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ORGANOMETALLIC RUTHENIUM COMPLEXES AND RELATED METHODS
FOR THE PREPARATION OF TETRA-SUBSTITUTED AND OTHER HINDERED
OLEFINS

" Technical Field x

[0001] This invention relates generally to olefin metathesis. More particularly, the

" invention relates to organometallic ruthenium complexes and olefin metathesis methods

using them to produce hindered olefins. The catalysts and methods of the invention have

utility in the fields of catalysis, organic synthesis, and industrial chemistry.

Background of the Invention

[0602] Olefin metathesis catalysis is a powerful tcchnolo gy, which in recent years has
received tremendous attention as a versatile method for the formation of carbon-carbon bonds
and has numerous applications in organic synthesis and polymer chemistry. R.H. Grubbs,
Handbook of Metathesis, Vol. 2 and 3; Wiley VCH, Weinheim, 2003. The family of olefin
metathesis reactions includes, but is not limited to, ring-closing metathesis (RCM), cross
metathesis (CM), ring-opening metathesis polymerization (ROMP), and acyclic diene
metathesis polymerization (ADMET). The success of olefin metathesis stems from the
development of several well-defined transition metal complexes, such as the Schrock
molybdenum catalysts and the Grubbs ruthenium catalysts. R.H. Grubbs, Handbook of
Metathesis, Vol. 1; Wiley VCH, Weinheim, 2003. The molybdenum catalysts are generally
highly active but are also highly sensitive to air, moisture, and to certain functional groups
present in the olefinic subsirate, the reaction solvent, or impurities. The ruthenium catalysts
are much more robust than the molybdenum catalysts.- )

{0003} The original first-generation mathenium catalysts were primarily bisphosphine
complexes of the general formula (PR3)2(X)Ru=CHR® wherein X represents a halogen (e.g.,
Cl, Br, or I), R represents an alkyl, cycloalkyl, or aryl group (e.g., buiyl, cyclohexyl, or
phenyl), and R® represents an alkyl, alkenyl, or aryl group (e.g., methyl, CH=CMe,, phenyl,
etc.). Examples of these types of catalysts are described in US Patent Nos. 5,312,940,
5,969,170 and 6,111,121, which are incorporated herein by reference. While they catalyze a
considerable number of olefin metathesis transformations, these bisphosphine complexes can

exhibit lower activity than desired. .



[0004] Second-generation metathesis catalysts with greatiy increased activity have now
been prepared by replacing one of the phosphine ligands with an N-heterocyclic carbene
(NHC) ligand to give complexes of the general formula (LYPR3)(X)Ru=CHR® wherein L
represents an NHC ligand such as 1,3-dimesitylimidazole-2-ylidene (IMES) and 1,3-
dimesityl—4,S—dihydroimidazol-Q-ylideﬁe (sIMES), X represents a halogen (e.g., Cl, Br, or I),
R represents an alkyl, cycloalkyl, or aryl group (e.g., butyl, cyclohéxyl, or phenyl), and R* |
represents an alkyl, alkenyl, or aryi group (e.g., methyl, CH=CMe,, phenyl, etc.). Examples -
of these types of NHC ligands and catalysts are described in PCT publications WO 99/51344
and WO 00/71554, which are incofporated herein by reference. Further examples of the
synthesis and reactivity of some of these active ruthienium complexes are reported by A.
Fiirstner, L. Ackermann, B. Gabor, R. Goddard, C.W. Lehmann; R. Mynott, F Stelzer, and
OR. Th{el, Chem. Bur. J.,.2001, 7, No. 15, 3236-3253; Blackwell H.E., O'Leary D.J,,
Chatterjee A.K., Washenfelder R.A., Bussmann D:A., Grubbs R.H.. J. Am. Chem. Soc. 2000,
122, 58-71; Chatterjee A.K., Morgan J.P., Scholl M., Grubbs R.H. J. Am. Chem. Soc. 2000,
122, 3783-3784; Chatterjee A.K., Grubbs R.H. Angew. Chem. Int. Ed. 2002, 41, 3171-3174;
" . Chatterjee¢ A.K., Choi T.L., Sanders D.P., Grubbs R.H. J. Am. Chem. Soc. 2003, 125, 1 1360—
11370. The disclosure of these art.icles are incorporated herein by reference.

[0005]) Despite such advances in the development of olefin metathesis catalysts, the
metathesis of hindered olefins remains difficult and certain metathesi_s reactions to form tétra—
substituted olefins proceed slowly and in low to moderate yields. A need exists, therefore,
for metathesis catal ysts capable of efficiently and effectively carrying out metathesis

reactions with hindered olefins. The ruthenium catalysts of this invention answer that need.

Brief Description of the Drawings

[0006] Further features and advantages of the organometallic complexes, methods and
reaction systems herein disclosed will become apparent from the following detailed

* description, taken in combination with the appended drawmgs in which:

t [0007] Fig. 1 shows a reaction scheme illustrating an exemplary emibodiment of the
method for prepanng a cyclic tefra-substituted olefin via ring-closing metathesis herein -
disclosed. . ]
[0008] © Fig. 2 shows a diagram iltustrating the results of a. ﬁng-closing metathesis of 1
with catalysts 6a, 6b, 6¢ and A (referred to as C848 in graph), reported in Example 3 and in
particular in Tables 3 to 6. '
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[0009] Fig. 3 shows a diagram illustrating the results of a ring-closing métaﬂ_lesis of 1
with catalysts 7a, 7b, 7¢, reported in Example 3 and in particular in Tables 9 to 1:1 . '
10010} Fig. 4 depicts ‘the single crystal X-ray structure was obtained for catalyst 12
described in Example 7. '

[0011] Fig. 5 is a graph of the conversion over time for the ring-closing metathesis of 1.
with catalyst 12, described in Example 8.

{0612] Fig. 6 is a graph of the conversmn over time for the nng-closmg metathesis of 1
with catalyst 12 in CgDs, descnbed in Example 8. )

[0013]  Fig. 7 is a graph of the conversion. over time for the ring-closing metathesis of 13
with catalyst 12 described in Example 9. o “
[0614] Fig. 8 is a graph of the conversion over time for the rmg—c]osmg metathems of 15
with catalyst 12 described in Example 9. , '

[0015]. - Fig. 9 shows the.graph of conversion over time for th_e ring-closing metathegis of
1 with catalyst 24 descnbed in Example 19. . ’

[0016] Fig. 10'is a graph of conversion over time for the rmg—closmg metathesis of 1 with
catalyst 24 in CgDs, descnbed in Example 19. )

[0017] Fig. 11 is a graph of conversion over time for the ring-closing metathesis of 13
with catalyst 24 described in Example 20.

[0018] Fi g.' 12 is a graph of the conversion over time for the ring-closing metathesis of 15
with c;atalyst 24’ described in Example 20. - - '

[0019] Fig. 13 is a graph of conversion over time for the ring-closing metathesis of 1 with '

catalyst 25 described in Example 21.

© [0020] Flg 14 is a graph of the conversion over time for the rmg—closmg metathe51s of 1

with catalyst 25 in C¢Ds described in Example 21.
[0021] Flg 15 is a graph. of the conversion over time forthe nng—closmg metathesm of 13
w:th catalyst 25 described in Example 22. '
[0022] Fig. 16 is a graph. of conversion over time for the ring-closing metathesis of 15
with catalyst 25 described in Example 22.

[0023] Fig. 17 isa graph of the conversion over time for the ring-closing metathesis of 1
with' catalyst 26 described in Example 23.

[0024] Fig. 18 shows the conversion over time for the ring-closing metathesis of 1 with

catalyst 6a, 6¢, 27a and 27¢ described in Eiample 24,



[0025] Fig. 19 shows the conversion over-time for the ring-closing metathesis of 1 with
catalyst 6a and 7a in tol§ene described in Example 25.

[0026] Fig. 20 is a graph of the conversion over time for the RCM reaction of 15 in
Examplé 29 for catalyst 6a.

[0027]‘ Fig. 21 is a graph of the conversion over time for the RCM reaction of 13 in
Example 29 for catalyst 6a. ' ' '
[0028] Fig. 22 is a graph of the conversion over time for the RCM reaction of 15 in
Example 29 for .ca'talysi 7a.

A[0029] Fig. 23-{3 a graph of thé conversion over time for the RCM reaction of 13 in
"Example 29 for catalyst 7a. ’ ’

Summary of the Invention .

{0030] The inven‘tion relates to ruthenium alkylidene complexeé having an N-heterocyclic

carbene li gand comprising a S-mer'nbered heterocyclic ring having a carbenic carbon atom

and at least one nitrogen atom contained within the 5-membered he'terécyclic ring, wherein
-the nitrogen atom is directly attact;ed to the carbenic carbon atom and is substituted by a '

phenyl ring, and wherein the phenyl ring has a hydrogen at either or both ortho positions and

is substituted at at least-one ortho-; or meta-position. )

[0031] In a preferred embodiment, the invention relates to N—hetjcrocyclic' carbene (INHC)

ruthenium olefin metathesis catalyst of formula (I):

xi, iNHC] Ro
"Ru C j==<
7 | ::€ X
Lm O

© [0032] The catalysts of formula (I) contain the NHC 1i gand as well as the other ligands
shown. In formula D, X? and X2 are independently anionic ligands; “'1'1”>is‘0,'1, or 2; R’ and
Rm.ax"e each indépendently hydrogen or a-substituted or unsubstituted substituent selected
from the group consisting of C,-Cyo alkyl, Co-Cao alkenyl, Co-Cao alkynyl, aryl, C1-Cap
carboxylate, Cy-Csyp alkoxy, Co-Cpp alkenyloxy, Co-Cap alkynyloxy, aryloxy, C-Cpp - _
alkoxycarbonyl, Ci-Cap alkylthio, Cy-Cyo alkylsulfonyl and Ci-Cyo alkylsulfinyl; L is a neutral
2-electron dohor ligand; and “m”is 1 or 2. R® and R" may optional.]y be linked together to



form a cyclic structure via one of the substituents mentioned above., L may oi)tiqnally be
linked to R'° to form a chelating carbene ligand, however, the formation of thé'ch'elating:
carbene ligand only occurs when nis 0. When “m” is a heteroarene ligand. : Preferably, the
heteroarene ligand 2, L is pyridine or substituted pyridine, which forms a (bis)pyridiﬁe
catalyst. See Example 28, depicting a (bis)pyridine catalyst. ' _ _
{0033i Preferred NHC ligands for. the ruthenium caialysts of the invention are those of
formulas (ID-(V):

'RZ R

[y}

(1D

R? avy
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In formulas (I1)-(V), R', R?, and R? are either:

- a)each R'is independently a primary or secondary C;-Cy alkyl group; each R?
is independently H, a substituted or unsubstituted C,-Co alkyl group, .

- substituted or unsubstituted phenyl, substituted or unsubstltuted naphthyl, or
substituted or unsubstituted anthracenyl; and each R3is independently H, a
substituted or unsubstituted C;:Cg alkyl group, substituted or unsubstituted
phenyl, substituted or unsubstituted naphthyl, or substituted or unsubstituted
anthracenyl, or a functional group selected from the group consisting of halo,
hydroxyl, sulfhydryl, cyano, cyanato, thiocyanato, amino, nitro, nitroso, sulfo,’
sulfonato, boryl, borono, phosphono, phosphonato phosphinato, phospho,
phosphino, and silyloxy; or

b) R’ isH; each R?is independently H, a substituted or unsubstituted C;-Cs
alkyl group, substituted or unsubstituted phenyl, subshtuted or unsubstituted
naphthyl, or substituted or unsubstituted anthracenyl; and R? is independently
H, a substituted or unsubstituted C;-Cg alkyl group, substituted or
unsubstituted phenyl, substituted or unsubstituted naphthyl, or substituted or

- unsubstituted anthracenyl or a functional group selected from the group
consisting of halo, hydroxyl, sulthydryl, cyano, cyanato, thiocyanato, amino,
nitro, nitroso, sulfo, sulfonato, boryl, borono, phosphono, phosphonato,
phosphinato, phospho, phosphino, and silyloxy; with the prowsos that both R?
substituents on the same phenyl rmg are not H.

R* and R are each independently H, a substituted or unsubstituted C;-Cy alky] group,
substituted or unsubstituted aryl, or in formulas (1) and (V) together with the carbons carrying

them form a substituted or unsubstituted, fused 4-8 membered carbocylic ring or a substituted

. or unsubstituted, fused aromatic ring, preferably a fused phenyl ring. R® and R’ are .

independently H, a substituted or unsubstituted C4-Cy alkyl group. RS 1s aC-Cjpalkylora

C5-C 12 cycloalkyl.

{0034] Another embodiment of the invention relates to an olefin metathesis reaction
which contacts an olefin with an M-heterocyclic carbene (NHC) ruthenium olefin metathesis

catalyst of the invention under metathesis conditions. The catalysts of the invention may be .



used in, for example, ring-closing metathesis (RCM), cross metathesis (CM), 'rir‘x.g-qpeﬁing

- metathesis polymerization (ROMP), and acyclic diene metathesis polyknerizatic_)n (ADMET). A
[0035} A further embodiment of the invention relates to the preparation of tetra-
substituted cyclic olefins via a ring-closing metathesis. In this embodiment, the inveﬁtion
provides a ring-closing metathesis method to prepare a tetra-substituted cyclic olefin. In the
method, an olefinic compound having at least two terminal olefins which are substituted at

the beta-carbon of each terminal olefin is contacted with an N-heterocyclic carbene (NHC)
ruthenium olefin métathesis catalyét of the invention under metathesis conditions to form a

cyclic tetra-substituted olefin,

Detailed Description of the Invention .

[0036] The invention relates to N-heterocyclic carbene (NHC) ruthenium olefin
metathesis catalysts. Advantageously, the catalysts of the invention display greater -
efficiency/activity than current olefin metéthesis catalysts for cafalyzing ring-closing
metathesis (RCM) reactions to form tetra-substituted cyclic olefins. Tﬁe catalysts also
perform the other known metathesis reactions in the family of metathesis reactions discussed
above. The catalysts are also pérticular}y' useful in cross-metathesis to prepare tri-substituted
olefins, and di-substituted olefins that are further substituted at the allylic carbon. The N-
heterocyclic carbene (NHC) ruthenium olefin metathesis catalysts of the invention have the

following general formula (I):

NHC .
X‘,/’ [NHC] re
'$u=§c.§==<
X B Tgw
b m

[0637] In ﬁlg catalysts of formula (1), X! and X? are iﬁdependently anionic ligands.
Preferably, X! and Xz are halide, or one of the fo]lowiﬁg groups: C;-Cy alkyl, aryl, C,-Czo
alkoxide, aryloxide,‘ C3-Cyo alkyldiketonate',‘ aryldiketonate, C,-Cag carboxylate, arylsulfonate,
C-Cyo alkylsulfonate, Ci-Cao alkylthio, Cy-Cxo alkylsulfonyl, or C;-Cyp alkylisulfinyl. .
Optionally, X! and X* may be substituted with one or more moieties selected from the group
consisting of C;-Cyg élkyl, C1-Cyo alkoxy, and aryl which in turn may.each be further
substituted with one or moré groups selected from halogen, C;-Cs alkyl, C,-C;s alkoxy, and
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phenyl. In more preferred embodiments, X! and X? are halide, benzoate, C;-Cs carboxylate,
C;-C;s alkyl, phenoxy, C;-Cs alkoxy, C;-Cs alkylthio, aryl, and C-Cs alkyl sulfonate. As
discussed below, the other ligands in a catalyst of the invention, when substituted, may also
contain such substituents. In even more preferred embodiments, X! and X? are each halide, =
CF; CO;, CH3,CO,, CFHp CO;, (CH3)3'CO, (CF3); (CH3)CO, (CF3)}(CH3)CO, PhO, MeO,
EtO, tosylate, mesylate, or'‘trifluoromethanesulfonate. In the most preferred embodiments, X'
and X? are each c_:ﬁloride. '

[0038] The ﬁzan’able “n” defines the number of succeséive double bounds in the
alkylidene substituted by R® and R'. The variable “n” is 0, 1 or 2. Preferably, “n™ is 0.
10039} R® and R'® are each independently hydrogen or a substituted of unéubsﬁtuted
group selected from the group consisting of C;-Ca alkyl, Cg»Cza alkenyl, Cz-.Czo alkynyl,
aryl, C-Cag carboxylate, C;-Cyo alkoxy, C2-Cao alkenyloxy, C,-Cqp alkynyloxy, aryloxy, Cz-
Cao alkoxycarbonyl, C;-Cgyo alkylthio, C;-Csp 20 alkylsulfonyl and Cngo alkylsulfinyl.

‘OpAtionally, each of the R? or R'? substituent group may be substituted with one or more

moieties selected from the group consisting of C;-C;g alkyl, C;-Cjp alkoxy, and aryl which in

.turn may eaph be further substituted with one or more groups selected from a halogen, a C;-

Cs alkyl, C;-Cys alkoxy, and phenyl. Moreover, R® and R'f’, as well as any other of the
catalyst ligands, may further include one or more functional groups as long as they do not
defeat the activity of the catalyst. Examples of suitable functional groups include but are not
limited to: hydroxyl, thiol, thioether, ketone, aldehyde, ester, ether, amine, imine, amide,
nitro, carboxylic acid, disulfide, carbonate, isodyanate, carbodiimide, cqrboalkoxy,
carbamate, and halogen. R? and R'® may optionally be linked togetimer to form a cyclic
structure via one of the substituents mentioned above. ' '
[0040] In pfeferred embodiments of these catalysts, the R’ substituent is hyciljogen, Ci-Cs
alkyl or aryl and the R'? substituent is selec;ted from the group consisﬁﬁg of C;-Cyp alkyl, Co-

Cyo alkenyl, and aryl. In even more preferred embodiments, the Rw‘subs‘timer_lt is phenyl or

" vinyl, optionally substituted with one or more moieties selected from the group cpnsiéting of

C;-Cs alkyl, C;-Cs alkoxy, phenyl, and a functional group. In especially preferred

-embodiments, R is phenyl or vinyl substituted with one or more moieties selected from the

group consisting of chloride, bromide, iodide, fluoride, -NO;, -NMe,, methyl, methoxy and
phenyl. In the most preferred embodiments, the R'® substituent is phenyl or —~C=C(CHaj),.
[0041] L may be any neutral 2-electron donor ligand known in the art. The variable “m”

defines the number of neutral donor ligands, L. The variable “m" is 1 or 2 and preferably 1.
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When “m” is 1, L is any neutral 2-electron donor ligand. L may be linked to R f‘ormmg a
chelating carbene ligand wWhen “n” is zero. When “m”is2, Lisa heteroareqe ];gand such as
pyridine or substituted pyﬁdine. See U.S. Patent Nos. 6,759,537 and 6,81 8,586, herein
incorporated by reference in their entirety; for examples of suitable heteroarene Iigands.
Preferably, the heteroarene ligand is pyridine or substituted pyridine. } .
10042] In a preferred embodiment, L is selected from the group consisting of phosphine,
sulfonated phosphine, phosphite, phosphinite, phosphonite, arsine, stibing, ether, amine,
amide, imine, sulfoxide, carboxyl, hitrosy], pyridine, and thioether. In more preférred
embodiments, L is a phosphine of the formula PR’'R’’R’”’, where R’, R”’, and R’ are each
independently aryl; C;-Cjo alkyl (in particular, a primary or secondary alkyl); or C3—Cg
cycloalkyl. In the most preferred embodiments, L is selected from the group cons1stmg of
P(cyclohexyl);, P(cyclopentyl)s, P(isopropyl)s, and P(phenyl)s.

[0043]. In a preferred embodiment, L may be linked to R'° forming a chelating carbene
ligand. When forming a chelating carbene ligand, n is zero. The'v L portion of the chelating
carbene ligand is still a 2-electron donorligand when linked to R'°. L fnay or may not be
linked to R'® through a spacer moiety. U.S. Patent 6,921,735 describes chelating carberie
ligands and is incorporated heréin by reference for examples of how the ligand and R
substituent on the carbene can be linked through various spacer moieties. The.spacer moiety
may be substituted or unsubstituted. Preferred catalysts of the invention where L and R' are

linked include the following:
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INHC]

[0044]) Examples bf ruthenium complexes with chelating carbene ]i;gands, ligands linking
the L ligana and the R'” substitutent, are also described in Kingsbury, J. S.; Harrity, J. P. A.;
 Bonitatebus, P. 1., Jr.; Hoveyda, A. H."J. Am. Chem. Soc. 1999, 121, 791 and Garber, 8. B.; *
Kingsbury, J. S.; Gray, B. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2000, 122, 8168.
Preferably, R'° is linked to L via spacer gfqup being 2-5 atoms in length between L and R, |
for example via an alkyl group, a cycoloalkyl group, or an aryl group. A preferred spacer

group is a substituted or unsubstituted phenyl group.
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[0045] In the catalysts of the invention there is an N-heterocyclic carbene (NHC) ligand
which is a ligand comprising a 5-membered NHC ring, i.e., a carbene where the carbenic-
carbon atom is contained'within a S-membered cyclic structure. The S-member_ed cyclic
structure that contains the carbenic carbon atom also contains at least one nitrogen atom
directly attached tothe carbenic carbon atom and that nitrogen atom is substituted by a
phenyl ring. The phenyl ring itself has a hydrogen (i.e. is unsubstituted) at either or both
ortho positions but substituted at at least one ortho-; or meta-position. |
[0046]  As described in the preferred embodiments below, the 5-membered NHC ring
may, in some circumstances, be paﬁ of a polycyclic group and the phehyl ring may be part of

a polycyclic aryl> group. Preferred NHC ligands are those of those of formulas (ID-(V);

R2 ' . R R1 R2

R3‘

R? - - RZ

am -

. R? awv)
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In the preferred ~NHC ligands of formulas (II) - (V) there are twa preferred combinations of
R!, R%, and R® which define the substitution pattern on the phenyl ring bound fo the nitrogen
atom bound to the carbene carbon. Note that in theANHC ligands used in the complexes of
the invention, at least one ortho position on the phenyl ring is a hydfdgen. In other words, the
phenyl ring is always unsubstitued at least one ortho positioﬁ. In certain preferred
combinations of R, RZ, and R3 both ortho position's' are hydrogen and, therefore,
unsu'bsti‘;u_ted. The preferred combinations of R!, R?, and R? are:

a) each R is independently a primary or secondary C;-Cj alkyl group; each R*
is independently H, a substituted or unsubstituted Cy~C; alkyl group,
substituted or unsubstituted phenyl, substituted or unsubstltuted naphthyl, or
substituted or unsubstituted anthracenyl; and each R? is independently H, a
substituted or unsubstituted C;-Cs alkyl group, substituted or unsubstituted
phenyl, substituted or unsubstituted naphthyl, or substituted or unsubstituted
anthracenyl, or a functional group selected from the group consisting of halo,

- hydroxyl, sulfhydryl, cyano, cyanato, thiocyanato, amino, nitro, nitroso, sulfo,
sulfonato, boryl, borono, phosphono, phosphonato, phosphmato phospho,
phosphino, and silyloxy; or

b)R'is H; each R2 is independently H, a substituted or unsubstituted C;-Cg

- alkyl group, substituted or unsubstituted phenyl, substituted or unsubstituted
naphthyl, or substituted or unsubstituted anthracenyl; and R> is independently
H, a substituted or unsubstituted C;-Cjg alkyl group, substituted or
unsubstituted phenyl, substituted or unsubstituted naphthyl, or substituted or
unsubstituted anthracenyl or a functional group selected from the group
consisting of halo, hydroxyl, sulthydryl, cyano, cyanato, thiocyanato, ‘amino,
nitro, nitroso, sulfo, sulfonato, boryl, borono, phosphorio, phosphonato,
phosphinato, phospho, phosphmo and silyloxy; with the proviso that both R

" substituents on the same phenyl ring are not H.

[0047] In combination a), R’ is preferably methyl, ethyl, or iso-propyl. Each separate R?

is preferably H, iso-butyl, tert-butyl, neopentyl, neohexyl, or phenyl and is most preférably H. -
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Each R? is preferably H, iso-butyl, tert-butyl, neopentyl, nechexyl, or phenyl énd 1s most

- preferably H.

10048] In combinatioﬁ b), when R’ and R3 are H and: R? is one. of the listed substituents,
the phenyl group of the NHC ligand is bis-meta substituted; and when R! and R® and.R2 are
each one of the listéd substituents, the phenyl group of the NHC ligand is bis-meta and para-
substituted. Because R! is H, the proviso within combination b), that both R*s on the same
phenyl ring are H, exclude those NHC ligands having an unsubstituted phenyl or a, para-
substituted phenyl. R?is preferably a secondary or tertiary C3-Cyo alkyl or aryl; more
preferably, iso-butyl, tert-butyl, neopentyl, neohexyl, or phenyl and most preferably tert-
butyl. R? is preferably H, iso-butyl, tert-butyl, neopentyl, neohexyl, or phenyl and is nﬁpst
preferably H. ‘ . : o B _
[0049] In the NHC ligands used in the complexes of the invention, R* and R® are each ..
independently H, a substituted or unsubstituted C;~Cg alkyl group, substituted or unsubstituted
aryl, or in formulas (III) and (V), togethef with the carbons carrying them, form a substituted
or unsubstituted, fused 4-8 membered carbocylic ring or a substituted br unsubstituted, fused
aromatic ring. Preferably R* a;nd RS are H, C,-C, alkyl, or fused cYcoIhéxyl or phenyl (in
formulas (IIT) and (V)). R’ a\nd.R7 are iﬁdependently H, a substituted or unsubstituted C;-Cy .
alky! group and preferably H or C;-Cq alkyl. : ' A

10050} In the NHC ligands of formulas (IV) aﬁd{V ), R¥isa C;-Cyz alkyl Br-a C3-Cy2
cycloaikyl. Preferably R® is methyl, ethyl, or iso-propyl and most pref'érably 18 fnethyl.



14

[0051] Examples of preferred NHC ligands for catalysts of the invention are shown

below:
R R? . R R!
N N N
where R! = methyl, ethyl, propﬁ, isopropyl where R' = methyl, ethyl, propyl, isopropyl
R2 RZ . - Rr2 _— R2
- - N N
NVNQ t ' ' Q ' \/ ‘Q
R? ' Rz . o OR? ‘ R?
where R? = tert-butyl where R? = tert-butyl
. R7 R? R1
RE—N —<\ > ’ RE— N
where R! = methyl, ethyf, propyl, isopropyl; : where R! = methyl, ethyl, propy! isopropyl;
RS =R7 = hydrogén or methyl; and R® = methyl. and R® = methyl.
Synthesis of NHC ligands .

[0052]) The NHC hgands of formulas (II) and (III) used to form the catalysts of the
invention may be prepared from aniline derivatives using known procedures used to prepare
~other known NHC ligands, such as the second generation metathesis catalysts discussed
above. The aniline derivative used bears the desired substituents and substitution pattern
Typlcally, two equivalents of the aniline denvatlve are reacted with glyoxal to begin the
synthesis. Use of the two equivalents of the same aniline gives a symmetric NHC lgand.
Asymmetric NHC ligands can be prepared by using two different aniline derivatives. For
asymmetric NHC ligands, the aniline derivatives are preferably reacted with the glyoxal in

two separate steps to avoid a mixture of products.
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[0053] Alternatively, NHC ligands of formulas (II) and (III) maybe prepa}ed by reacting .
two equivalents of the same aniline with oxalyl chloride. Subsequent reduction ofthe . .
product bisamide yields a diamine that can be transformed by techniques known in the art to.
a salt, which is a direct NHC ligand precursor. For differéntial]y substituted NHC ligands,
typically, one anilirie is reacted with ethyl chlorooxoacetate and the product of that reaction is
reacted with the second aniline. Again, reduction of the product bisamide yields a diamine
that can be transformed by techniques known in the art toa salt, which is a direct NHC ligand
precursér. Examples of the preparation of NHC ligands of formulas (1I).and (1II) are shown
below in Examples 1, 6, 12, 13, and 17.

10054) Salt precursors of NHC ligands of formulas (1V) and (V) can be prepared by a
procedure similar to that described by Blechert and coworkers in Orgénometallz‘és 2006, 25,
25-28: first a diamine R¥NH-(CH,),-NH, is arylated under Buchwald-Hartwig conditions to-
give RENH-(CH,),-NH[CsHR (R*);,R?], which is then reacted with triethylorthoformate in the
presence of NHyBF, to give the HBF, salt. precursor of NHC ligands of formula (IV). Salt
Precursors of NHC I génds of formula (V) can be preparéd by reacting N-(substitu‘tea

- phenyl)imidazole (where substituted phenyl is CéHR'(R*),R”) with an alkyl halide (where
alkyl is R®) according to the procedure déscribed by Fiirstner and coworkers in
Organometallics 2004, 23, 280-287. The NHC ligands of formulas (IV) and (V) may be
prepared by deprotonation of their corresponding NHC salts. o

'

Synthesis of catalysts

[0055] The rﬁthenium catalysts of the invention fnay be ‘prepared,. using methods known
" intheart. In general, the catalysts of the present invention are prepared ﬁa aligand |
exchange reaction, for example, by substituting an NHC ligand for one of the neutral electg‘on‘
donor ligands in a first generation ruthenium carbene complexes (discussed above). For ‘
example, a catalyst of the invention can be prepared by replacing a phosphine ligand in a
complex of the general formula (PR3)2(X);Ru=CHR Witﬁ an NHC ligand described above.
As discussed in the Background of the Invention, these synthetic procedures are known in the
art. Examples 2, ’7; 11, 12, 14, and 15 illustrate preparation of ruthenium catalysts of the

invention by this method. -
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Metathesis Reactions

[0056}' The ruthenium catalysts of the inventiog are particularly efficient olefin
metathesis catalysts. Accordingly, one embodiment of the invention is an olefin metathesis
reaction which contacts an olefin with an N-heterocyclic carbene (NHC) ruthenium olefin
metathesis catalyst of the invention under metathesis conditions. The catalysts of the
invention may be péed in, for example, ring-closing metathesis (RCM), cross metathesis
(CM), self metathesis (which is a type of cross metathesis), ring-opening metathesis
polymerization {ROMP), and acyclic diene metathesis polymerization (ADMET).

iOOS?} The metathesis conditions for-the catalysts of the invention are the same as those
used in other olefin metathesis reactions and with other known olefin metéthgéis catalysts.
Generally spéaking, the olefin metathesis reactions are run at a temperature ranging from
about 10 °C to about 70 °C and for a time peﬁod ranging from about 5 minutes to about 24
hours. The catalysts of the invention may be used in the same amounts as know for other
olefin metathesis catalysts. Typically, about 1 to about 10 mol% of thf_: catalyst is used and

more often about 5 mol%.

-{0058] The ruthenium catalysts of the invention are particularly useful in metathesis

reactions for the production of tetra-substituted cyclic olefins. The catalysts of the invention
have significantly increased efficiency/activity for the preparation of tetra-substituted cyclic
olefins via olefin metathesis. To answer the need for more efficient preparation of such
olefins another embodiment of the invention is a ring-closing metathesis method to prepare a.
tetra-substituted cyclic olefin. The method contacts an olefinic compound having at least two
terminal oleﬁns which are substituted at the beta-carbon of each terminal olefin with an N-
heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst of the invention under
metathesis conditions to form a cyclic tetra-substituted olefin.

[0059] A preferred group of olefinic compounds are those which have a structure

according to formula (VI):

Q1~QA~ @?
B B
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In formula (VI), Q is selected from hydrocarbylene, substituted hydrocarby]eﬁe; Qhe_tero‘athom— .
containing hydrocarbyleqé, and substituted heteroatom-containing hydrocarby];ne. Q' and
Q? are independently selected from hydrogen, hydrocarByI, substituted hydrocarbyl,
héteroatom—contai_ning hydrocarbyl, substituted heteroatom-containing hydrocarbyl, énd other
groups such as halide, hydroxyl, sulthydryl, cyano, cyanato, thiocyanato, amino, nitro,
nitroso, sulfo, sulfonato, boryl, borono, phosphono, pho's.phonato, phosphinato, phospho,
phosphino, and silyloxy. In the preparation of hindered cyclic olefins, both Q' and Q7 cannot
both be ‘hydrogen and, more preferébly, are both not hydfogen. ' )

[0060] The catalysts are useful in cross-metathesis to prepare tri-substituted o]eﬁné, and
di-substituted olefins which are further substituted at the allylic carbon. Accordingly, an
embodiment of the invention relates to a cross-metathesis reaction in which an N-heterpcyclic
carbene (NHC) ruthenium olefin métathesis catalyst of the invention contacts two olefins
under metathesis conditions. The first olefin is monosubstituted at the B-carbon and either
unsubstituted or monq;ubstituted at the «-carbon. The;. second olefin is eiﬂler disubgtitgited

at the B-carbon or monosubstituted at the B-carbon but also has further substitution at the

" allylic carbon. Both olefins are. either monosubstituted or unsubstituted at the oc-¢arbon.

[0061] Examples of tri-substituted olefins are those having the formula Q‘Q2C=CHQ3.
Q', @?, and Q? are independently selected from hydrocarbyl, substituted hydrsiqarbyl;
heteroatom-containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl, and other
groups such as halide, hydroxyl, sulthydryl, cyano, cyanato, thiocyanato, amiqo; nitro, "
nitroso, sulfo, sulfonato, boryl, borono, phosphono, phosphénato, phosphinato, pho'spﬁo,

phosphino, and silyloxy. Any number of Q', Q*, and Q* may also be linked as part of a

' cyclic olefin..

[0062] Di-substituted olefins are represented, for example, by the formula Q'Q*C=CH; or
Q'HC=CHQ Q' and Q? are independently selected from hydrocarbyl, substituted - ‘
hydrocarbyl, heteroatom-contaihing hydrocarbyl, substituted heteroatom-coritaining ~ »
hydrocarbyl, and other g;roups’such as halide, hydroxyl, sulﬂiydryl, cyano, cyanato,
thiocyanato, amino, nitro, nitroso, sulfo, sulfonato, boryl, borono, phosphono, phosphonato,
phosphinato, phospho, phosphino, and silyloxy. Ql and Q? may dlso be linked in the case of
cyclfc' olefins. ) T

[{0063] The formula Q'HC=CHCQZQ3Q“ is representative of exemplary di-substituted
olefins having further substitution at the allylic carbon. In this formula Q',Q?, Qs, and Q*
are independently selec;ted from hydrogen, hydrocarbyl, substituted hydrocarbyl, heteroatom-



containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl, and other groups
such as halide, hydroxyl, sulthydryl, cyano, cyanato, thiocyanato, amino, nitro, nitroso, sulfo,

sulfonato, boryl, borono, phosphono, phosphonato, phosphinato, phospho, phosphino, and

silyloxy, provided that at least two of Qz, Q’ and Q“ are different from hydrogen. Q', Q2 , QY

and Q" can be linked when thé olefin is a cyclic olefin.

10064} The term "hydrocarbyl" refers to univalent hydrocérbyl radicals containing 1 to

about 30 carbon atoms, preferably 1 to about 24 carbon atoms, most preferably’1 to about 12 -

carbon atoms, including linear, branched, cyclic, saturated and unsaturated species, such as

élkyl groups, alkenyl groups, aryl groups, and the like. The tefm. "lower hydrocarbyl" intends

‘a hydrocarby! group of 1 to 6 carbon atoms, preferably 1 to 4 carbon atoms, and the term

"hydrocarbylene" intends a divalent hydrocarbyl moiety containing 1.to about 30 carbon

.atoms, pfeferaibly 1 to about.24 carbon_atoms, most preferably 1 to about 12 carbon atoms,

including linear, branched, cyclic, saturated and unsaturated species. The term "lower

‘hydrocarbylene” intends a hydrocarbylene group of 1 to 6 carbon atoms. "Substituted

hydrocarbyl" refers to hydrocarbyl substituted with one or more substituent groups such as
discussed above, and the terms "heteroatom-containing hydrocarbyl" and
"heterohydrocarbyl" refer to hydrocérbyl in which at least one carbon atom is replaced with a
heteroatom. Similarly, "substituted hydrocarbylene" refers to hydrocarbylene substituted
with one or more substituent groups discussed above, and the terms "heteroatom-containing
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 substituted and/or

heteroatom-containing hydrocarbyl and hydrocarbylene moieties, reSpectively.
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Examples ,
- Example 1: Ortho substituted NHC Ligand synihesis

C[Nﬁz (COCI),, base \ﬂ/U\ /Q _BHyTHF _
©: ) THF, reflux

R THF, 0 °C tort

: . R - .
. Cl )
. — ;
N\/\NQ HC(OED;, reflux NN~
H \r .
R H

R -2HC R
3

[0065] __ General procedure for the preparation of N,N>-Diaryl oxamides, Oxaly;l'
chloride (4.36 mL, 50 mmol) was added dropwise to a stirred SO];JﬁOIl of aniline C6H4RNH2
(100 mmol, 2 equiv) and base (100 mmol, 2 equiv) in THF (200 mL) at 0 °C. Tnethy]amme
or aq. NaOH may be used as bases for this reaction. Upon addition, the reaction was allowed
to warm up to room temperature (r.t.) and stirred for 1 h. The reaction mixture was theri
concentrated in vacuo and diluted with water (100 mL}). The white precipitate was collected
by filtration, washed with dilute HCI (100 mL), water (2x100 mL), and dried ir vacuo. The
following N,V ’-diaryl oxamides were prepared by thxs procedure:

[06066] N,N*-Bis(o-tolyD) oxamxde Obtained in a 98 % yield as a white solid. 'H NMR
(300 MHz, CDCl3): & 9.38 (s, 2H), 8.09 (d, 3Jun = 7.8 Hz , 2H), 7.31-7.12 (m, 6H); 2.39 (s,
6H). o : o

- [0067]) N,N’-Bis(2-ethylphenyl) oxamide. Obtainedina 71 % yie]d‘as a white solid.
[0068] N,N’-Bis(2-isopropylphenyl) oxamide. Obtained in a 60 % yield as a white
solid. '"H NMR (300 MHz, CDCl3): & 9.52 (s, 2H), 8.05 (d, *Juy = 6.9 Hz, 2H), 7.3_6-7.21'
(m, 6H), 3.16 (m, 2H), 1.32 (d, *Jun = 6.6. Hz, 12H), 0.98 (d, 3 Jun = 6.9 Hz, 12H), "
[0069] General procedure for the preparation of N,N Dxarylethy!enednamme
hydrochloride 3. Borane-tetrahydrofuran complex (1M solution in THF, 125 mL, 6.25
equiv) was added dropwise with siirring to oxamide (20 mmol) atr.t. The reaction mixture
was refluxed overnight, allciwed to cool to r.t. and excess borane was quenched by careful,
dropwise addition of water until no more gas evolutiom was observed. The readtioz_l mixture
was concentrated in vacuo, extracted with efhgr and the organic extracts were dried over

NazS0,4. 2M HCl in ether (30 mL, 3 equiv) was then added to the dry organic extracts and
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the resulting white precipitate was collected by filtration, washed with a small amount of
ethanol and dried in vacuo. The following NNV’ dlarylethy]enedaamme hydrochlondes were
prepared by this procedure: ©

10070 IV,N’-Bis(o-tolylethylenediamine hydrochloride 3a (i.e. compound 3 wherein R
= methyl). Obtained in a 89 % yield as 'a white solid. 'H NMR (300 MHz, D,0): 8 7.30-7.10
(m, 8H), 3.67 (s, 4H), 2.45 (s, 6H). ' '

[0071]} N,N Bls(2—ethylphenyl)ethylenedlamme hydrochloride 3b (i.e. compound 3
wherein R = ethyl) Obtained in a 74 % yield as a white solid.

(0072] N,N’-Bis(2-isopropylphenyl)ethylenediamine hydrochloride 3¢ (1 ¢. compound
'3 wherein R = isopropyl). Obtained in a 91 % yield as a white solid. 'H NMR (300 MHz,
D,0): 8 7.33 (d, i = 6.9 Hz, 2H), 7.15 (m, 4H); 6.98 (d, *Juy = 6.9 Hz, 2H), 3.51 (s, 4H),
2.74 (m,: 2H), 0.98 @, * i =69 Hz, 12H). - ==
‘ [0073] General procedure for the preparation of NHC llgand precursor 4 or
Dih&drdmudazolmm salt 4. Triethyl orthoformate (150 mL) was added to the diamine
hydrochloﬁde 3 in a 250-mL r.b. flask. The flask was equipped with a. distillation head and
heated for about 1 h, during which ethanol distilled over at 78-80 °C, followed by about 70
~ mL of triethyl orthofbnnate at 135-1 40 °C. The reaction mixture was then allowed to cool to
r.t., diluted with hexanes and the white precipitate was collected by filtration, washed with
hexanes and ether and dried in vacuo. The following dihydroimidazolium salts were
prepared by this procedure: . .
[0074] 1,3-Bis(o-tolyl)-4 S-dxhydromudazolmm chloride 4a (i.e. compound 4 whérein
R = methyl). Obtained in a 93 % yield as a white solid. '"H NMR (300 MHz, CDCl3): 68.83
(s, 1H), 7.78-7.21 (d, 8H), 4.64 (s, 4H), 2.43 (s, 6H).

[0075] 1 3—an(2-ethylphenyl)—4 S5-dihydroimidazolium chloride 4b (1 €. compound 4
* wherein R = ethyl). Obtained in a 74 % yield as a white solid. "H NMR (300 MHz, CD;Cly)
59.04 (1H, s), 7.92 (2H, d, J= 7.5 Hz), 7.47-7.30 (6H, m), 4.64 (4H, s), 2.78 (4H, q, J="7.8
'Hz), 131 (6H, 1, J = 7.8 Hz). -

[0076] 1,3-Bis(2-isopropylphenyl)-4,5- d:hydronmldazohum chloride 4c (i.e.
compound 4 wherein R = isopropyl). Obtained in an 84% y;eld as a white solid. 'H NMR
(300 MHz, CDC]_:,'):A & 8.22 (d, *Juy = 7.2 Hz, 2H), 8.04 (s, 1H), 7.34 (m, 6H), 4.73 (s, 4H),
3.06 (m, 2H), 1.29 (d, *Jyu = 6.0 Hz, 12H).
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(00771 Example 2: Catalyst synthesis
Rv

— CI .
NI N I KHMDS, toluene, 1t @/ T \Q
M — a
Y3 R
" 2 RS - (5) “ PC -
4 ©oar] ph C 5
’ PCy;

) Oi-Pr @’ T Cl
n =
HC]J, CH,Clp, reflux :@

[0078] General procedure for the preparation of ortho-substltuted catalyst 6

Potassium bis(trimethylsilyl)amide (1.4 g, 7.0 mmol, 1.23 equiv) was added toa suspensmn
of dihydroimidazolium salt 4 (compound 4 of reaction scheme 3) (2.3 g 6.7 mmol, 1.15
equiv) in toluene (57 mL) under argon. The reaction mixture was stirred at r.t. fo.r 30 ﬁﬁn,
then compound 5 (4.7 g, 5.7 mmol) was added and stirring was continued for 1.5 hatrt. The
reaction mixture was then concentrated and catalyst 6 was isolated by column .
chromatography and dried in vacuo. The oytho-substittited catalysts were prepared by this
procedure: . ' ) oo

[0079] Catalyst 6a (i.e. compound 6 wherein R = methyl). Obtained in a 66 % yield

. after column chromatography on silica gel (unreactéd 5 .v.vas first eluted with 1:9 EiOAc-
hexanes, then 6a was eluted with 1:3 EtOAcohexanes). Brown crystalline solid. 'H NMR

. (300 MHz, CeDg): 6 19.61 (s), 8.70 (br), 7.64 (br), 7.31-6.76 (m), 6.59 (m), 6.34 (br), 3 53— R
3.01 (m), 2.62 (s), 2.20-2.04 (br) 1.67-1.06 (m). *'P NMR (121 MHz, CeDg): 5 27. 87 (),
25.15 (s). E ‘

[0080]  Catalyst 6b (i.e., compoqnd 6 wherein R = ethyl) Obtained in a 60 % yield after
column chromatography on silica gel (unreacted 5 was first eluted with 1:9 EtOAc-hexanes,
then.6a was eluted with 1:3. EtOAc-heianés). Brown a&stalline solid. 'H NMR (300 MHz,
CgDg): 8 19.59 (s), 8.74-8.62 (m), 8.25 (br), 7.71 (br), 7.34-6.85 (m), 6.67 (br), 6.44 (br),
3.55-3.07 (m), 2.79-2.19 (m), 1.69-0.91 (m), 1.67-1.06 (m). >'P NMR (121 MHz, CGDG): 3
25.75(s), 25.04 (s).
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{0081] Catalyst 6¢ (i.e. compound 6 wherein R = isopropyl). Obtained in a 68 % yield
after column chromatography on silica gel (unreacted 3 was first elut.ed with 1:10 EtOAc-
hexanes, then 6¢ was eluted with 1:3 EtOAc-hexanes). Brown crystalline solid. "H NMR
(300 MHz, C¢Dg):. & 19.68 (s), 19.49 (s), 8.93-8.87 (mm), 8.30 (b), 7.60 (d), 7.34-7.12 (m),
6.97 (tj, 6.80 (d), 6.70-6.44 (m), 3.85-3.08 (m), 2.22-2.12 (q), 2.02-1.91 (g), 1.66-0.97 (m).
P NMR (121 MHz, CéDg): & 26.33 (s), 23.92 (s). ‘ . '
[0082] General procedure for the preparation of ortho-substituted Catalyst 7. 2-
Isopropoxy-.ﬂ-methylstyrene (0.89 g, 5.1 mmol, 2 equiv) was added to a solution of catalyst 6
(2.1 g, 2.5 mmol) in CH,Cl; (25 mL). The reaction mixture was refluxed for 1h, then 2N |
'HC1 in methanol (1.8 mL, 3.6 mmol, 1.5 equiv) was added and the mixture was refluxed for
another 1 h, then evaporated to dryness in vacuo. The residue was dissolved in a minimal '
amount 6f CH,Cl; and catalyst 7 was brecipitated by addition of pentane. It was collected by
filtration and dried in vacuo. The following. ortho-substituted catalysts were prepared by this
procedure: . . ‘ T
t0083] ‘ Catalyst 7a (i.e., compound 7 wherein R = methyl). Obtained in a 71 % yield
- after column chromatography on silica gel (eluted with 1:5 EtOAc-hexanes): Green
crystalline solid. 'H NMR (360 MHi, CD>CL): & 16.47 (s, 1H), 8.59 (s, 1H), 7.43 (br, 8H),
6.91 (d, *Jun = 5.1 Hz, 3H), 4.97 (mm, 1H), 4.38 (s, 2H), 4.10 (s, 2H), 2.53 (s, 6H), 1.34 (br,
6H). | R . |
[0084] Catalyst 7b (i.e. compound 7 wherein R = ethyl). Obtained in a 68 % yield after -
column chromatography on silica gel (eluted with 1:5 EtOAc-hexanes). Green crystalline
solid 'H NMR (300 MHz, CD,Clz): §16.48 (s, 1H), 8.56 (br, 1H), 7.53 (m, 8H), 6.89 (d,
*Jun = 6.6 Hz, 3H), 4.95 (m, 1H), 4.42 (s, QH), 4.10 (s, 2H), 2.93 (br, 4H), 1.37 (br, 12H).
[0085] Cafalyst 7e (i.e. compound 7 wherein R = isolﬁropyl). Obtaiﬁed ina 77 % yield
" as a green crystalline solid. 'H NMR (300 MHz, CDg): & 16.65 (s), 1624}6 (s), 9.18 (m), 7.90
(d), 7.40-6.93 (m), 6.59 (t), 6.34 (4, *Juu = 7.5 Hz), 4.47 (m), 3.80-3.32 (m), 2.66 (br), 1.95-
112 (m). '
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10086} Example 3: Catalyst performance in RCM

oo}
H;CO OCHs

. (o] )
catalyst H;CO™ OCHj;3
CH,Cl, .

[0087] Ring-closing metathesis of dimethyl 2,2-di(Z-meth)'lallyl)malonate. Catalyst
was added to a 0.1 M solution of dimethyl 2,2-di(2-methylallyl)malonate in CH,Cl, in a
round bottom (r.b.) flask. The flask was equipped with a reflux condenser and a bubblér
outlet. The reaction mixture was sparged with argon for 5 min, then heated to desired
temperature. Reaction progress waé monitored by GC analysis of aliquots after removixig the
catalyst by treating the aliquot with 1M solution of THMP in IPA, heating the quenched
mixture at 60 °C for 1 h, diluting it with water and extraction with EtOAc. The actwﬂy of
catalysts of the invention were compared with the olefin metathesis catalyst (A) shown

below:

,‘N\\C'

| C[/lW’h

P CY3 A

Table 3: RCM of dimethyl 2 2—d1(2-methy1allyl)malonate with 5 mol % of A at 40 °C

Time (min) Startmg Materxal (GC%) | Product (GC%)
30 91.9 . , 3.0

60 oa : 42

180 84.3 , 15.7

1030 457 @7

1440 24 ' 358

2520 381 : 1545
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Table 4: RCM of dimethyl 2,2-di(2-methylallyl)malonate with 5 mol % of 6a at 40 °C

Time (min) Starting Material (GC%) | Product (GC%)
15 16.2 | 80.9

30 12.1 83.7

45 11.2 ‘854

60 4111 86.4

90 11.0 87.5 |

120 10.9 86.7

' 10.9

240

86.8

Table 5: RCM of dimethyl 2,2-di(2-methylallyl)malonate with 5 mol % of 6b at 40 °C

Time (min) Starting Material (GC%) "~ | Product (GC%)
15 . 34.0 61.5
30 30.1 69.9
145 28.7 70.7
60 28.0 709
120 27.1 70.6
240 27.7 723
480 1272 728

Table 6: RCM of dimethyl 2,'2—di(2-methylal]yl)malogate with 5 mol % of 6¢ at 40 °C

Time(min) Starting Material (GC%) Product (GC%)
15 25.2 ' 715

30 23.0 73.0

45 22.1 73.1

60 - 21.9 74.3

90 21.2 75.0

120° 20.8 75.5 .

240 19.2 75.1




- | Table 7: RCM of dimethyl! 2,2-di(2-methylallyl)malonate with 5mol % of 6c at 30°C.

Time (min) Starting Material (GC%) Product (GC%)

15 1379 54.0

30 "127.9 ’ 65.5

45 25.7 : 672 ‘
60 25.8 ’ 69.8

240 22.7 69.8

1140 120.7 : 69.5

Table 8: RCM of dimethyl 2,2-di(2-methylallyl)malonate with 1 mol % of 6¢ at 30 °C .

Time (min) - Starting Material (GC%) - | Products (GC%)-
15 1509 _ 463

30 416 T (494

45 46.6 . ' 51.0

§0 55 516

90. 442 52.8

120 44.0 53.7

360 - VR “54.9

Table 9: RCM of dimethyl 2,2-di(2-methylallyl)malonate with 5 mol % of 7a at 40 °C

Time (h) | Starting Material (GC%) Product (GC%)
05 65.8 . 306

1 523 . ' 447

3 31.5 _ 651

18 284 T - 1695

24 283 . 700

42 275 ' | 688
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Table 10: RCM of dimethyl 2,2-di(2-methylallyl)malonate with 5 mol % of 7b at 40 °C

Time (h) | Starting material (GC%) | Product (GC%)
025 96.7 : : 07

0.50 893 — 33

0.75 g1ls 4 ' 118

T NI ‘ 215

3 57.7 . 347

4 - [5ia : 429

g8 |389 559

24 |364 , 586

Table 11: RCM of dimethyl 2,2-di(2-methylallyl)malonate with 5 mol % of 7¢ at 4Q °C

Time (h) | Starting Material (GC%) Product (GC%)
025 573 | 0.7

0.50 938 ) 2.9

075|872 ’ 93

T |87 , 156

15 |71.9 ‘ 242

2 60.7 275

6 63.4 ' 320

24 63.4 A R EE

[0088] The results of the RCM performed with second generation catalysts and second

generation catalysts with chelating carbene ligands reported above are further illustrated in
- the c'harts shown in Fig. 2 and Fig. 3. Fig. 2 shows that catalysts 6a, 6b and 6e perform much
" better than catalyst A in the RCM of compound 1. Indeed, the reactions catalyzed by 6a, 6b
and 6¢ reach much higher conversions (between about 70 % and about 90 % conversion)
compared to the reactions catalyzed by A (about 20 % conversion). Additionally, the data
represented on Fig. 2 demonstrate that catalysts 6a, 6b and 6¢ require short reaction timés
- and mild temperatures to reach high conversions. For examiﬂe, catalyst 6a gives a high .

conversion (i.e., greater than 80 %) within only 15 minutes at 40 °C, compared to 7 hours at '
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60 °C for catalyst 12. Fig. 3 shows that catalysts 7a, 7b and 7¢ are also more active than A in '

10089}
[0090]

Inside the glovebox, a 4-mL vials was charged with approximately 1 mL of the appropriate

" the RCM of compound 1, but are less active than catalysts 6a, 6b and gc.

Example 4: Cross Metathesis Studies

Catalyst performance in cross-metatheses involving hindered olefins

hindered olefin solution (2M in CH,Cl;) followed by one equivalent of 5-hexene. The-

appropriate amount of the tested catalyst was added to the vial, after which it was sealed and

heated to desired temperature. Reaction progress was monitored By GC analysis of aliquots

after removing the catalyst by treating the aliquot with 1M solution of THMP in IPA, heating

the quenched mixture at 60 °C for 1 h, diluting it with water and extraction with EtOAc. An

jdentical cross-metathesis reaction was run with A for comparison. ‘
10091] " Cross metathesis (CM) of 5-decene (5C;p) and 2,5-dimethyl-3-hexene using 1 mol
% of 6a and A at 40 °C '

* e e M

Table 12: Results of CM of 5Co and 2,5-dimethyl-3-hexene using 1 mol % of 6a.and A at 40 °C

Product (GC %)

{05h 1h 40h
6a 20.0 23.9 29.9
A 11.8 15.3 7.8

{0092] Cross metathesis of 5-decene, 5Cyo, and 2~methy1—1-nonene'using 1 mol % of 6b, -
6¢c, 6a and A at 40 °C T

N R N

M

+
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Table 13: Results of CM of 5Cyo and 2-methyl-1-nonene using 1 mol % of 6b, 6¢, 6a and A
at 40 °C - ’

Product (GC %)

b [3n  |6h

6b §27.4 28.4 29.0

6c 222 |235 |240

Ga |201 [195  |200

A 15.2 21.7 25.6

[0093]  Example 5: Catalyst performance in self-metathesis of m‘eﬂlyl oleate
Inside the glovebox, a 4-mL vial was éhai’g‘ed with approxiniately 10 g of methyl oleate. The
appropriate amount of a stock solution of 6a in benzene was added to the vial, after which it
was sealed and heated to 40 °C. Reaction progress was monitored by GC analysis of é]iquots
after removing the catalyst by treating the aliquot with 1M solution of THMP in IPA, heating
' the quenched mixture at 60 °C for.1 h, diluting it with water and extraction with EtOAc.
[0094] Self metathesis (SM) of neat metﬂyl oleate using 2, 5 and 20 ppm of 6a and A at
40 °C . :

Wcone NN MeC,Cy = ,.CO,Me
7 7. - 7 7 7 ‘ W7 -

Table 14: results of SM of neat methyl oleate using 2, 5 and 20 ppm of 6a and A at 40 °C

Maximum conversion” reached at, min

2ppm | Sppm {20 ppm

6a - |30 10 5

A |30 10 <10

# Maximum conversion in this reaction corresponds to a mixture containing 50 mol % of the
starting material and 25 mol % of each of the products (25 mol % 9-octadecene and 25 mol % )

1,18-dimethyl-octadecenoate)




[0095] Example 6: Preparation of salt 10.

- NH, -PrOH N NH

o]
© H0 1LAH
H 0°C —>RT i Et,0,0°C !
o] . 36% yield

over 2 steps

N/—\ (EtO)acH . YU
"o NH,BF, 80 °C AN
© 66% yield BF,

[0096]) Preparatio.n of Diamine 9. Thisis a two step procedure. In the first étep,, ad0% -
solution of glyoxal in water (465 pl, 4.1 mmol) was added to 3,5-di-zers-butylaniline (1.83 g, .

_ 8.9 mmol) in isopropanol (16 ml) and water (16 ml) at 0 ;’C. The reaction stirred for 7 hours

and during this time it warmed to room temperaruré. The reaction mixture was ﬁltefed
through a glass frit; the filtrate was dissolved in CH;Cl,, dried over MgSOy, filtered ﬂxfough
another glass frit and concentrated. This crude reaction product was then dissolved in Et,0O
(50 ml) and added to LAH (570 mg, 15 .rﬁmo]) in Et,0 (50 ml) at 0 °C. The reaction ‘stirred
for 36 hours and warmed to room temperature. The re'actioﬁ was quénched with HyO (570
Hb, lS%hNaOH/HQ'O (570 pb), H,O (2 ml), filtered through a glas_s frit dried over MgSQy,
filtered through another g]asé ﬁ;it and concentrated. The‘reaction mixture was then purified
by flash column chromatography (30% EtOAc/Hexanes) to yield 9 (786 mg, 36% ovef two
steps) as an oil. '"H NMR (300 MHz, CDCls)  6.85 (2H, t, J = 1.5 Hz), 6.55 (4H,d, T =1.8
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Hz), 5.31 (2H, s), 3.45 (4H, 5), 1.31 (36H, s); 1°C (75 MHz, CDCls) § 152.1, 147.8, 112.8,
107.9, 44.1, 35.1, 31.7; HRMS (EI+) calc for C3pH49Ny, 437.3896. Found 437.3902.

10097] Preparation of NHC ligand precursor 10. To diamine 9 (786 mg, 1.8 mmol),
was addéd (EtQ);CH (3 ml, 18 mmol), NH4BF4 (189 mg, 1.8 mmol) and formic acid 2
drops).' The reactions stirred at 90 °C for 48 hours. Et,0 was_added to precipitate the 'sal;c.
The reaction mixture was then filtered an.d the solids were washed with Et,O and collected to
yield 8 (633 mg, 66%) as a white solid. "H NMR (300 MHz, CDCls) & 8.57 (1H, s), 7:42 (2H,
t,J=1.5 Hz), 7.23 (4H, 4, ] = 1.8 Hz), 4.69 (4H, ), 1.32 (36H, s); °C (75 MHz, CDCl) §
153.6, 151.4, 135.4, 123.1, 114.9, 50.5, 35.4, 31.5. ~ . '

‘[0098.] Alternate preparation of diamine 9: .

t-Bu
.0 v R

. NHy C/U\n/c; : t-Bu NH

' 1

: 1. . EtaN, THF o
| /@ 2 3 ‘ '
~ +Bu” N tBu 2. BHyTHE . HN t-Bu
- ' 9

t-Bu

[0100] NN ’—Bis(S,S—di—_t—butylphenyl) oxamide. Oxalyl chloride (2.16 mL, 25 mmol)
was added dropwise to a stirred solution of 3,5-di-t-butylaniline (10.28 g, 50 mmol) and
triethy]amiﬁe (7.0 mL, 50 mmol) in THF (200 mL} at 0 °C. Upon addition, th;e’ reaction was
allowed to warm up to r.t. and stirred for 1 h. The reaction mixture was‘then concentrated in
vacuo and diluted with water (100 mL). The white precipitate waé collected by filtration,
washed with dilute HC1 (100 mL), water (2x100 mL), and dried in vacuo: Obtained 507¢g
(78%) of N,N ’-Bis(3,5-di-t-butylphenyl) oxamide as a white solid. .

[0101] N,N’-Bis(3,5-di-t-butylphenyl)ethylenediamine (9). A 1M solu’;ion of BH3-

- THF in THF (125 mL, 125 mmol) was added dropwise with stirring to the solid oxamide
' (9.06 g, 19.52 mmol) at r.t. The resulting homogeneous mixture was then refluxed for 15 h,
alloi/ve.d.to cool down to r.t. and carefully quenched by adding water. The mixture was then
concentrated and éxiracted with ether. Column chromatography (2:1 hexanes —
dichloromethané, siﬁca gel) afforded 6.51 g (76%) of pure 9 as a colorless oil and 1.27 gof
impure 9 (contaminated with 3,5-di-t-butylaniline) which was subj‘ected to a second
chromatographic purification. The combined yield of 9 was 86%. ]ﬁ NMR (300 MHz,
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CDCl) 6 6.85 (2H, t,J = 1.5 Hz), 6.55 (4H, d, ) = 1.8 Hz), 5.31 (2H, s5), 3.45 (4H, 5), 1.31

" (36H,s); P°C (75 MHz, CDCl3) 81521, 147.8, 112.8, 107.9, 44.1, 35.1, 31.7; HRMS (El+)

cale for CagHaoN3, 437.3896. Found 437.3902.

[0102] Example 7: Preparation of catalyst 12.

PCy,
o, |

N ) 11 S tBUT C',Rfu_ - “:Bu
BF, KOt-Bu(Fg), Tol, 60 °C o)

10 ' 12

[0103] . Preparation of Catalyst 12. NHC ligand precursoi; 10 (156 mg, .3’rmhol),.
KOs-Bu(Fg) (66 mg, .3 mmol); and ruthenium complex 11 (132 mg, .22 mmol) were all’
combined in toluene in a g]ové box. The flask was removed and stirred at 60 °C for 18 hours
in a fume hood. The reaction mixture was then directly purified by flash column ‘
chromatography (5% Et,O/Hexanes, Tun 2 times) to yield catalyst 12 (34 mg, 20%) as a green‘
oil. The catalyst was then lyophilized from benzene to give a pﬁle green solid: It should be
noted that by "H-NMR the gonversion to 12 is 50%. 'H NMR (300 MHz, CDCl;3) 8 16.91 )
(lH,.s), 8.14-8.13 (2H, m), 7.73 (2H, m), 7.64 (1H, m), 7.52 (1H, m), 7.06-6.92 (2H, m), 6.62
(}H, t,J=17.5 Hé), 6.31 (1H, d, J = 8.4 Hz), 4.47 (1H, quint, J = 6 Hz), 3.51 (4H, s), 1.51

. (18H, s), 1.35 (6H, d, J = 6 Hz), 1.24 (18H, s); HRMS (EI+) calc for C41H53N20C1§Ru

766.2970. Found 766.3007. Fig. 4 depicts the sirnigle crystal X-ray structure was obfaiﬁﬁd for-
catalyst 12. ' ' ’ '
(0104} Example 8: Catalyst activity studies. .
[0105}) Preparation of sfock solutions. Catalyst 12 (14 mg) was placed in a 2ml
volumetric flask and taken into a glove box. In the glove box, 2ml of CD,Cl, was added to
make stock solution Z. 0.44 ml of Z was then transferred to another 2ml volumetric flask

and diluted to 2ml with CD;Clz to make stock solution Y. .

Reaction scheme 10.
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0 0 o 9
EtO OEt EtO™ \ “OEt
12 (5 mol%) :
CD,Cl,, 30 °C

1 ' 2
{01906} In a glove box, 0.44 ml of stock solution Z (3.1 mg of 12, 0.004 mmol) was
transferred to a screw cap NMR tube. CD,Cl; (.36 ml) was added and then 1 (21.5 pl, 0.08
mmol). The NMR tube was sealed, removed from the glove box and heated to 30 °C. Fig. 5

is a graph of the conversion over time, demonstrating the dramatically improved reactivify 12

.shows for ring-closing metathesis (RCM) to form tetrasubstituted olefins. -

[0107] This étudy was repeated in C¢Ds at 60 °C to examine the impact of temperature.
Catalyst12 (3.1 mg, 0.004'mm01) and CsDs (.8 ml) were combined in a screw cap NMR tube
and 1 (21.5 pl, 0.08 mmol) was added. The; NMR tube was sealed, removed from the glove
box and heated to 60 °C. A graph of conver.sion over time is shown in Fig. 6. As canbe

seen, after 24 hours 88% conversion has been achieved, and 83% conversion is achieved in

.only 7 hours.

[0108] Example 9: RCM stucfieé with less hindered olefins.
0 9 0 o

EtO OEt . EtO OEt
12 (1 moi%)

¥ CDQC‘Q_, 30 °C h

[0109] In a glove box, 0.4 ml of stock solution Y .(0.6 mg of 12, 0.0008 mmol) was
transferred to a screw cap NMR tube. CD,Cl, (4 ml) was added and the NMR tube was
sealed and transferred to a 500 MHz NMR which was warmed to 30 °C. The NMR tube was

then ejected, 13 (20.5 ul, 0.08 mmol) was added and the tube was injecféd for data collection.

A graph of conversion over time is shown in Fig. 7.

-0 0 : ' o0
Et0~ OEt EtO OFt
12 {1 mol%) _
Tz CD,Cl,, 30 °C

15 16




33

[0120] In a glove box, 0.4 m! of stock solution Y (0.6 mg of 12, 0.0008 n';m'ql)‘was
transferred to a screw cap NMR tube.. CD;Cl; (.4 ml) was added and the NMR mbe wasi
sealed and transferred to a 500 MHz NMR which was warmed to 30 °C. The NMR tube was
then ejected, 15 (19.5 ul, 0.08 mmol) was added and the tube was injected for data collection.
Fig. 8 shows a graph of the conversion over time. ’ ‘ ‘

[Olllf Exalﬁple 10: Stability studies.

[0112]) A striking feature of catalyst 12 is its stability. In solution (CH,Cl, or Benzene),
in the al;sence of suEstrate, it is stable for at least 4 weeks. Asa s.olid, 12 is stable in air for at
least 5 weeks. Finally, during the catalytic reactions described above, for the reaction;
performed at 30 °C the only time point. the original catalyst was not observed by lH NMR

was 162 hours. For the reaction performed at 60 °C, none of the ori ginal catalyst was.

observed by '"H NMR at 24.8 hours Overall, catalyst 12 is hlgh]y stable.

[6113}° Example 11: Preparatzon of catalyst -18.

PCY3 i ‘. i
| ' .
—RO==\
Clv ,I:yr Ph . t-Bu,, w-Bu
| ' Q'm Ng Q
\/+ 17 - t-Bu cr- U"‘\ .
KOt-Bu(Fg), CgDg, 60 °C : ny -
10’ . ] . o 18"

{0114} Catalyst-18. NHC ligand precursor 10 (14 mg, .03 mmol), KO#-Bu(F¢) (6 mg,

.03 mmol), and ruthenium complex 17 (14 mg, .02 mmol) were all combined in CgDg in a

" screw cap NMR tube in a glove box. The NMR tube was removed and héated at 60 °C for 1

hour in a fume hood. Conversion to catalyst 18 was determined to be 52% by proton NMR. '
'H NMR (300 MHz, CDCly) 5 19.43 (1H, ). o

[0115] It should be noted that complex 18 is relatively unstable. The phosphine analogue
in which the ﬁyn'dine ligand is replaced by PCys is also unstable. It is believed that the tert-
butyl groups on the NHC are so large that they actively dissosciate the pyridine and
phosphine respectively. The transient stability makes these complexes less suitable for

catalysis.
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[0116] Example 12 Preparation of an NHC with smaller bis-meta substitution.

Me Me Me Me

G

NH, o i-PrOH *NH,CI
. H,© H __NaBHy HCI -
‘ i H/U\H/ 0°C —> RT THF, 0°C o
Me Me . o | 13% over 2 steps HZNi Cl
Me Me Me Me
19 o 20
Me Me. - S Me
(Et0)sCH SN
M 71% yield WA e
20 ' . .21

-[0117] Diamine salt 20. This is a two stép procedure. In the first step, a 40% solution of
glyoxal in water (1.15 ml, 10 mmo])iwas added to 3,5-di-methylaniline (2.5 ml, 20 mmol) in
isopropanol (40 ml) and water (40 ml) at-0 °C. The reaction stirred for 7 hours and di;ring
this time it warmed to room temperature. The reaction mixture was filtered through a glass
frit; the filtrate was dissolved in CH,Cl,, dried over MgS80y, filtered through another glass frit
and concentrated. This crude reaction product was then dissolved in THF (37 ml) and to this
at 0 °C was added NaBH;4 (1.5 g, 40 mmol). Conqenfrated HCI (1.6 ml) was added dropwise
over 25 min. The reaction was stitred forAl hour and then 4N HC! (75 ml) was added. The
reaction was stirred for 1 hbur and then filtered. The filtrate was wash extensively with Et,O ‘
to give diamine salt 20 (438 mg, 13% over 2 steps) as an off white éolid‘. 'H NMR (300 MHz,
CDCl;) 8 6.84 (4H, s), 6.76 (2H, s), 3.62 (4H, 8), 2.25 (12H, s). 4

. [0118] NHC ligand precursor 21. HC(OEt); (10 ml) was added to diamine salt 20 and

the reaction was stirred at 90 °C for 14 hours. The reaction mixture waé filtered and washed

with Et,0 to give NHC ligand precursor il (290 :;Qg, 1%). as.an off white solid. "H NMR

(300 MHz, DMSO(Ds) § 9.89 (1H, s), 7.29 (4H, s), 7.02 (2H, 5), 4.54 (4H, 5), 2.51-2.49

(12H, m). HRMS (EI+) calc for CioHasN, 279.18613. Found 279.18572.
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ME  CF A Me KOt-Bu(Fg), CsDg, 60 °C ' o)
21 _ ‘ : 22

10119] ' Catalysf 22.NHC ligand precursor 21 (9 mg, .03 mm;)l), KOz-Bu(Fg) (6 mg, .03
mmol), and ruthenium complex 911 (13 mg, .02 mmol) were all combined in CgDg in a screw
cap NMR tube in a glove box. The NMR tube was removed and heated at 60 °C for 2.5 hour '
in a fume hood. - Conversion to catalys'.c 22 was determined to be 14% by proton NMR. .'H
NMR (300 MHz, CDCl3) § 17.19 (1H, s). - -

{0120]° It should be noted that complex 22 is relatively unstable. It seems that the meta-
methyl groups are not large enough and the complex is difficult .to handle without
decomposition. For this reason, this coﬁpléx is unattractive for catalyéis-‘

[0121) Example 13: Preparation of unsaturated meta-substituted NHC ligands. :
NH, :
f"BUt.‘ wi-Bu
\}D\{/ H ’{o\"o\’}' HCIEN) oitene Q’ Q

[0122] NHC ligand precursor 23. A solution of 3,5-ditertbutylaniline (3 g, 14.6 ﬁ)xnol) 4
in toluene (5 ml) was added to a solution of paraformaldehyde (220 mg, 7.3 mmol) in toluene
» (5 ml). The reaction was then stirred at 100 °C for 1.5 hours. The reaction was cooled to 40
°C and 6N HCI (1.2 ml, 7.3 mmol) was added. The reaction was stirred for 5 minutes, glyoxal )
(837 pl, 7.3 mmol) was added and the reaction Was stirred another 5 minutes. The reaction '
was stirred at 100 °C for 14 hoﬁrs, cooled to RT and puriﬁéd by column chromatography (5%
MeOH/CH;Cly) to yield a brown foam. This foam was washed with Et;O to yield 806 mg
(23%) of 23 as a white solid. "H NMR (300 MHz, CDCl3) 5 11.89 (br, 1H), 7.78-7.76 (m,
6H), 7.59 (s, 2H), 1.42 (s, 36}D';“3C (75 ‘MH'z‘,"CDClg) 8; HRMS (EI+) calc for C31H45N2,
445.3583. Found 445.3561. - - . '
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[0123] Example 14: Preparation of.catalyst 24.

PCy3
Cla, |

CI'T_—
4 :°. tBu,, N
11

KOt-Bu(Fg), Tol, 60 °C

P

23 :
.[0124} Ruthenium Catalyst 24. In a glove box, NHC‘ligand precursor 23 (63 mg, .13,

‘ mmol), ruthenium precursor 11 (78 mg, .13 mmolj and KO#-Bu(Fe) (29'rhg, .13 mmol) were

combined in toluene. The flask was sealed, removed from the glove box and stirred at 60 °C
for 18 héurs. ‘The reaction was concentrated and purified by flash c_olumﬁ chrdmatography
'(5% --> 20% Et,O/Pent). There were 3 bands that could be isolated from this column, first 2
brown bands and then one green band. The second brown band was the desired product;

however, it was not completely pure after one column. Recolumning in 10% Et,O/Pentane

- gave a brown oil product completely pure by '"H NMR (9 mg, 9%) and anéther fraction still

slightly impure (18 mg, 18%). The products were lyophilized from benzene to give solids.'H
NMR (300 MHz, CDCls) 8 16.78 (s, 1H), 8.13 (br, 2H), 7.74-7.62 (in, 4H), 7.07-7.04 (m,
1H), 6.97 (dd, J =3, 1.5 Hz, 1H), 6.66 (t,J = 7.5 Hz, SH),634(d J= 8.4 Hz, 1H), 4.49
(sept, ] = 6 Hz, 1H), 1..44 (d, J = 6 Hz, 6H), 1.44 (br, 18H), 1.18 (br, 18H); "°C (75 MHz,
CDCl;) &; HRMS (EI+) cale for C4Hs6Cl,N2ORu, 764.2814. Found 764. 2842

[0125] Example 15: Preparation of qatalyst 25.

PCys
Cll,,.l
RU==4
\d
o l‘—-‘\ph fBU(,,' wnf-Bu
= - PC; .
I\ " ;: cx\r Q
NS E 5 . ' c|'
cr KOt*Bu(FG). Cst. RT- PCy,
23 N ' . - 25

[0126] © Ruthenium Catalyst 25. In a glove box, NHC ligand precursor 23 (1 62 mg, .34
mmol), ruthenium precursor 5 (150 mg, .27 mmol) and KOz-Bu(Fs) (74 mg, .34 mmol) were-
combined in CgDg and stirred at RT for 2.5 hours. The flask was sealed, removed from the

glove box and the reaction was concentrated and purified by flash column chromatography

(2.5% --> 5% Et;0/Pent) to yield a brown oil. The brown oil was lyophilized from benzene

Q wanl-Bu
Ru
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to give 25 as a brown solid (66 mg, 25%). 'H NMR (300 MHz, CDC1i3) 8 20.67. {d,1= 10.5
Hz, 1H), 8.03 (br, 2H), 7.60 (t, 1.8 Hz, 1H), 6.86-6.81 (m, 2H), 6.51 -6.47 (m,_lH), 1.81 -
1.07 (m). , ' '

(0127} Example 16: Preparation of catalyst 26.

i -Bu, U
P = Y, NN ~Bu
¢Bu,,, NN wtBU - o Q?,\Y \Q
IBQ,C ‘Q/ \QB . teu” C'_R?u.. t-Bu
-Bu ~Ru= -Bu (
G I e Ph ) o} )
PCys , —«<
CD,Cl,, 40 °C ’ PH
25 : ' 26

[0128] Ruthenjum Catalyst 26. In a screw cap NMR tube, ruthenium compound 25 (10
mg, .01 mmol), _2-isqpropoxy—3-\{inylbiphenyl (5 mg, .02 rhmol) and CuCl (1 mg, .01 mmol) '
were combined in CD»Cl, (1 ml) in the glove box, The reaction was heated at 40 °C for 29
hours, concentrated and purified ‘by column chromatography (1 (_)% > .25.% Et,O/Pentange)

to yield a grayish green oil. This oil was lyophilized from benzene to yield 26 as a soligl 2
mg, 25%). 'H NMR (300 MHz, CDCL) § 16.77 (s, 1H), 7.89 (s, 1H), 7.66 - 7.59 (m, 6H),’
7.50 - 738(m,7H),702(t J=45Hz, lH) 672(dd J=3.6,1.2 Hz, 1H), 445(sept I=3.6
Hz, 1H), 1.47 (s, 18H), 1.30 (s, 18H), 0.95 (d, J = 3.6 Hz, 6H).

[0129] Example 17: Preparation of para—substltuted NHC ligand

Reaction scheme 21 .

MNHz 1. glyoxal, i-PrOR, H,0

2. NaBHy, Conc. HCI, THF

3. HC(OEb), | ’@/N N\©\r .
’ -Bu

cr
27

{0130} NHC ligand precursor 27. Glyoxal (1.92 ml, 16.8 mmol) was added toa -
solution of 4-tertbutylaniline (5.87 ml, 37 mmol), i-PrOH (60 ml) and water (60 ml).. The

reaction was stirred for 1 hour and then the liquids were decanted off. The remaining Stfck\)r :

solid was washed with -PrOH and then any remaining solvent was removed under vacuum.
THF (62 ml) was then added to the flask and it was cooled to 0 °C. NaBH, (2.57 g, 68

- mmol) was added to the solution. . Concentrated HC1 (2.7 ml) was added dropwise over 0.5
hours; and the reaction was stirred for 2 hours. 4N HCI (150 ml) was added slowly and the
reaction was stirred for 0.5 hoﬁrs, filtered and the filtrate was washed with EtZO‘ to givea .
white solid. To this filtrate was added HC(OELt); (20 ml) and the reaction was stirred at 100
°C for 18 hours. The reaction was filtered. The filtrate was washed wigh Et,Otogive27asa .
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white solid (80 mg, 1%)."H NMR (300 MHz,"CDCl3) & 11.35 (br, 1H), 7.89 (br, 4H), 7.38
(br, 4H), 4.44 (br, 4H), 1.15 (s, 18H); '°C (75 MHz, CDCly) 8 151.1, 150.9, 133.0, 127.3,
118.6, 48.7, 34.8, 31.3; HRMS (EI+) calc for C;3Hs N, 335.2487. Found 335.2476.
[0131]  Example 18: Preparation of catalyst 28
PC
P%". R‘ Y3
“Ru=,
"1 Ph
N N Pyr t*BU"@/ t-Bu
t-BuQ cr\.\wu 17 cr ""l““\Ph
KOt-Bu(Fg), csoe. 60 °C PCy,
27 ' 28

[0132] Ruthemum Compound 928 (Comparatlve) Ina g]ove box, NHC ligand .
precursor 27 (5 mg, .014 mmol), ruthenium precursor 17 (10 mg, .014 mmol) and KOz~

Bu(Fsj (3 mg, .014 mmol) were combined in' C¢Dj in a sérew cap NMR tube. The tube was
removed from the box and immersed in a 60 °C oil bath. The solution immediately turned
“brown and a new spemes (28) was transiently observed. "H NMR (300 MHz, CDCl) § 19.46
@, =6 Hz).
'[0133]  Example 19: Catalystactivity A
[0134] Standard ac’fivity tests were used to determined the utility of the new catalysts of

the invention.

: Nf—\N By ”
ooy 2
t-Bu CI’R{J" t-l?u
Catalyst 24. . 24 . ‘
[0135] Preparation of stock solutions. Catalyst 24 (9 mg) was placed in a 2ml volumetric
N flask and taken into a glove box. In the glove box, 2ml of CD;Cl; was added to make stock-

solution X. 0.33 ml of X was then transfeired to another 2m! volumetric flask and diluted to
- 2ml with CDyCl, to make stock solution W. '
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o 0O O 0O
EtO™ OEt : EtO OEt
24 (5 mol%)
CD,Cly, 30 °C

1 ' 2 ,
[0136]  In a glove box, 0.67 ml of stock solution X (3 fng of 24, 0.004 mmol) was
transferred to a screw cap NMR tube. CDyCl, (.13 ml) was added and then 1 (21.5 ul, 0.08
mmol).- The NMR tube was sealed, removed from the glove box and heated to 30 °C. Fig. 9
shows the graph of con‘.zersion over time. o
(0137} This experiment was repeated in ¢6D6 at 60 °C to examine the impact of
temperature. Catalyst 24 (3 mg, 0.004 mmol) and C¢Dg (.8 ml) were c'oxhbfned in a screw
cap NMR tube a;nd 1215, (~),‘084 mmol) was added. The NMR tube was sealed, rerrio’vec‘l'
- from the glo;/e box and heated to 60 °C. Fig.. 10isa graph.of conversion over time in C¢Dg.

[0138] Example 20: RCM activity with less hindéred olefins.
o © A ) 0 0.

EtO OEt EtO OEt.
24 (1 mol%)
S CDyCl,, 30 °C -

13 14 O
[0139] In a glove box, 0.8 ml of stock solution W (0.6 mg of 24, 0.0008 mmol) was
transferred to a screw cap NMR tube. The NMR tube was sealed and transferred to a 500
MHz NMR which was warmed to 30 °C. The NMR tube was then ejected, 13 (20.5 ul, 0.08

mmol) was added and the tube was injected for data collection. Fig. 11 is a graph of the

conversion over time.
Qo O : O 0O
EtQ QEt - : EtQ OEt
24 (1 mol%)
X " CDyCl,, 30 °C
15 ' ’ 16

[0140]) In a glove box, 0.8 ml of stock solution W (0.6 mg of 24, 0.0008 mmol) was
transferred to a screw cap NMR tube. The NMR tube was sealed and transferred to a 500
MHz NMR which was warmed to 30 °C. The NMR tube was then ejected, 15 (19.5 ul, 0.08
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mmol) was added and the tube was injected for data collection. Fig. 12 is a graph of the
conversion over time.
[0141]  Example 21: Activity studies

t—BU:,_ i-Bu
t-Bi cl \l/ t B.
- uE Ru= E— U
. c Ph
PCY3
Catalyst 25. ) . 25

{0142]) Preparation of stock solutions. Catalyst 25 (11 mg) was placed ina2ml
volumetric flask and taken into a glove box. In the glove box, 2ml of CDzCl} was added to

make stock solution V. 0.4 ml of V was then transferred to another 2ml volumetric flask and

-+ diluted to 2ml with CD,Cl, to make stock sq]ution .

Reaction scheme 25 °

o O o O

EtO OEt " EtO OEt

25 (5 mol%)
CD,Cl,, 30 °C

1 ' - 2
[0143] " In a glove box, 0.55 ml of stock solution V (3 mg of 25, 0.003 mrriql) was
transferred to a screw cap NMR tube. CD,Cl, (.25 ml) was added and then 1 (21.5 pl, 6.08
mmol). The NMR tube was sealed, removed from thé glove box and heated to 30 °C. A
graph of conversion over ti&e is shown in Fig. 13. No further conversion is observed after 2
hours. ]
[0144] This experiment was repeated in CgDg at 60 °C to examine t};e impact of

temperature. Catalyst 25 (3 mg, 0.003 mmol) and CsDs (.8 ml) were combined in éscrew

" cap NMR tube and 10 (21.5 pl, 0.08 mmol) was added. The NMR tube was sealed and

transferred to a 500 MHz NMR which was warmed to 60 °C. The NMR tube was then
ejected, 1 (21.5 pl; 0.08 mmol) was added and the tube was mjected for data collection. Fig.-

14 is a graph of the conversion over time.
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10145} Example 22: Activity studies with less hindered olefins.
O 0 ’ o O

EtO OEt , E1O OEt
25 (1 fwiol%)
\ _CD,Cly, 30 °C

13 : 1
10146] 1In a glove box, 0.55 ml of stock solution U (0.6 mg of 25, 0.0008 mniol) was
transferred to a screw cap NMR tube and 0.25 ml of CD,Cl; was added. The NMR tube was
sealed and transferred td a 500 MHz NMR which was warmed to.30 °C. fhe NMR tube was
then ejected, 13 (20.5 pl, 0.08 mmol) was added and the tube was injected for data collection.

Fig. 15 is a graph of the conversion over time.

o o 0 o
EtO OEt EtO OEt
' 25 (1 mol%) ‘
2 CD,Cl,, 30 °C : -

15 16

[0147} In a glove box, 0.55 ml of stock solution U (0.6 mg of 25, 0.0008 mmol) was
transferred to a screw cap NMR tube and 0.25 ml of CD,Cl, was added. The NMR tube was
sealed and transferred to a 500 MHz NMR which was warmed to 30 °C": The ﬁMR tube was
then ejected, 15 (19.5 pl, 0.08 mmol) was added and the tube was injected for data

" collection. Fig. 16 is a graph of the conversion over time.

[0148] . Example 23: Activity study.

{-Bu,,. N * N ) wEBu ..
-Bu _ C"F'{tu“ -Bu

o
'\Ph’
.26

Catalyst 26.
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o O o 0

EtO™ ) OEt ) EtO OEt
26 (5 moi%) :
CDoCls, 30 °C

2

[6149] In a glove box, catalyst 26 (2 mg, .002 mmol) was-combined with CD»Cl; (4 ml)
in a screw cap NMR tube. The NMR tube was sealed and transferred to a 500 MHz NMR
which was warmed to 30 °C. The NMR tube was then ejected, 1 (11 pl, 0.04 mmol) was
added and the mbe was injected for data collectlon Fig. 171is a graph of the conversion over
time fhat illustrates the dramtic decrease in reaction time necessary, relative to cata]yst 12, for
catalyst 26 to give 90% conversion of 1 to 2.

[0150] - Example 24: Activity of catalysts 6a, 6c, 27a and 27cin the ring-closing
metafhesm of dimethyl 2,2~d1(2-methylaIIyl)malongte. :

Ph Ph

R=n ,TC.Q

PCYs

27a (R = Me)
27¢(R=i-Pr) -

[0151] The procedure used was the same as that described in Example 3 using catalysts
27a and 27¢. The results fér 6a, 6c, 27a dand 27¢ are shown in Fig. 18, The results shown in
Fig. 18 demon.strate that catalysts 6a and 6¢ perform better than 27a and 27cin the ring-
closing metathesis of dimethyl 2,2-di(2-methylallyl)malonate. These ré's_ults indicate that a
catalyst based on an NHC ligand that has an unsubstituted bridge between the nitrogen atoms
. performs better than a catalyst that has phenyl substitutents on each carbons of that same
bridge. . a o
. [0152] -Example 25: Ring-closing ‘metathesis 6fdimetﬁyl 2,2-di(2-methylallyl)malonate
using 5 mol % of catalysts 6a and 7a in toluene at 40 °C and 60 °C:

[0153] A procedure analogous to that described in Example 3 was used, except that

methylene chloride was replaced with toluene. The results are shown in Figure 19.
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{0154] Example 26: Catalyst 12 and catalyst B were compared under identical reaction
conditions for the production of tetrasubstituted olefins by RCM. The'reactioxi§ were . .

performed with 0.08 mmol of substrate, 0.004 mmol of catalyst, 0.8 ml of CsDs at60°C. A,

comparison table follows.

Table 15. RCM to form tetrasubstituted olefins. NR = no reaction.

X

X catalyst (5 mol%)
/< }\ 0.1 M, CeDe, 60 °C, 24n }"l

Conversions (isolated yields)
with catalysts
'&{—\N:b\ tBuie., . NhN ) LB
cl T ) %u‘: T i’
. 2R|.l|.,_ I c|2R,i__ t-Bu
Substrate o m,z"Q;}
(E =CO,Et) ‘B 12
E_E : ' -
. 30 : .
C . ‘ : _ . (86)
- x >95
. - >05 . .
D . . ‘ : 99
E E i )
51
A 50 | ,
' 47
E | @
. Ts - T
N . ' . ) '>95
JK/F\/"\ .85 . 5
)I\/O\/‘k ' >95 ’ ) : © >08
G .
o . C
A ~ 43! : 782

[1] 75% consumption of H. i
[2] 10% 2,6-dichlorobenzoquinone added. Without -2,6-dichlorobenzoquinone: 60%

conversion to product, 95% consumption of H.

[0155] Two of these substrates, D-and G, Werewcornpletely converted to product with

‘both'c'atalysts. Catalyst 12 gave improved conversion relative to catalyst B for every other
substrate except E. Substrate H warrants further discussion. Use of catalyst B gave a mixture
of three compounds, with 43% conversion to product, 32% conversion to a rearranged

byproduct and 25% remaining starting material (H). Use of catalyst 12 resulted in complete
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consumption of H, but with only 60% conversion to product and 40% conversion to the

byproduct. Interestingly, catalyst 10 gave 43% conversion to the product and no byproduct
formation. Ruthenium hydride species formed from the decomposition of ruthenium olefin
metatheéis catalysts are known to catalyze the migration of olefins at 40 °C in CD,Cl,. Hong, ‘
S. H.; Day, M. W.; Grubbs, R. H. J. Ami. Chem. Soc. 2004, ]26, 7414. Repeating the
reactions using B and 12 with 10% 2,6-dichloroquinone added to consume any hydride
formed, {Hong, S. H.; Sanders, D.P.; Lee, C. W.; Grubbs, R. H. J. Am. Chem. Soc. 2005,

12 7; 17160) catalyst B gave very poor conversion, but catalyst 12 gave 78% conversion to
product with no byproduct formation. Overall, catalyst 12 performed as well as or better than
B for all of the substrates. ' } '

[0156] Example 26: Comparison of catalysts A, 12' and 7a in different ring-closing metathesis
reactions to form tetrasubstituted olefins. ' '
[0157] A procedure similar to that described in Example 8 was used 'to set up the ring-closing

metathesis reactions and to follow their progress. The results are summarized in Table 16.

.Table 16. RCM to form tetrasubstituted olefins (E = CO;Et; Ts = tosyl). NR = no reaction.

X

X catalyst (5 moi%)
/{ )\ 0.1 M, CgDg, 60 °C, 24h R
' Conversions (isolated yields) [%6]
with catalysts C848, 12, and 7a

Substrate A 12 . 7a

E_E . . ! o
C -

>95

>95 ©9)

>95

(86)
J\E)«/\r

= :
D .
E
E T
Ts . .
/"\,:;J'\ 85 s - >95

| 99y |

J\,é\)l\ ' >95 : >95 >95

A ~Y 43° 780 . 88
H

[a] 75% consumption of 17.
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. J\/ = . catalyst (5 mol%) )\/\/
.+ - - : OAC
20" 0.1 M, CgHe, 60 k& 520" O

[b]10% 2,6-dichlorobenzoquinone added. Without 2 6~dxchlorobenzoqumone 60%

" conversion to product, 95% consumption of 17.

{0158} Example 27: Cross Metathesis (CM) Results with Catalyst 7a

[0159] Geﬁerai procedure for CM reactions. A reflux condenser Wwas attached to a
flame-dried 10 mL 2-neck round bottom flask and the ai).paratus was flushed with argon. The
flask was charged with solid catalyst and a stir bar. The second neck was closed with a
sep’mm,. and dry, degassed CsHg (2.5 mL) was added via syringe. ‘The reagents were then
added simultaneously via syringe. The solution was heated to 60 °C using an oil bath, and
was stirred under argon for 18 h. The solution was then cooled to room temperature and
concentrated. Conversions were measured by 'H NMR of this crude reactlon mtxture, and

yields determmed by isolating the desired products by silica gel column chromatography.

8 - Catalyst (6 mol%) . PR

Et OAc . ) ’
* NN : o W/OA
PhX/ = . 0.1 M, CgHg, 60 tC PHe N , 9
& M2 : .
£ I NN~ t-Buon, M \-Bu ™\ Me,
. N N ¥ N N'
! 5-? T ey e
ClzRu== ‘ Me | - .
8! Ty YD
o .
e g o e
44% conv ___47% conv . 80% conv

OAc

AcO

' S .M
SN N~ NN~
Clth'J..— ClRii=
, OQ > .
Pr” e

38% vield - 87% yield
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[0160] ° Example 28: Preparation of bis(pyridine) catalyst 28.

™\ Mg

™\ Mg ' N N
N Nec==\. N & !
o'yes Lo YO
Me P /_ N—?u'-\ -
C|2Rli1'=\Ph ) . . o) [L P_h
PCys ‘ | g

[0161] Ina nitfogen-ﬁlled glove box; pyridine (3.0 mL) was added to .catalys“t 6a (0.1 g

0.126 mmol) and the solution was stirred until all of 6a had dissolved. The desired product
was isolated by 'precip'itation with pentane (0.070 g, 0..1 04 mmol, 83 % yield). .Green'
crystalline solid. "H NMR (300 MHz, CDe): & 19.30 (s), 9.51 (d), 8.53 (m), 7.92 (d), 7.25-
7.05 (m), 7.00-6.77 (m), 6.64 (m), 6.51 (1), 6.22 (1), 3.08-3.64 (m), 2.49(s), 2.31 (s). .

[0162] Exampile 29£ Ring-closing metathesis reactions using catalysts 6a and 7a.

{0163} The ring-closing reactions described in Examplé 22 were repeated xising catalysts
6a and 7a with of substrates 13 and 15 to form the corresponding di- and tri-substituted
olefins. The results are shown in Figs. 20 -23. Fig. 20 is a graph of the conversion of 15 over
time for the RCM reaction for catalyst 6a. Fig. 21is a graph of the conversion of 13 over
time for the RCM reaction for catalyst 6a. Fig.22 is a graph of the cdnversio.h of 15 over
time for the RCM reaction for catalyst 7a. Fig. 23 is a graph of the conversion of 13 over
time for the RCM reaction for catalyst 7a.. ’



47

CLAIMS

1. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst of
formula (I):
’ [NHC]

3Rr :€C>:—‘:(
x|

RQ

n R10
m @

wherein:

X! and X? are independently anionic ligands;

nis0,1 or2;

R’ and R'? are each independently hydrogen or a substituted or unsubstituted substituent
selected from the group consisting of C;-Cyg alkyl, C,-Cy alkenyl, C,-Cy alkynyl, aryl, C;-Cy
carboxylate, C;-Cyp alkoxy, C,-Cy alkenyloxy, C,-Cy alkynyloxy, aryloxy, C;-Cy
alkoxycarbonyl, C;-Cy alkylthio, C;-Cy alkylsulfonyl and C;-Cy alkylsulfinyl; or R’ and R'®
may optionally be linked together to form a cyclic structure via one of the listed substituents;

mis 1 or2;

when m is 1, L is a neutral 2-electron donor ligand and may optionally be linked to R'
forming a chelating carbene ligand when n is zero;

when m is 2, L is a heteroarene ligand; and

NHC is an N-heterocyclic carbene ligand selected from formulas (III)-(V):
RZ R! R4 8 R1 RZ
R3 N N RS

R? R? (1)
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R! R2

R® (IV)
R* R® Rt R?
R8——N N R3
\/
R? V)

wherein

R!, R? and R®are either:

a) each R' is independently a primary or secondary C,-C, alkyl group; each R® is
independently H, a substituted or unsubstituted C;-C,¢ alkyl group, substituted or unsubstituted
phenyl, substituted or unsubstituted naphthyl, or substituted or unsubstituted anthracenyl; and
each R’ is independently H, a substituted or unsubstituted C;-Cs alkyl group, substituted or
unsubstituted phenyl, substituted or unsubstituted naphthyl, or substituted or unsubstituted
anthracenyl, or a functional group selected from the group consisting of halo, hydroxyl,
sulthydryl, cyano, cyanato, thiocyanato, amino, nitro, nitroso, sulfo, sulfonato, boryl, borono,
phosphono, phosphonato, phosphinato, phospho, phosphino, and silyloxy; or

b) R is H; each R* is independently H, a substituted or unsubstituted C,-C; alkyl group,
substituted or unsubstituted phenyl, substituted or unsubstituted naphthyl, or substituted or
unsubstituted anthracenyl; and each R® is independently H, a substituted or unsubstituted C;-Cg
alkyl group, substituted or unsubstituted phenyl, substituted or unsubstituted naphthyl, or
substituted or unsubstituted anthracenyl or a functional group selected from the group consisting
of halo, hydroxyl, sulthydryl, cyano, cyanato, thiocyanato, amino, nitro, nitroso, sulfo,
sulfonato, boryl, borono, phosphono, phosphonato, phosphinato, phospho, phosphino, and
silyloxy; with the provisos that both R? substituents on the same phenyl ring are not H;
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R* and R® are each independently H, a substituted or unsubstituted C;-Cg alkyl group,
substituted or unsubstituted aryl, or in formulas (III) and (V), together with the carbons carrying
them, form a substituted or unsubstituted, fused 4-8 membered carbocylic ring or a substituted
or unsubstituted, fused aromatic ring;

R’ and R are independently H, a substituted or unsubstituted C;-Cg alkyl group; and

R%is a C;-Cy, alkyl or a C3-Cy; cycloalkyl.

2. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst

according to claim 1, wherein the NHC ligand is selected from the group consisting of

e
N

where R! ismethyl, ethyl, propyl, or isopropyl;

R? \ R2
R2 R2

where R? is tert-butyl;

R°R7 R R
RS "“Nl N: and R8—N N
N AN
where R' is methyl, ethyl, propyl or isopropyl; where R! is methyl, ethyl, propyl, or isopropyl;
R® and R’ are hydrogen or methyl; and R® is and R® is methyl.
methyl;
3. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst

according to claims 1 or 2, wherein:
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X! and X? are halide, or a substituted or unsubstituted group selected from the group
consisting of benzoate, C;-Cs carboxylate, C;-Cs alkyl, phenoxy, C;-Cs alkoxy, C;-Cs alkylthio,
aryl, and C;-C;s alkyl sulfonate;

nisOorl;

R’ is hydrogen, C;-Cs alkyl or aryl;

R!%is a substituted or unsubstituted group selected from the group consisting of C;-Cyg
alkyl, C,-Cy alkenyl, and aryl;

mis 1; and

L is selected from the group consisting of phosphine, sulfonated phosphine, phosphite,
phosphinite, phosphonite, arsine, stibine, ether, amine, amide, imine, sulfoxide, carboxyl,
nitrosyl, pyridine, and thioether, or is linked to R'® forming a chelating carbene ligand when n is
0.

4. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst
according to claim 3, wherein:

X' and X? are each halide, CF3CO,, CHs, CO,, CFH,CO,, (CH3);CO, (CF;), (CH3)CO,
(CF3)(CH;5),CO, PhO, MeO, EtO, tosylate, mesylate, or trifluoromethanesulfonate;

nis0or1;

R’is hydrogen, C,-Cs alkyl or aryl;

R'%is a substituted or unsubstituted group selected from the group consisting of C;-Cag
alkyl, C,-Cy alkenyl, and aryl;

mis 1; and

L is a phosphine of the formula PR'R"R", where R’, R", and R"" are each independently
aryl, C;-Cy alkyl, or C3-Cs cycloalkyl, or is linked to R'® forming a chelating carbene ligand

when n is 0.

5. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst
according to claim 4, wherein:

X! and X* are each chloride;

nis0;

R’ is hydrogen;

R'%is phenyl, vinyl or —C=C(CH;),;

mis 1; and
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L is selected from the group consisting of P(cyclohexyl)s, P(cyclopentyl)s,
P(isopropyl)s, and P(phenyl)s, or is linked to R'® forming a chelating carbene ligand.

6. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst

according to claim 5, wherein the catalyst of formula (I) is selected from the group consisting of:

[NHC] [NHC]
X! 1
~ X
xz/ﬁu'_ x2— U
__(O ‘(d
Ph
NHC]
1
x|
Xz/lfum [NHC]
1 1
o x|
/ x2/8u_—
/ d%j/ o—
[NHC]
.
X\ [
xZ/RtIJ
O —

and /

7. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst according

to claim 3, wherein the catalyst of formula (I) is selected from the group consisting of:
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1 [NTC] [NHC]
X 1
~n x|
XZ/,'U‘—_ xz/ﬁ{u___
__]/O v(d
Ph
INHC]
.
x|
x2— Ru=— [NHC]
/ 1
S x|
/ x2/|3u‘_
o o—

and /

8. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst
according to claim 5, wherein L is selected from the group consisting of P(cyclohexyl)s,

P(cyclopentyl)s, P(isopropyl)s, and P(phenyl)s.

9. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst
according to claim 3, wherein L is selected from the group consisting of P(cyclohexyl)s,

P(cyclopentyl)s, P(isopropyl)s, and P(phenyl)s.

10. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst selected

from the group consisting of:
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1 [NHC] [NHC]
X 1
\RI x|
Xz == o — U=
_(O _(d
Ph
INHC]
;
x|
xz— RU== [NHC]
. 1
é N
/ Xz/R“———
/ ° ’
INHC)
[NHC x! [NHC]
: \
x2/RL-"

and /

wherein:

X' and X? are independently anionic ligands;

nis0, 1 or2; and

NHC is an N-heterocyclic carbene ligand comprising a 5-membered heterocyclic ring
having a carbenic carbon atom and at least one nitrogen atom contained within the 5-membered
heterocyclic ring, wherein the nitrogen atom is directly attached to the carbenic carbon atom and
is substituted by a phenyl ring, and wherein the phenyl ring has a hydrogen at either or both ortho

positions and is substituted at at least one ortho or meta position.

11. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst
according to claim 10, wherein the NHC ligand is selected from a ligand of formula of formulas

(ID-(V):



R! R-
3
)
R2 Rt R? ® Rt R2
R3 N;N R3
R? R? (11D
rt¢ R®  Répr R R2
RB—-——N\/N R®
R? (Iv)
R* R® Rt R2
A
SENAY

wherein

R!, R?, and R are either:

a) each R' is independently a primary or secondary C;-Cs4 alkyl group; each R? is
independently H, a substituted or unsubstituted C;-C; alkyl group, substituted or unsubstituted
phenyl, substituted or unsubstituted naphthyl, or substituted or unsubstituted anthracenyl; and
each R® is independently H, a substituted or unsubstituted C;-Cs alkyl group, substituted or
unsubstituted phenyl, substituted or unsubstituted naphthyl, or substituted or unsubstituted
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anthracenyl, or a functional group selected from the group consisting of halo, hydroxyl,
sulthydryl, cyano, cyanato, thiocyanato, amino, nitro, nitroso, sulfo, sulfonato, boryl, borono,
phosphono, phosphonato, phosphinato, phospho, phosphino, and silyloxy; or

b) R’ is H; each R%is independently H, a substituted or unsubstituted C;-Cs alkyl group,
substituted or unsubstituted phenyl, substituted or unsubstituted naphthyl, or substituted or
unsubstituted anthracenyl; and each R®is independently H, a substituted or unsubstituted C;-Cg
alkyl group, substituted or unsubstituted phenyl, substituted or unsubstituted naphthyl, or
substituted or unsubstituted anthracenyl or a functional group selected from the group consisting
of halo, hydroxyl, sulthydryl, cyano, cyanato, thiocyanato, amino, nitro, nitroso, sulfo, sulfonato,
boryl, borono, phosphono, phosphonato, phosphinato, phospho, phosphino, and silyloxy; with the
provisos that both R* substituents on the same phenyl ring are not H;

R* and R are each independently H, a substituted or unsubstituted C,-Cs alkyl group,
substituted or unsubstituted aryl, or, in formulas (IIT) and (V), together with the carbons carrying
them, form a substituted or unsubstituted, fused 4-8 membered carbocylic ring or a substituted
or unsubstituted, fused aromatic ring;

R®and R are independently H, a substituted or unsubstituted C,-Cg alkyl group; and

R®is a C;-C, alkyl or a C3-Cy, cycloalkyl.

12. An N-heterocyclic carbene (NHC) ruthenium olefin metatheéis catalyst

according to claim 11, wherein the NHC ligand is selected from the group consisting of

00 A0S0
\/N N\/N

where R'is methyl, ethyl, propyl, or isopropyl; where R! ismethyl, ethyl, propyl, or isopropyl;

%
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2 2

R2 R R? R
R2 R R? R

2 2

where R? is tert-butyl; where R? is tert-butyl;
RGR7 R1 R1
RE—N_ N and RE— N
A N
where R! is methyl, ethyl, propyl,or isopropyl; where R! is methyl, ethyl, propyl, or isopropyl;
R® and R are hydrogen or methyl; and R® and R? is methyl.

is methyl;

13. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst
according to claim 10, 11, or 12, wherein X! and X? are each halide, CF;CO,, CH;,CO,, CFH,
CO,, (CH;3);CO, (CFs5), (CH3)CO, (CF;)(CH;),CO, PhO, MeO, EtO, tosylate, mesylate, or

trifluoromethanesulfonate.

14. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst

according to claim 13, wherein X' and X? are each chloride.



