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of the Ruthenium (11) catalyst. The process is carried out in the absence
of a phosphi ne. [ 0008] In sone enbodi nents providing the Ruthenium (I1)
cat al yst weyoimsadose the formati on of one or nore Rut hercw®cedilo)oessnpl exes
of formulae (1V), (V) and (V) R5'R6 X(VI) RuL X(or L) In these
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group, an@7,as046)arml the yalidatioq rodwipioacidwewitVazided. (I SISO RV, 2640, 1000 Wk, 4

i phat i . : e ; o g T
el udes St Q0G0 S05he LBrEs Shre AR e &6, IAORBYOIO TS dAGRTIER masom
N, 0, S, ofthedd thefflods I1'%111t RE@RAYEr HRAbIMS 3% vili)s feXbontsahd ¢ RFRE l@éhté}ﬁ e B
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[0005] It is accordingly an object of the present invention to provide a process that is
25  suitable for the production of amides and that avoids at least some of the above named draw-

backs in current processes of amide production. This object is solved by the method of claim 1.

SUMMARY OF THE INVENTION

[0006] The present invention provides a process that involves subjecting an amino group

and a hydroxyl (alcohol) group to an intramolecular and/or intermolecular oxidative coupling

30.  reaction, whereby an amide is formed. The process involves the use of a Ruthenium (II)
catalyst, which may be formed from a Ruthenium (II) precatalyst complex. The use of this
Ruthenium (II) catalyst involves providing an N-heterocyclic carbene, which may define a

ligand of the Ruthenium (II) catalyst.



WO 2011/ 034506PCT/ SG2010/ 000351 5 conditions A and B (see above; [a]: CC

yi el ds). [0017] Figure 8 illustrates the optim zation of conditions

usi ng RutWerduwm3¢ior) conpl exes depicted in Fig. 3. CondPCIS6201088e85her e 5
nol % catal yst, toluene, reflux, 24 h, un{ess otherw se noted (a:

Det erm ned by GC using dodecane as an internal standard; b: 80 C, 24 h).
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20 mol % u;i.d: i tvlene, 001 Figure 1 epi ct s...t he.
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e ted 1Q0ban i st ance A Rul - . 14), Rul -Cl1 2.4439(4), Ru
O o s el BE1GY R iaEn ShtieqBge TP PCIEG: it gjoicy 4nd a

0 -Rul - Gebo®Pndidt¢lof the darellcofapsuitB3- AQEpbdive first 49 lis Bl FithSrylor BRI
schene depjcting the ami dation of an al dehyde as detéerm ned b as

chr omat CYREBhING ETPSReSIIYR) seroad daeistyats amrimare rafephok tThedprodess a%ég@rg@cbtﬂes WO

i xtur e BPvidined RAREhul 0B LA IRy RaGRTTG AERRER G ok iR S,

as an i nkrevidilg th¢ Rnthentim @l)enabyst nflutlexproviding aDE-AttiefDyOESGRIRE T pbcesHE

I NTI . 022] . As ngt ed. above, previous catal yst systeps .of, an de
Forifat | ohtpetraebira ity ot B S D heEingy Seab 8 nriesnes
fri endl yof theRuthehiugl(Cl) capsyse MhedfrOcdd BeAned R ashRiabsenct 8RNPBosphiie. Pr ocess
of the present invention is based on the use of a phosphi ne- 28free
catal yst sy®08in someOORBIditeatst pioWiling aheé [RiSlienivdn A11) Cauk Ayt Sthap MSIAW tidd €
used i ntgerchangeably herein. As used herein, these terns refer to a
conpoundogpat GHERT Moge Rb‘g}?ﬁiuﬁhaﬁcﬁ?nﬁ’fle’@éHﬁ&]ﬂ’é‘?e&vbéﬁ%ﬁﬂ% t hat that
i s/are capable of increasing the rate of a chemi cal reaction. Thereby the
catal yst or crtélyst glstem generally facilitat e(§4)2 or all@w(s) the
reaction bet or nore 25 other conpounds, The catghkyst remaining in
or returning t original state. A catalyst may\be ed in any desired
amount rehati e otw:r conponent s whose reacgd onX\is facilitated or
0

al | oned. R Rriocess of the presept? nti theni um (11)
catal yst is pruifed. Providing the Ruthenium (Il )\ ca in a process
according tq e jnyenti O‘QSi ncl udes 30 providing a et erocyclic carbene.
As an examﬂ%, a Rut Wi ym (I'l) precatal yst catahyst ex ghay be

provi ded and an_Ruhetergfyclic carbene, for ex |l e at the sane
time or in sgglienceY¥E. . in(ggpreselected order, Lna odirre?ts the
N-het erocyclic W 2011/ 04 PCT/ SG2010/ 000351 & c% ben ded as a
conplex with a net a),N l.¥geni de or netal oxide, suck as ition netal
hal ogeni de or a R%nsi t i oxi de @) a

n netal d¥)de, e.g. a hal og?%ixd
f

nmetal of one of groups ngb 12 of the periodic table ele s, including

group 8, group 9, group or group 11 thereof. An illustratiR/e exanple of
a group 11 hal ogenide is a silver hal ogenide, e.g. Ag(l)Cl, Ag(l)Br or
Ag(l)!I. An illustrative exanple of aggroup oxi de is copper (I1) oxide,

CuO. [ 0025] An N-heterocyclic carbgne is
under standi ng of a nolecule with a di v carbon atomthat has six
val ence el ectrons. Wile carbenes in generdl are typically very short
lived, an N-heterocyclic carbene iQLsNQQ%E,Ns\aGIigand, generally a two

nown in the art via the

el ectron 10 ligand. An N-het erjocﬁl iC beneRcan be understood as being
stabilized by the electron | one pai I’)(QL f ong or nore nitrogen atons in

t hd5nol ecul e, which can contribute to gResonance efVBct, which can be
depicted in the formof nmesoner stru urﬁs, (orae) taken to lead to a
partial multiple bond character of the a¢ditional electrons of the carbene
noi ety. An N-heterocyclic carbene generakHly has to be handl ed under inert
gas at nosphere such as argon or nitrogen, 15 prevented fromcontact with

chl ori nghaHess GbMANLS tIRNEY Y] STUT € irdichtdsSthh'@R redRBR BHRNmAY telL¥ALIEdr a
t enperatures such C and hi tglher. A brief overview on Stable Carbenes

0
i ncl udi ﬁ’@uNﬁWQtlér%c;Bﬁ are andependestly dronp ersmangithes selpgtekiormsHd, ralipbatic Sloum
Int. Ed . 4 767 he f t i vi . t.cal
nopect s BratRos; doug BarohdlFbroubl & WANHRAL e 87N M i BRSNTERUE TS

Jahnke (Angew. Chem Int. Ed (2008) 47, 3122-3172). 20[0026] Exanples of an
N- heterocyclic carbene that is frequently used in the art and that may al so

be used in the context of the present invention include, but is not limted
to one of WD 2011/ 034506PCT/ SG2010/ 000351 7




On a general basis an N-heterocyclic carbene can be forned fromthe

correspondi ng proton-substituted conpound using a strong base, i.e. a base
such as awvOebHl/o3#spdri de, e.g. NaH, CaH2, LiH or TiH2. FRETISG200/08¢851 es of a
strong base include, but are not limted o, |ithiumdiisopropylam de,

lithiumtetranethyl piperidide or Iithium hexamethyl disilazide, each of them

havi ng aalgati®f aRQchE, BRYmfatich hati@ &O%ylﬁf@/@% Igwﬁl% iRudsK 0ol 8ofiR M

al so be used as the respective base, such NaOEt . Yet
further bstereptors. Such ashgtetgpiom @m’ebgrselettﬁ{i M(csn VE3P2]S, aﬁedaIK{ N8 Sml\@S)@})vel n
sone enb 2 t uhyak ent sepn1at | eas

| east t hfr%gllélﬁggisfv\)a {Vlh?(: Eol}a?‘{k%e%ga?g O?}Q r?olgéhlts ngqlgtg 6'Rle(lzis 85 % ’\/aé1 ?I@htaﬁ‘é
tybigal |5 born *ﬂﬁﬂﬁgm'é“?é"?‘?ﬁbr‘é?‘?r°“‘”“a§‘a’ﬁ’§“@‘“‘° gm‘@a*?’n“fﬁﬁﬂmnﬁg o
ypl I u S i S
e St ¢ DA aessher famnet SiUBRRIG o aiaichehs omp ansingreyGda o

5- menber gflerbhtdehsS Babh a;sShe%&ohﬂ&hdﬁzaXI bé)@éi@éied afrélﬁ INzol SD&weshd itk @& Abohased
or a benzi m dazol - based car bene n i m dazol - based carbene can for exanple

be prepatosBulee 8i¥)YILE is 2 saluent snaleqwles yridins; aegtoaitrtesey apN-bgterassiclict davkene.
desul furization of an im dazolin-2-thion (see e.g. chapter 2.3 of Halm et
al ., 2008, supra). The r l exanpl e be

obt ai ned VI a a cyclisati ﬁﬁﬁg‘%ﬁgg i ‘ﬁéﬁj gh‘%@@#%%@% N atom of an

i m dazol - ound, such as al kylation, as sunmarized by Hahn et al.

(ibid.). I rW i&hebawalom-métl@rbﬁttﬂ Iunderetao@e‘nésrelﬁ@wmeaﬂostbe deteiled descepiich by

Ki i ( (.0 59 7). 0028 bave exampl es
o 0 VB, PRt RO htfon 2985 00 nor iRkl G AR SO BATRAE
may i ndejrewdgnt from one anot her be H or an aliphatic, an alicyclic, an
aromatic, an arylaliphatic, or an arylalicyclic group, which may i ncI ude O

to abgut 3[00d0¢ ﬂihglm ﬂmlluﬁr@test anzactiort mas;ﬁomsits) eédio&smg \lmﬂre@rweﬁtslﬁnénntc))ﬁ Ugsingas

R7 an so be |link ine a bri

such as F%r? rarat AR A or A SRR ar Foaioh BeCy e 20 Bpmg gifa Byroarh o &

bridge. "a he fourth exenpl ary cte ab e represents an
9 @%Eﬁwe?&% écﬁ%ex roc}cr?é?‘iué Oﬁ%?gf%’s‘epl vrﬁ:rsesgnt may

al |ndep fro ne. anot her, or.an hat |c I|c C|IC

21 58 | MePRSP k") 90 GLRRes BE R R @ LBIRAS Rl 5Vh

to aboutfoﬁnditema:rcooxalmg’ts the iWetbhl/ 034506PCT/ SG2010/ 000351 8 , ,

R7, R8, R21, R22 R23 R24 R25 and R26 any of R5,where present, is typi caIIy

of a mai n MEBhHFigngtdsinivslexhmphb@ifta résbtioh® fakhopitimiby fihink ®eAbMathing@ng @lidon
atons. Each of as well as

R R7,.R8, .R21, R22, 3 4, and R26,
R9, R10,PTEAAY akfgbl Rpberyiihae) mRﬁwoPr%&encw a&r%@u@@i) Baéﬁbs%)awémgd?t he
exanpl e m%ﬂtidﬂQ[a@ 3 ﬁloil’JQCRﬂ casalyﬁushmm NJH@ REcurstR ,(cfhpigeafastrﬁm » BRYRCligddf rom
the group N, of these aliphatic aronat i c,

ar y¥0al i phappls baseaﬂgll élnilQMcRP @atgi.i/éu A9 melf6 NEG prsserser,tl 8ang tmeslegabdsl )
for exanpb e, adet mna sanﬁ,u%yﬂau QLANRY, y"ﬁio% ﬁﬁnggcafsos hem§io) ‘chﬁté g;aﬁiﬁ s34

\R 35 10In such’a si [yl group noreties arelneend sél ect ed
al i phat |rnol"/abascyb1|]1dﬁteranmdehy GC)aryl al i phatic, or arylali cycl i c groups,
typically bonded to the Si-atomvia a carbon atom (which is part of the
respect i velWddLfigure 5 ﬁqu@e]exampleswf apfeattings ef mprmarye@;r smmderypa*ramemd asuch

and reo My plssBein RS e Gt s Rih<ip (5 6208, ReDut 1o A iR (0T

ar @sat i dsolatled aidldsy ¢b]: Condlltlans Af [/Rl&(blcgmblnb)ﬂlm (Zig @nol¥3, MHO predisdor At (seecFig.

exanpl e Of %9 SrplQI ﬁd(l%egxoﬁ’%)(adan%bg}yr?du\{me t(? mW,)ar ° IEeing al%rriegg)? Sforngg h?;efc :e:
Conditions B: [Ru(benzene)Cl]; (2.5 mol%), NHC precursor 1 (see Fig. 2, 5 mol%), NaH (15
mol%), acetonitrile (5 mol%) in toluene for 36 h; [d]: in mesitylene at 163 °C for 36 h.; [e]: 1

mol% catalyst loading, GC yields.

30 [0015] Figure 6 illustrates, without the intent of being bound by theory, a possible

reaction mechanism.

[0016] Figure 7 depicts data of the reaction between benzaldehyde and benzylamine under



As a further illustrative exanple of a conpound depicted above with an
aromatic bridge, in which two carbene noieties are present, my serve:

A furtherwDI20ugBsxbi ve exanpl e of a conpound depi ct ed aBe¥SGEI0H0EB3Sbr i dge,
in which two 20carbene noieties are presant is a nolecule with a noiety R6
that includes an N-heterocyclic carbene noiety such as: WO

2011/ 03456 Rlehé AGHAID (LB, %];N@ﬁélh@.s R23 to R25 in this exanple are as

defined above, and n may be an’'integer 'selected from1, 2, 3, 4 and 5.

[0031] As 0017} IFisired il MG R&AHR bBtimiZaBioNolh 85 R1iG64Glsiy R@hORRS (ﬁ?l(:oﬁﬁlexes
I m dazol - or imdazo |line based and have the general fornmula: R/ R8 5N6 R

NZ R | n depictedt &Y Fig- 3.t Gendi§ersonsedaverst 2amelhk cathlyst; delpers ireBubodfd hmaglepe a
single o 0 [ . r | I QA
car bene Snehifdhd AP Db (Blting B AR E 2RSSR SIB A G, 34 114
R5 N R6R%A; ' L fx0m an
i dazol o TVIRY, Piure BUSH 88 e O RRG GRIy ATy ek ASG P e, S0 R
conpoundCatalystbtd f mgeP@r KlOtBor(irbiingol(%), ,tolanuk, trefdux, ifddg amldss neheowisp auted; bay
be of general formula (I1): R7/RSR7R8 R R5r\ | NN R6 JAs expl ai ned
above, gF%%‘ﬁ@t _ei an.‘?Wéep%t)ﬁWQrﬂ"?ir csg? @8? gwﬁgﬁﬁi,meéﬁly\lﬁ%d%éi group, an
15alicycli L an.ayonatic -grouyp n_ar | phat i roup,,.and an
aryl ai 1 oyoltOf FhineE I YRR of st Ryt e R Ehri 4 SippleyPtth Bermar
aryl al i ptigdso s @raved ¥ tAk 50Y,ChroBatGKit9Ueyv el ey drbgérigleéms atemitted for clarity. Selected

10 . bond distances (A°): Rul-C1 2.0828(14), Rul-Cll1 2.4439(4), Rul-C13 2.1701(14). Selected

bond angles (deg): C1-Rul-C13 89.55(5), C1-Rul-Cl1 89.87(4), Cl1-Rul-CI2 83.006(13).

[0020] Figure 11 shows a scheme depicting the amidation of an aldehyde as determined

by gas chromatography (GC) using dodecane as an internal standard, average of two runs.

[0021] Figure 12 shows a scheme depicting the reactions of a mixture of an alcohol and

15 an aldehyde as determined by GC using dodecane as an internal standard, average of two runs.

DETAILED DESCRIPTION OF THE INVENTION

[0022] As noted above, previous catalyst systems of amide formation by direct amidation
of alcohols and amines are environmentally friendly, but all such systems are based on
phosphine ligands.. The process of the present invention is based on the use of a phosphine-

20 free catalyst system.

[0023] The terms “catalyst” and “catalyst system” are used interchangeably herein. As used

herein, these terms refer to a compound or component, or combination of compounds or

' components that that is/are capable of increasing the rate of a chemical reaction. Thereby the
catalyst or catalyst system generally facilitate(s) or allow(s) the reaction between one or more

25 other 'corripounds, the catalyst reméiﬁing in or returning to its original state. A catalyst may be
used in ény desired amount relative to the other components whose reactions is facilitated or

allowed.

[0024]) In a process of the present invention a Ruthenium (II) catalyst is provided.

Providing the Ruthenium (II) catalyst in a process according to the invention includes

30 providing an N-heterocyclic carbene. As an example, a Ruthenium (II) precatalyst catalyst
complex may be provided and an N-heterocyclic carbene, for example together, at the same

time or in sequence, e.g. in a preselected order. In some embodiments the N-heterocyclic



WO 2011/ 034506PCT/ SG2010/ 000351 10 about 3 heteroatons selected fromthe
group N, 0, S, Se and Si. [0032] The term "aliphatic" neans, unless

ot her w sewetatd4soa strai ght or branched hydrocarbon chacmscamiophossay be
saturated or nono- or . poly-unsaturated aqﬂ incl ude heteroatons (see bel ow).
An unsaturated aliphatic group contains one or nore double and/or triple
bonds (a I i.811.8S) o kh n I d r hai n
may inclhﬁga%%ﬁ%gﬂﬁgﬁ§?%§§2£(§e ﬁgag“ﬁaﬁﬁga%ng ?@“@%%FPE“%¥%§§§%SQQQH§ 3

r espect i trendityaly metal baogenids or, a trdnisitionmagtal axie 3. athhbgenideosbdaitiedf a hetabbf any

| ength, and gontain_ an nber. qf bran s. Typigal.ly, the hydrocarbon
(i) c R of RS T of fsseriogic, SRS elnest BariShind roirs. AHS: ESHN e
of al kenyt gioagildahereaf, ArsilfugiratiVe-&xaaiple 6f a Qf%?theﬁhl@@i@qg RDORer Bilbgenld,
whi ch contain one or_ 10 nore doubl e bonds. kenyl radicals generally
contai n &BoAEMGb AKDBEutAERENAY iHustrbive sxample grapot] aide is pepper (11)

i nst anceg; ()ﬁguble bonds, such as about two to about ten carbon atons,
and one doubl e bond. Al kynyl radicals normally contain about two to about

twenty car t[@@s? AR -l?é?QOQy%cQEIHEH & krdoWn £%RERL Sid ﬁ@’unhéﬂftghﬁgg %‘qux%{%%nllee .

preferably such as two to ten carbon atons, and one trip
of al kynylithraadivelght carben sitomithatt hashsix rvatencd etactrhesl While leydbenesainbgmeradirc al s

whi ch co L1 : i.nle bonds. . Exanpl of ..al kyl grqups._ar

mot 1 - By 985 sfil TREd KR GoRIRE SR BaR a0h Bt berlalyRIn S efieugn

t heln i shgamds AafN-hbesecyche cardbse, cansiapiimieystood &g btabilis@PBynthd ele@R-1608 Y |,
tert-bUt%%g qﬁg eq%yl, 3,3 dinmeth Ibuhyl. Both the main chain as well as
the brankHK® @*er r BT Pibogen: alortsi 1 the mleatlo nkhigh cam contpbytsje @ fgsomgness
Se or Sieff@k, WRIChQAn MeQlEpidi@Y inPe BRh AT Hedine REGAUAS! SBE &KEn t6 940331
The term"alicyclic" al so be referred to as "cycloaliphatic" and neans,

ma
unl ess obaEalipglEplethond cf%aracmﬂftélp@%itipeal@}egmoes abihetogrbeae goidhydkmNahatern-
noi ety), i t s |y~ : j.C
nyclr ooay Bone SAPERE R AT B1chAleTRAR: il BR bR Sredfifh fificn
decldl i n pnevented, frahs gomtactswith tdhiarinatedwidtivento andmaoistiirec amd/ d thenagable leberaat

chain el gnents._ The main chali t cl.i.c. hydrocar bon e nma unl ess
55" ot ey e ek EpR BB A A0 add Fighitl a' Eish Rl G P eFbihel Moty
nﬁn- ar onMtheteregiclic cadolescidibeer lgaerrdysKirtspi(aagdw. Chdie Tay, mm@obpm,(lmyn) '
chain in 3. 4,..5 6, 7.or in.chain ato in one cycle. ampl es
of such fiﬁégff Iéesfqrwa“e}aef?a%mtmng t aretllqaﬂq'aﬁwst %{Tﬁégmrwéhf yﬁr,bew?aaﬁefsm ,
cycl ohepdainplebecnteliensd ¥y HaBe&hahire GAbfétei\A@ dWEY DRaEPEIDORPL BN 2013 72)
present, any cyclic and chain substituents may furthernore contain

hetgy oat om§e028p Eimpl&Sé PACK-HiterSeycRO carbenSehaRlis Fequedfly us6RiPAR AL 48 fHay be
repl aced by these heteroatons. The term "alicyclic” also includes

cycl oal KBAY Risadeatspdan thegonigxk ofyHicaprgsent ényeptjen includgdbwdampbhimitedit ene of -
generalhﬁeggﬁkahgnﬁmﬁﬂkmyhree to about eight ring carbon atons, for exanple
five -or six ring carbon atonms. Cycl oal kenyl radicals tyE?cally Q@ve a
doubl'e bondg¥n theR@espective ring syste Cycl oal kenyl Rradi calRs" may in
turn be subs{ituted. WO 2011/ 03R506PCTRSG2010/ 000351 11 34] The term
"aromatic" ne ={ unl ess ot herw s¥ sta¥ed, a planar cyclit hyqrocarbon

moi ety of cofj ugated doubl e bonds,,"whith nmay be a singl eNring Qr include
mul tiple qd orMayvagkently link¢d rings, for exanpl f’2}\§/6r\4RPused
rings. The ter .arona%ic aIsoRPﬁthQpé’dThg@aryl. Typi cal I y,” t he
hydrocarbon (rain) chain includes 5°°6, 7 or 8 main chain atons in one
cycle. Exanples of such noieties include, but are not limted ta,

cyl copent adiﬁml , oi2Benyl , napt hal e%ﬂ -, [10% RZR

annul enyl - G14'3, 5, ), 9g cycl odecapent nyl -),R] 12] annulengl-, annul enyl -,
phenal eneR(pari ndpHrhene), 1,9-di hy €ne, chryseng? 24

(1, 2-benzophgnant\nrene). An exanpl e pf an al kylaryl noietyyls beyzyl. The
mai n chaig af thepncyclic hydrocangN noi ery may, unless otherw sg stated,
be of arfy ’I’en\g{,h/arﬁjRﬁ)nt ain anR unbegof het er oat oy, _asNJ or 'Nagge N,
0 10 and S. Exanpl es of such heteroaroiati c noieties Rwhich are knoRn to
the person skilled in the art) include, but are not |imted to, furanyl-,

t hi ophenyl -, naphtyl -, naphthofuranyl -, anthrathiophenyl-, pyridinyl-,

pyrrol yl -, quinolinyl, naphthoquinolinyl-, quinoxalinyl-, indolyl-,

benzi ndol yl -, i m dazolyl-, oxazolyl-, oxoninyl-, oxepinyl-, benzoxepinyl-,
azepinyl -, thiepinyl-, selenepinyl-, thioninyl-, azecinyl-

(azacycl odecapent aenyl -), diazecinyl-, azacycl ododeca-

151, 3,5,7,9, 11- hexaene-5,9-diyl-, azo zinyl-, diazocinyl-, benzazocinyl -,
azeci nyl -, azaundecinyl -, thia[1l]annul enyl -,

oxacyclotrideca-2, 4, 6, 8, 10, 12- hexaenyl - or triazaanthracenyl-npo ieties.
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i nclude formng the Ruthenium (11) catalyst, for exanple form ng the

Rut henium (11) catalyst in situ. The Ruthenium (Il1) catalyst may be forned
froma Ruwbeniwsuiokl ) precatal yst conpl ex, which may beppreG2aedoossor nmi ng
the Ruthenium (I11) catalyst from a Rut henj um (I'l') precatal yst conpl ex may
include allow ng a reaction, such as corrp?ex formation with the N 15
heterocycli carbene. In sone enbodl t he Ruthenium catalyst is forned
insitufro S

[ Ru(A) C12] 2 Nray b
corrpoundar’l/n d| ment s A
free of nitrogén as eteroatom i
noiety. In sone 20 ir
only of carbon atonss Any suchzhro

substituents that may i ncl ude one or more he eroatons, e.g. g-'3

het er oat uc r SO nts the moiety Ais
 hydr ocPELATE Ry AL he S5yl ariidie 8 B HEl 0BG ForieHPRBgRg Proton
embodi meqibstifufe dBRipdhNd Asihg afs%ﬂ%lb&e | R eaSd ddch dsSa rﬁetmiyd%e Dasedy, ist V-
The term "benzene based" refers to a 25 noiety that has a an aromatic

noi ety, Eié oarbiflat Furthesi etapmes af aastmagzbase mpﬁgge buteare apot dimited f@ lithium

Si X b t r

Subar 1t rdpichidt, 1idhn @ ASEES Bleac LY IR ARPRRGEHAIRY, GRh O them,
one or nhavang apkt bbAalor groe ps DMBD Iassomemmbomhmbntglamubgoxaies:ahelso bgrusepas a

thiol grou a _Si a a e a ni

ar oup, "o ERFERsYgon o ek BrAgSth Kok RaE g Yat e el o Db basano
30gr oup, alarLl[N@sﬂyIagp@] @D KIPNES iVEes o i IC30RD e GibOdinen &L st BhsﬁQ)n@bé'qYl@vaidihf of the
exanpl es Th benzene rlga‘% al so be I nked or fused to an aromatic
arylalip Fﬁ'St bo &f ¢t c‘i%q cquiyalsips. of the bagsaen mpre. dyae “é%ﬁf‘é‘itﬁ’@ﬁ?éhea
bengene HRsRCsubBitaied DdaDond® (Ml ifhidHz0:! oSIYN-
bei ng thﬁe}%benzene ri ngafpl n sw% enﬁg@erﬁgﬁ?g?%%ﬁmgy %dé&rygg"

never t hehdergcyddiccompamrd.i t uent s such as one or nore aliphatic or alicyclic
groups as well as one WO 2011/034506PCT/ SG010/ 000351 13 or nore
functional [80%lp8 sempﬁrral)odnpemﬂle nHregsheaten(sd oif the N5 hetawceliez eatbensaisate
noiety i eﬂhgﬁ EBEﬁ} )
RO - R14§lzcifrage(? ir}gge%e e]%étr? e‘%ta%ci1h fl)rn(l)dm %S%&a fm a@ge‘ig E&EﬁEMﬁe‘{ o
al i cycl |bengnmdy01-dvn8®ir®dm¢cAg rim'u#azoldmsed yarhtbnqﬁaatﬁnce)@nmﬂmbe pne;iarad] from an

arylal i c e ve al icyelic I,C ‘
aryaI| i'C or aryraFi‘cyc | ) ‘s
1217 U e SPRE LY BN sl AP b Bl s
sel ect echaptbm2t3”|ef Balcnuat al, 2008 Ssupfh). ahelreSpectAs ifnidazo lihrd Shit @b \f@r SAMPI S,
t he benz ne based noi et Ain.for IadjaRu(A)CMI% e uns |tuted
bonzene. SHABHRE CTOBAAM HOMUN AT B BRI 1S 48 20 HE D bR

cat al ystsicHr dsh&lkylatigh, ugﬁguraﬁfaﬁkeh BY ABhA ehial.r @BRAN. IRM2bDHAREd N aet@isbcy&vib the
art an atomor a nolecule that is or that can be attached to a centr al

atom i nearpreephaserlio beggaevieweby Kihl (Ghem $or Rec@OPE HadPE®08: conpl ex

conpound is called a |igand. Typical ITyhﬁa | i gands i s capabl e of funct| oni ng

as el ecl9B8! fathe éRﬂYSrexPWPlfS O apdvmstesoyslia caheng isdneistiecRr.oRS i and
bond) f me,gh e 0 Ut hgpi um
o om g e ett Bk off5 B @A irh S6LTRBIeEbe S116r bl AA0KhDad S NAT D
can be cabmetc, aamraryiehplaitle, Iorgandrylaiucyphc agrghp,t \Mhlod)r mayr mchnden% toi abowhih

t d i dent at d h | f
or ganonchanpEmEAfy 8 Br UEE METesknBE a6yl RE R RS 350 IRARY,
"Z-type' mdmmﬁy aksibkilinatd anddfinetdtsridpeinhsaslan aiphaig aIZardr‘lﬁh‘ti’ce&Dﬂﬂﬂchc or

respective ele Qn” 1-el ectron and 0-el ectron neutral |igands.
X- ti’«?spe wng%r{ﬂfil i lfr cATf 1D Fheafoueth ey amelasy sempewid me%ﬁl@vaﬁapresqngsp@

li gands frbRiRienfoldy. qezlnﬁli r1@2|3 RO mze%& RIG, »vpéregkessm Ei&g%belﬁdéﬁfen&en}%
| igands are CO a osphlne(eg h3), & phosphite antrile
and an anerpaothen @dﬁrer mladiatﬁe,rﬂnsalayﬂluq, raogeomamnmmryﬂai@hamcg@ndn prytaticsielit i n
a nmet hod Lptxbl‘ﬁ S&G%a%gutl‘i;hgt&eoral?g%gnd such as a nitrile and an

\
an ne, ace om? 4e or I n sone enbodi nents, in

b ecat 2: 32 O020h o S, APl R MR o Bt Sl e MR 61 o

cyclic carbene, a nitrogen containing Ilgand such as an L-type ligand is
not provided. The inventors have found that in such enbodi nents the
formati on of an am de proceeds snoothly in the absence of an additional
nitrogen containing |ligand such as an L-type ligand. WO
2011/034506PCT/SG2010/000351 14 or nore Ruthenium (I1) conpl exes of

A N O NA A

C




R12 As defined above,represents a single or a double bond. R5 - Rl14 are

i ndependently from 5one another H or an aliphatic, an alicyclic, an
aronmat i ¢, WanROHYO3UWbi phatic or an arylalicyclic group. TRETSEIPOODIIFE

al i phatic, alicyclic, aromatic, arylaliphatic or arylalicyclic group may
have 0 to about 3, including 1 or 2, hetefoatons. Such a heteroatom may be
N, 0, S 556 ¥ k3 Qa2 B b 6 Qe IS :H or an -
al i phati c, gﬁkafl%itéﬁl’ :Rc’, ﬁa_ﬁq'%?’ngat"iRc,’H%m a%{lry al iu'p Igeﬁgrgsegf, l%r?’pécragyé)ﬁl&%ﬁ c
group. Thinin &ngtodfi vie aouphtte ehourllb oy ad atmut 20 eambbh atondsO Eactr ¢f R, iRShRTi RS, or

arylalic 1-£,9 av to ahout 3, _incl.udj or het er,oat ons,

such as ﬁ@léﬁzsﬁ%g{zgﬁﬁzsf{‘an@%, (& W a?_g‘g’a Em?ﬂ%gg‘%% ]I%FM/ q%l"éﬂﬁ%dﬁ%@ﬂ”&\ a
sol vent RB|ReBkBw) iy for ExAplk itAR I @ dboul?y,'subth AR orac8! REbEohR seldbted @)
and the N heterocyclic carbene ( I n some enbodi nents the Rut henium

cat al yst fropsthe geoyp Ny PdedSe ard Siemxf)éi?@ﬁtaéiahﬁ% eheychir, aramatip swdakiphatiglose
V) t y ' i i t i ) t
b b o Aaticydi SR ity e sty R Thr RO BLIDR A, e SxiRbIERAIE'Y iy B Y

process wbbrmihyke ¢fthe blgudtweenti on. | n sone enbodi ments a catal yst of one
of fornulae (IV) to (M) is an intgynediate that is forned in situ. In sone
enbodi nents a catal yst of one of Pfornulae (IV) to (VI) is used in isolated,
enriched or purified form The te ,m,'l:i3§o| ated" nmeans that a respective

Rut henium (11) "catal yst WO 201%/®34506PCT/ SG2010/ 000351 ‘15 i s no | onger
included in a reaction mxture for by adding e.g. a Ruthenium (I1)
precatal yst conpl ex, such as a ]&;Ru( %%12] 2 precatal yst conplex, to a

sol Ment , Irf schi astilyh@soup geaietias BiY h arehmdepandgutly seleeted enliphatiRataligycliovhen
i sol at ed i I . e m . sol v or
sol uti 0n?°%§°’ﬁ%%?§ﬁ%%@ &({a a%%%‘%&?%%g{% g\%it Pr&%ﬁfli&( %\?/éﬁs)ééftgrtkég.l -a%%gb{aear %arggﬁ
"enr i cheatomiduncsh it paitt ofl theasgpectiveygroBpt heni um (11) catal yst constitutes a
significantly higher fraction of the total conpounds, including the

Rut heni um d6039d Aystwape Etbeset mpietich ovhend presents syph@alR%Y aad R3Pj RZ4omdRAPURPDN

t hereof, t LA a tJo9N W%t Ur 8,4 N hh th rocess, of .the. invention
has bee nar%:dgl? Z;Bi’ gdz 3?1(‘{ ﬁg&Eﬁ%ﬁP@?&gP r %15r ?Il:d\iqgr%ér:fpa%f’go §e ?‘f‘gf‘fté’t ‘5°§H? a(,;)rljage, such

prekd pi t & aroaliphati@ anee6mstiqldni didy¢lanor abh@ylaticyelicBiidg] A6'an MR&agtivdélaniple

respective Ruthenium (]1) catalyst 10 constjtutes a certain desired
portion %fa W%@ZHFPI%’E‘H’@?PYC ‘é{.‘té.twgﬂqr’élatﬁg’t‘ldﬁFs 2aUFEYEed. A purified

Rut henium (11) catalyst nay for exanple be a solid nmatter, e.g. powder,

whi ch contains at |east about %% abou % about 70 % about 80 %
about 85 % about 90 % abou re of\ Ruthenium (11) catalyst.

[ 0046] The Ruthenium (I1) ca \ enbodi nents be provided in
catalytic 15 anounts. Unl essN\otheJw se the term"catal ytic anount,”
as used herein, includes that am)ur?t\pﬂr’the Rut henium (I11) catalyst that is
sufficient for a reaction of the proteéss of the invention to occur.

Accor di nglk % fuliés MUARIIVeYhiBle GORBbUREbiGRd abdld i M Mbmi: Bee, in
quantity that serves to allow or to 1hcrease the rate of reaction, th

| ar ger qwhishitwp earbeypinoietiey argrpaesedi, mpyasexyeeat er i ncrease. The quantity used
in any particular application will be determned 20 to a large part by the
i ndi vi dual needs of the manugacturing facil iﬁ@/. Factors which enter into
such a determ nation include {he catal yst cgst, recovery costs, desired
reaction time, and system cap wi | I\jbe nobst convenient to use an
anount of Ruthenium (11) cata'ys e ran§ from about 0.001 to about

0.5 equi val ents, from about:<0.001ift o about O0.25 equival ents, from about
0.01 to about 0.25 equival en /', L 001 to about 0.1, from about
0.01 to 25 about 0.1 equival ghts, udi r@ about 0.005, about 0.05 or
about 0.08 equivalents of the/grimary or secqgdary amne, or in the range
from about 0.001 to about 1 éﬁui val ents, fromm about 0.001 to about 0.5

equi val et t &pﬁm LY i o Lo - 10 1
to aboutﬂoﬁrlthéela%a fevrél:tes)z,gmj'ﬁ)(ri%rontfgbout (tﬁmgld?e?%)c %ﬂ%%@egp ﬁeaql]:)firl legt%llﬁ%lrt 0(r:)om
ab@®t 0.@5bene radictits fre presgut isad motesylei with adhoigtyaR® tiat Gnddddes aadbetefodylior
about 0.0%e%ui vatl ent.s of the 30primry al cohol . [ 0047] As noted above,
a pr oces@ELEHUfF Pfﬁuflbast‘he present invention is carried out w thout adding
a phosphine. In particular the Ruthenium (11) catal yst used, including
formed in the process of the invention, is free of a phosphine |igand.
Typically the process is carried out in the absence of a phosphine. WO
2011/ 034506PCT/ SG2010/ 000351 16 [ 0048] After the ruthenium catal yst has
been provided, a prinmary or a secondary amne and a primary al cohol are
provi ded. The primary or secondary am ne and the primary al cohol may be
different nolecules, i.e. reactants. In this case the (primary or

M o T T o Y




WO 2011/ 034506PCT/ SG2010/ 000351 17 about 15 or to about 20 carbon atons and
include 0 to about 3, such as one or two, heteroatons selected fromN, O,

S, Se andw@i2011/034306051] As noted above, in sonme enbodi MEATSG2HW/04She and
the primary al cohol, or the al dehyde, res&ectively, may be noieties of the
sane nol ecul e. I n an enbodi nent where an am no group and an al cohol group
are included in the sanme nol ecule, the nolecule my be represented by the
general formula In an enbodi ment where an am no group and an al dehyde group
are included in the same nolecule, the nolecule nay be represented by the
general fornula In these tmﬂ‘fornqk&e H§23s asF@%&ined above. E in the two
fornul ae above represents alippatic, \an alieyclic, an aromatic, an
arylaliphatic or an aryIaI?E?cttﬁzbridge. 6 bridge may have a main chain
of up to about 30 carbon atadms, swuch as to about 25, including 2 to about
20, about 3 to about 20_sgb¥yt 4 WN 20, M.t 0 sgbout 15, about 3 to
about - 15, about 4 to 15thou$\g5f 2 ™9, abo 10, Rto about 8, e.g. 3, 4,

5 6,7, 8 9.or 10 carbon atons. The aliphatic, alicyclic, aromatic,
arylaliphatic or arylalicyclic bridge E may further include O to about 8,

i ncl udi n¥loletie® R23,to R255n this @karhplehé a5 dafitdbabos¥Cindas nidy Kb arSintépRr e&leded
[0052]_C?nt CEing the am ne and the al cohol, or the am ne and the al dehyde,
respecti %W@giiﬁf%ﬁgiﬁresence of .the catalyst, is typically carried out by
addi ng t he 1 espondi, nol ecul es 20, i n a suitable solvent. Likew se,
the nol ecullé&{lﬂafg? s IRty Fé%‘BBWdit%]\ir GEOCHRRF SPOSAGIMHNibEt iridazoky of he
cor respopgiing abaRdaRd haldekydseiPbehiRs, respectively, is typically added
into a suitable solvent. The tern "contacting" the am ne and the al cohol,

or the amne and the al dehyde, respegtively,gas used herein enconpasses
providing a nol ecul e that has an amRe and an al cohol, or an am ne and an
al dehyde within the sanme nol ecul e. By f t he 25correspondi ng nol ecul e or
nol ecul es to the solvent a reaction is formed. The reaction m xture
may be brought to an el evated tenégpdﬂure,ri\p.sa t enper at ure above anbi ent
WO 2011/ 034506PCT/ SG2010/ 000351 1 teﬁb§(§iuré§ Anbi ent tenperature is
typically about 18 C or about 20 C. The reaction m xture may for exanple be
br ought “Inghis formple the symbod hGve insliestes tBE tIB; reapetize hbudimax be @, singhoora ddadle 60
C,. above oyt . b : ’ oV, 0 20, C or_aba abou
Ta0"c " THEC Rhodiniy, S PROE N Mooy BRE LT ORIy A6 hePierBnSy B R Hb
25 C to thbowd f@mlds, such as from about 30 C to about 180 C, i ncl uding
about 40 C to about 180 C, about 30 C to about 110 C, about 40 C to about
160 C, about 40 C t@’about {80 C, about 50 C to pfout 1§® or about 60 C to
about 180 C. The tenperature selected may for exanple be the boiling point
of the reaction nix?3y§F=§gich is largely deterniﬁ?ﬁ“bgzthe boi l'i ng poi nt
of the sol vent used.NAs an il lustrativengexanpl e, N tolluene is used as the
sol vent, 10the bgjd+ p P t may be sel egd%ed a§n;h < erature is
about 120 C. As a furthdr exanple, if nmesitylene is Msed aS'the sol vent,
the boiling point is about 163 C. [ 0053] Sol vents used nay be pol ar or
non-pol i qui e atibl j t heni u 1) .catakyst.
CoriSP xSty B el AO0cE ol Bl B ot A A RS ' o Pl
it may benbonaduadhbdgeoisspra)p Tihedmadaps letcomppahdimal be ol gertenal foximils €),2and the
chlorinated |i.quid (supra).. 15.Accordin typically a non-polar liquid is
used t ha‘fmg%?é’l’ﬁﬁfi?ml(‘\%\‘)@ 152136“? Bﬁgqlﬁsraé&dggth%/(}@m . In addition the |iquid used
is in some enbodinents free of substituents, which are %apable of

coordi nating td?ruthenRﬁn1(II) due to the preseRce of Rectron |one
pair(s). Hence, W\n_so enbodi nents the liquid u a solvent is free of
substituents that/Mave nitrogen, sul fur or oxygery atoys. Exanpl es of

non- pol ar |i qui i ncliyde, but are not limted tQ m al oil, 20 pentane,
hexane, heptRAT, Bygf%ﬁén@ﬁe, cycl ooct ane, bB1IZen ol rer®, nesityl ene,
carbon disulfide, and a non¢Rolar ionic |iquid. Exanples of @dInon-polar
ionic liquid include, but are not limted to, 1-ethyl-3-nethylimdazolium
bis[(trifluoromethyl)sul fonyl]am de bis(triflyl)- am de,

1- et hy 1- s w#plajned rAbese.oR? unikbiase dndependently meteted) omf dhy s alipligic group, an

trifd uor : 1- b - 3- ylimdazolj.um hexaf l,uorg sphate, 1
ey - SARGEE our s MG S Yo, P Retit B b L BISRSON Brosd. A

- but yI - Srespeetitey hiiphatiaz slidyiclien dvomatid, rarylalighatiowir iyyialidyclio ghytlp may declude 0 to
trihexyl (tetradecyl ) phosphoni um bi s[ oxal ate (2-)]borate, 1-hexyl-3-nethyl

i mdazoliumtris(pentafluoroethyl)trifluorophosphate, 1 -butyl-3-nethyl-

i m dazol i um hexaf | uor ophosphate, tris(pentafluoro ethyl)trifl uorophosphate,
tri hexyl (tetradecyl)phosphonium N'-ethyl-N, N, N,

N -tetramet hyl guani di nium 1-butyl-1-nethyl pyrrol edinium

Y T T L T O [T T T a I T 1




[ 0055] Fig. 1B depicts an enbodi nent where the primary or secondary am ne
and the primary al cohol are noieties of the sane nolecule. E represents an
al i phat i awoanuasissmygclic, an 15 aromatic, an aryl al i phatrict/soro@moos3st
arylalicyclic bridge, which my have a rrgion chain of up to about 30 carbon
atons, such as 2 to about 25, including to about 20, about 3 to about 20,
about 4 H0,ABUMerdRomesdiOctdP e th t gt 15, about 4 to about
15, 2 to about 1e6, 2710 a out 8,t gggﬁBg\?’, Qfes’?% agg(ﬁg 8, 9 or 10 carbon
atons (see [@hsA RROVEh: "afibEatRF i reinclude 0 to about .8

"nol udi ng 102 & 475" el R8s oY oG bl 0 iFicl) SRR pago- g
20i s as €ubpmebhimbukieh may peSH@htedroranater or lpaty-tisatirateé ahd orclueyhebodtemsli | y

der st int tical. effect, ticul iments will
o descr LEedehy Py Brper irBlis fi ot cert] BREATeE MebonpPonds
[ 0057] Tlatkengl bowikyayexan@iep Thd bahtaiscot hR hﬁoc%b&?kﬂdiﬂ%?fﬁﬁﬂlﬁﬁslh&b%} ng

2 or [Ru (benzene)Cl2]2 conplexes with an het erocyclic

[ Ru( pZSCéTrng&]e%Cl%‘] : ) . .
car bene Sras el 35 nopagrempliecynlicchgasnts dhe sesnretdy elhydigsarbon ghainswhich nayp58]

A nodel pea&tdiREwele sta Al i ] N-benzyl- 2-
phenyl acet gérén%ltg Wase %ﬁgg?r?%%lg%%m%mgﬁﬁ:ﬁﬂﬁh g’l%g t%%%{%g{g“ lechﬁ ’étx? he
cat al ysthydioearban (mainychaimyabhales 1RWCI,30 Hh to.-15ygretol 2Qyearbion atoirdaERirhples sal t

1 and po um: - x4.d s a.bhas in refluxi t.al.uene was
inauccootPam (LA b W B EaSR" oF @R B Rgrolb rifiedl? ol it Baro e
and Oonl yma#é dbultld@otdssi Alkenylradicek pimasdrallpUsitam abbufweio 4ol twRtyCHRBEH NY
t he rutheni umﬁ?recat al gest t.o [ Ru(benzene) C12] 2, the@%i eld of am de was

si gni fi cHRYF P ARY QLRGEP (F NHkencso ey Bautobess wshrsaPowows o aboutdamsarberh
the hel patoins,ardly shedis\@1é berNIAKSAYY ddihls ﬁ@ﬁiaﬁ%‘%ol&t‘aﬁry Qﬁodt't%ﬂg%gﬁw&@§
acetonitrile, phosphines, and dinethyl 'fumarate were screened but on

acet oni t$3PeN ¥ABREAd OBEPAMAIEe o ExpmDleytwWE, tiplpybonds, peeftrahtyr such)as tivd th sen

2 o . ) . . Cenrt i
Dt 1 o5ttt e S SABSAEBbnd TR NG LRLR PLULABRTISAU LS
Thd Svadsisiiregathen nedisels tvehich lsantajphaspdr mess Sipd basdst Exampleslo€xiklyb gasphiane

POy 3 iGyel tyl hi 3 Ru C12 wi.th
N ot or CapkF ofSE sRBET BB BRAOLdrY L L oA aomths dFSV i Pesers of these
( Nor dst rradicalkUjsoptopgl, . isoblitylAisopeln seSasutyl( 2098htyL 3hbopdmt§iy 2,3 dineigivulig. NHC

precursqrs, exanined, (Fig. 2), 1 showed the best activity (entries 4 and
7-12) . i%?%ﬁ@]m%l cﬁhélﬁa%i Weilr%r%g%m#‘eﬁfn%ﬁ@@aﬁ%neﬁq i \hetezrpteins as for
achi evednéiindeng S)Beld? i Raarboh ARG BE WPIdRE by %@s@ﬁ&t@fb&{ odi um

e

.

hydride (89% entry 11). Running the reaction for”an extended time, 48 h,

di @onot  r e§0038] i Thederdh GlidytE@thay BISH 83 3&Feirbd fPV Yy EloQpHagit ha®mednt; udids | N
the case of [Ru(p-cynene)Cl212, the pyridine |igand showed sli %lriltly better
acti vi t Ptheriseattatednp (ontasomatie cyelic mpiety)(e.gohydrsahonemoistyid which mag bease
of [ Ru( hghesbebE k- JeTM A 155h0 ' y aghivity. than
pyridine (entries 11- 1%6619%%%3%8? gf}{%e gﬁﬁ@%qﬂﬁoéo%%@&aysﬁé% l%csh’}{de

[ RuC12( Hp#ed)cyslic rimg gystamosuchad dRAlICODY QL4 alsobeshbsttmesd with hoti-arpniatiadyclic

[ Ru( p-cy. . ( zene) €C1.2] nder ..t he .qgi ven condjtions

(entri esagi\gag%%h%]ﬂa{i%g&ggszﬁ%g? ot CE‘: He ﬁ-%&%’?%g@ F&ga@gpbrgﬂlg{n Pg%ntinlesshe
ani2de f etinsrviserstateds bearfyanly dengsh tahd tcbgtatbssr mahb& b fafon-2006d cdlRrdnd hain

mat eri al iﬁ ang -;rrace 'arrgugt‘ff 20 of N—.benl%yl . 2-phenyl acet am de hy al kyl ati on
of the SMNEY dAPIRLY thehydgearhen (main) chayy includss ddt15 Oy per Bingum ghais atgmso
essenti gh dmer cydle ERgmpRs ¥ SRl adidiesamihiRe, Wit NOUoPUihithd %, OLyclopentyl
acetonitrile, 1t was al so observed that nost of the starting tRterials

r emai nedyeiahewdt eclohgpivh & cyztmactifl. Rothetheydyclic hiydreghrhon tragityeanido ifivprcsan,
(entrie Bt ipg.result two.sets of

Cond t1 ang Syanceref i ARkt 3 RRnBEHGE LB Fuoh i, A 57 ThFBe . o
meBfods S, Seondi,tdrarmsrban(d2oih ma} B6 feplaced by tese h&tRlathmS T témp¥ulicilRe alsd
nol % NHC salt 1,.and 15 nol % and condi ti on (2.5 mol % _ .

[ Ru( beni‘écﬁ%‘%eéﬁ’f?aﬂ?nﬁg P%l%{teé{\%g? g pesatuga |©)6°§ﬂ31ygiéﬂqar 08,5 WaichsgensTakyNa H)
in tol uepstadi atlod thiee THabbRAEIhORing | dAFboNRStofnk) fhedxafipid Bl & &F s?}(‘ijingtcai’%?n
observed that there is ng substantial increase of product after 24 h.
However At drivsdnalkeayt radienls ityricallyghave udoubleobend 30 theorespenpive trisigy systems une
t he stardy { ln’fa?rhﬁ' flar rpose of easier isolation. It was
observec?}icﬁg%l&?gg}?%%éalgta ti ﬁ%nﬁ%ggh%ﬁu@gnai ns after 24 h and that it is all
consuned after 36 h wi thout substantial increase of am de formation. A
period of 36 h was chosen as a reaction tinme for the facile purification of
am des fromtrace anounts of remaining starting al cohols. WO

2011/ 034506PCT/ SG2010/ 000351 21 our systens (Fig. 4). Excellent yields of
am des were obtained fromthe reaction of sterically unhindered al cohols

o r Y



[0064] In the case of non-cyclic secondary am nes such as

N- benzyl nmet hyl am ne, our system showed an i nprovenent over Madsen's

Ru( COD) Cocat1dldyivec syst em under the sane conditions (@6TSE2AB/008551 40%
wi th Madsen' s.catal yst system Nordstrom eit al ., 2008, supra). However,
with sterically hindered secondary am neslsuch as di benzyl am ne, the
reaction di ' Q t

ani line vvasl%f)%@s T?‘gté%r I vaggrgl\g/te“% a?A %Béﬁgg %%th&nré)slls% Q%’%ﬁea E)iearlt'fnr %fyc %yﬁ:ﬂggrsbgn
limtati eawittaofabsjpgited Idoot[ﬂs dionéy] whithmay thera smglbermgum wneliadé yrﬁiltqsly&ihsed&u

dermnstratl al es .n this, are than , 2007,

Vat son ef® ‘éﬁ‘gl ﬁ'ﬁﬂpﬁgt g expmple g 0‘%3}%@ rings.¢ t@ﬁn@afelam #lgo é‘}Fi‘tdéﬁrs
accor di ngikyryinEypidnIey) th® RydraexBen ¢ABREREH Sn@idd 536, 9r! ¢ maFPERY LR oms in
activity conpared wt h Nadsen' S system under basic 30 conditions, the

t ur ndver OREAYS: @xerr@i@)of sveh maisties mghide.Hus aregfot dimaten|to seyldopentadianylsphenibier

R p-cy AR SR Nnd B X5 POty BBty oty o)

pr esunab Ipi;temileae t(pnerhiaphtbetet),et 9sinlazkirdpyrqnef clomsenh ¢l themng:hmqnﬂﬁam) dAnakanple of

p- cynmene ene. the nvestl at| ) e troni c_and sterl

D ocrs: oF P RIBRA RS SR BRE PR SRS ERb RSt Pt atesno
2011/ 03450REI¢ S&iQ18Y MRS Iengl? akBcttath afy ﬁt\{ﬁb&tﬂf heterodt&¥36 %k féﬁ mstﬁno%% wyed,
wi thout intend of bei ng bound by theory, .that the mechanismof th

cat { yt i enkysEszRIseaf Srch hdergatomatic meigtes (vHch @reslmﬂwnato tthé PFﬁatl Killed in
previ ouskpé allggma%d buf'Saré Wok NEhit&X RS, ki 1bethfa 1S HAGRRAL gﬁ&ﬁﬁﬁ‘é

depicted in 6, has been drafted on the bas tained wWith
conpl ex whrathlom@oﬂa] pylrldtlétlewcn]gl-yqumﬂlmmapbﬁbqumom (ollummdawl-o indofyl-,

Madsen' s S ory i.on. f om ben dehyde

and benz;t/)%[z }-:Y lwr}?ﬁa?(ﬁgp 9’@?@?: §£Osny té%grgm\tlldr AgP my[ er\’/' { B HX'?

t he concselerepinyl-ortivonimnt-, odzetllngl [ (nza@/c(daegapeﬂba.enﬂ))y\ﬂuezepmlyby\mammdetledaons

co red.to ne fraq ohol .(48% from benzal dehyde vs. 78% from benzyl
B ohss b ERasme 300 Momis oS Bofiapriony aecetinyFyaspndeimay 4

and Fig. thta[ls}agmﬂsﬁylt BRACyVRASEsta D, D68, 19, PORSXbRfL SintribRahtHriRnAldeRMee

generated fromthe al cohol stays coordinated to the netal is valid for the

facile formaois nBythawnarnaﬁteahthﬁc'bstrh@m a0Rcaiben Mdietye mzahidR byidor Woré
nore el ectron rich, %Brrene 1 C12]2 al so suggests that coordination to

the al deRpgRlE gtotf‘éﬁgﬁre substituied tvghpn% o PR lipBAlrareNpst Binisdhs (orm 'ayylaliphpsic”
nmet al CORRY EEcBRIHR I 0 t i gt

al dehydes ( Chang X&O&bg AT W aﬁlcﬁqg& I s Mﬁ%@m?gﬂo%sgédma 19 3s;
Yoc20 W, ogmpre, almtlath chaigrpr chadn ooy ler(gzlmcfey mmace a 8By lenp grou Kypisally,ghe

o oba s clpgfocthan IR PR T, NP sl ey ALY 5 or WYl

Unl ess onhmtwl:"s«amptﬂseﬂ arydaliphataatoigies invdude, batrare ack lonited, o Mmyt-dapmhhlene,

dsimo comonhiyhavherer LR fpfiraccht, 74 ddRptin bbb GHE Lentis 2 68fPenk

t echni ques1,07-chloré3-@ngethylettyl)eghitd 1oiee Bokept i fafing Y@WGMHﬁthy%&hWéthﬁﬂ her,
and_toluene were dried over a Pure Solv solvent purification 25 system

1, 3D metthyrqauneal ?Pbr?rﬁ 6’&?’6’&5(695113{%&?0‘1\}4110@9@ al ., J. Og. Chem (2007)
72 7790], rret hyl i m dazol 2-yli ne) si | ver(I i odi.de [ Khrano DMV
et al ., dé&éﬁief teﬁeg aryalisy§lic) gneang 2 Jyydrocahog maig rlwghltm%lmtlwplety
brom de {s3hbdtphtdd withVéhe cg‘ﬁlor%tar@thatlc %]roug g“hree lﬁhﬁfﬂtw@ %Q%ﬂle%? 1an ]afl}ﬁlecycﬁ@d
conmpound 50 [Lo, C, et al., Syn

pr epar edmpigty m@r‘bb@mécwmw Qher@%bpcﬁefln @al halcmdokmalé ednf t’}{pmal

conmer ci rth r

Al al cogﬁ-1 @&%ﬁw 1§11 %b‘?% ne roﬁ?ai{rgﬂ;l cﬁe aﬂ%?(tutqkec§§ nglto us%d
as J0ecei swauk edejmmtlsmnmry]aht)a:hJ: rﬂom@rrhas swmtaﬂnashame@f pytol aboat 30 baron atoms,
pr.ocedur e Stari k va,. OV, et 2003). 39, 1467,

Chu, Y, Siehg up 19 By 8, aﬁ&ﬁb‘{“ﬁééﬂp t?zabovv% “%Eﬁgg?‘lltozro upto ghoug 18 up or to
Organorregtaiultmgarbypa@)%l/ 034506PCT/ SG2010/ 000351 23 (2008) 27, 445).

100681 Anal ytical TLC was performed on a Merck 60 F254 silica gel plates
(0.25 mm t oE3seBsch. o fPRE Whhs RO 0L ABNYicaSrdRSHO! rRdaRphaMer GKd @Qyﬁahll ca
gel (230-400 mesh). Deuterated solvents were purchased Trom Canbrid

| sot ope ©eH6T as dsedershyisgmeant tviaelude bethsebstigited and unpyrbstiead: foammféhe
recorded in CDCh, CD2Cl12, or toluene-d8 using a Bruker DPX300, AMX400, JEOL
ECA400, or JEOL ECA400SL spectroneter. Tetranethysilane (TM5) was used as
reference, and the chem cal shifts were reported in ppmand the coupling
constants in Hz. Elenmental analyses were performed by the El enental

AnaI y5| s Labor at ory of the D| Vi Si on of Chem st ry and Bi oI ogl caI Chem' stry

e A PN N~ " o o I e




WO 2011/ 034506PCT/ SG2010/ 000351 24 N- Hexyl- 2- phenyl acet am de [0071]
Purified by silica gel columm chromatography (hexane: EA 3:1, Rf=0.28) to
af ford a WRAI20B/B¢306d. | sol ated yi el ds: conditions A 98PCTEGRNMN0VEAE B:
97% 1H NWR (CDC13, 400 MHz): 6 = 7.35-7.1 6 (m 5 H, 5.47 (bs, 1H), 3.56
(s, 2 H, 3.19 (q, 2H, J=6.8 Hz), 1.43-1.37 (m 2H), 1.29-1.17 (m 6 H),

0.85 (t, .= ool ). 6= B .2,
175,y prells Hidiety, Sl B oh) Mitibna ol b pidnde, o Jobliphed
[ VH+] ,  c &, chin,0amigod 2oy carb@yL1 g@boxyl @mmy 1302y:moe mljthiame,t hmgha hjzﬂk[o@@l? 2]
Purified silica gl colu chromat o gra xane: 0] 28;

afford a" |’té’r%a(5‘f’f1%.al’l s YT EE P el & E]Ji%/ltla A: 58 Byltoﬂ’(’ﬂtlt@}?é?

91% 1H Nmo&&ﬂéim su‘HaQyNth))Iueﬁesulf@nﬁ7b17)n2fbeﬁidﬁes@fo$1 nftrd’&nﬁéﬁ%sulﬂ-)ﬂﬁ aﬁd 56
(s 2 H), 21-3.16 (in, 41 (p, 2H, J= 1.30-1.17 (m 4 H),

85 (t, “@mangsvlf%nhz) 13c NMR (CDC13, 100MHz): 5 = 171 0, 135.2, 129.6,

1292 127. 4. 44.0, 397, 3, 29.1, 15 22.4,14.1; HR-NMS (ESI
il 2=206. 154903814, #%Pat@&elﬂzomtonzﬁ@t deffess fnqnpeaiben. ﬁé%méﬁﬁlﬂ‘éu e, bubare3pt

Puri fi edjifytedith IN:aogpl scgwgp WE eﬁm oa‘((ﬂﬁﬁ( uluhuBL FHoiz) of £
el Itions

afford a white sdlid.” I'sol ated vyi con condition

95% 201F¢apim, DS} Onotbletwdz)lpOL@d:ﬂth@ﬁm(Cbs oflheb—I)nvemcﬁOﬂ&ylﬁe érrdepa‘:d)entljz 11
(t, 2H, led Hz), 1.58 (p, 2H, J=8.2 Hz), 1.45 (p, 2H, J=7.2 Hz),

1.27-1.2 i , 0.86-0.82 (m 6H); 13C NMR (CDC13, 100MHz): 5 = 173 4,

H)

39. 36. 9, . 22. 22.4. .1
g 1843@@?,%%(% (e Roftherfitn (1) et g e sbeordiedy r%f; Bl
[0074] Pinclude dorntiyig she Ruﬁleglahll @DI cmmiyl slt,htf)ﬁ mmgle &@ﬂwng H&ﬁ(?ﬁﬁheﬁénﬂfllg 1catalyst
Rf =0. 28) . t f t SO e i e copdi.ti ons A: 0
condi ti Z)Wso ; g%’/ﬂ{ i éD@?fo gy t46’(§yﬁk-‘|’z;% I{%C‘L oz @ uthgniupy, (11 Q %3‘15"594

b 1 01 R
S ? . Ebzg:orﬂpléézv(f 1c}§§ﬂﬂ: Ibﬁ-p?o%fi)l%r@g%?tglé élltl%‘lju—rﬂ gﬁ) bat Qt frélmﬁq{dt]@enuﬁﬁ',(ll)

2011/ 034B56BaYsiSPIley oy 30 alm@wﬂez{m@chf@@m ox %Hmat@nzwnllﬁ@ -

Zo6 tsas TP atendSmbor erboditate s duafmyatdrl i FERE R honThe ™,

N-heterocyclic carbene and a [Ru(A)Cl,]; precatalyst complex in the presence of the base
(supra). Moiety A in formula [Ru(A)CL]; may be an aromatic, an arylaliphatic or an
arylalicyclic compound. In some embodiments A is or includes an aromatic moiety that is free
of nitrogen as a heteroatom in the respective aromatic ring(s) of the moiety. In some
20  embodiments the ring of the aromatic moiety consists only of carbon atoms. Any such
aromatic ring may carry one or more substituents that may include one or more heteroatoms,
e.g. 0-3 heteroatoms, such as O, N, Si, S or Se. In some embodiments the moiety A is a
‘hydrocarbon moiety that does not include any heteroatom. In some embodiments the moiety A
n fo_rmuia [Ru(A)CL]; is a beniene based moiety. The term “benzene based” refers to a
25 : "r.noi'ety that has a an aromatic rhoiety, the aromatic moiety being a benzene ring, i.e. an
aromatic six-membered ring without a heteroatom. This aromatic ring may carry substituents
such as one or more aliphatic or alicyclic group§ as well as one or more functional groups such
as a hydroxyl group, a seleno group, a thiol group, a silyl group, a silano group, a sulfonyl
group, a nitro group, a carboxy group, a halogen, an amino group, an amido group, a cyano
30 ‘group, an isocyano group or a thiocyano group (see also above for examples). The benzene

ring may also be linked or fused to an aromatic, an arylaliphatic or an arylalicyclic group.

[0040] In some embodiments a benzene based moiety has a single aromatic moiety, the
aromatic moiety being the benzene ring. In such embodiments the aromatic cycle may

nevertheless carry substituents such as one or more aliphatic or alicyclic groups as well as one



[0075] Purified by silica gel columm chronat ography (hexane: EA 3:1,
Rf=0.30) to afford a colorless liquid. Isolated yields: conditions A 45%
condi ti orWOB0118395061H NVR (CDC13, 400 MHz): 8 = 5.71 (dPCING20WDIBSHz) ,
3.92-3.86 (m 1 H), 2.08 (t, 2H J=7.3 Hz%, 1.55 (p, 2H, J=7.7 Hz),
1.39-1.15 (m 12H), 1.04 (d, 3H, J=6.8 Hz 3 0.84-0.80 (m 6H); 1013C NMR

CDC13, 37.0, 36.9, 31.8, 31.5, 25.8, 25.7, 22.7,
(22 5, 21%8%{%}LTC{5‘1‘1?Y§TO“H§%WB%"()ESI) m z= 214 2169 [MH, calcd.. for

C13H28NO: 2 1 b 1) 0 6] Purified by
silica gel @%ﬁ Yr}s IIrleo?nat o&/urngés %E th’ aéﬁ gmletyﬁf()fdh%%? igf u&?‘ Qh;
15white solid. | soI ated yi el q§12 COﬂdRﬁl ons A. 77% conditions B: 70% 1H
NI\/R(CDC13,400M—IZ) 5 =7.30 m 5H), 6.19 (bs, 1 H), 4.45-4.37 (m
2 H, 2.19- 2.12 (m 1 H, 1.7 (m 1 H, 1.48-1.41 (m 1 H, 1.15 (d,
3H, J= 6.8 Hz), 0.91 (t, 3H, ) 13C NWR (CDC13,
100MHz): 6 =176. 6, 1387R ~RY7. 4, 43.4, 43.2, 27.4, 17.7,
2012.1; HR-M5 (ES!'): m z=192. ], cal gdl).for C12H18NO: 192.1388.
N-Benzyl pi val amide =~ [0077] Partfized by silica gel columm chromatography
(hexane:EA 3:'1, Rf=0.26) tR% - ite solid. Isolated yields:
conditions A: 19% conditions B: 19% 251H NVMR (CDC13, 400 MHz): 5 =

7. 35--7. 2k formuda Y1) RS, 0B e, mqmndmt%e(@;wzﬁQmH @ aliphptiy grovippan acychs)

L5 I (Rt ML P, 90 by e

Pi peri di ahﬂaatmneahd&ﬂ@%ﬂ:ﬁﬁﬁéﬁﬁﬁjﬁﬁﬁhﬁ@@ﬂ@hﬂ&l%&k gfoup mhPQa@bdePartbfabedt By

ili I h t ogr.a 2C1 9. to afforda
ohi t o s OFERoAl A ST PORTE ORI Ok, X 20055 Ab AP TNete avplos baNR
(CDC13, ﬂg&e%zzised%me@ Lot ﬁh’ﬁula% cgeé )QZ]Jhm%ﬁdﬂstlﬂlwdbeﬁz% dricyméhs, J=6. 4
Hz), 1.72-1.60 (m 4H); 13C NMR = 172.9, 42.0, 31.4,

22.1, 20.8; [Omll\lﬁ S6Efé|e}nboﬂirﬁerﬁ§)9r&7cﬁﬂ% E}M‘kﬁtherﬁaﬂn%ital%s@ urfik 1N es pEA@RS 2.
Phebq\fﬂEl pi peri di n-1-yl)nmet hanone: 079] Purjfied
t

chr o8 MAFSFN cRRRiNE kgend: In thRme?thS agnplgpye shag gy @b@lgch%q%%ettagllseg[{gt ed
z;eggS( bgqegtwla@&ﬁ, #y thég/ese&%gé Htﬁaﬁmﬁ (n§0u{°a t':iﬂn%%ﬁlé < éﬁgpé\df@c R
(CDC13, et Jigarsl. 5 ymm@llg a lmds is Qemabh oflmcuonmgzas 8n e«h@tren-pae donopé 8,
G
chr omat ofgaplhty the euthemuﬁﬁhtdmznaﬁe—-ﬂlr&i’gh 4 singfef adoid, e g\/\thetmtrsgdnl alom) mokhitkd

. 1 . 0
yl elgj S: 8&95@%'&11'[1 € casﬂle'?i a gr%({%ntgt%q%% ,OOQ%hrBohgl??w/g or more atoms, in which case it may be

denoted a bidentate or polydentate ligand. In the field of organometallic chemistry, ligands are
ClaSSlﬁed as “L-type”, “X-type” and “Z-type”. The classification by the symbols L, X, and Z,
correspond respectively to 2-electron, 1-electron and 0-electron neutral ligands. X-type ligands
. are formed from .an anionic preeursor molecule and L-type ligands from a charge-neutral
20 . precursor molecule. Examples of L-fype ligands are CO, a phosphine (e.g. PPh;), a phosphite,
an ether, a nitrile and an amine. In some embodiments a nitrogen containing ligand provided in
a method of the invention is an L-type ligand, such as a nitrile and an amine, e.g. acetonitrile

or pyridine.
[0043] In some embodiments, in particular if the ruthenium (II) catalyst is formed from a
25 [Ru(A)Cly]2 precatalyst complex (supra) and a metal halogenide complex of an N-heterocyclic
| carbene, a nitrogen containing ligand such as an L-type ligand is not provided. The inventors
have found that in such embodiments the formation of an amide proceeds smoothly in the

absence of an additional nitrogen containing ligand such as an L-type ligand.

[0044] In some embodiments providing the Ruthenium (II) catalyst comprises forming one



1H NWR (CDC13, 400 MHz): 5 = 7.34-7.22 (m 5H), 3.73 (s, 2 H, 3.63 (s, 4
H)y, 3.48-3.41 (m 4H); 2013C NWR (CDC13, 100MHz): = 169.7, 134.9, 128.9,

128. 6, 12W0001188486 66.5, 46.6, 42.2, 40.9; HR M5 (ESI) PCHRISG2R0H003582

[ MH#],; calcd. for CL2HLI6NO2 : 206.1181. N Benzyl benzam ne [ 0081]
Purified by silica gel colum chromat ogréﬁhy (hexane: EA 2:1, Rf=0.29) to

afford a t 78% conditions B:
93% R@%&%&%ﬁ%gg) ki@ﬁk{sd"f ’ftﬁ}lgtgﬁe?af}@f@%a&@?%ﬁ 7.50-7.30 (m 8 H),
648(bs 1 464R 2H, J=5.9 Hz); 13C NI\/R((ﬁ@B 10@1\?Hz) 5 = 167.5,
138.4, 134. 5 : 128. 9, 128.7, 128.0, 127.7, .2, 44.3; 30HR-M5S
(ESI): mz=212.7 [ M+ 1], calcd. for Cl41- 114N0 1675, WD

2011/ 0345Q6PCT, GZO/OOO?r 1 27 N-Benzyl - N-net hyl - acet am de

[0082] P& it g col um chr omat ot —R1%: 1,

Rf =0.26) to aft 3 colorlessllqwd | sol ated yie\ds] ¢onditions A: 58%
condi.ti ons B, \! conhalns 1:1.4 mxture of two rs. - M5 (ESI):
m z=240. 13RY M, cafR%d for C161- 118N0: 240. 138‘8. Maj or ‘ROt r: 1H NMR
(CDC13, 400 MHz) R® = Afl?Zl(m 9 H, 7.10-7.08 (m 4.60 (s, 2

H), 3.78 (s, N 13C NVR (CDC13,  100Ma)s 1.3, 337.3,

135.0, 129.0, 128.9, |128. 9—128.1, 126.9, 126.4, 41)3, 3%3-R10M nor
rotamer: 1H N cu; OM—Iz) (I8)= 7.31-7.21 (m & H), NL: L4 7.08 (V) 1
H), 4.51 (s, 2 HR®3. s, 2 H, 2.94 (s, 3H; 13C Nw/( , 100MHz): =

171.6, 136.5, 135.2, 129 128.9, 128.8, 127.7, 127.4, 126. &3.7, 40.9,
34.1. N, 2-D phenyl acet am de: 15[ 0083] Pur| fied by silica gel &)I umm

chromat ogr aphy (hexane: EA 4:1, =0. 31R"t o af R8rd a white solid. Isolated
yields: conditions A 19% condl tions B 25‘V 1H NWVR (CDC13, 400 MHz): 6 =
7.42-7.24 (m 10H), 7.12-7.05 (m 1 H), (s 2H); 13C NMR (CDC13,
100MHz): 6 = 169.4, 137.8, 134.6, 129.7 129 , 129.1, 127.8, 124.6, 120.0,
45.0; 20HR-MS (ESI): m z=212.1079 [NP /lhi stefor Cl1411 14NO: 212.1075.

[ 0084] The above results indicated that t N NHC-based rut heni um corrpl exes
synt hesi zed from [ Ru( p-cynene) C12] 2 séeh. a5 46 XHerrmann, WA, et al., J.
Chem Eur. J. (1996) 2, 772), 48, and5 Lb\ et aI , Adv. Synth. Cat al .
(2007) 349, 546) might be real catal 'Tc i hternb@rdfhs WBr the direct anide
synthesis (cf. Fig. 3). ldentifying well-defined catalysts 25 fromin situ
generated catalysts is inportant to investigate the mechanismand to
further inprove the activity by rational desi of cat al ysts. Accordingly,
the cat af\ydefined @bpva, fry-ofreprhseniged $inglefor raebuhhguomé Rd- Rutdre iridgnensienily &pes

2017 ? Bgl %6%@%%&%?8%%%&%‘? Gn' dHcGEIE AnhrBiald, U BtaipHR 6P afariEferic"O

group. The respective aliphatic, alicyclic, aromatic, arylaliphatic or arylalicyclic group may
havé 0 to about 3, including 1 or 2, heteroatoms. Such a heteroatom may be N, O, S, Se or Si.
X is halogen or -OR". R in -OR" is H or an aliphatic, an alicyclic, an aromatic, an
arylaliphatic or an arylalicyclic group. The respective aliphatic, alicyclic, aromatic,

10 - arylaliphéttic or arylalicyclic group may have 0 to about 3, including 1 or 2, heteroatoms, such
asN, O, S, Seor Si. L', L? and L’ are independently selected from a solvent molecule, the L-
type ligand (e.g. pyridine or acetonitrile, supra) and the N-heterocyclic carbene (supra). Irt '
some embodiments the Ruthenium catalyst that is provided can be represented by one of the
above formulae (IV) to (VI).

15 " [0045] Hence, in some embodiments a Ruthenium (II) catalyst of one or more of formulae
| (IV) to (VI) 'is provided, including formed, in a process according to the invention. In some
embodiments a catalyst of one of formulae (IV) to (VI) is an intermediate that is formed in
situ. In some embodiments a catalyst of one of formulae (IV) to (VI) is used in isolated,

enriched or purified form. The term “isolated” means that a respective Ruthenium (II) catalyst



28 [0085] A m xture of (1,3-dinethylimdazol-2-ylidene)silver(l) iodide
(148.9 ng, 0.45 mmol) and [Ru(p-cynene)02]2 (137.8 ng, 0.23 mmol) was
stirred iWOCPR@B2S0at room tenperature for 6 h. The whit ECpieedPionesse ( Agl)
was then filtered through Celite. After rngnoval of the sol vent under
vacuum anal ytically pure :product 46 was 0btai ned by washi ng 5the crude
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roomtenperature for 8 h. The sol vent was renoved under vacuum The resi due
was di ssBPicelyi a seld g&selution dherens, theg ip asteretiongmixiuiseinsviiah Weespioges exf the
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( CH3i Som&ymRutﬂ&ll&ngﬁgéﬁﬁ%stn Anal . cal cd for Cl6H240212N2Ru (47
3CH2C12, 670.2): C 3.61; N, 4.18. Found: C, 2528.41; H, 3.89; N,
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[ 0089] Tmeentmado ooenrnirtardioglyathesjuantitydhattconsivutes e otelytit ameufitois aRy Guaaticly
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theor udiTh SR ES PR BT d FipPrefendR {SC o aRReti R, ST B xS Do isRN
povvder ;\ﬂoeidchg Q@l%(eﬂ.ﬁﬁr&sé’ﬂj heQ}uéﬂtltmtiséd in m@%aﬁiﬁdﬁl&r@@ﬁlﬁbﬁon %@l@b%&):nmngd 15
2H, CHi (d, ,J= 5,97 Hz 2H, CHi sop
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CH' Sop paxH)a dgte%mﬁﬁ@)n %%Ium}émwstlcd@ fé%ve zddstsqd%glﬁagprehéﬁdﬂl) timé: add (d,
J = 6.93 Hz, 6H, CH31sOp pcym) ,pcymb5 - - 13C {1H N MR (CD2C12, 100M—Iz)

(5 172. 2ystenreapacity & wil @—Wﬁﬁtdf)onth@ Ugaan gmo_unt@f Rotlzapuy Gl) caalyst in the
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primary or secondary amine, or in the range from about 0.001 to about 1 equivalents, from
about 0.001 to about 0.5 equivalents, from about 0.001 to about 0.25 equivalents, from about
0.001 to about 0.1 equivalents, from about 0.01 to about 0.5 equivalents or from about 0.05 to
about 0.1 equivalents, including about 0.015, about 0.02 or about 0.04 equivalents of the

30 primary alcohol.

[0047] As noted above, a process according to the present invention is carried out without
adding a phosphine. In particular the Ruthenium (II) catalyst used, including formed in the
process of the invention, is free of a phosphine ligand. Typically the process is carried out in

the absence of a phosphine.



3.6 mol), and 5 nL of THF. The reaction m xture was stirred at room
tenperature for 8 h. Al volatiles were renoved under vacuum The residue
was di ssav0ed11/034306] uene, and the resulting suspensi on REI/SHGASHHAOFhr ough a
plug of Celite. Al the volatiles were r ved, and the residue was washed
with diethyl ether (3 x 5 nL) to give 49 ds a dark red powder. Yield: 2068%
(78.5 ng, ) 69
(d, J= 5 9?06j}]mf theggt%%g{%a g%atsgl%gnyfg%d%% arﬁ&% or 5% Sop dobidly bhying-
5.15 (d, anda sriggry-pleolm arepiovideyl, Thx: pomaryeqrt secondiey emoe am thd pHim@si alephol
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120. 1 ( CHienfprinary) G8cohol ﬁ@pmyrm):tedgﬂ tlie presgpey of the Buthéni(GHDE eadalys8 ZThd amme

S i o P

CZO"BZC]-%Z h@hﬁ@s b4t tRE AR eZmo e8P art iheCalcotdl %wtlj' 1s xfbied th% Rifthenkiphity C
33.46; H, 4.03. 30CGeneral Procedure f @%lnt esi s using

46- 50 V\@t@wﬂbemsmewemi,@mm@rqugmr@m@ﬂkRtdHéz s a3 pleo iltusitated dut |,
and al co 0 d I

m xture 5%' egt?{:ef1 Fﬂ(i)‘hqa;(la ?ugﬁ E]H&Sarn(%p?‘ ?%%fghc aﬁ%g(ﬁ-g%t} Pﬁg{)gz?lfptg'rarﬁggf of
hydr ogenardf mrylaldcychbegmup ket nglse olodlewd). t The omspdcﬁrmeatl@&xem@ a]&dycht haromatlc
volagtiles ﬁg fenove er vacuuthurrfr cat g he crﬁ.rlcji @t by
flash chfSHaPEYFaphiry rzsr o qFORR BAYshavg) 4 Mg shainiodeslepeih cr‘rt

spect r al al@ear érs@nabdut R0 tdrbsrdatbnts. dahia alipladicd aBéyclik, arohB%id, a@mbﬁatlcv‘éison
et al., Wf)ailf:y(ﬁupra Nordstroemet al., 2008, supra). Resul ts and

Di scussi KeereRmay nghydsdionbort 3, suehasrneoTBYe et eroptERiSalecieh fiam Nt s
46-50 [0898]sppiex 48 was manufactured by nodifying the reported
procedure by using a Ag 10 carbene.8 The structure was confirned by X-ray

crystall 0936@‘9}' If kb Se efnbbdinddies &t Bl'deltlﬂfeem%f bé%sédsmﬁ'ega l)?fhetﬂ?nﬁ;i@talc%ilof IAe

reported 5 Surprisingly, when conplexes ‘46-50 were init aalg screened

t1 2- prespsptive Ridpbydeanay beof ficapsnseal formyla &' CHO! Irsﬂmmfomyl xs\ﬂmdyﬁned

M m cki n vver e
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salts. %ﬁ wrtho t the intend of being hound by theqgry, the current
redd ts fnqrety %é?foﬁﬁl deactant,Qr they 3gq (Rt teep oRistics gé tRebsagncoorpRETHa s o
i's more hdhadly Bflﬁstrfﬁdlgty%a%rsfé&d)rﬁﬁn@fet%ﬁhe khmé %ﬁﬁéu&p&eﬁ%’éﬁe&l% ARt n%@et is
related to activation the Ru conpl exes. Supporting ands such

pyri di ne? PEHEAEYOH aewndery anthep sk Fispediveshead meree' rseiqmlcg@dd«f &hermwe@snmg

el | ot o R mRLh AR IR G T A Rbdelih THSRIA % KBllahpove.
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ot ysoyoe ke Ryl PE gy Fhodat s ipRoucy B aibainanlanithgmed

conpar abhw itticiasdnyge oTphéspaten i s not clear, but we think that there m ght
be | ess efficiency of NHC-Ru bond formation in in situ generation with

1, 3- di et hyoosm The phiafy boscofdArP hmthelay Be bfe@éerahoragtad RA-NY-RIgfdliced
to exch(ae@g 17}\ ﬁ chl ?rr de ljgands with brom de and i odide. However

conpl exedE47A )k Ty thy ‘HF’&’E" Bi gaydie anrpliphatics anbicyoiicnan prosgasic, ﬂ%aﬁlﬂﬁilphglc or
Synt hesi g, ﬁfylaﬁcyé’tﬁ ﬁgﬂgsééeiléovﬁélbw? DifnifhP t@@g thd cH@ Wg%h&ﬁgﬁthﬁﬂatl 9 i | :

m xt ures of "nono and ubsti tuted brono conpl exes
t héOpr estomatiefardgliphatic or atylalipyich9 giaBrmayThayepsmainf chin ofer leggthtof lstncatboats

AgBF4 t t ands did not .S nt eith

subst rat'S: &2 SRR (B 1itGs 2GRS, e BBl 50K B4 OB 2SERFS aBsr Boue,
Wit h snelieteroatainnge. gpNgmu&sS@br ISHQR 3 \Aﬁfﬂ chaﬁei*lllphmce)apaanéybllﬂg amUdreinaAE, éan
scope, e tin nt for challenging sterically hinge

subst rat"é'gk“i:1 ‘gn(brngb %r@lgc FEW- AERhelbE AERPERIY S aljBlaticy GP@%‘E‘& prgFRatic,

yi el ds wirylalipheiearadryRlicytfic (drbép haE'é(heHaﬁlnéhaXﬁ %kqsleﬂ\?fl%fqb&ﬁhﬁb%g 100%0
sterically nonhi ndered substrates (entries 1, . 'y 5hi ndered
substrates worked reasonably well (entries 3, 4) [ 0095] Cyclic
secondary am nes such as 21 and 22 al so reacted snoothly, producing the
correspondi ng am des with good yields (entries 5, 6). In particular, five-

to sevennenbered cyclic |actans, 29, 30, and 31, were synthesized
effrcrently fronranranrno alcohols (entrres 7 9) The el ectronic effect on




[0096] Wth the benefit of the structurally well-defined conplex 46, an
attenpt was nmade to reveal the mechanismand catalytic internediates during
cat al ysi swokoHesaswel (10) and 1- pentylam ne (19) were ebwsenofoenosshe
study, because the correspondi ng am de pr(s)]duct 24 is conpletely soluble in
t ol uene-d8 during catal ysis. 20[0097] Fi rldt an NMR reaction was tried with
t he sane a 1 GoC tn0 LN toluene-d8 to
i nvestiga Og(hcaét,ak |%Jaﬂhtje)r ‘rn'r%gﬁgrgtagts)mdurl ngdgg? arqoy(tl Ctl g’c%\‘%‘n% Ong A e

i nter esthetgrda&ntsxe@tedeﬁ*cﬁnbb@rwsdan&sen t hough conplex 46 itself did not
have high solubility in toluene, it was i mediately solubilized by the

addi tion of[088ksAs adted abovd, lie spme eabodiméntatHeasriniabd tkdprimatyesltstol, Cortpak s

r-boung‘?dc ynene, ich shows.characteristic, 25 upfield shifts near 5
ppm in t AdeRYde] rRRptlye dhaynhe mRictics B dhe, Same ofssilec b on erpodimasHt eege aB

chl og.i de airiohg hts%aqﬁ dl&)h@l Fa)%%e ﬁttctm&tillﬁrthe Eﬁﬁe iR, TR ol RBLAP Be Of
r ut heni.um hydri des as- mgg shown at (5-6.6 ppm (nmgjor) and -7.7 ppm

(i nor) FRPTouRAted b dhe gretab jormpas - observed |rmed| ateI y after the addition of
substrates with KO Bu at anbi ent tenperature. Wen the reaction m xture was
heated at 115 C and the amnide star ®d 30 form two hydridic peaks

di sappeared and a maj or hydride peak at (3 -9.8 ppm was observed, al ong
with many trace weak hydridic peks at about (3 -10 to -20 ppm (The 111 NWR
spectra were obtained at ambient Xenpejature, after the NVR tube was heated
at 115 Cin an oil bath for the spetcifNed tine). WO

2011/ 034506PCT/ SG2010/ 000351 32 [009\8913 Further an NVR tube reaction in
toluene-d8 with a 1:3:3 ratio reaction of 46, 10, and KO Bu. At room

t enper at i 8n embbRintdnt Widfd B€ apRRK aas&i YRehwle §08p S2¢hchRISH tih Re same
observed in catalytic reactions a However upon heating to 115 C
t he hydrFHB”B@&QEGW§Q§$%5P¥de&ﬁda§nﬁﬂwy§ﬁﬁ§P§¥ﬂé?“m§a8 ppm was observed.
Wth prolonged heating, 2-3 5 h; the pq@k di sappeared al ong with nany
trace hydridic peaks, inplying deconposp ion of catalysts. Peaks from
7r-bound cynmene near 5-6 ppm al so Sappeared after a few hour heating.
Wth 46 and 10 without a base, ng reactrgn was observed, suggesting a base
is required to generate the Ru hy&ride conpl ex. These observations strongly
i ndj cated that a rutheni um hydri spegies is an active catalytic

i nternedi ate. 10Substrate Scope 9] On the basis of the studies, it
is proposed that the role of a catalytléRanDunt (at least 2 equiv vs
precatalyst) of a base is to stinulate the generation of the ruthenium

al koxi delnsphisss Beo (f Wlaea}i ig g stefinedhabeve &t Ggetwoe farmuipgt 3hone deprespatieamt e
t he RKI r h th
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observed Ru-Hintermedi ate.” D m ni shed catal ytic activity fromincreased
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mechani s 0
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formed by dehydrogenation of alcohols. To rationalize the results, it has
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be observed during the NVR studies, suggesting the short 5lifetinme of free
al dehyde |f it |s generat ed at aII [0102] However, our study on the
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about 50 °C to about 180 or about 60 °C to about 180 °C. The temperature selected may for

‘example be the boiling point of the reaction mixture, which is largely determined by the
boiling point of the solvent used. As an illustrative example, if toluene is used as the solvent,
10  the boiling point that may be selected as the temperature is about 120 °C. As a further

example, if mesitylene is used as the solvent, the boiling point is about 163 °C.

- [0053] Solvents used may be polar or non-polar liquids that are compatible with the
ruthenium (II) catéljét complex used. Due to the sensitivity of the ruthenium (II) catalyst used,
it may be disadvantageous to use e protic polar liquid and te use a chlorinated liquid (supra).

15 | Accordingly, typicélly a non-polar liquid is used that does not have a chlorine substituent. In
addition the liquid used is in some embodiments free of substituents, which are capable of
coordinating to ruthenium (II) due to the presence of electron lone pair(s). Hence, in some
embodiments the liquid used as a solvent is free of substituents that have nitrogen, sulfur or
oxygen atoms. Examples of non-polar liquids include, but are not limited to mineral oil,

20 pentane, hexane, heptane, cyclohexane, cyclooctane, benzene, toluene, mesitylene, carbon

| disulfide, and a non-polar ionic liquid. Examples of a non-polar ionic liquid include, but are
not limited to, 1-ethy1-3-methylimidazolium bis[(trifluoromethyl)sulfonyllamide bis(triflyl)-
-amide.,‘ 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]amide trifluoroacetate, 1-
butyl-3-methylimidazolium hexafluorophosphate, 1-hexy1-3Qmethylimidazolium bis(trifluoro-
25 - methylsulfonyl)imide, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, tri-
 hexyl(tetradecyl)phosphonium bis[oxalate (2-)]borate, 1-hexyl-3-methyl imidazolium tris-
(pentafluoroethyl)trifluorophosphate, 1-butyl-3-methyl-imidazolium hexafluorophosphate,
tris(pentafluoroethyl)trifluorophosphate, trihexyl (tetradecyl)phosphonium, N"-ethyl-N,N,N',
N'-tetramethylguanidinium, 1-butyl-1-methyl pyrroledinium tris(pentafluoroethyl) trifluoro-

30 phosphate, 1-butyl-1-methyl pyrrolidinium bis (trifluoromethylsulfonyl) imide, 1-butyl-3-
methyl imidazolium hexaﬂuorophosphate, 1-ethyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide and 1-n-buty1-3-methylimidazolium. In some embodiments the solvent used is’
an aromatic liquid that is free of halogen substituents. Illustrative exafnples of a respective

aromatic liquid include, but are not limited to, benzene, toluene, mesitylene, p-xylene, m-



Atom c coordinates ( x 104) and equival ent isotropic displacenent
paraneters (A2x 103) for 48. 30U(eq) is defned as one third of the trace of
t he ort hoyonralvBewoUki tensor. U(eq) Ru(1)4521(1)948(1) BLE3C1NHWH1 WO
2011/ 034506 35 PCT/ S&010/000351 C(1) 194872(1) 1873(1) 7351(1) 18(1)
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c4) xylene, ethylbenzene, propylbenzene, an ethyl toluene, p-cymene, o-cymene, cumene, naph-

thalene, phenanthrene or pffrene.

. [0054] The re_action of forming an amide from an amine and an alcohol in a process of the

e i_nve_:nti:o:né typically in the reaction nﬁixture, can generally be represented by a reaction scheme
5  - as sho'v&:'_ri m Fig. 1A and Fig. 1B Fig. 1A depicts an embodiment where the primary or
secondary amine and the primary alcohol are defined by separate reactants. R1 and R2 are
independently selected moieties, which may be an aliphatic, an alicyclic, an aromatic, an
arylaliphatic of an arylalicyclic group. R3 is H or an aliphatic, an alicyclic, an aromatic, an
arylaliphatic or an arylalicyclic group. The respective alii)hatic, alicyclic, aromatic,

10, arylaliphatic or arylalicyclic group of R1, R and, where applicable, R3, may have 0 to about
3, including 1 or 2, heteroatoms, such as N, O, S, Se or Si. [cat] represents the Ruthenium (II)

~ catalyst provided in the process of the invention.

[005‘5A] Fig. 1B depicts an enibodirhent where the primary or secondary amine and the

primary alcohol are moieties of the same molecule. E represents an aliphatic, an alicyclic, an

15 aromatic, an arylaliphatic or an arylalicyclic bridge, which may have a main chain of up to
about 30 carbon atoms, such as 2 to about 25, including 2 to about 20, about 3 to about 20;

about 4 to about 20, 2 to about 15, about 3 to about 15, about 4 to about 15, 2 to about 10, 2 to

about 8, e.g. 3,4, 5, 6, 7, 8 9 or 10 carbon atoms (see also above). The bridge E may further
include 0 to about 8, including 1, 2, 3, 4, 5, 6 or 7, heteroatoms, such as N, O, S, Se or Si. R3

20  1is as defined above. -

[0056] In order that the invention may be readily understood and put into practical effect,

particular embodiments will now Be described by way of the following non-limiting examples.

EXAMPLES

[0057] The following examples illustrate the use of catalyst systems using [Ru(p-
25 cymene)CL], or [Ru (benzene)Cl,]; complexes with an N-heterocyclic carbene and readily

available nitrogen containing L-type ligands.

[0058] A model reaction of 2-phenylethanol with benzyl-amine to afford N-benzyl-2-
phenylacetamide was chosen (Fig. 3). In an initial attempt to generate the catalyst in situ using
anhydrous RuCl;, an L-type ligand, imidazolium salt 1 and potassium tert-butoxide as a base

30 in refluxing toluene was unsuccessful (entry 1). Most of the starting materials remained
unreacted and only 3% of the desired product was found on GC after 24 h. By changing the

ruthenium precatalyst to [Ru(benzene)Cl,),, the yield of amide was significantly increased to
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54% with the help of a pyridine ligand (entry 2). Various L-type ligands such as acetonitrile,

phosphines, and dimethyl ;fumara_te were screened but only acetonitrile showed comparable

activity ' with pyridine (entry 4).;It 1s interesting to see economical and readily available
‘nitrogeni-éontaining. pyridine and - acetonitrile ligands working more efficiently than

" phosphines. The Madsen group reported that phosphines such as tricyclohexylphosphine

(PCys) and tricyélopentylphosphine (PCyps) make Ru(COD)Cl, with N-hetercocyclic carbene

‘ligand active toward the amide synthesis (Nordstrem, LU, et al., J. Am. Chem. Soc. (2008)

130, 17672). Among the NHC precursors examined (Fig. 2), 1 showed the best activity
(entries 4 and 7-12).

[0059] A dramatic improvement of this catalytic system was achieved by changing the
base from potassium ferz-butoxide to sodium hydride (89%, entry 11). Running the reaction

for an extended timé, 48 h, did not result in a significant increase in conversion (entries 13-

16). In the case of [Ru(p-cymene)Cl,] 2,. the pyridine ligand showed slightly better activity than
3 acetonitfile (entries 15-18). On the other hand, in the case of [Ru(benzene)Cl ], acetonitrile

showed a slightly better activity than pyridine (entries 11-14).

[0060] Other ruthenium complexes such as [RuClL(PPhs) 3], RuCp*Cl,, and Ru(COD)ClL,
showed lower activity than [Ru(p-cymene)Cl]; and [Ru(benzene)Cl], under the given
conditions (entries 19-22). In the absence of the N-heterocyclic carbene ligand, the amide
formation was very low with the observation of ~90% of starting materials and trace amounts
of N-benzyl 2-phenylacetamide by alkylation of the amine (entries 23 and 24). A nitrogen-
based L-type ligand is also essenfial for the facile formation of amide. Without pyridine or
acetonitrile, it was also observed that most of the starting materials remained unreacted with 3-

20% of N-benzyl 2-phenylacetamide formation (entries 25 and 26).

[0061] From the screening results, two sets of conditions were chosen to explore the scope
and limitation of our methods — conditions A (2.5 mol% [Ru(p-cymene)CL],, 5 mol%
pyridine, 5 mol% NHC salt 1, and 15 mol% NaH) and conditions B (2.5 mol%
[Ru(benzene)Cl, ], 5 mol% acetonitrile, S mol®% NHC salt 1, and 15 mol% NaH) in toluene at

120 °C. The reaction time was further optimized and it was observed that there is no

substantial increase of product after 24 h. However, a longer reaction time, 36 h, was chosen

to completely consume the starting primary alcohols for the purpose of easier isolation. It was
observed that ~5% of starting alcohol remains after 24 h and that it is all consumed after 36 h
without substantial increase of amide formation. A period of 36 h was chosen as a reaction

time for the facile purification of amides from trace amounts of remaining starting alcohols.

[0062] A range of amides were synthesized with good to excellent isolated yields under
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our systems (Fig. 4). Excellent yields of amides were obtained from the reaction of sterlcally

unhindered alcohols and arnines for both reaction conditions (entries 1-5). The amidation of 1-

- hexanol ~ with  2-aminoheptane yielded 45% usmg [Ru(p-cymene)Cly];, while

i a [Ru(benzene)Clz]z feached a better yield of 60% of the corresponding amide (entry 6).

5 Reaction of 2-methylbutanol with _benzylamme afforded 70-77% yield of corresponding amide

(entry 7), while neopentyl alcohol with benzylamine gave just 19% yield of the corresponding

amide (entry 8). These results indicate that the ruthenium-catalyzed direct amide formation is

sensitive to steric hindrance as reported by others (Gunanathan, C, et al., Science (2007) 317,

790; Watson, AJA, et al, Org. Lett. (2009) 11, 2667; Nordstrom, LU, et al, J. Am. Chem.

10~ Soc. (2008) 130, 17672). Intramolecular amidation was also carried out by using 5-

aminopentanol with excellent yield (entry 9). The use of 5-hexen-1-ol gave the hexanamide

with 100% reduction of double bond (entry 10) as observed by Madsen’s group as well
(Nordstrem et al., 2008, supra). :

o [0063] In the case of cyclic secondary amines such as piperidine (entry 11) and

15 morpholine (entry.12), [Ru(benzene)CL]. (80%, piperidine, and 90%, morpholine) affords
better yield than [Ru(p-cymene)Cl]; (64%, piperidine, and 63%, morpholine). The Williams

group reported that [Ru(p-cymene)Clh], and a bis(diphenylphosphino) butane-based catalytic
system showed moderate catalytic activity in the morpholine case (Watson, et al, 2009,
supra). The improved activity of our catalytic system is probably due to the more electron-

20 donating N-heterocyclic carbene ligand system.

[0064] In the case of non-cyclic secondary amines such as N-benzylmethylamine, our
system showed an improvement over Madsen’s Ru(COD)CI; catalytic system under the same
conditions (entry 13, vs. 40% with Madsen’s catalyst system, Nordstrem et al., 2008, supra).
However, with sterically hindered secondary amines such as dibenzylamine, the reaction did

25  not proceed at all (entry 14). Also, the less basic aniline was less reactive even at 163 °C in
mesitylene (entry 15). These limitation has also been observed with other ruthenium catalyst
systems demonstrating challenges in this area (Gunanathan et al., 2007, supra; Watson et al.,
Nordstrem et al., 2008, supra). Although catalytic systems according to the invention showed
comparable or a slightly improved activity compared with Madsen’s system under basic

30 ‘conditions, the turnover numbers (TONs) are less than those of the Milstein catalyst under
neutral conditions (entry 16, vs. 960 TONs with Milstein’s system). [Ru(p-cymene)Cl:],
exhibited higher TONs than [Ru(benzene)Cl], (55‘ vs. 23) presumably due to the better
stability from the stronger p-coordination of p-cymene than benzene. Further investigations on

electronic and steric effects of related ligands will be necessary to develop more improved
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catalytic systems.

[0065] It is assumed, v;/ithout :intend of being bound by theory, that the mechanism of theﬂ'
» catalytic :system used in the pre_sént invention is similar to that previously suggested. As
" further explained below, a suggested mechanism, depicted in Fig. 6, has been drafted on the
5 basis of NMR data obtained with complex 46. |

[0066] Interestingly, in contrast to the observation of Madsen’s group, the inventors
observed amide formation from benzaldehyde and benzylamine with the catalytic systems
according to the invention with the concurrent formation of the imine (Fig. 7). However, lower
conversions compared to the one from alcohol (48% from benzaldehyde vs. 78% from benzyl

10-°  alcohol, conditions A, and 11% vs. 93%, conditions B, entry 17 in Fig. 4 and Fig. 7) suggest
that Madsen group’s postulation that the aldehyde generated from the alcohol stays
_ cobrdinated to the metal is valid for the facile formation of an amide. The better conversion of
. benzaldehyde with more electron-rich [Ru(p-cymene)Cl ] also suggests that coordination to
. the aldéhyde carbonyl is important to lead to amide formation. Various metal complexes have
15. been reported for the oxidative amidation of aldehydes (Chang, JWW, & Chan, PWH,,
Angew. Chem. Int. Ed. (2008) 47, 1138; Yoo, WJ, & Li, CJ, J. Am. Chem. Soc. (2006) 128,
13064, Tillack, A., et al,, Eur. J. Org. Chem. (2001) 523; Naota, T, & Murahashi, SI, Synlett

(1991) 693).

Experimental Section

20 General Information

[0067] Unless otherwise noted, all reactions were carried out in oven-dried glassware

under an inert atmosphere of dry argon or nitrogen. Reactions using compounds 45-50 (cf. Fig.

- 3) were carried out using standard Schlenk techniques or in an argon-filled glovebox.
Dichloromethane, diethyl ether, and toluene were dried over a Pure Solv solvent puriﬁcationl
25 system. 1,3-Dimethylimidazolium iodide (9) [Chu, Y, et al, J. Org. Chem. (2007) 72, 7790], .
(1,3-dimethylimidazol-2-ylidene)silver(I) iodide [Khramov, DM, et al, Organometallics
(2007) 26, 6042], 1,3-diisopropylimidazolium bromide (5) [Starikova, OV, et al, J. Org. g

Chem. (2003) 39, 1467], and compound 50 [Lo, C, et al., Adv. Synth. Catal. (2007) 349, 546]

were prepared by literature procédUres. Other chemicals were purchased from commercial

30 suppliers and used as received without further purification. All alcohols and amines were-
obtained from Aldrich or Alfa Aesar and used as received. Imidazolium salts 1-3 were"
synthesized by literature procedures (Starikova, OV, et \al., Russ. J. Org. Chem. (2003) 39,,

1467, Chu, Y, et al, J. Org. Chem. (2007) 72, 7790; Eguillor, B. et al, Organometallics
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(2008) 27, 445).

[0068] Analytical TLC was pérfomed on a Merck 60 F254 silica gel plates (0.25 mm

‘ . thicknéssj. Column Chromatography was performed on Merck 60 silica gel (230-400 mesh).

Deuterated solvents were purchased from Cambridge Isotope Laboratories and dried over
molecular sieves. NMR spectra were recorded in CDCl;, CD>Cl, or toluene-d8 using a Bruker
DPX300, AMX400, JEOL ECA400, or JEOL ECA400SL spectrometer. Tetramethysilane
(TMS) was used as reference, and the chemical shifts were reported in ppm and the coupling
constants in Hz Elemental analyses were performed by the Elemental Analysis Laboratory of
the Division of Chemistry and Biological Chemistry at Nanyang Technological University.
GC yields were obtained on an Agilent 7890A instrument equipped with an HP-5 column
using dodecane as an internal standard. Mass spectrometry was performed by Waters Q-Tof

Premier Micromass instrument, using the electro spray ionization (ESI) mode.

General Procedure for Amide Synthesis

[0069] [Ru(p;cymene)Clz]z (A, 15.3 mg, 0.025 mmol) or [Ru (benzene)Cl], (B; 12.5 mg,
0.025 mmol), 1,3-diisopropylimidazolium bromide (11.7 mg, 0.05 mmol), NaH (3.6 mg, 0.15
mmol) and pyridine (A, 4 mL, 0.05 mmol) or acetonitrile (B, 2.6 mL, 0.05 mmol), were placed
in an oven-dried Schlenk tube inside the glove box; toluene (0.6 mL) was added to the mixture
there. The Schlenk tube was taken out and heated to reflux in an oil bath under an argon
atmosphere. The flask was removed from the oil bath after 20 min and the alcohol (1 mmol)
and the amine (1.1 mmol) were added. The mixture was heated to reflux under an argon
atmosphere for 36 h. The reaction mixture was cooled to room temperature and the solvent
was removed under vacuum and the residue was purified by silica gel ‘ﬂash column

chromatography to afford the amide. All the amides were identified by spectral comparison

- with literature data or with analogous literature data.

N-Benzyl-2-phenylacetamide:

[0070] Purified by silica gel column chromatography (hexane: ethyl acetate (EA) 3:1,
R¢=0.26) to afford it as a white solid. Isolated yields; conditions A: 90%, conditions B: 96%.

IH NMR (CDCl3, 400 MHz): § = 7.39-7.26 (m, 10H), 5.70 (bs, 1H), 4.41 (d, 2H, J=5.9 Hz),
3.62 (s, 2H); |

13C NMR (CDCl;, 100MHz): § = 171.1, 138.3, 135.0, 129.6, 129.2, 128.8, 127.7, 127.6, 47.9,
43.7.

HR-MS (ESI): m/z=226.1236 [MH"], calcd. for C;sHNO: 226.1232
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'N-Hexyl-2-phenylacetamide

[0071] Puriﬁed by silica gel cblumn chromatography (hexane:EA 3:1, R=0.28) to afford a
white soliﬁ. Isolated yields:vcondit.io'ns A: 98%, conditions B: 97%. _
I NMR V(CDC13,' 400 MHz): 6 = 7.35-7.26 (m, 5 H), 5.47 (Bs, 1H), 3.56 (s, 2 H), 3.19 (q, 2H,
J=6.8 Hz), 1.43-1.37 (m, 2H), 1.29-1.17 (m, 6 H), 0.85 (t, J=6.8 Hz); |
13¢ NMR (CDC13, 100MHz): 6 = 171.0, 135.2, 129.6, 129.2, 127.5, 44.0, 39.8, 31.5, 29.6,
26.7,22.7, 14.1;
HR-MS (ESI): m/z=220.1698 [MH'], caled. for C14H»,NO: 220.1701.

: :N-PentyléZ-phenylacetamide:

'[0072] Purified by silica gel column chromatography (hexane:EA 3:1, R#=0.28) to afford a
white solid. Isolated yields: conditions A: 97%, conditions B: 91%.

H NMR (CDCls, 400 MHz): § = 7.37-7.24 (m, 5 H), 5.46 (bs, 1H), 3.56 (s, 2 H), 3.21-3.16

(m, 2 H), 1.41 (p, 2H, J= 6.8 Hz), 1.30-1.17 (m, 4 H), 0.85 (t, 3H, J=7.2 Hz);

13C NMR (CDCl;, 100MHz): & = 171.0, 135.2, 129.6, 129.2, 127.4, 44.0, 39.7, 29.3, 29.1,
22.4,14.1;
HR-MS (ESI): m/z=206.1547 [MH'], calcd. for C13HyoNO: 206.1545.

N-Pentylhexanamide

[0073] Purified by silica gel column chromatography (hexane:EA 3:1, R=0.30) to afford a
white solid. Isolated yields: conditions A: 99%, conditions B: 95%. ‘
TH NMR (CDCl;, 400 MHz): & = 5.86 (bs, 1 H), 3.20-3.15 (m, 2H), 2.11 (t, 2H, J=7.7 Hz),
1.58 (p, 2H, J=8.2 Hz), 1.45 (p, 2H, J=7.2 Hz), 1.27-1.23 (m, 8 H), 0.86-0.82 (m, 6H);
13C NMR (CDCl3, 100MHz): § = 173.4, 39.6, 36.9, 31.6, 29.5, 29.2, 25.7, 22.5, 22.4, 14.1,
14.0;

HR-MS (ESI): m/z=186.1852 [MH"], caled. for C1H4NO: 186.1858.

N-Benzylhexanalhide

[0074] Purified by silica gel column chromatography (hexane:EA 3:1, R=0.28) to afford a
white solid. Isolated yields: conditions A: 91%, conditions B: 92%.
TH NMR (CDCl;, 400 MHz): § = 7.30-7.26 (m, 5 H), 5.94 (bs, 1H), 4.41 (d, 2H, J=5.9 Hz);
2.19 (t, 2H, J=7.4 Hz), 1.66 (p, 2H, J=7.7 Hz), 1.32-1.28 (m,v 4 H), 0.88 (t, 3H, J= 6.8 Hz),
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N-(1-Methylhexyl)hexanamide

5 [0075] Purified by silica gel column chromatography (hexane:EA 3:1, R¢=0.30) to afford a
colorless liquid. Isolated yields: conditions A: 45%, conditions B: 60%.

IH NMR (CDCl3, 400 MHz): § = 5.71 (d, 1H, J=7.7 Hz), 3.92-3.86 (m, 1 H), 2.08 (t, 2H,
J=1.3 Hz), 1.55 (p, 2H, J=7.7 Hz), 1.39-1.15 (m, 12H), 1.04 (d, 3H, J=6.8 Hz), 0.84-0.80 (m,
C6H), | |
10 13C NMR (CDCL, 100MHz): 8 =172.6, 45.1, 37.0, 36.9, 31.8, 31.5, 25.8, 25.7, 22.7, 22.5,
211,141, 14.0;
HR-MS (ESI): m/z=214.2169 [MH"], calcd. for C13HsNO: 214.2171.

N-Benzyl-2-methylbutanamide:

[0076] Purified by silica gel column chromatography (hexane:EA 3:1, R=0.26) to afford a
15 white solid. Isolated yields: conditions A: 77%, conditions B: 70%.

'H NMR (CDCl;, 400 MHz): & = 7.30-7.25 (m, 5H), 6.19 (bs, 1 H), 4.45-4.37 (m, 2 H), 2.19-

2.12 (m, 1 H), 1.73-1.62 (m, 1 H), 1.48-1.41 (m, 1 H), 1.15 (d, 3H, J = 6.8 Hz), 0.91 (t, 3H,

J=1.2 Hz), _ '

13C NMR (CDCl;, 100MHz): § =176.6, 138.7, 128.7, 127.8, 127.4, 43.4, 43.2, 27.4, 17.7,
20 121

HR-MS (ESI): m/z=192.1384 [MH"}, calcd. for Cj,H;sNO: 192.1388.

N-Benzylpivalamide

[0077] Purified by silica gel column chromatography (hexane:EA 3:1, R#=0.26) to afford a
white solid. Isolated yields: conditions A: 19%, conditions B: 19%.
25 TH NMR >(CDC13, 400 MHz): 6 = 7.35-‘7.25 (m, 5 H), 5.93 (bs, 1H), 4.43 (d, 2H, J =5.9 Hz),
1.24 (s, OH); |
13C NMR (CDCl;, 100MHz): & = 178.5, 138.8, 128.9, 127.8, 127.6, 43.8, 38.9, 27.8;
HR-MS (ESI): m/z=192.1390 [MH"], calcd. for C;;H;sNO: 192.1388.

Piperidin-2-one



C(7) - H(7) 1. 0000 30C(8) - H(8A) 0. 9800 C(8) - H(8B) 0. 9800 C(8)- H(8C) 0. 9800 WO
2011/ 034506PCT/ SG2010/ 000351 37 C(9) - H( 9A) 0. 9800 C(9) - H( 9B) 0. 9800
C( 9) - H( 9GV0.29B0B46 10) - C( 11) 1. 502(2) 5C( 10) - H( 10A) 0. 980BCTECRYLOMYWSE) 0. 9800
C(10) - H(10C) 0. 9800 C(11)- C(12) 1. 409(2) CiL1)- C(16)1. 427(2)
10C(12) - G(13) 1. 430(2) C(12)- H(12) 1. 0000 G 13)- O(14) 1. 413(2) |
13) - H( 13 OB e Gl ) _ . P
g(( 14§--, cg 17)Ab(1);.: 545( 12?)3413& %1)% g)é&lé : ql’%gcz}%%%% f%’& &%%)C%%g%%% 19:1, R=0.30) to
C( 16) - H( aByrd 0@bite swid; Ispjated viglds: cpaditions AC(927),-condidions B 9¢%3)
C(17)-H(17) 1. 0000 C(18) - H( 18A) 0. 9800 C(18) - H( 18B) 0. 9800
H'NMR (CDCly, 400 MHz): 8 = 7.52 (bs, 1 H), 3.19-3.16 (m, 2H), 2.21 (t, 2H, J=6.4 Hz),

© 1.72-1.60 (m, 4H);
5 - 13C NMR (CDCl;, 100MHz): & = 172.9, 42.0, 31.4, 22.1, 20.8;
| HR-MS (ESI): m/z=100.0761 [MH"], calcd. for CsH;(NO: 100.0762.

Phenyl(piperidin-1-yl)methanone:

[0079] Purified by silica gel column chromatography (hexane:EA 3:1, R=0.31) to afford a
sticky liquid. Isolated yields: conditions A: 64%, conditions B: 80%.

10 H NMR-(CDC13, 400 MHz): & =7.37 (bs, 5 H), 3.70 (bs, 2 H), 3.33 (bs, 2 H), 1.66-1.50 (m,
6H); | |
13C NMR (CDCl;, 100MHz): & = 170.3, 136.5, 129.4, 128.4, 126.8, 48.8, 43.1, 26.6, 25.7,
24.6; '
HR-MS (ESI): m/z=190.1232 [MH"], caled. for C1,H;¢NO: 190.1232.

15 1-Morpholino-2-phenylethanone:

[0080] Purified by silica gel column chromatography (hexane:EA 1:2, R=0.32) to afford a
white solid. Isolated yields: conditions A: 63%, conditions B: 90%.

TH NMR (CDCl, 400 MHz): & = 7.34-7.22 (m, 5H), 3.73 (s, 2 H), 3.63 (s, 4 H), 3.48-3.41 (m,
4H);
20 13C NMR (CDCl;, 100MHz): & = 169.7, 134.9, 128.9, 128.6, 127.0, 66.8, 66.5, 46.6, 42.2,
’ 40.9;
" HR-MS (ESI): m/z=206.1182 [MH"], calcd. for Cj;H;¢NO; : 206.1181.

N-Benzylbenzamine

[0081] Purified by silica gel column chromatography (hexane:EA 2:1, R=0.29) to afford a
25 white solid. Isolated yields: conditions A: 78%, conditions B: 93%.

TH NMR (CDCls, 400 MHz): & = 7.80-7.78 (m, 2 H), 7.50-7.30 (m, 8 H), 6.48 (bs, 1 H), 4.64
(d, 2H, J=5.9 Hz);
13C NMR (CDCl;, 100MHz): &= 167.5, 138.4, 134.5, 131.7, 128.9, 128.7, 128.0, 127.7,
127.2, 44.3;

30  HR-MS (ESI): m/z=212.1071 [MH'], caled. for C14H1sNO: 212.1075.



25C(18) - H(18C) 0. 9800 C(19) - H( 19A) 0. 9800 C(19)-H(19B) 0. 9800

C(19) - H(19C) 0. 9800 C(17A)- C(19A) 1. 48(2) 30C(17A)- C(18A) 1. 64(2)

C(17A) - HH6AY11/03006 C(18A) - H(18D) 0. 9800 C(18A) - H( 18E) 0 r&836:2010/000351
C(18A) - H( 18F) 0. 9800 C(19A) - H( 19D) 0. 9800 C(19A) - H( 19E) 0. 9800

5C(19A) - H(19F) 0. 9800 C(20)-C1(3)1.756(2) 20)-C1(4)1.772(3)

C(20) - H( 20A) 0. 9900 eg%g%_bH( 20B) 0. 9900 10C(1) - Ru(1)-C(13)89. 55(5)

C( 1) - Ru( Yy Begaybyom fempdgcetarpide. o( 12) 38. 38( 6)
C(1)-Ru(1)-C(11)121.24(6) C(13)-Ru(1)-C(11)68.32(6)

15C( 12) - Ru([0)82}(Pubjfd b4Qiiida gal &0 uftn(chyorfitd SlapAB(HRRLBIEA 4:1, R=0.26) to afford a
0(13)-Ru((11])-0(14)37.49(5) (12) - Ru( 1) - C(14) 68.40( 6

C( 11) - Rutalprless1liqusdy Iselad yiglds sonditions é(15)§>‘yg_,5q_q iffonys B: 69%. It contains 1:1.4
( 13): - Rupbtufd B GoBfilery. C(12) - Ru(1) - C(15) 78. 76( 6)

.5 HR-MS (ESI): m/z=240.1391 [MH"], calcd. for C;¢H;sNO: 240.1388.

Major rotamer: 'H NMR (CDCl3, 400 MHz): 6 = 7.31-7.21 (m, 9 H), 7.10-7.08 (m, 1 H),
4.60 (s, 2 H), 3.78 (s, 2 H), 2.88 (s, 3H);

3¢ NMR (CDCl;, 100MHz): = 171.3, 137.3, 135.0, 129.0, 128.9, 128.6, 128.1, 126.9,
1126.4,51.0,41.3,35.3. '

10 Minor rotamer: 'H NMR (CDC13; 400 MHz): 6 = 7.31-7.21 (m, 9 H), 7.10-7.08 (m, 1 H),
4.51 (s, 2 H), 3.75 (s, 2 H), 2.94 (s, 3H): k
I3C NMR (CDCl;, 100MHz): 8= 171.6, 136.5, 135.2, 129.0, 128.9, 128.8, 127.7, 127.4,
126.9, 53.7, 40.9, 34.1.

N,2-Diphenylacetamide:

15 [0083] Purified by silica gel column chromatography (hexane:EA 4:1, Rf=0.31) to afford a
white solid. Isolated yields: conditions A: 19%, conditions B: 25%.

IH NMR (CDCL, 400 MHz): § = 7.42-7.24 (m, 10H), 7.12-7.05 (m, 1 H), 3.71 (s, 2H);
13C NMR (CDCl;, 100MHz): = 169.4, 137.8, 134.6, 129.7, 120.4, 129.1, 127.8, 124.6,
120.0, 45.0; |

20 HR-MS (ESI): m/z=212.1079 [MH"], caled. for C14H14NO: 212.1075.

[0084] The above results indicated that the NHC-based ruthenium complexes synthesized

~ from [Ru(p-cymene)Cly]; such as 46 (Herrmann, WA, et al., J. Chem. Eur. J. (1996) 2, 772),

48, and 50 (Lo, C, et al., Adv. Synth. Catal. (2007) 349, 546) might be real catalytic
intermediates for the direct amide synthesis (cf. Fig. 3). Identifying well-defined catalysts

25  from in situ generated catalysts is important to investigate the mechanism and to further
improve the activity by rational design of catalysts. Accordingly, the catalytic activity of the
well-defined NHC-based ruthenium complexes was analyzed and the catalytic intermediates

studied.

Synthesis of 46



C(11)-Ru(1)-C(15)66.48(6) C(14)-Ru(1)-C(15)37.27(5)

25C(1) - Ru(1)-C(16)158.12(6) C(13)-Ru(1)-C(16)78.77(6)

C(12) - Ru(Wp-20(118¥®6. 51(6) C(11)-Ru(1)-C(16)37.11(6) PCT/SG2010/000351
C(14)-Ru(1)-C(16)66.61(5) 30C(15)-Ru(1)-¢(16)35.88(5)
C(1)-Ru(1)-C1(2)88.17(4) C(13)-Ru( 1) C1(2j151.95(4) WO

2011/ 03450601!35/] PGA0IK04re 003611 3-d¢m@hgidhidrngl12- yHZk(nE)sil&&(ES@d)de (148.9 mg, 0.45

1D R CHE) S e ?@éflgw CUB LB timed in CH.Ch at room

(1) - Ru(tbimpbshtulrk 8@r &7 @14)1“h@(‘31§1}e ?ﬂéc%tag«g %641) filtered through Celite. After
C(12)-Ru(1)-C1(1)162.99( 4) (1) 147 73(4)
10C( 14) -Rafoyyl ¢fithe solyent7y Kytivallylgury poodBct 49 was obtained by washing

N2P o1 ‘?‘1)&?%%6%&%%?@94%@%@%&&?%%%C%H%Q?"éf?%%mé 0.42 mmob),

(11 3 2)-N(2) 106. 96( 14 3 2)-H(2)126.5
N - 1PH 51”1\511%)(%:12)30162,1400 %\4}%) )57%3 (s, ZISI )CH,,,,,d) 5. 39 (3 JC( 5)96% )2H (cH)pcym) 5.06

(d, J = 5.96 Hz, 2H,CHyeym), 3.96 (5, 6H, NCHs), 2.93 (septet, J=6.88 Hz, 1H, CHiop peym),
1.98 (s, 3H, CHspeym), 1.25 (d, J = 6.84 Hz, 6H, CHisop peym)-

, [008'6]' The formation of complex 46 was confirmed by comparing the chemical shifts of
10 ‘1H NMR with reported values (Herrmann, WA, et al., Chem.; Eur. J. (1996) 2, 772).

Synthesis of 47

[0087] A Schlenk tube was charged with complex 46 (67.7 mg, 0.17 mmol), Nal (509.7

~ mg, 3.4 mmol), and 5 mL of THF. The reaction mixture was stirred at room temperature for 8

h. The solvent was removed under vacuum. The residue was dissolved in toluene, and the

15. resulting suspension was passed through a plug of Celite. All the volatiles were removed, and

| the residue was washed with diethyl ether (3 x 5 mL) to give 47 as a dark red powder. Yield:
70% (69.8 mg, 0.12 mmol). ‘

'H NMR (CD;Cl,, 400 MHz): & 7.08 (s, 2H,CHinia), 5.59 (d, J=5.60 Hz, 2H, CHpeym), 5.18 (d,
J = 5.56 Hz, 2H, CHpeym), 4.04 (s, 6H, CHsimig), 3.15 (septet, J = 6.88 Hz, 1H, CHisop peym),
20 1.96 (s, 3H, CH3poym), 1.23 (d, J=6.88 Hz, 6H, CH3isop peym)-
13¢ {'"H} NMR (CD,Cl,, 100MHz): § 170.4 (C-Ru), 124.4 (CHimia), 110.0 (Cqpeym), 99.9
(CYpeym), 86.6 (CHpeym), 83.0 (CHpeym), 44.9 (CHaimia), 32.0 (CHisop peym)s 23.0 (CHsisop peym)s
19.2 (CHspeym)-
Anal. caled for C16H24CLINoRu (47 3CH,Cl, 670.2): C, 28.68; H, 3.61; N, 4.18. Found: C,
25 28.41; H, 3.89; N, 4.33 :

Synthesis of 48

[0088] A suspension of 1,3-diisopropylimidazolium bromide (106.4 mg, 0.46 mmol) and
Agy0 (64.0 mg, 0.28 mmol) in CH,Cl, was stirred at room temperature in the dark for 2 h.
The mixture was then filtered through a plug of Celite, and to the filtrate was added [Ru(p-
30 cymene)Cl,]; (139.8 mg, 0.23 mmol).



N(2)- C(2)- H(2)126.5 20C(2)- C(3)- N(1) 106. 68(13) C(2)- C(3)-H(3)126. 7
N(1)-C(3)-H(3)126.7 N(1)-C(4)-C(6)109.72(17) N(1)-C(4)-C(5)109.57(15) 25
O 6) - C( 4)WQ(2B)110B45087( 16) N( 1) - C( 4) - H( 4) 108. 6 C(6) O( 4) - PBCASGR810800351
C(5)-C(4) - H(4)108. 6 ‘C(4) - C(5) - H( 5A) 109. 52§0q4) O(5) - H(5B) 109. 5

H(5A) - C( 5) - H(5B) 109.5 C(4) - C(5) - H(5C) 109 H(5A) - C(5) - H(5C) 109. 5

H(5B) - C( 5 4 5
5|(-|( 635\) 2 23) wl—%gl-%gr 955t Q& %%%Y%H?&ﬁ%tgg)%o%?%ﬂg ?}?’%‘%—{ %C%B%é %Bg tl}g:n filtered
H( 6B) - C(tyougheCylteoThe NoFatOpA reanoyedlndss (vma)umowaﬂ)mg(tﬂe) <f1(d8) frb Bud 6¢ifl3)

& 8)- G A P pab SR At A b e NG VibshodTi’s me 0

mmol). -

5 IHNMR (CD2c12, 300 MHz): § 7.15 (s, 2H,CHimig), 5.48 (d, J = 5.97 Hz, 2H, CHpeym), 5.34-

5.25 (m, 2H, CHisop peym), 5-06 (d, J = 6.00 Hz, 2H, CHpeym m), 2.94 (septet, J = 6.96 Hz, 1H,

CHisop peym), 2.01 (s, 3H, CHipeym), 1.42 (br, 12H, CHsicop imia), 1.31 (d, J = 6.93 Hz, 6H,

CH3i50p peym)- — .

- BC {'H} NMR (CD;Cl,, 100MHz): 6 172.2 (C- Ru), 119.5 (CHinia), 107.4 (Cqpeymm), 98.5

10 (Clpeym), 86.9 (CHpeym), 82.0 (CHpeym), 52.5 (CHisop imid), 31.2 (CHisp pem); 25.5 (CHiicop imia,

251 (CHM,, imid); 22.9 (CHsisop peym)s 19-2 (CHspeym).

Anal. caled for CooHyCLN,Ru (48-3CH,Cl, 543.4): C, 44.21; H, 5.94; N, 5.16. Found: C,

44.68; H, 5.63; N, 5.37.

Synthesis of 49

15 [0090] A Schlenk tube was charged with complex 3 (83.4 mg, 0.18 mmol), Nal (539.6 mg,
- 3.6 mmol), and 5 mL of THF. The reaction mixture was stirred at room temperature for 8 h.
All volatiles were removed under vacuum. The residue was dissolved in toluene, and the
resulting suspension was passed thr()ugh a plug of Celite. All the volatiles were removed, and
the residue was washed with diethyl ether (3 x 5 mL) to give 49 as a dark red powder. Yield:
20 68% (78.5 mg, 0.12 mmol).
IH NMR (CD:Cly, 300 MHz): 3 7.19 (s, 2H,CHjmig), 5.69 (d, J = 5.91 Hz, 2H, CHpeym), 5.52
(septet, J = 6.60 Hz, 2H, CHisop imid), 5.15 (d, J = 5.88 Hz, 2H, CHpcym), 3.29 (septet, J = 6.93
Hz, 1H, CHisop peym), 2.01 (s, 3H, CHipym), 1.44 (br, 12H, CHsisop imia), 1.32 (d,
' J=6.96H2,6H,CHisop peym).
25 Bc {'H} NMR (CD,Cl,, 100MHz): 6 167.6 (C-Ru), 120.1 (CHimig), 108.4 (CQpeym), 99. 8
' (Cqpeym), 87.3 (CHpeym), 82.3 (CH; peym)> 55.0 (CHisop imid), 32 0 (CHisop pcym) 25.7 (CH3,S<,p imid),
1 25.1 (CHsisop imid), 23 2 (CHsisop pcym) 19.8 (CHjpeym)-

Anal. caled for CyoH3,Cpl,N2-Ru (49-3CH,Cl, 726.3). C, 33.08; H, 4.44; N, 3.86. Found: C,
33.46; H, 4.01; N, 4.03.

30 General Procedure for Amide Synthesis using 46-50

[0091] In an argon-filled glovebox, a 10 mL oven-dried Schlenk tube was charged with
complex 46, 47, 48, 49 or 50 (0.025 mmol), base (0.075 mmol), and 0.6 mL of toluene. The



H(8A) - C(8) - H(8B) 109. 5 C(7)- C(8)-H(8C)109.5 H(8A)- C(8) - H(8C) 109. 5

20H( 8B) - C( 8) - H(8C) 109. 5 C(7)- C( 9) - H( 9A) 109. 5 C(7) - C( 9) - H( 9B) 109. 5

H( 9A) - C( SYORPBBB1®S. 5 C(7) - C(9) - H(9C) 109. 5 25H( 9A) - C( 9) PHISGRLOSIES1

H( 9B) - C(9) - H( 9C) 109.'5 C(11) - C( 10) - H( 10A) 4Q9. 5 C(11)- C( 10) - H( 10B) 109. 5

H( 10A) - C( 10) - H(10B) 109. 5 30C( 11:)-10(10)-H% 0C) 109. 5 H( 10A) - C( 10) - H( 10C) 109. 5

D S g O B e

C( 16) - C(THe reéaction) Mii8tBS (W) hed(ei2io- fafiuk)uridef h) fi®y AF(APon to- facilitate removal of

g(( ]1-% . g%@é%ulg_flﬁ% %gd"? é%%%%gﬁ&g%g@%%é;g%ﬁ%& g the volatiles were removed

X 13) - C(x_!éb)er %tg%ﬁnz?gﬁgiéﬁlon]&%é-éﬁm%mcﬂﬂylﬁz)sﬂlJeﬁro%na%érgﬂh}qfﬁ)%eﬂrﬁmé W13
Ru( 5) ) c:(the)a-rni((ies %vere identified by spectral comparison with literature data (Naota et al., 1991,

supra, Watson et al., 2009, supra; Nordstroem et al., 2008, supra).

Results and Discussion of the Use of N-Heterocyclic Carbene Based Ruthenium Catalysts
.46-50

[009:2] Complex 48 was manufactured by modifying the reported procedure by using a Ag

10 carbene.'8 The structure was confmed by X-ray crystallogréphy (Fig. 13). The structure of 48
is similar to that of the reported 50. Surprisingly, when complexes 46-50 were initially
screened with 2-phenylethanol and benzylamine, they did not show any activity. Mimicking

the reported in situ conditions, bases such as NaH and KOrBu were found necessary for
catalytic activity (Fig. 8). Weaker bases such as K,CO; were not as effective as NaH and

15 KOrBu (entry 11, Fig. 8). Further optimization demonstrated that only a catalytic amount of a
base, 15-20 mol %, is ideal for the catalysis (Fig. 8). The major role of these bases had initially

been considered for in situ generation of NHCs from imidazolium salts. However, without the

intend of being bound by theory, the current results with well-defined precatalysts indicated

that the role of the base is more than the mere generation of NHC. It rather appears to be

20 related to activation of the Ru complexes. Supporting ligands such as pyridine, acetonitrile;
and phosphines, which were required for improving activity of in situ generated catalysts,

were not necessary for the well-defined complexes 46-50.

[0093] Interestingly, even though NHC precursors that have isopropyl wingtip groups

- such as 5 were reported to be significantly superior than 1,3-dimethylimidazolium salt in in

25 situ catalyst systems (Nordstrem et al., 2008, supra; ), 46 and 48 showed comparable activity.
The reason is not clear, but we think that there might be less efficiency of NHC-Ru bond
.formatio_n in in situ generation wit'h: 1,3-dimethylimidazolium iodide (9).9,10 To improve the
activity, we tried to exchange the chloride ligands with bromide and iodide. However,
complexes 47 and 49 also did not show any improvement over 46 and 48. Synthesis of a

30 bromo derivative of 46 and 47 was attempted; however, mixtures of mono and disubstituted
bromo complexes were observed even in the présence of excess (~30 equiv) NaBr. The use of

silver salts such as AgBF, to abstract chloride ligands did not show any improvement either.

Substrate Scope



C(14)-C(13)-C(12)121.10(13) C(14)-C(13)-Ru(1)73.29(8)

15C(12) - C(13) - Ru(1) 71. 18(8) C(14)-C(13)-H(13)119.0 C(12)-C(13)-H(13)119.0
Ru( 1) - C( M8p-2bi(1163)3b89. 0 C(13) - C(14) - C(15) 117.52( 13) PCT/SG2010/000351
20C(13)-C(14)-C(17)121.3(6) C(15)-C(14)-¢(17)120.9(6)
C(16)-Ru(1)-C1(1)111.99(4) C1(2)-Ru(1)-C2(1)83.006(13)

1) 1) AP Kl by SO el il WRaS RO e poyn oyt she

N( 2) - C( 2ubbifatp s@fpepeRCiny mﬁir&)erﬁ%rﬁ)f%lgﬁlagﬁfgﬁ@ T{I&G&lly %‘?‘%"éﬁ%‘éﬁeﬁ Alrgglge
N(1)-C(3):H(3)126.7 N(1):C(4)- L T2( 37 - - .
Gl 6) - 41T B e pISLTED W B gebr ) S Tohpeios i oo 46 (e ),

C(5) - C( 4Exdé(1éﬂtga81d§ vEeré bbfaiRd- ok §t‘é}ié£lg/ AorfHifter&d substrhteB)Hfesdl1, 2). Modestly
H(5A) - C(5) - H(5B) 109. 5 10C(4)-C(5)-H(5C) 109.5
5 hindered substrates worked reasonably well (entries 3, 4).

[0095] Cyclic secondary amines such as 21 and 22 also reacted smoothly, producing the
corresponding amides with good yields (entries 5, 6). In particular, five- to sevenmembered
cyclic lactams, 29, 30, and 31, were synthesized efficiently from a,@-amino alcohols (entries
7-9). Thev:electronic.effect on alcdhols was studied ﬁsing bénzyl alcohol derivatives. Slighlty

10 :' reduced: yields w‘ere observed with electron-deficient substrates (entries }10-12). However,
rather disappoirlti:lgly, it also showed a similar limitation on sterically bulky substrates and
less basic aniline, demonstrating challenges in this area (entries 13, 14; Gunanathan et al,
2007, sﬁpra; Naota et al., 1991, supra; Watson et al., 2009, supra; Nordstroem et al., 2008,

supra). -
15 - Catalytic Intermediates

[0096] With the benefit of the structurally well-defined complex 46, an attempt was made
to reveal the mechanism and catalytic intermediates during catalysis. 1-Hexanol (10) and 1-
pentylamine (19) were chosen for the study, because the corresponding amide product 24 is

completely soluble in toluene-ds during catalysis.

20 | [0097] First an NMR reaction was tried with the same catalytic conditions (5 mol % 46, 15
mol % KOrBu) in toluene-ds to investigate catalytic intermediates during catalytic reactions.
Several interesting features were observed. Even though complex 46 itself did not have high
solubility in toluene, it was immediately solubilized by the addition of substrates in the

" presence of a base with characteristic peaks of 7-bound p-cymene, which shows characteristic

25 upfield shifts near 5 ppm in the '"H NMR spectrum. This observation indicated that exchange
of chloride with alkoxide is a rapid initiation step. Coﬁcunent formation of ruthenium
hydrides as singlets, shown at 5-6.6 ppm (major) and -7.7 ppm (fninor) by 'H NMR
spectroscopy, was observed immediately after the addition of substrates with KOtBu at
ambient temperature. When the reaction mixture was heated at 115 °C and the amide started to

30 form, two hydridic peaks disappeared and a major hydride peak at § -9.8 ppm was observed,

| along with many trace weak hydridic peaks at about 6 -10 to -20 ppm (The 'H NMR spectra
were obtained at ambient temperature, after the NMR tube was heated at 115 °C in an oil bath

for the specified time).



H(5A) - C(5) - H(5C) 109. 5 H(5B) - C(5) - H(5C) 109. 5 C(4) - C(6) - H( 6A) 109. 5
C(4) - C(6) - H(6B) 109. 5 15H( 6A) - C( 6) - H(6B) 109. 5 C( 4) - C( 6) - H( 6C) 109. 5

H( 6A) - C( ByoHIB@3I08. 5 H( 6B) - C(6) - H(6C) 109. 5 N(2) - C( 7) - CPoXALA0B6(0:3)
20N(2) - C(7) - O(8) 110. 06(13) C(9) - C(7) - C(8)111.52(13) N(2)-C(7)-H(7)108. 3
C(9)->C(7)~-H('7)108 3 'C(8) C(7)-H(7)108.3 2%C(7) - C(8) H(8A) 109. 5

C(7)-€(8)- Hgﬁ%@%{% Eé ?5C( ).- % §;8 109.
H( 8A) - O( 8) - % B EACOR St sy ﬁ%“bff}afg‘é‘? gf 46, 10,
C(7)- 9)1nd—|¢<EBBi109.t 5001h|(t9pﬁi)e1@(L9() -dHrAR) Aribe Peak) wak Qbsei)riééﬂ?thﬁ)g sBme posmon
H(9A) - C( 9 C1095H98 %)(?C ) 109, 5 C(11)-C(10)-H(10A) 10
C{11) - G PV Do ongtiony a6 105 s Bepeve e eyt 8] 5 P iy g
peak disappeared and a new singlet at 6 -9.8 ppm was observed. With prolonged heating, 2-3
5 h, the peak disappeared along with many trace hydridic peaks, implying decomposition of
catalysts. Peaks from 7-bound cymene near 5-6 ppm also disappeared after a few hour heating.
With 46 and 10 without a base, no reaction was observed, suggesting a base is required to
generate the Ru hydride complex. These observations strongly indicated that a ruthenium

: hydride:species 1s an active catalyti¢ intermediate.
100 Substrate Scope

[0099] On the basis of the studies, it is proposed that the role of a catalytic amount (at least

2 equiv vs precatalyst) of a base is to stimulate the generation of the ruthenium alkoxide
species (Fig. 6). Subsequent B-hydrogen elimination can generate the Ru(II) dihydride species.

The generation of [Ru]JH, from [Ru]Cl, with the help of a base and the Ru(0)/Ru(Il) cycle

15 °  have been suggested in catalytic alcohol dehydrogenation (Zhang, J, et al., Organometallics
(2004) 23, 4026), N-alkylation of amines With alcohols, and esterification of alcohols. In
addition, synthesis of the [(p-cymene)RuH»(PCys)] complex from [(p-cymene)RuCL(PCys)]

with methanol and K>CO; has been reported (Demerseman, B, et al., Eur. J. Inorg. Chem.
(2006) 1174). However, attempts to synthesize [(p-cymene)-RuH,(IMe)] 46-H; under the

20 - same conditions were not successful, limiting clear characterization of the observed Ru-H
intermediate. Diminished catalytic activity from increased amount of a base from 20 mol %

also supported the role of a base and implied that deprotonation of all alcohols is not necessary

for alcohols to react with a catalytically active intermediate.

[0100] The proposed mechanism is similar to the mechanism proposed for the Ru-

25 catalyzed alkylation of amine using the “borrowing hydrogen” methodology (supra). It is
assumed that the critical point is whether a hemiaminal intermediate would be further oxidized

to a corresponding amide or would form an imine, which could be subsequently hydrogenated

to an amine by elimination of water. On the basis of the reports on the alkylation of amine

done with similar Ru complexes with supporting phosphine ligands and the essential role of

30 NHC ligands on the amide formation, it is believed that the more g-donating NHC ligand has a

critical role to facilitate the oxidation over the elimination of water.

[0101] It has been reported that in situ generated NHC-based Ru was not active

(Nordstrem et al., 2008, supra) in the amide formation of aldehydes with amines, forming



H( 10A) - C( 10) - H( 10C) 109. 5 10H( 10B) - C( 10) - H( 10C) 109. 5

(12)

C(16) -

- C(11) - C(16) 118. 63(14) C(12)-C(11)-C(10) 121. 72( 16)

C( MP-20(1133¥89. 63(16) C(12)-C(11)-Ru(1)69.95(9) PCT/SG2010/000351

15C(16) - C(11) - Ru(1) 73. 37(9) C(10)-C(11) - Ry( 1) 129. 39( 12)

C(11) -
C(13) -
Ru( 1) -
C(14) -
C(14) -
(13) -
C( 15) -

C(lg%

C(12) - C(13) 120. 32(13) C(11)-C(12) - Rd(1) 72. 66( 9)
A

b ﬁgl é’;“ﬁ 904(21&@ 1%9%;&%%{% 3@% ﬁg’bs&{ %é)’}nt%mjea)até"(f%ﬂédlgy

ﬂjydﬁgeﬁz)titﬁl 39(28%1@5&( T®) ratiriadiye Rhé lr)eiﬂltsla( &)as been proposed that Ru

g((%_'o?’ di ti%% 11?&%2{%& egg%gjﬁg% (C%'g‘?hl%l@( fs/s?xit )fgtcgs}g )catny%i%) c]y]éﬁe 8b1d)
C( diped(nb/ Jrée QiR Gde 66&8)@%65@%@(&&&%%8 NNIR) studies, suggesting the short
C(14) - C(17A) 123. 5(6). C(17) - C( 14) 0(1 ) 3. 5(11)
qh&im@(fﬁ)eeg ldehyds, i isgencratedat pll( 1) 72. 48(8)

-
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5C(17) - 0(142) Ru(Hl) 133. 8(5) G 17A) - C(14) - Ru( 1) 135, 8(6)
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owever, our study on’the catalytic mntermediate indicated that there might be
another possible reason for the limited activity of the aldehyde. It would be less efficient to
form active [Rﬁ]Hz from [Ru]CL, and an aldehyde without the help of primary alcohols. To see
whether primary alcohols are essential for the catalysis, we ran two reactions of the amidation
of an aldehyde with and without a pﬁmary alcohol (Fig. 11). Aldehyde itself did not efficiently
produce an amide from benzaldehyde with benzylamine under the same reaction conditions
using complex 46. However, when we added 10 mo1% of the primary alcohol 2-phenylethanol
as an additive, the reaction smoothly generated the corresponding amide, N-benzylbenzamide,
demonstrating that formation of a catalytically active species by an alcohol is necessary for the
amidation of aldehydes. However, the observation of 9% of the corresponding imine (cf. Fig.
11) that was sometimes observed in trace amounts, less than 3%, in the reaction of benzyl
alcohol and benzyl amine, and nc} observation of free aldehyde during the discussed NMR
studies, implied that the direct amide formation from alcohol might occur through Ru-bound
aldehyde-like species, instead of free aldehyde. A recent mechanistic study with a
heterogeneous Ag catalyst on the same transformation indicated that the reaction proceeded

through metal-bound aldehyde-like species, not through a free aldehyde (Shimizu, K-I, et al.,
Chem.: Eur. J. (2009) 15, 9977).

[0103] To investigate further, a reaction was carried out with a mixture of 2-
phenylethanol, benzaldehyde, and benzylamine (1:1:1.2 ratio). The corresponding amides N-
benzyl-2-phenylacetamide and N-benzylbenzamide were obtained in 10% and 47% yields,
respectively, suggesting that once:a,catalytically active species is generated, aldehydes could
generate amides more favorably than alcohols (Fig. 12). Although it is still not conclusive;
whether a free aldehyde is generated during the amidation of primary alcohols or not, the
present data clearly indicated that generation of a ruthenium hydride is essential for the

formation of amides from either alcohol or aldehyde.
X-ray crystallographic data for complex 48

Crystal data and structure refinement for 48-CH,Cl,

Empirical formula -~ C20 H32 Cl4 N2 Ru



C(16) - C(15) - C(14) 121. 70(13) C(16)-C(15)-Ru(1)72.58(8)

C(14)-C(15)-Ru(1) 70.25(8) 10C(16)-C(15)-H(15)118.4 C(14)-C(15)-H(15)118. 4

Ru( 1) - C( SP-2p(11BYNES. 4 C(15) - C(16) - C(11) 120. 66( 13) PCT/SG2010/000351

C(15) - C(16)- Ru( 1) 71.54(8) 15C(11)-C(16)-Ry(1)69.52(9)

C(15)- C(16) - H(16) 118. 8 C(11)- C(16)- H(16) $18.8 Ru(1)- C(16) - H( 16) 118.8

C( 18) - C( Hatmulf wéighP1. 0( 10) 20C( 18543847) - c§19) 1100(5(93 Q17)- 1) i
14 9)110. 4(9 18 7).-H(17)104.5 C(14 17) - H( 17) 104.

&(193- g((i%%‘P?%ﬁ% 104. 5(2%30(6(19Ag Eﬁ ZQEC(M) 106. 9(11) '

C( 19A) - Gih{Akn&h18A) 109. 0(12) C( 14} 6431 XA - C( 18A) 107. 5(12)

C( 19A) - C(l?A) (17A)111. 1 <:(14) C(17A)-H(17A) 111.1
30C( 18A) Crystal systdni 17A) 111. 1 C( 17 AMoBp&Bas - H( 18D) 109. 5
C(17A) - G 18A) - H(18E) 109.5 WO 201&@ 4506PCT/ SG2010/ 000351 45
H(1 % %ﬁ)g“ﬁéplsE) 109.5 C(17A) - H( 18F) 109. 5
Unit cell dimensions a= 10.0156(5) A a= 90°.
b=17.2504(8)A  b=92.134(3)°.

~ c=13.63156)A  g=90°

Volume - o - 2353.52(19) A3
10 z R 4
Density (calculated) 1.533 Mg/m3
Absorption coefficient 1.129 mm'"
F(000) . 1112
- Crystal size 0.40 x 0.24 x 0.22 mm’
15 | Theta range for data collection 1.90 to 36.40°.
Index ranges -16<=h<=16, -28<=k<=27, -22<=I<=22
Reflections collected 82940 '
Independent reflections 11411 [R(int) = 0.0473]
Completeness to theta = 36.40° 99.4 %
20 Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7893 and 0.6609
Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 11411 /24 /281
Goodness-of-fit on F> 1.089
25 " FinalR indices [I>2sigma(I)] Rl= 0.0293, wR2 = 0.0749
 Rindices (all data) R1=0.0441, wR2 = 0.0856
Largest diff. peak and hole 0.805 and -0.689 e. A -

Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for 48.

30 = U(eq) is defined as one third of the trace of the orthogonalized U" tensor.

. X y z U(eq)
Ru(1) | 4521(1) 948(1) 8289(1) 15(1)



H( 18D) - C( 18A) - H( 18F) 109. 5 H( 18E) - C( 18A) - H( 18F) 109. 5

5C( 17A) - C( 19A) - H(19D) 109. 5 C( 17A) - C( 19A) - H( 19E) 109. 5

H( 19D) - C(WOAPLIMGIBE) 109. 5 C(17A) - C( 19A) - H( 19F) 109. 5 PCT/SG2010/000351

H( 19D) - C( 19A) - H( 19F) 109. 5 10H( 19E) - C( 19A),z H( 19F) 109. 5 |
C1(3)-C(20)-C1(4)111. 06(13) CL(3)-C(20)-BP20A) 109. 4 C1(4)- C(20)- H(20A) 109. 4
CL(3) - C(@()- H( 20B) 109. 4 15C148)2(T) 20) - HRZIB) 109. Z354(RPA) - C(120))- H( 20B) 108. 0

C(1)-N(1)-C(3)111. 26(13) C(l)-Nf(l -C(4)127.55(13) %(SQ-N( 1)-(:1(4) 120. 81(13)
20C( 1) - -C(2) 111. 06( 12) " CFa38(RL 2) - cETP3A b7, 28( 285601 28(T)

C(%-?\I( 2%?5(%1)21 60( 1%) ?Anicgg?td(@iz: gﬁé}) CEITEI(’] ? [f\rreterzz, 1(A2x 103) for
48 The an? otropi c di spl acenen ?’thor expg@nent aﬁs t he foﬁr}l -2p21
h2a*2.,Wd) + 2 h k 25 30 a*7¢86(2) 12 Ruddo(1(1) 66df)) C(3)29(G(4)

5 - C(5) 6957(2)  1128(2) 5581(2) 46(1)
C(6) 8383(2) 1848(2) 6838(2) 45(1)

cn o 2717(1) . 2638(1) 7495(1) 21(1)

c@®) o 1687(2) 2625(1) 6643(1)  30(1)

cO | 2694(2) 3404(1) 8046(1) 29(1)

10 CU10) - | 6404(2) -617(1) 7797(2) 39(1)
- ocany 5050(2) -255(1) 7887(1) 24(1)
C(12) 4388(2) 116(1) 7086(1) 24(1)

- oca3) 3113(2) 470(1) 7202(1) 22(1)
C(14) . 2481(1) 443(1) 8111(1) 19(1)
15 C(15) 3155(1) 48(1) 8904(1) 20(1)
. C(6) 4395(2) -299(1) 8797(1) 22(1)
c(17) 1105(12) 768(8) 8218(10) 34(3)

C(18) 729(7) 1136(7) 9119(6) 37(1)
et | 18(14) 149(7) 7875(12) 33(2)
20  C(17A) | 1039(13) 761(9) - 8158(11) 20(2)
C(18A) 711(10) 869(13) 9322(12) 48(3)
C(19A) 149(19) 160(11) 7726(17) 42(4)

C(20) 1705(2) 1778Q2)  4122(2) 48(1)
Coaw 3952(1)  1861(1) 9579(1) 21(1)
25 CI(2) 6778(1) 1124(1) 8983(1)  22(1)
CI(3) 3416(1) - 1811(1) 4450(1) 69(1)

Cl(4) 926(1) 970(1) 4663(1) 63(1)

N(1) 5946(1) 1982(1) 6781(1) 23(1)

NQ) 4065(1) 2488(1) 7132(1) 20(1)

30 Bond lengths [A] and angles [°] for 48

Ru(1)-C(1) 2.0828(14)



&(5)
36(1)
13(1)

53(1)
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7(1) 15(1)
30(1) 4(1)

Ru(1)-C(13)
Ru(1)-C(12)
Ru(1)-C(11)

" Ru(1)-C(14)

Ru(1)-C(15)
Ru(1)-C(16)

: ~ Ru(1)-Cl(2)

Ru(1)-CI(1)
C(1)-N(2)
C(1)-N(1)
C(2)-CQ3)
C(2)-N(2)
C(2)-H(2)

E C(3)-N(1)

C(3)-H(3)

C(4)-N(1)

C(4)-C(6)
C(4)-C(5)
C(4)-H(4)
C(5)-H(5A)
C(5)-H(5B)
C(5)-H(5C)
C(6)-H(6A)

' C(6)-H(6B)

C(6)-H(6C)
C(7)-NQ@)
C(7)-C09)
C(7N-C(8)
C(7N)-H(7)
C(8)-H(8A)
C(8)-H(8B)

C(8)-H(8C)

-1(1)

A7)

22( 1)
2.1701(14)

2.1799(15)

- 2.2151(16)

2.2231(14)

2.2525(14)

2.2657(15)
2.4365(4)
2.4439(4)
1.3599(19)
1.3632(18)
1.345(2)

1.3856(19)

0.9500
1.383(2)
0.9500
1.475(2)
1.521(3)
1.523(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.4779(19)
1.522(2)
1.525(2)
1.0000
0.9800
0.9800
0.9800

ULl 16(1) 19(1) 32(1) 29(1) 24(1) 55(1) W22 14(1) 17(1) 21(1) 28(1)
54(1) U33 14(1) 18(1) 29(1) 29(1) 28(1) 32(1) W23 2(1) 2(1) 11(1)

11(WP 2601103450013 1(1) 1(1) 5(1) 6(1) 9(1) 20(1)
WO 2011/ 034506 46 PCT/ SG2010/ 000351  C(6)

UPZTBG2)100035) - 1( 1)
22(1) 61(2)



18(1) 25(1) 3(1) 2(1) 3(1) <C(8) 27(1) 29(1) 33(1) 2(1) -6(1) 2(1) C(9)
-2(1) 2(1) 6(1) 5 C(10)
9(1) C( WP 2011/034506

36(1) 21(1) 31(1)
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C(9)-H(9A) 0.9800
C(9)-HOB) 0.9800
C(9)-H(5C) ~0.9800
C(10)-C(11) 1.502(2)
C(10)-H(10A) 0.9800
~ C(10)-H(10B) 0.9800
'C(10)-H(10C) 0.9800
can-cazy 1.409(2)
C(11)-C(16) 1.427(2)
C(12)-C(13) 1.430(2)
C(12)-H(12) 1.0000
C(13)-C(14) 1.413(2)
C(13)-H(13) 1.0000
- C(14)-C(15) 1.431(2)
C(14)-C(17) 1.497(11)
C(14)-C(17A) 1.545(12)
C(15)-C(16) 1.392(2) |
C(15)-H(15) 1.0000
C(16)-H(16) 1.0000
C(17)-C(18) 1.445(14)
C(17)-C(19) 1.583(18)
C(17)-H(17) 1.0000
C(18)-H(18A) 0.9800
- C(18)-H(18B) 0.9800
C(18)-H(18C) 0.9800
C(19)-H(19A) 0.9800
C(19)-H(19B) 0.9800
C(19)-H(19C) 0.9800
C(17A)-C(19A) 1.48(2)
C(17A)-C(18A) 1.64(2)
C(17A)-H(17A) 1.0000

C(18A)-H(18D) 0.9800

37

29(1) 30(1) 58(1) -12(1) 5(1)
PCT/SG2010/000351



24(1) 18(1) 32(1) -5(1) 2(1) 1(1) C(12) 29(1) 25(1) 20(1) -5(1) 5(1)

4(1) C(13) 28(1) 20(1) 18(1) 0(1) -4(1) -4(1) C(14) 19(1) 17(1) 23(1)
0(1) -1(1YyO-20111084306 PCT/SG2010/000351
- 38
C(18A)-H(18E) 0.9800
C(18A)-H(18F) ©0.9800
C(19A)-H(19D) ©0.9800
C(19A)-H(19E) 0.9800
5 C(19A)-H(19F) 0.9800
coCB) 1.756(2)
| C(20)-CI(4) 1.772(3)
C(20)-H(20A) 0.9900
C(20)-H(20B) 0.9900
10 C(1)-Ru(1)-C(13) 89.55(5)
C(1)-Ru(1)-C(12) 92.87(6)
C(13)-Ru(1)-C(12) 38.38(6)
© C()-Ru(1)-C(11) 121.24(6)
 C(13)-Ru(1)-C(11) 68.32(6)
15  C(12)-Ru(1)-C(11) 37.40(6)
 C(1)-Ru(1)-C(14) 113.92(5)
C(13)-Ru(1)-C(14) 37.49(5)
C(12)-Ru(1)-C(14) 68.40(6)
C(11)-Ru(1)-C(14) 80.61(6)
20 C(1)-Ru(1)-C(15) 151.09(5)
C(13)-Ru(1)-C(15) 66.66(5)
C(12)-Ru(1)-C(15) 78.76(6)
- C(11)-Ru(1)-C(15) 66.48(6)
C(14)-Ru(1)-C(15) 37.27(5)
25 C(1)-Ru(1)-C(16) 158.12(6)
C(13)-Ru(1)-C(16) 78.77(6)
C(12)-Ru(1)-C(16) 66.51(6)
C(11)-Ru(1)-C(16) 37.11(6)
C(14)-Ru(1)-C(16) 66.61(5)
30 C(15)-Ru(1)-C(16) 35.88(5)
C(1)-Ru(1)-CI(2) 88.17(4)

C(13)-Ru(1)-C1(2)

151.95(4)



C(15) 23(1) 18(1) 20(1) 3(1) 2(1) -5(1) C(16) 26(1) 14(1) 26(1) 3(1)
-4(1) -2(1) C(17) 26(3) 18(4) 57(5) -3(3) -8(3) -7(3) C(18) 22(2) 44(4)
43(3) -5(P 290128436 2) PCT/SG2010/000351
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C(12)-Ru(1)-CI(2)

C(11)-Ru(1)-C1(2)
C(14)-Ru(1)-C1(2)
C(15)-Ru(1)-Cl(2)

'C(16)-Ru(1)-CI(2)
~.C(1)-Ru(1)-CI(1)
© C(13)-Ru(1)-CI(1)

C(12)-Ru(1)-Cl(1)
C(11)-Ru(1)-Cl(1)
C(14)-Ru(1)-CL(1)
C(15)-Ru(1)-CI(1)

C(16)-Ru(1)-CI(1)
- CI-Ru)-CID).
" N@Q)-C()-N(1) -

N(2)-C(1)-Ru(1)
N(1)-C(1)-Ru(1)
C(3)-C(2)-N(2)
C(3)-C(2)-H(2)
N(2)-C(2)-H(2)
C(2)-C(3)-N(1)
C(2)-C(3)-H(B)
N(1)-C(3)-H(3)

~ N()-CEA)C(6)

25 -

30

N(1)-C(4)-C(5)
C(6)-C(4)-C(5)
N(1)-C(4)-H(4)
C(6)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-H(5A)
C(4)-C(5)-H(5B) -

H(5A)-C(5)-H(5B)

C(4)-C(5)-H(5C)

113.85(4)

'~ 89.19(4)
. 157.87(4)

120.59(4)
93.52(4)
89.87(4) -
124.95(4)
162.99(4)
147.73(4)
95.17(4)
90.81(4)
111.99(4)
83.006(13)
104.03(12)
128.31(10)
127.61(11)
106.96(14)
126.5
126.5
106.68(13)
126.7
126.7
109.72(17)
109.57(15)
111.57(16)
108.6
108.6
108.6
109.5
109.5
109.5
109.5



C(19)

-2(3) 1(2) 6(3)

20(3) 23(3) 55(3)

37(5) 7509 200(5¥506 4( 4)

10"

15

20
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H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)

C(4)-C(6)-H(6A)

C(4)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(4)-C(6)-H(6C)

| H(6A)-C(6)-H(6C) ’

H(6B)-C(6)-H(6C)
N(2)-C(7)-C(9)
N(2)-C(7)-C(8)
C(9)-C(71)-C(8)
N@2)-C(D)-H(7) .
CO)-C(N-H(T)

C(8)-C(DH-H(7) -

C(7)-C(8)-H(8A)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(7)-C(8)-H(8C)
H(8A)-C(8)-H(8C) .
H(8B)-C(8)-H(8C)
C(7)-C(9)-H(9A)
C(7)-C(9)-H(9B)

H(9A)-C(9)-H(9B)

C(7)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(11)-C(10)-H(10A)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(11)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)

-13(3) -1(2)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.36(13)
110.06(13)
111.52(13)
108.3
108.3
1083
1095
109.5
109.5.
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5 -
109.5
109.5

-5(2) 15 C(17A) 10(2) 23(5) 27(3)

C(18A) 30(3) 63(7) 52(5)
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-18(5) 18(3)

- 5( 4) 19A) 12(3)
PCT/SG2010/000351



-1(2) C(20) 51(1) 51(1) 43(1) -10(1) -11(1) 17(1) Cl(1) 26(1) 18(1)
18(1) -2(1) 2(1) 0(1) 20 CL(2) 18(1) 25(1) 22(1) 6(1) -2(1) -2(1) CL(3)
PCT/SG2010/000351

50(1) 92(WY 26HI(0BY50626( 1)

10

15

20

25

30

C(12)-C(11)-C(16)
C(12)-C(11)-C(10)

C(16)-C(11)-C(10)
C(12)-C(11)-Ru(l) -
C(16)-C(11)-Ru(1)

C(10)-C(11)-Ru(1)

C(11)-C(12)-C(13)

C(11)-C(12)-Ru(1)
C(13)-C(12)-Ru(1)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)

- Ru()-C(12)-H(12)

jC(l4)-'C:(1 3)-C(12)

" C(14)-C(13)-Ru(1l)

C(12)-C(13)-Ru(1)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
Ru(1)-C(13)-H(13)

C(13)-C(14)-C(15) .
C(13)-C(14)-C(17)

C(15)-C(14)-C(17)
C(16)-Ru(1)-CI(1)

| - CI2)-Ru(1)-CI(1)

N(2)-C(1)-N(1)
N(2)-C(1)-Ru(1)
N(1)-C(1)-Ru(1)
C(3)-C-NQ)
C(3)-C2)-H(2)
N(2)-CQ)-HQ)
C(2)-C3)-N(1)
C(2)-C(3)-H(3)
N(1)-C(3)-H()

118.63(14)
121.72(16)

- 119.63(16)
~ 69.95(9)

73.37(9)
129.39(12)
120.32(13)
72.66(9)
70.44(8)
119.3
119.3
119.3
121.10_(13)
73.29('8)
71.18(8)
119.0
119.0
119.0
117.52(13)
121.3(6)
120.9(6)
111.99(4)
83.006(13)
104.03(12)
128.31(10)
127.61(11)
106.96(14)
126.5
126.5
106.68(13)
126.7
126.7

41



-12(1) 14(1) C1(4) 75(1) 46(1) 66(1) -7(1) -22(1) 5(1) N1 21(1) 24(1)
23(1) 8(1) 4(1) -1(1) N2) 22(1) 16(1) 22(1) 5(1) 2(1) 1(1) 25 Hydrogen
coor di natW¥e 2011%034®4) and i sotropi c di spl acenent paranet 83/SGA@/00@3) for 48
30 H(2) A

42

N(1)-C(4)-C(6) 109.72(17)

N(1)-C(4)-C(5) ©109.57(15)

C(6)-C(4)-C(5)  111.57(16)
 N()-C@-H@4) 108.6
5 C(6)-C(4)-H@) 108.6
| C(5)-C(4)-H(4) 108.6
C(4)-C(5)-H(5A) 109.5
C(4)-C(5)-H(5B) 109.5
- H(5A)-C(5)-H(5B) 109.5
10 C(4)-C(5)-H(5C) 1095
H(5A)-C(5)-H(5C) 109.5
H(5B)-C(5)-H(5C) 109.5
O@)-C(6)-HEA) 1095
. C(4)-C(6)-H(6B) 109.5
15 H(6A)-C(6)-H(6B) 109.5
 C(4)-C(6)-H(6C) 109.5
H(6A)-C(6)-H(6C) 109.5
'H(6B)-C(6)-H(6C) 109.5

N(@2)-C(7}-C9) 110.36(13)

20 NQ)-C(T-CE) 110.06(13)

C(9)-C(7)-C(8) 111.52(13)

N(2)-C(7)-H(7) 1083
C(9)-C(7)-H(7) 108.3
 C(8)-C(7)-H(7) 108.3
25  C(7)-C(8)-H(8A) 109.5
C(7)-C(8)-H(8B) 109.5
H(8A)-C(8)-H(8B) 109.5
C(7)-C(8)-H(8C) 109.5
H(8A)-C(8)-H(SC) 109.5 -
30 H(8B)-C(8)-H(EC) 109.5
C(7)-C(9)-H(OA) 109.5

C(7)-C(9)-H(9B) 109.5



H(3) H(4) H(5A) H(5B) 4268 6444 6981 6059 7620 3441 2859 996 918 716 6196
5796 7092 5447 5506 U(eq) 33 34 35 69 69 WD 2011/034506 47 H(5C) 7127
1548 5118WO2011H3ENP PCT/SG2010/000351

43
H(9A)-C(9)-H(9B) 109.5
C(7)-C(9)-H(9C) 1095
H(9A)-C(9)-H(9C) 1095
H(9B)-C(9)-H(9C) 109.5
5. C(11)-C(10)-H(10A) 109.5
C(11)-C(10)-H(10B) 109.5
H(10A)-C(10)-H(10B) 109.5
C(11)-C(10)-H(10C) 109.5
~ H(10A)-C(10)-H(10C) 109.5
10 H(10B)-C(10)-H(10C)  109.5
C(12)-C(11)-C(16) 118.63(14)
€(12)-C(11)-C(10) 121.72(16)
 C(16)-C(11)-C(10) 119.63(16)
© C(12)-C(11)-Ru(l) 69.95(9)
15  C(16)-C(11)-Ru(l) 73.37(9)
© C(10)-C(11)-Ru(1) 129.39(12)
C(11)-C(12)-C(13) 120.32(13)
C(11)-C(12)-Ru(1) 72.66(9)
C(13)-C(12)-Ru(l) 70.44(8)
20 C(11)-C(12)-H(12) 119.3
C(13)-C(12)-H(12) 119.3
Ru(1)-C(12)-H(12) 119.3
C(14)-C(13)-C(12) 121.10(13)
| C(14)-C(13)}Ru(l) 73.29(8)
25 C(12)-C(13)-Ru(1) 71.18(8)
C(14)-C(13)-H(13) 119.0
C(12)-C(13)-H(13) 119.0
Ru(1)-C(13)-H(13) 119.0
C(13)-C(14)-C(15) 117.52(13)
30 C(13)-C(i4)-C(17) 121.3(6)
C(15)-C(14)-C(17) 120.9(6)
C(13)-C(14)-C(17A) 118.5(6)



8439 2309 6421 68 H(6B) 9118 1495 6700 68
2214 7962 25 H(8A) 1882 3041 6181 45

2494

10-

15

20

25

30
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C(15)-C(14)-C(17A)
C(17)-C(14)-C(17A)
C(13)-C(14)-Ru(1)
C(15)-C(14)-Ru(l)
C(17)-C(14)-Ru(1)
C(17A)-C(14)-Ru(1)
 C(16)-C(15)-C(14)
C(16)-C(15)-Ru(1)
C(14)-C(15)-Ru(1)
C(16)-C(15)-H(15)
 C(14)-C(15)-H(15)
Ru(1)-C(15)-H(15)

 casycaecan)

© C(15)-C(16)-Ru(1)

C(11)-C(16)-Ru(1)
C(15)-C(16)-H(16)
C(11)-C(16)-H(16)
Ru(1)-C(16)-H(16)
C(18)-C(17)-C(14)
C(18)-C(17)-C(19)
C(14)-C(17)-C(19)
C(18)-C(17)-H(17)
C(14)-C(17)-H(17)

C(19)-C(17)-H(17)
C(19A)-C(17A)-C(14)
C(19A)-C(17A)-C(18A)
C(14)-C(17A)-C(18A)
C(19A)-C(17A)-H(17A)
C(14)-C(17A)-H(17A)

C(18A)-C(17A)-H(17A)
C(17A)-C(18A)-H(18D)
C(17A)-C(18A)-H(18E)

44
123.5(6)

© 3501
©69.22(8)

72.48(8)
133.8(5)
135.8(6)
121.70(13)
72.58(8)
70.25(8)
118.4
118.4
118.45
120.66(13)
71.54(8)
69.52(9)
118.8
118.8
118.8
121.0(10)
110.5(9)
110.4(9) -
104.5
104.5
104.5
106.9(11)
109.0(12)
107.5(12)
111.1
L1
L1
109.5
109.5

H(6C) 8445 2003 7529 68 5 H(7)

H(8B) 792

PCT/SG2010/000351



2701 6895 45 H(8C) 1724 2123 6307 45 H(9A) 3349 3389 8598 44 10 H(9B)
1800 3491 8295 44 H(9C) 2917 3827 7601 44 H(10A) 6308 - 1180

10 -

15

20

25

30
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45
H(18D)-C(18A)-H(18E)  109.5

C(17A)-C(18A)-H(18F) ' 109.5
H(18D)-C(18A)-H(18F)  109.5

'H(18E)-C(18A)-H(I8F)  109.5
- C(17A)-C(19A)-H(19D) 1095
 C(17A)-C(19A)-H(19E)  109.5

H(19D)-C(19A)-H(19E)  109.5 -
C(17A)-C(19A)-H(19F)  109.5
H(19D)-C(19A)-H(19F)  109.5

- H(19E)-C(19A)-H(19F) 109.5

- CI(3)-C0)-CI(4) 111.06(13)

 CI(3)-C(20)-H(20A) 109.4

 CI(4)-C(20)-H(204) 109.4

© CI(3)-C(20)-H(20B) 109.4
CI(4)-C(20)-H(20B) 109.4
H(20A)-C(20)-H(20B) 108.0
C(1)-N(1)-C(3) 111.26(13)
C(1)-N(1)-C(4) 127.55(13)
CG)-N()-C@) 120.81(13)
C(1)-NQ)-C2) 111.06(12)
C(1)-NQ2)-C(7) 127.28(12)
C(2)-N(2)-C(7) 121.60(13)

" Anisotropic displacement parameters (3%x 10%) for 48

The anisotropic displacement factor exponent takes the form: -2p2[ h’a*’U" + ... +2h k

a* b* U]

Ul 1 U22 U33 U23 U13 U12

Ru(l)  16(1) 14(1) 14(1) 2(1) 1(1) o(1)
oy . 19 171) 18(1) 2 1(1) 1(1)
) 7;75 32(1) 21(1) 29(1) 11(1) 5(1) BT
C(3) 29(1) 28(1) 29(1) 13(1) - 6(1) 2(1)
C(4) 24(1) 36(1) 28(1) 11(1) 9(1) 7(1)

CcG) - 55(1) 54(1) 32(1) 6(1) 20(1) 15(1)



7738 59 H(10B) 6962 -494 8382 59 H(10C) 6825 -412 7213 59 15 11(12) 4884
218 6476 29 H(13) 2740 815 6669 26 11(15) 2831 125 9583
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C(6) 22(1) 612 53(1) 30(1) 4(1) -1(1)
C(7) 22(1) 181) 25(1) 3(1) 2(1) 3(1)
c® 27(1) S 33D 2(1) -6(1) 2(1)
- CO)  :? 36(1) 211 31(1) 2(1) - 2(1) 6(1)
5 Cc(1o) - 291) 30(1) - 58(1) -12(1) 511) 9(1)
cay) 24(1) 18(1) 32(1) -5(1) 2(1) 1(1)
ca2) 29(1) 25(1) 20(1) -5(1) 5(1) -4(1)
C(13) 28(1) 20(1) 18(1) 0(1) -4(1) -4(1)
C(14) ILTC) I V/()) 23(1) 0(1) -1(1) 2(1)
10 casy 23y 18(1) 20(1) 3(1) 2(1) -5(1)
S ocae) - 26(1) 14(1) 26(1) 3(1) _4(1) 2(1)
- | fC(17) o 263) 18(4) 57(5) 3(3) -8(3) -7(3)
-C(18) ; f ,22(’2) 44(4) 43(3) -5(2) 9(2) 2(2)
©C(19) 20(3) 23(3) 553) -13(3) -12) -5(2)
15  C®17A) 10(2) 23(5) 27(3) -2(3) 1(2) 6(3)
C(18A) 30(3) 63(7) 52(5) -18(5) 18(3) -5(4)
C(19A) 12(3) 37(5) 75(9) 10(5) -4(4) -1(2)
C(20) 51(1) 51Q1) 43(1) -10(1) -11(1) 17(1)
e ) 26(1)- 18(1) 18(1) 2(1) 2(1) 0(1)
20 CI2) 18(1) 25(1)  22(1) 6(1) -2(1) -2(1)
CI(3) 50(1) 92(1) 64(1) -26(1) -12(1) 14(1)
e ) 75(1) 46(1) 66(1) -7(1) -22(1) 5(1)
| N(1) 21(1) 24(1) 23(1) 8(1) 41) -1(1)
NQ) 22(1) 16(1) 22(1) 5(1) 2(1) 1(1)
25
Hydrogen coordinates ( x 10*) and isotropic displacement parameters (A’x 10°) for 48
X y | 'z U(eq)
CHQ@) 4268 3441 6196 33
 HQ) 6444 2859 5796 34
30 H@4) 6981 996 7092 35
H(5A) 6059 918 5447 69

H(5B) 7620 716 5506 69



24 H(16) 4924 -461 9399 27 H(17) 1025 1188 7714 41 20 H(18A) 765 756 9653
55 H(18B) -181 1341 9039 55 H(18C) 1349 1562 9277 55

WO 2011/034506 PCT/SG2010/000351
47 |
H(5C) 7127 1548 5118 69
H(6A) 8430 2309 6421 68
H(6B) 9118 1495 6700 68
CH(6C) - 8445 2003 7529 - 68
5 H®) 2494 2214 7962 25
| H(8A) 1882 3041 6181 45
H@B) = 792 2701 6895 45
HGC) 1724 2123 6307 45
~ HOA) - 3349 3389 8598 44
10 HOB) 1800 3491 8295 44
~ HOC) 2917 3827 7601 44
H(10A) - 6308 -1180 7738 59
H(10B) 6962 494 8382 59
H(10C) 6825 412 7213 59
s H(12) 4884 218 6476 29
H(13) 2740 815 6669 26
H(15) 2831 125 9583 24
H(16) 4924 461 9399 27
~ H(17) 1025 1188 7714 41
20 H(18A) 765 756 9653 55
H(18B)  -181 1341 9039 55
H(18C) 1349 1562 9277 55
C H(19A) 82 305 8306 49
H(19B) 174 8 7198 49
25 H(19C) 875 378 7909 49
H(17A) 937 1262 7794 24
H(18D)  -108 1175 9377 72
H(I8E) 1456 1139 9661 72
~ H(I8F) . 589 359 9622 7
30  H(19D) 312 108 7024 62
H(19E) 784 308 7811 62

H(19F) 329 -336 8055 62



H(19A) 82 -305 8306 49 H(19B) 174 -8 7198 49 25 H(19C) -875 378 7909 49
H(17A) 937 1262 7794 24 H(18D) -108 1175 9377 72

10 -

15

20

25 -

30 ©
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48
H(20A) 1589 1745 3399 58
HQ0B) 1271 226l 4339 58

" Conclusions

[0104] An improved method for the amidation of amines with alcohols or aldehydes using
commercially available ruthenium complexes such as the economical ruthenium trichloride
(RuCly), an N-heterocyclic carbene (NHC) ligand, and the economical pyridine or acetonitrile
ligand has been demonstrated. The phosphine-free process will provide alternative

opportunities for the preparation of the fundamental amide functional group.

[0105] In situ generated ruthenium catalysts (from readily available ruthenium sources,

such as RuCl;, RuHx(PRs)s, [Ru(p-cymene)Chl,, [Ru(benzene)Cll,, RuH(CI)(CO)(PR;)s,
: Ru'Hz(C:O')(PR3)3,;etc, with N-heterocyclic carbene ligands, L-type nitrogen containing ligands,

and base) have been developed for the amide synthesis from alcohols or aldehydes with

amines. These economical catalyst systems show efficient conversion toward the amides.

[0106] Without being bound by theory, (arene)Ru(NHC)X, type catalysts can be applied
in the amide synthesis. These catalysts work efficiently on the amide synthesis reactions, such
as N-benzyl-2-phenylacetamide synthesis from 2-phenyl ethanol with benzyl amine, with help
of bases. The above data further demonstrate that well-defined N-heterocyclic carbene based
ruthenium complexes are active for the direct amide synthesis of alcohols with a catalytic

amount of a base.

[0107] A procéss according to the invention, involving a ruthenium (II) catalyst as
described above, is economical and simple compared to the already commercialized Milstein
catalyst (CAS 893671-63-5, Strem # 44-0091, USD $380 / 500mg).

[0108] The Ru complexes allowed approaching a facile mechanistic investigation. The
results suggest that the formation of a Ru hydride catalytic intermediate by the respective

alcohol and a catalytic amount of the base is necessary for catalytic cycles.

[0109] The listing or discussion of a préviously published document in this specification

should not necessarily be taken as an acknowledgement that the document is part of the state

" ofthe art or is common general kn§>wledge.

[0110] The invention has been described broadly and generically herein. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also form part

of the invention. This includes the generic description of the invention with a proviso or



H(18E) 1456 1139 9661 72 H(18F) 589 359 9622 72 30 H(19D) 312 108 7024 62

H(19E) -784 308 7811 62 H(19F) 329 -336 8055 62 WO 2011/034506
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negative limitation removing any subject matter from the genus, regardless of whether or not

the excised material is specifically recited herein.
[0111] One skilled in the art would readily appfeciate that the present invention is well
adapted to carry out the objects and obtain the ends and advantages mentioned, as well as
5 those inherent therein. Further, it will be readily apparent to one skilled in the art that varying
substitutions and modifications may be made to the invention disclosed herein without
depafting from the scope and spirit of the invention. The molecular complexes and the
.methods',‘ procédures, treatments, molecules, specific compounds described herein aré
: . presently representative of preferred embodiments are exemplary and are not intended as
10 ‘limitations on the scope of the invention. Changes therein and other uses will occur to those
skilled. in the art Which are encompassed within the spirit of the invention are defined by the

“scope of the claims. |

[0112] The invention illustraﬁvely described herein suitably may be practiced in the
absencé of any element or elements, limitation or limitations which is not specifically
15 disclosed herein. Thus, for example, in each instance herein any of the terms “comprising”,
“consisting essentially of” and “consisting of” etc. shall be read expansively and without
limitation, and are not limited to only the listed components they directly reference, but
include also other non-specified components or elements. As such they may be exchanged
with each other. Additionally, the terms and expressions which have been employed are used
20 as terms of description and not of limitation, and there is no intention that in the use of such
terms and expressions of excluding any equivalents of the features shown and described or
portions thereof, but it is recognized that various modifications are possible within the scope

of the invention claimed.

[0113] Other embodiments are within the following claims. In addition, where features or
25  aspects of the invention are described in terms of Markush groups, those skilled in the art will
recognize that the invention is also thereby described in terms of any individual member or

subgroup of members of the Markush group.



48 PCT/ SG2010/ 000351 H(20A) 1589 1745 3399 58 H(20B) 1271 2261 4339 58
Concl usi ons [0104] An inproved nethod for the am dation of am nes
wi t h al conoeI2811gB4bdehydes usi ng conmerci al |y avai | abl e PEUHtSIGaoio®0a38obnpl exes
such as the economical rutheniumtrichloride (RuCl3), an N-heterocyclic
carbene (NHC) |igand, and the econom cal 5(|'E)yri dine or acetonitrile |igand
has been denonstrated. The phosphi ne-free process will provide alternative
opportunities f@lainhkle preparation of the fundanmental am de functional

group. [0105] In situ generated rutheniumcatalysts (fromreadily avail able
rut heni um sources, 10 such as RuCl3, RuH2(PR3)4, [Ru(p-cynene)Cl2]2,

[ Ru( benz eWaatas elapmedRisH( C1) ( C0) (PR3) 3, RuH2( Q0) (PR3)3, etc, with

N- het erocyclic carbene |igands, L-type nitrogen containing |igands, and

base). have beelr] g.eﬁ/rgké%%ﬁfgr%rine%&eaxﬁﬁiegtﬁe@gc{%tg%kic:oﬁrfs m al cohol s or

al dehydes wi th ammnes: ese onom ¢ systens show effi cient
conver si on t gavididghe Ruhesism QSthly Y. tthe LRuth&iing Batalyt bLEAE! f¥ee of a
(arene) Ru( NH%??(Z tn;% e catal yst_g.@)(l:an ggvappl ied 15 iﬁwflhe gm' de g 'nt hesi s.
The8e cathapphites hmfi wdterqie ipsomidipg dhe Ruthenrim €1k gatelyeis¢osnprisge proyiding snd¥r as

N benzyl- 2- I .de synthesis from 2-phenyl ethanol w th benzyl
am ne, keﬁﬁgﬁgp%cgﬁgﬁggﬁ. The above data further denonstrate that

wel | -defi ned ddnheticg ¢ Yhd Efés_@r%ttﬁﬁﬂe trRagRéhitidt (1B Niathlys¢ QMpMiX6Soh QectildhMe
for the direct am de synthesis of alcohols with a catalytic anount of a

base. 20fEno#d ApprEEeslsokpdcvhapinghe primaey ¢rpgeandapraming gad thergimary aldebel um

(1) catal yst .. i N ' [ . he
a1 eady Dolie PRy SERR AP Bt mb B0 B & By 3 Ry SRORE! Foich oot
USD0$38G fecofiDp@iktant, or (ii) [a0fidBmoldie, BRing ampimae vraktondad, amfiepatd agednd
facil e mechanjstic investjgation. The results suggest that the formation of
a Ru hydr9glys E%iP&P;PE"i“@rYﬁk@?%ﬂ?ta?éa‘ﬁ?c‘i‘ﬁgoqﬂéspecti ve 25al cohol and a

catal ytic ar‘rqlm%i Of j SAr g! %ideC cycles. [ 0109]
The listing or ?@éﬁ%ﬁkﬁg%ggfc@ﬁé\%s’gﬂgmga%%igghe Scument in this

specification should not necessarily be taken as an acknow edgenent t hat

t he docunent i . ] I S..-C rg%rﬁ n I

know edge. z @%%{%{esér%z (%%\ﬂ?tezt %ﬁ}e{%‘gstﬂ%tepéﬁ{ ez)érflpbe g%?a%ﬁglea%n the
gener i cgrimjarhatehol atEandienés ¢ fhibe 30marcomponnd pet ivhereanthequbgsnér a pragessupll Ngs
fallLing within the generic disclosure also formpart of the invention. This
i né?udestgmmgﬁéﬁ“é?f’c description of the invention with a proviso or

3. The process of claims 1 or 2, wherein providing the Ruthenium (II) catalyst

comprises contacting the N-heterocyclic carbene and a Ruthenium (II) precatalyst complex.

4. The process of claim 3, wherein the N-heterocyclic carbene is provided as a

complex with a metal halogenide.-

20 5. The process of claims 3 or 4, wherein the Ruthenium (II) precatalyst complex is a
[Ru(A)CL,]; precatalyst complex,

wherein A in [Ru(A)Cl ), is a benzene based moiety, the benzene based moiety being

. benzene, -optionally substituted With one or more groups selected from an aliphatic, an

alicyclic, an arométic, an arylaliphatic, an arylalicyclic group and a functional group.

25 6. The process of any one of claims 1 - 5, wherein the N-heterocyclic carbene is
" formed from an imidazole or an imidazoline compound and a base, wherein the imidazole

compound is of general formula (I) and the imidazoline compound is of general formula (II):



WO 2011/ 034506PCT/ SG2010/ 000351 49 negative limtation renoving any
subject matter fromthe genus, regardl ess of whether or not the excised

mat eri al we 28p@Gidoscal |y recited herein. [0111] OnepshisiGhed/onessi he art
woul d readily appreciate that the present invention is well adapted to
carry out the objects and obtain the end8land advantages mentioned, as well
as 5 those inherent thg8ein. Further, it will beRfeadilg®apparent to one
skilled in the varying substitutions an cations may be nade
to the invention osed herein w thout departi m t he scope and
spirit of the i n. The nol ecul ar conpl exes' “met hods,
procedures, RP ) 6eayl es, specific crApO 6 bed hglein are
presently representative of preferred enbodi nents are exenplary and are not
intended as 10 limtations on the scope of the invention. Changes therein
and ot her wdefeinRP|- RECaindepeidenti® sslkétbd Gdni the lghupdddns it bf /HE af AR ssed

within the spirit of the invention are defned by the scope of the clains.
[0112] TeRlIoyGlish @n gFomatic, ap arylaliptiatic.qand an; ssglglipklisigrouny comprising@hto ighout 3
practic LA e t .ements, limtation or
Iinitat?gﬁggakﬁgﬁagggﬁgﬁng%g%?¥¥§§1 yﬁl q@??%losed herein. Thus, for
exanpl e, in each instance herein any of the terns "conprising", "consisting
esséntial |y of7. dhdptapesssifsidimgd,ofterain ot legdtaint etpavalentchfehebass iisneley relative

wi t hout ion, and arﬁpnot limted to only the |isted conponents they

it
di rec-tlyto:lg‘lf’élﬁé‘?@é‘i;orbmld?zﬁ BEETBYES: ot her non-specified conponents or

el ements. As such they may be exchanged with each other. Additionally, the

t - and I ' - Whi h b I d ar Q t .of
descri ption ol RBEPRICCH ShCtaPY or T2 RRSERE Bhoe i e BnAaOs HEPHE e
use of such terns and expressions of excluding any equival ents of the

f h d ' [ h f...b it .i ized th
vari ous o ok at ROt SR hBRS - RERpd Kyphonkleh cRGERPR fed "™

n SCo
cl ai ned.in[ H41 &bnOtie N-BetbrodiciRNtarbade and tthé MRUMOTLY Ipeathatadyse |cdinplex i the
addi tion, where_ features or 25 aspects of the invention are described in
terfs ofPrRigAReRfthgPatps, those skilled in the art will recognize that the
invention is also thereby described in terns of any individual nmenber or
subgroup of nenbers of the Markush group, WD 2011/034506PCT/ SG2010/ 000351
50 C ai ms Whatl® The proosesyof any one of claims § - 95 whegrin & i iRW(@nGhhgis #nbosgense

t he procgs; b oviding a Ruthenium (11) catalyst, the
Rutheni3ﬁ§l$lg c%%i#&ggb%ggﬁgm?ree oh a phosphi ne |igand, wherein providing
the Ruthenium (I11) catalyst conprisd® “provi @ ng an N-heterocyclic carbene,
and contacting in the presence of thg Ruthenium (I1) catalyst a
primary or a secondary amine and a prj \‘alcohol, wherein the primary or
secondary am ne and the prinmary_#3 co Q (1) primary or secondary

am ne noiety of a first react anR and ury'%ﬁ%ohol noi ety of 10a second
reactant, or (ii) a first noiety, beiYg—=aprimry or squﬁgary am ne, and a
second noiety, being a primary al cqohof, of\the sane conpouhd, wherein the
process is carried out wthout adng a phodphi ne. 2. The process
of claiml1, wherejn the primary or a secondary am ne and the primary

al cohol ar WhersimeR? eB“bmetmftepgag@tl&@ﬁls@aﬁ droamithe\greynesonsistieg of ft)gleé% alighatic,

prgeess Qof .1 ] a . . . f I I
whaver n Breyb TRk ah Afbuef A ativpetis, and an W RARGBHE BB, oFinfidy 18 Sty 3
N- het er deyeditems selbetad franttha ghuiphé,nd,u8nSelahd Sfr ecat al yst conpl ex. 4.
The process of claim3, wherein the N-heterocyclic carbene is provided as a
conplex with a netal hal ogenide..- 205. The process of clainms 3 or 4, wherein
t he Rut heni umld} [Theprecsas af ynytone@islaams 5t Oa wheieinA\ @1 SR A)Cdais ahgubistituted
conpl ex, ~ wherein Ain [Ru(A)Cl2]2 is a benzene based noiety, the
benzene IS8EAS %SV REY  bei ng benzene, optionally substituted with one or nore
groups selected froman aliphatic, an alicyclic, an aromatic, an
aryl ali phatic,,,an,aryl alicyclic group,and functi onal grqup. .256. . The
process of anyZondCofrOLss; sy © %,Olflvﬂlf’é?léiﬁ't e‘?@el’i@Pé?rgX\aE% gleglg'r‘tﬂi‘@?fgnﬁ s
fopoed foauystfurtnet d@ﬂpﬂi@sgfo@mni;@rﬁta@g%hicaﬁtaﬁﬂ@pu Rida base, wherein the
i m dazol e conmpound is of general formula (1) and € 1 m dazol i ne conpound
is of general formula (I1):
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wherein R5 - R8 are independently selected fromthe group consisting of a
H, an al iwbhapriig34n alicyclic, an aromatic, an aryl al i pRETISG201ME03&h
arylalicyclic group, conprising O to about 3 heteroatons selected fromthe
group N, 0, S, Se and Si. 7. The3grocess of claim6, wherein at

| east one equi Y3l TR pRbcdsh®fbésien 12, WaReeih ehat AidBgdmO coit@iniy daZpd digahd is

i m dazol i ne conpound, . The process of clainms 6 or 7, wherein e base is a
net al hyasatemutrde oupyrElindxi de. _ 9. The process of any one of
claims 5 - 8, wherein the Rutheniumcatalyst is forned in situ fromthe
N-het erocyclic carbene and the [Ru(A)Cl2]2 precatal yst conplex in the
10presence of lheThgprocess of any ongof Thimp olde yehessin prgviding the Rathanmm (1) o,

Riori1 Ot B il ofd SRR F B EROT co ko0 BE G (YA TV pbt

grop co(hsting of a H an aliphatic, 15an alicyclic, an aromatic, a

aryl aliphatic, and an arylalicyclic group, conprising O to about 3

het eroatons selgeted framthe group N, 0, S, Segédhd Si .11 11. The

process of any Qne of aims 5-10, wherein Ain 212 is

unsubsti t ut ed. bex Q cyrnene. e process of any one

of clains 11 - g¢ ei n providing the Rut t??ni u talyst further

conpri ses HQFS Kdi ng a\wi-tipg§en containing R — REY

2011/ 034506PCT/ §&2Q10/000351 52 13. The pegs of claim 12,

wherein the nitrgggaicontai njng L-type ligand is etQnitril e or pyridine.
Ny 8ne Rof clainms 1-13, wdéin proyr¥i iR’ t he Rut heni um

corrph' ses fof ni ng one or nore Ruthenigym (I1)/conpl exes of

(I'1) catalys

f or mul ae (IV),X()J)/ R7R6 x| X X// N/R7
X X
N—
RN V) RS” \( \)
8
R
R7 R8

Ru
=" | \X(or L3) (VD)
L2

wherein T-_- represents one of a single and a double bond,

R5 - R14 are independently selected from the group consisting of a H, an aliphatic,
10 alicyclig,. aromatic, arylaliphatic, And arylalicyclic group, comprising O to about 3 heteroatoms
 selected from the group N, O, S, Se and Si,
X is halogen or -OR!5, wherein R15 is one of H, an aliphatic group, an alicyclic group, an
aromatic group, an arylaliphatic group, and an arylalicyclic group, comprising 0 to about 3
heteroatoms selected from the group N, O, S, Se and Sj,
15 and L1, L2 and L3 are independently selected from a solvent molecule, pyridine,

acetonitrile and the N-heterocyclic carbene.



,Ru L1X (or L3)(VI) L2 whereinrepresents one of a single and a doubl e bond,
R5 - Rl14 are independently selected fromthe group consisting of a H, an

al i phati cVOR0OHVG3¢36] i c, aronmatic, arylaliphatic, and arPCRISGEYOIPESSYr oup,
conprising O to about 3 heteroatons selected fromthe group N, 0, S, Se and
Si, X is hal ogen or -OR15, wherein R15°is one of H an aliphatic group,

an alicyclic 0 i.C groMp,..an.arylaliphatic grou and an
arylalicycli cggsggﬁlﬁ,»&gggn%régnﬁgo% ?{;813% tl'alé ﬁvg’te e?%i?’o‘f%‘%ﬁ?@&%ﬂ“%nﬁ he
group N, sedondary &@in2ruad $he plmandaltdhol i tiRniededcdid £ehe RACRDRGE BithlysS£tR6fHA
froma solvent nolecule, pyridine, acetonitrile and the N-heterocyclic

car bene. Mx{e 3piormed, Andapiereinthoprocess damher sgmprises expasing thedepntiondriztuse tany
one of | = i cting the primary or secondary am ne
and t'heCApfr%l l;a?/urgléég% 0 ?E&ttﬁ%ﬁp%rg{eusr%nce of the Ruthenium catal yst a
reaction mxture is forned, and wherein the process further conprises
expdsi ng the risacTheqirosdss ofifckaiin0]l 7 wiRFR thd tehthepdiaréds aslbitedtin HRMAAEAFYHE-
16. The process of claim 15, wherein the tenperature is selected in the
range fr%ﬁ?ﬁ%&t%@?@u{ 3%Hout 180 C. 17. The process of any one of
clains 1 - 16, being carried out under inert gas atnpsphere.

-17. The process of any one of claims 1 - 16, being carried out under inert gas

- atmo sphe{re.



