1 POLY- N- HETEROCYCLI C CARBENE TRANSI TI ON METAL COVPLEXES AND

N- HETEROCYCLI C CARBENE TRANSI TI ON METAL COVPLEXES FOR CARBON- SULFUR
AND CARBON- OXYGEN COUPLI NG REACTI ONS This application clains the
benefit of U S. 5 Provisional Patent Application Serial No.

60/ 924, 164, filed May 2, 2007, which is incorporated herein by
reference in its entirety. FIELD This ilnvention relates to a

pol y-N--heterocyclic 10 carbene -NIC) transition netal conplex and

a AL het er ocYH - -EETBRACY FREE) CARBANE] TRURSFRIQN MEFAH| ERPHFXES AND

car bon-sul fur fGrsernsr@aicd @ARB¥NE OFr ANe TR oROMPYAR dodiBRGraNFor Thi S
i nvention further relates to a g-NBC ni ckel conpl ex and a NEC ni ckel

conpl ex, whi ch FRRBOE-YEHETR CARBON ARV EED QBINGgRERAGETG NS .
BACKGROUND Organosul fur chem stry has been receiving

nore and nore attentiioi: Sigpie cauhbHr c LOMAItheNBeHE PUPSOB T e an
auxi liary function in organi nt heti c sequences. Ar¥I-20 sul fides

are al so a *COMBROF T A3 %QggéﬁaF¥PWuﬁﬁ§%§&sNﬁhaf L6da) Fyjled

active conpRynds.2fonevaricts Yit hesbspdfatdldy hesuh fiUpy bands-mas shil
considered ,a challenge until the devel opnment of a series of palladium

organophosdﬁén@%‘;’ﬁe ) catal ysts, including those devel oped by
Buchwal d, Hartw g
FIELD

This invention relates to a poly-N-heterocyclic
10 carbene (p-NHC) transition metal complex and a N-
heterocyclic carbene (NHC) transition metal complex for
carbon-sulfur (C-S) and carbon-oxygen (C-0) coupling
reactions. This invention further relaﬁes to a p-NHC nickel
complex and a NHC nickel complex, which may be used for C-8

15 and C-O coupling reactions.
BACRKGROUND

Organosulfur chemistry has been receiving more and
more attention since sulfur-containing groups serve an
auxiliary function in organic synthetic segquences. ArYl

20 sulfides are also a common functional group in numerocus
pharmaceutically active compounds. However, synthegis of
aryl-sulfur bonds was still considered a challenge until the
development of a sgeries of palladium organophqsphane {PA-PRz)
catalysts, including thoge developed by Buchwald, Hartwig

25 and others. (See, for example, M. Murata, S. L. Buchwald,
Tetrahedron 2004, 60, 7397; and M. A. Fernandez-Rodriguez,
Q. Shen, J. F. Hartwig, J. Am. Chem. Soc. 2006, 128, 2180.)
However, limitations of Pd-PR; catalysts have been reported,
including low turnover number, high cost and toxicity of the

30 organophosphane (PR3) ligands. The development of several



25 and others. (See, for exanple, M Mirata, S. L. Buchwald,
Tetrahedron 2004, 60, 7397; and M A. Fernandez-Rodri guez, Q Shen,
J. F. Hartwg, J. Am Chem Soc. 2006, 128, 2180.) However,
limtations of Pd-PR 3 catal ysts have been reported, including |ow
turnover nunber, high cost and toxicity of the 30 organophosphane
(PR) ligands. The devel opnent of sever& 2 other transition netal
has been reported. However, they$have

organophosgh ne- ased,catahégti

al so been 5§8Ft TR R BRERh O FRARSeEPERE rhRSed (ST 1YPRE| Bd% ng
low activi bees. r&fortdd0 GRWBLERD, t1Asy 4AVBALEE: Nady SR RLENGs
success Ww t%ag}géanal ogous process, for the addition of alcohols to

produce ar§ CHh et SURRSThREN deGtiens . pippleind dovhe exi sting

appr oachesateive€oupl i ng, involving Mtsunobu processes, copper
catal ysts and Pd-PR3 10 catal ysts, have al so been reported. It has

been reported that ts bu processes nmay be conplicated by the
f or mat i %n of by- prodifth Léjﬂ“% F8§Pf%%ﬁ7t i%5n ©P P@Ee‘in"gyl(b“\ﬁ CorRLaRge of

subst r at essofceappeitipyn dhatogatalpreicesBayer been depeitadosPal | adi um
catal ysts i? Q%qlcqulin% have al so been reported 15 to exhibit the
sanme |imtarFoR DRSS R ST GHIEEHETS | PRT SRRty Te8R“t&Pnover
nunbers, anpdobhengisith aheexREBBING Aptohoxts PR3 @ger$Rpling,
D‘-heterociclii car benes hgve been reported as a cl ass_of

|i gands whi Ch°tEPDETSELOPEr PYTSRTSSEr o FORRE S SR l7ATS P8RSPENTRA ew
of theilo statdbyitsy, tavel aCES OPedi GRpotsanophosphiamRen 2Bgothed
a-donatingt roperties.of NRCs. Use of netal - NEC conpl exes I.n many
processes, CInc Ui TR O e PERCRETST MEY) £ campbifatahdy fhecfowpation
car bon- ni t 6D gey+ fxodN)cter. 0SS1e6WUHddtdonokeféd AnHinegeratbelncE ransf er
hydr ogenati on 25 of k%tones, nd symretric_or asymetric

hydr osi | yl SEPEHE2 4R8O T EBRPPEIOFTIIne catalysts Iinye bees| BRRRHEeD!

several typeblafisuppeslestsransit0 eoupeind -INRG GORR B¥es FOp&XUDI t

Lhe benefi{s ofufigherueleeys FANAINELS: ADGHT 19 (23" N 3upPy el
including low turnover numbers, and the use of expensive and

toxic PR; ligands.

N-heterocyclic carbenes have been reported as a
class of ligands which can be used for transition metal

20 catalysis in view of their similarity to electron-rich

organophosphanes, and the o-donating properties of NHCs. Use
of metal-NHC complexes in many processes, including olefin
metathesis, carbon-carbon (C-C) or carbon-nitrogen (C-N)
cross-coupling, olefin hydrogenation, transfer hydrogenation
25 of ketones, and symmetric or asymmetric hydrosilylation, have

been reported.

- The development of several types of supported
transition metal-NHC complexes to exploit the benefits of
heterogeneous catalysts, including resin-supported PA-NHC

30 complexes for Heck reaction, has been reported. The

development of metal-NHC complexes supported on mesoporous



30 conpl exes for Heck reaction, has been reported. The devel opnent of
met al - NEC conpl exes supported on nesoporous 3 materials and
particles/polynmer hybrid materials for various reactions has been
reported. However, limtations of the catal ysts supported on

pol ynmeric or mesoporous materials have been reported, including | ow
activity, nulti-step 5 syntheses, |ow Cat al yst | oadi ng and ot hers

I Ssues. materi STQI? devg;togme?t of a c¢lass _of heterogeneous NEC
catal ysts, "RECHI2hEi H D ARECE CLRR{ RA- E5m CARE o s PH T Trah S AN NEREF QU
m cron-si zesacolibns dads rach ebpSrtdds hrGRveepPoliet{Bns of the
2007/ 114, 7%?% 1PO€%'i m da%oldi um saits or p-NEC 10 particles were
reported t &B& Y isdI THEEHHT A BnBR - BN O, MERAPRRRYF Feterials

het er ogenetiasechéah yisdrorakeds obhdl bdgandew abrealedy sl iTh@epynt hesi s
of p-NE n%taﬁLj conpl exes fromthe %ol,y-irridazolium;salt, and t he
catal ytic PropareTes B IQ&PBE%[EE T4 AR REREES SUHES -coupl i ng
reacti ons have been 15 reported (WD 2007/114,793). p-NEC is a pol yner
material with free cErb@ezelinphsnt roi tas cish 6hahdtemR@GoRessbern

reported t P 0 .synt hesi ze -NEC.has al so been _reported as
havi ng vergg{ ?}gs%%’oé“&% géai-!'lﬁi %g\gf%néﬁiﬁ' Sﬁ FPOREFI U O  Pansi ti on
met al s andneaamstgapordr metabs-tiza) @anetiaht betelidgaNedds been
or ganonet a% ' a{ : I has.gee reported that Ni-NEC
conpl exes %h%lr?g ra%o?itzgfowé%h'zg%)ar l?éﬁ‘yff"% ?%&ﬁﬂﬁs 5oR¥ cBFHEn
bond acti vatrbhcldd WEE capatiyedddidr dhbbhhBal 4 oim onfddhy BESvéMSs al SO
been repor ...Nl - compl exes have been 25 eporte%L to catalyze G S
coupl i ng. I%gael\llé}rd E}S{T%ﬁg'g TBEEHET D SRE YFF‘Iﬁt °9d% Jaijgljil\giaflflésgﬂ’ére
only achi evetalysis ajle spdtbesis of p-NHC me€parnplesphatect e
catalysts LSiygkﬁiéE¥%19h% %QE@J'&%&'EE%CEE ny€g§35¥§yeE%Qés of Pd-p-
NHCs in heterogeneous Suzuki coupling reactions have been
15 reported (WO 2007/114,793). p-NHC is a polymer material
with free. carbene units in its main chain, and has been
reported to be easy to synthesize. p-NHC has also been
reported as having versatile properties in coordination with
different transition metals and can support metals to

20 generate heterogeneous organometallic catalysts.

It has been reported that Ni-NHC complexes
demonstrated efficient carbon-fluorine and carbon-carbon
bond activation. Ni-NHC catalyzed hydrothiclation of
alkynes has also been reported. Ni complexes have been

25 reported to catalyze C-S coupling. However, it has been
reported that good activities were only achieved with aryl

iodides.

Organophosphane-free catalysts for C-8 and C-0

coupling reactions are desired.



4 SUMVARY In one broad aspect of the invention, there is
provided a nethod for carbon-sul fur (G $) or carbon-oxygen (0-0)
coupling conprising: a) mxing, in any order, a thiol- 5 containing
conpound, an aryl halide and a transition netal conplex to obtain CS
coupling; or b) mxing, in any order, apn al koxi de or aryl oxi de, an
aryl halide and a transition netal conplex to obtain 0-0 coupling,
-wherein the transition netal conpl em ses a heterocyclic carbene
| igand 10 conplexed with a transiti ot her than pall adi um

I n anot her broad aspect of the invention, there is provided a nethod
for carbon-sul fur (CiB)°BF REaHoRSBRGEEME (TR0 )LNEBDBI g HEFEr L8i ng:

a) mixing, pm@medo@dgm@dtfu&lcggagalmmxcqn:n@vn@r é’eﬂ"l:%rn)%*{ ﬁde
and a trans 15 conpl ex to obtain C S coup

|($1| on met al ng;
m xing, in Sy lorgEPIIRH %?%&Sdé‘gorahr%’%ﬂgdemaﬁn?ér% E’dfal Fdé

transitien fﬁﬁﬁﬁlnﬁﬁ@pbemPé&hdﬂﬁéﬁlBr§&0h£IEHE'a&ﬁ,amﬂﬁgﬁgﬂtﬂbﬁemetal
transition net rises a heterocyclic carbene |Iigand

ex
conpl exed V\(A:?HHD * ESI Dbﬁ?)lrlh 35 GPERGI B oHd s Pé¥ings ¥hénn@edET on,
tIﬁFre Iﬁ prannaﬂ%dxadbraﬁsainM&lﬂﬁtaé%Céﬁﬁﬁi&klﬁgﬁpém§ldKlﬁ&n51tlon I
pol y- Ar het er acycl ar bene . co xed wi t.h nickel. | .. In
one enbodi rrréactéﬁ' fcofnﬁee}f nvenrtd bgc et fe’ §r% Lf%hﬂﬁgwi”g‘éﬁeja“ disaltyepsition
conpri si ng wordernphek scma:pnesenaehlemn:ﬂﬂzdlhe torvadea 1(igknd 4a _
wherei njg* éc&?ﬂ;‘l%@i%ﬁs %Bheapdcr%fnss.gformn WATES ol‘l!.rt]l t: tt?e?r?hpaqflag%u%t]d Ry I's

a linker group;
In another broad aspect of the invention, there is

provided a method for carbon-sulfur (C-S) or carban—oxygeﬁ
(C-O) coupling comprising: a) mixing, in any order, a thiol-
contalnmng compound, an aryl halide and a transition metal

15 complex to obtain C-S coupling: or b) mixing, in any order,
an alkoxide or aryloxide, an aryl halide and a transition
metal complexz to obtain C-0 coupling, wherein the transition
metal complex comprises a heterocyclic carbene ligand

complexed with nickel.

20 In a further broad aspect of the invention, there
is provided a transition metal complex comprising a poly-N-

heterocyclic carbene complexed with nickel.

» In one embodiment of the invention, there is
provided a catalyst comprising monomer units represented by
25 the formula (I):

(1)




5 X" is a counterion; Mis nickel; inis an integer of 1, 2, 3, 4,

5 6 or 7; nis between about 5 and 1000; and --- represents a single
bond or a doubl e bond, 10 wherein when represents a single bond,
each of Al B, C, D, E, F, Gand His independently hydrogen or an
optionally substituted substituent whi%h is not hydrogen; any two of .
A B C D E F, Gand Hare joined to forma cyclic structure; or
.any pair of substituents A, B, ¢, Db E, F, G 15 and H attached to the
same carbon atomrepresents a single substituent attached to the

car bon at omhpyedndoubl e bond, and wherei n when represents a double
bond, E, F, G and H arn absent, and each of A, B, Cand Dis

independenulXnagcg%g;ggp@ngrOgnugpkkg%%£%¥u§ypstituted substi t uent

whi ch is not hydrogen; any two o and D are joined to forma
cyclic structure; or at |east one heterocyclic ring of formula (I) is
fused wi thS&fPaPbnii PRIoRz Het &r bAR BFRtIROWirng. 251 n still anot her
broad aspect of the invention, there is provided a transition netal
conpl ex Topt iisi mgcaulNhetiermcyl i ¢ carbene conpl exed with ni ckel

M is nickel:;
m is an integer of 1, 2, 3, 4, 5, 6 or 7:

n is between about 5 and 1000:; and

10 wherein when === represents a single bond, each of A, B, C,
D, E, F, G and H is independently hydrogen or an optiocnally
substituted substituent which is not hydrogen; any two of A,
B, C, D, B, F, G and H are joined to form a cyclic
structure; or any pair of}substituents A, B, C, D, E, F, G

15 and H attached to the same carbon atom represents a single
substituent attached to the carbon atom by a double bond,

and

are absent, and each of A, B, C and D is independently

20 hydrogen or an optionally substituted substituent which is
not hydrogen; any two of A, B, C and D are joined to form a
cyclic structure; or at least one heterxocyclic ring of
formula (I) is fused with an aromatic or heterocaromatic

ring.

25 ‘ In still another broad aspect of the invention,
there is provided a transition metal complex comprising a N-

heterocylic carbene complexed with nickel.



| b BRI EF DESCRI PTI ON OF THE DRAW NGS Enbodi nents of the
invention will be discussed wth reference to the follow ng Figures: -
S Figure 1 displays the structures of a poly-imdazoliumsalt 1, a
pol y-i mi dazol i dene carbene 2 and a pol y-i m dazol i dene carbene net al
conpl ex 3. Figure 2 displays synthe§|s of a Ni-p-NHC catal yst B
froma 5 p-NHC A DETAI LED DESCRI PTI ON The present
Jdnvention relates to ne%&& $ Fpte F o Puk lRgsusi ng a
transition nmetal conple ntion, the
transition 10 net al conplex may conprise, for exanple, and mnthout
limitation, heterocydmedigeatipsot Fgre exaispteon ankl Wibeh8usCresRd at i on,
the transi tiam PFREale QR NERY o COMPIH S Ei8ubgserocylic carbene
ligand conplexed with a transition netal. I5In an enbodi nent, the
het erocyclic carbene |ligand may be, for exanple, and w thout -
limtation, a poly-Nheterocyclic carbene. For exanple, and without
limtation, the transition netal conplex nmay conprise one or nore
nmononer units conprising two heterocyclic groups joined by a



20 linker group. In an enbodi nent, the transition neta
conpl ex may conprise, for exanple, and without |limtation, one or
nore nononer units represented by the formula (1). 6 I n
formula (1), each of RL and Ry-is a linker group. Each of RlL and Ry
may be independently a rigid |inker group, a non-rigid |inker group
or a sem-rigid linker group. Rl and RY may be the same or different.

5Sui t abl e L i d Ilgﬁerlgrougg woul d be understood to . and can be
det er ni ned i‘)@“’f?lo”s VHi A3 ySERIGHIERR PR RALY-dfdagyLiwe | s

for exanpl e, ansbMitikddbzblifénd | @xbeRLONBALE LIRS imRQLREDRILMAL i C
groups, cycloalkghat%ﬁ groug suitably rigid al'kenes and suitably
rigid alkyﬁ abPEP ?ﬁl% | i nker groups may include, for
exanpl e, optionally substituted ethenyl (e.g. ethenediyl, propen-1, 2-
diya, 2- bummé B-displlayet sypthediny Bfl a(®ig- mmy:rae@luybt B from a
propyneglyl Nf -2,3-yne-1,4-diyl, etc.), aryl (1,3- phenylene,

1, 4- phenyl% 3 aaphthylene 1,4-naphthy|ene, 15 1, 5- napht hyl ene,
1, 6- naphthylene 1, 7- napht hyl ene, 1, 8-naphthyl ene, etc.), heteroaryl
(e.g. 2,6-pyridinediyl, 2,6-pPEandiEd DEBCRIPYLOW| ediyl, etc.), and
cycl oal kyl (e.g. 1,3-cycl ohexanediyl, 1,4-cyclohexanediyl, 1, 3-

cycl opentanediyl, 1 angAl e e S

20Sui t abl e non-ri gi gﬁgn%%gﬁlﬁ‘% rigl (?EF'Fﬁk%%%tréoéu?sg &Sgl‘lgag for (Ferst ood
to and cand®é Gé& eoppbhetgbysitmse tokngltiommetsili lcomphekhe art and
may include, for exanple, and without Iimtation, an alkyl, aIkenyI

(other than ethenyl )y éhké!ﬂ@éd/imé}ﬁdo@ PRE ﬁi’Uér&tll 8, 't—,ﬂéeér?ﬁsgf&%?
or

Suitable non- 25 rigid or sem-rig | 1 nker groups may inc
exanpl &0 -PR4BY) FOMDRREr BAY] ?%@Rﬁﬁﬁﬁeeﬁoﬁ QRFRIY uﬁn@OWléh@uMM|ch

nonrigi d of i@tilbngi detd cﬂa.rco‘é%uﬂgy %P@ﬂaﬁ@%gl yaﬁa‘b@iﬂﬂd&ted

and/ or branched (e.g. 1,2- anediyl, 1, 1, -propanedlyl 1,2-,
1,3-, 1,4-i1Pptrtion,: QH%dFWnSléll@omﬁ’é?hyfFQm@az gompyise @t c. ).

heterocylic carbene ligand complexed with a transition

metal.

15 In an embodiment, the heterocyclic carbene ligand
may be, for example, and without limitation, a poly-N-
heterocyclic carbene. For example, and without limitation,
the transition metal complex may comprise one or more
monomer units comprising two heterocyclic groups joined by a

20 linker group.

In an embodiment, the transition metal complex may
comprise, for example, and without limitation, one or more

monomer units represented by the formula (I).

#

\
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F }—N/ (1)




"7 The |inker groups may be optionally substituted (e.g. by an alkyl
group, an aryl group, a halide or sone other substituent) or may
conprise a heteroatomsuch as 0, S, N (e.g. 121 or R2 may

i ndependently be -CH20CH2-, 5 -CH20CH2C112-, - CH2OCH(CHs) -,
-(CR2OCH24, - (where p is between 1 and about 100), - CH2ZNHCH2-,

CH2N( CH3) CH2-, - CH2N(Ph) CH2-, -Cl112SCH2-, etc.). The heteroat om may
be disposed so that it is also capable of conplexing or bonding to
the transiti on met al In Hkouaa eIfprBdmﬂfof Rprarm(am)ie a dnichRairt hout

I|mtat|on e r|g|dI|nker and be, a n id
or sem - |r8 Pr nﬁ%‘?hgﬂ% and R, may }9 dfeé’ieﬁﬁﬁﬁt?a ¥)2 Wrgfjéi] grln{{eg
transiti on gﬂ‘Bh§| @mgoﬂmgsunmmkér lgi.cbutgﬁbQSaa@e@mkﬁld henreaoner
unit. 15In formul a gl is.a counterion. I% an enbodi ment, Xi may
be, for ex&FBEFB; Bnd i th‘i?ty PEnERSt S OF KHAE§ES Such as, for

exanpl e, bromde, chloride or iodide. Oher suitable Xi may be, for
exanpl e,5 acet ate, niduiata®d]let rﬁ.éid:o:rnﬂmt gtreppetwould kan vedbodtoedt |

Xi may be r di nat thth sition netal. . . The
For mil ae. d68cARReIET M ASHE R S AR SheRTI TR G dpiBs BT | ng
t he nmononerruni &8 )mof mheuﬂeanswflmn@bal ananqnit&xoum)a.ilnﬁtation,

r epr esent ed vmtg a mt ch arge on M as .shown _above Lul ae may

r e.f
be represeM8H25EC 25 HWaFin eB%ﬁ%%r‘?r?ar%cngrPHBsXI é%éjltooa]l@lph?ﬁége of
ordi nary sktrblipsp &=t wibidapltecisatad: baitibey trigisi bilepneetal M

may be dou rdl nat.e epresented i.n formul a _above, or the
transi t“:°on2ﬁ§{:a¥9 318%8 Jﬁ%’f%sd i f’“&?iﬂ%’y : XEXEmpr e, and
wi t hout | i ptabhanly téﬂﬂ)sﬂ:ﬁ.aﬁsedl@t[héfgﬂal(elvb30etMnéIE}SH ngirppen-1riply

coordi nate hug,, the tranS|t| n | in.is.an
i nt eger ofg’fI gsb 2,g-diyl, er?c% rT%%?y‘nyll\/‘(é N hynldigi’

propynedlyl but 2,3-yne-1,4-diyl, etc.), aryl (1,3-
phenylene, 1,4-phenylene, 1,3-naphthylene, 1,4-naphthylene,
15 1,5-naphthylene, 1,6-naphthylene, 1,7-naphthylene,
1,8-naphthy1ene, etc.), heterocaryl (e.g. 2,6-pyridinediyl,
2,6-pyrandiyl, 2,5-pyrrolediyl, etc.), and cycloalkyl (e.g.
1,3-cyclohexanediyl, 1,4-cyclcohexanediyl, 1,3-
cyclopentanediyl, 1,3—cyclobutanediyl, etc.) linker groups.

20 Suitable non-rigid and semi-rigid linker groups
would be understood to and can be determined by those of
ordinary ékill in the art, and wmay include, for example, and
without limitation, an alkyl, alkenyl (other than ethenyl},
alkylaryl and other suitable linker groups. Suitable non-

25 rigid or semi-rigid linker groups may include, for example,
- (CH3) -, where u is betWeen 1 and about 10, and which non-~
rigid or semi-rigid linker groups may be optionally
substituted and/or branched (e.g. 1,2-ethanediyl, 1,2- or
1,3-propanediyl, 1,2-, 1,3-, 1,4- or 2,3-butanediyl, 2-

30 methyl-butane-3,4-diyl, etc.).



B or 7, although typically mwll be 1, 2 or 3. The nunber of XI1-
groups will then generally be nX1- groups, where in is defined as
above. Wiile each Xi- mght be the sanme or different, generally each
X1- is selected to be the same 5 couaterion. In formul a
(I), nis the degree of polynerisation. In an enbodi nent, n may be,
for exanple, and without limtation, & value where the transition
nmetal conplex is insoluble in solvents used for the coupling
reactions. n 10 mayThr limFeregaempe, naphdanvcphdoralivisusitafitgdeat er

t han about,.5,, of..9 t bo 0, 0 , 70,
80. 90, 10692087 %’88%%’&@%8@: %o&%%&éo,a%&# fgo&’ggr .y
be bet weemwtabousubsiiiier(000r 10aancoMDOGE BOhaheravm stodb aAd01000,
200 and 1Q00 0.a 0 d_ _and 100, 5 and
50, 5 and 20" S2ahd Tothn0: any SnetBenE: B3 sEH0eR500" 50 and 100
or 100 fand CEROCH&He- i NcIHCA(CHENY , S pdCHAAE: il Uohake b nis rrefareesinges,

such as, f.qr I and t | | _abo . 7. 8, 9,
Tocas e, B8R Fag ANt cthimty. )| bl @ B0k gR e cal O O
350, 400, -455CIHO0, e800) . 70he 3@0ero8bommLzOGE dimppoednga fhat, it
represents _a.si.ng d b el e nts a
doubl e bo%&, a?,SQPJ,: and ﬁ%ré‘?g‘é‘g%%?hg? e%é%t@ ﬁéa%&e%ogﬁrﬁé%??gégch of
A B, C amgtBl.and, if present, E, F, G and H may i ndependently 25
be, for exanple, and without limtation, hydrogen or a substituent
whi ch g not hydroggen. o FaeieBiméne B £dr ddanbiel afd afd Ry

i ndependent |y be, for exanple and w thout 'imfation, hydrogen, alkyl
(e.g. strdighatathein Rbrarched: gigid lapkrsaykaun 2@Cc Ry may %e @e. g.
phenyl , ”%Bﬂtbiéidg@r%&ni)-rriﬁi‘h' fenk&r Grdygomo. chioro,- etc.),

heteroaryl (e.g pyrid pyriolyl, turanyl, furanyl methyl,
t hi ofuranyl, imdazolyl, etc.), alkenyl (e.g. . ethenyl, 1-, or
2- propenyl , In formula (If), M is a transition metal and the

symbol * indicates an end of the monomer unit.

‘15 In formula (I), Xy is a counterion. In an
embodiment, X,” may be, for example, and without limitation,
a halide, such as, for example, bromide, chloride or iodide.
Other suitable X,” may be, for example, acetate, nitrate,
trifluorcacetate, etc. In an embodiment, X;” may be

20 coordinated with the transition metal.

The formulae described throughout this entire
specification representing the monomer unit (s) of the
transition metal complex may be represented with a m+ charge
on M as shown above, or the formulae may be represented as

25 having bonds linking the X;’s to M. Those of ordinary skill
in the art will appreciate that the transition metal M may
be doubly coordinated as represented in the formula above,
or the transition metal M may be coordinated differently,
for example, and without limitation, the transition wmetal M

30 may be singly or triply coordinated. Thus, the transition

metal may be M™, where m is an integer of 1, 2, 3, 4, 5, 6



9 etc.), alkynyl (e.g. ethynyl, 1- or 3-propynyl, 1-, 3- or 4-
but-1-ynyl, 1- or 4-but-2-ynyl, etc.) or sone other substituent. A
B, Cand D and, if present, E, F, Gand R, may be all the sane, or
some or all may be different. 5The alkyl group may have, for exanpl e,
and without [imtation, between about 1 and 20 carbon atomns (provided
that cyclic or branched al kyl groups h8ve at |east 3 carbon atons),
or between about 1 and 12, 1 and 10, 1 and 6, 1 and 3, 3 and 20, 6
and 20, 12°Bnd: ZLthpughdtYpigslly anaridl be ind Wi By aByespenhds of
nunber wi tRi-ngkhese xﬁﬁ!ﬂ%‘han’?&n@fﬁi@ 3&9 g&gpggt dhdnd 6}#' %“ the
al kyl group nay be, - pr opy [ sopropy or
2-butyl, |<ebiRsd as @erVBut y%lé(ﬂa@&mymigb?db@ptém yamet byl |
cyclohexyld1 X € 1

substi t uent sﬂ%&{l}g ?&ﬁ%ﬁghy su rg?tll %Ilf%t %%%é(({eaeécﬁybeag;%l Efﬂ" group,
an aryl Sgreeprteries i de or some other substituent) or nmay conprise a
het eroatom such as 0, S. N (e.g. the substituent may be-

met hoxynet hyl, nethquebbmhlaeth0X£negthe iE% %%tEX%%mﬁr}satlon

t hi onet hoxJ)./rreth yl, 2Q et hyl am norreth , etc.).
Each of A 1B 3% sihedpmenk, numa&brb@seﬁpr @carmleo; aﬁd thh«yut
lndependenlim&d&tﬂaﬂ ré'vgiuécﬁﬂéﬁg the transmtloﬂ %e@gleggﬁgh for
exanpl e, anpd W|thout limtation, any two of A B, d

present, ELN¥olBHeciangolvenks used sphethe ccupldng cgett toms 1 uct ur e.
In an epbofiymid, rek Leass1oNeeLeEasye! G ea@qo f 59%@:%@ ddan MYy

have fused or spiro-joined rings. For exanple,
limtati orPPMter?: PEpPESRRRS Has Pt hbhd, 15any?0paBP 040 sUbkt iGuent s

A, B, C, DioEasd;, 96,andoH 844 achnd h80305(fd‘es%%”976§rbé’6‘oat% TRy be
joi ned to form f or exarrpl , a cycl oEenty cycl'ohexyl “or’ sonme ot her
ring. For %Bgﬂnﬂqg may be between abou 5 and 1000, 10 and 1000, 50
and 1000, 100 and 1000, 200 and 1000, 500 and 1000, 5 and
15 500, 5 and 200, 5 and 100, 5 and 50, 5 and 20, 5 and 10, 10
and 50, 50 and 500, 50 and 200, 50 and 100 or 100 and 300,
and including any specific value within these ranges, such
as, for example, and without limitation, about 5, 6, 7, 8,
92, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200,
20 250, 300, 350, 400, 450, 500, 600, 700, 800, 500 oxr 1000.

F, G and H are not present. In an embodiment, each of A, B,
C and D, and, if present, E, F, G and H may independently

25 Dbe, for example, and without limitation, hydrogen or a
substituent which is not hydrogen. Each of A, B, ¢, D, B,
F, G and H may independently be, for example and without
limitation, hydrogen, alkyl (e.g. straight chain, branched
chain, cycloalkyl, etc.), aryl (e.g. phenyl, naphthyl,

30 etc.), halide (e.g. bromo, chloro, etc.), hetercaryl (e.g
pyridyl, pyrrolyl, furanyl, furanylmethyl, thiofuranyl,
imidazolyl, etc.), alkenyl (e.g. ethenyl, 1-, or 2-propenyl,



10 where A and E forma cycl opentyl ring, a 1, 2-

di azaspi ro[ 4. 4] nonane structure may be formed. In an enbodi nent, for
exanple, and without limtation, any pair of substituents A B, C D,
E, F, Gand H attached to adjacent 5 carbon atonms nmay be joined to
form for exanple, a cyclopentyl, cyclohexyl or sone other ring. For
exanpl e, where A and E forma cycl opentyl ring, a 1, 3-

di azabi cycl o[ 3. 3. 0] octane structure may be fornmed. In an enbodi nent,
when _ regresentskansl n@.g. 16tb}bmdl dny opaBrpobpgagist ilt-ueAtsoR, 443,
C, D E F nd at.tache me r on at om Jepresent a
single subsﬁuﬁ%t gexjt'l'_%‘ttachgdqt %thg on%gt Sc%fﬂ%loO %€ bond. In
an enbodi mentbhsttheemonoer BUnCt §8d Dregndhe 1|feplf:esem eE by, Gornd H,
exanpl e, and t ho Ilmtatlon thefor a or (lc):
wher ei n ead¥ W#’ H KEWer RF . Soue gF r‘%ll gtya]géll‘g‘ %eﬁ?l%tm 25 and n
may be defined as anywhere above and each of LT K, L and T may

i ndependent |y be, fdfhaemmyﬂ-egrann way oo, | okt exdtmmle,—@lh@ oA tEe:

where P an d g]gaf r I

limtati on(ilﬁglggﬁléegn g%%;g%%bg# ent |2ghclgﬁsx'3§gt§‘h “? (éaen [ nc{iudl ng
t hose defi rté:dttf oycmct oHaboebedJallkyl lozmgpsThauy ahd@mtdént—‘layb@e
for exarrpl r =N he

Lor eXamp! &g bondgﬂ(} s _GEBRy TNGR . TNEDg P8 SP%@% § 8nd
represents 3a doabﬂe?,oate IaezaistZOOnez hmcerxﬂcycl podr ihgonf3 famdm§lla (),

oY, b O RARELS: AL 0Nt SLLOLL 480, TSl MLILAN Lot C

or heteroaronat I C nononer
example, and without limitation, the alkyl group may be,

methyl, ethyl, 1- or 2-propyl, isopropyl, 1- oxr 2-butyl,
isobutyl, tert-butyl, cyclopentyl, cyclopentylmethyl,
cyclohexyl, cyclohexylmethyl, methylcyclohexyl, etc.

15 The substituents may be optionally substituted
{(e.g. by an alkyl group, an aryl group, a halide or some
other substituent} or may comprise a heteroatom such as O,
8, N {e.g. the substituent may be methoxymethyl,
methoxyethyl, ethoxymethyl, polyoxyethyl, thiomethoxymethyl,

20 methylaminomethyl, dimethylaminomethyl, etc.).

Each of A, B, C and D, and, if present, ®, F, G

and H may- independently be chiral or achiral.

In an embodiment, for example, and without
limitation, any two of A, B, C and D, and, if present, E, F,
25 @ and H may be joined to form a cyclic structure. In an
embodiment, at least one heterocyclic ring of formula (I}

may have fused or spiro-~joined rings. For example, and

palr of substituents A, B, C, D, E, F, G and H attached to
30 the same carbon atom may be joined to form, for example, a

cyclopentyl, cyclohexyl or some other ring. For example,



10 may be represented by, for exanple, and without limtation, the
formula (11).*\ R2 (O 15 wherein each of RL, 1(2r M *I X1, mand n
may be defined as anywhere above. I n an enbodi nent of the
i nvention, the heterocyclic carbene |igand may be, for exanple, and
without 20 limtation, a 1T-heterocyclic carbene copol yner. For
exanple, and without limtation, the cbpol yner nmay conprise two or
nore different nononmer units. In an enbodi nent, one, sone or all of
t he differ@héreatnener Euficts anyydepesydsehted by BRe fornmul ae as

descri bed gpnywhere ove. In 25 .an di nent he copolyner nmay be
an aIterna?%%ﬁa%ﬁﬁﬁﬁiaﬁéﬁﬁon © sé&uéﬁﬂ%% mﬁﬁn%% éﬁﬁﬂﬁ%'neh% Bt the
i nventi on, ethedimansi foanerehple conp ed thrayt bl niftert lexanmphe, paiic lod
pol y-i m dazgoli dene (N -pl r nickel_, pal y- zQi,m dazol| i dene
(Ni-pBIrr).su!js‘tﬁzuen s A ﬂ?aﬁ'égbggiﬁéng,XFﬁéyégﬁﬁﬁﬁgécgﬂt? 2 he
p- NHC 5 5ascdesatt i dirthsampyhbe e ahmade tardprhe fdr tdinpaen ehai n of the
pol yner. nent, the %ransjtion net al ﬁgﬁglex
or

In_an eﬂ%%ﬁﬂ
may be, fofYSXRPIFL afdhP 95 FPG: PERST i 9% e FOFNTOT
nore partiehese Ahmd Bafisichi QncyEldlentipkexg ey e~ for 10 exanpl e,
in the formof .anorphqus_particles, spherical rticles . or
m crocryst g}i??‘?ﬁlcﬁfﬁatoﬂgl‘ésgf?’ﬁtéarbearsttilg‘fzggrﬁa?agg?e £GFMEdanpl e, and
wi thout limtation, colloidal particles. The particles may be, for
exanpl e, and w t houttnl eni eebodiwenti crnbilensi zed arem@wentsea - simele
col | o gl §8,parLirles: JRCBRLISRRY B cf Y, B! & R
attached to the same carbon atom may represent a single
substituent attached to the carbon atom by a double bond.
In an embodiment, the monomer unit{s) may be represented by,
for example, and without limitation, the formula (Ia}, (Ib)

15 or {(Ic):

\ %1\4 (1) F \ ME%'I\{* @)

20 AL R
“<\M§' 7 )

wherein each of Ry, Ry, M, *, X7, A, B, C, D, E, F, G, H, m

25 and n may be defined as anywhere above, and each of J, XK, L
and T may independently be, for example, and without
limitation, =CPQ or =NP, where P and Q may independently be,



limtation, between about 100 nmto about 10 microns in dianmeter. The
particles may have, for exanple, and without limtation, a dianeter
bet ween about 100 nmand 1 mcron, 100 and 500 urn, 500 nut and 10
mcrons, 1 and 10 mcrons, or 20 100 nmand 1 micron, and including
any specific value within these ranges, such as, for exanple, and

wi thout limtation, about 100,200, 30011z 400, 500, 600, 700, 800 or
900

for example, and without limitation, hydrogen or a

substituent which is not hydrogen including those defined

for A to H above. J, K, L and T may independently be, for

example, =CHz, =CHCH;, =CHPh, =NCH; or =NPh, or some other
5 suitable double bonded group.

In an embodiment, when === represents a double,
at least one heterocyclic ring of formula (I), may be, for
example, and without limitation, fused with an aromatic or
heterocaromatic ring. In an embodiment, the monomer unit (s)

10 may be represented by, for example, and without limitation,

the forxmula (II). *
\
- 7 Rz -
S\ le-
NC oM T @

N

28 N
15 n

wherein each of Ry, Ry, M, *, X7, m and n may be defined as

anywhere above.

In an embodiment of the invention, the

heterocyclic carbene ligand may be, for example, and without
20 limitation, a N-heterocyclic carbene copolymer. For

example, and without limitation, the copolymer may comprise

two or more different monomer units. In an embodiment, one,

some or all of the different monomer units may be

represented by the formulae as described anywhere above. In
25 an embodiment, the copolymer may be an alternating

copolymer.



nut, or about 1,1.5,2, 2.5, 3, 3.5, 4,4. 5,5 6, 7, 89 or 10
m crons. Those of ordinary skill in the art will appreciate 25 that
the size and shape of the particles my depend on the nature of the
nmononer unit(s) used, and the conditions of synthesis of the polynmner,
particularly the solvent used in the polynerisation process.
12
In an embodiment of the invention, the transition
metal complex may be, for example, nickel poly-imidazolidene

(Ni-pITm) or nickel poly-benzoimidazolidene (Ni-pBIm).

In an embodiment, the carbene centres of the p-NHC

5 as described anywhere above, may be in the main chain of the

polymer.

In an embodiment, the transition metal compléx may
be, for example, and without limitation, in the form of cne
or more particles. The trangition metal complex may be, for

10 example, in the form of amorphous particles, spherical
particles or microcrystalline particles. The particles may
be, for example, and without limitation, colloidal
particles. The particles may be, for example, and without
limitation, micron-sized or nanometer-sized colloidal

15 particles. The particles may be, for example, and without
limitation, between about 100 nm to about 10 microns in
diameter. The particles may have, for example, and without
limitation, a diameter between about 100 nm and 1 micron,
100 and 500 nm, 500 nm and 10 microns, 1 and 10 microns, or

20 100 nm and 1 micron, and including any specific value within
these ranges, such as, for example, and without limitationm,
about 100, 200, 200, 400, 500, 600, 700, B0O0 or 900 nm, or
about 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 9 or 10
microns. Those of ordinary skill in the art will appreciate

25 that the size and shape of the particles may depend on the
nature of the monomer unit (s) used, and the conditions of
gsynthesis of the polymer, particularly the solvent used in

the polymerisation process.

In an embodiment of the invention, the
30 heterocyclic carbene ligand may be, for example, and without

limitation, a N-heterocyclic carbene. In an embodiment of



In an enbodi ment of the invention, the 30 heterocyclic carbene |igand
may be, for exanple, and without |limtation, a |IT-heteroecyclic
carbene. In an enbodinent of 13 the invention, the NHC |ligand of the
transition nmetal conplex may be represented by, for exanple, and
without Iimtation, the formula (I11). XI /E4 NN O10 In fol.nula
(rrr), each of X1", A B and, if preserd, E and F may be defined as
anywhere above. Each of R3 and Rd represents a substituent which is
not hydrogeheimntemﬁqu t htseNBef 1liwhd af éhéotttnsﬁnﬂmaraeabbve ---

10 represents a bond_or d bIe bond

represent s “a 8ot %ng%gﬁhgegrgﬁﬁg?gf érngfrp?ﬁ?ﬁgf’ ﬁ? gﬁ%%%lnent
any two of 1Amnid3timd, tihke firesehs, (Emnd F may be j oi ned to forma
cyclic structure including those degcribed for fornula (1) above. In
an embodi nent, when === 15 represents a ﬁéngle bond, any pair of
substituents A, B, E and F att A sanme carbon atom may
represent a single substituent aft che $0 t h@Ixar bon atom by a
doubl e Bond I n an enbodi nent, the I'gand rmay be represented by,
for exanple, and without limtatio the formula (Ina), 20 (111b) or

(I'nc): In formula (III)}, each of X;°, A, B and, if

present, E and F may be defined as anywhere above. Each of R,
and R, represents a substituent which is not hydrogen
including those defined for A to H anywhere above., ===

10 represents a single bond or a double bond, wherein when ===
represents a double bond, E and F are not present. In an
embodiment, any two of A, B and, if present, E and F may be
joined to form a eyclic structure including those described
for formula (I) above. In an embodiment, when ===

15 zrepresents a single bond, any pair of substituents A, B, E
and F attached to the same carbon atom may represent a
single substituent attached to the carbon atom by a double
bond. In an embodiment, the NHC ligand may be represented
by, for example, and without limitation, the formula (IIIa),

20 (IIIb) or (IIIc):

Xl Xf )
NN /R4 Rt /R4
N N N N
; é () ; ( g ()
J < J B
X
NN
N N
E (Ic)
. > Q
25 4 T

wherein each of X7, A, B, E, F, Rs, Ry, J and K may be as

defined anywhere above,



N /0:00 25 A 1 wherein each of Xi-, A B, E, F, R3, R4, J and K may
be as defined anywhere above. 14 In an enbodi nent, when
___is a double bond, the heterocyclic ring of forrmula (111) may be,
for exanple, and without limtation, fused with an aronatic or

het eroaromatic ring. In an enbodi nent, the NEC |ligand may be
represented 5 by, for exanple, and wtidout limtation, the formula
(1v): wherein X1-, R3 and R4 are as defined anywhere above. 10In
an enbodi nent of than aveanbodimerite WNB&nli-ganid a double bond, the

heterocyclic ring of formula (III) may be, for example, and
without limitation, fused with an aromatic or heteroaromatic
ring. In an embodiment, the NHC ligand may be represented

5 by, for example, and without limitation, the formula (IV):

X4

Rao + Ry
}\NAp\B{

av)

wherein X;°, R; and R; are as defined anywhere above.

10 In an embodiment of the invention, the NHC ligand
may be, for example, and without limitation, a bridged
bidentate ligand. In an embodiment, the NHC ligand may be
represented by, for example, and without limitation, the
formula (V) or (VI):

15 Xy Xy Xy Xy
. &\ﬂf\,/&\ﬁé\¢g4 LN /ﬁﬁ\ﬂf\/m
N N N° N N N N V)
Bl ~F G- >-__-:< “H ™) —_ —
A B C D
wherein X;”, Rs, Ry, ===, A, B, C, D and, if present, E, F, G

and H may be described as anywhere above. Rs may be, for
20 example, and without limitation, a linker group including

those described for R; and R, above.

In an embodiment, the transition metal complex may
have, for example, and without limitation, a NHC
ligand/transition metal ratio of from 1 to 5 including any

25 gpecific value within this range, such as, for example, and
without limitation, 1, 2, or 3. In an embodiment, the NHC

ligand/transition metal ratio may be, for example, 2.



may be, for exanple, and without |imtation, a bridged bidentate
ligand. I n an enbodi nent, the NHC |ligand nmay be represented by, for
exanple, and without limtation, the fornmula (V) or (VI): 15 N
NNA7,", 114 Rs+F GHV)(VI) wherein Rl-, R3, R4, _ , A B, C D and,
if present, E, E, G and H may be descri bed as anywhere above. Rs may
be, for. 20 exanple, and without |initd®fion, a linker group including
t hose described for RL and Ry above In an enbodi nent, .the

transition netal coRpresitisn mekelsf are exdrsEoodnaswiehbing within
limtationg, g 91'1!89??%} AN S kTR0 Ny iRk Al 8t O 18f 2hA0RE 140 the

I ncl udi ng any specitic val'ue w'thin thi's range, .such as, for
exanpl e, aPerigdikoTeblenef ditico®leenps. ofn RN | dimapbdeFerie t he
NEC |'i gand i Lio atai € f i85 0R- metled
Transiti onilﬁ'#st a anér ghgﬁ%%gtl%(?%ag@?%?l?%gﬂvﬁ ?Elg%g(%r (l)ﬁ%smeﬂ | B, 1VB,
VB, VIE5 \Wémpled e, beB toid 9xeBipile, t Ard Pe¥thegitc 1Tablatseni e

El ement s. odi t e JeN | Qp, rapsi tigh Jetal of
t he transi %%%&%%2’1 gég%gn%%aél%affb}eé,g j(')ér%&enéa%tél, ggn('j V\n&?hout

| i mitationthied rearbeneolh-@etlalcesdapabl eand aTlswplomkilngady WwbiHe 2 two or
three car -G - Y-y i anal| ' Sheat om
wherei n tﬁlgg\?erngr?goﬁ’o%ﬁ%%%%? tlkge %&?E%gﬁ‘%l um ll %S\gﬁégeﬁ%g% ment, the
transiti onImeisd emivpdbment ortlexdmpneitlon aretadi mayubel i APT a¥ayplea

G oup 1B . bnoan. ar, fp{g trapsition netal
may be,Ybf of exa%’loél!t %%ﬁg%fm’ ayG%gHB#e rgr?tstig?i'onﬂrlre‘%ugl conpl exes
may be pregsenyldayoembhéinent edendiraygsitien mettelospyl e, cebenes

and/ or theexample, nickel.

The transition metal complexes may be prepared
from the corresponding free heterocyclic carbenes and/oxr the
15 corresponding heterocyclic salts (see, for example, WO
2007/114,793). By way of example only, and without '
limitation, a poly-imidazolium salt 1, a free poly-
imidazolidene carbene 2 and a poly-imidazolidene carbene
metal complex 3 are shown in Figure 1, wherein M represents
20 a transition metal as described anywhere above and L
represents a ligand, including, for example, and without
limitation, cyclooctadiene (COD). For example, and without
limitation, Figure 2 shows the synthesis of nickel poly-
imidazolidene (Ni-pIm) catalyst B from poly-imidazolidene

25 free carbene polymer particles A and Ni(COD)..

The transition metal complexes as described
anywhere above may be used to catalyse C-S or C-O coupling

reactions.

-In an embodiment of the invention, the C-S
30 coupling reaction may involve an aryl halide substrate and a

thiol-containing compound.



15 correspondi ng heterocyclic salts (see, for exanple, WO

2007/ 114,793). By way of exanple only, and without limtation, a
poly-imidazoliumsalt 1, a free polyim dazolidene carbene 2 and a
pol y-i mi dazol i dene carbene netal conplex 3 are shown in Figure 1,
wherein Mrepresents 20 a transition netal as described anywhere
above and L represents a ligand, includsng, for exanple, and w thout
limtation, cyclooctadiene (COD). For exanple, and w t hout
limtation, Figure 2sshosid Ia&y&ynzhhﬁsé§ ffr Bhekels p@gﬁnﬁn@azol i dene

o P Sl e Y el dpash e 28, e arhang oty
as descri be:dzoaaywﬁedsmmume sy 1bén usiesl dx@ ,cahal yse ﬁc&tmre Cf£0x
coupling reacti t, pf the i Lnye tion,

coupl i ng reeécéf"Pgﬁ rr%l’g‘/ Wf{}l’(}}c\% gﬁmé ?‘fl%l i s&B@%$%ﬁ’e 3 groml e
t hi ol - cont aindi agymoamwmﬁes 16 Thei &e9al eyxyuy olﬂatn@I%rﬁomathiaeCn@y

coupling r actl understopd to or can be d t.erm,ned
Chose of ol REPYSRRTTY GYPatiBErd vor dneynr b ut: SR EPE. and

wi t hout |i miyaabyen, 1mwdmgdltdla§e @éﬂinem F@ordastd mnchyamdrechbetvé des.

The aryl of _the aryl |ide may be optiopally substituted with
a subs%ll tug‘%ﬁpﬁﬁY%hgﬁf%u%éf ﬁ%&r 85%h ?’Pcltdt?d%ﬁér Pﬁog‘gs%f"i"ﬁ@dapor Ato

H anywher e azabaseicToe dtdragfieupcotidde etrnylanhainb&ﬁalmw bﬂi f«:uéed with
an aromatic or heterocyclic.r I n an _enbodi nment _of th

vent i SeNERBT, TS AL La% CrY, e g S CABRE SR L AR Bt grated
deacti vat eebr Sebtatecdd) Juicant ai fhiwl MRSy f @mdditids for the

C-8 coupling reactions would be understood to or can be
determined by those of ordinary gkill in the art, and may
include, for example, and without limitation, aryl thiols
15 .and alkyl thiols. The aryl and alkyl moieties of the aryl
and alkyl thiols may include the aryl and alkyl groups as

defined anywhere above.

An embodiment of the present invention may be
represented by, for example, and without limitation, the

20 following scheme:

X SR
©/ + HSR I%ggﬁB @r
R DMF 4
X=I Br,Cl .
wherein B represents Ni-pIm, R of the aryl halide represents
hydrogen or a substituent which is not hydrogen ag described
25 anywhere above, and R’ of the thiol represents aryl or alkyl

as described anywhere above.

The mechanism of Pd-PR:; catalysts in coupling
reactions has been well studied. By way of example, and
without limitation and without being bound by theory, it is

30 believed that Ni-NHC catalysts are undergoing the same



C-S coupling reactions would be understood to or can be determ ned by
those of ordinary skill in the art, and may include, for exanple, and
without Iimtation, aryl thiols 15 and al kyl thiols. The aryl and

al kyl moieties of the aryl and al kyl thiols may include the aryl and
al kyl groups as defined anywhere above. An enbodi ment of the present
I nvention may be represented by, fpr exanple, and w thout
limtation, the 20 foll ow ng schene: X wherein B represents

Ni -plm R ekitheiws }dddi&llbdean@pfﬁﬁﬁfﬂ:&ehyédilﬁgtﬁtﬂfn aysabst aguent

whi ch is not h dro gg iged 25 a whgre above, and R of the
thi ol repr&§Bh §eré‘°3d? g? WH&@F B8°anywhere above. The
mechani sm of Pd-PR3 catal ysts in coupllng reactions has been well
studi ed. By way of exanple, 7 on and wi t hout being

bound by t heor it is atalysts are
under goi ng thg@a&s—
R

R

@N?NVQ @VN/?NV@
R@T—S*@ R@—I——X
@AN\=/N/\© SRS

10 =\
- QV: NT_iZ’@ o)
R

Base ©/\N\___/

wherein R and X are as defined anywhere above. While

15 sterically hindered ligands are generally good in the
reductive elimination step they would generally slow down
the oxidative addition procesgs. On the other hand, strong
electron-donating ligands may help the oxidative addition of
aryl halides but are generally not good in reductive

20 elimination. It is believed that tuning the steric
hindrance and electron-donating properties of ligands may be

a consideration in catalyst development.

In an embodiment of the invention, the C-0
coupling reaction may involve an aryl halide and an alkoxide

25 or aryloxide.



17 oxidative addition and reductive elimnation cycle, as represented
in the follow ng schene: wherein R and X are as defined anywhere
above. Wiile 15 sterically hindered |ligands are generally good in the
reductive elimnation step they would generally sl ow down the

oxi dative addition process. On the other hand, strong

el ectron-donating ligands may hel p thei®xi dative addition of aryl
hal i des but are generally not good in reductive 20 elimnation. It is
bel i eved that tuni nEuitatikenirel Midididc & cantdhel @ad rawpdangt i ng

properties _of |igands be a.consideration in catalyst deyel opnent.
In an enbodcieﬁﬁhf‘g%? "f?ﬁf‘?\%ﬁ?%ﬁ%}w% LE §Xc53PI ¥R ?%55‘9?8% Ry

i nv;)l ¥e| ag tabypk hﬁlhd}ﬂeuamy anliai kex i ek %.S't(?raﬁdlyrgé)y(iidfblaldéStﬁbkké abl e
ary alides fo - C-0 coupli.ng reactions u e understood to or
can be det @ﬂﬁtlnéaib % &, %?%i%f“ék?f’}l%?'hnq Fte, S&ﬁgaﬂﬁ?/

i ncl ude 2 haskoai§és hald das1delassdidOrHehe-6- Soglitld RGaabouss

Suitable 5 al kgxj des and  aryl oxi des for .the C-0 coupl.ing,reactjons
woul d be uﬁ’&&&gt}a%d“f%rfﬁ&o aﬁob%nqué’taé’r mengﬁtﬁ{}m’r é’yoghBF&ﬂ ry

ski : I 3 tb&dan;xrlesh&JaJ Eyﬂ tlasd?:aw yleH@ialikﬁf@Saﬂcﬁ éﬂelda#o!ﬁ.exiédgsmnd
aryl oxi des Yy cl uge t a ana ar .groups as I ne n ere
above. Sui ltgg-l %ig‘? Sd@éﬁrrﬁw ¥®X3rqﬁﬁ Eﬁ‘& , lgﬁi)ug‘?(a‘?ﬁﬁ €3k¥ﬁdaﬁﬁgt%
limtati ongrpupsbdy dsFEeRAdahywRdEL tdviedl $uat koxd deiScoxihesahkpxi des

and aryl oxi,de gay ){Je substituted_with a substituent which is not
hydr ogér? i r’r&‘fziﬂ Py 1 HoSFIRLPneRd JF RS LR &5dPETY 15An

enbodi ment setohligrPrLse tleriivent 4 DibdiesheThe alkoxides and
aryloxides may be substituted with a substituent which is
not hydrogen including those defined for A to H anywhere

above.

15 . An embodiment of the present invention may be
represented by, for example, and without limitation, the

following scheme:

X 15% B, OR”
EZ::T/ + XOR" DMF E:::T/

R R
X=LBr, Cl
20 wherein B represents Ni-pIm, R of the aryl halide is as
defined anywhere above and R” represents an alkyl or aryl

group as defined anywhere above.

The transition metal complex, the thiol-containing
compound and the aryl halide for the C-S coupling, or the
25 transition metal complex, the alkoxide or aryloxide and the
aryl halide for the C-0 coupling may be mixed in any order.
For the C-S coupling, for example, and without limitation,
the transition metal complex may be £irst mixed with any one
of the thiol-containing compound and the aryl halide, or the

30 thiol-containing compound and the aryl balide may be first



represented by, for exanple, and without limtation, the follow ng
schene: Xa. OR' 1598 + KOR'DMF X =1, Br, d 20
wherein 33 represents Ni-plm R of the aryl halide is as defined
anywhere above and re represents an al kyl or aryl group as defined
anywher e above. The transition netal conplex, the

t hi ol - contai ni ng conpound and the arylidalide for the CS coupling,

or the 25 transition netal conplex, the al koxide or aryl oxide and the
aryl halideiked tdetGed befpke ngiimg hdth xkd tramriyiendaetafor the

C-S couplin or anple, .and without limtatiaon, the transition
retal CompPEEPhEy: Bk BPE: C PRI i oRE B 4 @ e S ERLBht o i ng
conpound afdmibetbdry, thal tdensDfidhane’@lt hoabledni=at biendicstpmised and
the aryl hal,ide may be fi[st 9 m xed together_ befa m Xi with
the transi f”ﬁ%ﬁ ?f@faﬂHECBﬁp]Eg?aéf) %1% € 6%-8%%@%&:@ %Peei l e, and
W t hout sl i BelLa#e pror the BLESSidé O EabxtaaPieX tiRy ke lf hasidernmesd
with any opne of the ,al koxide or aryl oxi de and t aryl 5 haljide, or
the al Kox\ 8 SH8H JHIREIEORSHITRSShTAe RUFLHS TP Dot EPaReht Lol

t oget her bekeose ddngirg.With the transition nmetal conplex.

The reaction conditions of the CGS and C-0 coupling reactions woul d

be understood (o andent-Be A SELEIAR] By thpse o gy K|
of a sol venbuphbing aldlaetdohwendsldvd dinderehded st@athd @aandecan be
dot 1 e B LRET B RLARREY, idenhDphiEn 08 P oA ol v
coupling reactions may be carried out in the presence of a
solvent. Suitable solvents would be understood to and can
be determined by those of ordinary skill in the art, and may
include, for example, and without limitation, N, N-
15 dimethylformamide (DMF), tetrahydrofuran (THF) or toluene.
In an embodiment, the transition metal complex may be
insoluble in the solvent, i.e. the transition metal complex
may function as a heterogeneous catalyst. In an embcdimént,
the transition metal complex may be soluble or at least
20 partially soluble in the solvent, i.e. the tramnsition metal
complex may function as a homogeneous catalyst. Suitable
reaction temperatures would be understood to and can be
determined by those of ordimary skill in the art, and may
include, for example, and without limitation, from about 80

25 to 120°C, and including any specific value within this

range, such as, for example, 100 or 110°C.

‘The amount of transition metal complex used would
be understood to and can be determined by those of ordinary
skill in the art, and may include from less than about

30 5 mol%, between about 0.1 to 3 mol%, and ineluding any
gpecific value within these ranges, for example, 0.1 mol%,

1.5 mol%, 3 mol% or 4 mol%. Suitable amounts of the aryl



15 di net hyl formam de (DWP), tetrahydrofuran (THE or toluene. In an
enbodi nent, the transition netal conplex may be insoluble in the
solvent, i.e. the transition netal conplex may function as a

het er ogeneous catal yst. In an enbodi ment, the transition netal
conpl ex may be soluble or at least 20 partially soluble in the
solvent, i.e. the transition nmetal cogplex may function as a
honngeneous catalyst. Suitable reaction tenperatures would be
understcxxhakld@ndndahhtmifhunﬂaanmad Cgmpdunﬁelmftb#an%rgowﬂélPH in the
art, and i.ncl ud t out
30 25 1o TRRCC SR Ths e RSB i Dbl o A oag 28
such as, fidre @ea}rrpbeplﬂzﬁ)@ wackliogs would be und?émstaq@utm agfd can be

transition taI e e qﬁg LSt:00 o) be
determnedi Fﬁ85§n§$ %ﬁ%ﬁng¥$%gﬁgP$EY %é %%tghg nay%%%élude
fromless é:tzar@laboandf:’@l’ﬁacmﬁ tlimbeaben, divuicofpling Beagsnts Ay
|nclud|ng any specific v e, MAt n. i hese nle, 0.1
nol t, %F %3 ﬁbﬁ?c%ﬁé @h t$ ecﬁ%%%%pgﬁgict e afyl 20
hallde and t hi ol - cont ai ni ng conpound in the C- S coupling reactions
and the aryl halideIangn sewhaidingator tiag I@dsomoel@lttﬁgt reatIPre @y PRg
reactions %ﬁﬁl DN d 1gr di by,ot hose of
ordinary s l%I n Pgeglgr?ﬁggesgnggaﬁga% Aee® % i rr? tation, the
coupl i ng rexegeies ang h@thmuﬂiMumlaabD¢Manﬁinﬂﬂﬁ bhé?ﬁ B33 I LEBt r i ¢
ratios t maplytpiihe G S coupling reaction may be
carri e%] ou KO Fﬁ’tﬁszddqéglg%ce o?ﬂa stl?;tabl e base. For exanple, and

w t hout Ilnltatlon, sui tabl e bases may include 10 XOtBu, Cs2CGCB,
Na2C08 and NaQBu. In an embodimenin BR®CHFIRSHEIOPhBSERANITRGH He¥al
conpl ex may, be J4equ! eg Lo L8Rl voe O ke B egubEequeNit IRact i ons.
Those of ordinary skill 1n the art will appreciate that the nethod

may optionally co rlse separat,ing the
y op y np hose of ordina Sklll in the art will appreciate

that the method may optionally comprise separxating the
15 product from the reaction mixture, for example, and without
limitation, by filtration, chromatographic separation,

recrystallization or other suitable separation processes.

EXAMPLES

A1l solvents were used as obtained from commercial

20 suppliers, unless otherwise noted. Centrifugation was
performed on Eppendorf™ Centrifuge 5810R (4000 rpm, 10 min).
Gas liquid chromatography was performed on Agilent™ 6890N
Series gas chromatograph equipped with a split-mode
capillary injection system and flame ionization detector.

25 Gas chromatography-mass spectrometry (GC-MS) was performed
on Shimadzu™ GCMS QP2010. Inductively coupled plasma mass
spectrometry (ICP-MS) was performed on ELAN™ 9000/DRC
system. Progress of the catalytic reactions was typically

monitored by GC or GC-MS analysis of reaction alilquots.



15 product fromthe reaction mxture, for exanple, and w thout
limtation, by filtration, chromatographic separation, :
recrystallization or other suitable separation processes. EXAMPLES
Al'l solvents were used as obtained fromcomercial 20 suppliers,

unl ess otherw se noted. Centrifugation was perfornmed on Eppendorrn
Centrifuge 5810R (4000 rpm 10 mn). @as liquid chromatography was
performed on Agilent TN 6890N Series gas chromatograph equi pped with a
split-nodesgaghddiay wii Nié¢c) +oNEysherplgad flame ionizati on detector.
25 Gas chromat ogr aphy- mass spectronetry (GC-MS) was perforned on

Shi madzuTM GCMS QP2Q10 duetydv co d ectronetry
(I CP-M5) was perfor%dsoﬁgﬁﬁﬁoé&m%‘s% tisaL%?c rog?lzégs of the
catal yti c rfeastmmoois waset gpded|toy amsnspenetonyoiCpady -&oifezakiddaps s
of reaction_aliquots. .2 IS, .0 1 - p- t .5 ng
of Ni (CCD) P(%L‘J"g &g b i re]lﬁiz)t%(aogéybnérg%}p'mewrﬂg N
suspensisonsbirpad yEdmildaroht dewen (qempeyautd. Jihd mUEEEnEROR HEaY| ove

box. Th 1 Xt . t] h t T,
Suspensi ontUES € Hin et epBdresnisal waShoate FA7 BhRC (HEmO O W B0
x 2) and ethéretftdr njip. mIThe Thekslckedl polyt taixtddcddddeneci(Mpt pgu)
talyst B i | |1 I owger. Th
kel | oalt R EN g PRer Tt Y S e A T AR R 5O PR T
Ni ckel pol pobéazoiTiecdaloketiehead g Sl pplPnéD. B 1Bnwimody shawadr epar ed

f | yb i m dazol i int) -C ' d
the 5y CheSParLIey 23 A er A e PRtv B AT aRTE L 28
Cat al ysts 15ApBImadt i(0n3 weok/glareisegprepared fymar tpoly-

benzoimidazolidene (pBIm) C by using the same procedure as

the synthesis of Ni-pIm B.

C-S Coupling Reactions over Ni-p-NHC Catalysts

15 All reactions were carried out in inert
atmosphere. Ni-pIm B (10 mg, 0.003 mmol of Ni), KO'Bu
(0.25 mmol), thiophenol {(0.22 mmol),
4-chlorobenzenetrifluoride (0.2 mmol) were mixed with 2 ml
of DMF in a reaction wvial. The vial was capped, and the

20 reaction mixture was stirred at 100°C for 16 h. After
completion’of the reaction, the reaction mixture was
centrifuged, and the solution was removed. This procedure
was repeated at least three times by using dry DMF as the
washing solvent. The combined ligquid was collected for yield

25 measurement. The recovered catalyst was used directly for

the next run.

C-0 Coupling Reactiong over Ni-p-NHC Catalysts

Ni-pIm B (10 mg, 0.003 mmol of Ni), KO°Bu
(0.25 mmol), 4-chlorobenzenetrifluoride (0.2 mmol) were

30 mixed with 2 ml of DMF in a reaction vial. The vial was



at nosphere. Ni-pIlmB (10 ng, 0.003 mmvl of Ni), KOQau (0.25 mmol),

t hi ophenol (0.22 mmol ), 4-chlorobenzenetrifluoride (0.2-mol) were
mxed with 2 mMm of DM in a reaction vial. The vial was capped, and
the 20 reaction mxture was stirred at 100C for 16 h. After

conpl etion of the reaction, the reaction m xture was centrifuged, and
the solution was renoved. This procedwze was repeated at | east three
times by using dry DVF as the washing solvent. The conbined liquid
was col | ecégsbddr ayidekte2bearaiatr erientire Thes reciovededtcad @t § stomas

used directly far_.the nex un. G Q. Coupl i React.i gn .= = NHC
Catal yst o K6 bt S GOM bt TP T ntBE BPRE o Foaceth duchiz i
4- chl or obepzeneidddifuaetideahd. hempilitienewl9 memcgedwi Thi® m of DWF

in areaction vjal. The vial ) 2 capped, and.the Lo Xt ure
was stirr efFSHHTCPSr re@%a‘ﬁe\.’,@ﬁtt g‘Faégngﬁ‘é%"r%ﬁl 501%‘ % ﬁ‘%ﬁ@%t%ﬁ% he

reacti og Mgxshirey WRSveant r thegeshbiard tLheussdlwid avliasteénbyvediclid s

procedure was repeated at least thric Si dr as_t 5 shi ng
sol vent . Tﬂ%a%ﬁ?g‘?%d I'I‘ila’auFﬁc%%r |c|a§8'tfgagf 7> ése%:ggd%%gggf%nfe%_ The
recovered g alassd s@s used directly for the next run. The
catalytic activity of N-plmcatalyst B was investigated in CS

or the reaction of HocRRbRobere G Tas: ae aml | esattegl Sova o
Ni - DI m investigated in C-8 coupling of aryl halides. Several
10 solvents and bases were examined for the reaction of
4-chlorobenzotrifluoride and thiophenol over Ni-pIm
catalyst B (1.5 mol%). Sulfide products were obtained in
excellent yields (94%) in DMF/potassium tert-butoxide (RO"Bu)
system, but moderate or low yields were obtained in other

15 solvents (toluene or THF).

Conversion of both activated and non-activated
aryl halides to the corresponding sulfides was generally
observed with good to excéllent yields. However, .only
moderate or low yields were typically observed for

20 deactivated aryl bromides and chlorides. Yields above 95%
are considered excellent yields, yields from 80 to 95% are
considered good yields,‘yields from 50 to 80% are considered
moderate yields and yields less than 50% are considered low
vields. Results from experiments conducted are presented in

25 Table 1.



catalyst 33 (1.5 nolt). Sulfide products were obtained in excellent
yields (94% in DVF/ potassiumtert-butoxide (KOQBu) system but
noderate or |ow yields were obtained in other 15 solvents (toluene or
THF) . Conversion of both activated and non-activated aryl halides to
t he correspondi ng sul fides was generally observed with good to

excel l ent yields. However, only nodera&3e or |ow yields were typically
observed for 20 deactivated aryl brom des and chlorides. Yields above
95% ar e coDshIered-excehbbhty iedatsongi eves Ni-@inggatalyst,Bir'@

consi dered good yields, yields from50 to 80% are consi dered noderate

yields and yields | ess than SI%Xare consi deréd skOW yi el ds. Results

from experinents conducted a pressmt ed—n Table 1. 23 Table 1

C-S coupling reactions over N -plm catal ystgE. | al Entry X
BDf r 01941 : -
Entry X B [mol%] R Product Yield [%]

1'e I 1.5 H @_S.@ 99

2 18 I 1.5 OMe oo -5 99
3B Br 1.5 CFs Fs@@ 99
418 Br 1.5 CoMe  meoo—+ s~ 99
slel:.1a} gy 1.5 H @_s_@ 99
6 Br 1.5 Me Mr@.s,@ 65
718 Br 1.5 OMe oo -~ 51

g =l cl 1.5 CF; re s 94
gldl,thl @7 1.5 CF, m@—s—@ 94
10 cl 1.5 CoMe Meoc—@—s_@ 99
p1fel oy 1.5 o A ) 99
1zl 1.5 CFs Fsc_@_sz\ba 59

[a] Reaction conditioms: 0.2 mmol of aryl halides, 0.22
mmol of thiols in 2 ml of DMF, 100°C, 16 h. [b] GC
yvields. [c] 3-Bromopyridine was used as the substrate.
[d] Recycled catalyst. [e] Reaction was conducted at
go°C for 4 h. [f] Deactivated aryl halide was used as
the substrate. [g] Non-activated aryl halide was used
as the substrate. [h] Activated aryl halide was used as

the substrate.




1.5 21f1 1 1.5 Owe 3 [];a3 Br 1.5 CF3 4 ihi Br 1.5

10

15

20

24

The C-S coupling reaction of various aryl iodides,
bromides and chlorides with thiophenol was examined over
Ni-pIm catalyst B (Table 1). High activities of the
catalyst for aryl iodides, bromides and chlorides were
observed in these experiments. The catalyst was observed to
be tolerant of different functional groups on aryl halides.
In addition to aryl thiols, alkyl thiols were also tested
over catalyst B. Similar activities of catalyst B towards

alkyl thiols and towards aryl thiols were observed.

The Ni-pIm catalyst also demonstrated excellent
reusability. No deactivation was observed for the recycled
catalyst (see Table 1). The Ni-pIm catalyst was observed to

malntain excellent catalytic activity over multiple ruus.

Comparable activities of catalyst B to most
homogeneous PAd-PR; catalysts were obsexved. Catalyst B was
observed to provide C-$ coupling activity similar to ox
lower than the expensive homogeneous Pd{(dba)./CyPF-i-Bu
catalyst developed by Hartwig. Similar activities as catalyst
B in the C-S coupling reactions were observed for catalyst

D.

Table 2 C-0 coupling reactions over Ni-pIm catalyst B

X ORII
@/ + KOR" — 3 @/
R .

R

Entry e B [mol %] R Product vield [%] ™

1o cl 1.5 CF, 99

roD-o4-
2 cl 1.5 CFs Fio- o< 60
oo

3 el cl 1.5 CF; 83



COVe 5 to]

, tsi Br 1.8 6 [f] Br 1.5 Me 7 Efl Br 1.5 M 8 Dal Cd

25

[a]l Reaction conditions: 0.2 mmol of aryl halides, 0.22 mmol
of alkoxides in 2 ml of DMF, 100°C, 16 h. [b] GC yields.

[e] Activated aryl halide was used as the gubstrate.

10

15

20

25

Direct coupling of axyl halides with alkoxides and
aryloxides was investigated by using Ni-pIm catalyst B using

similar reaction conditions as C-S coupling.

High activities of Ni-pIm catalyst B towards
coupling aryl halides with all primary, secondary and
tertiary alkoxides to form the associated esters were
observed (Table 2). Activitiles are considered relative to
other comparative catalysts. Good yields with less than 1%

catalyst loading is considered as high activity.

Low conversions were observed for the coupling of
aryl halides with aryloxides, and for the coupling of
deactivated aryl chlorides or bromides with alkoxides. The
activity of Ni-pIm catalyst B towards alkoxides was observed
to be comparable with Buchwald’s Pd-PR; catalysts (see, for
example, A. V. Vorogushin, X. Huang, S. L. Buchwald, J. Am.
Chem. Soc. 2005, 127, 8146.).

Synthesis of Ni(0)-NHC Catalysts

Nickel 1,3-dibenzylimidazolidene ({c),-Ni(0))
catalyst was synthesized by adding 82.5 mg of Ni{COD):
(0.3 mmol) in a glovebox to a mixture of 195 mg of ¢ (0.6
mmol) and 68 mg of KO'Bu (0.6 mmol) in 10 mL of DMF. The
mixture was stirred for 1 h at room temperature, and used as

the catalyst stock solution for catalytic reactions.



1.5 CF3 9, 10 [hi O O 1.5 1.5 COMe 11 [ei ' [hi C]. 1.5 CF3 12 [ei
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C—8 Coupling Reactions over Ni-NHC Catalysts

All reactions were performed in inert atmosphere.
(e),-Ni solution (1 mh, 0.03 mmol of Ni),»KD?Bu {125 mg,
1.1 mmeol), thiophenol (1.05 mmol), and 4-bromotoluene
{1 mmol) were mixed with 3 ml: of DMF in a reaction wvial. The

vial was capped, and the reaction mixture was stirred at

20

110 °C for 16 h. Yields were measured by gas liquid



1. 5CF3[a] Reaction conditions: 0.2 24 The C S
coupling reaction of various aryl iodides, brom des and-chlorides

wi th thiophenol was exam ned over N -plmcatalyst B (Table 1). High
activities of the catalyst for aryl iodides, brom des and chlorides
were 5 observed in these experinents. The catal yst was observed to be
tolerant of different functional groumsy on aryl halides. In addition
to aryl thiols, alkyl thiols were al so tested over catalyst B.
Simlar acbhxzbmiis:sgnﬁpmzat(ai.gstar& t:mwaladioﬁl &S/Ipmhsi @Imdaad t Pyt s
aryl thiols were ){)5 dﬁg 10T g'ma% _B!g | so, denopstrat ed
excel | ent FELZaHTTHit 4 ﬁgﬁﬁg ) aésf‘%/f *F5FOPRE Y ecycl ed
catal yst (gee- M&ablamdl):mc'_[éer M&gaierm@atralsyﬁhnws(m@aerved to maintain
excellent catalytic activity over nultiple runs. Conparable
activitiesao I 0, §C %PRB catal ysts were
observed. €a Was—obser ve s e coupl i ng activity
simlar to or Iovver than the expenS| ve hom)geneous Pd(dba) 2/ CyPF-t - Bu
catal ys® devel oped 1§y OHE PR 1T Stedidtdonacever i iedHEs cesndVyst WBen

(05 S SO e e, ISRl Rl S e oo

Table 2 C ctions o Ni-pr m cat
coupllng reactions over N:L -p~NHC catalysts. For reaction

conditions see Table 6.

Table 3 C-$ Coupling Reactions over Ni-NHC Catalysts™

10 X SPh
O m— Y
R R

Entzry ligand X Ni R Product %
(ligand/Ni catalyst yvield™
ratio) [mol%]

1 a(1) Br 3 Me e - 14l
2 b(2) Br 3 Me e s 54
3 e (1) Br 3 Me e - 56
4 e (2) Bx 3 Me e s go el
5 a(2) Br 1.5 Me ATy 56t
6 _ @(3) Br 3 Me AT 34
7 d(2) Br 3 Me e - 65!
8 e(2) Br 3 Me e -5 52
9 £(1) Br 3 Me s -5~ ggle
10 £(1) Br 1.5 . Me w5 g5 e
11 g(1) Br 3 Me e s~ 92 el
12 g(1) Br 1.5 Me me -~ 78l



+ KOR* EntryXB [nmol 1(,-]RProductYield Vol EKI tic]d 1.5CF399

2[ 1A 1. 5CF360 O 1.5CF383 25 [a] Reaction conditions: 0.2 mml of
aryl halides, 0.22 mmol of al koxides in 2 m of DWP, 10000, 16 h. [b]
GC yields. [c] Activated aryl halide was used as the substrate.
Direct coupling of aryl halides with al koxi des and aryl oxi des was

i nvestigated by using Ni-plmcatal yst & using simlar reaction
conditions as G S coupling. 5Hi gh activities of N -plmcatalyst
towar ds coupBing arylihalideBrwith al prinmey, a@qudagy and92“]
tertiary al koxides to formthe associ ated esters were observed (Table
2). Activitilés are Bohki dereBrrel ative to oMher oerppmalive 71
catal ysts. Good ylelds mnth | ess than 1% 10 catalyst | oadi ng |sw]
consi dered &8 hi dghl Jdc‘tcl (W ty. Bx 3 Me -

16 h(1)+c(1) Br 1.5 Me M 37719l
17 i(1) Br 3 Me M 9l
18 i(1) Br 1.5 Me M gg el

13 a{1) cl 1 CFs ﬁaﬂc:>ﬂ}<:> go [
20 a(1) Br 1.5 Me M 13.8d
21 c (1) c1l 1 CFs Fsc.@_s_@ g1l
22 c(1) Br 1.5 Me M D--p 59l
23 c(2) cl 1 CFs Fac goldl
24 c(2) Br 1.5 Me Mv{:y%4:> go™
25 e (2) Br 3 OMe ‘“°<:>**C> gq ldl

26 e(2) Br 1.5 Me  we D 52
27 e(2) cl 0.1 CN ne~ e~ 99l
28 e(2) cl 0.1 CFs  ro s 771

[a] Unless otherwise specified, the reaction conditions are
0.2 mmol of aryl halides, 0.22 mmol of thiols and Ni catalyst
in 1 mL of DMF, 100°C, 16 h. [bl GC vields. [c] Reaction run
using 0.24 mmol of potassium tert-butoxide (RO'Bu). [d]

Reaction run using 0.25 mmol of KO'Bu.

Different types of NHC ligands a-i and different
NHC/Ni ratios in the coupling of different aryl halides with
thiophenol were investigated (Table 3). The different types
5 of Ni-NHC .ca’calysts investigated were obsexrved to be all
active in this coupling reaction. Strong electron-donating

NHC generated from ¢ was observed generally to show the



Low conversi ons were observed for the coupling of aryl halides with
aryl oxi des, and for the coupling of deactivated aryl chlorides or
brom des with al koxi des. The activity of N -plmcatal yst B towards

al koxi des was observed 15 to be conparable with Buchwal d' s Pd- PR3
catal ysts (see, for exanple, A V. Vorogushin, X Huang, S. D
Buchwal d, J. Am Chem Soc. 2005, 127,28146.). Synthesis of N (0)-NHC
Catal ysts Nickel 1, 3-dibenzylimdazolidene ((c)2-Ni (0)) 20 catal yst
was synt he&hgﬁdstbyacm)‘idziﬂtgr 8ﬂoﬁgrmy{c:)sf aNie( CEEDPe {)0. 3 MmDkrtabyiaic

D0 8 x| ) 8eh b e UpeBrade s P iRAeR 3t P AT RE i Sadm

t enper at ur €raBpd 3sed as the catalyst stock solution for catalytic
reactions. GCS C0upling Reactions over Ni-NHC Catalysts

oL 0°03 ol of N 1L REPRLCHTETE 3 DAy Meespksaar (105
nmol ), andaédbthmnﬂaﬁpnmmg oEl4¥Mmﬂ@ouminenatwfmhvmnﬂmp&emblobvélw:| n a
esctl on Vil et aec 8RR kAL e SERRRD AT M otes,
observed that with 3 mol% of nlckel catalysts, the
activities of catalysts with bidentate ligands were similar
or slightly higher thamn that of (g).-N1 (NHC/Ni=2). However,
10 it was observed that when 1.5 mol% of nickel catalysts was
used, the activities of catalysts with £-i were ~10 to 20%
higher than that of (e),-Ni. No byproduct was cbserved over
bidentate catalyst systems in contrast to ~3 to 5% symmetric
byproduct observed over (e),-Ni. Although the bidentate
15 catalysts did not show significant increase in activity,
they demonstrated greater stability compared to the
monodentate catalysts. When more ligands were introduced in
the reaction system, for instance, (€);-Ni or (h+ec)-~Ni, the
catalytic activities were observed to decrease
20 substantially. It is believed that steric hindrance from
overcrowding or saturated coordination sphere of nickel
center resulted in lower activities, and that further
modification of the steric and electronic properties of NHC
ligand to balance the catalyst stability and activity may be
25 a consideration toward developing superior catalytic
systems. Without being bound by theory, it is believed that
the bidentate ligands would form more stable Ni cowplexes
with a longer catalytic lifetime and prevent the formation
of anionic or briding thiolate complexes (which might
30 undergo slow reductive elimination as demonstrated in PA-PR;

systems) . .



chromat ography (G.C) and isol ation of pure product. Products were
confirmed by gas chromat ography-nmass spectronetry (GC-M5S) and nucl ear
magneti c resonance (NKR). C-0 Coupling Reactions over Ni-NHC

Catal ysts 5C-0 coupling reactions over N -NEC catal ysts were
perfauned using simlar procedures as those used for the C-0 coupling
reactions over N -p-NEC catal ysts. Forzgeaction conditions see Table
6. Table 3 G S Coupling Reactions over N -NEC Catal ystslal XSPh +
ESPh Entrylrkpas dXN-RPredyl iAo (RéfaidnlN eatal yortyiel(dl catap)dgisl %

28
X SR
. 1-4 mol% (e)aNi
@r + HSR KOtBu, DMF ©/

R R
entry X catalyst temp product yield
(mol%) (°C) (%) ¥
1t I 1 100 29

O
o [ I 1.5 100 95
o)

3 (4] Br 3 110 99

O
‘S
g ] Br 3 110 : 93
S
g Lel By 3 100 80

7 el Br 4 110 96
> N S

g el Br 3 100 : : 89
S

MeO



[a] Unless otherw se specified, the reaction conditions are 0.2 mol
of aryl halides, 0.22 mmol of thiols and Ni catalyst in 1 nL of DV,
100C, 16 h. [b] GCyields. [c] Reaction run using 0.24 mol of

pot assium tert-butoxide (K09312). [d] Reaction run using 0.25 nmol of
KO Bu. Different types of NEC |igands a-i and different
NHC/Ni ratios in the coupling of diffeyient aryl halides with

t hi ophenol were investigated (Table 3). The different types 5 of
Ni - NEC catal ysts investigated were observed to be all active in this
coupling reaction. Strong el ectron-donati ng NEC generated from a was

observed ge$ﬁaally3to show,t he 29 Woghest activity anong NHCs ase

(Tabl e 3). e catdFytic a%tivity WA obsexve e optTiy zed at a
NHC/ Ni ratio of 2 (Table 3). Bridged bidenp% Srgandy f-i were
prepared, 5 and the coupling of 4-bronotoluene W th thidophenol over

these catal ysts was al so investigated (Table 3). It was observed that
w th 3 nol % gfeini ckel catakysts, thggactivities of catalysts wigh

bi dentate ligands were simlar or slightly highgr tha at of
(c)2-Ni (NHC/ Ni =2). However, 10 it was obsge / a 1.5 nol % of
ni ckel catal ysts was used, the activities of dalysts—wfth f-i were
-10 to 20% hi gher than that of (c)2-Bi. No byproduct was observed
over bidentai®' catetyst systens inipantrast to -3 to 5% symetros

byproduct observed over (c)2-Ni. Al though the /Mbigentat catal ysts
did not show significant increase in activi/ v Sge rat ed
greater stability conpared to the nonodent s at al ysts. en nore

| i gands were |ntroduced in the reaction system for instance, (C%3-Ni
or (h+c)-Ni12tthe cBFal ytic3activitildd weresobserved to decreased?0
substantially. It is believed that steno hing+gnce frem overcrowdi ng
or saturated coordination sphere of nickel ‘gﬂ}- SF-e4 ed in | owner
activities, and that further nodification of\=tHe ‘st ene—4nd el ectronic
properties of [NEC |igand to_bal ance the catalyst stability and
activity na§3be 2558 consitderati on t°Gwar d devel i ng superior

catal ytic systens. Wthout being bound by theq{jj}ﬁ%gL@dﬁglieved t hat
the bidentate |igands would form nore stable N | exes with a

| onger catalytic lifetinme and prevent the formati on of anionic or

briding thig] afe LOUMRIEXSF SONLSILEQ/. the reaction conditions are

1 mmol of aryl halides, 1.05 mmol of thiols, 1.1 mmol of

KO®Bu in 5 mL of DMF, 16 h. [b] Isolated yields. [c]
Deactivated aryl halide was used as the substrate. [d] Non-

activated aryl halide was used as the substrate.

Different substrates were investigated over (g),-Ni
catalyst Excellent activities for deactivated aryl ilodides
were observed. Quantitative yields were observed by using

5 1-1.5 mol% of Ni catalyst in DMF at 80°C for thiophenol

' (Table 4, entries 1-2). For electron-rich aryl bromides,
high activities were observed for (e),-Ni. Low conversions
and byproducts were observed for reactions of thiophenol

with weaker bases (e.g., carbonate or phosphate).



30 undergo slow reductive elimnation as denonstrated in Pd-PR3
systens). 30 Table 4 C-S Coupling Reactions over (c)2-Ni(0)

catal yst'| 31 [a] Unl ess otherw se specified, the reaction
conditions are 1 mmol of aryl halides, 1.05 mmol of thiols, 1.1 mol
of K&Bu in 5 nL of AMP, 16 h. [b] Isolated yields. [c] Deactivated
aryl halide was used as the substrate.3d d] Non-activated aryl halide
was used as the substrate. D fferent substrates were

i nvesti gat emma&rlo(ms) 2fNlLesat Earst5 0B aek| etisattred hise$o<lvor

ot o2 Y8 o DR Y 06 MR KoL fRet Sooa
t hi ophenol t@T@tﬂalénteyﬁenés e .oblset-ved ebdr m‘&mb aﬁyktmm des,

hi gh act|V|t es re.gbseryed for ) Low conversi o

bypr oduct s* e3—%§18}\7e8% Ig?‘ ‘F%tfc]ty(sg ﬁT%ﬂf"l? ke ﬁ&F \Mlz ﬂf g;eorOd

bases (6. gyiebankenaliecoobphosahatieh alkyl thiol (Table 4, entry
13).

Table 5 C-8 Coupling of Electron-Poor Aryl Halides'®
jel
3 R
e Lalf =
10 electron-donating R
@/ + HSR' -cat/basel R
DMF . .

R electron-withdrawing R
R

(X=Cl Br) ﬁ

Entry X catalyst product temp base time Yield
(mol%) ! {=C) (h) (%)™
19 c1 Pd- >100 Cs,C0; 15 85

xantphos O"'N"Q'Efs_@

(5}

2 cl — 80  Na,CO, 1 98
e

3 cl - _ 80  Na;COs 1 97
NC—-< >%;S——< >

Ccl - 80 NaotBu 15 94



32 Conversions of |ess than 50% are consi dered as | ow conversi on.
When KO Eu (or NaQt Eu) was used as the base, good to excellent yields
wer e observed for various substrates with 3-4 nol % of N catal yst
(Table 4, entries 3-12). Good 5 yield was al so observed with al kyl
thiol (Table 4, entry 13). 34 14Br 100 NaG:Bu 160 fal Unless

ot herw se specified, the reaction cond#3ions are

XKO*Bu 4 97

80

v~

6 cl — 100 KO°Bu 16 65
O

7 ci e-Ni 80 Ko®Bu 16 87

OO
(1.5)

8 Br — g0 Ca,C0; 1 26
- OO

9 Br - 80 NaO“Bu 1 95
NC-——< >%—S—-—-—< :}

10 Br - 80 NaO'Bu 6 97

3OO

100 KO'Bu 16 94
FC
é S
FsC
13 Br - Q s/@ 100 KO'Bu 16 95
N,
l\
U

11 Br - 0 KO“Bu 16 95

12 Br -



1 mol of aryl halides, 1.05 mml of thiols, 1.1 nmml of K&Bu in 5
m. of MR [Db] Isolated yields. [c] No catalyst was used in entries
2-6, 8-14. [d] Conparative catalyst (see Itoh, T, Mase, T. Og. Lett.
2004, 6, 4587). Although it is known that activated aryl chlorides,
such as p-nitrile chlorobenzene, can follow the nucleophilic
substitution nmechanismto forma C S caapling 5 product and do not
need a catal yst, the conpetition between nucl eophilic substitution
and netal -cattal yzBd reduetive elimnatiop_pat vamys Na®“Ber t dién 0
substrates remains unclear. It rted t hat nmetal conpl exes
catal yzed coupling of electron-p rylxhélides with thiols.
However, it was 10 observed that control reactions between these aryl

halides with thiols also gave good to quantitative yields of CGS
coupl i ng priddufndesmiihesiisrafreebtishn tdendrerbhlal (R 1S1S FRler

these reacty gRogongi 11AN%a1tiREs! 84 CoPfmidiCleophibi S, SUBStbLEL ben

pat hway on st el ectron-poor SPZ 15 carbon was observed to be
conpetiti v&OWPE hibr5 BlgRéEr P¥Ranltlhaiscdptatt viekds -al hpd edor edkrckyske

el i mi nati oR-RALEYAYin ASishaWN2LE, Table Ha)' e8rbhrRsiREIMREAYst (see
1-chl oro(brom-4- nitrobenzene or 4-ch|oro(bronD)benzonltrlye wth
thiol s wer &tobseFvdlpi®d &i-vOrduahettatiofd t KiiodB®2r-in 1 h under 20
relatively mld conditions (entries 1-3 and 8-9), which is different
fromthe reported fiterature. Reactions Detween

4- chl or o( br ono) acet ophenone, 2, 6-di br onmopyri di ne, and
3,5-bis(trif|uoronethﬁﬁ%Pr mpbenzene with thithenoI als% gave
quantitative yiel ds HFE9H88 ACwif nkRPYEY ARG BESLVAte) ary

chlorides, such as p-nitrile chlorobenzene, can follow the

nucleophilic substitution mechanism to form a C-8 coupling

5 product and do not need a catalyst, the competition between
nucleophilic substitution and metal-catalyzed reductive
-elimination pathways to certain substrates remains unclear.
It has been reported that metal complexes catalyzed coupling
of electron-poor aryl halides with thiols. However, it was

10 observed that control reactions between these aryl halides
with thiols also gave good to guantitative yields of C-8
coupling products under similar reaction conditions (Table

5). Under these reaction conditions, the rate of

‘nucleophilic substitution pathway on most electron—poor sp2
15 carbon was observed to be competitive with or higher than
" that of metal-catalyzed reductive elimination pathway. As
shown in Table 5, reactions between l-chloro (bromo)-4-
’nitrobenzene or 4-chloro (bromo)benzonitrile with thiols were
observed to give gquantitative thicether in 1 h under
20 relatively mild conditions (entries 1—3 and 8-9), which is
different from the reported literature. Reactilons between
4~chloro(bromo)acetopheﬁone, 2,6~-dibromopyridine, and
3,5-bis (trifluoromethyl)bromobenzene with thiophenol also

gave guantitative yields in 8-16 h with a strong base.



4- Chl or o( br ono) benzotrifluoride with thiophenol showed conpetitive
reaction rates by two different reaction pathways. The reaction
bet ween 4-chl orobenzotrifluoride and benzylthiol wth base was

- observed to be nmuch faster (Table 5 5, entry 5). Wthout netal
catal ysts, no desired products were observed for reactions between
el ectron-rich chloro(brono)arenes witBRsthiols (Table 5, entry 14).
Table 6 C-0 coupling reactions over N -1\EO catal ysts. (XOR'" + KOR'
36 [a] Reactdmrodbdbnd sz rd finoridé warph thabplesel Gsik¥ednol  of
al koxi des f 0 6 ]

Hompbgeneous H@e&lg%ﬁ’gl F%@rleoélc%ggﬁé 1(ggtt Obdl e%ﬁlg:?ii-?ftcoorlrlpl exes were
i nvesti gatmthw&sysw ﬂ?heti‘mc(tngncbepWea@ 4eﬂﬂm0hsnz®mmqnmdte| endof

t he cat al st.s, d to 5 _be t..on e nds
and the I%gan 1Pat gg{%{ 1% wg)s H"ge ac(fl%\% 3 mﬁgﬁhﬁl% rﬁ“@a‘bgé
catal ysts vaa$nmye5\7ed W:ci:kda&n:r easeli oaitdrﬂr.ya‘trsl I mm dgsm@tbrprdﬂuccs

(ligand/ Ni__rati and é c (li gand/ Ni
ratio = 1)We>rﬁw°%§effr%8aﬁ%7 ﬁea(cgtll 6°= eRﬁCt% ene:'0us Ni -

catal ysts clt(lom(e:rotnseawacési mnhxavehiho];mef’raaﬂbl Bi, t eeisry hisa) t he

het er ogeneous system is well known that the bulky NHC ligand in

Pd- NBEC catgliusts s vsgggil[@g@ea@&léﬂg SR sl RechigluArtdaidy in
Suzuki ous in

the Ni-NHC catal ysts. nas A% observed t hat .eheePROni c ef f ect
appeared to be nore |rrpor f or KORIr ovi ng tat al yst perfornmance.
Ni-(c)2 and N -(e)2 showgth¥excel | ent activitig owar ds the coupling

of aryl hagjggs W Th ghKOXi deS gnd aryfl OX1 G@S. T1Hrdaesent | el on
i ncludes isoneérs such as 20 geonetrical _isoners, optical isorr[eor]%]

based on asymmet AfH#C/Ni ratio [mol%]
1 . ;,: c1 1.5 CFs AN 1@
2 ' e cl 1.5 CF, s~ -0 45
1
3 c c1 1.5 CFs oo 65
2
4 ' ; cl 1.5 NO, om—@-o_ 98

5 <2: cl 1.5 NO, OZNQ—O—Q 99
6 ¢ cl 1.5 NO, ozN—Q—o—é 99

o2

7 e c1 0.1 CN NG o 76
: -

8 e cl 0.1 CN Nc.(} o— 99
2



carbon, stereoisoners and tautomers and is not limted by the
description of the formula illustrated for the sake of eonvenience.
Al t hough the foregoing invention has been 25 described in sone detai
by way of illustration and exanple, and with regard to one or nore
enbodi nents, for the purposes of clarity of understanding, it is
readily apparent to those of ordinary 3kill in the art in light of
the teachings of this invention that certain changes, variations and
37 nodi f i caltdloRsamhyobecommtic ivher 0 02 windiowtf dephrialhifds,om.Rhemmol
spirit or scqpe | nvent Lon scrihed | he.ap ai ns.
It nust be n%t%eag%ﬁgé?g%ésnl\élsgd@noﬁﬁ%ﬁg'pggiofqﬁéa#?o%' S{tingﬁ{]g’gg%%%énded
clainms, the singular forns of ma", "an" and "the" include plural

ref erence unless the context clearly indicates otherw se.

Unl ess defined otherwi se all technical and scientific terns used
herein have the sa d}&@’é}h Scd@ LRFRRky

ordinary skill in Fﬁ% art Eguah?éﬁ thrs ?%v§%€€§%§%£$%ﬁ53¥9@6 9}_

Al'l publ i cHirBRS coeplaies yayephieertigppecals onktitithed G-f FARRLing
speci fi cat L. a{&nd ,n%&%%&@t@tb@g U £y egési%epg@ visd bogathed to

I ndi vi dual publication, patent or patent application were .
speci fi Gal Pg aapendrityicduibheytiprli catldgandsband nde goicaréd Npyratio

ref erence. (fhgcl ¢atinn beahyrpubl il kO0mPal 8L Al PIRB bbserved

application in thi's specification I's not an adm ssi‘on that the,
publ i cati of® patesAsorimpihenfohbprinsaordari sNpr¢ ofligand/N3gratio =
2) > Ni-e (ligand/Ni ratio = 2) > Ni-¢ (ligand/Ni ratio = 1)

> Ni-a (ligand/Ni ratio = 1). The homogeneous Ni-c¢ catalysts

10 were observed to have higher activities than the
hetercgeneous system. It iIs well known that the bulky NHC
ligand in PA-NHC catalyst is very important for achieving
high activity in Suzuki coupling reactions. However, stereo
effect was not obvious in the Ni-NHC catalysts. It was

15 ocbserved that electronic effect appeared to be more
important for improving the catalyst performance. Ni-(c), and
Ni- (e), showed excellent activities towards the coupling of

aryl halides with alkoxides and aryloxides.

The present invention includes isomers such as

20 geometrical isomers, optical isomers based on asymmetric
carbon, stereoisomers and tautomers and is not limited by
the description of the formula illustrated for the sake of

convenience.

Although the foregoing invention has been
25 described in some detail by way of illustration and example,
and with regard to one or more embodiments, for the purposes
of clarity of understanding, it is readily apparent to those
of ordinary skill in the art iu light of the teachings of

this invention that certain changes, variations and



CLAIMS: 1. A method for carbon-sulfur (G S) or carbon-oxygen (C-0)
coupling conprising: a) mxing, in any order, a thiol-containing
conpound, an 5aryl halide and a transition netal conplex to obtain
C- S coupling; or b) mxing, in any order, an al koxi de or aryl oxide,
an aryl halide and a transition netal conplex to obtain C 0 coupling,
10 wherein the transition netal conpl exz conprises a heterocyclic
carbene ligand conplexed with a transition netal other than

pal | adi um m@d Ticateitdned magcoe diade ttherkabnwithovedepartheg from the

het er ocycl i¢c.carbene |igand i ol y-M het et ocyclic carpbene 15

(p- NHO) . 3?5‘?‘1%&%%1055 Oggcggd‘?l?%ajfgre#alfﬁ i o‘?esi‘?/m\l/t\ﬁe%r Pnpﬁehe

transi ti onappémied arippliex.conpri ses nononer units represented by the
formula (1): wher ei n:

It must be noted that as used in the specification
5 and the appended claims, the singular forms of “a”, “an” and
“the” include plural reference unless the context clearly

indicates otherwise.

Unless defined otherwise all technical and
scientific terms used herein have the same meaning as
10 commonly understood to one of ordinary skill in the art to

which this invention belongs.

All publications, patents and patent applications
cited in this specification are incorporated herein by
reference as if each individual publication, patent or

15 patent application were specifically and individually
indicated to be incorporated by refereuce. The citation of
any publication, patent or patent application in this
specification is not an admission that the publication,

-patent or patent application is prior art.



* indicates an end of the nonomer unit; 25 each of al and R2 is a

| i nker group; Xi- is a counterion; 39 Mis a transition netal; mis
an integer of 1, 2, 3, 4, 5, 6 or 7: nis between about 5 and 1000;
and represents a single bond or a double bond, 5 wherein
whenrepresents a single bond, each of Ag B, C, D, E, F, Gand His

i ndependent|y hydrogen or an optionally substituted substituent which
{is not hydregemig.any two of A B, C D, E F, Gand Hare joined to
forma cyclTc Sstructure; or any pair-of substituents A, B, C, D E

F, G 10 and H attached to the same carbon atonlrefresents a single .

substit uent™att ached®t BEtIRE SEFbGATEPRTTHYYE doudl b GREPORRSFYHRIT ei n

when --- represerbspdidouidpiendg:S. F, G and H are absent, and
each of A B, Cand D is independently 15 hydrogen or an optionally

substituted, s L tuent which is not, hydrogen;.any tw of A B, C and
D are joingﬁ ﬁ%aﬁé%ﬁ1gﬁc§p i?f%? fu%t%ﬁ%§£7§%%§?l?Eﬁ%fxﬁﬁ?uﬁgte?%cyclic
ring of $%ornulaayll hailsd¢ usetl avitrbnaht bromsttiad  oonplet:ereapbrath ¢+ ng.

coupling; or

b) mixing, in any order, an alkoxide or aryloxide, an aryl
halide and a transition metal complex to obtain C-0O

coupling,

10 wherein the itransition metal complex comprises a
heterocyclic carbene ligand complexed with a transition

metal other than palladium.

2. The method according to claim 1, wherein the

heterocyclic carbene ligand is a poly-N-heterocyclic carbene
15 (p-NHC). '

3. The method according to claim 1 or 2, wherein the
transition metal complex comprises monomer units representad
by the formula (I): '

20
()

wherein:
* indicates an end of the monomer unit;
25 each of R; and R, is a linker group;

X:y” is a counterion;



20 4. The nethod according to any one of clains 1 to 3, wherein the
transition netal conplex is a) in the formof one or nore particles,
b) a heterogeneous catalyst or ¢c) in the formof one or nore
particles and is a heterogeneous catalyst. 25 5. The nethod according
to any one of clainms 1 to 4, wherein tRe heterocyclic carbene |igand
is polyimdazolidene or poly-benzoi m dazolidene. 40 6. The nethod
.accordi ng t10 i & mrdpswhiegreimetiehe heterocyclic carbene ligand is a

N- het er ocycl i ¢ carbene (NHC). 7. The nethod according to claim1 or

6, wherein jheg %nh%%é%&b’cdﬂ g carbgne; | igandi-s7represented by the

formula (111) or (V): NXI ETI: PN NN (11: 0E) 00 A BA B wherein in

formula (I11),; 10X - is as d%fingd 58 claim3; represents a single
and 1000; and

bond or a doutl ESHERAT FPT

~~~~~

5 wherein when represents a single bond, each of A, B, C,
D, B, F, G and H is independently hydrogen or an optionally
substituted substituent which is not hydrogen; any two of A,
B, C, D, E, F, G and H are joined to form a cyclic
structure; or any pair- of substituents A, B, C, D, E, F, G

10 and H attached to the same carbon atom represents & single

substituent attached to the carbon atom by a double bond,
and

wherein when == represents a double bond, E, F, G, and H#
are absent, and each of A, B, C and D is independently

15 hydreogen or an optiohally substiﬁuted substituent which is
not hydrogen; any two of A, B, C and D are joined to form a
cyclic structure; or at least one heterocyclic ring of
formula (I} is fused with an aromatic or heteroaromatic

ring.

20 4. The method according to any one of claims 1 to 3,
wherein the transition metal complex is &) in the form of
one or more particles, k) a heterogeneous catalyst or ¢) in
the form of one or more particles and is a heterogeneous

catalyst.

25 5. The method according to any one of claims 1 to 4,
wherein the heterocyclic carbene ligand is poly-

imidazolidene or poly-benzoimidazolidene.



each of R3 and R4 is independently an optionally substituted
substituent which is not hydrogen, wherein when represents a single
bond, each of A B, E 15 and F is independently hydrogen or an
optionally substituted substituent which is not hydrogen; any two of
A -B, Eand F are joined to forma cyckfc structure; or any pair of
substitutents A, B, E, and F attached to the sanme carbon atom
represents %*Slngle Shpstthesnecaprdbteda ¢lehe tartwreio abem by a.

doubl e bon%@é}%c%@&@&m% 1lgaﬁép{se%e’}@-%e@e%&%ﬁcb%@@beﬁeand F
are absent, and each of A and B i's independently hydrogen or an

optional |y SUBstituted substituent which is not hydrogen; A and B are
joined to forma cyclic structure; or the 25 heterocyclic ring of
formula (111) is fusedewddhoan agtor@ing dlamrpadpma,t iwo;ue&:iamg, tigand

wherein Ln faorml a : 1 X1-,is as, defined in and
RA a6 ol AR bObeca ene LTS ot S TEPRBTES O dehraTBbhg; and
Rs i5 a I|nMHm gb@upy )5 wherein when represents a single bond, each
of A B, C, Xg, Gand His |ndependg tly hydroggn or an
optionally sub§$1futed gybstituent whigh |s not E{krogen ny two of
A B, C D E ar%ﬂbOInEd t ‘f “U ture or

any pair of subs@;}i§¥?45 C D E EE? ..... <,~ h?nn<,ﬂ

A B
wherein in formula (III):

10 X7 is as defined in claim 3;

-----

— represents a single bond or a double bond; ang

each of Rz and R:s is independently an optionally substituted

substituent which is not hydrogen,

15 and F is independently hydrogen or an optlonally substituted
substituent which is not hydrogen: any two of A, B, E and F
are joined to form a cyclic structure; or any palr of
substitutents A, B, E, and F attached to the same carbon
atom represents a ‘single substituent attached to the carbon

20 atom by a-double bond, and

absent, and each of A and B is 1ndependently hydrogen or an
-optionally substituted substituent which is not hydrogen; 2
and B are joined to form a cyclic structure: or the

25 heterocyclic ring of formula (III) is fused with an aromatic

or hetercaromatic ring, and

wherein in formula (V):



10 and H attached to the same carbon atomrepresents a single _
substituent attached to the carbon atom by a doubl e bond, and wherein
when represents a double bond, E, F, G and H are absent, and each
of A, B, Cand D is independently 15 hydrogen or an optionally
substituted substituent which is not hygyogen; any two of A B, C and
D are joined to forma cyclic structure; or at |east one heterocyclic

ring of forrmram(\é)s aéfizué@dmwctﬂalﬁnaaré}{@téac \Aﬁ 4 dIeLEL 0Ar QIIBLILEyT | Ng.
20 8. ,The % hod according to claim1l erein he heterocyclic

car bene lig 3 represented by the for rruI a 25 42 Br"

- .

T represents a single or double bond:; and

Ry is a linkex group,

D, E, F, G and H is independently hydrogen or an optionally
substituted substituent which is not hydrogen; any two of A,
B, C, D, E, F, G and H are joined to form a cyclic
structure; or any pair of substituents A, B, ¢, D, E, F, &
10 and H attached to the same carbon atom represents a single
substituent attached to the carbon atom by a double bond,

and

are absent, and each of A, B, C and D is 1ndependently

"15 hydrogen or an optionally substituted substituent which is
not hydrogen; any two of A, B, C and D are joined to form a
cyclic structure; or at least one heterocyclic ring of
formula (V) is fused with an aromatic or hetercaromatic

ring.

20 8. . The metheod according to claim 1 or 6, wherein the

heterocyclic carbene ligand is represented by the formula:

25



9. A nethod for carbon-sulfur (CS) or carbon-oxygen (C-0) coupling
conprising: a) mxing, in any order, a thiol-containing conpound; an
aryl halide and a transition netal conplex to obtain C S 20coupli ng;
or b) mxing, in any order, an al koxide or aryl oxide, an aryl halide
and a transition netal conplex to obtakA 0-0 coupling, 43 wherein
the transition netal conplex conprises a - heterocyclic carbene
ligand conpl exed with nickel. 10. The nmethod according to claim?9,
wherein the heterocyclicicarbene/ligand is a poly-Nheterocyclic
carbene 5 (p-NMQ) . | ¢ ordlng t c |n1 or 10,
wherein the transit RS
represented by the

10 s
r Br
& NPz
— \-—-——-/ ]
r Br

. O/\”/\Ef”/@
8. A method for carbon-sulfur (C-8) or carbon-oxygen

{C-0) coupling comprising:

a) mixing, in any order, a thiol-containing compound, an
aryl halide and a transition metal complex to obtain C-S

20 coupling; or

b) mixing, in any order, an alkoxide or aryvloxide, an aryl
halide and a transition metal complex to obtain C-0

coupling,



wherein: 25 * indicates an end of the nononer unit; each of Rl and R2

is alinker group; Xl- is a counterion; Mis nickel; mis an
integer of 1, 2, 3, 4, 5, 6 or 7; 20 n is between about 5 and 1000;
and represents a single bond or a double bond, wherein when

represents a single bond, each of A B,4X, D, E, F, Gand His _

i ndependent |y hydrogen or an optionally substituted substituent which
i's not hydroyemeianyhe icraofsiAjion Biet@l Domplefecdhmnicel are joined to
‘forma cyclige : y. pai f ituents.A,. B C D E

F G and b SPrSERUR P oY Bk Ror U280 B ReBna i o

substituent attached to the carbon atom by a double bond, 5 and
10. The method according to claim 9, wherein the

heterocyclic carbene ligand is a poly-N-heterocyclic carbene
5 (p-NHC).

1i. The method according to claim 8 or 10, wherein the
transition metal complex comprises monomer units represented

by the formula (I):

10 i
B
(1)
L Jn
wherein:
» 15 * indicates an end of the monomer unit;

each of Ry and Rz is a linker group:
X;” is a counterion:
M is nickel;
m is an integer of 1, 2, 3, 4, 5, 6 or 7;

20 mn is between about 5 and 1000; and
== represents a single bond or a double bond,
wherein when ===== represents a single bond, each of A, B, C,

D, B, F, G and H is independently hydrogen or an optiocnally

substituted substituent which is not hydrogen: any two of A,



wherein when --- represents a double bond, E, F, G and H are absent,
and each of A, n, Cand D is independently hydrogen or an optionally
substituted substituent which is not hydrogen; any two of A, B, C and
D are joined to forma 10 cyclic structure; or at |east one

het erocyclic ring of formula (I) is fusgd wwth an aromatic or
heteroaromatic ring. 12. The nmethod according to any one of clains 9

to 11, whergincthe tg ansi ki ony netal. ﬁ%@-ﬂégxtd S0 5nc§g%e v formof 15

one or m)re articles, b) "a het erogeneous cat al yst ~of in the form
of one or éuﬁ@‘é}##ﬁrcl%saahdpﬁisr @thevspstgeponts éat 8l ySt .D. E, 18, TFhe

met hod accopdiing 1@ AML4088 Qe ga‘fi’den%a%b&‘? Hom ‘é’@ﬁ%@i&éé‘% Ji3ggLtion

nmetal conplex is nickel poly-20 i mdazolidene or nic
pol y- benzoi Aregzbiydenattaghed T thet kedber coradi Ry & odewliankend,

wher ei n sheghgterocyclic carbene ligand is a Ar-heterocyclic carbene
(NBC) . 15. The method according to claim9 or 14, wherein the 25

neterocycl | g, carbens L1 gand 1o opresented by ,Lhe ferml g (LL1) wor

are absent, and each of A, B, C and D is independently
hydrogen or an optionally substituted substituent which is
not hydrogen; any two of A, B, C and D are joined to form a
10 otyclic structure; or at least one heterocyclic ring of
formula (I) -is fused with an aromatic or heteroaromatic

ring.

12. The method according to any one of claims 9 to 11,
wherein the transition metal complex is a) in the form of

15 one or more particles, b) a heterogeneous catalyst or ¢) in
the form of one or more particles and is a heterogenous

catalyst.

13. The method according to any one of claims 9 to 12,
wherein the transition metal complex is nickel poly-

20 imidazolidene or nickel poly-benzoimidazolidene.

14, The method accdrding to claim 9, wherein the
heterocyclic carbene ligand is a N-heterocyclic carbene
(NHC) .

15. The method according to claim 9 or 14, wherein the
25 heterocyclic carbene ligand is represented by the formula
(XII) oxr (V):

X X3 Xy

Ras A N NS PN
F

NN
B, (1) o) F Godee/oHg )



X( .17.5 as defined in claim3; represents a single-bond or a double
bond; and each of R3 and R4 is independently an optionally
substituted 5 substituent which is not hydrogen, wherein when
represents a single bond, each of A, B, E and F is independently
hydrogen or an optionally substituted sagstituent which is not
hydrogen; any two of A, B, E and F are joined to forma cyclic
structure; othegpynpanrfofmul® $0bstitutents A, B, E, and F attached to
t he sane carbon atomrepresents a singl e substituent attached to the

carbon atom Ry- a [dQubkesfiond.: ;and. yhesein when represents a double
bond, E and F are absent, and eacﬁ of A and B is i ndependent |y
hydrogen or ap--15 o tlonally substituted substituent which is not
hydr ogen; A and E@%.%?ﬁqﬁsnéds%ﬁﬁ*?nhﬁﬁg ey¥chi gowRRaubrade; ardt t he
"heterocyclic ring of fornmula (111) is fused wwth an aromatic or
heteroaronaﬁﬁchrbﬁg&aand RhéereindepeddrmillyaabVppt 26ha{1v kepasidefdded

in claimg, ggg as_def.i ned above; represents a
single or dgggg B%on %RR%Sféqérﬁdﬁﬁg? “group, wherein when
represents a_ single bond each of A, B, C 25D E F, Gand Hs :
|ndependentW?eﬁﬁﬁ?dﬂéﬁl6?=aﬁeﬁmﬁﬁﬁﬂﬁﬁlEyssnmﬁﬁ|hqm@edesubs¢fUUeﬁL ®hi ch

is not hydrageny ﬁé‘ﬁrﬂé@eﬁﬁeﬁtlﬁ hyéroBenFor Fan %p%@gn!i'lfy \lb%tQ%Qtég
forma cyclic, structure, any pair of substituents A,
F G substituent whlch is ‘not hydrogen; any two of 3, B, E and ¥
are joined to form a cyclic structure; or any pair of
10  substitutents A, B, E, and F attached to the same carbon
atom represents a single substituent attached to the carbon

atem by a double bond, and

absent, and each of A and B is 1ndependently hydrogen or an
15 optionally substituted substituent which is not hydrogen; A

and B are joined to form a cyclic structure; or the

‘heterocyclic ring of formula (III) is fused with an aromatic

or heterocaromatiec ring, and
wherein in formula (V):

20 X" is as defined in claim 3, and R; and R, are as defined

above:

-----

represents a single or double bond: and
Rs is a linker group,

wherein when :.-o- represents a single bond, each of A, B, C,

25 D, E, F, G and H is independently hydrogen or an optionally
substituted substituent which is not hydrogen; any two of A,
B, C, D, E, F, G and H are joined to form a cyclic

structure; or any pair of substituents A, B, C, D, B, F, G



46 and H attached to the sane carbon atomrepresents a single
substituent attached to the carbon atom by a doubl e bond, and wherein
when ===, represents a double bond, E, F, G and H5 are absent, and
each of A 13, C and D is independently hydrogen or an optionally
substituted substituent which is not hydrogen;, any two of A, B, C and
D are joined to forma cyclic structure, or at |east one heterocyclic

ring of forauha (Miachcliused tsamencafmmta&mor: mﬁ@é@érﬂw QMat 4§10
‘ring. 16. The nmethod according to claim9 or erein

het er ocycl | BURETTIFEEI PHEATS trephaseRTRA Wof“héyf%r‘?ﬂﬂbée beyd a

catal yst coagpdi sing nonomer units represented by 10 the formula (1):
15 (1)

> are absent, and each of A, B, C and D is independently
hydrogen or an optionally substituted substituent which is
not hydrogen; any two of A, B, C and D are joined to. form a
cyclic structure; or at least one heterocyeclic ring of
formula (V) is fused with an aromatic or heteioaromatic

10 ring.

16. : The method according to claim 9 or 14, wherein the

heterocyclic carbene ligand is represented by the formula:

20

25



wherein: * indicates an end of the nononer unit; each of R and R2 is
a linker group; XI" is a coUnterion; 20 Mis nickel; mis an integer
of 1, 2, 3, 4, 5, 6 or 7; nis between about 5 and 1000; and 48
represents a single bond or a double bond, wherein when represents a
si.-ngl e bond, each of A, B, & D, E F, & and His independently
hydrogen or an optionally substituted substituent which is not

hydr ogen; any two of A, 5B, & D, E F, Gand Hare joined to forma
“cyclic structure; or any pair og,substltuents A B C D E F Gand

H attached to the sanme ~rbo- apqn1 present S|ngle substi t uent
attached to the carbon 'ﬁﬁ?e—ﬁGﬁﬁih‘j rein when ---
represents a double bo~~ and H _
+
Q“O“ -
::::,f\. Nxﬁ\I:J:T/\Tr”\N/ﬁ\T:::]

A catalyst comprising monomer units represented by
10 the formula (I): |

17.

*\
E /R_2
. ,.’ N -

g N Mt &
/
N
i G\

(1)

15
wherein:
* indicates an end of the monomer unit:
gach of Ry and R, is a linker group:
X2" is a counterion;

20 M is nickel;
m 1s an integer of 1, 2, 3, 4, 5, 6 or 7;

n is between about 5 and 1000:; and



are absent, and each of A, B, C and D is independently hydrogen or an
optionally substituted substituent which is not hydrogen; any two of
A, B, Cand D are joined to fonu a cyclic structure; or at |east one
het erocyclic ring of 15 forrmula (1) is fused with an aromatic or

het eroaromatic ring. 18. The catal yst adording to claim 17, which is

ni ckel poly-im dazolidene or nickel ooly-benzoi m dazolidene.
=== represents a single bond or a double bond,

wherein when === represents a single bond, each‘of A, B, C,
D, B, F, G and H is independently hydrogen or an optionally
substituted substituent which‘is not hydrogen; any two of A,
2 B, C, D, E, F, G and H are joined to form a cyClic
structure; or any pair of substituents A, B, C, D, E, F, G
and H attached to the same carbon atom represents a single
substituent attached to the carbon atom by a double bond,

and

10 wherein when === represents a double bond, E, F, G, and H
are absent, and e=ach of a, B, C and D is independently
hydrogen or an optionally substituted substituent which is
not hydrogen; any two of A, B, C and D are joined to form a
cyclic structure; or at least one heterocyclic ring of

15 formula (I) is fused with an aromatic or heterocaromatic

ring.

18. The catalyst according to claim. 17, which is

nickel poly-imidazolidene or nickel pdly~benzoimida201idene.



