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CHAPTER ONE

| NTRODUCTI ON

l.Fuindament-@adtsaloy z-@diu Ir o8 §

Il n 1971, KochC beéempodmi ednbee @ettino al kenyl h a
Grignard reagents in fHesprepentewatio adnoaigrointhe
what we now xeofuepld itng.ad nctdhes decades precedin
catalyzed by salts of Cr, Fe, Co, Ni, or Cu, w
in the presence of gareadxiicdaretr,eshadnmotnigmu lhaet esd
car-banbonf obbami ch gAmet hyced ., by eeftianiytzieadn , h omeotcaol
of fered no measygymmetpi epdr pngdumens. Unsymmetr |
chall enging to prepare by existing methods, w
t he &pRygbc hmann“arnedactthieconphot ol®psi sargf amyAl | i odi
often resulting in unpredictable regioselecti
provided a method fomamo ep leiamg o dniusctl ienocpth i fl reg g m

nosy mmetrical pr oduc tcsa rjbooi nn ebdo hbdyl (aS cnheewmec ar b o n

Scheme 1. 1.-CaéSteani ynwm@dul ®loimsg Reported by Kochi (

FeCls (5 mol%) SR
+ R*MgBr ————— + MgBr;
THF, 0 or 25 °C 4 examples
(64-89%)

Br

(excess)

R"=H, Me
R? = Me, n-hexyl, —(CH,)4CH=CH,
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Crocsasupling research flourished in the 197
by pal | adaddfuheeridrC Chtdastdemi ng reactions whiecdk,incl
Kuma@ar ¥SanogddMbi ah'dMihg-5t & INeeg,itdahnid, SMizwu&dr a
cresosupl i ngs. The distinction between each of
identity of the nucl eophil e-hawhidehelrerder gpds |
C bdmd ming reactions, t he giathearletmu 8% o ptehatgseenit
range from highlliyt hriawac t (i Mieemadyraggasn ou m-€ ¢ Kuima §d a
reagents t es tnanl ndaenr-8 to(r Mjidgoot am dMByvaukia) coupling
which are more brioamdly drdwepsa.nicMarhy yafaedt pe D e
involve a catalytic cycle consisting of t hr e
reductive el dmidnatuiramg( FOixguwrag i ve additi on, a

intodXhkbofd of an or ganfohla)l iidnet,e rgmeendei raattei.n gD uar |

the nucleophilic coupling partner replaces th
intermedi ate where both coupl i nagl Ipy, tcduwerrisn g rree
el imination, Pdel entdeogoesedac ttiwmon t o reform

concomit afnotr mva ttiho rd koefb dae dnveeve IC t he t wo organi c
of orfCet eroatf@ammboagd processes; ;Has u ewhagmisnraythieo nB u cal
al so possible and proceed through mechani sms
t od@C bdmd mi eggsersgc these reatormabnsime tnaltatiinor
instead, a Egoindary ami me, ®«é¢ cohol, or thiol

through the action of a base. Subsequent redu

théh@teroatom bond and regeneration of the Pd



[Pd(N)
Reductive

Activation
1.R2 © RMX
R-R L,Pd
Oxidative )
Reductive Addition L = phosphine or NHC; n = 1, 2
Elimination X = halide or pseudohalide
R'=C (sp?)
X R?=C (sp, sp, sp°)
R? \ M = Li, B, Mg, Al, Si, Cu, Zn, ...
\ (I
L,Pd™ L”P‘f
| R’
R1
R2-[M]

Transmetalation
- X-[M]

Figure 1.1. GeneQaitcal jgeZcelGa-@bsgsml ioh g PReacti ons.

To the synthettal ¢ heeotipsltionsgd8d presented an
met hods for forging &Cveosesdswndssh psamed udi ng
hybridizati on. Il n 2010, t he Nobel Pri-izeehii n C
Negilts&amid, Aki t®hoBurzbkir contr i kuwuttiad rysceddw pdtritoresgs,f i
and in 2d0dupl icrgpssshad grown to encomgasdoan a
boAfdrming reactions caruwgedamdidatne-Mjhyea moduar tshu
coupling alone acchoiumtedctf orti6é wgermer alester end
medi ci nal mol ecul es can be | argedcyupt it niglsu tdeld

t he as s“ecrobnljyu goaft ed pitanar mol ecul es.

1.A2 Dichot omy oGatlalgym@adcsu (& Inio 9Pgds

Featured in the seminal publications of He
and Sonogashira, triphenyl phosphinec duagl| ieag n e

l i gand. Despite the enor mou-H gadweantPalg ¢gpe .tgh gt
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of fered over ScirnepshbsepPidiidg | ) acadtsever al critiec
20t entury. Broadly, these included (1) I imitat
be coupled and (2) the incidenc®) ofr etmogsp ¢ aty,
of these apparent | imitations candhet l@egtrrliybut e
y e aorfs ecroouspsl i ng resear ch.

With respect to the scopecooupleilnege,t rtohpehiu beisc
inert aryl chl orides presented a glaring | i mi
was generally considered i nifteiacsnsbloer ienl e chter carb
groups on tHhAt chheroamepree atures required for
mononucl ear Pd catalysts decdwhose tlo mi ees ¢

selection to thoky $2@MhbiWbei ophaldraedituhne rangaglr egat i

by use of excess |ligand, this practice commonl
becomes coordinatively saturated and inactive
The solution to breaking incalcitrant aryl

reported the carbonylative amidation of vinyl
this transfor®Basiomifidbaeantli yadabpPer lodmed wRPh
phosphines were?®Heweneial bul kypwattiakbkylsphosph
anduyP did not find mainstream use until the | :
by Ha%*WNiws lyi’yeamb?fFbhereafter, the use of hinder
became common -popaptiog rpactbenss of Adeacti va
aryl ati ¢iSt 3% redkiHeck ?Nou@mlbil ygs ear |3%%a swoweklsl bays
Caddi ck S%midg Cll ioktet ed si mi | ar-h etagradd yf dltii @ sc arfbe

Il i gands, which had recently emerged as fiphoscg



among these reports was the use of | i-gpaolds wh

(b donating).

Table 1.1 Carbonylative Amidation of Vinyl Chl

/\CI + NH, PA(PRs)« (0.2 mol™) A i + (side products)
(excess) (1 equiv) 240 PSICO, 90 °C NH,

R = Time (min) to 80% conv.?

phenyl 170

p-tolyl 102

tert-butyl 38

aConversion measur edPodyBRwa S u mpienp dsmiaidad f NH e
phosphi fediamnedn zRyd i deneacet one.

For one thing, the relative instability of
l ess |likely to dissociate from metals than
catalytically inactive Pd aggregatdédeseHoweve
demandi ng l i gands ver sus tri phenylcpaodp mian e,
imonoligatedo Pd intermediates where ondy one
The practical advantages of controlling a

activation of stubborthargtehiati denthoandse A&fg

hosphine |Iigand is the most 1 mpact fcwlt arl egyazcetdi ¢

©

cresosuplings where conditions w®&ulgdnant aedwiDne
recently classified reactiwmibympet peraoasntdf bph
[ b Mi n) ] as a Pdarecwmdat edbe dveod cupntebe penn ¢ e wtod gene
within an i maginary sphere surrounding the ¢

structturee met al i's positioned at the center of
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i.Mi ni memcent buried volume is a related metr
percent buried volume among al l ener 3y etfi.cal |y
Critically, this descriptor enabl bsslbihngattioormr
favored at a metal center at various stages o0

favor the coordination odddiwtoi rh,oswlhe meas dwali
32% favor coordination of a pstimgnl)e vpah ousepsh ibree .w

and 32%, -bBodhbmeshibgated states are possi bl e.

Whil e a | ar gecovuaprliientgy roefacdrosns can be per
eithetormbbnigsat ed Pd, there are al so many examp
critical to a reactionbés suceeplasgmi men leiv@ad nud
and Doyle highlighted sever al cases in which

these includeoupadiingss odr magy i ichmcloudidrerg et et r «
SchemeA)l,., aMiSyazuwarkd iroen i nv od rvtshuap shiindie eeld coupl i
(Sche2mB) 1. a He3%kn dc oau pHuUicnhgyadadni Hat i win® (C$rc ylOme

the other hand, bisligated Pd was neMiegaamryg t
coupling of an a?2yD) .t rRefglaatide Infg Scektdepdeai ondgss o f

chlorides, the positive pgefomire) avalomedet weepho
and i mproved reaction yields aoerhgarcad ttd ebisalpi

during oxidatdoQ@le Randg, oas adi Acussed above. F

hi ndered | igands d#Harngi goahyt heamBoabtwahdof
Suzuki coupling boerttgheob s t iat uhbh e d d ebroerdojnmect hg € i d
bromobenzene suggest the relevance of | igati ol

cycCPfFeor exampl e, during aryl aminati on, an ami
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coordination site is available. Li kewi se, tra
wi || be sl ow at crowded or saturated Pd(I1) i
Scheme 1. 2. Rel ationship between a Ligandds M

Reac t(iadiatpt ed33.rom Ref .

Promoted by PdL
o E
PdlBmol%) 4 CF; W M\ f
P Y

/@/ D ligand (6 mol%) \|/\ i SN
H
Me " [Pd] (3 mol%) o
Br T ligand (6 mol%) '@
+ K—PO> i' % Vpyr (Boltz) % Vpyr (Min)
M (HO);B THF, 60 °C, 4 h F
€ Me Pdl, i Pd,
— —_——
[Pd] (3 mol%) Me AT >
Br ||gand (6 mol%) = _—_ . 2
HN ﬁ cB—38 <
O S o i
S C — —_—
THF, 60 °C, 1 h Q
®D— — -
Promoted by PdL, g §
" [PA] (3 Mol%)  Me CFy < 5
CF3 e ligand (6 mol%)
+ —_ = (LI R I
KF 20 24 28 32 36 40 44
TfO (HO).B o
THF, 60 °C, 2 h %V, (Min)

(A-C) -Badt alcy @a-eosl p | pr m gn® t raodn dblyi g Bt e&ld R dcy @-eodlpl i ng

pr omot bids|lbiyg aB) ee fDtP:di ¢ tpe o olmutive duwmwa ng t he- Bol t z
wei glerdal e aamfd f o rRiegbsd;pi ¢ tmi an mpeimcke mtveldu me ;

3.i5(F) Overvigwwmorda &t ttvy e 1 0| pghso sfpdirigr@oséd s ened i n
react i-DojnsPdAL o v 4 | Rythét tweasie t e r rgd encetdr oscopi cal | y.

Il n summary, our ability odparaccatsar mul mopbt
with use of increasingly hindered | igands, h a
of -cPadt al y z-e d u pd ri onsgss over ti me. Neovephhihere £s 2,

bi sphosphines continue t o -cpoluapyl i anh gc earptprlalc art o loe
exhibit reactivity biases which compl ement t

Mor eover, as t his t hesi s sglalcland ed csroi beex, h i bbii st
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references which are orthogonal to those of
ve€unctionalization of multiply halogenated (

1.GBroGxsuplings of (Hetero)arene Electrophil

| n ecroouspsl i n@s @bl dyhhlevtgeovnaredes where mul't
recsosupl ing are possi bl e, regioselectivity an
haracteristics 0Xf bomhbiststateangthuchihroas eRQampl e,
ryl iodidesi arpet mowaedr eai dati ve addition at
urn, more reactive than aryl chloride&xX. This
ond strengths which differ dramatiftchalsl yoramaon
eactivity is dependabl e when planning synthe;
eactive halides. By comparison, there are r
ontroll ed by changecst itoon tchoen dciattiaolnyss,t roart hoetrh et

f the 8ubstrate.

1. Thkemodi ver@oeunptl iGrgosssof Chl oroaryl Trifl ates

The first example of switchable chemosel ec
by Fu in the Suzuki c&uplfilmd esf, «hlacsrsa dri yeld tarsi
similar reactivity to halides-cavihglni nugt By e & etdi «
convention, aryl triflates are substantially
chlorides. I n keeping with thseasl ecttialbidey Suealk io
arylationl ofrichll aresr ygsoatod leyds tb.y Yae tPRd/iPnCyt he ¢

d

escri bedsed echliorei daer yl'Bag i owhi meadil af ¢edc ohger Br y f |
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to confvsaohema IJAdH.iIA) onally, i n an inter mol ec.

chloride andBaexhrbhitedi fhateam® pr e(faheenmes f

|_\

BD)he ratio of phosphine to Pd was aid so r e
exhibits a PpOEfeorndatifwve Adsdiutsieodn iwhean 2P.Cly r
however, selectivity forigruseéedtenia di @i di gl
cont rBagduyr nP s hersi chéd gshelcendtoi vi ty i mpddpeanddamt raft
Scheméei yZLdaot rol |l ed Chemodi vergent Suzuki Coup
200Q0)

A Ar

Tf
Pd(OAc), (3 mol%) Pd,(dba)sz (1.5 mol%) 0
PCYa (6 mol%) tBUg (3 mol%) m
KF (3 equiv) KF (3 equiv) <P
a THF, RT, 48 h (1:1) THF, RT, 24 h ”

B 0 O Ppd,(dba)s (0.5 mol%) 0 0 0
PBu; (1 mol%)
PhB(OH); (1 equiv)
KF (3 equiv)

oTf cl THF, RT oTf cl Ph
(93%)  (8%)  (99%)

unreacted starting materials

Il n 2010, Houk raendi sSctheode neb&s kf i ndi ng, and
evidence that the divergent chemorssBigeamhi biet y
attributed to the valency o'Buyipsalsd uafdfiiucm ednutrliyn gt
preclude Iigation of a second phoeissp hlienses dhuirn dhe
thus iIts |igation state during oxidative addi
empl Ppedording to Houk and Sahoere nadd®Tifi Dal ec
ver sii@l Ccan be explained in terms of di stort

addition at mpBod&aienmoPd( BRsily distorted in
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geometry. On the othesr moamdied #jc v a fodnnttemBadc@PsRr e

favorably with the most electropositive ring

coupling selectivity with chloroaryl trifl at e

chemoselectivity and theclludjantg ooo rsttraitleutdfon

Si griWNeufedmdd**Blous;vallemt Pd catalysts have chal

that chemosebtedi bytgni smohucabl e order of (ps

1. BiBel ect i-Goeupdrionsgss of Dihalo(hetero)arene EI
Aromati c-hetigmrogyeanl es ar e ubi quitous amon
agrichemicals, and functional materials. Synt!
scaffolds include metal ati omAr )nucdleeo@thridplci lair
Ssubstitutdhb nac(tEASAt, coBnu,p lainndg .c rForsesquent |l y, t hes:
in sequence with one another to access novel
programs and FrOond ensgs trcoh letmsasinre ys and synthet i
coupling reactions have priSamrd tqlué & 6 iuploiprudsar
heterocyclic chemistrycometdiaognambtbbdmi sgyyf ra
I n an ideal scenaocuml,i ngvor wmac tmoores cmay sbe p
heteroarene subsdternatiec ab e ahrailnoggemasn such that
predictable chemoselectivity (at tahe Albeavie
functionalizationodo resulting from reaction at
halide(s) might then be f unctdwhetl h ezceode pviadisas ga
or anot héar rpeparchdpsn be hefetl emenact nags ha deéesit

However, heteroarene starting materials bear:
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anal ogues bearing i dentical hal ogensSchdmen d
14) . For this reason, technol ogi-g2&®l eatbkirto st h
couplingssynmet(rnacn di hal dogepadical lhet ediroRremelse
in grea“’ demand.
Scheme 1-Cat a( A)z-€EBd CIriosg-Het eDiolaale oledse wtiitchalNon

Hal ogens (B) Chemoselective Strateg(iememircecallLi
priwesoeurced from Ambeed. com; accessed 31 Oct.

X2 PdL, (cat.) X2
”«@5 R—[M] qu

X" = heavier halogen;
Order of halide reactivity: Cl < Br < | (most reactive)

B cl

cl Cl Cl
most reactive =
site | SN | \)N\ | SN | SN
N/)\CI N" > Br N/)\I A

N R
$1/g $298 /g $622 /g difficult to access

When two identi celquhalaildkends @ocupgy omesn on a
addition to Pd normally takes place at the h
resonance analysis of pyridinensndi eastémsu a had
pana the heteroat om: besides its neutral str
pyridine place a formally negative charge on
(Fi d@)r.e Therefores 1t h-et, dearpBdosnb taitoonns ar e more e
than thooepibsithen8 and are best suited to ir
during the oxidative addition stéKX. bHot®ver,
nitrogen are weaker due to the proximidy of n

X bond.
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() (j @M fi

:
most reactive !

X <3 haiide (15 ;

FiguzeThe Preferred Site of OxidativeneAddi ti o
Het eroat om.

be
( Fi

het

Fig

act

Ge

pr

nerally, regiochemniupdli ngwst ©d mals hfad rogemag

edictedHoNMRhehibfass sbyhan olgyesniag edf ptahenn

g B)r.e Tilh.e mo sptr odteosnh i cefl dtelde par entto heett elr@agter

er

al

hl

t h

Ho

oatom and wusually corresponds to the pre
ohée&tfHaweweerne.t here are notable exception
oropagdidinjpbdliomepyeamt danheehey€4 the most d

e parent st*ucture is located at C2.

752

R

I

N 7.13 8.77
7.13)1 />—Br 741 >—Br / Br ﬁ 025

" N 77 8.88 6.66 b

[ = site of 15t cross-coupling = site of 2" cross-coupling]

I eElectropbr IBendy iof FosiHi WMRysGoftel ap

e Unsubstituted Heteroarene Structur e.

uk andaph\drtiheedc d i-isrttoa rt a cothP(oanl smo dredf er r ed t

i ysd triad m° tmm doedtshcer iobrei gi n cb mpiut et sTehnea ¢atciytvii vt ayt

rgy for oxi @&t ibwendaddi teigualatpbaus®@ei di st act

rgy 4 FApguwrteardt.ired ated to bond dissociati on

rgy required to distort the reactants 1intoc

er

ally fmrd@&@r bdnds wbhakb are dappBét Howediegt,
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exceptions to this trend were observed in spe
stromgerbo®d in cert doiondxdhPheondwhbdraee( B) most i
di ssoci ation (ke gwaak ¢rB @ < )adad di sceadr b orcaytcH eer
than on thaendeherhmalyicdes are sidmndteddad paxzams ul
to differe@Fi ¢peBtreirphatt arse s es iistiee & @ tisted & tey expl ai
i n ter ms cfcufl raan toireéri tmdi ndtiesrtaecitbveoenno Pdé&s d HOM®
Ssubstrate LUMO. Oxi dative adddix iboonn dcsa ni fs ttihl e
coefficient iIisFormnrigersteaapiedthe sa ol8rwears . Bk fChr s
2, -6i bromobenzoaagbtengehi bhteraction between P

calme attri buted to thentsriighauativik@r@mutsl y | arger LU

NP >x t RP—PA—PR,

B Tttt ...
Cross-coupling takes place at the weaker C—X bond: ; Cross-coupling takes place at the stronger C—X bond:

Cl | OMe

AN 4 . ) O 87.3 \
S 5 87.1 X e 91.0] N
| _ 86.3 | P N | )N\87 2 ' 288 9 5 / S Br / 86.7
pZ ' . 3 . NC™ 3 -
N @ N @ Nzer o B ®" 83.2 cl

[ = site of conventional selectivity in cross-coupling]

Fi guk(eA)l . Activation Energy fori ©kbdBgt)bimaen(dAddi t
Int er &c ¢ ggey)( BO Conventional Site of Oxidati ve
Di ssoci ation Energies ( B3DEG(a@)XCad tcaud5dit.readm URd fn.g

More recently, Lei trcehacde weltypendoda |l s ttrou cqtuua

relative rates for oxdhdlaa+ivdeenjadiay it aloaht e fe |( encett
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to PdLR@jtch concludedXt lbotnddesdareinmttdr,s i mfc| @ d
strength index (I BSI) and | eaving group stabi
addition. Rat her , t he most r elatviamtp antod retciud lar
t hhep6&X) <car bon, foll owedobythod hteh eE S P8 aabhtie nrgi ngar o
mor e piopaaribvoen at oms an dahhmoomse bnoetgha taicvcee | er at e ¢
The ESP of Pdnitd adl, saowiddnsaeqre negative met s
rate of oxidative addition. By using these m
addition barriers, site selectivitylogehatled
heterobdeeeeshebes o/ model s, manrhii féd siftirstaanteiwam Kk |
predicti;vef ocramangsitittaynrceiesxdti thiidaz al e gi ochemi cal
cont rparreyd it cot |

Beyond empirically csdlad otgicwea peixagp| eke ofmo
forth by Handy, Houk, and Leeltedtipviovy der eéthiect
couplings of di hal ogenated aessesthadeombdel ¢
without ' i mitations. By design, these framew
Ssubstrate ¢ anXt rbooln,d ssutcrhe nggs hG , LUMO distribut
effects, while placmagidenttiltey eaommphaat al yosait |3
di stomtieomcti on model, 25 di haloheteroarenes
transition structures were @gawhceurleattelde uBRd nga tt
bisligated. Li kewi se, Leitch model ed site se
parameterization was predicated on empimicall
THF. Neither model i s expected to be reliable

chal yst speciation, |l igand structure, or cat al
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of great relevance in predicting the initial
monrnwver sus di functionalization (reaction at b o
|l igand identity.

Il n unusual i-aselaocckegcoypleif sgte@sparts from
pattern, 6Xcbonidsgpastib8dtoenreéfdAt 8msf i nidredi catag < |
that, for the maj-loetidryo arfende had bbgternaattee dc INas s e
coupling reactionsel ea@fiNewietryt.&ejepxceplt'i beseeoi
' i mitations i n our existing predictive mo d e |
explanations f oirt yattlyipridearls stite dcadakelchepmeartet o/f

it

1.FAocuses of this Wor k

As discussedoaplovegs cofodheaitlraloagematsedh oM ma l
with predictabl e site |steol encittirvoigteyn .f olrh uhsa | ind enso
chall enging to prepar e, i mpeding synthetic st
and 3 wil/l f-oemutsr oolnl eada taaplpyrsacaches where chan
speciati omtseeadne citnwearttg | § receodipcl rionsgss of di chl or i
pyridazines, pyirmens di hles , syamtdh etuii e od My @mtsu mint

shall al so be di scussed.

Schemei ati-GantBSt al bed Re gdooudp lviendyse add z&reas s

O, o T, e T

« site-selectivity distal site-selectivity
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Unl i k-di c2hl4o0r opydi icdplywei anpd p i e s i mper v-i ous t
controlled approaches aimed at dGviRedmd mgnghe
processes. Chaptserepd sgas breithes saraweglatioomcab

2, -4 chl oropyrimidines.

Sche®€2Ar.y | af i-RincAh!| or o wy rai-@e dCi2inee TMISI Bloantdi on/ C
Activation Sequence.

R! Cl Cl Cl
PdL, PdL X PdL, [Cu] N
XN - NN _— | D\ _— N
| By Rl ___ RSH,base R2 R1-[M] | A )
N Cl N Cl N R
conventional unconventional
selectivity selectivity

A third chall enge, -choruopaldil nyg sa pwilti hc adil hea It oog ecr

is the abili-vtgrsascdnfuokttmonal i zati omal K® me
acrocsesnj ugated systems, resulting in reaction
nucl eophstl®i dmi smét ri c quantity. Chapter 5 wil

effects-wad kRdhgr iamgl str aff eagiossalti@ amii minmioZ e da weh

dichl oropyridines.

Scheméei yZLowat rol |l ed Sedvesc.t iDviiftuyn cftoronMadnioz at i on
(hetero)arenes.

D PdL, A PdL D
(G == O — A2
Cl R-[M] cl” Y R-[M] Y

monofunctionalization Y=C,N difunctionalization
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2. Abstract

Hal i des adjacent to nitrogen -caarteal y@reve nctric
couplings of -heitlraloagematsed HM we v er ,-h eat evreorcyy cd ti
carbene | i gang@r onsot etheompne ma b-coeplcirnogs sat Cc4 C

dichloropyridinesD1I®@i th . hiThhsseloe &t irweiptryesent s
met hod with a -bobpoptlisagopé tbes€4substrates wh
|l igand control . Under the optidmichddbropydi di o
rel atmpduoos unde®mnugod i tg od spd)yod MCcLEHG ICd s usi ng
organo-bonomagmesi um reagents. The siyghtlhieghtce du

i n multistep syntsheelseecst iavdrapt i ooagmebwinteh CsAu b s eque

aromatic substitution reactions. The majorit
previously reported, emphasy zt ogopédr @api unde
chemical space. Remar-kabé ydJekef driynadd dadmdi tliiog
selectivity of Suzuki coupling by rer acrodadr t o

enabl e tdel ddtrice @ CHIf -5 Shl or opydidihg®irampdi Beb

N inverted selectivity
E _ 2 R C4:C210:1
N R

Pd with
cl 4 most ligands . \4 31 examples
5NN conventional ‘ _
[ 2 selectivity _ M =B, Mg, Zn
N/ Ccl ®—— Pdwith IPr ————— N CI R =(Het)Ar, alkyl

+ R-M inverted selectivity
L ligand-free Pd

R
S . 4 RO A
LIPr: l N ‘
3 =\ ! | -
; NN | Ne NTCl
' 3 exquisite unprecedented
1\ ! C4-selectivity (~99:1)  Cb-selectivity (~7:1)

Schemel. Graphicdl ®Hbgma&aeomfi optt he
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2. ldntroducti on

Nitr-ogethai ning heterocycles aori ontievd | gredl
such as medicinal chemistry. Het er caoc wmlaitmg
reactions, which are among the molsHetwirdbalryene
starting materials -coeaviangi ggomus tapeéephatboige
cresosupling often occurs with predictabl e sel e
Hal i des, especi alel ystoahulcaruirdaelsi,fkemartreoriveest wdafd dd r u g
of the umbheeubmatlrugs approved by théFdFEmDA fr
sirmxembered-cointaogpeéemg hectoeurpolairnegn etsy, piccraolslsy t ak e
bond adjacent td tniitsr oggeemer ailfl yp rveesreyntchal | engi
site preference to react at a Ci X bond distal
significant chemical space underexplored by o

Li ke oth-eonhibit nogegnhdeitcehdgoeryod!li m®s 2Dedarl y al
cresosupling adjacent to ni t22AageRAeHork. G2n,d evkea nj
explained this selectivity based on a distort
is therefore easi ersttoot edifomes righ.ts@® moe et pas s

due to its proximity to nitrogen, which may e

o]
(7]

Pd(0). Prceofugrl @ mtgi aalt caxdb bteog i deavetacC2i s p
Ssubstitut edodiydd,r obmutdeheotrernoarenes containing
accessi bloeg itntadareddisaiblstr at es.

Dai , Chewmqgr kaenrds cpor ovi ded the first evidenc

inverted by judicitohis pr gsaeanc € hofi clEwinkdye rrgorecsp b
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Suzuki T NMirycsosurpal i ng preferentially at c4,
( Sc h2ane) I n contrast, the diphosphine
exclusivetguplbedhpr €R2uct . I n

cat al y zceodu pd r2 gnsgs eosf

Scheméei gand

A Dai, Chen 2013

conventional selectivity

Cl
Pd/dppf 4
-~ X
Ar-B(OH), =
2
C2-coupling el
(90% 1

B Neufeldt 2019

/©/0Tf Pd/SIPr /©/
Ar-B(OH); ar

SIPr typically favors C—Cl activation

CYang Liu, Huang 2020

Ar
Pd/QPhos
_— > X
Ar-BH(OH), ‘ _
N Cl

C4-couplin
ping (2.4 :1; 36%)

Ar
Pd/SIPr
—_— = =
Ar-B(OH)2 ~ |

N Cl

unexpected C4-OTf selectivity

PEPPSI-IPr (2.5 mol %), NaOAc (2 equiv) R

Kl (1 equiv), PEG400, 100 °C, overnight

G 52

. ’ X ‘
Na,COj; (1 equiv) N

100 °C, another overnight

then PEPPSI-IPr (2.5 mol %)

Cl

(1.5 equiv) (1 equiv) (10-77%)
D this work
Ar (¢]]
PdCl, 4 Pd/IPr
Z X ‘
« UR ArB(OH), TBAB R _ R'-[M] RU .
Cl N DMF, 110 °C N"2 °Cl N~ °Cl
[M] = B, Mg, Zn C4:C2: ~10:1
C4:C2: >99:1

R’ = (Het)Ar, alkyl 371 examples

I|gand abbreviations in this Scheme:

i PPh; @/F’ Buz
| @/

& "

3 Q\Pth Ph

i dppf Ph QPhos

Pr =\ |
o “V“Q |

SIPr (saturated)
IPr (unsaturated)

a l

dppf

be

F

2 6t 1e9mp ewea t rde peo rPtde

exclusi vter irfelazt22BS @at®gmd  C

Ef f eeQosu polni ntgh eS eADeocstsil wir oy yofi d2 n4 s
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This result was surprising not only becaus:
i s nor mal |y more -ceaphkine botwarad sor dbsesc aus e
chemosdlogctcihheri d8chobad2dBe treifffl)lat@Bdased on the a
for the 2rieacStc2lPBmeonve began expl bhhreitrerg otclye !l use cc
( NHC) l i gand SI Pr and I t s -suen seacttu-cveet pdli oagnsa b b
dichl oropyridines. Dur innsg, tYmen gc caunrds ec ooMo r klerr si
of a Pd( PEPPSI ) (lsPerl)ectatvel ySsutz ukoupMiCfaegur af c L
dichlordfpysedi resof standar dlaotp t6i0nilz0a0t iAcCn rreevae
the Pd(PEPPSI) (I Pr) catalyst provides C4 sele
sol vent and basfeo.l dl ntnmpirgowiemgelnyt, ian 1sOel ect i vi ty
unusual condi t iNoanGsA ct, h aatn de nPpEl Gody0 OK | ,t oget her wit
bach of Pd(PEPPSI ) (1:6@)) abdhtdera 6EtBcCHemmebase ( Na

Here, we report that the use of | Pr under |

a broader -sed emxd icoofas pG4 ogs cbforopgyri dines and

( Sc h22be l eft) . Control studi es deootnrsdlrlagde urd
the conditions that we report. However, we fu
high C4 selecti-vempenadere somediht igdhns, i ncl ud

by Yang et agadd®Weeficomahdi hatonki anal ogous to tl
reaction | ead to much higher C4 sel ®2%i Vivy t
D10: 1 for 1r edch2Does i @gtht ) f rTelee ceo nldiigamdhs enabl
C5 sel edthievi-doywgilsn n-di @oH|l oZ,05 y r-didé mleo raonpdy r 2 mb d i

present ,-f tdhe domgdintdi ons arecbessobkedralyst amn
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dence

and
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suggests that the unprecedented sel

(e.g., phosphines or NHCs) may be a c¢

2.5 Results and Discussi on

nitial Di-Secloevcetriyv eo fSuCZ4u ki Coupl i ng

rep
The

at

The u

nex@Wdéteel €4tivi ta2Bshedwnusnt8&cheméy o

redtoi amec Sudiutkic @ Mp ly ia mdgi acohfd roar sip.y r i di r

Hazar i d-p'Ba@ cnadteanlyyl )tPqE S 1 Wwag ([Cd9d with KF as

ectiv

tem@ératotey(TITabl &ratifyilnms yt hée hmapo
resulting from I&b-ctli:o8n reetf | @4&.t sT hhmau cd
ity than had been pr2@x) oasbyisepgomi¢d

ity |l ater reported by Yarndf§het ydlel ddof i

rease@Qwahsenusked as t he basaend eyniterlgd <il)mmrtadnvde

n swi

e obt

Ssi on

n usi

tries

Ssadued @

ent

aff

sub

Non

ri es

or ds

stitu

elmrid

tchBlrgnttai matnagl whte unsaturated anal oc¢
ained in benzene (entry 5), but the p
of sel é&FhéevstgrienbulilksobBiZFTPr appears
ng the smaller | igawcwaodspbi Mgs aandC2l Mas
9110) . I nterestingly, the unsaturat
naSoyes. This observation parallels 1t
5 and 8) . Use of a |l igand whose steri
intermedi ate selectivity (entry-11). F
ent sar ydradmotngs loevaedri ngltbhotdd@ emt Kfune) o

onlavatsr dae¢ ected when the | igand was
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Table 2.1. Opti mCaatil gdetdeCtiheePSURHEI T Mi yaur

(n3-1-Bu-indenyl)Pd(NHC)(CI)
(3 mol %)

MeO

(i ¢ equw)
NS base (3 equiv)

H,0 (14 equiv)

25°C,15.5h
! f Me /= Me
1 NHC_ Bu NN
| Cl
SIMes (saturated)
| IMes (unsaturated)
' 3a, NHC = SIPr

! 3b, NHC = IPr [\ Me

: 3¢, NHC = SIMes NN N N
' 3d, NHC = IMes

1 3e, NHC = SIMix

1 3f, NHC = IPent

| SIMix IPent

entry NHC solvent la(%) 1b(%) 1c(%) 1la:1b

1° SIPr THF 5 39 5 1:8
SIPr THF 7 66 10 1:9

3 IPr THF 7 69 8 1:10

4° -- THF 1 <1 0 -

5 IPr CeHs 8 70 6 1:9

6 IPr DMF 8 47 15 1:6

7 IPr pPC 9 45 17 1:5

8 SIPr CeHs 9 64 8 1:7

9 SIMes  CgHs 24 35 3 1:15

10 IMes CeHs 23 40 3 1:1.7

11 SIMix CeHs 8 34 2 1:4

12 IPent CsHs 1 34 23 1:34

13 -- CeHs 2 0 0 --
aGCyi el ds calibrated against undecane as the i
pamat hoxy’Rewgb. usedCQNot i€ o1 glind; HdAB sourc
mol PG .= propyl ®Nowe NHEr bogane —S-1fBdi soemmle) was (

ClBd( 1.5 mol %) .
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demonstrating the critical role of the NHC 1

catalyst under these conditi ons .-colnhter omlelcendani s

selectivity is the topic oforftued hiemr tsheadryearn f
brief, our mechanistic studies indicate that
reaction at 14ei Pd(0) is more prominent with

Scope oSeltdhet iChUe Suzuki Coupling

With optimized codldi teinaamrs eisn 3h amd (5T)a,blwe n
of aryl boronic acids i dundher gSuueesakd /clsRig | © n g
coupling with diverse23aryabooogioeplhedidpCdSe b
moderate to good isolated yi el-cdosuplIBiorg npacr tersetr
reacti ohb tDhd ocondi ti ons are tolerant to al del
on the Dboronic a4£b6d.colsphnigogdb plaenynlebma(ooir ¢ a
produceésul ts from-ptyre diyé acthil om tpayfer ,i 4dly e avainmdg t b
chl oride intact. Pyr & @)b,| ebbuotr opno ocr acco ndv erresaicot nss
ot her heteroar yApbpoernog Ixi edadd mtist ats @en may be ac
use of heteroarylzinc or magrmredglieygmnfeagents i

The optimized conditions enadibtrl Guapki i dMi 1y
diverse subst-i3 apots$tawoonsheABdehyde, ni tril e,
wel | tolerated, and no competi ng armiarcdti iomrs
aminopyridines. I nterestingly, the C4 selecti
t heor3p6si14dnmd8b, but high selectivity is retai

5posilé6)lmn Tthi s obserhvaat itochne sabggesttys of substit
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Schel®&cdpe-Sefl e€C4 i ve SuzukoupMiiynagusr aCaCGraolsysz ed b

Cl

3b (3 mol %) Ar
’/‘\,7 ArB(OH), K,CO3 (3 equiv)
X 2B i =
‘N el (1 equiv) H,O (14-35 equiv) x‘ R
X=C,N THF or benzene °N Cl
25-60 °C
OsH N Ox_OMe
AN Il cl
Me
NO, NN
(
X X X A X X X
» P » P P P P
NT >l N" el N" cl N~ Cl N~ N" cl N" cl
4b, 45% 5b, 64% 6b, 74% 7b, 60% 8b, 66% 9b, 68% 10b, 67%
9:1) 9:1) (13:1) (12:1) (12:1) (11:1) 8:1)
PMP from pinacol PMP PMP PMP O PMP PMP
boronic ester NO, = NH, Me
ﬁj 70% (11:1) ﬁj: | X | Xy OH | X j X
_ 7 7 pZ pZ 7
N” ¢ from . N~ el N~ cl N~ i N~ ~cl N~ cl
neopen CcOo
1b,72%  |ooPenyOY 11b, 66% 12b, 68% 13b, 52% 14b, 60% 15b, 53%
(13:1) 63% (12:1) (18:1) (11:1) (6:1) (4:1) (23:1)
PMP PMP PMP PMP PMP PMP PMP
HN N cl X X X X = X SN
Nl N“cl H,NT N7 el N cl N cl N7 N7 el N el
16b, 74% 17b, 43% 18b, 48% 19b, 56% Cl 20b, 54% 21b, 67% 22b, 69%
(13:1) (5:1:0.1)° (3:1) 7:1) 6:1) (11: 1)@ (>99:1)
Electrophile Limitations®
PMP O PMP diarylation reaction at bromide conventional C2-selectivity
cl
N X
H\/E NHJ\ X T 7 N Oy ISy
N N el ﬁ (i BR P U \(\/)\
236,32%  24b,78%  op PN@) N B P Nod NTeh N el
(51:1) (15:1) 325 26 27 N° Cl (Br 28 29 30

4l sol ated yields of products schooumpnl.e dRaptrioodsu catr e
i fication basedD®»In ZLXL%sdigarajy | atnit@emg rvwd s ombss e
erwise IinAppendibx (Asewl ahed yields when av
ducted at room temper a&tReractuohexondubeéewdi
ction con®@Riattiedd raep r6e0s @Op s e@4°NGCD OGBS SI. i ng
C8 wasé3fd2tmclt eth) was used 3ab§S aApe emaftioax] yAs t

pu
ot
co
Re
at
detai l s.
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pal | adi um mi ght play a role in the observed s
substr atter iwiltuho rao nBpt. h yWh egrecawsp d(i aD5IRI0&d iyare | ids f g
most of the othems rtelmetmajnesr i mr Skthetmeof2 t he r
diarylation, despite the usAppéndnkyAl equi v

I n addition to dichl eriocphy roirdiqrue-aniocl hilhned eannadl ¢
naphthyridine s-sabftecatepOQdmttilpht g@lg€¢de conditio
effecti veoudmlri ncgr oassts t he ¢ onsvietnet -doofo &3 by odysif da
(221 8Addi ti onal chloride substituents at | ess
at tplhoesiFi on of pypnpisditnmnenamddmAO)inldHodever, br c
Ssubstituents reacthimof édBe u-D2c,bdl ¢ ma pRAdni dbdense (ot
di splay the same -hehaéa®@ifoeea dass tiatrsp bodhihcehd 4doarnod d i
compounds as major product s. Finatbwplihgsédises
to nitrogen2®%RBiOn gVi ¢ thb ¢ threasteesubstrates, the ma

at C21Cl, representing conventional selectivi

C4Sel ective Kumada and Negi shi Couplings

The Pd/ I Pr catalytic syst esneliec taidwseop teifof gesc t
with organozinc and organomagnesium nucl eophi
' imited to aryl boronic acids, N eng iosfh ih eat nedr okaur ny
al kyl groups i n24)g.ooRory i ep wmigdSgelh egme@u pt wWwasCédntr
posi tiuosni nogf t he correspondi 3pb; Grtihg nsa rgdr oruepa giesn {
challenging to indtnagl IméfiSHercauwmgdha r Syu zankdi pera unpalr y

reagents were eff e3c2thindl8)b,coamét Bl ataromeand ( be
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could be achi eved35usni8bp. zi ntermresatgiemglsy,( t he
reactions appears to be influedt&®md3bve rteh d hiede
only products observed by GCMS f r ont otulpdierd r ¢
compounds wer e mi nor product s i n t he ot her
decompositi ooowdl esdonper o@act s, |l eadirmg i be 6asée
Appendi x A

Sche&me -84l ecti ve Negi shi andi Khulmardeap yCroiudil n en gasn
Dichlorayuinoline

Cl R
. RZnCl 3b (3 mol %) ~
" Sy + or [Cal e
NN \ RMgBr THF, 0-60 °C, 0.75-5 h e e ‘
TN O 0772 equiv) N
Kumada couplings Negishi couplings
N
35b 71% |
32b 62%
Cl
33b, 59%> 34b, 70% 36b, 64%

31b, 61%” 9:1)

7:1)

8 sol ated yields of product s kowmp.l eRlatpirooduar e
purification, basedPpodGEt ssgowh waseghatoohsg

Application to Multistep Syntheses

We envisionsel ebaicotilpé i @gs met hods coul d be

for accessing pyridine motifs with a Ci C bond

pattern BH) .Schivecrdeeophilic aromattrcossbatetat:t
used strategy for Il ntroducing hediehalad pymw isdubn

transi tfiromArnBerteaalct i ons t é%odnverpebygegedsati €du-s

conventionatougpligndoorseamcfoddhese substrat-es i s
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Schem&euentBSehbkcClloeu pdrionggs albrda ISl e
i tut?®i on Pattern

A conventional selectivity of cross-coupling and SyAr leads to
substitution pattern A:

substitution substitution
attern A attern B
cl 1. Pd, R—[M] P P
2. Nuc (S\Ar) Nuc R
= _ > +
E\JL or ] ('1
NS NS
N Cl 1. Nuc (SyAr) N R N Nuc
2. Pd, R—[M] i
major not readily accessed

B C4-selective cross-coupling to access to substitution pattern B: OMe

3b (3 mol %)

ol PMP-B(OH), (1 equiv) HSPh (1 equiv)
_N K,CO3 (4 equ|v) Et3N (2 equiv) _N
= =~ -
—_—
~ | H,0 (35 equiv) DMF \
N~ “ClI
12

THF, 60 °C, 12 h 60 °C, 18 h
(68%) (72%)

3b (3 mol %) Me  Nal (3 equiv) OMe
cl PMP-B(OH), (1 equiv) acetyl chloride
K,CO3 (3 equw) (2.1 equiv) O
X _—_— B —
©\)j\ H,0 (14 equiv) MeCN
N“Cl THF rt, 16 h O reflux, 67 h O =
19 6% 82% —
195 N s N

C C4-selective cross-coupling for synthesis of BTK inhibitor 40 in 2 steps:
@\ 3b (3 mol %) OPh
K2C03 (4 equiv) H-NNH,-H,O
Cl . 2 2'M2
//N o H20 (35 equw) (10 equiv)
X +
| _ THF, 60 °C, 19 h //N 2-propanol
N Cl ) | X 90 °C, 15h
12 (1 equiv) B(

OH), 39b N/ Cl

5-step synthesis (ref 27):
OMe OPh
O

/ 4 steps HoNNH,-H0

N 2-propanol
H2N X~ 150°C, 1h NH
‘ P microwave | NN N

N Cl P
N

N H 40

literature: 3% yield over 5 steps

this work: 66% yield over 2 steps

Access

t

o
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coupl i RMgr arnedacxX i ons are useful for generating
on typical selectivity, independent of the orc
B is not generally accessible by conventional

Three compounds with substit ut-datnalpyaztetde r@4
selecticoepti ogs NAol rewedi onsS The use of thio
for vAhesSeps enabl ed BRaI§YrthewByi.s Wef weredwd ts:
t@apply this strategy to a novel sy MtOh eTshies o f
previously reported syntihesisyofheéehic sompoupmp

yiel dldédw8Wwer s toeupr istswoe hals| 60 nadcbcé&ms Dvted al | yi e

Role of Catalyst Speciation in C4 Selectivity

We were intrigue®9 Dyl tsheel eecxtcevpttiyona®d hi ev ed
unusual conditions, as our own experience sug¢
of a Pd/ I Pr catalyst. We hypothesized that se
final optimized conditdons that were previous

Upon condu€tteegcbngand reactions, we found
C4 selectivity in the sys26Bm.r dpeuiCHde dbpr sang
formed in excell entn ¢&dleeatbiseincy wdi agddrRdCIl i ga
i n Yang@aplirqh ure reaction is not controll ed
same as thdatmpferaheaca®mzé®rcondi ti ons that w
suggest thatl KIlr edladghfwihtnbi@awdopyri dine, which t
selecticoepti mgs at C4il1. However, ithsifei wedeby

intrigued by the possibility that the high C4
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change in catalystosmpelct ianu®lnedmriotmy . mohhhus, we
coupling conditions t hat have been wel | est
nanoparticles by applying AJeffer ylI(Head®®Bd. cond,i

Thesealsloed AJefferyodo condit

inorganic bases, and 1%1lr aa

i ons ar e charact e

Il kyl ammoni um addit

Schem&r2vious!| y-S&k pot tGodu pGdionsgs t hat i s Not Unc
Control
A Yang, Liu, Huang 2020
cl R PEPPSI-IPr (2.5 mol %), NaOAc (2 equiv) R
é Kl (1 equiv), PEG400, 100 °C, overnight
X + 0 O =
» then PEPPSI-IPr (2.5 mol %), |
N~ ~cl Na,COj (1 equiv) N~ Cl
o .
(1.5 equiv) (1 equiv) 100 °C, another overnight (10-77%)
B control reaction (this work)
cl PMP PdCl, (2.5 mol %), NaOAc (2 equiv) PMP
é Kl (1 equiv), PEG400, 100 °C, overnight
X + 0 0 =
| then PdCl, (2.5 mol %), Na,CO5 (1 equiv) | |
N Cl 100 °C, another overnight N Cl
. . 0,
(1.5equiv)  (1equiv)  joand.free reaction gives same results: 126(3%(')16)

selectivity is not ligand-controlled

Grati fyi fdgley, Ulgipgeercd ndi t

hbopNs®, usandg 3P8Clequi

NBaBr were found to afford remar kadbd wep ICHn gs ed fe
(TaB2,e entrlillebs 11299 by GC analysis). Compar a
| ower conversion wa®roedldsiee vterdi evda th @Prdd OA).) Si
obtained sQsiinmstNeBaud of the Dbromide salt ( comp
selectivity cannot be explained by inimBiral CI /
(entry 6), replacing the halideEemtintyh @A) n®mMcoa
omi ssi on afr yt mennpwmatuer smalt (entries 819) resu
oftb consistent with the known rcooloersdionfath antgh cc
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on stabiliziPAddednwpaeti bhesa marginally detr.i
using 3 edui Yeatr NBs 1071 11) .0 b(usd e deisBc)o ngbs dn aN
equiv, entry 14) appeared to i mpr oWw& ckRoinnveaelrlsyi,
| ower catalyst |l oading (entry 12) or | ower te

yields of

Table 2.2. OptinHrzeaesSedercof veh&dkbugan€oupling.

[Pd] (5 mol%)
NaZCO3 (3 equiv) PMP

(i (i fl @
(11eqU|v) - \

NBu,X N~ “PMP
DMF, 110 °C, 22 h 1c

entry [Pd] NBuX (equiv) 1a(%) 1b(%) 1c(%) 1la:1b
1 PdCb Br (3) 0.5 81 0.4 1:>99
2 PdCb Br (5) 0.5 84 0.4 1:>99
3 Pd(OAcy Br (3) 0.7 73 0.4 1:>99
4 Pddba  Br (3) 0.5 57 0.2 1:>99
5 PdCb Cl (3) 1.1 72 0.5 1:65
6 PdCb Br (1) 1.2 69 0.7 1:58
7 PdCb PFs (3) 3.0 48 3.1 1:16
8 PdCb - 35 56 3.1 1:16
o° PdCb --
10°  PdCb Br (3) 0.9 79 0.6 1:88
11  PdCh Br (3) 1.1 83 0.7 1:75
12  PdCb Br (3) 0.8 45 0.5 1:56
13 PdCb Br (3) 0.3 9 0.5 1:29
14  PdCh Br (5) 0.8 85 0.5 1:>99

2GC yields calibrated against undecane as the internal standard. Average of twWo/ital&Br
(3 equiv).cWith H20 (5 equiv)? With H20 (10 equiv)With 1 mol % of PdGl. Reaction run at
25 °C.
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The optimtyepe Ieg@adeadyndi ti ons alraend@enerr al |
boronic aci ds Hearaitn g gb etntd hadll eantt rngmf uncti onal
27 . 1 n adalndc adsieasr,y |G2t i on products were absent
such, product purification is more factle col
dichl oropyr-didé mleoraonpdy r2 mb di neceoupbdengo apr &f5erte
prodacamio0ob This selectivity is unpr-eocoegénngd:
of these substrates with spectroscopically suy
cl ea’d’a¥ieel ds arst owiltyh nmoldese substrates-as wel
dichl oropyridines and related electrophil es.

SchenfeSc2opé -S4l ecti v ySurz a&a@Qrmpds ngs Umrdee g Li

Cat alPysi s

A C4-selectivity PdCl, (5 mol%)
cl Na,CO3 (3 equiv) Ar

NBu4Br (5 equiv)
[ r T ABOM: g (5 equiv), DMF || IR
P Hy equiv P
N/KCI (1 equiv) 110 °C, 23-34 h /K

RE T

1b, 75% (92%) 41b, 64% 42b, 62% (75%)  43b, 65% 44b, 49%
(>99: 1) (>99: 1) (>99 : 1) (53 : 1) (>99: 1)

B C5-selectivity

ol OMe  pycl, 5motw)  MeO
=Y Na,CO; (3 equiv)
LA i Sx
~ NBu4Br (5 equiv) ‘
N~ cl P

DMF NT el

_ B(OH),
29, Y =CH % MO°C,30h vy = cH, 29b, 20% (28%), (7.9 : 1)
30,Y=N (1.1 equiv) Y = N, 30b, 18% (27%), (4.8 : 1)

2|solated yields are reported. Yields in parentheses are the calibrated GC yields of the indicated
product prior to purification. Ratios are the crude ratio of C4aCZ5:C2coupled products prior
to purification, based on GC signal integrations.
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mechanistic origin of t-heeencoguonei siebesti Wetagnit

mechanistic insights will enable i mprovements

2.6 Conclusions

Lig&@mwmatroll| eddemdresttriavtigad wist h a Pd/ |1 Pr ca
is effecsievectiove C8uzuki, Kemagad, ngeadofNea@i svh
Ssubstitdutcedhd o2 0pyridines and related substrate
aryl oahgter and al kyl groups at the C4 posit |
Ssubstituent at C2. I f desired, the chloride c:
througWhr ame&ddii epnt heti ¢ seqsenece t eceosuporliisnigng

foll owvMd Ipyo8i des products with a substitutio

through more conventional metdcodsr olfThed meohart
typical site selectivity is the #oceues fnafefdmrer
conditions are found to increas«aitcthd oChpyeli ad

an order of maggntiitmeéteCFaevweatpht e adgisadd] ox,o5p yr i di r

2, -Bi chhppyri mi dine is achi evedf rteher ocuognhd itthieo nuss.e Bo
the Jefferyi Heck reaction, it is |ikely-that i
free conditions. Ongoing work in our group e

selectivity.
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CHAPTER THREE
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3.3 Abstract

Il n ecroouspsl i ng reactions, dihal ohdéhealriothed elmoeersd
adjacent to a heteroatom. This selectivity
mechanistic explanation exists hos enhbewat ousv
selectivity witipydilbazopesi diHees ared provi de
uniqguely promote O6Kd @d®)t.i veo mput ati leaomda BidifeRigc at e
can favor di fferente nmaedcdniatniiosnmsd ufeort oo xd idfaft e ve
symmetries. These mechanisms are shoWwhd({t®) | ea

can favor oxidative addition at an atypical s

Scheme @raphical A@BsCmamus droirptt.he

14e= Pd(0): 12e— Pd(0):
displacement mechanism |stronger bond, less + carbon,| 3_centered mechanism
larger LUMO coefficient
. ¥ t
Yt C'J L
3 \
Pd ’
N Pd(L)L N PdL cl Pd
U | = L TN D
cl cl N I cl 4

C2 selectivity (conventional, C4 selectivity (inverted,
v ( ) [weaker bond, more + carbon} y ( )

BDE & bond polarity are smaller LUMO coefficient HOMO/LUMO interaction
selectivity-determining is selectivity-determining

3.4 I ntroducti on

Het eroarenes are w«a@armmen smatl il f snoilechiil @ls suc
drugs iamamibgapg spul ar met hod for their el aborat
heteroarene s-oubsptangs reacficirons. Di hal ohet er
halides typically react witlhopaedeteabhetomel w

(Sch22Ad’However, the ability to invert selecti
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space. Because of the i mpcoorutpdncneg ofe adcithi aolnosh e tte
innate selectivity has been thoroughly studi et
with a -dnséoati’Rerd emadeé! to the current work,
membered-cont@aogéemg di hal oheteroarenes takes p
the bond adjacent to nitrogen. Because this b
steatgeometety.alleitetentl y demonstrated that <co

with more positive eilpescatrrboosnt aatnidc wp athe noirael sn eag

amr tatod m.

Scheme Bi.gands that Give. Unconventional Sel ect
A conventional sites for cross- coupling
cl (i
(I?CI N2CI NQB \(Nj2\0| W

B Dai, Chen 2013

cat. Pd/QPhos @PtBuz !
ArB(OH), .

10r24 —M— T\( Ph .
base, 70-75 °C -N /Z} !

Ph
0, 0,

(2.4: 1 36/0 (20 : 1; 80%) Ph QPhos
C Willans, Hardie 2019~ [7777 77T IO I I I I I . Cl
t. 46 R | |
ca “ !
RO N ‘
ArB(OH), OMe | !
RO I=Pd—I
26 PR :
base, 80 °C NIN-Me;
(68% conv.) R =n/: l
o0 )
! 46 :

D Neufeldt 2022 g piniitelee S N

' Pr /—/\ 'Pr !
cat. [Pd—IPr]  Ar 3 @,NVNQ :
ArB(OH), Ar cl . T . 3
10r24 — > ‘ or | N 3 3

base, r.t. / al N @( > ‘

(15 : 1; 78%)

(13: 1; 72%) By [Pd—IPr] 3



46

Al t hough current model s expl ai-memtblee edc on
di hal oheteroarenes, there exist rare reports
selectivity,coepluingngt ia sroeses@PbBoal gt oesni mo
C4sel ect ilvaintdy hwsgehheCG5t i2v4 $yha2Be°Bul ky NHC4d i gand
and I Pr) caelprcomMandeyCd-is®@%h ect i2vitcyhId@et ) °.
There is currently no mec-bhantsbltedatdeonaleo
conventiondThesedsenwe tgf mechanistic under st
desi gn, a ncdo utphluisn,g crrecascst i ons autn ekipdtadalnedi X ubb o
Here, we communicate the key discovery that t
di spl aeyntdisfifteer pr ef er e'nscyensme tDruye, tlod eitt sPdH@MO pr e

hal ogenated heteroarenes through 8BCINGQlc| eompd.i |

Conversely, l12el Pd(&)enpgreefear s rancondc oint esd at I
symmetry, and this mechanism is biased toward
is critical to achieving oxidative addition a

3.5 Results and Discussion

The repanded€®cbupl i1,2¢s 2efdnp| oy very sterica
el eertircoon monodehfotfeuritihgearndesv.al uate | igand eff
monodent ate phosphines and NHG ilnigg aPndg scedo)r( GH e
(TaBLPRThere is a <clear correlation between |
triaryl phosphines (entries 11i4), alkylphosphi
al kyl phosphi-anelse atriew énkoyr ed nCidar vy | phosphines,

|l i gands are more selective than ttrhends ,sawar at
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Table 3.1. Evalwuation of dWwinyauwerna aQceu pLliignag ds i

Pd(cod)(CH,TMS), (5 mol %)
ligand (5-10 mol %)

cl

MeO—QB(OH)z Cl PMP
N .

(‘j\ (1 equiv) _ .\ P

N KoCO3 (3 equiv) | |

1 H,0 (14 equiv) N PMP N Cl
(1 equiv) THF, 25°C, 13 h 1a 1b
L N SYe e Ve @Nf%s
n""'ess""'es ,,,,,,,,,,,,,,,,,,, SIPr
entry ligand %Vpur(Min)®  1a(%) 1b (%) 1a:1b
(mol %)
1 PPh (5) (282) 842 06 >99 : 1
2 PPh (10) 816 0.4 >99: 1
3 P(o-tol)s (5) (34.4) 420 215 20:1
4 P(o-tol)s (10) 303 170 1.8:1
5 PMe; (5) (22.1) 185 22 8.4:1
6 PMe; (10) 99 09 11.0:1
7 P(-Bu)s (5) (24.2) 200 7.6 26:1
8 P(n-Bu)s (10) 08 03 32:1
9 PCy; (5) (30.2) 279 449 1:16
10 PCys (10) 272 399 1:15
11 PAG(n-Bu) (5) (32.8) 241 518 1:22
12 PBus (5) (36.3) 270 473 1:18
13 Q-Phos (5) (47.6) 241 501 1:2.1
14 IMes (5) 36.5 32.5 52.0 1:16
15 SIMes (5) 36.9 27.9 22.0 1.3:1
16 IPr (5) 44.5 95 668 1:7.0
17 IPre 6.6 68.4 1:104
18 SIPr (5) 47.0 95 364 1:38

2GC yields calibrated against undecane as the internal standard. Average of twad Gi&f% 0
diarylation observed in all entries (ség@pendix B. PMP = p-methoxyphenyl® Values in
parentheses are minimum percent buried volumes obtained frolraken databas®.Percent
buried volumes of NHCs reported for LAUCI complexes ati &l distance of 2.00 A from
reference? ¢ With (h3-1-'Bu-indenyl)Pd(IPr)(Cl) (3 mol %) as catalyst, 15.5 h.
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hypothesized that 8demorcalil garmdsndfeawadr stmoamgyv
promoting oxi datciowea dd chdittei srp eacti eass lI(awe. , 1l2el
t hat ar-ac bepgttenrs ,sasdclksaasr #Aed NHCs, woul d b

coordination YfNat skelcyndarmomantdr.i al kyl phosphir
t he pLoMi n) threshold that was previouslay repc
dominates as theédati iveld dgbpéedritahse.l fecsrs ,ox t was u
PdL might react at the stronger C41 ClI bond. T«
t heory (DFT) calculations to closely examine
14e1 Pd(0) wmeided aysteml eompr ks(inng= PlhCdr adh).
oxi dative addition transitiszpn( B3I1gAu)c.é uTrweos owe rtel
(TS7aanTWS J)bepr es ende rctlearsesd cc Bncer t eRld meicrhwalnti smMmeaqg L
interactispsvarnbhon hand the chloride. The third
nucl eophilic dispSacement hmecmaogchami 6m,psP®d i n
andotr hckaar bons of the aromaticorfidgdi asaacedeéfc
Conversely, the | ong Pdi ClI di stance indicates
and Cl. This type of mechamucslne ohpahsi | aleé es ubbese n
type) meechamidimsotdi ati ve process.

For monol i gspated h&dnle@Meysttransition struct
mechah®&sBlan contrast, a nucl eoplhS8lbiics dfi a\ypd mae & me
concerted Trddahfamri stm Sl QRit BWBIPdAPhAMe di fference
preferred mechani smay fbe P#apl ainde dPdhiLy front.
interactions. Theil#HpPM®O ofbPdélPMeso its symmetr

mechanism in which P@psaombaneogvveanlayp iwittoh tchhd o
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|l owesergy wunoccupied orbitiapsevilbdmo,ut LAAMD o€ e 1)
contrast, the)HOMQ mietRFRdIIRAOFd gmde t hus, can ba
carbons of PhCI during oxidative addition via
|l i gandssalrieck @moRMeal ways adequate for deséribing
Furthermore, wdakeras havne esbdown that | igand id

the predicted mechanatsmldeit hRdthat iswudsa'dadtiftei dr

A 3-centered displacement
PM e3

. \PMe3

v .
TS7¢c @
AAG* = 0.0 AAGE = +19 AAGE = +10.3
CPCM(THF)-MN15/6-311++G(2d,p)/SDD(Pd)//CPCM(THF)-MN15L/6-31+G(d)/LANL2DZ(Pd)
B 3-centered displacement
MegR MesP,
\ _PMe;, o \ ..PMes
Fd \ _ Pd
oy, A,
tx Cl o
X s : r
y .
= S ﬁ — \/\ /&P 3
*] R p Y \‘\\ g
TS8a TSsb
AAGE = +3.7 AAGF = 0.0
CPCM(THF)-MN15L/6-311++G(2d,p)/SDD(Pd)//CPCM(THF)-MN15L/6-31+G(d)/LANL2DZ(Pd)
c CH3 CHa CHs
HgC\P.-‘CH H30, | \CH3

/V

HOMO (o) HOMO () LUMO+1 (1)
CPCM(THF)-MN15L/6-31+G(d)/LANL2DZ(Pd)

ral3cul.ated transition structures for oxic
)Meand ( B2 BPd(f P eienbcse sf riene energies of acti
clalelmali ve -dmertdy dtorwmesttur e i DAL )set (d
y frontier molecular orbitaglds afi stoe treal e na
ometry as add®@pt &dpercax i tdrad i a/recomapd?ietxi. o n

PR v e
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Howeveéehj siocase, our cadamudl &PthiCdn prwwviend oPdbEeP Mo
obtained usi nd cPdli(drPd)p.y rainddi n2e, 4(

The LUMOdIiod hl2qrd4o p'ysryimdmenter yhaswi t h nodal pl an
nitrogen an@82,0fi CAet()F.i guhe LUMO coefficient at
cz2, with C4 accounting for 26% of the LUMO d
becomes appaamrait PavhymiPght exeéli ddtti Wiitfyt.erp@end a uss
HOMO ofw&dLd donate into two atoms of t he p
di spl acement mechanism, strong orbital overl a
smal | LUMO coefficient at that car bepmot eand ab |
become more important GtygpseeHOMOI vwift PdLHcweav em
one atom of the pyridine ring. As such, the |
during the reaction ofgtPnd Lo fb eiciiagll SHSODMGh va )t @t e s

Using monol i gaertdePedd | Medhami Sm foB1lORBrdati v
FigB2Ae) is preferred over Appe rspil ai@dmgenntae rdeedc h
mechanism could be | ocatT&dO0fPar DKT dmn e d/iec tasd dti |
at CASyvO®should be favored over C2 by 1.7 kca
This prediction is in good agr eseenheenctt i wiitthy twh
(typiDe@fApd stands imho stlekpreadnitctaison with b
Unsurprisingly, considering the sterics of | Pr
Pd(4PrHowever, nucl eophilic displacement trans
Pd(I Pr) (L) where L islaWistecomnlle shibs€@ & a@leevdnod @

TS1BRrs strongly favoil&d-3®vGvre rtahl ebcytrei soenr gayt p@4 h
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A. ligand = IPr
lowest energy path is reaction at C4 via TS10b-1Pr

3
E
g R s
© , S0
Pro 1 1Py L
Pd Pd Pd..,,
~N_ el Y —7 L TS13adPr
—~Cl N5l Ne A = .
ol - TS10aIPr cl o] F16.1 %
S4118 . TS10bPr
“+12.1
IPr
\
Pd
N)’f})«m Cl N,
cl g
9Pr ( y o o, No= —
h \ IPr—Pd—Cl cl )
N »11a-1Pr issociates) 26% at C4
. 1 ) 11bdPr (2 dissociates) tf
I ra k
7.9
B. ligand = P'Buy . T§13b.PtBu3 8% at C2
lowest energy path is reaction at G4 via TS10b-PtBu3l ] Tt
r BusP ‘Bu,P, 1
BuzP, 3
Pd
%~ 51 [TS10a-PtBu3
cl Cl
. - | -
cl 5 . >/j wPd—N__—Cl
N appBus | o
N_5—Pd ¢ . Bu.
:>_ 39.142.pBu3 F 0

Cl

i
H 3
Bus

(2 dissociates) 5 1

Cl"9.ptBu3

C. ligand = IMes
lowest energy path is reaction at C2 via TS73a-IMes IMes

. | IMes 18 | Cl
A Pd..,,
Pd a Pd N/’f}/ a
. ¥ I S =0
Y alMes L N
N I510aIMes IQ 2l e -
S=""C #13

TS513a-IMes
e 101
cl
CI_N N S—ql
g | ;>’ 14b-IMes
|, N—r—Fd ¢ SN cl
Cl IMes ~-15.0Cl | —
. —Pd— 2 dissociat : __ v—Pd—N_ >—Cl
N ) MatMes\\ gy Moa” (2dssochles) ., S | o
=" Mes—Pd—Cl T ", 14aiMes [jjes
Cl Mes=Pd=Cl 9038 " e i
-231 T

CPCM({THF -MN15/6-311++G{2d,p)/SDD(PdW/CPCM{THF -MN 15L/6-31+G(dYLANLZDZ(Pd). Free energies are corrected for initial concenfrations of Pd and 2.
Figure 3.2. Calculated free energy diagrams illustrating the oxidative addition of 2,4-
dichloropyridine at PA(NHC) or PA(NHC)(1), where NHC = IPr (A) or IMes (B). 212234
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i n FBgMirse-cokd dative addition RSld@®maecloingatse ad niPd

experimental selectivity with this |igand
For comparison, anal ogous DF®Buy,c adncautl haetri omws
monodentate | igand that favors reacBlonemtr 4

12). Consistent with epmpedimenwhesdhic@dBgf wat bt
(Fi gpB,e predicted C4:C2 = 5:1, experiment al C ¢
compar®di s ol iPkely dul@domat i e diroPgeoul d enha
PdL( HOMG)LUMO) int dppetniiiox Buegd her di'Bgiussi on)
too bulky for a bisligated transition state t

DFT calcul ations with | Mes reveal similar
C4 (F2gdiSa0Mes whiflaevoPrdsL r eB81-8 ¢pps atHo@Bver, un
| Pr, the calculations with | NM&d-Bpesdincvtol tvh anf
oxidative addition at C2, i's energetically <co
basedSbhMeasntdS1BMgés This prediction is consi s
observation t hat-sdIMect iiwe mutcehn [leBrs a&€mMd support
l i gands l ead to a higher proportion of bi sl
guantliy arte yremxdperei méret al |l y observed 31,6 :elntsreyl e
14) . However, the energy offS1tBhveveas oWwdadd tt an
extremely sensitivihepgenid jhel BkFell ynmed theo di n speaer t t
di spersion i nteractions ar e handl ed. Thi s S L
guantitative anal ysitso whiesl icgoampeadr i ® gr uncotnuor e s
cal cul ations aoaumtott hétkesebaidnotrtoyi et é st ohat har e

in higher concentrations than Pd uun)derEqtuhie icbar
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involving cbtoodi haseospeties would detract f
Pd( I Me.s) (

The calculations sugges<tl echatvitiMes hghve®r\
proportion of bisligated active cat albyossutnd Exp
dichloropyridine group could serve as the sec
Pd/ | Mess.l eG4 i vity i s sédgoimpiacl@@Bic|bhe3Aen h aditceerde f o
should be a worse IPfFfglandefronorRd duwe rtem sstde Iriea:

at hi gher subs(fah&3Be® on ddret ri ag@riomeast a d/ L€ ¥i sat h

consistent with a higher problability for reac
On the Dbasis of the calcul ations, we ant.i
oxidative addition at l12el PdL wusing | Pr, s el

LUMO coefficients at the two siitcead omf ba adish aluc
Ssubstrate3dxk@Bi nTBEehbmet selectivity for the sit:
substrate displaying the | arfgeswhidief fperreefnecree nit
at C2 is observed when the two si2the?sPthaoer ne:
knowl edge, this favohedduiuplodsssgpportedf bgf3spec

characteribadianyl atitbdouigs compd&piptinde xwiBt h  m:
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Schemg A3. 3 .nf |l-Semsctei todemdt on t-ReupPkiegt Cat alyr:
Pd/ | Mes; ( BSYu blsntfrlauteen cGeo nocfent r at i-©@anu mini n d eC &ted le
by Pd/ I Mes; and (C) with Pd/ I Pr, Selectivity
A (n3-1-tBu-indenyl)Pd(IMes)(Cl)
¢l (3 mol %) cl PMP
AS PMP—B(OH), (1 equiv)
R” N7 ~cl 2003 (5 equiv X X
H,0 (14 equiv) R 32N PMP R N bCI
1,R=H benzene, 25 °C 1a:1b=1:17
46, R = Me 15.5 h 46a:46b=1:37
B 1 as above
(1-10 equiv) > tla + b
1 (equiv) 1a (%) 1b (%) 1a:1b AAGt(C4_C2) (kcal/mol)
1 227 39.7 1:1.7 -03
2 30.9 29.3 1.1:1 0.0
5 38.1 14.2 2.7:1 +0.6
10 429 9.2 47:1 +0.9
c (n3-1-Bu-indenyl)Pd(IPr)(Cl)
cl (3 mol %) cl PMP
W\ﬁ\ PMP—B(OH), (1 equiv) ﬁ\j . W\j
N K,CO3 (3 equiv) P eme N
H,0 (14 equiv)
THF, 60 °C, 12 h
|- highest selectivity distal o N - - lowest seletivity distal to N~
' - largest difference in LUMO coefficients - smallest A LUMO coefficients |
| ~047 ~933 , % 999 . i
. ¢l CI (26/’ (16/) cl (104’)\ 3
' (23%) \ (3‘7) 998\()\96.0}
| c| 96.3 N ‘
1 (8% 45 (9% 29 (8%)

C3:C5=1:131 C2:C4=1:118 C2:C3=1:19 C2:C5=2.1:1 i

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

C—CI BDEs (kcal/mol, from ref 3b) and (% contribution to LUMO).
LUMOs calculated with CPCM(THF)-MN15L/6-31+G(d)

3.6 Conclusion

This work shodslébarond2Pd(0) can favor di
oxidative addition due to diffelepgmemsetiy bDheioét
PdL means that LUMO <coefficients attiicnudliavrildyu

i mportant foel dcttievintiyn.i n@Qomwenrmed Iry, otémal BH@M A d
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Pd to backbond into two atoms of the substr a
coefficients at individual atoms | ess I mporta
factors including CiT X bond sturdgnt hitsandiihn g owx
addition reactivity treeptdecandef catrmatyisosal Ad s
of the factors influencing the preferred mech

cour se.
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CHAPTE®UR

THI OLATI ON/ LI-EBEGKINDUPLI NG SEQUENCE ENABLES

SELECTI VIAITCY CAOWURL | MHES EREDOARYL HALI DES

4. 1 I ntroducti on

Pyrimdes meci-dl s ybt 4t uted pyrimidines, are o

and the devel opment of!Qfi otlhoegitcoap | Iy0 Oa cst maviel nmo

retail sales in 2022,d2omwbsoint af @wndmpoantli yinie dtishtee
are represented in tyrosine kinase inhibitors
used in the treat mesnavinfg aomerddeaerags.i o@®@sheri ntl @
rosuvastatin, thdaammtmiemal arei &l Vpyriemt ment r il

drugs such as suwllffamertahzaidn es ef besabtdutruet e2d, 4py r i mi d

N | X
HsC N HN™ N” CHy
>
NH Hs3C CHs | o) \©\
HN N N
_N
CN

imatinib and nilotinib rilpivirine sulfamerazine
(oncology) (antiviral) (antibiotic)
B NH, NH, (o) (o)
H
</N N [ NH 3 [ NH [ NH
N N/go N/go NAO NAO
H H H H H
guanine cytosine thymine uracil

Figure 4. 1. (A) Selected-Disabhaspedtuit e dAPeymtiani d
Di substituted Pyrimidines Represented in the
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structures. Mo r e o vneurc,| efdcpuars reasfn et, h @ hg/am orei, c &ly t o
whi ch constitute the fcurddea me ntt md msiersiutbss t ®&t, Wtg
pyrimidines. I n total, the relevance of this
as we know them, is difficult to overstate.
Scheme 4. 1. (FAe) a cStyinvt-integsh bsb ragnpd¢ r i mi di ne ( B) Bor

Energi@Gl ofud @l Cfrom Ref . 7ZDiacnhdl drUiMOr milf mi2d idn e d
by Sharon Neufeldt).

A O cl

SnAr or Nue
f‘\ /I\L—I POCI; | \4N cross-coupling f% N
— 2
H N/)\CI N/)\CI

N (@) Nucleophile
uracil a7 (major)
B Cl
4 93.8 <:I most reactive
XN i chloride
f\ , 94.9
N/ cl [wB97XD/def2SVP]
BDEs (G3B3) )
The i neQpddincsh lvoer o 4yyoif miedisnea pr acti cal star

more el abosabet 2t 4t ed pyrimidine scaffolds v
(AT ) orcocapbsemg at the chloride sites and c
dehydrohal ogenati on3lof huAtale ia® dc(oBucpl s sneg 447. elaAc)t . |
exhibits a regiochemical -spirteefoe rieiniccelo riloy a earc
nitr*Cpamterintustieegl whithej€2bbgankednhy mewmbe
significant® Awyréeestrkatcteiraeceure analysis by No
Pecat al y zceodu pd ridnggssi nodfi cat es t hat >99% of- these

selectivity. The s<ell%®cof vestremsithblonws Car e not
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char actbAr ifzeaw inoonl.e c ul & madye secxrp lpationr si tosf i nvar i é
prefereeaaetifon &tCIbM®In:d Thhaes G4 mar gi nal | yo smal | e
Cl ( 9a4n.d9 )c,r ti HLeUdMaDIl 4dokf s char acteri zed by a node v
4. 1B). Thus, a more favorabl eandtéehaclLUMO het

reasonabl e to expect.
By neceslsisupst2taated pyrimidines e&rid eprodpa
2 -4i chloropyrimidi-se’Neft@albll ywe d hddusb dothmiet el®t2ioof n sii st
i n some scenar i eesc.onFoommy osnuef ftehrisn gd,ursitnegp par al | €
a |l arge selection of spudbssittiitoune nwlsi |-aeu éhsovlad iunegd t
constmansuch programs, each compound requires .
a single stmpons@dbkvibnhgtadcprecursor (Scheme -
Schem&ropdsed Advannwgresi orf: REA) oRegiconommtyr o |

during parallel synthesis programs (B) Regioc
assembly of structures with sensitive functio

Cl Cl RZ.. R%-, or Cl
AN T > — R
N~ cl N~ R! )\ )\
one step from shared intermediate )\ two steps per compound
B 2N o
0'4 1.) [Pd], [M]-R2 IR 1.) SNAr, Nuc cl
| N (at C2) Y (at C4) | Sy
2 > B
N
N’)\C, 2.) SNAr, Nuc | /k 2.) [Pd], [M]-R? N/)\Q
~
R2

requires a C2-selective | osireq pattern poor FG tolerance when:

L 1_ .
substitution (Y=NO.S..) R"=Br, I, B, Sn, Si, ...
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selectivity-siesnsliitmivtei nggr oiufp a sP divArr)s tp riinosrt atl ol ecdc
at 6662 ch groups might include aryl hali des, ar
groups which can act as catalyst poisons (Sch
nucl eophil es -a;itd fatdemampd eeshiernegdo o@4i ng st ep at C2
i nherent order of site reacti wiutbystpnteaevemdt pr on
whi ch -athleorCidde i s preserved.

Scheme 4. 3. -@hkphaoladpgymi mifdidne-Sef ectlJse Cnoblal
Coupling. Reactions

A Marcella, et al. 2021
isopentyl nitrite (3 equiv) Cl

CHoyl, (4.5 equiv) ) )
)\ Cul (1 equiv) | SN (no yield given)
THF, 85°C,6 h Nék|
B Knochel 2008
TMPMgCIsLiICl  MgCleLiCl  CICF,CCI,F cl
NN (1.1 equw (1 4 equiv)
| A THF 6OC 60t0-45C | SN T
N Br (o]
)\ overnight N/)\Br

Adding to the difficultyxhl®KXmpyti mpgdmaetewh
X = Br, or |, are chall edghh&irbdbopmpygriemisdione sicsa
via a Sandmeyerfamri-#alcitdromnpyfrriomh d2 P&l  Srcihatmiev edl
Knochel h a s -sdeelseccrtiibveed nadgQelgnpir a tmi @n nef w2t h TMPI
(Scheme 4.3B.). Trapping Knochel 6s met al at ed
yi elbdrso-#oh| or opyMHiomiediene. Knochel 6s -0 oA@candiis

t hus | argely restaletagppk ocdtaibomrsat oTgerefore
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strategies, in which a more reacstiitvee, haarle dlei mi

the commerci al availability of starting mater

Scheme 4. 4. Synt h@ubsct iAQgytroardogdya s niadi Gz s

A Cl OMe SNAr or Pd-catalyzed ~ OMe Cl
’\/RN NaOMe ‘ SN cross-coupling ‘ SN 1.) HCI ‘ SN
N/)\C, MeOH N [Nucleophile] N/)\Nuc 2.) POCl4 NZ “Nuc
Cl
Cl Me
\N - /
Montalban 2006 || | izozz [N g N\N
(cross-coupling) N X (SNAD) N//k N PN
® N
B Buchwald 2006
L1-Pd-G4 or ! OCH;4 3
ol L2-Pd-G4 (1 mol%) cl 3 O O 0 1
™S K Cs,CO3 (1.5 equiv) T™MS | SN NH, PCy H3(?O iPtBuz '
| J_ HNRDR? (1.1 equiv) N/)\N,RZ ! Pd—L PrO opr T O Pr
N Cl 2-MeTHF, 60-100 °C, é1 ! O OMs O
6-16 h : ipr

12 examples . R
Pd-free: 5 examples L-Pd-G4 L1 (RuPhos) L2 (tBuBrettPhos) j

At present, there are two notable synthei
Substd4cthutoerdopyri mi di nes. The first -sittreat egy
nucl eophilic methoxylation, foll owelde b(yS cshuebnset

4. 4A. ) -meTthheo x4 group can then be retusnegp to
demet hyl atdhlndrdierhaytdiroon protocol . This met hod ¢
wi t hc aRda | y zceodu ptlaiondgs mor e r®A&Cat | yBevi €EA Nevert he
this approach employs reaction conditions whi
both the protection and deprotection steps. A

employs a trimgtbypsat yC5 d{isne btehiven gpdr.eds. eBa)c.e o f
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Ssubstituerta,t ad oytzhe dnretreedl amme thalt i ons t ake pl ace a
| ater be removed through treatment with a str
routes outlined in Scheme t4o 4f.uyn cetaicchn aslu fgrea wsp

st-eponomy, requiring three or four steps to act

4. 2 DiveQosuep ldrnogs sCondid46ebest ResuVyt in

Considering the | arge body-sefekiti-@athayyluy me ddsrcada
couplinglscbforopgyri midines, coupbergedouhdi bel
under st andaradir Su zzcwkiidi ti onse. ako wae vwehro | et hies 11i at
toward the use ®&ds pediesdtn ¢f &Rghpefiri, gaasr dshe regi 0
preferences of some | ess common |igands are u
we surveyed 13 ISMFfardndundemst apmidd gband i manedar t
in all cases where good conversion was achi evi

(Tabl e 4. 1)4 7vhans sdoentee cctaesde saas a mi nor product,

trial kyl phosphines. As di sculsetedr a my clhiec poearvl
known to invert the tdyipdhladr ospiytrei dp rneefeesrnedn cseo nl
however, each of the NHCs siutrw efycerd thleea-c ¢r evsaun t
o447 Strot man, et al . r e(ppohrots pthhaet ru s a@afd amae t b

atypisal e€i vity imet @lyddi bSrMCmod fH wewé e, t hi s
promotes fé&7matitchre oSHMC clolf or20pdyri mi di ne. We
mul ti funct i ontar(i-Byidgraonxdy,p rsoupcyhl )apshos phi ne, empl c

mi g ht pr-esembéeet iC2ity throug-bomadiengori nntoerreach y an
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nitrogen ring members either during or- 1l eadi
regi oi somer was formed in onl y-atnda dNdd €yei aleda c(tar
empl oyi ngMIPb(dCHhs t he cat al pdsirtbnided nexell asii vel y

(entry 15)
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Table 4. 1.

Dichloropyrimidine
cl Pd(CH,TMS),cod (5 mol%), ligand cl
SN (2.5-12 mol%), PhB(OH), (1.05 equiv),
| A K,CO; (2.5 equiv), H,0 (5 equiv),
N~ ~Cl THF (0.25 M), 25 °C, 14 h.

47 47a

ESal eat i-Oat pIf y beMP dSwz wk iCoup!l i ngs o

Ph
o
NAPh
47c

OH
P
(P e o e D
O O PPh, PPh, OH N~
CyJohnPhos SPhos Xantphos P(propan-3-ol);
CI Q H3C CI =
N /N a N /N
O e e %
SIAd-HCI BenzICy-HCI IMes-HCI IPent-HCI
entry Ligand Pd:L T°C 47(%) 47a(%) 47b(%) 47c(%)
1 PPh 1:24 25 0 0 85 0
2 CyJohnPhos 1:1 25 0 2 94 13
3 SPhos 1:1.3 25 34 0 51 9
4 Xantphos 1:1 25 18 1 66 0
b DPPP 1:1 60 71 0 0 0
6° PCys 1:2 60 21 5 40 1
7 P(Bu): 1:1 25 4 5 81 4
8 IMes-HCI 1:1 25 36 2 42 0
9 SIAd-HCI 1:1 25 65 0 18 0
1 BenzICyHCI 1:1 25 19 0 44 0
11 IPentHCI 1:1 25 30 1 38 0
12 PTA 1:2 60 33 0 17 0
13 P(propar3-ol)s 2:1 25 0 0 75 17
14 P(propar3-ol); 1:1 25 0 2 68
15 None -- 25 58 0 11 0

8GC yi el,,ddsc bF or oplyr iamiedicrad i (br at €ed.upGC nyi @lrdgd uc

are uncalibrated and based
yields are roundeé®enottba
of .CIQR°DPPP -bi(d, dh

on peak integratio
neabbsACiPWhegeaddof

enyl pho&Xih.i 5, oh prreogcatniean .
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4.3®S Bond Activation.Enables Aryl at/

Gi ven t hastubdsitrietdcidtti id25 MCf appeared to be int:i
attention toward alternative synthetic strate
reactpwsi CRon. As adihd-@f-pgedmiadbioves dre chall e
where rX o B . Similarly, there arcbél ooi dle rean
convertedO imgeowudaohGl i de such as -GQPRXni flleaatve nar
group. On thkenhlDabéylybhamogdi aes are readily pre

2t hi ouraci I'®°(®cheme 4.5).

Scheme 4.5. 4€hkEkpalokaylitomi coogyri mi di nes

0} (0} Cl
(Ref 15) (Ref 16)

Whil e al kyl -tsrud diitdiesn alr el evowmup ¢ i o bpmai €
can be activated toward oxidative addition a
exampl e, u-sar bo x yul Ctud-tan ab lye ® d-Grioegd B dcgokuiP T n g
bet ween aryl thioethers and various nucl eophi
oxidative afSdbhomodnt of Pa( @), foll owed by transr
which displaces thdusui verel eamvna®iCgrmhomags wmR&s
regeneration of¥Thenecwp)0)ylcatal gsso functions

and is typically used in excess for this purp
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Scheme 4. 6. Gener iCca tMe cyhzaendi-Sst.nb gobf€ &t khpeb dPndg .

Reductive  R'=R3

R Elimination
|
L,Pd(ll
"13( ) L = phosphine or NHC; n =1, 2
R R' = -(Het)Ar, -COR, -C=CR
R?=C (sp? sp?)
B(OH)ZTC LnPd(O) R3 =C (sz)
+ CuSR?
Transmetalation O/QU(I)
R'SR? |
Rl __R?
0
3 o
R”-B(OH), L, Fl’d(II) Oxidative Cllu(I)TC S-Activation
2_8\ Addition "CuTC"
R CuTC

The LSC is-catahygpad Pdocess in that (hete
bromides are | eft untouched during the reacti
the aryloSsRiél foamed Affor alternadBRoéellygndat wahitch
weakened via a dative interaction b¥Fareemnhithe
reason, t he LSC i sorstohoetga meehseMidSyuszeurkiib eCdb ua s i n g
takes place at aryl orahieds @saintded hbowestefsr atC
tolerance of the LSC and -t he-»?aslokylitghitd py rwiamidd
specul atseel g dctaitv-CR2L B @dbcthddfoaopyri mi dines coul d |
to accsabstiCldutyedpydi mi di nes. To our knowl edge
evaluated once in the | iter atsuerleec tHuwjeo -t ha nod a
chl-Brmet hylytririod)op 2r, Bmi di ne cuhbal yerdodiyt ®idé& PIPt
during pWihéis catweometermined that a thorough

conditions, and scope would shed |Iight on the
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Table 4.2. SelecifSed eEnt viegdo glbhed®kt im@i £2t i on ( !

cl PdIL, (5 mol%), cl Ph Ph
N + CuTC (2.5 equiv), N ﬁ%N KQN
| N/)\S/CH3 B(OH), X°C,21h | N//kPh | N/)\S/CH3 | N//kPh
48 (1.25 equiv) 47a 48a 47c

Entry Catalyst T°C Solvent (M) 48(%) 47a(%) 48a(%) 47c¢(%)
1bec Pd(PPh). 100  dioxane (.13) 0 37 0 4
2¢.d Pd(PPh)4 25 THF (.13) 60 23 4 1
3cd Pd(PPh)4 40 THF (.13) 38 40 4 2
4ed Pd(PPB)4 60 THF (.13) 16 54 1 3
5ed Pd(PPh)4 75 MeCN (.13) 21 3 2 <1
6 Pd(PPB)4 65 THF (.25) 9 47 1 3
7 Pd(PPh)4 65 EtOH (.25) 6 40 1 3
8 Pd(PPh)4 65 PhMe (.25) 32 31 3 1
9° Pd(PPB)4 65 PC (.25) 12 37 1 2
10 Pd(PPh). 65 sulfolane (0.25) 0 34 0 12
11 Pd(PCy). 65 THF (.25) 16 58 0 <1
12 Pd(PBus), 65 THF (.25) 5 61 0 3
13 Pd(IPent) 65 THF (.25) 15 62 0 1
149 Pd / MePhos 65 THF (.25) 20 55 0 1
159 Pd/ Xantphos 65 THF (.25) 19 60 0 <1
16 None 65 THF (.25) 77 10 0 0

2Yi el ds are calibrated ne@dgicahéeés iodalecunladt sd aw
rounded to the nearest integer; yields <1 are
products were detected, whi ¢é¢h6 amer g &dtliecn etdi me
ar vyl bor®8n0cequoid. CuTC -%ccaa popoextyi(lna)thet)rhd atpthiemre
PC = propyl ehed(claPebnftd}Buiendény!| ) Pd{ BPemal)% CIl )
Pd(LMS9god was usee ias a Pdlswaoalrar ratio with |

I nitially, several rea@bti-Bomephylmei €¥ sy i nmi
with phenyl borondicnekcudi wgreokvahtuatedmperat ul

When Plk(i PPhsed as the catalysthiopgtaerbdbpxglsane
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(CuTC), yields ar e 6dbptAiCnalYiied dBEHR rree ard v@eld s el y
heating, excessive heating (e.g., at 100 AC),
the | itersgpitairregg PldgdrPIPYh conscr i pt2Hio vaesv @ rh,e tdreifaa
monophosphines (entries 11 and 12) and the hi
PPsin terms of bot h 4s7eal ©t hievi tty gamdsyi sud hofas
MePhos and t hXeankipshmtso saprhei nsei mi | arly effective
conversion is low in the absence of Pd catal"
species to mediate the reaction (entry 16).

Further optimizati ondBxmpleed men33 % oirdd7raecca 46 C
when the phenyl boronic acid | oading was 1incr
entr-Bes abhd entry 7). Reaction outcomes were
CuMedtalhe Cu(1) carboxyl ate derivedCuf(dgdmsallric
(compare entries 4 and 5). However, conversia
replaced with Cuf)l.) Hicgeh ay ieehH(ebuytiodit esbdhaep r®2d u ct
mai ntained when CuTC equivalentbuwertr kbeddigaceleds
suffered when fewer than 2.0 edwi)valFéemtas | gf @
opti mal reaction conditi oM&8,u rPdie nl yola)dR dn(glsP ewnitt)h
reduced from 5 mol % to 0.5 mol %4 WMaetnhtoruite sa div ew:

and 9 vs. 12) .
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Table 4.3. SelecifSed eEnt viegdo glbhed®kt imei £2t i on ( Se

Cl (n3-1-'Bu-indenyl)Pd(IPent)(Cl) 5
o + (X mol%), CuCOOR (X equiv) E\ ﬁ\ :
N/)\S/CHs B(OH),  THF (0.25 M), 65 °C, 22 h )\ ~CH, /k b M 5

' e H

(X equiv) i CuMeSal

Entry mol% Pd  Cu(l) (equiv) BA'equiv 48(%) 47a(%) 48a(%) 47c(%)

e 5 CuTC (25)  1.25 13 63 0 1
2° 5 CuTC(25) 15 8 71 0 1
3 5 CuTC (25) 175 7 82 0 1
4 5 CuTC(23) 175 0 83 0 1
5 5 CuMeSal (2.3) 1.75 0 83 0 3
6 5 CuOAc (2.3) 1.75 43 28 1 3
7 5 CuTC (25) 2 0 96 0 1
gd 1 CuTC (25) 2 0 94 0 1
9 1 CuTC (2) 2 3 97 0 <1
10 1 CuTC(1.8) 2 7 87 0 1
11 0.5 CuTC (2) 2 5 93 0 <1
12° 05 CuTC (2) 2 0 96 0 1
13 0.1 CuTC (2) 2 24 70 0 <1

Y1 el ds are cali brat ednut eyci aenl ed si nctael rcnual la t setda nuds
rounded to the nearest integer; yields <1 are
side products were detected, WAVearhag@a eofr etfHreee
€34 h r ea’@tdi din rteiafd¥uipd n ctaitree .o ffBA P& B{ OH)S entry.

The optimwsetedti & reaction conditions are
aryl boronic acicdhsl-2aned hgyub st opytredi di nes (Sche
bromi des are tolerated when present on both
( pr od®xrt kY, exemplifying the thioselectivity ¢

conditions ar 5t ohkdmhy o &S Pedt hede), and (5aBl kene
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functionalities each of which are sensitive t
phosphorous (1l V)3 oxBoeathhoH&@ld earf @ QEOCled i n earl.
to proeadwadd | ropyri midines (as mentioned abov.
access to most of products in Scheme 4.7 due

the Il ow yie8ddocheerasadueactmadgm ooodrddyietriacmas of ni

Schem&cdpe-Sefl e€C2 i veSrLo glbeGkumldi ngs .Catalyzed

Cl

cl G—R (n3-1-'Bu-indenyl)Pd(IPent)(Cl) §
L SN + (0.5 mol%), CuTC (2 equiv)  R! N
R L B(OH), N7 ,
N~ “SCH, (oquv)  THF(025M),65°C, 241 R
CI

o, Pon m% A

49, 80% 50, 84% , 94% 52, 86% 53,92%

cl cl cl cl cl

SN ﬁN ﬁN Br\ﬁ%N NC\{*N
|N4K©/\h£ lN/’\[IO lN/‘ \[j lN/‘ \[j lN/’ \[j

/ 0> o~ o~ o~
54, 59% 55, 88% 56, 87% 57, 76% 58, 37%
O
o~ o~ o~
59, 76% 60, 86% 61, 59%

0.1 mmol reactiondr amokepathiceniOuwTa®w(l le)dd ér
thiopgbaendoxXxty INNMR .yi el ds are the average of t
i ntegrati otnrsi mesti mn@x ylh 8nsene as an internal s
3.5% (on average; see Appendix C).

N
W C
t e
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compamwmedadt her psousbssithildywmmnedsitta ve copya&mnodtnrdadog @m o0
Pd or Cu. This observatiisemcaliioghn «d oveist m otth e rfoign
(refer to Table 4.2, entry 5).
Recentl vy, our resea~xah algyoalgpge c& & weel dtpheido laat
representing the firsdeldoctiimeampeidogxaimihet bi s

The mechani stied¢ ecauvetypgpfi €2a topic of ongoi n;q

atypical site selectivity of t his reaction |
nucl eophiles (e.g., GrriogumpdrhdegfCeidgttnbbe) undder @
identical reaction ¢owrealiséd dt@einse NeRivelrathiedessom

described above and suggeptpdatc@&dpobsat bohi f gl
by LSC, whi c hareyn aabtlfeosh htohbeo rC2ni ¢ aci ds ( Scheme
selectivity and vyields &git-'Bu opglteinmal) Pdit Penthk (.

procedural steps, eliminating the need to iso

Scheme -Slel8ectCi2ve Aryl atdiSomBowida Azt Tlviadli atni Gre/qQ ¢

cl (n3-1-'Bu-indenyl)Pd(IPent)(Cl) cl (n3-1-'Bu-indenyl)Pd(IPent)(Cl)
SN (2 mol%), pentanethiol, (1 equiv.) Y [0.5 mol%], PhB(OH), (2 equiv.) ‘ ~N
\ - \ : N7
Z K3POy4 (2 equiv), MeCN (0.4 M), Z _(CH,),CH; CuTC (2 equiv.), THF (0.25 M),
N™ ~CI -196-0°C, 3 h N" 7S 65 °C, 17 h
0.5 mmol (1 equiv) (no purification) 47a (86%)

®The cali brattédwasxCcalicedldatodd using peak integr
internal standard (average of two trials = 84
t wot ep protocol
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44Concl usi on

Il n summary, an expedient -aarrgti hVeor o@tyirli eni sy r

demonstr atsed ecita vaeSrtdgelb eGokiwwpgnllda el Ry | dhi o) pyrir

The protocol iI's characterizednkyilingh yirelugs t
| mportantly, this met hod contrasts-amp#levi ous
chloropyrimidines which involved the wuse of

hal ogenation reddermsted. ecFawabBhySCserde i@ sequen
selective thiolation (recentl y depvoesliopeodn boyf t
dichloropyrimidine.

A notable drawback of the seminal LSC is its
Srogl and Liebeskind have introducéed nmdlutdii mige
a €atalyzed, &élthoeb-t@u alayzadi nraction is spec
possess a chelddumnhg opsephbdeamyt| cgarroldigph @ mied & . 9 A) . |
work could focus on devel espgierpg tehd Dil amp t Dw & 1@e 0
protocol where use of a chelating thiophenol
respect to Cuwi tdPohdemea he. MB)ed for stodisekRipomet
protocol would be amenable to applications in

of structur a@d sadrsttaitruitregd 2p,y4 i mi di nes.
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Scheme 4-:Ch.t a(l &)z e@u Ae rSorboigcl Lcioeubpelsiknign dof Thi oe st

Aci ds (B) ProposeduSyrti loethil o eR@wtdd miadi G2z s Und
Reaction Conditions.

A Srogl and Liebeskind 2007

0 o)

: R? R' = aryl, alkenyl, alkyl
R2B(OH), (2 ~ aryl, alkenyl, alkyl
R1JJ\S o (OH); (2 equiv) R1JL S O

R2 f R2 = (hetero)aryl, alkenyl
N}B'J Cu(l)-3-methylsalicylate 10 examples ©)LH/BU R3 = various substituents
5 mol%), DMF, 50 °C, air 4 _
H ( o) (50-97%) R* = alkyl

B Proposed work:

Cl

¢l SH O AN .
2* + , Pdin(cat), Rp CuTC (cat) A

Rs:_K 1 NFR base NS R2B(OH), (2 equw) R3 T
N/ Cl /R4 ”””””””””” N/
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CHAPTEIRVE

AMECHANI STI C BASI' S FOR LI GAND EFPRCKS NGN I NALL

SUZUKI YAURA COUPLI NGS OF DI CHLORO(HETERO)

51 I ntroduction

The previous chapters have deasrcd i pbeldy ltaleo guetr
(hetero)areomaeastdwrcitngnt méd bioactive compounds
these multiply halogenated (hetero)arenes are
Substitutions are to bel nmekhet al n z-eamlu pd recpsyss s e
di hal o(hetero)arenes bearing chemi cavédrysuequi
di substitution may be diff eFoerntmoadtiefd cbayt ijoundsi ct
partner stoichi ometsruyc.h TarsuoRrdl((FORhl , caeméyalt sy
product of monosubstitdtlioweyereaai mgnonephaldu
from disubstitution d&uenglaersdsl etsitse orf u cclaetcpl lyisite cif
contrasand odpPpPfth, some sterically hindéBufd phos
RuPHB8sPIrPand Et%®est known t ostpatoimottiec aal ndinst ri bu
where difunctionalization is major, dedpite
these instances, Pd migrates in an intramol ec

firstcoupdssng to the next react-wakkbnged commo
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Scheme 5.1. SynthetWat kAmp!| CaBegws scoMeRhagi s
Cat allryasntsf er PolB)c oFn desnCartididdNyHsCe(d -ERHEPRSACE { Pd
Sel eDt amienat i on-Spfi rToedti rfd burderibbalrPeSRr wi t h Pd

(A) CTP mechanism M(L)
X n reductive
transmetalatij)/ \ S
elimination
K
M/X @
X o X "

MLy
ir_:tra(nolecu{a_r\ | / ring walking
oxidative addition
ek
X M = Ni, Pd

(B) McNeil 2012 R R )

S S :
CiMg Br  pd-PEPPSI-IPr : —Pd—
R A
THF, r.t. - N

CeH1s CeH1s i “
: Nl
. Pd-PEPPSI-IPr

_________________________

(C) Hein 2022

Br Br

Pd-PEPPSI-IPr
Ar,NH
(4.5 equiv)

LiIHDMS
2-MeTHF
60 °C

Br NAr,

major diaminated intermediate
at early time points

Notabl vy, some pr actciocuapll ianpgp laircea tailosnos porfe dcirc
abilitwaltiGar athrgsnsf er pol(gCdT&®agenbatnamse i mpl i e
an nt r amoclaetcaullyasrt transfer along a singie gro

coupling cycles which edA¢hM]i)n aXe vit drmreom@mer i(cS cd
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5. 1°RAhi.s process is typically described as a
conventi-gmawt iédtm@chani sm wh-iva h k'l 02g0s1 2n o tMciNmev d
reported theatiat yzeBd CNRC)Y o proceed via a cha
by the hindered | it§%inmdcd PtrhenS,chlePre &nd .tBhe hi
PB y, have comprised the vast majority of ancil
cat alCfPéTlhe unique reactivity of these hinder
bident atewphobBphreexnowngrtoowtfha vhoerc Malné a by & end
pol ymerli’ asteicoonnadt i aopnp loifc twian ke megd ,c artian g st s was
by Hein et al., who demonstrat-®epgi ndlkei fsled ®rcd n e
PPEPPSIr (Sché®me 5.1.C).

However, when monosubstitution of a dihalo
of a catalyst to favordoloypwyjagabedasgswemhi and
and the use of precatal ysts whaitsxthabairle t ¢ e smary
i mpracticabl e because dfunthtebnaCGhezpatteiraery2 ,t lowhai
investigates the relationship betweeemulMHC nlgisg :

wit hdi2cdl oropyridinedg,riwaidagsdriighheddd damend whe

unconventiomsdl| eCc4t i vity for diarylation incre
hindered NHC |igan83%°% (Tallre s5uldy, enthrei aisel of
NHCs such as I Pr and | Pent wer e s hroevgni aios o nmeprr

but yields were diminished due to a correspon

expl ai ndd vtelrasti otnheof typical siteomebdechangeyi



83

Tabl &iF.uhctionaDbiizhltaromp yorfi ®i,Mtles Correl ated w

Sterics, and Substrate Concentration.
Neufeldt 2022
OMe

¢l [PA(NHC)J? (3 mol%) ¢l A A
| X + K,CO3 (3 equiv) | A | X | AS
~ H,0 (14 equiv), CgHg, Z Z Z

R1 REH Cl B(OH), RT. 15.5 h R” N7 “ar RN ¢l R ONT “Ar
46, R = Me (1 equiv.) Cc2 C4 DA
entry NHC 1o0r46(equiv) R C2(%) C4(%) DA (%) (C2+C4):
1 IMes 1 H 23 40 3 21:1
2 IPr 1 H 8 70 6 13:1
3 IPent 1 H 1 34 23 151
4 IMes 2 H 31 29 1 67 : 1
5 IMes 5 H 38 14 1 75 :1
6 IPr 2 H 10 73 2 421
7 IMes 1 Me 15 56 5 14 : 1
g Ipr 1 21 2.3:1

N\./N
ﬁ“"“ﬁ o
IMes IPent

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

aPd( NH@)1Bui fidenyl ) PPRAKMCE) ( €h ) (Fiomepes i Ik nit.al de't
f oemt r i3e sAsfdepee n dFioxn tAe i8e sAspepee ndi x B

|l igation state during oxidative addition, whe
reaction at C4), while smaller or bid8imtate
keeping with this hypothesis, we-ddicshd cowreorpeyd itd
mar ked a return to conventional C2 site selec
product (Tabl e 5-61,wic¢tdbdmpeadrtei)emstilirahl 4y, we f
introduction oftoatmethpylri dybumitrogen, resul

di aryl ated product, suggesting that the abil.i
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mi ght i néhri yoliat ioovnernor mally (Table 5. 1, compar
toget her, these findings pointed to tkNRe poss
di functionalization al so roens wlttatferom di fferen

Despite an obvious correl atiwah kbegwadn |l li g
catalysts in the |literature, the mechanistic I
idi ffusion control o i s sometriimewalilrkiinmge®dr by e a ¢

yet t he mechanism by which diffusion (of t he
di scussed. Cucroruepnltilnyg ctohnemucnriotsys | acks gui ding

mul ti parameter opmomezabtephohsowmegs wimbh di hal oge

as well as CTPs. Herein, we expusrci fthrecthiypma Ih
is Ilinked to Pdoés coordination number iamg i s |
the size of the ancillary NHC or phosphine 1

5. Results and Discussion:

We began our investigation by evaluating a
SMC of d i6czhil tor ophreemyel bor oni c acid by monitori
on l' i terature precedent aftdt aoluy z-e plu pobri onsgssx p e
dichloropyridines, we antici patewoulhdtbda hfeawa
small er NHC or phosphine | igéaadswouhd Ilee tfhaev q
more hindered ones. Consi,stwentf owind tohuat ptrhees

promoted mono&i@dptedenchi paodiugt wit hé Baisnitnhnael ac ¢



Scheme 5. 2.

Ti MBResults by Nathaniel Larson)
LT L % Vpy (min)
PdL (3 mol%) : | '
COMe 0, (2.5 equiv) CO,Me CO,Me P 5 3f | IPent  49.0
PhB(OH), (1 equiv) ; ﬁil ¢ 3b | IPr 44.5
TP ' Bui  3d [ IMes 36.5
H,0 (10 equiv), ! H
ci ¢ 1hF025M) 25°c C! Ph  Ph Ph 5 i 3g | PBu; (36.3)
62 62a 62b Pl 3h | PCy, (30.2)
IMes IPr
120 120
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a Time (min)
reaction progressed. Remar kabl vy, and2m@masstark
never observed in the reac2 somomedr ae@d dbyed
consi stenwawkt hgamechgni sm of di6aBpyleadtoino m.at Wis
but is not exclusive, mar king a shift
trial kyl phkasdbhgPnevsorPGyonoaryl ation under these
observed producta irwalgknicrogposimedkani svm.t hl n
vol ume, t he s tBeyrairce dceomepradsa bd fed a® os itnhid sae i afy
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seemingly reflected in their reaction profile
diarylation via an intramowbhekuhgrbeatwabknpstetrc!
be predicted on the bashsaofmumercenat butioéd v
360464.5 % for the reaction in Scheme 5.2. The
| Pent verBuy s ahblies® Cryémi ni scent of the #Areactiyv

and Pdwrémgir evaluation of steric descriptor

and reactivity of phosphine | igands.
Scheme 5. 3. I ntermol ecul ar Competition Study
Product.

CO,Me CO,Me

62
(n3-1-1Bu-indenyl)Pd(IPent)CI

(3 mol%),
K,CO3 (2.5 equiv)

CO,Me H,0 (10 equiv)

62b
B(OH THF (0.25 M)
63 O (OF)2 RT 63
(1 equiv)
e ®

(1 equiv)

O not observed

120

100 ~. o
[ J

£ 80 e e B! T o &

o

EGO 62

b=

Q

40

O . © © PY e [62b
20 8.:. 09O e [5&3
0“‘.. 62a
0 100 200 300 400 500 600

Time (min)
aReactions were monitored by taking aliquots f

undecane as the2thet eonahr gt tRdas gnotdatea it ed
ti me (Ropati mental contributions made by Nat ha
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Mc Nei | and others have noted that selectiwv
ani nmerecul ar catal yst t rvaanlskfierrg ) ( aisf otphpeo s emd n
intermediate is significantly moré3peavaivat e
this possibility, we designed @andnittes mombeacaty
produBdcScheme ne.di)at edBhy Whd (I lePemtt)es of convers
both starting ma@3evmisalco,nstume ddimomhleorriacdoe dl y t
i nter dgdicatnd i rmi ng that idntaoclhd auli aomn oaetsaill yt st f1
t han nanerecul ar process. Il ntriguingléyi tthhei tss n
two reacti&3vi shted,s a@amaeé reactiwaeée usnlbiemirtiisngi r
oxidative addition, transmetalation, or reduc
conver $Si2oPpbont to di ssoci atdiuccnt dfr otmhe hdi acraytl
t ur nloivmirt i ng step.

On the basis of observed |l igand steric t
selectivity to the coordinating ability of a

' imiting dissociation of catal ystthérdml| botvbt

mechanistic hypothesis depicted in Scheme 5. 4
first reactive site of the dichloroarene, whi
the dCrbon€. | f Pdgimseductigyatbveld Mudamsooi aPdl
monofunctionalized pr osdpuecdiHesspownmdrra,neiofu sRay ias m
Pdar eémceompl ex resdiudctsi e oenl i mi nati on, Puch st hat
avoidedcoAptexati on, P‘ds ymsa ye mt raanvde rusned etrlgeo a s

addition atoCheboedta( Ratg £). Operating under
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of PALefrom the substrate (Path B) is disfavo!
must be displaced by an incoming I%fgfandi gamd
exchange i s siwawkrn emlgatainde otxo draitng e addi ti on,

pl ace; however, i f the rate ofwallikgamgd aexc loan (
addition, then separabvaownl atfedc apgrad ysat fwiolm t
' i gands whtdh¢ @i gy eawlkirch areoablde ntad epPadmadue il
el imination, wil/| r“ecsouriptl eixre ss 't aFbInea | R dy(, L )whaerne re
| arger than HS )41 &R0e i pr &gdietmenotne rtnPedd ilart(éganree n e )

compwielx] be sl ow to participate in |igand exch

resul t .

Scheme 5. 4. Proposed Mechaand mBi droy| athed FBr onch

Path B is thermodynamically disfavored. Path C is dis- L ¥
favored kinetically when L or R is large,resulting in a | Path B
Pd dissociati 12 e Pd(0,
preference for Path A. R :’YQ issociation as 12 e Pd(0)
IS
L //Y
R | \ N
| N R 0 PR Pd(L) Q
- x—Cl
= -
Ph” Y% > Ph 7 /’?/ .l t |
: . L. Ph” YT CI
diarylation PH L </
product n-complex R P:d { monoarylation
Path A veCN Path C BN product
ring walking and oxidative L = NHC or associative displacement Y Pd(L)L!
addition phosphine of 14 e” Pd(0) Ph
To evaluate this hypothesis, we first surv
which coul d, in principle, partici patoarpilmnlgi g

conditions, the NHC | i e#nd BPr api o6ndg tmogh o o 1 ma
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Remar kabl vy, as little as 10 mol % of either in
switch in favor of monoaryl ation. However, t h
teocutyl i ndene, ar e uaslekdy liant epgluaacsie  dAfs tah ecioro r da m
DMSO is particularly effective (4:1), and th
|l oadi ng, al beit at the expense of conversion

did not signi€ttcaentyy 1 mgacatised et hat DMSO i n
coordinating ability. Finally, an exckBys of
comparison to I Pr, the Iigand | Pentdaild hroamgihs't
at 10 mol % DMSOh sselbetbhngeidpekomeasi Yayoard whe
i s present in | arge excess. Taken together, t
variations in the rlats$sld wsér i argmatbee pompecti s

mechanistic Pathways A and C (Scheme
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Table 5.2. Effects of Coordinating Additives
COMe  (n3-1-Bu-indenyl)Pd(NHC)(CI) CO,Me CO,Me
(3 mol%), PhB(OH), (1 equiv),
Ko,COj3 (2.5 equiv)
Cl Cl Ph Ph Ph
H,0 (10 equiv), additive
62 (x equiv), THF (0.25 M), RT, 18 h 62a 62b

entry NHC additive (equiv) 62a (%) 62b (%) 62a:62b

1 IPr -- 10 41 1:4.2

2 IPent -- 0 45 1:>99

3 IPr pyridine (0.1) 44 29 15:1

4 IPr lutidine (0.1) 36 34 11:1

5 IPr indene (0.1) 59 21 28:1

6 IPr 1-'Bu-indene (0.1) 23 39 1:1.7

7 IPr DMSO (0.1) 63 15 42:1

8 IPr DMSO (1) 79 11 72:1

9 IPr DMSO (10) 79 11 72:1

10 IPr sulfolane (10) 11 41 1:3.7

11 IPent DMSO (0.1) 3 41 1:15

12 IPent DMSO (10) 32 28 11:1

13 IPr MeCN (10) 58 20 29:1
8GC yields are cali bhmatteed naad aisntatn dimmdlec Aver ag ¢
(Experimental coNatrhéwoitglonlsamaadr by

Given the prodaoocedtiemdecoomwmdi nators on sel

considered that solvent mol ecul es may al so péz¢
|l ndeed, when THF is replaced with benzene as
of mamrnyd ati on. Moreover, selectivity is correl
with anisole marking a decrease in monoaryl at
mar ks an increadste .( Memphayrl eat endd vacrimsmad itco | suoel nvee, n
and mesitylene, favor an increase in diaryl at
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(ent k7i)es reiterating the importance of steri
Significantly, arylated products are observed

sol vent .

Tabl e 5. 3. Effects of Coordinating Aromatic S

COMe  (n3-1-'Bu-indenyl)Pd(IPr)(Cl) COyMe COyMe
(3 mol%), PhB(OH), (1 equiv),
Ko,COj3 (2.5 equiv)

c c H,O0 (10 equiv), solvent c PhoPh Fh
62 (0.25 M), RT, 18 h 62a 62b
entry solvent 62a(%) 62b (%) 62a: 62b

1 THF 10 41 1:4.2
2 benzene 60 17 36:1
3 PhCR 66 16 42:1
4 anisole 45 23 19:1
5 PhMe 53 18 30:1
6 xylenes 36 13 28:1
7 mesitylene 25 28 1:1.1
%GCyi el ds are calibrated agaandtamumedaigenaf atwbd

tri(aslee Appendi x D)

The observed additive and sol-vm-t Peamteends i
consistent with the Iy ploAtnhkde syiest ,0 wtilvieme d hiant 3ScP

of pr 6dandh, we were curious which coordinat.i

exchange processes under typical reaction (ol
considered whether THF might facilitate | igan:t
usad the solvent. Upon inspection, we di sScoVé¢

selectivity wher edmdre adi |li ntceg eraesa&c tiinorg, ilunct i
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ent t-49es However, variations in molarity had no
(entsB)i.esFrom these data we concluded that the
under typical conditions is not THF itself, bu
of associating to Pd and outxroenpertte si Ic oox de snsa.
to the proposed mechanistic pat hswadshéoselkcathtni

det er mi noifngb ostthe pPsat hways A and B are uni mol ecl

be affected by concentration. Conversely, Pat
the rate is ¢epaenndde[nRd (up)o(narfelne) ] . Since mono
under more concentrated conditions in THF, W
mechanism by which monoaryl ated product is |

Table 5.4. Effect of Molarity on Diaryl ati on

COzMe  (n3-1-'Bu-indenyl)Pd(IPr)(Cl) COyMe COzMe
(3 mol%), PhB(OH), (1 equiv),
K,CO3 (2.5 equiv)

c c H,O0 (10 equiv), solvent cl P Ph Fh
62 (x M), RT, 18 h 62a 62b
entry solvent molarity  MA (%) DA (%) MA: DA
1 THF 0.4 14 38 1:26
2 THF 0.25 10 41 1:4.2
3 THF 0.2 8 39 1:5
4 THF 0.16 6 37 1:6.2
5 benzene 0.4 61 17 36:1
6 benzene 0.25 60 17 36:1
7 benzene 0.2 60 17 35:1
8 benzene 0.16 59 17 36:1
%GC yields are calibrated agaandnsawrv eurnedigec aanfe tavwso

tri(aslee Appendi x D)
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Scheme 5.5. Selectivity vs Conversion for Rea
Equi vl ent s

(n3-1-'Bu-indenyl)Pd(IPr)(Cl) (3 mol%)
@\ PhB(OH), (x equiv), K,CO3 (2.5 equiv) /@ Q
Cl Cl Cl Ph Ph Ph

H,0 (10 equiv), THF (0.25 M),

64 (1 equiv) RT. <18 h 64a 64b
8.0
>
= 6.0
2
% 4.0
'3 —0—1equiv —A&—2 equiv
§2.0 —-3 equiv 0.25 equiv
0 0.5 equiv
0.0 '
0.0 20.0 40.0 60.0 80.0 1000 120.0
% consumption of 1 equiv boronic acid
a8Each data point represents an aliquot taken
boronic acid equivalents were varied. Single
stoichiometric boronic acidrleoadilrcqgd .at*dal alcstiin
GC yields nulmased nen iaat ernal standard.

Having (MwHHeedd i caute d tthiennt cewr afre dantp,l ewke t ur ned
attent‘taccepbdbor s present in the reaction whi
bypr oducts of precatal yst activati on, and the
Conceivably, each of t wead &k i ;1 ge diye sa scsatunind gd it &
Schemed preceding the association of an unr eact
phenyl boronic aci d i“sactcheeptloerass,t oahsisnoicer €d phen
i nter medcdoampel ePxd seemed pl ausi bl e. Neverthel es:
phenyl boronic acid had no effect on the ratic
conversion (Schemne re.ax)t.i oRatcloenrf,orened to a | i

drifted from ~ 7:1 (MA/DA) to ~ 3:1 during th
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acid was consumed, independent of the boronic
t hat phenyl boronic ampthb@ockiss thoitb meiama mgff aup p et
in |igand exchange reactions.

Having previously identified indene as a c:i
Sudbt oi chi ometvriidce Jlsowmpdrcangsi dered t hyrpaoassi biolfi
precatal yst atelrwtBplhenylmodlnda sprlomot e Path C
reaction conditions. To evdAlBuwmmnadenlyil 3 PoloNSICDH
[ Pd( JPwh)icGlh | ac&kwayo ffifbitugt@anidound no difference |
(Tabl,B comparlan@gnt ralelsowi ng us totewdteyloiund ecnoet

bypr oduct s.

Tabls&eEf5 ects of Precatalyst I dentity and Arene

CO,Me Pd/IPr, (3 mol% Pd), CO,Me CO,Me
PhB(OH), (1 equiv),
KzCO3 (25 eqUiV)

cl cl H,O (10 equiv), additive cl Ph- Ph Ph
62 (1 equiv), THF (0.25 M), RT, 18 h 62a 62b
entry precatalyst 62a(%) 62b(%) 62a:62b
1 ( Y1-'Bu-indenyl)Pd(NHC)(CI) 10 41 1:4.2
2 [PA(IPr)Cb]2 10 40 1:4

%GCyi el ds are calibrated against undecane as t
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SchemdMomo@Gr yl ati on/654ta/Ra4d nOgi avMayl |l @hmioalmy( at i on
G64b/)BdaiSouzaBk y aur a Reag(itResud a tsh ryi el Larson) .

(n®-1-'Bu-indenyl)Pd(IPr)(Cl) (3 mol%)
/@\ PhB(OH), (x equiv), K,CO3 (2.5 equiv) /@ Q
Cl Cl Ph Ph

H,0 (10 equiv), THF (0.25 M),
RT, <18h

64 (x equiv)

5.0
4.5
4.0
3.5
3.0
2.5
2.0
15
1.0

N

-1 equiv ——1.5 equiv

64b / 64a

0.5 —e—2 equiv 3 equiv

0.0
0 0.05 0.1 0.15 0.2

64a / 64

Having carefully evaluated the effects of
concluded that catalytic turnover most | ikely
an unreacted dichloroarene repl dadessd ttihe sarhylpa
was necessary to coraeil alhleo stthkes ecncant dedwistuadch oa
selectivity®G#tasb Hoeswewerducdaxper bHeernet sl iwkhe lcyh tnoc
the product diswoibeasomsf of]l Htnb YPeamishd iCf,y iamngd [(L
the intermolecul ar compet i t6idaoma@ dbwehtiwcehe narceh | oo
precurGhlr STotai fferentiate these poss6idbifl i ti es
against the rati@bédf ang!l dine dionmeooresdecltast i(on be

incre@Bi adpdly!l ati on6ibed) ectiirvietsypecti ve of t he
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(Sc hee mp . From these data we may infer that T
additives or solvents, the mechanism by which
fact the si mpldeesp|Gadnebspd wheceliywy in an associ at
step. For processeval whingh itrmweoldietdRme b8idsgon of

reflects the rate of | igand exdhaompdadcdmréddangyve

c o mpil retxer medi at e
Scheme 5. 7. EfSfudbctt idfuewarsi ednCS5e-l ectivity for
Dichl or obRezwlntes.by Nat hani el Larson) .

R (n3-1-'Bu-indenyl)Pd(IPr)(Cl) R

R
(3 mol%), PhB(OH), (1 equiv),
Ko,CO3 (2.5 equiv)
Cl Cl Cl Ph Ph Ph

H,0 (10 equiv), THF
SM (0.25 M), RT, 1hor18h MA DA

Effect of RSubstituents

% yield
D
o
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Substrate Saeing HEftecms nldd tpmae hi dCe n twiet ys poefc

dichl oroarenes with additional substituents (
sl ower to undergo |igand exchange, Slcehaedrien g .t70
demonstrates thaubsubsueatses| wrgkr CBhan H are
diaryl ati on, in I'ine with our expectation. I n

el ecdornoant iwm ¢ hamr awi ng effects conferred by the

53Concl usi on

Bul kfpretNerocycl i c carbene or phosphine 1[|ig
di functi onalait ad tyizaeodu pclmioRgss of di hal o(hetero) ar
catalyst twanhkfieagoomei@hiamgsm. Thos alirlki tdye mom
wal k "cwvejugated systems +salanuniPgle weti tcrhi If wtra
"compl exes with dihaloarenwalekiencg riophinloés.obG
bi sligatedzchd, rsiamddd yP dilissyssotceina, t ewhferréedBawsl kPyd L ¢
NHC | igands such as -¢®or chindatldeld @ompnod e d oa
ri-wgl king and difunctionalization, while smal
Under condi tions whivcahl eenmp IWEiyt schaitriacheer etdy,p i lcaw
catalytic turnover involves alhd-acmplcexati wbhel e
unreacted dichl or oar en ec oduipslpilnagc.e sT hteh er apireo doufc t
exchaammge t herefore selectivity, is highly sens
by the ancillary NHC (or phosphine) l i gand,

substrate.
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Il n practice, these findings ewsabdiearyleattioo
di chl oro(hetero)arenes in many scenari os. Sel
selecting smaller or bidentatssilblgeandars, iinfstlewl
are necessary, (2) including a coordinating
exhaustive arylation is the desired outcome, |

nonmnoordinatingssdoH¥Fente pueherable to coordin
toluene. Mor eover, in planning synthetic rout
sterically hindered) di hal oaréempast iwd dll &rmdoyhs b i
coupliinvNgé ving mordlniaddtyed tthd s wor k expl ains t
NHC and phosphimeei bt ganaéappincBtdi owal whngh ban

as cattraalnyssfter poPycondensations.
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areke®dl Wimpher i n erarcgmmebaNoNmaGNedf elPdt , S
R. (manuscript in preparation).

28Note thaty uMild@weleb wkddr i ts awallki,t yt htuos rtihneg me
findings of this-csattwmdyy zcead matocaepmmsleys.t o Ni
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Al Gener al Materials and Met hods

NMR spectra were recorded at 298 K ltlan a Br
125. 795 '®MHz470r63%) MHa Bouker Avance | M 600 I
or 150. 9068) Mslpeébrometer, or a BrukeH MMRend
100. 6483)f cafd NMR chemical shifts are reported
to TMS, with the residual soHVKEMR: p(€7d.€1 6u spepdm)a,s
CDsH (7.16 ppsR, 5DMPOENNR: 3(CM76.1 ppm)NMRDs( C28. 06
ppm), -@BMEID. 52Mplptm)gl. i cities are reported as fc
s) doublet (d), doubl et of doublets (dd), dou
(q), and multiplet (m) . GC daz®l OweRled dc avwni¢tefhc t @
ionization det ec-Re¥me qua pipleldamy tcdolaumdmM (15 m x
df ) . GCMS data were co2080t epchi wietdh wa t B h iamaSdcz
QP2020 N iagmpde de-RxFrmhs acaSpHi | | ary column (30 m X
df ) .MSL@Gnal yses were perfor mEAQF oMS eoit har Bawmk Ax
TOF MS, both coupled to an Agilent 1290 I nfin
Cil8 umaml (Agil ent Technol ogi es, Santa Barbar a,
used for smpauvbeignadAefit was usedlamima 95w
buffer A (100% H2O with 0.1% fodAmmMmceaaO®bdd) 5 f o
buffer B (100% acetonitrile with 0.1% formic
buffer A for 1 minute. The mass-i srpembde mevti &

el ectrospray ionization.erAd |caoreduwdt eod s$ irtzhealt u mi
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vi al reaction blocks (Chemglass) fitted to an
probe.

Unl ess otherwise noteadbtkaelnew, céelelmi camme rw
recei vedS| PRERMSIIPPERRSIe obt ai ne d>14fBuiomd &ndyima Al
CloaPd >-Bui ndenyl ) Pd(d;-PBgi (n@lenylagwdl(( Pent ) (Cl) w
Umi core. OBl enrden(y! ) Pd( NHC) (WIr)e pprreecpaatraeldy s f s
corresp-brttengcyclic carbene | igands | Mes, SI1 M
Strem Chemicals or Sigma Al drl%UmnH)e sasc codrhceirnvg ste
di chl oroheteroarenes and arylboronic acid st
Chemi c®li chbopy3 (i A)A4d¥Kand -Bradch|l or oA Prwiedaezi ne
prepared according to l|iteratupbprampeocbdoegb. |
iodine, tpettdammdepymtetrabutyl ammonium hexafl uor
chloride were obtained from Acros Organics. P
triphenyl phtoedrpth iyn @,h o swihniynlephendy | bor-dnc b4 oaoc8d
cyanopyri diinerdnanody RPpygri di ne wer e oditcahdncerdo f r
nitropyri-dromometd h8] et ane wkRlrec loBitcad@lmeB8db f r o |
napht hyr iradminned Racrthdl o opyri di ne were oiAmahaed f

2, -4 chl oropyridine was obtained from Synthon

met hanol wer e obtained from Fitselveit yIScibe otmi fd
cyclopentyl br omi de, ben-boo-bBamepheingy r(tdhinan ay
chloride, tetrabutyl ammonium bromide and chl c

di phenyl phosphottrod fyd rprhmserha neft riand tricycl ohe
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from Oakwood chemical. Diisobutylal uminum hyc
et herate, propylene canbonhgptkeitpotmswe uen 0b D ai
Al dri ch. Pall adium (I 1 )-Phaccse,t adred Cati aneXihwyrmh A h
from Strem-Tihemliaeamadqui2nadl i ne, 24iwea ediodhlaa rniede
TCl Chemicals. Benzene was obtained from Bean
Negi shdouwploissgs or for pgempasat TR owBhsGpiugnai e
solvent dispensing 2pystoemtand st orFeodMi wradae ra uN |
cresosupl i ngs, THF was wused as received -from F
Mi yaur-aoapbsags -funedee rr elaicgtainodn condi ti ons, DMF
solvent dispensing spyrsitoeem tdn dssnerledqunded N
medi at edMi apugioaopbseags was used as received

undexrpr iNOT to and during use. Grignard reagen
procédur e.

Deuterated 5o06Deye DMBHO(WeDrCd obtained from Ca

and stored over mol ecul ar Ssieves. Manual fl a
SiliCycle s63i0m mpaidtiedl  49i ze) and thin | aye
SiliCycle Tddatpeltatedst rpar eharas sSAUtiacmmatgeedl f6l0a sk

chromatography was performed with a Biotage !
cartridges (20 Om particle s$epar &t0i ojnsporeer w

cartridges (30 Om particle size; 100 pore w
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A2 Synthesis and Characterization o

Chl orinated Heteroarenes

3Ami #gdéi chl or oplypr:i dGlnaec i al acetic acid (14.2 1

rouvlndt t om fl ask equipped with a Vigreux refl u»

74.8 mmol , 3 .-bi cehrmairvor oppdi @i Ae (4.122 g, 2 1. ¢
added to the flask consecutively while stirri
Partway through the reaction time, theomaxrtur.

additional 8 mMH whachaddbdedceéebi thacfl ask.- The r

filtereQeltdmmeo t dple f il ter cake was washed thoro
removed from the filtrate under reduced press
acetate. The organic solution was wdshedi wedh
water (3x), and brine. The organic | ayer wa

concentrated under reduced pedsaoder Vheuuesaol
affoAd&sga very pale pinklHsNMRA(5Q0QGRIAzZ g, 7CB&M
(s, 1H), 7.21 (S$€E{1H) ,NMR16G1ZpblinMKHz1,3DEDCI 139. :

129. 7, 123.9
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ScheAh®i chl oropyridazines Synthetic Map

Cl cl O
Cl N
A
0 O HoNNHoeH,S0, (1 equiv) [l K?[
/K/I NaOAc (1 equiv) N\N o) POCI3 (15 equiv) \ 2.5 equiv N\N/ cl
HO cl ! - 5
& EtOH/H,0 1:1 H 105G, 5h C, 5h DMF
70°C, 4h A45 (85%) Ad6 100°C, 8h A23

(88%) (64%)

PhMgBr (3 equiv)
1.6M in CPME

1h, rt, dry THF
(85%)

KI@ POCI, (1.8M)
70°C, 3.5h
(80%)

A47

5Chl elptreBYI2pHyri datAidfione€ompomvasl prepared accor
procedure adapted -Di cimB@hgayrliidtacAd Wtothre@ .(xy, 4 ,75 2
mmo | , 1.0 equiv)-dwasdaddednLt Schanh emkerd | ask equ
flask was fitted with a rubber septum, the se
evacuated and(b3axc)k f iDirlye dl HWi t(H 2N mL) was transf
The flask was cooled in an ice bat i narClP ME,s ool
13.6 mL, 21.82 mmol , 3.0 equiv) was added dr
removed frbomanbHetheerbatti on was stirred at r
returned to the ice bath, opened to &«Lilr , (1&2nd
mL; 100 g/ L). The resulting mixture was part.

The aqueous | ayer was extracted with ethyl a (
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washed with brine, dried over magnesium sul f
pressure. The resulting solids were trituratecd
Ad7as a white solidH(NMR7@F75®0 MBE) yDMBOHQ @QAH),
8.03 (s7.14H) ,( nu.l47 pl e overl apping signal s, 5

l iteratiure report.

3, i ch#dphenyl|l py(AR2 pllazPmesphorous (V) MA4¥dhl2&6i de
g, 6.127 mmol , 1.0 equdwvi)edveoruach mbli aek e quiam
stir bar. The flask was then fitted with a Vic
fastened with copper wi ras s eAmb loeud gvaistsh nRV QG ithwe
adapter, and a needle, was routed from the co
turn routed throudm -ggans agaedlus WOH itmtappoduced

the system wass Phgeagse dl iwiiet hwaNs c¢cl osed off suc

evolution could be monitored visually. The re
3.5 h. Stirring was continued while the react
ganched by slow, dropwise addition of aqueous

bubbling ceased. The mixture was dsioluitde.d Twhiet hw
solid was taken up in benzene, and then conce
repeated once. The resulting sol iARsa swea eb rdowne
solid (1.109 gNMRB 0(% Oy0i eMigtz)) .. DOHEPD4 -7..HB ( mul ti p

overlapping siT.ghal 6hGE{BMHNMR. 4626 -MHiz),: DMSQ 6,
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151. 6, 138. 8, 137. 9, 131.7, -TDF9. ™m/ z12 4§ .M] 1+, Cla

CiteCIN2223. 990 8 ; Found 223.9896.

3, i chhpopboper ipdyirnydl@2Bnedr4chl or oAdyr(i5dbadz i3n emg(,
3.0 mmol , 1.0 equiv) was combi nedd awn tvh aDMF T(h%
was fitted with a septum xmrad.plPaped iuwnder (a4
2.5 equiv) was added dropwise through the sep
resulting in rapid evolution of HCI gas and il
temperature wher rembve®d®MBEnder vacuum, and the
column chromatography on silRzalO0g22) .i nThe %c al
fractions were driAgdasnadewhivaeusoml td wifflrohi n
(445 m@P % HiMR) (500 sNMiHz, SEHPBPGEI-B..BH (m,-1.464 , 1.
(multiple overl&figi nIMRi gh2a6 s MHBHLEBEBCE, 148.C
123.9, 50.6, 25.-8BQ0FP3m7z: HRMBC¢NGSB &t Q0880 ; CFou

231.0326.

ScheAd&ynt hesiTsriocfhl20,rd88 i nol i ne (

Cl (0] CI

NH, YOY

o cl PPA POCl,

©/CI (1 equiv) M (6 wt. equw) (15 equw)

_—
EtsN (2 equiv) H 0 T 139G 85 C, 5.5h 95 100°C, 3.5 h
) 1,4-dioxane Cl (74%) (37%)

(2.1equiv)  0-25°C,67h

(81%) A48 A49 A20

N, NBi sc(h2l or oph emyln)e dA43Bmi dCeo mptBuansd prepared acco

a modified | iS%Marleatnwrle dprcohd eoduirdee. was puri fied
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prior to use; triethylamine was 2diand |slteodr ef dr oc
i mol ecul ar si-ENlesr panioFrine U23e672 g, 21 mmol
a 90 round bottom fldskxahel (@WwedLhbyaddy alsdi
fitted with a rubbes septuedawdthheopepet umi we
smal |l er diameter outgassing needle were intro
fl ask were 6pamidedd Wiy ht Ni et hyl amine (2 equiyv
through thenLsespgytrimgwi,a ahd the seal ed f,l amk wa
solution of malonyl dichl or i-ddieo x(a9n7e3 (C2L8,. 51 OmLmmec
dropwise to the cooled stiremlblngysgdlnwtei mwmn etrhr2d
solution became bright yebbewraad. eVbeufiasko
from the ice bath and stirresdk awa sa ntbpg eemetd tteompe
bright vyell ow mixt umlLe bweaask epro u rWhd |ientsdl,ia3 6 @ ,
mL) was added sl owly to the mixture. The mixt
in precipitation of vyellow solids. The sol i d:
water, and dried Adn&eravuaeluluonw pdwderdi ngy. 6132
di oxane impurity (3 mol %H-NBDRS &n BH yNsMiRs s()5 OwOa sM Hize
DMS@,0)0. G4 (2H),J 78:.930, (1d.d3, HzJ 8.H),, 17..35 1Hz(,d d2 H
(ddd,&. 7, 8.0, 1.3,8&2H) &.@,9 K.d3ld,2H), 3.75 (

consi stent wWith the literature.

8Chl ehg dr-d& $¥H) i nol i(A4®n N, NBi sc(h2l or o-phepsghgdi ami c

A48 (1.661 g, 5.14 mmol , 1.0 equiv) and poly
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measured 4ot doam fdasdk equi pped with sctoiorl ebdar .
cotiype jacketed condenser fitted with a rubbe]
pl aced under agast morsg htehe mifxtNur e was heated
was all owed to cool to handling temperature a
precipitation and khearndiexntiunrge.o fT hteh et rtaanrsd er wa
washes of ed hwdt earc.etTahtee raensul ting sl urry was

resulting in a suspension of precipitated fin
tar and the precipitate was coll ectegdgabyumitbo
af fAMreds a pale brown powHd eNMR 7(3570 OngMgilr),4 YDIMIS. G 11 d
(br s, 1H), 10.37%=(%D,r 1. 3 1H)J, 7 H)7,8 17 .8616H z(,d dl,H)

J 7= 9 Hz, 1H), 5.81 (s, 1H). Spéctral data ar e

2, 4@r8 chl or oA2wWi:«CdBll idime d rr-doxlyHY)i nolAdPori & 37 . 4 mg,

mmol , 1.0 equiv) and phas p(hbo r3o urmsL(,V )5 6o x6y artmiod r, i
combi ned -biont tao m ofulnads k equi pped with a-co®tilredbar
cotiype jacketed condenser fitted with a rubbe]
pl aced ungbereaonét heal1edA@tf®5 3.5 h. Evolvin
gas was routed tuhbrboluegrh aan dmitnheerna It horiolugbh an aq.u
tubing. Esxwcaess sr eFM@@lepmda tbhy vsahcoaurutm di st iswaast i on.
guenched by dropwise addition of aqueous NaOH
inducing precipitation. The dark brown precip

hexanes by sonication,CedndTeve cfuiulmt rfatled ewasd d
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reduced pressur e, but exces & vVNeMRr. e sTihdeu as$ o Iwiacd e
redi ssolved in chloroform, and the solution w
magnesium sul fate, and concentrated wunder re

under vacuum oA2ermiahpgalte ydlfloow sl NMR( 8280 m
MHz, £D)CIl Bd,1&. %, 1.3 HzJ ), 17..390Hz(,ddl,H) . 7.
(ddl ,8=. 5, 7.56EfHI, NMRMHZ26CD)CI] 151.0, 144.9, 144
127. 8, 126. 7, 123. 4, 123. 2. H R MdBl4C §NT 2F3 OM D 4B 9 ; -

Found 230.9471.

8Br ofqg-ddi chl or o @uBi:noCa mxedmvmarsd prepared according
|l iterat uf2Brpornoocaendiurien.e (230 OL, 1 mmol, 1.0 eq
2 equiv) and phospho)you3.()mlox ywédr @ rd amb iei@eOd | i
Schlenk flask equipped with acebl etdybme i |l dadlee tf ¢
condenser equipped with a rubber septum secur

an at modNpared ehedt ed 6ath.10EWVO0A®ifngr hydrogen chl

through a mineral oi | bubbler and then throu
reaction mixture was allowed to cool to room
crushed ice wietslul $tiingr immgtuTlke was extracted Vv

washed with(a@) .uvajtaidl©OQtshed ayer was slightly ba
separated, and the organicgsl dyént ewasl,draineld cowna
reduced pressure. The crude residuer=w@®s 5guiinf

98: 2 hexapfH sNMR GMW0)0. sBMHz , BA,DBI 4, H)2 BzJ12= (dd,
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7.6, 1.2 Hz, 1H),J %.58 {(s6¢tig) NMR 50 0(lddMHz , ¢
) : 150.9, 145.5, 144.7, 135HRMS 12BSIl4) 1m@/6z 5,

Cal cdoH{LEBIr NC 274. 8904 ; Found 274.8904.

Grignard Reagents

5Met Ryplyri dyl magne dASWNCobnrppoAsn@ieas prepared accor
modi fied |itéFTatandcoiwed cxdumle.Schlenk fl ask e
under wWwas added freshly crushed magnesium tur
degassed THF (6.0 mL ) , dry l'ithium <c¢chlorid
diisobutylaluminum Mydlrutdieorn 3i0n OTHR,f G. 013. Ommo
reaction mixture was stirred fodr a5 smitbm,b-nfoml lod v
5met hyl pyridine (516.1 mg, 3.0 mmol , 1.0 equi
was stirred at 23 UC for 1 h, resulting in

purification.

Cyclopentyl magid@di umobdhamoimbdteh5 mL Schl enk f 1l as
stir bar,wasndeddd&d freshly crushed magnesi um |
and dry degassed THF (6.7 mL). Cyclopentyl brc
dropwise to the reaction mixture. rTdsulrteiarcg i iotl

Il ight brown solution that was wused without fu

3,-Bét hyl oxetanyl|l ma gAbelsTou manrd oimead e 25 mL Schl e

equi pped withogsa wsatsi ra dbdaerd, furnedsenrl yN cr ushed magn
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mmo | , 1.1 equiv), dry degassed THF (6.0 mL),
Msolution in THF,)O. OThAemmebh¢ctDofOlmeguuwve was
by the dropwi se a-diotmioosBementyhyal soxé¢muanen( 462 30L,
equiv) in dry degassed THF (7 mL). The reacti
in @arke$ts solution containing a white precip

purification.

2Benzot hi ophenyl| ma/A5nBeCo nupno ABn3d@mi doer epar ed accor
modi fied | it éToataundeo ivperaio c2e5d untLe .Schl enk fl ask ("
a stir barwasunaddededN benzothiophene (1.073 g, 8

(13 mL). The resulti8ndg mBulLut i(Bn 2wk o od b lae d2 .5

hexanes, 8 mmol , 1.0 equiv) was added dropwi
warming to 0 UC. I n a sekpaB"a)t ee Wi ppLe dS cvhil tem ka
nitrogen, was added magnesium bromide et hyl e
degassed THF (14 mL) . The cold contents of FI

reaction mixtubl€ wasi btalrlredoht d@3were dissol

solution that was wused without further purifi

Benzyl magnes{A6hThbr amddeed 25 mL Schlenk fl ask
bar, gndwars MMdded freshly crushed magnesi um t
dry degassed THF (6.0 mL), and BMsobsabubwpnl ahuff
0.04 mmol , 0.01 equiv). The resulting mixture

addition of benzyl bromide (4750L, 4 mmol, 1. (



116
mi xture was heated to reflux for 3 h, resul ti

white crystals. This mixture was used without

A3Suzuki-CdCupmlsisngs with Pd/ | Pr

Gener al Procedur es

GGCScale RE€Ehetspasified sol i-Misy auerqauirreac tiinon

added-dtr@amar®action vi al in order of increasin
and free |Iligand) or precatalyst, thk, shbeeqtie)
aryl boronic acid (0.08 mmol, 1.0 equiv), pota

bar. Liquid -meagenes wWwgreypirege and added in
or -di,cdxane ( OM)3 2v-imiaL ,4 yOr.i 2n53 e , »-sf pod rl goende dd ebiyo nN z e d

5L syringe. Note: dihalopyridine substrates

septum cap eqeiingmed amidt ouamgad si ng-dmaendIr @ awad $ O
vi al and the headsdp5a cee cwoansd ss.p aWigtehd cfoonrt i3n0u o u s
unscrewed from the septum cap and Il-owee@&dcajmi

Theactei on was stirred vigor otuhsd ys paetc itfhiee ds pdeucri af

ScalUpdReactions f ofr ePa atfdByis nldsgonlyd t)iPodn( | Pr )

mg , 0.012 mmol , 3.0 malradam wasal wdiod Heedvednthy &
applicadilcehl 02,0pyridin€ejchlgluomopy miedazorne3d, 50. 4
aryl boronic acid (0. 4 ammmln,atl., 0 aencdu iav )s,t i po thaasr

prreeasured by syringe and added in gM) cKki s ua C ¢
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I-mL syringe dJAdsoplalrgvead dey oM i ©Oéd owll2 &y rviinag ea 11 0n0
where the substrate was a |l iquid, the substra
equi v). A septumxagasqanppedtwiatsisi ag-ddeamd| e
reaction vi al and thé5msaeatones waWwi tsipacgedi nowo

was unscrewed from the septum cap andl il oewveker ed

cap. Tthieo nr ensacs sstliyy raetd tvhegospeaici fi ed temperat.
The cap was removed, the reaction mixture was
ofCel.i tTehe reaction outcome was assessed by GC

by GC). The mixture was purified by flash col

specified conditions, and the product was dr.i
Conditpomas i um carbonate (221.1 mg, 1.6 mmo
13.8 mmol, 34.6 equiv), THF, 60 AC.
Conditpotnas 8. um carbonate (165.8 mg, 1.2 mmo
5.53 mmol, 13.8 equiv), THF, 25 AC.
Condi tpotnas £i:um carbonate (165.8 mg, 1.2 mmo

5.53 mmol, 13.8 equiv), benzene, 25 AC.
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Optimization (Table 1)
TabAl®©pti mi zat i-Denl eocft it-theey Az a Kk Coup l?i ng wi
entry trial NHC base solvent additive (equiv) 1a(%) 1b (%) 1c(%) 1la:1b
1 1 SIPr KF THF - 4 35 4 1:8.8
2 2 SIPr KF THF - 5 44 5 1:8.8
3 Average SIPr KF THF -- 5 39 5 1:7.8
4 1 SIPr  KxCOs THF - 7.4 67.7 9.1 1:91
5 2 SIPr  KxCOs THF - 6.2 63.0 10.3 1:10.1
6 Average SIPr K,COs THF -- 6.8 65.4 9.7 1:9.6
7 1 IPr K:COs  THF - 6 69 8 1:115
8 2 IPr K:COs  THF - 7 68 7 1:9.7
9 Average IPr KoCOs  THF -- 7 69 8 1:9.9
10 1 IPr KoCO;  GeHs - 8 69 6.0 1:8.6
11 2 IPr K2CO;  GeHs - 8 70 6.4 1:8.8
12 Average IPr KoCOs  CeHse = 8 70 6.2 1:838
13 1 IPr K2COs PhCHz3 - 8 75 4 1:94
14 2 IPr K2.COs; PhCH3 - 8 72 4 1:9.0
15 Average IPr K2CO; PhCHs -- 8 74 4 1:9.2
16 1 IPr K:COs DMF - 8 46 17 1:58
17 2 IPr K.CO; DMF - 8 48 14 1:5.9
18 Average IPr KoCO; DMF = 8 47 15 1:59
19 1 IPr K2CO3 P& - 9 43 16 1:48
20 2 IPr K2COs PC - 9 46 18 1:5.1
21  Average IPr K2COs PC -- 9 45 17 1:5.0
22¢ 1 - KoCO;  CeHs - 2 <1 n.d. -
23¢ 2 - KoCO;  GeHs - 1 <1 n.d. -
24¢  Average -- K2COs  CgHs -- 2 <1 n.d. --
25d 1 - K:COs  THF - 2 1 n.d. -
264 2 - KoCO;  THF - 1 <1 n.d. -
274 Average -- KoCOs  THF -- 1 <1 n.d. --
28 1 SIPr  KxCOs  GCgHe - 9 61 8 1:6.8
29 2 SIPr  K2COs  CsHs - 9 66 7 1:7.3
30 Average SIPr KyCO;s GCgHse - 9 64 8 1:71
31 1 SIMes KxCO3  GCsHe - 21 30 3 1:14
32 2 SIMes K.CO; GCsHe - 27 39 3 1:14
33 Average SIMes K;CO; CgHse - 24 35 3 1:15
34 1 IMes KxCOs  GCgHe - 21 35 3 1:1.6
35 2 IMes K2COs  CsHs - 24 44 3 1:1.7
36 Average IMes KyCOs GCgHs -- 23 40 3 1:1.7
37 1 SIMix  K2COs  CeHs - 8 36 2 1:45
38 2 SIMix  KCO;  CgHs - 8 31 2 1:39
39 Average SIMix KyCO; GCsHs -- 8 34 2 1:43
40 1 IPent KxCOs CsHse - 1 31 21 1:31
41 2 IPent K2CO:; GCsHe - 1 37 24 1:37
42  Average IPent KyCO; GCeHe -- 1 34 23 1:34
43 1 IPr KoCO;  THF NBu4Br (1) <1 3 n.d. -
44 2 IPr KoCO;  THF NBu4Br (1) 1 4 n.d. -

t h

Pd/



TableAl Continued

45
46
47
48
49
50
51
52
53
54
55
56f
57
58f

Average

1
2

Average

1
2

Average

1
2

Average

1
1
1
1

IPr
IPr
IPr
IPr
IPr
IPr
IPr
IPr
IPr
IPr
IPr
IPr
IPr
IPr

K2COs
K2COs
K2COs
K2COs
K2COs
K2COs
K2COs
K2COs
K2COs
K2COs
K2COs
K2COs
K2COs
KoCOs

THF
THF
THF
THF
THF
THF
THF
THF
THF
THF

dioxane
dioxane
toluene
toluene

119

NBu4Br (1)
NBu4Br (3)
NBu4Br (3)
NBu4Br (3)
NBu4Cl (3)
NBu4CI (3)
NBu4Cl (3)
NBu4OH (3)¢
NBu4OH (3)e
NBu4OH (3)¢

<1
<1
<1
<1
<1
<1
<1
1
1
1
6.7
2.8
8.8
8.5

77.1

N N N AN =W VI VI N8

43.0
78.2
44.6

n.d. --
n.d. --
n.d. --
n.d. --
n.d. --
n.d. --
n.d. --
n.d. --
n.d. --
n.d. --
7.6 1:12
25.4 1:15
4.8 1:9
15.4 1:5

aReactions were conducted according to the General Procedure for GCscale reactions. GC yields
calibrated against undecane as an internal standard. Calculated yield values were rounded to the nearest
integer. Entries reported as <1 indicate a calibrated GC yield les than 0.5%; nd = not detected. PPC =
propylene carbonate.cNo NHC ligand; Pd source was fi3-1-tBu-indenyl) (mCl)2Pd. (1.5 mol %).9No NHC
solution i
aqueous solution, 3 equiv) added; no additional water added to the reaction. fReaction was conducted at
100 °C.

ligand; Pd source was PdCl (3 mol %). eNBusOH wa s
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dri ed ati midli NIl ed gl ovebox. The vial was seal e
the glovebtbioghl andpréd diLne 3( mmol, 1 equiv), de
mmo | , 7 eqwiwx,anaendl2, nL) were added through

allowed to stir at 70 UC for 19 hw#= Pursiof ii ma t2i0
et hyl acetat e liams hawhaimtfeds )s oyliied d(e5d0 4 mg, 76 % vyi

consistent WwWitth the literature.

2Ch | el{ @gnet hoxyphenyl )Qoympiodiibwlas (pb¢e¢pared accord
gener al procedure usdiobl €padytidnseB(4dd2 208,
with stirring for 16.5 hrmeTh rusdaensheopxayr paht een yrlebaoct

acid (60.8 mMegu@pmgt mnoreyphényl boronic acid pin

mmol , 1. (@bmedqhiox)y phemyl boronic acid neopentyl
equi v) . Purification Ppyohl ash=i cOal2®mhi n¢ hlr0o%naa co
hexanes)lhmnaodviodder i solated side products as

br own di spBéohaxyphmhenyl boroni c acid met hod:
met hoxyphenyl boronic acid pinacol ester metho
lc 15.2 mg,pme8%oxyeheényl boronic aci d5bedpegty
63% yield; dianyl dt0ed snigd &9 poNd(@®eidd MHZ i) CDCI
8.36 &d& Hz, -711) (m;. &H)=, 17 H48 (&)= 67,  35. I dHiz ,
7.6198 (m, 2H), 3.85 (s, 3H). Speld2gbdils(dat a

met hoxyphenlyl*H pNMRE®iION MHE U ) CDEE) &5 2( Hz, 1H), 8.
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2H), 7.83 (s, 1H)J %=.B5 1m4 HHPLIRMAGT (@dle pe

3.88 (coincidentally overlapping singl'édts, 6H

Lar ¢gecral e Prepar @b mddwaostl prbepared according to
using Conditi-dnehlBrwpyhi & ,Me (216 OLp- 2.0
met hoxyphenyl boronic acid (303.9 mg, 2.0 mmol
by flash column chrBmabDogBPaphyl0f acktdbhegeh
as a white solid with slight yell ow discolor

consistent WwWi’th the literature.

4-(Zhl epyri dinyl ) benZLalmepe dopwiees (plbegpared accord
gener al procedure-disihhgrOpiydi di mres (B3.2, L, 0
formyl phenyl boronic acid (60.0 mg, 0.4 mmol ,
flash col umn chr cdRrat0.g22a pihry 1oh% sa ddtceammes ian he
white solid (3%8. 8MRg/(509%Nyize B@ODAHH) (J B. 28 (d,
Hz, 1H}.98.0m,-7.2H§ ,( W5 7BMHE,5 7THz, 18)5. 27,. 416. 5 dHiz
1H). Spectral data ar é%The a®ihsotnearnrty | eMdtada gi s o mle
i solated as a minor producdH NMRI 6®%0 @ uMBzy CDC
10.9 (s, N1 ,3 $Hz6481HY5 (8n,-TRH9 , (@, 0AHE.,8 7THA,8 (
1H), 7J 32 8(,ddb,. 3 Hz, 1H) . Thelaonmaisn oarl spor o dsuocl ta toefc
7% yile | NMMR (600 sNMiBz, 5@DAIM)( 10. 13 FsQ HH) , 1)
8.8624 (mOB2MHY , (MBul tipl-2. peakm, BH)s 67. 5B 0( Ht

1H) .
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2Chl e & i nyl phenyl )Qoympiodubandes (porbe)p.ar ed accor di ng¢
procedure usi ngdiCeohnldoirtoipoynrsi dB,ne2 (43. 2 ®©L, 0. ¢
vinyl phenyl boronic acid (60.0 mg, 0.4 mmol , 1
fl ash column c¢chr ddmat0a rlapmy 20 % ialciedbalmnge ann h e
ofwhite solid (5%H WNMRg, 6®D%Mbize IBINED 2( Hz, 1H)
7.8655 (m,-72H9, ( mulbtligp Isa gmwad rsl, d pggH)ZYy H2z.,391 H)d,
(ddl ,=7 .6, 10.9 Hz}=718) Hz5. 88)¢d% . B {H{HHNMR

(126 MHz,,0) DT 3, 151. 0, 16Wo0l1lsi dB8&lL 4, and85.c9d
overl apping), 127. 2, 127.1,-TQR)1. m/ z:12pMR+ Ca

CtH:€I N 215.0502; Found 215.04922.

4-(Zhl epyri dinyl)beGazomotGiwéd $ eprié&pagred accordi n
procedure usi ngdiCeohnldoirtoipoynrsi dB,ne2 (43.2 @@L, 0.
cyanophenyl boronic acid (58.8 mg, 0.4 mmol, 1
flash column chr oRmatO.glr% pihry 1oh% saddtc@mees ian he
white crystalline $SHINMR ((6600.03 sNhpz,, FOOREEIQ( &z d) ;
1H) ,- 77778 (M, 7T2H), (m2 QH)E,17HB, 1H)S5. 72, 42. {(dHzZ
1H). The spectral data!dhe-mdrosniastyd rt6é avai sti hs otnre
i solated as a minor producH NMRI 6®%0 0 uMBizy CDC(
8.63 &d2 Hz, -81H)0, (8, TF12HF , ( Mul7Bi pl e overl appit

(dd 5= 2, 1.8 Hz, 1H) . TheA6miarso ral psroo d uscotl aa fe dd i(e
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yi eHdNMR (600 sNiHz, BECDBI O( Hz, -81H)8, (81,12 H), 7.9

7.8379 (multiple overl dpsih,g k.i3nkd,s,1HWHH), 7.

4-(Zhl epyri dinyl ) benzoi c Caocmpdoumedtsh yplr eepsatreerd (a7chc
to the gener al procediucgtel arrsao mygr iChinrde t ([ 93n.s2 BOL,
anm met hoxycarbonyl )phenyl boronic acid (72.0
h . Purification by flashRzsobOumlh4 ©chr 6Macgt aple
provillheda white microcrystalHiMMR s(©60@ N2, 8C
G): BJ M3 9( Hz, 1H), 8.13841@m( mM2HRH) 7. #366s, I

Hz, 1HQ)s, 33M8)3. Spectral datal'®are consistent wi

2Chl ei{ @ hl orophenyl| Compol3dlwade pB8bpared accordin
procedure usi ngdiCeohnldoirtoipoynrsi dB,ne2 (43.2 @@L, 0.
chl orophenyl boronic acid (62.5 mg, 0.4 mmol,
flash column chr oRato6glaphyn &/ JHIFi aan (hexane
separ atBibfomono f tmhoeno@2 yl at ed i somer . Coeluted f
evaporative crystallizat ingnbhad r amh iatcde t Dnlei da n(d5
66% ylHe INMR. (500 NIz, BCDRERI2( Hz, -71H)2, (M, 5RH), 7
J 1.6 Hz-7.24H) (m7. 2HY», 27. 386 (HA, 1H). Spectral

the | ilterature.

2Chl e @i t rophenyl )Qoympi odiibamndes (pOrbe)par ed accor di n¢

procedure (except on the 1.-d0i cnhnioolr ospcyarlied)i nues i (Nl
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mmol , 1. Omreiqui ephamgyl boronic acid (166.9 mg,
16 h. Purification by f | aRs=h 0c.024u mnn clhOr% naacteot gorn:
prov9bhesd a white crystalline soll6ild ACL 5[6ur7c onmgr,e
measured agai nsil7eAZ)NIMR 4 60D NBZ3 BEABE. 7,

0.5 Hz, 1H)} 8, 48. 8ddz,J BHYP, 8.33 QEdO®dH=z=, 1H)
8.0, 1.9, 0.9J18z,0,118).,0 HzI11KHd, 07 .8 OHzJd dd,H) ,
5.2, 1.8CM3, NMR) (1263MHz, 1EDPCY, 150.7, 149. 1,
130.6, 124.4, 122.3, -IQR)2m/ 420 MhLH/EIRMS c d E S b

234.0196; Found 234.0193.

2Ch | e dnet HyHp y r adzyd|l) pyr i dCaomp dll0tda)s . prepared acc
to the gener al procedure using Conditions B,

75 AC, awdcwiwohopys4idine (43.2 -Mdt,HHH.y4 ammo | ,

4yl )boronic acid (75.5 mg, 0.6 mmol, 1.5 equi\
flash column chromatography wusiagumt islt el utriaaod
t hem@Boaryl adAk@a B8 tna o 0Chuinnt iGH 4l0,bbt 5 % nmetfhanol
CHChunt i | el ution ofAlDO@e adiuarsy li amt e0d Z@h%0 dn@@ th a n
monoaryl aAledda i0s dmem oCadr y | aXt G 0i.s3o0lme rd i aAlylcat ed
= 0.09)10Wasodiuscal atwvedt assahi df { 542 NwvR, (6B0%W yYMHel
CDGIi): B) 57 3( Hz, 1H), 7.80 (9,=1H)Hz,7.TR) (s7.
J 5.3, 1.3 Hz, MHYMR 3( PN0 (MiEZ)3 HDBUS4ABH)(,J 8530 (

5.3, 0.6 Hz), 0-:1@) Hz8. 1M)(=d¥, 7Q. §dHzJ %.HY, 17..57
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Hz, 1H), 3.88 (s, 3H). SpecttitThed®dhao nareg | adre:
i soméNa@s i solated as a minor pr odHicNMR n( 5 0oOw
MHz, £D)Cl &J 452 4 Hz, 1H), 7.93 (sl E1B) Hz7.49H)
7.10J (%.d4, 1.9 Hz, 1H), 3.95 (s, Al .warsh ealm m
i solated (9HmMHYMROUWS Q9D esNiHY, BAIP®&L I, 0.7 Hz, 1H)
1H), 7.95 (Fk,0=.0/H) ,1H) 877 (0d6J (1s.,7,1H).,7 7Hz50 1(H)d,

J 5.2, 1.7 Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H)

2Ch| e{ @net hoxy@B-henybpyridomepol(ldals) .prepared acc
to the gener al proce-duc &83nastoynegi dComed i (t 74 o.nX rAg ,
1.0 egpmet)ha@axygphenyl boronic acid (60.8 mg, 0. :
Purification by flash col u-hb %c hrc e na tRe=f lDa Rkbn e 6
in 10% acetone illdbexnamc®sporpreesi cdegstalline s
wi tetvi dence of Vel NPMR $mpwsi the(e is a-6% im
monoaryl aflelYa, i smm@d AC [uncorrected, measur ed
113 MCINIMR (500 3MBlz, BLBEOI1L( Hz, -718)3, (Mmu3 G iple pe
6.6997 (m, 2HFECLHI. NMR( §,1 2BH)MHz , 1E€EDCH, t Hi5H . 0,
small quaternary peak was selected from among
|l abs simul ated spectrum) ,151404, . 35,5.154.-Z HBR)M Sin 2 9E: S2

[ M] + Cabi@l ME864C0302; Found 264.0298.

2Ch| e dnet hoxy 8-pgnyd) necar b@ComimproitiBdaé¢ 1l dDblepar ec

according to the general-dpcoZceydaprnos | Ws inreg (G®n @
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0.4 mmol , 1 p-ne tehgouxiyvp)h eanryd bor oni ¢ acid (60.8 n
stirring for 12 h. Purification Rp=y O0f.12als hi nc ol Q
acetone in héefédses)coprovieses crystallli NMRsOI i
(500 MHziy) CDEJI 52 3( Hz, -711)7, (7, 6 @ H5r.,3 7HZz3,6- 1(H),,
7.04 (m, 2H), 3.88 (s, 3H). Sptérchter ari ndoat g raordeu
di ar yAladaaosn gl so isolatkd 0418 img, 10% gH et dne
NMR (600 MHZ2, @D 1( Hz, -7119)0, (M, I LHY , ( @, 62H) ,

(d,5 1 Hz,-71H4, (MudTiple peaks, 4H), 3.89 (coi

2Ch | e{ @net hoxy 8-pgnyld) necar boxalCd ep yp dleddbwals3 b)) .

prepared according t o t he gener adi c lp3r orce d u |
pyridinecarboxal dehyde ( 7pdme4 hrmog,y pth.ehq yrhrbmlr,o nli .c
mg, 0.4 mmol , 1.0 equiv) with stirring for 12
Ssili Re Pel21( in 10% acetdRBdsia hekbhowspoprdvi:
yi elHd ) NMR (600 sMHz, ®ODAIH) (J 8. 49H)ed, I 33. I d,

Hz, 1H}.26.Q®,-72MH0, (M, 02HFELHI. ANMR( ,1 2BHMHz, C
) : 190.3, 161.0, 154.4, 151.5, HRE3. (1ESEBQ. 8,
m/ z: [ M] + 18601 cNd2 4f7010 40 O Foundm@ddnaBygbat dadei
Al3was isolated as a minor prod¥ctNMRn (I60W PMiHiz
CDGII): 9, 9TH),J &. 85 Hzd ,-7L H)9, (7,5 1IH%, 3 7H38 (H)

7.09302 (3,88 H)s, 3H).
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2Ch | e{det hoxy@Bpgnyd) namCommep qliddita)s. prepared acc
to the gener al pr oc-adu-beHiushidnogrioGomei (i6&6&n g,
1.0 egpmethaxnyphenyl boronic acid (60. 818ng5 0. ¢
h . Purification by fl ash &ol uWmn 2c hrno n2a5t% gertahpyh
hexanes) 1¢phsviadewhi te crystalline solid AG6. 7
[ uncorrected, measurdd 3a¢iC)NIMR (b5e0n0z gMiFcz |, a £Q H®I (
(dl, 4.8 Hz.,3M@H)5 (M, 62H3, (m, 0AHE, 86HB5 (H), 4.1
2H), 3. 88B{H}s NMRH)(.1263MHz,1EDCY, 138.1, 137.6,
128.7, 124.2, 114.-TOF)55n/%.. HRNB.CICBSI28@f 05 6 @C;
Found 234. onbobn7o.a rTyh ea Ale&maiss dmserl ated as a minor
13% ytHe INMR. (500 sNiHz, COBRI2( Hz, -711K8)9, (M,62H), 7
J 5 2 Hz, -71HW)0, (M, 02H), 4.23 (borsprd2aHuct 3086d
Al4was al so isolatetd (NIMR. T 5@, sNMB4% BTk @) Hz ,

1H),-77668 (m,-7 243 ,( Mm.-ABH) , ( Mulotdi pl e Jpé&aBs Hz4H)

1H), 3.90 (br s, 2H), 3.864 (s, 3H), 3.859 (s

2Ch | el{ @net hoxydmennwly) pyri dComp oulltebwh s prepar e
according to the gener al-dpc o®needtohryel puysriindgi nCeo n(de
0.4 mmol , 1 p-nPe tehgouxiyvp)h eanryd bor oni ¢ acid (60.8 n
stirrli8.gs fhoor Puri fication by fl aRh ©Cconl G§%nacéat c
in hexanes) resulted -monparyli alteguirsdmerati Ome ¢

coeluted monoarylated isomers and diaryl ated
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the same ellb#was. eRtodoted from the silica gel
remailbibngcti ons obtained from fl ashwtltiotl @ mno lciha
(49.9 mg, b 3NMRy i(e50d0) sMHz, S8CR®HYX, 24. 26, 2H), 7
1H),-67980 (m, 2H), 3. 8&%¢H),NBRH)( 1L RBHZA,s. EBCEH),.
152. 1, 150. 9, 149. 2, 130. 3, 129.91;TOF)9 .n8 7z,: 1
[ M] + Cahid:i €l N®r 2833 . 06 0076;0 3F.0 uTnhde 2n8i3n.or ArXDaduct
was also isolatedH (RMR 8( 5MyQ M2 SCHERIHYX, 94. 96
( m, 2H) , 7. 52 3Qs,(mMlHAXHT7 (&HBIOWLiIi pl e peaks, 4H) ,

3H), 2.30 (s, 3H).

6-Chl el @gnet hoxy@Bpgnyd) namCmmap qliGéta)s. prepared acc
to the gener al pr oc-atu-2 el ushil nog ooyrrdidtiincen s( 7@3,. 2
1.2 eqpme) haxyphenyl boronic acid (60.8 mg, O.
h . Purification was performed by reversed pha
silica col umn, using an initial aut oman eaf pr ¢
water:acetonitrile (98Bufheso Whéd)t besepr 0uctbol
program was paused and-5r3ém eMte CtINo | enl wtaeg etrhe Adnh |
initial program was resumed6lc b kutC4d nwintohar ¥
monoaryl aAlebdat i-58B@meMe CN. Fr acl 6Jupenrse cpoanrttaiitniionnge d
dichl oromet hane and saturated brine. The or |
magnesium sul fate and solvent was removed und

protduicsomees . pkuirti cati on attempts wk6GWasunsuc:
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obtained as a rust colored solid in B4BMRuUTr it
(400 MHz{y) :C6M.65BHY, 06. 58, 2H), 66.790 ((Ms, 2HH) , 3
3H), 2.88¢Efb)r NMMR 2(H)OO UMHz ,16@M6 06, 141.5, 139.9,
124.6, 125.3, 115.1, 55.2. HMROMSN (2E334 .+05 6n0/;z : F o

234. 0562

2 -5 c h-4-po4met hoxyphenyl ) @oymp ali Tnlska s( 1p7rbe)p.ar ed acco
the general procedurter iucshilnogr oQoynrdidtiinoen s( 7G,. 02 ,ndg
angmet hoxyphenyl boronic acid (60.8 mg, 0.4 m
Purification was performed by reversed phase f
col umn, usi ng an I ni tial aut omated podgr am
water: met hanol (98:2 to O0:10p)oodwvetr HOgaxm!| @lmu
program was paused and 6@%eMe Ol ieh uwat ¢ h.e Afnta
the initial program was resumed. The C4 monoa
containi hbgbweredpuantti ti oned between et hyl acet
| ayers were combined and dried over magnesium
pressure adwhonei sgland ¢f4%. BMRg ( 5 adgaMK:z 3,.68)6 (
1H) ,-76 24 2H), 6.8&. Ak, (rmH)2HBELH. NMR( 5,1 50H)MH 2
CDs,i) : 160.5, 149.9, 149.51, 149ppie., HRBMS 2(EZI12

m/ z: [ M] +:1HLCHENO 5f30r00@1; Found 253.0073.

6-Chl e{ dnet hoxy#pbgnyld) namCommp Li88a)s. prepared acc

to the gener al pr oc-adu-# ebiushdnogrioGomei (i66&n2 g,
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1.0 egpmethaxnyphenyl boronic acid (60.8 mg, 0. ¢
h . Purification by fl ash d&ol wWOmn2 2c hirno n2a5t% gertahpyhl
hexanes)l &&rsova deeadl orl ess crystalline solid wi.t
48% yield)72 Mg Jahcorrected, medd@r édC)NMRa i n st
(500 MHzi{) COTHMEL 2H), 6.96 J(Mt, 32HY, 6HBPH 36d53
Hz, 1H), 4.61 3(H}Es), NMR , ( 132 B5MHz,, 1 €OC8, 158. &
150. 2, 130. 0, 128. 2, 114. 6, 111. 5, 103. 8, 5 ¢
CiHhiCIoD 234. 0560 FounmorRd8ar YWI5SdbAMle8adiseo igedrl at e d
mi nor PRr=0dou.ct0 (in 25% et hyl acet atte NMR h(e50an e
MHz, £D)CI -77..8868 (2 H) ,J 7=. ®3 H(zd ,-61 19)5, (6n,9 R HEF.,5 6. 40
Hz, 1H), 4.57 (br s, 2H), 3.85 (s, 3H)XC}) The c
to elute the AMBariysd alt ®tde PR AlcOR pur i2t5¥ (€t hyl
hexanes; 19. 7Hm@NMR< I &M 0y3NHIzd-Yy7.CHIAI (2 H)Y7,. 577. § 0m,

2H), W. 223 (Hz, -611)6, (MudaH)p,l ed.pl&XkGHz, 1H), 4. ¢

2H), 3.859 (s, 3H), 3.856 (s, 3H).

2Ch | el{ @net hoxyphenyl ) gampol9wes (plr9éhpar ed accor i
general procedure using Condditdhlnosr cBgapirmmad .iZh €
mg, 3.0 mmol pmdt oeyphenyhlbdronic acid (455.9
stirring for 19 h. The product mixCal, ketaemmas di
sol wast removed under reduced press®ovei fasatdes
met hddelcconcentr aitsesdo Irveesd diune ewacsesds acetone i1

was added wuntil the solution appeared to beco
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solution from the flaskiintnewced ystt yasd tsa lwleir za tcic
crops, separated from sol venlt9pd4ebmd ngr,i e5d6 % ny i

Purificati®me medrmomant2rrated residue was puri fi

col umn wusi ng *d0ap agcriatsys esoi G ei iceag &(l Mat)er iallsi rmend
gradi e2n0t% oafc ezt one i n hexanes over 12 coRumn vc
= 0.60 1in 10% acetone iimdilexaende sc e a®@ t- aCoda | yd
monoaryl atAd Qanlddpbme heweéver, | ardefbcomed!| €slse ct i
within the fractions and were collected in t wc
190403.2 mg, 50U 4iARCdDuyunaempr &t ed, meddidred a
ACYH .NMR (500 3Mbz, BCMmBI4( Hz, 1IHP, 47HQ3 (L#), 7.°
J 8.4, 7.DH),1.B.JH&E, 6ddd, 0, 7143 Itkh),, 2H)46 7. 32
7.05 (m, 2HYEC{HB.BMR(61284iMHz,1&&D.C4, 151.5, 150
130. 5, 129. 15, 129. 12, 126. 9, 12-80Kk) h25:. 9] MLL

Cal cdi1fi®IrN@ 269. 0607 ; Found 269. 0606 .

2 -8i c hUpo4met hoxyphenyl ) goampo2ihlWwes (Rr0bpar ed acco
the gener al procedur-eriucshingr cCpowmidndliiomes (C10 22.,3
equi vppmearmdbxyphenyl boronic acid (60.8 mg, 0.4
The product was purified by reversed phase f|
column, using an initial automatodd wanegr ameutoi
(98: 2 to 5:95) oveen 3t0Oh ec opl ruondnu cvto | buengeasn. eWhut i ng
and reset to el Q%weMeBHN Bnalvgt er at Abtler t he el i

resumed. The C4 mhbblautyd dat e dee7g loMleu@N, 64but t h
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monoaryl aA2e0danids a-heea Ry 4atAdDxcpbedgaoaently coel ut
ot her . Fract2iOmesecpatai hinged between et hyl a
organic | ayers were combined and dried over
furni20isng@ white soli dH(NBERO( Q) 8B 2 FEBGI ) .
=1.8, 1.4 Hz) FH), 7. B4AAA01LKmul 7i $8e peaks,
7.087.05 (m, 2%H{H} RBRMBR26 (MMHzBHELDC6O0.6, 152. 1,
133. 1, 130. 9, 130. 6, 128. 9, 127. 5TOR)2 6m/7z : 1[2M].
Cal cd:6iGINOC303. 0218; Found 303A202hA2 Owlehree mi n
further puripfhiasdk )by | @sdr mall u+BmM %c rcematneg ri anp hhy
The-mdhoar yl aA2e0daaiss omerl ated as a minor produc:

i elHdNMR (500 3NNz ,-88CHX3l 2 H) , J8818, (Hd3 Hz, 1H)

<

1H), 7J87% 5,dl.3 Hz,J &H®, 77548HzpQpddlm, 2HO7 3

w

H) . The minodi pryd@adtwiacn al 29 4i sol ated in | ow
yi elHd )NMR (500 3MHz,-88CHBIDI (2 H)7,. 871. 8§3mul t i pl-e peak
7.46 (m, 2H) 47. I3 5(dHAMx,071HM,-72HHP9( M, 0OZH), 3.9

3.89 (s, 3H).

2Ch| e{ et hoxydhm@aghi) hyri diCoenp  Rrldwa.s prepar ec

according to the gener al procedure us3i{mMg 8Cond
mg, 0.012 mmol, 3.0 3nbol2)4 WlaasGambedyrndt ead( 396
mmo | , 1. Opregtuh vy mmaelny |l boronic acid (60.8 mg,

for 12 h. Purification by fIR=s hO0.c®® upnynr iZdhirnoem ai

hexanes)2 lgrso vai dvehd t eg ,s 06l 7i YetHy(iINé@Rd1( 670 0 3NIRfz, 9CD@I
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(ddl ,4&. 3, 1.7 HzJ &.18),, 18.728Hz(Qd&4, 8),, 47 .34 2Az(3d7dl,H) ,
(multiple peak3,(mH)2HY{0%. BBIR( 615 3HMH:z, 1 &D.CT,
156.1, 154.0, 153.7, 152.3, 135.6, 130.8, 127.

ESI +) m/z: [NH@gl a2@. 0 60;C Found 270.0567.

3Chl ecf( @dnet hoxy@pbbaewnl) pyri daCoimpeo 2@®WRabs) . prepar ec
according to the gener al -dprcod-podreon ¢ | pywARiIRda ZCioma
135.0 mg, O0. 6 npmelt,holx.yH heeqnwilw)oraomnd ¢ aci d (60.
with stirring@2fvas PpRArhfi Pdodoncan automated co
capacity silica40%® d4cereanegradhexanek= &v.e3r6 11
in 20% acetone RPAwWdhasxianelsdted®PrasuatwhiiHe sol i
NMR (500 MHiz),: ®@DCURHY, 33. 840,-73H3 , (M, AB3G) , (M, O:
2H) , 66 767 (m, 2HY)ELHI. NMR( {1 2BH)MHz, LEOCB, 157.C
140.5, 137.7, 133.4, 130.9, 1291 7TORAR8mM/MOz: 1[2M].
CalcdiHh©Ir-DNC296. 0716, Found 296. 0706 A2 Zdaes mi no
also isolated in | owRkpul.ity i(rn020ad% mald e kkFRe vYii re
(500 MHz(§g) CBX.I 115HY(, 28 . @ B,-7 .2HY) ,( M,-7231H) , ( id,- 0BH) ,

6.91 (m,6.2Hy ,( Bul7t9i pl e peaks, 4H), 3.782 (s,

3Chl eof( @net hoxy @ghdnyley i dinyl ) py Ciodanbun3deébwa(s23b) .
prepared according to the gener al procedure u:
of 60 Ad,i cvhidfolriopeB-pgr ndAy3 ne2 .(8 mg, 0.4 mmol

p-met hoxyphenyl boronic acid (60.8 mg, 0.4 mmol

yields were comparabl e when the23®kaxtp wmi fwiaed
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an automated col umnc aupsacnigt yl Os iglriacmesd Oo&b bhii Bgeha n e |
in hexanes over 11 2Zddédluurine dv oa futneers 1(3a | ctohlouungnh v o
of 40 Mm=/ mMi.1( in 20% acet ohdsi nabhreedanes) j dp(
mg, 32 %HyNMRdY 500 sMiHz, SCOX®HY, 28. 28,6 2H§ , ( M, O
2H), 3.85 -2(.9,7 3(HY),;1 42HF9,9 1,-152H9 , (ELHBHNMR (126
MHz , £l 159. 8, 1588057, 142634, 142603, 1114. 4,

HRMS (H®F)Qm/ z: [ MH+E€IGR|XW3 .f1or38 Found 303. 1:

3Chl éecf( @dnet hoxyphenyl ) pRriidrazti met @ 4h¥ awctoipym, da

(purchased as a reddish brown solid) was pur.
a sintered funnel; the f il tr adtiec hwaosr ocpoynrciednatzriant
mat eraa a white sol i d 2(4M0% rpe ceopvae reyd) .a cCoonnpda unr

procedure using Ceancdihtliooams yA,i dpauzriinfei e ds 93.,65 mg,
p-met hoxyphenyl6b0or8o migc &ci4dd mmol, 1.0 equiv) wi
fl ash column chr onmat o@.r2a%dp hiyn oIn5 % id dectad4ges|i n h e
a white crystallibmnewsoldidcwi bhami oar (9678 dA8C mg,
[uncorrected, measurdd7ad€)NMR (behk gNRz ,a 8C BAI(
(d, 1= 5 Hz, -71HB)4, (Mud5iplel ¥eakHz,3RH) L8R BO( d,s
NMR (151 MH2,. damal. 9, 157.,2,12%.80,5,1 2BIRMY , 1 1152.8

(ESITOB) m/ z: [ MHE| Mal2@d . 0at03C Found 220. 0403,
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2 -Bli-(s4qnet hoxy®bhenyF) uor ome(AhS5d)C.pmp 0 dA3dewa s

prepared according t o t he gener adi c pdr @rce d u |
(trifluoromethyl )pyridinepnmetéh odx ynpgh e y. 14b arrmoor i, ¢
(60. 8 mg , 0. 4 mmo | 1.0 equi v) wi t h stirri
chromat ogr aRp=h y0 .03n4 siinl i7c% a(c et A& ®asi na hwehxi at nee sc)r yps
solid (61.8 mg;9843A% Jiuelcd)r;r eropg e®¥5 mea-sbited ac
ACYH .NMR (500 3Nz ,-88C@BR| (2 H) ,J 7=. B6 H@Ezd, WHY=, 37. 70
Hz, 1H}J.64.6mM,-72H0, ( Mulotti pl e peaks, ¥HM} 3. 88
NMR (126 MHz),: aodal. 2, 161. 19,)cri 58319 HZD, 41304
128.7, 128cr5,202250H%),Jcd&lR..4, HEz)5. 511(4g.,8, 114

1E NMR (471 3Mpi&8. €DCI

2Chl e{ @henoxy3pgnyt)necar b@€ComimproiBladat 3 pblepar ec
according to the gener al procedur ediucsh3dnagr oCon
cyanopyridine (173.0 pmhernoXy ppmmondy | HomMoriqaui aqgi
mmol , 1.0 equiv) with stirring for 19 h. Puri
(R= 0.26 in 10% acet3%Ndes ian whhe xtaen esso)l i ptd o(NIVERBe dng ,
(500 MHzy{) CRE) 52 2( Hz5 B1LB)6, (8n,-7 .23H7) ,( Muldtli pl e pe

7.2017 (m,-7.1H9 ,( rAullt2i pl e peaks, 4H). Speictral

Di scussion About Mass Bal ance

The moderate isol aBedgwmdlrcdd |iend Somemeé i D ns

due to a combination of factors: (1) unreactec
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and (3) materi al |l oss during purification of
partial coelution of regioisomers.
I n sever al examples above, we report isol a
the diarylated regioisomer. These isolated yi
bal ances are above 90 %. I n caseisfiwec daimt | mavtee r il

during isolation of products.

3b (3 mol%)

Cl PMP PMP
cl K,CO3 (3 equiv)
X N X
Ar-B(OH), | SR | 2R {\
N + ; | R
e i H,0 (14-35 equiv ~ —
(j\R (1 equiv) 20 ( quiv) N/kPMP N)\CI NAPMP
a b c

N cl THF or benzene
25-75 °C
Substrate ArB(OH)- estimated a b (%) c Sum of substrate + a
unreacted substrate (%) (%) +b+e(%)
based on crude GC

(uncalibrated, %)=

cl 6 9 |71(6b) | 13 99
ﬁ NC@B[OH)z

Nl
1 NZN_gion), 2 13 67 9 91
ot )
(10b)
cl AR 2 6b 68 3 79
N MeO—  H—B(OH),
N" al
cl
7N 6 13 60 14 93
NH Meo~<:>78{OH}2
Cx aab
NTTl
! b
Me i MeO@B{OH}z 1 2 53 18 84
| (15b)
NT ™l
Cl MeO@B{OH}z 4 13 48 16 81
» (18b)
H N7 NE el

&i eclad cul ated by extrapol ati on b)r oam dt hteh ei sroaltait
C4 product to remaining starting materi al si g
i el d calcul ated by extrapol atibpnahdomheheat s
C4: C2 product signals by GC analysis of the ¢
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The GC chromatograms below illustrate the
for two of the reactions witlRdhdB)er Thase Bala

significant unidentified peaks.

75000 o FID1
| N
M~
50000 ~o
_N
oy P
] S - ‘ =
25000 cl N | » N>l
_ X L/
1 N“
E A
OAJ ~ "
— N
] S N— I |
— T T T l T T
2.5 5.0 75 10.0 12.5 15.0
min
§ . FID1
1 © o
150000 ~o
| Cl | x O
100000 [ HNT N s
| cl HNT N HNT N
50000 NN \ " -
] Io E
2 e
: ™
Oi‘—}u—; lk A j N ﬂ
A T T T I T T T T I T T T T [ T T T T [ T T T T I T T T T I T
2.5 5.0 7.5 10.0 125 15.0
min

Fi gulrGCCAr omat ogr amatatSyPd@di PCpuplings with Lo

Il n the opti mi2lat,i oan sttasdbndear(diawbd s added to t

GC yields were obtained. We generally see goo!
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regi oi somers, unreacted starting material, an

bel ow, corresponding2lt o entries 3 and 5 of Tal

Sche¥i Ahdd ConversiobBmrmbofesR8a atnidorbs oifn Tabl e 2

3b (3 mol%)

Cl
MGOOB(OH)Z
| b (1 equiv) unreacted

N Cl K>CO3 (3 equiv) (14%

1 H,O (14-35 equiv) a ] 80/
THF, 25-75 °C, 15.5 h (7 %) (69 %) (8%)

3b (3 mol%)

Cl
MeOOB(OH)z
| b (1 equiv) unreacted

N™ Cl K,CO3 (3 equiv) (14%
1 H,0 (14-35 equiv) 3 ] .
benzene, 25-75 °C, 15.5 h (8 %) (70 %) (6/)
Scope Limitations of the Suzuki Coupling

Boron Nucl eophHdteerloiamiytl ath corncsnA5®&AS @we rdes a n

ineffective icnouphlei hsgm g kti ht beo o9t i mi zed3bcondi t
(Gener al Pr décader kRefaet i @ s) at room temperatu
(75 UC, bB=%hoAkb)s. mosrt of t heér emairne d gafmadrerti lad
FoA57 most of the starting materi al was consul

detected by GC. The GC chromatograwns of these



139

ScheAm&8oron Nucl eophile Limitations
Cl
= 3b (3 mol%)
| + het-B(OR),
N ~Cl 1 ) K,CO, (3 equiv)
1 (T equiv) H,0 (14 equiv)
(1 equiv) THF, 75°C,125h
5 -~
5 ) -
het-B(OR), = = Sz oo
E B(OH), B(OH), E
i AS55 A56 A57 |
10000- g5 FIDA
Y
i het-B{OR), = =
7500 2 fom,
- n-undecane (standard) 555
5000+
2500 1(96%)
fi - WL _ e [N N — —
2?5 I 5!0 I 7.5 1CII_CII o I12|.5 15|.D 1?'|.5
min
i 9 FID1
3
- =N
10000 o N
i het-B{OR), = B
(o) Le]
?500—: s n-undecane (standard) ?S
5000 3
i -t
2500 ‘ 3
] L 1016%)
0 --L S Y ru_l_ ot L__._ J-——n-'—-—jl“—--—-—-— —_— |
100 125 150 175

min
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Substrate Oviemv3@armve oesbstrates did not pr o

coupling selectivity. T h e s e -dsiuhbasltorpaytreisd i anrees ¢ 4d
over ar ¢ Baant2ifgn br omi nated 2, 4dichloropyridine ¢
instead Q@Qfana&Bl oruwde (| dropyri di2a@&@n3dAh,d PpPwyb 9 tni ati
for which the Pd/ I Pr catalytic system provid

reactions bel ow were conducted -ScawadRingng .o t

Substrates Resul Riemgti an®OOvef 2 bantAba fstudbrsat r a

di aryl atAbapdaduthe major products by crude G
25vi t h c3at aa yssmma |l | -naomoaurnyt| aotfAR2dCidsr alceu etct ed by ¢
but the majABbfcrpam ddiicdr yVilsehj i o RrA@ Buwade mesol at ed

charactvediez)esds pffhae monoaryl ated product was n
tentatively assigned on the basis of its mass
selectivitiy Pdhi Brtedhbygh favor sdirechalcdri omy raitd i
an3dd Pd/ I Mes, which gi vesanmde £rdlay yd al:eld rmirxtdwrcd
di chl oropyr3iddP dl/elsMes Whiesn used as the2xambl yst

|l ess diarylation is observed, and two monoary
asA25bnAd25a ScA® me Not abl y, only one of t hese |
observed in the 3rbeaacnd obna suesd nogn ctal® & kuyssunafle rs etlhe
this prABB. bhcDi birso mo2 6snudbesrtgmadse extensive 3dbi ar vyl
( Scheime Prndidhssctbeen i sol atwiddensdu @mmah rtalce eird eretdi
mi nor monoaryRAZaGadd2®Breordeucsspported by GCMS

regi ocheABibmanANd6Wwafs i nferred based on tBkB usua
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(Pd/ 1T Pr, which favdishteaopyondaneBG4 wintdh s2 b4 ¢

C4sel ectico@ptimgsconditions rt¥daretlinwfrreapart ed

ScheAme SurzeuakcitZoni md Pd/3bPr catal yst

OMe

Cl /L PMP PMP
I’\“‘j 3b (3 mol %)
= . . = 4 =
| = wl"/' K,CO, (3 equiv) - | - |
F3C '] Cl B H20[14equi‘w] FBC | Cl F3C M PMP
25 HO CH THF, 25 QC.- 12 h Asz A25c
(1 equiv) {1 equiv) (minor product) (43% isolated yield)
i 2 FID1
]
75000 o ~o
1 S
50000 L
] o FiC” "N O
‘389 cl / A25¢ o~
1 Fc” N7 el
25000 / T s Y A25b
1 F.¢” N7 el
l%
@«
7S]
0 L A A L
—7 r v r fr j 1 rrrJT—5 T T T T 7T T T T T 7T T T —
25 5.0 75 10.0 12.5 15.0
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ScheAde SurzeuakcitZsoni md Pd/ SBd#Mes catal yst
OMe
cl cl PMP PMP
3d (3 mol %)
= + = + = + =
» K,CO, (3 equiv) < | |
F,.C7 N el B H,0 (14 equiv) F.C7 N7 PMP F,.C7 N7l F,C7 N7 PMP
25 HO™ "OH THF, 25°C, 12 h A25a A25b A25¢
(1 equiv) (1 equiv)
1 0 Q FID1
] < o
— w
4 \O \O
50000+ = O
o
N wn
Cl
] | N | L | N A25c
) FaC” N7 F.C” ON” Tl FsC” N7
1 A25a o | |7 A2 § o
25000 N lg
: J
T [(e)
~
. w
O+ d_\___ A A le L
B ' ' ! | ' I ! | ! ' | ' |
2.5 5.0 7.5 10.0 12.5

min
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ScheAmhe SurzeuakcitZiGosni md Pd/3bPr catal yst

OMe
Br Br PMP PMP
3b (3 mol %)
3 + = + = + =
L K,CO, (3 equiv) o | | |
N Br _B.. H20{14 equ]v) M PMP M Br M PMP
26 HO™ "OH  THF 25°C, 14 h A26a A26b A26¢
(1 equiv) (1 equiv) (minor) (minor) (major)
& FID1
~ OMe
‘—/ n-undecane (standard) 1
T OMe M
| gr L
10000 : A e
1 R |
I L Ry
z;N.‘ﬁar ] N e
ar e N “‘l ‘\l
~ | A26c P
o T SN B o 7 ome
0 T LNJ\ ~. A26b [
| L 2 E
A26a 7 'OME\ '8
10000 _ i
S, A LS
[ P B | G I | _
T T T Y T T T T
25 5.0 7.5 10.0 125 15.0
min

Substrates

Resultinubst2RemZZInder g¢d Sx toenm g

reaction at bromide under the opti-mimreear cloantde d

pr odA2c7tanAR 8and di aryl ated products resulting f

the chl or iIA-A&) .( SRrhedest i dentities were assigl
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ScheAdeuduki r @ @actiingn Paf/3IbPr catal yst

OMe
= * - * | —cl
| K,CO5 (3 equiv) | Z
N~ >l B H,0 (14 equiv) N7l N
27 HO™ OH  THE 25°C,14h A274
(1 equiv) (1 equiv)
30000 3 é FIDA
] . S MeO N s
W 98 Al
| = | ta
N el #
] z Azza N © N\
2 -
0000" N
2 o~
™ S
©
10000
] ~ n-undecane (standard)
- L I
0+— \-A__L_,‘L » JJ; A ! M —
y—r—1 . , : — ,
25 5.0 7.5 10.0 125 15.0

min
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ScheAe SurzeuakcitZi@ ni mg Pd/3bPr catal yst

OMe

cl 3b (3 mol%) cl PMP
o - N /\lm
P + K,CO3 (3 equiv) P 2
N Cl _B. H20 (14oequiv) N Cl N
B HO  “OH THF, 25 °C, 14h LI Br
28 (1 equiv) A28a
] [ FID1
50000 @ 3
1 M~
1 ~
: =] o JDME
40000 1
e \
] PP S
ﬁ s S o
30000-] NN PR 7 g
] [/l {l L I = \ o
: T N o L ﬂ \. 9
] B | 28 OMe
20000 ome '
i =]
: i
4 L]
10000 \ J
\ |
0 \ | L ,L;U'-AJLH—« J { —
T X T T T
2.5 5.0 7.5 10.0 125
min

Comparison of R®esluéddtsi we) hvd PrdgCi4
(GCGRel ective)

Cd4selectivitycomrmimaolnlsed i fgygamdt he sBBstmraates

evidenced by the observation of I ffgradt =maf

versus usidadgppPdAgZPADb]) e
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TabA2&Ret ention time (RT)-FloD fmaij ore pc Bidmm ¢ sy bty a
Pd( GAdppf .

OMe 3b (3 mol %)

Cl PMP Cl
or Pd(OAc), (3 mol %), dppf (3 mol %)
[ R K,CO, (3 equiv) H\ R K\ R
- + ,LO5 (3 equiv e vs. P
| XN X\ em

X.

N/)\C B H,O (14-35 equiv) P
HO™ "OH

X=C N THonr beszene with 3b with Pd/dppf
(1 equiv) 5-60°C

entry substrate 3b (min) Pd/dppf (min)

1 A20 7.11 7.21
2 A22 7.21 7.16
3 A23 7.25 7.02
4 A24 6.52 6.68
5 A25 7.81 7.88
6 A27 8.03 7.69
7 A30 7.10 7.20
8 A3l 6.79 6.48
9 A32 7.62 7.98
10 A33 7.22 6.62

A4 Kumada Cross Couplings with Pd/

Gener al Procedur es

GGCScale RE&Ehetpoeadshfal alT ymg, 0.0024 mmol , 3.0

an edvreingld ain vi al equi pped with a szgaitrmolsgrh.erTeh
gl ovebox, and the Grignard reagent (0.772 equi
dichloropyridine (0.08 mmol, Ll iegeud voap Tared vri
from the glovebox. THe hrcea®td i2038. whise st e ac teido 1
opened to air and quenched with Et OAxs (addeed m
(7.5 OL, 0.036 mmol ). The vi al was shaken to

t hr Cedprtieor to analysis by GC and GCMS.
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Sca-UpdReactions f oTrh ePrpordedct@® a4syosiggat i0o.n0 1 2 mr

mol %) was adeded ewlp-dlBamovical equi pped with a
transf epatedo gpher eN gl ovebox, ahdeduiev)Gragnardgo
THF was added f ol | owkidc hblyo rtohpey ra ddd intei o(nl oefq u2 ,v4
with d imleRE cap and removed from t heb ghloouvresb oaxt.
23 UC, then the viati wasmbpened wasadil uThd w

with sat.s€hq8oxMs1B8HML), 3(s3atx 1a0y urelo)u,s aNmdH ClOr i |

in a separatory funnel. The organic | ayer was
combined organic | ayers werBharc¢ruwde vreea catnihon
analyzed by GC, concentrated under vacuum, a |

column chromatography.
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Optimizati on

Kumada reactions were perfor med-sacad cer diemg ttioo n

TabA3®©pti mi zati on -66u Kuimags Cr oss

T 3b (3 mol %)

m R-MgBr (0.8-2 equiv) ﬁj\ ﬁj\ ﬁl
Nl THF
1 (1 equiv) 23-60°C, 2-4 h

_______________________________________________________

entry T (°C) time(h) R-MgBr(equiv) a:ba 1(%)

1 23 2 A50 (1) <1:100 16
2¢ 23 2 A50 (1) —-d 100
3e 23 2 A50 (1) --d 72
23 3 A51 (1) 1:8 5
23 3 A51(0.8) 1:7 13
6c 23 3 A51 (1) —-d 56
23 3 A52 (1) <1:39 30
8 23 3 A52 (2) <1:60 7
9 23 3 A52 (1) —-d 08
100 60 4 A52 (1) —-d 64

aRatios based on the ratio of signalsd@ndb in the GC chromatograriGC yield of recovered
starting material calibrated against undecane. In entry 3, the starting materialbvwasa-
chloropyridine instead ofl. °No catalyst (metal free controlf:--" means no crossoupled
productsa or b were observed2-Bromo-4-chloropyridine was used insteadlin combination
with Pd(OAc) (5 mol %) and dppf (5 mol %) as the catalytic system inste@8.0Pd(OAc) (5
mol %) and dppf (5 mol %) was used as the catalytic system inst8ad of

Di scuGat afinryessee contr olASDAb EiTrad3l reeamgtemit ss 2, 6
no formati @aob,ofi mpdiodaitcitrsg t hatvnAt heeact svnbybat

5, and 8 represent the optimigedeaomnmidons onknt
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pr odaacntdger e not observed iAD GinARe2 cT e surcanuapfl | 2 g
4chl oropyridine as theQenbstyr 8) e BosBubsachtent
biased toward reaction at C2-coalpseddipdomdatctlise
of the pyrASdaytl Gz iwgonualrdd il peyardi dtion ea d2er2i'vati ve w
Pd or Mg, providing a compound that 1is -insolu
FI D. Si mi lcaarsley oifn ARRRhiepm aardds c th o't obtained even
Pd( OQGAdppf (entry 10), although <considerably
possi bl e-ftumatt itomala@Zed!| praduétr om A5@&asc tpiroom eo ft ¢

decomposition.

| sol ati on and Characterization of Kumada Prod
Sche2me

2Ch | cbromet WMy B Opyri diPreo dBuBoditdg . prepared according
procedud8ud4img, O0. O012mentm@dy y r i3d ynloma o eASBHuU M br o
1.6 mL Msodu®idm in THF, 0. %043mn2o | QL ,1.0m.04 Ce qmr
equi v) . The reaction was stirred at 23 UC fo
presence &f Riurriefaicctaetdi on was perfor med Mbyd e | a:
in 90: 10 Hex:VEHIOAe )s olised %l (eyhBleaRdMR.g ( 500 sMBz, CDC
8.8861 (m, J1#)5.383.AL96HHYO (m, 1H), 7.82 (dd,
(d, 8. 0 Hz, 1B8)8. 07,. 615. & dHlz,, ‘A HH)}, NMR4 4 1(26,3 MHH), . C
G): 152.7, 151.0, 150.8, 1HRM3, (EST+3, mL34.pPM
forHClI04. 0454 Found 204. 045503 1de Kkemome@o
in previous |literatuBdhprandotheossgebent fwowrthp

A3 1%
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2Chl elcycl opentyl pRr oddi2obea s( 3pP2rbegpared according
procedu3®8udgimg, 0.012 mmol, 3 mol Ab)l, 1lc.y3cdl op
mL of a 0.M2s909 uN i0o.n0Gi4n THF, 0. X%(056mn2o!QL,0.07.75 2e (
1.00 equiv). The reaction was stirred at 23 U
presence o 1. uPnurrei af citceadt i o n was perfor med by

chromatography with a 12 gauwtldB8mastidd cpar ocgorl aunmng, «
flow rate of 30 mL/min of water:acetonitrile

product began eluting, the progr a#9wa MeCdNus ad
water over 11 cottl uennelvwtl iuonre,s . t Aét eni ti al pro
monoaryl at3ed!| pt edué&d Meée CN. FracBRwase cpat @i ni o
bet ween dichloromethane and saturated brine.

magnesi und ssudIfvaegnet amas removed uhdesr ar d d wched bpr
oil (50.8 g, NMR Y% 50@® Mz, BCOEAI2( Hz, 1 H), 7.1
7.06 6d2 Hz, -31H)1, (M, Q2AHI , ( @,-102H5 , ( m,-17.5H9 , ( b, 6
2H) , 116831 ("MfHRHNMR (1263MHz, 1E®C8, 151.7. 1409

45.1, 34.0, 25.6. HRMS (hESIN+)L 8/ D65[8M] Foulal d

2Ch|l eé{ @-md@ hyl oxet any |l Prpyddudahtiarse predlayed accor ¢
gener al pr dded.u4d emau,si @g012 mmethyIl30xneotlan¥H) mal
bromAd2e 5. 71 mMsofuti 6nl#mmolTHF2. 01@#63.i2)0L ana.
mmo | , 1.00 equiv). The reaction was stirred
reversed phase flash column chromatography wi

automated program compr i wiangra afcleawnrn dtre | @f (2
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21 column volumes. When the product began el u
the anad4 9%eMa€CN4i6Nn water. After the elution, t
monoaryl aBadoelrwtdeaactwi th an aliphatic i mpurity
33were partitioned between ethyl acetate and s
and dried over magnesium sul fate and solvent
i mpurity was viemoy ealn off white col odHedNMRol i d
(400 MHzy) CDEJ 0 O( Hz, 1H), 73 151 0O( sHz ) HJ4,.850. A
Hz, 2H)J %.87H%fd,2H), 2.98C{Hs, NMR) (1D128MHEs, C
) : 151.8, 150.5, 149.6, 1pPpm0, HRMB. 4 ES82) 7 m/

Cal cdibfi®IrN@ 197. 0607 ; Found 197.05909.

Ab5 Neqgi sCoiupQrionsgss wi t h Pd/ | Pr

Gener al Procedur es

GGScale Remcadaiohevebox, @riegmuirawl s ®lagtindn (i
and a sol pitn olmWko fe ZwmiCrhol ar with the Grignard |
ovanmiadamm vi al ("vial A") equipped with a st
ambient temperature. OutsBHdel.of mghe 0gl0ODWVeltb amxmo
%) was added tdo iaddsachp avriaatle eogwueempped with a st
was transferred into the glovebox. The cont el
(0. il vg ,-deodl @rdpyridine (0.08 mmol , 1 equi
sealed wiltmeal RBBBPEand removed from the-4gl oveb

hours6@tUQ3 The reaction mixturle ancaest aotpee n(e~d3 tm
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the internal standard undecane was added (7.5

contents, and t he nCeltgutrieorwa o fainlatl ggrse & tbhhyr dGuCg

Sca-UpdReactions f orn Par ogd uocvte blosxo,| ad@riieggnuairvd r

as a solution i n TXHm) Tdrd edy us arlod taironwiafh Z2rm&l G
were combi neédi ed-dibra mowe m | ("vial A") equipped
was stirred for 0.5 hours at ambient 3ge8mpler at
mg, 0.012 mmol, 3.0 mol -&)i swasbadded al oegus P
a stir bar ("vwak Btpanshedredi sntvo at he gl ove
comprising the oFrlgaenqouziivnicj o éehadgre2npg ¥ r(i0di7nfe  ( 0. O €
were added to vial B. -IViméd Bcavmpsamsaeal edowed hf
Reaosti were 4% imirre@d0fOU€ unless otherwise indic
opened to air, diluted with et h@ll @ex al@ k)3
NaHGO3 x 10 mL), and brine (2 rxaln0 cmU)ayienr awasse
with additional et hyl acetate (3 x 10 mL) an
anhydrous T™MgSOCrude product was analyzed by G

phase column chromatography.

Optimizati on

Negi shi reactions were performed -aacaloe din
reactions. Yi eld of I emai ncianlg bgtadretdi nagg amaitsd r i

standar d. Raa mbta r f aprsadm cmtgs equ all response fac
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TabAMd®©pti mi zati on of Negi shi Cross Couplings.
3b (3 mol %)
cl
ZnCl, T X .
(equimolar with E fj\“ equiv) Cl R
Grignard) N 2 - P
R-MgBr R-ZnCl T 4o "ed
) THF THF S N TLeTE
(0.8-1 equiv) 0-60°C, 0.75-4 h r: R c r\i R
s i
AS3 As4 |
entry T (°C) time(h) R-MgBr(equiv) a:ba 1(%)b

1 60 0.75 A53 (1) 1:68 2

2 60 0.75 A53 (0.8) 1:77 33

3¢ 60 0.75 A53 (1) --d 98
60 3 A54 (1) <1:99
23 3 A54 (1) 1:45

0 3 A54 (1) 1:9 21

7c 60 3 A54 (1) --d 96

8 60 2 MeMgBr (1) <1:99 51
9e 60 4 MeMgBr (1) 1:16

100 60 4 MeMgBr (0.8) 1:4 0

2Ratios based on the ratio of signals &oandb in the GC chromatograpBAll reactions were
performed with 2,4ichloropyridine {) unless otherwise indicated. GC yield of recovered starting
material calibrated against undecafido catalyst (metal free controff’--" means no cross
coupled producta or b were detected2,4-Dichloroquinoline 19) was used instead &f

Di scu€ai afhryesede contB4d  o0lesnt(rTiadwd e3 and 7) show
that there |IgArna elmaaxdkgridwynd EStries 2, 6, and
that were -upededoti escal eAlt hough the results
yields of product B could be isolated.
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| solation and Characterization of Negi shi Pro
Schemes

4Benzot hayoldchhelnor opyr i Bi o@udlwadsb )prepared accord
gener al prdkea&adulr engysiOng@12 mmol, 3 molA59), ben
2.35 mL of aM%Lallwtoi oin 0i.M OTLHF, 0. 42054nm® |1 OL,0.®0
mmo | , 1.00 equiv). The reaction was stirred a
reversed phase flash column chromatography wi
automated program compr iofsiwagt ear :fd coem a mitter iolfe 1(
35 column volumes. When the product began el u
the analweMa€CNG6iln water. After the elution, t
monoaryl at3eddo operl ud ledt wi th the -@dd%rMé@Nednpwad
Fracti ons34denteaiprmirtg ti oned bet ween et hyl acet
|l ayers were combined and dried over magnesi um
Comouddwas further purified by nor mad @.hZeei |
80: 20 Hex: Et QAda)s, amfhfioofrdd icrod ored solid (68. 9 n

data are consistent ®with those previously rep

2Chl e@met hyl qui n Cloimpeo B(d@5prs prepared accordir
procedu3®8udgimg, 0.012 mmol, 3 mol %), met hyl
Msolution in THF, O. 406dinmdIlo,r o@.ud hoe¢ quiev )(,108n
1.00 equiv). The reaction was stirred at 60 I
phase flash column chromatographyiwithahbh 4adt a
program comprising a flawetahetofl|l 80( @B/ bhi hoo

vol umes. When the product began eluting, the
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at 56% MeCN in water. After the elution, the
product eluted at 569% 5weCN. pRmrdadttiiooms dc drett avierei
and saturated brine. The organic | ayers were
solvent was removed un@édsredwbetdepsebsdrebaf!

Spectral data are consis?ent with those previ

4Ben2¢hl oropyridomgo BB byas prepared accordin
procedu3®8ug4img, O0.012 mmol, 3A5mol4.%B)2, mhemwiyla:
Msolution in THF, 0. 4@ i mmdloropy@0déeqgei (B3.28nd
equiv). The reaction was stirred at 0 UC for :
column chromatography with anilt2i agl Caludt osmaltiecda
comprising a flow rate of 35 mL/min of water:@
When the product began eluting, the pi{f@38r am w
MeCN in water. Afntign atthe relgutaimmwast resumed. T
36dl ut e-d3 &8t MEEZN. Fr ac3duwoenrse cpoanrttaiitniionnged bet wee
and saturated brine. The organic | ayers were
sol vent was removed und3ebrdsr ead uciegdh tp rbersoswnr eoiaf
yi et Hd )NMR ( 508D WMHz ,¥JC955. O( Hz, -7LH)0, (MmudQ i pl e pe
6.6580 (multiple Ppe&aklds, 03H)  Hz6 . 33HTM,. NMR ( s,
(126 Mbbzii,) :C 153.4, 152.7, 150.2, 138.ppml129.5

HRMS (ESI +) m/ z:1H{CM]N+ :2 0Ga |0c5d0 2f;0orFound 203. 05109
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A6 Multistep SYealtdaetsicBoeupdrionggs &4 t h2 P5d/ | Pr (¢

4-( Met hoxy @t @myein y3ptyhriiad)i nec ar bTohniiotprhiedneo !l ( 3(740.. 8
mmo | , 1.0 equiv) was added -cdhrledgrvmesteh otxo/-pd e 8 ¥ |
3pyridinetabbo7m.i% rmg,e 0(. 4 mmol, 1.0 equiv), tr
equi v) , and DMFr am .rde arcLt)i am vai all . §he usahgwal
technique described impagd® sieqe rerar-awii n gnd @ac Pl FrEa

heated to 60 AC fa@mryk8&.a3 |h.neAfptreerci gddlaitreg,f oa m

into a 125 mL Erl enmeyer flask and diluted wi!H
of the desired product and solwubilizing bypro
[ iigdu filtrate was extracted with ethyl acet at
mi xed white and orange solids. The solids wer
unt il al | orange discolorationaedhadgamaissesiol nd
under vacuuwnasf uax ndaslhdrmlgess crystalline solid v

mg, 72% yiidls588) ;ACmd uhnk®rrected, meddsur dd)gdgai n
NMR (500MHz: dG &4 2( Hz, -711)7, (M, BFRHI , ( M,- 22H) ,

7.04 (multiple. @rakm, BHE .2 FHzDD 1(H)LE B} 2BMR s, ¢
(126 NP, :C1l64. 9, 161. 6, 153. 4, 151. 3, 136. 4,
114.6, 105.5, 54.9 (two sil€Cdtll sNMR e( 26 3nMH zd,e nG
a) : 164. 5, 161. 4, 153. 7, 151. 8, 135. 6, 130. 1,

55.6. HRMOF)ESM/ zQ [ MKH+N.CH |38 .fw&27T;, Found 318
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2-1 odl0 4gnet hoxymlue myll JReeac(t3 &)n. condi ti ons were ac

procedur e des ciradiimagt i otrthiec dfidoir 8%p 2-C h Id-@-Mh-¢ .

met hoxyphengBbqludd mn.o9 imge, (0. 4 mmol , 1.0 equivVv)
equi v) , and acetonitriler@ath 45%5amLWwi war et c o mibia
(2.1 equiv 0.84 mmol, 59.9 OL) was added drop

witdgad wusing the technabuprdepddédBecddendaevi tfic
PTFE <cap, and heated to reflux for 67 h. TL
guinoline st1®btThg paoctewvct!l mi xture was quencl
deioni zed water (8.5 mL) whil eCQ 5i%r rNiaHgSED An ¢
added to the mixture, and the mi(X3txyr.e Twhaes o9 ly:
fractions were coBi nfeidl,t edrrade,d oworeaenMg at ed,
chromatogrcaRHyOoha6 sihilO% ethyl aceta8e omn he:
pol ar i mpurities detected by TLC. Pr 3duscta fr a:
white crystalline solidlflIAXT munc®2Weygtedd) m
benzoic-lalcdi dHCONIMR ( 500 sMBz, BCMBSI4( Hz, 1H)= 7. 8
8.4 Hz, 1H)p. 4,686.0ddd, 3 Hz, DHE.,47.6.49,(sl. 3 HE
7.4037 (m,72H),(m, 02H}E{H3 . NMR( {1 2B H)MHz, 1LEDCS,
149. 97, 149. 50, 131. 6, 130. 8, 130. 1, 129. 3, 1

(E®TOF) m/z: [ MK+ NO& |1 X6d0 .fX64C Found 360. 9963,

4-(phenoxy{diHeynryd ) ol Jod VBr3idani me ( 40) .
2Chl d4¢$ henoxydhyemiydi)necad,boma2za.r4a l mg,( 0. 4 mmol

hydr amminméhydrate (200.2 mg,iP40OKB ®no2 , ML) . Wereq.L
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with a stir b-bhotitomaf PRPédskhLegaalpgde dj avdi kK eat evdh t ®a n
condenser was sealed with a rubber septum sec
Nogas, and the reaction was heated to 20TRE wi
mi xture was cool ed, and trace 1Impurities wer
reduced pressure, and t Re Dal2i7dd nwelr. &:@8d)aneud e
Al'l rinses and tterda nwsifiehr 6 HWelerret cwarsp lree moved und
furnishing a bright vyell ow490119..3 Dmgy,itH39 % nydie
NMR (500 MHz,: CGBCI&2 @(H) £. 8. Ha, (7d )5, (Mm,5&H) ,

7.39 (m,-72H) ,(M@,.-ROHX, (m7A7 2HQ , ( M, 12H4., 8 6H,5 I(H),
4.05 (bEf{t4}, NMR .(126 3 HMHz, 1E8®C8, 156.3, 153.5),

131.7, 130.4, 130.1, 124.3, 119.8, 118.6, 115

A7 Li-graena Su zQd&u p ICirmes

Lig#&meée Contr ol React-ion Based on Previously
Reported Con®ib§i ons ( Scheme

Reactions were set up acoTalbneg endxiwist Hit

the indicated mdi)fications (entries 4



159

TabA5Anal ysis of the Rol eReopfo rLti egda hlon-Si€HU ehoeh PV & v
Suzuki-CdCupfsisng

cat. Pd (2.5 mol %), NaOAc (2 equiv) cl PMP PMP
KI (1 equiv), PEG400, 100 °C, overnight = ) d+ 2

Cl PMP
:N
@+Ooh Pd (2.5 mol %), Na,CO. (1 equi
. . NS NS N
N/ N M then cat ( mol %), a, 3( equiv) N PMP N Cl N PMP
)

100 °C, another overnight

(15equiv) (1 equiv) 1a 1b Te
entry trial Pd source additional la(%) 1b (%) 1lc(%) 1la:1lb
ligand (mol %)
1 1 PEPPSHIPr -- <1 80 2 <1:80
2 2 PEPPSHIPr -- <1 84 2 <1:.84
3 Average PEPPSHIPr -- <1 82 2 <1:.82
4 1 3b -- <1 69 1 <1:69
5 2 3b -- <1 81 1 <1:81
6 Average 3b -- <1 75 1 <1:75
7 1 Pd(OAC); PPhs (5) 28 14 2 19 :1
8 2 Pd(OAC): PPhs (5) 32 18 2 18:1
9  Average Pd(OAc), PPhs (5) 30 16 2 19:1
10 1 PdCl, -- <1 54 1 <1:54
11 2 PdCl, -- <1 66 1 <1:66
12  Average PdCl, -- <1 60 1 <1:60
%GCyi el ds calibrated against undecane as the i

DiscusSsientivity drednprerdang'es chinglh ti ons i
t han what iis obseavaetlywmederobmet ehpeéPature co
wor k. Ho wefvreere d a mgtarnadl e dAahs,® nesn tlukiiensyeIMCd t r a
that the same extremely high selectivity is ol
conditions reported in r-ebatentkedibs WeeeaeidhdPde f
l'igand in combidient®mewiarlal pd ( OAsy st em anal og
with dibromopyridinearg¢Batedapeaduwbnhhfpevorsy

other entries, extremkehbhy bbgkeryeldecti vity for
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Coupl dmwmded Fairlamb's Recently Reported Pd/ Pl
Conditions

The Suzuki céA@pwasngsetn dmbdecording to conc
et al., wheebkseéeicvoeudpt CHg$ orfo no,phReiadit m®ns we!

conducted on a 0.16 mmol reaction scal e.

Tabd6&kReactiwmderf Fairl amb's Conditions

OMe

| Pd(OAc), (3 mol%) Cl PMP PMP
¢ PPh, (3 mol %) y ) g
XNy o+ NBu,Br (2.5 equiv), 5 min | + T |
| i N N N
N/ Cl B(OH), then 1.0 M aq. KOH (2.5 equiv) N PMP N™ °Cl N PMP
1 . 1h 1a 1b 1c
(1 equiv)

entry solvent Temp. (°C) la (%) 1b (%) 1c (%) la:1b

1 THF 40 90.6 5.2 4.9 17:1
2 dioxane 110 85.4 0.6 12.8 142:1
Di scusdginami guingly, althowsgeH etchdsvee cSaurzduiktii

of -d,rdopmor i didedr |poRroiddi ne under goaplpmgf.erenti al

General Proced#ree fdreffleeyli ¢amdi ti ons
Reported Herein

GCScal e REatctdsnser edraadmd erde atca iaonl vi al in

mas s : pall adium catalyst pmeypoggpbhen9l B6Bo0mmo
mg , 0.18 mmo | , 1.1 equi v) , sodium carbonat
tetrabutyl ammemiudm)s alatn d( G&a sattinro shpahre.r el ngsliodvee bac
reagent smevaesrueg epdr by siymiggieclnsuaddesi eml: DMF

syringe, f-ditbwedopyr2d#ne 0( le7q.ud QL ,\siya. i1365 enmo’]
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reaction vi al was sealed under nitrodgemewith
screwcap. Wheesmpairmgckidc altee d,niNded water was added
the gloveboxX®B0isayr2sge, and the puncture was
reaction was stirred vigorously at theeidndical
to air, diluted withueddyanacetdat®L,(~0344Lequ
internal s-®la ndyasrndn aylé i.aq u205t  wa @ e Ifiiinitéoe rae ds etpharroaut ger

GC analysis.

Sca-UpdReactions f olPd&&lIrdo ddu cnig,| sOo.l10a2t5 ommmo | |

wei ghed -dirnatho va al foll owed by sadaliichl subpyrad

pyri mididniec,hloorr o2qw4i nol i ne, 0.5 mmol, 1 equiVv),
sodium carbonatme!| (13839 0mg,quivd, tetrabutyl amme
mmo | , 5.0 equiv) and a stir ba-sat mDMPhERemb) ow

and sealed with either a -lisreepd usnc rsecwceamyc.a pU molre
i ndi castpeadr,geNd dei oni zed water (45 OL, 2.5 mmol
cap outside tHd glymwamex twinaves5&i on in 0.5 mm
more adversely affected by dry cohdi fobheswedm
2, -4 chl oropyridine substrate (if |liquid), and
reaction was stirred vigorously at 110 AC f «
t e mpuerrea,t t he cap was removed, the reaction mi X
where calibratednG@dgicanhegs (d46e 9r &hor Ded4 equi \

st andarQL vsiyar i510g e . The reaction mix€Cel etTéhaes t |

reaction outcome was assessed by GC and TLC (



162
mi xture was purified by flash column chromato

indicated, and the product was dried under va

Optimizati o#refe tCloemdliitiPaomads ( Tabl e 2

TabA7®©pti mi zati-Pme®fSWuhz glkaindCoupling

[Pd](5 mol%)
Na,CO, (3 equiv) PMP
& e ALl
NBu,X
DMF(OZSI\/I) 1a 1b 1c
110°C, 22 h

entry trial Pd source  NBusX (equiv) la(%) 1b(%) 1c(%) 1la:1lb

1 1 PdCl, Br (3) 0.3 82 0.4 1:>99
2 2 PdCl, Br (3) 0.6 80 04 1:>99
3 Average PdCl, Br (3) 0.5 81 0.4 1:>99
4 1 PdCl, Br (5) 0.4 87 0.4 1:>99
5 2 PdCl, Br (5) 0.5 80 0.4 1:>99
6 Average PdCl, Br (5) 0.5 84 0.4 1:>99
7 1 Pd(OAc), Br (3) 0.7 75 0.4 1:>99
8 2 Pd(OAc), Br (3) 0.6 71 03 1:>99
9 Average Pd(OAc): Br (3) 0.7 73 0.4 1:>99
10 1 Pd.dbas Br (3) 0.4 61 02 1:>99
11 2 Pd.dbas Br (3) 0.5 52 02 1:>99
12  Average Pd.dbas Br (3) 0.5 57 0.2 1:>99
13 1 PdCl, Cl (3) 0.8 72 0.4 1:90
14 2 PdCl, Cl (3) 1.3 72 0.6 1:55
15 Average PdClz Cl(3) 1.1 72 0.5 1:65
16 1 PdCl, Br (1) 1.2 67 0.8 1:56
17 2 PdCl, Br (1) 1.2 71 0.6 1:59
18 Average PdCl, Br (1) 1.2 69 0.7 1:58
19 1 PdCl; PFs (3) 2.6 44 2.4 1:17
20 2 PdCl, PFs (3) 34 52 3.8 1:15
21  Average PdCl, PFs (3) 3.0 48 3.1 1:16
22 1 PdClz
230 2 PdCl,
24b  Average PdCl,
25 1 PdClz 3.3 55 3.0 1:17
26 2 PdCl, 3.7 58 3.2 1:16
27  Average PdCl, 3.5 56 3.1 1:16
28 1 PdCl, Br (1) 1.2 67 0.8 1:56
29 2 PdCl, Br (1) 1.2 71 0.6 1:59
30 Average PdCl, Br (1) 1.2 69 0.7 1:58
3 1 PdCl, Br (3) 1 80 0.6 1:80
32 2 PdCl, Br (3) 0.8 78 0.5 1:98
33¢  Average PdCl, Br (3) 0.9 79 0.6 1:88
34d 1 PdCl, Br (3) 11 82 0.6 1:75
35d 2 PdCl, Br (3) 1.0 84 0.8 1:84
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TableA7 Continued
36d  Average PdCl, Br (3) 1.1 83 0.7 1:75
37e 1 PdCl, Br (3) 0.8 40 0.5 1:50
38e 2 PdCl, Br (3) 0.8 49 0.4 1:61
39e  Average PdCl, Br (3) 0.8 45 05 1:56
40f 1 PdCl, Br (3) 0.3 8 0.4 1:27
41f 2 PdCl, Br (3) 0.3 10 0.5 1:33
42f  Average PdCl, Br (3) 0.3 9 0.5 1:29
43c 1 PdCl, Br (5) 0.8 85 04 1:>99
44c 2 PdCl, Br (5) 0.7 84 0.6 1:>99
45¢  Average PdCl, Br (5) 0.8 85 0.5 1:>99

®Reactions were conducted according to the General Procedupagenl6l for GC-scale
reactions. GC yields calibrated against undecane as an internal standard. Calculated yield values
were rounded to the nearest intedivith KBr (3 equiv).°With H.O (5 equiv).9With H20 (10
equiv).®With 1 mol% PdCJ. 'Reaction run at 25 °C.

| sol ation and Chef&paptedi Pabpdont oef Cross

(Schaine
2Ch | el{ @anet hoxyphenyl )Qoympiodiibwdas (Afb¢e¢pared accord

gener al procefduee comdei tdi chmh odoipryg i dishve (54 O
equi vpmeamd xyphenyl boronic acid (83.6 mg, O0.55
Purification by flash col uinh%céetrloynat adectaptheg/ o
0.42 in 15% et hyl atkmtsataeswhlni tdee(x8a2n.els )mgp,r o/v5 %l ey

data are consistent with pfeviously reported

Lar ¢gecral e Prepar @b mddwaostl prbepared according to
under -flrieceancdo ndi tdiiocnhsl ou soipryg i 2,ihe (270 @@L, 2.5
met hoxyphenyl boronic acid (417.9 mg, 2. 75 mmo
by flash column chr omal% getalpyhly ao®etsdtl e4/2hae xgaemnles:
et hyl acetate ilmashexawkist) e psolvide@@ 347 mg, 6 309

consistent with previodsly reported data and
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4-( 1-b 8nz o diydRconl | -py o i di nCeo nfpdotudinfada s pr epared accor
gener al procefduee codeéi di  chh odoiprygidishe (54 O
equi v) -(ared h @ | dbreendzieonxeyp)or oni ¢ acid (91.3 mg, (
stirring for 34 h. Purification by21% aesthhyclo|

acetateRhe@adBsi i 15% et hyl 4atdes aa ewh int eh exalnied

(o2}

4% yiHe INMR (500 sMHz, (BGDB®S 2 Hz, 1H)LE. 67 .Hiz4 (1dH)

\‘

. 32J)(5d.d2,, 1.7 HzJ 8LH),, 17..611Hz{,dl,A) Hz7. @) ( d 6.
=8.1 Hz, 1H)'E{H} 0BMRs(126)8MHz, 1EDCB, 151. 2,
148.7, 131.0, 121.7, 121.4, ITDF)2,m/ Z09.[M] +1 CA

CiHsCl N®33. 0244; Found 233.0245.

2Chl efdtrifl uoromeyhiydi pda €oamdpdhhn2dwa s prepar ec
according to the genferaé¢ @omodietdiuaocmasl owmaigmg | 21,04
oL, 0.5 mmol p(LrOfkgqaremedhdl )phenyl boronic a
equiv) with stirring for 23 h. Purification b
l'inear g28& enthydf atetat e/ hex &RrFesO.odwWeri n9 1S L
acetate in héx@asnea) wpbroei englli & HoMNMRe |(5)0.0 MHz
CDGIi) : 8] 466 2( Hz, 1H)S. 47 . RHN( &74 780z (d2H)s 7.5

1.3 Hz, 1B)5. 2Z, 41B. 3 dHiz, 1H). Spectrdil data ar e

2Chl eéd{ @ ui no-unwb) i nkGo mpd3iB)iva s prepared accord
gener al procefduee awaonnmekirtdil embowoiqgug ndJ4ne (99 1
equi v)quanmdo!ld neboronic acid (95.1 mg, 0.55 mn

Purification byofftapgphycohuminl icbaogalR3 n0 2D et
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in 20% ethyl acetdBédsia hexasels)dpf ONVMR e@$ 0 0 6
MHz, €Dl ®J] 05 9 Hz, 1JHE., 4 8HZB,2 YMHS., 5 8HZ2,4 1 Hi),
8.14=(@,5 Hz, J18)17H94-7LHB)7, (Mmud3 iple peaks,
15.2, 7.4 HZ,1=3H3, 7.5656HZ dCHH) , NMR4F712Z63 MHH) .C
a) 150. 5, 150. 4, 148. 6, 148. 22, 148. 15, 136.
127.7, 127.6,9.1255RMS-TQR%BI. BQ z :1 2[2MH#C1a%Rd @.d0 6§ bIr; C

Found 290. 0615.

2Ch | é6met Ay met HyHl n dSeylkp)y r i di n€@o ripladbf)ilas prepar ec
according t o t he genedf alke pcooaéddutrde cdbhamso ndg
met hyl pyridine (81 mgme®OHphadnoylonilcOaegdi v96a
mmo | , 1.1 equiv) with stirring for 30 h. Pur i f
i nnR26% ethyl a®ké&Et Ht dShexa®@% €t hyl 4daddest aat evhiin el
solid (62.2 MigNMR 9% 0CéMil2, MCBB. § Hz, J1H) , 7.
8.6, 1.6 HZ,018)Hz 7. WHB( 67 HZ8 (@MY= 87 HZ3 (L) ,

(d, 3 1 Hz, 18)3. 16. 50. 7 dHiz, 1H), 1 KNSR @H26

MHz, £D)CI 159. 3, 153. 2, 151. 1, 137. 4, 130. 3, 1
101.9, 33.1, 240F) MRMS ( BM$ M CQAHAA 6. 0f7dh6r7 ; C Fou

256.0772.

2Ch| b dnet hox y plyenydli n@o MRd2bNwas prepared accor
gener al procetluee oaaddrtilogandwi th the modi fi
The reaction vialdiwdd ocbapygedi wetll72, g, 0.5

met hoxyphenyl boronic acid (83.6 mg, 0.55 mmol
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flash column chromaBé6&r aphyl oa ket DiL eéedhgaomb 1680
acetate in CI h e x a n2e9sb)n dr & hiel tde cariyn ad cal wptrioam c
yield of diarylated prodwotatrther ~p%r bhbsedt ioon
using reversed phase wiltals ha c®0 ugnnCXt& roimait®a r @g
automated program comprising a flow rate of 3
20 column voluwmdsctWheganhel pting, the progra
the analyte at 98% MeCN 2i9fvewat epra.r t Frt a otniealn sb e
acetate and saturated brine. The organic | aye
and dni eficavi2®ibisg a white sol i dH( NMR4 (rBd,0 MH%
CDGIi): Bd5Z §, 0.6 HzJ 8L1B),, 27..67 Hz(HUL,H)m, R.HYE§
(dd# ,8&. 3, 0.6 HMz031lKHmMm, @HYI8 3.86 -drsyl BtH)on Twas
i solated (4.5 mg, 4 %) . Spectral data for bot
l i teé@itde products resulting fr209mm/dda as y224) ow
each det ecitTehde skey sG@MS product s, as wel |l as reil

account for most of the remaining mass bal anc

2Ch| b d@et hoxy plyenynli i CGemp WhWYas prepared acco
the gener al préodcecurco®nunderonlsi gandh the modi fi
The reaction viadi ewlalsochmay giewhi a&vi nd @7 %&.p5 mg, |
met hoxyphenyl boronic acid (83.6 mg, O0.55 mmol
flash column chroma#dé§r aephyl oa et Ot 84 he ek 11906
acetate in hexanas)ofr daswel t&d iisnomeae launtd oa bi

Fractions cormBtOdierrien gc o;mrbd cdhieadt and sol vent was
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pressur e. Further purification was perfor med
with a 30 g C18 silica coologmmm wsoinmpg ian nigniat i
mL/ min of water:acetonitrile (98:2 to 1:99)

eluting, the program was pabsS®HdMaGN reswat ¢ 0. ¢
cont a3i0Mkiem@ partitioned between ethyl acetate
combined and dr iwldf aotvee rianmmbvgdoaiseddidsg a whi t e s
(18.5 mg, HlL MNMRy i(e510d) NIz, SCOBH-YX, 53. 48,0 @MY ,

(m, 2H), 3.87 (s, 3H). Spectral data are consi
was analyzed by GCMS; in addition toaregmatit aedn
product, and trace dnadrly |paetaekds pcroordruecstp,o nde \ner

products were observed



168

A8B8Ref erences

1. Melvin, P. R.; Nova, A.; Balcells, D.; Dai, W.; Hazari, N.; Hruszkewycz, D. P.; Shah, H. P.;
Tudge, M. TACS Catal2015 5, 368071 3688.

2. Jiang, X.; Hu, FSynlett.2018 29, 12071210.

3. Baranov, A. B.; Tsypin, V. G.; Malin, A. S.; Laskin, B. Russ. J. Appl. Cher2004 77,
19972000.

4. Krasovskiy, A.; Knochel, PSynthesi2006 5, 08960891.

5. Tran, T-A.; Shin, Y:J.; Kramer, B.; Choi, J.; Zou, N.; Vallar, P.; Martens, P.; Boatman, P. D.;
Adams, J. W.; Ramirez, J.; Shi, Y.; Morgan, M.; Unett, D. J.; Chang, S.; Sil; Hung, S:
F.; Semple, GBioorg. Med. Chem. Let2015,25, 1030 1035.

6. Habash, M.; Taha, M. Bioorg. Med. ChenR011 19, 4746 4771.

7. Yahyazadeh, A.; Yousefi, Fspectrochim. Acta A Mol. Biomol. Spectrad@14 117, 696
701.

8. Rossiter, S.; Péron J. M.; Whitfield P. J.; Jones,Bfoprganic Med. Chem Let2005 15,
48064808.

9. Su, Z.; Yeagley, A. A.; Su, R.; Peng, L.; MelanderCiemMedChen2012 7, 20362039.

10. Dai, X.; Chen, Y.; Garrell, S.; Liu, H.; Zhang;K.; Palani, A.; Hughes, G.; Nargund, R.
Org. Chem.2013 78, 7758 7763.

11. Reeves, E. K.; Humke, J. N.; Neufeldt, SJROrg. Chem2019 84, 11799 11812.

12. Thapa, S.; Gurung, S. K.; Dickie, D. A.; Giri, RAngew. Chem. Int. EA2014 53,
11620111624.

13. Sicre, C.; AlonsgGémez, J. L.; Cid, M. MTetrahedror2006 62, 1106311072.

14.Crouse, G. D.; Sparks, T. C.; McLead, C. L.; Demeter, D. A.; Bryan, K.; Brown, A. V.; Dent
[l W. H.; Cudworth, D. P.; Nugent, J. S.; Hunter R.; Samaritoni, J. G. Pesticidal Compositions.
U.S. Patent US 2009/0209476 Al, August2I)9

15.Yang, M.; Chen, J.; He, C.; Hu, X.; Ding, Y.; Kuang, Y.; Liu, J. HuangJ.(Drg. Chem.
202Q 85, 6498 6508



169
16. Minxing, X.; Feng, T.; Wei, H.; Jun, W.; Han, S.; Zhaoyu, L.; Chongxing, Tu.; Xinge, Z.
Pyrimidinamine and pyridinamine Hedgehog signal conduction inhibitors. International Patent
CN103864770 (A), June 18014 (paragraph 1443).

17. Duan, Jingwu; Jian, Bing; Lu, Zhonghui. Azaindoles as BTK Kinase Modulators and Use
Thereof. International Patent WO 2011/019780 A1, Februar2dl], (pages 6354).

18. Scott, N. W. J.; Ford, M. J.; Jeddi, N.; Eyles, A.; Simon, L.; Whitwood, A. C.; Tanner, T.;
Willans, C. E.; Fairlamb, I. J. 8. Am. Chem. So2021, 143 96829693.

19. Louérat, F.; Gros, P.Q.etrahedror2010,51, 35583560.

20.Baloch, M.; Roy, D.; Bensaid, S.; Guerchais, V.; Doucett. J of Inorg. Chen012 28,
44544462.

21. Levy, J. N.; AlegreRequena, J. V.; Liu, R.; Paton, R. S.; McNallyJAAm. Chem. So202Q
142, 1129511305.

22.Corcoran, R. C.; Bang, S. Hetrahedron Lett199Q 31, 67576758.
23.Gurung, S. K.; Thapa, S.; Vangala, A. S.; Giri(Rg. Lett.2013 15, 20, 53785381

24.Mosquera, A.; Riveiros, R.; Sestelo, J. P.; Sarandeses,QrgALett.200810, 17,3745
3748



170

APPENDI X B

SUPPORTI NG | NFORMATI ON
for

CHAPTER THREE



171

B1 Gener al Materials and Met hods

NMR spectra were recorded at 298 K ltlan a Br
125. 795 '®MHz470r63%)Mdz fhoBruker Ascend!H400 MH
NMR, 100.€9)™H3 atfflrNMR chemical shifts are repor:t
relative to TMS, with the residuldll NMBlI ¢wERCI pe
(7.26 e¢pspim) 7. CEEC popMR:; 3(CDTC.I16E€Ep NKRDPs( C28. 06 ppm)
Mul tiplicities are reported basetf oolfl odvasu b |seitnsg
mul tiplet (m). GC data we?2@l@oPlestwdt bsangl! a
detector equipmedcapihlar$@HROlI umn (15 m x 0.2
data were collect-2003Wredl wi Shi ma- P2 MGz NXGCGENS
equi pped -Rwbtms aaPHI |l ary column (30 m-MS 0. 25
anal yses were perfor medOBnM®i drhea-TERuU WM, | diod rh
coupled to an Agi |l esnytste2m 0 Al 5f0i nmnt yl olhWP LEX | i p
(Agil ent Technol ogi es, Santa Barbar a, CA; i
separ atmionnu.t eA gér adi ent was wusedlami@ma 9% %BDwbufatft

(100 With 0.1% formic aci d}d, minlulewe d uldy ea

(100% acetonitrile with 0.1% formic acid), 1
for 1 minute. The mass specitorno madde wivtelo 8 p o
i onii@zra.t

Unl ess ot her wi se n o todbd abi enleodw,c hael nhi ccaol nemew ecri ec
(1-'Buindenyl ) Pd(I Pr) (Cl) Naed eobbtcyichéd fcraoimeldmi

S| Me s, |l Pr , or SI Pr were each obtained from St
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not ed, -hckeitcelrlocarreenes and aryl boronic acid start
Chemical . Ar YhxaiBedB4py dBBhdhiemrees prepared as previ
1Dl oxane, tpebputaosxsi dm, and palladium (11) chl c
Organi cs. Potassium car botnestud ,y | pthoispihe mel, plwes
from Al fa Aesar. THF, toluene, and tmedrtuht aynl o | \
br omi de, di phenyl|l mphosygyhiphosehi aeene,ndt rtiri cyc
obtained from Oahwoog!| ghesnp ltiane Wa s$-Alodortiaci hn.e d
Pall adium (11) acetate,hnPhoet hynd phatsp@Xinem A
from Strem Chemical. Benzene was obtained fr
SuzdMkyaur-aooapbsags, THF was used as-Dioxaineed
required -nieodri aPtde/-Mippafm uebapbsags was used as r ¢
Organics butprhept tondaed Muring use.

Deuterated soDeyewese( G6Db€Chined from Cambr i d
over molecul ar sieves. Manual flash column ch
gel 6B (&0 particle size) and thin |layer chror
pl ateoapeed extra hassdd Autl omat gel fl6@sikF col umn
performed with a Biotage Selekt equipped with
size; 50 | pore widtmg, for Qiorimada Q@Eh&secarstempiadg

100 § pore width) for reversed phase separat.
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B2. Gener al Proced&€wruglfimrgsSuzuki Cros

The specified soli-MsByaemgairedct inorddr ewrSrue u 4
reaction vi al i n order of increasing mass: pa
precatalyst, the specified djhalepguwrvidinaryglub
(0.08 mmol , 1.0 equiv), potassium carbonate
reagent smewnaesruer epdr eby syringe and added i-n qui c
di oxane ( OM)3 2v-imiaL ,4 yOf.io2h5) © wesdp abrygeNl dei on®Olzed wa
syringe. Note: dihalopyridine substrates were
cap equi ppedgwaist ananoNtgassing-dneedleawasohas
the headspace wassspamdged Wotrh 3donti nuous spa
from the septum cap and | ower e-di whadl eagpthied s a p |

was stirred vigorously at the onpecified tempe

B3 Ligand Scree2fi e ha i lca3-BB)&i,dn(dCGH v 12) Palf €1 ) ]
Pd( OAc)

Overview and Discussion

The effect of phosphine sterics was eval ua
combined Wi toBi Mecoads) Pd h @wnap 8 ar Ta3ul)eg->-1B@
i ndenyly) Pd CRY{IOMAcaddi ti on, NHC | igands were
(cod) 5d W@&dHr Pdy OAc) as parmedf camplk ex 14Biut h st r
indenyl ) Pd(NHC) (CIl ) . Overall, the steric tre
the conditionsawdepeRdé®Ae) of selectivity and

some | igands that was nBSthsedhi swheay usteyh boef¢ t o
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Pd( QAm) oxi di zét tpehrostpyhihneasdi ng to a much | owe
change in the nature of the 3dmticwenbd aatadli ot .wi
Pd( Qan)d>-1Bu ndenyl,) PddICédgt]i vity switches for L
This observation is consstcabhestupwotain d oldibsImegiatc
pal | dwlhiiuechh are expected to give different sele
using (cDidysL,dqdrCH i nstead a slight preference f
5 and 10 amoThi% PcClyservation seems to suggest

Pd(BCywhen usinli Msaed)j) Re( gHI | adi um source.

TabBlei gand Screen SwiNehT g kcfoad ) P)d.( CH

Pd(cod)(CH,TMS), (5 mol %)
ligand (5-10 mol %)

Cl Me04<;>7B(OH)2

Cl PMP PMP
(1 equiv)
X = + 7 + =z
N Cl H,O (14 equiv) N PMP N Cl N PMP

THF, 25°C, 13 h 2a 2b 2c

entry trial ligand %Vowr 2a (%) 2b (%) 2c (%) 2a:2b

(mol %) (min) b

1 1 PPhs (5) 83.9 0.5 0.1 >99:1

2 2 PPhs (5) 84.5 0.6 0.2 >99:1
3 Average PPhs (5) (28.2) 84.2 0.6 0.2 >99:1
4 1 PPhs (10) 82.8 0.3 0.1 >99:1
5 2 PPhs (10) 80.3 0.4 0.3 >99:1

6 Average  PPhz (10) (28.2) 81.6 0.4 0.2 >99:1
7 1 P(o-tol) 5 (5) 39.1 22.0 4.2 18:1

8 2 P(o-tol) 5 (5) 44.8 20.9 34 21:1

9 Average P(o-tol)3(5) (34.4) 420 215 3.8 20:1
10 1 P(o-tol) 3 (10) 33.7 18.6 2.2 17:1
11 2 P(o-tol) 5 (10) 26.9 15.4 1.1 1.8:1
12  Average P(o-tol)3(10) (34.4) 30.3 17.0 1.7 18:1
13 1 PMes (5) 18.8 2.2 0.4 85:1
14 2 PMes (5) 18.3 2.2 04 83:1
15 Average PMes (5) (22.1) 18.5 2.2 0.4 84:1
16 1 PMes (10) 9.2 0.6 0.3 154:1
17 2 PMes (10) 10.5 1.1 0.3 9.7:1
18 Average PMe;(10) (22.1) 9.9 0.9 0.3 11.0:1
19 1 P(n-Bu)s (5) 21.6 7.4 0.7 29:1

Table B1 Continued
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20 2 P(n-Bu)z (5) 18.4 7.8 0.7 24:1
21  Average P(n-Bu)s (5) (24.2) 20.0 7.6 0.7 26:1
22 1 P(n-Bu)s (10) 0.8 0.3 0.3 32:1
23 2 P(n-Bu)z (10) 0.7 0.2 0.3 32:1
24  Average P(n-Bu)s (10)  (24.2) 0.8 0.3 0.3 32:1
25 1 PCys (5) 26.3 42.0 4.7 1:16
26 2 PCy (5) 29.4 47.7 5.9 1:16
27  Average PCy (5) (30.2) 279 44.9 5.3 1:16
28 1 PCys (10) 27.2 39.0 2.6 1:14
29 2 PCy; (10) 27.2 40.7 3.6 1:15
30 Average PCy (10) (30.2) 27.2 39.9 3.1 1:15
31 1 PAdz(n-Bu) (5) 24.4 53.0 6.5 1:22
32 2 PAdz(n-Bu) (5) 23.7 50.7 100 1:21
33 Average PAdx(n-Bu) (5) (32.8) 24.1 51.8 8.2 1:2.2
34 1 PAdz(n-Bu) (10) 26.4 48.6 102 1:1.8
35 1 PtBus (5) 26.8 46.7 9.6 1:17
36 2 PBus (5) 27.1 47.8 119 1:1.8
37  Average PtBus (5) (36.3) 27.0 47.3 108 1:1.8
38 1 PtBus (10) 27.1 47.5 8.9 1:1.7
39 1 IMes (5) 33.9 50.8 4.9 1:15
40 2 IMes (5) 31.0 53.3 8.1 1:17
41  Average IMes (5) 36.5 32.5 52.0 6.5 1:16
42 1 SlIMes (5) 27.2 21.3 07 13:1
43 2 SIMes (5) 28.5 22.6 0.8 13:1
44  Average SiMes (5) 36.9 27.9 22.0 0.8 13:1
45 1 IPr (5) 8.8 65.7 138 1:7.4
46 2 IPr (5) 10.1 67.9 6.7 1:6.7
47  Average IPr (5) 44.5 9.5 66.8 103 1:7.0
48 1 SIPr (5) 9.3 35.5 35 38:1
49 2 SIPr (5) 9.6 37.3 34 39:1
50  Average SIPr (5) 47.0 9.5 36.4 35 38:1

& Reactions were conducted according to the General Procedure fecaBCreactions. GC
yields calibrated against undecane as an internal starf¥aldes in parentheses are minimum
percent buried volumes obtained from the Kraken datdbBsecent buried volumes of NHCs
reported for LAUCI complexes at 4 Au distance of 2.00 A from referenbe

Table B. Ligand Screen witf(—-1-'Bu-indenyl)Pd(CI} (1) and £3-1-'Bu-indenyl)Pd(NHC)
(cnh .2
catalyst system Lor Il
cl MEOOB(OH_]z cl PMP PMP
= (1 equw} = + = + =
| K,CO, (3 equiv) | o o
N™ °Cl H,O (14 equiv) N™ "PMP N™ °Cl N™ "PMP
THF, 25°C, 13 h 1a 1b e

I: [P('Bu-Ind)Cl], (2.5 mol %) with ligand (5-10 mol %)
1: {113-1 -tBu-indenyl}Pd(NHC}l(Cl) (5 mol %)







