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POLY- N HETEROCYCLI C CARBENE TRANSI TI ON METAL COVPLEXES
WQONDS/13¢7THETEROCYCLI C CARBENE TRANSI TI ON METAL EOVRGIN&E®0157

FOR CARBON- SULFUR AND CARBON- OXYGEN COUPLI NG

REACTI ONS Thi s application clains the benefit of U S.

5 Provisional Patent Application. Serial No.

60/ 924, 164, filed My 2, 2007, which is incorporated

h i in_its entirety. FIELD_ This

FOB - BerEBPEREREE Sekusals) TRANGFE L pERL CoBPLErRR A
(p- NEEETERGERIITCOCARBERE TRANEFCOoRNtieeall CElIEXHLC Fog
car bene &NH% transition netal conplex for

car bSREFRF aPLEER N, R RBEFE BAYERY ST RIENG) REBGHT T
reactions. This invention further relates to a p-NHC

ni ckel cTimd expraridagidhiCenhsbheltheomphetit whi ah. axay be

sed for C 1 nd,C- O coupling.reactions, - .
AR EIRD TR5h AORAFGRE LT iy RBC BRLR24 aihy figea
Mayr @, ando 7 nostelcdi tientinoorsoreieeds Mefrgti ncont pé farethce in
i%rouEg.seéve an auxiliary function in organic
s;‘fnfa tte %‘equences. Aryl 20 sulfides are also a
conmmon functional group in numerous pharmaceutically
active conpounds. However ,FEBI® hesis of aryl-sulfur
bonds was still considered a challenge until the

devel op : Ofs  LES ladiu gl
A T e A o e i L R SR
CBYERAAI O0-NEGh Wirgn2dtand wried sompder, ardra dkanpl e, M

0 4 - X
SRR e Res, ) | Gar g R epfihex’ 102
cREPeR g1l our Afi-SCherf Setborgowger2dC-0l seryprlingnever,
deb Bt E8h4 Onsrfs Ry BR3: 6At AlMSe BRYE:DECHo TERNERI N ckel

complex and a WHC nickel complex, which may be used for C-8S

and C-0 coupling reactions.
BACKGROUND

Organosulfur chemistry has been receiving more and
more attention since sulfur-containing groups serve an
auxiliary function in organic synthetic sequences. Aryl
sulfides are also a common functional group in numerous
pharmaceutically active compounds. However, synthesis of
aryl-sulfur bonds was still considered a challenge until the
development of a series of palladium organophqsphane (PA-PR3)
catalysts, including those developed by Buchwald, Hartwig
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

organophosphane (PR3) ligands. The development of several
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i ncludi ng | ow turnover nunber, high cost and toxicity
of the 30 organophosphane (PR3) |igands. The

waelewshapment of several WO 2008/ 136770 PCT/SG2008/000157
PCT/ SG2008/ 000157 2 other transition netal
or ganophosphane- based catal ysts has been reported.
However, they have al so been reported as exhibiting a
nunber of limtations, inclu%ing low activities. 5

co in a ared tq C-S co
Tlezcb=RRT R oR s, GoaB R buute o PoehE SathIYehe dres
lcaalem h@b&rtedpr mbmea:r OBk Ch@&tdensdascheeaps ey tad.
oaches for ,C O coupling,

lsns inth eX|s ng,agg
1%931 g P roRaE e BEono RS UddRg) _Ys and
det-iPRB 126 catalysts, have al so been reported. It has
been reported that M tsunobu processes may be

conpl|cat b h Lmati on -.p Sl.ow

reaction rafe% %n 1#%‘ ?OI%?éﬁggﬁﬁéd é gt%af%ﬁp%ﬁng’

aug@pss/wythdammanaﬁa@oustgrhew&skﬁa&nthepadﬂfﬂlon of

R Lum.c sts._in ve al so

arlglp?%l?’? Le}dmiS&%&w |a‘5°f“af': he %‘%ﬁ%ﬁ ?‘%Ft EFFBn’ée% ed

Hnmb¢eﬁscbupthempxlstmngudppgpé¢nudlfbmoaeo émmﬁmﬂng, and
t oxi

o] xpensi ve and

VB 1H38 s FOREAS oRRSaet O icthuie s cpb iR aend 2R
dﬂtaﬂygaadshaWE(Hisbahebﬁ tsedh-tfeal. tmanﬁaélwaﬂnﬁéﬁorﬁaa

a LS |n vi.ew of their S|n1Ia ele on-rich
to%gak%% Rosphardes “eERa°t &Y o2 éﬁﬂ? étﬁ$ éﬂﬁwmtlon
olfiHBy -pidséucid . netlak. rbhﬁtimnﬂﬁatéSSand Daﬁyt¢ﬂékﬁﬁﬁﬁe®£
[ efin tat eS|s
Sé%% onhggtr% 9?3?5 B o 011 Qﬁﬁiﬁfgﬁg a%?g??éP ré@orted
Phydadgema¢amunysusaﬂafepohthpxim@ahaoe Zbsofpdeat argdrted
tgggﬁﬁ;r(ggtg:g' C AP MERLLI G hydast Lyl alion, have, o
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
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
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 P4-NHC
complexes for Heck reaction, has been reported. The

development of metal-NHC complexes supported on mesoporous
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w@R00shat7er ogeneous cat al ysts,

. The devel opnent of several types of supported
transition netal - NHC conpl exes to exploit the benefits
i ncl udi ng resi n-BUPPGLNE 0157
Pd- NHC 30 conpl exes for Heck reaction, has been
reported. The devel opnent of netal - NHC conpl exes
supported on nesoporous WO 2008/ 136770

PCT/ S&G2008/ 000157 3 materials and parti cl es/ pol yner

i [ r..variLous reactjons has.been ,
PR R B e BEL PG S5 Rt el 5 cFr various
mppidonedhes pedly mEported . NnEBOPSraat)S lrm&elai:abﬁs M viche

0 I nel uding. 1l ow. activit nul ti-step,
S EERCEbPEer o ot Phyndl A4, e obiaribut udtelicin,
Ithevee beprenepofted cliasd uding el @r cgariadity, Nm@lti-step
I S, i ] -NEICs. whi ch.spontaneously form

antglﬁ%taél‘ 115% ér]r?tgarq r#s?‘z"é‘gl%%lﬁl%# (?g:lheﬁgr tPEFEE; has
been reported (WD 2007/114,793). Poly-im dazolium
salts or BhaHEVED qraenitcbésa wkass efohetdrogeeous NHC
' e lLns Q t .
et SR hobs” CaraR, BED: Sut A e aByety form
negcgefsts. omHelanpm-isdged obllpidd metralictesapl bxesdemom

| Ve M [i,u |t , al yii
el Yoo SEALAT. (oM A AL g o o
ReGliprilag webe tienes tihdy sobeenim®lndier iedc@Mdn solvents,
20144 Zgﬁﬁteﬂ§§3ﬂ80h§ éaiéﬂ ogaggikglﬁivgiéé for
free. carbene units 1N Tts Parn chal n-Cand has been
Jegpdreed. t Thoeywabesie of e retap- NolGo hese sl Sonbedn

o . 4 . : )
SRR ihele AL AR A8 IPREE tnd HLAAOLLL Britertics, of 2a-p-
MiGspbnt hererogencous2gugehkrenmwlisgeregenbous have been

l4 I o . {ed .t hat
e e
wighbBre¢ | canione andteaiboitxartionchbind awd iheat ibeen
xjgbbytgdctaé aAélze%%yh)égrQ{/ml%ﬁéeqn Sf—I\THC has also been

reported as having versatile properties in coordination with

different transition metals and can support metals to

generate heterogeneous organometallic catalysts.

It has been reported that Ni-NHC complexes
demonstrated efficient carbon-fluorine and carbon-carbon
bond activation. Ni-NHC catalyzed hydrothiolation of
alkynes has also been reported. Ni complexes have been
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-S and C-0

coupling reactions are desired.
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al kynes has al so been reported. N conpl exes have been
25 reported to catalyze G S coupling. However, it has

whews/13¢7@port ed that good activities were onl yPEUBGEN® 000157

with aryl iodides. Organophosphane-free catal ysts for
C-S and GO coupling reactions are desired. WO

2008/ 136770 PCT/ SG2008/ 000157 4 SUMVARY In one broad
aspect of the invention, there is provided a nethod
for carbon-sulfur (CS) oggalfen-oxygen (C O

coupling conprising: a) nmxrng,—in any order, a thiol
5 contai ni ng conpound, an aryl halide and a tranS|t|on

netal cofPl e RFGH &Fﬁe$83f:dllfﬁ iimyenbioh) thedend,s
provdB¥dos Rétho F o kaXbdR- QﬁkﬂﬁleXEQeora@ %ﬁéﬂ oxgvgen

Ccallde and, a transition netal conplex to ob
o0pI PREPL it ramp i ngr anbi wizeimg, rmnalanltom:d@x, a thiol-

RMMBENSES SollRhRi0CKE! heyFALENR lhdand: 10, LOTLPYR

with a transition metal other than pa
COMBLREr LB r IR ids Feét corplhiegi mumemy | mmxmmerm is1y order,

apr avk&Rfga dpet okQBe CALDON-SULIYE 56 G5 O transition
car bon- oxygen C-0) coupling conprising: a) ng,
mehad nGORR bR  toq ObRReR- CcOnteupdiing , cwhpbein, thaen ta:layll’Sltlon

n8hi deodirk:2 doriskb s OF ﬁ@é@éoc&%lgenpéfﬁ%ﬁe YA &S
couplin b) ‘mxing, In an I
CarB %S é"’ltflh aaf:yanﬁatim mlaothanstlnarorpammmm

conplex to obtain C O coupling, wherein the transition

met al conm exceaBpr he6sd %Jt%tc%r BeYEhd Ci 3 rESL &, 'I:HQQQ is
roa

SRR ekl o charapaepudued 6 51 aacsmrmr

e ?@Wfﬁéd (@-%k aﬂ:c,uqar@nnrrexmen
(Conp| @¥apadnpr bamﬁﬁlglﬁ@l Yer)NmiRehg! oLy Cluyf HRALRENE thiol-
conégknﬁﬁgjégm§guﬂé°k§£ aryl halide and a transition metal
complex to obtain C-S coupling; or b) mixing, in any order,
an alkoxide or aryloxide, an aryl halide and a transition
metal complex to obtain C-O coupling, wherein the transition
metal complex comprises a heterocyclic carbene ligand

complexed with nickel.

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

heterocylic carbene complexed with nickel.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be discussed

with reference to the following Figures:
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In still another broad aspect of the invention, there

is provided a transition netal conplex conprising a N
wWQoRaserocyl i ¢ carbene conpl exed with ni ckel . PGREEE08/000157

DESCRI PTI ON OF THE DRAW NGS Enbodi nents of the

invention will be discussed wth reference to the

follow ng Figures: WO 2008/136770 PCT/ SG2008/ 000157 5

Figure 1 di spI ays the structures of a poI y i m dazol i um

, ig dazolidene carbene._?2
e b aloBr ol MR K onaPainsadotipm a1t
i splpayty- sytmizhmlsie;fe zakbepe NHGrchtaalppd i - Bui dam ol deme
CRI PTI ON The present invention

%dgegm 0 %ﬁg@ QF?r CS and CO0 coupling using a
tran3|t| on netal conplex. In an enbodi nent of the
Figvest RoAispheys raymfihesds of 0a Mbi-gi-NEGnphealysly B from a
Iﬁ Qnr hse, for exanple, and without [limtation,

eterocyclic groups. For exanple, and w thout
l[imtation, the transition netal conplex may conprise

a heterocyllc car heEEA Y5, BESERANTEOED wWith a
transition netal. 15 In an enbodi nent, the

het erocycthe gesdgne 1|nkz§§l’ﬁﬂon e s ermsaq@m Sfordd 5
wi thout limtation, pol y- N- heterocy_/Lcllc car bene.

eQaﬁﬁPBll%ﬁldl%%&uFrPFﬁ’r‘ijﬁnr detalt aemPlehsi ti on
netal conplex may conprise one or nore nononer units
conpri si ngntaw diceriaeynel b€ tg[ealjﬁﬁrehﬁhaﬁd thye acrad{dition

| i,nker group. in an enbodi tran|t|on rretal
TS BITRASE TS SE L8 or F Gk SRR Lo an YHRIE
limittat bAn, heteratydldkegroups. For example, and without
limitation, the transition metal complex may comprise a
heterocylic carbene ligand complexed with a transition

metal.

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

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).

#*

A \
E/R2

(1)
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nmononer units represented by the formula (I). A E R 2
N 25 ID3-7 1'lIl )~ ~FNM®e (r) RL--NDG,CHn

WOBD08A8B7A 36770 PCT/ SG2008/ 000157 6 | n for nmul BCT/$¢G2008/000157

each of R._ and R2 is a linker group. Each of R and
R2 may be independently a rigid |linker group, a
non-rigid linker group or a sem-rigid |inker group.
R, and R2 may be the sanme of different. 5 Suitable
rigid linker_groups would be understood to and can be
det er ni ned2b§O¥MbGe G oPaFRaPy RkPRA Rn ¥hé ldrkeTand

PBYud Neladbeos FRN 28%aRP Ity dad sWibpOMied i1y tatiigRd linker
aromati c groups, heteroaromatic groups, cycloaliphatic

YrBoUps 2 Fakrt ﬁ%ﬁlji rJiJ@IJ‘TGraH_P@@HE_SO%rﬂ:I SN ZBEYr ilbll’”’éer

%Meh and UL RS FHDidnll Bkeh: BEOURS My incl ude,
or "'exanple, optionally substituted ethenyl (e.g.

et henedi yl, ,propen-1,2- diyl, 2-butene-2, 3-di

etc.), et ﬁ%g?bfee.“i}.glé’t Hﬁﬁ%ﬁFyﬁ’Foulﬁ SIRHEdP | ¥nderst°°d

tand Fa¥inBe lidedtinined®by. thodd Yof (chd@naphepyienein the
1, 4- phenyl ene, 1,3-n%ﬁﬁthylene, 1,4-naphth¥lene, S,

ATty FRFhAY| ERetude 6 SZpRFATPENe, 210 FLkaRHE hytBHeRt2on

drSudtaRhbR¥lene  hicohrohat 8& OgF Mpd,€ Fcloaliphatic

2, 6-pyridinediyl,, 2 6-§yrand|yr, 2,5-péyrole |¥I,

FUDE. SHAtahLY gaigdfl alkeges andg gyitEHyy Zhgisyflkynes.

dufmiel ehgxanedindr grodpeyRbppaniarR]i ¥Yor example,

1, 3-cyclobutanediyl, etc.) |linker groups. , 20 Suitable

Rtedily gReEHted @tael)wﬁ k&P - Gr SIS eRdYl g BECPER- 1, 2~
ander st eadeho-and mign becdel eratmad by el BosetBinediyl,

propynediyl, but-2,3-yme-1,4-diyl, etc.), aryl (1,3-
phenylene, 1,4-phenylene, 1,3-naphthylene, 1,4-naphthylene,
1,5-naphthylene, 1,6-naphthylene, 1,7-naphthylene,
1,8-naphthylene, etc.), hetercaryl (e.g. 2,6-pyridinediyl,
2,6-pyrandivl, 2,5-pyrrolediyl, etc.), and cycloalkyl (e.g.
1,3-cyclohexanediyl, 1,4-cyclohexanediyl, 1,3-
cyclopentanediyl, 1,3—cyclobutanediyl, etc.) linker groups.

Suitable non-rigid and semi-rigid linker groups
would be understood to and can be determined by those of
ordinary skill in the art, and may include, for example, and
without limitation, an alkyl, alkenyl (other than ethenyl},
alkylaryl and other suitable linker groups. Suitable non-
rigid or semi-rigid linker groups may include, for example,
- (CH;)u-, 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-
methyl-butane-3,4-diyl, etec.).
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ordinary skill in the art, and may include, for
exanple, and wthout |[imtation, an al kyl, alkenyl

w@ eioRase7rhan et henyl ), al kylaryl and ot her suPCEBGH08/000157

| i nker groups. Suitable non 25 rigid or sem-rigid
i nker groups may include, for exanple, -(CH2)1-,
where u is between 1 and abgqut 10, and which non-
rigid or sem-rigid |inker groups may be optionally

bstit ] - Lyl -
T
(8,8- it mmedility]l Gr&fp netrh\ryBugacep 3,24 -hdilyide etcsdme WO

08/ 13677Q. PCI( S o 7_The | p y
ofA0E AR, ST SEPOREY R Leq s TS SLOHDS TR
Saryl (grpuPy or el mdy tndspemiendiliyebe st@&OCHueNt ) or

onpri se tom 0, .
BB R o p SRR (obe - CLoberD >, (Wt bp A redh 2
anCHMOTE (1CH3) -CHANHOBRR OGHRN (CH{MItar ¢ pCHAT (BBl GBen 1
bout .10 ,0) - N - - -
-ERpepry ot L oo pERtogFon mayrbh Bl led 40, bhar h
iseyl dre cdipepdeeds scompiadxing orsbahding dpalthe dfransition
mcorg;l exing or bonding to the transition netal. 10 In
Hembodi ment, for exanple, and without Ilimtation,

Rl may be a rigid |inker group and R2 may be a
non-ri gi dnopnsembodingnt | iddkeexgrple. Jnd Wathavrh (1),

| ansit i t al; ,apd | ohai di n
LIl A SR P BE Siotica LG DR pig AR B8 8]
newtiritcEd o, senlanigiahbicdikenoroxp; - may be, for

exanple, and without limtation, a halide, such as,

for examghe goRf@Th des) CHE Al detPind DAL met@iNBAG the
suitable X, .- may be, for exanple, acetate, nitrate,

symrhal vorsddenhes, antend |9f ARechpBemeeitxl  nay be

In formula (I), X;” is a counterion. 1In an
embodiment, X,  wmay 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

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
having bonds linking the X;"s to M. Those of oxrdinary 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 metal M
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
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20 coordinated with the transition netal. The fornul ae
descri bed throughout this entire specification

WO 2pBa3E@mi i ng the nmononer unit(s) of the tranBCT/BGIN08/000157

nmetal conplex may be represented with a m+ charge on
M as shown above, or the fornul ae may be represented
as 25 having bonds linking the X1"s to N. Those of
ordinary skill in the art will appreciate that the

S mP bly c ord| at e
Jrlez’Pengtﬂg %’M%ﬁ&w ﬁlg:gei%/e)ﬁ gr °thd- %l?“f"&??r of
Zretggoudsnan 15e tbenr@&neamédvdbéf BX L ngi:grups f Meeoeanp ke,

t hqu t Slt tal_M 30 may

E ?}édﬁg?_\% %?Mtrérq pﬁ{/ﬂlggorél nate 8 FFURsPTi on

Ohiétf&hferray pendiad lyweect ¥ 3sasnelmtmgfemoofbeltha s8me 4,
008/ 136770 PCT/ S&008/ 000157 8 or 7,

1”hougﬁgfypi cally mwill be 1, 2 or 3. The nunber of

Xl groups will then c):]enerally be mXl - groups, where m
is defin&d Eermbevdl) Wil ts ddh degreegbf helynesisatgon.
19 andiffes el S {0 be
thgnslae\&rr]% 5 co%bntgfﬁlggablé% f@fr&){é?np%h Qﬁé%{tﬁﬂ%} degree
1dmipatypir i 3 ataloe whene aphebedisdbaon nepal ¢nmpﬁan is

18%878h e ﬁ‘i‘dsé(ﬂvtéiﬁ‘étu Lanfalateh%ncPeB;(ﬂgergw tshe

transition nmetal conpléex TS 1nso - S0l Ven
mggelef ofoX xamnlel.i rgdrelddund imdtabiomy domatfeor than

aﬁéﬁﬂplje’o@%é’gtte@ﬂh hi 5@51.8‘! 1%5 1%5%‘@ BQS%O%QOUEO

5, or great®er than out
790, 880, 9@0 1000 2020030030040(21,0(500506906011)0,701})0,8@@0 or

1000 55 36000 SecHpOR AL SRS, Sy 1
aggdolanel. UUD amgl 38Q015250®nd; 1860, 29090 Hnchrid0b005 Bnd

5809 50, 3 : an 00,. 5
and 200, A, Popd 206, B arkf 50806 A 2, F4D0, 58
and 50, 50 and 500, 50 and 200, 50 and 100 ox 100 and 300,

and including any specific value within these ranges, such
as, for example, and without limitation, about 5, 6, 7, 8§,
9, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200,
250, 300, 350, 400, 450, 500, 600, 700, 800, 900 or 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
be, for example, and without limitation, hydrogen or a
substituent which is not hydrogen. BEach of A, B, C, D, E,
F, G and H may independently be, for example and without
limitation, hydrogen, alkyl (e.g. straight chain, branched
chain, c¢ycloalkyl, etc.), aryl (e.g. phenyl, naphthyl,
etc.}, halide (e.g. bromo, chloro, etc.), heteroaryl (e.g
pyridyl, pyrrolyl, furanyl, furanylmethyl, thiofuranyl,
imidazolyl, etc.), alkenyl (e.g. ethenyl, 1-, or 2-propenyl,
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W@ 2008/136770 8,

and including any specific value wthin these ranges,
such as, for exanple, and without |imtation, about
9, 10, 15, 20, 30, 40, 50, 60, 7PCT/8G2008/000157
90, 100, 150, 200, 20 250, 300, 350, 400, 450, 500,
600, 700, 800, 900 or 1000. In formula (1),

represents a single bond or a double bond, wherein
when ----- represents a doubfe bond, E, F, Gand H

are not _presen embodi nent each of _A B, C
SFS b RS g0 Hhy L L PR A TRy T)” 17, 35 or 4
bmdep—eﬁ@ar;t |ly @b @eoutf-qr-yayarméec anst \Wdmeodthexr

limtation, droge a sybstjituent which |s
AV ot Eac% /—6 aﬁg' : B8 nd B Fhay8 and H,

m@ﬂwmgnthy B&ne f ©r @@mépbé anm et eutgilEepbhat i on,
hydr ogen, al kyl (e.g. straight chai n, branched chain,

cycl oal ky ar e. hen ht hy|
etc.), hallr?lae ‘\E]é'}]g m%‘ H?ﬁ?’o %é‘? 2 t1ﬁ2ﬁgt e?%a‘?]y hout
Ifmipaqﬂﬂw,dyétw¢@mraﬂqﬂt Ifanangb céuhcmnpkmmshyprov1ded
%&#g%%{an¥lbr % <%f%L alke%%ff(ﬁegst 3 carbon
E&Eﬁsﬁ)@&%beﬁﬁéﬁ akﬁbuei a )andah.kyrwlaz(&.lg;., et hudyé, IL-and

nyI 1- -ynyl... 1- qr

% e 30 8??1? g# e?l gl%%ﬂ'&t iotrugn?l?dAé

f?fﬂuﬁﬂagaady sﬁe®iﬁﬂfm?TmEr ﬁttﬁifﬁﬁhdﬂe rﬂﬁgebﬁ E¢ik |
t he ne_or. .a e _di The
PO e A EaTr AR Ebn e A STPRR PRY 51
h@ﬁlrgeen eahglut 1- aml zlz-gam@ytnommpﬁu‘@ﬂpr avi dedz- bhraglb
c i.c.or a av ar bon
S0 PR ETRRER assioBeBhRE , S legeaRes Ayl S
dydishex¥) , ScptloZéky Ineamgl 2 Ome Ry and IhexFlandtd 2 or 3
and 6, 10 including any specific nunber within these

;?ngsgr ngﬁe n%%@%@%i&en%%dmﬁ&t Q%’“éygéi&i%l"iy %ﬂbs%i‘@?ted
(sapr dyykp alky& thuLyhp aryl group, a hallde or some
other substituent) or may comprise a heteroatom such as O,
S, N (e.g. the substituent may be methoxymethyl,
methoxyethyl, ethoxymethyl, polyoxyethyl, thiomethoxymethyl,
methylaminomethyl, dimethylaminomethyl, etc.).

Each of A, B, C and D, and, 1f present, E, 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,
G 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
the same carbon atom may be joined to form, for example, a

cyclopentyl, cyclohexyl or some other ring. For example,
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i sobutyl ,

cycl ohexyl, cy

tert-

but yl,
cl ohexyl net hyl ,

cycl opentyl,

cycl opent yl met hyl ,

nmet hyl cycl ohexyl ,

etc.

W@ 2008has73ubst i t uents nay be optionally substi tREESG2008/000157

(e.g. by an al
some
such as 0, S,
nEthoxynethyI

er%? R R Hnyﬁomfm

or achi

%&Hﬂﬂi@@ntkl t

cyclic structu

kyl group, an aryl
N (e.g.
nethoxyethyl
t hi onet

r al
i ment

re. Inanmmo

group,
ot her substituent) or may conprise a heteroatom
t he substltuent maybe
ethoxynethyl
2@ % E % 20 neth
OPFRtEL Hing: & 1
ﬂp&raW@S@nﬁonihel%tfﬁctaﬁé mhynne|ﬂw&m§andenﬁlahloe
I.n an nbog?nEnt

a?}Fad‘leeanﬁnﬁv\Bl oyt %mléasﬁano a@ﬁ@aarf of
fiesanients &, B2%,Cmnd, Hriay mjmlar&eldch@?fw "R@acent
east one

for

at

a

Bgl

hal i de or

aninonethyl,
C and D

exanpl e, an

Eﬁ@l“?cm"i‘Yr{‘ge SriPsANEPate Yy, HRky SKaWRIFus2d or

Iﬁﬁéxyﬁobreéaﬁ§|&théﬁ“ilm@ t hpot example,

SR VReheineda V%es

limtation,

presents a S|ngle bond,

any

ese &agﬂb%tﬁ?%rﬂ §YR1°BEHEV oring. B 1&3and H
dildzathedclo [0 [ ame sathetusd aEyBY berhédned to

form for
ot her

PCT/ SGrzioggli‘ For Xad%g

exanple, a cyclopen

cycl ohexyl or

tyl,
08/ 136770

sone

20
y\@“% Patt FEPRTECRYRI dpmee

Hdrrdg aﬁylpsxr obmzam@tﬁahénﬁé nenae <3t DUCEYUre, mayarhe u
exa and w t hout

o TReCRE @ sl

dubsGignent] ity thoo taéJ aaehdn mtedr bona ad@mlmmbnlme

LR bR,
) GPoRBRpT S

J

wherein each of Ri,

and n may be defined as anywhere above, and each of J, X, L

enbodi nt, for

€, S48 CagPOnL AheR

when ---- repre

_ N/R?-
mX;
/ (T2) r N M‘“%i/
\ N
EKH;EET R— NéxgkaK
in . -n

L ¢ %
*
\

A E R

sents a gingle

(c)

exanpl e, & cl ope
S oy e FREPRPF gL BREnBF LEeP TR oA BY.
fand eBafple) samd cliapeaty Linibgtidn,l the formula (Ia),
d'%éﬁg'cy0|o[3 3.0] octane structure may be forned.

od;ITent

(Ib)
In

Ry N. D
H in
K
R., M, *, X,°, A, B, C, D, E, F, G, H, m

and T may independently be, for example, and without

limitation, =CPQ or =NP, where P and Q may independently be,

(Ib)



10 bond, any pair of substituents A, B, C, D, E F, G
and H attached to the sane carbon atom nay represent

W@2®Bngl7a0 substituent attached to the carbon BEDRGINYS/B00157

10

15

20

25

doubl e bond. in an enbodi nent, the nonomer unit(s) nay
be represented by, for exanple, and w thout
l[imtation, the formula (la), (Ib) 15 or (lc) ,RR J 2
N1lry SYXI KB N(la) F NN (Ib) R -NTR ---Nn
n L20 AE'RNM1* Il¢c Rl fN D AH In K wherein

@%Ef?&ﬂmpﬁf' g@d m&thou@xilmlggtﬁpn(; rogenpor@ H m
&%@ictu@nﬂamb@n ded iprd nyaraguMheierieve thapd @@@ihézi

and T may_independently be, for exa
S rﬂ;mo i RPPEE] o Hord BRARPeHBASPPraRGE Y g For

eRdgnend &hL,Y f@ic\O 2698 13&¢E0 SCTUNDH?088/ 96d Sathekd

for exa and without limtation, hydr ogen or a

%%&Eﬂhyﬁuéﬁﬁb%ﬁl%?P4%§lﬂﬁPUHydrogen i ncl udi ng t hose
defined for Ato Habove. J, K L and T may

I ndependentl ¥nbembddimentx ayper, =CHZepredehBs =GHRIL1e,
=NCH3 or =NP or so ot her

at least one héterocyelic rlng of formula (I), may be, for
example, and without limitation, fused with an aromatic or
hetercaromatic ring. In an embodiment, the monomer unit (s)

may be represented by, for example, and without limitation,
the forxmula (II). ®
Ry

- 4 -

N Xy

Py \
NTooTMT @
e

n

wherein each of Ry, Ry, M, *, X;7, m and n may be defined as

anywhere above.

In an embodiment of the invention, the
heterocyclic carbene ligand wmay be, for example, and without
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. 1In
an embodiment, the copolymer may be an altermating

copolymer.
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5 suitabl e doubl e bonded group. in an enbodi nent, when
- - represents a double, at |east one heterocyclic

wo povg/1axf77d ormul a (1), may be, for exanple, anPCTBEGHO8000157

[imtation, fused with an aromatic or heteroaronatic
ring. In an enbodi nent, the nononer unit(s) 10 may be
represented by, for exanple, and without limtation,
the formula (11). -"~ ,R2 NI®X1_  N~~F ~ (FD N

Rl ----- N/ 15 ~ mhereln each of Rl, R2, *

mand n &y ¥ %ﬂﬁqdﬁ@énﬁs°f AFRHErE ki ove thﬁ %ﬁﬁn31t1°n

RHRAdIERPL e Rf md Qoé nggpt égampwe nmaeqr geygum&ﬁdqe_ra%ne
| i gand may be, exanpl e, d Wit hout

Nirplay | eF, nhclf@lhéloéb’ob%qz%mt%ﬁ%#éle@@péwynﬁlm)mr
exanpl e, and without limtation, the copol ymer may

conpri se ThWon Gdmbbeligedif f B NiaFBRTRENYBEE Sof | Thed i -NHC
enbodlnent one, sone or all of the different nnnggg&he

Fhidescrab et ARy Wistes BROER. bYRY IRE gt hiitalriR chatt

r.e above. In 25 an enbodi nent, the copol yner
be an alternating copolyner. WO 2008/ 136770

PCT/SG200§/00015 12 Ig aga% od| nt mﬁ% £ omplex ma
i nventi on, SRETERER t g%ﬁP&x WAl - o] dliad
l&xaﬁb&eexampkéﬂ qnﬂ withbdazbimtesteion, in the form of one
or more particles. The transition metal complex may be, for
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
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 microms, 1 and 10 microns, or
100 nm and 1 micron, and including any specific value within
these ranges, such as, for example, and without limitatiom,
about 100, 200, 200, 400, 500, 600, 700, 800 or 9200 nm, oI
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
that the size and shape of the particles may depend on the
nature of the moncmer unit (s) used, and the conditions of
synthesis of the polymer, particularly the solvent used in

the polymerisation process.

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

limitation, a N-heterocyclic carbene. 1In an embodiment of



(Ni-pim or nickel poly-benzoi m dazolidene (N -pBlm.
I n an enbodi nent, the carbene centres of the p-NHC 5
w@2008230r0 bed anywhere above, may be in the naP@I/SGZI08000157

of the polyner. in an enbodi nent, the transition
nmetal conplex may be, for exanple, and w thout
[imtation, in the formof one or nore particles. The
transition metal conplex may3be, for 10 exanple, in
the form of anorphous particles, sphericgal particles
Ghe HREBELYRL aHIS UG dioPEroet HiR LHAPERELes RAL be,
¢Sp1R%AHRY Ehe b dhdeld biyM t&t | Bthmpael, | ahdadithout
f&ar_ticlles. The particles_nay be, for exanple, and

BGGEORY | Wit k9T Lani (Edh: si zed or nanonet er-si zed
colloidal 15 particles. Xpe particles may be, for
exanpl e, and w thout g | M {atjRan, between about 100 nm
to about 10 microns in Nff anéter. The particles may
have, for exanple, andgwith [ ation, a dianeter
bet ween about 100 nm and/1 §icron, 100 and 500 nm
500 nmand 10 microns, B and 10 nmicrons, or 20 100 nm
and 1 mi cEenfommula ndIddi ngaahyes feci fA.c Brande ®Et hin

r apg , ] I ' t
R e el 35, < Stnt 300 AaeB e06e o000, " OF
JEh Ror re@aeRtsor sybstituent] which ig mot Fiydxrogend, 4.
3 I e i gr f I, Naky-
Serite (ot O 2ok K00 JURRRL oROR 0 g
10 xdpysecotst Aesirgld dopd puyadépidnde dendhewhebein evhen ===

' ed i L f
S I R e
amhedlimgnt hanpdivonsrt @at Boanr ocle resentanE ewrdd ment be
rhe.in J o L
Pl cbriGhh £ byl ShrlELE S e eng) P0G ddiRilbea
figth Eoamoigcl Tl akavsene Ini an semkabiointenhor Wo—

15 féB%@%%ﬁ@Z7Q £§H¥£§1H33%5099§5ﬂair 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. 1In an embodiment, the NHC ligand may be represented
by, for example, and without limitation, the formula (IIIa),

20 (IIIb) or (IXIc):

X) Xl- )
Ry A\ Ra Ra * A 4
N N N N
2 é (=) ; ( p (D)
J K J B
Xq
I NG AN R4
N N
E (c)
> <\
25 I T

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

defined anywhere above.
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13 the invention, the NHC Iigand of the transition
nmetal conplex nay be represented by, for exanple, and

wWaowakasi770 | imtation, the formula (111). X - RSET/R42008/000157
NN ABIn formula (I1l), each of Xz-, A B and, if
present, E and F nmay be defined as anywhere above.
Each of R3 and R4 represents a substituent which is
not hydrogen including thos® defined for Ato H

anywhere above. --- 10 represents a sin

doubl e boFd, 2RuRIRSEAMGRE When === F’e§e‘g‘?'§°€ giﬁPtﬁr'e%he

hlé%&locEc@ﬂéi :Fu? QNgbrRheseMtzI)l magrnbeenb@ﬂl dRfifpleanynd
present, E and F_nm oi ned tglc

HoPAE SYEl e U EPBPE VIkH A0 B3OPRBLE. edist SRt oG
15Tl 8n () SRVEBmehl, agnenaadilRaha Wa¢Mbe -refifesented

represents a single' bond any pair, of substltu nts _A,
oy, EOTaRERTDIR1 AFFeUIEBOThal UniketdgRpoRES: E7 (zv) :

represent a single subs{i-tuent attached to the carbon
atom by a double bond. Th an_enbodi nent, the NHC

i gand may be represB-mIg R4for exarrpl e, and
without limtation, the'f la (Ilgw), 20 (111b) or
(I'l'l1c): X1- X1 R3aN NR4 NR4 tea) F(M J CJ $
X1 OHO 25 A

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

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):

X Xi Xy X3
R3\ + AN /Rs\ Ra Ra AN N~ R5\
N v N (VI)
wherein X;”, Ras, Ry, ==, A, B, C, D and, if present, E, F, G

and H may be described as anywhere above. Rs may be, for
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
specific 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.
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wherein each of X1-, A B, B, F, R3, R4, J and K may
be as defined anywhere above. WD 2008/ 136770

weEPADsSE008/ 000157 14 in an enbodi nent, when BGI/EG20a8/000157

doubl e bond, the heterocyclic ring of formula (I11)

may be, for exanple, and wthout limtation, fused

Wi th an aronmatic or heteroai matic ring. In an

]errbodi ment, the NHC I gand n%y be represent ed 5 by,

or exa imtati

|97 AT Sn ot DOR L0 SO0 o e L b Al L Vb

G&ehpeemm,yvﬂw evaboves, W 1E) aZIIIEBboﬁBnmmi B tilwe the
and

i nyent i t he NHC || f
TR S T R T L R
mw’eﬁd:lfmntthd h:&a;t;ilslﬁ:thfgamaaﬁayofbehﬁr epapsiniced deralf or
exanpl e wi .t hout t at

Copy B i e e Rgamife ) e bl AR Ak ©F
thrans NRSolN metizl capEbIEe oﬂ-H:dvﬁﬁl‘éb:)mgAwBtE &neé, Gwo or

erein
t&‘}ggeﬁf‘rg(@e = %36' aﬁan?ﬁ‘%y aﬁ@ 5358 r?Bgﬁo%gN:% W &
hielae\rteavt;aﬁ I’ﬂﬁ‘}ézféﬁnkf:hé Qﬁamtﬂiﬂdlneéneaam mstmmpalladium
imtation,, a lin r d
T iRty 558 SR (i SRR AT Re (ho B
a:ﬁ@.t ﬂht?@lﬁ]ﬁ'ﬁ)fuﬂﬂé&lohavg %:fmp axATpl metand wit heaut
imtation t t ta
HEBRIETY BN nGaNy s e PREAD arte B4 ok
himpleangtckeuch as, for exanple, and

The transition metal complexes mey be prepared
from the corresponding free heterocyclic carbenes and/or the
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
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

free carbéne 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

reactlons.

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

thiol-containing compound.
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without Iimtation, 1, 2, or 3. In an enbodi nent, the
NHC Iligand/transition netal ratio may be, for

wWe@anse7o 2. WO 2008/ 136770 PCT/ SG2008/ 000157 PGI/SG2008/000157

Transition netals are understood as falling within
Goups II11B, IVB, VB, VIB, VIIB, VIIIB, IBand IIB in
the Periodic Table of the Elenents. In an enbodi nent
of the invention, the transi®ion netal of the

transition netal 5 conpl ex may be, for exanple, and
wi t hout | ﬁh‘*ﬂ?éﬂ%rﬁﬂél W&%Ft fon the &- SCSBEBHH%f

EORY iR GoML B NbONEnddriR Rl tbhbLecfaReBREErFIndd by
centres, and also optignally with a heteroatom

TRTIOF CRELRRERSTEI b IWetlP Rt nARDARVadPrahtde | nfBhe

SrgdidTeRha hendhensiniitar 168! abryBY J8.aek0r a ¥ BNt Snides
10_and without Iimtation, _a Group VIZIB netal. I n an

& AAYAr ¢héRboarFrentTha REVLr SRSVR | Oh thst aryieyabide msy

X Pt ienal 1§k 8libsd N ddREEhl NIt eI BXEE TRYfE
prepared, fromthe corresponding free heterocyclic

ERases 1aRdreng neroses dediped pbemith §on Bt apyrlers cabove.
Bl tas-y(1S§eoupObE ee@érmxtgfl W01 280 Tk 4,7 %a)sed Bii @ Yar0f

exanpl e onl out* Jlimtation,

T%Rtulﬁﬁ eazéPFﬁm%mltwl *ipgtr &R gt yambioﬁle}sa‘m PE e

ﬁﬁf&ﬁ&%nz and §r1PP | BT ided g9l bdefe: GaltkRanenoABiét ivated
are shown in Figure 1, wherein Mrepresents

@Waﬁgwdonswadqlea@aeéc?%‘@n&%wemeoamef%d:he

d-s f&ﬁ Q%ﬁ&t §e§cﬂci&?gﬂ%u’lﬁ%é%ﬁ@arét‘%d%@”@keca:@rlga
W t hou ITmtation, cyclooctadiene (

dsterpriacdahd WesRWE JEddRRAEY| %1ﬁ111F|1§UF8323§h0v$n4 ey

SRRST $02f cRhRKEL, FﬂﬂdyWltﬂb@@Zfﬂdﬂgﬂ%goﬁN'aE&I@thlols
catalyst B from poly i m dazol i dene 25 free carbene

8 PV LpERiets es Haaravii by kyirmeietaasi of o sratsat

HRARhRYEStBSo U SHdY B8R 1ude the aryl and alkyl groups as

defined anywhere above.

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

following scheme:

X 0.1-3%B SR
©/ + HSR ~KOBu @[/
R DME R
X=1,Br,Cl :
whereiln B represents Ni-pIm, R of the aryl halide represents
hydrogen or a substituent which is not hydrogen as described

anywhere above, and R’ of the thiol represents aryl or alkyl

as described anywhere above.

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

believed that Ni-NHC catalystsg are undergoing the same
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anywhere above may be used to catalyse GS or GO
coupling reactions. .In an enbodi nent of the

the C-S 30 coupling reaction may |PUDEGHOSM0157
aryl halide substrate and a thiol-containing
conpound. WD 2008/ 136770 PCT/ S&G008/ 000157 16
Suitable aryl halides for the CGS coupling reactions
woul d be understood to or cdf be determned by those
of ordi naraaskl Il in the art, and may include, for

BT BRI A THAR [FPAHERETS e L HRPELGR; BKELe ardA
RHEdeseca B0 YlolahAhbdseherlde aryl group of the
aryl halide may be optionally substituted with a
substituent which is not hydrogen including those
defined for Ato H a er e fabove. he aryl group of

t he | hals€e may aromati c X
het_@yﬁl‘“ ng. In an enbddi ment of the 10 ij]/

i n¥entio al i de nay be activa R
non- acti vat or deacti vat e Sui t abl e

t hi ol -contayni ng conp on. -- - S coupl \ng
reactions yould be u d 00 an be deferm ned
by those of ordinary skKill in_ the art, and mm

i n@e/}@m ex@ , and without |ini#ati on/=ayyl

t hi thiols. The aryl 13{' N~

m)ie'eso the ar and al kyl thiols may i Iudethe
aryl afikys—g @. as defined any
ey nt of theYpfesent invention nma

rep )g\ pL. exanpl e, and W|tho | im tlati
F‘\cilj‘bvm cherre SR 0.1- 30 Bu
Base-HX jHS_Q
Ni
\
%r@
Base

wherein R and X are as defined anywhere above. While
sterically hindered ligands are generally good in the
reductive elimination step they would generally slow down
the oxidative addition process. On the other hand, strong
electron-donating ligands may help the oxidative addition of
aryl halides but are generally not good in reductive
elimination. It is believed that tuming 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

or aryloxide.



DMV R R X=I,Br,Cl wherein B represents N -plm R of
the aryl halide represents hydrogen or a substituent

woRi08h34730 not hydrogen as descri bed 25 anywhePEI/sGuwe000157
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and R of the thiol represents aryl or alkyl as
descri bed anywhere above. The mechani sm of Pd- PR3
catal ysts in coupling reactions has been well

studi ed. By way of exanple 1dnd MAthOUt l[imtation

and wi t hout ,bei ng bound by theory, is 30 believed
that Ni-N ﬁélE%’f’%ﬁy%’stl élﬁélelﬁaeﬁ%.%e he sanelyes

2ONR 1367 (B PETHSAE/00885¢0 dF @l dRl neeafidhéd ok

and reductive elimnati,on cycle, as _represented in

W‘%sef S8 G\Hﬂﬁ@agﬁh%ﬁ’é-l ROREHR AFRy- and \may RRRbHge Lhase
eyl HIVNigeBoadined 1y Nehant) s Basgsdhd XpbPe . Roni s

| _H Base N wherein R and X are as defined anywhere
aeREdofp pPe ai“if‘al%‘f’éiﬁsc EPrythe nded eipmldagdgeareions

QAR Ad YinBeedtba tde aniedHat by ead driiRRll 89 Shefe (Y
g%éﬂééf%egia?klgnséﬁgwéi% The alkyl and aryl moieties of
the alkoxides and aryloxides may include the alkyl and aryl
groups as defined anywhere above. Suitable alkoxides may
include, for example, and without limitation, primary,
secondary and tertiary alkoxides. The alkoxides and
aryloxides may be substituted with a substituent which is
not hydrogen including those defined for A to H anywhere

above.

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

following scheme:

X 15% B OR”
©/ + KOR" DMF ©/
R

R
X=1BrCl

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
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 first mixed with any one
of the thiol-containing compound and the aryl halide, or the

thiol-containing compound and the aryl halide may be first
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the oxidative addition process. On the other hand,

strong electron-donating |igands nmay help the
w@z200dasd7ve addition of aryl halides but are geCiE8GL00§/000157

not good in reductive 20 elimnation. It is believed

that tuning the steric hindrance and

el ectron-donating properties of ligands nay be a

consi deration in catal yst dével opment. In an

enbodi ment_ of the invention, the CO coupling

Hxgch ore kst .hﬁf&r@emaﬁlasyvlqrmt‘fh@e tzrasihlel m&sae

compAexal %erlrﬁae c-0:80P84iA36 77 %é%ooﬂ@qpﬂb%utw
Suitabl e aryl halides he C 0 colp I'in reactions
Niguiicathen uriths S0 1ttéoarm%%ml ROTPAEET FRYGE byt geged

Mtw%ﬁynaﬂa SKidie Ia&kbﬁga@r&x &’Eﬁcﬁi@)&e' BE4 Udies thage

des defined for the G -S coupling above.

@ﬁ/ltdsm ersthg ibkioxddeany aryisddfesntdobhe prrd gralide may

PO YRR AL tH R nWOUL B PE RIS R0 LR aneh: LA 1BE
determ ned by those of ordinary Skl|| in the art. The

gt camele#y|l noieties of the al koxi des and
aryl oxi des may include the alkyl and aryl groups as

defined afiyahe/Rt3bAYeonSit ik &mikhextdesafmyc-1D
i ncl.yde, for exanple, and without limtation, primary,

SERIABLr FEAFIL AT (ORAG BE KORIHRLEOOFh P RO PoNd

Ritehaxhdesoymndie sEbstiinied il ansubstatwentrnshi ch
IS not hg rogeg |nclug|ng t oseu%efhnedefor A %% gf a

T8YARS e BB §Hb Aot hae pr et
Eld’l\(z%ﬁt:l Onsﬁ%étﬂl% so2Re8EENtGLdbe DB XEHPE o A can
ﬁg k@g#é@##éﬂtﬁ?lgﬂgsetg% oréﬁéé?@‘n%lighggEthg'é?%:Bagg may
include, for example, and without limitation, N, N-
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. 1In an embodimént,
the transition metal complex may be soluble or at least
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 ordinary skill in the art, and may
include, for example, and without limitation, from about 80
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
5 mol%, between about 0.1 to 3 mol%, and including any
specific value within these ranges, for example, 0.1 mol%,

1.5 mol%, 3 mol% or 4 mol%. Suitable amounts of the aryl
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R (>X X =I, Br, Cl 20 wherein B represents N-plm R
of the aryl halide is as defined anywhere above and

woeoosepiresent s an al kyl or aryl group as def i PerSG2008/000157

anywhere above. The transition netal conplex, the

t hi ol -contai ning conpound and the aryl halide for the
C-S coupling, or the 25 trapnsition netal conplex, the

al koxi de or aryl oxi de and tH8 aryl halide for the GO

couplin e m xed [n any order, or C S, .
nagiie mis e eemrbeint f et 1 it S FSuBng
rbbafsbhs GhdreiR a&gurphﬂudeamﬂme afriyl 6kide e aﬂiktylioadly'le in

of the thiol- Entai nin

the| Fd8. COIPLITE F62ChIORS d P S Shd, 5 3l gan be

dg%%crgielg%%& nggibsléEOEI 6fdlﬂégiy2%@:8f.l.13ﬁiﬂ7ﬂ1e art. For
ed toget her fore m
SHAFRLEhe?RT dﬁéﬁ]fﬁ niﬁ’&%%%? ﬁxwﬂ%fl’%%ereé%'n%% may

peOouBbé Nt d&dorersaiRl Qlt]ﬁmﬂléﬁlﬂ Reutichionétaid amtibbe
transition netal con‘pl ex may be first mxed wth any

one of t alkox yil.oxi and

hal i.de, zﬁ‘\lbﬁgﬂnalé thae ﬁdom lépia% a%é/élc{éﬁn may be
cagzlide cﬁmty 1rbe:h‘a p&bsencxeeobﬂ Gg@hlﬁbﬁbbefmﬁm >Elq:rg W th

t he rans t | ex i AN
BT, e PR TantETTIe; SheFrbRE hAtT SR ihba0se
KOF@ies sct@cd3,t M=30d; card WeO*®0. det er mi ned by t hose of
ordinary skill in the art. The coupling reactions may

be carried, arl‘ﬁ eDrrH)otdgggzqiE es’l.sr%cecr%.]}xs £1iSR! %&‘1 cohip k! fay

sol vent s wWou e under st to an can det erm ned
bey rehpskedftoraitedyyesant |of moriee sabeeqaert rggpctions.
i nclude, for exanple, and without limtation, NN

Those of ordinary skill in the art will appreciate
that the method may optionally comprise separating the
product from the reaction mixture, for example, and without
limitation, by filtratiom, chromatographic separation,

recrystallization or other suitable separation processes.

EXAMPLES

All solvents were used as obtained from commercial
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.
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 aliquots.
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15 di net hyl formam de (DWF), tetrahydrofuran (THF) or
t ol uene. In an enbodi nent, the transition netal

transition netal conplex nay function as a
het er ogeneous catal yst. in an enbodi nent, the
transition metal conplex rm%! be soluble or at |east 20

partially sol uble |n the sofVent, i.e. the transition

net al ,conpl ex qa ,nCé\I as a honogeneous cat al yst.
' © % 5R-18 'Sg woul d be understood to

and can be determ ned by those of ordinary skill in

the art, @nd mayofi N¢(0o®),, f(GODexarpdoardivnehout

imtati f t 80 25 to.120 j
) bRk ried, SR of e feherbphge BEfy Ildiddaene
@<aapl B, (109 dm FEECinThiee ayioovet bofx t Thasnixorrersies

SO 8T ol LA B R et

ttmyl EaLtatked f ramd hvasheﬁhxaitlammn (30 Wmlhpl 2HF betovednx 2)

no | n f
ereEntE Tngabe PPl Faiv MaateuioRtt | b K2

c&umhztstos WagraintiedSdnt abd:mm,nmnﬁ sodflethedaryla \WOllow
2008/ 136770 PCT/.SG20Q8/ 000157 . 20 halii de an
RIHASE - c HiE a‘?’rﬁ%r?& %ﬁ%éﬁ%omil PHFEE. g cgupliﬂoﬁ/gg) was
do@ﬁ(iﬁ:tneaSbgarmbli-lm aNy tkéanl pale-dreahzadyhi dazdbidene

|.kyl oxi d couplin action uld be
Bribplidol |6 2 mioadRT i RAAR ot By DRACe of
ﬂHﬂﬂoﬁ&&&aS&lideﬂéW(pBEmart.bf%n81n95thnaHBMQ perekdure as

wi thout it coupl ing reagents may be used
tlhr? 4o %Paﬁh%eoaﬁtmhﬁhbf[ stoi chionetric ratios. In an
enbodi nrent, the CS coupl ing reaction may be carried

O Conpl hey Resarioasobver SNi tiNHE KatalyEbe exanpl e,
and without limtation, suitable bases may include 10

KQ Bu, Csg{iB,NadCB @bfe Naf:B%a 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 vial. The vial was capped, and the
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 liquid was collected for yield

measurement. The recovered catalyst was used directly for

the next run.

C-0 Coupling Reactionsg 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

mixed with 2 ml of DMF in a reaction vial. The vial was
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In an enbodi nent, the transition netal conplex may be
recycled to catal yse one or nore subsequent reactions.
wWabwsa3ofo ordinary skill in the art will appreRCHSG2008/000157
that the nmethod may optionally conprise separating the
15 product fromthe reaction m xture, for exanple, and
wWthout Ilimtation, by filtration, chromatographic
separati on, recrystallizat?%n or other suitable

separation processes. EXAMPLES All  sol vents I sed
CABPBSI AHEATS GORCEIRRI B S Ure Fo5 BHLTEFS St deg To8

1@t her M s&r el o t@ent bF f igatdcRiztWen, Pre foramdoanmixture
Eppendor f TM Centri fuge 5810R (4000 r m 10 m.n). Gas
Wlaﬁqﬁ?’élt’éﬁ‘%ﬂﬁéic'o@né’pEge\/\ﬁ%l‘ﬁe]ﬁ(""or’“’ﬁﬁdrgﬂ ‘A@‘i? 1 QHLFM 6890N
p§seé|§?rga§a§ _rtféi:it&tt@ﬂr a@thlwsti g@fﬁldcw ubing Scp{y:r tDMFode the
capil ar I Njectlon sysiem a Janme 10 al.l O .
9a8PERY oF 1V Ga N FENRLOTN D Hinbes s FRLTFHIA f™ Yield
weGeudBhe NS R RBREre @Mt INRAZ Wil M Ry for

I nductively coupled plasnma mass spectronetry (1 CP- M)
thesnpEt f Bitred on ELAN '' M 9000/ DRC system Progress
of the catalytic reactions was typically nonitored by
GC or GCC-Ne alaysitdcobct Paitty af AlirgiotcatadIst B was

,2008/ 136770 PCT/ SG2008( 00015 2 t hesi s of

IQVEBTLBARRE Baia™ SPURS 1R oafryél( E&}ge%cooge:" eral
soNekapst atd engles eFenaniningt Ecaddad teaatsusmehsi on

of _pol y-i m dazal.i den lm. A (1 q) in THF in the

4Gr QI%]B??ZW’#W&&@ éﬁ@ tggjs%h%rn@g PoF- 11?':@%{ room
daeapeEBt Br e1. sThe1syspensf bie iaodudhienweré t ebteiineghdn
washed with DMF (10 nil,), 10 M x. 2 and ether, .t
FENPRE TR e paby YR o K DRy o (ROB)
syatahysbuB Wegertiieedri Dowagiklts ardecobtattet fas ciher

el l ow powder. The ni ?kel | oadi ng on polyner (0.3
%%Mgﬁp&f %Bgluene or THF).

Convergion 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
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
yields. Results from experiments conducted are presented in

Table 1.



10 confirnmed by ICP-M5. Nickel poly-benzoi m dazolidene

(Ni-pBlm) D (0.3 mml/g) was prepared from poly-
whemwsosdrdazol i dene (pBlm C by using the sanePCT/SG2008/000157

procedure as the synthesis of N-pJmB. CS Coupling

Reactions over N -p-NHC Catal ysts 15 Al reactions

were carried out in inert gt nosphere. Ni-plmB (10

ng, 0.003 Mol of Ni), KOB

(0.25 mol ), thiophenol

c'oreg VTR PR e TR DG

vi al was capped and the 20 reaction m xture was .
stirred at 100Cf@¢’6 h. After Fetion of the

reaction, the rea +n"i[sxture centrifuged, and

t he sol ut i on was rerroved Thi s procedure was repeat ed

> DY IS O 0%

= - t P
he cd Di ned I|qU|d Was e0 or yreld
25 neasurenent. The recovered catalyst was used
ditrctly Ffor the next ré@n. G ng React i®dns
over Ni-p-NHC Catalysts N -plmB (10 ng, 0.003 mol

o), KOX*Bu I.0: 25 mmoig, 4net ri PPuori de
(0.2 nmol ) were 30 mixed with 2 of DMF in a
re&tionBwi al . THe vi al CRas W& £43p770 99

PCT/ S&008/ 000157 22 capped, and the reaction m xture
was!sti rBed at 1GDC forcO¥e h. Mqérﬁse@ol etion9f the
reaction, the reaction mxture was centrifuged, and
5Hfe '€l uBkon wab- 5 enovedd Thi s o¢ENur e was P&peat ed
at least thrice using dry DM aS t he washi ng

s@l'¥ent . B¥he candd ned | iMgui d J;t ed for 6pield
measurenent. The recovered catal ySt was used directly

- f gr¥l t heBmext rurk OMe Me0—©—5—@ 51
g =l cl 1.5 CF; ec@—s-@ 94
oldl. bl ¢3 1.5 CF; Fo~ s 94
10 cl 1.5 COMe Meoc-@_s_@ 99
11l = o] 1.5 R A Sy 99
1zfet Il oy 1.5 CFs Fso—@.s/\w 99

[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

yields. [c] 3-Bromopyridine was used as the substrate.
[d] Recycled catalyst. [e] Reaction was conducted at
g80°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.




The catalytic activity of N -plmcatalyst B was
investigated in CS coupling of aryl halides. Severa

wdaoosnseremt s and bases were exam ned for the rPEUSGING/000157
of 4-chl orobenzotrifluoride and thi ophenol over
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Ni -plm catalyst B (1.5 nol% . Sul fide products were
obtained in excellent yields (94% in DVF /potassium
tert-butoxi de (KO Bu) systéf but noderate or |ow

yi el ds were obtained_in other 15 solvents (tol uene or

THF) . Con¥Re sFoh GTPIdRE HeRFivkde PLaNd hBRE ar¥YY ghaskides,

&raﬁ{mlaal hHSScﬁl%ﬂlr&sCWﬂ:ﬁsi@l@%ﬂ%ﬁu'wfa'sdéﬁaﬁ‘i@i@ed over
observed wi th good to excellent yields

ner a IX
oo Lahrst Aoidabiee Loy | Y A0 ITLhare o5 s |y

ahsanedrbera 2P deatidevat ol dds iRN-Aesr888s were
chlorides. Yields above 950 are consi dered excel |l ent

Sheerysd Jneblrse rsmegdnent 950 Bk cataA¥FleYRE PiRFved to
BH @lodsrakt ebsuf 1 QP® tOn80Y4:R1e £LRNUPkUshH sy TOMAANS .

|eI ds and %};)el ds |l ess than 50% are consi dered | ow

adgd tirmste taryl dhiotper aHent $higdguresd akee tested

Rreasenteivid B 2% ilahle &ctmgﬂao.ﬁ/o@@:gzglyst B towards
PCT/ SG2008/ 000157 23 Table 1 G S coupling reacti ons

T Rbipien aud foperds paYLl -thigsR werp SRE&REHRYy
[mol o] R Product Yield [ 6] 1s | 1.5 H99 2 [f] 1

1 S5 Ove MeRe /NA-%h AthhysBrailsd c'@ﬁ%n%@raﬂeﬁ@x&’llbn@
Meoc / \ /.99 5 Cal 191 Br 1. Qh
r@ﬁlebsleml%Q -%ea@te@at?owwaswfescveﬁ/ef% th% ed

catalyst (see Table 1). The Ni-pIm catalyst was observed to

maintain excellent catalytic activity over multiple rums.

Comparable activities of catalyst B to most
homogeneous Pd-PR; catalysts were observed. Catalyst B was
observed to provide C-$S coupling activity similar to oxr
lower than the expensive homogeneous Pd(dba),/CyPF-t-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 Rll
@/ + KOR" — @/

R

Entry X B [mol %] Product vield [%]™

1led cl 1.5 CFs 99

RO
2t cl 1.5 CF; Feo~ Do~ 60
Fﬁ—@—o—

3 el cl 1.5 CF, 83
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8 [h] A 1.5 CF3 94 9 [d] , [hl O 1.5 CF3 F3c / \ 94
10 [h] A 1.5 COVMB Meoc s 99 11 [el, [h] O 1.5 CF3
WGO-2008/1867/0 99 12 [e] [h] O 1.5 CF3 F3 C! S \POBSGZPS/000157

Reaction conditions: 0.2 mol of aryl halides, 0.22

mmol of thiols in 2 nm of DW, 100C, 16 h. [b] GC

yields. [c] 3-Bronopyridine was used as the substrate.

[d] Recycl ed catal yst. [e] ?Qéacti on was conduct ed at

Deactivated aryl _halide was use

80C for é
e WP& & n‘%bﬁ“ﬁf‘n AcEi WQPJeoo%raﬁythPFLa@eﬁvasO L%?ed“ml

&5 d1hexsubst iate.ml /lf Asir vabede aryd mhalibflegpasi asad
as the substrate. \Q 2008/ 136770 PCI/ SGZOOS/ 000157

bl ArsiFaged ol ﬁ&‘]ﬂé’&cfﬂﬁénu%? VAt i8S SEPFETRBRI des,
rom des ori des w pheno Xam ne
over N - pI m cat al yst B ( Tabl e 1). High activities of

the catalyst for i des, brqm des hl qr.i des

were 5 ob%%?“if'é?d cioﬁpgﬁﬁg g i farides T aﬁéﬁc\}‘é{ieﬁa@n

@3 eKVeds ths H.@Nb@ltegaﬁédqf)y didfifey ®itpfnedi0nat B using
ups on aryl halides. In addition to aryl thiols,

ro
SgF‘HFrtﬁ‘??ﬁtsl%FQnﬁFEE)"F%s‘i‘%QC SoFEHPLEESA] yst B.

Simlar activities of catalyst B towards alkyl thiols
and t owarmigyaregiivhicdes mﬁrm—q&mecuedlyéjﬂ EI'I‘teavdHird;sl m

cat st al.s enonstrate xcel | ent usabilit
GEREIS e Arld TR B Ry £ e Y co R
t(asta*Eaf@béH;o]z;):.deEheoNEem n&lﬂatﬁsyos:tams @kmwaxéfeo
|nta n talyfic activit v
Sh R Pl LaER TS S sbhpledtd PPt Eo
ohﬂﬁﬁgemmmtﬁebePBateayﬁtgst@odmtyeembs ewitad.lgaat ahyst 18
cggglyst 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.).

Synthegis 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 RO'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.
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observed to provide C-S coupling activity simlar to
or |ower than the expensive honbgeneous
weelfodh3g20 CyPF-t-Bu catal yst devel oped by HarR@i/§G2008/000157

Simlar activities as catalyst Bin the CGS coupling
reacti ons were observed for catalyst 20 D. Table 2

C- O coupling reactions over Nl-pln1catalyst BEal C X

OR' + KOR' R Entry X B [npl2®0] R Product Yield [4 1

ad 1.5 CF3 p3/ \ 99 2 Cc] d 1.5 CF3 F3\ 60 3 [4a]

a 1.5 CF3 F3 I \ 83 WO 200./ 77. PCT/ SG2008/ 000157

of af koxi dds i b XF, fooc, 16 h.
} Q 7 ryl was Uuseef as
. D Y coupling ary "W

i des was ﬂhvest|ga
Bjfusing simlar reacti
5 H gh activities of N -plmcatelyst
B towards coupling aryl hallde mﬁth all primary,
secondary and tertiary ' Myt he
associ ated esters werg )
are considered relati vexto other conparati ve
catalysts+]%bod ylelds Wi th Iesg than 1% 10 catal yst
fd R cogsi derFed, as hi gh acth|ty Low .
ved for the®toupling of , Bryl

‘ s SRt \ ’A\uphkﬁ\}vf\N
deact i \eat & yI chl o??d@egowft h gl k__/o;s\©
The

Br Br
NN V\N
g% e g
g Br Br
+//\N * z
OO0
h
Br Br
AN N +//\N
Saiaeatne
i

(—8 Coupling Reactions over Ni-NHC Catalysts

Activities

All reactlions were performed in inert atmosphere.
(¢)2-Ni solution (1 mL, 0.03 mmol of Ni), KO“Bu (125 mg,
1.1 mmol), thiophenol (1.05 mmol), and 4-bromotoluene
(1 mmol) were mixed with 3 mL of DMF in a reaction vial. The
vial was capped, and the reaction mixture was stirred at

110 °C for 16 h. Yields were measured by gas liquid
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activity of Ni-plmcatalyst B towards al koxi des was
observed 15 to be conparable with Buchwal d's Pd- PR3
w@u0aligeres (see, for exanple, A V. VorogushiPCT/G2008/000157
Huang, S. L. Buchwald, J. Am Chem Soc. 2005, 127,
8146.). Synthesis of N (0)-NHC Catal ysts Ni ckel
1, 3-di benzyl i m dazol i dene ( c) 2-Ni (0)) 20 catal yst
vvas synt hesi zed by adding 8 75 ng of Ni (CO))Z (0 3
o in a ovebxtoamxture of 195 B&’P
RO ERHE2R ]gy RHlBaS?ba‘Blcrﬁfrrﬂf) Puﬁelﬁrﬁ@u“cﬁ ducts
weite cBhELHhed vx@s Rl ehesmawgﬁaﬂhya&na@@ogpé@m@
Q%é—'g used as the catal yst stock solution for catal yt| c
T8 oY BECARB T2 BBERE 6T AR IERRSE20T¥Rb00157  26° Or
C Br +t NN!/ b aBr 50U~1 2ZIN* ~\ Bx d
@B BoupBindrRédd:thichstoved WBL-MBIC databysBs

C-0 coupling reactions over Ni—NHC catalysts were
performed using similar procedures as those used for the C-0
coupling reactions over Ni-p-NHC catalysts. For reaction

conditions see Table 6.

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

X SPh
R R

Entry ligand X Ni R Product %
(ligand/Ni catalyst yield®
ratio) [mol%]
1 a(l) Br 3 Me e~ - 141

2 b(2) Br 3 Me M -5 54!
3 e (1) Br 3 Me M-~ 56 (¢
4 ¢ (2) Br 3 Me e -~ ggldl
5 c(2) Br 1.5 Me AT 56!
6 . (3) Br 3 Me M) 341ld
7 d(2) Br 3 Me M - 65 ]
8 e (2} Br 3 Me w5 52
9 £(1) Br 3 Me e - ggle
10 £(1) Br 1.5 . Me Mo - g5l
11 g(1) Br 3 Me Mo -~ 92
12 g(1) Br 1.5 Me w5~ 78 el



} N+lam _/ 15\ 1 v\ I UN CS Coupling Reactions
over N -NHC Catal ysts Al reactions were perforned in

wo p@sti3@rinosphere.  (c)2-N solution (1 ni, O0.PGI/8GWI08/000157
of N), K&GBu (125 ng, 20 1.1 nmol), thiophenol (1.05
mol ), and 4-bronotol uene (1 mmol) were mxed with 3
mL of DMF in a reaction vial. The vial was capped,

and the reaction mxture wa8stirred at 110 C for 16

h.. Yiel dg)s(ﬁgre msasured by gas |iquid WO _200 136770 5 fe]
PCT/ SG20 00157 B¥27 chrdnat ogr dphy (&é-er%
i.solatio pure produc Pr odu wer e—~condy r med,_ by
]é;s chroﬁ"a@&graphy nass épgctromj{ y e@v.Q 79
I’ilgC| eay, (IRENety ¢ onanc ( NVR) 0 CoupRl i _lal
React i ongjaovgfr) N| “NHC Cat aI ysts gq C 0 CM

rgact i ging) pyer) Nl ghiHC cayakysts were 9@@9&_@! usi gglel
simlar procedures as those used for the 0 “coupl i ng

rneact i ong (ayer N s NHC cat al yst s1e For Mw' 92
conditions see Table 6. Table 3 CS Coupng React i ons

Ger Ni-NHC)Catal Psts [alLl.510 / MeSPh k@ +OPh Re8'™
Entry ligand x Ni R Product % (Iligand/ Ni__catal yst a
vi%el d [bR(Idati o) CF-m)I% 1 a(l) BF:3 Me O 14890
LCJ 2 b (2) B 3 M M r 54 [C] 3C (1) _Br 3 M @
M- -s-. CR(A)561c] BF ¢ (2}-Br 3 M¥B9 [eHDsLy)  13-8

21 e (1) cl 1 CF; m—@—s-@ g1
22 c (1) Br 1.5 Me M- 59l
23 c(2) cl 1 CFs  roDs) go'd
24 c(2) Br 1.5 Me MV<:>4P<:> go ™
25 c(2) Br 3 OMe '“°<:>Q*C} gq

26 e(2) Br 1.5 Me Me 5o 14
27 e(2) cl 0.1 CN N ggtdl

28 e(2) cl 0.1 CFs o D) 77!

[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. [b] GC yvields. [c] Reactlion run
using 0.24 mmol of potassium tert-butoxide (KO'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
of Ni—NHC‘catalysts investigated were observed to be all
active in this coupling reaction. Strong electron-donating

NHC generated from ¢ was observed generally to show the
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5c¢c (2 Br 1.5 M Mr 56 ([c] IC 6 c(3) Br 3 M
Me-0-1-0 34 7 d (2) Br 3 M Mer r 6S[c] [c] 8 e(2)

w®eoog/13ds7ve ! r 52 9 f (1) Br 3 Me Me r\ r 8 BCT/852008/000157

f (1) Br 1.5 M MOS 0O65/c] 11 g(1) Br 3 M M&s-0
92[c] 12 g (1) Br 1.5 M Mr 78 [c] 1=1 S WO
2008/136770 PCT/ SG2008/ 000157 28 13 h (1) Br 3 M M
\ f 92 [c] 14 h(l) Br 1.5 KE Me /~ ~r 71[c] 15
h(1)-c(1) %’IN& 16 h(l +c(1) Br 1.5 Me Mr\
highest f?tfttfisyam MR & e/ (1a3)18 ?f}(l&)f:ﬁalﬂ@c

a{\‘ﬁ-.l@f@lt ] wad9oBédavdd tb §E3o§9{r@]ze52%aélhﬂ@mil 2atMd of 2
21 ¢ (1) O 1 CF3 81 22 c¢(1) Br 1.5 M M

ﬂabl/e dfd] 23 c (2) O 1 CF3 F3C 80 [a] 24 c(2) Br
1.5 Me Me r\ 089[d] 25 c (2) Br 3 Ov M /-\S/ 92
[ d] 26 eB2)lafsd bideMeale ¥EO HRRANES) £-27wetd)pfapdtel,

i cbe GoHBI RS debiPhakoiaE suge: FhioRbNT B
te®e catalysts was also investigated (Table 3). It was
observed that with 3 mol% of nickel catalysts, the
activities of catalysts with bidentate ligands were similar
or slightly higher than that of (e),-Ni (NHC/Ni=2). However,
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)2-Ni. No byproduct was observed over
bidentate catalyst systems in contrast to ~3 to 5% symmetric
byproduct observed over (e);-Ni. Although the bidentate
catalysts did not show gignificant increase in activity,
they demonstrated greater stability compared to the
monodentate catalysts. When more ligands were introduced in
the reaction system, for instance, (e)3;-Ni or (h+e)-Ni, the
catalytic activities were observed to decrease
substantiélly. 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 wmay be
a consideration toward developing superior catalytic
systemg. Without being bound by theory, it is believed that
the bidentate ligands would form more stable Ni complexes
with a longer catalytic lifetime and prevent the formation
of anionic or briding thiolate complexes (which might
undergo slow reductive elimination as demonstrated in PA-PR,

systems) .



0.2 mol of aryl halides, 0.22 mmol of thiols and Ni
catalyst in 1 nL of DWVF, 100C, 16 h. [Db] CC yields.

WO ejosRaact i on run  using 0.24 muol of potassi uPET/SG2008/000157
tert-butoxide (KO Bu) . [d] Reaction run using 0.25
mol of KO Bu. Different types of NHC |ligands a-i and
different NHC/ N ratios in the coupling of different
aryl halides with thiophend® were investigated (Table
3).. The dlfferent types 5 of N -NHC catal ysts -

g, AAUE O¥RY a(q) 2N {9k Gatalyiss ™
coupling reaction. Strong el ectron-donating NEC
gener at ed-fgom% was observed generally e oBR't he WO
2008/ 134f PCT/ S&2 100018 fol’2@)2Hi ghey [
anong N z e (Tabl'e"3). TosBuhbwal ytic
observetho be optimzed at a NHCO N raRri 0 of 2

_(Table 3). Bridged bidentate NHC |ligands f-i were

prepar edx S5candlyhe coupnmg of 4- bpawetiobuene wi tlyield
t hi ophenol over these catal ysts was al so investigated
(Table 3). It obserzéoecq that with 3 nolt of ni ck(el) [b]
cat al ysts, the IVItI

s of catalysts Wi th bidentaté

(&)2-Ni TNHC/ Ni :12). Howe®8f, 10 it vvas observed that 99

when 1.5 nolt of nickel cat aI yst se
activities of catalysts Wthf-l@% O%
h| gher than that of (c)2-N. oduct was' observed

bi dentate catal yst _systens in contrast to .3 to

5? syrmet:rlc b]yrf‘roduct &Blerv gts Z;__Q@ 95

Al t hough the bidentate 15 cataly ot

significant increase in activity, they denonstr at ed

greater stability conpared to the nonodentate

cataal ystzs. Wien jore i g? gs were int roduced in the g4
an

reacti on system for i ns ce, (c¢) or (htc)-N,
t he
gl Bx 3 110 94
S
5 el Br 3 110 : 93
S
6[0] By 3 100 80

7tel Br 4 110 26
o YO

g el Br 3 100 89
MeO S



catalytic activities were observed to decrease 20
substantially. It is believed that steric hindrance

wo e@ai3@ver cr owdi ng or saturated coordi nati on BEHeG®08H00157
ni ckel center resulted in |lower activities, and that
further nodification of the steric and electronic
properties of NHC ligand to bal ance the catal yst
stability and activity may Bé 25 a consideration
toward devel opi ng superior catalytic systens. Wthout
bei ng bound by theory, it is believed that the
bi dentate |igands would form nore stable N conpl exes

wptch a Iggnger catalytic Lpbeti ne and_prevent e 90
formation of anionic or briding -z- xes
(which might 30 undergo slow reducthve/etim on as

denonstrated in Pd-PR3 systens).. W 2008/ 136770
PCT/ S&G2008/ 000157 30 Table 4 C S Coupling Reactions
awéf (cB2-Ni (0) 3Catal yst1@) X SR+ HSR 1-4 nol /P2

(c)2Ni KOtBu, DM R R entry x cat te oduct
yield (molo) (C (a) [b] 1 LCLFT S 2 [c]
T 1.5 100 95 MO ~\ S ~ | 3 [a] Br'3 110 4 [c]

Br 3 110 94 5 [C Br 3 110 93 6 [c] Br 3 100 80
11 Br 100

'Q e

ByC '
D)

1316 Br 1.5 100 78

[a] Unless otherwise specified, the reaction conditions are

12t Bx 3 110 87

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 (e),-Ni
catalyst Excellent activities for deactivated aryl iodides
were observed. Quantitative yields were observed by using
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 obsgerved for (e),-Ni. Low conversions
and byproducts were observed for reactions of thiophenol

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



7 [c] Br 4 110 96 HzZN S\ 8 [] Br 3 100 89 MO S\
/WD 2008/ 136770 PCT/ SG008/ 000157 31 9 [c] Br 3 100
WO00843¢77ks--(3 10 [c] Br 3 100 912 F ° S ( / RAT/GI008000157
3 100 94 12 [c] Sr 3 110 F3 87 13 [c] Br 1.5 100 78
__O VS C6H13 [a] Unless otherw se specified, the
reacti on conditions are 1 mmol of aryl halides, 1.05
of thiols, 1.1 nmol of32KGtBu in 5 nL of DVE, 16

% | sol %ﬁéﬁy Egg c] Deacti vated aryl hali de
GSEFHL SubSRRaPR® 3R REFLAgEEN\RR ekPYar v
daalkrbaglms wisRd xaSpi heows ume@)t avaPidskar apt tBalbsidat &®od
wer cat al yst Excel | ent

e investi d over éc 2-Ni
tR ERGPL1RA e 48 UEF PREP TS SO ELOuReTIPStTates
mﬁlaaes VE o T3 mtlat:taualystel dr:abw @ oeﬁe.f.v@sd PY2YSi NGoba
5 nmol % of Ni cataly C faor thi ophenol
5 Y(l?&& ¥ag 2l [Qheeryeg) Wl’fz‘bralé*’lye"mthéﬂlri(%wla‘mr entry
1anQm des, high activities were observed for (c)2-N.
Low conversions and byproducts were observed for

PCT/ 8(32008/ 000157 32 ConverS| oisie'f Iess t han 500 are

consi dered as | ow
i R
X LnM: .
10 [ electron-donating R S
+ HSR' N
R DMF | electron-withdrawin R
R R

X=CLBr) S/@

Entry X catalyst product temp base time Yield
{mol%) el (=c) (h) (%)™
1 o1 Pd- >100 Cs,C0; 15 85
xantphos O.N < > S < >
(5)
2 cl —_ 80 Na,CO, 1 98
OzN—< >%‘—S——< :)
3 cl — 80 NayCOs; 1 97
NC—{: >—%-S—-< >
4 ci - 80 Nao'Bu 15 94



conversion. Wen KO Bu (or NaQxBu) was used as the
base, good to excellent yields were observed for

W@ a0B08E76ubstrates with 3-4 nol o of N cat al BGI/SG2008/000157

(Table 4, entries 3-12). Good 5 yield was al so
observed with al kyl thiol (Table 4, entry 13). Table
5 G S Coupling of Electron-Poor AryI Hal i des [ELI |
\- Rx r \ 10 el ectron-donaffng R O SR + HSR R
Divl)1 electron-withdrawin R (X =Cl1, Br) ,~RR~1 R
s+ Entry X catal yst product tenp base tinme Yield
(ml%w C ( © (h) (o) [b] 1 Ed] a Pd- >100 Cs2CO3

15 85 c&ant phes N/ \ - 8@0Na2®08pd 984 3 C97
- 80 Na2C33 1 97 - 0 80 NaG:xBu 15 94
WO 2008/ 136770 PCT/S / 001 335 d - 80 KOBu 4

97 F3C\ 6 d FC/ \ S 100 K 16 65

6 cl — 100 KO'Bu 16 65
-0

7 oxl c-Ni 80 KO®Bu 16 87
OO

(1.5)

8 Br - 80 Cs,C0; 1 26
- OO

9 Br - 80 NaO“Bu 1 95
NC—< >—§—S——-< >

10 Br - 80 NaOBu 6 97
(0]
M)

11 Br — 100 KO“Bu 16 95
OO

12 Br — 100 KO'Bu 16 94
F;C

é S

FsC

13 Br - @\ (@ 100 KOFBu 16 95
N,

| T

P
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--\--07 d c-N 80 KOtBu 16 87 P3C/ \ S\ (1.5) 8
Br - 80 Cs2CCB 1 96 9 Br - 80 NaGtBu 1 95 NC/ \ /

WQ@A0B1367780 NaGtBu 6 97 a ~ \ S 11 Br - 100 KEBsGA88/000157

95 F3C/ \ S\ / 12 Br - 100 K&t Bu 16 94 F3C F3 C 13
Br -1 "/ | 10 0 K&Bu 16 95 10 N S"I WO 2008/ 136770
PCT/ S&008/ 000157 34 14 Br 10 0 NaO:Bu. 16 0 [a]

Unl ess ot herwi'se specified, ¥he reaction conditions
are 1 mmol of aryl halldes 1.05 mmol of thiels, 1.1

nmifl ofBT KB in 5 o ] £88I af'2fl %H el 4§. O

-[c] No catalyst was—tsedy ies 2-6, 8-14. [d]

Conparative catalyst (See Itofr;, T, Mase, T. Og.
Lett. 2004, 6, 4587). Although it is known that

%) BN, BRterulel MloEyieRe EhforBidhiih EBnateions axe

enzene Rucl €op
Subrsdll toft ropl neehixiesmit.05f omol aoC-thicdispl llng fﬁmol of

u d n t.al t.he [
Rotlioth Sniha it gfin T 38 BaE TR Sheabd® PO eeilyes
vaslusteidvén entries 2-~6, 8-14. [d] Comparative catalyst (see
Itoh, T, Mase, T. Org. Lett. 2004, 6, 4587).

Although it is known that activated aryl
chlorides, such as p-nitrile chlorobenzene, can follow the
nucleophilic substitution mechanism to form a C-S coupling
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
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). TUnder these reaction conditions, the rate of

‘nucleophilic substitution pathway on most electron—poor sp2

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 guantitative thicether in 1 h under
relatively mild conditions (entries 1—3 and 8—9), which is
different from the reported literature. Reactions between
4-chloro (bromo) acetophenone, 2,6-dibromopyridine, and
3,5-bis (trifluoromethyl)bromobenzene with thiophenol also

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



elimnation pathways to certain substrates remains
unclear. |t has been reported that netal conpl exes
w@2i8l1yzed coupling of el ectron-poor aryl hal PABESGNI0$/M00157
thiols. However, it was 10 observed that control
reactions between these aryl halides wth thiols also
gave good to quantitative yields' of CGS coupling
products under sinilar reactfon conditions (Table 5).

Under these reaction %Ondltl ons, . the,r of
ﬁﬁéﬁnol showed

L GBLEBP NPT PR NRBLOF ELE T 3o Gt

c@»h@éti@ﬂv@oﬂacﬁ:ﬁgnl’éaﬁé‘é h@ﬁ BhRS d@mewﬁ@ te&hdi€on
onpetitive with or herthan t hat of

PREPHRYE at %ﬁm%aﬁ& &} i4TCHEPFBRe AR ik woxd de and

peheyithioT apith Daskerst | ohiseRRIVEBNbA - zﬁﬁwrﬁgﬂeaﬂq)raﬂie
ni trobenzene or .4-chl oro(brom)benzonitrile wth

5t hPBFEY wek e W@é’ﬂ?e‘ﬂe’f%l idFe ldFhAt | PRI SEOqErts
we&elobsélm@d £ kehat iydel YodtiwednCanditionsci@nt ries

-3 and 8-9 which,is djfferent fromthe reported
cmP@Pébm@o FESHCE| BhED Pt iRlen (Table 5, entry I4).
4- chl or o( br onp) acet ophenone, 2, 6-di bronopyri di ne, and
T3bBebt s€¢te i ddurliageibyt) bnmmohenz ohennd tdatidlivenlize Aol
also gave quantlta ve yields in 8-16 h gzith a strong

base. WD 2008/ PCT/ SG2008/.00

4- Chl or o( br ono zotJfl £CBori de wit i ophenol showed

conpetitive retac ion rates by two Hifferent reaction
Hrarrways. TNHE reacti ¢h bet Wden R Product Yield

4-chl o | uori de benzylthiol wth bas [b]
was obé@??ﬂé %&gbe nmuch f@g F (Table 5 5, entry 5)% ¢
Wt hout netal st

oliserved fora react| ofit betiwen efct r one+Ysh< 10
chl oro(bromjl) arenes with thiols (Table 5, entry 14).
Table 6 C O coupling :rLeactl osns over Ni - N@ cat al yst Sis

[ &] XOR %4 KOR' -€ s w
1
3 c cl 1.5 CF; Fao/ o< 65
2
4 ' c cl 1.5  NO, ozN-( >_o_ 98
2

5 : cl 1.5 NO» OzN—Q—oQ 99

6 c cl 1.5 NO, OzN—Q—o—é 99

7 e cl 0.1 CN Nc_©_0_< 76

8 e cl 0.1 CN _ 99
: o

9 e Cl 0.1 CN 68
NG 0
: 2 O -Q
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R Entry NHC X N R Product Yield NHC/ N ratio [nol
a] [56] [b] 1ad 1.5CF3 F, ! 10 2 Cd 1.5 CF3 F,

w0 2008/1337€¢ C 1.5 CF3 F3 65 2 4 ¢ C | 1.5 NOZPORBGZ008/000157

0- 98 25 Cd 1.5NR2 o2N-D99 26 Cd 1.5 N2
02N-41r \- 0~ 99 2 7 e d 0.1 CNNCGC\--0-\176 2 8
e 0.1 CNNCG// \ 0 99 29e d 0.1 CNNC, \ 68
20\ / W 2008/136770 PCT/§62008/000157 36 [a]
Reaction ,conditi o of aryl hali des

r&%lReaé’ftﬂé’F'kBQFGéEl?rfF q °n12 B‘F‘Obl\ﬁtf g0 &2 116°R Pbﬁz &ol

yi &t dslkoxdiaargeneoust GfOppeyPho fige | eart ons] catal yark .
by N -NHC conpl exes were investigated. As with the CGS

were observed to 5 be dependent on the type of
ligands and the ligand/Ni ratio (Table 6). The
activity Hémbgmndduﬁﬂﬁeocabapyiﬂg;ﬂaamtdbserveualyzﬁd by

S ST i R P8540 o A S PRGN, i S
reatdtdons]) the activities of the catalysts were observed to
be dependent on the type of ligands and the ligand/Ni ratio
(Table 6). The activity of the Ni-NHC catalysts was observed
to decrease in the following oxrder: Ni-e¢ (ligand/Ni ratio =
2) > Ni-e (ligand/Ni ratio = 2) > Ni-e¢ (ligand/Ni ratic = 1)
> Ni-a (ligand/Ni ratio = 1). The homogeneous Ni-¢ catalysts
were observed to have higher activities than the
heterogeneous system. It 1s well known that the bulky NHC
ligand in Pd-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
cbserved 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
geometrical isomers, optical isomers based on asymmetric
carbon, sterecoisomers and tautomers and is not limited by
the description of the formula illustrated for the sake of

convenience.

Although the foregoing invention has been
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
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> N -a (ligand/ N ratio = 1). The honpgeneous Ni-c
catal ysts 10 were observed to have higher activities

WO b@R/184120 het er ogeneous system It is well knoREIT/SGz08/000157

the bulky NHC Iligand in Pd-NHC catalyst is very
i mportant for achieving high activity in Suzuki
coupling reactions. However, stereo effect was not
obvious in the Ni-NHC catal yéts. It was 15 observed

that .el ectronic effect appeared to_be npre inportant _
“Péllfﬂﬁ%*\;b%shg“atyh?ecﬂﬁﬁ?y xR GiABAEE. IRPaY i)Y dfgm the
il e) sr shewrd Fxeak! eitedeidny idd @esboBEdSit e
coupliing of ~aryl halides wth al koxi des and

apPFPERE dek2iMhe present invention includes isoners

such as 20 geonetrical isomers, optical isoners based
on asymrett infustC@ebAbtedt Bif0Ia30MBe8 & dtha WSaeiEs cablon
s not Iirritc}ed ké%/L .the descrijption Qf the %lo‘(ry,ul a__,
anf) GEe r aPRPISE LRINE akkhDST EnF8RBR. Ol 1 hougR™ hand
viaee g oh ATudd YRRira0NrB s HeeH Wil cdeSehé béshidkiS YR arly
.detail by way qQf illustration and exanple, and with
1ngdapEes o° ®nore enbodi ments, for the purposes

of clarity of understanding, it is readily apparent to

t hose ofumreisndefinkd| dthervire adl tachniddl afad he

teachipgs of this_.ipventiagn th certai n changes,
SGEERatFER S heRd0Bera s ke SEobE Py 25
contlofil g aindsistoay be omelect herddmarwi shbll Uepdret ang to
.o he spirit, or,scope of the invention as

Wg‘égg}{"}%ﬁ Jr’ﬁvelnljfé°na8ﬁgﬂlg%%‘ clains. it nmust be noted
that as used in the specification 5 and the appended
clai ms, tal giubjdkatibns mpaferts” andapdtemt apnligations
cﬁﬁgh “i’x? »9111“% @gé&%%&ﬁf&n UNLLS$ bREF 0L & e 182RLY

i ndi cat es ot herw Se.

reference as if each individual publication, patent or
patent application were specifically and individually
indicated to be incorporated by reference. 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.
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Unl ess defined otherwi se all technical and scientific
terns used herein have the sane neaning as 10 comonly

wa@esndt’obd to one of ordinary skill in the arPCI/8G2008/000157

whi ch this invention belongs. Al publications,

patents and patent applications cited in this
specification are incorporated herein by reference as

i f each individual publicat?én, patent or 15 patent
application were specifically and individually

} ated to be incorporated by reference. The

citation of any publication, patent or patent

Jappl i cat i anméthddifor spebod+maAtfian (CsShobr atarishy -Ssiyorn

%ﬁg& t he Egblication” patent or patent application is
rior 8PP b F08E 38970 PCT/ S&2008/ 000157 38

CLAIMS: 1. A nethod for carbon-sulfur (GS) or
adamBanngxyieany ©m@ersoapthigl comyeising: caypoind ngn

in i Ql- [ 0 AYA e
narcas Shifde B BaROrLAT IS ATty O3 b -
cogphphgngprod) m xing, in any order, an al koxi de or
aryl oxide, an aryl halide and a transition netal

b‘;omkgﬁg$ 0i bérﬁ} rbr%e@, &R uaf?i]idg&delgrwgﬁ f&i‘icﬁ@,e an aryl

transitton netal conplex conprises a heterocyclic
cahBéhde| AR @RSLEReH MRt £omPaR%i £p opbtant 41-0

ot hgfipi A3y, pal ladium 2. The nethod according to claim
1, mhgreln the heterocyclic carbene ligand is a
%§Iy1lii heterocyclic carbene _15 (p-NHC). 3. The
WREEROE BRe b A O MaF M 1CFPIEX FREPELFCS e

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

(p-NHC) .

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

*

\
A E , RZ
r /i N
B II le .
F \\7r—ﬁ{ (1)
Ry '

L G H_n

wherein:

* indicates an end of the monomer unit;

each of R; and R; is a linker group;
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transition netal conplex conprises a nononer unit
represented by the formula (I): AE,R2 N 20 B M _

wORMms/1567M (1) N RL----N D G CH n wherein: *PCT/SG2008/000157

i ndicates an end of the nonomer unit; 25 each of Rl

and R2 is a linker group;. W) 2008/ 136770

PCT/ S&008/ 000157 39 Xi- is a counterion; Mis a

transition metal; mis an integer of 1, 2, 3, 4, 5, 6
; nis betmeen about 5 and 1000; and 5 -----

?Ep?@s%rﬁ%?%?%ﬁlﬁﬁte bond or a doubl e bond, wherein

when represents a single bond, each of A, B, C, D E

F, 145 anctaksi siondegsident | y hydrogen or an optionally
substituted substituent which is not hydrogen; any two

?61tg?ep of 1 Fiy Gzang, "lsaréoélo'%ed to forma

cyc racture; “dr ény pal r substituents A, B,
C . D E, F, G and H attached to the same carbon atom
P &b é?éﬁ@@naabplh‘glfe ang 390Pt ued attached to the

carbon atom by a double bond,

wherein when ™  represents a single bond, each of A, B, C,
D, E, F, G and H is independently hydrogen or an optionally
substituted substituent which is not hydrogen; any two of A,
B, ¢, D, E, F, @ 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

wherein when == represents a double bond, E, F, G, and H
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 heterocyclic ring of
formula (I) 1s fused with an aromatic or heterocaromatic

ring. ' \

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

catalyst.

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

imidazolidene or poly-benzoimidazolidene.
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and wherein when ----' represents a double bond, E, F,
G and H 15 are absent, and each of A) B, Cand Dis

W0 pwepaitdent |y hydrogen or an optionally subseCT/SGEE8/000157

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 formula (1) is fused
with an aromatic or heteroar%%atlc 20 rlng 4 The
?ethod acc rdlnﬁJé g e of cl . Wherein
he transitiCoR*HBPal 2% l@ﬁ £ g a+?u¥héﬂFﬁFﬁPtheone
Eétéﬁ@cﬂﬁfct cekBéne M igurdtetier aggrROtSrAiAliYS balbefd
the formof one or nore particles and is a
ﬁ%%%%ogeneous 25 catalyst. 5. The nethod according to
any one of clainms 1 to 4, wherein the heterocyclic
Tar bene I imndethoqh(ﬁ.q/c&oridﬁﬁazol tOete Oror 6, wherein the

ol nzai m dazol i WD 2008/ 136770
B 5 Ob6 69 bl e s RO ROt H e A8 =t 5T
1IImherei(v)the heterocyclic carbene ligand is a
N-heterggyclic carbene (NHC). )i The nethgp accordi ng
to aim 1 orgp, wherein thg. heter Sycllc carbene
| i gab € represent ed by t hBs g C]f R‘/)

Xr- xho\x1J RB-,+ @OR4 R3-, 4 AN Rsg, N 1 RV)
E--~G+Fr® ABABCD V\A:Eer}ﬂ’_?ninf (T1)
10 Xi- As as defined inclaim3 B ¢ D

wherein in formula (III):

X;" is as defined in claim 3;

= represents a single bond or a double bond; and

each of R; and R, is independently an optionally substituted

substituent which is not hydrogen,

wherein when ==== represents a single bond, each of A, B, E
and F 1s independently hydrogen or an optionally substituted
substituent which is not hydrogen; any two of A, B, E and F
are joined to form a cyclic structure; or any pair of
subgtitutents A, B, E, and F attached to the same carbon
atom represents a single substituent attached to the carbon

atom by a double bond, and

wherein when === represents a double bond, E and F are
absent, and each of A and B is independently hydrogen or an
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 heterocaromatic ring, and

wherein in formula (V) :
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W@ estisd7oent whi ch i s not hydrogen

represents a single bond or a double bond; and each of
R3 and R4 is independently an optionally substituted

represents a single bond, each of A, B, E 15 and F is
i ndependent|y hydrogen or an optionally substituted
substituent which is not hydrogen; any two of A B, E
and F are joined to forn1a4éycllc structure; or any
air of substitutents A B, E_ and F attached to the
ank® GfF 96§ 108t otR rF g 8nt 804 Bi gide Re ] iasulpfined
Adached to the carbon 20 atom by a doubl e bond, and
wherein when ~-- represents a double bond, E and F are
-absent, and_each ,of A and_B.is ind ntIy hydr ogen
or iﬁPkSB?PB%a?|%}H§&839Ftﬁ?%Rﬂ%; 5%1 ﬁgﬁt whi ch is not
hydrogen; A and B are joined to forma cyclic
Rst Leicd ulimkeor dreep?25 heterocyclic ring of formul a
(111) is fused wwth an aromatic or heteroaromatic

B POl ooie T ReeRiE s Shis HhE B . .
an&.RE, afdaRd Hris agdapen@@@!:lyamogrmppm@mt@@onally

S\E%)@Q %ueg d&&@éﬁtﬁ%ﬁg wildn £354ct 3‘;‘/’3%%‘55 géer%pcon’ of A,

---- represents a sin h of
BB, CC, D m EF, 2 a®daﬂdarle|}301nﬂﬁe¢em¢emml g tydtogen or

AERLLEIoLL i o S RlHCR, 2 € B0 80k, o
gndi Hedttached o tdypcBave s¢axiinuagomo lreangs@lats aofs 1ngle
ﬁ%@%&kﬁgﬁmé%&ch%d Co The ReafhorCathfh 899, Fh&%ﬁlaecfb%%t 0

sane carbon atomrepresents a singfe sti1tuent
amdt ached to the carbon atom by a doubl e bond,

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

ring.

8. The method according to c¢laim 1 or 6, wherein the

‘heterocyclic carbene ligand is represented by the formula:

wher ei n WhRGIT/SG62008/000157



and wherein when -" represents a double bond, E, F, G
and H are absent, and each of A, B, Cand Dis
W0 pwepaitdent |y 15 hydrogen or an optionally subGI/BGUN&M00157
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 formula (V) is fused
with an aromatic or heteroarfmatic ring. 20 8. The
nmet hod according to claim1l or 6, wherein the
het erocyclic gcarbene ljigand is represented by the
for mul a: Y\
i 1 C

5
10
i5
9. 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-8
20 coupling; or

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

coupling,
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(G 0) coupling conmprising: a) mxing, in any order, a
t hi ol -cont ai ni ng conpound, an aryl halide and a

W e@ndsd77on netal conplex to obtain CGS 20 coRi/BGRN8/000157

or b) mxing, in any order, an al koxi de or aryl oxi de,
an aryl halide and a transition nmetal conplex to
obtain G0 coupling, WO 2008/ 136770 PCT/ SG2008/ 000157
43 wherein the transition néfal conpl ex conprises a
het erocyclic carbene Ilgand conpl exed w,th nickel. 10.
wheedat hBe Heamiidiles retet a‘i’?ﬁ'@le’%\ﬁé’F‘BFhS‘F%eﬂ
HRebegyTlé Ceaidirna 1hhaaNEoys1 kddok th- AediesoCyCl i C
carbene 5 (p- hWKD 11. The met hod accordlng to claim
9 or erel e nsitjion netal co ex
1é’on'prl sesTeE a&ﬁPFgl?%prr%scelr"i’tl@d by BFES ¥ HHA a
HefprobyEl R dd¥tdne 1EghhdMtis*a {pdly)N-NefkrodvdlidGcadbRne
mher%gn: 15 * indicates an end of the nmonomer unit;

A f R and R2 is a linker group; x,,- is a
counterion; Mis nickel; mis an integer of 1, 2, 3,
14,. 5, 6 oTrh& ;method according to claim 9 or 10, wherein the

transition metal complex comprises a monomer unit

rapresented by the formula (I):

K

A E,\Rz
[
(1)
wherein:
* indicates an end of the monomer unit;
each of R; and R, is a linker group;
X,” is a counterion;
M is nickel;
m is an integer of 1, 2, 3, 4, 5, 6 or 7;
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, C,

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

substituted substituent which is not hydrogen; any two of A&,
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20 n is between about 5 and 1000; and ----- represents
a single bond or a double bond, wherein when -----

WO 2eBaedent s a single bond, each of A B, C  [DRPCHESGHIS/®0157

and H is independently hydrogen or an optionally
substituted substituent which is not hydrogen; any two
of A, WD 2008/136770 PCT/ S&008/000157 44 B, C, D, E
F, Gand Hare joined to foffha cyclic structure; or
any pair_of substituents A, B, C D E F, G, and H
Bat FacRedB1t oF 1 e 33WhE 2af bbhinahior EpFBsRnE¥CalSi ngl e
styhsthiaents aldached be LiwsiCaniRsahomibyca slowl &, ¢
bond, 5 and wherein when ----- represents a double
apgnd, aE-agheds toyfdpeH=aRe cCHPREN ALOBNECRERTEMIS & spngge

saBd: Brhsnt ndenendenthy enbysagen a@_EmaB%oaPtcﬁ&I@Lle! Yond,
substituted substituent which is not hydrogen; any

aflo of A, B, Cand D are joined to forma 10 cyclic
structure; or at |east one heterocyclic ring of

whekBlh aylidn +5- flegRdsehtd ANMAIARLLEIPIE, F, G, and H
heteroaromatic ring. 12. The nethod ag¢cording tq any

agRe2BFeRt gidhe #AH PE A vBrer®idnd Re1fr 2R<FRSUICRE YAl

LYAFBLEX &5 &) dptilheiier st itk cangubst MBidht which is
particles, b) a heterqggeneous catalyst or ﬁ$ in t

oS RYSFORR Givhde Pardi Bel 74 Psakehet %@éﬁb&grm a

Rt akyst rudireh@rmathoda st caled R elkcpOYiONEIRY of
claims 9 to 1 wherein the transition nmetal conpl ex

2

Eogmhiakél) pbt FUEES HLBR A i BIWRLAC AF cReperoaromatic
$aky- benzoi m dazol i dene. 14. The nmethod according to
claim9, wherein the heterocyclic carbene ligand is a
1§:heteroq%ﬁglﬁét %%bgggor fgégfo any one of claims 9 to 11,
wherein the transition metal complex is a) in the form of
one or more particles, b) a heterogeneous catalyst or c¢) 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-

imidazolidene or nickel poly-benzoimidazolidene.

14, The method according 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
heterocyclic carbene ligand is represented by the formula

(ITI) or (V):
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15. The nmethod according to claim9 or 14, wherein the
25 heterocyclic carbene ligand is represented by the

WO o0aad@@70 (111) or (V) @ X1- X1- Xr_ R3--,' /PAT/SG2088/600157

R NNNNS-NONEFEFCGH ABABCDW

2008/ 136770 PCT/ SG2008/ 000157 45 wherein in fornula
(I'11): XI- is as defined in claim3; represents a
singl e bond or a double bon#> and 5 each of R3 and R4
is independently an optionally substituted
substituent which is not hydrogen, wherein when -----
represents a single bond, each of AL B, E and F is
whidedendanEbyminyalr (XM :or an optionally substituted
substit uent mhich is not hydrogen; any two of A B, E

apd F, 10 %glgﬁd? I‘(q,,rma cyclic structure; or

paiT O St s A B, E, and F attached to
the sane carbon aton1represents a single substituent

att agkpyesentfeca ciiisde bandnebye daidllsl dobdndandnd
wherein when --- represents a double bond, E and F are

davralgent ,am &k, e@§h1ﬂﬁeﬁ%ﬁa@§t5yi§n'6§E¥BﬂH$¥@tEﬁbstltuted
hydrogen or an o tlonaIIy substituted substituent

%H%S&H P§nﬁo’f’h%ﬁﬁar5b"géwt YA5PEe™B are joined to forma
cyclic structure; or the heterocyclic ring of fornula

WHdre)ini ﬂhéﬂ&eﬁ- Wt eden@E 08 BE 11810 honet, eéaanomatzk,c B, E

. .and 20 wherein in formula M X1-
' 4RmiadonsHeet U aYAISEre o Aerregnally Subdtituced

substituent which is not hydrogen; any two of A, B, E and F
are joined to form a cyelic structure; or any pair of
substitutents A, B, E, and F attached to the same carbon
atom represents a sgingle substituent attached to the carbon

atom by a double bond, and

absent, and each of A and B is independently hydrogen or an
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 hetercaromatic ring, and
wherein in formula (V) :

X, 1s 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,

D, E, F, G and H is independently hydrogen or an optionally

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



above; represents a single or double bond; and R5 is

a |linker group, 25 wherein when ---- represents a
waemghss7bond, each of A, B, C, D, E F, G andP¢¥/662008/000157

i ndependently hydrogen or an optionally substituted

substituent which is not hydrogen; any two of A WO

2008/ 136770 PCT/ S&2008/ 000157 46 B, C, D, B, F, G and

H are joined to forn1a cycl#@ structure or any pair

of substituents a, and H attached to

Brh& sBme® cdrbdh é‘fioﬁl ?‘é% Zb@é’r‘?tdstg §Pﬁ'§l ® C¥YUPG i t uent
saichaches; tox e @atbost ahBHituandsul| espand,p, = aml a

erein resents a _double bond, E, F, G
SLeLONen ol PRLesE S A doutl e bond £ G20t
suadepiemﬁmautacmédr pgethdcarbopphtonaby ya sathsiliet wbad,
sybstituent which is not hydrogen; any two of A B, C
3 aﬁHd D are joined to forma 10 cyclic structure; or at
| east one heterocyclic ring of fornula (\0 is fused

wmrhlmmlﬁarmna:tq c:eprebeﬂumf cmrdmmhuecbondnga, . Glhend #
ccor I 9 or %4 wher t
afB: Arceor Ak Bgbnet | By da & enfop, M chiidbaieptly
hiydrogda.or BEm Cptidnally dubbtiButBd shbétituknt which ik
nSL h§§é§§én; any two of A, B, C and D are joined to form a
10 cyclic structure; or at least one heterocyclic ring of

formula (V) is fused with an aromatic or heterocaromatic

ring.

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

heterocyclic carbene ligand is represented by the formula:

| Sbs
sp-aslencnel
oo

20

25



25 WD 2008/ 136770 PCT/ S&2008/ 000157 47 J Br Br Br

Br Br 5+ .~ / \'\''\ or Br Br N17. Atransition
woreaoal13oonpl ex conprising a poly-N- 10 het er ocRCI/B62008/000157

carbene (p-NHC) conplexed with nickel. 18. The

transition nmetal conplex according to claim 17, which

is nickel poly-imdazoliden ni ckel poly--

benzoi m dazol i dene. 19. A f%an3|t|on net al conpl ex

conprising a 15 heterocyclic carbene Ilgand

represented by thegformula: O Nd :N+ Br Bi 20

Br WD 2008/.1367Z70 CT/ G2008/ QO 57 48 Br Br 0"~ OBi
B B
C @A \_/
N
J W\J @
5
@MN”@AN\_J
or
W/\N/\@

17. A transition metal complex comprising a poly-N-

10 heterocyclic carbene (p-NHC) complexed with nickel.

18. The transition metal complex according to claim
17, which is nickel poly-imidazolidene or nickel poly-

benzoimidazolidene.

19. A transition metal complex comprising a

15 heterocyclic carbene ligand represented by the formula:

a-Bf Br
s -asleacas
Br



Br Br conplexed with nickel.

WO 2008/136770 PCT/SG2008/000157

48

sg‘anscas]
Sa‘aetens]
ordoordoo.
Sa‘acas

complexed with nickel.



