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Introduction

The selective oxidative €1 functionalization of organic compounds is an
important problem in synthetic organichemistry*? A number of reports on
heteroatondirected catalytic @4 functionalization have appeared recetiflyThe
use of the Pt complexes in combination with hypervalent iodine, electrophilic
fluorine compoundsand other strong oxidants have proved not environmentally
benign, cheap, and readily availabté? In contrast, an alternative such asOpl or
O2 can be used in place of such oxidants to produ¢e(OH, OAc, Br, Cl, and 1)
bonds via PdIV intermediates a stoichiometric and/or catalytic fashithi® Given
the fact that facile oxidative functionalization of arylpalladium(ll) compl&easn be
promoted bydi-(2-pyridyl)-ketone ligand DPK) (Scheme 1), we were interested in
finding out i) whether the reéivity of these arylpalladium(ll) systems can be
extended to other functional groups (F) and ii) whether-sigiported PY
monoalkyl complexes can be prepared and used in varie¥sbGnd forming
reactions (X = F, Cl, Br, I, OH). In the latter case possiblemechanism of these
reactions,an Sy2 with the inversion of the P81 bound carbon atom configuration
and an intramolecular ©X reductive elimination with the retention of the

configuration are also of great interest.
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Scheme 1.Proposed pathwafor the formation of P4 monohydrocarbyl complexes.

A useful route to various organopalladium(ll) complexesigsC-H activation and
cyclopall adation of sui badukes (Xe0gca@)inc subst
acetic acid and other solvertsPalladacycles containing Re{sp’)®3 and PdC(sp’)3*

bonds are typically unreactive toward hydrogen peroxide and dioxygen, but stronger
oxidants were used successfully for their functionalizatfonElectrorrich

heterocycles can be predictably and regiectively halogenated under catalysis with

palladium, rhodium, iridium, copper, and nickel compleXe&unctionalization of
directinggroupcontaining arenes has been extensively investigatétbwever,for

both kinetic and thermodynamic reasons, aheatalyzed functionalization of

unactivated G{p’)-H bonds is more difficult than that of €f)-H bonds. The

activation of C$p’)-H bonds is favored by preoordinationof t he arene =~ sy
the transition metal, greaterl€ acidity as well as the formation of anyletal bond
that is typically stronger than the corresponding atkgtal bond. In contrast,
benzylic Cép’)-H bonds undergo functionalization relatively isgagpresumably due

to weakness of those -8 bonds'’ Consequently, transitiemetatmediated



functionalization of activated §)-H bonds is quite common and many examples
have been described in literat§r@n the other hand, catalytic functionalizatiof
nonactivated, alkane §¢)-H bonds is more rare. Most of the examples published so
far report functionalization of Gf*)-H bonds adjacent to quarternary centers which
is the easiest case due to impossibilitypdfydride elimination from the metallated
intermediates. Notable examples are provided in works Biy-Quan Y& and
Daugulis® who demonstrated arylation, alkylation, and bromination of unactivated
C(sp3-H bonds via palladium(lV) intermediatessome of which could be

characterized crystallographically, such as shown below (Scheme 2).

‘ / Br,, CH,Cl,
=
N
—
= Pd 7800

Scheme 2 Conversion of palladium(ll) monohydrocarbyl complex to palladium(I1V)
dibromo species using bromine as an oxidant.

Chlorination of C¢p’)-H bonds mediated by Pdwas also demonstrated by
Vicente?® The reaction below shows the conversion of a palladium(ll) chloride
complex to a palladium(lVV) monohydrocarbyl complex. However, the palladium (V)
complex below was only characterized by NMR; no crystallographic dais
obtained $cheme 2p*° Vicente also isolated palladium(lV) monoalkyl chloro,

bromo, and iodo complexes in 20112
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Scheme 2bConversion of palladium(ll) monohydrocarbyl complex to palladium(lV)
dichloro species using chlorine gas as an oxidant.

Molecules bearing a fluorine moiety in aromatic and aliphatic substrates have
been extensively researchéddowever, very few efficient approaches are known for
the synthesis of these fluorinated molecules, and the use of transition metals are
particulaly rarel*3? Recently several groups have described methods for palladium
catalyzed fluorination of aromatic and aliphatic compoudds which the generation
of C-F bonds have been demonstraigd Pd "V intermediates. The reaction is
initiated thraigh oxidative addition of Freagents to a Pd(ll) hydrocarbyl(Scheme
3)101 For instance, Ritté? has reported the use of Selectfl@oas an F source in
the hetereatom directed fluorination of €1 bonds, and Sanford has explored the

electrophilic flugination of hydrocarbyl complexes with XgfScheme 3 and 4¥.

Al /\c—|| 2BF,
7

[PA(IV)-F| ————
50 C

Scheme 3.The fluorination of cyclopalladated benzo[h]quinoline complex using



Selectfluor®.
Sanford has also verified that palladium(ll) fluoride comptexan be oxidized and

fluorinated using xenon difluoride, another expensive fluorination reagent (Scheme

4)10
F
F
s Q 3 equiv oS
=N XeF2 AN F
<N~ F 70 C SNL F
L 2.5 min = ">H

Scheme 4lllustration of using XeFto access palladium (V) fluoroomplex!?
Meanwhile, similar PHV species have been successfully employed to accomplish
palladiumcatalyzed functionalization of aromatic and aliphatic compoUrsigh as
trifluoromethylationt® of C-H bonds, difluorinatiod® and fluoroaminatiol? of
alkenes which provide versatile atiegies to prepare organic substrates with fluorine
containing groups. We envisioned that instead ‘ofdagents the use of Feagents
(TBAF3H:20, CsF, AgF, Cul, MesNF etc.) in combination with hydrogen peroxide
could achieve facile adative fluorinatian.

In this work, we report the oxidative functionalization of three model
substrates, one donor of Sif)-H bonds, benzo[h]quinoline, and two donors of
C(sp’)-H bonds, 8methylquinoline with benzylic & bondsand 4amino2-(tert-
butyl)pyridine having noractivatedC(sp’)-H bonds. In all the cases DPK supported
palladium(lVV) monohydrocarbyl complexes were generated using aque@4sakd
some of their € bond elimination reactions demonstrated leading to the

corresponding phenol (Scheme 4a}g8inolylmethyl, and 2-pyridyl ethyl alohols



and halides (Scheme}¥a
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Scheme 4a. C-H functionalization of 8nethylquinoline, benzd]quinoline, and2-

(tert-butyl)pyridin-4-amine

Results and Discussion

C(sp’)-H Functionalization of 8-methylquinoline and 4-amino-2-tertbutylpyridine
Compounds containing carbot (X = F, Br, Cl, I) bonds are of great
importance in many areas of chemidftgnd, as a result, transition metal catalyzed
approaches to-X bond formation have been the sedtjof intense recent reseaféh.
Transitionmetatcatalyzed carbofluorine coupling reactions are particularly rare

and constitute powerful synthetic tools to complement mon¥entional methods. In



particular, efficient catalytic fluorination via eith€-CFs crosscoupling®® or GH
functionalization* allows to introduce fluoriné containing groups into biologically
active molecule$>*2 We and others have previously reported thenfediated
catalytic conversion of & bonds to €X(OAc and OH) bonds sing dioxygen and
hydrogen peroxide as terminal oxidaft3hese reactions are believed to proceed via
monohydrocarbyl palladium(lV) intermediates such as that shown in Scheme 1,
where GX bondforming reductive elimination from PQR)(X) 4 serves as aey
step®’ Very few palladium(lV) monoalkyl complexes have been isolated and
characterized so faP;*? their reactivity is poorly known and virtually unexplored.
One can expect that highly electrophilic Panonoalkyl complexes will accept
readily attacksat the alkyl carbon by various nucleophiles, include halide anions,
leading to the formation of -Balogen bond. Hence, we set up to prepare a series of
isolable P& monoalkyl complexes supported by the hydrated dpk ligand.

To begin, 8methylquinoline waschosen as an organic substrate in the
expectation of high reactivity of the resulting'Pdlkyl (benzyl) complexes towards
various nucleophilesCorresponding pallada(ll)cycles can be prepared readily by
reacting Pd(OAe)and this substrat¥. Reaction 6 the resulting palladacycle with

dpk leads to the formation of the dplpported Phprecursorl0(OAc) (Scheme 5)

N —‘OAC

z
7 N
/

79N

/N Methanol

\ OAc
0a 10(0Ac)

@)

Scheme 5 Conversion of 8nethylquinolyl palladium(ll) acetate salt to- 8



methylquinolyl palladium(ll) DPKcomplex10(OAc).

Complex10(OAc) was characterized by, 3C NMR spectroscopy and E®IS. X-

ray quality crystals of tetrafluoroborate anal@Q(BFs) were obtained by slow
diffusion of benzene into itsokition in dichloromethane at 25. The crystal
structure of10(BFs) shows that palladacyclic fragment of the cyclometallated ligand

is rigid and almost planar, whereas the dpk fragment is flexible and adopts a boat

confirmation (Figure 1).

Figure 1. Ellipsoid representation df0(BFs) (50% probability).

To probe the reactivity afhe systens comprised ofL0(OAc) or 10(BFs) and HO>

the oxidative halogenation 40" was performed in the presence of modest) @&id

good nucleophiles Brl. The esults are summarized in TableTivo solvents were

used inthese reactions, MeOH and MeCN, the first one being nucleophilic enough to
compete with the halides. In all the cases the corresponding alkyl halides were

produced in good or high yields after 1h of reaction. In the reaction in MeOH (entries



1-3), yieldsof 8-quinolylmethyl halides were lower compared to reactions in MeCN

(entries 46). For example, under otherwise identical reaction conditions, oxidative

chlorination of 10(BF4) afforded an 8% yield of 8&(chloromethyl)quinoline with

hydrogen peroxide incgtonitrile(entry 4and only a 75% yield in methanol (entry 1)

This difference can be attributed to competition of @hd methanol for the

electrophilic Pd(IV) alkyl intermediate. In fact, in the reactiansmethanol 8

quinolylmethyl ether and -uinolylmethanol were observed as the minor reaction

products. In turn, the latter compound was the minor reaction product in MeCN

solutions; water from the oxidant, 30% aqueougOHwas responsible for this

reaction.

Table 1 Oxidative halogenation of-Biethylquinoline palladium complex with D>

/ LiX.
Ny, |BFs
— 10eq LiX (X =Cl, Br, I)
N\ 2eq H202 | ~N
Pd —_—
X N/ \N Y SOIVent, 25 °C N/ + Pd(”) Products
_ I'h X
11
o 10
Entry Solvent(1mL) Temperature| Lithium Salt| Time (hrs) | NMR Yield Isolated
(°C) (%) Yields (%)
1 MeOH 25 LiCl 1 75 65
2 MeOH 25 LiBr 1 78 75
3 MeOH 25 Lil 1 78 73
4 CHCN 25 LiCl 1 82 80
5 CHCN 25 LiBr 1 84 82
6 CHCN 25 Lil 1 84 82

To get some evidence for the intermediacy of'Rdonoalkyl complexes in the

reactions inTable 1we monitored the reaction @D(BF:) and 30% aqueous2B: in




MeCN solution using'H NMR spectroscopy. Analysis ahe reaction mixture
containing 1.5 equiv of hydrogen peroxide after regular intervals at room temperature
showed the formation of two new species, each with paws of characteristic

doublets withJ= 6 and 10 Hz in the range of/5ppn{84%)

J=10Hz 6Hz J=6 Hz J=10 Hz

Figure 2. A fragment of atH NMR spectrum showing signals originating from 8
methylquinolyl ChH group of the proposed palladium(lV) intermediates

These signals were assigned to the diasterentomirogen atoms of the ®d
T bound CH group in the presumed Pd(IV) intermedidi2(BFs) and its isomer
12a(BF) featuring the alkyl grougrans to the hydrated dpk oxygen atom. After
24hrs, the palladium(lV) species underwerdOCreductive eliminationto form
cleanly the 8hydroxymethylquinolinei derived oxapalladacycle (75%) which, in
part, reacted with water to produce the corresponding alddle¢25%).

To confirm the presence of electrophilic alkyl™Pdpecies in the solutions

above we next ptzed the reactivity of the alkyl palladium(lV) intermediates toward

10



various lithium halides (X = Br, Cl, and I). Intriguingly, addition of 10 equiv of
lithium chloride to }he mixture ofLO(BFs) and HO2 in MeCN 2h after their mixing,
as described above faifded in less than 15 minut&sbin high yield (0%) (Scheme

6). Both Pd(1V) specie$2(BFs) and12a(BF) are consumed.

_ |BFs N, |BFe BF,
< N
_ HO/\b Lix X=Cl,Brl
N 2eq Hzoz(aq) N Py + 9 - X _
/ 5! + <«<\Ww HO.
Pd Pd SN\ INA

Pathway
CH3CN SNNT | o | B SN
o P p N |
2 h, 25°C Z X _
OH 12(BF,) OH 12a(BF,) 13
42% 42%
l Pathway A
X
X ANINE
N
= J
\ N Z
X 24 h N= x
11
Pdll products  + N/ - O:Pa\
OH 1le | _— e |
25% O 14

Scheme 6Proposed mechanism of halogen substitution 8fiRtermediate.

We next sought to studipe reactivity of the alkyl P4 complexesl2(BF)
and 12a(BF) toward Gnucleophiles. Addition of lithium hydroxide to the above
solution of 12(BF) and 12a(BF:) led to the immediate formation of-8
methylquinolylmethanol in 40% NMR vyield. This resultostgly suggests an outer
sphere mechanism of the@ coupling that involves aB\2 attack of a nucleophile
on the Pd(IVbound alkyl carbon. On the basis of these preliminary observations, we
hypothesized that the observ€dPd' functionalization reactionsould proceed via
the pathway depicted in Scheme 6. This involves three distinct steps: (1) oxidation of

the dpk supported Pd(ll) alkyl species with hydrogen peroxide to form a mixture of

11



Pd(IV) derivatives, (2) attack of a nucleophile at the Pd@wiyird alkyl carbon, and
(3) organic product release. Warming a solutiod2(BF:) and12a(BF) to 78°C in
the absence of LIOH resulted in theGCelimination to generate oxapalladacycle
14(BF4) in 80% yield.

The challenge for developing a palladium mediatdkyl halogenation
reaction was to find reaction conditions that allowed all elementary &tepdy(l1)-to-

Pd(IV) oxidation and € reductive elimination with the desired group X from the
resulting Pd(IV) specied proceed in the same reaction vessel. ndystems above

the heavier halides, CIBr and [, were nucleophilic enough to form the>C
elimination products in high yield. lonic fluorides MF (M = Li, Na, tBusN) may

be not reactive enough in the presence of methanol and water originating from
agueous kD».; competition from water and the solvent may produce exclusively the
corresponding € elimination products.

A conventional synthesis of -@uoromethyl)quinoline using hydrogen
peroxide and several fluoride sources was explored next. Ircydarti AgF was
chosen as a promising fluoride source due to silver greater electronegativity and
expected greater Afcoval ent charactero of
fluorides, which may help retain idei gh nucl
and known applications of AgF in a variety of fluorination react@he higher the
ionicity of the fluoride source the more strongly fluoride will be stabilized by water
so diminishing its nucleophilicity and interfering with the fluorination pssce

Next, complex10(BFs) was subjected to oxidative fluorination with®p / F

under varied conditions (Table 2). In these experim&@{BFs) was combined in a

12



chosen solvent with 1.55 equivalent of HOz(aq) at 28C forming a dark orange
solution. Additives of AgF Cuk, MeNF and tetran-butyl ammonium fluoride
trinydrate (TBAF) were used as a source ofThe composition of reaction mixture
was analyzed after-24h. As expected, no fluorination was observed in methanol
because of the anticipatetiong interaction of Fwith this protic solvent resulting in
diminished nucleophilicity of fluoridentries 14). The GO elimination products
formed predominantly. Similar was the case of MeCN and DCM as saltbatgh

the reasons for the lack of theactivity may be different ( e.g., fluoride source issues)
(entries 56). With AgF asFluoride source, fluorinations conducted with both MeCN
T dichloromethane mixtures provided improved solubility of AgF, albeit with #i6 C
formation(#8). The use of MeR i dichloromethane mixtures was more efficient and
the target alkylfluoridella was detected in ~5% yield, in the presence of TBAF
(entries 910). When the amount of.B. was reduced to 2 equivalent the fluorinated
productllawas produced in 15% yieldrgsumably because of the accompanying
decrease in the water content in the system, which would affect the nucleophilicity of
fluoride anion in the same way as MeOH solvent (entried2)1 The use of a
different source of nucleophilic fluoride, tetnebutyl ammonium bifluoride or
tetrabutylammonium bifluoride/anhydrous Gul mecN i dichloromethane mixtures@lSO
produce GF coupling productlawith aqueous hydrogen peroxide albeit in the same
low yield 515% (entries 134). With the exception of usingily CuR as a fluoride
source (entry 16 The best outcome was obtained with AgF/& u¥hich a@ordedlla

in 54% vyield (entry 1B In this case, anhydrous Cuiwas thought to bind water

(entry 171 19). The use of AgF, Cul-Me4NF and tetra-butylammoniumfluoride

13



trinydrate and variations of the MeCN or THF: DCM ratio led to 20% or 15% vyield of
11a (entry 20 and 211 The same 20% vyield dfla was achieved with AgF as the
fluorinating agent in a mixture of acetonitrile with an ionic liquiebdityl-3-
methylimidazolium tetrafluoroborate ([BminBfF4]-IL) (entry 22.Finally, the use of
AgF with dichloromethane / the ionic liquid mixtures was also efficient enough
allowing to producella in 40-44% yield (entries 2324). Less efficient was the
fluorination using adichloromethane/acetonitrile mixture with AgF and anhydrous
tetramethylammonium fluoride with anhydrous urea hydrogen peroxide adduct
(anh)entry 29.

Fluorination with AgF in DCM and MeCN listed in Table 2 turned out to be
the best though slower compdr® the halogenation of@ethylquinoline derivative
12(BFs) using lithium halides due to the low solubility of AgF and low
nucleophilicity of fluoride. Attempted oxidative fluorination D®(BFs) using AgF or
TBAF and a different solvent, solely ionicqliid and AgF or TBAF led to the
corresponding alcohol (60%) and rda (entries 2731). Interestingly, mixtures
containing AgF and tetra-butylammonium tetrafluoroborate (TBABYor 1-butyl-
3-methylimidazolium Hexafluorophosphate([Bmim][##HL2) produce 11-14% of
1la(entries 25 and 32

Purification of &fluromethytquinoline was not achieved due to the difficulty
of extracting organic substrate from ionic liquid, howel®a was clearly identified
using*H NMR spectroscopy.

Table 2.Oxidative Fluorinabn of complex10(BF4) under various conditions

14



BF4 /\)
~N
IL~[Bmim][BF,] “E\/N

IL,=[Bmim][PFj

N _| BF4 3eq AgF
3eq TBAF - 3H20

] PF6 /\)
~N
=\
i,
=

Ni:d 30% H,0(aq) | \/ + Pl
SN \N/ 4>Solvent N (I1) Products
S ‘ 24 hr F
10(BF,) 11a
o
Entry Solvent(1 mL) | Temperature| Fluoride HO, Time | NMR | Isolated
(°C) Source (3eq)| (eq) (h) Yield | Yields of
of GF| GF (%)
(%)
1 MeOH 25 AgF or TBAF 5 1 or|0 0
24
2 MeOH 25 AgF/TBAF |5 1 0 0
3 MeOH 60 AgF/TBAF |5 1 0 0
4 MeOH 80 AgF/TBAF |5 1 0 0
5 CHCN 25 AgF or TBAF 5 1 or|0 0
24
6 CHCLb 25 AgF or TBAF 5 1 or|0 0
24
7 CHCN(20% 25 AgF or TBAF 5 24 0 0
dcm)
8 CHCh(20% 25 AgF or TBAF 5 24 0 0
CHCN)
9 CHON(20% 25 AgF/TBAF |5 1 5 N/A
dcm)
10 CHCN(20% 25 AgF/TBAF |5 24 5 N/A
dcm)
11 CHCN(20% 25 AgfITBAF 2 24 15 N/A
dcm)
12 CHCN(20% 78 AgfiTBAF |2 24 15 N/A
dcm)
13 CHCN(20% 25 Cuk/TBAHE | 2 24 5 N/A
dcm)
14 CHCN(20% 25 TBAHEF 2 24 10 N/A
dcm)
15 CDBChk(20% 25 Cuk 2 24 0 0
CHCN)
16 CDCh(20% 25 6eq AgF/leq 2 24 48 32
CHCN) Cuk

15



17 CDRChk(20% 25 4eq AgF/leq 2 24 54 45
CHCN) Cuk
18 CDRChk(20% 25 3eq AgF/leq 2 24 32 15
CHCN) Cuk
19 CDRChk(20% 25 leq AgF/leq 2 24 28 9
CHCN) Cuk
20 CDRChk(20% 25 AgF/TBAF |2 24 20 10
CHCN)
21 CDChk(20% THF| 25 AgF/TBAF |2 24 15 N/A
22 CRCN(B0% IL) | 78 6eq AgF 2 24 20 15
23 CDChK(50% IL) | 25 6eq AgF 2 24 40 32
24 CDChK(50% IL) | 25 6eq AgF 15 24 44 35
25 CDCb50% Ib) | 25 6eq AgF 1 eq| 24 14 N/A
anh
26 CDBRChk(20% 25 AgF/NMe 2 24 5 0
CHCN)
27 I 25 6eq AgF 2 24 0 0
28 IL 25 6eq AgF 1 eq| 24 0 0
anh
29 I 25 6eq AgF 1 eq| 24 0 0
anh
30 CDRChk(20% 25 TBAF 1 eq| 24 0 0
CHCN) anh
31 CDBChk(20% 25 TBAF/TBABH 1 eq| 24 0 0
CHCN) anh
32 CDCh(20% 25 AgF/TBABF | 2 24 11 N/A
CHCN)

While we have been successful with oxidative fluorinatiorll@BFs), the
reactions in Table 8uffer from the distinct disadvantage that water is present in the
reaction mixture giving rise to ¢halcohol 8quinolylmethanollle as a major
product. We hypothesized that by reducing the amount of water in the distPoh
mediated GH fluorination would produce higher yields of fluorinated product. Thus,
we also examined the use of anhydrous ui®adrogen peroxide adduct toinimize
the formation of the alcohol. In fact, when the urdeydrogen peroxide is used, the

highest yield of thel1aobtained after 248 (entry 2% was 14%. Notably, less than

16



50% of the hydroxylated produdile was obsered when anhydrous CuF AgF

combinaton was used (Scheme 6a, entry.17

A _| BF4 ~
’ > 4 eq AgF, 1eq CuF, | o
Nbd 2 eq 30%wt - Hy0, N N + Pd(Il) Products

SN NP CH,Cly(20%CHCN), 25 °C F OH

= N | 24 h 11a 11e

10(BF,)

o

Scheme @. Oxidative fluorination of pallada(ll)cyclelO(BFs) using aqueous
hydrogen peroxide under optimized conditions.

In nucleophilic fluorinabn, as shown in Table 2, fluoride serves as the
nucleophile and the alkyl reaction component serves as the electrdphi012, G
F bond formation by a complementary appra@acising an electrophilic fluorination
reagend was reported by Sanford and-workers®? In this case, the mechanism
proposed involved reductive elimination ofFCfrom a palladium(lV) intermediate.
However, an & mechanism can also be a plausible explanation of the formation of
the GF bond. Based on our findings, we propose alammechanism whereby the
nucleophile is fluoride formed as a result of dissociation of the PdflkWdnd. To
elucidate the mechanism substrates containing stereogenic centers may be used.
Inversion of stereochemistry is expected for a2 $nechanism andetention of
configuration for reductive elimination.

The successful realization of the oxidative halogenation of the 8
methylquinoline derivativelO(BF4) containing reactive benzylic carbanPd bond
led us to engage in a similar study caino2-tert-butylpyridine as a substrate

featuring nomactivated (nofbenzylic) C6ép’)-H bonds. Corresponding Fd

17



monoalkyl complexes are expedtto be less reactive andettfore, easier to isolate
and characterized compared tan@thylquinoline derivativedn addtion, such P
monoalkyls may be more prone to react via an intramolecutdt €bupling
mechanism so helping avoid problems of low nucleophility and poor solubility some
C-X coupling partners. Hence, we were very eager to expldfedddmistry of this
new substrateFew monoalkyl PY complexes havbeen isolated and characterse
far.3942

Starting from the4-amino2-tert-butyl and palladium(ll) acetate, chelatien
assisted €H activation leads to palladacyclé (56%) (Scheme 7). Reaction with
acetoririle forms 16a(82%). The addition of DPK in methanol produdgd{OAc)in

moderate yield75%).

OAc
OAc
H,N HoN
2NN Pd(OAS), T / ) M
O v N-Pd-oac > =N DK,
Z AcoH #7172 CH;CN Pd MeOH
98°C 25°C HsCCN NCCHs 550
° 82% 75% 17(0Ac)
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Scheme 7.4-aminc2-tert-butylpyridine 1 derived dpki supported palladacycle

17(OAC).

Figure 3. Ellipsoid representatioaf 17(BFs) (50% probability).

The more lipophilic tetrafluoroborate analogXof(OAc), 17(BFs), was prepared by
precipitation with NaBF in water and characterized by means'df *C NMR
spectroscopy and single crystalrXy diffraction (Fig. 3). Withl7(BF4) in hand, we
focused our attention on the isolation and characterization of tiededvative
18(BF4). Acetonitrile was used as a solvent for oxidationl®(BFs) with H2O: to
avoid undesirable reactions ©8(BF4) with nucleophilic solvents such agter or
methanol (Scheme 8)18(BFs) was isolated from MeCN solutions as a darknge
crystallinesolid within 15 minutes and wdsund to be stable for few hours at 25°C.
When left for 30hrs at 25°C in MeCN solutioh8(BFs) undergoes complete
conversim to produce GO reductive elimination products including the

corresponding alcohdl8d (17%) (Scheme 8). Another not yet identified reaction
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product may be corresponding oxapalladacycle. The identit(@Fs) was proven
by single crystal Xray diffracion (Fig. 4).
Scheme 8 The formation of the P4 monoalkyl complexi8 and its GO reductive

elimination.

Figure 4. Ellipsoid represatation of 18(BF4) (50% probability) with Bk anion not
shown.

The structure ofl8(BF4) in solution was analyzed usirtgl NMR, selective
NOE and COSY NMR spectroscopy. Interestingiyl, NMR spectra ofa freshly
preparedl8(BF4) in MeCN show the presence of a secoméhor species with a low
intensity resonancex the PACH> fragmentat 4.62 ppm and 4.78 ppm.

The most impdant NOE interactions fol8(BFs) were observed between

ortho-H in one of the rings of the dpkderived ligand and the RdH> group. These

results argue strongly fiavor of the structuré8'.
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Figure 5. Isomes of 18".

The minor complex present along with(B&4) may be one of its isomers.
Possible isomers df§(BF4) that might exist in its solutions are shown in Fig. 5.

To probe the reactivity of the new monoalkylPdomplex18(BFs) we set up
a test reaction ol8(BF4) with LiBr. To 18(BF4) in a solution of acetonitrile(wet)
were added 10 equivalent of lithium bromide to produce modest yields of brominated
product (50%) at room temperature after 1 hour. A significant amount of alt8tol
(45%) was produced as a secbreaction productfTo compare complex12(BFa)
gave higher conversion todlcorresponding Br product (846) and lower level of
impurities, presumably due to the greater reactivity ofGtPdV bond towards
external nucleophiles. Another possible reafw these dierences is the realization
of an additionamechanistic pathway, an intramoleculaOCcoupling forl8(BF).

In support to this hypothesid,8(BFs) featuring noractivated C¢p’)-Pd¥
bond and12(BFs) having a benzylic G@’)-PdY bond exhilit different rates of the
C-O reductive elimination fronthe Pd" center in wet acetonitrile. After 24hrs the
conversion of18(BF4) is 70%half life i 14h) vs. 100% conversion o012(BFa).
Interestingly the monoaryl palladium(lV) hydroxo compleXBFa) reported by
Vedernikov and Oloo undergoes@reductive elimination with the hdlife of about

6h under analogous conditions. Further testing of reactivity8BF4) is required
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that may involve the s of kinetics experiments and isotopic labeling wiflD-
labeled water as a potential nucleophile to distinguish between- iatnd
intermolecular GO reductive elimination mechanisms of this compound.
Electrophilic halogenating reagents and formation of palladium(lV)
intermediates.

The incorporation of a l@nd X (e.g., halides) into the Pd(IV) coordination
sphere is usually achieved by using an electrophilic halogetaining terminal
oxidant (e.g., Selectfluor, NCS, NB®)*? The following section describes the results
of application of conventional eleophilic halogenating agents for halogenation of
dpk-supported Pd(Il) alkyl compled7(BFs) with the goal of isolation of the
corresponding monohydrocarbyl palladium(lV) halides and characterization of their
C-X bond forming reactivity.

17(BFs) was choseras a model complex in the expectation of a relative
stability of the resulting PY alkyl complexes towards reductive elimination that
would allow for their detailed characterization, as we observed with the
corresponding palladium(lV) hydroxo complex. indroduce a fluoro into the Pd(IV)
coordination spheréo an acetonitrile solution containing compléX(BFs) were
added 5 equivalents offluoro-2,4,6trimethylpyridinium tetrafluoroborate (NF) at
25°C and stirred for 5 minutes(Scheme 8). Com{déxBF:) formed in 98% vyield
and was characterized using conventidihBNMR techniques and -Xay diffraction
(Figure 6). Notably, monitorindl9(BFs) in DMSO for 72 hrs showed that the
corresponding 4amino2-(2-fluoro-1,1-dimetylethyl)pyridine is produced in

mocerate yields (68%). Further studies will focus on performing kinetics of the C
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reductive elimination ofl9(BF:) with and without additives of ‘Fand analysis of

possible GF coupling mechanisms.

H2N _| BF4 H2N _‘ BF4
— 5eq of NF =N._\
N"Pd\ - N
| SN N7 | CH3;CN(wet) l SN N7 l
_ X 5 min = X
98%

O 17(BFy) OH 19(BFy)
Scheme 8The isolatiorof palladium(IV) monohydrocarbyl fluoro complex.
Furthermore, starting from 17(Bf- the palladium(lV)fluoro complex could

be easilydetected by°F NMR which shows a prominent signal-820.85 ppm (Pd

F).

Figure 6. Palladium(lV) Fluoro monoalkyl coptex with BR anion and acetonitrile
not shown.
The approach above is efficient for producing palladium(lV) arfe libnds,
but hydrogen peroxide as the oxidant in combination with a fluoride source to form

C-F bonds through a palladium(lV) intermediatemere desirable due to reasons
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stated in the introduction. Compl&®(BF4)will be used as a model for constructing
palladium(lV) fluoro intermediates, while exploring alternative reagents to enable the
fluorination.

For comparison, NBromosuccinimide waslso employed under identical
conditions as an oxidant. When excesBifdmosuccinimidgNBS) was reacted with
17(BF4) under analogous conditior2d (Scheme Pwas obtained after 24hrs (58%),
followed by N=N bond formation and aromatiecHCbromination to ield 23 after 5

weeks (45%).

HzN ~IBF, H2N " |BF4
- M
-
— 5eq of NBS —N. \
kL Pd

g

Pd_ > LN
SN N7 CHoCN(wet) (SN G N7
| _— N | 5 min = A
O 17(BF,) OH 20

Presumed (not seen)
Scheme 9Electrophilic bromination 017(BFs) using NBS.
Further indications of a second-HC activation were provided by single

crystals obtained from the reaction mixture28fin acetonitrie at-15°C (Figure 7)




Figure 7. X-ray crystal structure d3 (50% probability)

To rationalize this tandem process, we proposed a plausible mechanism
(Scheme 10). Presumably, NBS oxidatively adds to conifpbléRFs), which leads to
the generation of ¢@nic species20. The cationic specie20 then reductively
eliminates to form21. Further oxidation o1 with NBS produces an azopyridine
which undergoes cyclopalladation, bromination ansi€Br elimination to form23
(Figure 7). Alternatively, 21 undergoes electrophilic bromination first and then N=N
coupling.Future investigations will be focused on conducting detailed investigations
of mechanism of these transformations. Reactions with stoichiometric amount of

NBS should be performed, on the firtage.
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~|BF, - |BFs
M @#
_ r
5eq NBS N + Pd(ll) products

23

Scheme 10 Proposed mechanism for the multiple functionalization derg
butylpyridine derivative via PYintermediate.

It appears that a reaction between NBS and bitdup on the pyridine ring
takes place redting in the azo compound. A hydrazine intermediate species were
also detected by ESI mass spectrometry.

Thus, overall, NBS proved to be less effective in forming a stable
palladium(lV) intermediate in this benchmark reaction than NF. In stark coritrast,
fluoropalladium(lV) complex 19 was detected and isolated byay diffraction
(Scheme 9). Instead, when excess NBS is used, a subsequent reaction takes place that
consumes approximately 40% of 20 after 5 weeks. As a consequence, NCS will be

tested fohigher stability of the palladium(1V) intermediate.
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Hydroxylation of Benzo[h]quinoline

uln 2010, Vedernikov and Oloo reported that oxidation of thép-2
tolyl)pyridine 7 derived dpk Tsupported pallada(ll)cyclel(OAc) reacted with
hydrogen peroxide affoedthe corresponding monoaryl Pd(IV) hydroxo complex
2(0OAc) (Scheme 1§ The Pd(IV) intermediates were isolated and demonstrated to
undergo facile reductive elimination yielding phenol already at 20°C. The formation
of the reactive Pd(IV) comple2(OAc) and the preparation of a more robust Pd(IV)
complex 6(0OAc) (Scheme 1) raised confidence regarding the generality of the
proposed dpk enabledoxidation of Pd(Il) monohydrocarbyls to Pd(IV) derivatives.
Notably, while the Pd(IV) comple&(OAc) having two faclly chelating thydroxc
1,1-diarylmethoxide ligands is kinetically stable up to°@0n aqueous solutions,
complex2(OAc) having only one facially chelating-Hydroxo1,1-diarylmethoxide
ligand decomposes at 2C in the course of 3@rs3’ Importantly, Qoo has shown
that2(OAc) and6(OAc) can reductively eliminate-& (OH, OAc, Cl,andBr) bonds
when the appropriate solvent or reagent is present. According to his observations, the
stability of the Pd(IV)chloro- and bromeanalogs of* (X=Br, Cl) is notsignificantly
different from that of the relatively unstable parent comp®x so making
characterization of their structure and reactivity challending. order to prepare
analogous but kinetically more stable Pd(IV) complexed allow for their more
convenient characterizatiord#ferent substrate, benzgfjuinoline, was chosen and a
dpk-supported pallada(ll)cycl&(BF4) prepared (Scheme2).-bay quality crystals of
8(BF4) were obtained by slow diffusion of benzene into a solutior8(8fF4) in

dichloromethane at 25°C. The crystal structure &@BFs) shows that the
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cyclometalated ligand is planar, whereas the bipyridyl unit tadap boat
conformation (Figure 8 The rigidity of the metallacycle is expected to increase the

barrier of various €X elimination reactions involving derived Pdspecies.

Figure 8. Ellipsoid representation d(BF4) (50% probability) with BE anion not
shown.

Our subsequent efforts were focused on accessing some ligorajline
derived Pd(IV) complexes. SchemesBows a reaction sequence that we wanted to
use to convert a Pd(tDPK complex8(OAc) into the corresponding Pd(IV) hydroxo
derivativeand phenolWe found that the oxidation &OAc) with H2O- in aqueous
solution at 28C with subsequent heating the ¢gan mixture at 98C for 2 hours and
treatment with few equivalents of TFA/pyridine (4:1) to liberate organic products

yields the corresponding phera in 87% yieldScheme 11)

28



|
=

N

o

0]

Q

I

N

@)

N
o]
i

=

_|

T

Z

0

<

=

=

5

o

N ielit ekt 4 QO N\ +Pd(ll) products
s NgliS "
24a

O 8(0Ac) OH 24(OAc)
Schemell. The transformation of cyclopkadated benzo[h]quinolinéerivative to
correspondingpalladium(lV) hydroxo compleand phenal

To get an insight into thenechanism of the reaction above the reaction
mixtures containind3(OAc) and 20 eqiv. H20; in water were monitored usin
NMR at20°C. Theresults are presented in Fig.®he starting comple®(OAc) was
completely consumed after ~10 min to produce one majeciss assigned as
complex 24(OAc). The major species possesses two set of pyridine resonances,

consistent with an asymmaetricomplex structure.24(OAc) is considerably more

stable thar2(OAc).
100‘
00¢¢¢
80 | @ [ )
_ ¢ ¢ °
2
60 pg
c
3
20 | O
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Figure 9. The oxidation of cyclopalladated benzo[h]quinoline palladium(ll) complex

8(OAc) with H202 in DO solution at 28C to form the hydroxopalladium(1V)
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derivative 24(OAc) and subsequent formation of the reductive eliminated products.
The fractions of8* (blue circles)24* (red circles), unknown #1 (violet triangles) and
product of CO reductive elimination (unknown #2, green circles).

To confirm its identity, omplex 24(PFs) was prepared in a solution of
acetonitrile at15 °C, isolated a?4(PFs) and characterized by single cryskray
diffraction (Fig. 10. The cation24" adoptsoctahedral coordination geomesinilar
to 2* and6* reported byedernikov and Olod.

The 'H NMR spectrum of24(OAc) in DMSO-ds shows the signals of the

PdOHand the ligand OH groups as two singlets at 9.30 and 8.70 ppm.

Figure 10. Ellipsoid representation @&@4(PFs) (50% probability).
Besides24" one more minor species fornmsthe experiment illustrated in Fig.
9 that was tentatively assigned to an isomeric comgiXScheme 1P similar to

oxidation of2(OAc).2
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O 24(BF,) yy24b

Scheme 12lsomeric complexe®4(BF) and24b.

An extendedH NMR monitoring ¢ the reaction mixture in Fig. @ontaining
palladium(lV) complexe24" and24b" shows a slow formation of the-G reductive
elimination product, oxopallada(ll)cycl@5". The color of the reaction mixture

changes to yellow after 24 hrs. After this time thdRlyield of 25" is 72%{Scheme

O\- Nx » Opr =
SN Eg:@d‘:N/ N
C0) L sy
O 24(CF3S05) 14 24(CF3S0y) (Isomer) 5 25(CF380,)

Scheme 13. The GO reductive elimination 0f24(CFsSQOs) in water at room

13).

O

/.

temperature.

X-ray quality crystals oR5CFsSQOs) were obtained by slow diffusion of pentanes

into a solution oR5(CF3sSO3) i n acetonitrile at 2 %% C.

was alsoconfirmed by single crystal -Xay diffraction (Figure 11) and ESS with
the correspondingy/z= 484.03 (calculated for&H16N30,'1%Pd = 484.03), DPK was

added as an internal stard.
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Figure 11 Ellipsoid representation @b (CFsSOs) (50% probability).

The reactions presented above have begun to address some of the unmet needs
in organopalladium(lV) chemistry. Future research in palladium(lV) chemistry will
need to foos on the development of more general and practical forming
reactions. A key feature of the investigated comiéxs the semilabile tridentate
DPK ligand. This ligand stabilizes octahedral cationi¢’ Renters toward reductive
elimination. Howevercoordinatively unsaturated species can be accessed readily via
dissociation of the OH or pyridine arm of the ligand. This ligand dissociation is
believed to promote the key | igand exchang
Ongoing investigations arf@cused on expanding this reactivity to other octahedral
high valent palladium metal centers and to conducting detailed investigations of the

factors governing site selectivity in these transformations.

32



Homocoupling of Benzoh]quinoline

lodine - mediated tansformations are of great interest since iodine is an
nontoxic, relatively inexpensive reagéftThe utility of iodine for GC coupling,
particularly organometallic chemistry, is more emphasized in the use of hypervalent
iodine derivative$>%2 Efforts to use iodine in palladium catalyzedrCactivation for
C-C bond formation is limited Recently, CH activation has become a hot topic
because of its economic advantages asdiltility to provides a directmethodfor
carboncarbon bond formatiorf$:°? A wide range of transitiometal catalysts, such
as Pd,* Ccu'*® Rh" %6 and Cd complexes have been applied in the direct carbon
carbon cross coupling via §f)-H and Cgp’)-H functionalizatiorf’ While
attempting the Pdhediated conversion of berjhiquinoline to 106
iodobenzoquinoline,we discovered an unexpected-GC homocoupling of 10
benzo[h]quinolyl palladium(ll) compleX8(BFs) in the presence of excess iodine
followed by subsequent double-KC activation leading to @© bond formation to
yield 2§(1 3)2.

To a solution in acetonitrile (20% aq) containiB@Fs) were added 5
equivalent of 4 to form 26 in 24hrs, followed by the formation &8(l3)2 after 3
weeks. Catior27 has only been observed by H8E within 2 weeks. After 3 weeks
the dark browrsolution was filtered through an alumina column to prod8&i¢s)2 in
45% vyield (Scheme 14). -Kay quality crystals oR8(ls)2 were obtained by slow
diffusion of benzene into a solution @8(Is)2 in dichlorometlane at 2%C (Figure

12).
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_N= 5eq I,
F’d\
SNT N7 | CD3CN(aq)
‘ _— ™ 3 weeks
o 8 R.T
- - ESI-MS
ESI-MS ESI-MS THNMR

X-Ray Crystals
Scheme 14 The cyclization of 1enzo[h]quinolyl palladium comple®(BFs) to

form the polycyclic dicationic produ@g(l 3)2.

Figure 12 Ellipsoid representation @8(13)2 (50% probability).

A plausible mechanism of thireactionis given in Scheme 15MVe presume
that iodine oxidatively adds to compl8k%to form intermediat29*. The formation of
10-iodo-benzo[h]quinoline30 triggers another oxidative addition of compléxand
31, which leads to the generation of cationic spe8s°® The cationic specie32*

then reductively eliminates-C bond to forn6. The rest of the €1 activation / CN

coupling reactions may be Pd(il)mediated.
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Scheme 15Proposed mechanism of condensation of bengajhdline.
The mechanism of this remarkable reaction remains unclear. FTNe C
coupling might be palladium mediated. Further studies will investigate the role of

excess of iodine o8 as well as conduct experiments on similar substrates such as 2

p-(tolyl)-pyridine.
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Attempted Fluorination of-2difluoro(phenyl)methyl)pyridine
In an attempt to generate a palladium(1V) fluoride intermedatasing the
substrate benzylic GFgroup as a source of nucleophilic fluorine (Scheme 17) we
decided to use -|ifluoro(phenyl)methyl)pyridine as a donor of-HC bond and
fluorine atom at the same time. The new compound- 2
(difluoro(phenyl)methyl)pyridine35 (82%) was prepared by treatment of readily
available benzoyl pyridine34 (see the Supporting Information) withis(2
methoxyethyl)amino]sulfur trifluoridé Deox of | uor E) at35@8@eC ( Sch

liquid stable under air, which does not hydrolyze readily upon addition of water.

o F. F
3eq Deoxofluor(neat)
N 90C =
R.T 35
34 T

82%

Scheme 16Fluorination of 2benzoylpyridine using Deoxofluor®.

We hypothesized that due toetlproximity of benzylic fluorine to the five
coordinate palladium(lVV) center generated upon oxidation3®fwith aqueous
hydrogen peroxide water would displace fluoride with the assistance of the Pd(IV)
center, converting into an intermedié88 To begin,an acetonitrile solution 036
was combined with hydrogen peroxide at 25°C. After 5 minutes reductive elimination

occurred to forn88 (Scheme 17); n89 was detected.
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Scheme 17. The oxidative addition and reductive elimton of 2
(difluoro(phenyl)methyl)pyridine palladium compl8%.
After an acidic work up only compoun89% was isolated (70%) and

characterized bjH NMR spectroscopy and ESWIS (Scheme 18

F BF
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| Nepg N 24h | + Pd(Il) product
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o] o]
Scheme 18Hydroxylation of dfluromethylated compleg6.

The involvement of Pd(IV) speces during Ci1 O bond forn
suggested by the reaction 86 with urea hydrogen peroxide, which gives almost
stoichiometric amounts of -O product39a suggesting an oxidative addition step

followed by GO elimination. The coordination versatiliof F(AgF and TBAF) is
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currently being explored for -€ bond formation instead of water facilitating the

reaction.

Oxidative C(sp’)-H chlorination of 8-methylquinoline

In past years, transitiemetalcatalyzed carboechlorine bond formation has
attracted onsiderable attention for its broad applications in organic synttfelis.
general,transition metaf®* are often used to activate the inerHCbonds.To
determine suitable reaction conditions for the catalytiel @inctionalization of 8
methylquinolne, we investigated a modekidative chlorination system similar to
one developed by Vedernikov and cowork&r@ur goal here was to show that the
original system can be modified to allow installation of functional groups different
from the original OAc,such as Cl and then move on to the development of much
more valuable catalytic aerobic-K fluorination and/or iodination. Hence, we
consider the chlorination system as a model ®he.results are displayed in scheme
19 below.

1 eq Pd(OAc)2

X, 1eqHs;Hpda

_—
N 10eqlLiCl N
1 eq TsOH. H,O

+ Pd(Il) products

40 CH3CN, 78°C, 5d Cl 11b
O,
65% oH
XX
H,Hpda = o | 1 o
N
HO OH

Scheme 19The one pot synthesis ofdBloromethylquinoline.
The stoichiometric palladium mediated conversion-afi€thylquinoline to 8

chloromethylquinoline using dioxygen as an oxidant was investigated. 8
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methylquinoline was treated with palladn acetate, dioxygen, -lydroxo2,6-
pyridinedicarboxylic acid (khpda), lithium chloride, ang-toluenesulfonic acid in
acetonitrile at 78 °C for 5 days (Scheme 19). NMR analysis of the reaction mixture
revealed the formation oflb produced in 65% yieldlang with other reaction
products identified as-uinolylmethanol and corresponding aldehyde. The yield of
11bwas only 25% in the absencemfoluenesulfonic acid.

We propose that £as an oxidant and Hpda as supporting ligand enable
formation and factionalization of P8C bond leading to -guinolylmethanol and,
presumably, some-guinolylmethyl P& derivatives. Chloride anion then attacks the
PdV-C bond of the latter to producelb (compare to Scheme 6). Another (major)
pathway leading td1b may involve reaction of &uinolylmethanol and LiCl that
requires the presence of a strong acid sughtakienesulfonic acidlThe use of @as
an oxidant in combination with lithium chloride to produce chlorinated products has,

as far as we can tell, notdxepreviously reported

Oxidative C(sp’)-H fluorination of 8 -methylquinoline

To an acetonitrile(wet) solution containingn&thylquinoline were added 1
equivalent of palladium Tetrakis(acetonitrile)palladium(ll) tetrafluoroborate
(Pd(BF)) (See Supplemeal), which was commercially available, followed by 6
equivalence of Deoxofluor® at 90°C and stirred for 24 hrs to fbia{5%). While
HF is formed due to the presence of watdiawas characterized using Teflon coated
NMR tubes and conventiondH NMR tedniques. Notably, using 20 mol% of

Pd(BF4) yields 11% oflL1a after 24 hrs.The results are displayed in scheme 20
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below. The stoichiometric palladium mediated conversion-ofi€hylquinoline to 8

(fluoromethyl}quinoline using Deoxofluor® was investigated.

Xy 1eqPd(CH;CN)4(BF4), X
~ > ~
N 6 eq Deoxofluor N
1 mL of CH3;CN(wet) F
90°C, 24hr, O, (1 atm
2 ( ) 1a

Scheme 20The one pot synthesis ofcdBloromethylquinoline.

Nucleophilic, aliphatic fluorination via palladium(lV) intermediates has not
yet been established, but metal catalysis based on palladium alkyl complexes with
electrophilic fluorinating reagents can be used to makeb®nds selectivels: Better
prediction of the reactivity of welllefined transition metal complexes has supported
the advances in nucleophilic aromatic fluorination. This work has proven that
palladiummediated G bond formation is also viable in the presence of a fluoride
source such as AgF and benign oxidantJtbr C;), albeit in low to moderate yields
(11-54%). Readily available fluorinating agents such as AgF,Cartel Deoxoflug®
are argubly among simple sources of nucleophilic fluorine that can be employed in
this reaction. Still, whenever fluoride is used, its basicity and the basicity of the
transition metal complexes derived from it are often problematic, because water and
protic functonal groups inhibit the desired reactivity. Future nucleophilic fluorination
reactions may benefit from the availability of even less ionic/more covalent metal
fluorides such as TIF and HgF'he combination of palladium(ll) precursors, benign
oxidant, ad 4tert-Butyl-2,6-dimethylphenylsulfur trifluoride will be also probed as

a reagent for aerobic-8 fluorination.
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Summary

In summary, this paper reports a detailed investigation of a- di(2
pyridyl)ketone ligandi enabled Pdnediated oxidative G T H f uncti onal i z:
using aqueous hydrogen peroxide, an environmentally benign reagent, as the oxidant.
The substrates used involver&thylquinoline with reactive benzylic §if)-H bonds
and 4amino2-tert-butylpyridine featuring nomctivated Cgp’)-H bonds. The
reaction sequence involvés) preparation of the dpkupported Pd(ll) hydrocarbyl
species via €H activation of a suitable substrate, (2) oxidation of the resulting dpk
supported Pd(Il) complexes with hydrogen peroxide to form a mixture oVPd(l
derivatives, (3) attack of a nucleophile at the Pd@pgund alkyl carbon, and (4)
organic product releas@&he feasibility of each of these steps is supported by separate
experiments. In particular, the preparation and characterization of severapkew d
supported palladium(lV) aryl and alkyl monohydrocarbyl complexes is reported. The
reactivity of the resulting G®)-PdY bonds toward various nucleophiles (QH,

CI, Br, I') is demonstrated.

A key feature of the investigated systems is the usieeoemilabile tridentate
1-hydroxo1,1-di(2-pyridyl)methoxide ligand derived from a hydrated di(2
pyridyl)ketone (dpk). The dpk ligand facilitates the' Patidation by HO- to form a
stabilized octahedral Pdspecies and, at the same time, allows far subsequent
facile GX bond reductive elimination from the ®Baenter facilitated.

The mild conditions necessary for thisHCfunctionalization sequence via
palladium(lV) intermediates renders this process attractive for applications in

c at al y tunctonalizatibh pfocesses mediated by high oxidation state palladium.
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Future investigations are focused on expanding this reactivity toward other
nucleophiles and to conducting detailed investigations of the factors governing site

selectivity in these tressformations.
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Future Directions

Halogenation of Oxazoline derivatives

Future studies will be directed toward the development of nesoBdlinated
tridentate facially chelating catalysts, We have reported NMR spectroscopic-and X
ray diffraction evidence of the in situ formation of Pd(IV) monohydrocarbyl alkyl
complexes of the composition (DPK)Pd(alkyl). These complexes were prepared by
reacting dimeric cyclopalladated complexes with DPK in methanol. Inspired by the
results of these groups, tue studies are directed toward study of the reactions of
involving oxazoline palladium(ll) precursors under different conditions; the proposed

scheme are presented below( Scheme 21)

o 0
__Pd(OAc), >_§ DPK 7[ >/—§
7[ ) < AcOH 7[1\1\/% MeOP N-pq

/
/ NN N*
41

Scheme 21Synthesis of Oxazoline patlacycle and palladium(ll) DPK complex.
Reaction of the oxazoline palladacy@letl with a Commercial (Sigma
Aldrich Co.) source of DPK in methanol will be part of a study to elucidate the
mechanism of €H functionalization using benign oxidants in acetoleit In order to
determine whether this transformation is applicable to other cyclopalladapi-X(
functionalization42, will be subjected to the same reaction conditions as reported in

the 4amino2-tert-butylpyridine system.
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Homocoupling of 2p-(tolyl) -pyri dine

Transition metal mediated couplingyclization processesyf which many
rely on palladium catalysis and involve isitu generation of palladium(lV)
intermediates have proven to be an efficient and versatile way of constructing
carbocycic and heterocyclic structures. Recently, cyclizatio@io€ triple bond with
a wide varety of nucleophiles, includinyy, O, and S nucleophilebas been studied
extensivel§>°° and proved to be an efficient method fotramolecular cyclization.
This appoach is partularly attractive as it offergshe advantage of further
transfomation of the iodide functionajroup of the resultinganpound into other
substituentghat is not often fesble via organocatalyst tandesoupling cyclization
methodin a sirgle pot.

This has beemvell exemplified by the recd synthesis of a wide array of
heterocycles. Notably, while studying the Pdatalyzed conversion of
benzop]quinoline to 16lodobenzoquinolin€® we discovered an unexpected
homocoupling of benzbJquindine followed by subsequent- formation to yield
28 after 3 weeks at room temperature. To a solution of acetonitrile(20% aq)
containing8(BF4) were added 5 equivalence oftb form 26 in 24hrs, followed
formation of 28 after 3 weeks. To understand ta@dem process of these systems 2
p-(tolyl)-pyridine will be chosen to test similar reactivityte envision that -

(tolyl)-pyridine palladium(ll) DPK comple2(BFa4) will undergo similar cyclization.
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Oxidative Chlorination of 8-methylquinoline

The deelopment of metatatalyzel methods for converting-Gp’)-H bonds
into Ci Cl bonds using dioxygen as a terminal oxidant remains a grand challenge
organometallic chemistryMethods for the selective aerobic oxygenatiof
unactivated primaryCiH bonds inthe presenceof weaker benzylic, allylic,
secondary, or tertiar€i H bondsremain particularly elusiveOver the past decade
Pd-catalyzed ligandlirected CH oxidation has emerged as a powerful approach to
achieve C-(sp’)-H acetoxylation, koxylation, aml hydroxylation. However, the
oxidants used in these transformations are most typically reagents such as Phl(OAc)
IOAc, or KoS0s, which have the signifant disadvantages of haysoor atom
economy, high cost,the formation of stoichiometric byproductand/or moderate
functional group tolerance.

Recent elegant studies by Vedernikov and coworkers have shown that it is
possible to address this challenge through the selection of pyridine dicarboxylic acid
derivatives. However, these successful exampleseobb& Pdcatalyzed ligand
directed @H functionalization are far from a general solution, because they exhibit a
narrow substrate scope. The Pd(QAmediated CH chlorination of 8
methylquinoline was selected as a test reaction, since we have reptot@doiteed
efficiently with oxidants like dioxygen. With dioxygen as an oxidant, this
transformation provided moderate yields ofCCproduct11b(65%) as described in
schemel4. The following 8methylquinoline derivatives will be chosen to probe the

reactvity of electron withdrawing and donating substituents.
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Fluorination of Benzo[h]quinoline and 4-amino-2-tert-butylpyridine
Based on our yndings, the more fAcoval e
the less interference from water. Transitroetatmediated cross coupling between
an electrophile and a nucleophile may be a more general approachFdyo@d
formation, because it does not require an electrophilic halogenating reagent. Fluoride
sources such as Hgand TIF will be used as possible fluorimgt reagents. Based on
the Hg electronegativity (1.50, Pauling scale), Hggexpected to have a higher
Acoval ent charactero than AgF (Ag electron
may be less covalent (Tl electronegativity is 1.70), and we will kchedhat

diminishes its reactivity compared to AgF.
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Oxidative Functionalization of Pd'-C Bonds Using Hydrogen Peroxide:
Exploring the Potential of the Pd' Hydrocarbyl i dpk System
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Materials and Methods

All reactionswere carried out under ambienim@sphere unless otherwise noted
Dipyridyl ligands and oxazoline derivatives were prepared using literature
procedure$® Commerciareagentsised are available from Acros, AldridAressure
Chemicals, Alfa Aesar, and were used without further purificatdR spectra
were obtained on Bruker AVANCE 400 or Bruker DR»00(400 MHzfor *H and

19F), or aBruker DRX500 (500 MHzfor 13C NMR). *H and *3C chemical shifts are
reported in ppm and referenced to solvent resonance peSk&1S analysis was
performed on alEOL AccuTOFCS instrument. Elemental analysisas obtained
from Columbia Analytical Services, Tucson, AZ.
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Experimental Data
Experimental Procedures and Compound Characterization

General Procedure

Conversion of palladium(ll) complexes into various saltsComplex8, 10, 17, and
36 (30 mg, 0.07 mmol) were dissolved in 50 mL of water at 25°C. Additidn e.

of NaX (X= BR, Phy BArf4, PR, OTY) led to immediate formation precipitate. The
resulting precipitate was filtered and washed with hexanes.

Synthesis of 8methylquinolyl Palladium(ll) Acetato Complex (10a)

S 9
| Pd(OAc),

N/ —_—
AcoH ,Pd~ A
\,,O 20
10a

Complex 1 was prepared acoing to a published procedure. Ten&thylquinoline
(2.00 g, 5.58 mmol) in AcOH (75 mL) at @5 was added Pd(OAc)1.25 g, 5.58
mmol). After 2 h,the precipitate was isolated by filtration and washed sequentially
with MeOH (50 mL) ad Et20 (50 mL)The solid was dissolved in GAI2 (250 mL)

and filtered through a plugf Celite. Solvent was removed vacuoto afford a
yellow solid 10a(88% yield).Compared to literature referente.

Synthesis of 8methylquinolyl Palladium(ll) Di -2-pyridylketone Complex (10)

O O j OAc

—»

» \
Ac MeOH
—~ 2
10a

Di-(2-pyridyl) ketone (199 mg, 1.00 mmol) was dissolved in 10 mL of MeOH in a
vial and the solution was added dropwise to abstirequipped round bottom flask
containing acetato palladium cphax 10a (315 mg, 1.05 mmol) in 10 mL of MeOH

at 25°C. The reaction mixture was stirred at 25°C for 24h, and the solvent was
removedin vacuo To the solid residue was suspended in 10 mL of dichloromethane,
followed by 50 mL of hexanes. The precipitate viisred and washed with 10 mL

of hexanes to afford light yellow solith(80%).H NMR (400 MHz, CDRCl,, 22°C,
appm): 3.67(s, 2H), 7.54 (ddl= 8.3, 5.2 Hz, 1H), 7.61 (8= 7.5 Hz, 1H), 7.69 (d,

J= 7.1 Hz, 1H), 7.75 (dJ= 8.0 Hz, 1H), 7.88 7.79 (m, 1H), 8.12 8.04 (m, 1H),

/n
a
Ne]
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8.1871 8.11 (m, 2H), 8.20 (d)J= 7.7 Hz, 1H), 8.26 (t)= 7.8 Hz, 1H), 8.33 (t)= 83

Hz, 1H), 8.44 (dJ= 8.3 Hz, 1H), 8.82 (dJ= 5.1 Hz, 1H), 9.05 (dJ = 5.1 Hz, 1H).
1I3CNMR 32.89 (s), 122.52 (s), 125.06 (s), 126.52 (s), 126.52 (s), 127.64 (s), 129.37
(d,J=21.0 Hz), 130.39 (s), 139.97 (s), 141.42)d,8.9 Hz), 150.06 (s), 15(G9s),
152.40 (s), 153.79 Y sMass Spectrometry: ESIS (m/2: Anal. Calcd for GiHie
BF4N30'%Pd-CHCN-H:0: C, 47.69; H, 3.38; N, 7.79; found: C, 48.47; H, 3.90; N,
7.07.

Synthesis of 8-methylquinolylpalladium(lV ) Hydroxo Di-2-pyridylketone

Complex (10BAr F4)
™
1.5eq H202 -
> Pd

T -
Pd
NN \N/ CD3sCN NN \\N/
o}
W w
10 10(BArF,)

0] OH

Complex2 (30 mg, 0.06 mmol) was dissolved in 1 mL of LN at 25°C. Addition

of HO2 (14 el i ters, 0.09 mmol) l ed to i mmedi
solution. The reaction mixture was stirred at 25 °C for,2dafford dark orange
solution10(80%)H NMR is convoluted difficult to isolate major species in solution.

Mass Spectrometry: ESIS (m/2: Calcd for [G2H1sN3Os°%®Pd], 464.04. Found

463.95.

Synthesis of4-amino-2-tert-butylpyridyl Palladium(ll) Acetato Complex (16a)

HzN —IOAC
H,N H,N
_N _N-Pd-oac =N

AcoH L CH,;CN Pd
T 3 HsCCN'  NCCHs

16 16a

To 2-(tert-butyl)pyridin-4-amine (200 mg, 1.32 mmol) in AcOH76 mL) at 98°C
was added Pd(O&. (0.297 mg, 1.32 mmol). After 8 h, the resulting suspension was
isolated by filtration andh vacuo). The ®lid residue was washed with GEN and
filtered. Solvent was removed vacuoto afford the title complex asarange solid
16a(82%).'H NMR(400 MHz, CROD, 22°C, 1 ppm (3)): 1.31 (s, 9H), 2.07 (s, 3H),
6.36 (d,J = 3.5 Hz, 1H), 6.55 (s, 1H), 8.22 (& 5.5 Hz, 1H.13CNMR (400 MHz
CDs0OD, 22°C,u ppm (168): 20.91 (s), 28.04 (s), 29.71 (s), 35.55 (s), 105.16 (s),
107.18 (s), 107.58 (s), 117.21 (s), 117.21 (s), 139.96 (S).
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Synthesis of 4-amino-2-tert-butylpyridyl Palladium(ll) Di-(2-pyridyl) Ketone
Complex (17)

HoN OAc H,>N
7 N DPK
N‘/Pd. MeOH
H3CCN  NCCHj;
16a

Di-(2-pyridyl) ketone (193 mg, 1.05 mmol) was dissolved in 10 mL of MeOH in a
vial and the solution was added dropwise to alstirequipped round bottom flask
containing acetato palladium complgé&a (319 mg,1.00 mmol) in 10 mL of MeOH

at 25°C. The reaction mixture was stirred at 25°C for 24h, and the solvent was
removedin vacuo To the solid residue was suspended in 10 mL of dichloromethane,
followed by 50 mL of hexanes. The precipitate was filtered andhedhsith 10 mL

of hexanes to afford light yellow soliti7(75%).*H NMR (400 MHz, CRXOD, 22°C,
ppm@7(BF4))): 1.28 (s, 1H), 1.60 (s, 2H), 1.93 @& 8.4 Hz, 1H), 1.93 (d]= 8.4 Hz,

1H), 2.49 (dJ= 8.2 Hz, 1H), 6.33 (dd]= 6.5, 2.5 Hz, 1H), 6.43 (d,= 2.5 Hz, 1H),

7.41 (dd,J= 13.1, 6.9 Hz, 1H), 7.48 (di= 20.8, 10.3 Hz, 1H), 8.00 (ddds+ 19.8,

14.8, 7.7 Hz, 4H), 8.668.58 (d,J= 5.3 Hz, 1H), 8.74 (dJ= 5.3 Hz, 1H)"*CNMR

(400 MHz, CROD, 22°C,u ppm): 29.40 (s), 104.57 (s), 107.60 (s), 123(8%
124.40 (s), 124.91 (s), 125.39 (s), 127.01 (s), 128.10 (s), 135.27 (s), 138.72 (s),
139.04 (s), 146.67 (s), 147.69 (s), 149.05 (s), 150.72 &17.6 Hz), 152.16 (s),
154.35 (s) Mass Spectrometry: ESAS (m/2): Calcd for C20H21N40'®Pd], 439.08.
Found 439.03

Synthesis of4-amino-2-tert-butylpyridyl Palladium(lVV) Hydroxo Di-(2-pyridyl)
Ketone Complex (18

BF, HoN BF
HaN X | <\/ \> ﬁ_’ ‘
| _N. % =N_
/

\ 2 eq H,05(aq) /Pd
> XN \\N/
CH5CN(wet) Py
17 O
OH18

Complex17 (30 mg, 0.07 mmol) was dissolved in 1 mL of 40N at 25C. Addition

of HO2 (15 el iters, 0.14 mmol) l ed to i mmedi
solution. The reetion mixture was stirred at 26 for 2 hr, to afford dark orange

solution 18(80%). No *C NMR was acquired due to low stability 8. *H NMR

(400 MHz, CROD, 22°C,u ppm): 1.46 (s, 3H), 1.52 (s, 3H), 4.56 (& 5.7 Hz,

1H), 4.70 (dJ= 5.4 Hz, 1H), 5.73 (s, 2/MH>), 6.57 (s, 1HPd-OH), 6.57 (s, 1HC-

OH), 7.51 (m, 2H), 7.60 (m, 1 H), 7.68 (@ 8.0 Hz, 1H), 7.72 (dJ= 6.6 Hz, 1H),

7.83 (d,J= 7.8 Hz, 1H), 8.10 7.9 (m, 1H), 8.49 (dJ= 5.1 Hz, 1H), 9.00 (dJ= 2.2

Hz, 1H) 'H NMR (400 MHz, DMSO, 22°C{i ppm): 1.42 (s, 3H), 1.52 (s, 3H), 4.37

(d, J= 5.5 Hz, 1H), 4.66 (dJ= 5.1 Hz, 1H), 6.60 6.52 (m, 2HC-OH,PdOH), 7.09
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(s, 2HNH>), 7.661 7.61 (m, 1H), 7.76 7.66 (m, 3H), 7.89 (dJ= 7.7 Hz, 1H), 8.16
(dd, J= 15.5, 7.7 Hz, 2H), 8.35 (s, 1H), 8.6Q (@ 5.3 Hz, 1H), 9.16 (t)= 9.8 Hz,
1H), 9.15 (d,J= 4.6 Hz, 1H). Mass Spectrometry: ESIS (m/2: Calcd for
[C20H21N4O*®Pd], 473.08. Found 473.04

Synthesis of 4-amino-2-tert-butylpyridine Palladium(lV) Fluoro D i-(2-pyridyl)
Ketone Complex (19

A solution of complex 17 (30 mg, 1.00 mmol) in 2 mL of M at 25°C were
treated withl-Fluoro-2,4,6trimethylpyridinium tetrafluoroborate (77 mg, 5 mmol).
After stirring for 5 min, the resulting suspension afforded an orange solution
19(91%). No*C NMR was acquired due to low stability of 181 NMR (400 MHz,
CDsCN, 22°C,0 ppm): 1.43(s, 3H), 1.56 (s, 3H), 4.96 4.81 (@ 3.0 Hz, 1H), 4.94
(dd,J= 13.4, 5.2 Hz, 1H), 5.80 (s, 2NH>), 6.55 (ddJ= 6.9, 2.7 Hz, 1H), 6.64 (d=
2.7 Hz, 1H), 7.61 7.53 (m, 2H), 7.72 (d)= 7.9 Hz, 2H), 7.91 (d)= 7.8 Hz, 2H),
8.11 (td,J= 7.7, 1.4 Hz3H), 8.43 (d,J= 6.1 Hz, 2H), 9.06 9.01 (m, 1H)'H NMR
(400 MHz, DMSQd6, 22°C,0 ppm): 1.40 (s, 3H), 1.51 (s, 3H), 4.81 ,3.0 Hz,
1H), 4.94 (dd,J)= 13.4, 5.2 Hz, 1H), 6.6R 6.50 (m, 2H), 7.18 (s, 1H), 7.65 (& 6.4
Hz, 1H), 7.73 (ddJ= 7.1, 4.1 Hz, 1H), 8.25 8.14 (m, 1H), 8.53 (dJ= 5.4 Hz, 1H),
9.03 (s, 1H), 9.12 (dJ= 4.9 Hz, 1H),'*F NMR (400 MHz, CRCN, 22°C,i ppm): -
320.85 (dJ=13.4 Hz).

Synthesis of Benzdij]quinolinyl Palladium(ll) Acetato Complex (8a)

O Pd(OAc), O
atek-Ja%e
N= AcOH _N=

Complex 8a was prepared acoting to a published proceduie.A solution d
benzop]quinoline (179 mg, 1.00 mmol)in 100 mL of acetic acid at 25°C were
treated with palladium acetate (224 mg, 1.00 mmol, 1.00 equiv). After stirring for 24
h, the resulting suspension was filtered through Celite and filtrate was allowed to
crystalize overnight at 25°C to afford orange so8e(80%)H NMR (400 MHz,
CDCls, 22°C, t ppm): 2.38 (s, 3H), 6.46 (ddi= 7.5, 5.0 Hz, 1H), 6.97 (dJ=9.0 Hz,
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1H), 7.08 (ddJ= 7.0, 1.5 Hz, 1H), 7.22.18 (m, 3H), 7.43 (dd]= 8.0, 1.5 Hz, 1H),
7.80 (ddJ= 5.5, 1.5 Hz, 1H).

Synthesis of Benzdj]quinolinyl Palladium(ll) Di -(2-pyridyl) Ke tone Complex

(8)
_‘OAC
QO Ny DPK

_N= NS ’Pd‘ =
Pd” meoH [N N7
\ OAc 7 N
2 8a
O 8

Di-(2-pyridyl) ketone (193 mg, 1.05 mmol) was dissolved in 10 mL of MeOH in a
vial and the solution was added dropwise to abstirequipped round bottom flask
containing acetato palladium compl@a (343 mg, 1.00 mmol) in 10 mL of MeOH at
25°C. The reaction mixture was stirred at 25°C for 3h, and the solvent was removed
in vacuo To the solid residue was suspended in 10 mL of dichloromethane, followed
by 50 mL of hexanes. The precipitate was filtered washed with 10 mL of hexanes

to afford light yellow solid8(85%).H NMR (400 MHz, CROD, 22°C, U ppm):

1.72 (s, 3H), 6.86 (dI= 7.9 Hz, 1H), 7.31 (t}= 8.2 Hz, 1H), 7.59.48 (m, 5H), 7.70

(d, J= 8.9 Hz, 1H), 8.06 (m, 4H), 8.32 (& 5.3 Hz, 1H), 810 (d, J= 8.4 Hz, 1H),

8.83 (d, J= 5.8 Hz, 1H), 8.92 (dJ= 5.3 Hz, 1H}*C NMR (400 MHz, CROD, 25 °C,

a) 23. 6, 99. 9, 122. 7, 124. 0, 124. 2, 124. .
131.8, 134.5, 139.3, 141.1, 141.2, 141.9, 149.5, 152.1, 152.8, 185%.8, 158.5,
159.1, 179.5. Mass Spectrometry: BSS (m/2: Anal. Calcd for
Ca6H19N30s%%Pd-2H0: C, 55.38; H, 4.11; N, 7.45; found: C, 55.68; H, 3.71; N,
7.41.

Synthesis of Benzdj]quinolinyl Palladium(lV) Hydroxo Di -(2-pyridyl)

Complex(24)

= N = S

Complex8 (10 mg, 0.02 mmol) was dissolved in 2 mL ofat 25°C. Addition of

HO. (20 el iters, 0.4 mmol) | ed to i mmediate
The reaction mixture was stirred at 25°C for 15 min, followed by the addition of

NaBF; (2 mg, 1.00 mmol, 1.00 equiv). The resulting precipitate was filtered and
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washed with 0.15nL of D,O at 0 °C to afford dark yellow soli#4(90%) No 13C
NMR was acquired due to low stability 84. *H NMR (400 MHz, RO, 22C, U
ppm): 1.75 (s, 3H), 7.04d, J= 8.2Hz, 1H), 7.57 (tJ= 7.8 Hz 1H), 7.71 (ddJ=5.8 ,
2.5Hz, 1H), 7.8(ddd, J= 68, 6.8, 7.1Hz, 2H), 8.0:7.85 (m, 5H, 8.21 (td,J= 8.0

8.2Hz, 1H), 8.27 (td,)= 8.0, 8.2Hz, 1H), 8.53 (dJ= 6.7Hz, 1H), 8.68 (dJ= 8.2Hz,
1H), 8.82 (dJ= 6.7Hz, 1H), 9.09 (dJ= 5.7Hz, 1H); '"H NMR (400 MHz, DMSQ

d6, 22°C, ti ppm): 7.38 (d,J= 76 Hz, 1H), 7.43 (t)= 7.8 Hz, 1H), 7.46 (dJ= 6.8 Hz,
1H), 7.66 (tJ= 7.8 Hz, 1H), 7.72 (1)= 7.8Hz, 1H), 7.87%7.73(m, 2H), 8.0%#7.94(m,
2H), 8.198.06 (m, 3H), 8.29 ()= 7.8 Hz, 1H), 8.49 (dJ= 5.9 Hz, 1H)8.71 (d,J=

6.2 Hz, 2H).

To confirm te formation of the ROH and COH bond in24 the oxidation o8 using
H2>0O> was replicated with the exception of usingCHas solvent instead of.D. The
correspondingH NMR is as follows:

'H NMR (400 MHz, DMSQ@d6, 22°C, i ppm): 7.38 (d,J= 7.6 Hz, 1H), 7.43 (tJ=

7.8Hz, 1H), 7.46 (dJ= 6.8Hz, 1H), 7.66 (tJ= 7.8Hz, 1H), 7.72 (tJ= 7.8 Hz, 1H),

7.877.73 (m, 2H), 8.077.94 (m, 2H), 8.198.06 (m, 3H), 8.29 (tJ= 7.8 Hz, 1H),

8.49 (d J= 5.9 Hz, 1H), 8.67 (s, IHB.71 (d,J= 6.2 Hz, 2H), 9.35 (s, 1H}H NMR

(400 MHz, CROD, 22C, t ppm): 2.1 (s, 3H), 7.42 (dJ)= 8.2Hz, 1H), 7.48 (dJ=

8.2Hz, 1H), 7.66 (tJ= 8.6Hz, 2H), 7.797.71(m, 2H), 8.017.91(m, 3H), 8.158.09
(m, 2H), 8.238.19(m, 2H), 8.35 (dJ= 6.4Hz, 1H), 8.65 (dJ= 82 Hz, 1H), 8.86 (d,
J= 6.4 Hz, 1H).Mass Spectrometry: ESIS (m/2: Calcd for [C24H18N30:'%Pd],
502.0383. Found 502.0382

Oxapalladacycle of Benzdj]quinolinyl Palladium(ll) Di -(2-pyridyl) Complex
(25)

OTf OTf I .
20 eq HZO
C”TQ
A C@

Complex7 (10 mg, 0.02 mmdglwas dissolved in 2 mL d®D3CN at 25°C. Addition

of HHO.( 20 ¢ | i t e)ided to imhedidte fiormatidn of a deep yellow solution.
The reation mixture was stirred at 26 for 24 h, to afford dark orange solid
25(40%)'H NMR (400 MHz, CQCN, 22°C,li ppm): 6.98 (tJ)= 7.5 Hz, 1H), 7.20
7.14 (m, 4H), 7.59 752 (m, 2H), 7.67 7.59 (m, 2H), 8.07 7.94 (m, 4H), 8.73
8.67 (m, 2H) Mass Spectrometry: ESNIS (m/2: Calcd for [C24H1sN30s'®Pd],
502.04. Found 502.03
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Synthesis of 2-(difluoro(phenyl)methyl)pyr ..idyl Palladium(ll)  Acetonitrile

complex (3@&)
FF \F F o ]oAc
X Pd(OAc), ||
| N ——> S Npyq

CH3CN  H,CCN'  'NCCH,4
35
36a

To 2-(difluoro(phenyl)methyl)pyridine (500 mg, 2.43 mmol) in &N (100 mL) at
65°C was added Pd(OAc[546 mg, 2.43 mmol) and stirred for 24 hrs. After 24 hrs,
the resulting suspension was evaporategacuoto afford title compound as a brown
solid 36a(82%)!H NMR (400 MHz, CRXCN, 22°C, i ppm): 7.431 7.36 (m, 1H),
7.57 (dddJ=5.1, 2.3, 1.1 Hz, 2H), 7.747.66 (m, 2H), 7.86 7.75 (m, 2H), 8.64 (d,
J= 4.0 Hz, 1H)}*C NMR (400 MHz, CRXCN, 22°C,i ppm): 25.00 (s),124.22 (s),
125.48 (s), 125.58 125.38 (m), 127.73 (ddl= 374.9, 119.2 Hz), 131.08 130.50
(m), 134.61 (s), 137.46 (s), 139.16 (s), 150.10 (s), 153188.69 (m):°*F NMR (400
MHz, CDsCN, 22°C,t ppm): -95.13(s).

Synthesis of 2(difluoro(phenyl)methyl)pyridyl Palladium(ll ) Di-2-pyridylketone

Complex (36
N _‘OAC
FOF |oAc B
N DPK _N
| — ¢\
N pg CH5;CN | NN |
H3CCN 'NCCHj, = X
36a (o) 36

Di-(2-pyridyl) ketone (105 mg, 0.57 mmol) was added to the acetato palladium
complex10 (200 mg, 0.54 mmol) in 25 mL of GEN at 25°C. The reaction mixture
was stired at 65 °C for 5 h, and the solvent was remawedacuo To the solid
residue was suspended in 50 mL of dichloromethane, followed by 50 mL of hexanes.
The precipitate was filtered and washed with 10 mL of hexanes to afford light brown
solid 36(49%).'H NMR (400 MHz, CRCN, 22°C,lippm): 6.68 (ddJ= 7.7, 0.9 Hz,

1H), 7.11i 7.02 (m, 1H), 7.24 (td)= 7.4, 0.8 Hz, 1H), 7.58 7.45 (m, 1H), 7.53

7.45 (m, 1H), 7.68 7.57 (m, 1H), 7.78 7.70 (m, 1H), 8.08 (dd}= 10.7, 5.1 Hz,

1H), 8.211 8.14 (m, 1H) 8.277 8.21 (m, 1H), 8.37 8.27 (m, 1H}:*CNMR (400

MHz, CDsCN, 22°C,l ppm): 120.33 (s), 122.13 (§= 12.8 Hz), 123.10 (d] = 13.3

Hz), 125.92 (s), 127.67 (s), 127.86 (s), 126.98 (s), 128.92 (s), 129412 (.2 Hz),
130.18 (d,J = 8.3 Hz), 13170 (s), 133.98 (s), 136.95 (s), 141.90 (s), 142.14 (s),
142.33 (s), 151.12 (s), 151.79 (s), 152.64 (s), 153.94 (s), 155.29F(NMR (400
MHz, CDsCN, 22°C,U0 ppm): -121.90(d),-121.88(d). MassSpectrometry: ESMS

(m/2): Calcd for C23H16F2NzO®Pd], 434.04. Found 493.03.
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Oxidative Halogenation of 8methylquinoline using H0>
General Procedure

Complex10BF4) or 17(BF4) (30 mg was dissolved in 1 mL of Solvef€HsCN,
CHxCl;, MeOH, orTHF) at 25°C. Addition of LiX (X= CI, Br, Jand OH ( 10
equiv), AgF and TBAF(3eq)AgF and Cuk, or TBABF followed by HO: (2 eq)
led to immediate formation of a deep yellow solution. Theti@a mixture was
stirred at 28C for 1 hror 24hrs for fluorinationto afford a dark orange solution. The
solvent was evapaied by air. The resulting precipitate was extracted @&hmL of
chloroform The precipitate was filtered arite filtrate was evaporatdd vacuoto
yield dark orange residuel af.

Synthesis of §iodomethyl)-quinoline (11d)

X

=

N

Product11d was also obtained from above transformation (82% isolaiteld)y'H
NMR (400 MHz, CDC}, 22°C, U ppm): 5.14 (s, 2H), 7.30 7.44 (m, 2H), 7.774d,
J= 8.5Hz, 1H), 7.82 (dJ= 8.5 Hz, 1H), 8.13 (dJ= 8.5, 1H), 8.98 (dJ= 4.4, 1H).
MassSpectrometry: ESMS (m/2: Calcd for [H+] [C10HsIN], 269.98. Found 269.94.
Compared to literature referente.

Synthesis of 8§ bromomethyl)-quinoline (11c)

X
P

N

Br

Productllcwas also obtained from this transformation (82% isolateftlly  H
NMR (400 MHz, CDC4, 22°C,0 ppm): 5.26 (s, 2H), 7.48 (dd}= 8.3, 4.2 Hz, 1H),
7.54 (dd,J= 8.2, 7.2 Hz, 1H), 7.90 7.77 (m, 2H), 8.19 (ddl= 8.3, 1.7 Hz, 1H), 9.04
(dd, J= 4.2, 1.8 Hz, 1H).Mass Spectrometry: ESMS (m/2: Calcd for [H+]
[C10HsBrN], 221.99. Found 221.0€ompared to literature referente.
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Synthesis of 8chloromethyl)quinoline (11b)

S
=

N
Cl

Product11b was also obtained from this transformation (80% isolaiettlly H

NMR (400 MHz, CDC4, 22°C,0 ppm): 5.36 (s, 2H), 7.48 (ddl= 8.3, 4.2 Hz, 1H),
7.56 (dd,J= 14.4, 7.2 Hz, 1H), 7.86 7.81 (d,J= 7.1 Hz, 1H), 7.88 (dJ= 7.1 Hz,
1H), 8.20 (ddJ= 8.3, 1.8 Hz, 1H), 9.01 (dd,= 4.2, 1.7Hz, 1H).MassSpectrometry:
ESEMS (m/2: Calcd for [H+] [Ci0HgCIN], 178.04. Found 178.03Compared to
literature referenc®’

Synthesis of g(fluoromethyl)-quinoline (11a)

N
=

N

F

Productllawas also obtained from this transformation (45% isolatettly *H
NMR (400 MHz, CDCI3 22°G ti ppm): 8.93 (dd,J= 4.2, 1.7 Hz, H), 8.18 (dd,J=
8.2, 1.8 Hz1H), 7.837.81 (multiple peaks, 2H), 7.58 (@= 7.7 Hz, 1H), 7.44dd, J=
8.3, 4.2 Hz, 1H), 6.15 (dlrw= 48 Hz, 2H).}F NMR (400 MHz, CRCN, 22°C, U
ppm): 1219.2(d, Jrv= 48 H2. Mass Spectrometry: ESIMS (m/2: Calcd for [H+]
[C10HsFN], 162.18. Found 162.1Zompared to literature referente.

Synthesis of quinoline8-carbaldehyde(11f)

Productl1fwas also obtained from this transformation (45%aitea yeld). *H NMR

(400 MHz, CDC4, 22°C,t ppm): 7.51 (dd,J= 8.3, 4.2 Hz, 1H), 7.66 (dd= 16.5,
8.6 Hz, 1H), 8.09 (dd}= 8.2, 1.4 Hz, 1H), 8.24 (dd= 8.4, 1.8 Hz, 1H), 8.33 (dd=

7.2, 1.5 Hz, 1H), 9.05 (ddl= 4.2, 1.8 Hz, 1H), 11.45 (s, 1H)lass Spectrometry:
ESFMS (m/2: Calcd for [H+] [C1oHeCIN], 158.18. Found 158.14.
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Synthesis of quinolin-8-ylmethanol (11¢

X

—

N
OH

Productlle was also obtained from this transformation (35% isolaiett)y H

NMR (400 MHz, CDC}, 22°C,tippm): '*H NMR 0 8=3971.2(Hd,d H),
8.07 (ddJ= 8.2, 1.2 Hz, 1 H), 7.65 (d,= 8.2 Hz, 1 H), 7.55 (d]= 7.0 Hz, 1 H),
7.40 (t,J= 7.6 Hz, 1 H), 7.32 (dd= 8.2, 4.3 Hz, 1 H), 5.20 (s, 2 HMass
Spectrometry: ESMS (m/2: Calcd for [H+] [Cio0HsCIN], 160.08. Foundl60.04.
Compared to literature referente.

Synthesis of 2(4-aminopyridin -2-yl)-2-methylpropan-1-ol (18d)

HaN_

|\ HO

Product18d was also obtained from this transformation (15% isolafettly *H
NMR (400 MHz, CDC}, 22°C,tippm): 1.37 (s, 3H), 1.47 (s, 3H), 4.24 (s, 2H), 7.38
i 7.32 (m, 1H), 7.76 (dt)= 12.8, 5.6 Hz, 1H), 8.62 8.56 (m, 1H) (NHexcluded).
Mass Spectrometry: ESNIS (m/2: Calcd for [H+] [GH1sN20], 167.12. Found
167.04.

Synthesis of2-(1-fluoro -2-methylpropan-2-yl)pyridin -4-amine (19d)

HoN N

N F

Product19d was also obtained from this transformation (54% isolaiettly H
NMR (400 MHz, CDC4, 22°C, G ppm): 2.32 (s, 3H), 2.37 (s, 3H), 5.39 Jd; 47.1
Hz, 2H), 7.617 7.53 (m, 1H), 8.477 8.40 (m, 2H), 9.03i 8.97 (m, 1H),
(NHzexcluded)®F NMR (400 MHz, CRCN, 22°C,l ppm):-216.13(t Jr= 48 H2).
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Synthesis of 16hydroxy-benzoh]quinoline (24a)

|/NHO

Complex8 (10 mg, 0.02 mmglwas dissoled in 2 mL of DO at 25C. Addition of

HO. (20 €1 i t e)rled to inimediate fiomatlon of a deep yellow solution.
The reation mixture was stirred at 26 for 24 h, to afford dark orange solid
followed by the addition of trifluoroacetic acid (9 m@08 mmol) and pyridine (1.6

mg, 0.02 mmol). The resulting precipitate was filtered and washed with 5 mL of
water. Extractions using dichloromethane (3 X 1 mL) were combined and evaporated
in vacugq to afford dark orange sol24a75%)'H NMR (400 MHz,CDCls, 22°C,

ppm): 7.41 (d,)=7.1 Hz, 1H), 7.60 7.53 (m, 1H), 7.63 (dd}=8.4, 2.8 Hz, 2H), 7.81

(d, J=8.9 Hz, 1H), 8.25 (ddJ=8.1, 1.7 Hz, 1H), 8.83 (dd=4.6, 1.7 Hz, 1H)Mass
Spectrometry: ESMS (m/2: Calcd for [H+] [C13H10NO], 196.08. Found 196.04.

The Homocoupling of Benzof]quinoline (28)

_| 21y

Complex8(BF4) (25 mg, 0.05 mmol) was dissolved in 10 mL of M at 25°C.
Addition of iodine (68 mg, 0.25 mmol) led to immediate formation of a deep brown
solution. The reaction mixture was stirred at 25°C faregks, to afford dark redish
brown solution28(65%). *H NMR (400 MHz, CDC4, 22°C,t ppm): 6.96 (dd,J=

7.9, 4.3 Hz, 1H), 7.46 (dd= 7.2, 1.3 Hz, 1H), 7.59 (= 9.0 Hz, 1H), 7.72 7.67

(m, 1H), 7.79 (ddJ= 4.3, 1.8 Hz, 1H), 7.917.84 (m, 1H), 7.93 (dt] = 12.5, 3.0 Hz,
1H). 13C NMR (400 MHz, CDC4, 22°C,tppm): 120.57 (s}125.51 (s), 126.92 (s),
127.48 (s), 128.76s}, 128.97 (dJ= 9.9 Hz), 128.97 (dJ = 9.9 Hz), 130.67 (s),
134.61 (s), 134.97 (s), 146.27.(8)assSpectrometry: ESMS (m/2: Calcd for [H+]
[C26H14N2], 177.06. Found 177.04.
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Synthesis of 2(difluoro(pyri din-2-yl)methyl)phenol (399

R F

| X

N
OH ~F

Complex36(BF4) (10 mg, 0.02 mol) was dissolved in 2 mL of G&N at 25C.
Addition of O ( 10 el iters, 0.4 mmol) | ed to
solution. The rection mixture was stirred at 26 for 5 min, to afford dark brown
solid 22(70%).1H NMR (400 MHz, CDC4, 22°C, i ppm): 6.46 (dd,J= 8.1, 5.3 Hz,
1H), 6.97 (t,J= 6.5 Hz, H), 7.07 (ddJ= 6.8, 1.4 Hz, 1H), 7.20 (dd= 8.2, 1.5 Hz,
1H), 7.27i 7.17 (m, 1H), 7.43 (ddl= 8.1, 1.4 Hz, 1H), 7.80 (dd,= 5.2, 1.4 Hz, 2H)
1%F NMR (400 MHz, CRCN, 22°C,l ppm): -109(s).

Synthesis of2-(1-bromo-2-methylpropan-2-yl)pyridin -4-amine(21)

H,N

7 N\
—N
Br

A solution of complex 4 (30 mg, 1.00 mmol) in 2 mL of §LHN at 25°C were treated
with 1-N-Bromosuccinimide (77 mg, 5 mmol). After stirring for 1 hr, the resulting
suspension afforded an orange solution 21(4266NMR (400 MHz, CDC4, 22°C,

U ppm): 137 (s, 6H), 3.76 (s, 2H), 7.23 (s, 1H), 7.44Jd,5.6 Hz, 1H), 8.90 (dJ=

5.6 Hz, 1H) (NHexcluded).

Synthesis of (E)-1,2-bis(5-bromo-2-(1-bromo-2-methylpropan-2-yl)pyridin -4-
yl)diazene(23)

A solution of complex 17 (30 mg, 1.00 mmol) in 2 mL of LM at 25°C were
treated with IN-Bromosuccinimide (77 mg, 5 mmol). After stirring for 3 weeks, the
resulting suspension afforded an orange solution 28)3Characterization by -xay
Crystallography.
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Oxidative Chlorination of 8-methylquinoline using O,
General Procedure
A solution of 8methylquinoline(179 mg, 1.00 mmol)in 20mL of CHCN at 78 °C
were treated with palladium acetate (224 mg, 1.00 mmoBpw;@ine dicarboxylic
acidh2pda), lithium chloride, and TSOH.H20. After stirring for 5 d, the resulting
suspension was filtered and filtrate evaporated/acuo dissolved in CHCI3 and
treated with Na2CO3, followed by filtration. The resulting residue affoddddlin
65% yield..'HNMR (400 MHz, CDC}, 22°C, i ppm): 5.36 (s, 2H), 7.48 (ddJ=
8.3, 4.2 Hz, 1H), 7.56 (dd= 14.4, 7.2 Hz, 1H), 7.867.81 (d,J= 7.1 Hz, 1H), 7.88
(d,J=7.1 Hz, 1H), 8.20 (dd= 8.3, 1.8 Hz, 1H), 9.01 (dds 4.2, 1.7 Hz, 1H).

Fluorination of Unactivated 8-methylquinoline using

Deoxofluor
General Procedure
A solution of 8methylquinoline (179 mg, 1.00 mmol) in 2 mL of gEN at 90 °C
were treated withetrakis(acetonitrile)palladium(ll) tetrafluoroborate (556 mg, 1.00
mmol) and Deoxofluor(1.66 g, 7.5hmol). After stirring for 24 hr, the resulting
suspension was diluted with 20 mL of dichloromethane and quenched with brine
(5mL). The resulting precipitate was filtered and the filtrate extracted with water (3 X
3). The organic layer collected and drigith MgSO4 followed by filtration. The
liquid wereevaporatedn vacuoand the resulting residue affordétiain 11% yield.
'H NMR (400 MHz, CDC4, 22°C,ti ppm):8.93 (dd J= 4.2, 1.7 Hz, 1H), 8.18 (ddz
8.2, 1.8 Hz, 1H), 7.83.81 (multiple peaks, 2HY,.58 (t,J= 7.7 Hz, 1H), 7.44 (ddl=
8.3, 4.2 Hz, 1H), 6.15 (dlrw= 48 Hz, 2H).}F NMR (400 MHz, CRCN, 22°C, U
ppm): 1219.2 (d,Jrv= 48 Hz). Mass Spectrometry: EBIS (m/2: Calcd for [H+]
[C10HsFN], 162.18. Found 162.12.

Synthesis of 4tert-Butyl-2-methyl-2-oxazoline (41a)
o)
i {
N

Referencé. Product41a (89% isolated ield). 'H NMR (400 MHz, CDC4, 22°C,
ppm): 0.78 (s, 9H), 1.85 (s, 3H), 3.72 (d¢10.3, 9.0 Hz, 1H), 4.08 3.97 (m, 1H),
4.2271 4.08 (m, 1H).MassSpectometry: ESIMS (m/2: Calcd for [H+] [CoH1sNO],
156.14. Found 156.1@ompared to literature reference.
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Synthesis of (4S}-tert-Butyl-2-methyl-2-oxazoline (41b)

H,
O/C
J= S

Referencé.Product41b (85% isolated eld) H NMR (400 MHz, CDC4, 22°C, U
ppm): 0.78 (s, 9H), 1.85 (s, 3H), 3.72 (d4,10.3, 9.0 Hz, 1H), 4.08 3.97 (m, 1H),
4.227 4.08 (m, 1HESFMS (m/2: Calcd for [H+] [CsH1sNO], 142.12. Found 142.10.
Compared to literature referente.

Synthesis of2-(difluoro(ph enyl)methyl)pyridine (35)

Reference? Product35 (82% isolated ield). *H NMR (400 MHz, CDC4, 22°C, U
ppm): 7.32 (ddJ=7.1, 5.2 Hz, 1H), 7.44 7.35 (m, 3H), 7.57 (s, 2H), 7.71 @7.9
Hz, 1H), 7.79 (tJ=7.7 Hz, H), 8.64 (d,J=4.7 Hz, 1H)}*CNMR(400 MHz, CDC4,
22°C, 0 ppm): 120.30 (s), 121.77 (s), 1276327.09 (m), 12B3 (s), 129.50 (d] =
3.4 Hz), 130.06 (s), 131.49 (s), 135.40 (s), 137.13 (s), 150.01 (s), 161'#O KR
(400 MHz, CDROD, 22°C,U ppm): -100.12(s). Calcd for [H+] [€HoF2], 206.08.
Found 206.02Compared to literature referente.
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Figure 1 *H NMR of 8-methylquinolylpalladium(l)Di2-pyridylketone(10) in CD.Cly, 22°C..
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Figure 2 13C NMR of 8-methylquinolypalladium(l1)Di-2-pyridylketone(10) in CD.Cl,, 22°C.
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Figure 3 1*C NMR of 8-methylquinolylpalladium(ll) Hydroxo DR-pyridylketone(10) in THF-
dg, 22°C
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Figure 4 'H NMR of 4-amino2-tert-butylpyridyl Palladium(ll) Acetato Complefd6)in CDCl,
22°C.
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Figure 5.!H NMR of 4-amino2-tert-butylpyridyl Palladium(ll) AcetonitrileComplex(164) in
CDCls, 22°C.
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DsOD, 22°C.
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Figure 7 13C NMR of 4-amino-2-tert-butylpyridyl Palladium(ll) Di(2-pyridyl) Ketone Complex

(17) in CD:OD, 22°C.
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Figure 8 'H NMR of 4-amino2-tert-butylpyridyl Palladium(I)Hydroxo Di-(2-pyridyl) Ketone

Complex(18) in DMSO-d6, 22°C.
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Figure 9 'H NMR of 4-amino2-tert-butylpyridyl Palladium(I)Hydroxo Di-(2-pyridyl) Ketone

Complex(18) in CDs:CN, 22°C.
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Figure 10'H NMR of 4-amino2-tert-butylpyridyl Palladium(ll)Fluoro Di-(2-pyridyl) Ketone

Complex(19) Complexin DMSO-d6, 22°C
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Figure 11.'H NMR of 4-amino-2-tert-butylpyridyl Palladium(ll)Fluoro Di-(2-pyridyl) Ketone

Complex(19) Complexin CDsCN, 22°C.
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Figure 12.1%F NMR of 4-amino2-tert-butylpyridyl Palladium(Il)Fluoro Di-(2-pyridyl) Ketone
Complex(19) Complexin CDsCN, 22°C.
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Figure 13. *H NMR of Benzoh]quinolinyl Palladium(ll) Acetato Complex8a) in CDCk, 22°C.
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Figure 14. 'H NMR of Benzoh]quinolinyl Palladium(ll) Di(2-pyridyl) Ketone Complex8) in
CDs0D, 22°C.
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Figure 15. 3C NMR of Benzoh]qumollnyl Palladlum(ll) Dr(2—pyr|dyl) Ketone Complex8) in
CDsOD, 22°C. ‘
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Figure 16. 'H NMR of Benzoh]quinolinyl Palladium(ll) Hydroxo Di-(2-pyridyl) Ketone

Complex(24) in D20, 22°C.
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Complex(24) in DMSGi d&/D20, 22°C.
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Figure 18. 'H NMR of Benzoh]quinolinyl Palladium(ll) Hydroxo Di-(2-pyridyl) Ketone

ComplexH (24) in DMSGi d&/H20, 22°C.
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Figure 1913C NMR Oxap#ladacycle of Benzdflquinolinyl Palladium(ll) Di(2-pyridyl)

Complex(25)in DMSGi d6.
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Figure 20'H NMR of 2-(difluoro(phenyl)methyl)pyridylPalladium(ll) Acetonitrile Complex

(363 in CDCl;, 22°C.
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Figure 2113C NMR of 2-(difluoro(phenyl)methyl)pyridyPalladium(ll) Acetonitrile Complex
(368 in CDCls, 22°C.
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Figure 22 1%F NMR of 2-(difluoro(phenyl)methyl)pyridinePalladium(ll) Acetonttile
Complex364) in CDsCN, 22°C.
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Figure 23'H NMR of 2-(difluoro(phenyl)methyl)pyridyl Palladium(ll) B2-pyridylketone

Complex(36) in CD3:CN, 22°C
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Figure 24 13C NMR of 2-(difluoro(phenyl)methyl)pyridyl Palladium(ll) B2-pyridylketone
Complex(36) in CDsCN, 22°C.
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Figure 25%F NMR of of 2-(difluoro(phenyl)methyl)pyridyl Palladium(ll) B2-pyridylketone
Complex(36) in CD:CN, 22°C.
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Figure 26 'H NMR of 8-(iodomethyljuinoling11d) in CDCls, 22°C.
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Figure 27'H NMR of 8-(bromomethyljjuinoling11¢) in CDCls, 22°C.
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Figure 28H NMR of 8-(chloromethyljuinoling11b) in CDCl, 22°C.
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Figure 29'H NMR of 8-(fluoromethylyjuinoline (118 in CDCk, 22°C
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Figure 31'H NMR of quinoline-8-carbaldehyd@ 1f) in CDCk, 22°C.
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Figure 321H NMR of quinoline-8-quinomethandlL1€ in CDCl;, 22°C.
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Figure 33.'H NMR of Synthesis of Z4-aminopyridin2-yl)-2-methylpropanl-ol (18d) in

CDCls, 22°C.
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Figure 34H NMR of 2-tert-butylpyridin-4-amineFluorg(19d) in CDsCN, 22°C.
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Figure 351°F NMR of 2-tert-butylpyridin-4-amineFluoro(19d) in CDsCN, 22°C.
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Figure 36H NMR of Benzoh]quinolin-10-ol (248 in CDCl, 22°C.
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Figure 37'H NMR of Homocoupling of Benzdjquinolone(28) in CDCk, 22°C.
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Figure 3813C NMR of Homocoupling of Benzb]quinoline (28) in CDCl;, 22°C.
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Figure 39H NMR of 2-(difluoro(pyridin-2-yl)methyl)pheno(39a) in CDClk andDPK, 22°C
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Figure 401H NMR of 2-(1-bromo-2-methylpropar2-yl)pyridin-4-amine(21) and DPKin
CDCls, 22°C.
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Figure4l H NMR of 2-tert-butyl-5,5-dimethyt4,5-dihydrooxazol¢0a)in CDCl, 22°C.
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Figure 42H NMR of 4-tert-butyl-2-methyt4,5-dihydrooxazolé0b) in CD.Cl,, 22°C.
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Figure 431H NMR of 2-(difluoro(phenyl)methyl)pyriding5) in CDCl, 22°C.
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