof. At present, non-toxic supports, such as amorphous
silica, are especially preferred.

[0078] The metal oxide or oxides that form the support
200 may be crystalline or amorphous with any pore size
compatible with the desired metathesis reaction. In one
aspect, the support may have a surface area from 30 to 1100
or from 60 to 600 m*/g, preferably from 100 to 300 m*/g,

[0079] The surface of the metal oxide forming the support
200 is preferably protic, having a hydroxyl ligand concen-
tration of from 1 to 5 equivalents of —OH per square
nanometer of surface area. More preferably, the support 200
provides from 2 to 3 equivalents of —OH per square
nanometer of surface area. In another aspect, metal oxides
having pKa’s from 4 to 10 are preferred, with metal oxides
having pKa’s from 7 to 9 being more preferred.

[0080] FIG. 6 depicts multiple alkynes homodimerized by
the heterogeneous alkyne metathesis catalyst depicted as
Structure (II). For each alkyne, the X and Y groups of the
original alkyne are exchanged to give two alkynes, the first
including two X groups and the second including two Y
groups, in accordance with Scheme I as previously dis-
cussed.
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[0081] FIG. 7 depicts multiple substrates suitable for ring
closing alkyne metathesis (RCAM), the ring closure prod-
ucts corresponding to each substrate, and the percent yield
when reacted with the heterogeneous alkyne metathesis
catalyst depicted as Structure (II). Due to the geometric
restrictions imposed on the two alkyne functionalities of
each RCAM diyne substrate, the metathesis reaction results
in ring closure, in accordance with Scheme 11, as previously
discussed. While the figure shows four examples of diynes
useful as RCAM substrates, any diyne that undergoes homo-
geneous ring closure may be used. In one aspect, alkynes
having silanes or saturated tertiary carbon atoms bonded
directly to one of the alkyne carbons may be less preferred
for RCAM reactions. This reduced preference may be attrib-
utable to unfavorable steric interactions. A listing of useful
substrates for RCAM reactions may be found in the work of
Furstner and Bunz, for example.?*%°

[0082] FIG. 8 represents a reaction similar to ring closure,
except the alkynes that join are held on separate molecules.
Substrates 8-1S and 8-2S were joined by the heterogeneous
alkyne metathesis catalyst depicted as Structure (II) to form
the tetrameric macrocycle 8-1P and the trimeric macrocycle
8-2P, respectively, in over 80% yield. Thus, the catalyst
cyclooligomerized at least three molecules to form the
macrocycles. A listing of useful substrates for cyclooligo-
merizetion reactions may be found in the work of Zhang, for
example %32

[0083] The following examples are provided to illustrate
one or more preferred embodiments of the invention.
Numerous variations can be made to the following examples
that lie within the scope of the invention.

EXAMPLES
Example 1

Catalyst Preparation

[0084] Amorphous silica (particle size 30-40 nm, 200
m?/g, ~4 pmol/m?) was treated at 400° C. under an O,
atmosphere for 14 h. Elemental analysis of the resulting
silica showed CHN values of 0.03, 0, and 0%, respectively.
Inside an argon-filled glove box, silica (0.350 g, ~280 pumol)
was dispersed in 10 mL toluene. The tris-amido Mo carbyne
complex (50.0 mg, 75.1 umol) was dissolved in 2.5 mL
toluene and added dropwise to the stirring dispersion of
silica. The mixture was stirred for 10 h, concentrated to ~4
ml, and stirred for an additional 48 h. The resulting solution
was transferred to 1.5 mlL test tubes and centrifuged. The
resulting silica was rinsed with toluene, THF, 2x acetoni-
trile, and benzene. The resulting silica was suspended in
benzene and lyophilized. The resulting silica was submitted
for elemental analysis. Elemental analysis for molybdenum
gave the value of 1.60% (w/w), establishing that 1.6% (w/w)
of the catalyst is molybdenum metal. Presuming that all
molybdenum is active, catalyst loading may be determined
from the percent molybdenum obtained from elemental
analysis and the weight of the catalyst.

Example 2

Homodimerization Metathesis

[0085] In accordance with Example 1, catalyst was pre-
pared with 1.5-1.6% Mo/silica (w/w). The catalyst (3.0 mg,
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0.50 umol Mo) was weighed into a 1.5 mL reaction vessel.
Approximately 0.25 mmol of alkyne, such as 3-heptyne or
a mixture of 3-hexyneand 3-octyne, was transferred to the
reaction vessel with approximately 300 ul. of toluene or
m-xylene. The reaction vessel was sealed and the reaction
mixture was agitated at room temperature during the reac-
tion. Thus, metathesis was catalyzed in alkynes having
significant substituent diversity.

Example 3

In situ Catalyst Preparation and Homodimerization

[0086] Amorphous silica (particle size 30-40 nm, 200
m?/g, ~4 pmol/m?) was treated at 400° C. under an O,
atmosphere for 14 h. Elemental analysis of the resulting
silica showed CHN values of 0.03, 0, and 0%, respectively.
Inside an argon-filled glove box, silica (7.0 mg, ~5.6 pmol)
was added into a screw cap NMR tube. 600 pl, of a
yellow/brown dg-toluene solution of tris-amido Mo carbyne
complex (1.67M, 1.5 umol) was added to the NMR tube.
The suspension was shaken at 25° C. for 30 min. The
solution turned colorless as the silica turned brown. 1-phe-
nyl-1-butyne (21.2 pL,, 0.15 mmol) was added to the NMR
tube and the suspension was shaken at 21° C. and followed
up by 'HNMR. The reaction reached equilibrium after 22
min at 44% yield of diphenylacetylen and 3-hexyne with a
t,, of less than 2.3 min.

Example 4

In Situ Catalyst Preparation and Ring Closing
Metathesis

[0087] A mixture of 5 mol % of the tris-amido Mo carbyne
complex of Example 1 and fumed silica (7x weight of Mo
complex) was stirred for 5 min in 1,2,4-trichlorobenzene. A
solution of the RCAM diyne substrate was added to the
suspension and the pressure above the mixture was reduced
to about 1 mm Hg to remove 3-hexyne. Depending on the
diyne substrate, the equilibrium also may be driven to
completion by precipitation. Corresponding cyclic alkynes
were generally produced in over 60% yield when isolated by
filtration and silica gel chromatography purification. Molyb-
denum metal was not observed with ICP elemental analysis
in the cyclic alkyne products. As shown for substrate 4 in
FIG. 7, dimeric macrocycles also are possible from RCAM
substrates.

Example 5

In Situ Catalyst Preparation and
Cyclooligomerization

[0088] As represented in FIG. 8, when the RCAM sub-
strates of Example 4 were replaced with arylene ethy-
nylenes, cyclooligomerization was observed to form mac-
rocycles. Due to the larger product size, precipitation was
generally used to remove bis(benzoylbiphenyl)ethylene as
the poorly soluble by-product. The cyclooligomerization
products were obtained in high purity by filtering off the
by-product. Single crystal X-Ray analysis of the trimeric
product 8-2P showed a triangular planar core.

Example 6

Catalyst Loading Comparisons for
Homodimerization

[0089] For 0.2 mol % catalyst loading, 0.25 mmol of
alkyne was added to a reaction vial containing 3.0 mg of the
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catalyst from Example 1 (0.50 umol Mo) and 600 ul. of
toluene and agitated by shaking or stirring. For 0.4 and 0.8
mol % catalyst loading, the alkyne concentration was
increased to 0.5 mmol and 1.0 mmol, respectively. For
reactions containing 4.0 mol % catalyst loading, 0.065 mmol
of the alkyne was added to 15.5 mg of the catalyst (2.52
pmol Mo) and 600 pL of toluene. Thus, while the amount of
catalyst is constant, the amount of alkyne is increased to
reduce the catalyst loading.

[0090] Thet,,, values present in Table I, below, represent
the time it takes for the reaction to proceed to one-half of the
final equilibrium concentrations.

TABLE I
Catalyst loading typ at 24° C.
Alkyne (mol %) (min)
1-phenyl-1-butyne 0.8 <5
0.4 <8
0.2 11
3-butynyl methyl benzoate 4 <5
0.8 <10
0.4 40
1-phenyl-propyne 0.2 20
3-propynyl methyl benzoate 0.2 14
2-propynyl thiophene 4 <10
3-heptyne 0.8 <5
3-hexyne + 3-octyne 0.8 <5

[0091] The data from the table establish that the catalyst
has a substantially faster TOF than conventional heteroge-
neous alkyne metathesis catalysts for a variety of alkynes.

Example 7

Metathesis Rate Comparison

[0092] For 0.3 mol % catalyst loading, 0.167 mmol of
alkyne was added to a reaction vial containing 3.0 mg of the
catalyst from Example 1 (0.50 pmol Mo) and 600 mL of
toluene and agitated by shaking or stirring. Tables IIA-IIC
below show the rate, TOF, and T, ,, values from the alkyne
homodimerization reactions at 0.3% catalyst loading. While
there is variation depending on the specific alkyne, the TOF
and T, ,, values demonstrate applicability of the catalyst to
alkyne metathesis.

TABLE ITA

K M~ min~!

Substitiuent Butynyl Propynyl
MeO— 0.243 0.058
H— 0.186 0.031
m-CO,Me 0.068 0.023
[0093]
TABLE IIB
TOF (mol, - mol. " - s™H)
Substitiuent Butynyl Propynyl
MeO— 0.051 0.014
H— 0.056 0.0085
m-CO,Me 0.021 0.0076
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[0094]
TABLE IIC
T, (min
Substitiuent Butynyl Propynyl

MeO— 7 _

H— 6 —

m-CO,Me 15.5 —
Example 8

Catalyst Recycling

[0095] Recycling of the catalyst from Example 1 was
accomplished with 0.8 mol % and 4 mol % loading. For 0.8
mol % catalyst loading, 1.0 mmol of butynyl methyl ben-
zoate was added to a reaction vial containing 3.0 mg of the
catalyst (0.50 pmol) and 600 pL of toluene and agitated for
2 h. The reaction mixture was centrifuged and decanted. The
silica was washed with 200 uL of solvent, centrifuged and
decanted. A second mixture of 1.0 mmol alkyne in 600 pL.
of toluene was added to the silica and agitated for 2 h, and
repeated.

[0096] Each of the cycles were analyzed and found that for
cycles 1, 2, and 3 the conversions were 43.8,32.7, and 8.7%,
respectively. For the 4.0 mol % catalyst loading, 64 umol of
propynyl thiophene were added to a reaction vial containing
15.5 mg of the catalyst (2.52 pmol) and 600 pL for toluene
and stirred or shaken for 5 h. The reaction mixture was
centrifuged and the mixture was decanted. The silica was
washed with 200 pl, of solvent, centrifuged and decanted.
The conversion percentages established that the catalyst may
be used at least twice for the metathesis of propynyl
thiophene.

[0097] A second mixture of 64 pmol 1-phenyl-1-butyne in
600 pL. of toluene was added to the silica and stirred or
shaken for 5 h, and repeated. Each of the cycles were
analyzed and found that for cycles 1, 2, and 3, the conver-
sions were 45.2, 52.1, and 32.3% respectively. The conver-
sion percentages established that the catalyst may be used at
least three times for the metathesis of 1-phenyl-1-butyne.
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1. A heterogeneous alkyne metathesis catalyst prepared by
a process comprising covalently bonding a precursor to a
support, the precursor having structure formula (I):

@

R Rr!
RZ/N\| | R% where
RZ\ /M—N\
N R3
\R3

M is a transition metal selected from the group consisting
of Mo and W;

R' and R? each are independently selected from the group
consisting of aliphatic and aromatic moieties; and

R? is a phenyl group.

2. The catalyst of claim 1, where M is molybdenum.

3. The catalyst of claim 2, where the bonding between the
support and the precursor is between an oxygen atom on the
support and the transition metal center of the precursor.

4. The catalyst of claim 2, were R' and R* each are
independently selected from the group consisting of ali-
phatic and aromatic moieties, which do not contain hydro-
gen atoms bonded to elements other than carbon.

5. The catalyst of claim 2, where R* and R* are indepen-
dently selected alkyl or cycloalkyl groups.

6. The catalyst of claim 2, where R! is ethyl.

7. The catalyst of claim 2, where R? is t-butyl.

8. The catalyst of claim 2, where each R? is independently
substituted with two substituents independently selected
from the group consisting of aliphatic groups and aromatic
groups.
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9. The catalyst of claim 8, were R> excludes substituents
having hydrogen atoms bonded to elements other than
carbon.

10. The catalyst of claim 2, where each R> is indepen-
dently substituted with two substituents independently
selected from the group consisting of aryl, heteroaryl, alkyl,
and cycloalkyl.

11. The catalyst of claim 8, where each R® includes a
methyl group at both meta positions.

12. The catalyst of claim 2, where the catalyst is capable
of catalyzing alkyne metathesis at temperatures from 15 to
50° C.

13. The catalyst of claim 2, where the catalyst is capable
of homodimerizing a 0.28 moles/Liter concentration of a
1-phenyl-1-butyne at 0.3% catalyst loading between 20 and
26° C. with a TOF of at least 0.02 mol *mol ~'s™".

14. The catalyst of claim 2, where the catalyst is capable
of homodimerizing a 1-phenyl-1-butyne with a t, , of less
than 20 minutes between 20 and 26° C.

15. A method of metathesizing an alkyne with the catalyst
of claim 2, comprising:

reacting the catalyst with the alkyne at a temperature
between 15 and 100° C. to metathesize the alkyne.

16. The method of claim 15, where the alkyne includes at
least two different alkynes and the two different alkynes
undergo homodimerization.

17. The method of claim 15, where the metathesis reaction
provides a ring from two alkynes.

18. The method of claim 15, where the metathesis reaction
provides a cyclooligomerization product from at least three
alkynes.

19. (canceled)
20. A composition having structure formula (II):

(I

Rl
M R2
N\/
O
3
( R 3-n; where
o=/ \
O O

M' is a metal;
n is an integer from 1 to 3;

M is a transition metal selected from the group consisting
of Mo and W;

R! and R? each are independently selected from the group
consisting of aliphatic and aromatic moieties;

R? is a phenyl group;
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R' and R? exclude moieties having functionality selected
from the group consisting of hydroxy, primary amine,
secondary amine, thiol, sulfoxide, sulfate, phosphine,
phosphite, phosphonate, primary silane, secondary
silane, tertiary silane, protic acid, and combinations
thereof;

R' excludes moieties including hydride functionality at
the alpha, beta, and gamma positions;

R? excludes moieties having hydride functionality at the
alpha and beta positions; and

R? excludes substituents having functionality selected
from the group consisting of hydroxy, primary amine,
secondary amine, thiol, sulfoxide, sulfate, phosphine,
phosphite, phosphonate, primary silane, secondary
silane, tertiary silane, protic acid, and combinations
thereof.

21.-31. (canceled)

32. In an alkyne metathesis catalyst having structure
formula (I):
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@

R Rr!
N, 2.
RZ/ \|| /R ; where
RZ\ /M—N\
N R}
\R3

M is a transition metal selected from the group consisting
of Mo and W;

R! and R? each are independently selected from the group
consisting of aliphatic and aromatic moieties; and

R? is a phenyl group;

the improvement comprising covalently bonding the tran-
sition metal center of the catalyst to at least one oxygen
atom of a support.

33.-49. (canceled)
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