ORGANOVETALLI C RUTHENI UM COVPLEXES AND RELATED METHODS FOR THE
PREPARATI ON OF TETRA- SUBSTI TUTED AND OTHER HI NDERED OLEFI NS Techni cal
Field 100011This invention relates generally to elefin netathesis.
More particularly, the invention relates to organonetal | ic ruthenium
conpl exes and ol efin netathesis nethods using themto produce

hi ndered ol efins. The catal ysts and nethods of the invention have
utility in the fields of catalysis, organic synthesis, and industrial
chem stry. Background of the Invention [0002] A efin netathesis
catalysis is a powerful technology, which in recent years has

recei ved tremendous attention as a versatile nmethod for the formation
of carbon- cyRENNOMIAS NG PePHENIEMOCE MPRRINERAUL B Kt L) 8 BoDs
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nmet hod for preparing a cyclic tetra-substituted olefin via
ring-closing netathesis herein disclosed. [0008)Fig. 2.shows a
diagramillustrating the results of a. ring-closing metathesis of 1
Wth catalysts 6a, 6b, 6¢c and A (referred to as C848 in graph),
reported in Exanple 3 and in particular in Tables 3 to 6. 3

[0009] Fig. 3 shows a diagramillustrating the results of a _
ring-closing netathesis of 1 with catafysts 72, 713, /c, reported in
Exanple 3 and in particular in Tables 9 to 11 10010]Fig. 4 depicts
the single crystal X-ray structure was obtained for catalyst 12
described in Exanple 7. [0011]Fig. 5 is a graph of the conversion
over time f[0004]t hesSdcomgdab@sdnifetatBdsalchelyst &itlfredidy Wbtdie £ ity S e ddw

[ ' ' IS a. , conyersj on over
Cime for o FATR RpeR 8 G e oforbBp o ot Pgenose Froes oo,
descri bed N @ligaps te eiye cpoplesF Bf e seiatiopngs pFPRai(X):Re=~CHRAreliesdioh
over tine depeschiien NHUZH GhOSIAGs ﬂ?@ﬁﬁé@i@ﬁimﬁd&ﬁleéﬁﬁ%ﬁeﬁﬁgﬂgﬁg2,&il(z)n
SR L L MU SIUL RN R SO TR CR
descri bed FrepRrentpinello/], y@GaIB], or Bivhgrodp Glzohstyl, hgcldkaphorehenghangRSi on
over tinme feeschfiGn 5&995112&:1?? BPQ;&E@&@"(Q.%?%@&?{ ch=Mh Pﬁ&%vf"'eéé. L egdinles -
descri bed in Exanpl [0016]Fig. 10 I s a graph Of conversion  over
e Tor tHAPE O SLTCHEHER A FrSiee B cctorhed o PR BbSHoBm P 2R
descri bed 4nd VAR 8831 54,1 Ohicl HOi¢drbogted hdrein by fefgtimiah Faihet ORI bOAOV ET
time for thembddia el MRt BRSL 2408 rmthenium complexes are réported by A.

Fiirstner, L. Ackermann, B. Gabor, R. Goddard, C.W. Lehmann; R. Mymnott, F Stelzer, and
O.R. Th{el, Chem. Bur. J.,.2001, 7, No. 15, 3236-3253; Blackwell H.E., O'Leary D.1,,
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. é’kem. Soc. 2000,
122, 3783-3784; Chatterjee A.K., Grubbs R.H. Angew. Chem. Int. Ed. 2002, 41, 3171-3174;

" . Chatterjee AK., Choi T.L., Sande;s D.P., Grubbs R.H. J. Am, Chem. Soc. 2003, 125, 113.60-
11370. The disclosure of these articles are incorporated herein by reference.

[0005] Despite such advances in the development of olefin metathesis catalysts, the
metathesis of hindered olefins remains diffienlt and certain niaetaﬂlesjs reactions to form tétra-
substituted olefins proceed slowly and in low to moderate yields. A need exi;ts, therefore,
for metathésis catalysts 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
[0806] Further features and advantages‘ of the organometallic compiexes, methods and
reactio_'n systéms herein disclosed will become apparent from the f‘oilowing detailed

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

‘ [00067} Fig. 1 shows areaction scheme illustrating an exeﬁ:plmy enibodiment of ;nhe
met‘ho.d.for prepéring a cyclic tetra-substituted olefin via ring-closing metathesis herein -
disclosed. _ .
[0608] " Fig. 2 shows a diagram illustrating the results of _a,riné—c]osing metathesis of 1

* with catalysts 6a, 6b, 6c and A (referred to as C848 in graph), reported in Example 3 and in
particular in Tables 3 to 6. ‘



wi th catal yst 24 described in Exanple 20. [0018]Fig. 12 is a graph of
t he conversion over tine for the ring-closing thetathesis of 15 with
catal yst 24. described hi Exanple 20. [0019]Fig. 13 is a graph of
conversion over time for the ring-closing nmetathesia of 1 with

catal yst 25 described in Exanple 21. [0020] Fig. 14 is a graph of the
conversion over time for the ring-closing nmetathesis of 1 with
catalyst 25 in C6D6 described in Exaine 21. [0021]Fig. 15 is a graph
O the conversion over tine forthe ring-closing netathesis of 13
with catalyst 25 described in Exanple 22. [0022]Fig. 16 is a graph.

of conversion over tinme for the ring-closing netathesis of 15 with
catal yst 2@oad¢scriipedhbws Sxiagmh emﬁeaung %2&];1& & a rihg- clos;mg ngraaﬁbis eh the

gg{“éle;g'to%%v%&l s{sgg,d-f ‘lctg'%m} %i‘é’“& 86%14 %Eu n%ﬁﬁes 3{%’1‘11

conver si onl08er tHigrd qu'PtSﬁ}WélﬂgferF@lS@F Esf ijmﬁ%{eaﬁq @biained for gatgijyst 42

cat al yst ﬁﬁmmﬁ&hnaiﬁn@ﬁd 27c described in Exanple 24. 4 [0025] Fig.

19 shows t i.on overtinme fo 0sS nEtaI sis.of 1
wi th oar al D05 oo 56 T AERE o ettt fHep it T e SRk g e s e gOD R i o

20 is a grephea@lyst HedeorvedisExmdw@&r time for the RCIVI reaction of 15

i n Exanpl qo@&l f orxzag @h@é gx%h S8he 40024 Er tirkel fok &e%ngfcmtag Qeratildfs of 1

conver si On i {alys{ﬂ%n Coﬁg,descn [ mrﬁ}?aaﬁg.:peé)n of 13 in

10013] Fig. 7 is a graph of the conversion. over time for the ring—closing metathesis of 13
with catalyst 12 described in ¥xarnple 9. o '_
{0014] Fig. 8 is a graph of the conversion over time for'the rmg~closmg metathes:s of 15
with catalyst 12 described in Example 9. , '
[0015]. - Fig. 9 shows the graph of conversion over tlme for the ring-closing metathesm of
1 with catalyst 24 descnbed in Example 19. ’
[0016) Fig. 10'is a graph of conversion over time for the nng—closmg metathesis of 1 with
catalyst 24 in CsDs, descnbed in Example 19, .
[0017] Fig. 11 is a graph of conversion gver time for the ring-closing metathesis of 13
with catalyst 24 described in Example 20,
[601 8} Fig. 12isa graph of the conversion over time for the mng—closmg metathesm of 15
with catalyst 24  described in Example 20. - )

. 10019] Fig. 13 is a graph of conversion over time for the ring-closing metathesis of 1 with .
catalyst 25 described in Example 21. . ' ' . :

" [0020] Fi ig. 14 is a graph of the conversion over time for the ring—cloéing metathesis of 1
with catalyst 25 in CsDes described in Example 21. . -
(0021} Flg 15 is a graph of the conversion over time forthe rmg—closmg metathems of 13-
w:th catalyst 25 described in Example 22. |
[0022] Fig. 16 is a graph.of conversion over time f‘or the ring-closing metathesis of 15
with catalyst 25 de$cnbed in Example 22.
[0023] Fig. 17 isa graph of the conversion over time for the ring-closing metathesis of T
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, .



Exanple 29 for catalyst 6a. [0028]Fig. 22 is a graph of the
conversion over tine for the RCMreaction of 15 in Exanple 29 for
catal yst 7a. 100291Fig. 23 is a graph of the conversion over tinme for
the RCMreaction of.13 in 'Exanple 29 for catalyst 7a. Summary of the
I nventi on [0030] The invention relates to ruthenium al kylidene

conpl exes having an N-heterocyclic carbene |ligand conprising a

5- nmei nbered heterocyclic ring having a*carbenic carbon atom and at

| east one nitrogen atom contained within the 5-nmenbered heterocyclic
ring, wherein . the nitrogen atomis directly attached to the
carbenic carbon atomand is substituted by a phenyl ring, and wherein
the phenyl [ooish ng ﬁgagahmsdﬁ@&ﬁ{?erasn Set-MHBE fo?&e%ﬁﬂlo@ﬁu% DRtBRSS be Ok, and

is substltu%%yag east one qrtho--; met a- posi tion. 100311lln a -
pref erred @S arﬂ-:‘ﬁt"““ﬂ? PSR E"é“lnalteéé to N- het erocycl i c carbene
(NHC) rut Hem&ﬂm dligf2D s aptmtdigsi coneadal oyattingd fof e RTivarehdtion of MHE]

X3, 4. ?é%]g?&%a@g&?&aysts of fornmula (1) contain the NHO | i gand
as vveII asthe ot her ands shown. In fornmula (I and X2 are

i ndepender®P37] anifd®i2 Iﬁﬁ@'awdéthwwrw oer time fgr t }Q%reawanp%ﬂ gre
each i ndepengprioyohydneglan or a- Substituted or unsubsti tut ed’

substi tueng | e n f erc20
al kenyl 0%20 ;ﬁjé%i{aogbﬁrﬁ%ﬂg %g%ﬁsgo% °§'?:ra1r egi%/ {{a\dr@ac {‘i’# ony,
C2- C20 al KEHYPERY; OTGE’@@ZW“aI kYPY1OXY, ar YIOXY, C2-C20 al koxycar bonyl
Cl-C20 al |[ood9§ hi @ig. €B. 1s@§aﬁ|dfﬁie&blﬂnfe§hfbyl|ovgﬂﬁwcﬂrt@gQC@i eNtDH b mxg L
is a neutr ctro nor |igan an i isl or 2. RO and R 19
may opti on%lairl le%%rcmﬁ‘gfatdit%oget her to 5 forma cyclic structure via
one of the substituents nentioned above. L nmay optionally be |inked -
to Rl to fsa.&,m,ﬁ-y@haieagyagmﬁar bene Ilgand however, the fornati On-of
t he chel at,j carbene occ when n en "in" is a
. het er oar e!ne li gZ’f‘l’am"c‘ﬁ% ? gptﬁ ﬂ@lgl’“ﬁaﬁo@ﬁ?"ﬁ}@é’ﬁﬁmﬁp’ “hptejogyclic
pyri di ne ombergitaand W&@Spgﬁﬁdvmeredmp@mﬁbc rise bav{rgi agpbynik dirbre atom

catal yst. 56 15%66HRh8rogen atglﬁl%brﬁﬁlhaﬂm%xr(tlﬂb S hiMivleh RGeS AL Yl wherein
100331Pr ef]glarred NHC |.i ga%qs fo %enl nm cat al yst’s _ of

i nvent i on arrg ?%ng W dy ?{rﬁtltaé ed tP e c? nic carbon atom avid is subshtuted 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-heterocyclic carbene (NHC)
ruthenium olefin metathesis catalyst of formula (I): '

[NHC}

XLZ I RS
"Ru=€c}:{
07 g

b - .

" [0032]  The catalysts of formula (I) contain the NHC ligand as well as the other ligands
sho.v;rr.z. In formpla (D, X_' and X2 are independently anionic iigands; iy is0, 1, or i; R? and
R'? are each independently hydrogen or a-substituted or unsubstituted substituent selected
from the group cohs_isting of Cy-Cyp alkyl, C-Cyp alkenyl, Cy-Cao alkynyl, aryl, C-Czp
carboxylate, C)-Czp alkoxy, C2-Cyp alkenyloxy, Cz-Cap a]kyny]ox&, aryloxy, Cz-Cpp )
alkoxycarbonyl, C-Cag alkylthio, Cy-Cyp alkylsulfonyl and C-Cyo alkylsulfinyl; Lis a neutral
2-electron donor ligdnd; and “m” is 1 or 2. R® and R'’ may optional.ly be linked together to



6 (V) Informulas (11)-(V), R, R2, and R 3. are either: a) each
R 1 is independently a priniary or secondary Cl-C4" al kyl group; each
R2 is independently H, a substituted or unsubstituted Cl-Cm al kyl
group, substituted or.unsubstituted phenyl, substituted or
unsubStituted naphthyl, or substituted or unsubstituted anthracenyl;
and each 123 is independently H a substiftfred or unsubstituted
Cl I CE al kyl group, substituted or unsubstituted phenyl, substituted
or unsubstituted naphthyl, or substituted or unsubstituted

ant hracenyl, or a functional & ap selected fromthe group consisting
of hal o, hydroxyl, sulfhydryl, cyano, cyanato, thiocyanato, am no,
nitro, nitpesecydidkiurs vk badetine subfiikthis rnROEQRP b RO IS BRO Bﬂionga]ly be

hosphonat i nat o, .phospho, phosphi no, and sil.yl oxy; -or. b) R
PP e s AR PIa B3 R s Bifens R Bt B B Bt b oF Fedros
Cl- C8 al kytarignoligand el stdursuvied nos 0.UWSefst’l it sih@erophrenigind. Sudfenbly thed
or unsubstjiddiiBe 'ﬂémati'y, ks dp)ﬂ}l[iiné Hp&i)ét{t&{&?ﬂmﬁfné,%ﬁ H%xter%st %@Jfasﬂsyridine

ant hracenyl ; _and. | e i s I ndépendent|y H, 'a substitut

unsubst i t UPBESCISeEx4rRs S Jrrichpe ~dbibByiditn@@er unsubsti tut ed phenyl ,
substi t ut eifi033] urselsstd NHOC diganda pltheyrhtherim Sdidigdtd dfulieGlvention are those of
unsubstitqa%$ﬁyﬁﬂ¥@§enyl or a.functional group selected fromthe
group consisting of ‘hal o, hydroxyl, sulfhydryl, cyano, cyanato,

t hi ocYanato, amno; nitro, nitrbso, sulfo, sulfonato, boryl, borono,
phosphono, pho#phonat ! phosphi nat og? phosphg phosphino, and
silyloxy; with 6vi sos that both R2 sgbstituents on the sane

phenyl ring are/ 0 . R4 gh are ¢ ndependently H, a -
substitutegs or # ituted C1-\¢8 oup, .substituted or :
unsubstituted a Y in as ( \5 together with the -

carbons carryi ng unsubstituted, fused 4-8
menbered carbocylic ring or a substituted §r unsubstituted, fused
aromatic ring,Rpreferably a fused phenyl ri®g. Rmmnd R7 are .

i ndependently H, a substituted or unsubstituted Cl-C3 al kyl group. R5
is a Cl-Cl2 al kyl or a Cs-Cmcycloal kyl. 100341Anot her enbodi meht of
the invention Rl at es R'o Fan ol ef /. Rkt at hesi&s reaction which contacts .
NHC) rut henium ol efin
met at hesi s condi ti ons.
igsy for exanple,

Hesi s (CM, ring-opening

netathesis catg
The cat al yg

pol yneri zation ( ADMET). [0035] A further enbhodinent of the invention
relates to thé‘preparation of tetra- substifuted €¥®lic olefins via a
ri ng-cl osing Qpﬁathsg&s.dln this enbodi ment, “the invention provides-a
ring-cl osing at hegr's et hod o prepare a‘tetra-substituted cyclic
olefin. In the d, an /Yhi ¢ conpound having at | east two
termnal ol efins whi\ch arg ituted at the beta-carbon of each’
term nal dkPefrm_is con ®2N- het erocyclic carbene. (NHO)

rut heni um ol ef i n™wet at hes ay/al yst of the invention under .

metat hesis conditions to formag cyclic'tetra-substituted ol efin.
Det ai | ed Description of the Inveation [Q036] The invention relates to
N- het erocyclic ‘carbene (NI C) ruthenid Jol efin :




nmet at hesi s catal ysts. Advantageously, the catalysts of the invention
di splay greater . efficiency/activity than current ol efin nmetathesis
catal ysts for catalyzing ring-closing netathesis (FICM reactions to
formtetra-substituted cyclic olefins. The catal ysts also performthe
ot her known netathesis reactions in the-famly of netathesis
reactions di scussed above. The catal ysts are also particularly useful
in cross-netathesis to prepare tri-substituted ol efins, and

di -substituted olefins that are further substituted at the allylic
carbon. The N-heterocyclic carbene (NHC). ruthenium ol efin netathesis
catal ysts of the inveation have the follow ng general fornmula (1):
[0037] I n the eokiformul@ (1), XI and X2 are independently
ani oni c |igands , X and X2 are halide, or one of the

fol | owi ng groupg: Cl - C2o al koxi de, aryl-oxi de,

C3- C20 al k j,dl Kletona e on%e, Cl- C20 -car boxyl at e,

aryl sul fonate - ghat e, -Cl- C20 al kyl t hi o, Ci1-C20

al I cyl sul fonyl, or st| k suI finyl. Optionally, X and X2 may be.
substi tuted W|th one or nore no\eties selected froMthe group
consisting of Cl-Cl0 alkyl, Cl1-G# alkawy, and aryl which in turn may
each be further substitut ed with one or nore groups selected from

hal ogen, C1-05 al kyl:, Cl-05 al koxy, and 8 phenyl. In nore preferred’
embodi mentls forxiulea -0, Bk 8%lad Rwe ciienzoat e, C/-Cs carboxyl ate, G - 05
al kyl, phenoxy gy {den RS is3hdePéMently deXbdoPdePy CREY byt Cabaral kyl
sul fonate: As qﬁ:a@@s@ 1@31@%&&&1@&%&@@1@@%@ gmi};&yy %Hg}fa l'yst of the
i nvention, whensutstiastiiot tbsabstinn@phady,Guidftadionusibdtingedasphtbygint s. In
even nore pref evbstitited whoghbssntisi anfitacani} ax@eah 8° sdadephalbitye], a CF3 CO2,
CH3, 002, CFH2 @@}Etlfu( @ub}@mtqd@s;szlwm@@osu OERY COMSPRETEdPhO, MeO,

EtO, tosylate, P EHSPW%B*@M%@SW iHted &r unspbstitytednpst
preferred er’rbo i ﬁtﬁ’“al)@"“&rs “&H’F’@T‘H“Bé‘mb‘g gmfh
variable "n" dehth ’g% 5?0’ angtﬂ’ OS %]na;% ] P;é;;o g] i the
al kyl i dene subi5 5sbjﬁ§,§ yﬂ PVari sl e , :
Pref erably, 1s 0. 9] and Rt h are each i ndependent |y ’

hydrogen or a syia’sislmwbedam ma&a&h&t}ynpi el pr Eeheshed dopm t he
group consi sti aylodroud, subafin@l kiplnsuslauea Phanlk anglitateCar GRGbsahuleiny | |

aryl, Cl-Cm cartbgtpl.at eibsiteCa0umattistued a@RERnl; abdkRiy indryendsGRy C20

al kYnyI oxy; ar yhagep Sﬁf@fred Omuf?ﬂlkléﬁd QSBMWOUPB $ub§}2t9teablkyl t hi o, Cl-C20
20 all cyl sul foﬁgﬁ“b%{ﬁ‘ﬁed@jgﬂ I“f’i“ﬁ fruted ’E%Ql"ihﬁ]ﬂa‘ﬁu?s““é@(ﬂﬁ of the
RO or 121 substf¥ ologiy: W?WH}?@%‘P nor e -

?‘l?tsé’a :
i eties sel ecCEl"Li n% sq,ifea@ E h -_,ho os P™C -l D
al koxy, and ar los%ﬁlh&i;?ﬂh Eyvioh! p Lﬁzed wth .
one or nore grgmﬁmg,e &Cith e g@ﬁn Qg&l’}l a C I-ClO :

al koxy, and phenyl : Mor eover, and - 1tm as well as any ot her of the

catal yst Ida 3 ; clude one or £ C nallJ groups
as long as ﬂ%ﬁ@ﬂ %fo not};%g‘%n%g?ﬂy e agﬁuge? ”Prmh%é fat?“f P%m pExarrpl es
of suitabl Sébs’fl‘ﬂﬁéﬁfi“é?ﬁ’hﬁm’g?d@%sor iTnferdes (HDtanaE‘@ tegsthef With the@arb@ns carrying

hydroxyl, théh fhm atslibsifkdacs undebitanes, ﬁaécﬂﬂmfﬁebers@&ﬂocy@h@maﬁnsaeted

m ne, am gge arboxyl i c. aci

i socyanat €, unm{’ mgéd i a““}é%t% yoat ?fog?ragfy %%gﬁﬁ?‘éf giﬁ’éff%gaéh R9 and
Rl may optll‘l@nmdwlﬁé 3 fulhRigpted e@wmvmteecﬁ-@mlkﬂmwl R&ls@tfizt@t glkd ovia
one of the33mp§gc;ohm9nts menti oned above. [0040] In preferred

enbodi ment s cata St stitue s hydrogen, Cl-Cs

Syt or dIRl and SRR PRRaRRE s bRy PoT B SR e SR

consi sti ng”f@fh O@ita@?@ﬂ ‘dbﬂbyhlth @N@E@Ioa}’dhena,rbencﬂﬁldchmjﬂemumleinemtmze :

pref erred eaRadir RN d @ dB mSMPSsicbsftns | SrelRBR¥s oPlhe ieMibh ma aybe -
e

optionally substituted-with one or nore noieties defected from
group consi’king of Cl1-05 al kyl, C1-05 al koxy, phenyl, and a



" [00441Exanpl es of ruthenium conpl exes with chel ati ng carbene

| i gands, ligands linking the L Iigand and the R substitutent, are
al so described in Kingsbury, J. S.; Elarrity, J. P. A ; Bonitatebus,
P. J., Jr.; Hoveyda, A 11;./. Am Chem Soc. 1990, 121,791 and
Garber, S. B.; Kingsbury, J. S.; Gay, 13. L.; Hoveyda, A H J. Am
Chem Soc. 2000, 122, -8168. Preferably, R is linked to L via spacer
group being 2-5 atons in length betweeh L and RI, . for exanple via
an al kyl group, a cycoloallcyl group, or an atyl group.. A preferred
spacer . group is a substituted or unsubstituted phenyl group. 11
10045] I n the catalysts of the invention there is an N—heterocyclic

car bene ( NE& in f&é&ﬁﬂ@hﬁ@el@n&n&hﬂ@sﬁ'@m@:@ﬁp&bé AhaRsiR ERIRAES

ring, i.e., a carbené Where the carbenic carbon atom.s con a|ne§
within a 5mﬁethﬁésrpébrnaﬂyeﬁ°e @‘PME?}F&‘? geyclgfiiens metathesis eﬂm?aﬂtu&ﬂ (s"’t]:‘rl\é%'%r e
that cont ajon3s}t hea Gatheemibodingnbeiheaih camial 8lates @nh@pragaraion be@s- one

ni trogen atem.dif &&% Meﬂ']:srv?ac cﬁ&mﬁ ]pqnh&s];ﬁmmnmh%nﬂve%& t hat

nitrogen atomi1s Substitute enyl ring rtself
has a hydrigdfes@iring-claspe qmesifiss W@P%prr%ﬁamé‘ltF“F?e%"bﬁﬁm“E}b@ﬁh“o‘PlPﬁbe“ the
posi tions methods ebsitfiditlt@thodhd Edvmlg@.ﬁl%&st RecidNOlefigy wiE] ae msm{ub@ﬁk ’
]I\-]ag461AS dtﬁé gété Qa?gon or} egca%c U‘FT‘] gleén 18 corbac?e Ier?’nt ﬁf he%lrgc}ly\r/bhc caf%ene (S Fe)I’ ed .
and the pw@rbymuml()i?@n mﬁ}atﬂf@ﬂs@tﬂwt@f thanpeﬂt@eyeder @eﬁrhy*ls gqnéwpns tPfafgr r ed
NJ- 1 C | i gadydse efesdbkiased gkshhose of fornul-as (11)-(V); 12 (V) In
the preferred. NHC |ligands of fornmulas (H) - (V) there are two - ,
preferred conbinations of RI, R2, and R3 which define the .

subst i t ut i BetaifedtReseniptipn Olfﬂe?lpmryh ring bound to the nitrogen atom

bound to t[hessq:ar bﬂx@%&ﬁtﬁdﬁ@@latemtﬁhété}ééych&awéﬁc@Bﬁ?)'rhiﬂéﬂﬂ%oi&ﬁﬁd in the
conpl exes nvent i | east oOne ortho osit on t he phenyl

of i
ring is a rﬁ?ﬁ‘f’fg&é’ fAlyFiy 8?@ agﬁ%‘?léf’s e?alif'@’sfﬂ?éﬂ?lm FP?ﬂj‘ ‘SgpaéilgWéS?é
unsubstituéﬂmamwheasrﬂ@ngnﬁmtﬁempmsmﬂwmnpmﬂymsdemmawnnpneéanmeg
combi nat i Q’H&atﬁés:s\eﬁ()% reddiidhs %afomtelﬁ'agﬁﬁshﬂteag§élitclogﬁn§ Th% gtalt}ytggl\%;egz

and, therefore, %u bstituted preferred nbi nat |.ons ~ of
and R3 ar derform the other known metathesxs reactxons in the fam:]y of metathesis reactions discussed

above. The catalysts are also pamcularly ugeful 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 mvennon have the

following general formula (0):

[NHC] -

%, | R
o c5—-_—-<
A
bm gON

[0037} In fhe catalysts of formula (I), X! and X2 are iﬁdependently anjonic ligands.
Preferably, X! and X2 are halide, or one of the following groups: C;-Cy alkyl, aryl, Cl-Czo .
alkoxide, aryloxide, C3~Czp aIkyldzketonate aryldiketonate, C;-Cag carboxylate, arylsulfonate,
" C-Cap alkylsulfonate, C;-Cap alkylthio, Cy-Cao alkylsulfonyl, or C)-Cap alkylsulfinyl. .
Optionally, X' and X* may bé substituted with one or more moieties selected from the group
consisting of C1-Cyg éikyl, C1-Cio alkoxy, and aryl which in turn may.each be further
substituted with ene or more; groups selected from halogen, C,-Cs dlkyl, C,-Cs alkoxy, and



a) each Wis independently a primary or secondary Cl-C4 al kyl group;
each R2 is independently H a substituted or unsubstituted Cl-Cl0

al kyl group, substituted or unsubstituted phenyl, substituted or
unsubstituted naphthyl, or substituted or unsubstituted anthracenyl;
and each R3 is independently H, a substituted or unsubstituted Cl -C8
al kyl group, substituted or unsubstituted phenyl, substituted or
unsubsti tuted naphthyl, or substituted8or unsubstituted anthracenyl,
or a functional group selected fromthe group consisting of halo,
hydr oxyl, sulthydryl, cyano, cyanato, thiocyanato, am no, nitro,
nitroso, sulfo, sulfonato, boryl, borono, phospbono, phosphonato,

phosphi nat n)§ *}%1 efeﬂ@%ﬁ%{d%ts O, ghde Yl ¥de, Qénzo%g 8 i~d&%arﬁb)1y&?ﬁc

R2ISIndb£ |tute or unsubstrt ut

group, substsalebd W“M@Mﬁ%b@erﬁ%ﬁ%ﬂ‘?% ard, e GrCa iyl yifonate. As”
unsubst i t uWiedssed P@iithydther Oigarib st datatysnd tarinunse) Shed sibefuted, may also
ant hr acenyl %%gzchésubstﬁenp d%pevgn fng J%eﬁ ﬂ’%d e{rg)gatl) ?nte}ztrs %ledsg. re ca & ha]ne hyi

unsubst i t UPEd or umsub ut e
substi t ut e@s@ozuﬁguﬁﬁ,qu’@lizé?@m@ﬁbﬂs B (Chak (SEHSP; (Gl 0CO, FRO, MGO

unsubst i t utedicanithmAERaKk! or@fimdrdmbiahésaRatcdhQHPmER bRERE ehb i éfe X'

group consi hydr oxyl , sul fhydryl, cyano, cyanato,
th|ocyanafﬁﬁggﬁgﬁ’dlﬁﬁFﬁﬁ nitroso, sulfo, sulfonato, boryl, borono.

phosphono, [0¢38ds p e arkmable G Spfrien tie oum‘pfh gﬁ-prh@ssimblhibmmds Forfe .
si |yl oxy; Mﬁlhe;{ef&@bsﬂh@é@ RoLAeR DL Oy FZule “SUPEL 5rlée'i¥¥e°fcr AS l?ens%a”e

phenyl . ring are naqt 0L 00471] opbi nation a ab
met hyl ,. ﬁ%gl orjg) |a§6Rpra6‘°p‘§f‘f’h ’“E%&?ﬁ gy Byd5tesn %“f “ﬁ‘r‘t@‘? g’r“&fﬂ

i so- but yI , erdver seletred $rbm thmqnm‘cbyshqtmgeﬂh:e&zﬁ Iall(ybCz—ﬁkbaﬂcphylathﬁCdoslkMt
pref er abl y, i Ch &3 CE@:G{MRS d, %mf)d'lﬁx@c%t&zy allbnylo39; c?zktt:% leyﬂyé‘c(x - b . G

neopentyl. neohexyl I'S nost "préefera 0048
st R J U A RV, WMy A R
subst i t uendsionslhgeqohenik RYoORIP subktithére giikiCmb baswtistitstedivsh ot more
Subst i t ut §f;can gelm&r}‘rﬂ 13 3bufR3orRGn % I 1S, i ﬁﬁ'ﬁ rt: 208 al‘ﬁf)x:} B&t dedi e ; in

substituents, the phenyl "group of the Ni'l bi"'s-ni_eta and
par e- substtP'F‘a’t‘aé’ a"héé'cfﬁﬁ}é"é 5‘F§F‘"“‘i"“§d H‘ﬂ‘f’ﬁ%mﬁ‘?%?/ﬁrgﬁpwlf"ﬁ%ﬁ% AbrlAgAY i b),
t hat bot h @&2lisi,ay-a hakesmmmdpheny Mdredver, RF end R’ ex ekl deanty bageoMIkHC

| i gands hax:‘é!aQQY ?Jn&”EHPMEHL&%cl%Q@QA’TLmQh éﬂon@ﬁ@o&‘é@ik}ué %Qtﬁ% Rheny! -

R2 is preferab a secondary or tertiar i nDre
pr ef er abl ylefepktge privify Of%FacfﬂlﬁértFy‘Pmplﬁ%‘afﬁé'F@Wﬁmﬁ‘i@éﬂ%éS@VPS inglpdedrybag pot
ari d nost iphiekes:abingxyiethiol uiydther,R3tohs aldelgfdersatat, yihbt, ahime ibitteydmide,

tert-butyl tro %%g&i%)é ac:]g,gh?sglhfﬂgycatbogr{] é%@’?ﬁé te %agoélfmigﬁscgrbgalﬁo rabl y H

[00491In t g €xes e -l nvention, :
and R6 ar éﬂ@a@lﬁwi E ﬁ‘@ﬁ‘ﬁ’eﬁ , may eniigRetlyibgliskeddpecthesigam ¢ epckiel C| C8 :
al kyl gr0wﬁmxw&WQ&hbbﬂﬂ@dmﬁﬁmuﬂﬁmhﬁbh&u%edaaryl or in formulas (111)

and (V). t[}ﬁ@%ﬁ her, \é\/}etfg;'rggl ﬁg&%‘h?‘?@é&@p@r gﬁ{) Pl'é%?‘subs{?&%% h%Hr %Er{, [ied

or unsubst I'cC fin tufed

or uns ubstqlltyhprewl apd e arbrriteantis sleried fme&es%r qum Cméizmll@ﬂ#z-
?V; )04 al ky¢‘2& alﬂgnyf Hﬁ@ﬁi’yﬁ YiCOleh ﬁﬂéw prﬁén@ibﬂfbyhlrr(eht@ tﬁ@Rg\dﬁIﬁﬁmér{t hdb];)hem or

. R5 and,1 H_a.s unsu st.l.t ut
C1-c8 al kyf ™48 Z‘E)“ah bﬁ{rjté’%er a IQne % T o 531‘3%84 o &?%‘T Fyran
| i gands of CifGsradpl.&5- q§|al)90xmﬂjen(y1/)and ZRBmPfsonel QESIIPGPZSHP%W P@erfad Cs Cu
cyc:{ oal E?/I ambeﬂﬁ'fegtrs a0 v JR8nyil 61 VR Bssituli Rt on®br ﬂ?&@ nﬁrea&véeleae@ﬁ&g%{ef
preferably is ne 0 e ands, f.or
catal ysts %?“Pt‘i%“i%% Sﬁfﬁ%%h‘ieq‘?’%mélﬁ’dvﬁ% F°‘”\‘/§ Rd;, Wﬁi’qu mesféy and

phenyl. In the most preferred embodiments, the R'° substituent is pheny] or —C=C(CHs)o.

T [0041] L may be any neutral 2-electron donor ligand known in the art. The variable “m”

defines the number of neutral donor hgands L. The variable “m" is 1 or 2 and preferably 1.



where RI = nethyl, ethyl, propyl, isopropylwhere R = nethyl, ethyl,

propyl, isopropyl where R2 = tert-butyl where RI = nethyl,
ethyl, propyl, isopropyl;where RI -r- nethyl, ethyl, propyl,

i sopropyl; R6 = R 2 =-- hydrogen or nethyl; and R8 = nethyl.and R8 =
methyl. . Synthesis of NHC |ligands [0052] The NHC |igands of formul as

(H and (H') used to formthe catal ysts of the invention may be
prepared from aniline derivatives using known procedures used to
prepare ot her known NHC |igands, such as the second generation

nmet at hesi s catal ysts di scussed above. The aniline derivative used
bears the desired substituents and substitution -pattern. Typi cal I y,

two equi vakgots-af;, Lh&n%eé&ang.eﬁam d%kar\fzga,@r@,lﬁs,%taﬁﬁea%hhﬂ BlYAZa
begln t he synthesis. t wo e§U|va ents ‘of the same ani |ne

gives a syfh?ﬁw garhgpe l*@ﬂﬁ &afh“ ” @ F”M&Hlﬁ@éﬁa@areawla%dwchﬂs
prepar ed byyridgiergsibauidd f)}f’r&ﬁ&ntSeamSl Paient tes.i6yrad,s¥emd 6fH1B,586 ememt 1 i C
32" ol Bia @b JCerlE T Ul oy, B B0l ARl hERGLER, Mhdh. | 1°
gl yoxal in {; to avol

[ 0053] Al t ePisirablretiy hetrjomeng lg@ﬁ'élss RyFidipgerfipsigtg Fyridine (I 11) maybe .
prepar ed bwomactzhlag:rémmmwaie@tm& @thctéchﬂmﬁ &{é'%rcﬂlﬂlcbﬁﬁbﬁng\bﬁﬂho%ﬁky I
chl ori de. ae%u%os me Ct I}:Re ?, S E-u[n ﬁ)orHe aI'SHIle s m%e € qg a

di am ne tha Eah HeR s s hed. Bf C’|Il)nl ues ’Knowh eart to a
salt, whi ctmidg namd,usr#@tldwq@bmﬁygaH@ssﬂrmfe@nwnd ﬂlmﬂwdulfimfemﬁeam y

subst it ut e&hiNBmdntsgB ikSpho dﬂfnme%@{HeYonTﬂf&@Rafﬂ*’k’|’* ivBerk R’ [RAGHER " Wirb Bach
et hyl chlorg ‘adattat 2 Eggggt of . t hat reagtlolg 55 re cted
with the s% 4 " }fy G EHEE DI BT THRE“PPBU At Vsr S

yi el ds a dévalerlkel. Inihe meamreﬁ@eﬂr@hsﬁlmpﬂm@ﬂbwqw@d framghegrolnamnsisting Ot” he

art to a Sﬁ(lzﬁdoh\é@lﬁ@gl@eﬁtbﬁe%s%@lbg Q@%ﬂgﬁ ursor. Exanples :of

bl ow | 1 W e premegdmosgmer ey be Migbio s Sipinprastp it o

|'i gands of lidaod.-n¥hemstothiv} 2 ghdatipyrarbens ligedpx sparbe"ﬂldiypcahqnmfcl@dﬂ:elaing
simlar t Ocafrﬂlﬁé ighhe fsr ﬁlﬁgq e@éétrgllx @&E?ﬂéwé‘&ﬁeﬁ%@é JSQ{@ LIHB(: or E'Saﬁ n&ﬁz

Organorretalllcs P06 first a diam ne

aryl at ed UH¥EY %cﬁﬁ\%ﬂgﬁ 8 F%ﬁct’W%]et&)Hcﬁ FHem S92 b 73y ‘(’r’émbes chelating carberie
RBNH- ( CH2) 1Zeahii 466 HRb {oRid) 2B ereimby eferdnge fohemanpiaof iedy the tifand and R

triethylor It
or ccur sor GPRTR T G e farit B RA ﬁb”@ﬁﬁf Prdebnblel, HE ity
| i gands of ™PoherypsitfsA or aagdguied. chysiew Oagﬂyrs@aa%t% Htyemdiop stssstl andiRe cpre
phenyl )i mazdinelufevkie fdlosipst i t ut ed phenyl is CEFIRI (R2)2123) with an
al kyl halide (where alkyl is R8) according to the procedure described
by Fiirstner and coworkers in Organonetal |l ics 2004, 23, 280:287. The
NHC |i gands of forrmulas (Iv) and (V) may be prepared by deprotonation
of their corresponding NHC salts. Synthesis of catalysts [0055]The
rut heni um cat al yst's of the invention may be prepared using nethods
known in the art. In general, the catal'ysts of the present invention
are prepared via a |ligand. exchange réaction, for exanple, by.
substituting an NHC l'igand for one of the neutral el ectron donor

i gands i-n a first generation ruthenium carbene conpl exes (di scussed
above). For exanple, a catalyst of the invention can be prepared by
repl acing a phosphine.ligand in a conplex of the general formula
(PR3) 2(X)2Ru=CHR wi th an NHC | i'gand descri bed above.

;



As discussed in the Background of the Invention, these synthetic
procedures are known in the art. Exanples 2, 7, 11, 12, 14,.and 15
illustrate preparation of rutheniumcatal ysts of the invention by
this method. 16 Metathesis Reactions [0056] The ruthenium catal ysts
of the invention are particularly efficient olefin netathesis

catal ysts. Accordingly, one enbodi nent of the invention is an olefin
net at hesi s reaction which contacts an#lefin. with an N-heterocyclic
carbene (NHC) rutheniumol efin nmetathesis catalyst of the invention
under netathesis conditions. The catal ysts of the invention nay be
used in, for exanple, ring-closing netathesis (RCM, cross netathesis
(o™, self met at gl s (which is a type of ?s net at hesi s) ,

ri ng- openi ng Mbtaqhe5|s pol yneri zation ( , and acyclic diene

nmet at hesi s pol Zati'on (ADVET). [0057T netathesis condi tions
forthe catal ysts of the invention are théSafe.as those used in other
ol efi n net at hesis_reac ions and w th other knomn olefin metathesis .
catal ysts.__CGen I ' ng, the ol efi reactions are
run at a tenpegrature ranglig from aboutf10 C to abouf 70 00 and for a
time period ranging about 5 minuteg to abut 24Jhours. The

catal ysts of the inven i Fe~anount s, as know
for other olefin netathesis catalysts. TypPeally, about 1 to about 10
nol % of the cat a6t is used and nore often about 5 nol % '
[0058]Theruthéﬂku catal ysts of the invention-are particularly useful
in netat hesi s yeea®tFons for the producti onHef tetra-substituted
cyclic ol efins. T%e catal ysts OF the |nVenq|on have S|gn|f|cantly

i ncreased efficien ' EERU on of.

tetra-substitufe atefins via of efhh ne TO answer the
need for nore effici 5 ; - anBrher

enbodi ment of the inv 0Si esis. nethod to
prepare a. tetra-substit G qllc olefln od .contacts an

ol ef i ni ¢ conpound havi ng asl two term na ns which are

~substituted at the beta-carbon of each ternminal 6lefin with an _
N- het erocyclic carbene (NHC) rutheniumolefin netathesis catal yst of
the invention under metathesis condiifnsens to forma cyclic

tetra-substituteeal efin. [0059] A eﬂerred group of aefiinic
conpounds ar exthope whi ch have ﬁ%ﬁmm accordlngftq formula (VI):

C_ :

" 13 cca(Vn). 2 rmula (VI Qjs selgcted frg crog ene,
substituted hydrecarbylene, . hete i i ng hyﬂrocarbylehe, nd .
substituted oat om gont ai ni ocardyl ene. Cﬂ r '
i ndependen from hydRQgen, /hydr ocar byl , tituted

hydr ocar byl oat ont cont ai ni dr ocar byl , substituted

het er oat om ning hydrocarbyl, and other groups such as halide,
hydr oxyl, sul fhydryl, cyano, cyanato, thiocyanato, amne), 'nitro,
nitroso, sulk, sulfonato, boryl, borono, phosphono, phosphonato,

phosphi nat[@)44ph0%l§lﬁt9p DHRSRAIAR cor@;ﬁ&éﬁf}ﬂy l:ﬁ)e)@fmg l:ﬁbén@%gﬂd?@%&?dts 'h%né)f
hi nder ed %ygb‘ Sle |n m bo h 6&@%2 cannot bot h édrogen ar
nore pref &rablEAC 49 Y eSCripRSED FiRs b‘EétIa%/ FEtaf-&- A
usef ul i nBontsshbugdt & J‘re%icm)td@, Hiepade Wikin- SuahBod 1 £191 aheGhbe, s.ang
di - substi gurS)IJegL@}ga))/\@ hH@Ja?dJ Hr%lhﬁﬁnﬁﬁ'ﬁéﬁ ist, 86, 9%2 hes aI I yI ic

car bon. Accordln%$ , .an e odi nent e Invention relates
cr 0ss- et AFHEEE T elidirketio LiadRreeh BRHP ReMet-& ARy iopse Bt ?(‘NFEKS:
rutheniunﬁ@k@&hﬂenhmahhgsmﬁmgabﬁbyﬁmynﬁmtmewmmmeghmpnAQﬂﬁ&aﬂ&&w&wo

ol efins Eg ﬂggg&ﬂg§ gﬁ%ﬂb %$¥ first.olefinis
nDnosubstltug %%Ear on a el gr unsubstituted or
nonosubstituted at the cc-carbon. The second olefin is either

di substinited at the |3-carbon or nonosubstituted at the p-carbon but



QL, @@, and B are independently selected from hydrocarbyl,
sithstituted hydrocarbyl; heteroatom containing hydrocarbyl,
substituted heteroatom containing hydrocarbyl, and other groups such
as halide, hydroxyl, sulthydryl, cyano, cyanato, thiocyanato, am no,
nitro, nitroso, sulfo, sulfonato, boryl, boron, phosphono,
phosphonat o, phosphi nat o, phospho, phosphite, and silyl oxy. Any
nunber of (23, @ , and @B' nmay also bé |[ifted as part of a cyclic
olefin.. [0062]Di:substituted olefins are represented, for exanple,
by the formula QLQRC=CH2 or Ql1-1C=CHQ®R. QL and-@ are independently
selected fromhy. drocarbyl, substituted - hydrocarbyl,

het er oat omoomt al 1A umatamfseme E?Mlem:o%%?éxb 5¥N%@Q%Eﬁﬁ19@5r9£ﬁeﬁ'ﬁﬁb?hé&?g

hydr ocar byl , rqQm s_suc drox

cyano, cyan laflb‘S athﬁ? ccs?ﬂ‘gﬁt"dg afﬁeﬁ%mit"ﬁwgmet radsrdenes“tlterq‘tbe carbenic’

sul f onat o, caffor ylom iberrorinsd wikdsphoroberphosphonat:e, Thhosphiteat ayclic
phospho, RRQSRRIM corfilsh il tytaismﬁrbggatwas%% @%&g &Q&%ﬁont n the

case of cyglic' ol efins. or mu
r epr esent 216 BFhER EnBE 5?’9“6? caghgp oy ane 84t Hiredgep AYTHA DS bY Rer .
subst i t ut i phenAting.NEheadheyl nag aaffivana h)PdEbgHil i=. & Qiidﬂ‘HdtiBat@} at &Beror@Bn and

& are indﬁggﬁggﬂ%gguﬁﬁ£§@§§g%&: @tﬁ% é%?{met dr car byl , substituted

hydr ocar by et eroatom on a|n|n (ﬁ]Pn substit ut ed

het er oat orf48ht ai/Hidseerivpdiingbeprpipired %ﬂ’d @tehfe ﬁelgwdhﬁsnyu@hreaslﬂﬁaﬁngde
hy? roxyl, rﬁaﬂ, folyysie vircunGybn g, beGpABakL Q}]ydyblﬁ@@‘%@rhﬁﬂ the pﬁéﬂyﬂﬁng Rk Eé:}:;art of

ni troso, oro osphene

phosphi nat Jlﬁ T‘% h%léhf %ﬂﬁ% Preﬁl n%()}\ngt}rq |ga"‘ps afc R ﬁgttﬂo%eg\ff/' f ﬁ?ﬂﬁﬁ%ﬁt

| east two of CQ, CB and & are different fronthydrogen Q, @, and-

Cn can be Ilnhed when gihe ol efin isga cycligeol efin. 10064]The tent
"hydr Ccarbyl " refers £o unival.ent hyd ocarayl radlcals contalnlng 1

preferebly'] -
cyclic, saturated and/unsa
al kenyl groups, gr oups, The term "I ower ]

hydr ocar byl " i ends a hydrocar byl . 1 to 6 carbon atons,
preferably 1 tR§ 4 carbon atonis, and the term " hygnocar byl ene”

i ntends a dival ent hydrocarbyl noiety containing | to about 30 car bon
2t0ITIS, preferably 1 to about 24. carbon_at oms, nost preferably 1
.to about U ca?bon at @fs R} |ncIud-ﬁ wbranched cyclic,
saturated and unsat upat ed 'S. "l ower hydrocarbylene

i ntends a hydrogae arbon at os. "Substituted

ncludlng li near, branched
‘uch™ as aIkyI groups,

hydr ocar bys: (ﬁyth.one or nore
substituent gro the terns : :
"het er oat om contyaFAhg hydrocar byl " aRN Heterohydrocarbyl” refer to

hydr ocar byl in ich at least one carbon asomis replaced with a

het er oat om Sifi larly, "substituted hydrocafbyl enéihrefers to
hydrocarbylqu @mbs$| uted with gne or nore substituent. groups

di scussed abo h&t er ms ﬁﬁeteroaton}contalnlng hydr ocar byl ene”
and het er ohydr | ene”" \refer to hydrocarbyl ene in which at | east
one carbon ato epIaCMd h .a heteroatom Unless otherw se
|nd|catedf$thﬂtter . “—ahd "hydrocarbyl ene"” are to be
interpreted as i uding Qubsttut.ed and/ or heteropat om cont ai ni ng
hydr ocarbyl .and hydrocar byt eme\ noi eti es, respectively. 19 Exanples
Exanpl e 1: Ortho substitutedLi gand syntheS|s [ 0065] Gener al
procedure for the-preparation of N, N {Baryl.oxani des. Oxalyi
chloride (4.36 nL, 50 mml) was added dropwi se to a stirred sol uti on
of aniline C6HARNH2 (100 mmol, 2 equiv) and base (100 nmol, 2 equiv)
in THF (200 nL) at 01C. Triethylanine or sq. NaCH may be used as .




(300 MHz, CDC13): 69.38 (s, 2H), 8.09 (d, 34m= 7.8 Hz, 2H),
7.31-7.12 (in, 6H)," 230 (s, 6H). [0067] N, AP-Si s(2-et hyl phenyl)
oxam de. Cbtained in a 71 %yield as a white solid.

100681N, N1- Bi s(2-i sopropyl phenyl) oxam de. Cbtained in a 60 %vyield

as a white solid. ill NMR (300 MHz, CDC13): 8 9.52 (s, 211), 8.05
(d,34m = 6.9 Hz, 211), 7.36-7.21 (m 6H), 3.16 (m 211), 1.32 (d, 34m
= 6.6. Hz, 1211), 0.98 (d, 34m= 6.9 Hz, 12H). . [00691Gener al

procedure for the preparation of N r-Di aryl et hyl enedi am ne

hydrochl ori de 3. Porane-tetrahydrofuran conplex (1M solution in THF,
125 m., 6.25 equiv) was added dropw se with stirring to oxam de (20
nmmol) at r.t. RIhe reaﬁglop m xture was iefluxed overnight, allowed to
cool tor.t. anrd excess borane RS quenched by careful, dropw se
addi ti on of wat il- noymore gas evol ution was observed The
reacti on m xturg was conc d in vacua, extracted Wth ether and
t he organi g®-exhract s Nief: retR*Na2S4. 2M HU in ether (30 nth,
3 equiv) was the ded t the ry. organi ¢ extracts and 20 the _
resulting white precipitate was collected by filtration, washed wth
a Smal | . amobunt of ethanol and diied in_vacua. The foll ow ng

N, N - di aryl et hyl enedi am ne hydr oohl oridds were prepared by this
procedure:’ [0070] N.N -nis(o-tolypethyl enedi am ne hydrochl oride 3

i te So gk A6Aeie o BBl - GRUHIEEty gl bl %
2.45. (s, R, podl ¥ g et spbsgiorign mﬁtérﬂmé‘rﬂrr\)rreﬁeas FHnF &0 the nitrogen

hydr ochl ordtdeb&iha td the @arb&RRIPOLH ANGe MG Bic NI Hgaetlhxyslea in thbéoiplees 4N a
4% yield a '

{00731 R iF 38 s stlonfomo sorion o tiepenyt dos e agestory U
conpound @WMF@HW aﬁ’@fsuéﬁﬁb?"(ﬁ‘f??l%?éasmeﬁ‘h‘éﬂoﬁtwnah%r%lﬁfg?@das a

whi t e sol i @dmbiratidisby RRRC300 RR/BZth of DY ositibrhs. aBeshyfdeb ged ankl] tHefefore, 6. 9 Hz,
(Zrlnl) 2- 14)15 lmggtut% : gm&(“ lﬂﬁhon&f%-o'? I%’(]ﬁ) nggrlal( spr g(lj)ezdu?e74
for the prepar& 'FaGlhRofSl qufg’afrﬁd’égﬁ’rﬂ@t‘HF%r‘ afy erC oy (&F%‘Prﬁad‘aliol i-um
salt 4. Triet h%‘n@fﬂ[’? ;“"r}gl ’§“t€r‘d‘a'e9‘°f“5‘ gm ne

45.453

hydr ochl ori de §“kistim e with a

edan ace r1 eac g?‘;srsm e n
distillation hg allf) anol
distilled over E)js &\3@,@& {Iﬁse,
orthoformate a ntiné } rﬁmn&mawa@tsueaemaﬁs ﬂ:@%rd&?%oﬁsﬂ:ﬁﬁg @ﬁﬂadvved to
cool tor.t. (Ell_»,uhrtbty&,(ku!/ﬂﬁdﬁy]h@')(ﬁf,leﬁnﬁﬂ,dhibhhambuahﬁlq;)ﬁﬁﬁj firdsal &fwas
col l ected by frsrhlfqnarbr omyl, wastoeshosptioho, Ipbosalrestoapiahsitiugy, phosghar i ed i n
vacua. The fol Ipbwphgoadrlﬁy!dﬂwmrdazol iumsalts were prepared by this
procedure [0074 BI s(oz-tol yO 4, 5yd| b dror m dazoI | um chl ori de 4a

(i.e. conpound 1}( e s indEn 3 m gﬁg %t;ﬁ%d as a
1 P .
whi te solid. i n pllﬁﬁﬂ Kb %/fk.\nsuu ! uuan ardg’( 1 dependen 7.21
(d, 811), 4. 64 sub ed o un S(l Tkyl grgu substituted o
[0075]1,3.-Bis L dhitsredo SR8 bRl BERb QckisleorD (i -
ai npound 4 Wheﬁlﬂ:iuﬂstﬁltcd aiﬂb}yie hyl obb Rkt grtfhp&elz&ec%‘ryrhﬂefkr@:ﬁj a white
solid. in NVR 3B0tiddtat haloDR¥dreXyl, Sul@dddyl kyans,) cyanatd) hi¢cdbhate] amibe, 7. 5
Hz), 7.47-7. 30n{@Hhitrago, suifobhlfpaat), bgl))’1 borofg P@Wém; phdsphipngo,Hz » 1.31
(611, t, .1= 7pBosphipato, phospho, p osphmo and silyloxy; with the proviso that both

" substituents on the same phenyl ring are not H.

[0647] In combination a), R! is preferably methyl, ethyl, or iso-propyl. Each separate R?
is preferably H, iso-butyl, tert-butyl, neopentyl, nechexyl, or pheny] and is mast preférably H. -



[0076] 1, 3- Bi s(2-i sopropyl phenyl) -4, 5-di hydroi m dazol i um chl ori de 4c
(i.e. conpound 4 wherein R = isopropyl). Ootained in an 84%yield as
a white solid. NML2. (300 MHz, CDC13):. 68.22 05:34m= 7.2 Hz, 2H),
8.04 (s, 1H); 7.34 (in, 6H), 4.73 (s, 4H), 3.06 (m 211), 1.29 (d,
3JHH = 6.0 Hz, 121). 21 [ 0078] General procedure for the
preparation of ortho-sUbstituted catal yst 6. Potassium

bi sOrinmethylsilypanmide (1A g, 7.0 mmol13 1.23 equiv) was added to a
suspensi on of di hydroi m dazoliumsalt 4 (conpound 4 of reaction
schenme 3) (2.3 ¢g,.6.7 mol, 1.15 equiv) in toluene (57 nL) under
argon. The reaction m xture was stirred at M for 30 mn, then
compound 5K RYis@ref@ably FITRb-butB SerditEle hegitdtys hbdhekyl hr\MRishy LA Agd for
1.5 h at T le l-alih?-! reaction m xture was then concentrated and cat-al yst
6 was i sol™a¥&d By col um..' chromatography and dried In vacua The

or t ho- subd948f i t dul coaltindtips bl wher B’ md®J aredtlaliyR’tihirs: o thedisEldi audstituents,

0679] Cat n .-o e ishis | ithte 1 - e d e
65 96 Y1 61 0 g B ol ST Ml e Yt R R e Lo

o ,ur_r% D(cgh[omatgjgrap_h on silica ge
first el ut®d WeehE ligeqibaiventsy, 1% gheoy! erpyps thedNRG Eear it igmgieRd narg
Et 0Ac- hex anesiutedBBevanseR Vis HatHeipn®iss alithih. cothbindtioh 1Y), SHARLEtB B s Miizhe s&RO6) :

Cory 3. srenogry B bucag ted 8 gy g ™ it e Byl p hatt”
NVR (121 NEBSitHissihynylgR7ip preferqbly a seandany of teytiary GoBo plhad atl=pdtman (i . e.
c g mpou tnd Grafbreble, iso-Futg] thiy!lb):tyﬂhb@ieﬁt@ldnéoﬂe)gd', @plényliaad duo'acfp:razralﬂp teﬁtrm o
cnronat ogr n IS el.u [ LY.
Et OAC hox B RAR pRicrl AP IR i IR B £ scb T poskbS of b imd el
crystal | i reefedhly & 11: INVR (300. MHz, ©6D6):- 8 '19.59 (s), 8.74-8.62
(n), 8.25 (6w}, TnikE NHI Jigands 34d M. t8Ecofriphkes of 112 Anvieltion, ROarfiR GRS eheh ..

3.55-3.07. 79:2. 19 . 1.69:-0, 1.67-1. 06 . 31P NML3
(121 v GBS B pideats - Phoy grafpl syl Flguiitgued)
conpound @xXME e ies{1iswg (G jieptherctithgharatbonyican y9g tigny ifeing: sabstisited
col umm  chrop G BGRARN) Fas€ -8 indehfbared Bdrbdc WY 1@ Gk € GuttinRE of hdsSlstikddl Scka

ith 1: 12 Et0Ach ' | ut it 3 Ft-0Ac- es). '
\gr own cr yffoélfaf'?ﬁgé 2%?%@? }yﬁgnﬁl@%%g'wgﬁ& e‘}c*fo%ﬁ%gr Ilflg’( }%Q:%S) 49 .
(s), 8.93fgrwles (1§ snd(V3D R'wpd R7 ag dndepppdently 34 -2 pubisHtuged)or ubsubit|ted C1-Ge 80
g_d)Gé 8 gg-aﬁcyﬂéogﬂghﬁrefé)ra@gif?brc@n-@rﬂkyl.2- Zé' 2. 1%3(?)5 2-205'21- 91 (a),

. - V. . . . (S).
100821(3ené§‘{§”. pri%té] ll\?/’rﬁé ’r}%af‘dsl\gh%‘bnﬁ’ﬁ’eagg%%‘?déﬁ’?’&? ‘%7¢ﬁ8%2§1¥8%?r§31%f%6

Cat hl yst Fycloalkyl.sPysferabbs®/ ™ is Sethnl, plilstryscemenyl BndggosypreferablynimnethyR
equiv) was added to a solution of catalyst 6 (2.1 g, 2.5 muol)-in
CH2C12 (25 nlL). The reaction mxture was refluxed for 1 h, then 2N .
.HC1 in nethanol (1.8 nL, 3.6 mvol, 1.5 equiVv) was added and the . '
m xture was refluxed for another 1 h, then-evaporated to dryness in
vacuo. The residue was dissolved in a mninmal anmunt of CH2Cl2 and
catalyst 7 was Precipitated by addition of pentane. It was coll ected
by filtration and dried in vacuo. The follow ng.ortho-Snbstituted
catal ysts were prepared by this procedure: [0083] Catalyst 7a (i.e.,
conpound 7 wherein R = nethyl). Cbtained in a 71 %yield '



after colum chromatography on silica gel (eluted with 1:5

"Et OAc- hexanes): Geen crystalline solid. 11-1NWVR (300 MHz, CD2C 2): 8
16.47 (s, | H, 8.59 (s, 113), 7.43 (br, 8H), 6.91 (d,3JHH = 5.1 Hz,
M, 4.97 (m 1H), 4.38 (s, 211), 4.10 (s;211), 2.53 (s, 611), 1.34
(br, 6H). [0084] Catalyst 7b (i.e. conpound 7 wherein R = ethyl).
Obtained in a 68 %yield after colum chronat ography on silica gel
(eluted with 1:5 Et 0Ac- hexanes). G eentcrystalline solid 11-1NWVR
(300 MHz, CD2C12): 8 16:48 (s, IH), 8.56 (br, 113), 7.53 (m 813),
6.89 (d, 3Jmi =6.6 Hz, 3H), 4.95 (in, 1H), 4.42 (s, 2H), 4.10(s,
213), 2.93 (br, 411), 1.37 (br, 1213). [0085]Catalyst 7c (i.e.
conpound 70egr eidxaliplel SOREMRRPI NHC Godnak e ShthlistPof fife (%0 ahki6l He AHwad Or €en
crystalli €10 Sol i d. 11 1 NWR (300 MHz, C606): 516.65 (s), 1646 (s), '
9.18 (m, §'0(d) 740693(rr) 659(t) 6.34 (d, 3J814 = 7.5
Hz) , 4.47(n) 3. §0- 3. 32(rl=)1 2.66 (br), 1.95--1r12 ().

100861Exanpl e 23 t a pe Lo mance.in RCM 008 A=Ri ng- sing -
nmet at hesi s of - et hyl aIIyI) CR was
added to a 0. oI uMn of fet hyl 2, 2-di thy1\a1’lyl bnat e

in CH2Cl2in "a round bottom (r.b.) flask The flask was equi pped W th
a reflux condenser and a bubbl-er outlet. The reaction nixture was
spar ged Wi Liktred GQRktHyQ iy, gi¥hyi, IsBRbpyNeat ed aahere@lesweﬁ;fi étm%ﬁt isHpfopy!
Reaction prowess was nonitored by GC anal ysis of aliquots after
removing the catalyst- by treating the aligquot with |IMsoluti.on of
THNLP in {1 PArzheating the quenched mxture a¢ 60 C for 1 h, dilgti ng

it with water and extr i on. Et 0OAc. The \acti vi f casts of
t he invention S angd the ol efin ge ﬁ 7 (A
shown bel ow. \ -- S r- > 3A,.,Ta,b|e ( i met
2,2-di (2-nmethyl allyl)nal onate w 5 mol %o uzn)
Starting MatéYial (GC% Product ("Gc% 30 9178 3.0
where R? = tert-butyl where R? = tert-butyl
3 - ReRT R1 ! . -R1
B J—
R NVN‘C) ‘ RS NvN
where R! = methyl, ethyl, propyl, isopropyl; . where R! = methyl, ethyl, propyl isopropyl;
RS =R’ = hydrogén or methyl; and R® = methyl. and R® = methyl.
Synthesis of NHC hgands

[0052] The NHC hga.nds of formulas (II) and (I{I) vsed 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.
Typmally, two equivalents of the aniline dcnvatlve are reacted with glyoxal to begin the
synthesis, Use of the two equivalents of the same aniline gives a symmetric NHC ligand.
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.



60 92.4 4.2 180 84.3 15.7 1080 49.7 44.7 1440 42.4 49.8 2520 38.1
54.5 24 Table 4: RCM of thnethyl 2,2-di(2-netbylallyl)mlonate with
5 nml %of 6a at 40 C Tine (ruin) Starting Material (GC% . Product

(GC% 15

15

|0053] Alternatively, NHC ligands of formulas (II) and (III) maybe prepared by reacting
two equivalents of the same aniline with oxalyl chloride. Subsequent i‘educt_ioi; 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 diffefentially 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 j:aroduct bisamide yields a diamine
that can be transformed by techniques known in the art to a salt, which is a direct NHC ligand
precursbr. Examples of the preparation of NHC ligands of formulas (IT).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 Orgdnometallz‘és 2006, 25,
25-28: first a diamine R*NH-(CH,),-NH; is arylated under Buchwald-Hartwig conditions to.
give RINH-(CHg);-NH[CsHR(R*)2R%], which is then reacted with triethylorthoformate in the
presence of NHqBF, to give the HBF4 salt‘ precursor of NHC ligands of formula (IV). Sait
Precursors of NHC 1 glélnds of formula (V) can be prepared by reactiné N—(su‘ostituteé

- phenyl)imidazole (where substituted phenyl is CsHR'(R?),R?) with an aikyl halide (where

alkyl is Rs) according to the procedure described 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. ;

e

Synthesis of catalysts

[0055] The ruthenium catalysts of the invention may be .prepared' using methods known

" inthe art. In general, the catalysts of the present invention are prepared via a ligand

exchange reaction, for example, by substitnting an NHC ligand for one of the neutral elect;on'
donor ligands in a first generation rathenium carbene complexes (discussed above). For '
example, a catalyst of the invention can be prepared by replacing a phesphine ligand in a
complex of the general formula (PR3)2(X);:Ru=CHR v._'itﬁ 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 methed, -



16.2 80.9 30 12.1 83.7. 45 11.2 85.4 60 11.1 86.4 90 11.9 87.5 120
10.9 86.7 240 10.9 86.8 Table 5@ RCM of dinethyl
2,2-di (2-metbylallyl)mal onate with 5 nol % of 6b at 40C
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Metathesis Reactions

{0(}56]' The ruthenium catalysts of the invention are particularly efficient olefin
metathesis catalysts. Accordmgly, one embodiment of the invention is an oleﬁn metathesis
reaction which contacts an olefin with an N-heterocyclic carbene (NHC) tuthenium 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), self metathesis (which is a type of cross metathesis), ring-opening metathesis
polymerization ,éR.'OMP), and acyclic diene metathesis polymerization (ADMET).

i0057} The metathesis conditions for-the catalysts of the invention are the same as those
used in other oI efin metathesis reactions and with other known olefin metathesm catalysts.
Generally speakmg, the olefin metathesis reactions are run at a temperature ranging from
about 10 °C to about 70 °C and for a time penod 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 the catalyst 15 used and
more often about 5 mol%.

-10058] The rothenium 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 preparc a.
tetra-substituted cyclic olefin. The method contacts an olefinic compound having at least two
terminal o}eﬁns which are substituted at the béta-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):



Time (mn)'- Starting Material (GC% ' Product (GC%- 15 34.0 61.5 30
30.1 69.9 45 28.7 70.7 60 28.0 70.9 120 27.1 70.6 240 27.7 72.3 480
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In formula (VI), Q is selected from hydrocarbylene, substituted hydroca.rbyleﬁe; .he_tero'atpm- _
containing hydrocarbyleng, and substituted heteroatom-containing hydrocarbylgne. Q' and
Q? are independently sel c:cted from hydrogen, hydrocarByl, substituted hydrocarbyl,
héteroatom-containing hydrocarbyl, substituted heteroatohl-containing hydrocarbyl, éind other
groups such as halide, hydroxyl, sulfhydryl, cyano, cyanato, thiocyanato, amino, nitro,
nitroso, sulfo, sulfonato, boryl, borono, phosphono, phosphonato phosphinato, phospho,
phosphino, and silyloxy. In the preparation of hindered cyclic olefins, both Q' and Q? cannot
both be-hydrogen and, more preferﬁbly, are both not hydr;agen. ) )
[0060] The catalysts are useful in cross-metathesis to prepare tri-substituted o]eﬁné, and
di-substituted clefins which are further substituted at the allylic carbon. Accordingly, an
embodiment of the invention relates to a cross-metathesis reaction in which an N;heterpcyciic
carbene (NHC) Tuthenium olefin m;atathesis catalyst of the invention contacts fwo olefins
under metathesis conditions. The first olefin is monosubstituted at the B-carbon and either
unsubstituted or monq‘substituted at the «c-carbon. Thé second olefin is either disubﬁitgited
at the B-carbén or monosubstituted at the B-carbon but also has further substitution at the

" allylic carbon. Both clefins are. either mpnosubstituied or unsubstituted at the cc-Garbon.
[0061]  Examples of tri-substituted olefins are those having the formula Q'Q*C=CHQ’.
Q',Q%, and Q"f are independently selected from hydrocarbyl, substituted hydr_;')c,arby},'
heteroatom-containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl and other
groups such as halide, hydroxyl, sulfhydryl, cyano, cyanato, thiocyanato, ammo, mtro,
nitroso, sulfo, sulfonato, boryl, borono, phosphono, phosphonato, phosphinato, phospho
phosphino, and silyloxy. Any number of Q' Q% and Q may also be linked as part of a

. cyclic olefin. ' - . :
[0062] Di-substituted clefins 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-contalmng hydrocarbyl, substituted heteroatom-cortaining -
hydrocarbyl, and other groups such as halide, hydroxyl, su]ihydryl cyano, cyanato,
thiocyanato, amino, nitro, nitroso, sulfo, sulfonato, boryl, borono, phosphono, phosphonato,
phosphinato, phospho, phosphino, and silyloxy. Q' and Q? may dlso be linked in the case of
cychc olefins. Co
{0063] The formula Q'HC= CHCQ Q’Q* is representative of exemplary d1-subst1tuted
olefins having further substitution at the ailylic carbon. In this fornmla @', Q% , Q3, and Q*
are independently selec,:ted from hydrogen, hydrocarbyl, substituted hydrocarbyl, heteroatom-



27.2 72.8 Table 6: RCM of dinethyl 22-di(2-nethylallybnalonate with
5 nmol %of 6¢c at 40 C Tinme(mn) Starting Material (GC% Product (G %
15 25.2 71.5 30 23.0 73.0 . 45 22A 73.1 60 21.9 74.3 90 21.2 75.0
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containing hydrocarbyl, substituted heteroatom-containing hydrocarbyl, and other groups
such as halide, hydroxyl, sulfhydryl, cyano, cyanato, thiocyanato, amino, nitro, nitroso, sulfo,
sulfonato, boryl, borono, phosphono, phosphonato, phosphinato, phospho, phosphino, and
silyloxy, provided that at least two of Q_z, Q* and Q' are different from hydrogen. Q',Q*,Q’;
and Q" can be linked when thé olefin is a cyclic olefin. _

[0064] The term "hydrocarbyl” refers to univalent hydrocérbyl radicals containing 1 to
about 30 carbon atoms, preferably 1 to about 24 carbon atoms, most preferably’l to about 12 -
carbon ators, inclhdiné,_ linear, brancheci, cyelic, saturated and unsaturated species, such as
élkyl groups, alkenyl groups, aryl groups, and the like. The tei‘m. "lower hydrocarbyl" intends
‘a hydrocarbyl groﬁp of 1 to 6 carbon atoms, preferably 1 to 4 carbon atoms, gﬁd the term
"hydrocarbylene" intends a divalent hydrocarbyl moiety containing 1.to about 30 carbon
.atoms, px"efe-rébly 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
_hydrbcarbylene" intends a hydrocarbylene group of 1 to 6 carbon atoms. "Substituted
hydrocarbjrl" refers to hydrocarbyl substituted with one or more substituent groups such as
discussed above, and the terms "heteroatom-containing hydrocarbyl" and
"heterohydrocarbyl" refer to hydrocai‘byl 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 heterchydrocarbylene” refer to hydrocarbylene in which at least one
carbon atom is replaced with a heteroatom. Unless otherwise indicated, the term
"hydrocarhyl" and "hydrocarbylene” a.re.to be interpreted as including substituted and/or

heteroatom-containing hydrocarbyl and hydrocarbylene moieties, respective]y;.



120

20.8 75.5 240 19.2 75.1 25 Table 7: RCM of di nethyl

2,2-di (2-nmethylallyl)mal onate wwth 5 nmol % of 6¢c at 30 C Time (mn)
Starting Material (GC% Product (GC% 15 37.9 54.0 30 27.9 653 45
25.7 67.21 60
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Examples

- Example 1: Ortho substituted NHC Ligand synthesis

o e ot
©: - THF, reﬂux

R THF,0°Ctort

' ' R . )
. Cl .
H — .
N\/\NQ HC(OEt)s, reflux ‘ Nt Ners
R -2HCI B g
3 ' 4 ’

[0065] . General procedure for the preparation of NNV Dmryl oxamides, Oxa!yl
chloride (4.36 mL, 50 mmol) was added dropmse to a stirred solutmn of aniline C&*L;RNHZ
(100 mmol, Z equiv) and base (] 00 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 iz vacuo and diluted with water (100 mL). The white precipitate was collected
by filtration, washed with dilute HC1 (100 mL), water (2x100 mL), and dried in vacue. The
following N,V *-diaryl oxamides were prepared by thzs procedure:

[0066)  IN,V*Bis(o-tolyl) oxamide. Obtained ina 98 % yieldasa white solid. 'H NMR
(300 MHz, CDCl3): & 9.38 (s, 2H), 8.09 (d, >/ = 7.8 Hz , 2H), 7.31-7.12 (m, 6H); 2.39 (s,
6H).

© [0067) N,N*-Bis(2-ethylphenyl) oxamide. Obtained ina 71 % yie]_d.as a white soljd.

[0068] N,N’-Bis(2-isopropylphenyl) oxamide. Obtained in a 60 % yield as a white
solid. 'H NMR (300 MHz, CDCL): §9.52 (s, 2H), 8.05 (d,*Jun = 6.9 Hz, 2H), 7.35—7.21.
{m, 6H), 3.16 (m, 2H), 1.32 (d,"Jun = 6.6. Hz, 12H), 0.98 (d, *Jun = 6.9 Hz, 12H). '
[0069] General procedure for the preparation of N,N Dsarylethylenedxamme
hydrochloride 3. Borane-tetrahydrofuran complex (1M solution in THF, 125 mL, 6.25
equiv) was added dropwise with stirring to oxamide (20 mmol) atr.t. The reaction mixture
was fefluxed overnight, allc')wed to cool to ri. and excess borane was quenched by carefil,
dropwise addition of water until no more gas evolutiom was cbserved. The readtioz; mixture
was concentrated in vacuo, extracted with c;nhgr and the organic extracts were dried over
Na;804. 2M HClin éther (30 mL, 3 equiv) was then added to the'dry organic extracts and



25.8 69.8 240 22.7 69.8 1140 20.7 69.5 Table 8: RCM of dimethyl
2,2-di (2-nmethylallyl)malonate with | mol A of 6c at 30C. Tine (mn)
Starting Material (GC% Products (GC% 15 50.9 46.3 30 47.6 49.4 45
46.6 51.0
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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 N,N™ dlarylemylened:amme hydroch]ondes were
prepared by this procedure:®

(00701 NN Bls(o—tolyl)ethylenedmmme hydrochloride 3a (i.e. compound 3 wherein R
=methyl). Obtained in a 89 % yield as a white solid. 'H NMR (300 MHz, D:0): 87.30-7.10
(m, 8H), 3.67 (s, 4H), 2.45 (s, 6H). ' '

jo071] N,N Bls(z-ethylpheny})ethylenedlamme hydrochloride 3b (i.e. compound 3
wherein R = cﬂ]y]). Obtained in a 74 % yield as a white solid.

k0072] NN ’-Bis(2-—isopropylphenyl)ethylenediamine'hydrochloride 3c‘(i.e. compound
'3 wherein R = isopropyl). Obtained in a 91 % yield as a white solid. 'H NMR (300 MHz,
D,0): 37.33 (d, *yr = 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.(d, 3y = 6.9 Hz, 12H). - -

' [0Q73] General procedure for the preparation of NHC llgand precursor 4 or
Dih)lzdrdmudazohum salt 4. Triethyl orthoformate (150 mL) was added o the diamine
hydrochloride 3 in a 250-mL 1.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 triethvl orﬂmfbrmate ai 135-140 °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: l .
[0074] 1.3-Bis(o-tolyl)-4, S-dlhydrmrmdazoimm chloride 4a (1 e. compound 4 whérein
R = methyl). Obtained in a 93 % yield as a white solid. "H NMR (300 MHz, CDClg): 5 8.83
(s, 1H), 7.78-7.21 (d, 8H), 4.64 (s, 4H), 2.43 (s, 6H).

[0075] 1,3 Bls(z—-ethyiphenyl)-d S-dihydroimidazolium.chloride 4b (1 e. compound 4

© wherein R = ethyl). Obtained in a 74 % yield as a white solid. 'H NMR (300 MHz, CD:Cly)
59.04 (1H, 5), 7.92 (2H, d, J= 7.5 Hz), 7.47-7.30 (6H, m), 4.64 (4H, 5), 2.78.(4H, q, /= 7.3

" "Hz), 1.31 (6H, t, J = 7.8 Hz). '

[0076] 1,3-Bis(2-isopropylphenyl)-4,5- d:hydronmldazohum ch!cnde 4c (i.e.
compound 4 whcrem R = isopropyl}). Obtained in an 84% yleld as a white solid. 'H NMR
{300 MHz, CDCEg.) 58.22 (d 3 Jun = 7.2 Hz, 2H), 8.04 (s, 1H), 7.34 (m, 6H), 4.73 (s, 4H),
3.06 (m, 2H), 1.29 (d, *Jun = 6.0 Hz, 12H). -



60 45.5 51.6 90 44.2 52.8 120 44.0 53.7 360 412 54.9 Table 9: RCM of
di methyl 2,2-di (2-methylallyl)malonate with 5 mol % of 7a at 40C Tine
(h) Starting Material (GC% Product (GC% 0.5 65.8 30.6 1 52.3
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(0077} Example 2: Catalyst synthesis
R ] .
— Cl .
N2 N 1. KHMDS, toluene, it @" \I/ \g
YO a
Y
H g R ;l e T I .
. 1 - . . .
4 cIy “—\Ph . Y3
PN MR
CL, > G AR
Oi-Pr \(,CI
- RC[,RH_.
HCI, CH;Cly, reflux X

[0078] General procedure for thé preparation of ortho- substltuted catalyst 6
Potassium bis(trimethylsilyl)amide (1.4 g, 7.0 mmol, 1.23 equiv) was addcd toa suspcnsmn
of dihydroimidazolium salt 4 (cornpound 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 1.1, 'fo'r 30 ﬁﬁn,
then compound 5 (4.7 g, 5.7 mméol) was added and stirring was continued for 1.5 hatrt The
reaction mixture was then concentrated and catalyst 6 was isolated by colvumn.. :
chromatography and dried in vacuo. The oytho—substinited catalysts were prepared by this
procedure: . ' ) o
(0079] Catalyst 6a (i.e. compound 6 wherein R = r'nethy]) Obtained in a 66 % yie]d

_ after column chromatography on silica gel (unreacted 5 was first eluted with 1:5 EtOAc-
hexanes, thent 6a was eluted with 1:3 EtOAc-hexanes) Brown crystalline solid. 'H NMR

. (300 MHz, C¢Dg): 8 19.61 (s), 8.70 (br), 7.64 (br), 7.31-6.76 (m), 6.59 (m), 6.34 (br), 3.53-— -
3,01 (m), 2.62 (s), 2.20-2.04 (br), 1.67-1.06 (m). *'P NMR (121 MHz, C¢Dq): & ’27.37_(s),
25,15 (s). ' : L _ '
[0030] Catalyst 6b (i.e., compound 6 wherein R = = ethyl) Obtained in a 60 % yield after
column chromatography on sﬂwa gel (unreacted 5 was ﬁrst eluted with 1:9 EtOAc-hexanes,
then.6a was efuted with'1:3. EtOAc-hexanes) Brown crystailme solid. "H NMR (300 MHz,
CsDg): §19.59 (s), 8.74-8.62 (m), 8.25 (br), 7.71 (br), 7.34-6.85 (m), 6.67 (br), 6.44 (o),
3.55-3.07 (m), 2.79-2.19 (m), 1.69-0.91 (m), 1.67-1.06 (m). 3'p NMR (121 MHz, é&Dﬁ): ]
25.75 (s), 25.04 ().



44.7, 3 31.5 65.1 18 28.4 69.9 24 28.3 70.0 42 27.5 68.8 26 Table
10: RCM of dinethyl 2,2-di(2-nmethylallyl)malonate with 5 nol % of 7b
at 40C Tine (h) Starting material (GC% Product (GC% 0.25 96.7 0.7
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[0081] Catalyst 6c¢ (i.e. compound 6 wherein R = isopropyl). Obtained in a 68 % yield
after colurnn chromatography on silica gel (unreacted 5 was first elut.ed with 1:10 EtOAc-
hexanes, then 6¢ was eluted with 1:3 EtOAc-hexanes). Brown crystalline solid. ' NMR
(300 MHz, CsDg):. 8 19.68 (s), 19.49 (s), 8.93-8.87 (m), 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 (1), 2.22-2.12 (g), 2.02-1.91 (q), 1.66-0.97 (m).
3P NMR. (121 MHz, CsDg): B 26.33 (s), 23.92 (s). ‘ ' ‘
[0082] General procedure for the preparation of ortho-substituted Catalyst 7. 2-
Isopropoxy-B-methylstyrene (0.89 g, 5.1 mmol, 2 equiv) was added to a solution. of catalyst 6
@.1 g, 2.5 mmol) in CH2Cly (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 2 minimal _
amount of CH,Cl; and catalyst 7 was precapnated by addition of pentane. It was collected by
filtration and dried in vacuo. The following ortho-substituted catalysts were prepared by this
procedure . ) '
[0083] Catalyst 7a (i.e., compound 7 wherein R = methyl). Obtained ina 71 % yield
" - after column chromatography on silica gel (eluted with 1:5 EtOAc-hexanes): Green
crystalline solid. 'H NMR (360 MH.%, CD;CL): §16.47 (s, 1H), 8.59 (s, 1H), 7.43 (br, 8H),
6.91 (d, *Juyy = 5.1 Hz, 3H), 4.97 (m, 1H), 4.38 (s, 2H), 4.10 (s, 2H), 2.53 (s, 6H), 1.34 (br,
6HD). ' ' : . |
[0084] Catalyst 7b (i.e. compound 7 wherein R = ethyl). Obtained in a 68 % yield after -
column chromatograph& on silica gel {eluted with 1:5 EtQAc-hexanes). Green crystalline
solid 'H NMR (300 MHz, CD,Cl:): & 16. A8 (s, 1H), 8.56 (br, 1H), 7.53 (m, $H), 6.89 (d,
3 Jun = 6.6 Hz, 3H), 4.95 (m, 1H), 4.42 (s, 2H), 4.10 (s, 2H), 2.93 (br, 41—1), 1.37 (br, 12H).
[0035] Cata]yst 7e (i.e. compound 7 wherein R= 1sopropyl) Obtained in a 77 % yield
' as a green crystalline solid. *H NMR (300 MHz, CGD.;): 5 16.65 (s), 16.‘}6 (s), 9.18 (m), 7.90
(d), 7.40-6.93 (m), 6.59 (t), 6.34 (4, *Jun = 7.5 Hz), 4.47 (m), 3.80-3.32 (m), 2.66 (br), 1.95-
T 1.12 (m). '



0.50 89.3 3.3 0.7581.8 11.8 1 71.1. 21.5 2 57.7 34.7 51.4 42.9 8
38.9 55.9 24 36.4 58.6
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{00861 Example 3: Catalyst performance in RCM

00
HsCO OCH;

g O
catalyst H.CO™ OCH3
CH5Cly .

[0087]  Ring-closing metathesis of dimethyl 2,2-di(2-methylallyl)malonate. Catalyst
was added to a 0.1 M solution of dimethyl 2,2-di(2-methylallyl)malonate in CH2Clzin a
round bottom (r.b.) flask. The flask was equipped with a reflux condenser and a bubbfc;r
outlet. The reaction mixture was sparged with argon for 5 min, then heated to desired
temperature. Reaction progress was monitored by GC analysis of aliguots after removizig the
catalyst by treating the aliquot with 1M so]utiOn of THMP in IPA heating the quenched
mixture at 60 °C for 1 h, diluting it with water and extraction w1th EtOAc. The acthty of
catalysts of the invention were compared with the olefin metathesis catalyst {A) shown

below:

| T,»«*C‘

o Rl"_\

PCYa A.

Table 3: RCM of dimethyl 2 2—d1(2-methy1ailyl)malonate with 5 mol % of A at 40 °C

Time (min} Startmg Matenal (GC%) Product (GC%)
30 515 : ‘ 3.0

60 A : 42

180 84.3 , 15.7

1030 457 T

1440 424 ' 308

2520 _ 38.1 - 1545




Tabl e 11: RCM of di net hyl

of 7c at 40 C Tinme (h) Starting Material (

97.2 0.7 0.50 93.8

27.5

2.

9

0.75 87.2 9.3 81.7
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2,2-di (2-nethyl all yOral onate with 5 nol %

GC% Product (GC% O0.25
15.6- 1.5 71.9 242 2 69.7

Table 4: RCM of dimethyl 2,2-di(2-methylallylmalanate with 5 mol % of 6a at 40 °C

Time (nin) Starting Material (GC%) | Product (GC%)
i5 i6.2 . 809

30 12.1 83.7

45 11.2 '85.4

60 | 11.3 86.4

90 11.0 87.5 |

120 10.9 86.7

240 10.9 86.8

Table 5: RCM of dimethy] 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
45 28.7 70.7
60 28.0 70.9
120 271 70.6
240 277 723
480 272 72.8

Table 6; RCM of dimethyl 2,2-di(2-methylallyDmalonate with 5 mol % of 6¢ at 40 °C

Time(min) Starting Material (GC%) Product (GC%)
15 25.2 . 71.5

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 .

240 119.2 75.1




6 63.4 32.0 24 63.4 32.5 100881The results of the RCM performed wth
second generation catal ysts and second generation catal ysts with
chel ati ng carbene ligands reported above are further illustrated in
the charts shown in Fig. 2 and Fig. 3. Fig. 2 shows that catal ysts
6a, 6b and 6e perform nmuch better than catalyst A in the RCM of
conpound 1. Indeed, the reactions catalyzed by 6a, 6b and .6C reach
much hi gher conversions (between about2s 70% and about 90% conver si on)
conpared to the reactions catalyzed by A (about 20 % conversion).
Additionally, the data rep. resented on Fig. 2 denonstrate that
catal ysts 6a, 6b and 6¢c require short reaction tines and mld
tenperatures to reach high conversions. For exanple, catalyst 6a
gives a high . conversion (i.e., greater than-80 % within enly 15
m nut es at| T4e QR@quﬁdirMIyﬂ 22 iRty AyHmagngovit § oel af a¢ 590 °22.

Fig. 3 shg catal T3 e active tham A
i ngt he RCI\%Pé(‘nrmmmd Jﬁi‘tﬁlgﬁﬂgtﬁéyl (g;?c%jarr i S&d?‘gémw_m__ﬁb_
and 6c. [Q089] Exanpl e. #37%r oss Metat hesi s $848i es [ 0090] Cat al yst

per formandgpi N Cr 0SS- nggad heses 1 nvol Vi ng hensier ed ol efr ns | nsl de the
gl ovebox, °54L A—vat-stpas—ehar 3\,d wWHh aPPB Hrat-et A Tt of—t hc
appropri atjé” hi ndered o e?fn solution (2Mim )é?—|2CI 2) followed by one
equi val ent| 66f 5- hexene| 25The appropriate amph® of the tested catal yst
was added [pagg tteviat, [g&Fer Wiicim It Was $gaged and neated 10
desired t lrrnpr ature R:\nr'f i-on progress waslnonitored by GC analysis—
of aliquotld4¥ter renol?hg the catal yst by|f¥Rating the aliquot.with
1M sol ution of THW In |IPA heating the quenched m xture-.at 60C for 1

h, di | uti et e S et AR s A '

0 ous. ot ATAUE SR SHIRIn RS- AR RIS bl S o AT AT
met at hesi g Thasfmisd 5- deStartingMaeny! (6o, 5] Brefueky@C%hexene using 1
nol % of @3gsand A at 40569 TablT € IZ: Résuhkgs of CM of 5CIO0 and

1”4

2, 5- di net yi-3-hexene ° ng-4—npl—%-of ' 6a—a 4514 A—at—40C
45 46.6 . ' 51.0 '
60 55 516
90- 442 528
120 44.0 537
360 . etz 1549
Table 9: RCM of dimethyl 2,2-di(2-methylallyl)malonate \#ith 5mol % of Ta at 40 °C
Time (h) . Starting Material (GC%) | Product (GC%) -
0.5 65.8 : 30.6

1 52.3 _ ' 44.7
3 31.5 . | 65.1 _‘
18 784 ” - 1695
24 28.3 ' 700
2 275 ' | 68.8




Product (GC/0) 0.5h 1 h 40h 6a 20.0 23.9 29.9 A 11.8 15.3 7.8

[ 0092] Cress netat hesis of 5-decene, 5C10, and 2-nethyl -1 -nonene
using 1 nmol % of 6b, 6¢c, 6a and A at 40 C 28 Table 13: Results

of CM of 5C10 and 2-nethyl-1 -nonene using 1 nol % of 613, 6¢, 6a and
A at 40 C

26

Table 10: RCM of dimethy] 2,2-di{2-methylallymalonate with 5 mol % of 7b at 40 °C

Time (h) | Starting material (GC%) | Product (GC%})
0.25 96.7 ' - 0.7

0.50 89.3 — 33

0.75 g8 . ' 118

1 L ' 215

2 57.7 . 347

7 - 514 - 1429

g [389 559

24 . [364 _ 58.6

Table 11: RCM of dimethyl 2,2-di(2-methylallyl}malonate with 5 mol % of 7e at 4(_} °C

Time (h) | Starting Material (GC%) Product (GC“/;:}
0.25 97.2 . 0.7

0.50 93.8 " 29

0.75 872 . 9.3
N _ 156

L5 71.9 24.2

2 69.7 1275

3 634 | 32.0

24 63.4 , - 325

[0088] The results of the RCM perforrried with second generation catalysts and second
generation catalysts with chelating carbene ligands reported above are further illustrated in
. the cilans shown in Fig. 2 and Fig. 3. Fig. 2 shows that catalysts 6a, 6b and 6c perform much
" bettet 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 Tegquire short reaction _tj.m;as
and mild temperatures to reach high conversions. For exami:le, catalyst 6a gives a high .

conversion (i.e., greater than 80 %) within only 15 minutes at 40 °C, compared to 7 hours at '



Product (GC % |b 3h 6h 6b 27.4 28.4 29.0 6¢ 22.2 23.5 24
19.5 20.0 A 15.2 213 25.6 ' .0 G 20.1
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60 °C for catalyst 12. Fig. 3 shows that catalysts 7a, 7b and 7e¢ are also more'adtivg tha-n‘A in
- the RCM of compound 1, but are less active than catalysts 6a, 6b and Qc. o

00891 Example 4: Cross Metathesis Studies

[0090] Catajyst performance in cross-metatheses invdlving hindered olefins

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

hindered clefin solution (2M in CH,Cly} followed by one equivalent of 5-hexene. The

appropnate 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, heatmg

the quenched mixture at 60 °C for 1 h, d:llutmg it with water and e:xtractlon with EtOAc An

identical cross-metathe51s reaction was run with A for comparison.

[0091] Cross metathesis (CM) of 5-decene (5C o) and 2,5-dimethyl-3-hexene using 1 mol

% of 6a and A at 40 °C

/J\/\.\/ _+ \ . = , -

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

Product (GC %)

l105h 1h 40 h

6a 20.0 23.9 29.9

A 11.8 15.3 7.8

10092] Cross metathesis of 5-decene, 5Cs0, and 2-methyl-1 -nonene using 1 mol % of 6b,
6¢, 62 and A at 40 °C T

)\MA



[ 0093] Exanpl e 5: Catal yst performance in self-netathesis of nethyl

ol eate Inside the glovebox, a 4-triL vial was charged Wth
approximately 10 g of nmethyl ol eate. The appropriate anmount of a
stock solution of 6a in beniene was added to the vial, after which it
was seal ed and heated to 40 C. Reaction progress was nonitored bY GC
anal ysis of aliquots after renoving the catal yst by treating the
aliquot with 1M solution of THW in IPA, heating the quenched m xture
at 60 Cfor .1 h, diluting it with water and extraction with EtOAc.
10094] Sel f netathesis (SM of neat nethyl oleate using 2, 5 and 20
ppm of 6a and A at 40C C21Vle 77 Me02C. .9, -\N'CO2Me Tabl e
14: results of SM of neat nethyl oleate using 2, 5 and 20 ppm of 6a

and A at 40 C Maxinmumconversion' reached at,  nmin 2 pom 5 pom 20
ppm Table 13: Results of - CM of 5Cg and 2-methyl-1-nonene using 1 mol % of 6b, 6¢, 6a and A

at 40 °C
Pfoduct (GC %)

) 3h 6h
ob 274 | 284 | 290
6 222|235 | 240
6a 1201 [195 |200
2 1155 (217 | 258

[0093] E}gamplels: Catalyst performance in self-metathesis of m'ethyl oleate
Inside the glovebox, a 4-mL vial was .chai'g'ed with approxiniate}y 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'sealled and heated to 40 °C. Reaction progress was monitored by GC analysis of ;a]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 metliyl oleate using 2, 5 and 20 ppm of 6a and A at
40 °C :

|

7

r==_, CO,Me NN MeO,C ¢y =_; CO:Me
RV —_— . + A e

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 | S5ppm | 20 ppm

6a - |30 10 5

A |30 10 <10

2 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 % S-octadecene and 25 mol %

1,18-dimethyl-octadecenoate)




Ga 30 10 5 A 30 10 <10 a Maxinmum conversion in this reaction
corresponds to a mxture containing 50 nol % of the starting materi al
and 25 nol % of each of the products (25 nol % 9-oct adecene and 25
nol % 1, 18- di net hyl - oct adecenoate) 29 [0095] Exanple 6: Preparation
of salt 10. [ 0096] Preparation of plantlike 9. This is a two step
procedure. In the first step, a 40% solution of glythial in water
(465 pl, 4.1 nmmol) was added to 3,5-di2®tert-butylaniline (1.83 g,

8.9 mol) in isopropanol (16 m) and water (16 nml) at 0 C. The
reaction stirred for 7 hours and during this time it warnmed .to room
tenperature. The reaction mxture was fiiteied through a glass flit;
the filtrate was di ssolved in CH2§12 dried over MJEO4, filtered

t hrough antfdr gExpneple f5 Frepgrafiop sh@8APr at ed. This crude reacti on.
product was then dissolved ib Et20 (50 m) and added to LAH (570. ny,
15 mmol ) in Et20 (50 nil) at 0 C. The r actio stirred forp 36 hours
and warned to roomtenperature. The rez Yas quenchec
(570 pi), 15% NaOH H20 (570 pi), P12.0 (
glass flit dried over MgSH, filtered throfigh another glass fllit and
concentrated. ‘FHe reaction nlxtuﬁﬁxhas t hej purified,py flasi col um
chromat ograi t 30%-Et A&ﬁFb anegi_he

steps) as I NVR (1300 “VBzT REDC v
Hz), 6.55 = 1.8 30 Hz), 5.31 (2HAS), Rf
(36H, s); 1 3C. (75 MHz, CDC13) 8 152.1, : 11
35.1, 31.7; HRMS (EI+) cab for C301- 149N
10097]Preparat|on of NEIC ligand precursor

1.8 mol),
I (ﬂohm4 "
HoHN NH4BF 4, 806 °C ~q¢¥
© 66% yleld

[0096] Preparatio.n of Diamine 9, Thisis a two step procedure. In the first ét_ep,_ ad0% -

10 'o di am ne 9 (786 ng,'

solution of glyoxal in water (465 pl, 4.1 'mmol) was added to 3,5-di-ters-butylaniline (1.83 g, :
. 8.9 mmol) in isopropanol {16 ml) and water (16 mi) at 0 '°C. The reaction stitred for 7 hours '
and during this time it warmed to room temperaturé. The reaction mixture was ﬁlte'red'
through a glass frit; the filtrate was dissolved in CH,Cly, dried over MgS0,, filtered thr.ough
another glass frit and concentrated. Thls crude reaction product was then dissolved in Et,O
(50 m1) and added to LAH (570 mg, 15 mmol) it Et;O (50 ml) at0 °C The reaction st1rred
for 36 hours and warmed to room temperature. The reaction was guenched with HQ (570
nl), IS%nNaOH/H;‘;O (570 pl), H20 (2 ml), filtered through a glass frit dried over MgSQy,
filtered through another gias's frit and concentrated. The reaction mixture was then puri:ﬁed
by flash column chromatography (30% EtOAc/Hexanes) to yield 9 (786 mg, 36% over two
steps) as an 011 'H NMR (300 MHz, CDCl3) 3 6.85 (2H, t, T = 1.5 Hz), 6.55 (4H, 4,J=1 8



was added (Et0)3CH (3 m, 18 mml), N1143F4 (189 ng, 1.8 nmol) and
formc acid (2 drops). The reactions stirred at 90 C for 48 hours.

Et 20 was added to precipitate the alt. The reaction m xture was then
filtered and the solids were washed with Et20 and collected to yield
8 (633. ng,. 66% as a white solid. Ili NWVR (300 MHz, CDC13) 8 8.57
(1H, s), 7:42 (2H, t, J = 1.5 Hz), 7.23 (4H, d, J = 1.8 Hz), 4.69
(4H, s), 1.32 (36H, s); 13C (75 MHz, @DCl1l3) 153.6, 151.4, 1314,
123.1, 114.9, 50.5, 35.4, 31.5. : [0098] Alternate preparation of
diamine 9: t-Bu t-Bu [0100] N, N -Bi s(3,5-di-t-butyl phenyl) oxam de.
Oxal Y1 chloride (2.16 nL, 25 nnDI) was added dropwi se to a stirred

solution of_3,5-di-t: butyl 0,2

triethyl aniizé 5(3? (828 r??. 3 %64% ﬁé}%’lﬁk %@ﬁ“ﬁ% ngn;ll%ﬁ ?:Egbplg?ig’ 112.8,
addi ti on, tubeeeaddtion 3\z\asHaMS(1\Ekld ctlo fondhakisalNa, 433.3894. Foamidt38880% ed f or
1 h. Ther %%1'00 gs% of ofREId ﬁfﬂd(fﬁ&%%; ﬁ@-t’ﬁgdrbxﬁln\f@(fm ,a@d sdhihsij,ed

with water e white rem}_g@tate was co gﬁm
filtration wam@ﬁé WEH @rukBamped), NovgEs (H3 mevia? ’é‘fnof)??‘g ir2pid @nd
dried in vagsy ? ’I@Fﬁ%btfbﬂﬁistﬂm'ﬁ ‘Gt QJ ‘(C718f’/§8 Wurs. Et,O was added to precipitate the sait.

N, N1- Bi s(3 f- bu phe it

[0101] N, N - p Eepoion MKl e"b‘ﬁ%ﬁ“ ‘Srﬁy “ﬁﬁ T°§ﬁse‘?j’?rea‘n’%“’%ee§?’ ‘}‘%ZR PRt 1%
of BH3- : TFidR § 53ThiE, ¢6LRSs mhnmﬁudrffmmww MUz PSSR @ H) T2 (2H
stirring t Q jhes ﬁgéb% ﬁ‘fﬁ’“d”}r de. 8&%},@%%1{ ? 19153 58ls). 1’ (78 MHz Eb@:h)a

resul ti ng Honogen hen refl'uxed.tfor 15 h, all.owed t
cool down 1836, 1t51 4ak?§-4e b &H?/’Saée?ﬁ:‘héﬁsby addi ng water. The mxture
was then Cmeﬁtrﬁﬁﬁ&a@dhﬁke@xﬁahaﬁbﬁdsw&b et her. Cal utmm chr onat ogr aphy
(2:1 hexanes - dichloronethane, silica gel) aftfgfded 6.51 g (769 of

pure 9 os a Colorless oil and 1.27 g of- inpurel9 (contam nated with
3,5-di-t-butylaniliney \A/anh was subjected n second

chr omat ographl cnpyrificationg The combi negby e 9 was 86% ||
NMR (300 M—Iz CDC13%" 5 8&@211%1 t, J = 1 5W4z).,, 6.55 (411, d,
J 1.8 Hz), 11, _s.)_£4-5_94-—1-1——s) 1.31 (36K s); %Q%EUS VHz,
CDC13) 8. 1Et$iz , t-@ 2.grzTeF 107.9, "44.1, 35.1, i (El +)

calc for 'CSOHoNZ ,437.3896. Found 437.3902. 101@21E§<
Preparation of catalyst 12. PCy3 Ot G wRu- -< 11 KGO
60 C ' ‘

gt e 7: :
sBU(F6), Tel,

{0100] NNV ’—Bis(3,5'—di—t~butylphenyl) oxamide. Oxalyl chloride (2.16 mL, 25 mmol)
was added dropwise to a stiﬁed solution of 3,5-di-t-butylaniline (10.28 g, 50 mmol) and
tn'ethy]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 wa's collected by filtration,
washed with dilute HC1 (100 mL), water (2x100 mL), and dried in vacuo. Obtained 9.07 g
(78%) of N,N *-Bis(3,5-di-t-butylphenyl) oxamide as a white solid. .
[0101] N,N’-Bis(3,5-di-t-butylphenyDethylenediamine (9). A 1M solution of BH;3-

- THF in THF (125 mL, 125 mmol) was added dropwise with stin'ing to the solid oxarﬁide )

. (9.06 g 19.52 mmol) at 1.t. The resulting homogeneous mixture was then refluxed for 15 h,
allowed to cool down to r.t. and carefully quenched by adding water. The mixture was then
concenirated and éxtracted with ether. Column chromatography {2:1 hexanes —
dichloromethane, silica gel) afforded 6.51 g (76%) of pure 9 as a colorless oil and 1.27 g of
impure 9 (contaminated with 3,5-di-t-butylaniline) which was subj.ected to a second
chromatographic purification. The combined yield of 8 was 86%. 'H NMR (300 MHz,



[ 0103] Preparation of Catalyst 12. NBC |ligand precursor 10 (156 ng, .3
mml ),. K& -Bu(F6) (66 ng, .3 mml),. and rutheniumcOmlex 11 (132
ng, .22 mmol) were all conbined in toluene in a glove box. The flask
was removed and stirred at 60 C for 1.8 hours in a funme hood. The
reaction Mxture was then directly purified by flash col um
chromat ogr aphy (5% Et 20/ Hexanes, run 2 tines) to yield catal yst 12
(34 ng, 20% as a green oil. The catal3st was then |yophilized from
benzene to give a pale green solid: It should be noted that by

111. NVR the conversion to 12 is 50% 1HNWR (300 MHz, CDCW 8 16.91
(111, s), 8.14-8.13 (211, m, 7.73 (211, m, 7.64 (111, m, 7.52 (1H,

o' vy, 4k iR By ?%*?fﬁ(ﬁ T S AP b el

6 Hz), 1. 2436(}118)13& (335 MHz| 8NEl;) § EizH), mas 0 12.8,r10CA,14K-11 583 N0 G IRMS (EI+)
766. 2970. E 0 s the single crystal -
X-ray. strue%?ogcaoéégﬁ %%38565 Puﬁh%ﬁ{ﬂg yst 12.-[0104] Exanpl e 8:

Cat al yst ad?%40%} tyE§’B'BHieéstePﬂif0%‘]°I5Paéﬁ&ﬁté?l on of stock sol utions.
Catal yst 12 (14 ng) was placed in a 2 cvol unmetric flask and t.aken,

into a glow box. In the gl Ove box, 2Cl2 was added to nake
stock solution' Z. 0.44. m of Z vvas %ansferred to anot her 2ml
vol umet ri ¢ fNask and di | ut to 2ml Cl2 tot#mke st qck, at-Bu
solution Y. tipm sc 10. 1.2 [0106] I n aSgsbyeYhox™ g 44

m of stock ng of 12, 01004 mmol ) wa& t,ra@&f? ed thy
a screw cap _MWR ggibe. CD2 (.36 WbuMapsaadeed and then 1
1.11, 0.08 ). “The NNW'tube was seal ed, renmoved fromt gl box

and heated to 30 C. Fig. 5 is a graph of the conver.si on over tithe,
denonstrating the diamatically inproved reactivity 12 .shows*for-
ring-closing netathesis (RCM to formtetrasubstituted ol efins.

[ 0107] Thi s dy S repea %d a 60 C; tuorsg. 3 t act
s R G S SR R R
co;n‘:)legggr ?rhiQat &lﬂ“reb(ﬁ%lma 3W§Mér§;awm qoprple 19(132@183812m¢1) val'ag}3 e

added. The NVR.IUb& MRS nﬁaﬁélyﬁ‘é%ox TRIAE raf fe@RVddNRa %r%\ﬂeatm&@@ﬁjhours
heated to 60C. A _graph of conversion over tine is shown in 6. As

can be seeff? &pedpod 4“1’?(5%"30@8%‘6%?{%}‘%’1 dé‘i‘?"tﬁ’d%‘nﬁ%w dash F@W@H and 83%
conver si on clusmaiobiaghyed%d Bt @Heyands, haur tsues) 0 Y081 daxedwpl 2039 ngED%)sats u@reerd

with I ess Bfinger &6l 614y ATE EoAShhed2o Ghe T8k Yrcen sold. It should be
noted that by "H'NMR the conversion ta 12 is 50%. "H NMR (300 MHz, CDCI3) & 16.91 _
(lH s), 8.14-8.13 (2H, m), 7.73 (ZH m), 7.64 (1H, m), 7.52 (1H, m), 7.06-6.92 (2H, m), 6.62
(1H, t, = 7.5 Hz), 6.31 (1H, 4, J = 8.4 Hz), 4.47 (1H, quint, J = 6 Hz), 3.51 (4H, 5), 1.51
. (18H, ), 1.35 (6EL, d, T = 6 Hz), 1.24 (18H, s); HRMS (E[+) calc for C41H53N20C312Ru
766.2970. Found 766.3007. Fig. 4 depicts the single crystal X-ray structure was obt'air':_ed for-

catalyst 12. .

[01043 Example 8: Cataiyst activity studies. )
[0145] Preparation of stock solutions. Catalyst 12 (14 mg) was placed in a 2ml
volumetric flask and taken into a glove box. In the glove box, 2ml of CDzCl; was added to
make stock solution' Z. O. 44 ml of Z was then transferred to another 2ml volumetnc flask
and diluted to 2m] with CD;Clz to make stock solution Y

Reaction sci}eme 10.



CD222, 30 C 1314 [0109]In a glove box, 0.4 m of stock solution Y
(0.6 nmy of 12, 0.0008 mol ) was transferred to a screw cap NWVR tube.
CD2C12 (.4 m) was added and the NWR tube was seal ed and transferred
to a 500 MHz NNW whi ch was warnmed to 30 C. The NWMR tube was then

ej ected, 13 (20.5 pi, 0.08 inmol) was added and the tube was injected
for data collection. A graph of conversion over tine is shown in Fig.
7. 1516 33 101101In a gl ove box, 624 m of stock solution Y (0.6
ng of 12, 0.0008 mmoDwas transferred to a screw cap NVR tube. CD2Cl2
(.4 mM) was added and the NVR tube was. sealed and transferred to a
500 MHz NVMR whi ch was Warned to 30 C. The NWR tube was then ejected,
15 (19.51i1l, O. 08 nmol ) was added gnq)the tube was injected for data
col lection. F g.§8 shows a graph of t conversi on over tine.

[ 01111Examgk " @tability studFES S OPEL] A striking-feature of
catalyst 12 i it]s st % S0 on (CH2C12 or Benzene), in the
absence of e, ??5%% %sFabl e for\at |east 4 weeks. As a sol i d,
12 is stable inlair for at |least 5 weeks. Finally, during the .
catal ytic reactions described above, for the reactions performed at
30 C the offi196}t i i qadowrtboreddonl ofisiaeh sobuionyfdi mgef 130 0OM B ¥ef by ' H

NVR was 1641y e o fsq;ev;éas NMVBR Gk, oenm;{mrm@a@&ddépan@,ﬂamr@l 5{u,vjve
original  catalyst observed 1H N

ot ol yot LoD, (TR stsbreS S G FBPISAANE] G 47 B aBA PRITGR bR ie-S
cat al yst ' - &8 grB68 thelconvelsidyorvetaas, dérﬁﬁiﬁﬁdﬁqg ﬂi’e‘ﬂi’amalt'—?yaﬂyrn’ﬁhl@hn;d\fcachv1ty 12

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

[0107]  This study was repeated in C¢Ds at 60 °C to examine the impact of temperature.
Catalyst‘12 (3.1 mg, 0.004 mmol) and CeDs (.8 ml) were combined in a screw cap NMR tube
and 1 (21.5 pi, 0.08 mmol} was added. 'I‘he; NMR, tube was sealed, removed from the glove
box and heated to 60 °C. A graph of COnvet:sion over time is shown in Fig. 6. Ascanbe

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

conly 7 hours .
{0108] Example 9: RCM studles with less hindered olefins.
o 0 0 0
EtO OEt . EtO Okt
12 {1 mol%) \
S, CDz_C:Iz, 30 °C
13 ' o . 14

[0109] In a glove box, 0.4 ml of stock selution 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 traﬁsfezred to a 500 MHz NMR which was warmed to 30 °C. The NMR tube was
then e:_]ected 13 (20.5 pi, 0.08 mmol) was added and the tube was mjccted for data collection.

_ A graph of conversion over time is shown in Fig. 7.
-0 O : ' o o
Et0~ OEt EtO OEt
12 (1 mol%) )
’ X, CD20|2. 30 °C

16

15



N17t-Bu-Ru.=\"t-Bu Cl |.Ph BF(KQ-Bu(F6), C6D6, 60 CPyr 10 18 '-
[0114] Catal yst-18. NBC |ligand precursor 10 (14 ng, .03 mol),

K& -Bu(F6) (6 ng, .03 mmol), and rutheniumconplex 17 (14 ng, .02
nmol) Were all conbined in C6D6in a screw cap NVMR tube in a glove
box. The NMR tube was renoved and heated at 60 C for 1 hour in a fune
hood. Conversion to catalyst 18 was determ ned to. be 52% by proton
"NMR. "H NWMR (300 MHz, C1JC13) 8 19.433111, s). [0115]It should be
noted that conplex 18 is relatively unstable. The phosphi ne anal ogue
in which the pyridine ligand is. replaced by PCy3 is al so unstable.
It is believed that the tertbutyl groups on the NHC are so |arge that
they activ di ssosci ate the e ect veI y.
The transi é‘ﬂ%l‘ 0k aﬁ?%??%k%@mﬁ)ﬁ%é‘é@kég 3&@3 ggéﬁs& §(§38 ;) -
catal ysis. traﬁs@&ﬂeﬂ& sondvneapNMVR 120.. CPECIS (4 mihavas Mﬂeélaetbﬂipr@b@bﬁ was. | n
the first St dﬁ% (im€ ir ?%:rcﬁ) u&éd@%ﬁé]ﬁlﬂ]‘é’ wésnvva\.p@x&?{o 36$Cl%g§¢MI{]-{gbewas

nmol ) . was & thyl a 2.5 nil
i sopl opanolthep et 1545 wa 88 miupl) \‘rﬁs)add&@ﬂ’eﬂ e hrbpay ‘élfé‘ﬁl Bar. dgte Felleglipn.

for 7 hour %1$§%d¢$§r'él%htom}§cgﬂﬁﬁndntovmwd to room tenperature. The
readti on m xture was Itered t hr .U%g a glass fl-it; the filtrate was
i e

di ssol ved il1dp cEzampleillySak) , filtered through another gl ass
flit and cosaent raxtﬁ&cnﬂ'gﬁemureruﬂdealys&az;tsmsntalphwdﬂrctolms (EHRLHh: oiBsssheded

in THE (37 mh%_{ ?‘i{e ogsl}b ée ‘?ltls QQ&I%?a@SL%M&Bl Ada ioiidslzgs sté‘@e Rldrat
Concentr at ed & added dropwi se over

reacti on waestst yeeke Fipdly: ‘;’t“"ﬁéﬁ’re "étﬁ]d“f ﬁéﬁ“’ﬁ?\?"‘ﬁi@f’e‘é Eﬁ?"ﬁ%’r %@aﬁaased
The react ipgfor¥@8 asi0i CrtRelorf Pfimd phiftithe @fithat &ueilysf whs res eskervitiey ' NMRat e

was wash exten i vel th Et20 to v.e ne |t 2 13%
over 2 step¥f! é%haé’fgc%lgl’ ﬂi‘/\e?r{f"?cgo'%ﬁrﬁ’gmd %?L‘iﬁﬁﬁ)ﬂ 'tes‘%gn nal&%@é{@? 6. 84
(4H, s), 6.0%&r(ca My 1§ NMIBalG2.§ hbks. yerald, cztﬁlyétﬂ.zwhlsl)ly stelgd4.181NBC | i gand
precur sor  2dy13C( QRORplehq; Bodariti oRERE: 116, di ani ne- salt 20 and the
reaction was. stirred at 90 C for 14: Urs The reaction m xture-was
filtered and washed with-Et20 to give] SJC | gand precursor 21 (290
ng, 719% as.an off white lid. IIP#r—-E;I}d%\é%O VHz Q(.D6)—59. 89

.(1H, s), 9 (4H,.s), 7)62 (2H s¥ M- (4H, d w@z u
M. HANVE (El al 9H23N2 279.-18613. Found ,g%zé_\ 1o,

101191Cat al ys
KQt - Bu( F6)
nol ) were al
box. The NI\/R tube wgs renoved and heated at 60 Cfor 2.5 hotsr in a

fume hood. Con ersion t Sf 22 was d %, e
plrJot on NVRI® v( ﬁ:ﬁ"‘ K?I—ﬂg 1@?@% ‘%prf"?‘"i‘g 1@%%“’%’) Wé%@&éﬁé&%égbe
not dd t hat .@%ommbBxan2 2uthenivme bauplasal7\(14ms . 8dyineol) Mteresﬁélmbhlh@@ GeReinref a--
met hyl groyps.q b3S 5ABYE MR R R e GRTRIRYed éld@ltes&éa awb bCER 1

handl e wi t hout deconposition. For this reason, this co is
unat tr act i ev§igpe ﬁga 095 pgnvcrsmn to catalyst 18 was detérmined to be 52% by proton NMR

'H NMR (300 MHz, CDCl;) § 19.43 (1H 8). .
[0115] It should be noted thiat complex 18 is relatively unstable. The phosphme analogue

and prec—u+ee+—2—l—$9—-ng, .03 mfdl . P
. and KetMEXSetn LSl ex 911 (137hg, . 02

conbined in C6D6 in a screw cap NWVR tube'in a gl ove

in which the pyr_xdme ligand is replaced by PCys is also unstdble. 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.



[0121] Exanpl e 13: Preparation of unsaturated Meta-substituted NFIC

| i gands. [0122] NBC | i gand precursor 23. ksolution

of 3,5-ditertbutylapiline (3 g, 14.6 mmol) in toluene (5 m) was added
to a solution of paraforml dehyde (220 ng, 7.3 mmol) in toluene. (5
m ). The reaction was then stirred at 100 C for 1.5 hours. The
reaction was cooled to 40 Cand 6N HC (1.2 ml, 7.3 mmol) was added.
The reaction was stirred for 5 minutes$* |yoxal (837 j.tl, 7.3 =nal)
was added and the reaction Was stirred another 5 mnutes. The
reaction was stirred at 100 C for 14 hours, cooled to RT and purified
by col um chronmat ography (5% MeOH C132C12) to yield a blown foam

Thlsfoamwas vvashe th Et 20.t0 &S a white
solid. 1119NR 2 PR °“§f?f’iﬁ§§“§%‘%mg%—oﬁ’%3'§gta%5% (m 611),
7.59 (s, 211), 1 42 (s; 36H) '13C (75 3) .8 HRMS (

for C311-145N2, 445.3583. Found 445. 3561.! [ 0124] Rut heni um al yst
24. In a glove box, NHC I|i gand PLagur sor- (63 nmg, .13, mMoi,.cr

rut heni um precifesor 11 (‘28 . .:\2% mol ) d KQt. - rE’ua(n-Fﬁ)cl(ZQ' ,
rnrnol) werecogbi ned i Wflask s saaFarkc rermve from
t he gl ovebo stirred 60 C for-18 houf's. Theobackpon Wi tor
concent r at'®d and pur| fied bY flash col um gfspnmat ography (5% 20%
Et 20/ Pent). There were 3 bands that coul d @ solated from

colum, first 2 brown bands and then oné®green Sand. The sé€ond brown
band was the desired product; however, it was not corrpl etely pyre
after one columm. Recoluming in 10% Et 20/ Peft ari e ‘gave. a brown o'l
product conpl e{mgly pure by NVR.(9 my, 9% and amet her fracti.on h&tl |1

slightly inpure ng——18 The pr $ were | hi | =zed '
benzene to gi vez Hi“‘@ OU—%Q%MS 88 , 8. 13
(br, 2H), 7.74- (g} g,H) 07 7. G{l%(,,gm 1H), g 97 (@d, J = 3, 1.5
Hz, 11-1), 6. 66“‘"(t J'7.5 Hz, L 6.34 (d, J =8.4 Hz, 1H), 4.49
(sept; 3 = 6.11z, 1H), & 44 (d,1 = 6 Hz, 6H), 1.44 (br,2118H)-, "1.18
(br, 18H);‘ I3C(75M—|z CDC13) 8; HRIVB(EI-I-) calc for :
C411- 156C12N20Ru, 764.2814. Found 764. 2842. [ 0125] Exanpl e 15: -
Preparati ommf] cabahyﬁsa&&u. TS is @4wo stbp @edium InPh¢ firgtsten, 2 40Va@lugipn of
St-Bu(-au & lgﬁi]me Z%hg@i'nﬂm in
Catal yst 2 yo;iai(t%wat %Fan'ﬁWasaﬂﬁggggﬁﬁ%O% ( )
mol ), rut iﬂemomnvlp(ﬁ%wl)lﬂsé watr (495g) ?fg) FRABICY S%EFF(S‘ fRﬂ h‘Eﬂs(rgé)duTnﬁ
Ny, .34 MBlinaE @a:%ﬂ‘&i 66 térﬂpe%@@ aﬂslreasﬂon hagugtwaRRltbred thdough h@usss

The fl ask rad
coﬁcenf1 f at %S‘B‘?\’g}%ﬁ%r"fﬁfg g ‘63% % {:h 2§ d“ SBO)ﬁ“@Q&i th&

r or’rat a 5% > 5%
Et 20/ Pent ) artdacoyieatraeda mmaﬂegpacnomedw UWdh‘ﬁ‘l 41559%[ féﬁ‘/@ PPead 15 B
benzene at 0 °C was added NaBHa (1.5 g, 40 mmol) Conccntrated HC] (1.6 ml) was added dropwise

over 25 min. The reaction was stirred for 1 hour and then 4N HCI (75 ml) was added. The
reaction was stirred for 1 hour and then filtered. The filtrate was wash extensively with Etp,O
to give diamine salt 20 (438 mg, 13% over 2 steps) as an off white sohd 'H NMR (300 MHz,
CDCl3) & 6.84 (4H, 5), 6.76 (2H, s5), 3.62 (4H, 8), 2.25 (12H, ). -

. [0i18] NHC ligand precursor 21. HC(OEf); (10 ml) was added to diamine salt 20 and
the reaction was. stirred at 90 °C for 14 hours. The reaction mixture was filtered and washed
with Et,O to give NHC ligand precursor 21 (290 mg, 71%) as.an off white solid. 'H NMR
(300 MHz, DMSO(Ds) § 9.89 (1H, 5), 7.29 (4H, 5), 7.02 (2H, 5), 4.54 (4H, 5), 2.51-2.49

. (12H, m). HRMS (E1+) calc for CigHasNz 275.18613. Found 279.18572. '



37 to give 25 as a brown solid (66 , 25% . NWR (300 MHz, CDCI 3
820.07 (d, J = 10.5 Hz, 1H), 8.03 (lr)r?, 2H)/? 7.60 Et, 1.8 Hz, lH)?
6.86-6.81 (m 2H), 6.51 -6,47 (m111), 1.81 - 1.07 (m. 101271Exanple
16: Preparation of catalyst 26. t-Bu,,Fr17 . N'. ,N.1-Bu d, |
t-Bu...Rurr\t-Bu C Iph Pen 25 [0128] Ruthenium Catalyst 26. In a
screw cap NNW tube, ruthenium conpound 25 (10 ng, .01
trimol),.2-isopropoxy-3-v,inylbi pheny¥¥ (5 ng, .02 mol) and Cud | (1
ng, .01 rrm)l) were conbined in CD2d 2 (1 mM) in the glove box. The
reaction was heated at 40 C for 29 hours, 'concentrated and purified
by colum chromat ography (10% --> 25% Et 20/ Pentange) to yield a

grayi sh green oil. This oil was Iyopmal i zed frombenzene to Yield 26

as a solid (2 my, 25%. 111 NWR (366, CDC13) 5 16 77 (s, 111), .

789(s 111), 7.66 - 759(m 611?"[7 - 7.38 (in, 1 702 (t, J
4.5 Hz, N’!‘H) 6.72 (cid,,3=3.6, 1.2° 115, 4M4 p{LL\ =360 Hz,

111) 147 185, 30 (S 18H), Y0:95 (d, ‘J = 3
[0129] ExanpN\Bg eflarati on of paraJ substi t ut edMNBC Icuﬁ
React i on’ PEoTE: 21 NHZTy,, gl yoxall’ot-six(FGPf:Qg',su W20 2. NaBH4, % HCI-,
THE1- 1+ 3. MO(OEOLNN t- Bu'er ( -
21 . ’ : 22
[0119] . Catalysi 22, NHC ligand precursor 21 (9 mg, .03 mmbl), KOzr-Bu(Fe) (6 mg, .03
mmol), and ruthenium complex 911 (13 mg, .02 mmol) were all combined in CgDs 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 catalyst 22 was determined 'to be 14% by proton NMR. _]H
NMR (300 MHz, CDCl3) 8 17.19 (1H, ). - -
(01201 It should be noted that complex 22 is relatively unstable. It seems that the mefa-
methyl groups are not Jarge enough and the complex is difficult -to handle without '
decomposition. For this reaso, this coﬁpléx islunattractiv'e for catalyéis-'

[0121] Example 13: Preparation of unsaturated ‘meta-substituted NHC ligands.

NH; )
N Iﬁ v ~~ no HCIBN}  —foigene .
. (o) '
- - - . 2

[0122]  NHC ligand precursor 23. A solution of3,5-ditertbutylaniline (3 g, 14.6 mmol)

in toluene (5 ml) was added to a solution of parafonnaidéhyde (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 o 40
°C and 6N HC! (1.2 mi, 7.3 mmol) was added. The reaction was stirred for 5 minutes, glyoxa.l )
(837 pl, 7.3 mmol) was added and the reaction was stirred another 5 minutes. The reaction -
was stirred at 100 °C for 14 hours, coo}ed to RT and punﬁed by column chromatography (5%
MeOH/CH,Cly) to yield a brown foam. This foam was washed with Btz to yield 806 mg
(23%) of 23 as a white solid. 'H NMR (300 MHz, CDCl3) & 11.89 (br, 1H), 7.78-7.76 (m,
6H), 7.59 (s, 2H), 1.42 (5, 36H); °C (75 -MHz;'ch13) & HRMS (EI+) calc for CuHasNy,
4453583, Found 445.3561. = | '



27 [O0130] NHC |i gand precursor 27. dyoxal (1.92 m, 16.8 mmol) was
added to a . solution of 4-tertbutylariiline (5.87 m, 37 mmol),
i-PrOH (60 mM) and water (60 rnl).. The reaction was stirred for 1
hour and then the |iquids were decanted off. The renaining sticky’
solid was washed with 1-PrCH and then any remnai ni ng sol vent was
removed under vacuum THF (62 m) was then added to the flask and it
was cooled to O C. NaBH4 (2.57 g, 68, 3mpl) was added to the
solution. Concentrated MCI (2.7 ml) was added dropw se ova 0.5 hours,
and the reaction was stirred for 2 hours. 4N MCl (150 m) was added
slowy and the reaction Was stirred for 0.5 hours, 'filtered and the
filtrate Wﬁgzyyashggﬂa,m,itgIj4,Ep,%paI§tng,w@a1§stMi te solid. Tothis filtrate
was added HC(CEt)3 (20 m) and the reagtion was stirred at 100 C for
18 hours. The reaction was filtereds- The filtrate was washed with
Et20 to give 27 as a 38 white solid” 80,17, 199 . 1H NVR (300 MHz,
CDC13) 5 11) 1H),-\ 89 (br, 4H-<7.38 (br, «4H), 4Am(br 4;9
1.15 (s, 18 CDC13)- 51" , 150.9,

118.6, 48.7, 3 c@ RV (EI +) cah e for C231ei31N2.

Found 335. 24/%. Al e 18—dm'of cat al yst 0'28 2728
10132] Rut hedi\um Conpound A28 ( Conpar ati ve) n a gl ove b.o.{o ( :
ligand . precursor 27.(5-nmg, .014 mmol), ruthenium precursor 17 (10

nmg, .014 nmol) and2KQ Bu( F6) 13 ny, ..014 mmol) were conbined fir
C61:16 in |digaf emcmanmmstui@a 24Thhga gw%mo&m&%&&emi@%@,Ms and
imersed i-n a,60_C oil bath (Eg soI tloTr] @_g\r}%g‘l]aate rned brown
and a-new SpED; whepmprigitsop LLAE mgn ] 3 ; “(nEf Ip were
CDC13) 8 1Genatgnefidn tolucne. 6THAsk wasCea8), Emmpi forh Ghe gRak hby Sttdasetriad/ittﬁy °C
[ 0134] St andga @' hé\ﬁé ' 'Mletré!acE @r§~$\r§s WRdRiriSBhd E:Qnﬁ"%tlﬁrﬂ&%ﬂnﬁrh&ud& deddrdphy of
t he new ca g%f ventlon t-Bu,,\ N N aOta ci
t - Bu_Ru- (B 6 10 ent) ere were 3 bands that could be isolated from this cqumn first2
brown ba.nds 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 another fraction still
* slightly impure (18 mg, 18%). The products were lyophilized from benzene to give solids.'H
NMR (300 MHz, CDCls) & 16.78 (s, 1H), 8.13 (br, 2H), 7.74-7.62 (m, 4H), 7.07-7.04 (m,
1H), 6.97 (dd, =3, 1.5 Hz, 1H}, 6.66 (t, ] = 7.5 Hz, 3H), 6.34 (d, ] = 8.4 Hz, 1H), 4.49
(sept, ] = 6 Hz, 1H), 1..44 (d, T = 6 Hz, 6H), 1.44 (br, 18H), 1.18 (br, 18H); 1>C (75 MHz,
CDCl3) 8; HRMS (EI+) cale for Cq Hs5C1N2ORu, 764.2814, Found 764.2842.
{0125] Example 15: Preparation of catalyst 25.

3

u___
_\ph +Bu,, wi-Bu
. o - Q'c.\r “Q
N\?-i- - ) Cf'
B KOt BU(FG) CEDS RT- PCy,

25

[0126] © Rutlienium Catalyst25. Ina glove box, NHC ligand precursor 23 (162 mg, .34
mmol}, ruthenium precursor 5 {150 mg, .27 mmol) and KOz-Bu(Fs) (74 mg, .34 mmol) were-
combined in C¢Dg 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;O/Pent) to yield a brown oil. The brown oil was lyophilized from benzene



Catal yst 24. .24 10135] Preparation of stock solutions. Catalyst 24 (9
ng) was placed in a 2nF volunetric flask and taken into a gl ove box.
In the glove box, 2nml of CDi Cl2 was added to nake stock solution X
0.33 M of X was then transferred to another 2nl volunetric flask and
diluted to 2mL with CD2Cl12 to make stock solution W 39 0 000

Et OEtE OCEt 24 (5 mai % CD2C1 2, 30 0OC 1 [0136]1In a gl ove box, 0.67 m
of stock solution X (3 ng of 24, 0.004"mmol) was transferred to a
screw cap NMR tube. CD2Cl12 (.13 m) was added and then 1 (21.50.08
mmol ). The N1VIR tube was seal ed, renoved fromthe gl ove box and
heated to 30 C. Fig. 9 shows the graph of conversion over: tine.

[0137] Thi 5, g.w% bR w NG (G@ﬁ?tﬁ% )18 1GARG 3@tMﬁ9 @@9 aezoamae =tiv%
i rpact of erature. Catal é% 004 r} gggz
I SR G B SR I % T

was added. 1dﬁh@1)NIVR tube was seal ed, renoved fromthe gl ove. box and

heat ed toe{ﬁ%Fé: Jf"g'ﬂ&ﬂﬁolé%’f ?a'i: g&»%fa verS| on over tine in 06D6
2

10138] Ex act ess hindered ol efi n§_\0 00
1314 [0139]1n a gl gve box, 0.8 m of stock sol utlbefﬁ’w ‘@4
0. 0008 nmof&- eGUto a scr, p NVR tuhe hekﬁ

was seal ed 2 rtaffer to a SOQ—Sﬁe—iz whi ch vvas vva?' g C.
The NMR tube“was @fgEnegj eCted, 13 (20.% ttl, 0.08..

and the tube was inj%cted for datacgg,ﬂ@eél on. Fig. 11 |“<as raph of
t he conversi on overadi ne. "

0128] Ruthenium Catalyst 26. In a screw cap NMR tube, ruthenium 'comp_ound 25 (10
mg, .01 mmel), -isopropoxy- -vinylbiphenyl (5 mg, .02 ﬁamol) 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 (10% --> 25% Et,O/Pentange)
to yield a grayish preen oil. This oil was lyophilized from benzene to yield26 as a sohgi (2
mg, 25%). 'H NMR (300 MHz, CDClng 16.77 (s, 150), 7.89 (s, 1H), 7.66 - 7.59 (m, 6H),
7.50 - 7.38 (m, 7H),702 (t,J=4.5Hz, lH), 672(dd 3 =3.6, 1.2 Hz, 1H), 4.45 (sept J=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-substlmted NHC ligand .

Reaction’ scheme 21

IHz 1. glyoxal, iPrOH, H,0 *
2. NaBH,, Cone. HCl THE - NN
3. HC(OEt
ok e N,
27

[0130] NHC ligand precursor 27. Glyox'al {1.92 ml, 16.8 mmol) was added to a -
solution of 4-tertbutylaniline tS .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 Sti'ckly .
solid was washed with i-PrOH and then any remaining solvent was removed under vactum.
THF (62 ml) was then added to the flask and it was cooled to 0 °C. NaBH,4 (2.57 g, 68,

- mmol) was added-to the solution. ‘ Concentrated HCI (2.7 m]) was added dropwise over 0.5
hours, and the reaction was stirred for 2 hours. 4N HCI (150 ml) was added s]ow]y and the
reaction was stirred for 0.5 hoﬁrs, filtered and the filtrate was washed with B0 to givea .
white solid. To this filtrate was added HC(OEt); (20 ml) and the reaction was stirred at 100
°C for 18 hours. The reaction was filtered, The filtrate was washed with Et,0 to give27 asa .



0000 1616 [0140]In a glove box, 0.8 m of stock solution W(0.6 ny
of 24, 0.0008 nmml) was transferred tog screw cap NWR tube. The NWR
tube was sealed and transferred to a 500 MHz NVR whi ch was warned to
30 C. The NMR tube was then ejected, 15 (19.5 gl, 0.08 40 mmol) was
added and the tube was injected for data collection. Fig. 12 is a
graph of the conversion over tine. [0141] Exanple 21: Activity studies
/=\" ...t-Bu Rur- \ t-Bu a' |.Ph PCy3 Gatal yst 25. 25 [0142] Preparation
of stock solutions. Catalyst 25 (11 ng) was placed in a 2ml
volunietric flask and taken intO a gl ove box. In the glove box, 2ml
of CD2Cl2 was .added to make stcick solution V. 0.4 m ay was then

t r ansf er r edviite saligBlnee, 2L MGMRITBIN MEZ,fEEEK sGs (8h, b, e(égm 4Afjl7.d th

0]

CD2C12 to maKG:Sh af b SAhY | '.150@ HenRearshel, TEETS 1571, 15 90133 0,127.3,
118.6, 48.7, 34.8, 31.3; HRMS (EM+) calc for CzsHyNe 335.2487. Found 335.2476.
{01311  Example 18: Preparation of catalyst 28

PCy;;
CI). I - .
"6 e
N N . Pyr t'BUQEI YN\Q\FBU
f'-BU’@“ Ci?@\I._Bu 17 Cl Rfu_\Ph
KOEBU(Fg), CaDg: 60 *C PCya
27 ' 28

{0132]) Ruthemum Compound 928 (Comparatwe) Ina g]ove box NHC ligand .
precursor 27 (5 mg, .014 mmol), ruthenium precursor 17 (]0 mg, .014 mmol) and KO:-
Bu(FeJ {3 mg, .014 mmol) wére combined in 'CsDg in & screw 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 species (28) was transiently observed. 'H NMR (300 MHz, CDCls) § 19.46
{(d, J=6 Hz). ’
'[0133]  Example 19: Catalystactivity .
[0134] Standard act_ivity tests were used to determined the utility of the new catalysts of

the invention.

Catalyst 24. . 24 .

[0135] Preparation of stock solutions. Catalyst 24 (9 mg) was placeé in a 2ml volumetric
. flask and taken info a glove box. In the glove box, 2ml of CD:Cl was added to make stock:

solution X. 0.33 m of X was then transferred to another le volumetnc flask and diluted to

2ml with CD,Cl, to make stock solution W.



Et OOEt Et0CEt 25 (5 mai %9 ts002Cl2, 30.0 2 [0143]1n a glove box, 0.55
m of stock solution V (3 ng of 25; 0.003 nrtiol) was transferred to
a screw cap NMR tube. CD2C12 (.25 m) was added and then 1(21.5 gil,
0.08 nmmol ). The NWR tube was seal ed, renmoyed fromthe gl ove box and
heated to 30 C. A graph of conversion over tine is showmn in Fig. 13.
No further conversion is observed after 2 hours. [0144]This
experinment was repeated in C6D6 at 60 ¥ to exani ne the inpact of
tenperature. Catalyst 25 (3 ng, 0:003 mmmol) and C6D6 ( 8 M) were
conbined in a screw cap NVR tube and 10 (21.5 gil, 0.08 nmol) was
added. The N1VIR tube was sealed and transferred to a 500 M-z NWR
whi ch was war @ed®to 60 C. The NI\/RtbeOWas then ejected, 1 (21.5 nl;
0. 08 mmol) _ and the tubeind djcected for data coll ection. '
Fig. ' 14 is ghaph of24fdwmcl¥bnyver Si over tinme. 41 [0145]Exanple
22: Activit S WeP4El S hi nderF®d ol efins. 0000 Et 0CEt Et OOEt
25 (1 ffloi% . CD2C 2, 30C 13 101461jn a glove box, 0.55 m of stock
solution U (0.6 ng of. 25, 0.0008 mwbl) was transferred to a screw cap

NVR tube apd3é). 254 glweﬂa@aféimmstoaﬂaﬂamme nlﬂ\dizhtmwmo]wad ed and

transferred tg a, 500 VHz C r be
wne then offuieaRd Rrgeren Ny e oab AT R B S et d oL tpa®

i njected fﬁﬁnoﬂat’ﬂle(}m’.{kaﬂimmmSeaﬁﬁgcmi&dliis&nﬂhggia‘{ﬂ”boﬁfand Mteﬁmm‘rcsmm 9
overtirme. showéﬁgeGgraph of conversion over time.

[0137] This experiment was repeated in CyDg at 60 °C to examine the impact of -

temperature. Catalyst 24 (3 mg, 0.004 mmol) and CsDg (.8 ml) were c'orﬁbihed in a screw
cap NMR tube a:nd 1(21.5ul, O 08 mmol) was added. The NMR tube was sealed, ren'icived
- from the glove box and heated to 60 °C. Flg 10isa graph of conversion over tlme in CGDG
[6138] Example 20: RCM activity with less hindéred olefins.
o O ) . 0 0.

EtO OEt EtQ OEt.
24 {1 mol%}
U Cchlz, 30°C -

13 14 o
[0139]  Ina 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 transferyea to a 500
MHz NMR which was warmed to 30 °C. The NMR tube w‘as then ejected, 13 (20.5 pl, 0.08
mmol) was added and the tube was injected for data col!éction. Fig. 11 is a graph of the -

conversion over time.

0o 0O : Q Q

EtQ OEt - - EO OEt
24 (1 mol%)
S T CDyCiy, 30 °C
15 ' : 16

{01401 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



[0147]1n a glove box, 0.55 m of stock solution U (0.6 ng of 25,
0.0008 mml ) was transferred to a screw cap NVR tube and 0,25 m of
CD2C 2 was added. The NI V1R tube was sealed and transferred to a 500
MHz NVR whi ch was warmed to 30 C. The NMR tube was then ejected,
15(19.5 .1.d, 0.08 mmmol ) was added and the tube was injected for data
collection. Fig. 16 is a graph of the conversion over tine.

[ 0148] Exanpl e 23: Activity study. 42 %0.0 0 25 (5 mpt% 0D2C12, 30
C 2 [0149]In a gl ove box, catalyst 26 (2 ng, .002 mol) was conbi ned
with CD2C12 (.4 m) in a screw cap NVR tube. The NWR tube was seal ed
and transferred to a 500 MHz NVR whi ch was warned to 30 C. The NWR

t ube was tihmnl) epestietiandihOibbs wis injgct@Ufondatrodo)ledian. Bigdbiis agurh hthe ube
Was i nj ectgd f95, fRt @ngol l ection. Fig. 17 is a graph of the
conversion over tine that illustrates the drantic decrease:-in

reaction tPME] nede@aplsl: AGHY 848Ct catal yst 12, for catalyst 26 to
gi ve 90% conversion.of 1. to 2. [0150] Exanple 24: Activity. of '
catal ysts 6a, 6c, 27a and Z,Ee%i n the ring-closing metathesis of

di met hyl 2, 2-di (2-mef; le; at®  27a (R.= Me) 270 (R = 1-Pr)
[ 0151] The procedur & U Vsl the™SQne as that described in Exanple 3
using catal ysts 27a and 2%. I,ﬂsg results for 6a, 6c, 27a and 27c are
shown in Fig. 18.. The resul tRevsshown ih Fig. 18 denonstrate that
catalysts 6a and _6e performfetter than 27a and 27e in the

ri ng- cl osi TRRELat hesi s of di net hyl- 2, 2- di (2- met hyl.al | yDnal onate. .
These f e5ujoi42]i ndhrepdretitrhaf staek saltitidny.s Catlizs 88 (dm@rwakBEeddigade! t hat

has an ‘unsylstdt aldf B E00xt N8 1igldve 960 281 O ED,C1AR4ad a0
better than a ﬁ%ﬁg‘%@l‘tﬁ%ﬁmhg?ﬁhen I _sul%,s'ti t ut ggtrs&&?nz eﬁ%ﬁagjar b%$s

at al ys y
of that safgkesiorkglation'd 15l e pt Bemiansigretio apgiasr 7wt ReHedrd 38
di met hyl -2giReditd 2mneiithgbatl) wheekk enelt ehtish g 5 nol % of catal ysts 6a
and 7a in ﬁ%lc%gé&gh -#A0C and 60 C [ 0153] A procedure anal ogous.to
ed in

t hat descri I anpl e 3 was used, except that nethyl ene chloride
was replaced with toluene. The results are shown in Figure 19.
o o 0 0o 0 .
EtO Ot " EO OEt
25 (5 mol%)
CD,Cly, 30 °C _ :
\ . . 2 i

[0143] * In a glove box, 0.55 ml of stock solution V (3 mg of 25, 6.003 mmol) was
transferred to a screw cap NMR tube. CD3Cl, (.25 ml) was added and then 1 (21.5 pl, 6.08
mmol). The NMR tube was sealed, removed from tﬁe glove box and heated to 30 °C. A
graph of conversion over tﬁne is shown in Fig. 13. No further conversion is observed after 2
hours. )
[0144) This experiment was repeated in CgDs at 60 °C to examine ﬂ;e impact of
ternpcratun;:. 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 injected for data collection. Fig."

14 is a graph of the conversion over time.



43 [0154] Exanpl e 26: Catal yst 12 and catal yst B were conpared under
I dentical reaction conditions for the production of tetrasubstituted
olefins by RCM The reactions were . perforned with 0.08 mmol . of
substrate, 0.004 mml of Catalyst, 0.8 m of C6D6 at 60 C. A
conparison table follows. Table 15. RCMto formtetrasubstituted
olefins. NR = no reacti-on. r XTh ---1/4ft"- catalyst (5 not%.(>4.)
0.1 M CODE, 60 C, 24h"Yr-Kk, (E =CO20 Conversions (i sol ated
yields) with catal ysts --CCy E few"

{0145] Example 22: Act1v1ty studies with less hindered olefins.
c o o O

EtO OEt . EtO OEt
25 (1 riol%)
g _CDgCl, 30 °C

13 : 14
[0146] In a glove box, 0.55 ml of stock solution U (0.6 mg of 25, 0.0008 mﬁlol} 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 wh:ch was warmed to.30 °C. The 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 o 0
EtO OFt £t0 OEt
' 25 (1 mol%) ,
~ A CD,Cly, 30 °C ' :

15 L : 156

10147} In a glove box, 0.55 m! of stock solution U (0.6 mg of 25, 0.0008 mmol) was
transferred to a screw cap NMR tube and 0.25 m} of CD»Cl; was added. 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 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.

l‘"BUn_ ’ .nlll‘-BU ’

Q’c.\r 2

LB Cl’ 1

‘Ph
26

Catalyst 26.



(43u

NCAJ- , 12 "1;Bu lau Substrate i 0 13 C. .30 . (86)

42

o O o 0

Eto— OEt ) =10 OEt
26 (5 mol%) :

CD4Clz, 30 °C

.
[0149)] In a glove box, catalyst 26 (2 mg, .002 mmol) was-combined with CD;Clz (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 ui, 0.04 mmnol) was

added and the tube iwas injected for data collectlon Fig. 171s a graph of the conversion over

.time that illustrates the dramtic decrease in reaction time necessary, relative to catalyst 12, for

catalyst 26 to glve 90% conversion of 1 o 2.
[9150] : Exnmple 24: Activity of catalysts 6a, 6c, 27a and 27¢cin the ring-closing

rnetatheszs of dimethyl 2 2-d1(2-methylallyl)malonate

Ph, Ph

@"TQ

P Cy;;

27a (R= Me)
27¢ (R=i-Pr) -

[6151] The procedure used was the same as that described in Example 3 using catalysts
27a and 27c. The results for Ga, 6c, 27a @nd 27¢ are shown in Fig. 18. The results shown in
Fig. 18 demonstrate that catalysts 6a and 6e perform better than 27a and 27¢ in the ring-
closing metathesis of dlmethyl 2,2—d1(2-methy1a]]yl)malonate. These results 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. .
‘ [0152] -Example25: Ring-closing metathesis 6f~dime$y] 2,2-di(2-methylaliyl}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 chioride was replaced with toluene. The results are shown in Fi gure 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'react_ioxi_s were . .
performed with 0.08 mmol of substrate, 0.004 mmoi of ééta]yst, 0.8 ml of CsDg at 60 °C. A.

comparison table follows.

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

X catalyst (5 mol%s) X
/{ }\ 0.1 M, CgDg, 60 °C, 2ah 5%
Conversions (isolated yields)
with catalysts
—d”ﬁnﬁ\ e o e i
. ca,a?l:__ : ' By c,:,;,r__ By
’ |
Substrate m,/":%D ,_p,/-‘;b
(E =CO.Et) ‘B 12
ASLI a0 : Ce3
C . ' : , - (86)
T — s
.. =
- . >95 . .
D - . ) _ ) o9
EE ' -
A 50 . .
E ' @7
SR s | 295
F ' - 99)
JL,E;JL >05 o - >05
o . C '
A ~Y 43" : 782
H . . . B

1] 75% consumption of H. .
[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, u}erecompleteiy converted to product with

both‘datalysts. 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 mikture |
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



(99) G >95 ' >95 ..., m,--ir Et 431 782 [1] 75%
consunption of H [2] 10% 2, 6-di chl orobenzoqui none added. Wt hout

2, 6-di chl or obenzoqui none: 60% conversion to product, 95% consunption
of H [0155] Two of these substrates, D and G were-conpletely
converted to product with both oatal ysts. Catal yst 12 gave inproved
conversion relative to catalyst B for eveiy other substrate except E
Substrate H warrants further discussioff. Use of catalyst B gave a

m xture of three compounds, with 43% conversion to product, 32%
conversion to a rearranged byproduct and 25% renai ni ng starting

material (H). Use of catalyst n resulted in conplete 44
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 CD2Cly. Hong,
S. H.; Day, M. W.; Grubbs, R. H. J. Am. Chem. Soc. 2004, 126, 7414, Repeating the
reactions using B and 12 with 10% 2,6-dichloroquinone adde(.i.to consume any hydride
formed, { Hong, S. H.; Sanders, D. P.; Lee, C. W.; Grubbs, R. H. J. Am. Chem. Soc. 2005,
127, 17160} catalyst B éave 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. R.CN_I to form tetra.substituted olefins (E = CO;Et; Ts = tosyl). NR = no reaction.

X

X catalysi (5 mol%s)}
/( >~ 0.1 M, CgDg, 60 °C, 24h H
] Conversions (isolated yields) [%6]
with catalysts C848,12, and 7a

Substrate A 12 . Ta

E_E I - .
MI\ 93 )
g . 30 6) . > 95

v

51 )
50 & 62

)L'"XE,Y ' o5 -
. >935 >95
D . ©9) 7
Y\%\[r .
. E

Ts - -
/lL/'!‘\/lk 85 295 . >95

F , 59y |

Jvéx)l\ >05 - - >05 >G5

J’l\zo\/\lr 43 78b . . 38 |
H

[a] 75% consumption of 17.



consunption of H, but with only 60% conversion to product and 40%
coriversion to the byproduct. Interestingly, catalyst 10 gave 43%
conversion to the product and no byproduct forniation. Ruthenium
hydri de species formed fromthe deconposition of rutheniumolefin

net at hesi s catal ysts are known to catalyze the mgration of ol efins
at 40 Cin CD2C12. Hong, S. H; Day, M. W; Gubbs, R H J. Am

Chem Soc. 2004, 126, 7414. Repeatl ng fhe reactl ons using B and 12
Wth 10% 2, 6-di chl oroqui none added to consune any hydride forned, (
Hong, S. H; Sanders, D. P.; Lee, C W; Gubbs, R H J. Am

Chem Soc. 2005, 127, 17160 catal yst B gave very poor conversion, but
cat al yst 1&]@@9&6%@6@@%&1@&&10@ dddedpMOtiong 12,6 ¢Hiorotenygoinoakl 60% ‘
formati on. d as well as or better than B
for all of %g‘%‘g{ﬁh I%r%g;cglsgy%f 15%"?%%% e 26: :Conpari son of catalysts
A, 12 and 7a in different ring-closing netathesis reactions- to form
tetrasubst ctms]ed Emﬁmasv GrosE Mt A fIsqCR RS ivith Catalyktorat hat descri bed
I n Exanpl eiowgy?hel enera Or0§e Eﬂ.eu@ﬁe r rgacﬁ%gphqgﬁ&%o%nﬁzg ?h’?acﬂle (?EI ons

and to fol r res esul'ts are summari zed In
Tabl e 16. R@W-ﬂl@ﬁdfwﬂm ?@FMS‘EFB}ST{OF@IHW@@( a9l @pjapearqgs wasdiopied withgrgen. T'he

tosyl). NRAadRQvk %ﬁ&édd%th sold @eﬁélﬁét Xrﬁita %5&59'1‘% second@edk \Ms C%lﬂ‘ﬁi@ C

24h Substrat e NnVer si o atal sts
cs48, 12, RY mféné:'?r,x\ ‘%gasse‘pé H(ﬁ {239 SWﬂS (J gyn{'x 1I‘he reagen e ¥iRh

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 reactmn mlxture and

vields deterrmr;ed by isolating the desired products by silica gel column chromatography.

R : CatalySt {5 NioT%) OH

Et DAC - Et :
+ I N N - X/\/\/OA
Phx// o . 0.1 M, CBHE: 60 S P . / ) . .
: ’G't NT N tBum, o N si-Bu ) NMN@M%
ClaRU= 5 T . Q . Me | - .
2R t-Bu ClletJ--— +-Bu ClRu=\, -
o) -]
e Q o]
e . P’ P
44% conv _47% conv . 90% conv
/k/ — OAc . catalyst (5 mol%) /k/\/
P 3 - N ) OAC
820"~ ACO 0.1 M, CeHg, 60 FC BzO & .
NN e
,,4;_3;; X3 > s !
ClleIJ— Cileil_
O . -0
pPr” P’
38% vield " 87% yield
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{0160] ~ Example 28: Preparation of bis(pyridiné) catalyst 28.

!_\ME

r“\ Me, N '

N @ @ . Me ~,,Cl
Me - N—'RU‘“\
[Ten | N
PCys , «

6a ' '

[0161]  In a nitrogen-filled glove box, pyridine (3.0 mL) was added to catalyst 6a (0.1 g,
0.126 mmol) and the solution was stirred until all of 63 had dzsso]ved The desu-ed product
was isolated by prcc1p1tatlon with pentane (0. 070 g 0. 104 mmol, 83 % yield). Green
crystalline solid. "H NMR a3 00 MHz, CsDyg): 8 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 (t), 3.08-3.64 (m), 2.49 (s), 2.31 (s).

- {0162] Example 295 Ring-closing metathesis reactions using catalysts 6a and 7a.
{0163] The ring-closing reactions deseribed in Example' 22 were repeated using catalysis
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. 21 is a graph of the conversion of 13 over
time for the RCM reaction for catalyst 6a. Fig. 22 is a graph of the co'nversio‘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.. '
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‘ The claimed invention is:

(47) 62 OTsa ...--L-111------ k F85 >d5 . (99)' . > 95
G>95 >95 >95 .
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. A ruthenivm alkylidene complex having an N~heterocychc carbene ligand compnsmg a5~
membered heterocyclic ring having a carbenic carbon atom and atleast one mtrc_)gen atom
contained within the 5-membered hetefocyclic ring, wherein the nitrogen atom is directly
attached to the carbenic carbon atom and is substituted by a pheny] ring, and wherein the
phenyl ring has a hydrogen at eithiéer or both ortho posmons and is substituted at at least one

orthe or meta position.

2. An N—heterocyc]i'c carbene (NHC) ruthenium olefin metathesis catalyst of formula D:

[NHC]

Xj% I Re o
Ru:€Céz<

SN N
tm M

wherein;

X! and X? are independently anionic ligands;.

nis0,1or2; ) - _

R® and R'? are each independently hydrogen or a substituted or unsubstituted substituent
selected fiom the group consisting of C)-Caq alkyl, Ca-Cag alkenyl, Cg-C’J{) alkynyl aryl, Cy-
Cag carboxylate, C; Cap alkoxy, Cz-Cao alkenyloxy, Ca-Cyp alkynyloxy, aryloxy, ‘C3-Cao _
alkoxycarbonyl, C|-Cag alkylithio, C;-Cag 20 alkylsulfony] and C- Coo alkylsuiﬁnyl ‘or R® and

R'® may optionally be linked together to form a cyclic stmcture via one of the listed

" substituents;

mislor2;

" whenmis 1, Lis a neutral 2-electron donor ligand and may optionally be linked to Rl'o

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 comprising a 5-membered heterocyelic ring having.
a carbenic carbon at.om and at Ieas't one nitrogen alom contained within the S-membered
hetefocyclic ning, 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 etther or

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

3 i



11 43a 78b. 88 [a] 75% consunption of 17. 45 [1:1]10%

2, 6-di chl or obenzoqui none added. Wthout 2, 6-dichl orobenzoqui none: 60%
‘conversion-to product, 9514) consunption of 17. 10158) Exanple 27:
Cross Metathesis (CM Results with Catgl yst 7a 101591Gener al

procedure for CMreactions. A reflux condenser Was attached to a
flame-dried 10 nL 2-neck round bottom fl ask and the apparatus was
flushed with argon. The flask was charged with solid catalyst and a
stir bar. The second neck was. closed with a septum and dry,
degassed- &@tY-beteraysligEirbomesNHdon thehuns yiefingestatitses c2age Rt MRESs claim
t hen added sk ARROUS] N Vi knge, | | ut i on. was heated to 60
C using h\nhié)ibllwit])%t h, gﬁ%‘jﬁﬁ\ﬁggégﬁﬁ jlr&g,lgl W er(-8 ogr?%nglﬁt %%ﬁfoﬁ“ﬁ?%ﬁg\’l
solution was then cooled to roomtenperature and concentr at ed.
Conver si ons re meagured by | HNMR gf .thi's crude reaction mxture,

and vyi el ds ermned by isolatin thg desirgd products by silica gel
col umm chr omat Jhy. 6 0] Exanpl.e_28: Preparation of
bi s(pyridine) 5 -

RS

RS

(111
R4 RS R R? R1 R2
RB———N\/N - R3
2
R (IV)

R? V)



' 2Rw=s, , s, Ph PCYs 6a [0161]In a nitrogen-filled glove box,
pyridine (3.0 nL) was added to catalyst 6a (0.1 g, 0.126 mmol) and
‘the solution was stirred until all of 6a had dissol ved.. The desired
product was isolated by precipitationgMth pentane (0.0,70 g, 0.104
mmol, 83 %yield). Geen crystalline solid. 1HNMR (300 MHz, C6D6):
8 19.30 (s), 9.51 (d), 853 (m, 7.92 (d), 7.25- 7.05 (m, 7.00-6.77
(m, 6.64 (m, 6.51 (t), 5.22 (t), 3.08-3.64 (in), 2.49 (s), 2.31
(s). [0162] Exanpl e 29: Ring-closing netathesis reactions using .
catalysh@ﬁﬁanand 7a. [0163] The ring-closing reactions described in
Exanpl e ¥%]¥ff§%§ﬁd .using catalysts 6a and 7a with of substrates
13 and 1 ormthe correspondlng di- and tri-substituted ol efins.

The resul ts ab eac RJvim iridepéridgatly B(j}ﬂﬁn&rydﬁisgcorﬁlar}l 8,-8, 9NaPPronh; LR
conversion of_J1 on for catalyst 6a. Fig.

21 is a graph 0 ep{eﬂgen@nveﬁ" %‘i%SH&(S‘?d Ofémﬁﬂpéfr‘mffidr@ Forel k& ®em r eact i on

for catal yst s@atitdfedor BRubstitated phrfazlj)d Qﬁbinhﬁe&%ﬁﬁétﬁﬁte@%aﬁhtﬁﬁo&e r
7a.. Fig, .23 is a grap ofthe

time for the re f st
conVersi on of" % (t)vog?”fnsu St](f)t%tfg g‘ EEN A CRTOR” FordespdayiEtlza. - 47
The cl ai ned Bwbsgntédoor ursubstalmted\(:r-mg st g pbidene - eaamkes:davi ng
heterooyal | oBiih SHETRRE ot bAPBEHTRIRa R a SR orekstisde
nitrogen atoartbntsi, n:ech fahttiirml ploep Selaﬂéﬂ)ﬁb:adhégioap%yﬁéﬂxfg Jfihag,
wherein the ge dlrectl ttached to the carbenic carbon
atom and is g%%stlt%¥%%8§§ an%éﬁ?ﬁﬁgiﬁacwﬁﬁw B 1% REORReh?: 1i ng
has a hydr ogenrfogatoebertybboornobpb ¢spbertd) phqepbértat@ itiossitndts, Biulsio t ut ed

at at |east gng.0ORLho Q8 MEBLaposition. 2. An N-heterocyclic carbene
(NHC) rut henlﬂunfol e]t]a}%n ngta he5| s catalyst of forrmula (I):

B)R'is H; each R?is independenily H, a substituted or unsubstituted Cl;Cg
alkyl group, substituted or unsubstituted phenyl, substituted or unsubstituted
naphthyl, or substitutéd or unsubstituted anthracenyl; and each R ; is
independently H, a substituted or unsubstituted C,;-Cg alkyl group, suthztuted
or unsubstituted phenyl, substituted or unsubstituted naphthyl, or substituted
or unsubstituted anthracenyl or a functional‘ group selected from the gréup
" consisting of halo, lqydroxyl, sulthydryl, cyano, -cyanato, thiocyanato, amiine,
nitro, nitroso, sulfo, sulfonato, boryl, borono, phosphone, phosphonato,
phosphmato phospho, phosphine, 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 Ci-Cyalleyl groui:, .,
substituted or unsubstituied aryl, or in formulas (111} and (V) to getﬁer with the carbons
carTying them form a substituted or unsubstltuted fused 4-8 membered carbocyhc nng ora
substituted or unsubstituted, fused aromatic ring; ]
R> and R‘7 are independently H, a substituted or unsub‘stitut;ad C,-Cg alkyl group; and
R¥isa C-Cia alkyi ora Cj“‘C]g cycloalkyl.

o

An N-heterocyclic carbene (NI-IC) ruthenium olefin metathesis catalyst ac;ccndmg to clatm

3, wherem the NHC ligand is selected from the group consisting of



[NHCI Ru ,21 - (1) wherein: kl and X2 are independently anionic
ligands;. nis 0, 1 or 2; RO and Rl are each independently hydrogen
‘or a substituted or unsubstituted substituent selected fromthe group
consi sting of Cl-C20 al kyl, C2-Q20 al kgnyl, C2-C20 al kynyl, aryl,
Ci C20 carboxyl ate, Cl-C2b al koxy, C2-C20 al kenyl oxy, C2-020
al kynYl oxY, aryloxY, C2-0,0 al koxycarbonyl, Cl-C20 al kylthio, Cl-C26
20 al kyl sul fonyl and C1-020 al kylsulfinyl; or Rand RI nmay optionally
be |linked together to forma cyclic structure via one of the listed
substituents;, myis | or % when mis |, Lis a ngutral 2-glectron
donor ligand and may_optionally be linked to 12 fomﬂing a shel ating
i S et
d,_cotp

carbene lig

| i gand; and

5- menber ed cyclic ring—Having a carbeni‘e=tar bon at om ahrd

| east one nitrogen atom contained wthin the 5-nenbered hetetocyclic
ring, wherein the nitrogen atomis directly attached to the carbenic
car bon atiemihchetgl, stk piopwit@tboprppa; phenyhere Rhgmeapidetatianreiyn ot hﬁiprOpyl
phenyl ring has a hydrogen at either or both ortho positions and is

substituted at at |east one ortho or neta position. 48 3. An .

N- bet er ocyei ¢ car bene (NEIC3 r et heni um ol ekd n et at hesi s cat al y@t

e NHC |igand\i sele?Lg% from.a

according to im
| i gand of f fo 1)7(V): N s
. ’ \\/ ..
RE ' R? rE B ke
" where R? is tert-butyl; ' o where R? is tert-butyl;
RER7 R'i . ) : R‘i l .
RS —-N R8 e N
where R} is mathyl, ethyl, propyl,or isopropyl; where R! is methyl, ethyl, propyl, or isopropy!;

R® and R7 are hydrogen or methyl; and RS is methyl;  and R® is methyl.

5. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst according to ,clai;n
2, 3, or 4, wherein: - . '
%! and X% are halide, ora substituted or unsubstituted group selected from the group
consi.sting of benzoate, C,-Cs carboxylate, C,~Cs alkyl, phenoxy, C;-Cs zlkoxy, C)-Cs
alkylthio, aryl, and C;-Cs alkyl sulfonate; '
n fs 0or1;
CR7is hydrogen, Ci-Cs alkyl or arvl;
" r'% s a substituted or unsubshtuted group selected from the group consisting of C- Cgo alkyl,
. Cy-Cap alkenyl, and aryl; '
mis 1; and _
L is selected from the group consisting of phosphine, sulfonated phosphine, phosphite,
rhesphinits, phosphonite, arsine, stibine, ether, amine, amide, imine, solfoxide, carl;éxyi,

H 1



R3 (V) 49 wherein R, R2, and R3 are either: a) each Rl is

i ndependently a prlnary or secondary Cl1-04 al kyl group; each R2 is

i ndependently H, a substitutedor unsubstituted Cl-Cl10 al kyl group,
substituted or unsubstituted phenyl, substituted or unsubstituted
naplithyl, or. substituted or unsubst i t ut ed ant hracenyl ; and each R3
is independently H, a substituted or unsubstituted G - Cs al kyl group,
substituted or unsubstituted phenyl, substituted or unsubstituted
napht hyl, or substituted or unsubst i t ut ed ant hracenyl, or a

funct i omadroagr ?zﬂdl%@ SRt B cfief B t NBnIdh QIR CRARINEL dﬂg;a%g Balbeme ligand when n
hydroxyl , ‘sul’f hydryl, cyano, ‘cyanato, thiocyanato, am no, nit % :
n|tr05015§u1fa . sulfonato boryl, borono, -phosphono, phosphonato,:
Phosphi nat o, phospho, phosphi no, and S|Iyloxy or b) Rl is H each

R2 is |ndependently H, a substituted or unsubstituted Cl-Cs al kyl '
group, Subst NiGEREYSHT GHberstNE Gl Behoyiang ein sagiathpsugasalyst according to claim
orUnsubgth%HQgpl napht hyl , or substituted or unsubstituted:

anthracenyl ; and each R3 is independently H a subitiMed or

unsubst P!t @Péé\ @1e gEhdpkds: Jisdilr, St Chitle &y (CAsuB0s {EF UL €H)CO,
phenyl, (subatihit@dos, MBSUBRT ki L4 nqapmehw mﬁer&a@ﬁhe&w&gt@r

unsubstltuted anthracenyl or a functional group selected fromthe
group c8r&Psiing of hal o, hydroxyl, sulfhydryl, cyano, cyanato,

t hi oc YapratQyydddidnNo -ty or 'troso sul f o, sulfonato bcryl, bdrono
phosphong,. phosphonat o, phosp i'nat o, Epospho phosphi no, and
si Iyl ox%y; ’S\f\‘nst’hs“t“l‘féd BF BQﬁugﬁémFH&mW cied Teqph e FREhEPSISHnE H%ngnteﬂ]kyl

phenyl Ebﬂgo@k&nm ofndHryl; R4 and R6 are each independently H, a
substltuteq unsubstituted CI'-Cs-al kyl group, . substituted or -
UnsubstFlﬁte@“%ryl or in formulas (I111) and (V), together with the =
car bonsrGas E:yd:slpgmtehﬂmé DR BRUBRSIR utvﬁélre(K’ RIS ahsk it eedch fldsgchadn®

nenbered bqcy stlt ot gpnsubstitul ed, fused’
ar onat i Erj’ 8‘°§§“an %%%Cye%aﬁﬂ'g’p%ﬁ%l eﬁ)}c’h {;’”E'U‘@ﬁ‘f‘ts 19§ cgrbene ligand
unsub. stvibeaitiéd0.C1- 05 al kyl group; and R8 is a CI-Cl2 alkylbr a C3-C12
cycl oal kyl. 50 .where Riis nethyl, ethyl, propyl, or: i sopropyl ;.

where Rl isnmethyl, ethyl, propyl, or isopropyl; where R2 is
t ert - buf ybn NvhetewcRid sybaneriNHSLtrythenium olefin metathesis catalyst according to claim.

6, wherein:

x! and %2 are cach chloride.

n 15 {; '

R%is hydrogen;

RYis phenyl, vinyl or ~C=C{CH3)2;

m is 1; and _ o

L is selected from the group consisting of P(cyclohexyl)s, P(cyclopemyi);, P(Hopmpyl)g, and

P(phenyl)s, or is linked to R'® forming a chelating carbene ligand.

8. An N-heterocyclic carbene (NHC) ruthenium olefin metathesis catalyst according to claim

7, wherein the catalyst of formula (I) is selected from the group consisting oft



where Rl is methyl, ethyl;propyl,or isopropyl;where R is methyl,
ethyl, propyl, or isopropyl; R6 and 122 are hydrogen or nethyl; and
«R8 is nethyl;and R8 is nethyl. 5. An N heterocyclic carbene (NHC
rut henium ol efi n nmet at hesi s cat al yst qﬁcording toclaim2, 3, or 4,
wherein: Xl and X2 are halide, or a substituted or unsubstituted
group sel ebted fromthe group consisting of benzoate, C3-05
carboxyl ate, Cl1-05 al kyl, phenoxy, G -05 alkoxy Cl- 05 al kyl t hi o,
aryl, and Cl.-Cs al kyl sulfonate; nis O or I; RO is hydrogen, Cl-05
al kyl or aryl;[NHEl is a substituted or: unsqgﬁé tuted group sel ected
fromthe grougr onsi sting of Cl-C20 al k enyl, and aryl; mis 1;
and L is sel ectggd—fromthe group consist ng\ phosphine, sul f onat ed
[ 3hosphi ne, Xphosphi t phosphinite, Phosphoﬁﬂ%er'arsine, sti bi ne,
et her, amine,” gn de, 'nine, sul f oxi ci e, carboxyl 51 nitrosyl,
pyr|d|ne ang’t or is linked to
chel ati bene Ilgand en n. is O An Ar yclic car bene
(NBC) rutheni um ollefin nggat hesi s catalyst accordi o claimb5,
wherein: Xl ‘and X2 ach halide, CF3 /002, ] CF42 002,
(CH3).3 CO (CF3)2 (C143)Ca3 (CF3)(CH3) 200, PNnO , EtO" tosylate
mesyl ate, -or trifluoronethanesul fonate; n |§ Oor 1; ROis hydrogen
CC 5 al kyl QL[§P91
x|

xe—u INHC)
o' X1\ t
/ . Xa/ﬁ“‘—

r
¥

o

[(NHC]

and /O"——

9. An N-heterocyclic ca:bene (NHC) ruthemum clefin metathesm cataiyst accordmg te claim

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



Rl is a substitut ed or unsubstituted group selected fromthe group
consisting of G -C2c, alkyl, C2-C20 alkenyl, and aryl; mis 1; and L
'is a phosphine of the forriaulaPR R'R .", where R,.R', and R' are .
each independently aryl,"G-do al kyl ,;30r C3-C6 cycloal kyl, or is
linked to RI formng a chelating carbene ligand when nis 0. 7. An

N- het erocyclic carbene (NHC).rutheniumol efin nmetathesis catalyst
according to claim 6, wherein: X1 and X2 are each chloride. nis O;
R 9 is hydrogen; Rio is phen9l, vinyl or -CC(CH3)2; mis 1, and L is
sel ected from fhecjgroup consisting of P(cycjphexyl) 3, o
P(cycl opent yd 3,| P(i sopropyl )3, and P(phg\ny[l Y3, or is linked io RIP
form ng a chel akjng-carbene li'gand. 8. An N-Pet erocyclic carbene
(NBC) rut heﬁ?un}'ol ef \n net at hesi s catal yst—according to claim?7,
wherein the catal yst of fornmula (1) is sel eg'ted fnom t he group

consi sting of 2 O~ An N-heterocyclieg T HC) rut heni um
olefin ne esi s accordi ng ai m3 i n the catal yst
of formula (I) is selected fromthe grou :

10. An N-heterocyelic carbene (NHC) ruthenium olefin metathesis catalyst according to.
claim 7, wherein L is selected from the group consisting of P(cyclohexyl)s, P(cyclopentyl)s,
P(isopropyl)s, and P(phenyl)a.

11. An MN-heterocyclic carbéne (NHC) ruthenium olefin metathesis catalyst according to
claim 5, whersin L is selected from the group consisting of P(cyclohexyl)s, P(cyclopentyl)s,

P (isopropyle and P{phenyl)s.



10. , An N-heterocyclid carbene. (I\il i C) ruthenium ol efin netathesis
catal yst according to. claim7, wherein L is selected fromthe group
“consi sting.of P(cyclohexyl)3, P(cyclopentyl)3, P(isopropyl)3, and
P(phenyl)3. 1. An N-heterocyclic carkgne' (NHC) rutheniumolefin

nmet at hesi s catal yst according to claimb5, wherein L is selected from
t he coup consisting of P(cyclohexyl)3, P(cyclopenty03, P(isopropyl)S3,
and P(phenyl)3. 54 12. A ring-closing netathesis nmethod for
preparing a tetrasubstituted cyclic olefin conprising the step of:
contacting an ol efini 1Bk o ieRalibdti@ed eydricnad il ef i ns
S eh dro s B DB i o B o F i it
an N-hebgfaeye tiestgasbdene (NHC) ruthenium ol efin netathesis catal yst
of clains 1, 2, 3, or 4.under i It b @Risall Qe Whigh 3¢Cl i C
t et r a- subst iCHRET LAY PRIC Cﬁﬁpgﬁ;ﬁeﬁgﬁc (l)%?{_r:gjor;et at hesi s, reacti

cl ai m LRpwhetehitht beakdionnif cadorpooad¢ikn ¥ @ﬁﬁbh%'oardfco%fhfps&%%:
a(Vl) wherein Qis selected fr reu jast inB@rHREis conditions to
hydr oc dHB¢T &R e@h%ﬁqt?eaisecét%g%%%%’ éh% &ﬁgjﬁgr oat om cont ai ni ng
hydr ocaphyl@ngic tafshssushistted oltsBd. het er oat om  cont ai ni ng

hydr ocar byl ene; and QL and Q are independently selected from

t he group consisting of. hydrocarbyl, substituted hydrocarbyl, .

het er oatxnx GaBRkRIshisNgeththdsioometiy of caitstd whersts the PEFG GRIBHLAISHA ng
hydr ocar byl , halide .oxyl, sul fhydryl, cyano, cyanato,

t hi ocya‘ﬁ’é‘ﬁﬁ?,‘mﬁﬂﬂ?mmr‘?imx&%, nitroso, sulfo, sulfonato, boryl, borono,
phosphono, phosphonato, phosphi nato, phospho, phosphi no, and
silyloxy, wherein the substituted hydrocarbyl and substituted

het er oa i ni ngQRydrocarbyl are substituted with at |east one
menber sej &g i the group consisting of alkyl, aryl, halide,

hydr oxyl , | f hydrlyl, cyano, cyanato, thiocyanato, am no, nitro,
nitroso, & fonat@y boryl, borono, phosphono, phosphonato, |
phosphi nat o; phospho, ‘phosphi no, and silyloxy. 55 14 An olefin

nmet at hesi s reaction conprising the step of contacting an olefin
wth an MN.heterocyclic carbene (NI-1C) rutheniumolefin netathesis
catal yst according to_clajm<1, 2 3. Qr hatituted

met at hesi s. c@ﬁ‘t’i?etl?cé‘?f%fmmltge ﬁf"g?(%zs’rsm}%le“gaotf ﬁ’ggqla’ggjr%gaeg%i_sgn conprising the
step of ,,CantaAG bty hawraatcef-icont@imthehidrdcartslins: (AR EICE FoHBFOE

di -substituted olefi avi ng further substitution at the allylic

car bon W%tﬁnﬁﬁhﬁﬁiﬁéf‘%%e@?ﬁl c carbene (NHO) rutheni um ol §fi n .

met at hesi s caf ahd/QF asciodomthaenttycelel b Mok FRerET TR IRE! SHIE 95MErogTY,

under n?ﬁ}?stngz g gyd?c?c%%);l,l 1880 atom-containing hydrocarbyl, substituted hetercatom-

containing hydrocarbyl, halide, hydroxyl, sulfhydryl, cyano, cyanato, thiocyanato, amino,
nitro, nitroso,.sulfo, sulfonato, boryl, borone, phosphono, phosphonato, phosphinato,
the substituted hydrocarbyl and substitqted

phospho, phosphino, and silyloxy, wherein

heteroatom-containing hydrocarbyl are substituted with at least one member selected from
the group consisting of alkyl, aryl, halide, hydroxyl, sulfhydryl, cyano, cyanato, thiocyanato,

arnino, nitro, nitroso, sulfo, sulfonato, boryl, borono, phosphono, phosphonato, phosphinato,

phospho, phosphino, and silyloxy.
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14 An olefin metathesis reaction comprising the step of:
contacting an oleﬁh with an N-heterocyclic carbene (NHC) ruthenium olefin

metathesis catalyst according to claim 1, 2, 3, or 4 under metathesis.conditions.

15 A cross-metathesis reaction comprising the step of contacting an olefin and a fri-
substituted olefin or a di-substituted olefin having further substitution at the allylic carbon
with an N-heterocyclic carbene (INHC) rutheninm olefin metathesis catalyst according to

claim which claims 1, 2, 3, or 4 under metathesis conditions.



