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ABSTRACT

PALLADIUM -CATALYZED DEPROTONATIVE CROSSCOUPLING AND CARBONYLATIVE
CROSSCOUPLING PROCESSES
Bowen Hu

PatrickJd. Walsh

Metatc at al yzed direct CIi H bond -aocweaklyacidic on ar
CiTH bonds have recently received much atte
activate Coaonvéentidmal degtonative crossoupling processes (DCCP)
undergoesamis i t u CT H deprotonation and metal ati
crosscoupling conditions. DCCP reactions are generally direginogipfree methods

employing simple starting materials under mild reaction conditions. This thesigdescr
mechanitic study of DCCRype triarylation ofbenzylic methyl groupsnd introduce

two novel methods of deprotonative carbonylation of weakly acidic benzylié)C{sj

bonds.

In Chapter 1, a comprehensive mechanistic study of our pallachtetyzed
deprotonatie triarylation of heteroarylmethanes at the benzyliel @ondsis reported
The reaction works with a variety of aryl halides, enabling the rapid synthesis of
triaryl(heteroaryl)methanedviechanistic studies point tBd(cataCXium Ay being the
resting stat of the catalyst anceductive eliminatiorbeing the turnovelimiting step in

the ultimate catalytic cycle.



In Chapter 2anovel highly selective palladiviwatalyzed deprotonative carbonylation of

azaarylmethylamines with aryl dmides undr 1 atm of © gas has been achieved. The

methods enable access key components of numerous biologically active natural
products and synthetic compound$he key to success is the presence of a
NIXANTPHOS-based palladium catalyst, which effictlyy activates aryl brmides and

facilitates the deprotonative cressupling process under CO.

Chapter Jreseng a novel, selective and highelding palladiuracatalyzed carbonylative
arylation of a variety of weakly acidicpKa 25135 in DMSQ benzylic and
hetepbenylicC(sp) T H bonds wi t h Jasphpsbasédrcatatyiic dystem,
identified by highthroughput experimentation (HTE}olved the selectivity issue in
deprotonative carbonylation reactions, providkeioneproductswithout the formation
of direct coupling byproductsAdditionally, (Josiphos)Pd(CQ)was identified as the
catalyst resting staté kinetic study suggests th#tie oxidative addition of aryl bromides
is the turnovetimiting step. Key catalyticritermediatesncluding (Josipho¥Pd/Ar)(Br)

and(JosiphodPd COAr)Br were also isolated

The
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CHAPTER 1 Mechanistic Study of DCCP (Deprotonative Cross
Coupling Process)Reactions

1.1 Introduction
Tetraarylmethanes, and related derivatives, are ubiquitoilding blocks and exhibia

wide range of applicatior'sTheir synthesis, therefore, has atteacmuch attention. It is
surprising, however, that transition takcatalyzed CH functionalization reactions,
which are among the most veit@aimethods in organic synthesis, have withessed only
limited success irthe synthesis of tetraarylmetharedVe are aware of only a few
relevant exanples: Wu and Huang (Schemé-1, a andb) independently reported
palladiumcatalyzed arylations of fluorene and mondiuorene derivatives with aryl
bromides for the synthesid diarylfluoreness Nambo and Crudden outlined a sequential
palladiumcatalyzed arylation to geneeat triarylacetonitrile products. The
triarylacetonitries were subsequently transformed intoiatyl(heteroaryl)mthanes
(Scheme 41, c)* Nishibayashi presented a coppeicatalyzed enantioselective
propargylation ofindoles with propargylic ester® construct all carbon quatery
steeocentes bearing an alkyneSubsequent deratization of he erminal alkynewith
phenylazide generatezhantioenrichedll carbon subdtited tetraarylmethanes with 28%
yield and 78% egScheme 41, d).> Recenly, Sun and his coworkerseported a
organocatalysis method to construct enantioenriched tetraarylmethanes

Our research group hageninterested in the catalytic functionalization of weakly acidic
sp>-hybridized GH bonds through deprotonative crassipling processes (DCGCP)

which are mechanisticallysimilar to carbonyl U-arylation reaction§. DCCP involve



weakly acidic substrates Ka > 25) thatare reversibly deprotonated in the presence of the
transition metal catalyst and subsequently functionaliBesded on thisapproach, we
developed a palladiwoatalyzed DCCP for direct arylation ofyfheteroaryl)methanes
and diaryl(heteroaryl)methanesthiaryl chloridesusing palladium catalystsase on
tricyclohexyl phosphine (PGy or cataCXium A (AdP-n-Bu, Ad = adamamt)® to

constuct triaryl(heteroaryl)methanes in good to excellent yields (Schiemes).1°

a) Wu
d(OAc) 2/L|gand

(0o 0
X= Clor Br Base, solvent

130 °C
b) Huang
R Ar!
d(OAc),/PCys
0= D
KOt-Bu, toluene
R=H or Ar? 100 °C
c) Nambo and Crudden
2
Ar'-B(OR), Ar2-Br Ar
PO
Cl CN —> Ar1/\CN . ' Ar! CN
Sequential C-H arylation
%NHZ
Arl [NE= Arl N- transformation
(0]
2 2 > <
Ar H\ /N or Ar /k
N— N
NH,
d) Nishibayashi
- N 1 Cu/L*
S | = + N\ . cat. Cu
N
2. N3Bn
OC(0)CgF5 Me 3
28% yield, 78% ee
e) Our group
R PAOACKL AR A A2 AR
+ AP-Cl ——— or
A" NArpetero NaOL-Bu A D Aretere AT Albetero
R=Ar? or H 100 °C

Scheme 11. Transition metal catalyzepproaches to tetraarylmethanes



General methods for théirect arylation of benzylic methyl groups to construct
tetraarylmethanelsavenot beerdevelopedo our knowledge, although the diarylation of
benzylic methygroups toform triarylmethanes has been reportéd!Based on our prior
studies® we hypothesized that DCCP of benzylic methyl groups in the presence of a
palladium catalysshould provide tetraarylmethanes via tandemtriarylation process
The success of this process depends on iderdifgircatéyst that is able to perform
arylations on 3 @tinct coupling partners, as shown in Schelre With the help othe
great work from my coworker Dr. Shuagung Zhangie developeda novel pakhdium
catalyzed triarylation of heteroaryinethyl groups for the fécient synthesis of
tetraarylmethanelerivatives (Schemé-2). We propose theatalytic cycle of the last
arylation step in Scheme 2., but several keyspects othe mechanisnof the reaction
remaired unclear To determinethe detais of themechanismof the method including
theresting stte of the catalysandthe ratelimiting step and providensight for future

reaction development | conducted preliminary mechanist studies on the tandem

sequence.
Ar—X —X A A
r r
) w1, @) 1
Ar r Ar
4
Ar = Heteroaryl up to 96 % yield



-

Pd(OAc),
L P/\/\

L = cataCXium A
d(0)L

P
L
Qo ¢ %
Ar O L/
Cl
}/ -~ O
O
)
()"
NaCl NaOt-Bu
o9 T 0
Ar = Heteroaryl Na Ar

Ar

Schemel-2. Palladium catalyedtandemtriarylationreactionof heteroayl methyl
groups to generate tetraarylmethane derivatives.

1.2 Results and Disussion

The tandem triarylation process provides us with an opportunity to study the retativi@ity of
the arylation of heter@rylmethane derivativesThe catalytic cyclesSchemel-2) begin with
oxidative addition of the aryl chloridén general,oxidative addition ofaryl chloridesis facile
with bulky monodentate phosphine ligardeislartwig andcoworkers? haveshown that oxidate
addition of arylchlorides to palladiuit®) complexes oAdP{-Bu), and CyP¢-Bu), proceels via
Pd., intermediatesThe next step in theatalyticcycle in Schemel-2 involve deprotonation of

the subgtte andtrarsmetallaion of the resulting carbaniofhe efficiency of the deprotonation



sters dependsn both the acidity of tharylmethane substratesdtheir sterichinderanceEach
aryl additionto the heteroarylmethasdl) increases the acidity ahe remining benzylc CiH
bonds (by as much as 16K units).” Theincrease in acidity of the triarylmethame yeerdCHAT?,
however,will be muchless Deprotonatiorof ArpeterdCHAr. formsa carbaion in which thearyl
rings areunableto simultaneouslye coplanarwith the carlanion, resulting inessstabilization
At the same timgincreasing the number of aryl groups on lieteroarylmethanes expected to
renderdeprotonationslower with bulky tert-butoxide baseslikewise, transmetallation of the
bulky triarylmethylcarbanon may be slowdue to stericlashing with the (cataCXium A)Pd(#I)

based catalyst.

To probe the relative reactivity in the tandem arylatioe, first studied the reaction of2-
methybenzdhiazolelawith chlordbenzenésa (5.0 equiV) in the pesere of NaQ-Bu (5.0 equiv)
(Scheme 1-3). This substrate combination was particularly useful, becabse relative
concentrations oftie 2-methybenzdhiazolela, arylated intermediates artdtraarylmethanare
all easily determined byH NMR spectromety. Due todifficulty with in situ NMR monitoring
conversion data was obtainbyg using stock solutions to sap a series of identical react®im
sealed vialsaind heang all the vialsto 130°C. Onevial was quenched evefymin for thefirst
30 min and oneevery 10 min after thatSamples werguenchedsee Experimentall.51 for
details)and 'H NMR spectraof the unpurified mixtures were acquired with integratiorof 2-
methybenzdhiazolela, monao, di, and triarylatednateral against aninternal standard The data
for the tandem reactios plotted in Scheme. & he starting2-methybenzdahiazole (a) is nearly
consumedwithin 90 min. The monoarylation produc®-benzybenzdhiazok (2a), is consumed
nearly as fast a6 is producedi its concentration neveexceedsa few percenbver the course of
the tandem reaction This observation is consistent with the greater acidity a#-
benzybenzahiazole 2a (pKa = 27.6 in DMSO at 25°C).!” Presumablytransmetallatiorof the

intermedate organosodim, NaCH(AmewergPh, is facile under these conditions The
5



concentration otriarylmethane3a builds upwith a maximumbetween50 and 70min andis
converted taetraarylmethanda in a similar timeframe The concentration of tetradnyethane
product increasedover thetime course of the tandem reactjiaeaching96% AY after 130 min

(93% isolated yield

Pd(OAc); (5.0 mol%) O
cataCXium A O O
ﬁ/ Cl (10.0 mol%) S
GO e 0O
NaOt-Bu (5.0 equiv) @ Q/
1a 5a o-xylene
1.0 equiv 5.0 equiv 130 °C AY 96 %

100
90
80
70

60 * SM(%)

50 ® diarylmethane(%)

Yield (%)

40 triarylmethané)

30 tetraarylmethane(%)

20

0 10 20 30 40 50 60 70 8 90 100 110 120 130
Time (min)

Scheme 1-3. Conversion data for the reaction @fmethylbenzothiazole 1) with
chlorobenzenésa, 5.0 equiv) and Nat=Bu (5.0 euiv) at 130°C. Curves are a guide for
the eye.

As triarylmethane3a builds up, andalmost no diarylmethan2a is observedduring the
reaction the slowesttransformationin the tandem reactiors likely the formation of
tetraarylmethanda from triarylmethane 3a. We, theefore, decided tofurther explorethe
arylationof 3aleading toda (Schemel-4). To begin thestudy, we determind the resting

state of the cataly$ty monitoringthe arylation of3a with chlorobenzene (B equiv) and



NaQt-Bu (2.0equiv) at130°C in o-xylenedio. A series of identical reactignvere heated
and aevial was removed from the 13C bathandcooled to room temperaturevery 5
min for a total of 25 minThe resultingunpurified reaction mixtuewere transferred to
NMR tubes n a diy box, sealedandanalyzedby *'P{*H} NMR. In samples analyzed at
intermediate conversionthe 3'P{*H} NMR spectraexhibited resonances for three
speciesat 53.1, 49.4 and 24.2 ppm, wifleak area ratgof approximatelyl.7 : 0.6 : 1.0.
Based orBellerts report,*® andconfirmed byour own independent synthesige assigned
theresonancat 53.1 ppmto the bis-ligand adducPdcataCXiumA),. The peakat 24.2
ppm was determinedto be free cataCXiumaA. It is noteworthy that whethe reaction
reachedconpletion after 25 min at 130°C, thesinglet at49.4 ppmdisappearedrom the
31p{1H} NMR spectrumand onlyPd(cataCXiumA). and free cataCXiumA remained
(ratio of approximately2.2 : 1.0). Weinitially suspected that thgeakat 49.4 ppmcould
be the product of either oxidaive addition (cataCXium A)Pd(PhCI, or of
transmetallation (cataCXium A)Pd(PHC(ArnetergPle]. Based on the integrals,the
averageatio of PdcataCXiumA): to the speciesat 49.4 ppm(which is assumed to have
only one phosphindourd to Rd) wasapproximately 1.5 : 1.0. Thus,the majority of the
phosphindigated palladiumis found in PdcataCXium A)2, which is, therefore, the

resting state of the catalyst

O Pd(OAC), (5.0 mol%) O
Ccl  CataCXium A (10.0 mol%)
N * © Ny
S O NaO#Bu (2.0 equiv) O
S S
o-Xylene

130 °C

1.0 equiv 5.0 equiv
3a 5a 4a



Schemel-4. Resting statstudiesfor the reaction o€H(ArHetergPh (3a) with
chloroberzene(5a, 5.0equiv) and Na®Bu (2.0 equiv)in o-xylened;o at 1300C.

The resting state speciBsl(cataCXiumA), wasnextsynthesize&nd usd for the kinetic
study of the oxidative addition stepAs expectedPd(cataCXiumA)2> was found to be
catalytically active under the same conditios (Schemel-5). To determine the rate
dependencyon chlorobenzene,we conductedinitial rate studies by varying its
concentration (Schem@-6). The initial rate constarg (koby for the formation of
tetraaylmethare 4a at various concentrations oPhCl (2.0, 4.0, 6.0, 8.0, and 10 equiv
relative to3a) are shown in Figure IThe initial rates werefound to beindependentf

the concentration oPhCl suggeshg that the oxidative addition step is nfrove

O Pd(CataCXium A) (5.0 mol%) O Q
Cl NaOt#-Bu (2.0 equiv)
N el N
@\ O o-Xylene @ i O
S 130°C

1.0 equiv 5.0 equiv 96%
3a 5a 4a

limiting.

Scheme 1-5. Reaction of CH(AretergPhe (38) with chlorobenzenebg, 5.0 equiv) and
NaQ-Bu (2.0 equivusing PdcataCXium Az at 130°C.

O Pd(CataCXium A) (5.0 mol%) O Q
Cl NaOtBu (2.0 equiv)
DO -
@/\ O o-Xylene @/ J O
S 130°C

1.0 equiv 2.0 - 10.0 equiv
3a 5a 4a

Schemel-6. Reaction of CH(AHetergPhe (3a) with chlorobenzenedg, 2.0, 4.0, 6.0,
8.0 or 10.Gequiv) andNaOt-Bu (2.0 equiv) using Pd(cataCXium At 130°C.
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Figure 1-1. Initial rateconstantalculatedusing2.Gi 10.0 equivchlorobenzenatfter 3
min at 130°C.

Hartwig and coworkers hawudiedthe mechanissiof oxidative addition of aryl Halesto PdL:
complexeswith bulky monodentate phosphitigands!® Theyintroducedtwo possible oxidative
addition pathway$or chlorobenzenethe asociative displacement of tipaosphindigandfrom
PdL, followed by oxidativeaddition Pathway A Schemel-7), andinitial dissociation of a

phosphindigandfollowed byoxidative addition of the haloarendathway B, Schem#-7).

Pathway A
k4 -L PhCI ka Ph. CI
PdL, LPd-PhCIl —— /Pd
k.4 L -PhCI L
if ko >>k4[L]  Kobs= ki[PhCI]
if ke<<ka[L]  Kobs= kiko[PhCIJ/ ka[L]
Pathway B
ks -L Ky Ph. ClI
PdL, LPd + L —» Pd
kgL PhClI i

if k[PhCI] >>kg[L]  Koms=kKs
if ki[PhCI] <<ks[L]  Kobs= kaka[PhCI/ K3[L]
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Schemel-7. Oxidative addition pathwayand rate lawgroposed by Hartwi§

In pathway A, the rate law suggeshat kobs Of the reaction haa positive relationship
with the concenttion of chlorobenzeneThus, pathway A can be excludbdsed on the
data in Figurel. In Pathway B.whenkijPhCI] << k3[L], the observed rate constast
proportional to [PhQltoo, then it can also be exded In the scenario thaks(PhCl >>
k3[L], kows can besimplified © ks (Schemel-7), which is consistenwith the initial rate

being independerdf chlorobenzeneoncentration.

The next stepwe probedin the reaction mechaniswas deprotonation.There are
numerous catalytic arylation processes that convert diaryémeghto triafimethanes,
but very fewreport aylation of the triarylmethane prodiscto form tetraarylmethanés
Based on this observationsiemd likely thatthe depratnation of the triarylmethane or
transmetallation of the sealting aniormight bedifficult. To probe the deprotonation step,
we prepared the monodeuterated triarylmethane derivEI@Ar+HetergPhe (3a-d1, 9%
based ortH NMR analysis). We ratbnalized tlat if deprotamation ofthe triarylmethane
wasrate determiningthe reaction witlBa-d: would exhibit an isotope effect relative to
reaction of3a (Schemel-8). The kinetic dateof the arylation of3a-d: and 3a with
chlorobenzenere comparedin Schemel-8, which clealy indicate there isno kinetic
isotope effect Furthermore, variation of the equivalents of base from 1.5 to 3.0 had a
negligible impact onreaction rate (see Experimendl 1.5.4 for detailg. From these

obsevations thedeprotonatia of thetriarylmethane substteis notturnoverlimiting.
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Pd(OAc), (5.0 mol%)
Cl cataCXium A O Q

(10.0 mol%)

@/S O NaOt-Bu (2.0 equiv) = O
5a o-xylene S

%a 130 °C 4a
1.0 equiv 2.0 equiv

Pd(OAc), (5.0 mol%)
Cl cataCXium A
(10.0 mol%) O O
N\
NaOt-Bu (2.0 equiv) O
@ 5a o-xylene @ S

3a-d
! . 130 °C 4a
1.0 equiv 2.0 equiv
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90

80

Yield(%)
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N~
o

10

0 5 10 15 20 25 30 35 40
Time(min)

Schemel-8. Comparison of reaction time course3af(average of 3 rungnd3a-d:.
Curves are a guide for the eye.

To probe thetransnetallation ad reductiveelimination steps we desiredto prepare the
corresponding oxidative addition compleicataCXium A)P@Hh)(Cl). The synthesis
however,provedto bechallenging Similar difficulties wereencounteredy the Hartwig

group in their #orts to prepareLPd(PhCl compleces with bulky ligands via oxidative

addition of aryl chloridesThe problems were ascribed @asmall equilibrium constant
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towards the oxidative additiooomplexand low reaction raté® We next turned our
attention to the synthesis of the oxidaive addiion complex with iodobenzeng
(cataCXium A)Pd(Ph)(1)(7a), which was reported by Antoni andkrydstrup?® We
expectedhatthe iodobenzen®xidative addition adduatould undergdransmetallion
to formthe samgproductas hat from(cataCXium APdPh)(Cl), positioning us tgrobe
the reductive eliminationOur synthesizedcataCXium A)P@h)(I) (7a) matched the
spectral data reported Byntoni and Skrydstrupvith arepresentativéroad peak at 41.6
ppm in the 3*P{*H} NMR spectrum We investigate the transmetallation by stirring a
solution of (cataCXium A)Pd(Ph)j (7a) andtriarylmethane3a (2 equiv) with 4 equiv
NaQt-Bu at room temperaturdor 1 h (Schemel-9, a). The 3P{*H} NMR spectrum
exhibiteda peakat 49.4 ppmwith less tharb% Pd(cataCXum A)2 and no (cataCXium
A)Pd(Ph)() (7a) detected Note that the resonance d8.4 ppm observed in this
experiment was also detected in the catalyst resting sttadg described aboveWhen
the transmetallationeaction mixturevas heatedo 130°C for 10 min(Scheme 19, b),
'H NMR indicated92%AY of tetraarylmethanproduct4a. The3P{*H} NMR spectrum
of this solution showed that the compoundi@t4 ppmhad been completely consumed
and new resonances foPd(cataCXiumA). and free cataCXum A were dserved.
Preaumably, Pd(cataCXum A). arises from the disproportionation dfie reductive

elimination product, which is proposed toPé(cataCXiunA).

12



! ! / O \ ,
Pd-p NaOt-Bu (4.0 equiv) S /
C e
= O toluene-dg
S rt for 1h or 80°C for 10 min O
3a

7a
1.0 equiv 2.0 equiv

8a
b) | / O
Q\PJ\P NaO#-Bu (4.0 equiv) O Q
+ N N\
= O toluene-dg O
S r.tfor 1 h, then 130°C for 10 min S

7 3 4a
a a
1.0 equiv 2.0 equiv AY 92%

Schemel-9. Transmetallation reaction @a with 3a.

In a similar fashiona second exeriment wasperformal by combining (cataCKium
A)Pd(Ph)(I) (7a) (1.0 equiv)with CH(ArnetergPhe (38) (2.0 equiv) and Na®Bu (4.0
equiv) in tolueneds and heatedo 80°C for 10 min (Scheme 10b)!H NMR analysis
showedno tetraarylmethandormationat this temperatue: The 3'P{*H} NMR spectrum
indicated that the (cataCXium A)Pd(Ph)(Pa) had been consumethdtwo resonances
had formedone pealat53.1 ppmassigned t@dcataCXiumA). andthe othersingletat
494 ppm We propose that thegscies at 49. ppm is thgroductof transmetallatin, the
reductive elimination precursofcataCXium A)Pd(Ph)L(ArnetergPhe] (83). Taken
together, lese results indicate that transmetallationwith (cataCXium A)P@Ph)(1) is
facile. We propost¢hat transmtallation wth the arylchlorideoxidative addition poduct,
(cataCXium A)Pd(PhXtl) is also likely to be fastReductiveeliminationoccurs at much
higher temperature and is likelyhe turnovedlimiting step in the formation of
tetraarylmethae from HC(Arneterg Ph.
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to closethe cycle.

Pd(OAC),
e D

L-oxide

2AcO

resting state species PdL, L = cataCXium A

L/u
Ar_ Ar

Heteroaryl Ar
PdL Ar—Cl

turnover limiting step

Ar
L-Pd Ar
Ar L-Pd

Heteroaryl Ar

NaCl Ar

®>7 Ar NaOtBu

Heteroaryl Heteroaryl

Schemel-10. Pragposed catalytic cyclerfom triarylmethane to tetraarylmethean

Based on thestudies abovewe propose the catalytic cycle depicted in Schénié.
Pd(OAc) is reduced to fornphosphineligated palladium speies, whichthen boses a
ligand togive the Pdl. Pd_1 complex can thenndergorapid oxidative additionof the
aryl chloride Next, he triarylmethane substrate is deprotonated by NADto generate
the organosodium NaC(ArnetergPhe. The oidative addiion complex (cataCXium
A)Pd(Ph)(CI), undergoes trasmetallation with N&(Arneterg Phe to generatehe reductive
elimination precursor The (cataCXium A)Pd(PhYL(ArnetergPhe] complex undergoes

turnoverlimiting reductiveeliminaion to afford the tetraarimethane psduct and PdL

Conclusions
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In summay, we hae investigatedthe triarylation of heteroaryl methyl groups to form
tetraarymethans. Several key findings were made that shed light on the relative rates of
the events irthe thee catalytic cycles It is noteworthy thattte first arylation inthe
tandem process witbhlorobenzene (Schen#® is about50% complete irR5 min. The
actual hallife is shorter, because théeprotonatedarylation intermeliates 2-
berzylbenzothiazole Za) and CH(AruetergPle (3@), compete with thedeprotonated?-
methybenzothiazolefor the oxidative addition product, (cataCXium A)R@h)(Cl).
Under similar conditions, the arylation 6H(AretergPhe (3@) with chlorokenzeneg(2.0
equiv) and Na@-Bu (2.0 equiv) at 138C has a haHife of under 20 mi. These results
were surprising as they indicate that deprotonation OCH(ArnetergPhe and
transmetallation/arylation of the resulting organosodium intermediaAM@eteo) Phe
take phce atsimilar rates to the arylation b 2-methylbenzothiazole1@), which
consistent wih Scheme 13. In other words, and contrary to our expectatiotig
conversion of triarylmethan8a to tetraarylmethane product does not appeabe

particularly difficult undetheseconditionswith the(cataCXium A)Pebasedcatalyst
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1.5 Supporting Information

1.5.1Reactionstudy of 2-methylbenzothiazolelawith chlorobenzenéSa

Pd(OAc), (5.0 mol%)
y cataCXium A
Ny e cl (10.0 mol%) N
+ —_—
O O @
NaOt¢-Bu (5.0 equiv)
1a 5a o-xylene
1.0 equiv 5.0 equiv 130 °C AY 96 %
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Schemel-S1 Conversion data for the reteon of 2-methylbenzothiazolel@) with
chlorobenzenésa, 5.0 eqiv)

A series of separate parallel reactiomsre caried out to study the reaction time course. Odeerd 8 mL

reactionvials equipped with stir baraere charged with -tnethylbenzothiazel (1a, 12.7 ¢L, 0.1

equiv) andchlorobenzene5g, 5.0 eqiv) in a glove box under a nitrogen atmosghat rem temperature. A
stock solutioncontaining Pd(OAg)(1.1 mg, 0.005 mmol, 5.0 mol %) and cataCXium A (3.6 mg, 0.01 mmol,
10.0 mol %) in 1 mlof dry o-xylene was takenp by syringe and added to the eveggction vial under nitrogen.
Next, NaQ-Bu (48.1 mg, 0.5 mmol, 5.0 equiv) was added to the reaction mixture. The vials were capped,
removed from the glove boandstirredat 130°C, onevial wascooled in icebathandquenchedvith 3 dropsof
waterevel 5 min for thefirst 30 min, andthenevery10 min afterthat, thereactionmixtures were then diluted

with 4 mL of ethyl acetate, and filtered over a padlgfSO, and silica. The pad was rinsedth additional ethyl
acetate (4 mL) and the solution wasicentrated irvacuo.*H NMR spectra of the ade material was acceid

with integration of SM, mong di, and triarylatednaterial against an internal standard (B as the internal

standard,pe vi al added wi t ldatararelisteéh@gbleldoSlidnd ¥thol ) . The

Table 1-S1*H NMR monitoringof thereactionof 1awith 5a (5.0 equiv)at130°Crun 1

Time (min) SM (%) diarylmethan€%) Triarylmethang%)  [Tetraarylmethang%)
0 99 0 0 0
5 88 1 0 0
10 77 9 3 0
15 69 1 19 0
20 61 0 24 4
25 56 0 29 8
30 46 0 34 12
40 32 0 41 17
50 26 0 43 22
60 21 0 46 26

19



70 12 0 39 41
80 8 0 36 46
90 2 0 29 59
100 0 0 23 68
110 0 0 14 82
120 0 0 4 91
130 0 0 0 96

Table 1-S2 *H NMR monitaing of thereactionof 1awith 5a (5.0 equiv)at130°Crun 2

Time (min) SM (%) diarylmethang%o) Triarylmethang%)  [Tetraarylmethan@o)
0 99 0 0 0
5 86 1 1 0
10 76 2 6 0
15 67 1 18 2
20 62 1 23 4
25 57 0 30 7
30 48 0 31 10
40 35 0 39 13
50 29 0 43 19
60 22 0 48 27
70 15 0 41 38
80 10 0 38 42
90 4 0 32 57
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100 22 69
110 9 84
120 3 93
130 0 96
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1.5.2Resting state studies

(@) Synthesiof 3a

Compound3awaspreparedaccordingto literatureprocedue

(b) Restingstatestudies

O Pd(OAc), (5.0 mol%)
Ccl  CataCXium A (10.0 mol%)
N ¥ ©/
O NaO#Bu (2.0 equiv)
S o-Xylene
130°C
1.0 equiv 5.0 equiv
3a 5a

4a

Schemel-S2 Resting statstudiesfor the reaction o€EH(ArHetergPh (3a) with
chlorobenzenesg, 5.0 equiv) and Na=Bu (2.0 equiv)n o-xylened;o at 130°C.

A stock solution containing Pd(OAc)1.1 mg, 0.005 mmol, 5.0l %) and cataCXium

A (3.6 ng, 0.01mmol, 10.0mol %)in 0.5mL of dry o-xylenewastakenup by syringe

andaddedto the everyreactionvial undernitrogen.Next, NaQt-Bu (19.2mg, 0.2 mmol,

2.0 equiv) wasaddedto thereaction mixture. The vials were caped,removed from the

glove box, and stirredat 130°C. One vial was cooledin ice bathevery5 min. The

resultingunpurifiedreactionmixturesweretransferred ttNMR tubesin adry box, sealed

and analyzety 3'P{*H} NMR. The 3P{'H} NMR spectra arshowed inFigureS1.
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Figure 1-S13P{*H} NMR spectraof the catalystresting statstudy;.

1.5.3Reactionof CH(Ar Hetero)Ph2 (3a) with chlorobenzeng(5a) and NaOt-Bu
using Pd(cataCXium A)2

(a) Preparation of Pd(cataCXium A)2
Pd(cataCXiumA), waspreparedaccordng to literatureprocedure.

(b) Reaction usingPd(cataCiumA)2 as the catalyst

O Pd(cataCxium A), (5.0 mol%) O O
cl NaOtBu (2.0 equiv)
N * @ Ns
= o-Xylene O
o= e o
3

5.0 equiv 96%
5a 4a

a
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Schemel-S3 Reaction of CH(A#etergPhe (3a) with chlorobenzenesg, 5.0 equiv) and
NaQt-Bu (2.0 equivusing PdcataCXium A at 130°C.

Ovendried 8 mL reaction vials equigped with stir bars were chaged with
compound3a (30.1 mg, 0.1 mmol, 1.0 equiv) andchlorobenzené5a, 5.0 equiy

in a glove box undera nitrogenatmospheret room temperaturePd(cataCXium
A)2 (5.0 mol %) and & mL of dry o-xylene were addetb reactionvial under
nitrogen. Next,NaGQ-Bu (19.2 mg, 0.2 mmol, 2.0 equiv) was added to the
reaction mixtures. The vials were capped, removed fromgtbee box, and
stirred at 130°C. The vialwascooled in ice bath anduenchedwith 3 dropsof
water, dilutedwith 4 mL of ethyl acetate, andiltered over a pad of MgS{and
silica. The pad was rinsed with additional ethyl acetate (4 and)the solution
was concentrated in vacutd NMR spectra of the crude material was acquired
with integraton of tetraarylmethanagainstan internal standad (CH2Br. asthe

internalstandard pnevial addedwith 7.0¢ LQ.1 mmol).

(c) Impact of the concentration of chlorobenzenefor the initial rate of the

reaction

Preliminary reactions/ereperformedto determinehereaction timeof initial rate
study.In orderto keepthe reactionsystemsimpleto study, the reactiontime was

pickedto limit the conversiorof eachreactionto lessthan10%. 3

O Pd(CataCXium A) (5.0 mol%) O O
Cl NaOtBu (2.0 equiv)
N - O '
Q\ O o-Xylene Q/S O
S 130 °C

1.0 equiv 2.0 - 10.0 equiv
3a 5a 4a
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Schemel-S3 Reaction of CH(AetergPhe (3a) with chlorobenzenesg, 2.0, 4.0, 6.0, 8.0
or 10.0 equiv) and Na€Bu (2.0 equiv) using Pd(cataCXium 29t 130°C.

A series of segrate parallel reactions were carried out to monitor the conversion rate of
the reaction. Ovedried 8mL reaction vials equipped with stir bars were charged with
compound3a (30.1 mg, 0.1 mmol, 1.0 equiv) actilorobenzene5g, 2.0, 4.0, @, 8.0

or 10.0 equiv) in a glove box under a nitrogen atmosphere at room temperature.
Pd(cataCXium A (5.0 mol %) and 1 mL of drg-xylene were added to every reaction
vial under nitrogen. Next\aQ-Bu (2.0 equiv) wasaddedto eachvial. Thevials were
capped, removettom the glove box, andstirredat 130°C, eachvial wascooled in ice

ard quenched wi 3 drops ofvater, diluted with 4 mL of ethyl acetate, and filtered over

a padof MgSQ; and silica. The pad was rinsed with additional ethyl acetate (4 mL), and
the solition was concentrated iracuo.!H NMR (CDCl3) spectra oftie crude material

was acquired with integration of tetraarylmethane against an insgaradard CH-Br»
astheinternal standardpnevial addedwith 7.0& LQ.1 mmol).The dataarelisted in

TaHe S3.

Table 1-S31H NMR monitoringof thereactionof 3awith differentamountof 5ausing

Pd(cataCXiunn)2 at130°C

Time 4a(%) (2.0 | 4a(%) (4.0 4a(%) (6.0 4a(%) 8.0 4a(%) (10.0 equiv
X equivba) equivba) equivba) equivsa) 5a)

(min)
0 0 0 0 0 0
3 7 7 8 8 9
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1.5.4Deuteration reactions

(a) Synthesisof 3a-d:
O 1. n-BulLi,
-78°C D
N\ N\
at () 200 A
3a 3a-d,

Schemel-S4. Deprotonatiorand Deuteration of3a

An ovendried 100 mL round bottom flask equipped with a stir bar was charged with 2
benzhydrylbenza]thiazole(3a, 602.1 mg, 2.0 mol, 1.0 equiv) and dry THF (20 mL) under nitrogen. The flask
was capped with a rubbeeptum andcooled to- 78° C. n-BuLi (0.96 mL, 2.4mmd, 1.2 equiv, 2.5 M in
hexanes) was added to the mixtuaed the resultant mixture was stirred @B°C for 1 h béore it was quenched
with D,O (0.4 mL) The resulting solution wasxtracted withethyl acetate (3x40 mL). The combined organic
phasewas dried ove with Na&SQs andwas concentrated in vacudhe crude material was purified by flash
chromatography on sda gel (eluted with hexanes:ethyl acetate = 2015ta) to yield the produ@a-d: (584.1
mg, 97% vyield, 99%d;) as a light yellowsolid, mp: 7981 °C ; R = 0.51 (hexanes:ethyl acetate = 10:1jl
NMR (500 MHz, CDC}) : & 8= 8RHz, (H),7.77d,J = 8.0 Hz, 1H)7.46 7.39(m, 1H), 7.36 7.29(m,
9H), 7.267.23 (m, 2H) ppm; *C {*H} NMR (125 MHz, CDCl): Ui 174.2,153.6,141.4,135.7,129.2,128.8,
127.5,126.1,125.0,123.3,121.6ppm; HRMS (TOF MS ES+) m/z [M + H]* calcd.For Cxo*H1s2HNS 3031066,

found303.1080.

(b) Estimation ofkinetic isotopc effect for the conversion raté the reaction

Pd(OAc), (5.0 mol%)
O Cl cataCXium A
(10.0 mol%) O Q
TO "
S NaOt-Bu (2.0 equiv) O
@ 5a o-xylene Q/S

3a
o]
1.0 equiv 2.0 equiv 130°C 4a

Pd(OAc), (5.0 mol%)
Cl cataCXium A
@ (10.0 mol%) O Q
N
@ NaOt-Bu (2.0 equiv) = O
5a o-xylene @ S

3a-d
- . 130 °C 4a
1.0 equiv 2.0 equiv
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Schemel-S5 Comparison of reaction time course3af(average of 3 rungnd3a-d;.

A series of separate paraltehctions were carried out to detenm the KIE. Overdried
8 mL reaction vialequipped with stir bars were charged with compoBad30.1 mg,
0.1 mmol, 1.0 equiv) (reaction carried outtiiplicate) or3a-d; (30.2 mg, 0.1 mmol, 1.0
equiv) and chlorobemne (a, 20.
nitrogenatmospheratroomtemperatureA stocksolutioncontainingPd(©Ac). (1.1 mg,
0.005mmol, 5.0 mol %) andcataCXiumA (3.6 mg, 0.01mmol, 10.0mol %) in 1 mL of

dry o-xylenewastakenup by syringe and added to every reaction vial under nitrogen.
Next, NaQ-Bu (19.2 mg, 0.2 mmol, 2.0 equiv) was added tordsetionmixtures.The
vials were capped removedfrom the glove box, andstirredat 130 °C. Every 5 minone
vial was removed fom the heatng bath,cooled in ice bathquendied with 3 drops of
water, diluted with 4 mL of ethyblcetateand filtered over a pad of MgS@nd silica.
The pad was rinsed with additional ethyl acetate (4 rahyl the solution was
concetrated in vacuo'H NMR (CDCls) spectra of the crudmaterial wa acquired with

integration ofthe tetraarylmethane against an internal standard.B€Has the internal

3 gL,

0 v)2in angiovebox underal

standard, one viaddedwith 7.0¢ LQ.1mmol). The dataarelisted inTableS4.

Table 1-S41H NMR monitoringof thereactionof 3aor 3ad1 with 5aat 130°C

Time 4a(%) (from | 4a(%) (from | 4a(%) (from | 4a(%)average | 4aaverages (%)
(min) 3a)first run 3a)secondun | 3a)third run (from 3a) (from 3a-d1)

0 0 0 0 0 0

5 19 16 16 17 17

10 32 27 31 30 31

15 44 38 39 40 40
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20 54 53 51 52.7 52
25 65 64 61 63.3 63
30 81 79 77 79 78
35 93 92 90 91.7 93
40 96 96 96 96 96

1.55Impact of the concentration of bases on the reaction time course

N

atAs
3a

1.0 equiv

Cl
+ rﬁ\
e

5a
2.0 equiv

Pd(OAc), (5.0 mol%
cataCXium A
(10.0 mol%)

)

Q0

NaOt-Bu

(1.5, 2.5 or 3.0 equiv
o-xylene
130°C

Rashe

4a
AY 96%

A series of separatearallel reactions were carried oot inhonitor the conversion rate of

the reaction. Ovedried 8mL reaction vials equipped with stir bars were charged with

compound3a (30.1 mg, 0.1 mmol, 1.0 equivhdchlorobenzenes@, 20 . 3

erhmol, 0. 2

2.0 equiv) ina glove box under a nitrogen atmosphet room temperaturéd stock

solution containing Pd(OAg)1.1 mg, 0.005 mmol, 5.0 mol %) and cataCXium A (3.6

mg, 0.01 mmol, 10.&ol %) in 1 mL of dryo-xylene was taken up by s$gge and added

to every reaction @ under nitrogen. NextaQt-Bu (1.5 2.5 or 3.0 equiv) was added to

each vial. The vials were capped, removed from the glove boxstaned at 130 C.

Every5 minone vial wascooled in ice bath anguenched wh 3 dops of waterdiluted

with 4 mL of ghyl acetate, andiltered over gpad of MgSQ and silica. The pad was

rinsed with additional ethyl acetate (4 mand the solutiorwas concentrated in vacuo.

!4 NMR spectra of the crude material was acquired witkegmation of the
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tetraarylmethanagainst a internal standarddH2Br. asthe internal standard, one vial

added with

7.0 ¢€L,listed.inTableSBo| ). The

dat a

Table 1-S51H NMR monitoringof thereactionof 3aand5awith differentamountsof

baseat 130C
M) | ivbese) | squbese) | cquvbase)

0 0 0 0
° 18 18 17
10 31 30 31
15 41 41 45
20 52 54 56
25 63 72 73
30 80 84 86
35 91 94 96
40 96 96
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60 ——base (1.5 eq)
=50 ——base (2.0 eq)
240 base (2.5 eq)

%0 —base (3.0 eq)

20

10

0
0 5 10 15 20 25 30 35 40

Time (min)

Chart 1-S1 Conversion data for the reaction of CHtatergPh (3a) with
chlorobenzenebg, 2.0 equiv) and NatBu (15, 2.0, 2.5 and 3.0 equig} 130°C. Curves

areaguidefor theeye.

1.56 Transmetallation reaction of 7awith 3a.
(a) Preparation of (cataCXium A)Pd(Ph)(I) (7a)
(cataCXiumA)Pd(Ph)(l)waspreparedaccordingto literature proceduré.

(b) (cataCXium A)Pd(Ph)() (7a) for the transmetallation at different

temperatures
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5
NaQf-Bu (4.0 equiv) = " — 130 °C for 10 min

.Q"] toluene-dy
rifar1h

7a des
1.0 equiv 2.0 equiv 8a AY 92%

MaOt-Bu (4.0 equiv)

toluene-dz “_ J Py
80°C for 10 min Y

Schemel-6. Transmetallation reaction @& with 3a.

Ovendried 8 mL reactiowials equipped wit stir bars were charged with compoufal
(6.7 mg, 0.01 mmoll.0 equiv) and compoun8a (2.0 equiy in a glove box under a
nitrogen atmosphere at room temperatditeen 0.5 mL of drytolueneds was added to
the reaction vial under nitreg. Next, NaQ-Bu (2.0 equiv) was added to the reaction
mixture. The vials were capped,removedfrom the glove box, and stirred at room
temperaturdor 1 h then atl30°C for 10 min or at 80 °C for 10 min. Every vial was
cooled to room temperatureand the resulthg unpurified reaction mixtures were
tranerred to NMR tubes in a dry box, seded and analyzed by 3'P{*H} NMR. The

31p{1H} NMR spectra arehowedn FigureS2.
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Figure 1-S23'P{*H} NMR spectra ofransmetallatiomeactionof 7awith 3a
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CHAPTER 2 Palladium-CatalyzedBenzylicC(sp3) H Car beony | at
Arylation of Azaarylmethyl Amines with Aryl Bromides

2.1 Introduction

U-Amino ketones are key componentsnofmerous biologically active natural products

and synthetic compounds They display awide range ofmedicinal and biological
actvities, such as antiepressant, appetite suppressant, andpiatttlet properties

(Figure 2-1). UAmino ketones alsserveas effective synthetic intermediate®or the
preparationof various heterocycles and 1:2mino alcohols? 2 As a result of their
widespead utility, there has been substantial and lstanding interest ithe efficient
constructionof U-amino ketones in the synthetic communit@eneral approaches to

c o n st famimot ketodes from ketones dheir derivatives involve nucleophilic
amination? electrophilicaminatio’? or oxidative amination® Considerableefforts have
alsobeenmd e t o s yamind keteriexiseacyldtion of imineswith aldehydes,
acylsilanesor carboxylic acidg Stille reaction & sulfonamides with benzoyl chloridés,
crosscoupling of thiol esters with boronic acids oganostannanéshydrogenation of
Udehydroamino ketones akketoketimines?and r e ar r a-hydrexyhienimés of U
or enamines!Moreo v e r recent year s hav-aminoketomee ss ed
starting from alkene¥ alkynes® and sulfonium ylide$* Despite thesepromising

advances, exploration straightforwardmethodsthat enable formation of multipleiC

bonds remaisappealing.
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Figure 2-1. Selected pharmacl ogi cal |l y acti ve-amimayounds co
ketones

Duetoits low cost, high reactivity and abundance, CO has been extensively explored as a
versatile C1 building block for the production darlwonylcontaining compounds and
heter@ycles!® Impressive achievemertiave beemecordedn transitionmetalcatalyzed
reactionsof CO in multicomponent carbonylation reactions to construct carbonyl
containingmolecules from simple starting materiaté. 6 Little attention however,has
been paid to the application of this strategy for the preparatisgntfietically valuable
U-amino ketones There is only onsuchreport in the literature. In 2018, Wanghang
and ceworkers describedn elegans y n t h e-anim® ketofies \th a Pd@xtalyzed
four-component carbonylation reaction of argtlides N-tosylhydrazones and angs
under 1 atm of C@Scheme2-1).1’ Despite the synthetigotentialof this four component
coupling, his protocol is only applicable to aryl iodides amalexamples with heteroaryl

groups were reported
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with hterocycles

1.5 equiv 4.0 equiv

Scheme2-1. Carbenebased approach of Wang andworkers.

Recnt progress has established the viabilitpafadiumcatalyzedcarbonylativecross
coupling reactionsof acidic C(sp) T H bforrihé soncurrent formation of two new
C C bondswith the irtroductionof a carbonyl group®® Early reports focused on the
arylation of activated C(Sp 7 H  bob matbmte derivatives® In 2012, Skrydstrup and
co-workers first realized¢arbonylaive U-arylation of ketoneswith aryl iodidesusing CO
in the presence d catalytic amount ofRd(dbg>] and a bidentate phasime ligandto
afford 1,3diketones(Scheme2-2, a).1% Subsequently, thsame group accomplished
carbonylative U-arylation of monoester potassium malon&t®, acetylacetone¥?
ketones'®® 2-oxindoles!®® nitromethaned® substituted 1.3lioxin-4-ones!® and
cyanoacetatéd with aryl iodides andaryl bromides under palladiu catalyss.
Meanwhile,Beller and ceworkers describethe Pd-catalyzed arbonylativeU-arylation
of ketones and nitrilesvith aryl iodidesand pressurized CO ggScheme2-2, a).1%f
These studiestake advantage oftrongly activated C(sf) T H b to nfatiitate
deprotonation ThecarbonylativeU-arylation of weakly acidic C(Sp T H  bremaidss
underdevelopeddespite the potential utility auch a methodvith a wide variety of

pronucleophiles

In recent yearspur team ha$uilt a programarounddirect arylation of weakly acidic
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C(sp))i H bonds (pKa 25i 43 in DMSOY° with aryl halidesby employing palladium

catalystsand suitable basgScheme2-2, b).

We calkd this approachdeprotonative

crosscoupling processes (DCCP)Based on thesstudiesfrom our lab, ve envisioed

that mergingDCCP with carbonylation reactions woutthable preparation @& host of

new ketonesHerein we descrile sucha new andefficient process that allowkighly

selective carbonylative arylation ofveakly acidic benzylic C(sp) 1 H

bonds

azaarylmethylamines with aryl bromidesThese reactionare conveniently conducted

with 1 atm of COand apalladium catalys to deliver amino arylazaarylmethyketone

products in good to excellent yields withoad substrate scope and gdotérance of

functional gro

Scheme2-2. D

ups (Schene2, c).

(a) Previous works by Skrydstrup, Beller, Stradiotto and Gogsig

co o
R! Ar—X .
2 2
Ho>—EWG + o |%> R%Ar or i%f\R
2
R RN xZary R Ewe EWG

(b) Our previous work: Pd-catalyzed direct arylation of weakly acidic benzylic C-H bonds

H, H PA/NIXANTPHOS Ar
/< + Ar—X —>MN SiM
FG R x-clBr ) NGMes) FG™ 'R

weakly acidic
C(sp®)-H

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

FG: Ar, Azaaryl, ArSO, ArSO,, ArS, Ar,PO, etc.

NIXANTPHOS
H
N

o
PPh, PPh,

'R Ar, Alpetero, H, Allyl, etc.

(c) This work: Pd-catalyzed benzylic C-H carbonylative arylation of azaarylmethylamines
Ar

H CO (1 atm)
)\ Pd(dba),/NIXANTPHOS

(0)

Azaaryl” NR, * Ar—Br

weakly acidic C(sp®)-H

+ Good to excellent yields
' ¢ Low CO pressure
. ¢ 33 examples

LiN(SiMe3),1,4-dioxane, 80 °C  Azaaryl

eprotonative carbonylative ci®soupling reactions.
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2.2 Results and Discussion

We started our studies by exploring the reaction conditionsbeoin z y | i ¢ Ci H
cabonylative arylation of 4(pyridin-2-ylmethyl)morpholine 1a) with 1-bromo4-(tert-
butyl)benzeneda) under 1 atnof CO gas Considering that we have recently achieved
the coupling of azaarylmethyl amines with aryl halides to generate aryl(azaaryl)methyl
amines in 1,4ioxane usinga Pd(OACY/NIXANTPHOS-based catalyst together with
LiN(SiMes). as the bas&'we first assessed the feasibility of the proposed reactita, of
2aand CO (1 atm) at 68C for 16 hby employing thesame catalytic systemfter an

HTE screeningof solvents andbasesto our delight, the carbonylative arylation reaction
indea occurredand the bestombinationwas found @ be LIN(SiMe3)2 and1,4-dioxane
which was very similar to the reported directupling reaction. Lab sde reaction using
these conditionslelivered the expected produ@aain 27% yiet with the formationof

the noncarbonylative coupling produgalso caled the direct coupling pduct)3aad i n

8% yield (Table2-1, entry land Suporting Information Table2-S2).

With an aim to improve the reaction efficiendyr. HaogiangZhao and Idid further
optimizations on lab scale. Tie performane of the coupling inother solventssuwch as
THF, CPME (cyclopentyl methyl ether) and DME wergamined (Tald 2-1, entries
2 )Adbut none outperform 1;dioxane. Replacement of LiN(Sile with NaN(SiMe)
or KN(SiMey) failed to give better resultand the reaction wasot promotedwith
LiO'Bu, NaOBu, or KOBuU as the base (S|, Tab®S2). The subsequent screewj of
palladium salts revealed the superiority Bfi(dba) in this reaction, allowing the

generation of prodi 3aain 43% yield (Table-1, entry §. Unexpectedly, increasing the
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loading of LIN(SiMe)2 to 3 equiv improved the yield daa to 89% with only asmall
amount ofdirect couplingbyproduct3aad ( 7 %) 2-1( ehtay |9 larel § Table2-S2).
The vyield of 3aa could be further enhanced to 93% widim increase of reaction
temperature to 80C (Table2-1, entry 10, but a higher reaain temperature of00 °C
was found to be detriemtal (Table2-1, entry 1). Further examination of the
stoichiometry indicatethat increasing the amount @k from 1.2 to 1.5 equivesulted in
almost exclusive formation &aain an excellent assay yietaf 97% with 92% isolated
yield (Table2-1, ertry 12). The phosphindigand bound topalladium also proved to be
critical. Variagion of the bidentate phosphine ligand to dppe, dppb, dppp, dppf and
Xantphos all led to substantial decremase the reactionconversion (Supporting
Information Table 2-S2). Control experiments confirmed thdepemlency onboth the
phosphine ligand anthe palladium sourcein this transformation (Table-1, entries 13
and 14. Increasg the CO pressure to 8.6 atesultedn low yield (Table2-1, enty 15),
which suggested a higher C@epsurecould potentially satuate the metal catalystand

deactivatet.

Table 2-1. Optimization of reaction conditions fdrenzylic G H carbonylatve arylation

of 1lawith 2a.
H Br
AN N/H N cat. [Pd}/NIXANTPHOS
\ \©\ LiN(SiMeg),, CO (1at
2 K/O Bu Isf)l\le:t?)tzemp, geahm)
1a 2a 3aa
Entry Pd source Solvent Temp (°C) 3aa yield (%)°

38



1 Pd(OAc) 1,4-dioxane 65 27

2 Pd(OAC) THF 65 22
3 PdOAC), CPME 65 21
4 PdOAC), DME 65 10
5 P (dba) 1,4-dioxane 65 31
6 Pd G4 dimer 1,4-dioxane 65 37
7 [PdCI(allyD]2 1,4-dioxane 65 7
8 Pd(dba) 1,4-dioxane 65 43
9° Pd(dba) 1,4-dioxane 65 89
16 Pd(dba) 1,4-dioxane 80 93
11° Pd(dba) 1,4-dioxane 100 89
12¢0d Pd(dba), 1,4-dioxane 80 97 (92
13cdf Pd(dba) 1,4-dioxane 80 0
14c4 / 1,4-dioxane 80 0
15¢49 Pd(dba) 1,4-dioxane 80 4

@8Reacion conditions: 1a (0.1 mmol), 2a (0.12 mmol), LIN(SiMey). (2 equiv), Pd (5 mol%),

NIXANTPHOS (6 mol%) solvent (1 mL) ®Yields were determined biH NMR analysis of unpurified
reaction mixtures with internal standard . LiN(SiMe3)2 (2 equiv)was enployed’2a (1.5 equiv) was

employed.®isolated yield.In the absence diIXANTPHOS. 9CO (8.6 atm) waspplied. Pd G4dimer:

Buchwald G4 Precatalystdpa: dibenzylideneacetone.

With the optimized raction conditions in hand)r. Haogiang Zhadhen evaluted the
substrate scope of azaarylmdtngines and the results are summarized in Table 2. 2
Pyridylmethyamines (Lb 1f) bearingthiomorpholine, methylpiperazine, dimethylamine
pyrrolidine and piperidineunderwent siooth Ci H carbonylative arylation to affd the
expectedUd-amino ketoneproducts(3ba 3fa) in 64 87% yield. Substratdg bearing a
sterically hindereartho-substituenon the pyridine ringvas also reactive, delivering the
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desired producBga in 52% yield. The more acidic4-pyridylmethylamines 1h 1k)
containing different amim groups reacted efficiently to give the desired products
(3ah 3ak) 1 n 61 .8 &hécasei Fpyridylmethylamine however,the reaction
failed to yield anydesiredproduct with recovery ofmost of thestarting mateaals, even
with the use of KN(SiMg): instead of LiN(SiMe)2 at 110 °C2% It is likely that the
higher pKa of this pronucleophiléas least 3pKa units difference inhibits formation of
sufficient quantities othe nucleophile and preventise rection from poceeding?® To
further extend thecepe of this carbonylative arylatipother azaglmethylaminesvere
tested Notably, when 4-(benzo[d]thiazoR-yImethyl)morpholinell was employedthe
mixed products of ketanand enol structurla) were obtainal in 50% yield andthe
ratio was ketone:enol = 3:1. However, for otherkinds of azaarylnethylamines like2-
(morpholinomethyl)benzo[d]oxazole -(§1-methyt1H-imidazol2-yl)methyl)morpholine,
4-benzylmorpholine or eve 2-(ethoxymethyl)pyridine, the reactidiailed to yield the
desired product§See Sl, Table S3When 2-quinolinylmethyl amine 1m and 1n were
employed,the corresponding produc&ma and 3na were obtained in 74%na 726
yields, respectively.Moreover, 2-pyrimidylmethylamine 10 also reacted smodhly,

affording producBoain 93% yidd.

Table 2-2. Pd-catalyzedbenzlic  C catbonyhtive arylationof azaarylmethylamime$

with 2a.2Pb
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tBu
H CO (1 atm)

Pd(dba), (5 mol%)
NIXANTPHOS (6 mol%)

LiN(SiMe3)s (3 equiv.)

3ba, 87%
OMe

3ca, 69%

o N s N -
I/ l\(\) I/ N

o o
tBu tBu tBu
3ga, 52% 3ha, 81% 3ia, 88% 3ja, 77% 3ka, 61%
0 SN 0
s 9 S
N N p N
. ~N
N N\) N
o)
o)
tBu tBu tBu
3la, 50%° tBu 3ma, 74% 3na, 72% 30a, 93%

aReaction conditionst (0.2 mmol),2a (0.3 mmol), Pd(dba)X5 mol%),NIXANTPHOS (6 mol%), LiN(SiMe&)2 (3.0
equiv), 1,4dioxane (2.0 mL), 88C, 16 h,under CO atmosphe (1atm).’Isolated yields°The mixture of ketone and

enolformshave been obtaing#tetone: enol 3:1).

| continued tanvestigatethe reaction of various aryl bromidestiivla under 1 atm CO
(Table 3). A variety opara-substitutedaryl bromides beang electrordonating groups
(2b 2f, 2j and 2k) and electrorwithdrawing groupsq g ) @ere all effective reaction
partners, providing the corresponding produ@sa(b )3rmarkoderate to higlyields

(571 90%).Moreover, the reaction could be successfulierded tanetasubstituted aryl
bromides 2li 2n), delivering the desired product3afi 3an) in 611 84% yields. Lower
yields were generally observed with electfmyor aryl bromidespossibly due to the

partial decomposition of these aryl bromides in thespnce othe base. Notably, -1
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bromo-4-chlorobenzene2h) and tbromao3-chlorobenzene?fm) led to the formation of
products3ah and 3am in 77% and 71% vyields, respectively, with the chloro group
remainingintact during the reaction proces¥he Pd(NIXANTRHOS)-based catalysts is
known tooxidatively add aryl chlorides at room temperatisee Sl, Tabl@-S2).2% In the
presence of CO, howeveryl chlorides were not reactivEhese observations suggest to
us that thepalladium catalyst bears a Cigdnd that tempers its ability to oxidatively add
the stronger ©CI bond of aryl chloridesThe multisubstituted aryl bromidess(o )3 r
also readily engaged in the transformation to afford the corresponding pradlucts ()3 a r
i n 6 5 8 7 %heygereralitysaf the current catalytic system was further
demonstrated by the success of heteroaryl brondgaad?2t to generat8asand3at in
50% and 55% vyields, respectivelyt is noteworthy that the products of these reactions

are rich in heterocycles.

Table 2-3. Pd-catalyzedbenzylc G-H carbonylative arylation of lawith aryl bromides®®

=

H CO (1 atm)
Pd(dba), (5 mol%)
| X N/\y . BN, NIXANTPHOS (6 mol%)
_N K/o | o LiN(SiMes), (3 equiv.)
X .
R 1,4-dioxane, 80 °C, 16 h N (e}
1a 2 3

3ab, R'=H, 79% 3ag,R'=F, 69%
3ac, R'=Me, 90% 3ah,R'=Cl, 77%
3ad, R'= OMe, 85% 3ai, R'= OCF3, 57%
, 3ae, R'=SMe, 64% 3aj, R = pyrrolidine, 70%
3af, R'= NMe,, 75% 3ak, R = pyrrole, 65%

3al, R? = Me, 84%
3am, R?=Cl, 71%
3an, R?=CF3;, 61%

3a0, R%= Me, 87% 3aq, 65% 3ar, 71% 3as, 50% 3at, 55%
3ap, R® = Bu, 86%
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@Reactbn conditions:1a (0.2 mmol), 2 (0.3 mmol), Pd(dba)(5 mol%), NIXANTPHOS (6
mol%), LiN(SiMe&s). (3.0 equiv), 1,4dioxane (2.0 mL), 80°C, 16 h, under CO atmosphere
(Latm).PIsolated yields.

Preliminary stutes were conducted to gain insiglmto the readbn pathway We
hypothesized that the product generated under the reaction conditions before workup was
not the ketone, but the enolate that is protonated upon aqueous workup. Thus, we first
prepared the enolaBaA by deprotonation oketone3aawith LiN(SiMe3). (Scheme2-3,
a). Next,the carbonylativétarylationreaction ofla, 2aand COwasconductedandthe
productcharacterized by NMR spectroscopgfore quenching with watéScheme2-3,
b). This product wasound to bedentical to the independently synthesized en@ait,

confirming our hypothgisthe enolateis the product of the reaction (Sched).

a) Deprotonating of 3aa:

{J

(e}

$

3.0 equiv LiN(SiMe3z),
THF (2 mL), rt

tBu tBu

3aa, 0.2 mmol 3aA
b) Reaction monitoring:
Pd(dba), (5 mol%)
| A (\o Br NIXANTPHOS (6 mol%)
N N\) * 1 LIN(SiMe3)z (3 equiv), CO (1 atm)
Y 14-dioxane, 80 °C, 16 h
without quenching

1a, 0.1 mmol 2a, 0.15 mmol 3aA

tBu

Scheme2-3. Detection of product precursor

To showcase the synthetic utility of our method, we first condwctgedmscale reaction
of 1a 2a and CO under # standed reaction conditionsThe desired produ®aa was
obtainal in 71% vyield (1.2 g) (Schenie4, a). Next, we attempted the transformation of
the productketonesinto other usefulderivatives. Although Baey4Yilliger oxidation of

3aa with m-CPBA in CHxCI, failed to give the desired ester, an unexpected oxidative
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cleavage reaction occurred to give proddadn 91% yield (Scheme2-4, b). Notably,
further study revealed that this oxidative cleavage reaction could take place under air
oxidationto give ahigh yield of 4 (86%). Moreover, reduction o8aa with NaBHs in

MeOH at room temperature for 16 h resulted in the formati@mhoalcohol producb

in 68% vyield(Scheme2-4, c). Finally, treatment o8aa with LiN(SiMez)2 and MeNEt
followed by addition of allyl chloroformate gave the allyl enol carbonate prod@adh

87% isolated yield as a single diastereoif@heme2-4, d). As reported by the Stoltz
group?? this enol carbonate product can undergo pallactatalyzed enantioselective

decarboxylative allylic alkylation to afford a chi@lquaternary ketone.

a) Gram-scale synthesis

B
@\/ K\O . r standard reaction conditions
PN
tBu

1a, 5 mmol 2a, 6 mmol 3aa, 71%,1.2g

9

tBu

b) Oxidation of 3aa

o) Reaction condition 1:
O m-CPBA m-CPBA N K\O
N O CH,Cl,, 50 °C, 16h CH,Cl, 50°C, 16h || N\)
Reaction condition 2: N
N= 0 tBu air atomsphere 0
\_/ tBu CHzClo, 1t, 48 h 4, condition 1, 91%,
Not detected 3aa, 0.2 mmol condition 2, 83%

¢) Reduction of 3aa

NaBH, (3 equiv)
MeOH,0°Ctort, 16 h

tBu
3aa, 0.3 mmol 5, 68%

tBu

d) Synthesis of allyl enol carbonate product

o 3 iy
LiN(SiMe3), (2 equiv) N Stoltz' \
N 3)2 =
\) Me,NEt (2 equiv) _conditions 7
toluene, rt {Bu N
then allyl chloroformate [ j
tBu o~ ©O tBu (6]

3aa, 0.3 mmol ‘\H 6, 87%



Scheme2-4. Synthetc Applications

Based on He aforementioned resulis DCCP chemsit§} and previous reportsn
carbonylatve arylaion,**?® a plausible mechanism is proposed in Scheéhte The
catalytic cycle starts with complexation of NIXANTPHOS and Pd(gdba)yield the
(NIXANTPHOS)Pd(0) speies A.2* Under CO atmosphere, ¢hPd(0) speciesis
proposed taindergo CO coordination teneratePd(0) carbonyl B) anddicarbonylC
complexeg3® Upon dissociation of CO from C to generate thel6 electronmono
carbayl adductB, oxidative additionof the aryl bromide2 takes placeto produce
(NIXANTPHOS)PACO)(Ar)Br-complex D. Intermediate D likely undergoes CO
insertion into the PdAr bond to furnish the acy®d(Il) complexE. IntermediateE reacts
with thedeprotomted pronuleophile16in a transmetllation stepgo deliver the reductive
elimination precursoF. Reductive elimination df gives theketoneproduct3 andPd(0)
speciedA to close the catalytic cyclén the presence of excess LIN(Sif)tethe ketone8
is rapidly deprotonatedfurnishing he enolate3 .6Quenchingthe reactionwith H>O
results in the formation of thebservedketone producB. The direct coupling product
likely forms when transmetallation takes place before CO insestiohCO insertionis
reversitbe. At this stage, we aanot rule out the possibility of an adduct between Pd(0)
and the enolate, as described by Strydstrup and cowdfREnsitherinvestigations into

the reaction mechanism will be presented in due course.
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(0)

Ar Oe Ar O Ar
H | LiN(SiMeg),
/ Rl I — Rl -~ R

Azaaryl” "N Azaaryl N Azaaryl

I
C Pd®
RE co
coordination

2
R i@ . R2
Pd A

P
Azaaryl P +CO P\, o-CO
RL- N)\ v C Pd°-CO C Pd
Lo P’ -co ’"co
F B c
LiBr
Transmetalation OA ArBr
2
R? LiN(SiMey), R?
Azaaryl N Azaaryl N I6)
N Rt 1
R TR el P
1 LS O .
p’ Br P coBr

Insertion

I N -
Scheme2-5. Platsible Mehanism

2.3 Conclusions

In conclusion, we haveedelopedthe carbonylative arylation ofveakly acidicbenzylic
C(sp’) H bondsof azaarylmethylaminewith aryl bromidesand CO usinga Pd catalyst.

This work is unique in that it employs pronucleophiles waithh pKa values, suggesty a

wide variety of previously overlooked substrates may be viable coupling partners in
calbonylation reactions. The reaction is operativander1 atm of COand does not
require high pressure equipmenthis onepot cascade proseis applicable to the
coupling of a wide range of azaarylmethylamines and aryl bromides, enabling facile
access tauseful U-amino arylazaarylmethyketones inmoderate tohigh yields with

good functional group toleranc&his work provides an attractive and complementary

approach terepare heteroatom i camindJketones
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2.5 Supporting Info rmation

2.5.1General information
Unless otherwise noted, all experiments were carried out in air and all commercially

available chemicajsincluding organic solventisvere used as received from Aldrich,
Acros or Strem without further purifitan. *H NMR and **C{*H} NMR spectra were
recordel on a Bruker Model Advance DMX 400 Spectrometer400 MHz and=C 101
MHz, respectivelypr Bruker Model Advance DMX 500 Spectrometéd 600 MHz and

13C 125MHz, respectively)Ch e mi c al s hvenfint ppm dd @rprefaenced tg i
residual solvent peaks?! 3636 3¢ Melting points were measured on-4Xmelting point
apparatus and are uncorrected. High resolutiass spectrédHRMS) were performed on

a VG Autospee3000 spectrometer. Column chromatography was performed with silica
gel (2060300 mesh).Azaarylmehyl Amines were prepared according to the previous
reportst?

2.5.2 Optimization of the reaction conditions
a HTE (High Throughput Experimentation) micro-scale (0.01 mmolscreen

Table 2-S1.Base and solvent screening.

Pd(OAC), (5 mol%)

H
Br.
NIXANTPHOS (6 mol%)
\\ N/\ * \©\t Base (2 equiv), CO (1atm)
_N L_o Bu

Solvent, 65°C, 16 h

HTE Variables:

Base (6)
Solvent (4)

1a, 1 equiv 2a, 1.2 equiv
6 Base: LiGBu, NaOtBu, KOtBu, LiN(SiMes)2, NaN(SiMes)2, KN(SiMes)2.
4 Solvent: Toluene, 1;dioxane, CMPEdyclopentylmethyl ether), THF.

2:1 ratio relative td.afor base and 1.2:1 ratio for aryl bromiga
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Entry Base Solvent AY (%)
1 LiOtBu Toluene 0
2 NaOBu Toluene 0
3 KotBu Toluene 0
4 LiN(SiMe3)2 Toluene 9
5 NaN(SiMe) Toluene 4
6 KN(SiMe3)2 Toluene 2
7 LiOtBu 1,4dioxane 0
8 NaOBu 1,4dioxane 0
9 KotBu 1,4dioxane 0
10 LIN(SiMe3)2 1,4dioxane 22
11 NaN(SiMe)- 1,4dioxane 6
12 KN(SiMe3)2 1,4dioxane 3
13 LiOtBu CPME 0
14 NaOBu CPME 0
15 KotBu CPME 0
16 LiN(SiMe3), CPME 4
17 NaN(SiMe). CPME 0
18 KN(SiMes)2 CPME 0
19 LiOtBu THF 0
20 NaOBu THF 0
21 KotBu THF 0
22 LiN(SiMe3)2 THF 7
23 NaN(SiMe). THF 0
24 KN(SiMes)2 THF 0

The lead hit from the screening was the combination of &J4C6 mol %),NIXANTPHOS (6 mol %),
LiN(SiMes)2 (2 equiy), 1,4-dioxane as solvent under 1 atm CO at 65 °C for 16 h giving 22% assay Yield of
the desired carbonylation prodBda A scaleup reaction on a 0.1 mmol scale using General Procedure
for the PdCatalyzed Deprotonative Carbonylationlafproved succesful with 27% assay yield Baa
determined byH NMR spectroscopy of the crude reaction mixture.
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(b) Lab scale (0.1 mmol) reaction conditiogoptimization

Table 2-S2 Optimization of reaction conditica

Br Cat. [Pd]
Ligand
—_—
| A N/\ . \© Base, CO (1atm)

_N bo Bu  solvent, temp, 16 h N
3
tBu
1a 2a 3aa 3aa’
Assay yield
b
Entry  Pdsource Ligand Solvent T(Eg)p la:2a:base (%)
3aa 3 aa
1 Pd(OAck NIXANTPHOS Toluene 65 1122 18 &
2 PA(OAc) NIXANTPHOS DMSO 65 1122 0 0
3 Pd(OAcy NIXANTPHOS  THF 65 1122 22 4
4  Pd(OAcy NIXANTPHOS CPME 65 1122 21 9
5  Pd(OAc) NIXANTPHOS  DME 65 1122 10 6
6  PdOAcy NIXANTPHOS d.1’4’ 65 1122 27 8
loXane
7 Pd(dbay NXANTPHOS d.l"" 65 1122 31 11
l0Xane
8  Pd(PPE, NXANTPHOS d.l"" 65 1122 22 trace
l0oXane
NIXANTPHOS 1,4 o
9 [PdCl(ally)] o 65 1122 7 5
10 PdG3dimer VXANTPHOS d.l"" 65 1122 32 trace
loXane
11 Pddbay NXANTPHOS d.l"" 65 1122 43 10
l0oXane
12 PdG4dimer VXANTPHOS - 14 65 1122 37 14
dioxane
13 Ni(acacy VXANTPHOS d.l"" 65 1122 0 0
l0Xane
14 Ni(cop), IXANTPHOS 14 65 1122 0 0

dioxane
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15

16°

17

18°

19

209
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22

23

24
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NiBr»
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Pd(dba)

Pd(dba)

Pd(dba)
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Pd(dba)

Pd(dba)

Pd(dba)
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Pd(dba)

Pd(dba)

Pd(dba)

Pd(dba)

Pd(dba)

Pddba)

Pd(dba)
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NIXANTPHOS

NIXANTPHOS

NIXANTPHOS

NIXANTPHOS

NIXANTPHOS

NIXANTPHOS

NIXANTPHOS

dppf

dppp

dppb

dppe

Xantphos

NIXANTPHOS

NIXANTPHOS

NIXANTPHOS

NIXANTPHOS

NIXANTPHOS

NIXANTPHOS

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

1,4
dioxane

65

65

65

65

65

65

65

65

65

65

65

65

65

65

80

100

rt

80

1:1.2:2

1:1.2:2

1:1.2:2

1:1.22

1:1.2:2

1:1.22

1:1.2:3

1:1.2:3

1:1.2:3

1:1.2:3

1:1.2:3

1:1.2:3

1:1.2:3

1:1.2:3

1:1.2:3

1:1.2:3

1:1.2:3

1:1.5:3

10

89

22

28

81

72

93

89

97
(92)

21

19

10

trace

trace
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3% pddbay NXANTPHOS o 80 1153 0 0

34 Pddby CANTPROS 4 g 1153 65 4

35" pddbay VXANTPHOS diéf; o 80 1153 93 trace

3" Pddbay CANTPHOS - L4 g 1153 4 0

37 Pd(dba) / e 80 1153 0 0

a8 / NIXANTPHOS 1,4 50 153 o 0
dioxane e

31a (0.1 mmol, 1equiv)Pd sourceq mol%), ligand (6 mol%), solvent (0.1M)PAssay yelds (AY) were
determined byH NMR analysis of unpurified reaction mixtures with intersiindard CkBr.. ¢12-crown
4 (2 equiv) was usefTMEDA (2 equiv) was usedNaN(SiMe), (3 equiv) was employed instd of

LiN(SiMes)2. 'KN(SiMes)2 (3 equiv) was employed instead of LiN(Sifte SLDA (lithium

diisopropylamide)3 equiy was employed instead of LiN(SiMe "1,4-Dioxane (0.2mL) was employed.
i1,4-Dioxane (0.05 m).was employedIsolated yield*1-Chloro-4-tertbuylbenzene was employed.

'Pd(dba) (2.5 mol%),NIXANTPHOS (3.0 mol%) was use@Reacion time8 h."CO (8.6 atm) was
imployed.Pd G3 dimer: Buchwald G@ecatalysts; Pd G4 dimer: Buchwald @4catalysts; acac:
acetylacetonateZOD: 1,5cyclooctadiene; dba: dibenzylideneacetone.

Table 2-S3.Non effective substrates in the reaction conditfons.

tBu
(1 atm)

Pd( dba (5 mol%)
R*‘ N NHR, NIXANTPHOS (6 mol%)
‘ LiN(SiMe3), (3 equiv.)

1,4-dioxane, 80 °C, 16 h R~

@“f . wo

decomposed 73% SM recovered 95% SM recovered decomposed

oo 09 &

87% SM recovered 76% SM recovered 75% SM recovered 95% SM recovered

a8Reaction conditionst (0.2mmol), 2a (0.3 mmol), Pd(dba)5 mol%), NIXANTPHOS (6
mol%), LiIN(SiMe3), (3.0 equiv), 1,4dioxane (2.0 mL), 86C, 16 h, under CO atmosphere
(1 atm).
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2.5.3 General Procedure for DCCCof Azaarylmethyl Amines
(a) Generaprocedure under 1 atm CO.

| R,
|
Pd(dba), (5 mol%) ®)

NHR2 N|Xantphos (6 mol%)
/\/ LiN(SiMe3), (3 equiv), CO (1atm) ‘@ NR,

1,4-dioxane, 80 °C, 16 h

An ovendried 8 mL vial equipped with a stir bar was charged Wwitlidba) (5 mol %)
andNIXANTPHOS (6 mol %) under a nitrogen atmosphere in glove Ibext, 0.1M of
1,4-dioxane was taken up by syringe and added to the vailréBudting slution stirred

for 15 min at room temperatyreéuring which timehe mixture becameed This solution
wasused as the stock solutidor this procedureTo an overdried 10 mL Schlenk tube
with stir barwasaddedLiN(SiMe3z)2 (100.5 mg,0.6 mmo| 3 equiv) A pipettewas used

to take 2 mL of thé?dNIXANTPHOS stock solutionand add it to the Sdenk tubeThe
resulting ¢lark greeh solution was therstirred for D min at room temperature
Azaarylmethylaminel (0.2 mmol, 1 equivand ayl bromide2 (0.3 mmad, 1.5 equiy
were added to the reaction mixture, sequentially. $hilenk tubewas cappedwith
rubber stoppeandremoved from the glove boXhe reaction mixture watendegassed
with CO by using Schlenk line, and connected with a CO ballptated inan 80 °C di
bath and stirred for 16 h. After this time, the flask was amahstirred for 16 h at 80C.
After this time, the tube was removed from the oil bath, allowed to cool to room
temperatureuncaped carefully in a fume hoodand the reetion querhed with two
drops of HO. After quench he color of the reaction mixture changed from brown to red.
It was next diluted with 3.0 mL of ethyl acetate and filtered over a pad of g6®
Celite The pad was rinsed with additional @tlacetate .0 mL) and the resulting

solution evaporated under vacuuto remove the volatile materialIhe residue was
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purified by column chromatography on silica gel using a mixture of ethyl acetate and

hexanes to give thaurified product.

(b) Generbprocedure shigh COpressure.

CO (8.6 atm)
Pd(dba), (5 mol%)

@\/ (\o Br NIXANTPHOS (6 mol%)
+
NG N J Bu LiN(SiMes); (3 equiv.),

1,4-dioxane, 80 °C, 16 h

1a, 0.2 mmol 2a, 0.3 mmol tBu

3aa, 4%

An ovendried 8 mL vial equipped witha stir barwas sequentially adde&d(dba) (5.8
mg, 001 mmol, 5 mol %) andNIXANTPHOS (6.6 mg, 0012 mmol, 6 mol %) under a
nitrogen atmosphere inside a glove box. N&mL of 1,4dioxane wasaken up by
syringe and added to the flask at room temperature. The reaction mixture was stirred for
15 min at room temperature, until the mixture became redn Th¥(SiMe3)2 (100.5 mg,
0.6 mmol, 3 equivivas addedndthe reaction mixture wastirred for10 min atroom
temperatureAzaarylmethyl amind. (0.2 mmol, 1 equivand aryl bromide (0.3 mmol,
1.5 equiv) were added to the reaction mixtuseguentially.The solution was then
transferred to a 30 mL Parr Instruments 5000 Multiple Reactor systegi.vHss ractor
was then sealed, removed from the glovebihe reactionvesselwasthen pressurized
with CO at 8.6 atm Reaction was rurfor 16 toursat 80 °C. After this timereactor was
cooledroom temperaturelhe CO pressure waowly releasedn afume hood Then the
reactor was uncapped, artetreactiormixture wasquenched with two drops of2B.
The color of the reaction mixtushanged from brown to red. It was next diluted with 3.0
mL of ethyl acetate and filtered over a pad of Mg&@d Celite The padwvas rinsed with

additional ethyl acetate (5.0 mL) and the resulting solution evaporated under vacuum to
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remove the valtile maerials. The assay yieldas determinebased otH NMR analysis

by integration(< 4%).

2.54 The general procedure forsynthetic applications
(a) Gram-scale synthesis

B
@ ﬁO . r standard reaction conditions
N/ N\)
tBu

1a, 5 mmol 2a, 7.5 mmol 3aa, 71%

tBu

To an overdried 1M mL Schlenkflask with a stir barwere sequentialliaddedPd(dba)
(143.8 mg, 0.25 mmob mol %)and NIXANTPHOS (165.5 mg, 0.3 mmol6 mol %)
under a nrogen atmspheranside aglove box.Next, 50 mL of 1,4-dioxane was taken
up by syringe and added to the flaskroom temperatureThe reaction mixture was
stirred for 30 min at room temperature, until the mixture becarad Then added
LiN(SiMes)2 (2.5 g, 15 mmol, 3 equiv) andstirredfor 20 min at room temperatur@ro-
nucleophilela (891.0 mg5 mmol, 1 equiv)and4-tert-butyl-bromobenzer?a (1.6 g,7.5
mmol, 1.5 equiv) were added to the reaction mixture sequentiallySghlenkflask was
capped,removed from he glove boxthe reaction mixture was degassed Wit by
using Schlenk linéthe Schlenk flask was evacuatedSchlenk lineand then refiled with
CO gas)thenconnected with a CO ballooand placed in an 80 °C oil bath asiitred
for 16 h.After thistime, theflask was removed from the oil bath, allowed to cool to room
temperature, then the cap was carefully remamdtie fume hood, exposing the solution
to the atmospherand the reaction quenched withGQH(1 mL). The color of the reactio
mixture changed from ark brown to redlt wasnext diluted with 8 mL of ethyl acetate

and filtered over a pad of MgGQ@nd celite. The pad was rinsedtiwadditional ethyl
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acetate (6 mL) andevaporated under vacuuto remove the volatile material3he
residuewas purified ly column chromatography on silica gel using a mixture of ethyl

acetatéhexaneg1/2, v/iv)to give the pure produ@aa(1.20 g, 71%) as yellowoil.

(b) Oxidation of 3aa

i) Whenm-CPBA was employed as an oxiddnt.

m-CPBA
N
DCM, 50 °C, 16 h | O
~
N
0

tBu
3aa, 0.2 mmol 4, 91%

LJ

A 20 mL reaction vial was charged with stir bar andsolution of 1(4-(tert-
butyl)phenyl}2-morpholine2-(pyridin-2-yl)ethan1-one 3aa (67.7 mg, 0.2mmol) in 3
mL CHCLk. To theresultingclear solution was added-CPBA as a solid 138.1 mg 4
equiv) at room temperaturerith stirring, resulting ina brown suspension. The reaction
mixture was heated to 5 in an oil bathand stirred for 16 lat this temperaturelhe
reaction mixture washenallowed to cool to room tempegure quenched wh 3 mL a
solution of KoCOs (10%w/w) and extracted with CGBl> (3x5 mL). The combined
organic layers were washed with brine, dried ovesS®a, filtered and concentrated
under reduced pressute remove the volatile material¥he resultingbrown crude oll
was purifed by flash chromatography on silica gel (eluted with hexanes/ethyl asetate
1/1) to give the product in 91% vyieldas alight-yellow oil. Characterization o#l is

given below.

i) When placing3aadirectly under air atmosphere.
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o

&

z

air atomsphere A (\o
t, 48 h L
N
(0]

B
3aa, 0.2 mmol " 4, 86%

A 20 mL reaction vial was charged with sdir bar and asolution of 1(4-(tert-
butyl)phenyl}2-morpholine2-(pyridin-2-yl)ethan1-one 3aa (67.7 mg, 0.2 mmol) in 3

mL CHChk. Theopenvial wasstirred undeair atmospheréor 48 h at roomtemperatce.

The reaction mixturevasconcentrated under reduced pressure.drbe/n crude oilwas
purified by flash chromatography on silica gel (eluted with hexanes/ethyl acetate = 1/1)

to give the product in 86% yield(33.1 mg)as aight-yellow oil.

morpholino(pyridin -2-yl)methanone (4)

chromatography using EtOAc/hexanésl( v/v), and isolated aslight yellow

oil, 35.0 mg, 91%!H NMR (400 MHz CDCkL) U 1 8.526n®,1H), 7.80(td, J

=7.7,1.8 Hz, 1H), 7.67 (d,= 7.8 Hz, 1H), 7.42 7.30 (m, 1H), 3.80 (s, 4H),
3.67 (hept) = 3.6, 2.7 Hz, 4H)C{*H} NMR (101 MHz,CDC}) & 167 .5, 153.6, 1/
124.7,124.2, 67.0, 66.8, 47.8, 42MRMS (ESI) calcd. for GoH12N20,2[M+H] *: 193.0972,
found:193.0979.

‘ N o Compound4 was prepared following the general procedure, purified by column
(A
(6]

(c) Reduction of 3aao 1-(4-(tert-butyl)phenyl)-2-morpholino-2-(pyridin -2-yl)ethan-
1-ol (5)

o]

$

=z

NaBH, (3 equiv)
MeOH, 0°Ctort, 16 h

tBu
3aa, 0.4 mmol 5, 68%

tBu

An 8 mL reaction vial was charged with stir bar and asolution of 1-(4-(tert-

butyl)phenyl)}2-morpholine2-(pyridin-2-yl)ethan1-one 3aa (135.4 mg, 0.4 mmol) in 4
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mL MeOH. The vial was placed in aice water bathand stirred. Tdhe clear solution
cooled solutiorwas added NaBHas a solid (45.4 mg, 3 equiv) @t°C, which generated
a brown suspensionAfter the addition (or inl5 min) at 0 °C, thereaction mixture was
remowedfrom theice water bathallowed to warm to room temperatwned stirred for 16
h. The reaction mixture wakenquenched withHL. mL of a solutionof NH4CI (10%w/w)
and extracted with CECl2 (3x5 mL). The combined organic layers were dried over
NaxSQy, filtered and concentrated under reduced pressuremove the volatile materials
The crude brown oil was purified by flash chromatography on siligal (eluted with
hexanes/ethyl acetate = 1/1) to give the produ8% yield, 92.6 mg)as alight-yellow
oil. 1H NMR (400 MHz, CDCf) & 8 . 5=4%6.0,(18,d.8 Hz, 1H), 7.48 (td= 7.7,
1.9 Hz, 1H), 7.19 7.13 (m, 3H), 7.04 6.95 (m, 2H), 6.91dt,J = 7.8, 1.1 Hz1H), 5.79
(s, 1H), 5.38 (dJ = 3.9 Hz, 1H), 3.71 (ddd} = 6.0, 3.6, 2.6 Hz, 4H), 3.53 (d= 4.0 Hz,
1H), 2.67 (dtJ = 10.1, 4.8 Hz, 2H), 2.56 (ddd,= 11.4, 5.4, 3.6 Hz, 2H), 1.23 (s, 9H).
13C{H} NMR (101 MHz, CDCE) u 198,.128,3, 1394/136.2, 125.7, 125.6,
124.7, 122.6, 74.8, 72.8, 67.1, 513F1.3, 31.3.HRMS (ESI) calcd. for GiH2gN20-

[M+H] ": 341.2224, found:341.2219.

(d) Synthesis of (EJallyl (1-(4-(tert-butyl)phenyl)-2-morpholino-2-(pyridin -2-

yl)vinyl) carbonate (6)*
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§
o . . tBu
J LiN(SiMe3); (2 equiv)
Me,NEt (2 equiv)
toluene, rt.
then allyl chloroformate

b

ﬁ

3aa, 0.3 mmol 6, 87%

tBu

C

To an ovendried Schlenktube with a stir barwas added.iN(SiMe3)2 (100.4mg, 0.6
mmol) followed by toluenel(0 mL) andN,N-dimethylethylamine 4 3 L) ¢n drybox.
The resulting mixture stirred at 25 °C for 5 mMext, a solution of ketone3aa (0.3
mmol) in toluene 1.0 mL) was then dded and the reactianixture stirredat 25°C for
an additional 30 migeneratinga yellow solution The tubewasthenplacedin a room
temperature water bath and allyl chloroform&8.8 €L, 0.6 mmol) was added slowly
over 5 min The reactiorwas allowed to stiuntil no starting material remained by TLC
(typically less tharl h). The crude reaction mixture was dédd with EtO (5 mL) and
thenquenched with wateiThe color of the reactio mixture changed from red to light
brown.The layers were separated, and the aqueous layer was extractecb@iff i)
twice. The combined organic layers were dried overSQg, filtered and concentrated.
The crude product was purified by silica gebsth chromatographyeluted with
hexanes/ethyl acetate = 2/b) afford the desired enol carbon&@en 87% yieldas a
yellow oil, 110.3 mg, 8%6. 'H NMR (400 MHz, CDC}) U 7 8.584n7, 1H),7.68 (td,
J=7.7,1.9 Hz, 1H), 7.54 (df,= 7.7, 1.1 Hz, 1H), 7.49 7.43 (m, 2H), 7.42 7.34 (m,
2H), 7.19 (ddd,) = 7.6, 4.8, 1.2 Hz, 1H), 5.915.70 (m, 1H), 5.27 5.13 (m, 2H), 4.52

(dt, J = 5.7, 1.5 Hz, 2H), 3.62 (§ = 4.7 Hz, 4H), 2.72 (t) = 4.6 Hz, 4H), 1.32 (s, 9H).

13C{’H} NMR (101 MHz, CDCk) & 155.5, 154.1, 151. 1,

65
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132.4, 1315, 127.8, 125.0, 124.2, 122.7, 118.5, 68.5, 67.4, 50.9, 34.7 HRMS (ESI)

calcd. for GsHzoN204[M+H] *: 4232278, found: 423.2283.

2.55 Mechanistic studies
(a) Detection of product precursor.

i) Deprotonaationof 3aa

3.0 equiv LiN(SiMe3),
THF (2 mL), rt

tBu tBu

3aa, 0.2 mmol 3aA

An ovendried 20 mL vial equipped with a stir bar was charged ®#h (67.7 mg, 0.2
mmol) under a nitrogent@mosphere in the glove box. A solution of LiIN(Sigte(100.5
mg, 0.6 mmol) in 2.0 mL of dry THF was addetith stirring at room temperaturé\fter
stirring for 3 h at room temperature, the cdiadchanged from colorless to yellowhe
resulting solutiorwas eaporated under vacuum to remove Yuodatile materials. The
resulting oil was taken up 8.5 mL dryd®-THF. The suspensioformedwas filtered
throughdry celite and the filtrate wagarefully transfered to JYoung NMR tube that
was then sealedNMR data was then collecteghd the’H NMR and **C{*H} NMR

spectrumareshown below

i) Reactionmonitoring:

Pd(dba), (5 mol%)
| X ﬁo Br NIXANTPHOS (6 mol%)
+
N/ NQ B LiN(SiMe3), (3 equiv), CO (1atm)
tBu 1,4-dioxane, 80 °C, 16 h

without quench
1a, 0.1 mmol 2a, 0.15 mmol 3aA

tBu
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An ovendried 8 mL vial equipped with a stir bander a nitrogen atmosphere in
glove boxwas charged witfPddba) (5 mol %), NIXANTPHOS (6 mol %)and0.1M of
1,4-dioxane was taken up by syringe asmited to the vail. Theesulting solution was
stirred for 15 min at room temperatwtaring which timethe mixture became redhis
solution wasused as the stock lstion. To an overdried 10 mL Schlenk tub@ the
glove boxwith stir barwasaddedLiN(SiMes)2 (50.3mg, 03 mmol, 3 equiv)Next,1 mL
of the stock solutionvas added by pipet@ndthe resulting solutiostirred for 10 min at
room temperature.-Ryridyimethylmorpholinela (17.8 mg 0.1 mmol, 1 equivand aryl
bromide 2a (32 mg, 0.15 mmol, 1.5 equiv) wersequentiallyadded to the reaction
mixture. TheSchlenk tubewas capped, removed from the glove kamdthe reaction
mixture was degassed wi@®O by usng Schlenk line, and connected with a CO balloon
stirred for 16 h at 80C. After this time, the tube was removed from the oil bath, allowed
to cool to room temperaturepnneced toa Schlenk lineand evaporated undeeduced
pressureWhile under vacuumthetube wasrought backnto the glove box, the cap was
carefully removedand0.5 mL dryd®-THF was added to therude reaction mixturélhe
suspension was filterettirough dry celiteand the filtrate wasarefully transfered to 3

Young tubeand NMRspectra acquired

Supplementary Figure S1:*H NMR comparisorof standard carbonylation product before
agqueous workup, deprotonatgas, and producBaain d®-THF. These spectra support the
contention that the product formed in the carbonylation reacttordoworkup is the enolate.
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Figure 2-S1: *H NMR comparisorof standard carbonylation product beforei@ous
workup, deprotonate8aa and producBaain ds-THF. These spectra support the

contention that the product formed in the carbonylation reabstore workup is the
enolate.
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Figure 2-S2 3C{*H} NMR comparison of standamhrbonylation product before
agueous workupdeprotonate@aa and prodct3aain ds-THF. These spectra support
the contention that the product formed in the carbonylagestion before workup is the
enolate.

(b) Competition experiment

R

Pd(dba); (5 mol%)
‘ = K\O NiXantphos (6 mol%)
“ N\) voB
N LiN(SiMe3); (3 equiv.), CO (1 atm)

1,4-dioxane, 80 °C, 16 h

21/2n=1:1
(0.15 mmol each) 3al, R=Me; trace
3an, R=CF3; 37%

1a, 0.2 mmol

An ovendried 8 mL vial equipped with a stir bar was charged Wwidlfdba) (5 mol %)
andNIXANTPHOS (6 mol %) under a nitrogen atmosphere in glove boxM df 1,4
dioxane was taken up by syringe and added toidhe@troom temperaturdhe resulting
mixture wasstirred for 15 min at room temperatudeiring which timethe mixture
became dark brown This solution wasised asa stock solution.In the dry lmx, to an
ovendried 10 mL Schlenk tube with stir baras addedLiN(SiMes)2 (100.4 mg, 0.6
mmol, 3 eqiv). Usng a pipette 2 mL of thestock solution was added and the resulting
solution stirred for 15 min at room temperatuf@uring this timethe reacton mixture
became redThe aaarylmethylaminela (35.6 mg, 0.2 mmo))mbromotoluenel (25.6
mg, 0.15 mmoland tbromao3-(trifluoromethyl)benzen@n (33.8 mg, 0.15 mmol) were
sequentiallyadded to the reaction mixture. TBehlenk tubevas capped, remedfrom

the glove boxdegassed witO by using Schlenk line, and connected with a CO balloon
stirred for 16 h at 80C. After this time, the tube was removed from the oil bath, allowed
to cool to room temperature, the cap was carefully remavede fune hood and the

reactionmixture quenched with two drops of2B. After quench he color of the reaction
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mixture changed from brown to retihe resulting solutiomvas next diluted with 3.0 mL

of ethyl acetate and filtered over a pad of Mg®@d celite. Thepad was rinsed with

additional ethyl acetate (5.0 mhandevaporated undeeduced pressurt® give the crude

brown mixture. The ratioof the two possible carbonylation produetsas determined

based otH NMR analysisby integration3an, 37% andBal, trace< 2%).

2.56 Characterization data for products
1-(4-(tert-butyl)phenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3aa)

tBu

Compound3aa was prepared following the general procedure, purified by
column chromatography using EtOAc/hexanes (1:2, \@my i®lated as a

yellow oil, 62.3 mg, 92%'H NMR (400 MHz, CDC)) a 8.5X5=7/49,(ddd,
1.8, 0.9 Hz, 1H), 8.1 8.02 (m, 2H), 7.65 (td] = 7.7, 1.9 Hz, 1H), 7.58 (dt,
J=7.8,1.1Hz, 1H), 7.467.39 (m, 2H), 7.17 (ddd,= 7.4, 4.9, 1.3 Hz, 1H),

5.25 (s, H), 3.8171 3.68 (m, 4H), 2.62 (ddd] = 9.9, 5.9, 3.4 Hz, 2H), 2.46

(tdd,J = 9.2, 4.5, 2.2 Hz, 2H), 1.30 (s, 9HYC{'H} NMR (101 MHz, CDCk) U0 196 . 2, 15
156.0,149.5, 136.9, 133.8, 129.0, 125.5, 123.9, 123.0, 77.7, 66.9, 52.1, 35.1HRME. (ESI)
cdcd. for GiH26N202[M+H] *: 339.2067, found: 339.2061.

1-(4-(tert-butyl)phenyl)-2-(pyridin -2-yl)-2-thiomorpholinoethan-1-one (3ba)

tBu

Compound3ba was prepared following the general procedure, purified by
column chromatography using EtOAc/hexanes (1/£2),\and isolated as a

brown oil, 61.6 mg, 87%H NMR (400 MHz, CD(s) 0 8.5549(ddd,
1.8, 0.9 Hz, 1H), 8.08 7.97 (m, 2H), 7.65 (td] = 7.7, 1.8 Hz, 1H), 7.51 (dt,
J=7.9, 1.1 Hz, 1H), 7.487.37 (m, 2H), 7.17 (ddd,= 7.5, 4.9, 1.2 Hz, 1H),

5.37 (s, 1H), 2.91 2.82 (m, 4H), 2.69 (tJ = 4.6 Hz, 4H), 1.29 (s9H).

3C{'H} NMR (101 MHz,CDCl) 4 197.0, 157.0, 156.2, 149.5),
122.8,77.0,53.4, 35.1, 31.0, 28.BIRMS (ESI) calcd. for GiH.eN.0S[M+H] *: 355.1839, found:

355.1835.

1-(4-(tert-butyl)phenyl)-2-(4-methylpiperazin-1-yl)-2-(pyridin -2-yl)ethan-1-one (3ca)

tBu

Compound3ca was prepared following the general procedure, purified by
column chromatography using DCM/MeOH (10:1, v/v), and isolated as a
brown oil, 48.5 mg, 69%H NMR (400 MHz, CDCf) U 8 J5439,16d d,
Hz, 1H), 8.07i 7.95 (m, 2H), 7.62 (td) = 7.7, 1.8 Hz1H), 7.52 (dJ=7.8

Hz, 1H), 7.38 (dJ = 8.4 Hz, 2H), 7.14 (dddl = 7.5, 4.8, 1.2 Hz, 1H), 5.27 (s,
1H), 2.70 (s, 5H), 2.61 (dd,= 10.4, 5.0 Hz, 3H), 2.40 (s, 3H), 1.26 (s, 9H).
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BC{*H} NMR (101 MHz,CDCl) ad 196. 1, 157. 2, ,129. 128.5,128.9,9. 6, ]
123.0, 76.8, 54.6, 50.3, 45.2, 35.1, 3HRMS (ESI) calcd. for GH29N3O [M+H]*: 352.2383,
found: 352.2377.

1-(4-(tert-butyl)phenyl)-2-(dimethylamino)-2-(pyridin -2-yl)ethan-1-one (3da)

Compound3da was prepared following the general procedure, purified by
column chromatography using EtOAexanes (1:1, v/v), and isolated as a
yellow oil, 43.3 mg, 73%H NMR (400 MHz, CDCJ) U 8. %=649,( dd d,
1.9, 1.0 Hz, 1H), 8.12 8.01 (m, 2H), ®5 (td,J = 7.7, 1.8 Hz, 1H), 7.57 (dt,
J=8.0,1.2 Hz, 1H), 7.487.39 (m, 2H), 7.17 (ddd,= 7.4, 49, 1.4 Hz, 1H),

5.15 (s, 1H), 2.31 (s, 6H), 1.29 (s, 9FFC{*H} NMR (101 MHz, CDCk) U
196.8, 157.0, 156.9, 149.4, 136.9, 133.7, 129.0, 125.5, 12329, 78.4, 43.9, 35.1, 31.0.
HRMS (ESI) calcd. for @H24N20O [M+H] *: 297.1961, found: 297.1965.

tBu

1-(4-(tert-butyl)phenyl)-2-(pyridin -2-yl)-2-(pyrrolidin -1-yl)ethan-1-one (3ea)

Compound3ea was prepared following the general procedure, purified by
column chromatography using EtOA&hkanes (1:2, v/v), and isolated as a
yellow oil, 54.2 mg, 84%'H NMR (400 MHz, CDCJ) U 8J=54®,1(3dt ,
Hz, 1H), 8.15 8.03 (m, 2H), 7.69 7.54 (m, 2H), 7.44 7.36 (m, 2H), 7.16
wy  (ddd,J = 6.8, 4.9, 1.6 Hz, 1H), 5.23, 1H), 2.73 (dtJ = 8.4, 6.4 Hz, 2H),
2.40 (dg,J= 8.4, 5.0, 4.0 Hz, 2H), 1.871.76 (m, 4H), 1.29 (s, 9HC{*H}
NMR (101 MHz,CDC}) 4 196. 1, 157.4, 156. 9, 149. 2, 136.
77.7, 52.6,35.1, 31.0, 23.3HRMS (ESI) alcd. for GiH26NO [M+H]*: 323.2118, found:
323.2112.

1-(4-(tert-butyl)phenyl)-2-(piperidin -1-yl)-2-(pyridin -2-yl)ethan-1-one (3fa)

Compound3fa was prepared following the general procedure, purified by

column chromatography using EtOAc/hexanes (1:2),\dnd isolated as a

yellow oil, 43.1 mg, 64%'H NMR (400 MHz, CDCY) U 8J548,14dt |,

Hz, 1H), 8.13/ 8.03 (m, 2H), 7.67 7.59 (m, 2H), 7.43 7.39 (m, 2H), 7.15

(ddd,J = 6.8, 4.9, 1.9 Hz, 1H), 5.23 (s, 1H), 2.52 @t 10.8, 5.3 Hz, 2H),

2.42 (dgJ = 11.0, 5.5, 4.8 Hz, 2H), 1.60 (@= 4.9 Hz, 4H), 1.44 (q] = 5.9

Hz, 2H), 1.30 (s9H). *C{'H} NMR (101 MHz, CDC}§) U 197. 4, 157.0, 156.
134.2, 129.0, 125.4, 123.9, 122.6, 78.2, 52.9, 35.1, 31.0, 26.0,HRMS (ESI) calcd. for

CooH28NLO [M+H] *: 337.2274, found: 337.2269.

tBu

1-(4-(tert-butyl)ph enyl)-2-(4-methoxy-3,5-dimethylpyridin -2-yl)-2-morpholinoethan-1-one
(3ga)

Compound3gawas prepared following the general procedure, purified by

column chromatography using EtOAc/hexanes (1:2, v/v), and isolated as a
yellow oil, 41.2 mg, 52%'H NMR (400MHz,CDCk) U 8. 15 (s, 1H
i 7.82 (m,2H), 7.37i 7.31 (m, 2H), 5.34 (s, 1H), 3.75, 3H), 3.68 (dtJ =
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6.2, 3.4 Hz, 4H), 2.70 (g, = 4.3 Hz, 4H), 2.46 (s, 3H), 2.19 (s, 3H), 1.27 (s, 9FQ{*H} NMR

(101 MHz,CDCY) U 196.5, 164.5,411586,127,1, 12556412588, 1 49 . 3,
67.5, 599, 50.9, 35.0, 31.0, 13.3, DLHRMS (ESI) calcd. for GHzN20s [M+H]*: 397.2486,

found: 397.2480.

1-(4-(tert-butyl)phenyl)-2-(pyridin -4-yl)-2-thiomorpholinoethan-1-one (3ha)

NN s Compound3ha was prepared ftdwing the general procedure, fdigd by
N column chromatography using EtOAwexanes (1:2, v/v), and isolated as a
brown oil, 57.4 mg, 81%4H NMR (400 MHz, CDCJ) a 1 8.509r8, 2H),
0 7.997 7.90 (m, 2H), 7.46 7.40 (m, 2H), 7.36 7.30 (m, 2H), 5.07 (slH),
wy 2.86 (dtJ=11.6,5.1 Hz2H), 2.78 (dtJ = 11.7, 4.8 Hz, 2H), B7 (t,J=5.0
Hz, 4H), 1.30 (s, 9H)*3C{*H} NMR (101 MHz, CDC}) d 196. 5, 15
1501, 144.6, 133.5, 128, 125.7, 124.4, 74.6, 53.3, 35.2, 31.0, 28IRMS (ESI) calcd. for
C21H26N2OS[M+H] *: 355.1839, found: 55.1835.

1-(4-(tert-butyl)phenyl)-2-morpholino-2-(pyridin -4-yl)ethan-1-one (3g)

Compound3ia was prepared following the genkgrocedure, purified by

\ ; Nj column chromatography using EtOAc/hexanes (1:2, \d@myl isolated as
yellow oil, 59.6 mg, 88%'H NMR (400 MHz,CDG) U 8. 63 i(s, 2H)
9 7.92 (m, 2H), 7.51 7.38 (m, 4H), 4.92 (s, 1H), 3.73 (ddi= 5.9, 3.8, 2.5

s, Hz, 4H),2.507 2.44 (m, 4H), 1.29 (s, 9HYC{*H} NMR (101 MHz, CDC})
i 195.8, 157.7, 150.1, 14466®,52033. 4,
35.2 31.0.HRMS (ESI) calcd. for GH2eN0S[M+H] *: 339.2067, found: 339.2061.

1-(4-(tert-butyl)phenyl)-2-(dimethylamino)-2-(pyridin -4-yl)ethan-1-one (3p)

Compound3ja was prepared following the general procedure, purified by

column chromtography using EdAc/hexanes (1:1, v/v), and isolated as a

yellow oil, 45.6 mg, 77%H NMR (400 MHz, CDCJ) U i 8.51m9, M),

8.0171 7.93 (m, 2H), 7.44 7.36 (m, 4H), 4.83 (s, 1H), 2.30 (s, 6H), 1.30 (s,
wo 9H). BPC{'H} NMR (101 MHz, CDCk) U 1 9.5, 150.1, 1455133.3,

128.7, 125.7, 124.375.7, 43.8, 35.2, 31.0HRMS (ESI) calcd. for
CigH24NL,O[M+H]*: 297.1961found: 297.1965.

1-(4-(tert-butyl)phenyl)-2-(4-methylpiperazin-1-yl)-2-(pyridin -2-yl)ethan-1-one (3la)

~ Compound3ka was prepared fadwing the generaprocedure, purified by
column chromatography using DCM/MeOH (10:1, v/v), and isolated as
brown oil, 42.9 mg61%,*H NMR (400 MHz, CDCJ) U 1 8.478n7, 2H),
8.01i 7.89 (m, 2H), 7.46 7.33 (m, 4H), 4.94 (s, 1H), @17 2.43 (m, 8H)
sy 2.37 (s, 3H), 28 (s, 9H)*C{'H} NMR (101 MHz,CDCk) & 195.8, 15
150.2, 144.5, 133.3, 128.7, 125.7, 124.3, 74.6, 54.7, 50.6, 45.3, 35.2, 31.0.
HRMS (ESI) calcd. for GoH29NsO [M+H] *: 352.2383, found: 352.2377.
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2-(benzo[d]thiazd-2-yl)-1-(4-(tert-butyl)phenyl)-2-morpholinoethan-1-one : €)-2-
(benzo[d]thiazol2-yl)-1-(4-(tert-butyl)phenyl)-2-morpholinoethen-1-ol = 3:1 (3la)

Compound3la was prepare following the general
QS ﬁo QS 0 procedure, purified by column chromatography
AN N7 N using EtOAc/hexanes (1:4, viand isolated aa
| white semi solid, 19 mg, 50%- NMR (400 MHz,
CeDe) 8.19 (d, J = 8.(Hz, 2H, ketephenacylCH),
Bu Bu 8,00 (d, J = 8.0 Hz, 1H, ketmenzothiazteC(7)H),
7.65 (d, J = 8.0 Hz, 2H, enphenacylCH), 7.64 (d, J = 8.0 Hz, 1H, ebehzothiazoleC(H)),
751 (d, J =8.0 Hz, 1H, enebenzothiazoleC(4)H), 7.40 (d, J = 8.0 Hz, 1H, keto
berzothiazoleC(4)H), 7.34 (d, J = 8.0 Hz, 2H, keteenacylCH), 7.16d, 2H, ketephenacylCH),
713 (t, J = 8.0 Hz, 1H, enbkenzothiazoleC(5)H), 7.07 (t, J = 8.0 Hz, 1Keto
benzothiazleC(5)H), 7.00 (t, J = 8.0 Hz, 1H, eAoénzothiazoleC(6)H), 6.96 (1,<)8.0 Hz, 1H,
keto-benzothiazoleC(6)H), 5.68 (s, 1H, ke@diCOAr), 3.617 3.48 (m, 4H, ketanorpholineCH,
4H, enotmorpholineCH), 2.79 2.52 (m, 4H, ketanorpholineCH 4H, encimorphdineCH),
1.21 (s, 9H, enelertbutylCH), 1.07 (s, 9H, keitertbutylCH).**C{*H} NMR (101 MHz, GDs) U
193.6, 176.1, 167.4, 162.5, 156.%310, 152.8, 152.4, 136.3, 134.0, 133.3, 133.0, 129.1, 128.3,
126.1, 125.7, 125.5, 125.1, 125.0, 1Ip4123.4, 121.6121.2, 120.9, 119.4, 72.4, 67.6, 66.8, 52.0,
51.5, 34.6, 31.0, 30.Gseveral resonances is missing due to overlapping pedkdyIS (ESI)
calcd. For GH2eN20.S [M+H]* : 395.1793, found: 395.1777.

P——
-

o] HO

1-(4-(tert-butyl)phenyl)-2-morpholino-2-(quinolin -2-yl)ethan-1-one (3ma)

Compound3ma was prepared following the general procedure, purified
by column chromatography using EtOAc/hexanes (1:J), atvd isolated

as a brown oil, 57.5 mg, 74% NMR (400 MHz, CD@3) U 18.141 9
(m, 2H), 8.14i 8.09 (m, 2H), 7.81 7.73 (m, 2H), 7.68 (ddd,= 8.5, 6.9,

1.5 Hz, 1H), 7.50 (ddd] = 8.1, 6.9, 1.2 Hz, 1H), 7.437.38 (m, 2H),
5.46 (s, 1H), 3.83 3.71 (m, 4H), 2.70 (dddj = 10.0, 5.9, 3.4 Hz, 2H),
2.487 2.38 (m, 2H, 1.26 (s, 9H)3C{*H} NMR (101 MHz, CDCk)  96.0,157.2, 156.5, 147.9,
136.9, 133.9, 129.6, 129.4, 129.1, 1271.87.6, 126.9, 125.5, 120.9, 78.4, 66.9, 52.2, 35.1, 31.0.
HRMS (ESI) alcd. for GsH2eN202 [M+H] *: 389.2224, found: 389.2230.

1-(4-(tert-butyl)phenyl)-2-(dimethylamino)-2-(quinolin-2-yl)ethan-1-one (3na)

Compound3na was prepared following the general procedure, purified
by column chromatography using EtOAc/hexanes (1\), end isolated

as a yellow oil, 49.9 mg, 72% NMR (400 MHz, CLCly) U 18.142 1
(m, 2H), 8.14 8.07 (m, 2H)7.77i 7.65 (m, 3H), 7.49 (ddd,= 8.1, 6.9,
1.3 Hz, 1H), 7.42 7.35 (m, 2H), 5.33 (s, 1H), 2.34 (s, 6H), 1.26 (s, 9H).
13C{*H} NMR (101 MHz, CDC}) ad 196. 6, 157. 4, 157.
133.8, 129.4, 129,4129.2, 127.6, 127.6, 126.7,9.2, 120.8, 79.444.1, 35.1, 31.0dRMS (ESI)
calcd. for GaH26NO [M+H] *: 347.2118, found347.2113

tBu
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1-(4-(tert-butyl)phenyl)-2-morpholino-2-(pyrimidin -2-yl)ethan-1-one (3o0a)

N o Compound3oa was prepared following the genemalocedure, purified by
ﬁ N column chromatography sing EtOAc¢hexanes (1:1, v/v), and isolated as a
N yellow oil, 63.1 mg, 93%'H NMR (400 MHz, CDCJ) U 8J=A4D9HZ d,
o 2H), 7.97 (dJ = 8.6 Hz, 2H), 7.42 7.34 (m, 2H), 7.16 (1) = 4.9 Hz, 1H),
5.42 (s, 1H), 3.75 (1) = 4.6 Hz, 4H),2.68 (q,J = 4.0 Hz, 4H),1.27 (s, 9H).
BC{*H} NMR (101 MHz,CDCf) U 194.6, 165.6, 157. 4,
125.4, 119.7, 77.3, 67.1, 51.5, 35.1, 3HBRMS (ESI) calcd. for GoH2sN30. [M+H] *: 340.2020,
found: 340.2016.

tBu

2-morpholino-1-phenyl-2-(pyri din-2-yl)ethan-1-one (3ab)

Compound3ab was prepared following the general procedure, purified by

column chromatgraphy using EtOAc/hexanes (1:2, v/v), asblated as a

yellow oil, 44.6 mg, 79%'H NMR (400 MHz, CDCJ) G 8 J5449, 1(4d t ,

Hz, 1H), 8137 8.03 (m, 2H), 7.63 (td] = 7.7, 1.8 Hz, 1H), 7.55 (d,= 7.9 Hz,

1H), 7.517 7.44 (m, 1H), 7.38 (1) = 78 Hz, 2H), 7.15 (ddd) = 7.4, 4.9, 1.3

Hz, 1H), 5.26 (s, 1H), 3.8113.68 (m, 4H), 2.61 (ddd,= 10.1,5.9, 3.4 Hz, 2H),

2.48 (dddJ = 10.7 6.0, 3.3 Hz, 2H)**C{*H} NMR (101 MHz, CDCk) 4 196. 7, 155. 7
136.9, 136.4, 133.3, 129.0, 128.5, 124123.0, 77.7, 66.9, 5L.HRMS (ESI) calcd. for

Ci7H1sN20O2 [M+H] *: 283.1441, found: 283.1437.

\J

H

2-morpholin o-2-(pyridin -2-yl)-1-(p-tolyl)ethan-1-one (3ac)

Compound3ac was prepared following the general procedure, purified by
column chromatography using EA@/hexanes (1:2, v/v), and isolated as a
yellow oil, 53.4 mg, 90%H NMR (500 MHz, CDCJ) 4 8J5440,14dt |,
Hz, 1H), 8.05 7.96 (m, ), 7.63 (td,J = 7.7, 1.8 Hz, 1H), 7.57 (d,= 7.8

Hz, 1H), 7.22i 7.12 (m, 3H), 5.24 (s, 1H), 3.793.69 (m, H), 2.67i 2.58

(m, 2H), 2.48 (dddy = 10.8, 6.0, 3.4 Hz, 2H), 2.34 (s, 3HJC{*H} NMR

(126 MHz, CDC}) 0 ,1%5@®,.149.5, 144.2, 136.833.9, 129.2, 129.1, 123.9, 123.0, 77.6,
66.9, 52.0, 21.64dRMS (ESI) calcd. for GgH20N20>[M+H] *: 297.1598, fand: 297.1603.

J

Me

1-(4-methoxyphenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3ad)

Compound3ad was prepred following the general procedumyrified by

column chromatography using EtOAexanes (1:1, v/v), and isolated as a

yellow oil, 53.1 mg, 85%H NMR (400 MHz, CDC)) i 81. 864 (m, 1H),

8.2271 8.00 (m, 2H), 7.68 7.51 (m, 2H), 7.15 (ddd,= 7.0,5.0, 1.4 Hz, 1H),
ome ©0.9471 6.77 (m, 2H, 5.18 (s, 1H), 3.80 (s, 3H), 3.798.67 (m,4H), 2.68i

2.54 (m, 2H), 2.44 (ddd,= 10.7, 6.0, 3.5 Hz, 2H}*C{*H} NMR (101 MHz,
CDClzp)d 195. 0, 163. 7, 156. 1, 149. 4, 1869, 5354, 131. 4
52.1.HRMS (ESI) calcd. br CigH2oN20s[M+H] *: 313.1547, found: 313.135
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1-(4-(methylthio)phenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3ae)

Compound3ae was prepared following the general procedure, purified by
column chromatography ugj EtOAc/hexanes (1:1, v/v), and iatdd as a
brown oil, 42.0 mg, 64%H NMR (400 MHz, CDC}) U 8 .X5=4.0,( ddd,
1.8, 0.9 Hz, 1H), 8.11 7.96 (m, 2H), 7.64 (td] = 7.7, 1.8 Hz, 1H), 7.55 (dt,

sme J=7.9,1.1Hz, 1H), 7.2B 7.09 (m, 3H), 5.18 (s, 1HB.81i 3.67 (m, 4H),
2.657 2.55 (m,2H), 2.50i 2.40 (m, 5H)C{*H} NMR (101 MHz, CDC})

0 1956, 155.8, 149.5, 146,4136.9, 132.5, 129.4, 124.8, 123.9, 123.0, 77.89,662.0, 14.6.

HRMS (ESI) calcd. for GH20N20,S[M+H] *: 329.1318, found: 329.1316.

1-(4-(dimethylamino)phenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3af)
o Compound3af was prepared following the general procedure, purified by
N column chromatographysing EtOAchexanes (1:1, v/v), and isolated as a

yellow oil, 48.8 mg, 75%'H NMR (400 MHz, CDCh) i 8 . 512 4.§, t4t ,

Hz, 1H), 8.13i 7.97 (m, 2H), 7.68 7.55 (m, 2H), 7.2 (td,J = 5.1, 3.2 Hz,
N~ 1H), 6.66i 6.50 (m, 2H), 5.15 (s, 1H), 3.823.67 (m, 4H), 3.0 (s, 6H), 2.61
(ddd,J=10.2, 5.9, 3.2 Hz, 2H), 2.41 (ddil= 11.1, 6.0, 3.2 Hz, 2H}3C{*H}
NMR (101 MHz,CDCl;) 4 194 . 1, 156. 8, 15 31287, 122.4 210.8,, 136.
77.3, 66.9, 52.2, 39.4{RMS (ESI) calcd. for GH23NsO0.[M+H]*: 326.1863, found: 326.18609.

1-(4-fluorophenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3ag)

Compound3ag was prepared following the general procedure, purified

by coumn chromatography using EtOAexanes (1:2, v/v), and isolated

as a yellow oil, 41.4 mg, 69%H NMR (400 MHz, CDCf)ii 8. 55 (ddd
J=4.9, 1.9, 1.0 Hz, 1H), 8.278.05 (m, 2H, 7.65 (td,J = 7.7,1.8 Hz,

1H), 7.54 (dtJ = 7.9, 1.1 Hz, 1H), 7.17 (ddd,= 7.5, 4.9, 1.3 Hz, 1H),

7.121 7.02 (m, 2H), 5.18 (s, 1H), 3.833.67 (m, 4H), 2.67 2.53 (m, 2H), 2.46 (dddd,

=11.1, 6.6, 3.7, 1.0 Hz, 2HYC{'H} NMR (101 MHz, CDC})ii 195. 1 ,JcA=67 . 1 (
256.5 Hz), 155.6, 149.6, 136.9, 132.7J%,r = 30 Hz), 131.9 (dJ°cF = 9.1 Hz), 123.9,

123.1, 115.7 (dfPc.r = 22.2 Hz), 78.1, 66.9, 52.6FF NMR (376 MHz, CDGCJ) ii-104.5.

HRMS (ESI) calcd. for G/H17FN2O2 [M+H] *: 301.1317, found: 301.1342.

1-(4-chlorophenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3ah)

Compound3ah was prepared following the general procedure, purified by
column chromatography using EtOAc/hexanes (1:2, v/v), and isolated as a
yellow oil, 48.8 mg, 77%'H NMR (500 MHz, CD@:;) i 8 . 5J5 4.8,@0 ,

Hz, 1H), 8.15 7.98 (m, 2H) 7.65 (tdJ= 7.7, 2.1 Hz, 1H), 7.53 (d,= 7.9 Hz,

1H), 7.36 (ddJ = 8.9, 2.1 Hz, 2H), 7.18 (ddd,= 7.5, 4.9, 1.4 Hz, 1H), 5.18 (s,
1H), 3.82i 3.71 (m, 4H), 2.68 2.55 (m, 2H), 2.48 (dt) = 111, 4.3 Hz, 2H).
BC{*H} NMR (126 MHz, CDC}) U0 155.8,149.6, 139.8, 136.9, 134.6, 130.5, 128.8, 124.0,
123.1, 78.1, 66.9, 51.94RMS (ESI) calcd. for @GH::.CIN2O, [M+H]*: 317.1051, found:
317.1057.
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2-morpholino-2-(pyridin -2-yl)-1-(4-(trifluorom ethoxy)phenyl)ethart1-one @ai)

o Compound3ai was preparg following the general procedure, purified by
N column chromatography using EtOAc/hexanes (1:2, v/v), ardtégbas a

brown oil, 418 mg, 5%, *H NMR (400 MHz, CDCJ) 8.56 (ddd,J = 4.9,

1.8, 0.9 Hz 1H), 8.21i 8.17 (m, 2H), 7.67 (td]= 7.7, 1.8 Hz, 1§ 7.54 (dt,
ocr, J=7.9,1.1Hz, 1H), 7.247.17 (m, 3H), 5.19 (s, 1H), 3.173.72 (m, 4H),

2.641 2.56 (m, 2H), 2.48 (dtd]) = 10.8, 4.0, 1.9 Hz, 2H)3C{*H} NMR
(101 MHz,CDCY) U 195. 26,137105184.43131.21 ¥29.6, 124d, J'cr = 262.6 Hz),
124.0, 123.2, 120.1, 78.2, 66.9, 51°8.NMR (376 MHz, CDGJ) -57.58.HRMS (ESI) calcd.
for CigH17F3N20s [M+H] *: 367.1264, found: 367.1260.

2-morpholino-2-(pyridin -2-yl)-1-(4-(pyrrolidin -1-yl)phenyl)ethan-1-one (3aj)

Compound3aj was prepared following the general procedure, purified by
@) column chromatography using EtOAc/hexanes (1:1, v/v), and isolated as a
yellow oail, 49.2 mg, 70%H NMR (500 MHz, CDCJ) 0 8J=8.9Hz( d,
1H), 8.05 (dJ = 8.6 Hz, 2H), 7.61 (d] = 8.4 Hz, H), 7.12 (s, 1H), 6.44 (d,
N J=8.6 Hz, 2H), 5.16 (s, 1H), 3.823.64 (m, 4H), 3.30 (d] = 6.2 Hz, 4H),
Q 2.62 (t,J = 9.3 Hz, 2H), 2.42 () = 8.3 Hz, 2H), 1.97 (q) = 3.6 Hz, 4H).
13C{*H} NMR (126 MHz, CDC}) 98.9,1156.8, 151.1, 149.2, 136.8, 131.5,
123.9, 123.7, 122.7, 110.7, 77.2, 66.9, 52.2, 47.5, 2HMS (ESI) calcd. for GiH2sNz0-
[M+H]*: 352.2020, found: 352.2023.

1-(4-(1H-pyrrol -1-yl)phenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3ak)

Compound 3ak was prepared following the general procedure, purified by
column chromatography using EtOAc/hexanes (1:2, v/v), and isolated as a

1.9, 0.9 Hz, 1H), 8.27 8.16 (m 2H), 7.67 (td) = 7.7, 1.9 Hz, 1H), 7.58 (dt,
v J=7.9, 1.1 Hz, 1H), 7.48 7.37 (m, 2H), 7.19 (ddd] = 7.4, 4.9, 1.3 Hz,
Q 1H), 7.147 7.10 (m, 2H), 6.36 (t) = 2.2 Hz, 2H), 5.23 (s, 1H), 3.813.72

(m, 4H), 2.68i 2.57 (m, 2H), 2.54 2.45 (m, 2H).13C{*H} NMR (101
MHz,CDCl;) o 195.3, 155.7, 149.6, 144.1, 137.0,
78.0, 66.9, 52.04RMS (ESI) calcd. for GiH21Ns02[M+H] *: 348.1707, found: 348.1701.

2-morpholino-2-(pyridin -2-yl)-1-(m-tolyl)ethan-1-one (3d)

Compound3al wasprepared following the general procedure, purified by column
chromatography using EtOAwxanes (1:2, v/v), and isolated as a yellow all,
49.8 mg, 84%'H NMR (400 MHz, CDC)) U 8 . X%=6.9,(1.d, 0.6 Hz, 1H),
8.0471 7.78 (m, 2H) 7.65 (tdJ = 7.7,1.9Hz, 1H), 7.57 (dtJ = 7.9, 1.2 Hz, 1H),
7.30 (td,J = 7.5, 3.6 Hz, 2H), 7.17 (ddd,= 7.5, 4.9, 1.3 Hz, 1H), 5.27 (s, 1H),
3.8471 3.68 (m, 4H), 2.62 (ddd] = 10.0, 5.8, 3.5 Hz, 2H), 2.552.44 (m, 2H),
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brown oil, 45.2 mg, 65%H NMR (400 MHz,CD@;) U 8 .X5=%4.9,(ddd,
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2.36 (s, 3H)*C{'H} NMR (101 MHz, CDC}) 6.9 155.8, 149.5, 138.4, 136.9, 136.5, 134.1,
129.3, 128.4, 126.3, 123.9, 123.0, 7766.9, 52.0, 21.3HRMS (ESI) calcd. for GH20N-O-
[M+H]*: 297.1598, found: 297.1603.

1-(3-chlorophenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3am)

Compound3am was prepared following the general procedure, purified by

column chromatography using EtOAexanes (1:2, v/v), and isolated as a yellow

oil, 48.8 mg, 77%H NMR (400 MHz, CDCY) U 8 J550, 1(3cHt, 1H),

8.147 7.87 (m, 2H),7.65 (td,J = 7.7, 18 Hz, 1H), 7.52 (ddJ = 7.9, 1.2 Hz, 1H),

7.44 (dddJ = 8.0, 2.2, 1.0 Hz, 1H), 7.31 @,= 7.9 Hz, 1H), 7.17 (ddd} = 7.5,

4.9, 1.2 Hz, 1H), 5.18 (s, 1H), 3.73 (dt; 6.0,3.1 Hz, 4H), 2.63 2.53 (m, 2H),

2,537 2.43 (m, 2H).23C{*H} NMR (101 MHz, ®DCl;) UG 195. 6, 155. 2
137.8, 137.0, 134.9, 133.2, 129.8, 129.0, 127.1, 124.0, 1ZB2,66.9, 51.81RMS (ESI) calcd.

for C17H17CIN2O, [M+H] *: 317.1051, found: 317.1057

2-morpholino-2-(pyridin -2-yl)-1-(3-(trifluoromethyl)ph enyl)ethan-1-one (3ar)

ho Compound 3an was prepared following the general procedure, purified by
N column chromatography using EtOAc/hexanes (1:2, v/v), andtésbhs a yellow
oil, 42.7 mg, 8%, *H NMR (400 MHz, CDC}) 8.56 (dddJ = 4.9, 1.8, 0.9 Hz,
1H), 840 (d,J = 1.9 Hz, H), 8.33 (dt,J=8.1, 1.5 Hz, 1H), 7.7 7.72 (m, 1H),
7.67 (tdJ=7.7, 1.8 Hz, 1H), 7.56 7.51 (m, 2H), 7.20 (ddd,= 7.5, 4.9, 1.2 Hz,

cr,  1H), 5.22 (s, 1H), 3.75 (ddd,= 5.9, 3.6, 2.3 Hz, 4H), 2.61 (ddJ=9.5, 7.2, 4.0

Hz, 2H), 2.551 2.47 (m, 2H. BC{!H} NMR (101 MHz, CDC) i 195. 5, 155.

149.7, 137.0, 136.7, 132.3, 131.6 J& = 33.3 Hz), 129.6 (qF°c+ = 4.0 Hz), 129.1, 127.7 (q,
Jcr = 273.7 Hz), 126.0 (gFcr = 4.0 Hz), 124.0, 123.7,8.3, 66.9, 51.8'F NMR (376 MHz,
CDCls) -62.9.HRMS (ESI) calcd. for GgH17F3sN.O. [M+H] *: 351.1315, found: 351311.

1-(3,5-dimethylphenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3a0)

Compound3ao was prepared folloimg the general procedure, purified by
column chromatogghy using EtOAc/hexas (1:2, v/v), and isolated as a
yellow oil, 54.0 mg, 87%H NMR (500 MHz, CDC}) U 1 8.525(m, 1H),
7.69 (s, 2H), 7.64 (tdl= 7.7, 1.8 Hz, 1H), 7.57 (d,= 7.9 Hz, 1H),7.1971 7.10
(m, 2H), 5.26 (s, 1H), 3.78 3.69 (m, 4H), Z071 2.56 (m, 2H), 246 (ddt,J =
8.3, 5.8, 2.7 Hz, 2H), 2.31 (s, 6HFC{*H} NMR (126 MHz, CDCk) 197.1,
155.9, 149.5, 138, 136.9, 136.7, 135.1, 126.7, 123.9, 123.0, 77.5, 66.9, 52.0HRMS (ESI)
calcd. for GoH22N202 [M+H]*: 311.1754, found: BL.1743.

1-(3,5-di-tert-butylphenyl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3ap)

o Compound3ap was prepared following the general procedure, purified by
column chromatography using EtOhAexanes(1:2, v/v), and isolated as a

N
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yellow oil, 67.9 mg, 86%'H NMR (400 MHz, CDC)) 0 8. 5=4.9(1dBdid,Hz, 1H),

8.00 (d,J =1.9 Hz, 2H), 7.63 (td) = 7.7, 1.8 Hz, 1H), 7.59 7.51 (m, 2H), 7.16 (ddd] = 7.4,

4.9, 1.3 Hz, 1H), 5.25 (sH), 3.75 (dt,J = 5.8, 3.7 Hz, 4H), 2.70 2.60 (m, 2H), 2.49 (dd] =

6.6, 4.0 Hz, 2H)1.29 (s, 18H)*C{*H} NMR (101 MHz, CDC}) a4 196. 7, 156. 0, 1
136.7 135.6, 127.3, 123.8, 123.4, 122.8, 78.3, 66.9, 51.9, 34.9, BRKIS (ESI) calcd. for

CasHzaN202 [M+H] *: 395.2693, found: 395.2687.

2-morpholino-1-(naphthalen-2-yl)-2-(pyridin-2-yl)ethan-1-one (3aq)

Compound3aq was prepared following the general pedare, purified by

column chromatography using EtOAc/hexanes (1:2, v/v), and isolated as a

brown oil, 42.5 mg, 64%H NMR (400 MHz, CDCJ) 0 8J1=71ZHZ d,

1H), 8.56 (d, J = 4.9, 1.4 Hz, 1H), 8.10 (dd,= 8.7, 1.8 Hz, 1H), 7.95 (dd,

= 8.5, 1.6 K, 1H), 7.86/ 7.75 (m, 2H), 7.69 7.59 (m, 2H), 7.59 7.49 (m,

2H), 7.16 (ddd,) = 6.8, 4.9, 1.8 Hz, 1H), 5.43 (s, 1H), 3.88.71 (m, 4H),

2.67 (ddd,J = 9.9,5.8, 3.4 Hz 2H), 2.52 (ddd) = 10.7, 6.0, 3.3 Hz, 2H}3C{*H} NMR (101

MHz,CDCk) U 196.7, 155.8, 149.6, 136.9, 135.6, 13
126.7, 124.4, 123.9, 123.0, 77.8, 67.0, 5HRMS (ESI) calcd. for GH20N20, [M+H] "
333.1598found: 333.1603.

1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-morpholino-2-(pyridin -2-yl)ethan-1-one (3ar)

Compound3ar was prepared following the general procedure, purified by

column chromatography using EtOAexanes (1:2, v/v), ahisolated as a

yellow oil, 48.3 mg, 71%!H NMR (500 MHz, CDC}) U 8 .J55.0,( dd,

1.9 Hz,1H), 7.751 7.51 (m, 4H), 7.20 7.12 (m, 1H), 6.82 (dd] = 9.1, 2.5

Hz, 1H), 5.18 (s, 1H), 4.24 (ddd,= 20.3, 6.0, 3.0 Hz, 4H), 3.833.62 (m,

4H), 2.691 2.32 (m, 4H).BC{'H} NMR (126 MHz,CDCJ) U 194 . 9, 15
149.5, 148.3, 143.3, 136.9, 130.2319, 123.3, 123.0, 118.5, 117.1, 77.4, 66.9, 64.7, 64.0, 52.0.

HRMS (ESI) calcd. for GsH20N204 [M+H]*: 341.1496, found: 341.1501

2-morpholino-2-(pyridin -2-yl)-1-(quinolin-6-yl)ethan-1-one (3as)

Compound3as was prepared following the general procedymeaified by

column chromatography using EtOAc/hexanes (1:1, v/v), and isolated as a

brown oil, 33.3 mg, 50%H NMR (400 MHz,CDCJ) U 8 J#94%62,18d d,

Hz, 1H), 8.70 (dJ = 19 Hz, 1H), 8.55 (dt) = 5.0, 1.3 Hz, 1H), 8.33 (dd,=

8.9, 2.0 Hz, 1H)8.26 (ddJ = 8.3, 1.7 Hz, 1H), 8.07 (d,= 8.9 Hz, 1H), 7.67

i 7.56 (m, 2H), 7.43 (dd] = 8.4, 4.3 Hz, 1H), 7.16 (ddd,= 7.4,4.9, 1.4 Hz,

1H), 5.39 (s1H), 3.76 (dtJ = 5.7,3.7 Hz, 4H), 2.7 2.60 (m, 2H), 2.51 (ddd,= 10.8, 5.9, 3.4

Hz, 2H). *C{'H} NMR (101 MHz, CDCk) 4 196 . 2, 155. 5, 152. 8, 15
134.1, 130.9, 129.9, 128.2, 127.4, 124.0, 123.2,9.278.0, 66.9, 52.0HRMS (ESI) calcd. for

CaooH19N302 [M+H] *: 334.1550, found: 334.1556.
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2-morpholino-2-(pyridin -2-yl)-1-(quinolin-6-yl)ethan-1-one (at)

Compound3at was prepared following the general procedure, purified by column
chromatography usingtOAc/hexanes (1:2, v/v), anidolated as a yelloveil,
31.7 mg, 55%'H NMR (400 MHz, CDCJ) U 8J=518 HZ 1H), 83 (d,J
= 3.8 Hz, 1H), 7.73 7.58 (m, 3H), 2231 7.16 (m, 1H), 7.10 () = 4.5 Hz, 1H),
5.01 (s, 1H), 3.76 (p] = 3.0 Hz, 4H),2.63 (dt,J = 9.9, 4.5 Hz, 2l 2.48 (dtJ =

10.7, 4.6 Hz, 2H)13C{*H} NMR (101 MHz, CDCK) U 189. 7, 1 5186.96134.714 9 .

133.8, 128.2, 123.9, 123.1, 79.86.8, 52.0.HRMS (ESI) calcd. for @H1eN20,S [M+H] "
289.1005, found: 289.1012.

1. (a) Hahn, F. E.; Jahnke, M. Bngew. Chem., Int. EQ008,47, 31223172. (b)

Zhao, H.; Xu, J.; Chen, C.; Xu, X.; Pan, Y.; Zhang, Z.; Li, H.; XuAdvanced Synthesis

& Catalysis 2018 (c) Wang, Z.; Song, F.; Zhao, YHuang, Y.; Yang, L.; Zhao, D.; Lan,

J.; You, JChemistry2012,18, 1661620. (d) Odani, R.; Hano, K.; Satoh, T.; Miura, M.

Angew Chem Int Ed End?014,53, 107848.
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Chapter 3 Palladium-catalyzedbenzylic C(93)i H carbonylative
arylation with aryl bromides

3.1Introduction

Palladium mediatedcarbonyldive crosscoupling reactions of aryl halides to
make ketonedas beerone of the mospopular research topicsn transition metal
catalyzedcarbonylationchemistrysinceits discoveryin the 1930s.! Using a varigy of
organometallic reagentsaryl halides, and CQthese palladiunmcatalyzed coupling
processs enableefficient construction of two TC bondsto afford ketones in one step.
Since the first report in 2012 the useof in situ generatedtarbaniondrom acidicC i H
bonds (pro-nucleophiles) in carbonylation reactiondas received much attentio
Comparedto conventional nucleophiles in carbonylative coupling reactionso-
nucleophiles involvingdeprotonatable 1TH bonds possessiany advantagessuch as

beingatomeconomicandavoidingof prefunctionalizedrganometallics

Great achievements have been maie carbonylative arylations of acidic
C(sp) T H b Skrydssup and cworkers reported palladivwatalyzedcarbonylative
U-arylation ofketones with aryl iodies and aryl bromides, where bidentate phosphine
ligands DPPP and iEPrPF were used to synthesize-dijBetones (Schemeall).3 3°
Meanwhile, Beller and ceworkers describedPd-catalyzed carbonylative+arylation of
acetonederivativesand b-ketanitriles with aryl iodides(Schemela, 11).3¢ 3¢ Although
these approaches provided useful carbonylagi@ampledor both acidic (those with Ka

< 25) and weakly acidicCi H bonds(those with [Ka > 25%, carbonylationof weakly
80



acidic Q H bonds remainsinderdevelopg One possiblevork-aroundto this issuewas
reported by Skrydstrup and coworkers in 2040 desired to prepaadkyl substituted
U-aryl ketones Employinga threestepprocedureinstallation ofan  ac vy | gf oup a;
positionwas first performed tincrease the acidity of themainingU-protors. Next, the
deprotonative carbonylatidn give a 1,3dicarbonyl intemediate was performed. Finally,
the initial acyl group wa removedunder acidic conditiongSchene 1a, IIl). Although
this methodprovided access tproductsthat were previously out of reach due to the
elevated g0 ¢higher thar30) of the prenuclephiks the extra stps to add and remove

the activating acyl groupnderminedhe efficiencyof theprocess®

To developreactions at theveakly acidicC(sp) T H b o n dvith pkat B5p s €
our group reported the first example adrbonylative arylation foazaarylmethylamines
(Schene 1b) with a NIXANTPHOS/Pd catalyst systerh This methodexhibited good
functional group tolerance in the synthesis damino ketonesUnfortunately the
method is limited t@zaarymethylaminepronucleophilesandprovided low yieldsvhen
using electrordeficient aryl bromides The most significant problem arose from the
strong nucleophilicity of deprotonategro-nucleophiles where direct coupig with
electrophileswas observed wlibut the iorporation of CQOinto the product Thus, a
generalmethod for the carbonylation ofweakly acid bemylic CiH bonds remains

unknown

Scheme3-1. Deprotonativecartonylative crosscoupling reactions
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(a) Previous works: Pd-catalyzed acidic C-H carbonylative arylation

I. Skrydstrup, Beller
Pd/DPPP or Di-PrPF

0 NaN(SiMeg),
. I _r  +  A=X R)K(U\ Ar

COgen ,
X=Br,|  Dioxane or THF R

II. Beller Pd/Xantphos

CN NaN(SiMej3)

J\ + Ar—I| 2 NC>2J\Ar

R! R2 CcO (5 bar) R R2
toluene, 80 °C

lll. Skrydstrup
=Y Pd/Xantphos

B EtsN, MgCl,
X * R2r
| N = COgen
~

Dioxane, 80 °C

(b) Our previous work: Pd-catalyzed benzylic C-H carbonylative arylation of azaarylmethylamines

H
y Pd(dba), O AT N
NIXANTPHOS
Azaaryl NR, + Ar—Br e Azaaryl NR, 0
L|N(S|Me3)2 PPh PPh
CO,1,4-dioxane, 80 °C 2 2
NIXANTPHOS

(c) This work: Pd-catalyzed benzylic C-H carbonylative arylation

CO (1 atm)

H Pd(dba),/Josiphos OT Ar?

1 + Ar2-Br
AR LiN(SiMes), AT R
1,4-dioxane, 80 °C
Ar' = Ar, Heteroaryl
R = Ar, Amino, Alkyl, H

U-Aryl ketonesare key components of numerous biologically actieenpoundsand
display a wide range of medicinal and biological activi(igure1). For exampke U-aryl
ketone A exhibits very goodinhibitory activity againstphosphodiesterase @°PDE4)
Upon PDE4 inhibitionthe increaseof intracellular cAMPpromotesphosphorylatiorof
specific proteinsleadng to functional responses in the inflanatory cells® In a second
example,compoundB inhibits heat shockprotein 90 (HSP90)The inhibition ofHSP9O0,

a molecular chaperone, is widely used for treatment of cahdérs U-pyridyl ketones
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motif C is animportant precursoto both ML3403 and LN950Q both of which are
efficientp 3 8 U WhAdRinhibitors The kinasep 3 8 U i1 A Pommortarget for
treatment opancreatic adenocarcinoti€ompounds of the typ& can be envisioned to
result from the reaction of &picoline derivative, aryl bromide, and Q{der palladium
catalysis Unfortunately, current depianative carbonylative coupling methods are not

applicable to this class pfo-nucleophiles

Herein, we introduce novel andhighly efficientcatalyticprocess that allows selective
carbonylative cross couplingof weakly acidic benzylic CSpT H bonds with
bromides This methodgreatly expand the scopeand increasethe efficiency with
weakly acidicpro-nucleophilesWhile usingvery mild conditionswith 1 atm of CO and
a LiN(SiMes)> base the advantages of th methodincludelow catayst loading low cost

of the Pd sourgéiighyields andgood functional group tolerance

OMe

cl HO OH E
| N OMe o) F
N2 .0 0 _/ T\
Cl ;\ | (0] O N~ (6]
o) H/\/ Y/ 0
A. PDE4 inhibitor B. HSP90 Protein Inhibitor C. Precursor of ML3403 analogs
Figure 3-1. Selectedpar macol ogi cal |l y act i-arykketaqnesmpounds

3.2Results and Discussion

At the outset, our goals were develop acatalytc systemthat not only has good
reactivity with pro-nucleophiles of high k. valuesbut exhibits high selectivity toward
formation ofthe carbonylativeouplingproduct over the direct couplifgyproduct(with

no CO insertion)Rather than attempt to furtheptimize existing systems, we viewed the
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best path forwardo be to staranewby examininga collection of phosphine ligands in
conjunction with palladium precatalysts. It is well known that ligand steric and

electronic properties can haveramhatic mpact on reactions with carbon monoxfde

3.2.10ptimization of DCCC with 4-benzylpyridine and Aryl Bromide 2a.

Pyridines areubiquitousmotifs in bioactivecompoundg including U-aryl ketonesWe, therefore,
adoptedthe 4-pyridyl groupin our optimizationstudy.Using 4benzylpyridinela and 1-bromo
4-tert-butylbenzene2a as stating mateials, we performed &4 0 & mo |highsthwoadhput
screenof 24 ligands and 4 palladium sourd@heme 2) The ligandsincluding sterically and
electronically diverse, monaand bidentate phosphine ligandgere examing in combination
with different RI(0) and Pd(ll) sourcesThe screen was conductat80 °C under 5 atm of CO
(see the Supporting Information for detail3he ligands were ranked by both yields of the
corresponding ketone product and fle¢ectivityagainst an internal standafketoneproduct3aa

versus direct coupling byprodugta aSéheme R

Scheme3-2. HTE Screen of P& atalyzedDepraonative Carbonylative Crosoupling
of 4-Benzylpyridine

4 Pd sources 5 mol%
@/\@ /©/fBu 24 Ligands 6 mol%
+
N .~ Br LiN(SiMe3), 3 equiv
CO 5 atm
1,4-Dioxane 0.1 M, 80 °C B”

1a 2a

Of the ligands screenedpsiphos SLJ0O0t1 was the top hitaffording both the highest
yield of product3aaandthe bestselectivity(3aaversus3 a Ja BdQ) sourcesoutperformedd(l)
sources.Repeatingthe bestconditiors on laboratory scale (2 mmol) using Pddbg. and
JosphosSL-JO01 resulted in generation &aain 94%yield (Tablel, entry 1). Since Josiphos
SL-JO0E1 was the only ligandusedfrom the Josiphos familin the screening, we nextsted

84



other representativ@siphostype ligandd.2 i L5, includingthesterically hindered.2, electron

poor L3, electronrich L4 and a MandyPhos ligand.5. These ligands afforded lower yields

(Table 1, entry £5). It is interesting to atethat there were ndirect coupling byprodust(3 a Ja 0

formedwith these ligandsConducting the reaction atl@wer temperatur€65 °Q causeda 30%

deaease in yield (Table 1, entry &)singPd(©AC); resulted in a drop in yield from 94% to 70%

Reactions conducted without the palladium cataligihot gve any product (Table 1, entry 7 and

8).

Table 3-1. Examination of different members of the Josiphas family of ligands?2

Pd(dba), 5 mol% O

I A Bu Ligands 6 mol% O Bu

N~ Br/@ LiN(SiMes), 3 equiv N

CO 1 atm |
1a 2a 1,4-Dioxane 0.1 M, T °C N .~ ;a
Entry Pd Source Ligand Temp (°C) Yields (%)

1 Pddba- L1 80 94%
2 Pddba- L2 80 62%
3 Pddba) L3 80 2%
4 Pddba- L4 80 55%
5 Pddbg: L5 80 8%
6 Pddba- L1 65 64%
7 PdOAC):, L1 80 70%

85



N CH, FsC

CF,

L2 L3

P Fe B
Ph /Ar Ar = _E OMe
P.
~

Further optimzation on lab scalewas performed toexamine the impact of

different bases and solvents. Replacement of LiN(SiMg. with NaN(SiMe)., or

KN(SiMes)2 resulted inonly 15 23%yields (Table 2, entries 2 and.3)he reactiordid

not perform as well iMHF (86%) or cyclopentyl methyl ethefCPME, 76%) (Table 2,

entries4 and 9. Decreasing the catalyst loading to 1.0 mote€4ulted in no change in the

yield (Table 2, entries 6 and),7while further reduction of the catalyktading to 0.5

mol% failed toafford the desiredproducts.

Table 3-2. Optimization of DCCC with 4-benzylpyridine and Aryl Bromide 2a

X Bu
| +
N~
Br
1a 2a

Pd(dba), O
Josiphos SL-J001-1

Bases 3 equiv A
CO 1 atm |
Solvents 0.1 M, 80 °C N~ o
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Entry Catalyst loading Solvent Base Yields (%)

1 5.0% Dioxane LIN(SiMe,), 99%
2 5.0% Dioxane NaN(SiMe,), 23%
3 5.0% Dioxane KN(SiMe,), 15%
4 5.0% CPME LiN(SiMe3)2 76%
5 5.0% THF LiN(SiMes)2 86%
6 2.5% Dioxane LiIN(SiMe,), 98%
7 1.0% Dioxane LIN(SiMe,), 97%
8 0.5% Dioxane LiN(SiMe,), 0

3.2.2 Sope of the cabonylati ve arylation reaction

With the optimized reaction conditions in ha(ithble 2, ey 7), we exploral the

scope ofaryl bromideswith 4-benzylpyridine Table 3 1a). Aryl bromides bearing

variety of electron donating and electron withdrawisigbstituents exhibited good to

excellent yields.As expected,aryl bromides bearinglectraon-neutral alkyl groups or

extendedpi-systemdy2ai 2f, 861 98% yield$ and electrofrich aryl bromidescontaining

4-OMe and 4NMe: (2hi 2i, 85 90% yields) smoothlyaffordedthe corresponding ketone

producs. Among these, the benzocyclobutaterived aryl bromidés notavorthy. This

method also successfully ogrted sterically hindered2-bromotoluene2g to ketone

productin 74%yield.
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It is noteworthy thabur previously reported methbdjave poor yieldsvith electron
deficient aryl bromides In contrastthe currentmethodexhikited excellent reactivity
with aryl bromides bearinglectronegativé4-F) and electron withdrawin{B-Cl, 3-CF,
4-CR and 4CN) substituents 4ji 2n) (821 97%). 4-Bromobenzophenon2o was also
tolerated upon carbonylation at a loweactiontemperaturef 40°C with higher catalyst
loading (5 mol% Pd)Acetal substituted andtBpin substitutedoromobenzens 2p and
2q werecarbonylatedat higher catalyst loading affordthe desiregroducts in 5657%
yield. The finding thatthe B(pin}contaning produt¢ was famedis remarkable given
that aryl bromides are well known to undergo crosgpling reactios with aryl bornic
acid derivatives under basiomditionsin the Suzuki reaction.Of course,this product
could be further elaborated palladium catalzed coupling processe®® In addition to
bromobenzene derivatives, heteroaryl bromidese also wettoleratedwith the current
catalytic system While 6-bromoquinoline 2r reacted efficiently to give the desired
product3ar in 91% yield,3-bromopyridine2s affordedthe desired product i61% yield
When a methoxy groupwas presentat 2-position of 3bromopyridine reducing the

binding ability of thepyridyl nitrogen the ketone producBat was generated in 84%e}d.

Table 3-3. Scope of Aryl Bromides in RGatalyzed Carbonylative Arylatiéh
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Pd(dba), (1-7.5 mol%)

Josiphos SL-J001-1
A (1.2-9.0 mol%)
N‘ + €O + ArBr
= LiN(SiMe3), (3 equiv)
1a 2a-2t 1,4- Dloxane (0.1M)

80 °C, 16h
Bu
o) O o O )
| AN | X ‘ X
N__— N__~ N__—~ O
3aa, 98% 3ab, 95% 3ac, 86% 3ad, 91% 3ae, 92%
OMe NMe, F
o o o o o L)
S ~ ~ T C
N~ N~ N __~ O O
3af, 89% 3ag, 74%° 3ah, 85% 3ai, 90%¢ 3aj, 85%
Ph
O CF; CN
: o ) g O :
cl CFs o
| X O | S ‘ X
N~ N__~ N__— O
3ak, 82% 3al, 97% 3am, 85%%f 3an, 88%7 3a0, 57%%"
) 0 =
Bpin MeO___N
g 0 )
o
o o O O
X
N O o S B
=
N~ N_ O N__~
3ap, 57%° 3aq, 55%7 3ar, 91%° 3as, 61%°¢ 3at, 84%7

8Reactions conducted on a 0.1 mmol scale using 1% Pg(dbaYs Josiphos S100%1, 1 equivd-benzylpyridine, 3
equiv LiN(SiMeg)», and 1.5 equiv aryl bromide at 0.1 leolated yeld after chromatographic purificatio?ﬂ.OO °C.

d5.0 molve Pd(dbg)and 6.0 mol% Josiphos S100%1. 7.5 mol% Pd(dbg)and 9.0 mol% Josiphos S100%1. fa0

°C, 20h.

The scop of the carbonylative arylation with varioasdmethane oheterarylmethane
pro-nucleophilesand 1-bromo4-tert-butylbenzene 2a) is presented inTable 4. 4-
Benzylpyridinederivatives bearing electron donatingtért-Bu, 1b), electronegativé4-

F, 1c) and electron withdrawing {@Fs, 1d) groupsprovidel thecorresponding ducs
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in 80i 85% yields. When switchingrom 4-phenyl pyridine(1a) to the more hindered-
naphthylanalog(1f), a decrease in yieli 59%was observedOn the other hand, tH

naphthylderivative(1e) gave the expected ketone in 95% yield

We were nat interested in exploring the scope of the heteracygtoup. When
4-benzylpyridine(pKa = 26.7in DMSO)!! was substituted witthe lessacidic 3benzyl
pyridine 1h (pKa = 30.15in DMSO)!, and 2 extra equivalents of LiN(SiMp were
added a 90% yield was observeHowever, 2benzylpyridinelg (pKa = 28.2)!* with an
acidity between 3and 4 benzylpyridina, only afforded 60% yieldunder conditions
with a higher catalyst loadin@.5 mol%). Higher base loadgs did not increase the yield
In addition to benzyl pyridines this catalytic systemwas also compatible with
azaarylmethylamines.Thus, 4-pyridylmethyl morpholine 1i and 2pyridylmethyl
pyrrolidine 1j both delivered ketone prodsdn 89% yield, whichis comparale to the

reportedyieldsin the Pd/NIXANTPHOSsystent

To furtherexpam the scope of this methodifferent classs of prenucleophiles
were examined4-Picoline 1k and 4ethylpyridine 1| both afforded 89%yield of the
ketone produet It is surprising that although the products of these reactions are
significantly more acidic than the startingro-nucleophiles no product derived from
overcarbonylationwere observedWe nextexaming the behavior ofdrtiary benzylic
pro-nucleophiles. For example, whed-(1-phenylethy)pyridine (1m) wasemployed in
the carbonylation, the product containing a quaterngsarbonyl compoundwas

obtainedn 97% yield.Unfortunately, the product was nearly racemiealirattempts.
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To test the limits of our carbonylation catalysess acitt substrateswere
examined. We previouslyemployeddiphenylmethangpKa value of 322 in DMSO)!
and ts derivativesin the direct coupling witharyl bromdes and chlorideso afford
triphenylmethang!? Under the direct coupling conditions, KN(SiBlewas necessary
whereas LiN(SiMg)> was ineffective unless additivédiamines or crown ethersyere
employed®® Unfortunately,diphenylmethanelid not afford any ketoneproductsunder
the carbonylation conditionsvith either LIN(SiMez)2, NaN(SiMez)2 or KN(SiMe&s)».
Following to our previous study on additive effects daprotonative crossoupling of
diphenylmethane¥ crown etheradditiveswere testedbut nodid not positively impet
the eaction yieldgseeExperimentakectior). Addition of an electron withdrawing-CFs
substituenbn the diphenylmethan€lo) wassufficient to increase the reactivjtyesulting
in the product3oa in 50% yield. By comparisonthe more aciit fluoreneln, with apKa
of 226 in DMSO,'! afforded the product ir65%yield. Finally, we wished to examine the
use of other heterocyclic derivatives in the ocandative coupling processTwo
representative  heterocycles, benzofuraand benzothiazole were successfully

carbonylated to generate procs@pa and3ga in 78% and 85% yieldsespectively.

Table 3-4. Scope ofro-nucleophilesn Pd-Catalyzed Carbonylate Arylation®?
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Pd(dba); (1-7.5 mol%)
Josiphos SL-J001-1

Bu

Bu (1.2-9.0 mol%) o
Ayl R + CO + — _
1 atm Br L|N(S|Mes)2 (3 equiv) Aryl R
1a-1s 2a 1,4-Dioxane (0.1M)
80°C,16 h
Bu Bu Bu Bu Bu
o O o O o ‘ o O o O
TO o0, O, o0 o
N N
N~ = By = F N~ N~
3aa, 98% 3ba, 80% 3ca, 82% 3da, 85%° 3ea, 95%
Bu
Bu Bu Bu
° g
(@) o) O
20®
A A SN
7 \ \ O \ N
‘ _N NZ N~ o
3fa, 59% 3ga, 60% 3ha, 90%%¢€ 3ia, 89% 3ja, 89%
Bu Bu Bu Bu
1
o o Q O Bu o) O o O
A CF3
» ® o LD Ou
N~ N~ 7
3ka, 97%' 3la, 87%" 3ma, 97%9 3na, 65% 30a 50%9
Bu Bu
o O o
o] N Nﬂ
ore of
3pa! 78% 3qa, 85%

2Reactions conducted on a 0.1 mmol scale using 1% Pé¢(dk2f6 Josiphos S000%1, 1 equiv of pronucleophiléa-1s 3 equiv of
LiN(SiMe3),, and 1.5 equiv c2aat 0.1 M.PIsolated yield after chromatographic purificatié.0 mol% Pdgba) and 6.0 mol%
Josiphos StJ00L1. 97.5 mol% Pd(dba)and 9.0 mol% Josiphos S100%1. %5 equiv of LiN(SiMe), and 3 equiv oRa. 1 equiv of2a,

and 1.2 equiv of arylmetharf.HF used asolvent.

To showcase the synthetitlity of our method, we conducteaigramscale reaction atfa, 2t and
CO under the standard reaction conditi®sheme 3)Use of5 mmol of 4benzylpyridineled to
the successfulsynthess of 1.05 g (3.45 mmol) ketone producat under the carbonylation

conditions. The yield of the grastale synthesiwas 69%, which was 15% lower than the small
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scale synthesis The difference in yield iprobably due tgoor mixing efficiency, which is an

essential factor igas reactios

Scheme3-3. Gramscale syntasisexamples

MeO /N
Pd(dba)s (5 mol%) |
@/\@ MGOINJ Josiphos SL-J001-1 (6 mol%) Os Xy
.
N~ B NP LiN(SiMeg), 3 equiv N
CO 1 atm |
1,4-Dioxane 0.1 M, 80 °C N~
1a 2t 3at
5 mmol 7.5 mmol 69% 1.05g

3.2.3 Mechanistic Studies

To gain insightinto the mechanism of thearbonylationreaction we first wanted to
identify the restingstate of the catalysit is noteworthy thatlthoughPddbg. was an
effective precatalystor the carbowlation process, it created comypily when studying
the mechanism due to thHierateddibenzylideneacetone Dibenzylideneacetonean
bind to palladiumevenwhile a bidentateligand is on themetal centet* Basal on
previously published work biartwig and ceworkers a bidentate phosphirendedPd
ethylene complex would easily react with CO to form L,PCO).® Thus
(Josiphos)Pd(ethylened)(wassynthesized by purgingthylenegasthrough a solution of
Pd[P{Bus)]> andJosiphos in pentane (Scheme Bhe ethylene complex was generated

asafter 4 has white solid in90% isolated yield

Scheme3-4. Synthesis ofJosiphodPd(CzH4) complex4?

CH, CHy
P
PCy, ethylene 1 atm P RE
Pd(PBug),  + Fe PPhy Fe pn—Pd—||
@ pentane 2
rn,4h
Josiphos SL-J001-1 4 90%2 (isolated yield)
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The ethylene comple# was characterized by NMR spectroscoandits structure was
determined by-ray crystallographyKigure 3. Complex4 was stable to loss of ethylene

under vacuum and could be stored B8 °C for more than a year. Compkexvas tken

applied to the carborstive reaction conditions and foutm be an effective catalyst that

maintain similar yields to the Pd(dbd)ased catalyst (see tExperimentalfor details).

The solidstate structure of Pd(0) compldxwas determined by Xay crystallography

(Figure 2) In the solid state, this complekisplays a distorted tetrahedral geometry

where the bite anglef Josiphoss 97.544)°. The C11 C2 bieh396(10)i,st anc e
which islengthenedelative tothe carborcarbon double bond in ethylen@ .3305; ),'®

indicating a donationof electron @nsity into ethylenep* orbital, which is similar to

previously reportedDCPPPd(C2H4) complex(1.402; ).1%2

Figure 3-2. Crystalstructure o4 with selected bond lengs ( ): P1i Pd1=2.2828(12)
P21 Pd1l =2.3110(12) PdiC1 =2.132(6) Pd 12 €£2.133(5) C11 C2 = 1.396(10)
Selected bond angles (deY P11A2 P=d97.52(4, CliPd 11 £ 111.62),
C2iPd 12=R12.7918),C1 1 P d EB3&XB).
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We assumed that Rdhrbonyl omplexes would be key intermediates in the
carbonylativecoupling reactions and, therefore, set out to synthesize and characterize
these complexes. hE bis-carbonyl compoundJpsipho¥d(CO» 5 was synthesizedy
application of 1.0 atmof CO to the ethylene complex4 in a solutionin CsDs in a 3
Young NMR tube After a process ofcoding the JYoung tubein liquid nitrogen,
evacuang the headspacender vacuumwarmng the systento room temperaturand
pressurimg with 1 atm of CQthe substitution oéthylenein 4 by CO finishedn 15 min
in 99% yield (Schemé) The bis-carbonyl compoun® wasnot stable in the absence of
CO. After exposure to P the complex decomposed in &in. Similar stability was
observed byHartwig for (DCPP)Pd(CQ)complext>@ The 3!P{*H} NMR spectrumof 5
consisted ofwo doubletsat 5.2 ppmand42.8 ppmwith a oupling constant 013.0Hz.
The ¥C{*H} NMR spectrumhad a broad resonance at5l® ppm forthe carbonyl

ligands.

Scheme3-5. Synthesis of (Josiphos)Pd(G@pmplex5?

CH, CH,
RC @/LPC
?;':\ Ve CO 1 atm =5 ) Ve
e I
CeDs @ \CO
rt, 15 min
4 5 99%P

aYield of bis-carbonyl complexdetermined by'P NMR spectroscopy with PMgas an
internal standard.

To determine the number and bonding motithe CO ligandsbound toPd under
conditions relevant to the catalytic process,fins conductedhe reactiorin Scheme 5
with *Clabeled CO It was loped that we couldee the"Ci Pd P coupling pattern in

theresultantcomplex.However, mly onebroad resonance &87.5ppmwas observed in
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the 3C NMR in CsDs at room temperaturayhich is betweerthe *3C NMR chemical
shiftsof 5 (195.7 ppm) and free CO (184 ppmThis observatiors consistent witlapid
exchange between bound afinée 13CO %" A similar observation was ade byHartwig
and coworkerén their examination of CO binding DCPRPd(0)** To complement the
NMR spectral datawe nextmeasured solutiophase IR spectraf the Pd0) carbonyl
complexgenerated frond under1.0 atmof CO in1,4dioxaneds. T wo Ci O stretc
were observed @&010and 1%4 cm' ! (seeAppendix A3, which is consistent with the
formulation of the Pd(0) species as a tetrahedral compltéxtwo termiral carbonyl
ligands There are severaéported(bisphosphine)Pd(C@omplexeghat posses similar
IR patterrs and frequenies i.e.(DCPBPd(CO} with two stretches at 1993 and 198

1 by Hartwig'®® (dtbpdPd(CO) with two stretches at 2012 and 1968t by
Porschke!® (DIPPP)Pd(CQ)with two stretches at 2002 and 1961 thy Bunel**° and
(Xantphos)Pd(CQ) with two stretches at 2014 and 1974 “tnby Grushin and

Macgregort’

Our complexs was thercrystalized by cooling theCsDs solutionto 10 °C under
1 atm of CO atmosphere The X-ray crystallographyindicated a pseudetetrahedal
dicarbonyl structurevith a molecule of €Ds co-crystallized (Figure 3). The relevant
bond distances and angles are provided in the caption to Figure 2. The strudure of
possesses a tight bite angeth P11 Pd 117 Pdal 93.29(6) g Whdet he CICRPd 11
anglewas117.4(3y. The C11 O1 and C2ar€ld24©m@ndd.13d(®)st anc e
respectively These GO bond length are very similarto the GO bons lagths inother

reportedterminal CObondedPd(0)complexes'®® 150 17
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Figure 3-3. Crystalstructure ofs with selectedbond lengthsj(): Pl Pd1= 2.3931(17),
P21 Pd1 = 2.3735(18), Pd1C1 = 1.982(§, P d 12 £1.9%57(7), C1i O1 = 1.124 (9),
C21 O2 = 1.134(9). Sekcted bond angles (déy P1LRA2 2 9B.29(6), CliP d 11 =P
1123(2),C21P d 12=R15.32),C11 P d E1IC.A(I).

3.2.4ldentification of the Catalyst Resting State.

We next set outto identify the catalyst resting state.Thus, thecarbonyation of 4
bereylpyridine with 4-fluoro-1-bromobenzen&vas conductedat 80 °Cin 1,4-dioxaneds
with (Josiphos)Pd(ethylend) as thepre-catalyst(Scheme6). After 5 h at80 °C, the
NMR tube was removed from theeatingbath and'H and 3P NMR spectra were
acquired at@om temperature. BY¥H NMR it was found thatl8% of the producthad
beengenerated The 3P NMR spectrum consisted tfo doubletsat 18.9ppmand 80.5
ppm with a coupling constant ofL3.0 Hz (Figure 4a), which correspond to théwo

doublets indicarbony complex5 (Figure 4b). Based on the simildy of the 3P{‘H}

NMR chemical shifts and splittingattern the resting state of the catalggipeardo be

(Josipho¥Pd(CO». We note thata similarrestingstate species was observed by Hartwig
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in a similar type of carbonylation resion with a bident&e phosphine ligand and

palladium cadlyst!>?

Schemes-6. Identification of catalyst resting stéte.

(a).

WO MMM N o

(b).

Figure 3-4. (a). RoomtemperaturglP{ 14} NMR spectra of a catalytic reaction at partia
ion conducted at 80.°®) 31P{ H} NMR spectra ob.



3.2.5Study of theturnover-limiting step

We nextdesiredto study the turnover limiting step of the catalytic reaction through
kinetic studiesAn initial rate study of the reaction withbenzylpyridine and different
equivalents ofl-bromo-4-tert-butylbenzene€a were condcted under pseuddirst-order
conditionsof excess 2a at 80 °C in 1,4-dioxane(Scheme7). The loading of thylene
complex4 was kept at Imol% in this study to ensure the accurate measurement of the
rates First, reaction rate at each concentratiorRafwasmeasured by time course study
of the reactionover 2 hours (conversion < 10%, S§24) The generation of ketone
product3aa was measured by monitoring th&l NMR of four parallelreactiors being
guenchedat four time points (30 min, 60 min, 90 min, @2nin). Then the observed rate
constantkops was calculated based on theactionrates andconcentration oRa The
initial reaction ratekops of the reaction exhibited a linear relationship with respect to the
concentration of the aryl bromid€he depederce of the rate on the concentration Iof
bromo-4-tert-butylbenzenewas determined to be first order based on the linear
relationship betweerkons and [ArBr] (Figure 5d). Further time course study of the
carbonylative arylation reaction at different @@ssuregl, 2, and 4 atm¥uggested that

higher CO pressusgeduced the reaction rateiguresb).

Scheme3-7. Determination othe rateConstantkonsfrom theinitial rate study

. Josiphos-Pd(ethylene) 1% O ‘
@/\@ /©/ Bu LiN(SiMes), 3 equiv O Bu
+
N~ Br CO 1 atm A
%
1a 2a

. o, ‘
Dioxane 0.1 M, 80 °C N o
3aa
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Figure 3-5. (a) Dependence of the observed rate constiapd (On the concentratiomnf

ArBr (0.1 0.8 M) with 4 as thepre-catalystpCO =1 atmandla= 0.1 Mat 80°C within

2.5 h, and (b) Time course study of tlmeactionwith 4 as thepre-catalystat various
pressursof CO (Li 4 atm) with 2a=0.15M, 1la=0.1 M.

3.2.6Study of key intermediates

We next wated to explore other likely intermediates in ttagbonylatiorreaction such
as (Josipho¥PdAr)Br and (JosiphosPd COAr)Br. Using Pd(PBus),, we synthesized
(Josipho¥Pd(Il) aryl halide complexeby first addingaryl bromidesto Pd(RBus). and
stirring in tolueneat roomtemperaturdor 12 h Next, Josphoswas addedo the mixture
to substitute Buz. As might be expectedhe inequivalenphosphorusenters ofthe
Josiphodigand gave rise tdwo isomeic oxidative additiorproducts (Schem@a). In the
case of 4fluoro-1-bromobenzene, the ratio 6f: 6 &vas 1 : 2. Presumably the minor
isomer has the aryl group positioned next to the bulkierR@giety. Subsequent
experiments demonstrated thhae trdio of the two isomersvasinfluenced bythe steric
and electronic parameteos$ the arylsubstituent Comparedto Ar = 4-CeHs-F, a more
sterically hindered.-bromonaphthalengave a higher ratio between the isom@rs 8).
Meanwhile, 2bromotoluene affateda 1: 10 ratio of two isomersSurprisingy, when

using4-bromobenzotrifluoridem to conduct th@xidativeaddition reaction in Schen&
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the first oxidative additionstep with Pd(EBus)2 resulted in a light green solution, and
after adding Josiphos ithe second step, theolution became cloudgnd theproduct
slowly precipitatedout d the reaction mixture in tolueneOnly one isomer6 m évas
observedn the precipitateprobably because of the crystallinitytbfs isomer Complex
6 mwascharacteded by3'P{'H}, *H NMR, and*3C{*H} NMR spectoscopy The solid
producté mwas recrystallized fromoolinga solution of6 mil a mixed solvent system
of dichloromethanthexans, and the geometry wasdetermine by X-ray diffraction
(Figure 6) The geomtry around palladium can be describedshghtly distorted square
planar. The PdP1 bond (2.3792(10); ) is longer than the PB2 bond (2.2508(10); ),
and hestructurealsoindicated that the aryl group is trans to the phosph@tugrobably
due to tke larger sterichindrancefrom cyclohexyl grops on P1compared to that from

phenyl groups on P2.

Scheme3-8. Synthesis ofJosiphodPd(Ar)Br Complexes

CH
1.1t,12h 8 M
toluene RCy, RCy.
a. 2
Pd(PBuz), + Ar—Br Fe B—pd-ar Fe PB~—Pd-B
dequiv 2 Josiphos SL-J001-1 (1.1 equiv) Ph, Pd=Ar Ph, Pd—Br
Br @ Ar
6 6’
Ar = 4-CgH,-F, 6j: 6 =1:2,94%
Ar =1-naphthyl, 6u: 6u’ =1:8,74%
Ar = 2-Me, 6g:69'=1:10,72%
Ar = 4-CF3 only 6m’ observed 60%
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Figure 3-6. Crystal structure of 6 m&vith selected bond lengths; §: P1i Pd1l =
2.379210), P21 Pd1 =2.250§10), Pd:C1 = 2.0454), P d Bii = 2.47925). Selected
bond angles (deg) : P1LA2 B @5.38(3), PLIP d Bin= 85.763), P2IP d C1 =
84.6011), C 1 T P BrE 84.2411).

Based on the previous reporits deprotonative crossoupling proceses?3 18 and
carbonylative crossoupling processe¥ 4 °a plausible mechanism is proposed in
Schemed. The catalyticcycle starts with complexation dbsiphosand Pd(dba) under
CO to vyield theresting state specieglosipho¥PdCO) A. The (Josipho¥Pd CO)
specieds proposed taindergoreversible dissociation aZO from A to generate the 16
electron (Josipho¥Pd CO) monocarbonyl complexB. Turnoverlimiting oxidative
addition of the aryl bromidé takes place torpduce JosiphoiPd CO)Ar)Br complexC.
IntermediateC likely undergoesCO insertion into the Hd\r bond to furnish the acyl
Pd(Il) complexD. Acyl intermediateD is expected to reaadith the deprotonated
pronucleophileddin a transmetallation stdp deliver the reductive elimination precursor
E. Reductive elimination o gives theketoneproduct3, which will be deprotonated to

give the enolateand Pd(0) specied~. IntermediateF will bind CO to regererate

(Josipho¥d CO)B andclosethe catalyit cycle
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According toprevious studiesof deprotonative crossoupling reactiors, KN(SiMez)2
was nearly always théase that gave the highest yielés!® In contrest, in the
carbonylaitve coupling processkKN(SiMes). results ina significant decrease in yield
(85% less compared to Li)Although we propose a transmetallation step with
(Josiphos)Pd(ABr, we cannotule out thepossibility ofdirect attackof the nuclephile

onthe acyl groupf (JosiphodPd COAr)Br.

° CH,
- ot @LP%
Pd = Fe PPh,
} e R
LY RN )LAr
Pd co ‘\ / \
> R
|_/ co co L 5 K E
A pcce M—Br
Ar—Br
2 M-B
Br R-M —==—— R-H
RN O HB 1
/ ~co — pg” Ar pK, 25-35 (in DMSO)
C \’L/ “Br

Scheme3-9. Proposed mechanism for palladitgatalyzed carbonylate arylation of
weakly acid CH bonds

3.3CONCLUSIONS

In conclusion, we havealevelopeda general methodor the palladiumcatalyzed
carbonylative arylation ofveakly acidicbenzylc C(sp) H b ond sbromidgsh ar vyl
This new catalyst systemenablescoupling of prenucleophileswith high Ka values
(approaching pKavalue d 32 in DMSO). Prenucleophiles suitable for these pling
reactions includéeteroarylmethane derivativédsat coiain functional groups commonly
observed in medication¥helow catalyst loadingf 1% andlow pressure of COl1(atm)

are attractive features tfis chemistry, increasing iggotentialfor industrial applications.
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It is worth noting that the ligand uséu this method isenantioenrichedbut due to the
formation of enolatgroducts only racemic materials are obtaindéeuture efforts will
focus ontertiary pro-nucleophilescontaining tertiary CH bonds with the goalto

congructurechiral quaternary caidn centes.
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3.5 Experimental

3.5.1General Methods

Unless otherwise notedll reactions were performed under nitrogen using edreed glassware

and standard Schlenk or vacuum line techniques. #id moisturesensitive solutions were
handled under nitrogen and transfdrrga syringe. Anhydrousolventswere purchased from
Acros and used as solvent without further purification. Unless otherwise stated, reagents were
commercially available and useab purchased without further purification. Chemicals were
purchasedrom Strem, SigmaAldrich, Acros, TCI America oAlfa Aesar Othersolvents were
purchased from Fisher Scientifithe progress of the reactions was monitored by-ltyiar
chromatographyusing Silica Gel HL 2 5 0 Td.@ plates and visualized by shonvave
ultraviolet light. Silica gel (230400 mesh, Silicycle) was used for flash chromatographg!H

NMR and *3C{*H} NMR spectra were obtained using Bruker Model Advance DMX 400
Spectrometerd 400 MHz and®*C{*H} 101 MHz, respectively) or Bruker Model Advance
DMX 500 Spectrometertl 500 MHz and*C{*H} 125 MHz, respectively)Chemical shifts are
reported in units of parts per million (ppm) downfield from tetramethylsilane (TMS), and all
coupling constantsra reported in hertz. High resolution mass spectrometry (HRMS) data were
obtained on a Waters LCOF mass spectrometer ¢atel LCT-XE Premier) using electrospray

ionization (ESI) in positive or negative mode, depending on the analyte.

3.5.2RepresentativeMicroscale High-throughput Experimentation

General Experimental.

The experimental procedures in this work were similathioreportedprocesses Screening

reactions were carried out in 1 mL vials (30 mm heigl8 mm diameter) in a 9%ell plate
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aluminum reactor Ibck. Liquid chemicals were dosed using mwhiannel or singkehannel
pipettors. Solid chemicals were dosed manually as solutions or slurries in appropriate solvents.
Undesired additional solvent wasmoved using a GeneVac system located inside thelgbov

The reactions were heated asithkeron a heating block with tary shakeusingglass beads to

assist mixingThe reactions werpartially sealed in the 9@vell plate during reaction. Beloaach

reactor vial in the aluminum 96vell plate was a 0.062 mm thick silicoubber gasket. Directly
above the glass vial reactor tops wasieaced0.062 mm thick silicorrubber gaskets. The entire
asserbly was compressed betwearporousaluminum top ad the reactor base with &enly

placedscrews.

Set up

Experiments were set up inside a glovebox under a nitrogen atmosphereyvedl @uminum

block containing 1 mL glass vials was predosed witrs®arceg0.5 emol) andligand (igand

was used in 2.4:1 ratio relative to Pd for monodentate ligands arll ratio for bidentate
ligands) in THF. The solvent was evacuated to dryness using a Genevac vacuum centrifuge, and
LiN(SiMe;), (30 emol) in THF was added to the ligand/catalyst mixture. The solwesnt
removed on the Genevac, angdlass beadvas then added to each reaction viaBrbmo-4-tert-
butylbenzene @& emol/reaction),4-benzypyridine (10 emol/reaction) were then dosed together

into each reaction vial as a solutionlif-dioxane(100¢L, 0.1 M). The 96well plate was then

placed and sealed in a gas blo€tke gas block was transferred out of the glovebox and charged
with CO gas with a prease of 5 atmosphere. Then the gas block was sealed again and shaken on

a rotary shaker and heated at°€ for 24 h.

Work up
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After 24 h, The gas block was removed from the rotary shaker and cooled in a fume hood for 1 h.
Then the gas block was connectedatgas release system to release the pressure. The gas block
was then opened to air in the fume hoatter 10 min,0.001 mmol o# , -di-féjt-butylbiphenyl

in 500 eL of acetonitrile was pipetted into each vial. The plate was then covered witfaia

Teflon perfluoroalkoxy copolymer resin sealing gasket and above that, two more 0.062 mm thick
siliconrubber gaskets. The entire assembly was compressed between amuaiutop and the
reactor base with 9 evenly placed screwse Vials stirred for 20 min to extract the product and

to ensure good homogenizatiomhe vials were then centrifuged for 2 min topamte
undissolved soliddnto a separate 9%ell LC block wasadded 70G&L of acetonitrile, followed

by 25 ¢L of the centrifugedreactionsolution The LC block was then sealed with a silicqobber

storagamnat andmounted oranHPLC instrument for analysis.

Schemel-S3. Ligand screening fazarbonylative arylatioof 1awith 2a.

4 Pd sources 5 mol% O : O
@AQ /©/‘Bu 24 Ligands 6 mol% ‘ Bu
+ +
N~ Br LiN(SiMes), 3 equiv N X
CO 5 atm Nl o N‘ P
1,4-Dioxane 0.1 M, 80 °C = Bu

1a 2a 3aa 3aa’

Table 1-S3. Ligandsexaminedused in a 4:1 ratio relative to Pd for monodentate ligands

and 2:1 ratio for bidentate ligands.

| 1l I} \% \% \Y|
A DCPE DPPE DPPH BiPhep PyBOX AdBrettPhos
B NiXantphos DPPP BiNAP P(EtxBIBF, 4 | -Bidgrt-butyl-2 ,-2 cBRIDP
dipyridyl
C | Josiphos StJ00t DPPB (SyPh-GarPhos dtbpf ditbuXphos CataCXium
D DPlPM DPPPE DPPF P(tBu)Cys Cphos Cat'a;ACXium
cy
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Table 2-S3. Pd sources examine@d(dba), Pd(OAc), Pd(dbay andPd G4 dimel5 mol % of Pd)

were screened with Zterically and electronically diverse, moeramd bidentate phosphine (from the Table

above).
[-VI VII-XII
A-D Pd(OAc) Pcb(dbas
E-H Pddbg2 Pd G4 dimer

Data analysis Performance of ligands and Palladium sources wetermined by both yields of
theketone producBaa(indicted bythe LC arearatio of product3aaover internal standad , - 4 Nj

di-tert-butylbipheny), and selectivity (indicated HyC area ratio of product over byprod&ta Ja 6

Yield (Pdt/IS)

4.5
3.5
2.5
15

0.5

HA mB mC mD mE mF mG mH

Chart 1-S3. Reactivity of different ligandand Pd sources
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Selectivity (Pdt/Bypdt)

40
35
30
25
20
15

10

i ii iii iv v vi vii wiii ix X Xi Xii

HA mB mC D mE mF mG H

Chart 2-S3. Selectivity of different ligandand Pd sources
The lead hit from the screing was the combination &ddba) (5 mol %) andlosiphos SL
JOOZ1 (6 mol %). A scaleup reaction on a 0.1 mmol scale using the seat@ytic system under

1 atm ofCO as HTE proved successful with isolation3afain 94% yield.

3.5.30ptimization of the Reaction Conditions

General procedurefor reaction optimization

An ovendried 8 mL vial with septum cap equipped with a stir bar was charged with LiN{GiMe
(50.5 mg 0.30 mmol, 3.0 equiv) under a nitrogen atmosph&solution of[Pd 0.005mmoland
bisphosphine(0.006 mmol) in 1 mL of dry 1,4-dioxanewas added to the reaction vidhen 4

benzylpyridinela (16.9 mg,16 ni, 0.1 mmol, 1 equivand1-bromao4-tert-butylbenzene (261,
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0.15 mmol, 1.5 equiv) were added to the reaction mixture, sediyeniibe reaction vialwas
capped and removed from the glove box. Then the vial was purged witim @Schlenk line, by
bubbling CO gas throughlang needle under ¢ghsolventwhile another short needle was used as
the outlet of gas Bubbling was maintaed for 5 minat rt before the short needle and then the
long needle were removedhen the vial was taped with electii¢ape, stirred, and heated at
80 °C for 16 hAfter thereaction periodthe vial was cooled in ice bath and opened in a fume
hood. Ater a minute dr releasing leftover CO, the reaction vgaenched with two drops ofd@,

diluted with 3 mL of ethyl acetate, and filtered over a pad of Mg8ad sili@. The pad was

rinsed with additionab mL of ethyl acetateand the solution was condgated in vacuo. The

crude material was loaded onto a silica gel column and purified by flash chromatography.

3.5.4General Procedure for BenzylicCarbonylative Ary lation

a) General procedure under 1 atm CO.

Stock solution of Josiphos and Pd0.005 M)

An ovendried 20 mL vial equipped with a stir bar was charged vit(dba) (29 mg,0.05 mmol)

andJosiphos StJ00:1'C,HsOH (38.4 mg, 0.06 mmolinder a nitrogen atosphere in glove box.
Next, 10mL of 1,4-dioxane was taken up by syringe and addati¢@ial. The resulting solution

stirred for30 min at room temperaturéfter the solution changed from dark brown ted, the

solution was used as the stock solutiontfes procedure.

Reactiorns using the stock solution
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An ovendried 8 mL vial with a sepum cap equipped with a stir bar was charged with
LiN(SiMe3), (50.5 mg 0.30 mmol, 30 equiv) under a nitrogen atmosphe# solution (from a
stock solution) of Pdibg2 (0.58 mg, 0.0a mmol) andJosiphos StJO0E1'C,HsOH (0.77 mg,
0.00L.2 mmol) in200nL of dry 1,4-dioxanewas taken up ban Eppendorpipette and added to
the reaction vialThen4-benzylpyridinela (16.9 mg,16 ni, 0.1 mmol, 1 equiviand1-bromo4-
tertbutylbenzend26 i, 0.15mmol, 1.5 equiv) were added to the reaction mixture, sequgntial
Thereaction vialwas capped and removed from the glove Bdwen the vial was purged with CO
using a Schlenk line, by bubbling CO gas through a long needle thedsolvent surface for 5
min. Another short needle was used as the outlet ofTdes he vial was taped with electdak
tape, stirred, and heated&1 °C for 16 h.Thenthe vial wascooled in ice bath and opened in a
fume hood. After a minute for relgiag leftover CO, the redon wasquenched with two drops
of H20, diluted with 3 mL of thyl acetate, and filtered over a pad of Mgsd silica. The pad
was rinsed with addition& mL of ethyl acetateand the solution was concentrated in vacuo. The

crude material was loaded onto a silica gel column and purified by flash chromatography.

(b) Scheme2-S3. Gramscale synthesis

B
(j\/ ﬁo . r standard reaction conditions
N/ N\)
tBu

1a, 5 mmol 2a, 7.5 mmol 3aa, 71%

o)

.

tBu

To an overdried 500 mL Schlenk flaskvith a stir barwere sequentially adddeid(dba) (143.8
mg, 013 mmol, 25 mol %) andJosiphos SLJ0O0:1'C;HsOH (96.1 mg, 015 mmol, 3 mol %)
under a nitrogen atmosphere inside a glove box. Next, 50 mL edi®&xne was taken up by
syringe and added to the flask at room temperature. The reaction mixturgrredser 30 min at

room temperature, until the mixture became fdenLiN(SiMes). (2.5 g, 15 mmol, 3 equiy¥-
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benzylpyridinela (846.1 mg, 797.5nL, 5 mmol, 1 equiv)and 3-bromo-2-methoxypyridine2t

(14 g, 889.3nL,7.5 mmol, 1.5 equiv) were added tioe reaction mixture sequentially. The
Schlenk flaskwas capped, removed from the ygobox,the reaction mixture was degassed with
CO by using Schlenk line (the Schlenk flask was evacuateitie Schlenk line and therefiled

with CO gas), then connectedth a CO balloon, and placed in an 80 °C oil bath and stirred for
16 h.Thenthe flask was removed from the oil bath, allowed to cool to room temperature, then the
cap was carefully removed mfume hood,exposing the solution to the atmosphere, and the
reaction quenched with® (40 mL). The color of the reaction mixture changed fromkdaown

to red. It was nexextractedwith 3 3 30 mL of ethyl acetate andried over MgSQ. The
combined organic solutiowas evaporated under vacuum to remove the Jelatiaterials. The
residue was purified by column chromatographyBistage KRAmino columnusing a mixture

of ethyl acetate/hexane¥4, v/v) to give the pure produdtt (1.05 g, 69%) aswhite solid

3.5.5Characterization data for U-Aryl ketones

1-(4-(tert-butyl)phenyl)-2-phenyl-2-(pyridin -4-yl)ethan-1-one (3aa)

tBu
o O Compound3aa was pepared following the general procedure, purified by
column chromatography using EtOAc/hexanes (1:4, v/v), and isolated as a
5 O white solid, 32.2 mg, 98%4H NMR (400 MHz, CCCls) U 1 8.556(8,
Nz 2H), 7.96 (dJ = 8.6 Hz, 2H), 7.47 (d] = 8.6 Hz, 2H),7.41i 7.31 (m, 5H),
7.227 7.18 (m, 2H), 6.02 (s, 1H), 1.34 (s, 9*C NMR (101 MHz, CDGJ)
a 196.37, 157.39, 149.94, 148.29, 539712439, 133.
58.56, 35.18, 31.0HRMS (ESI) calcd. forCasH2sNO[M+H] *: 330.1858 found: 330.1864.
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1,2-diphenyl-2-(pyridin -4-yl)ethan-1-one (3ab)

O Compound 3ab was prepared following the general procedure, purified by

o) column chromatography using Et©/Aexanes (1:4, v/v), and isolated as a white
solid, 27.8 mg, 86%, 'H NMR (400 MHz CDCkL) U 8 J 552 Hg, @Hl),

T 8.0471 7.97 (m, 2H), 7.60 7.54 (m, 1H), 7.4%dd,J = 8.5, 7.1 Hz, 2H), 7.41

N& 7.35 (m, 2H), 7.34 7.29 (m, 3H), 7.22 7.18 (m, 2H),6.03 (s, 1H)**C NMR

(101 MHz, CDCY)) g 196.80, 149. 94, 1 430.21, 329.031128.98,2 6 ,

128.80, 127.82, 124.39, 58.6HRMS (ESI) calcd. forCxiH2¢N20; [M+H]*: 274.1232 found:
274.1218HRMS (ESI) calcd. forCigH1sNO [M+H] *: 274.1232, found:274.1218

1-(naphthalen-2-yl)-2-phenyl-2-(pyridin -4-yl)ethan-1-one (3ac)

O Compound3ac was prepared following the general procedure, purified by
)

column chromatography using EtOAc/hexanes (1:4, v/v), and isolated as a

white solid, 25.9 mg, 9, *H NMR (500 MHz, CDC)) U 8J=%9Hz( d,
> O 2H), 8.55 (dJ = 1.8 Hz, 1H), 8.07 @ J = 8.7, 1.8 Hz, 1H), 7.94 (d,= 8.2

Hz, 1H), 7.88 (tJ = 8.7 Hz, 2H), 7.62 (ddd] = 8.2, 6.8, 1.3 Hz, 1H), 7.56
(ddd,J = 8.2, 6.8, 1.3 Hz, 1H), 7.407.36 (m, 4H), 7.35 7.29 (m, 1H) 7.28i 7.24 (m, 2H),
6.20 (s, 1H).)*C NMR (126 MHz, CDC{) 186.78, 149.84, 148.41, 137.37, 135.67, 133.63,

132.43, 130.89, 129.73, 129.25, 129.07, 128.90, 128.74, 127.85, 127.78, 126.98, 124.49, 124.40,

58.71.HRMS (ESI) calcd. forCz3H1/NO [M+H] *: 324.1388, found: 324.1382.

2-phenyl-2-(pyridin -4-yl)-1-(m-tolyl)ethan-1-one (3a)

O Compound3ad was prepared following the general procedure, purified by
0

column chromatography using EtOAc/hexanes (1:4, v/v), and isolated as a

white solid, 26.1 mg91%,H NMR (400 MHz, CDC) U8 (s8 2H5, 7.83 (s,
B O 1H), 7.79 (dJ = 7.4 Hz, 1H), 7.41 7.35 (m, 3H), 7.34 7.29 (m, 4H), 7.26 (d,
N& J = 5.0 Hz, 2H), 6.05 (s, 1H), 2.39 (s, 3HJC NMR (101 MHz, CDG) i
196.80, 149.48, 148.86, 138.73, 137.09, 136.26, 134.41, 129.44, 129.78), 1128.67, 127.89,
126.23, 124.80, 58.6621.39. HRMS (ESI) calcd. for GoHNO [M+H]*: 288.1388, found:
288.1391.

1-(3,5-dimethylphenyl)-2-phenyl-2-(pyridin -4-yl)ethan-1-one (3ae)
116
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Compound3ae was prepared following the general procedure, purifigd b
O column chromatography using EtOAc/hexar{gést, viv), and isolated as a
0 white solid, 27.7 mg92%,'H NMR (400 MHz,CDCY) U 8. 61 (s, 2H)
N 2H), 7.401 7.35 (m, 2H), 7.32 (d] = 7.0 Hz, #), 7.301 7.23 (m, 2H), 7.20 (s,
N O 1H), 6.05 (s, 1H), 2.36s, 6H).1*C NMR (101 MHz, CDG) U 119939,0 5
149.01, 138.51, 137.23, 136.44, 135.32, 129.21, 129.02, 127.82, 126.75,
124.82, 58.55, 21.2#RMS (ESI) calcd. forCz:H1sNO [M+H] *: 302.1545, found: 302.1546.

1-(bicyclo[4.2.0]octal(6),2,4trien-3-yl)-2-phenyl-2-(pyridin -4-yl)ethan-1-one (3d)

O. Compound3af was prepared following the general procedure, purified by

o column chromatography using EtOAc/hexanes (1:4, v/v), and isolated as a
white solid, 26.6 mg89%,'H NMR (400 MHz, CDC}) U 8J=%4 Hz d

T O 2H), 7.92 (ddJ = 7.7, 1.5 Hz, 1) 7.69 (d,J = 1.6 Hz, 1H), 7.40 7.34 (m,

Nz 2H), 7.31 (ddJ = 6.8, 1.1 Hz, 3H), 7.20 7.17 (m, 2H), 7.12 (dd]= 7.7, 0.9

Hz, 1H), 6.01 (s, 1H), 3.21 (s, 4HYC NMR (101 MHz, CDGJ) i 1152.66,018.94,

148.41, 146.30, 137.5935.46, 129.13, 1203, 128.49, 127.69, 124.39, 122.99, 122.82, 58.63,

29.97, 29.47HRMS (ESI) calcd. forCx;1H17/NO [M+H] *: 300.1388, found: 300.1383.

2-phenyl-2-(pyridin -4-yl)-1-(o-tolyl)ethan-1-one (3ag)

O Compaund 3agwas prepred following the general procedure aemperature of

o 100 °C, purified by column chromatography using EtOAc/hexanes (1:4, v/v), and
isolated as a yellow oil, 21.2 mg, 74%. NMR (400 MHz, CDC{) U 1 8.546 2

[ : O (m, 2H), 7.69 (dd) = 7.8 1.4 Hz, 1H), %417 7.35 (m, 3H), 7.35 7.31 (m, 3H),
7.281 7.22 (m, 4H), 5.90 (s, 1H), 2.48 (s, 3MiC NMR (101 MHz, CDG) U

200.22, 149.93, 148.18, 139.19, 137.43, 137.18, 132.21, 131.79, 129.12, 128.02, 127.79,

125.78, 124.28, 61.0521.2. HRMS (ESI) cdcd. for CyoH:i7NO [M+H]*: 288.1388, found:

288.1402.

1-(4-methoxyphenyl)-2-phenyl-2-(pyridin -4-yl)ethan-1-one (3ah)
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OMe Compound3ah was prepared following the general procedure, purified by
column chromatography using EtOAc/hexanes (14,),vand isolatd as a
white solid, 25.8 mg, 85%4H NMR (400 MHz, CDCJ) U 1 8.525(m,

o S
O 2H), 8.00 (d,J = 8.9 Hz, 2H), 7.39 7.29 (m, 5H), 7.27 7.17 (m, 2H), 6.92
5.

1 N
Z

4

(d, J = 8.9 Hz, 2H), 5.98 (s, 1H), 3.86 @H). 1°C NMR (101 MHz, CDC))
U 195.26, 163.78, 149.89, 148. 43, $32711%%®, 131.
58.35, 55.53HRMS (ESI) calcd. foiCaoH1NO, [M+H] *: 304.1338, found: 304.1329.

1-(4-(dimethylamino)phenyl)-2-phenyl-2-(pyridin-4-yl)ethan-1-one (3ai)

NMe; Compound3ai was prepared following the general procedure with 5 mol%
0 O Pd(dbajand 6 nol% Josiphos, purified by column chromatography using
EtOAc/hexans (1:1, v/v), and isolated as a white sok&,5mg, 90%?H
T O NMR (400 MHz,CDCl) 0 1 8.49%5(13, 2H), 7.91 (d) = 9.1 Hz, 2H),
N& 7.361 7.26 (m, 5H), 7.21 7.17 (m, 2H), 6.64 6.58 (m,2H), 5.94 (s, 1H),
3.04 (s, 6H).*C NMR (101 MHz, CDGE) U 194. 48, 153. 54, 149. 73,
129.07, 128.94, 127.41, 124.52, 124.09).76, 57.79, 39.9HRMS (ESI) alcd. forCz;1H20N-O
[M+H]*: 317.1654, found: 317.1654.

1-(4-fluorophenyl)-2-phenyl-2-(pyridin -4-yl)ethan-1-one (3aj)

F
0, O Compound3aj was prepared following the general procedure, purified by

column chromatography usingtOAc/hexanes (1:4, v/v), and isolated as a
f : O white solid, 24.7 mg, 85%H NMR (400 MHz, CDC{) U i 8.536) 2H),

8.071 7.99 (m, 2H), 7.40 7.35 (m, 2H), 7.34 7.28 (m, 3H), 7.19 7.16 (m,
2H), 7.10 (tJ = 8.6 Hz, 2H), 5.96 (s, IH¥*C NMR (101 MHz,CDCk) U 195.22, 167. 1
149.96, 147.91, 137.07, 133.6d, Jer= 3.0 Hz), 131.7 (d, Jer= 9.1 Hz), 12913 (d, Jer= 32.3
Hz), 127.94, 124.3611597 (d, J.r= 22.2Hz), 58.72 *F NMR (376 MHz,CDCl;) -1D4.00.
HRMS (ESI) calcd. forCigH14FNO [M+H] *: 292.1138, found: 292.1106.

1-(3-chlorophenyl)-2-phenyl-2-(pyridin -4-yl)ethan-1-one (3ak)

O Compound3ak was prepared following the general procedure, purified by
0 column chromatography using EtOAc/hexanes (1:4, v/v), and isolated as a
white solid, 25.3 mg, 82%4H NMR (500 MHz, CDCJ) U 1 8.55mn, 2H),
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7.98 (t,J= 1.9 Hz, 1, 7.86 (dt,J = 7.8, 1.4 H, 1H), 7.56/ 7.51 (m, 1H), 7.39 (m, 3H), 7.36

7.29 (m, 3H), 7.2 7.17 (m, 2H), 5.96 (s, 1H3C NMR (126 MHz, CDCG)) & 195. 54, 14
147.94, 137.79, 136.66, 135.19, 133.480.11, 129.37, 128.99, 128.96, 128.06, 127104, 39,
58.83.HRMS (ESI) calcd. forCyH1CINO [M+H] *: 308.0842, found: 308.0835.

2-phenyl-2-(pyridin -4-yl)-1-(3-(trifluoromethyl)phenyl)ethan -1-one (3al)

O Compound3al was prepared following the geneialocedure, purified by
o CF, column chromatography ung EtOAc/hexang (1:3, v/v), and isolated as a
white solid, 35.1 mg, 97%H NMR (400 MHz, CDC)) U 1 8.53%(8,
0 : O 2H), 8.27 (dJ = 1.9 Hz, 1H), 8.16 (dtJ = 7.9, 1.4 Hz, 1H), 7.82 (ddi,=
7.7, 1.8, ® Hz, 1H), 7.59 (tJ = 7.8 Hz, 1H), 7.40 (tt) = 6.7, 1.2 Hz, 2H),
7.367 7.30 (m, 3H), 7.22 7.17 (m, 2H), 5.99 (s, 1H}3*C NMR (101 MHz,CD@) 4 195. 48,
150.03, 147.45, 136.74, 136.52, 132.04, 131Q4s = 32.3 Hz), 129.87 (qJ).+ = 4.0 Hz),
129.49, 129.43, 128.95, 128.14, 125.77 Jg,= 4.0 Hz), 124.29, 123.50 (des = 273.7 Hz),
58.92.% NMR (376 MHz, CDQ) -62.94.HRMS (ESI) calcd. for CigH14FNO [M+H]*:
342.1106, found342.1108

2-phenyl-2-(pyridin -4-yl)-1-(4-(trifluoromethyl) phenyl)ethan-1-one (3am)

CF;  Compound3am was prepared following the general procedure with 5 mol%
o) O Pd(dbajand 6 mol% Josiphos at 40 °C, purifieddmfumn chromatography
using EOAc/hexanes (1:3, v/v), and isolated as a white solid, 29.1 mg, 85%
T O !H NMR (500 MHz, CDCh) i 81=%% HZ, 2H), 8.10 (d] = 8.1 Hz,
N& 2H), 7.71 (dJ = 8.2 Hz, 2H), 7.40 (m, 2H), 7.377.29 (m, 3H), 7.20 (d] =
4.9 Hz, 2H), 5.99 (s, IH®*C NMR (126 MHz,CDG)) u 195.81, 149.85, 147.
134.69 (q,Jet = 32.8 Hz), 12914, 129.30, 128.95, 128.15, 125.87 Jg; = 3.8 Hz), 124.66,
12342 (q,Jes= 274.7 Hz), 59.17*%F NMR (376 MHz, CDCJ) -68.26.HRMS (ESI) calcd. for
CooH14FNO [M+H] *: 342.1106, found342.1111

4-(2-phenyl-2-(pyridin -4-yl)acetyl)benzonitrile (3an)

CN Compound3an was prepared following the general procedure with 5 mol%
0 O Pd(dbay and 6 mol% Josiphos, purified by column chromatography using
EtOAc/hexanes (1:2, v/v), and isolated as a yellow solid, 26.3 mg, 88%
N
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NMR (400 MHz, CDC}) & 8J =56 HZ, 2H), 8.0 7 8.03 (m, 2H), 7.74 7.69 (m, 2H),

7.41i 7.30 (m, 4H), 7.29 7.26 (m, 1H), 7.18 7.15 (m, 2H), 5.96 (s, 1H¥C NMR (101 MHz,

cCbCk) U 195.56, 150.06, 147.18, 139.16, 136.30,
117.73, 16.65 59.14 HRMS (ESI) calcd. forCaH1N,0 [M+H] *: 299.1184 found:299.1176

1-(4-benzoylphenyl}2-phenyl-2-(pyridin -4-yl)ethan-1-one (3ao)

0 Compound3aowas prepared following the general procedure with 5 mol%
ph Pd(dba) and 6 mol% Josiphos at 40 ,°Cpurified by column
o} O chromatography using EtOAc/hexanes (1:3, v/v), and isolated as a white
solid, 21.5 mg, 57%H NMR (500 MHz,CDCJ) 4 8. 60 (,8, 2H),

T O = 8.1 Hz, 2H), 7.84 (d) = 7.9 Hz, 2H), 7.81 7.77 (m, 2H), 7.63 (1= 7.4
N& Hz, 1H), 7.® (t,J = 7.7 Hz, 2H), 7.40 (t) = 7.3 Hz, 2H), 7.37 7.31 (m,
3H), 7.25 (d,J = 4.0 Hz, 2H), 6.05 (s, 1H)3*C NMR (126 MHz, CDCJ)) 186.19, 195.68,
149.42,148.37, 141.65, 138.67, 136.71, 136.61, 133.10, 130.15, 130.09, 129.44, 129.02, 128.87,
128.52,128.13, 124.61, 59.1HRMS (ESI) calcd. forCyHioNO, [M+H]*: 378.1494, found:
378.1494.

2-phenyl-2-(pyridin -4-yl)-1-(4-(4,4,5,5tetramethyl -1,3,2dioxaborolan-2-yl)phenyl)ethan-1-
one (3ap)

Compound3ap was prepared following the general procedurthwi.5
B’§< mol% Pd(dba) and 9 mol% Josiphos, purified by column
O Y chromatography using EtOAc/hexanes (1:4, v/v), and isolated as a white
0 solid, 22.7 mg, 57%'H NMR (500 MHz, CDCJ) U 8J1=%4 HZb, d,
Q 2H), 7.99i 7.95 (m, 2H), 7.87 (d] = 8.0 Hz, 2H), 7.37 (m, 2H), 7.34
I O 7.29(m, 5H), 6.06 (s, 1H), 1.35 (s, 12HJC NMR (126 MHz, CDG)) U
196.65, 150.27, 148.06, 137.88, 136.70, 135120,38, 129.01, 128.05,
127.95, 125.0684.31, 58.91, 24.88, 24.8%5IRMS (ESI) calcd. for CosH26BNOs [M+H]*:
400.2084, found: 400.2092.

1-(4-(1,3-dioxolan-2-yl)phenyl)-2-phenyl-2-(pyridin -4-yl)ethan-1-one (3aq)

Compound3ap was prepared following theegeral procedure with 5 mol% Pd(dba)d 6 mol%
Josiphos, purified by column chromatography using EtOAehes (1:3, v/v), and isolated as a
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°’> yellow oil, 19.0 mg, 55%H NMR (400 MHz, CDCJ) U 1 8.545(18,
o” 2H), 8.041 8.00 (m, 2H), 7.58 7.54 (m, 2H) 7.401 7.34 (m, 2H), 7.33
0 O 7.29 (m,3H), 7.20i 7.17 (m, 2H), 6.00 (s, 1H), 5.85 (s, 1H), 4i12.04
(m, 4H).3C NMR (101 MHz, CDG)) & 196. 42, 149. 95,
T O 137.10, 136.78,29.23, 129.12, 129.02, 127.85, 126.84, 124.38, 102.78
N 65.43, 5833. HRMS (ESI) calcd. forC22H1oNOs [M+H]*: 346.1443, found:
346.1438.

2-phenyl-2-(pyridin -4-yl)-1-(quinolin-6-yl)ethan-1-one (3ar)

Compound3ar was prepared following the general proaedwith 7.5 mol%

Pd(dbay and 9 mol% Josiphos, purified by colunchromatography using
EtOAc/hexanes (2; v/v), and isolated as a yellow solid, 29.5 mg, 91b.

NMR (500 MHz, CDC}) 0 9 J98422, {.7dH2,,1H), 8.59 (d,= 5.1 Hz,

2H), 8.52 (dJ =2.0 Hz, 1H), 8.28 (dd] = 8.9, 2.0 Hz, 1H), 8.25 (dd,= 8.2,

1.8 Hz, 1H), 8.15 (dJ = 8.8 Hz, 1H), 7.49 (dd] = 8.3, 4.2 Hz, 1H), 7.42

7.31 (m, 5H), 7.26 (d) = 5.8 Hz, 2H),6.17 (s, 1H).:*C NMR (126 MHz, CDGE) U 196. 17,
153.00, 150.11, 149.6848.32, 137.68, 136.94, 484, 130.66, 130.39, 129.39, 129.02, 128.12,

128.05, 127.46, 124.52, 122.13, 58.9IRMS (ESI) calcd. forCy:H16N2O [M+H]*: 325.1341,

found: 325.1338.

2-phenyl-1-(pyridin -3-yl)-2-(pyridin -4-yl)ethan-1-one (3as)

z Compound3as was prepared following the general procedure with 7.5 mol%
0 N Pd(dbajand 9 mol% Josiphos at 100 °C, purified by column chromatography
using EtOAc/hexanes (1:1, v/v), and isolated gellw oil, 16.7 mg, 61%'H

T NMR (500 MHz, CDC§) U 9J=2213 H%, t), 8.76 (dd,J = 4.8, 1.7 Hz,
1H), 8.59 (dJ = 5.1 Hz, 2H), 8.27 (d] = 8.0 Hz, 1H), 7.43 7.37 (m, 3H), 7.36
i 7.29 (m, 3H), 7.22 (d) = 5.1 Hz, 2H), 5.96 (s, 1H}*C NMR (126 MHz, CDCG)) U 195. 58,
153.75, 150.36, 149.6347.69, 136.27, 136.22, 132, 12960, 128.99, 128.23, 124.46, 123.78,
59.23.HRMS (ESI) calcd. 6r CigH1aN20 [M+H] *: 275.1184, found: 275.1185.

1-(2-methoxypyridin-3-yl)-2-phenyl-2-(pyridin -4-yl)ethan-1-one (3at)
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Compound3at was prepared followinghe general procedure with mol%
Pd(dba) and 6 mol% Josiphos, purified by column chromatography using
EtOAc/hexanes (1:1, v/v), and isolated as a yellow solid, 25.4 mg184¢iR
(400 MHz, CDC}) u 8J=%.8 Hz( 2H), 8.30 (ddl = 4.9, 2.0 Hz, 1/ 8.08
(dd,J = 7.6, 2.0 Hz, 1H), 7.37 7.32 (m, 2H), 7.31 7.25 (m, 3H), 7.23 7.18

(m, 2H), 6.98 (ddJ = 7.5, 4.9 Hz, 1H), 6.21 (s, 1H), 4.00 (s, 3HL NMR (101 MHz, CDG) U
197.84, 16124, 151.19, 19.82, 148.14, 140.75, 137.06, 129.31, 128187,.59, 124.41, 121.54,
117.36, 61.87, 53.78IRMS (ESI) calcd. forCioH16N202[M+H] *: 305.1290, found: 305.1294.

1,2-bis(4-(tert-butyl)phenyl)-2-(pyridin -4-yl)ethan-1-one (3ba)

tBu

° O Compound3ba was prepared following the general procedure, purified by
X column chromatography using EtOAc/hexanes (1:10, v/v), and isolated as a

O white solid, 30.8 mg, 80%H NMR (400 MHz, CDCJ) i 8J=%4%Hz d,

Bu  2H), 7.96 (dJ = 8.2 Hz, 2H), 7.47 (d) = 8.3 Hz,2H), 7.37 (d,J = 8.0 Hz,

2H), 7.261 7.20 (m, 4H), 5.98 (s, 1H), 1.34 (s, 9H), 1.31 (s, 98).NMR (101 MHz, CDQE) U
196.55, 157.29, 150.60, 149.89, 148.52, 134.30, 133.8498,2128.60, 126.05, 125.76, 124.38,
58.07, 35.17, 34.51, 39, 31.03HRMS (ESI) calcd.for C,7/H3:NO [M+H]*: 386.2484, found:
386.2481.

|
N =

1-(4-(tert-butyl)phenyl)-2-(4-fluorophenyl)-2-(pyridin -4-yl)ethan-1-one (3ca

tBu  Compound3ca was prepared followip the general procedure, purified by
o O column chromatography using EtOAc/hegan(1:10, v/v), and isolated as a
white solid, 28.5 mg, 82%4H NMR (400 MHz, CDCEk) 0 78556,
T O 2H), 7.971 7.92 (m, 2H), 7.50 7.45 (m, 2H), 7.31 7.29 (m, 1H), 7.28
N F 726 (m, 1H), 7.20 7.16 (m, 2H), 7.10 7.03 (m, 2H), 6.00 (s, 1H), 1.34 (s,
9H). C NMR (101 MHz, CDGJ) U0 196. 28gr=2482H224 ( d,
157.61, 156, 148.12, 133.51, 133.25 (@,r= 3.0 Hz), 130.7 (dJcr= 8.1 Hz), 128.95, 125.86,
124.20,116.05 (d Jcr= 21.2 Hz), 57.56, 35.20, 31.0%F NMR (376 MHz, CDGJ) -114.36.
HRMS (ESI) calcd. forCysH2,FNO [M+H]*: 348.1764, found: 348.1766.

1-(4-(tert-butyl)phenyl)-2-(pyridin -4-yl)-2-(3-(trifluoromethyl)phenyl)ethan -1-one (3da)
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Bu  Compound3da was prepared following the general procedure with 5 mol%
o} O Pd(dbaj and 6 mol% Josiphos, purified by column chromatograping
cF, EtOAc/hexanes (1:4, v/v), ardolated as a white solid, 33.7 mg, 85%.
Y O NMR (400 MHz, CDCY) U 1 8.53Qn7, 2H), 7.98 7.92 (m, 2H), 7.59 (q,
N J=2.6 Hz, 2H), 7.50 (dgl=9.1, 2.5, 1.8 Hz, 4H), 7.267.20 (m, 2H), 6.09
(s, 1H), 1.34 (s, 9H)**C NMR (101 MHz, CDG)) G 195. 70, 157. 89, 150.
133.33, 132.50, 131.36 (dcr= 32.3Hz), 129.48, 128.96, 12%,9125.86 (qJcr = 4.0 Hz),
124.66 (qJc.r= 4.0 Hz), 123.87 (qJc.r= 273.7 Hz), 124.15, 57.94, 35.24,39.%F NMR (376
MHz, CDCkL) -62.55.HRMS (ESI) calcd. forCasH22FsNO [M+H]*: 398.1732, found: 398.1731

1-(4-(tert-butyl)phenyl)-2-(naphthalen-2-yl)-2-(pyridin -4-yl)ethan-1-one (3ea)

tBu Compound3eawas prepared following the general procedure, purified by
o O column chromatography using EtOAc/hexanes (1:5, v/v), and isolated as a
white solid, 36.2 mg, 95%H NMR (400 MHz, CDCJ) U 1®8.546(8,

B OO 2H), 8.04 (ddtJ=7.9, 5.3, 2.7 Hz, 1H), 7.967.92 (n, 1H), 7.92" 7.88 (m,

N & 2H), 7.86 (dJ = 8.1 Hz, 1H), 7.58 7.53 (m, 2H), 7.47 7.39 (m, 3H), 7.33
(dd,J=7.2, 1.2 Hz, 1H), 7.22 7.18 (m, 2H), 6.73 (s, 1H), 1.31 (s, 9MC NMR (101 MHz,

CDCl;) u 196.65, 157. 35, 14929931,06,128.33,188189, 12B.344 . 4 2,
127.11, 127.07, 126.14, 125.82, 125.57, 124.81, 122.78, 55.10, 35.16,FRMS.(ESI) calcd.

for Co7H2sNO [M+H]*: 380.2014, found: 380.2022.

1-(4-(tert-butyl)phenyl)-2-phenyl-2-(pyridin -2-yl)ethan-1-one (3ga)

Bu  Compound3gawas prepared following the general procedure with 7.5 mol%

o O Pd(dba) and 9 mol% Josiphos, purified by column chromatography using
EtOAc/hexanes (1:4, v/v), anddlated as a whétsolid, 19.7 mg, 60%H
A O NMR (500 MHz, CDCf) U 8 . 5=84.9,(18,0® Hz, 1H), 8.047.98
2N (m, 2H), 7.67 (tdJ = 7.7, 1.9 Hz, 1H), 7.47 7.40 (m, 4H), 7.39 7.34 (m,
3H), 7.321 7.29 (m, 1H), 7.20 (ddd] = 7.5, 4.9, 1.2 Hz, 1H), 6.38 (s, 1H), 1.32 (s, 91

NMR (126 MHz, CDC)) U 6] 158.29956.94, 148.88, 137.78, 136.96, 134.01, 129.20,
129.10, 128.97, 127.48, 125.62, 124.152.1Q, 61.69, 35.11, 31.044RMS (ESI) calcd. for

Ca3H2aNO [M+H]*: 330.1858, found: 330.1885.

1-(4-(tert-butyl)phenyl)-2-phenyl-2-(pyridin -3-yl)ethan-1-one (3ha)
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Bu  Compound3hawas prepared following the general procedure with 7.5 mol%
o} O Pd(dbay and 9 mol% Josiphos and 5 equiv ldN(SiMes),, purified by
column chromatography using EtOAc/hexanes (1:4, v/v), and isolated as a

A O yellow solid, 29.6 mg, 90%H NMR (500 MHz, CDC) U 8J=H@ ( d,
N? Hz, 1H), 8.52 (ddJ = 4.9, 1.6 Hz, 1H), 8.00 7.94 (m, 2H), 7.67 (dt] = 8.0,
1.9 Hz, 1H), 7.51 7.44 (m, 2H), 7.39 7.32 (m, 4H), 7.31 7.26 (m, 2H), 6.06 (s, 1H), 1.33 (s,
9H). BC NMR (126 MHz, CDG)) U 2] 36%.307150.02,148.20, 138.21, 137.11, 334,
133.66, 129.18, 129.02, 128.85, 127.58, 125.78, 123.50, 56.68, 35.17,FRRNIS.(ESI) calcd.
for CsH23NO [M+H]*: 330.1858, found: 330.1857.

1-(4-(tert-butyl)phenyl)-2-morpholino-2-(pyridin -4-yl)ethan-1-one (3ia)

Bu  Compmund 3ia was prepared following the general procedure, purified by
column chromatography using EtOAc/hexanes (1:2, v/v), and isolated as a
yellow oil, 30.1 mg, 89%'H NMR (400 MHz, CDCY) U 71 8.514n3, 2H),
8.057 7.96 (m, 2H), 7.49 7.44 (m, 2H), 7441 7.40 (m, 2H), 4.95 (s, 1H),
3.827 3.71 (m, 4H), 2.61 2.48 (m, 4H), 1.33 (s, 9H)*C NMR (101 MHz,
CDClL) u 195. 84, 157. 69, 150. 26, 1446688 52.000 33. 38,
35.19, 30.99HRMS (ESI) calcd. forCxH26N20- [M+H] *: 339.2073, found: 339.2073.

1-(4-(tert-butyl)phenyl)-2-(pyridin -2-yl)-2-(pyrrolidin -1-yl)ethan-1-one (3ja)

Bu  Compound3ja was prepared following the general procedure, purified by
column chromatography using EtOAc/hexanes (1:2, v/vy &svlated as a
yellow oil, 28.6 mg, 89%!H NMR (400 MHz, CDCJ) U4 8. 5B=#.9,(ddd,
1.8, 1.0 Hz, 1H), 8.16 8.10 (m, 2H), 7.69 7.60 fn, 2H), 7.45 7.40 (m,
2H), 7.18 (ddd,) = 6.8, 4.9, 1.6 Hz, 1H), 5.23 (s, 1H), 2.76 @t 8.2, 6.4
Hz, 2H), 2.48i 2.40 (m, 2H), 1.83 (dpd] = 10.0, 6.8, 6.4, 3.6 Hz, 4H),3L (s, 9H).1*C NMR
(101 MHz, CDC$) U 196. 12, 157. 486,,133.455 B29.1859125.43, 428512 6 , 1:
122.86, 77.71, 52.57, 35.09, 31.02, 23BRMS (ESI) calcd. for GiH26N.O [M+H]*: 323.2123,
found: 323.2130.

1-(4-(tert-butyl)phenyl)-2-(pyrid in-4-yl)ethan-1-one (3ka)
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Bu  Compound3ka was prepared following the general procedure, hredjuiv

o of 2a and 1.2 equiv oftk was used. The product wasirified by column
chromatography using EtOAc/hexanes (1:10, v/v), and isolated as a yellow
| oil, 24.5 mg97% 'H NMR (500 MHz, CDC{) U i 8.54Qm, 2H), 7.98
N& 7.93 (m, 2H), 7.54 7.50 (m, 2H), 7.27 7.23 (m, 2H), 4.29 (s, 2H), 1.36 (s,

9H). C NMR (126 MHz, CDGJ) ug 195. 43, 157. 60, 149. 54, 144
125.06, 44.56, 35.21, 31.05IRMS (ESI) calcd. forCiHigNO [M+H]*: 254.1545, found:
254.1525.

1-(4-(tert-butyl)phenyl)-2-(pyridin -4-yl)propan-1-one (3la)

Bu  Compound3la was prepared following the general procedure, arduiv of

0 2a and 1.2 equiv ofll was used. The product wamirified by column
chromatograpp using EtOAc/hexanes (1:10, v/v), and isolated as a yellow
T oil, 23.2 mg, 87%'H NMR (500 MHz, CDCJ) U 71 8.525n7, 2H), 7.92
N& 7.87 (m, 2H), 7.47 7.43 (m, 2H), 7.28 7.26 (m, 2H), 4.71 (¢] = 6.9 Hz,

1H), 1.56 (d,J = 6.9 Hz, 3H), 1.33 (s, 9H}*C NMR (126 MHz, CDG)) a 198.55, 15
150.77, 149.91, 133.28, 128.69, 125.72, 123.21, 46.894,351101, 18.98HRMS (ESI) calcd.
for C1gH21NO [M+H] *: 268.1701, found: 268.1695.

1-(4-(tert-butyl)phenyl)-2-phenyl-2-(pyridin -4-yl)propan-1-one (3ma)

o O Bu Compound3ma was prepared following the general procedure in THF,

purified by column chromatographysing EtOAc/hexanes (1:4, v/v), and

5 O isolated as a white solid, 32.6 mg, 958 NMR (500 MHz, CDC)) u

\NZ 8.571 8.52 (m, 2H), 7.53 7.49 (m, 2H), 7.43 (m, 2H), 7.417.36 (m,
1H), 7.361 7.32 (m, 2H), 7.31 7.28 (m, 2H), 7.09 7.05 (m, 2H), 2.08

(s, 3H) 1.29 (s, 9H)C NMR (126 MHz, CDG)) G 200. 91, 155. 80, 154.

133.63, 129.94,28.95, 128.10, 127.67, 125.06, 123.69, 60.31, 34.98, 317041.HRMS (ESI)

calcd. forCasH2sNO [M+H]*: 344.2014, found: 344.2013.

(4-(tert-butyl)phenyl)(9H-fluoren-9-yl)methanone (3na)
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O Bu  Compound3na was prepared following the general procedure, gariby
)

column chromatography using EtOAc/hexanes (1:4, v/v), and isolated as a

white solid, 21.2 mg, 6, *H NMR (500 MHz, CDCJ) & 7J=8.8Hz( d ,
O O 2H), 7.751 7.70 (m, 2H), 7.46 () = 7.5 Hz, 2H) 7.447 7.38 (m, 4H), 7.31
(dd, J = 7.5, 1.2 Hz, 2§ 5.63 (s, 1H), 1.32 (s, 9HC NMR (126 MHz,

ChCl) u 197.44, 157.01, 142. 61, 14112%17,120473 3.

58.91, 3512, 31.03HRMS (ESI) calcd. forCz4H220 [M+H] *: 327.1749, found: 327.1751.

1-(4-(tert-butyl)phenyl)-2-phenyl-2-(3-(trifluoromethyl)phenyl)ethan -1-one (3o0a)

Bu  Compound3oa was prepared following the general procedure in THF,
o) O purified by column chromatogphy using EtOAfexanes (1:4, v/v), and
CF, isolated as a pale yellow oil, 19.8 md%, 'H NMR (400 MHz, GDs) a
O O 7.92 (d,J = 8.5 Hz, 2H), 7.65 (s, 1H), 7.33 @@= 7.9 Hz, 1H), 7.22 (d] =
7.7 Hz, 1H), 7.17 (d) = 7.5 Hz, 2H),7.117 7.07 (m, 2H), 7.02t, J = 7.4 Hz,
2H), 6.95 (dJ = 7.4 Hz, 1H), 6.88 (tJ = 7.9 Hz, 1H), 5.81 (s, 1H), 1.06 (s, 9*C NMR (126
MHz, CDCk) a 197. 02, 157. 22, 140. 35 ,Jcrd 328B.H3)6 ,
129.09, 18.98, 128.59, 28.53, 128.41, 128.37, 158, 125.95 (qJcr= 3.8 Hz), 125.75, 124.00
(9, Jcr= 3.8 Hz), 124.08 (glc.r= 273.4 Hz), 58.92, 35.181.03.°F NMR (376 MHz, CDGJ))
-62.00.HRMS (ESI) calcd. forCasHo3F30 [M+H]*: 397.1779, found: 397.1783.

2-(benzduran -2-yl)-1-(4-(tert-butyl)phenyl)-2-phenylethan1-one (3pa)

O Bu  CompoundBpawas prepared following the general procedure, purified by
0

column chromatography using EtOAc/hexanes (1:5, v/v), and isolated as

o a white sad, 28.7 mg,78%,H NMR (500 MHz, CDC§) 4 8J=03
, O 8.2 Hz, H), 7.53i 7.46 (m, 5H), 7.46 7.43 (m, 1H), 7.40 () = 7.7 Hz,
@ 2H), 7.37i 7.32 (m, 1H), 7.28 7.23 (m,1H), 7.21 (tdJ = 7.5, 1.2 Hz,
1H), 6.55i 6.52 (m, 1H), 6.19 (s, 1H), 1.35 (s, 9FAC NMR (126 MHz,

CDCl) U 119427158.94, 155.04135.94, 133.52, 129.16, 129.00, 128.45, 127.87, 125.75,

123.95, 122.68, 120.88, 111.14, 105.95, 53.60, 3B1D5.HRMS (ESI) calcd. forCasHzsFs0
[M+H]*: 369.1855, found: 369.1852.
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2-(benzo[d]thiazol2-yl)-1-(4-(tert-butyl)phenyl)-2-morpholinoethan-1-one : E)-2-
(benzo[d]thiazo}2-yl)-1-(4-(tert -butyl)phenyl)-2-morpholinoethen-1-ol = 3:1 (Fa)

tBu Bu  Compound 3ra was prepared following the
o HO general procedure, purified by column
N — N I chromatography using EtOAc/hexanes (1:3,
N N vlv), and isolated as a white rse solid, 33.5
@S o @’3 o mg, 85%. NMR and HRMS spectra matches

published dat&?

3.5.6Mechanistic Study

Synthesis of PalladiumComplexes

(Josiphos)Pd(eH.) (4)

An 8 mL ovendried vial equipped with a Teflecoated stir bar was charged with PdfR()s]»
CHy (27.2 mg, 0.053 mmplJosiphos StJ0011'C,HsOH (40 mg, 0.62 mmo) in 3
RCyz mL of pentane This orangesolution was capped with &stum and stirred for
Fe Ehz\Pd— | 5min in a gloveboxThen the vial was transferred out of the glovebox, a long
needle with an ethylengas flow was pierced thugh the septum and reached
the bottom of the vial. Then a vent needle wascpigrthrough the septum allavg ethylene
flush through theeaction mixture The reaction was stirred vigorously under a continuous flow
of ethylene fo4 h at rtto obtain a whe precipitate. The resulting suspension was imported into a
glovebox, and th@recipitate was isolated anfritted glass funnel, washed wipentane(3 x 1
mL), and dried under vacuum to obtain ethylene comglég87 mg, 90%) as white powder.
Single crystals of ethylene complekwere obtained bgooling a saturatesolution of4 in at-13
°C under 760 Torrfoethylene*H NMR (500 MHz, GDe) U 1 8.041r8, 2H), 7.43 7.36 (m,
2H), 7.20i 7.16 (m, 2H), 7.12 (td] = 7.1, 6.7, 2.2 Hz, 1H), 7.01 (td= 7.7, 2.0 Hz, 2H), 6.96
6.91 (m, 1H), 4.27 4.22 (m, 2H), 08 (d,J = 2.7 Hz, 1H), 3.58 (d] = 0.9 Hz 5H), 3.50 (qd,)
=7.4,2.9 Hz]1H), 3.34 (tdJ = 13.8, 5.6 Hz, 1H), 3.283.11 (m, 2H), 2.78 (ddt] = 13.0, 9.9,
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6.5 Hz, 1H), 2.09 (dJ = 16.9 Hz, 1H), 1.94 1.60 (m, 11H), 1.49 (gl = 8.7, 7.4 Hz, 6H), K0i

1.30 (m, 3H), 1.23 0.97 (m, 4H)13C NMR (126 MHz, GDs) U 1 41180,94.75, 135.52,
135.36, 131.81, 131.70, 129.25, 128.96, 128.19, 127.41, 127.35, 126.93, 95.68, 95.64, 95.47,
95.44, 77.25, 77.08, 74.42, 69.97, 69.26, 69.20, 68.24, 68.22, 44.58, 44.40, 44.15, 43.92, 34.33,
34.30, 34.07, 33.33, 33.232.31, 32.4832.45, 32.41, 32.19, 32.15, 32.11, 30.63, 29.44, 29.36,
29.02, 28.94, 28.11, 28.00, 27.76, 27.70, 26.74, 26.64, 26.58, 26.53, 26.24, 22.36, 14.90, 14.86,
13.91%P NMR (162 MHz, @Ds) U 4 2= 3R46Hz) .26 (d] =324 Hz).

(Josiphos)Pd(CQ) (5)

In a glove boxa JYoungNMR tube was charged with ethylene compde§?.4 mg, 0. mmol)
CHs and 0.45 mL ofCsDs. TheJYoung tube was transfed out of the glovebgx
PCys and connectetb a Schlenk line. Theesulting yellow solution was cooled
Fo p\;,d\ liquid nitrogen, and the headspace was evacuated under vadienNMR
N Ph. "\ ~CO  tube was warmed to room temperature and pressurized with 1 atm dheoO
solution was shaken for 1 min andpeessuized with 1 atm CO, and this
process was repeated three tim&ke solutim changed from yellow to light orangBlMR
spectravas obtained in theYoung NMR tube!H NMR (500 MHz, GDe) U i 8.10Xn8, 2H),
7.461 7.38 (m, 2H), 7.21 7.17 (m, 2H), 7.11dd,J= 7.4, 1.7 Hz, 1H), 7.06 (td,= 7.6, 2.0 Hz,
2H), 6991 6.95 (m,1H), 4.17i 4.12 (m, 2H), 4.00 () = 2.5 Hz, 1H), 3.57 (s, 5H), 3.353.28
(m, 1H), 1.96 (dJ = 11.3 Hz,1H), 1.84 (s, 3H), 1.76 1.61 (m, 8H), 1.53 (t) = 10.1 Hz, 2H),
1.42 (t,J= 7.4 Hz, 3H), 1.34 (d]) = 6.6 Hz, 3H), 1.19 1.05 (m 3H), 0.98 {, J = 6.0 Hz, 2H).
C NMR (126 MHz, GD¢) U 195. 61, 143.97, 143. 94, 143.76
131.61, 131.49, 129.27, 127.48, 127.29, 94.64, 94.59, 94.44, 94.39, 77.46, 77.36, 74.45, 69.43,
69.37, 68.1068.07, 34.07, 33.72, 33.69, 33.60, 32.73, 32.64, 32.29, 32.23, 32.22, 324, 3
30.17, 30.15, 28.28, 28.22, 28.01, 27.91, 27.77, 27.71, 2867168, 26.66, 26.56, 26.41, 26.26,
22.35,14.91, 14.87, 13.9P NMR (162 MHz, G@Ds) U 4 2= BD H), 516 (dJ=13.0
Hz). IR (1,4dioxaneds) :CO= 2012 1969 cm?.

Determination of Yield

In a glove boxa JYoung NMR tube was chargedth ethylene comple® (7.4 mg, 0.01 mmol),
trimesitylphosphine (7.5 mg, 0.019 mmol) and 0.45 mLGaDs. The JYoung tube was
transfered out of theglovebox andconnectedd a Schilenkihe. The resulting solution was
cooled in liquid nitrogen, and theeadspace was evacuated under vacuum. The NMR tube was
warmed to room temperature and pressurized with 1 atm of CO. The solution was shaken for 1
min and repressurized with 1 atm CO, aitis proces was repeated three times. The solution
changed from yé&w to light orange. BY¥'P NMR spectroscopy, the yield 6fwas determined to

be 99% relative to trimesitylphosphine.

Single Crystals 05

In a glove boxaJYoung NMR tube was chargedth ethylene comple® (14.7 mg, 0.02 mmol)
and 0.30 mL ofC¢De. The JYoung tube was transfierd out of theglovebox andcconnectedd a
Schlenk lineThe resulting yellow solution was cooled in liquid nitrogen, and the headspace was
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evacuated under vagm. The NMR tube was warmed to room temperature angdyieed with

1 atm of CO. The solution was shaken for 1 min angressurized with 1 atm CO, and this
process was repeated three times. The solution changed from yellmange The JYoung
NMR tube was transferred to a freezer at 10f68C2 daysto obtain yellowcrystals of5 on the
wall of the JYoung tube

General Procedure for the Syntleesf Pd(ll) Aryl BromideComplexes§j, 6u, 6gand 6n)

In a glove boxa 20 mL vial equipped with a Tien stir bar was charged with Pde(J)g]z
(1020 mg, 02 mmol), ard 0.08 mmol (4 equiv) of aryl bromides SmL to toluene. Thidight-
yellow solution was capped and stirred for 12ahroom temperaturen a glovebox. Then
Josiphos StJ0011'C;HsOH (140.0 mg, 0.219mmol) was added to the reaction mixturehe
resultingyellow solution was stirred fof h at room temperature. Pentane (10 mL) was added to
the reaction, and the resulting suspension was coolelB®¢C for 12 h to obtain dight-yellow
predpitate. The precipitate was isolated on a frittémsg funnel anevashed with pentane (31x
mL).

CHs The reaction to obtain comple&md was performedollowing the general
RCyz procedurewith a 112 0 (6.8 mmol) of 4-fluorobenzotrifluoride The
Fe E@Pd—Br reaction nixture first turnedlight green after addition of aryl bromide, and
then turned orange after addition of Josipl@@mpoundém was obtaineds
white powder by direct filtration of the reaction mixture without adding
6m’ o, Pentang111.1mg,60%,).'H NMR (500 MHz, CD.Cl;) U T 8.2438, 2H),
7.781 7.62 (m, 3H), 7.28 7.22(m, 1H), 7.08 (tdJ) = 7.8, 2.7 Hz, 2H), 6.98
6.46 (m, 6H), 4.6% 4.57 (m, 1H), 4.43 4.31 (m, 2H), 3.60 (s, 5H), 3.1,( 2H), 2.37 (s, 1H),
2.09 M, 7H), 1.92i 1.77 (m, 5H), 1.68 (dd] = 235, 13.9 Hz, 3H), 1.59 1.13 (m, 9H. 3P
NMR (162 MHz,CD,Cl;) U 4 9= 373 HZ) 21,55 (dJ = 37.3 Hz).2%F NMR (376 MHz,
CD:Cl;) -61.95.

Determination of Catalyst Resting State

In a glove box, movendried 8 mL vial with septum cap eguied with a stir bar was
charged with(Josipho¥d(GH,) (3.7 mg, Q005 mmol), LiN(SiMe3z)2 (50.5 mg 0.30
mmol, 3.0 equiv)and 1,3,8rimethoxybenzene (5.6 mg, 0.033 mmioldernal standard
under a nitrogeatmosphereThen 1 mL of 1,4dioxaneds, 4-benzypyridine (16¢ L.0.1
mmol) and4-fluorobromdoenzene6.5¢ L , 15 rmol) were added to the solutiomhe
reaction vialwas capped anstirred for 5 min Then0.5 mL ofthe reaction solution was
transferred nto a dYoung NMR tube. The -Young tube was transferred out the
glovebox andtooled in liquid nitrogenthe headspace of tldeYoung tubewas evacuated.
Then the dYoung NMR tube was then warmed to room temperature and pressurized with
1 atm of CO The JYoung tube was then placed into an oil bath preheated t€ 80he
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JYoung tube was removed from the bath cooled to room temperature and monitored
by H, 3P and'®F NMR every 1 hour. After 6 hours, thé/dung tube was removed from
the oil bah and opened in a wellentilated fume hood. The resultingixture was
guenched with ED (40 mL). The color ofhe reaction mixture changed from dark brown
to red. It was next extracted with®330 mL of ethyl acetate and dried over MgS®he
combined organic solution was evaporated under vacuum to remove the voagitels
The 'H NMR was recorded to showcrude yieldof 24% with respect to 0.1 mmol of
CH:Br: as the internal standard

Time Course Study

SchemeS3. Preliminary reactions were perfoed to determine the reaction time of
initial rate study.

Josiphos-Pd(ethylene) 1% O
@/\@ /©/’Bu LiN(SiMe3), 3 equiv O Bu
+
N~
Br CO 1 atm B
1a 2a

1,4-Dioxane 0.1 M, 80 °C I
N__— O

3aa

Time Course Study
100

90
80

60
50 e

30

Percentage Yield 3aa

10 }
0 &

Time (h) eyield esm

Chart 3-S3 Reaction time course study results

Based on the time course study of the reaction, we chose first 3 hours of the redetemtte
reaction systersimple to studywhenthe conversion athereactionwasless than 10%.
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9 Parallel reactions wee set up An ovendried 8 mL vial with septunsap equipped with a stir
bar was charged with LiIN(SiMe (50.5 mg 0.30 mmol, 3.0 equiv) under a nitrogatmosphere

A solution (from a stock solution) athylene compleX (0.74 mg, 0.0@ mmol) in 1 mL of dry
1,4-dioxanewas added teachreaction vid Then 4benzylpyridinela (16.9 mg,16 m, 0.1 mmol,

1 equiv)and tbromo4-tert-butylbenzene?a (26 m, 0.15 mmol, 1.5 equiv) were added to the
reaction mixture, sequentially. Tleaction vialwas capped antemoved from the glove box.
Then the vial wa purged with CO using a Schlenk libg bubbling CO gas through a long
needle uder the solvent surface for 5 min. Another short needle was used as the outlet of gas.
Then the vial was taped with electidape, stirred, and heated at 80 °C for 16 h.Ttee vial
was cooled in ice bath and opened in a fume hood. After a minuteldasing leftover CO, the
reaction wagjuenched with two drops of.B, diluted with 3 mL of ethyl acetate, and filtered
over a padf MgSQO, and silica. The pad was rinsed wittiditionald mL of ethyl acetateand the
solution was concentrated in vacuo. Thederunaterial was loaded onto a silica gel column and
purified by flash chromatographiPercentage yieldsf 3aa and remainingstarting materiafla
were determined byH NMR (CDCLk) spectra of the crude materiaging an internalstandard

(CH2Br2, onevial addedwith 7.0 LQ.1 mmol).

Initial Rate Study

. o, ‘
Dioxane 0.1 M, 80 °C N o
3aa

. Josiphos-Pd(ethylene) 1% O ]
@/\@ /©/ Bu LiN(SiMes), 3 equiv O Bu
+
N~ Br CO 1 atm A
=
1a 2a

Schemed-S3. Dependence of the observed rate constar) pnthe conentration ArBr
(0.11 0.8 M) with4 as the precatalyst, pCO = 1 atm arich= 0.1 M at 80 °C within 2.5.h

General Procedure
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A series of separate parallel reactions were carried out to monitor the conversion rate of the
reactionfor each concentration @a. Four parallel gen-dried 8mL reaction viad equipped with

stir bars were charged with compouha (16.9mg, 0.1 mmol, 1.0 equiv) anttbromo-4-tert-
butylbenzen®a (1.0, 15, 2.0, 4.0, 8.0equiv) in a glove box under a nitrogen atmosphere at room
tempeature.(JosiphodPd(C.H4) 4 (1.0 mol %) and InL of dry 1,4-dioxanewere added to every
reaction vial under nitrogen. NextjN(SiMes)2 (3.0 equiv) was addedto eachvial. The vials
were cappedand removedfrom the glove box. Then eachvial was purged withCO using a
Schlenk line, by bubbling CO gdbkrough a long needle under the solvent surface for 5 min.
Another short needle was used as the outlet of gas. Then the vial was taped witlaleigotric
stirred, and heated at 80 °Eachof the fourvials d the same @ncentration oRa wascooled in

ice bath and opened in a fume haedjuentially after every 30 miAfter a minute for releasing
leftover CO,eachreaction wasjuenched with two drops of.B, diluted with 3 mL of ethyl
acetate, and filtered ev a pacbf MgSQ, and silica The solution wa concentrated isacuo.*H
NMR (CDCl) spectra of the crude material was acqutedetermine the yield Baabased on
integrationagainst an internatandard CH.Brz to eachvial wasadded7.0¢ LQ.1 mmaol).

Reaction Rates

y =0.046x
R? = 0.9976

y=0.0271x
R? =0.9983

3 y=0.0113x
R?=0.988
y =0.0158x
1| et et @ e et R?=0.9913

Yield of 3aa (%)

R?=0.9831
0 20 40 60 80 100 120 140

Reaction Time (min)

® 1.0equiv 1.5 equiv 2.0 equiv 4.0 equiv 8.0 equiv

Chart 4-S3. Reaction rates at differeBa concentrations

Observed @actionrate constants were determined by tihgt the yields obtained with 120 min
for each equivalence &a. The linear fit that pass through (0, 0) results in r&teagh reaction.
Then the observed rate constant was calculated by dividing each rate byiahedncentration
of 2a. Then-In(k) versusIn[2a] was also plotted.
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+

y=10.8296x + 2.869

R?*=10.9968

-In(k)

kaps (10-35°T)

O =N WHsE GO N 0

[+

0 0.2 0.4 0.6 0.8 0 0.5 i 15 2 25

[ArBr] (M) -In[ArBr]

Chart 5-S3. Dependence dhe observed rate constakblbs onthe concentration ArBr

1. (@) Zhao, H Hu, B.; Xu, L; Walsh, P. JlChem Sci2021,12, 1086210870. (b)

Zhang, J.; Bellomo, A.; Creamer, A. D.; Dreher, S. D.; Walsh, P.AIm. Chem. Soc.

2012,134, 1376572.
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Appendix A. NMR Spectra for Chapter 2

H and®¥C{H} NMR spectra of compoundaain CDCk
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'H and*3C{*H} NMR spectra of compoung@bain CDCl
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H and**C{*H} NMR spectra of compoundcain CDCl
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H and**C{*H} NMR spectra of compounddain CDCk
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H and**C{*H} NMR specta of compoun@eain CDClk
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H and**C{*H} NMR spectra of compoundgain CDCl
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H and**C{*H} NMR spectra of compounghain CDCk
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