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ABSTRACT

Pd-catalyzed cross-couplings rank among the most powerful methods for constructing
substituted biaryls, polyaryls, and heteroarenes. Frequently, di- or polyhalogenated (hetero)arenes
are employed as starting materials in cross-couplings to access products with increased structural
complexity via multiple cross-coupling or substitution steps. N-heteroarenes bearing multiple
reactive handles—such as halides, are of particular interest as starting materials since their cross-
coupled products can be medicinally relevant. Non-symmetrical dihalogenated N-heteroarenes
typically exhibit a site-selectivity bias for C—X bonds which are adjacent to at least one
heteroatom in Pd-catalyzed cross-couplings. However, some Pd catalysts—particularly those with
hindered ligands, promote atypical selectivity at distal C—X bonds of 2,X-dichloropyridines and
related heterocycles during the selectivity-determining oxidative addition step. This dissertation
explores the mechanistic origins of these ligand trends and emphasizes the critical importance of
Pd’s ligation state—either mono (PdL) or bis (PdL>), in controlling the site of oxidative addition.
Ligation state is also relevant when selecting for the products of mono- vs difunctionalization in
cross-couplings of dihalogenated substrates, since bisligated 14 e” Pd dissociates quickly from the
monofunctionalized intermediate after an initial cross-coupling cycle, whereas monoligated 12 ¢
Pd is slow to dissociate and may “ring-walk” to the remaining reactive site(s). Additionally, this
dissertation explores alternative methods to access minor regioisomers in cross-couplings of
dichloro-azines. One approach involves ligand-free conditions where atypical site-selectivity at
dichloropyridines and dichloropyrimidines arises from a change in Pd’s speciation from mono- to
multinuclearity. Another approach employs a thiolation/Liebeskind-Srogl arylation sequence to
achieve site-selectivity which is orthogonal to that of Suzuki-Miyaura couplings.
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CHAPTER ONE

INTRODUCTION

1.1 Fundamentals of Pd-Catalyzed Cross-Coupling

In 1971, Kochi reported a C—C bond-forming reaction between alkenyl halides and
Grignard reagents in the presence of an iron catalyst.! His report was among the first? to describe
what we now refer to as cross-coupling. In the decades preceding this discovery, related reactions
catalyzed by salts of Cr, Fe, Co, Ni, or Cu, which enabled the “homocoupling” of Grignard reagents
in the presence of an oxidant, had stimulated great interest among the synthetic community as a
carbon-carbon bond-forming method.’> And yet, by definition, metal-catalyzed homocoupling
offered no means of preparing non-symmetrical products. Unsymmetrical biaryls were particularly
challenging to prepare by existing methods, which were largely restricted to radical processes like
the Gomberg-Bachmann reaction* and the photolysis of aryl iodides’ or aryl thallium reagents,®
often resulting in unpredictable regioselectivity. For the first time, the reaction reported by Kochi
provided a method for coupling distinct fragments—an electrophile and nucleophile, resulting in

non-symmetrical products joined by a new carbon-carbon bond (Scheme 1.1).

Scheme 1.1. Seminal Iron-Catalyzed Cross-Coupling Reported by Kochi (1971).

B X R’ FeCly (5 mol%) i~y R”
+ R*MgBr ————— + MgBr,
THF, 0 or 25 °C 4 examples
(excess) (64-89%)
R'=H, Me

R? = Me, n-hexyl, —(CH,)4CH=CH,
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Cross-coupling research flourished in the 1970s, and soon iron catalysts were supplanted
by palladium in state-of-the-art C—C bond-forming reactions which included the Mizoroki-Heck,’
Kumada-Corriu,® Sonogashira,” Murahashi,'® Migita-Stille,!! Negishi,'? and Suzuki-Miyaura'?
cross-couplings. The distinction between each of these named reactions, fundamentally, is the
identity of the nucleophile which undergoes coupling with an organo-halide electrophile. For C—
C bond-forming reactions, the ideal nucleophile is usually an organometallic reagent,'* and these
range from highly reactive organo-lithium (Murahashi) and -magnesium (Kumada-Corriu)
reagents to milder organo-stannane (Migita-Stille) and -boron (Suzuki-Miyaura) coupling partners
which are more broadly tolerant of functional groups. Many of these Pd-catalyzed processes
involve a catalytic cycle consisting of three steps: oxidative addition, transmetalation, and
reductive elimination (Figure 1.1). During oxidative addition, a nucleophilic Pd(0) catalyst adds
into the C—X bond of an organohalide, generating a Pd(II) intermediate. During transmetalation,
the nucleophilic coupling partner replaces the halide at the metal center, forming a new Pd(II)
intermediate where both coupling partners are bonded to the metal center. Finally, during reductive
elimination, Pd undergoes a two-electron reduction to reform the active Pd(0) catalyst,
concomitant with the formation of a new C—C bond between the two organic fragments. A variety
of C—heteroatom bond-forming processes, such as the Buchwald-Hartwig aryl-amination, are
also possible and proceed through mechanisms similar to that in Figure 1.1. However, in contrast
to C—C bond-forming processes, these reactions do not involve a formal transmetalation step;
instead, a primary amine, secondary amine, alcohol, or thiol, etc., becomes bound to the Pd center
through the action of a base. Subsequent reductive elimination of Pd(II) results in the formation of

the C—heteroatom bond and regeneration of the Pd(0) catalyst.



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

Figure 1.1. Generic Mechanism of Pd-Catalyzed C—C Cross-Coupling Reactions.

To the synthetic chemist, Pd-catalyzed cross-couplings presented an irresistible set of
methods for forging diverse bonds, including C—C bonds with sp?-sp, sp?-sp?, and sp>-sp’
hybridization. In 2010, the Nobel Prize in Chemistry was awarded to Richard Heck, FEi-ichi
Negishi,'* and Akira Suzuki'® for their contributions to the field of Pd-catalyzed cross-coupling,
and in 2011, cross-couplings had grown to encompass an astonishing 61% of all carbon-carbon
bond-forming reactions carried out in the pursuit of drug candidates, and the Suzuki-Miyaura
coupling alone accounted for 66% of these.!” In fact, the general trend of “flattening” modern
medicinal molecules can be largely attributed to the simplifying power of cross-couplings during

the assembly of 7-conjugated planar molecules. '8

1.2 A Dichotomy of Ligands in Pd-Catalyzed Cross-Couplings

Featured in the seminal publications of Heck, Migita and Stille, Kumada, Negishi, Suzuki,
and Sonogashira, triphenylphosphine had earned its reputation as the quintessential cross-coupling

ligand. Despite the enormous advantages that triphenylphosphine-ligated Pd (e.g., Pd(PPh3)s)
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offered over simple Pd(II) salts,’” cross-coupling faced several critical limitations during the late
20" century. Broadly, these included (1) limitations to the scope of starting materials which could
be coupled and (2) the incidence of competing side reactions mediated by Pd.'® In retrospect, both
of these apparent limitations can be attributed to the limited variety of ligands used during the early
years of cross-coupling research.

With respect to the scope of electrophiles employed in cross-coupling, the ubiquitous but
inert aryl chlorides presented a glaring limitation: the oxidative addition of aryl chlorides to Pd
was generally considered infeasible in the absence of forcing conditions or electron withdrawing-
groups on the chloroarene.?’ At the temperatures required for aryl chloride activation, most
mononuclear Pd catalysts decompose to less reactive Pd aggregates,?! which limited catalyst
selection to those few which are thermally stable.?> While palladium aggregation can be suppressed
by use of excess ligand, this practice commonly results in catalyst “poisoning” where the Pd center
becomes coordinatively saturated and inactive.

The solution to breaking incalcitrant aryl chloride bonds emerged in 1987 when Nicholas
reported the carbonylative amidation of vinyl chloride with ammonia under carbon monoxide: for
this transformation, the ligand P‘Bus significantly outperformed PPhs (Table 1.1), while bidentate
phosphines were essentially inactive.>> However, bulky trialkylphosphine ligands such as PCys
and P'Bus, did not find mainstream use until the late 90’s, which witnessed milestone publications

5 and Fu.?® Thereafter, the use of hindered alkyl phosphine ligands

by Hartwig,>* Nishiyama,?
became common practice in cross-coupling reactions of “deactivated” aryl chlorides such as a-
arylation, Suzuki-,?’ Stille-,® and Heck couplings.?’ Notably, early works by Nolan*® as well as

Caddick and Cloke®! highlighted similar capabilities of hindered N-heterocyclic carbene (NHC)

ligands, which had recently emerged as “phosphine mimics” in Pd catalysis. The commonality
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among these reports was the use of ligands which are both sterically hindered and electron-rich

(o-donating).

Table 1.1 Carbonylative Amidation of Vinyl Chloride (Nicholas 1987).

Aci +  NHy PAPRe (0.2 mo%) ~ i + (side products)
(excess) (1 equiv) 240 PSICO, 90 °C NH,

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

phenyl 170

p-tolyl 102

tert-butyl 38

¢ Conversion measured by consumption of NH3. ® Pd(P‘Bus ), was prepared in situ from free
phosphine and Pd’/dibenzylideneacetone.

For one thing, the relative instability of unbound trialkylphosphines or NHCs makes them
less likely to dissociate from metals than triaryl phosphines, suppressing the formation of
catalytically inactive Pd aggregates. However, the vital distinction between these sterically
demanding ligands versus triphenylphosphine is their ability to promote low-coordinate,
“monoligated” Pd intermediates where only one phosphine or NHC is bound to Pd instead of two.*

The practical advantages of controlling a metal’s ligation state extend well beyond
activation of stubborn aryl halide bonds. Arguably, the steric hindrance of an ancillary NHC or
phosphine ligand is the most impactful reaction parameter during the optimization of Pd-catalyzed
cross-couplings where conditions would otherwise be considered typical. Sigman and Doyle
recently classified reactivity patterns of phosphine ligands using minimum percent buried volume
[% Vuur (min)] as a steric descriptor. Percent buried volume describes the percentage of volume
within an imaginary sphere surrounding the coordinated metal and occupied by the ligand's

structure; the metal is positioned at the center of this sphere which has an assigned radius of 3.5
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A. Minimum percent buried volume is a related metric, but refers specifically to the smallest
percent buried volume among all energetically accessible ligand conformers (Scheme 1.2.E).*
Critically, this descriptor enables one to reliably predict whether mono- or bisligation will be
favored at a metal center at various stages of a catalytic cycle. For example, values less than 29%
favor the coordination of two phosphines during oxidative addition, whereas values greater than
32% favor coordination of a single phosphine. For ligands with % Vyur (min) values between 29%
and 32%, both mono- and bisligated states are possible.

While a large variety of cross-coupling reactions can be performed successfully using
either mono- or bis-ligated Pd, there are also many examples in which ligation state has proven
critical to a reaction’s success. In an evaluation of 56 sterically diverse phosphine ligands, Sigman
and Doyle highlighted several cases in which monoligated Pd is required to achieve high yields:
these include various cross-couplings of aryl chloride electrophiles®* (including the reaction in
Scheme 1.2.A), a Suzuki-Miyaura reaction involving hindered, ortho-substituted coupling partners
(Scheme 1.2.B), a Heck coupling,®® and a Buchwald Hartwig aryl-amination (Scheme 1.2.C). On
the other hand, bisligated Pd was necessary to achieve adequate conversion in the Suzuki-Miyaura
coupling of an aryl triflate (Scheme 1.2.D). Regarding Pd-catalyzed cross-couplings of aryl
chlorides, the positive correlation between increasing % Vpur (min) values for phosphine ligands
and improved reaction yields reflects the superiority of monoligated Pd compared to bisligated Pd
during oxidative addition at Ar—CI bonds, as discussed above. However, the requirement for
hindered ligands during both the Buchwald-Hartwig aryl amination of bromobenzene and the
Suzuki coupling between a hindered, ortho-substituted boronic acid and 2,6-dimethyl-
bromobenzene suggest the relevance of ligation state during other elementary steps of the catalytic

cycle.*® For example, during aryl amination, an amine cannot associate to Pd(II) unless a vacant
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coordination site is available. Likewise, transmetalation of a sterically encumbered nucleophile

will be slow at crowded or saturated Pd(II) intermediates.

Scheme 1.2. Relationship between a Ligand’s Minimum % Buried Volume, Ligation State, and
Reactivity (adapted from Ref. 33).

Promoted by PdL
. E
PAIBmol%) e CF, W M\ f
Y —

/@/ ligand (6 mol%) ' \|/\
P
L d
Me . [Pd] (3 mol%) o P
Br T ligand (6 mol%) '@
+ —_— N % Vi (Boltz) % Vipyr (min)
(HO)B THFKSOPOé 4h
Me ° F
_____________________________________________________ Me PdL, i PdL,
0 A — _—
[Pd] (3 mol%) Me © =
Br ||gand (6 mol%) B — 2 2
HN ﬁ c g U
\© NaO'Bu @ O € ¢ £
_ —_—_—
THF, 60 °C, 1 h 3
© p— — _
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(A-C) Pd-catalyzed cross-couplings promoted by monoligated Pd (D) Pd-catalyzed cross-coupling
promoted by bisligated Pd (E) Left: Depiction of percent buried volume using the Boltzmann-
weighted average of ligand conformers; Right: Depiction of minimum percent buried volume; » =
3.5 A (F) Overview of % Viur (min) reactivity thresholds for 56 phosphine ligands screened in
reactions A-D; PdL vs PdL,; Ligation states were determined spectroscopically.

In summary, our ability to access multiple ligation states—particularly monoligated Pd
with use of increasingly hindered ligands, has significantly broadened the perceived capabilities
of Pd-catalyzed cross-couplings over time. Nevertheless, small triaryl phosphines and
bisphosphines continue to play a central role in modern cross-coupling applications, and often

exhibit reactivity biases which complement those of hindered monophosphines or NHCs.

Moreover, as this thesis shall describe, bisligated Pd catalysts can also exhibit regiochemical
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preferences which are orthogonal to those of monoligated Pd, and typically disfavor unwanted

over-functionalization of multiply halogenated (hetero)arenes.

1.3 Cross-Couplings of (Hetero)arene Electrophiles with Multiple Reactive Sites

In cross-couplings of di- or polyhalogenated heteroarenes where multiple products of
cross-coupling are possible, regioselectivity and chemoselectivity are generally dictated by
characteristics of substrate, such as C—X bond strength. For example, it is well established that
aryl iodides are more reactive toward oxidative addition at Pd than aryl bromides, which are, in
turn, more reactive than aryl chlorides. This reactivity trend is primarily a result of relative C—X
bond strengths which differ dramatically among the halogens. With few exceptions,*” this order of
reactivity is dependable when planning synthetic routes which involve substrates bearing multiple
reactive halides. By comparison, there are relatively few examples where chemoselectivity is
controlled by changes to the catalyst or other reaction conditions, rather than the innate reactivity

of the substrate.*®

1.3.1 Chemodivergent Cross-Couplings of Chloroaryl Triflates

The first example of switchable chemoselectivity under catalyst control was demonstrated
by Fu in the Suzuki coupling of chloroaryl triflates.*® Triflates, classified as "pseudohalides,' exhibit
similar reactivity to halides when utilized as leaving groups in cross-coupling reactions. By
convention, aryl triflates are substantially more reactive toward oxidative addition at Pd than aryl
chlorides. In keeping with this established order, Fu described a triflate-selective Suzuki-Miyaura
arylation of chloroaryl triflates promoted by a Pd/PCy; catalyst. Yet, in the same report, Fu also

described a chloride-selective arylation mediated by P‘Bus, which left the triflate intact, contrary
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to convention (Scheme 1.3.A). Additionally, in an intermolecular competition between an aryl
chloride and an aryl triflate, P’‘Bus exhibited the same preference for reaction at chloride (Scheme
1.3.B). The ratio of phosphine to Pd was also relevant to the reaction outcome: the ligand PCy3
exhibits a preference for C—OTT oxidative addition when PCys is used in a 2:1 ratio with Pd,
however, selectivity for triflate is diminished when PCy; is used in a 1.2:1 ratio with Pd. In

contrast, P‘Bus furnishes high chloride selectivity independent of the phosphine-palladium ratio.

Scheme 1.3. Ligand-Controlled Chemodivergent Suzuki Coupling of a Chloroaryl Triflate (Fu
2000).

A Ar

Tf
Pd(OAc), (3 mol%) Pd,(dba)sz (1.5 mol%) 0
PCYa (6 mol%) fBu3 (3 mol%) m
KF (3 equiv) KF (3 equiv) <P
a THF, RT, 48 h (1:1) THF, RT, 24 h ”

Pd,(dba); (0.5 mol%) o o o
PBu; (1 mol%)

PhB(OH)2 (1 equiv)
KF (3 equw)

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

unreacted starting materials

In 2010, Houk and Schoenebeck revisited Fu’s finding, and provided computational
evidence that the divergent chemoselectivity preferences exhibited by PCy3 versus P'Bus can be
attributed to the valency of palladium during oxidative addition: P‘Bus is sufficiently hindered to
preclude ligation of a second phosphine during oxidative addition, whereas PCys is less hindered,
thus its ligation state during oxidative addition (mono or bis) depends upon the Pd/phopshine ratio
employed.*® According to Houk and Schoenebeck, selectivity for oxidative addition at C—OTf
versus C—CI can be explained in terms of distortion and interaction energies: for oxidative

addition at monovalent Pd(PR3), C—Cl is more easily distorted into the required transition state
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geometry. On the other hand, divalent Pd(PR3), is more electron-rich, and therefore interacts more
favorably with the most electropositive ring carbon at the triflate site. Multiple studies of cross-
coupling selectivity with chloroaryl triflates have since corroborated this correlation between
chemoselectivity and the ligation state of palladium, including contributions by Manabe,*!
Sigman,*? Neufeldt,** and So.* Thus, low-valent Pd catalysts have challenged the very conception

that chemoselectivity is dictated by an immutable order of (pseudo)halide reactivity.

1.3.2 Site-Selective Cross-Couplings of Dihalo(hetero)arene Electrophiles

Aromatic nitrogen-heterocycles are ubiquitous among metabolites, therapeutics,
agrichemicals, and functional materials. Synthetic methods for the derivatization of heteroaromatic
scaffolds include metalation, nucleophilic aromatic substitution (SnxAr), electrophilic aromatic
substitution (EAS), C—H activation, and cross-coupling. Frequently, these methods are employed
in sequence with one another to access novel substitution patterns within chemical discovery
programs and process chemistry.*> Owing to their robustness and synthetic versatility, cross-
coupling reactions have proven quite popular in this regard,*® and the sub-disciplines of
heterocyclic chemistry, medicinal chemistry, and cross-coupling methodology frequently intersect.

In an ideal scenario, two or more cross-coupling reactions may be performed using a single
heteroarene substrate bearing non-identical halogens, such that the reaction proceeds with
predictable chemoselectivity (at the heavier halogen first) and with minimal “over-
functionalization” resulting from reaction at multiple sites. In such a scenario, the remaining
halide(s) might then be functionalized via a second substitution method—whether cross-coupling
or another reaction—or perhaps be left intact as a design element in the final target structure.

However, heteroarene starting materials bearing mixed halogens are far less accessible than their
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analogues bearing identical halogens, often differing by an order of magnitude in price (Scheme
1.4). For this reason, technologies enabling the prediction and control of site-selectivity in cross-
couplings of (non-symmetric) dihalogenated heteroarenes—especially dichloroheteroarenes, are
in great demand.*’
Scheme 1.4. (A) Pd-Catalyzed Cross-Coupling of Dihalo-Heteroarenes with Non-Identical

Halogens (B) Chemoselective Strategies are Limited by the Cost of Starting Materials (chemical
prices were sourced from Ambeed.com; accessed 31 Oct. 2023).

X2 PdL, (cat.) X2
X1 R—[M] :

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

B ci o cl cl
most reactive =
site | SN | \)N\ | SN | SN
N/)\CI N" > Br N/)\I NAR

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

When two identical halides occupy non-equivalent positions on a heteroarene, oxidative
addition to Pd normally takes place at the halide adjacent to at least one heteroatom. Simple
resonance analysis of pyridine indicates that the most reactive ring positions are situated ortho and
para to the heteroatom: besides its neutral structure, the most stable resonance contributors of
pyridine place a formally negative charge on nitrogen, pyridine’s most electronegative atom
(Figure 1.2). Therefore, the carbon atoms in the 2-, 4-, and 6-positions are more electropositive
than those in the 3- or 5-positions and are best suited to interact with a reductant such as Pd(0)
during the oxidative addition step. However, for pyridine and related azines, C—X bonds «a to
nitrogen are weaker due to the proximity of nitrogen’s lone pair which is coplanar with the C2—

X bond.
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Figure 1.2. The Preferred Site of Oxidative Addition to Palladium is Typically « to the
Heteroatom.

Generally, regiochemical outcomes for cross-couplings of dihalogenated heteroarenes can
be predicted on the basis of 'H NMR shifts by analysis of the non-halogenated parent structure
(Figure 1.3). The most deshielded proton of the parent heteroarene is the one « to at least one
heteroatom and usually corresponds to the preferred site of oxidative addition at the analogous
dihaloheteroarene.*® However, there are notable exceptions to this trend. For example, 2,4-
dichloropyrimidine and 2,4-dibromopyrimidine react at the C4-site, yet the most deshielded proton

of the parent structure is located at C2.%

R 7 52
N 13 8.77
7.13)1 )—Br 74 >_Br / &y f* 025
Br” N ., 8.88 6.66 5
[ = site of 15t cross-coupling -'\_ = site of 2" cross-coupling]

Figure 1.3. Electrophilicity of C—Br Bonds is Positively Correlated with '"H NMR shifts (ppm)
in the Unsubstituted Heteroarene Structure.

Houk and Merlic applied the distortion-interaction model®® (also referred to as an
activation-strain model),’! to describe the origin of site selectivity computationally. The activation
energy for oxidative addition at a C—X bond is equal to the distortion energy plus the interaction
energy (Figure 1.4.A). Distortion is related to bond dissociation energies (BDEs) and refers to the
energy required to distort the reactants into the transition state geometry. Oxidative addition is

generally favored at weaker C—X bonds which are easier to distort (Figure 1.4.B, /eft). However,
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exceptions to this trend were observed in specific situations. Oxidative addition took place at the
stronger C—X bond in certain cases where (1) both C—X bonds have almost identical bond
dissociation energies (BDEs), (2) the weaker C—X bond is located on a fused carbocycle rather
than on the heterocycle, and (3) the halides are situated on a substituted ring and are each adjacent
to different heteroatoms (Figure 1.4.B, right). In these instances, site selectivity is better explained
in terms of frontier molecular orbital distribution and the interaction between Pd’s HOMO and the
substrate LUMO. Oxidative addition can still take place at stronger C—X bonds if the LUMO
coefficient is larger at these sites. For instance, despite a lower BDE for C—Br at the CS5 site, a
2,5-dibromobenzoxazole exhibits a stronger interaction between Pd and C2 of the substrate, which

can be attributed to the significantly larger LUMO contribution at C2 versus CS.

NP >x t RP—PA—PR,

B Tttt ...
Cross-coupling takes place at the weaker C—X bond: ; Cross-coupling takes place at the stronger C—X bond:
9 88 9
“85 4859 0872 \
86.3 871 /
N 27 Cl 2 86 7

[ = site of conventional selectivity in cross-coupling]

Figure 1.4. (A) Activation Energy for Oxidative Addition Derived from Distortion (AE*4ist) and
Interaction Energies (AE*ix) (B) Conventional Site of Oxidative Addition to Palladium and Bond
Dissociation Energies (BDEs) Calculated Using B3LYP/6-31G(d) (adapted from Ref. 50).

More recently, Leitch developed a structure-reactivity model to quantitatively predict

relative rates for oxidative addition of (hetero)aryl-chloride, -bromide, and -triflate electrophiles
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to Pd(PCys3)..°% Leitch concluded that descriptors of C—X bond strength, including intrinsic bond
strength index (IBSI) and leaving group stability, are insufficient to model the rate of oxidative
addition. Rather, the most relevant molecular descriptors are the electrostatic potential (ESP) at
the ipso (C—X) carbon, followed by the ESP at ring atoms ortho to the leaving group—where
more positive ipso carbon atoms and more negative ortho atoms both accelerate oxidative addition.
The ESP of Pd is also consequential, with a more negative metal center resulting in an increased
rate of oxidative addition. By using these molecular descriptors to calculate relative oxidative
addition barriers, site selectivity could be accurately predicted with a wide array of dihalogenated
heteroarenes. Nevertheless, like prior models, this framework manifests limitations in its
predictive capacity; for instance, dichloroisothiazoles exhibit a regiochemical preference which is
contrary to prediction.

Beyond empirically catalogued examples of site-selective cross-coupling, the models put
forth by Handy, Houk, and Leitch provide the current basis for site-selectivity predictions in cross-
couplings of dihalogenated azines and other heteroarenes. Nevertheless, these models are not
without limitations. By design, these frameworks largely or completely emphasize aspects of
substrate control, such as C—X bond strengths, LUMO distribution, ESP, and steric repulsive
effects, while placing little emphasis on ligand identity or catalyst speciation. For Houk’s
distortion-interaction model, 25 dihaloheteroarenes were surveyed computationally, but all
transition structures were calculated using the small model Pd(PH3), where the Pd catalyst is
bisligated. Likewise, Leitch modeled site selectivity trends for 28 dihaloheteroarenes, but
parameterization was predicated on empirically derived reaction rates using only Pd(PCy3): in
THF. Neither model is expected to be reliable when dramatic changes are made with regard to

catalyst speciation, ligand structure, or catalyst ligation state. Additionally, while these models are
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of great relevance in predicting the initial site of reaction, they are unable to predict selectivity for
mono- versus difunctionalization (reaction at both halides), which varies widely depending on
ligand identity.

In unusual instances, the site-selectivity of cross-coupling departs from the conventional
pattern, occurring at C—X bonds positioned distal to heteroatoms.>® A Scifinder search indicates
that, for the majority of dihalogenated N-heteroarene substrate classes, fewer than 8% of cross-
coupling reactions lead to "atypical" site-selectivity.’* Nevertheless, these exceptions point to
limitations in our existing predictive models. Most significantly, the lack of mechanistic
explanations for atypical site selectivity hinders the development of strategies to deliberately invert

it.

1.4 Focuses of this Work

As discussed above, cross-couplings of dihalogenated N-heteroarenes normally proceed
with predictable site selectivity for halides positioned a to nitrogen. Thus, minor regioisomers are
challenging to prepare, impeding synthetic strategies to access polysubstituted azines. Chapters 2
and 3 will focus on catalyst-controlled approaches where changes to Pd’s ligation state or
speciation can invert site-selectivity in Pd-catalyzed cross-couplings of dichlorinated pyridines,
pyridazines, pyrimidines, and quinolines. The synthetic opportunities offered by regio-inversion

shall also be discussed.

Scheme 1.5. Ligation State-Controlled Regiodivergent Cross-Couplings of 2,X-Dichloroazines.

Cl\\ PdL C'\ PdL R
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« site-selectivity distal site-selectivity
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Unlike 2,4-dichloropyridine, 2,4-dichloropyrimidine proves impervious to catalyst-
controlled approaches aimed at inverting the site preference in catalytic C—C bond-forming
processes. Chapter 4 describes a two-step synthetic strategy to achieve selective C2-arylation of
2,4-dichloropyrimidines.

Scheme 1.6. C2-Arylation of 2,4-Dichloropyrimidine via a C2-Sective Thiolation/C—S Bond
Activation Sequence.

R! Cl Cl Cl
PdL, PdL X PdL, [Cu] N
| XN - | NN _— | D\ _— | /Nk
R'-[M] _ R2SH, base R2 R'-[M] Z
conventional unconventional
selectivity selectivity

A third challenge, broadly applicable to cross-couplings with dihalogenated electrophiles,
is the ability to control mono- versus difunctionalization. Some catalysts are known to “ring-walk”
across m-conjugated systems, resulting in reaction at both halides instead of one, despite the use of
nucleophile in sub-stoichiometric quantity. Chapter 5 will provide a mechanistic basis for ligand
effects on Pd ring-walking and strategies to minimize over-functionalization of dichloroarenes and

dichloropyridines.

Scheme 1.7. Ligand-Controlled Selectivity for Mono- vs. Difunctionalization of Dichloro-
(hetero)arenes.

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

UNCONVENTIONAL SITE SELECTIVITY IN PALLADIUM-CATALYZED CROSS-
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2.3 Abstract

Halides adjacent to nitrogen are conventionally more reactive in Pd-catalyzed cross-
couplings of dihalogenated N-heteroarenes. However, a very sterically hindered N-heterocyclic
carbene ligand is shown to promote room-temperature cross-coupling at C4 of 24-
dichloropyridines with high selectivity (~10:1). This work represents the first highly selective
method with a broad scope for C4-coupling of these substrates where selectivity is clearly under
ligand control. Under the optimized conditions, diverse substituted 2,4-dichloropyridines and
related compounds undergo cross-coupling to form C4—Cp2) and C4—Cisp3) bonds using
organoboron, -zinc, and -magnesium reagents. The synthetic utility of this method is highlighted
in multistep syntheses that combine C4-selective cross-coupling with subsequent nucleophilic
aromatic substitution reactions. The majority of the products herein (71%) have not been
previously reported, emphasizing the ability of this methodology to open up underexplored
chemical space. Remarkably, we find that ligand-free “Jeffery” conditions enhance the C4
selectivity of Suzuki coupling by an order of magnitude (>99:1). These ligand-free conditions

enable the first C5-selective cross-couplings of 2,5-dichloropyridine and 2,5-dichloropyrimidine.

cl X inverted selectivity
| 2 R C4:C2 10:1
Pd with E/j\
CI 4 most ligands N R \4 31 examples
conventional ‘
E selectivity P M =B, Mg, Zn
cl ®—— Pdwith IPr N~ ~Cl R=(Het)Ar, alkyl
* R-M mverted select:wty
I\gand -free Pd

,,,,,,,,,,,,,,,,,,,,,,,, XN
IPr: p— \ _
N Cl
exqulsne unprecedented
C4-selectivity (~99:1)  Cb-selectivity (~7:1)

Scheme 2.1. Graphical abstract for the J. Org. Chem. manuscript.
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2.4 Introduction

Nitrogen-containing heterocycles are privileged scaffolds in discovery-oriented synthesis
such as medicinal chemistry. Heteroaromatic cores can be elaborated through cross-coupling
reactions, which are among the most widely used methods in organic synthesis.! Heteroarene
starting materials containing multiple halogen-leaving groups are practical building blocks since
cross-coupling often occurs with predictable selectivity to give a product that retains one halide.
Halides, especially chlorides, are valuable structural features of drug-like molecules. In fact, 15%
of the unique small-molecule drugs approved by the FDA from 1994 to 2012 are chlorinated.? For
six-membered nitrogen-containing heteroarenes, cross-coupling typically takes place at a C—X
bond adjacent to nitrogen, if present.® It is generally very challenging to invert the conventional
site preference to react at a C—X bond distal to nitrogen. As such, innate substrate biases leave
significant chemical space underexplored by organic synthesis.

Like other nitrogen-containing heterocycles, 2,4-dichloro-pyridines nearly always undergo
cross-coupling adjacent to nitrogen (at C2, example in Scheme 2.2.A, left).*”” Houk and Merlic
explained this selectivity based on a distortion—interaction model: the C2—CI bond is weaker and
is therefore easier to distort into the transition-state geometry.® C2 is also more positively charged
due to its proximity to nitrogen, which may enhance attractive interactions with a reductant such
as Pd(0). Preferential cross-coupling at C4 to leave a C2-chloride intact is possible if C4 is
substituted by bromide or iodide, but heteroarenes containing mixed halogens are often much less
accessible than dichlorinated substrates.

Dai, Chen, and co-workers provided the first evidence that “innate” selectivity could be

inverted by judicious ligand choice.’ In the presence of bulky monophosphine QPhos, 1 undergoes
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Suzuki—Miyaura cross-coupling preferentially at C4, albeit with modest selectivity and yield
(Scheme 2.2.A). In contrast, the diphosphine dppf promotes conventional selectivity, leading
exclusively to the C2-coupled product. In 2019, we reported that the room-temperature Pd/SIPr-

catalyzed cross-coupling of 2 gives exclusive reaction at the C4-triflate (Scheme 2.2.B, right).!°

Scheme 2.2. Ligand Effects on the Cross-Coupling Selectivity of 2,4-Dichloropyridines.

A Dai, Chen 2013

conventional selectivity
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B Neufeldt 2019 :
¢ OTf Ar
OTf Pd/SIPr OTf; Pd/SIPr
AT eor: L wweom €
Ar-B(OH), Ar o I ArBoH), [
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CYang Liu, Huang 2020
PEPPSI-IPr (2.5 mol %), NaOAc (2 equiv) R
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This result was surprising not only because the C2 site of di(pseudo)halogenated pyridines
is normally more reactive toward cross-coupling but also because Pd/SIPr is usually
chemoselective for chloride over triflate (Scheme 2.2.B, left). Based on the anomalous selectivity
for the reaction of 2 in Scheme 2.2.B, we began exploring the use of the N-heterocyclic carbene
(NHC) ligand SIPr and its unsaturated analogue IPr for C4-selective cross-coupling of
dichloropyridines. During the course of our investigations, Yang and coworkers reported the use
of a Pd(PEPPSI)(IPr) catalyst for C4-selective Suzuki—Miyaura cross-coupling of 2.4-
dichloropyridines.!! A series of standard optimization reactions using 1 at 60—100 °C revealed that
the PA(PEPPSI)(IPr) catalyst provides C4 selectivity ranging from 2.5:1 to 10.4:1, varying with
solvent and base. Intriguingly, a 10-fold improvement in selectivity was found upon switching to
unusual conditions that employ KI, NaOAc, and PEG400, together with the addition of a second
batch of PA(PEPPSI)(IPr) and a second base (Na2CO3) after ~12 h (Scheme 2.2.C).

Here, we report that the use of IPr under mild conditions (often room temperature) enables
a broader scope of C4-selective cross-couplings of 2,4-dichloropyridines and related substrates
(Scheme 2.2.D, left). Control studies demonstrate that site selectivity is ligand-controlled under
the conditions that we report. However, we further disclose that ligand is not necessary to achieve
high C4 selectivity under some high-temperature conditions, including those previously reported
by Yang et al. We find that ligand-free conditions analogous to those used in the Jeffery—Heck
reaction lead to much higher C4 selectivity than can be achieved under ligand control (~99:1 vs
~10:1 for reactions of 1, Scheme 2.2.D, right). These ligand-free conditions enable unprecedented
CS selectivity in the cross-coupling of 2,5-dichloropyridine and 2,5-dichloropyrimidine. At

present, the ligand-free conditions are less general than the ligand-controlled system. Preliminary
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evidence suggests that the unprecedented selectivity in the absence of strongly coordinating

ligands (e.g., phosphines or NHCs) may be a consequence of multinuclear Pd species.

2.5 Results and Discussion

2.5.1 Initial Discovery of C4-Selective Suzuki Coupling

The unexpected C4-OTf selectivity shown in Scheme 2.2.B led us to apply our previously
reported reaction conditions'® to the Suzuki—Miyaura cross-coupling of 2,4-dichloropyridine (1).
The Hazari precatalyst (n*-1-"Bu-indenyl)Pd(SIPr)(C1)!? (3a) was used with KF as a base in THF
at room temperature (Table 2.1, entry 1). Gratifyingly, these conditions afforded 1b as the major
product, resulting from reaction at C4. The crude ratio of 1a/1b = 1:8 reflects much higher C4
selectivity than had been previously reported with QPhos (Scheme 2.2.A) and is similar to the
selectivity later reported by Yang et al. during most of their optimization studies.!! The yield of 1b
increased when K>CO3 was used as the base (entry 2), and selectivity and yield improved slightly
upon switching to catalyst 3b containing the unsaturated analogue IPr (entry 3). Similar results
were obtained in benzene (entry 5), but the polar solvents DMF and propylene carbonate led to an
erosion of selectivity (entries 6—7).!* The steric bulk of IPr appears to be important for selectivity:
when using the smaller ligands SIMes and IMes, much more cross-coupling at C2 was observed
(entries 9—10). Interestingly, the unsaturated ligand IMes is slightly more selective than its
saturated analogue, SIMes. This observation parallels the trend seen with IPr versus SIPr (compare
entries 5 and 8). Use of a ligand whose sterics are intermediate between SIPr and SIMes (SIMix)
affords intermediate selectivity (entry 11). Finally, the ligand [Pent, which bears longer alkyl ortho-
substituents, promotes over-arylation, leading to a mixture of products 1b and 1c¢ (entry 12).'4

None of 1b and only trace 1a was detected when the ligand was omitted (entries 4 and 13),
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Table 2.1. Optimization of the PA/NHC-Catalyzed C4- Selective Suzuki—Miyaura Coupling.

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

MeO

(i ¢ equw)
NS base (3 equiv)

H,0 (14 equiv)

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

' 3b, NHC = IPr —\ Me

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

! 3e, NHC = SIMix

| 3f, NHC = IPent

' SIMix IPent

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

1° SIPr THF 5 39 5 1:8
SIPr THF 7 66 10 1:9
3 IPr THF 7 69 8 1:10
4° -- THF 1 <1 0 --
5 IPr CeHe 8 70 6 1:9
6 IPr DMF 8 47 15 1:6
7 IPr pC? 9 45 17 1:5
8 SIPr CeHe 9 64 8 1:7
9 SIMes CsHs 24 35 3 1:15
10 IMes CeHe 23 40 1:17
11 SIMix CeHe 8 34 2 1:4
12 IPent CsHs 1 34 23 1:34
13° -- CeHs 2 0 0 --

“GC yields calibrated against undecane as the internal standard. Average of two trials. PMP =
para-methoxyphenyl. °’KF was used instead of KxCO3. “No NHC ligand; Pd source was PdCl> (3
mol %). “PC = propylene carbonate. “No NHC ligand; Pd source was (1°-1-'Bu-indenyl)>(m-
CI)2Pd; (1.5 mol %).
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demonstrating the critical role of the NHC ligand in both the selectivity and reactivity of the
catalyst under these conditions. The mechanistic origin of the observed ligand-controlled
selectivity is the topic of further study in our group and will be reported in the near future. In
brief, our mechanistic studies indicate that IPr favors oxidative addition at 12e— Pd(0), whereas

reaction at 14e— Pd(0) is more prominent with other ligands.

Scope of the C4-Selective Suzuki Coupling

With optimized conditions in hand (Table 2.1, entries 3 and 5), we next examined the scope
of aryl boronic acids in the Suzuki coupling. Substrate 1 undergoes Pd/IPr-catalyzed cross-
coupling with diverse arylboronic acids (Scheme 2.3), affording the C4-coupled products in
moderate to good isolated yields. Boronic esters are also competent cross-coupling partners in the
reaction to form 1b. The conditions are tolerant to aldehyde, nitrile, and alkene functional groups
on the boronic acid coupling partner (4b—6b). Using 4-chlorophenylboronic acid, the major
product 8b results from the reaction of 4-pyridyl chloride, leaving both 2-pyridyl and the aryl
chloride intact. Pyrazoleboronic acid reacts well (10b), but poor conversions were observed with
other heteroarylboron reagents (see Appendix A). This limitation may be addressed through the
use of heteroarylzinc or magnesium reagents instead of boronic acids (vide infra).

The optimized conditions enable Suzuki—Miyaura coupling of 2,4-dichloropyridines with
diverse substituents at the 3-, 5-, and 6-positions. Aldehyde, nitrile, and unprotected amines are
well tolerated, and no competing amination products were detected in the reactions of
aminopyridines. Interestingly, the C4 selectivity is eroded when there is an amino substituent at
the 3- or 6-position (14b and 18b), but high selectivity is retained when the amino group is at the

S-position (16b). This observation suggests that the ability of substituents to coordinate to
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Scheme 2.3. Scope of C4-Selective Suzuki—Miyaura Cross-Couplings Catalyzed by Pd/IPr.

cl
3b (3 mol %)

ArB(OH), K,CO3 (3 equiv)
X
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Ar

N Cl H,0 (14-35 equiv) //K
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25-60 °C
Os_H N Os_OMe
AN Il cl
Me

NO, NN
(
X X X X X X X
» » » P » » »

N~ >l N~ cl N~ >cl N~ >Cl N~ cl N~ cl N~ cl
4b, 45% 5b, 64% 6b, 74% 7b, 60% 8b, 66% 9b, 68% 10b, 67%
9:1) 9:1) (13:1) (12:1) (12:1) (11 :1) 8:1)

PMP from pinacol PMP PMP PMP O PMP PMP
boronic ester NO = NH Me
| A 70% (11:1) | N 2 | N | N OH ~ 2 | N
_ f 7 7 pZ pZ 7
N g from Salve! N" el N” cl N~ cl N~ cl N~ cl
neopen cO
1b,72%  |ooPenyOY 11b, 66% 12b, 68% 13b, 52% 14b, 60% 15b, 53%
(13:1) 63% (12:1) (18:1) (11 :1) 6:1) (4:1) (23:1)
PMP PMP PMP PMP PMP PMP PMP
HN N cl X X X X = X SN
N~ cl N“>Cl  H,NT N el N~ cl N~ cl N~ N7 el “NT > el
16b, 74% 17b, 43% 18b, 48% 19b, 56% Cl 20, 54% 21b, 67% 22b, 69%
(13:1) (5:1:0.1) B:1) 7:1) 6:1)° (11 : 1) (>99:1)
Electrophile Limitations®
PMP O PMP diarylation reaction at bromide conventional C2-selectivity
Hi Hl fi (i QQ U C'f
23b, 32% 24b,78% ¢
(51:1) (15 : 1) ig5 N

“Isolated yields of products shown. Ratios are the crude ratio of C4:C2-coupled product prior to
purification based on GC signal integrations. ~5— 20% diarylation was observed in all cases unless
otherwise indicated (see the Appendix A for isolated yields when available). Reactions were
conducted at room temperature unless otherwise indicated. ® Reaction conducted at 75 °C. ©

Reaction conducted at 60 °C. ¢ Ratio represents C4:C2:C5-coupled products. ¢ No cross-coupling
at C8 was detected. " 3f (3 mol %) was used as the catalyst instead of 3b. & See Appendix A for

details.
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palladium might play a role in the observed site selectivity. A limitation of this method is the
substrate with a 6-trifluoromethyl group (25). Whereas diarylation is seen in ~5—20% yield for
most of the other reactions in Scheme 2.3, the major product of the reaction of 25 corresponds to
diarylation, despite the use of only 1 equiv of arylboronic acid (see Appendix A).

In addition to dichloropyridines, the analogous 2,4-dichloroquinoline and 2,4-dichloro-1,8-
naphthyridine substrates undergo C4-selective coupling (19b and 21b). These conditions are also
effective for cross-coupling at the conventionally disfavored C5-site of 3,5-dichloropyridazines
(22b—24b).° Additional chloride substituents at less electrophilic sites are well tolerated, including
at the 5-position of pyridine and at the 8-position of quinoline (17b and 20b). However, bromide
substituents react more quickly than C4- chloride (27-28). 2,4-Dibromopyridine (26) does not
display the same behavior as its dichloro- analogue; 26 leads to both C4-arylated and diarylated
compounds as major products. Finally, these conditions are not effective for cross-coupling distal
to nitrogen using substrates 29 or 30. With these substrates, the major product results from reaction

at C2—Cl, representing conventional selectivity.

C4-Selective Kumada and Negishi Couplings

The Pd/IPr catalytic system is also effective for promoting C4-selective cross-coupling
with organozinc and organomagnesium nucleophiles. Although the Suzuki coupling is mostly
limited to arylboronic acids, Negishi and Kumada conditions enable installation of heteroaryl and
alkyl groups in good yield (Scheme 2.4). For example, a 2-pyridyl group was introduced at the C4
position of 1 using the corresponding Grignard reagent (product 31b); this group is notoriously
challenging to install through Suzuki coupling methods."> Secondary and primary alkyl Grignard

reagents were effective coupling partners (32b and 33b), and C4-methylation and benzylation
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could be achieved using zinc reagents (35b and 36b). Interestingly, the selectivity of these
reactions appears to be influenced by the identity of the coupling partner. 31b and 33b were the
only products observed by GCMS from their respective reactions, whereas the C2-coupled
compounds were minor products in the other reactions. This phenomenon may reflect
decomposition of some C2-coupled products, leading to artificially high C4:C2 ratios (see
Appendix A).

Scheme 2.4. C4-Selective Negishi and Kumada Couplings of 2,4-Dichloropyridine and 2,4-
Dichloroquinoline. ¢

cl R
~ RZnCl 3b (3 mol %) .
" Sy + or [Cal e
ol RMgBr  THF, 0-60°C,075-5h | | \
TN O 0772 equiv) N
Kumada couplings Negishi couplings
S ©\)j\
35b 71%
32b 62%
N cl
0 36b, 64%
31b, 61% 33b, 59%" 34bv 70% ©:1)

(7:1)

“Isolated yields of product shown. Ratios are the crude ratio of C4:C2-coupled product prior to
purification, based on GC signal integrations. ” Product shown was the only product observed.

Application to Multistep Syntheses

We envisioned that the C4-selective cross-coupling methods could be particularly useful
for accessing pyridine motifs with a C—C bond at C4 and a C—heteroatom bond at C2 ("substitution
pattern B”, Scheme 2.5.A). Nucleophilic aromatic substitution (SNAr) reactions are a commonly
used strategy for introducing heteroatom substituents onto pyridine. For 2,4-dihalopyridines,
transition metal-free SNAr reactions tend to proceed at C4.'® Conversely, as discussed above, the

conventional site for cross-coupling reactions of these substrates is C2. As such, sequential cross-
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Scheme 2.5. Sequential C4-Selective Cross-Coupling and SnxAr Enable Access to a Challenging
Substitution Pattern. ¢
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coupling and SnAr reactions are useful for generating products with substitution pattern A based
on typical selectivity, independent of the order of these steps. However, the complementary pattern
B is not generally accessible by conventional methods.

Three compounds with substitution pattern B were prepared by Pd/IPr-catalyzed C4-
selective cross-coupling, followed by SnAr reactions. The use of thiolate and iodide nucleophiles
for the SnAT steps enabled the synthesis of products 37 and 38 (Scheme 2.5.B). We were also able
to apply this strategy to a novel synthesis of the Bruton’s tyrosine kinase inhibitor 40. The
previously reported synthesis of this compound required five synthetic steps providing an overall

yield of 3%.!7 However, our two-step synthesis enables access to 40 in 66% overall yield.

Role of Catalyst Speciation in C4 Selectivity

We were intrigued by the exceptional ~99:1 selectivity achieved under Yang et al.’s
unusual conditions, as our own experience suggested that this high selectivity was uncharacteristic
of a Pd/IPr catalyst. We hypothesized that selectivity might not be under ligand control under the
final optimized conditions that were previously reported.

Upon conducting ligand-free control reactions, we found that IPr is not necessary for the
C4 selectivity in the system reported by Yang et al. (Scheme 2.6.B). The C4-coupled product is
formed in excellent selectivity using PdCl in the absence of added ligands. As such, the selectivity
in Yang’s high-temperature reaction is not controlled by IPr and its mechanistic origin is not the
same as that of the room-temperature Pd/IPr-catalyzed conditions that we report here. Yang et al.
suggest that KI might initially react with 1 to form 2-chloro-4-iodopyridine, which then undergoes
selective cross-coupling at C4—1. However, inspired by recent reports by Fairlamb,'®!” we were

intrigued by the possibility that the high C4 selectivity in the Yang system might be attributed to a
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change in catalyst speciation from mono- to multinuclearity. Thus, we turned to alternative cross-
coupling conditions that have been well established to promote formation of palladium
nanoparticles by applying “Jeffery—Heck” conditions toward the Suzuki coupling of 1 (Table 2.2).
These so-called “Jeffery” conditions are characterized by the use of simple palladium salts,

inorganic bases, and tetraalkylammonium additives.?*?!

Scheme 2.6. Previously Reported C4-Selective Cross-Coupling that is Not Under Ligand
Control.

A Yang, Liu, Huang 2020

cl R PEPPSI-IPr (2.5 mol %), NaOAc (2 equiv) R
é Kl (1 equiv), PEG400, 100 °C, overnight
X + 0 O =
» then PEPPSI-IPr (2.5 mol %), |
N~ ~cl Na;COs (1 equiv) N~ Cl
(1.5 equiv) (1 equiv) 100 °C, another overnight (10-77%)
B control reaction (this work)
cl ?MP PdCl, (2.5 mol %), NaOAc (2 equiv) PMP
B Kl (1 equiv), PEG400, 100 °C, overnight
X + 0 0 =
| then PdCl, (2.5 mol %), Na,CO5 (1 equiv) | |
N Cl 100 °C, another overnight N Cl
(1.5 equiv) (1 equiv) 1b (60%)

ligand-free reaction gives same results:

P ? >60:1
selectivity is not ligand-controlled

Gratifyingly, ligand-free Jeffery-type conditions using PdCl>, Na>xCOs3, and 3—5 equiv of
NBuBr were found to afford remarkable C4 selectivity for the Suzuki—Miyaura coupling of 1
(Table 2.2, entries 1-2, 1a/1b = 1:>99 by GC analysis). Comparable selectivity but somewhat
lower conversion was observed with Pd(OAc)> or Pdxdbas (entries 3 and 4). Similar results were
obtained using NBu4Cl instead of the bromide salt (compare entries 1 and 5), indicating that
selectivity cannot be explained by initial Cl/Br exchange at C4. The use of only 1 equiv of NBuyBr
(entry 6), replacing the halide with a noncoordinating anion such as PF¢ (entry 7) or complete
omission of the quaternary ammonium salt (entries 8—9) results in diminished selectivity and yield

of 1b, consistent with the known roles of both coordinating anions and non-coordinating cations
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on stabilizing nanoparticles.?> Added water has a marginally detrimental effect on selectivity when
using 3 equiv of NBusBr (entries 10—11), but the combination of H>O (5 equiv) and NBu4Br (5
equiv, entry 14) appeared to improve conversion for some of the reactions in Scheme 2.7. Finally,

lower catalyst loading (entry 12) or lower temperature (entry 13) adversely affect selectivity and

yields of 1b.

Table 2.2. Optimization of the Ligand-Free C4-Selective Suzuki Coupling. ¢

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

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

NBu,X N~ “PMP
DMF, 110 °C, 22 h 1c

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

2GC yields calibrated against undecane as the internal standard. Average of two trials. ® With KBr
(3 equiv). ¢ With H20 (5 equiv). ¢ With H20 (10 equiv). ¢ With 1 mol % of PdCl.. 'Reaction run at
25°C.



37

The optimized Jeffery-type ligand-free conditions are general to coupling of 1 and 19 with
boronic acids bearing both electron-donating and electron-withdrawing functional groups (Scheme
2.7). In all cases, C2- and diarylation products were absent or observed in only trace quantities. As
such, product purification is more facile compared to the Pd/IPr conditions. Remarkably, 2,5-
dichloropyridine and 2,5-dichloropyrimidine undergo preferential coupling at C5 to afford
products 29b and 30b. This selectivity is unprecedented: all previously reported cross-couplings
of these substrates with spectroscopically supported structural assignments proceed through C2—Cl
cleavage.?> 2° Yields are only modest with these substrates as well as with many substituted 2,4-
dichloropyridines and related electrophiles. Current work in our group aims to uncover the
Scheme 2.7. Scope of C4-Selective Suzuki-Miyaura Cross-Couplings Under Ligand-Free

Catalysis. “

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

NBu4Br (5 equiv)
| X R +  ArB(OH), 1.0 (5 equv) DVF 5 ) DVF | N R
equiv
A\ (1 equiv) 2110 °Cq23 34 h N

RE T

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

B C5-selectivity

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

DMF NT el

_ B(OH),
29, Y =CH 0 MO°C,30h vy = cH, 29b, 20% (28%), (7.9 : 1)
30,Y=N (1.1 equiv) Y = N, 30b, 18% (27%), (4.8 : 1)

2 |solated yields are reported. Yields in parentheses are the calibrated GC yields of the indicated
product prior to purification. Ratios are the crude ratio of C4:C2- or C5:C2-coupled products prior
to purification, based on GC signal integrations.
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mechanistic origin of the unique selectivity under ligand-free conditions. We anticipate that

mechanistic insights will enable improvements to the reaction scope.

2.6 Conclusions

Ligand-controlled selectivity is demonstrated with a Pd/IPr catalytic system. This system
is effective for C4-selective Suzuki, Kumada, and Negishi cross-couplings of a variety of
substituted 2,4-dichloropyridines and related substrates. This methodology allows installation of
aryl, heteroaryl, and alkyl groups at the C4 position of pyridine while retaining a chloride
substituent at C2. If desired, the chloride can subsequently be replaced with a different heteroatom
through an SnAr reaction. This synthetic sequence comprising C4-selective cross-coupling
followed by SnAr provides products with a substitution pattern that can be challenging to access
through more conventional methods. The mechanistic origin of ligand-controlled inversion of
typical site selectivity is the focus of an upcoming report. Intriguingly, ligand-free “Jeffery”
conditions are found to increase the C4 selectivity in a Suzuki coupling of 2,4-dichloropyridine by
an order of magnitude. For the first time, C5-selective cross-coupling of 2,5-dichloropyridine and
2,5-dichloropyrimidine is achieved through the use of these ligand-free conditions. By analogy to
the Jeffery—Heck reaction, it is likely that palladium nanoparticles are involved under these ligand-
free conditions. Ongoing work in our group examines the mechanistic basis for this atypical

selectivity.
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CHAPTER THREE
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3.3 Abstract

In cross-coupling reactions, dihaloheteroarenes are usually most reactive at C—halide bonds
adjacent to a heteroatom. This selectivity has been previously rationalized. However, no
mechanistic explanation exists for anomalous reports in which specific ligands effect inverted
selectivity with dihalopyridines and -pyridazines. Here we provide evidence that these ligands
uniquely promote oxidative addition at 12e” Pd(0). Computations indicate that 12e¢™ and 14e~ Pd(0)
can favor different mechanisms for oxidative addition due to differences in their HOMO
symmetries. These mechanisms are shown to lead to different site preferences, where 12e~ Pd(0)

can favor oxidative addition at an atypical site distal to nitrogen.

Scheme 3.1. Graphical abstract for the ACS Catal. manuscript.

14e— Pd(0): 12e— Pd(0):
displacement mechanism |stronger bond, less + carbon,| 3_centered mechanism
" larger LUMO coefficient
L' i
e C'J N
N/Pd Pd(L)L N PdL cl Pd
U | = L T Ny
cl cl N I cl 4

C2 selectivity (conventional) weaker bond_more + carbon C4 selectivity (inverted)
[ ' } HOMO/LUMO interaction

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

3.4 Introduction

Heteroarenes are common motifs in high-value small molecules such as pharmaceutical
drugs and agrichemicals.! A popular method for their elaboration involves employing halogenated
heteroarene substrates in cross-coupling reactions. Dihaloheteroarenes bearing two identical
halides typically react with predictable selectivity at a C—X bond a to a heteroatom, when present

(Scheme 3.2.A).2 However, the ability to invert selectivity can open up underexplored synthetic
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space. Because of the importance of dihaloheteroarene cross-coupling reactions, the origin of their
innate selectivity has been thoroughly studied. Houk and Merlic rationalized the typical selectivity
with a distortion-interaction model.> Relevant to the current work, oxidative addition of 6-
membered nitrogen-containing dihaloheteroarenes takes place at the weaker C—X bond, which is
the bond adjacent to nitrogen. Because this bond is weaker, it is easier to distort into the transition
state geometry. Leitch et al. recently demonstrated that conventional selectivity is also correlated
with more positive electrostatic potentials at the ipso carbon and with more negative potentials at

an ortho atom.*

Scheme 3.2. Ligands that Give Unconventional Selectivity.
A conventional sites for cross—coupling
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Although current models explain the conventional selectivity of 6-membered
dihaloheteroarenes, there exist rare reports in which the use of specific ligands leads to inverted
selectivity, resulting in cross-coupling at a site distal to nitrogen. The use of QPhos gives modest
C4-selectivity with 1 and high C5- selectivity with 24 (Scheme 3.2.B).°> Bulky NHC ligands (46
and IPr) can promote C4-selectivity with 1 and 26 and C5- selectivity with 24 (Scheme 3.2.C,D).5
There is currently no mechanistic rationale for these ligand-controlled deviations from the
conventional selectivity.!” The absence of mechanistic understanding precludes rational catalyst
design, and thus, cross-coupling reactions at distal C—X bonds remain unexplained curiosities.
Here, we communicate the key discovery that two competing mechanisms for oxidative addition
display different site preferences. Due to its HOMO n-symmetry, 14e— Pd(0) prefers to react with
halogenated heteroarenes through a nucleophilic displacement mechanism at an o C—Cl bond.
Conversely, 12e— Pd(0) prefers a concerted three-centered transition state due to its HOMO o-
symmetry, and this mechanism is biased toward a distal C—CI bond. As such, accessing 12e— Pd(0)

is critical to achieving oxidative addition at the atypical site.

3.5 Results and Discussion

The reported C4- and C5-cross-couplings of 1, 26, and 24 employ very sterically hindered
electron-rich monodentate ligands.>’ To further evaluate ligand effects, we screened a number of
monodentate phosphines and NHC ligands for the Suzuki coupling of 1 using Pd(cod)(CH2SiMe3):2
(Table 3.1).!! There is a clear correlation between ligand sterics and the C4:C2 ratio for
triarylphosphines (entries 1—4), alkylphosphines (entries 5—13), and NHCs (entries 14—18). Bulky
alkyl phosphines are more C4-selective than bulky triaryl phosphines, and unsaturated NHC

ligands are more selective than their saturated analogues. On the basis of these trends, we
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Table 3.1. Evaluation of Monodentate Ligands for the Suzuki—M iyaura Coupling Using

Pd(OAc)s.

Pd(cod)(CH,TMS), (5 mol %)

ligand (5-10 mol %)

MeO—QB(OH)z

(1 equiv)

cl K,COj3 (3 equiv)
H,0 (14 equiv)

(1 equiv) THF, 25°C, 13 h 1a 1b
@r“%@ o e =Yt @Nf%s
""'ess""'es ,,,,,,,,,,,,,,,,,,, SIPr

entry ligand %Vhur (MiN)®  1a (%) 1b (%) 1la:1b
(mol %)
1 PPhs (5) (282) 842 06 >99 : 1
2 PPhs (10) 81.6 0.4 >99: 1
3 P(o-tol)s (5) (344) 420 215  20:1
4 P(o-tol)s (10) 303 170  18:1
5 PMe;s (5) (22.1) 18.5 2.2 84:1
6 PMes (10) 99 09 11.0:1
7 P(n-Bu)s (5) (242) 200 76 26:1
8 P(n-Bu)s (10) 08 03 32:1
9 PCys (5) (30.2) 279 449  1:16
10 PCys (10) 272 399  1:15
1 PAd(n-Bu) (5) (328) 241 518  1:2.2
12 P'Bus (5) (36.3) 270 473  1:18
13 Q-Phos (5) 476) 241 501 @ 1:21
14 IMes (5) 36.5 325 52.0 1:16
15 SIMes (5) 36.9 27.9 22.0 1.3:1
16 IPr (5) 44.5 95 668  1:7.0
17 IPre 6.6 68.4 1:104
18 SIPr (5) 47.0 95 364  1:38

2GC yields calibrated against undecane as the internal standard. Average of two trials. 0-6.5%
diarylation observed in all entries (see Appendix B). PMP = p-methoxyphenyl. ® Values in
parentheses are minimum percent buried volumes obtained from the Kraken database.? Percent
buried volumes of NHCs reported for LAUCI complexes at a L—Au distance of 2.00 A from
reference.'® ¢ With (n>-1-'Bu-indenyl)Pd(IPr)(CI) (3 mol %) as catalyst, 15.5 h.
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hypothesized that sterically hindered strong o-donor ligands favor unconventional selectivity by
promoting oxidative addition at a low-coordinate species (i.e., 12e— PdL). Smaller ligands or ones
that are better m-acceptors, such as PAr; and saturated NHCs, would be more likely to favor
coordination of a second ligand.!* '® Notably, among trialkylphosphines, selectivity switches near
the %Vpu(min) threshold that was previously reported to determine whether PdL or PdL:
dominates as the active species for oxidative addition.!”!® Nevertheless, it was unclear why 12e—
PdL might react at the stronger C4—Cl bond. To evaluate this question, we used density functional
theory (DFT) calculations to closely examine the mechanisms of oxidative addition at 12e— and
14e— Pd(0) using a simple model system comprising PhCl and Pd(PMes), (n = 1 or 2). Three
oxidative addition transition structures were located with Pd(PMe3) (Figure 3.1A). Two of these
(TS7a and TS7b) represent classic 3-centered concerted mechanisms, wherein Pd simultaneously
interacts with the ipso carbon and the chloride. The third structure is better described as a
nucleophilic displacement mechanism (TS7¢). In this mechanism, Pd interacts with both the ipso
and the ortho carbons of the aromatic ring, as evidenced by the short Co.o— Pd distance (2.49 A).
Conversely, the long Pd—Cl distance indicates that there is no significant interaction between Pd
and Cl. This type of mechanism has also been referred to as a nucleophilic substitution (SnAr-
type) mechanism'® or a dissociative process.*’

For monoligated Pd(PMes;), the lowest-energy transition structure is the concerted
mechanism TS7a. In contrast, a nucleophilic displacement mechanism (TS8b) is favored over a
concerted mechanism (TS8a) for bisligated Pd(PMes), (Figure 3.1B).2*% This difference in the
preferred mechanisms for PdL and PdL> may be explained by frontier molecular orbital
interactions. The HOMO of Pd(PMe3) is a 6-type orbital, so its symmetry is suited to the concerted

mechanism in which Pd donates only into the ipso carbon (via overlap with chlorobenzene’s
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lowest-energy unoccupied orbital without a node through the ipso carbon, LUMO + 1).2° In
contrast, the HOMO of Pd(PMe3)> has n-symmetry (Figure 3.1C) and, thus, can backbond into two
carbons of PhCl during oxidative addition via a displacement mechanism. Notably, simple model
ligands like PMes are not always adequate for describing the behavior of more complex ligands.?’
Furthermore, Maseras and co-workers have shown that ligand identity and solvent can influence

the predicted mechanism of oxidative addition at 14e— PdL with the substrate bromobenzene.!*-?

A 3-centered displacement
PM e3

v .
TS7¢c @
AAG* = 0.0 AAGH = +1.9 AAGY = +10.3
CPCM(THF)-MN15/6-311++G(2d,p)/SDD(Pd)//CPCM(THF)-MN15L/6-31+G(d)/LANL2DZ(Pd)
B 3-centered displacement
MegR MesP,
\ _PMe, \ . PMes
Pd Fd
DS , A
Cl
=3 v 7
' ol 1
— Pog it — &3 ™ 3
TS8a TSsb
AAGE = +3.7 AAGF = 0.0
CPCM(THF)-MN15L/6-311++G(2d,p)/SDD(Pd)//CPCM(THF)-MN15L/6-31+G(d)/LANL2DZ(Pd)
c CH3 CH,
H3C\P‘“CH3 H3C,,,||3
|

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

Figure 3.1. Calculated transition structures for oxidative addition of chlorobenzene at (A)
Pd(PMes) and (B) Pd(PMes),. Differences in Gibbs free energies of activation are listed in units
of kcal mol™! relative to the lowest-energy structure in each set (defined as AAG* = 0.0).2! (C)
Key frontier molecular orbitals of the relevant species, where Pd(PMes): is distorted into a bent
geometry as adopted in the arene—Pd(PMes), pre-oxidative addition n-complex.??
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However, in this case, our calculations using Pd(PMe3), and PhCl prove to be consistent with those
obtained using Pd(IPr) and 2,4-dichloropyridine (1).

The LUMO of 2,4-dichloropyridine has m-symmetry, with nodal planes on either side of
nitrogen and of C4 (Figure 3.2, inset). The LUMO coefficient at C4 is substantially larger than at
C2, with C4 accounting for 26% of the LUMO density and C2 contributing only 8%. Thus, it
becomes apparent why PdL> and PdL might exhibit different site-selectivity. Because the n-type
HOMO of PdL> would donate into two atoms of the pyridine ring during a nucleophilic
displacement mechanism, strong orbital overlap can be achieved during reaction at C2 despite the
small LUMO coefficient at that carbon, and bond dissociation energies and electrostatic potentials
become more important to selectivity. However, the o-type HOMO of PdL can only donate into
one atom of the pyridine ring. As such, the larger LUMO coefficient at C4 versus C2 is important
during the reaction of PdL because it dictates the strength of the HOMO pq)/ LUMO substrate) OVerlap.

Using monoligated Pd(IPr), a 3-centered mechanism for oxidative addition at C2 (TS10a-IPr,
Figure 3.2A) is preferred over a displacement mechanism (see Appendix B). Only a 3-centered
mechanism could be located for oxidative addition at C4 (TS10b-IPr). DFT predicts that reaction
at C4 via TS10b-IPr should be favored over C2 by 1.7 kcal/mol (C4:C2 = 18:1) using Pd(IPr).
This prediction is in good agreement with the experimentally reported C4-selectivity with IPr
(typically ~10:1)" and stands in stark contrast to the prediction with bisligated Pd(IPr)(L).
Unsurprisingly, considering the sterics of [Pr, we were unable to find transition structures involving
Pd(IPr),. However, nucleophilic displacement transition structures were located with bisligated
Pd(IPr)(L) where L is a second substrate molecule (1).2° With the bisligated complex, C2—Cl via

TS13a-IPr is strongly favored over reaction at C4 (TS13b-IPr). Overall, the lowest-energy path
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Figure 3.2. Calculated free energy diagrams illustrating the oxidative addition of 2,4-
dichloropyridine at PA(NHC) or PA(NHC)(1), where NHC = IPr (A) or IMes (B). 212234
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in Figure 3.2.A is C4-oxidative addition at monoligated Pd(IPr) via TS10b-IPr, consistent with
experimental selectivity with this ligand.

For comparison, analogous DFT calculations were performed with P‘Bus, another bulky
monodentate ligand that favors reaction at C4 but to a lesser extent than IPr (see Table 3.1, entry
12). Consistent with experiment, the DFT calculations predict worse C4-selectivity with Pd(P‘Bus)
(Figure 3.2.B, predicted C4:C2 = 5:1, experimental C4:C2 = 2:1). The enhanced selectivity of IPr

14430 \which could enhance the

compared to P'Bus is likely due to the stronger o-donation by IPr,
PdL(HOMO) — 1(LUMO) interaction (see Appendix B for further discussion). Like IPr, P’‘Bus is
too bulky for a bisligated transition state to contribute significantly to the reaction mechanism.
DFT calculations with IMes reveal similar trends as seen with [Pr: PdL favors reaction at
C4 (Figure 3.2.C, TS10b-IMes), while PdL, favors reaction at C2 (TS13a-IMes). However, unlike
IPr, the calculations with IMes predict that the bisligated path via TS13a-IMes, involving
oxidative addition at C2, is energetically competitive with the monoligated path (C4:C2 = 1:13
based on TS10b-IMes and TS13a-IMes). This prediction is consistent with the experimental
observation that IMes is much less C4-selective than IPr and supports the hypothesis that smaller
ligands lead to a higher proportion of bisligated active catalyst. The calculations do not
quantitatively reproduce the experimentally observed 1.6:1 selectivity with IMes (Table 3.1, entry
14). However, the energy of the crowded transition structure TS13a-IMes was found to be
extremely sensitive to the DFT method (see Appendix B), likely due in part to differences in how
dispersion interactions are handled. This suggests the possibility of considerable error in
quantitative analysis when comparing mono- to bisligated structures. Furthermore, these

calculations cannot take into account the ability of 1 to coordinate to other acids that are present

in higher concentrations than Pd under the catalytic conditions (e.g., boron, K+, H>O). Equilibria
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involving coordination of 1 to these species would detract from the overall concentration of
Pd(IMes)(1).

The calculations suggest that IMes gives worse C4-selectivity than IPr due to a higher
proportion of bisligated active catalyst. Experimental data support the hypothesis that an N-bound
dichloropyridine group could serve as the second ligand on Pd in Suzuki couplings catalyzed by
Pd/IMes. C4-selectivity is significantly enhanced for 46 compared to 1 (Scheme 3.3.A), where 46
should be a worse ligand for Pd due to sterics.’! Furthermore, increased reaction is observed at C2
at higher substrate concentrations (Scheme 3.3.B). The increased C2- selectivity at high [1] is
consistent with a higher probability for reaction at bisligated Pd(IMes)(1).

On the basis of the calculations, we anticipated that, under conditions that promote
oxidative addition at 12e— PdL using IPr, selectivity should trend with the difference between
LUMO coefficients at the two sites of a dihaloheteroarene. Indeed, this prediction bears out for the
substrates in Scheme 3.3.B. The best selectivity for the site remote to nitrogen is achieved with the
substrate displaying the largest difference in LUMO coefficients (24), while preferential reaction
at C2 is observed when the two sites have nearly identical LUMO coefficients (29).>** To our
knowledge, this is the first report of C3-favored cross-coupling of 45 supported by spectroscopic

characterization, although diarylation is competitive with monoarylation (see Appendix B).
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Scheme 3.3. (A) Influence of 6-Substituent on the Selectivity of Cross-Coupling Catalyzed by
Pd/IMes; (B) Influence of Substrate Concentration on the Selectivity of Cross-Coupling Catalyzed
by Pd/IMes; and (C) with Pd/IPr, Selectivity Trends with Difference in LUMO Coefficients.

A cl (n3-1-tBu-indenyl)Pd(IMes)(Cl)
(3 mol %) Cl PMP
| SN PMP—B(OH), (1 equiv) P . P
R N/ Cl K2CO3 (3 eqUiV) ~ ‘ ~ ‘
H,O (14 equiv) R 32N PMP R N b Cl
1,R=H benzene, 25 °C 1a:1b=1:17
46,R =Me 155 h 46a:46b=1:37
B 1 as above .
(1-10 equiv) ~ 1a 1b
1 (equiv) 1a (%) 1b (%) 1a:1b AAGt(C4_C2) (kcal/mol)
1 22.7 30.7 1:1.7 -0.3
2 30.9 29.3 1.1:1 0.0
5 38.1 14.2 2.7:1 +0.6
10 42.9 9.2 4.7 :1 +0.9
c (n3-1-Bu-indenyl)Pd(IPr)(Cl)
0,
CI\\ PMP é?on:)l /‘3 equiv) CI\ PMR
- 2 uiv N
L DR
~N H ~ —
H,0 (14 equiv)
THF, 60 °C, 12 h
|- highest selectivity distal o N - - lowest seletivity distal to N~
' - largest difference in LUMO coefficients - smallest A LUMO coefficients |
| ~04.7 ~93.3 (26% (16%) 09 (10%) :
. Cl CI Cl S ;
| (23%) \ s 99.8 Uge.o :
i c| 96.3 N '
1 (8% 45 (9% 29 (8%)

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

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

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

3.6 Conclusion

This work shows that 12- and 14-electron Pd(0) can favor different mechanisms for
oxidative addition due to differences in their HOMO symmetries. The HOMO c-symmetry of 12e—
PdL means that LUMO coefficients at individual sites of dihaloheteroarenes are particularly

important for determining selectivity. Conversely, the HOMO n-symmetry of 14e— PdL> enables



55
Pd to backbond into two atoms of the substrate during oxidative addition, rendering LUMO
coefficients at individual atoms less important, and allowing selectivity to be dominated by other
factors including C—X bond strengths. This work has implications for understanding oxidative
addition reactivity trends and for rational design of site-selective catalysts. A systematic evaluation
of the factors influencing the preferred mechanisms of oxidative addition will be reported in due

course.
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CHAPTER FOUR

THIOLATION/LIEBESKIND-SROGL COUPLING SEQUENCE ENABLES ATYPICAL

SELECTIVITY IN C—C COUPLINGS OF HETEROARYL HALIDES

4.1 Introduction

Pyrimidines—especially 2,4-disubstituted pyrimidines, are of immense relevance to biology
and the development of biologically active molecules.! Of the top 100 small molecule drugs by
retail sales in 2022, 20% contained at least one 2,4-disubstituted pyrimidine.> Commonly, these
are represented in tyrosine kinase inhibitors such as imatinib, nilotinib, pralsetinib, and osimertinib
used in the treatment of cancers. Other life-saving medications, including the statin drug
rosuvastatin, the antimalarial pyrimethamine, the HIV treatment rilpivirine, and antibacterial sulfa

drugs such as sulfamethazine and sulfamerazine feature 2,4-disubstituted pyrimidines in their
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Figure 4.1. (A) Selected Therapeutic Agents Containing 2,4-Disubstituted Pyrimidines (B) 2,4-
Disubstituted Pyrimidines Represented in the Nitrogenous Nucleobases.



61
structures. Moreover, four of the canonical nucleobases—guanine, thymine, cytosine, and uracil,
which constitute the fundamental units of genetic code—are themselves 2,4-disubstituted
pyrimidines. In total, the relevance of this structural pattern to the fields of biology and medicine
as we know them, is difficult to overstate.
Scheme 4.1. (A) Synthesis and Reactivity of 2,4-Dichloropyrimidine (B) Bond Dissociation

Energies of Co—Cl and C4—Cl from Ref. 7 and LUMO of 2,4-Dichloropyrimidine (calculated
by Sharon Neufeldt).

A O cl

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

N (@) Nucleophile
uracil 47 (major)
B cl
4 93.8 <:I most reactive
SN 3 chloride
| ,94.9
NZ ci [wB97XD/def2SVP]
BDEs (G3B3) )

The inexpensive 2,4-dichloropyrimidine (47) offers a practical starting point to access
more elaborate 2,4-disubstituted pyrimidine scaffolds via nucleophilic aromatic substitution
(SnAr) or cross-coupling at the chloride sites and can be prepared in one step by the
dehydrohalogenation of uracil (Scheme 4.1A).% In both SNAr and cross-coupling reactions, 47
exhibits a regiochemical preference for reaction at its “C4-site” which is a to only a single
nitrogen.* Counterintuitively, the C2-site, which is flanked by two a-nitrogen ring members, is
significantly less reactive.’ A recent literature analysis by Norman and Neufeldt, surveying 1,284
Pd-catalyzed cross-couplings of 47, indicates that >99% of these reactions proceed with C4-

selectivity. The <1% of ostensibly C2-selective reactions are not supported by structural
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characterization.® A few molecular descriptors of 47 may explain its invariable regiochemical
preference for reaction at C4: The C4—Cl bond has a marginally smaller BDE (93.8) than C2—
C1 (94.9),7 and critically, the LUMO of 47 is characterized by a node which bisects C2 (Scheme
4.1B). Thus, a more favorable interaction between the HOMO of PdL, and the LUMO at C4 is
reasonable to expect.

By necessity, 2,4-disubstituted pyrimidines are prepared by first reacting at the C4-site of
2,4-dichloropyrimidine, followed by the C2-site.® Notably, this order of site-substitution is limiting
in some scenarios. For one thing, step-economy suffers during parallel synthesis programs where
a large selection of substituents are varied at the C4-position while holding the C2-substituent
constant: in such programs, each compound requires a minimum of two synthetic steps instead of
a single step involving a common C2-substituted precursor (Scheme 4.2A.) Secondly, inherent C4-
Scheme 4.2. Proposed Advantages of Regio-inversion: (A) Regiocontrol improves step-economy

during parallel synthesis programs (B) Regiocontrol enables synthetic flexibility during the
assembly of structures with sensitive functional groups.
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requires a C2-selective | j.cired pattern poor FG tolerance when:

L 1_ .
substitution (Y=NO.S..) R"=Br, I, B, Sn, Si, ...
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selectivity is limiting if a Pd-sensitive group is first installed at C4 (e.g., via SNAr) prior to coupling
at C2—such groups might include aryl halides, aryl boronates, or strongly coordinating functional
groups which can act as catalyst poisons (Scheme 4.2B.). Thus, it would be ideal to install such
nucleophiles at the desired C4-site after completing the cross-coupling step at C2. Finally, the
inherent order of site reactivity prevents one from accessing simple C2-substituted products in
which the C4-chloride is preserved.

Scheme 4.3. Preparation of 4-chloro-2-halopyrimidines for Use in Halide-Selective Cross-
Coupling Reactions.

AMarceIIa et al. 2021
isopentyl nitrite (3 equiv) Cl

CHoyl, (4.5 equiv) ) )
)\ Cul (1 equiv) | SN (no yield given)
THF, 85°C,6 h NA|
B Knochel 2008
TMPMgCIsLiICl  MgCleLiCl  CICF,CCI,F cl
fN (1.1 equw (1 4 equiv) l
N 71%
N/)\Br THF 60 °C, )\ 60t0-45C | J
overnight N Br

Adding to the difficulty, starting materials of the formula 4-chloro-2-X-pyrimidine where
X =Br, or I, are challenging to access on scale. For instance, 4-chloro-2-iodopyrimidine is prepared
via a Sandmeyer reaction from 2-amino-4-chloropyrimidine (Scheme 4.3A.).° Alternatively,
Knochel has described a C4-selective magnesiation of 2-bromo-pyrimidine with TMPMgCl-LiCl
(Scheme 4.3B.). Trapping Knochel’s metalated intermediate with an electrophilic chlorine source
yields 2-bromo-4-chloropyrimidine.'® However, Knochel’s protocol is performed at -60 °C and is

thus largely restricted to laboratory-scale applications. Therefore, traditional chemoselective
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strategies, in which a more reactive halide is positioned at the less reactive C2-site, are limited by

the commercial availability of starting materials.

Scheme 4.4. Synthetic Approaches to C2-Substituted 4-Chloropyrimidines.

A cl OMe  SyArorPd-catalyzed ~ OMe cl

’\/RN NaOMe | SN cross-coupling ‘ SN 1.) HCI ‘ SN
- T
N/)\CI MeOH N el [Nucleophile] N/)\Nuc 2)POCl; N7 “nNue
Cl
Cl Me
\N B ’
Montalban 2006 || Li 2022 (‘*N ﬂ N\N
(cross-coupling) N (SNAT) N//kN/ ~
H
B Buchwald 2006
L1-Pd-G4 or ! OCHj
ol L2-Pd-G4 (1 mol%) o] | O O 0 |
Cs,CO3 (1.5 equiv ™S ' 4 '
s 2C03 (1.5 equiv) | SN : NH, PCy, H3(i30 iPBu2 ;
| A HNRDR? (1.1 equiv) N/)\N,RZ : Rd—L Pro opr " O Pr
N” ~Cl 2-MeTHF, 60-100 °C, R : O OMs O
6-16 h ‘ ipr

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

At present, there are two notable synthetic workarounds that provide access to 2-
substituted-4-chloropyrimidines. The first strategy involves “protecting” the C4-site via
nucleophilic methoxylation, followed by substitution at C2 with the desired nucleophile (Scheme
4.4A.). The C4-methoxy group can then be returned to a chloride functionality via a two-step
demethylation/dehydro-chlorination protocol. This method of substitution has been demonstrated
with Pd-catalyzed cross-coupling!! and more recently with SyAr'? at the C2-site. Nevertheless,
this approach employs reaction conditions which are poorly tolerant of functional groups during
both the protection and deprotection steps. An alternative approach, demonstrated by Buchwald,

employs a trimethylsilyl directing group at C5 (Scheme 4.4.B).!? In the presence of a bulky C5-
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substituent, both metal-catalyzed and metal-free aminations take place at C2. The TMS group may
later be removed through treatment with a strong acid. Despite the importance of both synthetic
routes outlined in Scheme 4.4., each suffers from issues related to functional group tolerance and

step-economy, requiring three or four steps to achieve what might ideally be accomplished in one.

4.2 Diverse Cross-Coupling Conditions Result in C4-Selectivity.

Considering the large body of literature describing invariable C4-selectivity in Pd-catalyzed cross-
couplings of 2,4-dichloropyrimidines, it seemed unlikely that C2-coupling could be achieved
under standard Suzuki-Miyaura conditions. However, the literature as a whole is largely biased
toward the use of select few ligands—especially PPhs and dppf,® whereas the regioselectivity
preferences of some less common ligands are undocumented. To evaluate regioselectivity trends,
we surveyed 13 ligands under typical SMC conditions and confirmed that product 47b was major
in all cases where good conversion was achieved, regardless of a ligand’s structural characteristics
(Table 4.1). In some cases, 47a was detected as a minor product, as in entries 6 and 7 which employ
trialkyl phosphines. As discussed in the previous chapters, hindered N-heterocyclic carbenes are
known to invert the typical site preference for 2,4-dichloropyridine and some related azines—
however, each of the NHCs surveyed here resulted in high selectivity for the conventional C4-site
of 47. Strotman, et al. report the use of the ligand PTA (phosphatriazaadamantane) to facilitate
atypical C2-selectivity in the SMC of N-methyl-2,4-dibromoimidazole.'* However, this too
promotes formation of 47b in the SMC of 2,4-dichloropyrimidine. We speculated that a
multifunctional ligand, such as tris-(3-hydroxypropyl)phosphine, employed in entries 13 and 14,

might promote C2-selectivity through one or more hydrogen-bonding interactions with the
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nitrogen ring members either during or leading up to oxidative addition, but the desired C2-
regioisomer was formed in only trace yield (entry 14). Finally, a phosphine- and NHC-free reaction
employing PA(CH2TMS)xcod as the catalyst led exclusively to the 47b and in relatively low yield

(entry 15).
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Table 4.1. Evaluation of Site-Selectivity in Pd-Catalyzed Suzuki-Miyaura Couplings of 2,4-
Dichloropyrimidine.

Cl Pd(CH,TMS),cod (5 mol%), ligand
Sy (2.5-12 mol%), PhB(OH), (1.05 equiv),
| _ K,COj3 (2.5 equiv), H,0 (5 equiv),
N)\CI THF (0.25 M), 25 °C, 14 h. )\ /k

47

oL B oo G

O HsCO O OCH3 Ptho . C/o:\OH LNN\/N
CyJohnPhos SPhos Xantphos P(propan-3-ol);
Q H3C C. =\
O e e %

SIAd-HCI BenzICy-HCI IMes-HCI IPent-HCI
entry  Ligand Pd:L T°C 47 (%) 47a (%) 47b (%) 47c (%)
1 PPh; 1:24 25 0 0 85 0
2 CyJohnPhos 1:1 25 0 2 94 13
3 SPhos 1:13 25 34 0 51 9
4 Xantphos 1:1 25 18 1 66 0
gbe DPPP 1:1 60 71 0 0 0
6° PCys 1:2 60 21 5 40 1
7 P(‘Bu)s 1:1 25 4 5 81 4

IMes-HCI 1:1 25 36 2 42 0

9 SIAd-HCI 1:1 25 65 0 18 0
10¢ BenzICy-HCI 1:1 25 19 0 44 0
11¢ IPent-HCI 1:1 25 30 1 38 0
12° PTA 1:2 60 33 0 17 0
13 P(propan-3-ol); 2:1 25 0 0 75 17
14 P(propan-3-ol); 1:1 25 0 2 68 3
15 None -- 25 58 0 11

“GC yields of 2,4-dichloropyrimidine (47) are calibrated. GC yields of cross-coupling products
are uncalibrated and based on peak integrations relative to a dodecane internal standard. GC
yields are rounded to the nearest integer. * Reaction at 60 °C instead of 25 °C, and K3POy4 instead
of K»COs. ¢ DPPP = 1,3-bis(diphenylphosphino)propane. ¢ 21.5 h reaction.
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4.3 C—S Bond Activation Enables Arylation at C2.

Given that direct C2-substitution of 47 via SMC appeared to be intractable, we turned our
attention toward alternative synthetic strategies employing leaving groups other than Cl at the less
reactive C2-position. As discussed above, 4-chloro-2-X-pyrimidines are challenging to access
where X = Br or I. Similarly, there are no direct methods by which the C2-chloride can be
converted into a C—O pseudohalide such as a triflate or oxyphosphonium (-OPR3" X") leaving
group. On the other hand, 4-chloro-2-alkylthiopyrimidines are readily prepared in two steps from

2-thiouracil (Scheme 4.5).!>16

Scheme 4.5. Preparation of 4-chloro-2-alkylthiopyrimidines

(o]

(0] Cl
NH NH SN
R—I f‘\ POCI, f\
Ay —= NAher — K AR

(Ref 15) (Ref 16)

N
H

While alkyl sulfides are non-traditional leaving groups in cross-coupling, the C—S bond
can be activated toward oxidative addition at Pd by the action of a thiophilic cocatalyst. For
example, use of a Cu(I)-carboxylate enables the Pd-catalyzed Liebeskind-Srogl coupling (LSC)
between aryl thioethers and various nucleophiles. The mechanism of the archetypal LSC involves
oxidative addition of a C—S bond to Pd(0), followed by transmetalation with an arylboron species
which displaces the sulfur leaving group. Reductive elimination results in a new C—C bond and
regeneration of the Pd(0) catalyst.!” The Cu(I)-carboxylate also functions as a thiolate scavenger

and is typically used in excess for this purpose.
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Scheme 4.6. Generic Mechanism of the Pd-Catalyzed Liebeskind-Srogl Cross-Coupling.

Reductive R'=R®

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

The LSC is a unique Pd-catalyzed process in that (hetero)aryl chlorides and most aryl
bromides are left untouched during the reaction; instead, oxidative addition results selectively at
the aryl sulfide Ar—SR’ bond (or alternatively, at a thioester RC(O)—SR’ bond) which is
weakened via a dative interaction between the S atom and the thiophilic Cu(I) species.'® For this
reason, the LSC is sometimes described as orthogonal to the Suzuki-Miyaura Coupling which
takes place at aryl halide sites but tolerates thioethers and thioesters. Considering the halide
tolerance of the LSC and the straightforward preparation of 4-chloro-2-alkylthiopyrimidines, we
speculated that C2-selective LSCs of 2-(alkylthio)-4-chloropyrimidines could be a general solution
to access C2-substituted 4-arylpyrimidines. To our knowledge, this approach has only been
evaluated once in the literature. Pujol and Guillaumet described a C2-selective thiolation of 4-
chloro-2-(methylthio)-pyrrolo[2,3-d]pyrimidine catalyzed by Pd(PPh3)4 but encountered difficulty
during purification.!” Thus, we determined that a thorough exploration of catalysts, reaction

conditions, and scope would shed light on the viability of this approach.
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Table 4.2. Selected Entries from the C2-Selective Liebeskind-Srogl Optimization (Series 1).

Cl Pd/L, (5 mol%), cl Ph Ph
ka + CuTC (2.5 equiv), | N f%N f%N
N/)\S/CH3 B(OH), X°C,21h N//kPh N/)\S/CH?’ N//kPh
48a 47c

48 (1.25 equiv) 47a

Entry Catalyst T°C  Solvent (M) 48 (%) 47a (%) 48a (%)  47c (%)
1be Pd(PPhs)s 100 dioxane (.13) 0 37 0 4
2¢d Pd(PPhs)s 25 THF (.13) 60 23 4 1
3ed Pd(PPhs)4 40 THF (.13) 38 40 4 2
4cd Pd(PPhs)s 60 THF (.13) 16 54 1 3
5ed Pd(PPhs)s 75 MeCN (.13) 21 3 2 <1

Pd(PPhs)4 65 THF (.25) 9 47 1 3

Pd(PPhs)s 65 EtOH (.25) 6 40 1

Pd(PPhs)s 65 PhMe (.25) 32 31 3
9° Pd(PPhs)4 65 PC (.25) 12 37 1
10 Pd(PPhs)s 65 sulfolane (0.25) O 34 0 12
11 Pd(PCys). 65 THF (.25) 16 58 0 <1
12 Pd(P'Bus). 65 THF (.25) 5 61 0 3
13 Pd(IPent) 65 THF (.25) 15 62 0 1
149 Pd/MePhos 65 THF (.25) 20 55 0 1
159 Pd / Xantphos 65 THF (.25) 19 60 0 <1
16 None 65 THF (.25) 77 10 0 0

“ Yields are calibrated GC yields calculated using an n-undecane internal standard. Yields are
rounded to the nearest integer; yields <1 are less than <0.5 %. In most reactions, unidentified side
products were detected, which are reflected in lower mass balances. ® 36 h reaction time, 1.5 equiv
aryl boronic acid. ©3.0 equiv. CuTC (copper(I) thiophene-2-carboxylate). ¢ 17 h reaction time.
PC = propylene carbonate. / Pd(IPent) = (n’-1-‘Bu-indenyl)Pd(IPent)(Cl). ¢ 5 mol%
Pd(CH2TMS),cod was used as a Pd source in a 1:1 molar ratio with ligand.

Initially, several reaction parameters in the LSC of 4-chloro-2-(methylthio)pyrimidine (48)
with phenylboronic acid were evaluated—including solvent, temperature, and catalyst (Table 4.2).

When Pd(PPhs)4 is used as the catalyst in the presence of excess Cu(I)-thiophene-2-carboxylate
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(CuTC), yields are optimal in THF near 60—65 °C. Yields are adversely affected by inadequate
heating, excessive heating (e.g., at 100 °C), and the use of acetonitrile as the solvent. Throughout
the literature, Pd(PPhs)4 is regularly conscripted as the default catalyst in LSCs.?* However, trialkyl
monophosphines (entries 11 and 12) and the hindered NHC ligand IPent (entry 13) outperform
PPhs in terms of both selectivity and yield of 47a. Other ligands, such as the biarylphosphine
MePhos and the bisphosphine Xantphos are similarly effective in this transformation. Notably,
conversion is low in the absence of Pd catalysts, indicating the limited ability of simple Cu(I)
species to mediate the reaction (entry 16).

Further optimization experiments for the LSC of 48 marked a 33 % increase in the yield of 47a
when the phenylboronic acid loading was increased from 1.25 to 2.0 equivalents (Table 4.3.,
entries 1-3, and entry 7). Reaction outcomes were indistinguishable when either CuTC or
CuMeSal—the Cu(l) carboxylate derived from salicylic acid, were used as the Cu(I) source
(compare entries 4 and 5). However, conversion was significantly diminished when CuTC was
replaced with Cu(I) acetate (entries 4-6). High yields of the C2-phenylated product 47a were
maintained when CuTC equivalents were decreased from 2.5 to 2.0, but the yield of product 47a
suffered when fewer than 2.0 equivalents of Cu(I) were included (entries 8-10). Finally, under the
optimal reaction conditions, Pd loadings with the catalyst (1*-1-‘Bu-indenyl)Pd(IPent)(Cl) were
reduced from 5 mol% to 0.5 mol% without adversely impacting the yield of 47a (entries 7 vs. 8§,

and 9 vs. 12).
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Table 4.3. Selected Entries from the C2-Selective Liebeskind-Srogl Optimization (Series 2).

¢! (n3-1-'Bu-indenyl)Pd(IPent)(Cl) OE
| SN + (X' mol%), CuCOOR (X equiv) ﬁ\ ﬁ\ ;
N/)\S/CHB B(OH), THF (0.25 M), 65 °C, 22 h )\ _CH, /k 5
Me il

(X equiv) i CuMesal

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

e 5 CuTC (2.5) 1.25 13 63 0 1
2° 5 CuTC (2.5) 15 8 71 0 1
3¢ 5 CuTC (2.5) 1.75 7 82 0 1
4 5 CuTC (2.3) 1.75 0 83 0 1
5 5 CuMeSal (2.3) 1.75 0 83 0 3
6 5 CuOAc (23)  1.75 43 28 1 3
7 5 CuTC (2.5) 2 0 96 0 1
gd 1 CuTC (2.5) 2 0 94 0 1
9 1 CuTC (2) 2 3 97 0 <1
10 1 CuTC (1.8) 2 7 87 0 1
11 05 CuTC (2) 2 5 93 0 <1
12¢ 05 CuTC (2) 2 0 96 0 1
13 0.1 CuTC (2) 2 24 70 0 <1

“Yields are calibrated GC yields calculated using an n-undecane internal standard. Yields are
rounded to the nearest integer; yields <1 are less than <0.5 %. In some reactions, unidentified
side products were detected, which are reflected in lower mass balances. ® Average of three trials.
¢34 h reaction time. ¢ 24 h reaction time. ¢ Duplicate of previous entry.” BA = PhB(OH),..

The optimized, C2-selective reaction conditions are general to a broad selection of
arylboronic acids and substituted 4-chloro-2-methylthiopyrimidines (Scheme 4.4). Notably, aryl
bromides are tolerated when present on both nucleophilic and electrophilic coupling partners
(products 49 and 57), exemplifying the thioselectivity of the LSC. Moreover, these reaction

conditions are tolerant of amide (50), aldehyde (51), nitrile (58), ether (55-61), and alkene (53)
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functionalities each of which are sensitive to strong acids or harsh halogenation reagents, such as
phosphorous(IV) oxychloride (POCl3). Both HCl and POCI; are required in earlier synthetic routes
to produce 2-aryl-4-chloropyrimidines (as mentioned above: Scheme 4.4A), preventing direct
access to most of products in Scheme 4.7 due to functional group incompatibility. Nevertheless,

the low yield of product 58 indicates these reaction conditions may be poorly tolerant of nitriles

Scheme 4.7. Scope of C2-Selective Liebeskind-Srogl Couplings Catalyzed by Pd/IPent.

Cl

cI @R (n?-1-Bu-indenyl)Pd(IPent)(Cl) Ru{gN

RI_T NN + (0.5 mol%), CuTC (2 equiv) B
C - B(OH), N ,
N~ "SCH; 2 equiv) THF (0.25 M), 65 °C, 24 h R

. CI CI
| \” ﬁ
49, 80% 50, 84% , 94% 52, 86% 53, 92%
cl cl cl cl cl
ﬁ” ﬁ” ﬁ” Br\hN NC\hN
|N4K©/\"£ lN/’\[IO lN/‘ \[j lN/’\[j lN/’\[j
/ 0> o~ o~ o~
54, 59% 55, 88% 56, 87% 57, 76% 58, 37%
cl cl ci
Sl dul b
o~ o~ o~
59, 76% 60, 86% 61, 59%

“0.1 mmol reactions took place in sealed 1-dram reaction vials under N. CuTC = Cu(I)
thiophene-2-carboxylate. "H NMR yields are the average of two trials based on aromatic signal
integrations using 1,3,5-trimethoxybenzene as an internal standard; range of reaction yields =
3.5% (on average; see Appendix C).
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compared to other substituents, possibly due to competitive coordination of the cyano- nitrogen to
Pd or Cu. This observation aligns with the finding that this reaction does not progress in acetonitrile
(refer to Table 4.2, entry 5).

Recently, our research group developed a Pd-catalyzed C2-selective thiolation of 47,
representing the first documented example of a C2-selective cross-coupling with this substrate.?!
The mechanistic cause of C2-selectivity is a topic of ongoing study in our group. Notably, the
atypical site selectivity of this reaction is specific to sulfur nucleophiles, whereas carbon
nucleophiles (e.g., Grignard reagents) undergo cross-coupling at the C4-position under otherwise
identical reaction conditions. Nevertheless, the site-selective thiolation complements the method
described above and suggests the possibility of a two-step procedure—a C2-thiolation followed
by LSC, which enables the C2-arylation of 47 with boronic acids (Scheme 4.8.). Fortuitously, C2-
selectivity and yields are optimal with the precatalyst (n’-1-'Bu-indenyl)Pd(IPent)(Cl) in both

procedural steps, eliminating the need to isolate the sulfide intermediate (see Appendix C).

Scheme 4.8. C2-Selective Arylation via a Thiolation/C—S Bond Activation Sequence.

cl (n3-1-'Bu-indenyl)Pd(IPent)(Cl) cl (n3-1-'Bu-indenyl)Pd(IPent)(Cl)
ﬁ” (2 mol%), pentanethiol, (1 equiv.) ﬁ” [0.5 mol%], PhB(OH), (2 equiv.) | N
~
| L K4PO, (2 equiv), MeCN (0.4 M), | A.__(CH,),CH, CuTC (2 equiv.), THF (0.25 M), N
N™ ~CI -196-0°C, 3 h N" 7S 65 °C, 17 h
0.5 mmol (1 equiv) (no purification) 47a (86%)

“ The calibrated GC yield of 47a was calculated using peak integrations based on an undecane
internal standard (average of two trials = 84%, 88%). See Appendix C for a description of the
two-step protocol.



75

4.4 Conclusion

In summary, an expedient and versatile synthetic route to 2-aryl-4-chloropyrimidines is
demonstrated via a C2-selective Liebeskind-Srogl Coupling of 4-chloro-2-(alkylthio)pyrimidines.
The protocol is characterized by high yields (usually >80%) and broad functional group tolerance.
Importantly, this method contrasts previous synthetic strategies to prepare 2-aryl-4-
chloropyrimidines which involved the use of protecting groups, corrosive acids, and harsh
halogenation reagents. Finally, the C—S selective LSC may be used in sequence with a C2-
selective thiolation (recently developed by the Neufeldt group) to arylate the 2-position of 2,4-
dichloropyrimidine.

A notable drawback of the seminal LSC is its dependence on stoichiometric copper. Since then,
Srogl and Liebeskind have introduced multiple iterations of their eponymous reaction,* including
a Cu-catalyzed, aerobic variation.”> The Cu-catalyzed reaction is specific to thioesters which
possess a chelating pendant group—such as an ortho-phenylcarboxamide (Scheme 4.9A). Future
work could focus on developing an improvement to the two-step thiolation/C—S activation
protocol where use of a chelating thiophenol in the first step renders the second step catalytic with
respect to Cu (Scheme 4.9B). Without the need for stoichiometric Cu, this modified two-step
protocol would be amenable to applications in process development, while expediting the synthesis

of structures containing 2,4-disubstituted pyrimidines.
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Scheme 4.9. (A) Cu-Catalyzed Aerobic Liebeskind-Srogl coupling of Thioesters with Boronic
Acids (B) Proposed Synthetic Route to C2-Functionalized 4-Chloropyrimidines Under Catalytic
Reaction Conditions.

A Srogl and Liebeskind 2007

0 o)

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

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

B Proposed work:

Cl

¢l SH O AN .
2* + , Pdinleat) R CuTC (cat.) A

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

A MECHANISTIC BASIS FOR LIGAND EFFECTS ON PALLADIUM RING-WALKING IN

SUZUKI-MIYAURA COUPLINGS OF DICHLORO(HETERO)ARENES

5.1 Introduction

The previous chapters have described the utility and popularity of di- and polyhalogenated
(hetero)arenes during the construction of bioactive compounds or functional materials. Commonly,
these multiply halogenated (hetero)arenes are selected as starting materials when multiple halide
substitutions are to be made in a stepwise fashion.! In Pd-catalyzed cross-couplings of
dihalo(hetero)arenes bearing chemically equivalent halides, the products of mono- versus
disubstitution may be differentiated by judicious choice of catalyst® or modifications to coupling
partner stoichiometry. Traditional catalysts—such as Pd(PPhs)s4 or Pd/dppf, generally favor the

product of monosubstitution, leaving one halide intact.**

However, a minor product often results
from disubstitution regardless of catalyst choice—unless the nucleophile is used in deficit.” In
contrast to PPhs and dppf, some sterically hindered phosphine and NHC ligands, including P'Bus,®
RuPhos,” SIPr,® IPr,’ and IPent,!” are known to promote a non-statistical distribution of products
where difunctionalization is major, despite manipulation of reactant stoichiometry. In many of
these instances, Pd migrates in an intramolecular fashion from the new bond in the product of the

first cross-coupling to the next reactive site, commonly referred to as “ring-walking.”!!
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Scheme 5.1. Synthetic Applications for Ring-Walking Catalysts: (A) Generic Mechanism of
Catalyst-Transfer Polycondensations (B) First PA(NHC)-Catalyzed CTP with Pd-PEPPSI-IPr (C)
Selective Diamination of Tetrabromo-Spirobifluorenes with Pd-PEPPSI-IPr.
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Notably, some practical applications of cross-coupling are also predicated on a catalyst’s
ability to ring-walk.!? Catalyst-transfer polycondensations (CTPs)—as the name implies, require
an intramolecular catalyst transfer along a single growing polymer, intermittent with cross-

coupling cycles which enchain new monomeric units (X-Ar-[M]) at the C-X terminus (Scheme
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5.1.A)."* This process is typically described as a “chain growth” mechanism, contrasting the
conventional “step-growth” mechanism which does not involve ring-walking.'* In 2012, McNeil
reported the first PA(NHC)-catalyzed CTP to proceed via a chain growth mechanism, facilitated
by the hindered ligand IPr (Scheme 5.1.B)."* Since then, IPr and the hindered monophosphine
P'Bus, have comprised the vast majority of ancillary ligands to be successfully employed in Pd-
catalyzed CTPs.!¢ The unique reactivity of these hindered ligands contrasts that of smaller or
bidentate phosphines which are known to favor the step-growth mechanism in Pd-catalyzed
polymerizations.!” A second application of hindered, ring-walking catalysts was recently featured
by Hein et al., who demonstrated the selective diamination of tetrabromo-spirobifluorenes using
Pd-PEPPSI-IPr (Scheme 5.1.C).!*

However, when monosubstitution of a dihaloarene is the desired outcome, the propensity
of a catalyst to favorably associate with and traverse a m-conjugated system is disadvantageous,
and the use of precatalysts which are desirable for their reactivity or air-stability may be
impracticable because of their tendency toward over-functionalization. In Chapter 2, which
investigates the relationship between NHC ligand sterics and the site selectivity of cross-couplings
with 2,4-dichloropyridines, we described an intriguing ligand trend where both selectivity for the
unconventional C4-site and selectivity for diarylation increased concurrently with increasingly
hindered NHC ligands (Table 5.1, entries 1-3).! In our study, the use of sterically demanding
NHC:s such as IPr and IPent were shown to improve selectivity for the atypical C4-regioisomer,
but yields were diminished due to a corresponding increase in diarylated side product. Chapter 3

explained that the inversion of typical site selectivity (C4 vs C2) results from a change in Pd’s
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Table 5.1. Difunctionalization of 2,4-Dichloropyridines Correlated with Ligand Sterics, Substrate
Sterics, and Substrate Concentration.

Neufeldt 2022
OMe
¢l [PA(NHC)P? (3 mol%) ¢l ar A
| X + K,CO3 (3 equiv) | A | X | AS
= H,0 (14 equiv), CgHg, Z = =
R1 RE y Cl B(OH), RT, 15.5 h R N Ar R N Cl R N Ar
46, R = Me (1 equiv.) Cc2 C4 DA
enty NHC 1or46(equiv) R C2(%) C4(%) DA (%) (C2+C4):DA
1 IMes 1 H 23 40 3 21:1
2 IPr 1 H 8 70 6 13:1
3 IPent 1 H 1 34 23 1.5:1
4 IMes 2 H 31 29 1 67 :1
5 IMes 5 H 38 14 1 751
6 IPr 2 H 10 73 2 42 - 1
7 IMes 1 Me 15 56 5 14 : 1
g Ipr 1 Me 3 45 21 23:1
=\ N*._’/N =
Pogs <\ Y
IPr
IMes IPent

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

¢ Pd(NHC) = (1*-1-'Bu-indenyl)Pd(NHC)(CI); ® Reaction time = 13 h. (For experimental details
for entries 1-3, see Appendix A; For entries 4-8, see Appendix B).

ligation state during oxidative addition, where more hindered ligands promote monoligation (and
reaction at C4), while smaller or bidentate ligands favor bisligation (and reaction at C2),?° In
keeping with this hypothesis, we discovered that increased concentrations of 2,4-dichloropyridine
marked a return to conventional C2 site selectivity as well as a decrease in the yield of diarylated
product (Table 5.1, compare entries 4-6 with entries 1 and 2). Finally, we found that the
introduction of a methyl group a to the pyridyl nitrogen, resulted in a noticeable increase in

diarylated product, suggesting that the ability of a substrate to participate in ligand substitutions
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might inhibit over-arylation normally (Table 5.1, compare entries 7 and 8 to 1 and 2). Taken
together, these findings pointed to the possibility that variations in selectivity for mono- vs
difunctionalization also result from differences in catalyst ligation state.

Despite an obvious correlation between ligand sterics and the ring-walking ability of Pd
catalysts in the literature, the mechanistic basis for this relationship remains unexplained. The term
“diffusion control” is sometimes invoked by authors who have described ring-walking processes,>!
yet the mechanism by which diffusion (of the catalyst from substrate) takes place is rarely
discussed. Currently, the cross-coupling community lacks guiding principles which could inform
multiparameter optimizations of small molecule cross-couplings with dihalogenated heteroarenes
as well as CTPs. Herein, we explore the hypothesis that selectivity for mono- vs difunctionalization

is linked to Pd’s coordination number and is therefore governed by several steric factors including

the size of the ancillary NHC or phosphine ligand.

5.2 Results and Discussion:

We began our investigation by evaluating a series of NHC and phosphine ligands in the
SMC of dichloroarene 62 with phenylboronic acid by monitoring their reactions over time. Based
on literature precedent and our prior experience with Pd-catalyzed cross-couplings of
dichloropyridines, we anticipated that the product of monoarylation, 62a, would be favored by
smaller NHC or phosphine ligands, while the product of diarylation, 62b, would be favored by
more hindered ones. Consistent with our previous findings, we found that the ligand IMes

promoted monoarylated product 62a predominantly, with minimal accumulation of 62b as the
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Scheme 5.2. Relationship between Ligand Sterics and Mono- vs Diarylation Selectivity over
Time. (Results by Nathaniel Larson)

LT H L % Vpur (Min)
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reaction progressed. Remarkably, and in stark contrast to IMes, monoarylated product 62a was
never observed in the reaction mediated by IPent. Instead, 62 is converted directly to 62b,
consistent with a ring-walking mechanism of diarylation. With the ligand IPr, 62b predominates
but is not exclusive, marking a shift in mechanism related directly to steric effects. Like IMes,
trialkylphosphines PCys and P‘Bus favor monoarylation under these conditions, and the ratio of
observed products is inconsistent with a ring-walking mechanism. In terms of percent buried

volume, the steric demands of P‘Bus are comparable to those of IMes—a similarity which is
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seemingly reflected in their reaction profiles. Evidently, the proclivity of a catalyst to promote
diarylation via an intramolecular catalyst transfer (i.e., by ring-walking between reactive sites) can
be predicted on the basis of percent buried volume, with a numerical cutoff within the range of
36.5—44.5 % for the reaction in Scheme 5.2. The stark contrast in selectivity exhibited by IPr and
[Pent versus IMes, P'Bus, and PCys3 is reminiscent of the “reactivity cliff” described by Sigman
and Doyle?? during their evaluation of steric descriptors which can predict both the ligation state
and reactivity of phosphine ligands.

Scheme 5.3. Intermolecular Competition Study between a Dichloroarene and its Monoarylated
Product.

COZMe COzMe

2
(n3-1-Bu-indenyl)Pd(IPent)Cl LD
(3 mol%), 62a COzMe
(1 equw) K,CO3 (2.5 equiv) O O
CO,Me H,0 (10 equiv) CO,Me
. THF (o 25 M) -
/‘\‘\0(1 equiv) not observed
(1 equiv) O

100 ~. o
[ J

< e
(¢}
& 80 e o ¢ ¢ o &
©
EGO 62
=
O
40
O
e © © © o 628
o © °
20 ° 09O 63a
g8 ¢ °°
0”‘. 62a
0 100 200 300 400 500 600
Time (min)

“Reactions were monitored by taking aliquots for GC analysis; yields are calibrated against
undecane as the internal standard. 62a, the monoarylated product of 62, was not detected at any
time point. (Experimental contributions made by Nathaniel Larson)
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McNeil and others have noted that selective diarylation rarely, yet sometimes results from
an intermolecular catalyst transfer (as opposed to ring-walking) if the monosubstituted

t.%3 To evaluate

intermediate is significantly more reactive than the dihaloarene which precedes 1
this possibility, we designed an intermolecular competition study between 62 and its monoarylated
product 63 (Scheme 5.3), mediated by Pd(IPent) (3f). While rates of conversion were similar for
both starting materials, the dichloride 63 was consumed more rapidly than the monoarylated
intermediate 63, confirming that diarylation results from an intramolecular catalyst transfer rather
than an intermolecular process. Intriguingly, the similarity in reaction rates between 62 with its
two reactive sites, and 63 with its one reactive site, is inconsistent with a turnover-limiting
oxidative addition, transmetalation, or reductive elimination step. Rather, the comparable rates of
conversion for 62 vs 63 point to dissociation of the diarylated product from the catalyst as the
turnover-limiting step.

On the basis of observed ligand steric trends (Scheme 5.2), previous data relating
selectivity to the coordinating ability of a substrate (Table 5.1), and the evidence for turnover-
limiting dissociation of catalyst from substrate (Scheme 5.3), we proposed the following
mechanistic hypothesis depicted in Scheme 5.4: Initially, Pd completes one catalytic cycle at the
first reactive site of the dichloroarene, which culminates in a reductive elimination step to form
the first C—C bond. If Pd is bisligated during reductive elimination, PdL> will dissociate from the
monofunctionalized product spontaneously as a 14 e species.>* However, if Pd is monoligated, a
Pd-arene m-complex results from reductive elimination, such that the intermediacy of 12 e” Pd is

avoided. After m-complexation, Pd may traverse the m-system and undergo a second oxidative

addition at the remaining C—CI bond (Path A). Operating under the assumption that dissociation
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of 12 ¢ PdL from the substrate (Path B) is disfavored thermodynamically, the complexed substrate
must be displaced by an incoming ligand for substrate turnover to occur (Path C).'?* If ligand
exchange is slow relative to ring-walking and oxidative addition, a second catalytic cycle will take
place; however, if the rate of ligand exchange outcompetes that of ring-walking and oxidative
addition, then separation of catalyst from the monoarylated product will result. Accordingly,
ligands with a greater % Vpur (min), which are able to promote low-coordinate Pd during reductive
elimination, will result in stable Pd(L)(arene) m-complexes. Finally, when additional substituents
larger than H (“R” in Scheme 5.4) are present on the arene, the intermediate Pd(L)(arene) m-
complex will be slow to participate in ligand exchange, and a second oxidative addition event may

result.

Scheme 5.4. Proposed Mechanisms for the Formation of Mono- and Diarylated Products.

Path B is thermodynamically disfavored. Path C is dis- L ¥
favored kinetically when L or R is large,resulting in a Path B
Pd dissociati 12 e Pd(0
preference for Path A. R :’YCI issociation as 12 e Pd(0)
IS
L — 4 —=Y
i | N\ ™
Pd Ph R
A R Pd(L)
B e— S — B
Ph” Y7 TPh = 1L * Z
: . L. Ph” YT CI
diarylation PH L' ~/
product n-complex R P:d { monoarylation
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ring walking and oxidative L = NHC or associative displacement Y Pd(L)L!
addition phosphine of 14 e” Pd(0) Ph

To evaluate this hypothesis, we first surveyed a selection of small, coordinating additives
which could, in principle, participate in ligand exchange (Path C). Under typical cross-coupling

conditions, the NHC ligand IPr promotes formation of 62b in a ratio of 4.2:1 with 62a (mono-).
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Remarkably, as little as 10 mol% of either indene or pyridine is sufficient to induce a selectivity
switch in favor of monoarylation. However, this effect is markedly diminished when lutidine or
tert-butylindene, are used in place of their non-alkylated analogues. As a coordinating additive,
DMSO is particularly effective (4:1), and the magnitude of this effect increases with DMSO
loading, albeit at the expense of conversion over time. Unlike DMSO, the addition of sulfolane
did not significantly impact selectivity, indicating that DMSO inverts selectivity by virtue of its
coordinating ability. Finally, an excess of acetonitrile also causes a selectivity switch. By
comparison to IPr, the ligand [Pent is resistant to the impact of coordinating additives—although,
at 10 mol% DMSO, selectivity for 1b is no longer exclusive, and 1a becomes favored when DMSO
is present in large excess. Taken together, the entries in Table 1 strongly support the notion that
variations in the ratio of arylated products, 1a vs 1b, arise from the competition between

mechanistic Pathways A and C (Scheme 5.4).
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Table 5.2. Effects of Coordinating Additives on Diarylation Selectivity.

COxMe  (n*-1-'Bu-indenyl)Pd(NHC)(CI) CO;Me COzMe
(3 mol%), PhB(OH), (1 equiv),
Ko,COj3 (2.5 equiv)

Cl Cl Cl Ph Ph Ph
H,0 (10 equiv), additive

62 (x equiv), THF (0.25 M), RT, 18 h 62a 62b

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

1 IPr - 10 41 1:42
2 IPent - 0 45 1:>99
3 IPr pyridine (0.1) 44 29 15:1
4 IPr lutidine (0.1) 36 34 11:1
5 IPr indene (0.1) 59 21 28:1
6 IPr 1-'Bu-indene (0.1) 23 39 1:1.7
7 IPr DMSO (0.1) 63 15 42:1
8 IPr DMSO (1) 79 11 72:1
9 IPr DMSO (10) 79 11 72:1
10 IPr sulfolane (10) 11 41 1:37
11 IPent DMSO (0.1) 3 41 1:15

12 IPent DMSO (10) 32 28 11:1
13 IPr MeCN (10) 58 20 29:1

“@GC yields are calibrated against undecane as an internal standard. Average of two trials.
(Experimental contributions made by Nathaniel Larson)

Given the profound effect of m-accepting coordinators on selectivity in our system, we
considered that solvent molecules may also participate in ligand exchange at the metal center.
Indeed, when THF is replaced with benzene as the reaction solvent, selectivity reverses in favor
of monoarylation. Moreover, selectivity is correlated with the coordinating ability of the solvent,
with anisole marking a decrease in monoarylation compared to benzene, while benzotrifluoride
marks an increase (compare entries 2-4). Methylated aromatic solvents such as toluene, xylenes,

and mesitylene, favor an increase in diarylation corresponding with their degree of methylation
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(entries 5-7), reiterating the importance of steric effects during the ligand exchange step.
Significantly, arylated products are observed in a ratio of only 1:1, with use of mesitylene as the

solvent.

Table 5.3. Effects of Coordinating Aromatic Solvents on Diarylation Selectivity.

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

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

entry  solvent 62a (%) 62b (%) 62a: 62b

1 THF 10 41 1:4.2

2 benzene 60 17 36:1

3 PhCF; 66 16 42:1

4 anisole 45 23 19:1

5 PhMe 53 18 30:1

6 xylenes 36 13 28:1

7 mesitylene 25 28 1:1.1

“GC yields are calibrated against undecane as the internal standard and are the average of two
trials (see Appendix D).

The observed additive and solvent trends in the SMC mediated by Pd-IPr or -IPent are
consistent with the hypothesis outlined in Scheme 5.4. And yet, given that [Pr promotes a mixture
of products 62a and 62b, we were curious which coordinating species participate in ligand
exchange processes under typical reaction conditions that omit exogenous additives. We
considered whether THF might facilitate ligand exchange, only to lesser effect than benzene, when
used as the solvent. Upon inspection, we discovered a correlation between solvent volume and

selectivity where more dilute reactions led to an increase in difunctionalized product (Table 5.4,
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entries 1-4). However, variations in molarity had no effect when benzene was used as the solvent
(entries 5-8). From these data we concluded that the coordinator which promotes ligand exchange
under typical conditions is not THF itself, but rather a solute. Benzene, on the other hand, is capable
of associating to Pd and outcompetes coordination of solute(s) when present in excess. Returning
to the proposed mechanistic pathways for catalytic turnover outlined in Scheme 5.4, the selectivity-
determining steps of both Pathways A and B are unimolecular processes, and their rates will not
be affected by concentration. Conversely, Path C involves a bimolecular ligand exchange where
the rate is dependent upon [L!] and [Pd(L)(arene)]. Since monoarylation selectivity improves
under more concentrated conditions in THF, we may also infer that Path C is the favored

mechanism by which monoarylated product is liberated, whereas Path B is inoperative.

Table 5.4. Effect of Molarity on Diarylation Selectivity.

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

c c H,O0 (10 equiv), solvent cl P Ph Fh
62 (x M), RT, 18 h 62a 62b

entry  solvent molarity MA (%) DA (%) MA:DA
1 THF 0.4 14 38 1:26
2 THF 0.25 10 41 1:4.2
3 THF 0.2 8 39 1:5
4 THF 0.16 6 37 1:6.2
5 benzene 0.4 61 17 36:1
6 benzene 0.25 60 17 36:1
7 benzene 0.2 60 17 35:1
8 benzene 0.16 59 17 36:1

“GC yields are calibrated against undecane as the internal standard and are the average of two
trials (see Appendix D).
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Scheme 5.5. Selectivity vs Conversion for Reactions with Variable Phenylboronic Acid

Equivalents.“
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% consumption of 1 equiv boronic acid

“ Each data point represents an aliquot taken at intervals from one of five reactions in which
boronic acid equivalents were varied. Single data points were collected for reactions with sub-
stoichiometric boronic acid loadings. Selectivity and conversion were calculated using calibrated
GC yields based on an n-undecane internal standard.

Having ruled out THF-mediated turnover at the intermediate n-complex, we turned our
attention to m-acceptors present in the reaction which include phenylboronic acid, indene
byproducts of precatalyst activation, and the dichloroarene itself (and its arylated products).
Conceivably, each of these species could disrupt ring-walking by assuming the role of L' in
Scheme 5.4, preceding the association of an unreacted substrate to Pd via ligand exchange. Since
phenylboronic acid is the least hindered of these m-acceptors, association of its phenyl ring to the
intermediate Pd m-complex seemed plausible. Nevertheless, we found that the stoichiometry of
phenylboronic acid had no effect on the ratio of arylated products with respect to boronic acid

conversion (Scheme 5.5). Rather, each reaction conformed to a linear trend wherein selectivity

drifted from ~ 7:1 (MA/DA) to ~ 3:1 during the reaction window where one equivalent of boronic



94
acid was consumed, independent of the boronic acid loading. From these data we may conclude
that phenylboronic acid does not meaningfully impact the distribution of products by participating
in ligand exchange reactions.

Having previously identified indene as a competent coordinator able to invert selectivity at
sub-stoichiometric loadings (vide supra), we considered the possibility that a byproduct of
precatalyst activation, such as 1-tert-butyl-3-phenylindene,* could promote Path C under typical
reaction conditions. To evaluate this possibility, we compared (n’-1-'Bu-indenyl)Pd(NHC)(CI) to
[PA(IPr)Cl>]> which lacks a “throw-away” ligand,?® but found no difference in selectivity or yield
(Table 5.5, compare entries 1 and 2), allowing us to rule out coordination of zert-butylindene

byproducts.

Table 5.5. Effects of Precatalyst Identity and Arene Additives.

CO,Me Pd/IPr, (3 mol% Pd), CO,Me CO,Me
PhB(OH), (1 equiv),
K2CO3 (25 eqUiV)

cl cl H,0 (10 equiv), additive cl Ph- Ph Ph
62 (1 equiv), THF (0.25 M), RT, 18 h 62a 62b
entry precatalyst 62a (%) 62b (%) 62a:62b
1 (m3-1-'Bu-indenyl)Pd(NHC)(CI) 10 41 1:4.2
2 [PA(IPr)CI2]2 10 40 1:4

“GC yields are calibrated against undecane as the internal standard. Average of two trials.
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Scheme 5.6. Monoarylation/Starting Material (64a/64) Ratio vs Diarylation/Monoarylation
(64b/64a) Ratio as Suzuki-Miyaura Reactions Progress (Results by Nathaniel Larson).

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

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

64 (x equiv) 64a 64b

5.0
4.5
4.0
3.5
3.0
2.5
2.0

N

64b / 64a

1.5
1.0 —-1 equiv —4—1.5 equiv
0.5 —@—2 equiv 3 equiv
0.0
0 0.05 0.1 0.15 0.2
64a/ 64

Having carefully evaluated the effects of other potential coordinators in the SMC, we
concluded that catalytic turnover most likely takes place via an associative ligand exchange where
an unreacted dichloroarene replaces the arylated product bound to Pd. To test this hypothesis, it
was necessary to correlate the concentration of a dichloroarene substrate, such as 64, with
selectivity for its products (64a/64b). However, experiments which modify [64] are likely to alter
the product distribution for at least two reasons: (1) by modifying [L'] in Path C, and (2) by biasing
the intermolecular competition between chloroarene reactants 64 and 64a which are both
precursors to 64b. To differentiate these possibilities, we plotted the ratio of reactants (64a/64)
against the ratio of arylated products (64b/64a) and discovered an inverse correlation between

increasing [64] and diarylation selectivity (64b/64a), irrespective of the reactant distribution
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(Scheme 5.6). From these data we may infer that in the absence of exogenous coordinating
additives or solvents, the mechanism by which Pd(IPr) moves from one substrate to the next is in
fact the simplest one, wherein 64 replaces 64a or 64b directly in an associative ligand exchange
step. For processes which involve Pd ring-walking, the distribution of products 64a versus 64b

reflects the rate of ligand exchange relative to the rate of oxidative addition from the preceding n-

complex intermediate.
Scheme 5.7. Effect of Varied C5-Substituents on Selectivity for SMCs with 1,3-
Dichlorobenzenes. (Results by Nathaniel Larson).

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

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

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

Effect of R-Substituents
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Substrate Steric Effects: Having determined the identity of L! in path C, we speculated that

dichloroarenes with additional substituents (i.e., dichloroarenes which are more hindered) may be
slower to undergo ligand exchange, leading to an increase in diarylation from Path A. Scheme 5.7
demonstrates that substrates with C3-substituents larger than H are biased toward the product of
diarylation, in line with our expectation. Interestingly, this observation holds true independent of

electron-donating or -withdrawing effects conferred by the substituent.

5.3 Conclusion

Bulky N-heterocyclic carbene or phosphine ligands are known to promote selective
difunctionalization in Pd-catalyzed cross-couplings of dihalo(hetero)arenes via an intramolecular
catalyst transfer or “ring-walking” mechanism. This work demonstrates that Pd’s ability to ring-
walk over m-conjugated systems is a unique attribute of low-valent PdL which forms stable 14e
n-complexes with dihaloarene electrophiles. Conversely, ring-walking is not observed with
bisligated Pd, since PdL; can readily dissociate from the n-system, whereas PdL cannot.?’ Bulky
NHC ligands such as IPr and [Pent promote low-coordinate Pd complexes and thereby facilitate
ring-walking and difunctionalization, while smaller or bidentate ligands result in monoarylation.
Under conditions which employ hindered, low-valent Pd catalysts, the typical mechanism of
catalytic turnover involves an associative ligand exchange at the 14e- Pd n-complex, where an
unreacted dichloroarene displaces the product of cross-coupling. The rate of associative ligand
exchange—and therefore selectivity, is highly sensitive to steric factors, including sterics imposed
by the ancillary NHC (or phosphine) ligand, the incoming coordinator, and the coordinated

substrate.
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In practice, these findings enable one to control selectivity for mono- vs diarylation of
dichloro(hetero)arenes in many scenarios. Selectivity for monoarylation may be improved by (1)
selecting smaller or bidentate ligands instead of hindered ones when possible or, if bulky ligands
are necessary, (2) including a coordinating additive to facilitate ligand exchange at Pd. If
exhaustive arylation is the desired outcome, IPent is especially effective for this purpose, and polar,
non-coordinating solvents such as THF are preferable to coordinating, aromatic solvents such as
toluene. Moreover, in planning synthetic routes, one should expect that highly substituted (or
sterically hindered) dihaloarenes will exhibit more difunctionalization—particularly in cross-
couplings involving monoligated Pd. Finally, this work explains the exclusivity of highly hindered
NHC and phosphine ligands in Pd-mediated applications which benefit from ring-walking, such

as catalyst-transfer polycondensations.”®
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Al. General Materials and Methods

NMR spectra were recorded at 298 K on a Bruker DRX 500 MHz (500.233 MHz for 'H,
125.795 MHz for '*C, 470.639 MHz for '°F), a Bruker Avance 111 600 MHz (600.130 MHz for 'H
or 150.903 MHz for '3C) spectrometer, or a Bruker Ascend 400 MHz (400.130 MHz for '"H NMR,
100.613 for 13C). 'H and '*C NMR chemical shifts are reported in parts per million (ppm) relative
to TMS, with the residual solvent peak used as an internal reference ['H NMR: CHCIs (7.26 ppm),
CeDsH (7.16 ppm), DMSO-ds (2.50 ppm); *C NMR: CDCls (77.16 ppm), 3C NMR: C¢Ds (128.06
ppm), DMSO-ds (39.52 ppm)]. Multiplicities are reported as follows: singlet (s), broad singlet (br
s) doublet (d), doublet of doublets (dd), doublet of doublets of doublets (ddd), triplet (t), quartet
(q), and multiplet (m). GC data were collected using a Shimadzu GC-2010 Plus with a flame
ionization detector equipped with a SH-Rxi-5ms capillary column (15 m x 0.25 mm ID x 0.25 pm
df). GCMS data were collected with a Shimadzu GC-2030 paired with a Shimadzu GCMS-
QP2020 NX and equipped with a SH-Rxi-5ms capillary column (30 m x 0.25 mm ID x 0.25 pm
df). LC-MS analyses were performed on either an Agilent 6538 Q-TOF MS or a Bruker micro-
TOF MS, both coupled to an Agilent 1290 Infinity UHPLC system. A 50 mm long Eclipse Plus
C18 column (Agilent Technologies, Santa Barbara, CA; i.d. 2.1 mm, 1.8 pum particle size) was
used for separation. A 6-minute gradient was used at a flow rate of 0.6 mL/min: 0-1 min 95%
buffer A (100% H20 with 0.1% formic acid), followed by a gradient from 1-4 minutes of 5-95%
buffer B (100% acetonitrile with 0.1% formic acid), 1 minute 95% buffer B, and returning to 95%
buffer A for 1 minute. The mass spectrometers were operated in positive-ion mode with

electrospray ionization. All reactions that require heating were conducted in aluminum single-size
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vial reaction blocks (Chemglass) fitted to an IKA stirring hot plate equipped with a temperature
probe.

Unless otherwise noted below, all commercially-obtained chemicals were used as
received. PEPPSI-SIPr and PEPPSI-IPr were obtained from Sigma Aldrich. (n*-1-Bu-indenyl)x(p-
Cl)2Pd2, (n*-1-Bu-indenyl)Pd(IPr)(Cl), and (n?-1-‘Bu-indenyl)Pd(IPent)(Cl) were obtained from
Umicore. Other (n*-1-Bu-indenyl)Pd(NHC)(C1) precatalysts were prepared from the
corresponding N-heterocyclic carbene ligands IMes, SIMes, SIMix, or SIPr (each obtained from
Strem Chemicals or Sigma Aldrich) according to a literature procedure.! Unless otherwise noted,
dichloroheteroarenes and arylboronic acid starting materials were obtained from Oakwood
Chemical. 4,5-Dichloro3(2H)-pyridazinone (A45)* and 3.4,5-trichloropyridazine (A46)° were
prepared according to literature procedures. Potassium fluoride, 1,4-dioxane, benzyl bromide,
iodine, potassium fert-butoxide, tetrabutylammonium hexafluorophosphate, and palladium (II)
chloride were obtained from Acros Organics. Potassium carbonate, methylmagnesium bromide,
triphenylphosphine,  tri-fert-butylphosphine,  4-vinylphenylboronic  acid, 2,4-dichloro3-
cyanopyridine, and 2,4-dichloro-5-methylpyridine were obtained from Alfa Aesar. 2,4-dichloro-5-
nitropyridine and 3,3’-bromomethyloxetane were obtained from Combi-Blocks. 2,4-Dichloro-1,8-
naphthyridine and 3-amino2,4-dichloropyridine were obtained from Millipore Sigma. 3-Amino-
2,4-dichloropyridine was obtained from Synthonix. Sodium carbonate, THF, toluene, and
methanol were obtained from Fisher Scientific. Magnesium turnings, tert-butyl bromide,
cyclopentyl bromide, benzothiophene (thianaphthene), 2-bromo-5-methylpyridine, lithium
chloride, tetrabutylammonium bromide and chloride, tris(dibenzylideneacetone)dipalladium(0),

diphenylphosphinoferrocene, tri-o-tolylphosphine, and tricyclohexylphosphine were obtained
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from Oakwood chemical. Diisobutylaluminum hydride (DIBAL), magnesium bromide diethyl
etherate, propylene carbonate, potassium bromide, and zn-butyllithium were obtained from Sigma-
Aldrich. Palladium (II) acetate, trimethyl phosphine, Q-Phos, and CataCXium A were obtained
from Strem Chemical. 2,4-Dichloroquinoline, zinc dichloride, and Pd(PPh3)s were obtained from
TCI Chemicals. Benzene was obtained from Beantown Chemical. For the purposes of Kumada or
Negishi cross-couplings or for preparation of Grignard reagents, THF was purified on a JC Meyer
solvent dispensing system and stored under N> prior to use. For the purpose of Suzuki-Miyaura
cross-couplings, THF was used as received from Fisher Scientific. For the purpose of Suzuki-
Miyaura cross-couplings under ligand-free reaction conditions, DMF was purified on a JC Meyer
solvent dispensing system and stored under N> prior to use. 1,4-Dioxane required for Pd/dppft-
mediated Suzuki-Miyaura cross-couplings was used as received from Acros Organics but kept
under N> prior to and during use. Grignard reagents were titrated according to a literature
procedure.*

Deuterated solvents (CDCls, CsDs, DMSO-ds) were obtained from Cambridge Isotopes
and stored over molecular sieves. Manual flash column chromatography was performed on
SiliCycle silica gel 60 (40-63 um particle size) and thin layer chromatography was performed on
SiliCycle TLC plates pre-coated with extra hard silica gel 60 F2s4. Automated flash column
chromatography was performed with a Biotage Selekt equipped with Biotage Sfdr silica flash
cartridges (20 um particle size; 50 A pore width) for normal phase separations, or Silica C18

cartridges (30 pum particle size; 100 A pore width) for reversed phase separations.
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A2. Synthesis and Characterization of Reagents

Chlorinated Heteroarenes

3-Amino-4,6-dichloropyridine (A16): Glacial acetic acid (14.2 mL) was heated to 60 °C in a
round-bottom flask equipped with a Vigreux reflux condenser and stir bar. Iron powder (4.175 g,
74.8 mmol, 3.5 equiv) and 2,4-dichloro-5-nitropyridine (4.122 g, 21.36 mmol, 1.0 equiv) were
added to the flask consecutively while stirring. The mixture was allowed to stir at 60 °C for 2.5 h.
Partway through the reaction time, the mixture thickened such that stirring was encumbered, so an
additional 8 mL glacial acetic acid was added to the flask. The resulting suspension was vacuum-
filtered through Celite and the filter cake was washed thoroughly with ethyl acetate. Solvent was
removed from the filtrate under reduced pressure, and the resulting solids were taken up in ethyl
acetate. The organic solution was washed with saturated aqueous sodium bicarbonate, deionized
water (3x), and brine. The organic layer was dried over magnesium sulfate, filtered, and
concentrated under reduced pressure. The resulting white solid was dried under vacuum overnight,
affording A16 as a very pale pink solid (2.030 g, 58% yield). '"H NMR (500 MHz, CDCl3, §): 7.88
(s, 1H), 7.21 (s, 1H), 4.16 (br s, 2H); *C{1H} NMR (126 MHz, CDCls, §): 139.7, 139.3, 136.2,

129.7,123.9
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Scheme A1. Dichloropyridazines Synthetic Map.

Cl cl O
Cl N
X
o H. O  H,NNH,eH,S0, (1 equiv) | K\/[
/K/I NaOAc (1 equiv) N\N o) POCI3 (15 equiv) \ 2. SeqUIv N\N/ cl
HO Cl ! _—
& EtOH/H,0 1:1 H 105G, 5h C, 5h DMF
70°C, 4h A45 (85%) A46 100°C, 8h A23
(88%) (64%)
PhMgBr (3 equiv)
1.6M in CPME
1h, rt, dry THF
(85%)
70 C, 3.5h
(80%)
A47 A22

5-Chloro-4-phenyl-3(2H)-pyridazinone (A47): Compound A47 was prepared according to a
procedure adapted from the literature.5 4,5-Dichloro-3(2H)-pyridazinone (A45)* (1.2 g, 7.27
mmol, 1.0 equiv) was added to an oven-dried 50 mL Schlenk flask equipped with a stir bar. The
flask was fitted with a rubber septum, the septum was secured with copper wire, and the flask was
evacuated and backfilled with N> (3x). Dry THF (12 mL) was transferred into the flask by cannula.
The flask was cooled in an ice bath, and a solution of phenylmagnesium bromide (1.6 M in CPME,
13.6 mL, 21.82 mmol, 3.0 equiv) was added dropwise over 10 min by cannula. The flask was
removed from the ice bath and the reaction was stirred at room temperature for 1 h. The flask was
returned to the ice bath, opened to air, and quenched by the slow addition of aqueous NH4Cl (12
mL; 100 g/L). The resulting mixture was partitioned between deionized water and ethyl acetate.

The aqueous layer was extracted with ethyl acetate (2x). The combined organic fractions were
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washed with brine, dried over magnesium sulfate, filtered, and concentrated under reduced
pressure. The resulting solids were triturated in hexanes, filtered, and dried under vacuum to afford
A47 as a white solid (1.277 g, 85% yield). '"H NMR (500 MHz, DMSO-dg, §): 13.40 (br s, 1H),
8.03 (s, 1H), 7.47-7.40 (multiple overlapping signals, SH). Spectral data are consistent with the

literature report.’

3,5-Dichloro-4-phenylpyridazine (A22): Phosphorous(V) oxychloride (3.4 mL) and A47 (1.266
g, 6.127 mmol, 1.0 equiv) were combined in an oven-dried round-bottom flask equipped with a
stir bar. The flask was then fitted with a Vigreux reflux condenser and sealed with a rubber septum
fastened with copper wire. An outgassing line, which was assembled with PVC tubing, a needle
adapter, and a needle, was routed from the condenser through a mineral oil bubbler, which was in
turn routed through an aqueous KOH trap. An in-gas needle was introduced to the condenser, and
the system was purged with N». The in-gas line was closed off such that hydrogen chloride
evolution could be monitored visually. The reaction mixture was heated to 70 °C and stirred for
3.5 h. Stirring was continued while the reaction cooled to ambient temperature. The reaction was
quenched by slow, dropwise addition of aqueous NaOH (5 mol % in water) while stirring until
bubbling ceased. The mixture was diluted with water and filtered affording a brown solid. The wet
solid was taken up in benzene, and then concentrated under reduced pressure; this process was
repeated once. The resulting solids were dried under vacuum overnight to afford A22 as a brown
solid (1.109 g, 80% yield). 'H NMR (500 MHz, DMSO-ds, §): 9.54 (s, 'H), 7.58-7.51 (multiple

overlapping signals, 3H), 7.46-7.43 (m, 2H); *C{'H} NMR (126 MHz, DMSO-ds, §): 155.6,
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151.6, 138.8, 137.9, 131.7, 129.7, 128.71, 128.68. HRMS (ESI Q-TOF) m/z: [M]+ Calcd for

C10H6CI2N2 223.9908; Found 223.9896.

3,5-Dichloro-4-(1-piperidinyl)-pyridazine (A23): 3,4,5-Trichloropyridazine (A46)° (550.3 mg,
3.0 mmol, 1.0 equiv) was combined with DMF (9.38 mL) and a stir bar in a 5-dram vial. The vial
was fitted with a septum and placed under an atmosphere of N> gas. Piperidine (744 pL, 7.5 mmol,
2.5 equiv) was added dropwise through the septum via a 100 puL syringe to the stirring solution,
resulting in rapid evolution of HCI gas and increased turbidity. The reaction was stirred at ambient
temperature for | h. DMF was removed under vacuum, and the residue was purified by flash
column chromatography on silica gel in 10% acetone in hexanes (Rs = 0.22). The combined
fractions were dried under vacuum to afford A23 as a white solid with minor brown discoloration
(445 mg, 64% yield). "H NMR (500 MHz, CDCl3, §): 8.68 (s, 'H), 3.36-3.34 (m, 4H), 1.77-1.64
(multiple overlapping signals, 6H); '*C{!H} NMR (126 MHz, CDCls, §): 155.5, 148.0, 143.1,
123.9, 50.6, 25.6, 23.7. HRMS (ESI Q-TOF) m/z: [M]+ Calcd for CoH11CI2N3 231.0330; Found

231.0326.

Scheme A2. Synthesis of 2,4,8-Trichloroquinoline (A20).

cl 0 cl OH cl
NH YO
2 cl o <l HNj© PPA A POCIy X
(1 equiv) 6 (6 wt. equiv) (15 equiv) -
T ——— M _— N 0O — N

EtsN (2 equiv) N o 139°C, 5.5h al 95-100°C,35h |,
1,4-dioxane Cl (74%) (37%)

(2.1equiv)  0-25°C,67h
(81%) A48 A49 A20

N',N3-Bis(2-chlorophenyl)-propanediamide (A48): Compound A48 was prepared according to

a modified literature procedure.® Malonyl dichloride was purified by simple vacuum distillation
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prior to use; triethylamine was distilled from calcium hydride, sparged with N, and stored over 4
A molecular sieves prior to use. 2-Chloroaniline (2.679 g, 21 mmol, 2.1 equiv) was weighed into
a 100-mL round bottom flask, followed by dry 1,4-dioxane (24 mL) and a stir bar. The flask was
fitted with a rubber septum and the septum was secured with copper wire. An ingas needle and
smaller diameter outgassing needle were introduced through the septum, and the contents of the
flask were sparged with N> for 15 min. Dry triethylamine (2 equiv, 20 mmol, 2.8 mL) was added
through the septum via 1-mL syringe, and the sealed flask was cooled in an ice bath. Under N2, a
solution of malonyl dichloride (973 pL, 10 mmol, 1 equiv) in dry 1,4-dioxane (28.5 mL) was added
dropwise to the cooled stirring solution through the septum via a 10-mL syringe over 20 min. The
solution became bright yellow and evolution of HCI gas was observed. The flask was removed
from the ice bath and stirred at ambient temperature for 67 h. The flask was opened to air and the
bright yellow mixture was poured into a 500-mL beaker. While stirring, aqueous HCI1 (2 M, 36
mL) was added slowly to the mixture. The mixture was stirred for an additional 30 min, resulting
in precipitation of yellow solids. The solids were collected by vacuum filtration, washed with
water, and dried under vacuum, affording A48 as a yellow powder (2.6132 g, 81% yield). A minor
dioxane impurity (3 mol%, 0.8% by mass) was detected by 'H-NMR analysis. '"H NMR (500 MHz,
DMSO-ds, 8): 10.04 (s, 2H), 7.90 (dd, J = 8.3, 1.3 Hz, 2H), 7.51 (dd, J = 8.0, 1.3 Hz, 2H), 7.43
(ddd, J = 8.7, 8.0, 1.3, 2H) 7.19 (ddd, J = 8.7, 8.0, 1.3, 2H), 3.75 (s, 2H). Spectral data are

consistent with the literature.®

8-Chloro-4-hydroxy-2(1H)-quinolinone (A49): N’ N°-Bis(2-chlorophenyl)-propanediamide

(A48) (1.661 g, 5.14 mmol, 1.0 equiv) and polyphosphoric acid (9.965 g, 6.0 wt. equiv) were
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measured into a round-bottom flask equipped with stir bar. The flask was fitted with a water-cooled
coil-type jacketed condenser fitted with a rubber septum secured by copper wire. The system was
placed under an atmosphere of N> gas, and the mixture was heated to 139 °C for 5.5 h. The system
was allowed to cool to handling temperature and the mixture was poured into ice water, inducing
precipitation and hardening of the tar-like mixture. The transfer was completed with alternating
washes of ethyl acetate and water. The resulting slurry was stirred overnight to break up the tar,
resulting in a suspension of precipitated fine solids. The suspension was decanted from residual
tar and the precipitate was collected by filtration, washed with water, and dried under vacuum to
afford A49 as a pale brown powder (737 mg, 74% yield). '"H NMR (500 MHz, DMSO-dG, 5): 11.61
(brs, 1H), 10.37 (br s, 1H), 7.78 (dd, J = 7.9, 1.3 Hz, 1H), 7.66 (dd, J = 7.9, 1.3 Hz, 1H), 7.17 (t,

J =17.9 Hz, 1H), 5.81 (s, 1H). Spectral data are consistent with the literature.”

2,4,8-Trichloroquinoline (A20): 8-Chloro-4-hydroxy-2(1H)-quinolinone (A49) (737.4 mg, 3.77
mmol, 1.0 equiv) and phosphorous(V) oxychloride (POCI3) (5.3 mL, 56.6 mmol, 15.0 equiv) were
combined in a round-bottom flask equipped with a stir bar. The flask was fitted with a water-cooled
coil-type jacketed condenser fitted with a rubber septum secured by copper wire. The system was
placed under an atmosphere of N2 and heated at 95-100°C for 3.5 h. Evolving hydrogen chloride
gas was routed through a mineral oil bubbler and then through an aqueous KOH trap using PVC
tubing. Excess POCIl;3 was removed by short-path vacuum distillation. Residual POClz was
quenched by dropwise addition of aqueous NaOH (5 mol %) then diluted with deionized water,
inducing precipitation. The dark brown precipitate was filtered, washed with water, triturated in

hexanes by sonication, and vacuum filtered through Celite. The filtrate was concentrated under
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reduced pressure, but excessive residual water was observed by 'H NMR. The solids were
redissolved in chloroform, and the solution was washed with brine (2x), passed through a plug of
magnesium sulfate, and concentrated under reduced pressure. The resulting solids were dried
under vacuum overnight to afford A20 as a pale yellow solid (324 mg, 37% yield). 'H NMR (500
MHz, CDCl3, 9): 8.13 (dd, J = 8.5, 1.3 Hz, 1H), 7.90 (dd, J = 7.6, 1.3 Hz, 1H). 7.58 (s, 1H), 7.57
(dd, J = 8.5, 7.6 Hz, 1H). 3C{'H} NMR (126 MHz, CDCls, 8): 151.0, 144.9, 144.8, 133.4, 131.8,
127.8, 126.7, 123.4, 123.2. HRMS (TOF MS ESI+) m/z: [M]+ Calcd for CoH4CI3N 230.9409;

Found 230.9471.

8-Bromo-2,4-dichloroquinoline (28): Compound 28 was prepared according to a modified
literature procedure.® 2-Bromoaniline (230 pL, 1 mmol, 1.0 equiv), malonic acid (208 mg, 2 mmol,
2 equiv) and phosphorous(V) oxychloride (POCI3) (2.0 mL) were combined in a 10 mL oven-dried
Schlenk flask equipped with a stir bar. The flask was fitted with a water-cooled coil-type jacketed
condenser equipped with a rubber septum secured by copper wire. The system was placed under
an atmosphere of N> and heated at 100 °C for 6 h. Evolving hydrogen chloride gas was routed
through a mineral oil bubbler and then through an aqueous KOH trap using PVC tubing. The
reaction mixture was allowed to cool to room temperature and was subsequently poured onto
crushed ice with stirring. The resulting mixture was extracted with excess dichloromethane and
washed with sat. NaHCO3 (aq) until the aqueous layer was slightly basic (pH 8). The layers were
separated, and the organic layer was dried over anhydrous MgSOs, filtered, and concentrated under
reduced pressure. The crude residue was purified by flash column chromatography (Ry= 0.58 in

98:2 hexanes:EtOAc). 'H NMR (400 MHz, CDCl; 8): 8.18 (dd, J = 8.4, 1.2 Hz, 'H), 8.12 (dd, J =
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7.6, 1.2 Hz, 1H), 7.58 (s, 1H), 7.50 (dd, J = 8.4, 7.6 Hz, 1H). '*C{'H} NMR (101 MHz, CDCl;
8): 150.9, 145.5, 144.7, 135.3, 128.1, 126.5, 124.13, 124.05, 123.0. HRMS (ESI+) m/z: [M]+:

Calcd for CoH4CLLBrN 274.8904; Found 274.8904.

Grignard Reagents

5-Methyl-2-pyridylmagnesium bromide (A50): Compound AS0 was prepared according to a
modified literature procedure.” To an oven-dried 25 mL Schlenk flask equipped with a stir bar,
under N», was added freshly crushed magnesium turnings (80.2 mg, 3.3 mmol, 1.1 equiv), dry
degassed THF (6.0 mL), dry lithium chloride (127.2 mg, 3 mmol, 1.0 equiv), and
diisobutylaluminum hydride (30 pL of a 1.0 M solution in THF, 0.03 mmol, 0.01 equiv). The
reaction mixture was stirred for 5 min, followed by the dropwise addition of a solution of 2-bromo-
5-methylpyridine (516.1 mg, 3.0 mmol, 1.0 equiv) in dry degassed THF (3.0 mL). The reaction
was stirred at 23 °C for 1 h, resulting in a dark red solution that was used without further

purification.

Cyclopentylmagnesium bromide (A51): To an oven-dried 25 mL Schlenk flask equipped with a
stir bar, under N>, was added freshly crushed magnesium turnings (53.5 mg, 2.2 mmol, 1.1 equiv)
and dry degassed THF (6.7 mL). Cyclopentyl bromide (475 pL, 4 mmol, 1.0 equiv) was then added
dropwise to the reaction mixture. The reaction mixture was heated to reflux for 3 h, resulting in a

light brown solution that was used without further purification.

3,3’-Methyloxetanylmagnesium bromide (A52): To an oven-dried 25 mL Schlenk flask

equipped with a stir bar, under N», was added freshly crushed magnesium turnings (106.9 mg, 4.4



115
mmol, 1.1 equiv), dry degassed THF (6.0 mL), and diisobutylaluminum hydride (40 uL of a 1.0
M solution in THF, 0.04 mmol, 0.01 equiv). The reaction mixture was stirred for 5 min, followed
by the dropwise addition of a solution of 3-bromomethyl-3-methyloxetane (462 uL, 4.0 mmol, 1.0
equiv) in dry degassed THF (7 mL). The reaction mixture was heated to reflux for 2.5 h resulting
in a colorless solution containing a white precipitate. This mixture was used without further

purification.

2-Benzothiophenylmagnesium bromide (AS53): Compound AS3 was prepared according to a
modified literature procedure.” To an oven-dried 25 mL Schlenk flask ("Flask A") equipped with
a stir bar, under N, was added benzothiophene (1.073 g, 8 mmol, 1 equiv) and dry degassed THF
(13 mL). The resulting solution was cooled to -84 °C. n-BuLi (3.2 mL of a 2.5 M solution in
hexanes, 8 mmol, 1.0 equiv) was added dropwise, and the mixture was stirred for 2 h while
warming to 0 °C. In a separate 50 mL Schlenk flask ("Flask B") equipped with a stir bar, under
nitrogen, was added magnesium bromide ethyl etherate (2.066 g, 3.0 mmol, 1.0 equiv) and dry
degassed THF (14 mL). The cold contents of Flask A were added to the slurry in Flask B. The
reaction mixture was stirred at 23 °C until all solids were dissolved, resulting in a rusty colored

solution that was used without further purification.

Benzylmagnesium bromide (A54): To an oven-dried 25 mL Schlenk flask equipped with a stir
bar, under N>, was added freshly crushed magnesium turnings (106.9 mg, 4.4 mmol, 1.1 equiv),
dry degassed THF (6.0 mL), and diisobutylaluminum hydride (40 puL of 1.0 M solution in THF,
0.04 mmol, 0.01 equiv). The resulting mixture was stirred for 5 min, followed by the dropwise

addition of benzyl bromide (475uL, 4 mmol, 1.0 equiv) in dry degassed THF (7 mL). The reaction
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mixture was heated to reflux for 3 h, resulting in a clear solution containing a small quantity of

white crystals. This mixture was used without further purification.

A3. Suzuki Cross-Couplings with Pd/IPr

General Procedures

GC-Scale Reactions: The specified solids required in the Suzuki-Miyaura reactions were

added to a 1-dram reaction vial in order of increasing mass: palladium catalyst (palladium source
and free ligand) or precatalyst, the specified dihalopyridine substrate if solid (0.08 mmol, 1 equiv),
arylboronic acid (0.08 mmol, 1.0 equiv), potassium carbonate or cesium carbonate, and then a stir
bar. Liquid reagents were pre-measured by syringe and added in quick succession: benzene, THF,
or 1,4-dioxane (0.32 mL, 0.25 M) via 1-mL syringe, followed by N»-sparged deionized water via
50-uL syringe. Note: dihalopyridine substrates were added last if liquid, via microliter syringe. A
septum cap equipped with an N»-ingas and outgassing needle was fastened to the 1-dram reaction
vial and the headspace was sparged for 30-45 seconds. With continuous sparging, the vial was
unscrewed from the septum cap and lowered while the cap was replaced with a PTFE-lined cap.

The reaction was stirred vigorously at the specified temperature for the specified duration.

Scaled-Up Reactions for Product Isolation: Precatalyst (1°-1-‘Bu-indenyl)Pd(IPr)Cl (8.4

mg, 0.012 mmol, 3.0 mol%) was weighed into a 1-dram vial followed by solid substrate, if
applicable (2,4-dichloropyridine, quinoline, or 3,5-dichloropyridazine, 0.4 mmol, 1 equiv),
arylboronic acid (0.4 mmol, 1.0 equiv), potassium carbonate, and a stir bar. Liquid reagents were

pre-measured by syringe and added in quick succession: benzene or THF (1.6 mL, 0.25 M) via a
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I-mL syringe followed by N»-sparged deionized water via a 100-uL or 250-uL syringe. In cases
where the substrate was a liquid, the substrate was added last via microliter syringe (0.4 mmol, 1
equiv). A septum cap equipped with an N»-ingas and outgassing needle was fastened to the 1-dram
reaction vial and the mixture was sparged for 30-45 seconds. With continuous sparging, the vial
was unscrewed from the septum cap and lowered while the cap was replaced with a PTFE-lined
cap. The reaction was stirred vigorously at the specified temperature for the specified duration.
The cap was removed, the reaction mixture was diluted in ethyl acetate then filtered through a plug
of Celite. The reaction outcome was assessed by GC and TLC (isomeric ratios were determined
by GC). The mixture was purified by flash column chromatography or crystallization under the

specified conditions, and the product was dried under vacuum.

Conditions A: potassium carbonate (221.1 mg, 1.6 mmol, 4.0 equiv), deionized water (250 pL,

13.8 mmol, 34.6 equiv), THF, 60 °C.

Conditions B: potassium carbonate (165.8 mg, 1.2 mmol, 3.0 equiv), deionized water (100 pL,

5.53 mmol, 13.8 equiv), THF, 25 °C.

Conditions C: potassium carbonate (165.8 mg, 1.2 mmol, 3.0 equiv), deionized water (100 pL,

5.53 mmol, 13.8 equiv), benzene, 25 °C.
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Table A1. Optimization of the C4-Selective Suzuki-Miyaura Coupling with Pd/IPr.¢

entry trial NHC base solvent additive (equiv) 1a(%) 1b (%) 1c(%) 1a:1b
1 1 SIPr KF THF - 4 35 4 1:8.8
2 2 SIPr KF THF - 5 44 5 1:8.8
3 Average SIPr KF THF - 5 39 5 1:7.8
4 1 SIPr K.CO; THF - 7.4 67.7 9.1 1:90.1
5 2 SIPr K.CO; THF - 6.2 63.0 10.3 1:10.1
6 Average SIPr K,CO; THF - 6.8 65.4 9.7 1:9.6
7 1 IPr K.CO; THF - 6 69 8 1:11.5
8 2 IPr K.CO; THF - 7 68 7 1:9.7
9 Average IPr K.CO; THF - 7 69 8 1:9.9
10 1 IPr K.CO; CsHs - 8 69 6.0 1:8.6
11 2 IPr K.CO; Cg¢Hs - 8 70 6.4 1:8.8
12 Average IPr K.,CO; Cg¢Hs - 8 70 6.2 1:8.8
13 1 IPr K,CO; PhCH, - 8 75 4 1:9.4
14 2 IPr K,CO; PhCH, - 8 72 4 1:9.0
15 Average IPr K,CO; PhCH, - 8 74 4 1:9.2
16 1 IPr K.CO; DMF - 8 46 17 1:5.8
17 2 IPr K.CO; DMF - 8 48 14 1:5.9
18 Average IPr K.CO; DMF - 8 47 15 1:5.9
19 1 IPr K>COq4 PC? - 9 43 16 1:4.8
20 2 IPr K.CO,4 PCb - 9 46 18 1:5.1
21 Average IPr K,CO, PC? - 9 45 17 1:5.0
22c¢ 1 -- K.CO;  CeHe -- 2 <1 n.d. --
23¢ 2 - K>CO; CsHs - 1 <1 n.d. --
24¢  Average -- K.CO; C¢He -- 2 <1 n.d. --
254 1 -- K.CO; THF -- 2 1 n.d. --
264 2 -- K.CO; THF -- 1 <1 n.d. --
274 Average -- K.CO; THF -- 1 <1 n.d. --
28 1 SIPr K.CO; CsHs - 9 61 8 1:6.8
29 2 SIPr K.CO; CsHs - 9 66 7 1:7.3
30 Average SIPr K.CO; CsHe - 9 64 8 1:7.1
31 1 SIMes K.CO; Cg¢Hs - 21 30 3 1:1.4
32 2 SIMes K.CO; Cg¢Hs - 27 39 3 1:1.4
33 Average SIMes K,CO; CgsHs - 24 35 3 1:1.5
34 1 IMes K.,CO; C¢Hs - 21 35 3 1:1.6
35 2 IMes K.,CO; C¢He - 24 44 3 1:1.7
36 Average IMes K,CO; C¢Hs - 23 40 3 1:1.7
37 1 SIMix K,CO; CsHs - 8 36 2 1:4.5
38 2 SIMix K,CO; CeHs - 8 31 2 1:3.9
39 Average SIMix K,CO; CsHs - 8 34 2 1:4.3
40 1 IPent K,CO; C¢Hs - 1 31 21 1:31
41 2 IPent K,CO; C¢He - 1 37 24 1:37
42  Average IPent K,CO; CeHs - 1 34 23 1:34
43 1 IPr K.CO; THF NBu,Br (1) <1 3 n.d. --
44 2 IPr K.CO; THF NBu,Br (1) 1 4 n.d. --
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Table Al Continued
45  Average IPr K.CO; THF NBu,Br (1) <1 3 n.d. --
46 1 IPr K.CO; THF NBu,Br (3) <1 2 n.d. --
47 2 IPr K,CO4 THF NBu,Br (3) <1 2 n.d. -
48  Average IPr K.,CO; THF NBu,Br (3) <1 2 n.d. --
49 1 IPr K,CO4 THF NBu,Cl (3) <1 1 n.d. -
50 2 IPr K,CO4 THF NBu,Cl (3) <1 <1 n.d. -
51  Average IPr K.CO; THF NBu,Cl (3) <1 1 n.d. --
52 1 IPr K.,CO, THF  NBu,OH (3) 1 4 n.d. -
53 2 IPr K,CO4 THF NBu,OH (3)¢ 1 4 n.d. -
54 Average IPr K.CO, THF  NBu,OH (3)¢ 1 4 n.d. —
55 1 IPr K,CO; dioxane - 6.7 77.1 7.6 1:12
56/ 1 IPr K.,CO; dioxane - 2.8 43.0 25.4 1:15
57 1 IPr K,CO; toluene - 8.8 78.2 4.8 1:9
58/ 1 IPr K,CO; toluene - 8.5 44.6 15.4 1:5

aReactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. Calculated yield values were rounded to the nearest
integer. Entries reported as <1 indicate a calibrated GC yield less than 0.5%; nd = not detected. *PC =
propylene carbonate. °No NHC ligand; Pd source was (n3-1-tBu-indenyl),(u-Cl),Pd, (1.5 mol %). dNo NHC
ligand; Pd source was PdCl. (3 mol %). ®NBu,OH was added as a solution in water (156 uL of a 40%
aqueous solution, 3 equiv) added; no additional water added to the reaction. /Reaction was conducted at
100 °C.

Discussion: Unlike our optimized ligand-free conditions (vide infra), the addition of
tetraalkylammonium salts to the Pd/IPr catalytic conditions inhibits cross-coupling (Table Al,
entries 43-54). The use of high temperatures in the Pd/IPr conditions does not lead to significant
improvements in C4-selectivity (compare entry 55 to 56, and entry 57 to 58), indicating that the
high-temperatures used in ligand-free conditions are not solely responsible for the greatly

enhanced selectivity under 'Jeffery' conditions.

Isolation and Characterization of Products (Table 2.1 and Scheme 2.3)

4-Chloro-2-(4-methoxyphenyl)pyridine (1a). Compound la was prepared according to a
modified literature procedure.!® Pd(OAc). (33.7 mg, 0.15 mmol, 5 mol %), 1,1’-bis-
(diphenylphosphino)ferrocene (109.8 mg, 0.15 mmol, 5 mol %), Cs>CO3 (2.44 g, 7.5 mmol 2.5

equiv) and p-methoxyphenylboronic acid (455.8 mg, 3 mmol, 1 equiv) were added to an oven-
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dried 5-dram vial in a N»-filled glovebox. The vial was sealed with a septum and removed from
the glovebox, and 2,4-dichloropyridine (1, 322 uL, 3 mmol, 1 equiv), deionized water (378 uL, 21
mmol, 7 equiv), and 1,4-dioxane (12 mL) were added through the septum. The reaction was
allowed to stir at 70 °C for 19 h. Purification via flash column chromatography (Ry= 0.50 in 20%
ethyl acetate in hexanes) yielded 1a as an off-white solid (504 mg, 76% yield). Spectral data are

consistent with the literature.'!

2-Chloro-4-(4-methoxyphenyl)pyridine (1b). Compound 1b was prepared according to the
general procedure using Conditions B and 2,4-dichloropyridine (43.2 pL, 0.4 mmol, 1.0 equiv)
with stirring for 16.5 h. Three separate reactions were performed using p-methoxyphenylboronic
acid (60.8 mg, 0.4 mmol, 1.0 equiv), p-methoxyphenylboronic acid pinacol ester (93.6 mg, 0.4
mmol, 1.0 equiv), or p-methoxyphenylboronic acid neopentyl glycol ester (88.0 mg, 0.4 mmol, 1.0
equiv). Purification by flash column chromatography on silica gel (Rr= 0.29 in 10% acetone in
hexanes) provided 1b and other isolated side products as white solids with varying degrees of
brown discoloration. p-Methoxyphenylboronic acid method: (63.3 mg, 72% yield); p-
methoxyphenylboronic acid pinacol ester method: (61.5 mg, 70% yield; diarylated side product
lc: 15.2 mg, 13% yield); p-methoxyphenylboronic acid neopentyl glycol ester method: (55.4 mg,
63% yield; diarylated side product 1¢: 10.5 mg, 9% yield). 1b: 'H NMR (600 MHz, CDCls, §):
8.36 (d,J = 5.2 Hz, 1H), 7.6-7.5 (m, 2H), 7.48 (d, J = 1.1 Hz, 1H), 7.37 (dd, J = 1.6, 5.3 Hz, 1H),
7.01-6.98 (m, 2H), 3.85 (s, 3H). Spectral data are consistent with the literature.'? 2,4-bis(4-

methoxyphenyl)pyridine (1¢): 'H NMR (600 MHz, CDCls, 8): 8.65 (d, J = 5.2 Hz, 1H), 8.00 (m,
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2H), 7.83 (s, 1H), 7.65 (m, 2H), 7.35 (dd, J = 5.2, 1.4 Hz, 1H), 7.04-7.01 (multiple peaks, 4H),

3.88 (coincidentally overlapping singlets, 6H). Spectral data are consistent with the literature.'?

Larger-Scale Preparation of 1b: Compound 1b was prepared according to the general procedure
using Conditions B with 2,4-dichloropyridine (216 pL, 2.0 mmol, 1.0 equiv) and p-
methoxyphenylboronic acid (303.9 mg, 2.0 mmol, 1.0 equiv) with stirring for 27 h. Purification
by flash column chromatography on silica gel (Rr= 0.29 in 10% acetone in hexanes) provided 1b
as a white solid with slight yellow discoloration (265.8 mg, 61% yield). Spectral data are

consistent with the literature.'?

4-(2-Chloro-4-pyridinyl)benzaldehyde (4b). Compound 4b was prepared according to the
general procedure using Conditions B, 2,4-dichloropyridine (43.2 pL, 0.4 mmol, 1.0 equiv) and p-
formylphenylboronic acid (60.0 mg, 0.4 mmol, 1.0 equiv) with stirring for 16 h. Purification by
flash column chromatography on silica (Rr= 0.22 in 10% acetone in hexanes) provided 4b as a
white solid (38.8 mg, 45% yield). 'H NMR (500 MHz, CDCls, &): 10.08 (s, 1H), 8.48 (d, J = 5.2
Hz, 1H), 8.01-7.99 (m, 2H), 7.78-7.76 (m, 2H), 7.57 (d, J = 1.5 Hz, 1H), 7.46 (dd, J = 5.2, 1.5 Hz,
1H). Spectral data are consistent with the literature.'* The C2-mononarylated isomer A4a was
isolated as a minor product in low purity (7.5 mg, <9% yield). "H NMR (600 MHz, CDCls, §):
10.9 (s, 1H), 8.64 (d, J = 5.3 Hz, 1H), 8.17-8.15 (m, 2H), 8.01-7.99 (m, 2H), 7.18 (d, J = 1.8 Hz,
1H), 7.32 (dd, J = 1.8, 5.3 Hz, 1H). The minor product of diarylation 4c was also isolated (8.3 mg,
7% yield). '"H NMR (600 MHz, CDCls, §): 10.12 (s, 1H), 10.11 (s, 1H), 8.84 (d, J = 5.0 Hz, 1H),
8.26-8.24 (m, 2H), 8.05-8.02 (multiple peaks, SH), 7.88-7.86 (m, 2H), 7.55 (dd, J = 1.6, 5.0 Hz,

1H).
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2-Chloro-4-(4-vinylphenyl)pyridine (5b). Compound 5b was prepared according to the general
procedure using Conditions B, 2,4-dichloropyridine (43.2 pL, 0.4 mmol, 1.0 equiv) and p-
vinylphenylboronic acid (60.0 mg, 0.4 mmol, 1.0 equiv) with stirring for 16.5 h. Purification by
flash column chromatography on silica (Rr=0.21 in 2.5% acetone in hexanes) provided Sb as an
off-white solid (55.7 mg, 65% yield). '"H NMR (600 MHz, CDCls, 8): 8.39 (d, J = 5.2 Hz, 1H),
7.56-7.55 (m, 2H), 7.51-7.49 (multiple overlapping signals, 3H), 7.39 (d, J = 5.2 Hz, 1H), 6.74
(dd, J =17.6,10.9 Hz, 1H), 5.83 (d, J = 17.6 Hz, 1H), 5.34 (d, J = 10.9 Hz, 1H). *C{'H} NMR
(126 MHz, CDCl;, 9): 152.3, 151.0, 150.1, 139.1, 135.9 (two signals are coincidentally
overlapping), 127.2, 127.1, 121.7, 120.2, 115.5. HRMS (ESI Q-TOF) m/z: [M]+ Calcd for

C13H1oCIN 215.0502; Found 215.04922.

4-(2-Chloro-4-pyridinyl)benzonitrile (6b). Compound 6b was prepared according to the general
procedure using Conditions B, 2,4-dichloropyridine (43.2 pL, 0.4 mmol, 1.0 equiv) and p-
cyanophenylboronic acid (58.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 16.5 h. Purification by
flash column chromatography on silica (Ry= 0.19 in 10% acetone in hexanes) provided 6b as a
white crystalline solid (60.3 mg, 70% yield); 'H NMR (600 MHz, CDCls, §): 8.47 (d, J = 5.2 Hz,
1H), 7.78-7.77 (m, 2H), 7.71-7.70 (m, 2H), 7.52 (d, J = 1.1 Hz, 1H), 7.42 (dd, J = 5.2, 1.1 Hz,
1H). The spectral data are consistent with the literature.'> The C2-mononarylated isomer A6a was
isolated as a minor product in low purity (7.8 mg, <9% yield). '"H NMR (600 MHz, CDCls, §):
8.63 (d, J = 5.2 Hz, 1H), 8.11-8.10 (m, 2H), 7.78-7.77 (multiple overlapping signals, 3H), 7.33

(dd, J = 5.2, 1.8 Hz, 1H). The minor product of diarylation Aéc was also isolated (14.3 mg, 13%
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yield). "H NMR (600 MHz, CDCls, 8): 8.84 (d, J = 5.0 Hz, 1H), 8.19-8.18 (m, 2H), 7.94 (s, 1H),

7.83-7.79 (multiple overlapping signals, 6H), 7.52 (dd, J = 5.0, 1.3 Hz, 1H).

4-(2-Chloro-4-pyridinyl)benzoic acid methyl ester (7b). Compound 7b was prepared according
to the general procedure using Conditions B, 2,4-dichloropyridine (43.2 uL, 0.4 mmol, 1.0 equiv)
and p-(methoxycarbonyl)phenylboronic acid (72.0 mg, 0.4 mmol, 1.0 equiv) with stirring for 16
h. Purification by flash column chromatography on silica (Ry = 0.24 in 5% acetone in hexanes)
provided 7b as a white microcrystalline solid (59.8 mg, 60% yield). '"H NMR (600 MHz, CDCl;,
0): 8.43 (d, J = 4.9 Hz, 1H), 8.138.12 (m, 2H), 7.65-7.64 (m, 2H), 7.53 (s, 1H), 7.42 (d, J = 4.9

Hz, 1H), 3.93 (s, 3H). Spectral data are consistent with the literature.'

2-Chloro-4-(4-chlorophenyl)pyridine (8b). Compound 8b was prepared according to the general
procedure using Conditions B, 2,4-dichloropyridine (43.2 pL, 0.4 mmol, 1.0 equiv) and p-
chlorophenylboronic acid (62.5 mg, 0.4 mmol, 1.0 equiv) with stirring for 16 h. Purification by
flash column chromatography on silica (R = 0.25 in 5% THF in hexanes) resulted in partial
separation of 8b from the C2-monoarylated isomer. Coeluted fractions were purified by
evaporative crystallization from acetone and water, providing 8b as an off-white solid (59 mg,
66% yield). "H NMR (500 MHz, CDCls, §): 8.43 (d, J = 5.2 Hz, 1H), 7.55-7.52 (m, 2H), 7.50 (d,
J=1.6 Hz, 1H), 7.47-7.45 (m, 2H), 7.38 (dd, J = 5.2, 1.6 Hz, 1H). Spectral data are consistent with

the literature.'”

2-Chloro-4-(3-nitrophenyl)pyridine (9b). Compound 9b was prepared according to the general

procedure (except on the 1.0 mmol scale) using Conditions B, 2,4-dichloropyridine (108.0 puL, 1.0
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mmol, 1.0 equiv) and m-nitrophenylboronic acid (166.9 mg, 1.0 mmol, 1.0 equiv) with stirring for
16 h. Purification by flash column chromatography on silica (Ry=0.24 in 10% acetone in hexanes)
provided 9b as a white crystalline solid (156.7 mg, 67% yield); mp 159-161 °C [uncorrected,
measured against benzoic acid (113-117 °C)]. 'H NMR (600 MHz, CDCls, §): 8.52 (dd, J = 5.2,
0.5 Hz, 1H), 8.48 (dd, J = 1.8, 1.8 Hz, 1H), 8.33 (ddd, J = 8.0, 1.9, 0.9 Hz, 1H), 7.95 (ddd, J =
8.0, 1.9,0.9 Hz, 1H), 7.71 (dd, J = 8.0, 8.0 Hz, 1H), 7.60 (dd, J = 1.9, 0.8 Hz, 1H), 7.48 (dd, J =
5.2, 1.8 Hz, 1H). *C{'H} NMR (126 MHz, CDCl;, §): 152.9, 150.7, 149.1, 149.0, 138.8, 133.0,
130.6, 124.4, 122.3, 122.2, 120.5. HRMS (ESI Q-TOF) m/z: [M]+ Calcd for Ci1H7CIN2O>

234.0196; Found 234.0193.

2-Chloro-4-(1-methyl-1H-pyrazol-4-yl)pyridine (10b). Compound 10b was prepared according
to the general procedure using Conditions B, with the modification that the reaction was heated to
75 °C, and with 2,4-dichloropyridine (43.2 puL, 0.4 mmol, 1.0 equiv) and (1-methyl-1H-pyrazol-
4-yl)boronic acid (75.5 mg, 0.6 mmol, 1.5 equiv) with stirring for 35 h. Products were purified via
flash column chromatography using a step gradient: 0.75% methanol in CH>Cl, until elution of
the C2-monoarylated product A10a, 3% methanol in CH>Cl, until elution of 10b, 5% methanol in
CH2Cl: until elution of the diarylated product A10c¢ (Ry values in 0.75% methanol/CH2Cly: C2-
monoarylated isomer A10a = 0.17, C4-monoarylated isomer 10b = 0.31, diarylated product A10c
=0.09). Product 10b was isolated as an off-white solid (52 mg, 67% yield). '"H NMR (500 MHz,
CDCl3, 0): 8.27 (d, J = 5.3 Hz, 1H), 7.80 (s, 1H), 7.72 (s, 1H), 7.34 (d, J = 1.3 Hz, 1H), 7.22 (dd,
J =53, 1.3 Hz, 1H), 3.94 (s, 3H). '"H NMR (500 MHz, DMSO-ds, 5): 8.43 (s, 1H), 8.30 (dd, J =

5.3,0.6 Hz, 1H), 8.12 (d, J = 0.6 Hz, 1H), 7.71 (dd, J = 1.5, 0.6 Hz, 1H), 7.57 (dd, J = 5.3, 1.5
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Hz, 1H), 3.88 (s, 3H). Spectral data are consistent with the literature.!® The C2-mononarylated
isomer (A10a) was isolated as a minor product in low purity (10 mg, <13% yield). '"H NMR (500
MHz, CDCls, 9): 8.42 (d, J = 5.4 Hz, 1H), 7.93 (s, 1H), 7.92 (s, 1H), 7.44 (d, J = 1.9 Hz, 1H),
7.10 (dd, J = 5.4, 1.9 Hz, 1H), 3.95 (s, 3H). The minor product of diarylation (A10c¢) was also
isolated (9 mg, 9% yield). 'H NMR (500 MHz, CDCls, §): 8.48 (dd, J = 5.2, 0.7 Hz, 1H), 7.97 (s,
1H), 7.95 (s, 1H), 7.87 (d, J = 0.7 Hz, 1H), 7.76 (s, 1H), 7.50 (dd, J = 1.7, 0.7 Hz, 1H), 7.15 (dd,

J=152,1.7 Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H).

2-Chloro-4-(4-methoxyphenyl)-3-nitropyridine (11b). Compound 11b was prepared according
to the general procedure using Conditions A, 2,4-dichloro-3-nitro-pyridine (77.2 mg, 0.4 mmol,
1.0 equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 9 h.
Purification by flash column chromatography on silica gel in 10-15% acetone/hexanes (Ry= 0.25
in 10% acetone in hexanes) provided 11b as a colorless crystalline solid (70.3 mg, 66% yield),
with evidence of yellow impurity ('"H NMR shows there is a 6% impurity comprising C2-
monoarylated isomer Alla); mp 110-113 °C [uncorrected, measured against benzoic acid (110-
113 °C)]. 'HNMR (500 MHz, CDCl3, §): 8.49 (d, J = 5.1 Hz, 1H), 7.36-7.33 (multiple peaks, 3H),
6.99-6.97 (m, 2H), 3.85 (s, 3H). 1*C{'H} NMR (126 MHz, CDCls, §): 161.5, 150.0, 145.1 (this
small quaternary peak was selected from among impurity peaks based on comparison with an ACD
labs simulated spectrum), 144.3, 142.3, 129.2, 125.0, 124.3, 115.0, 55.5. HRMS (ESI Q-TOF) m/z:

[M]+ Caled for C12H9CIN203 264.0302; Found 264.0298.

2-Chloro-4-(4-methoxyphenyl)-3-pyridinecarbonitrile (12b). Compound 12b was prepared

according to the general procedure using Conditions A, 2,4-dichloro-3-cyano-pyridine (69.2 mg,
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0.4 mmol, 1.0 equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with
stirring for 12 h. Purification by flash column chromatography on silica gel (Rr= 0.21 in 10%
acetone in hexanes) provided 12b as a colorless crystalline solid (66.4 mg, 68% yield). 'H NMR
(500 MHz, CDCl3, 6): 8.52 (d, J = 5.3 Hz, 1H), 7.60-7.57 (m, 2H), 7.36 (d, J = 5.3 Hz, 1H), 7.07-
7.04 (m, 2H), 3.88 (s, 3H). Spectral data are consistent with the literature.!” The minor product of
diarylation (A12¢) was also isolated (4.4 mg, 3% yield; R=0.10 in 10% acetone in hexanes). 'H
NMR (600 MHz, CDCl3, 9): 8.77 (d, J = 5.1 Hz, 1H), 7.91-7.90 (m, 2H), 7.62-7.58 (m, 2H), 7.31

(d,J=5.1Hz, 1H), 7.07-7.04 (multiple peaks, 4H), 3.89 (coincidentally overlapping singlets, 6H).

2-Chloro-4-(4-methoxyphenyl)-3-pyridinecarboxaldehyde (13b). Compound 13b was
prepared according to the general procedure wusing Conditions C, 2,4-dichloro-3-
pyridinecarboxaldehyde (70.4 mg, 0.4 mmol, 1.0 equiv) and p-methoxyphenylboronic acid (60.8
mg, 0.4 mmol, 1.0 equiv) with stirring for 12 h. Purification by flash column chromatography on
silica gel (Rr= 0.21 in 10% acetone in hexanes) provided 13b as a yellow solid (51.4 mg, 52%
yield). "H NMR (600 MHz, CDCls, §): 10.14 (s, 1H), 8.49 (d, J = 5.1 Hz, 1H), 7.31 (d, J = 5.1
Hz, 1H), 7.29-7.26 (m, 2H), 7.02-7.00 (m, 2H), 3.87 (s, 3H). *C{'H} NMR (126 MHz, CDCls,
0):190.3,161.0, 154.4, 151.5,151.1, 130.8, 128.1, 127.6, 124.8, 114.5, 55.5. HRMS (ESI Q-TOF)
m/z: [M]+ Calcd for Ci3Hi10CINO; 247.0400; Found 247.0385. The C2-mononarylated isomer
Al13a was isolated as a minor product in low purity (9.9 mg, <10% yield). '"H NMR (600 MHz,
CDCls, 6): 9.97 (s, 1H), 8.65 (d, J = 5.3 Hz, 1H), 7.51-7.49 (m, 2H), 7.38 (d, J = 5.3 Hz, 1H),

7.03-7.02 (m, 2H), 3.88 (s, 3H).
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2-Chloro-4-(4-methoxyphenyl)-3-pyridinamine (14b). Compound 14b was prepared according
to the general procedure using Conditions C, 3-amino-2,4-dichloro-pyridine (65.2 mg, 0.4 mmol,
1.0 equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 18.5
h. Purification by flash column chromatography on silica gel (R = 0.42 in 25% ethyl acetate in
hexanes) provided 14b as a white crystalline solid (56.7 mg, 60% yield); mp 113-116 °C
[uncorrected, measured against benzoic acid (111-113 °C)]. '"H NMR (500 MHz, CDCls, §): 7.79
(d, J = 4.8 Hz, 1H), 7.38-7.35 (m, 2H), 7.01-6.98 (m, 2H), 6.95 (d, J = 4.8 Hz, 1H), 4.19 (br s,
2H), 3.85 (s, 3H). *C{'H} NMR (126 MHz, CDCl;, §): 159.9, 138.1, 137.6, 137.3, 135.2, 129.6,
128.7, 124.2, 114.7, 55.5. HRMS (ESI Q-TOF) m/z: [M]+ Caled for Ci2H11CIN2O 234.0560;
Found 234.0557. The C2-monoarylated isomer Al14a was isolated as a minor product (12.2 mg,
13% yield). 'H NMR (500 MHz, CDCls, 8): 7.98 (d, J = 5.2 Hz, 1H), 7.62-7.59 (m, 2H), 7.15 (d,
J=5.2Hz, 1H), 7.02-7.00 (m, 2H), 4.23 (br s, 2H), 3.86 (s, 3H). The minor product of diarylation
Aldc was also isolated (16.7 mg, 14% yield). "H NMR (500 MHz, CDCl3, §): 8.13 (d, J = 4.9 Hz,
1H), 7.68-7.66 (m, 2H), 7.46-7.44 (m, 2H), 7.03-7.00 (multiple peaks, 4H), 6.98 (d, J = 4.9 Hz,

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

2-Chloro-4-(4-methoxyphenyl)-5-methylpyridine (15b). Compound 15b was prepared
according to the general procedure using Conditions B, 2,4-dichloro-5-methylpyridine (64.8 mg,
0.4 mmol, 1.0 equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with
stirring for 18.5 h. Purification by flash column chromatography on silica gel (Ry= in 5% acetone
in hexanes) resulted in partial purification of the C4-monoarylated isomer. One fraction containing

coeluted monoarylated isomers and diarylated product was purified further by preparatory TLC in
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the same eluent. Product 15b was extracted from the silica gel with acetone and combined with
remaining 15b fractions obtained from flash column chromatography, providing an off-white solid
(49.9 mg, 53% yield). 'H NMR (500 MHz, CDCls, §): 8.24 (s, 1H), 7.26-7.24 (m, 2H), 7.19 (s,
1H), 7.00-6.98 (m, 2H), 3.86 (s, 3H), 2.25 (s, 3H). *C{'H} NMR (151 MHz, CDCls, §): 159.9,
152.1, 150.9, 149.2, 130.3, 12991, 129.87, 124.2, 114.2, 55.5, 17.0. HRMS (ESI Q-TOF) m/z:
[M]+ Caled for C13H12CINO 233.0607; Found 233.0603. The minor product of diarylation A15¢
was also isolated (21.8 mg, 18% yield). 'H NMR (500 MHz, CDCl3, §): 8.52 (s, 1H), 7.96-7.94
(m, 2H), 7.52 (s, 1H), 7.33-7.31 (m, 2H), 7.01-7.98 (multiple peaks, 4H), 3.87 (s, 3H), 3.86 (s,

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

6-Chloro-4-(4-methoxyphenyl)-3-pyridinamine (16b). Compound 16b was prepared according
to the general procedure using Conditions C, 5-amino-2,4-dichloropyridine (78.2 mg, 0.48 mmol,
1.2 equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 21
h. Purification was performed by reversed phase flash column chromatography with a 12 g C18
silica column, using an initial automated program comprising of a flow rate of 36 mL/min of
water:acetonitrile (98:2 to 6:94) over 30 column volumes. When the product began eluting, the
program was paused and reset to elute the analyte at 50-53% MeCN in water. After the elution, the
initial program was resumed. The C4 monoarylated product 16b coeluted with the C2
monoarylated isomer Al6a at 52-53% MeCN. Fractions containing 16b were partitioned between
dichloromethane and saturated brine. The organic layers were combined and dried over
magnesium sulfate and solvent was removed under reduced pressure affording a mixture of the

product isomers. Further purification attempts were unsuccessful, and the final product 16b was
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obtained as a rust colored solid in 94% purity (74.4 mg, 74% yield based on 94% purity). 'H NMR
(400 MHz, C6D6, §): 7.55 (s, 1H), 6.55-7.00 (m, 2H), 6.90 (s, 1H), 6.66-6.71 (m, 2H), 3.28 (s,
3H), 2.88 (brs, 2H). *C{'H} NMR (100 MHz, C6D6, §): 160.6, 141.5,139.9, 137.5, 136.9, 130.1,
124.6, 125.3, 115.1, 55.2. HRMS (ESI+) m/z: [M]+: Calcd for Ci12H11CIN20O 234.0560; Found

234.0562

2,5-Dichloro-4-(4-methoxyphenyl)pyridine (17b). Compound 17b was prepared according to
the general procedure using Conditions C, 2,4,5-trichloropyridine (73.0 mg, 0.4 mmol, 1.0 equiv)
and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 21 h.
Purification was performed by reversed phase flash column chromatography with a 12 g C18 silica
column, using an initial automated program comprising a flow rate of 30 mL/min of
water:methanol (98:2 to 0:100) over 40 column volumes. When the product began eluting, the
program was paused and reset to elute the analyte at 65-60% MeOH in water. After the elution,
the initial program was resumed. The C4 monoarylated product eluted at 67% MeOH. Fractions
containing product 17b were partitioned between ethyl acetate and saturated brine. The organic
layers were combined and dried over magnesium sulfate and solvent was removed under reduced
pressure affording an off-white solid (44.0 mg, 43% yield). "H NMR (500 MHz, C¢Ds, §): 8.16 (s,
1H), 6.94-7.02 (m, 2H), 6.87 (s, 1H), 6.66-6.71 (m, 2H), 3.26 (s, 3H). *C{'H} NMR (150 MHz,
CesDes, 6): 160.5, 149.9, 149.51, 149.46, 130.2, 128.9, 128.0, 125.3, 113.8, 54.5 ppm. HRMS (ESI+)

m/z: [M]+: Calcd for C12H9CLLNO 253.0061; Found 253.0073.

6-Chloro-4-(4-methoxyphenyl)-2-pyridinamine (18b). Compound 18b was prepared according

to the general procedure using Conditions C, 2-amino-4,6-dichloro-pyridine (65.2 mg, 0.4 mmol,
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1.0 equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 25.5
h. Purification by flash column chromatography on silica gel (R = 0.22 in 25% ethyl acetate in
hexanes) provided 18b as a colorless crystalline solid with minor brown discoloration (45.1 mg,
48% yield); mp 167-172 °C [uncorrected, measured against benzoic acid (115-118 °C)]. '"H NMR
(500 MHz, CDCl3, 9): 7.51-7.49 (m, 2H), 6.96 (m, 2H), 6.86 (d, J = 1.3 Hz, 1H), 6.53 (d,J = 1.3
Hz, 1H), 4.61 (br s, 2H), 3.85 (s, 3H). 3C{'H} NMR (126 MHz, CDCls, 8): 160.8, 158.8, 152.6,
150.2, 130.0, 128.2, 114.6, 111.5, 103.8, 55.5. HRMS (ESI QTOF) m/z: [M]+ Calcd for
C12H11CIN20 234.0560; Found 234.0551. The C2-monoarylated isomer A18a was isolated as a
minor product (Ry= 0.30 in 25% ethyl acetate in hexanes; 12.6 mg, 13% yield). 'H NMR (500
MHz, CDCl3, 9): 7.88-7.86 (m, 2H), 7.03 (d, J = 1.5 Hz, 1H), 6.97-6.95 (m, 2H), 6.40 (d, /= 1.5
Hz, 1H), 4.57 (br s, 2H), 3.85 (s, 3H). The column eluent was modified to 5% methanol in CH>Cl;
to elute the diarylated product A18c, isolated in low purity (R = 0.02 in 25% ethyl acetate in
hexanes; 19.7 mg, <16% yield). '"H NMR (500 MHz, CDCl3, §): 7.94-7.91 (m, 2H), 7.60-7.57 (m,
2H), 7.22 (d, J = 1.3 Hz, 1H), 7.00-6.96 (multiple peaks, 4H), 6.58 (d, J = 1.3 Hz, 1H), 4.62 (br s,

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

2-Chloro-4-(4-methoxyphenyl)quinoline (19b). Compound 19b was prepared according to the
general procedure using Conditions B on a 3.0 mmol scale using 2,4-dichloroquinoline (19, 594.2
mg, 3.0 mmol, 1.0 equiv) and p-methoxyphenylboronic acid (455.9 mg, 3.0 mmol, 1.0 equiv) with
stirring for 19 h. The product mixture was diluted in ethyl acetate, filtered through Celite, and
solvent was removed under reduced pressure (as described in the general procedure) Purification
method 1: The concentrated residue was dissolved in excess acetone in a conical flask, then water

was added until the solution appeared to become saturated. Slow evaporation of the acetone/water
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solution from the flask induced crystallization. Yellow-tinted crystals were collected from three
crops, separated from solvent, and dried in air to provide product 19b (454 mg, 56% yield).

Purification method 2: The concentrated residue was purified on a Biotage Selekt automated

column using 100 grams of high-capacity silica (see General Materials and Methods), a linear
gradient of 2-20% acetone in hexanes over 12 column volumes, at a flow rate of 120 mL/min (R
= 0.60 in 10% acetone in hexanes. GC analysis indicated coelution of the C2- and C4-
monoarylated isomers (A19a and 19b); however, large colorless crystals of 19b formed selectively
within the fractions and were collected in two separate crops and dried under air to provide product
19b (403.2 mg, 50% yield); mp 152-154 °C [uncorrected, measured against benzoic acid (113-117
°C)]. 'H NMR (500 MHz, CDCls, §): 8.08 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 7.73 (ddd,
J=28.4,7.0,13Hz, 1H), 7.51 (ddd, J = 8.4, 7.0, 1.2 1H), 7.46-7.43 (m, 2H), 7.32 (s, 1H), 7.08-
7.05 (m, 2H), 3.91 (s, 3H). *C{'H} NMR (126 MHz, CDCls, §): 160.4, 151.5, 150.5, 148.6, 130.9,
130.5, 129.15, 129.12, 126.9, 126.1, 125.9, 122.1, 114.3, 55.6. HRMS (ESI Q-TOF) m/z: [M]+

Calcd for C1sH12CINO 269.0607; Found 269.0606.

2,8-Dichloro-4-(4-methoxyphenyl)quinoline (20b). Compound 20b was prepared according to
the general procedure using Conditions C, 2,4,8-trichloroquinoline (102.3 mg, 0.44 mmol, 1.1
equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 15.5 h.
The product was purified by reversed phase flash column chromatography with a 12 g C18 silica
column, using an initial automated program utilizing a flow rate of 13 mL/min of water:acetonitrile
(98:2 to 5:95) over 30 column volumes. When the product began eluting, the program was paused
and reset to elute the analyte at 61-70% MeCN in water. After the elution, the initial program was

resumed. The C4 monoarylated product 20b eluted cleanly at 65-67% MeCN, but the C2-
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monoarylated isomer A20a and the 2,4-diarylated product A20c subsequently coeluted with each
other. Fractions containing 20b were partitioned between ethyl acetate and saturated brine. The
organic layers were combined and dried over magnesium sulfate, concentrated, and dried
furnishing 20b as a white solid (65.9 mg, 54% yield). "H NMR (500 MHz, CDCls, §): 7.86 (dd, J
= 1.8, 1.4 Hz, 1H), 7.84 (dd, J = 3.0, 1.4 Hz, 1H), 7.43-7.40 (multiple peaks, 3H), 7.38 (s, 1H),
7.087.05 (m, 2H), 3.90 (s, 3H). '*C{'H} NMR (126 MHz, CDCls, §): 160.6, 152.1, 151.5, 145.0,
133.1,130.9,130.6,128.9,127.5,126.7, 125.3, 123.2, 114.4, 55.6. HRMS (ESI Q-TOF) m/z: [M]+
Caled for Ci6H11CIbNO 303.0218; Found 303.0217. The minor products A20a and A20c were
further purified by (normal-phase) flash column chromatography in 5-20% acetone in hexanes.
The C2-monoarylated isomer A20a was isolated as a minor product in low purity (4.0 mg, <3%
yield). 'H NMR (500 MHz, CDCls, §): 8.24-8.22 (m, 2H), 8.13 (dd, J = 8.4, 1.3 Hz, 1H), 8.01 (s,
1H), 7.87 (dd, J = 7.5, 1.3 Hz, 1H), 7.48 (dd, J = 8.4, 7.5 Hz, 1H), 7.07-7.04 (m, 2H), 3.90 (s,
3H). The minor product of 2,4-diarylation A20¢ was also isolated in low purity (7.3 mg, <5%
yield). 'H NMR (500 MHz, CDCl3, §): 8.30-8.27 (m, 2H), 7.83-7.81 (multiple peaks, 3H), 7.49-
7.46 (m, 2H), 7.33 (dd, J = 8.4, 7.5 Hz, 1H), 7.09-7.07 (m, 2H), 7.07-7.04 (m, 2H), 3.92 (s, 3H),

3.89 (s, 3H).

2-Chloro-4-(4-methoxyphenyl)-1,8-naphthyridine (21b). Compound 21b was prepared
according to the general procedure using Conditions B, with the modification that catalyst 3f (9.8
mg, 0.012 mmol, 3.0 mol%) was used instead of 3b, 2,4-dichloro-1,8-naphthyridine (79.6 mg, 0.4
mmol, 1.0 equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with stirring
for 12 h. Purification by flash column chromatography on silica gel (Ry=0.22 in 20% pyridine in

hexanes) provided 21b as a white solid (72.1 mg, 67% yield). '"H NMR (600 MHz, CDCls, §): 9.04
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(dd,J=4.3, 1.7 Hz, 1H), 8.28 (dd, J = 8.3, 1.7 Hz, 1H), 7.42 (dd, J = 8.3, 4.3 Hz, 1H), 7.38-7.37
(multiple peaks, 3H), 7.05-7.03 (m, 2H), 3.86 (s, 3H). *C{'H} NMR (151 MHz, CDCls, 5): 160.7,
156.1, 154.0, 153.7, 152.3, 135.6, 130.8, 127.8, 123.0, 122.2, 120.6, 114.5, 55.5. HRMS (TOF MS

ESI+) m/z: [M]+ Calcd for C1sH11CIN20 270.0560; Found 270.0567.

3-Chloro-5-(4-methoxyphenyl)-4-phenylpyridazine (22b). Compound 22b was prepared
according to the general procedure using Conditions A, 3,5-dichloro-4-phenylpyridazine (A22,
135.0 mg, 0.6 mmol, 1.5 equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv)
with stirring for 22 h. Product 22b was purified on an automated column using 10 grams of high-
capacity silica, a linear gradient of 5-40% acetone in hexanes over 11 column volumes (Ry= 0.36
in 20% acetone in hexanes). Product 22b was isolated as a white solid (81.5 mg, 69% yield). 'H
NMR (500 MHz, CDCls, 6): 9.12 (s, 1H), 7.34-7.33 (m, 3H), 7.15-7.14 (m, 2H), 7.03-7.01 (m,
2H), 6.77-6.75 (m, 2H), 3.74 (s, 3H). *C{'H} NMR (126 MHz, CDCls, §): 160.3, 157.0, 151.6,
140.5,137.7,133.4,130.9, 129.7, 128.9, 128.6, 126.0, 114.3, 55.3. HRMS (ESI Q-TOF) m/z: [M]+
Calcd for C17H13CIN2O 296.0716; Found 296.0706. The minor product of diarylation A22¢ was
also isolated in low purity (10.1 mg, <7% yield, Ry= 0.15 in 20% acetone in hexanes). 'H NMR
(500 MHz, CDCl3, 8): 9.15 (s, 1H), 7.28-7.26 (m, 2H), 7.21-7.17 (m, 3H), 7.03-7.01 (m, 2H), 6.93-

6.91 (m, 2H), 6.79-6.75 (multiple peaks, 4H), 3.782 (s, 3H), 3.778 (s, 3H).

3-Chloro-5-(4-methoxyphenyl)-4-(1-piperidinyl)pyridazine (23b). Compound 23b was
prepared according to the general procedure using Conditions A, modified to heat at 66 °C instead
of 60 °C, with 3,5-dichloro-4-(1-piperidinyl)-pyridazine (A23, 92.8 mg, 0.4 mmol, 1.0 equiv), and
p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 8 days (however,

yields were comparable when the reaction was run for only 3 days). Product 23b was purified on
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an automated column using 10 grams of high-capacity silica, a linear gradient of 5-40% acetone
in hexanes over 11 column volumes (although 23b eluted after 13 column volumes) at a flow rate
of 40 mL/min (R = 0.21 in 20% acetone in hexanes), providing 23b as a red-brown solid (38.7
mg, 32% yield). 'H NMR (500 MHz, CDCls, §): 8.74 (s, 1H), 7.28-7.26 (m, 2H), 7.00-6.98 (m,
2H), 3.85 (s, 3H), 2.99-2.97 (m, 4H), 1.51-1.47 (m, 2H), 1.43-1.39 (m, 4H). *C{'H} NMR (126
MHz, CDCls, d): 159.8, 156.5, 149.3, 143.0, 130.7, 126.4, 126.3, 114.4, 55.4, 50.2, 25.5, 23.8.

HRMS (ESI Q-TOF) m/z: [M]+ Calcd for Ci16HisCIN3O 303.1138; Found 303.1129.

3-Chloro-5-(4-methoxyphenyl)pyridazine (24b). Prior to the reaction, 3,5-dichloropyridazine
(purchased as a reddish brown solid) was purified by trituration in pentanes and filtration through
a sintered funnel; the filtrate was concentrated and dried furnishing 3,5-dichloropyridazine starting
material as a white solid (70% recovery). Compound 24b was prepared according to the general
procedure using Conditions A, purified 3,5-dichloropyridazine (59.6 mg, 0.4 mmol, 1.0 equiv) and
p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 6 h. Purification by
flash column chromatography on silica gel (Ry= 0.22 in 15% acetone in hexanes) provided 24b as
a white crystalline solid with minor red-brown discoloration (68.8 mg, 78% yield); mp 94-97 °C
[uncorrected, measured against benzoic acid (113-117 °C)]. 'H NMR (600 MHz, CDCls, §): 9.24
(d,J = 1.5 Hz, 1H), 7.55-7.54 (multiple peaks, 3H), 6.97 (d, J =7.4 Hz, 2H), 3.80 (s, 3H). *C{'H}
NMR (151 MHz, CDCls, §): 161.9, 157.2, 148.5, 140.7, 128.6, 125.0, 123.6, 115.2, 55.5. HRMS

(ESI Q-TOF) m/z: [M]+ Calcd for C11HoCIN2O 220.0403; Found 220.0403.
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2,4-Bis-(4-methoxyphenyl)-6-(trifluoromethyl)pyridine (A25c¢). Compound A34c was
prepared according to the general procedure using Conditions B, 2,4-dichloro-6-
(trifluoromethyl)pyridine (86.4 mg, 0.4 mmol, 1.0 equiv) and p-methoxyphenylboronic acid
(60.8 mg, 0.4 mmol, 1.0 equiv) with stirring for 12 h. Purification by flash column
chromatography on silica (Ry=0.34 in 7% acetone in hexanes) provided A25c¢ as a white crystalline
solid (61.8 mg, 43% yield); mp 95-98 °C [uncorrected, measured against benzoic acid (109-111
°C)]. 'H NMR (500 MHz, CDCls, 8): 8.09-8.06 (m, 2H), 7.96 (d, J = 1.3 Hz, 1H), 7.70 (d,J = 1.3
Hz, 1H), 7.67-7.64 (m, 2H), 7.06-7.00 (multiple peaks, 4H), 3.88 (s, 3H), 3.87 (s, 3H). *C{'H}
NMR (126 MHz, CDCl3, §): 161.2, 161.1, 158.1, 150.4, 148.7 (q, Jcr = 33.9 Hz), 130.8, 129.9,
128.7,128.5,122.0 (q, Jcr =274.5 Hz), 119.4, 115.5 (q, Jcr = 2.7 Hz), 114.8, 114.3, 55.54, 55.49.

F NMR (471 MHz, CDCl;, §): -68.0.

2-Chloro-4-(4-phenoxyphenyl)-3-pyridinecarbonitrile (39b). Compound 39b was prepared
according to the general procedure using Conditions A on a 1.0 mmol scale, 2,4-dichloro-3-
cyanopyridine (173.0 mg, 1.0 mmol, 1.0 equiv) and p-phenoxyphenylboronic acid (214.0 mg, 1.0
mmol, 1.0 equiv) with stirring for 19 h. Purification by flash column chromatography on silica gel
(R/=0.26 in 10% acetone in hexanes) provided 39b as a white solid (188 mg, 61% yield). '"H NMR
(500 MHz, CDCl3, 9): 8.52 (d,J = 5.2 Hz, 1H), 8.59-8.56 (m, 2H), 7.41-7.37 (multiple peaks, 3H),

7.20-7.17 (m, 1H), 7.12-7.08 (multiple peaks, 4H). Spectral data are consistent with the literature.'’

Discussion About Mass Balance

The moderate isolated yields in Scheme 2.3 (ligand-controlled conditions) are generally

due to a combination of factors: (1) unreacted starting material, (2) formation of diarylated product,
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and (3) material loss during purification of the target product by column chromatography due to
partial coelution of regioisomers.
In several examples above, we report isolated yields of the minor regioisomer as well as
the diarylated regioisomer. These isolated yields are summarized below. In some cases, the mass
balances are above 90%. In cases with lower mass balance, there was significant material loss

during isolation of products.

3b (3 mol%)

Cl PMP PMP
cl K,CO3 (3 equiv)
AN A B
Ar-B(OH), 2k R ﬁ\_
AN + . | R
H,0 (14-35 equiv P2 Pz
ﬁ\ 20 quiv) N/kPMP N)\CI NAPMP
a b c

—R (1 equiv)
| N/)\CI THF or benzene
25-75 °C

Substrate ArB(OH)- estimated a b (%) c Sum of substrate + a
unreacted substrate (%) (%) +b+e(%)
based on crude GC

(uncalibrated, %)=

cl 6 9 |71(6b) | 13 99
Q NC@B[OH)z

N 1 Cl
1 N?-B[OH}Z 2 13 67 9 91
Me -
(10b)
Cl b
/R 2 6 68 3 79
N MeC i B(OH),
N Cl
Cl
VAR 6 13 60 14 93
NH MeC . B(OH),
M Cl
Me ¢ MeO@B{OH}z 1 2 53 18 84
T
| (15b)
M Cl
Cl MCO@B{OH}z 4 13 48 16 81
» (18b)

“Yield calculated by extrapolation from the isolated yield of the C4 product (b) and the ratio of
C4 product to remaining starting material signals by GC analysis of the crude reaction mixture.
®Yield calculated by extrapolation from the isolated yield of the C4 product (b) and the ratio of
C4:C2 product signals by GC analysis of the crude reaction mixture.
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The GC chromatograms below illustrate the crude reaction mixtures prior to purification
for two of the reactions with lower mass balance (reactions to form 12b and 18b). There are no

significant unidentified peaks.
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Figure A1. GC Chromatograms of Pd(IPr)-catalyzed Suzuki Couplings with Low Mass Balances.

In the optimization table (Table 2.1), a standard was added to the reactions and calibrated

GC yields were obtained. We generally see good mass balance accounted for by major and minor
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regioisomers, unreacted starting material, and diarylation products. Examples are illustrated

below, corresponding to entries 3 and 5 of Table 2.1.

Scheme A3. Yields and Conversion of Reactions in Entries 3 and 5 of Table 2.1.

3b (3 mol%) .

Cl
MeOOB(OH)Z N
| N (1 equiv) | _
~Z N PMP
N Cl K>CO3 (3 equiv)
1 H,O (14-35 equiv)

THF, 25-75 °C, 155 h

a
(7%)

3b (3 mol%) .

Cl
MeOOB(OH)z N
| N (1 equiv) | _
~Z N PMP
N Cl K>CO3 (3 equiv)
1 H,O (14-35 equiv)

benzene, 25-75 °C, 15.5 h

a
(8%)

Scope Limitations of the Suzuki Coupling

Boron Nucleophile Limitations: Heteroaryl boronic acids and esters AS55-AS7 were

ineffective in the Suzuki cross-coupling with 1 under the optimized conditions using catalyst 3b
(General Procedure for GC-Scale Reactions) at room temperature or even at a higher temperature
(75 °C, below). For ASS and A56, most of the starting material 1 remained after the reaction time.

For A57, most of the starting material was consumed, but only small amounts of products were

PMP

N Cl

b
(69%)

PP PN
@ @
—
N~ >cl N PM
b c

(70%)

PMP

b

PMP

(8%)

(6%)

P

unreacted
1
(14%)

unreacted
1
(14%)

detected by GC. The GC chromatograms of these crude reactions are depicted below.
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Scheme A4. Boron Nucleophile Limitations.
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Substrate Limitations Overview. Some substrates did not provide the desired cross-

coupling selectivity. These substrates are categorized below as 2,4-dihalopyridines that lead to
overarylation (25 and 26), brominated 2,4dichloropyridine or quinolines that react at bromide
instead of chloride (27 and 28), and 2,5-dichloropyridine and pyrimidine (29 and 30), substrates
for which the Pd/IPr catalytic system provides conventional selectivity next to nitrogen. The

reactions below were conducted according to the General Procedure for GC-Scale Reactions.

Substrates Resulting in Overarylation. Reactions of both substrates 25 and 26 afford

diarylated product A25¢ and 1c¢ as the major products by crude GC analysis. For the reaction of
25 with catalyst 3b, a small amount of C4-monarylated product A25b is detected by crude GC,
but the major product is A25¢ from diarylation (Scheme A5). Product A25¢ was isolated and
characterized (vide supra). The monoarylated product was not isolated, but its identity was
tentatively assigned on the basis of its mass (by GCMS analysis) and inference based on the usual
selectivity exhibited by 3b (Pd/IPr, which favors reaction at C4 with other 2,4-dichloropyridines)
and 3d (Pd/IMes, which gives nearly a 1:1 mixture of C2- and C4arylated products with other 2,4-
dichloropyridines). When 3d (Pd/IMes) is used as the catalyst for the Suzuki coupling of 25, much
less diarylation is observed, and two monoarylated products are formed in a 1.5:1 ratio (assigned
as A25b and A25a, Scheme A6). Notably, only one of these two monoarylated products is
observed in the reaction using catalyst 3b, and based on the usual selectivity with 3b we infer that
this product is A25b. Dibromo substrate 26 undergoes extensive diarylation using catalyst 3b
(Scheme A7). Product 1¢ has been isolated and characterized (vide supra), and the identities of the
minor monoarylated products A26a and A26b are supported by GCMS analysis. The

regiochemistry of A26a and A26b was inferred based on the usual selectivity exhibited by 3b



141
(Pd/IPr, which favors reaction at C4 with 2,4-dichloropyridines) and subsequently confirmed using

C4-selective cross-coupling conditions recently reported by Fairlamb!® (vide infia).

Scheme AS. Suzuki reaction of 25 using Pd/IPr catalyst 3b.
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Scheme A6. Suzuki reaction of 25 using Pd/SIMes catalyst 3d.
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Scheme A7. Suzuki reaction of 26 using Pd/IPr catalyst 3b.
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Substrates Resulting in Reaction at Bromide. Substrates 27 and 28 undergo extensive
reaction at bromide under the optimized conditions, providing a mixture of dichloro-monoarylated
products A27a and A28a and diarylated products resulting from reaction at bromide and one of

the chlorides (Schemes A7-A8). Product identities were assigned based on GCMS analysis.
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Scheme AS8. Suzuki reaction of 27 using Pd/IPr catalyst 3b.
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Scheme A9. Suzuki reaction of 28 using Pd/IPr catalyst 3b.
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Comparison of Results with IPr (C4-Selective) vs. dppf
(C2-Selective)

C4-selectivity remains ligand-controlled for the substrates depicted in Scheme 3.2, as
evidenced by the observation of different major products when using catalyst 3b (ligand = IPr)

versus using Pd(OAc)./dppf (Table A2).
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Table A2. Retention time (RT) of major products by GC-FID for reactions catalyzed by 3b or by
Pd(OAc)./dppf.

OMe 3b (3 mol %)

Cl PMP Cl
or Pd(OAc), (3 mol %), dppf (3 mol %)
R K,CO, (3 equiv) | g g
X\ + 2 3 equiv VS.
X\l X\PNpmp

N e 5 H,O (14-35 equiv)
HO™ "OH
X=C N THonr beszene with 3b with Pd/dppf
(1 equiv) 5-60°C

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

1 A20 7.11 7.21
2 A22 7.21 7.16
3 A23 7.25 7.02
4 A24 6.52 6.68
5 A25 7.81 7.88
6 A27 8.03 7.69
7 A30 7.10 7.20
8 A31 6.79 6.48
9 A32 7.62 7.98
10 A33 7.22 6.62

A4. Kumada Cross Couplings with Pd/IPr

General Procedures

GC-Scale Reactions: The precatalyst 3b (1.7 mg, 0.0024 mmol, 3.0 mol%) was added to

an oven-dried 1-dram vial equipped with a stir bar. The vial was transferred to a N> atmosphere
glovebox, and the Grignard reagent (0.772 equiv) was added as a solution in THF followed by 2,4-
dichloropyridine (0.08 mmol, 1 equiv). The vial was sealed with a PTFE-lined cap and removed
from the glovebox. The reaction was stirred for 2-4 hours at 23-60 °C. The reaction mixture was
opened to air and quenched with EtOAc (~3.2 mL), and the internal standard undecane was added
(7.5 pL, 0.036 mmol). The vial was shaken to mix the contents, and the mixture was filtered

through Celite prior to analysis by GC and GCMS.
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Scaled-Up Reactions for Product Isolation: The precatalyst 3b (8.4 mg, 0.012 mmol, 3.0

mol%) was added to an oven-dried 1- or 5-dram vial equipped with a stir bar. The vial was
transferred to a N> atmosphere glovebox, and the Grignard reagent (0.77-2 equiv) as a solution in
THF was added followed by the addition of 2,4-dichloropyridine (1 equiv). The vial was sealed
with a PTFE-lined cap and removed from the glovebox. The reaction was stirred for 2-5 hours at
23 °C, then the vial was opened to air. The reaction mixture was diluted with EtOAc and washed
with sat. aqueous NH4Cl (3 x 10 mL), sat. aqueous NaHCO3 (3 x 10 mL), and brine (2 x 10 mL)
in a separatory funnel. The organic layer was extracted with additional EtOAc (3 x 10 mL) and the
combined organic layers were dried over anhydrous MgSO4. The crude reaction mixture was
analyzed by GC, concentrated under vacuum, and purified by normal or reversed phase flash

column chromatography.
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Optimization

Kumada reactions were performed according to the general procedure for GC-scale reactions.

Table A3. Optimization of Kumada Cross-Couplings.
cl

3b (3 mol %) R
= R-MgBr (0.8-2 equiv) = = =
+ +
| e “1L+CL 0

Nl '
1 (1 equiv) 23-60°C, 2-4 h

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

1 23 2 As0 (1) <1:100 16

2c 23 2 As0 (1) --d 100
3¢ 23 2 Aso0 (1) --d 72
23 3 As51 (1) 1:8 5

23 3 A51(0.8) 1:7 13

6¢ 23 3 A51 (1) --d 56
7 23 3 A52 (1) <1:39 30
8 23 3 Asz2 (2) <1:60 7
9¢ 23 3 A52 (1) --d 98
10f 60 4 A52 (1) --d 64

2 Ratios based on the ratio of signals for a and b in the GC chromatogram. "GC yield of recovered
starting material calibrated against undecane. In entry 3, the starting material was 2-bromo-4-
chloropyridine instead of 1. °No catalyst (metal free control). 9'--" means no cross-coupled
products a or b were observed. ¢2-Bromo-4-chloropyridine was used instead of 1 in combination
with Pd(OAC)2 (5 mol %) and dppf (5 mol %) as the catalytic system instead of 3b. 'Pd(OAc): (5
mol %) and dppf (5 mol %) was used as the catalytic system instead of 3b.

Discussion: Catalyst-free controls using reagents AS0—AS2 (Table A3, entries 2, 6, 9) show
no formation of products a or b, indicating that there is no background SxAr reactivity. Entries 1,

5, and 8 represent the optimized conditions that were used for scale-up reactions. Interestingly,
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products a and ¢ were not observed in the cross couplings with A50 and A52. The use of 2-bromo-
4-chloropyridine as the substrate for reaction with A50 (entry 3), a substrate that should be strongly
biased toward reaction at C2, also did not lead to any detectable cross-coupled products. Reaction
of the pyridyl Grignard AS0 at C2 would lead to a 2,2'-bipyridine derivative which can chelate to
Pd or Mg, providing a compound that is insoluble or not volatile and therefore invisible by GC-
FID. Similarly in the case of Grignard AS2, product a is not obtained even when using
Pd(OAc)2/dppf (entry 10), although considerably more starting material was consumed. It is
possible that the C2-functionalized product a resulting from reaction of Grignard A52 is prone to

decomposition.

Isolation and Characterization of Kumada Products from
Scheme 2.4

2-Chloro-5’-methyl-4,2’-bipyridine (31b). Product 31b was prepared according to the general
procedure using 3b (8.4 mg, 0.012 mmol, 3 mol %), 5-methyl-2-pyridylmagnesium bromide (AS0,
1.6 mL of a 0.25 M solution in THF, 0.40 mmol, 1.00 equiv), and 1 (43.2 pL, 0.40 mmol, 1.00
equiv). The reaction was stirred at 23 °C for 2 h. The crude GC chromatogram indicated the
presence of unreacted 1. Purification was performed by flash column chromatography (R~ 0.46
in 90:10 Hex:EtOAc) yielded a white solid (49.7 mg, 61% yield). 'H NMR (500 MHz, CDCls, §):
8.58-8.61 (m, 1H), 8.49 (d,J =5.2 Hz, 1H), 7.967.99 (m, 1H), 7.82 (dd, J=5.2, 1.5 Hz, 1H), 7.72
(d,J =8.0 Hz, 1H), 7.65 (dd, J = 8.0, 1.9 Hz, 1H), 2.44 (s, 3H). *C{'H} NMR (126 MHz, CDCls,
0): 152.7, 151.0, 150.8, 149.7, 137.8, 134.6, 121.7, 120.7, 119.8. HRMS (ESI+) m/z: [M]+: Calcd
for C11HoCIN2 204.0454; Found 204.0455. The C2 monoarylated isomer A31a has been reported
in previous literature, and the signals for product 31b are not consistent with those reported for

A31a.”
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2-Chloro-4-cyclopentylpyridine (32b). Product 32b was prepared according to the general
procedure using 3b (8.4 mg, 0.012 mmol, 3 mol %), cyclopentylmagnesium bromide (A51, 1.34
mL of a 0.299 £ 0.004 M solution in THF, 0.40 mmol, 0.77 equiv), and 1 (56.2 pL, 0.52 mmol,
1.00 equiv). The reaction was stirred at 23 °C for 4 h. The crude GC chromatogram indicated the
presence of unreacted 1. Purification was performed by reversed phase flash column
chromatography with a 12 g C18 silica column, using an initial automated program comprising a
flow rate of 30 mL/min of water:acetonitrile (98:2 to 0:100) over 31 column volumes. When the
product began eluting, the program was paused and reset to elute the analyte at 58-69% MeCN in
water over 11 column volumes. After the elution, the initial program was resumed. The C4
monoarylated product 32b eluted at 61-64% MeCN. Fractions containing 32b were partitioned
between dichloromethane and saturated brine. The organic layers were combined and dried over
magnesium sulfate and solvent was removed under reduced pressure affording 32b as a light brown
oil (50.8 mg, 62% yield). '"H NMR (500 MHz, CDCls, 8): 8.24 (d, J = 5.2 Hz, 1 H), 7.17 (s, 1H),
7.06 (d, J = 5.2 Hz, 1H), 2.92-3.01 (m, 1H), 2.02-2.12 (m, 2H), 1.75-1.85 (m, 2H), 1.65-1.75 (m,
2H), 1.51-1.61 (m, 2H). C{'H} NMR (126 MHz, CDCls, 8): 159.3, 151.7. 149.5, 123.1, 121.6,

45.1, 34.0, 25.6. HRMS (ESI+) m/z: [M]+: Calcd for C1oH12CIN 181.0658; Found 181.0666.

2-Chloro-4-(3,3’-methyloxetanyl)pyridine (33b). Product 33b was prepared according to the
general procedure using 3b (8.4 mg, 0.012 mmol, 3 mol %), 3,3’-methyloxetanylmagnesium
bromide (AS2, 5.71 mL of a 0.14 M solution in THF, 0.80 mmol, 2.0 equiv), and 1 (43.2 uL, 0.40
mmol, 1.00 equiv). The reaction was stirred at 23 °C for 3 h. Purification was performed by
reversed phase flash column chromatography with a 12 g CI18 silica column, using an initial

automated program comprising a flow rate of 25 mL/min of water:acetonitrile (98:2 to 8:92) over
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21 column volumes. When the product began eluting, the program was paused and reset to elute
the analyte at 46-49% MeCN in water. After the elution, the initial program was resumed. The C4
monoarylated product 33b coeluted with an aliphatic impurity at 49% MeCN. Fractions containing
33b were partitioned between ethyl acetate and saturated brine. The organic layers were combined
and dried over magnesium sulfate and solvent was removed under reduced pressure. The aliphatic
impurity was removed in vacuo yielding an off white colored solid (46.5 mg, 59% yield). '"H NMR
(400 MHz, CDCls, 6): 8.30 (d,J =5.0 Hz, 1H), 7.11 (s, 1H), 6.99 (d, / = 5.0 Hz), 4.59 (d, J/ = 5.8
Hz, 2H), 4.37 (d, J = 5.8 Hz, 2H), 2.96 (s, 2H), 1.28 (s, 3H). *C{'H} NMR (101 MHz, CDCls,
0): 151.8, 150.5, 149.6, 125.0, 123.4, 82.7, 82.1, 43.9, 39.7, 23.3 ppm. HRMS (ESI+) m/z: [M]+:

Calcd for C1oH12CINO 197.0607; Found 197.0599.

AS5. Negishi Cross-Couplings with Pd/IPr

General Procedures

GC-Scale Reactions. In a glovebox, Grignard reagent (0.77-1 equiv as a solution in THF)

and a solution of ZnCl; in THF (1 M, equimolar with the Grignard reagent) were combined in an
oven-dried 1-dram vial ("vial A") equipped with a stir bar and stirred for at least 0.5 hours at
ambient temperature. Outside of the glovebox, the precatalyst 3b (1.7 mg, 0.0024 mmol, 3.0 mol
%) was added to a separate oven-dried 1-dram vial equipped with a stir bar ("vial B"), and this vial
was transferred into the glovebox. The contents of vial A, comprising the organozinc reagent
(0.771 equiv), and 2,4-dichloropyridine (0.08 mmol, 1 equiv) were added to vial B. Vial B was
sealed with a PTFE-lined cap and removed from the glovebox. Reactions were stirred for 0.75-4

hours at 23-60 °C. The reaction mixture was opened to air, diluted with ethyl acetate (~3 mL), and
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the internal standard undecane was added (7.5 pL, 0.036 mmol). The vial was shaken to mix the

contents, and the mixture was filtered through Celite prior to analysis by GC and GCMS.

Scaled-Up Reactions for Product Isolation. In a glovebox, Grignard reagent (0.77-1 equiv

as a solution in THF) and a solution of ZnCl; in THF (1 M, equimolar with the Grignard reagent).
were combined in an oven-dried 1- or 5-dram vial ("vial A") equipped with a stirbar. The mixture
was stirred for 0.5 hours at ambient temperature. Outside of the glovebox, the precatalyst 3b (8.4
mg, 0.012 mmol, 3.0 mol %) was added to a separate oven-dried 1- or 5-dram vial equipped with
a stir bar ("vial B"), and this vial was transferred into the glovebox. The contents of vial A,
comprising the organozinc reagent (0.77-1 equiv), and 2,4-dichloropyridine (0.08 mmol, 1 equiv)
were added to vial B. Vial B was sealed with a PTFE-lined cap and removed from the glovebox.
Reactions were stirred for 45 min at 60 °C unless otherwise indicated. The reaction mixture was
opened to air, diluted with ethyl acetate (~3 mL), and washed with sat. NH4ClI (3 x 10 mL), sat.
NaHCOs3 (3 x 10 mL), and brine (2 x 10 mL) in a separatory funnel. The organic layer was extracted
with additional ethyl acetate (3 x 10 mL) and the combined organic layers were dried over
anhydrous MgSOs4. The crude product was analyzed by GC and purified by normal or reversed

phase column chromatography.

Optimization

Negishi reactions were performed according to the general procedure for GC-scale
reactions. Yield of remaining starting material (1) is calibrated against the undecane internal

standard. Ratio of products a and b are assuming equal response factor between the isomers.
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Table A4. Optimization of Negishi Cross Couplings.

3b (3 mol %)
Cl
ZnCl, N
" = .
(equimolar with . fj\“ equiv) Cl R R
Grignard) =N PN PN PN
R-MgBr R-ZnCl : I +[ | +[ |
1 equi THF THF SeSNTSR I SNTY e Sy SNYR
(081 equiv) 0-60°C, 0.75-4 h
a b c
S i
MgBr |
@IJ*MQBr ©/\ g r’:
A53 A54 !

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

1 60 0.75 A53 (1) 1:68 2

2 60 0.75 A53(0.8) 1:7.7 33

3¢ 60 0.75 A53 (1) --d 98

60 3 A54 (1) <1:99 0

23 3 A54 (1) 1:45 8

6 0 3 As54 (1) 1:9 21

7° 60 3 As54 (1) --d 96

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

10¢ 60 4 MeMgBr (0.8) 1:4 o}

4 Ratios based on the ratio of signals for a and b in the GC chromatograph. PAll reactions were
performed with 2,4-dichloropyridine (1) unless otherwise indicated. GC yield of recovered starting
material calibrated against undecane. °No catalyst (metal free control). 9"--" means no cross-
coupled products a or b were detected. ¢2,4-Dichloroquinoline (19) was used instead of 1.

Discussion: Catalyst-free controls (Table A4, entries 3 and 7) show no reaction, indicating
that there is no background SnAr reactivity. Entries 2, 6, and 10 represent optimized conditions
that were used for scale-up reactions. Although the results of entry 1 appear promising only low

yields of product B could be isolated.
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Isolation and Characterization of Negishi Products from
Scheme 2.4

4-Benzothiophen-2-yl-2-chloropyridine (34b). Product 34b was prepared according to the
general procedure using 3b (8.4 mg, 0.012 mmol, 3 mol %), benzothiophenylzinc chloride (AS3,
2.35 mL of a 0.170 £ 0.001 M solution in THF, 0.40 mmol, 0.80 equiv), and 1 (54.0 uL, 0.50
mmol, 1.00 equiv). The reaction was stirred at 60 °C for 0.75 h. Purification was performed by
reversed phase flash column chromatography with a 12 g C18 silica column, using an initial
automated program comprising a flow rate of 12 mL/min of water:acetonitrile (98:2 to 5:95) over
35 column volumes. When the product began eluting, the program was paused and reset to elute
the analyte at 61-70% MeCN in water. After the elution, the initial program was resumed. The C4-
monoarylated product 34b coeluted with the diarylated product at 65-67% MeCN in water.
Fractions containing 34b were partitioned between ethyl acetate and saturated brine. The organic
layers were combined and dried over magnesium sulfate and concentrated under reduced pressure.
Compound 34b was further purified by normal phase flash column chromatography (R~ 0.36 in
80:20 Hex:EtOAc), affording 34b as an off-white colored solid (68.9 mg, 70% yield). Spectral

data are consistent with those previously reported.*

2-Chloro-4-methylquinoline (35b). Compound (35b) was prepared according to the general
procedure using 3b (8.4 mg, 0.012 mmol, 3 mol %), methylzinc chloride (1.00 mL of 0.67 £+ 0.02
M solution in THF, 0.40 mmol, 0.77 equiv), and 2,4-dichloroquinoline (103.0 mg, 0.52 mmol,
1.00 equiv). The reaction was stirred at 60 °C for 4 h. Purification was performed by reversed
phase flash column chromatography with a 12 g C18 silica column, using an initial automated
program comprising a flow rate of 30 mL/min of water:acetonitrile (98:2 to 6:94) over 35 column

volumes. When the product began eluting, the program was paused and reset to elute the analyte
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at 56% MeCN in water. After the elution, the initial program was resumed. The C4 monoarylated
product eluted at 56% MeCN. Fractions containing 35b were partitioned between dichloromethane
and saturated brine. The organic layers were combined and dried over magnesium sulfate and
solvent was removed under reduced pressure affording 35b as a white solid (50.5 mg, 71% yield).

Spectral data are consistent with those previously reported.?!

4-Benzyl-2-chloropyridine (36b). Compound (36b) was prepared according to the general
procedure using 3b (8.4 mg, 0.012 mmol, 3 mol %), benzylzinc chloride (A54, 4.82 mL of a 0.083
M solution in THF, 0.40 mmol, 1.00 equiv), and 2,4-dichloropyridine (43.2 uL, 0.40 mmol, 1.00
equiv). The reaction was stirred at 0 °C for 3 h. Purification was performed by reversed phase flash
column chromatography with a 12 g CI18 silica column, using an initial automated program
comprising a flow rate of 35 mL/min of water:acetonitrile (98:2 to 5:95) over 35 column volumes.
When the product began eluting, the program was paused and reset to elute the analyte at 70-73%
MeCN in water. After the elution, the initial program was resumed. The C4 monoarylated product
36b eluted at 72-73% MeCN. Fractions containing 36b were partitioned between dichloromethane
and saturated brine. The organic layers were combined and dried over magnesium sulfate and
solvent was removed under reduced pressure affording 36b as a light brown oil (52.3 mg, 64%
yield). "H NMR (500 MHz, C¢Ds, 8): 7.95 (d, J = 5.0 Hz, 1H), 7.00-7.10 (multiple peaks, 3H),
6.75-6.80 (multiple peaks, 3H), 6.33 (dd, J = 5.0, 0.7 Hz, 1H), 3.27 (s, 2H) ppm. *C{'H} NMR
(126 MHz, CeDs, 6): 153.4, 152.7, 150.2, 138.8, 129.5, 129.3, 127.3, 124.9, 123.2, 41.0 ppm.

HRMS (ESI+) m/z: [M]+: Calcd for Ci12H11CIN 203.0502; Found 203.0519.
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A6. Multistep Syntheses using C4-Selective Cross-Coupling with Pd/IPr (Scheme 2.5)

4-(4-Methoxyphenyl)-2-(phenylthio)-3-pyridinecarbonitrile (37). Thiophenol (40.8 uL, 0.4
mmol, 1.0 equiv) was added dropwise to a stirring solution of 2-chloro-4-(4-methoxyphenyl)-
3pyridinecarbonitrile (12b, 97.9 mg, 0.4 mmol, 1.0 equiv), triethylamine (111.5 pL, 0.8 mmol, 2.0
equiv), and DMF (0.4 mL) in a 1-dram reaction vial. The vial was sparged with N> gas using the
technique described in the “general procedure” on page 117, sealed with a PTFE-lined cap, and
heated to 60 °C for 18.3 h. After cooling, a crystalline precipitate formed. The mixture was poured
into a 125 mL Erlenmeyer flask and diluted with 30 mL of deionized water, inducing precipitation
of the desired product and solubilizing byproducts. The precipitate was filtered and saved, and the
liquid filtrate was extracted with ethyl acetate. The organic phase was concentrated, affording
mixed white and orange solids. The solids were washed with diethyl ether over a fritted funnel
until all orange discoloration had passed into the filtrate. The combined organic solids were dried
under vacuum furnishing 37 as a colorless crystalline solid with slight yellow discoloration (92.2
mg, 72% yield); mp 156158 °C [uncorrected, measured against benzoic acid (113-117 °C)]. 'H
NMR (500 MHz, C¢Ds, 8): 7.84 (d, J = 5.2 Hz, 1H), 7.59-7.57 (m, 2H), 7.24-7.22 (m, 2H), 7.12-
7.04 (multiple peaks, 3H), 7.00-6.67 (m, 2H), 6.29 (d, J = 5.2 Hz, 1H), 3.23 (s, 3H). *C{'H} NMR
(126 MHz, CeDs, 6): 164.9, 161.6, 153.4, 151.3, 136.4, 130.3, 129.5, 129.4, 129.3, 119.7, 115.8,
114.6, 105.5, 54.9 (two signals are coincidentally overlapping). *C{'H} NMR (126 MHz, CDCls,
d): 164.5,161.4,153.7,151.8, 135.6, 130.1, 129.6, 129.4, 128.8, 127.9, 120.0, 115.9, 114.6, 105.1,

55.6. HRMS (ESI Q-TOF) m/z: [M]+ Calcd for C19H14N2OS 318.0827; Found 318.0812.
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2-lodo-4-(4-methoxyphenyl)-quinoline (38). Reaction conditions were adapted from a literature
procedure  describing the di-iodination of  2,4-dichloropyridine.?>  2-Chloro-4-(4-
methoxyphenyl)quinoline (19b, 107.9 mg, 0.4 mmol, 1.0 equiv), Nal (179.9 mg, 1.2 mmol, 3.0
equiv), and acetonitrile (0.45 mL) were combined in a 1-dram vial with stir bar. Acetyl chloride
(2.1 equiv 0.84 mmol, 59.9 uL) was added dropwise to the stirring mixture. The vial was sparged
with N> gas using the technique described under “general procedure” on page 117, sealed with a
PTFE cap, and heated to reflux for 67 h. TLC analysis indicated complete consumption of
quinoline starting material 19b. The product mixture was quenched by dropwise addition of
deionized water (8.5 mL) while stirring. An aqueous solution of 10% K2CO3/5% NaHSO3 was
added to the mixture, and the mixture was shaken and extracted with CHCI3 (3x). The organic
fractions were combined, dried over Mg>SOq, filtered, concentrated, and purified by column
chromatography on silica (Ry= 0.46 in 10% ethyl acetate in hexanes) to separate product 38 from
polar impurities detected by TLC. Product fractions were concentrated and dried affording 38 as a
white crystalline solid (119 mg, 82% yield); mp 114-117 °C [uncorrected, measured against
benzoic acid (112-114 °C)]. 'TH NMR (500 MHz, CDCls, §): 8.06 (d, J = 8.4 Hz, 1H), 7.88 (d, J =
8.4 Hz, 1H), 7.67 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H), 7.64 (s, 1H), 7.47 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H),
7.40-7.37 (m, 2H), 7.04-7.01 (m, 2H), 3.87 (s, 3H). *C{'H} NMR (126 MHz, CDCls, §): 160.3,
149.97, 149.50, 131.6, 130.8, 130.1, 129.3, 128.6, 127.1, 126.3, 126.2, 119.2, 114.3, 55.5. HRMS

(ESI Q-TOF) m/z: [M]+ Calcd for C16H12INO 360.9964; Found 360.9963.

4-(4-phenoxyphenyl)-1H-Pyrazolo[3,4-b|pyridin-3-amine (40).
2-Chloro-4-(4-phenoxyphenyl)-3-pyridinecarbonitrile (39b, 122.7 mg, 0.4 mmol, 1.0 equiv),

hydrazine-monohydrate (200.2 mg, 4.0 mmol, 10.0 equiv), and /PrOH (6.2 mL) were combined
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with a stir bar in a 25 mL round-bottom flask equipped with water-cooled jacketed condenser. The
condenser was sealed with a rubber septum secured by copper wire, the system was sparged with
N> gas, and the reaction was heated to 90 °C with stirring for 15 h under an atmosphere of N». The
mixture was cooled, and trace impurities were detected by TLC. Solvent was removed under
reduced pressure, and the solids were columned on silica (Ry=0.27 in 4.5% methanol in CH2CL).
All rinses and transfers were completed with CHCI3. Solvent was removed under reduced pressure,
furnishing a bright yellow solid. Drying under vacuum afforded 40 (119.3 mg, 99% yield). 'H
NMR (500 MHz, CDCls, 6): 10.82 (br s, 1H), 8.50 (d, J = 4.8 Hz, 1H), 7.58-7.55 (m, 2H), 7.42-
7.39 (m, 2H), 7.20-7.17 (m, 1H), 7.16-7.14 (m, 2H), 7.12-7.10 (m, 2H), 6.95 (d, J/ = 4.8 Hz, 1H),
4.05 (br s, 2H). *C{'H} NMR (126 MHz, CDCls, §): 158.8, 156.3, 153.5, 149.4, 147.5, 145.3,

131.7,130.4, 130.1, 124.3, 119.8, 118.6, 115.8, 104.1.

A7. Ligand-Free Suzuki Cross-Couplings

Ligand-Free Control Reaction Based on Previously-
Reported Conditions (Scheme 2.6b)

Reactions were set up according to the literature procedure!® (Table A5, entries 1-3) with

the indicated modifications (entries 4-12).
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Table A5. Analysis of the Role of Ligand in the Previously-Reported Conditions'® for C4-Selective
Suzuki Cross-Coupling.?

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

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

100 °C, another overnight

(15equiv) (1 equiv) 1a 1b Te

entry trial Pd source additional 1a(%) 1b (%) 1c(%) 1a:1b
ligand (mol %)

1 1 PEPPSI-IPr - <1 80 2 <1:80
2 2 PEPPSI-IPr - <1 84 2 <1:84
3 Average PEPPSI-IPr - <1 82 2 <1:82
4 1 3b - <1 69 1 <1:69
5 2 3b - <1 81 1 <1:81
6 Average 3b - <1 75 1 <1:75
7 1 Pd(OAc). PPh;(5) 28 14 2 1.9 11
8 2 Pd(OAc). PPh;(5) 32 18 2 1.8:1
9 Average  Pd(OAc). PPh;(5) 30 16 2 1.9:1
10 1 PdCL, - <1 54 1 <1:54
11 2 PdClL, -- <1 66 1 <1:66
12 Average PdClL, -- <1 60 1 <1:60

“GC yields calibrated against undecane as the internal standard.

Discussion: Selectivity under Yang's high-temperature conditions is significantly better
than what is observed under the Pd/IPr-catalyzed room temperature conditions employed in our
work. However, ligand-free control reactions using PdCl> (Table A5, entries 10-12) demonstrate
that the same extremely high selectivity is observed in the absence of IPr. The selectivity under the
conditions reported in reference 15 is therefore not ligand-controlled. When PPh; is used as a
ligand in combination with Pd(OAc): (entries 7-9, a catalytic system analogous to Fairlamb's work
with dibromopyridine),18 the reaction favors C2-arylated product 1a, but with poor yield. In all

other entries, extremely high selectivity for product 1b is observed.
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Coupling of 1 under Fairlamb's Recently Reported Pd/PPhs
Conditions

The Suzuki coupling in Table A6 was set up according to conditions reported by Fairlamb
et al., who observed C4-selective cross-coupling of 2,4-dibromopyridine.'® Reactions were

conducted on a 0.16 mmol reaction scale.

Table A6. Reaction of 1 under Fairlamb's Conditions.

OMe
Pd(OAc), (3 mol%) Cl PMP PMP

PPh, (3 mol %) P ] p
XNy o+ NBu,Br (2.5 equiv), 5 min | + T |
| NS NS N\

N/ Cl B(OH), then 1.0 M aq. KOH (2.5 equiv) N PMP N™ °Cl N PMP

1 1 1
1 (1 equiv) Th a b ¢

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

1 THF 40 90.6 5.2 4.9 17:1

2 dioxane 110 85.4 0.6 12.8 142:1

Discussion: Intriguingly, although these conditions promote C4-selective Suzuki coupling

of 2,4-dibromopyridine, 2,4-dichloropyridine undergoes preferential C2-coupling.

General Procedures for the Ligand-Free 'Jeffery' Conditions
Reported Herein

GC-Scale Reactions. Solids were added to a 1-dram reaction vial in order of increasing

mass: palladium catalyst (typically 0.008 mmol, 5 mol %), p-methoxyphenylboronic acid (26.7
mg, 0.18 mmol, 1.1 equiv), sodium carbonate (50.9 mg, 0.48 mmol, 3.0 equiv),
tetrabutylammonium salt (0-5 equiv), and a stir bar. Inside a nitrogen-atmosphere glovebox, liquid
reagents were pre-measured by syringe and added in quick succession: DMF (0.64 mL) via I-mL

syringe, followed by 2,4-dichloropyridine (17.2 pL, 0.16 mmol, 1.0 equiv) via 25-pL syringe. The
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reaction vial was sealed under nitrogen with either a septum screwcap or a solid PTFE-lined
screwcap. When indicated, Na-sparged deionized water was added through the septum cap outside
the glovebox via 25- or 50-uL syringe, and the puncture was sealed with electrical tape. The
reaction was stirred vigorously at the indicated temperature for 22 h. The reaction vial was opened
to air, diluted with ethyl acetate (~ 3 mL), and n-undecane (15 pL, 0.44 equiv) was added as an
internal standard via 25-pL syringe. An aliquot was filtered through Celite into a separate vial for
GC analysis.

Scaled-Up Reactions for Product Isolation. PACl> (4.4 mg, 0.025 mmol, 5.0 mol%) was

weighed into a 1-dram vial followed by solid substrate if applicable (2,5-dichloropyridine,
pyrimidine, or 2,4-dichloroquinoline, 0.5 mmol, 1 equiv), arylboronic acid (0.5 mmol, 1.0 equiv),
sodium carbonate (159 mg, 1.5 mmol, 3.0 equiv), tetrabutylammonium bromide (806 mg, 2.5
mmol, 5.0 equiv) and a stir bar. DMF (2 mL) was added inside a nitrogen-atmosphere glovebox
and sealed with either a septum screwcap or a solid PTFE-lined screwcap. Unless otherwise
indicated, N2-sparged deionized water (45 uL, 2.5 mmol, 5.0 equiv) was added through the septum
cap outside the glovebox via 50-uL syringe (note: conversion in 0.5 mmol scale reactions was
more adversely affected by dry conditions compared to 0.16 mmol scale reactions), followed by
2,4-dichloropyridine substrate (if liquid), and the puncture was sealed with electrical tape. The
reaction was stirred vigorously at 110 °C for the indicated time. After cooling to ambient
temperature, the cap was removed, the reaction mixture was diluted with ethyl acetate and, in cases
where calibrated GC yields are reported, n-undecane (46.9 uL, 0.44 equiv) was added as an internal
standard via 50-uL syringe. The reaction mixture was then filtered through a plug of Celite. The

reaction outcome was assessed by GC and TLC (isomeric ratios were determined by GC). The
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mixture was purified by flash column chromatography and/or reversed phase chromatography as

indicated, and the product was dried under vacuum.

Optimization of the Ligand-Free Conditions (Table 2.2)

Table A7. Optimization of Ligand-Free Suzuki Coupling

[Pd] (5 mol%)
Na,CO, (3 equw PMP
& e ALl
NBu,X
DMF (0. 25 M) 1a 1b 1c
110°C, 22 h
entry trial Pd source NBu,X (equiv) 1a (%) 1b (%) 1c(%) 1a:1b
1 1 PdCl, Br (3) 0.3 82 0.4 1:>99
2 2 PdCl, Br (3) 0.6 80 0.4 1:>99
3 Average PdCl, Br (3) 0.5 81 0.4 1:>99
4 1 PdCl, Br (5) 0.4 87 0.4 1:>99
5 2 PdCl, Br (5) 0.5 80 0.4 1:>99
6 Average PdCL, Br (5) 0.5 84 0.4 1:>99
7 1 Pd(OAc). Br (3) 0.7 75 0.4 1:>99
8 2 Pd(OAc). Br (3) 0.6 71 0.3 1:>99
9 Average Pd(OAc). Br (3) 0.7 73 0.4 1:>99
10 1 Pd.dba, Br (3) 0.4 61 0.2 1:>99
11 2 Pd.dba, Br (3) 0.5 52 0.2 1:>99
12 Average Pd.dba, Br (3) 0.5 57 0.2 1:>99
13 1 PdCL, Cl(3) 0.8 72 0.4 1:90
14 2 PdCL, Cl(3) 1.3 72 0.6 1:55
15  Average PdCl, Cl(3) 1.1 72 0.5 1:65
16 1 PdCl, Br (1) 1.2 67 0.8 1:56
17 2 PdCL, Br (1) 1.2 71 0.6 1:59
18  Average PdCl, Br (1) 1.2 69 0.7 1:58
19 1 PdCl, PFs (3) 2.6 44 2.4 1:17
20 2 PdCl. PF¢ (3) 3.4 52 3.8 1:15
21  Average PdCl, PFs (3) 3.0 48 3.1 1:16
20b 1 PdCl, ---
23b 2 PdCL, -—-
24> Average PdCL -
25 1 PdCl, -—- 3.3 55 3.0 1:17
26 2 PdCL, -—- 3.7 58 3.2 1:16
27  Average PdCl, -—- 3.5 56 3.1 1:16
28 1 PdCl, Br (1) 1.2 67 0.8 1:56
29 2 PdCL, Br (1) 1.2 71 0.6 1:59
30  Average PdCl, Br (1) 1.2 69 0.7 1:58
31¢ 1 PdCl, Br (3) 1 80 0.6 1:80
32¢ 2 PdCL, Br (3) 0.8 78 0.5 1:98
33¢  Average PdCl, Br (3) 0.9 79 0.6 1:88
344 1 PdCL, Br (3) 1.1 82 0.6 1:75
354 2 PdCL, Br (3) 1.0 84 0.8 1:84
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Table A7 Continued
364  Average PdCL, Br (3) 1.1 83 0.7 1:75
37¢e 1 PdCl, Br (3) 0.8 40 0.5 1:50
38¢ 2 PdCl, Br (3) 0.8 49 0.4 1:61
39¢ Average PdCL, Br (3) 0.8 45 0.5 1:56
40f 1 PdCl, Br (3) 0.3 8 0.4 1:27
41t 2 PdCL, Br (3) 0.3 10 0.5 1:33
42f  Average PdCL, Br (3) 0.3 9 0.5 1:29
43¢ 1 PdCl, Br (5) 0.8 85 0.4 1:>99
44¢ 2 PdCl, Br (5) 0.7 84 0.6 1:>99
45¢  Average PdCl, Br (5) 0.8 85 0.5 1:>99

%Reactions were conducted according to the General Procedure on page 161 for GC-scale
reactions. GC yields calibrated against undecane as an internal standard. Calculated yield values
were rounded to the nearest integer. "With KBr (3 equiv). ‘With H20 (5 equiv). “With H20 (10
equiv). ®With 1 mol% PdCl,. 'Reaction run at 25 °C.

Isolation and Characterization of Cross-Coupled Products

(Scheme 2.7)
2-Chloro-4-(4-methoxyphenyl)pyridine (1b). Compound 1b was prepared according to the

general procedure under ligand-free conditions using 2,4-dichloropyridine (54 pL, 0.5 mmol, 1.0
equiv) and p-methoxyphenylboronic acid (83.6 mg, 0.55 mmol, 1.1 equiv) with stirring for 30 h.
Purification by flash column chromatography on silica gel in 6-20% ethyl acetate/hexanes (Ry =
0.42 in 15% ethyl acetate in hexanes) provided 1b as a white solid (82.1 mg, 75% yield). Spectral

data are consistent with previously reported data and literature.!?

Larger-Scale Preparation of 1b: Compound 1b was prepared according to the general procedure
under ligand-free conditions using 2,4-dichloropyridine (270 pL, 2.5 mmol, 1.0 equiv) and p-
methoxyphenylboronic acid (417.9 mg, 2.75 mmol, 1.1 equiv) with stirring for 40 h. Purification
by flash column chromatography on silica gel in 6-20% ethyl acetate/hexanes (Ry= 0.42 in 15%
ethyl acetate in hexanes) provided 1b as a white solid (347 mg, 63% yield). Spectral data are

consistent with previously reported data and literature.!?
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4-(1,3-benzodioxol-5-yl)-2-chloro-pyridine (41b). Compound 41b was prepared according to the
general procedure under ligand-free conditions using 2,4-dichloropyridine (54 pL, 0.5 mmol, 1.0
equiv) and 3,4-(methylenedioxy)-benzeneboronic acid (91.3 mg, 0.55 mmol, 1.1 equiv) with
stirring for 34 h. Purification by flash column chromatography on silica gel in 2-21% ethyl
acetate/hexanes (Ry= 0.35 in 15% ethyl acetate in hexanes) provided 41b as a white solid (75 mg,
64% yield). '"H NMR (500 MHz, CDCls, 8): 8.36 (d, J = 5.2 Hz, 1H), 7.44 (d, J = 1.6 Hz, 1H),
7.32(dd, J=5.2,1.7Hz, 1H), 7.11 (dd, J = 8.1, 1.6 Hz, 1H), 7.06 (d, J/ = 1.7 Hz, 1H), 6.90 (d, J
= 8.1 Hz, 1H), 6.03 (s, 2H). *C{'H} NMR (126 MHz, CDCls, §): 152.3, 151.2, 150.1, 149.2,
148.7,131.0, 121.7, 121.4, 120.2, 109.1, 107.3, 101.8. HRMS (ESI Q-TOF) m/z: [M]+ Calcd for

C12HsCINO; 233.0244; Found 233.0245.

2-Chloro-4-[4-(trifluoromethyl)phenyl]-pyridine (42b). Compound 42b was prepared
according to the general procedure under ligand-free conditions using 2,4-dichloropyridine (54
puL, 0.5 mmol, 1.0 equiv) and p-(trifluoromethyl)phenylboronic acid (104.5 mg, 0.55 mmol, 1.1
equiv) with stirring for 23 h. Purification by flash column chromatography on silica gel using a
linear gradient of 1-28% ethyl acetate/hexanes over 9 column volumes (Ry = 0.40 in 15% ethyl
acetate in hexanes) provided 42b as a white solid (79.1 mg, 62% yield). 'H NMR (500 MHz,
CDCl3, 9): 8.46 (d, J = 5.2 Hz, 1H), 7.76 (d, J = 8.4, 2H), 7.72 (d, J = 8.4 Hz, 2H), 7.55 (d, J =

1.3 Hz, 1H), 7.43 (dd, J = 5.2, 1.3 Hz, 1H). Spectral data are consistent with literature.?’

2-Chloro-4-(3-quinolinyl)-quinoline (43b). Compound 43b was prepared according to the
general procedure under ligand-free conditions using 2,4-dichloroquinoline (99 mg, 0.5 mmol, 1.0
equiv) and 3-quinolineboronic acid (95.1 mg, 0.55 mmol, 1.1 equiv) with stirring for 27.5 h.

Purification by flash column chromatography on silica gel in 20% ethyl acetate/hexanes (Ry= 0.33
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in 20% ethyl acetate in hexanes) provided 43b as a tan solid (94.1 mg, 65% yield). '"H NMR (500
MHz, CDCls, 8): 9.05 (d, J = 1.9 Hz, 1 H), 8.32 (d, J = 1.4 Hz, 1 H), 8.24 (d, J = 8.5 Hz, 1H),
8.14 (d, J= 8.5 Hz, 1H) 7.94 (d, J = 8.1 Hz, 1H), 7.83-7.87 (multiple peaks, 3H), 7.68 (dd, J =
15.2, 7.4 Hz, 1H), 7.56 (dd, J = 15.2, 7.4 Hz, 1H), 7.47 (s, 1H). *C{'H} NMR (126 MHz, CDCl3,
d): 150.5, 150.4, 148.6, 148.22, 148.15, 136.7, 131.0, 130.8, 130.0, 129.7, 129.5, 128.3, 127.8,
127.7,127.6,125.7,125.5,122.9. HRMS (ESI Q-TOF) m/z: [M]+ Calcd for C1sH11CIN2 290.0611;

Found 290.0615.

2-Chloro-6-methyl-4-(1-methyl-1H-indol-5-yl)-pyridine (44b). Compound 44b was prepared
according to the general procedure under ligand-free conditions using 2,4-dichloro-6-
methylpyridine (81 mg, 0.5 mmol, 1.0 equiv) and 1-methyl-5-indolyl-boronic acid (96.2 mg, 0.55
mmol, 1.1 equiv) with stirring for 30 h. Purification by flash column chromatography on silica gel
in 5-20% ethyl acetate/hexanes (Rf = 0.45 in 20% ethyl acetate in hexanes) provided 44b as a white
solid (62.2 mg, 49% yield). 'H NMR (500 MHz, CDCl3, §): 7.88 (m, 1.6 Hz, 1H), 7.45 (dd, J =
8.6, 1.6 Hz, 1H), 7.41 (d, J = 0.8 Hz, 1H), 7.38 (d, J = 8.6 Hz, 1H), 7.33 (d, J = 0.8 Hz, 1H), 7.11
(d,J=3.1Hz, 1H), 6.56 (dd, J = 3.1, 0.7 Hz, 1H), 3.81 (s, 3H), 2.58 (s, 3H). *C{'H} NMR (126
MHz, CDCls, 6): 159.3, 153.2, 151.1, 137.4,130.3, 129.1, 128.4, 120.7, 120.1, 119.9, 119.0, 110.0,
101.9, 33.1, 24.4. HRMS (ESI Q-TOF) m/z: [M]+ Calcd for Ci5Hi3CIN2 256.0767; Found

256.0772.

2-Chloro-5-(4-methoxyphenyl)-pyridine (29b). Compound 29b was prepared according to the
general procedure under ligand-free conditions, with the modification that no water was added.
The reaction vial was charged with 2,5-dichloropyridine (74 mg, 0.5 mmol, 1.0 equiv) and p-

methoxyphenylboronic acid (83.6 mg, 0.55 mmol, 1.1 equiv) and stirred for 30 h. Purification by
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flash column chromatography on silica gel in 1-36% ethyl acetate/hexanes (Ry=0.41 in 15% ethyl
acetate in Cl hexanes) resulted in coelution of 29b and the diarylated product (the estimated crude
yield of diarylated product is ~1% based on GC analysis). Further purification was performed
using reversed phase flash column chromatography with a 30 g C18 silica column, using an initial
automated program comprising a flow rate of 35 mL/min of water:acetonitrile (98:2 to 1:99) over
20 column volumes. When the product began eluting, the program was paused and reset to elute
the analyte at 98% MeCN in water. Fractions containing 29b were partitioned between ethyl
acetate and saturated brine. The organic layers were combined and dried over magnesium sulfate
and dried in vacuo providing 29b as a white solid (22.4 mg, 20% yield). '"H NMR (500 MHz,
CDCls, 6): 8.57 (dd, J = 2.6, 0.6 Hz, 1H), 7.79 (dd, J = 8.3, 2.6 Hz, 1H), 7.46- 7.51 (m, 2H), 7.36
(dd, J = 8.3, 0.6 Hz, 1H), 6.98-7.03 (m, 2H), 3.86 (s, 3H). The product of C2-arylation was also
isolated (4.5 mg, 4%). Spectral data for both monoarylated products are consistent with the
literature.!! Side products resulting from diarylation and homocoupling of 29 (m/z = 224) were
each detected by GCMS. These side products, as well as remaining starting material, appears to

account for most of the remaining mass balance.

2-Chloro-5-(4-methoxyphenyl)-pyrimidine (30b). Compound 30b was prepared according to
the general procedure under ligand-free conditions with the modification that no water was added.
The reaction vial was charged with 2,5-dichloropyrimidine (74.5 mg, 0.5 mmol, 1.0 equiv) and p-
methoxyphenylboronic acid (83.6 mg, 0.55 mmol, 1.1 equiv) and stirred for 30 h. Purification by
flash column chromatography on silica gel in 1-45% ethyl acetate/hexanes (Ry=0.31 in 15% ethyl
acetate in hexanes) resulted in coelution of the C5 isomer and a bipyrimidine side product.

Fractions containing product 30b were combined and solvent was removed under reduced
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pressure. Further purification was performed using reversed phase flash column chromatography
with a 30 g C18 silica column, using an initial automated program comprising a flow rate of 35
mL/min of water:acetonitrile (98:2 to 1:99) over 20 column volumes. When the product began
eluting, the program was paused and reset to elute the analyte at 50-55% MeCN in water. Fractions
containing 30b were partitioned between ethyl acetate and saturated brine. The organic layers were
combined and dried over magnesium sulfate and dried in vacuo providing 30b as a white solid
(18.5 mg, 17% yield). "H NMR (500 MHz, CDCls, §): 8.78 (s, 2H), 7.46-7.53 (m, 2H), 7.00-7.08
(m, 2H), 3.87 (s, 3H). Spectral data are consistent with the literature.24 The crude reaction mixture
was analyzed by GCMS; in addition to remaining starting material, a small amount of C2-arylated
product, and trace diarylated product, several small peaks corresponding to unidentified side

products were observed.
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B1. General Materials and Methods

NMR spectra were recorded at 298 K on a Bruker DRX 500 MHz (500.233 MHz for 'H,
125.795 MHz for 13C, 470.639 MHz for '°F) or a Bruker Ascend 400 MHz (400.130 MHz for 'H
NMR, 100.613 for '3C). 'H and '3C NMR chemical shifts are reported in parts per million (ppm)
relative to TMS, with the residual solvent peak used as an internal reference ['H NMR: CHCl3
(7.26 ppm), CsDsH (7.16 ppm); 3C NMR: CDCl; (77.16 ppm), *C NMR: C¢Ds (128.06 ppm)].
Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets (dd), and
multiplet (m). GC data were collected using a Shimadzu GC-2010 Plus with a flame ionization
detector equipped with a SHRxi-5ms capillary column (15 m x 0.25 mm ID x 0.25 pm df). GCMS
data were collected with a Shimadzu GC-2030 paired with a Shimadzu GCMS-QP2020 NX and
equipped with a SH-Rxi-5ms capillary column (30 m x 0.25 mm ID x 0.25 pm df). LC-MS
analyses were performed on either an Agilent 6538 Q-TOF MS or a Bruker micro-TOF MS, both
coupled to an Agilent 1290 Infinity UHPLC system. A 50 mm long Eclipse Plus C18 column
(Agilent Technologies, Santa Barbara, CA; 1.d. 2.1 mm, 1.8 pum particle size) was used for
separation. A 6-minute gradient was used at a flow rate of 0.6 mL/min: 0-1 min 95% buffer A
(100% H>0 with 0.1% formic acid), followed by a gradient from 1-4 minutes of 5-95% buffer B
(100% acetonitrile with 0.1% formic acid), 1 minute 95% buffer B, and returning to 95% buffer A
for 1 minute. The mass spectrometers were operated in positive-ion mode with electrospray
ionization.

Unless otherwise noted below, all commercially-obtained chemicals were used as received.
(n*-1-Buindenyl)Pd(IPr)(Cl) was obtained from Umicore. N-heterocyclic carbene ligands IMes,

SIMes, IPr, or SIPr were each obtained from Strem Chemicals or Sigma Aldrich. Unless otherwise
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noted, dichloro-heteroarenes and arylboronic acid starting materials were obtained from Oakwood
Chemical. Arylated pyridines 2a, 2b, B2c, B4b, and BSb were prepared as previously reported.!
1,4-Dioxane, potassium tert-butoxide, and palladium (II) chloride were obtained from Acros
Organics. Potassium carbonate, triphenylphosphine, and tri-tert-butylphosphine, were obtained
from Alfa Aesar. THF, toluene, and methanol were obtained from Fisher Scientific. fert-butyl
bromide, diphenylphosphinoferrocene, tri-o-tolylphosphine, and tricyclohexylphosphine were
obtained from Oakwood chemical. Tri-n-butylphosphine was obtained from Sigma-Aldrich.
Palladium (II) acetate, trimethyl phosphine, QPhos, CyJohnPhos, and CataCXium A were obtained
from Strem Chemical. Benzene was obtained from Beantown Chemical. For the purpose of
Suzuki-Miyaura cross-couplings, THF was used as received from Fisher Scientific. 1,4-Dioxane
required for Pd/dppf-mediated Suzuki-Miyaura cross-couplings was used as received from Acros
Organics but kept under N> prior to and during use.

Deuterated solvents (CDCls, CsDg) were obtained from Cambridge Isotopes and stored
over molecular sieves. Manual flash column chromatography was performed on SiliCycle silica
gel 60 (40-63 um particle size) and thin layer chromatography was performed on SiliCycle TLC
plates pre-coated with extra hard silica gel 60 F2s4. Automated flash column chromatography was
performed with a Biotage Selekt equipped with Biotage Sfir silica flash cartridges (20 um particle
size; 50 A pore width) for normal phase separations, or Silica C18 cartridges (30 um particle size;

100 A pore width) for reversed phase separations.
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B2. General Procedure for Suzuki Cross-Couplings

The specified solids required in the Suzuki-Miyaura reactions were added to a 1-dram
reaction vial in order of increasing mass: palladium catalyst (palladium source and free ligand) or
precatalyst, the specified dihalopyridine substrate if solid (0.08 mmol, 1 equiv), arylboronic acid
(0.08 mmol, 1.0 equiv), potassium carbonate or cesium carbonate, and then a stir bar. Liquid
reagents were pre-measured by syringe and added in quick succession: benzene, THF, or 1,4-
dioxane (0.32 mL, 0.25 M) via 1-mL syringe, followed by N»-sparged deionized water via 50-uL.
syringe. Note: dihalopyridine substrates were added last if liquid, via microliter syringe. A septum
cap equipped with an N2-ingas and outgassing needle was fastened to the 1-dram reaction vial and
the headspace was sparged for 30-45 seconds. With continuous sparging, the vial was unscrewed
from the septum cap and lowered while the cap was replaced with a PTFE-lined cap. The reaction

was stirred vigorously at the specified temperature for the specified duration.

B3. Ligand Screen with (cod)Pd(CH2SiMe3)2 (Table 1), [(n3-1-tBu-indeny)Pd(CI)]2, and
Pd(OAc)2)

Overview and Discussion

The effect of phosphine sterics was evaluated in reactions in which free phosphine was
combined with (cod)Pd(CH.SiMes), (as shown in Chapter 3, Table 3.1), [(n°-1-Bu-
indenyl)Pd(Cl)]2, or Pd(OAc).. In addition, NHC ligands were evaluated in combination with
(cod)Pd(CH2SiMes), or Pd(OAc),, or as part of a pre-formed complex with structure (1°-1-Bu-
indenyl)Pd(NHC)(CI). Overall, the steric trends were comparable for all Pd sources. However, in
the conditions with Pd(OAc),, a dependence of selectivity and yield on L:Pd ratio was seen for

some ligands that was not seen when using (cod)Pd(CH2SiMes),. This may reflect the ability of



174
Pd(OAc), to oxidize phosphines,? thereby leading to a much lower effective L:Pd ratio and a
change in the nature of the active catalyst. Notably, when using PCy3 in combination with both
Pd(OAc), and [(*-1-'Bu-indenyl)Pd(C1)]z, selectivity switches for L:Pd = 1:1 compared to 2:1.
This observation is consistent with prior evidence that PCy3 can support both mono- and bisligated
palladium?® which are expected to give different selectivities. However, this effect is not seen when
using (cod)Pd(CH2SiMes)o, and instead a slight preference for reaction at C4 is observed with both
5 and 10 mol % PCys. This observation seems to suggest a higher concentration of monoligated

Pd(PCy3) when using (cod)Pd(CH2SiMes3); as the palladium source.

Table B1. Ligand Screen with (cod)Pd(CH2SiMes), (Table 1).¢

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

Cl Me04<;>7B(OH)2

Cl PMP PMP
(1 equiv)
X = + 7 + 7
N Cl H,O (14 equiv) N PMP N Cl N PMP
THF, 25°C, 13 h 2a 2b 2c
entry trial ligand %Voar 2a(%) 2b (%) 2¢(%) =2a:2b
(mol %) (min)®
1 1 PPh; (5) 83.9 0.5 0.1 >99:1
2 2 PPh; (5) 84.5 0.6 0.2 >99:1
3 Average PPh; (5) (28.2) 84.2 0.6 0.2 >99:1
4 1 PPh; (10) 82.8 0.3 0.1 >99:1
5 2 PPh; (10) 80.3 0.4 0.3 >99:1
6 Average PPh; (10) (28.2) 81.6 0.4 0.2 >99:1
7 1 P(o-tol); (5) 39.1 22.0 4.2 1.8:1
8 2 P(o-tol); (5) 44.8 20.9 3.4 21:1
9 Average P(o-tol);(5) (34.4) 42.0 21.5 3.8 2.0:1
10 1 P(o-tol)5 (10) 33.7 18.6 2.2 1.7:1
11 2 P(o-tol); (10) 26.9 15.4 1.1 1.8:1
12 Average P(o-tol);(10) (34.4) 30.3 17.0 1.7 1.8:1
13 1 PMe; (5) 18.8 2.2 0.4 85:1
14 2 PMe; (5) 18.3 2.2 0.4 8.3:1
15  Average PMe; (5) (22.1) 18.5 2.2 0.4 8.4:1
16 1 PMe; (10) 9.2 0.6 0.3 15.4:1
17 2 PMe; (10) 10.5 1.1 0.3 9.7:1
18  Average PMe; (10) (22.1) 9.9 0.9 0.3 11.0:1
19 1 P(n-Bu); (5) 21.6 7.4 0.7 29:1

Table B1 Continued
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20 2 P(n-Bu); (5) 18.4 7.8 0.7 2.4:1
21 Average P(n-Bu); (5) (24.2) 20.0 7.6 0.7 26:1
22 1 P(n-Bu), (10) 0.8 0.3 0.3 3.2:1
23 2 P(n-Bu), (10) 0.7 0.2 0.3 3.2:1
24 Average P(n-Bu); (10) (24.2) 0.8 0.3 0.3 3.2:1
25 1 PCy; (5) 26.3 42.0 47 1:16
26 2 PCy; (5) 29.4 47.7 5.9 1:1.6
27  Average PCy; (5) (30.2) 279 44.9 5.3 1:1.6
28 1 PCy, (10) 27.2 39.0 2.6 1:1.4
29 2 PCy; (10) 27.2 40.7 3.6 1:1.5
30  Average PCy, (10) (30.2) 27.2 39.9 3.1 1:1.5
31 1 PAds(n-Bu) (5) 24.4 53.0 6.5 1:2.2
32 2 PAd.(n-Bu) (5) 23.7 50.7 10.0 1:2.1
33 Average PAd.(n-Bu)(5) (32.8) 24.1 51.8 8.2 1:2.2
34 1 PAd.(n-Bu) (10) 26.4 48.6 10.2 1:1.8
35 1 P'Bu; (5) 26.8 46.7 9.6 1:1.7
36 2 P'Bus; (5) 27.1 47.8 1.9 1:1.8
37  Average PBu; (5) (36.3) 27.0 47.3 10.8 1:1.8
38 1 PtBu; (10) 27.1 47.5 8.9 1:1.7
39 1 IMes (5) 33.9 50.8 4.9 1:1.5
40 2 IMes (5) 31.0 53.3 8.1 1:1.7
41 Average IMes (5) 36.5 32.5 52.0 6.5 1:1.6
42 1 SIMes (5) 27.2 21.3 0.7 1.3:1
43 2 SIMes (5) 28.5 22.6 0.8 1.3:1
44  Average SIMes (5) 36.9 27.9 22.0 0.8 1.3:1
45 1 IPr (5) 8.8 65.7 13.8 1:7.4
46 2 IPr (5) 10.1 67.9 6.7 1:6.7
47  Average IPr (5) 44.5 9.5 66.8 10.3 1:7.0
48 1 SIPr (5) 9.3 35.5 3.5 3.8:1
49 2 SIPr (5) 9.6 37:3 34 39:1
50  Average SIPr (5) 47.0 9.5 36.4 3.5 3.8:1

& Reactions were conducted according to the General Procedure for GC-scale reactions. GC
yields calibrated against undecane as an internal standard. °Values in parentheses are minimum
percent buried volumes obtained from the Kraken database.* Percent buried volumes of NHCs
reported for LAUCI complexes at a L—Au distance of 2.00 A from reference 5.

Table B2. Ligand Screen with [(n3-1-'Bu-indenyl)Pd(CI)]2 (1) and (n3-1-'Bu-indenyl)Pd(NHC)-
I (1).2

catalyst system L or Il
cl MBOOB(OH]z Cl PMP PMP
(1 equiv)
RS = + = + =
| K,CO, (3 equiv) | o o
N Cl H,O (14 equiv) N PMP N Cl N PMP
THF, 25°C, 13 h 1a 1b 1c

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




176

entry trial Pd source ligand %Voar 1a(%) 1b (%) 1c(%) 1a:1b
(mol %) (min)®
1 1 I PPh; (5) 77.4 0.3 0.1 >99:1
2 2 I PPh; (5) 74.1 0.4 nd. >99:1
3 Average I PPh; (5) (28.2) 75.7 0.4 0.1 >99:1
4 1 I PPh; (10) 77.7 0.3 0.1 >99:1
5 2 I PPh; (10) 64.6 0.4 nd. >99:1
6 Average I PPh; (10) (28.2) 71.2 0.4 0.1 >09:1
7 1 I P(o-tol) (5) 24.4 13.7 0.9 1.8:1
8 2 I P(o-tol); (5) 28.2 17.1 1.3 1.6:1
9 Average I P(o-tol); (5) (34.4) 263 15.4 1.1 1.7:1
10 1 I P(o-tol); (10) 9.3 6.4 0.1 1.5:1
11 2 I P(o-tol); (10) 17.4 11.9 0.4 1.5:1
12 Average I P(o-tol); (10) (34.4) 134 9.1 0.3 1.5:1
13 1 I PMe; (5) 4.7 0.5 n.d. 87:1
14 2 I PMe; (5) 4.4 0.5 n.d. 9.2:1
15  Average I PMe; (5) (22.1) 4.6 0.5 n.d. 9.0:1
16 1 I PMe; (10) 6.1 0.4 nd. 16.5:1
17 2 I PMe; (10) 7.6 0.4 n.d. 21.4:1
18  Average I PMe; (10) (22.1) 6.8 0.4 nd. 18.9:1
19 1 I P(n-Bu); (5) 3.1 0.6 n.d. 52:1
20 2 I P(n-Bu); (5) 2.1 0.4 n.d. 5.3:1
21  Average I P(n-Bu); (5) (24.2) 2.6 0.5 n.d. 5.3:1
22 1 I P(n-Bu), (10) 2.3 0.4 n.d. 58:1
23 2 I P(n-Bu), (10) 1.6 0.2 n.d. 6.8:1
24  Average I P(n-Bu), (10) (24.2) 2.0 0.3 n.d. 6.7:1
25 1 I PCy; (5) 13.1 21.8 0.8 1:1.7
26 2 I PCy; (5) 23.4 37.9 3.5 1:1.6
27  Average I PCy; (5) (30.2) 18.3 29.9 2.2 1:1.7
28 1 I PCy; (10) 0.4 0.1 n.d. 4.0:1
29 2 I PCy; (10) 0.4 0.1 n.d. 4.0:1
30  Average I | PCy; (10) (30.2) 0.4 0.1 n.d. 4.0:1
31 1 I PAd.(n-Bu) (5) 21.4 43.8 4.9 1:2.0
32 2 I PAd.(n-Bu) (5) 21.4 46.3 6.0 1:2.2
33  Average I PAd,(n-Bu) (5) (32.8) 214 45.1 5.5 1:2.1
34 1 I PAd.(n-Bu) (10) (32.8) 1.7 2.6 1.4 1:1.5
35 1 I PBu; (5) 24.6 43.1 6.2 1:1.7
36 2 I PBu; (5) 26.9 46.6 8.0 1:1.7
37  Average I PtBu; (5) (36.3) 25.8 44.9 7.1 1:1.7
38 1 I PBu, (10) (36.3) 18.6 31.4 3.5 1:1.7
Table B2 Continued
39 1 I Q-Phos (5) 23.0 47.2 5.7 1:2.1
40 2 I Q-Phos (5) 23.2 49.4 6.9 1:2.1
41 Average I Q-Phos (5) (47.6) 23.1 48.3 6.3 1:2.1
42 1 1I IMes 31.6 39.7 1.7 1:1.3
43 2 1I IMes 29.7 37.0 1.3 1:1.2
44  Average 11 IMes 36.5 30.7 38.4 1.5 1:1.3
48 1 1I SIMes 37.6 36.9 1.4 1.1:1
49 2 1I SIMes 38.6 38.8 1.3 1:1.0
50  Average 11 SIMes 36.9 38.1 37.9 1.4 1:1.0
51 1 1I IPr 6.6 68.8 4.0 1:10.4
52 2 1I IPr 6.5 70.1 4.3 1:10.8
53  Average 11 IPr 44.5 6.6 69.5 4.2 1:10.6
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54 1 1I SIPr 7.2 70.9 7.7 1:9.8
55 2 11 SIPr 6.6 67.7 7.1 1:10.2
56  Average 11 SIPr 47.0 6.9 69.3 7.4 1:10.0

& Reactions were conducted according to the General Procedure for GC-scale reactions. GC
yields calibrated against undecane as an internal standard. °Values in parentheses are minimum
percent buried volumes obtained from the Kraken database.* Percent buried volumes of NHCs
reported for LAUCI complexes at a L—Au distance of 2.00 A from reference 5.

Table B3. Ligand Screen with Pd(OAc)>*

Pd(OAc), (5 mol %)
ligand (5-10 mol %)

Cl MGOOB{OH}z cl PMP PMP

(1 equiv)
= = + = + =
| K,CO, (3 equiv) | o o

N7 ~Cl H,0 (14 equiv) N~ “PMP N~ ~Cl N7 PMP
THF, 25°C, 13 h 1a 1b 1c
entry trial ligand %V 1a(%) 1b (%) 1c(%) 1a:1b
(mol %) (min)®

1 1 PPh; (5) 5.5 0.9 1.5 6.1:1

2 2 PPh; (5) 6.4 0.6 1.6 10.7:1

3 Average PPh; (5) (28.2) 6.0 0.7 1.6 8.6:1

4 1 PPh; (10) 64.6 0.4 nd. >99:1

5 2 PPh; (10) 64.6 0.4 nd. >99:1

6 Average PPh; (10) (28.2) 63.3 0.4 nd. >99:1

7 1 P(o-tol); (5) 20.8 10.4 1.8 2.0:1

8 2 P(o-tol); (5) 20.5 10.7 1.7 1.9:1

9 Average P(o-tol);(5) (34.4) 20.7 10.6 1.8 2.0:1

10 1 P(o-tol)5 (10) 7.2 4.1 1.0 1.8:1

11 2 P(o-tol); (10) 10.2 5.9 1.7 1.7:1

12 Average P(o-tol);(10) (34.4) 8.7 5.0 1.4 1.7:1

13 1 PMe; (5) 2.8 0.2 nd. 14.0:1

14 2 PMe; (5) 6.9 0.8 nd. 8.6:1

Table B3 Continued

15  Average PMe; (5) (22.1) 4.9 0.5 n.d. 9.8:1
16 1 PMe; (10) 8.3 0.9 n.d. 9.2:1
17 2 PMe; (10) 6.9 0.6 n.d. 11.5:1
18 Average PMe; (10) (22.1) 7.6 0.8 n.d. 9.5:1
19 1 P(n-Bu)s (5) 6.3 1.0 n.d. 6.3:1
20 2 P(n-Bu); (5) 9.0 2.2 n.d. 4.1:1
21 Average P(n-Bu); (5) (24.2) 7.7 1.6 n.d. 4.8:1
22 1 P(n-Bu), (10) 5.1 0.7 n.d. 7.3:1
23 2 P(n-Bu), (10) 6.3 1.0 n.d. 6.3:1
24  Average  P(n-Bu); (10) (24.2) 5.7 0.9 n.d. 6.3:1
25 1 PCy; (5) 11.5 16.0 2.0 1:1.4

26 2 PCy; (5) 9.6 15.7 1.6 1:1.6
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27  Average PCy; (5) (30.2) 10.6 15.9 1.8 1:1.5
28 1 PCy; (10) 2.6 1.2 2.3 2.2:1
29 2 PCy, (10) 2.9 0.8 1.2 3.6:1
30  Average PCy; (10) (30.2) 2.7 1.0 1.8 2.7:1
31 1 CyJohnPhos (5) 28.9 15.9 3.7 1.8:1
32 2 CyJohnPhos (5) 26.5 14.0 3.0 1.9:1
33  Average CyJohnPhos(5) (31.8) 27.7 14.9 3.3 1.9:1
34 1 PAd.(n-Bu) (5) 17.6 33.0 3.0 1:1.9
35 2 PAds(n-Bu) (5) 21.8 43.5 3.9 1:2.0
36  Average PAd.(n-Bu)(5) (32.8) 19.7 38.3 3.4 1:1.9
37 1 PAds(n-Bu) (10) (32.8) 21.6 45.6 7.1 1:2.1
38 1 P'Bus; (5) 26.9  44.3 8.7 1:1.7
39 2 PBu; (5) 22,1 337 4.3 1:1.5
40  Average PBu; (5) (36.3) 24.5 39.0 6.5 1:1.6
41 1 PBu, (10) (36.3) 277 39.7 7.7 1:1.4
42 1 Q-Phos (5) 22.8 40.5 4.2 1:1.8
43 2 Q-Phos (5) 22.9 41.1 4.7 1:1.8
44  Average Q-Phos (5) (47.6) 22.9 40.8 4.4 1:1.8
45 1 Q-Phos (10) (47.6) 24.2  45.8 6.7 1:1.9
46 1 IMes (5) 26.6 27.1 2.5 1:1

47 2 IMes (5) 25.9 26.3 2.5 1:1

48  Average IMes (5) 36.5 26.2 26.7 2.5 1:1

49 1 SIMes (5) 8.5 7.3 1.5 1.2:1
50 2 SIMes (5) 13.2 10.6 2.0 1.2:1
51 Average SIMes (5) 36.9 10.8 8.9 1.8 1.2:1
52 1 IPr (5) 4.3 22.8 3.4 1:5.3
53 2 IPr (5) 5.2 37.2 5.2 1:7.2
54  Average IPr (5) 44.5 4.8 30.0 4.3 1:6.3
55 1 SIPr (5) 2.9 4.9 1.5 1:1.7
56 2 SIPr (5) 4.9 7.7 2.1 1:1.6
57  Average SIPr (5) 47.0 3.9 6.3 1.8 1:1.6

2 Reactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. ®Values in parentheses are minimum percent
buried volumes obtained from the Kraken database.* Percent buried volumes of NHCs reported
for LAUCI complexes at a L-Au distance of 2.00 A from reference 5.

B4. Influence of 6-Substituent on Selectivity with IMes (Scheme 3.3A) and IPr

Table B4. Effect of 6-Substituent on Selectivity in Benzene (Scheme 3.3A).2

{n3-1-Bu-indenyl)Pd(NHC)(CI)

al (3 mol %) Cl PMP PMP
PMP—B(OH), (1 equiv)
S = + = + =
| K,CO, (3 equiv) | | |
R N Cl H20{14 equi\;) R N PMP R N Cl R M PMP
benzene, 25 °C a b

15.5h
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entry trial NHC -R a(%) b((%) c¢(%) a:b
1 1 IMes H 21 35

3 1:
2 2 IMes H 25 44 3 1:1.8
3 Average IMes H 23 40 3 1:1.7
4 1 IMes Me 15 55 4 1:3.7
5 2 IMes Me 15 57 6 1:3.8
6 Average IMes Me 15 56 5 1:3.7
7 1 IPr H 8 69 6 1:8.6
8 2 IPr H 8 72 5 1:9.0
9 Average IPr H 8 71 6 1:8.8
10° 1 IPr Me 3 45 21 1:15

#Reactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. "Reaction run for 13 h.

Table B5. Effect of 6-Substituent on Selectivity in THF.2

(m3-1-Bu-indenyl)Pd(IMes)(Cl)

cl (3 mol %) cl PMP PMP
PMP—B(OH), (1 equiv)
X = + = + =z
| K,COj (3 equiv) | | |
R N Cl Hzo(‘|4equiv) R N PMP R N Cl R N PMP
1,R=H THF, 25 °C a b c
15,R=Me 15.5h
entry trial -R a(®%) b%) c¢c(%) a:b
1 1 H 36 47 4 1:1.3
2 2 H 49 38 5 1.3:1
3 Average H 43 43 4 1:1
4b 1 CF; 34 56 11 1:1.5
5b 2 CF, 34 60 14 1:1.8
6P  Average CF, 34 58 12 1:1.7
7 1 Me 23 56 11 1:2.4
8 2 Me 21 55 11 1:2.6

9 Average Me 22 56 11 1:2.5

@The General Procedure was used for GC-scale reactions. Unless otherwise noted, yields are GC
yields calibrated against undecane as an internal standard. ®Uncalibrated GC yields.

BS5. Influence of [1] on Selectivity with IMes (Scheme 3.3B), IPr, and P'Bus

Overview and Discussion

The selectivity of (n*-1-'Bu-indenyl)Pd(IMes)(CI) is sensitive to the concentration of substrate

1 (Table B7). At higher [1], more reaction at C2 is seen, consistent with greater availability of 1
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that can coordinate to Pd(IMes) leading to preferential reaction at C2 through a bisligated transition
state TS13a-1Mes.

For comparison, no change or only a slight change in selectivity is seen in analogous
experiments using (n3-1-Bu-indenyl)Pd(IPr)(Cl) (Table B7) and (cod)Pd(CH2SiMes)2/PBus
(Table B8). With both catalytic systems, DFT calculations predict that reaction at C4 is favored
through monoligated PdL, but that if bisligated PdL(1) could react, it would prefer C2. For the
former catalytic system, reaction of C2—CI at Pd(IPr)(1) (TS13a-1Pr) is calculated to be
disfavored over the monoligated TS for reaction at C4 (TS10b-1Pr) by 4.0 kcal/mol. In the latter
system, reaction at C2 at Pd(P'Bus)(1) is disfavored by 10.1 kcal/mol (see Figure 3.1 in the
manuscript, compare TS13a-P!Bus to TS10b-P'Bus). These trends are consistent with the very
slight sensitivity of the Pd/IPr system to [1], and the nonexistent sensitivity of the Pd/P'Bus system

to [1].
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Table B6. Influence of [1] on Selectivity with IMes (Scheme 3.2B)?

(n3-1-Bu-indenyl)Pd(IMes)(Cl) (3 mol %)
cl MGOQB(OHE Cl PMP PMP
(1 equiv)
= = + = + =
| K,COs5 (3 equiv) | | |

N~ “Cl H,O (14 equiv) N” “PMP N7 ~Cl N7 “PMP
benzene, 25°C,15.5 h 1a 1b 1c

entry  Trial 1(equiv) 1a(%) 1b (%) 1c(%) 1a:1b AAG*c4co) (kcal/mol)P

1 1 1 21.1 35.3 2.7 1:1.7 -0.3
2 2 1 24.3 44.0 3.0 1:1.8 -0.3
3 Average 1 22.7 39.6 2.9 1:1.7 -0.3
4 1 2 28.6 27.5 0.8 1:1.0 0.0
5 2 2 33.2 31.1 1.0 1.1:1 0.0
6 Average 2 30.9 20.3 0.9 1.1:1 0.0
7 1 5 32.3 10.4 0.7 3.1:1 +0.7
8 2 5 43.8 17.9 0.6 24:1 +0.5
9 Average 5 38.1 14.2 0.7 2.7:1 +0.6
10 1 10 42.0 8.8 0.9 4.8:1 +0.9
11 2 10 43.8 9.6 0.4 4.6:1 +0.9
12  Average 10 42.9 9.2 0.7 4.7:1 +0.9

4Reactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. "Difference in free energies of activation for
reaction at C4 versus C2 calculated from the experimental product ratios using the Eyring equation
at 298.15 K.
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Table B7. Influence of [1] on Selectivity with IPr.2

(n3-1-Bu-indenyl)Pd(IPr)(Cl) (3 mol %)
cl MGOQB(OHE Cl PMP PMP
(1 equiv)
= = + = + =
| K,COs5 (3 equiv) | | |
N PMP N Cl
1a 1b

N~ ~Cl H,O (14 equiv)
benzene, 25°C,15.5 h

entry  Trial 1(equiv) 1a(%) 1b (%) 1c(%) 1a:1b AAG*c4co) (kcal/mol)P

1 1 1 8.1 69.0 6.0 1:8.5 -1.3
2 2 1 8.6 70.5 6.4 1:8.2 -1.3
3 Average 1 8.3 69.7 6.2 1:84 -1.3
4 1 2 10.0 75.2 1.9 1:7.5 -1.2
5 2 2 9.1 70.1 1.7 1:7.7 -1.2
6 Average 2 9.6 72.6 1.8 1:7.6 -1.2
7 1 5 9.9 68.9 0.8 1:7.0 -1.2
8 2 5 9.8 70.9 0.8 1:7.2 -1.2
9 Average 5 9.9 69.9 0.8 1:7.1 -1.2
10 1 10 12.2 74.8 0.6 1:6.1 -1.1
11 2 10 10.2 65.7 0.6 1:6.4 -1.1
12  Average 10 11.2 70.3 0.6 1:6.3 -1.1

4Reactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. "Difference in free energies of activation for
reaction at C4 versus C2 calculated from the experimental product ratios using the Eyring equation
at 298.15 K.
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Table B8. Influence of [1] on Selectivity with P'Bus®

(cod)Pd(CH,SiMe,), (5 mol %)
P'Bu (5 mol %)

cl MeOQB{OH}z cl PMP PMP
(1 equiv)
= = + = + =
| K,CO; (3 equiv) il f\/IL Elj\
N7 PMP N7l N7 PMP
1a 1b 1c

N™ Cl H,O (14 equiv)
benzene, 25°C, 15.5h

entry  Trial 1(equiv) 1a(%) 1b(%) 1c(%) 1a:1b AAG*(csco (kcal/mol)b

1 1 1 20.3 49.0 14.4 1:1.7 -0.3
2 2 1 20.3 46.6 12.7 1:1.6 -0.3
3 Average 1 290.3 47.8 13.6 1:1.7 -0.3
4 1 2 31.9 50.8 4.8 1:1.6 -0.3
5 2 2 38.1 60.5 5.3 1:1.6 -0.3
6 Average 2 35.0 55.7 5.1 1:1.6 -0.3
7 1 5 39.1 62.0 1.9 1:1.6 -0.3
8 2 5 37.0 61.5 1.4 1:1.7 -0.3
9 Average 5 38.1 61.8 1.7 1:1.7 -0.3
10 1 10 37.1 63.4 1.0 1:1.7 -0.3
11 2 10 36.8 58.9 1.1 1:1.6 -0.3
12  Average 10 37.0 61.2 1.1 1:1.7 -0.3

4Reactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. "Difference in free energies of activation for
reaction at C4 versus C2 calculated from the experimental product ratios using the Eyring equation
at 298.15 K.

B6. Selectivity Analysis of Substrates in Scheme 3.2C

Cross-coupling reactions of the substrates in Scheme 3.2C were set up according to the General
Procedure for GC-scale reactions using (n*-1-‘Bu-indenyl)Pd(IPr)(CI) (3 mol%), K-COs (3 equiv),
and deionized H>O (14 equiv) at 60 °C in THF with stirring for 12 h. Reaction outcomes were
analyzed by GC and GCMS using n-undecane as an internal standard. Solvent was removed from
the reaction vials under vacuum, then the crude solids were redissolved in CDCls or C¢Ds, filtered
through Celite, and analyzed by *H NMR. The unconventional monoarylated products of each
reaction in Scheme 3.2C were isolated and fully characterized as described below in Section G, or

they were isolated and characterized previously.! GC and *H NMR signals present in the crude
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reaction mixtures were identified based on comparison to those of the isolated products. The GC
retention times of the diarylated products were assigned based on their mass values obtained by
GCMS analysis. Where relevant, NMR yields of minor products were calculated from NMR signal
ratios relative to the major product, whose yield was determined by calibrated GC analysis.

The Pd/IPr-catalyzed Suzuki cross-coupling of 3,5-dichloropyridazine (24) favors reaction at
C5 according to crude GC, GCMS, and *H NMR analyses (ratio of B24a and B24b = 1 : 13.1
based on the ratio of signal integrations by *H NMR (CsDs, 500 MHz, Scheme B1.B). As discussed
in Chapter 3, the difference in LUMO coefficient between C3 and C5 is substantial, consistent

with high selectivity for the C5-site.
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Scheme B1. Suzuki reaction of 5 using a Pd/IPr catalyst. (A) GC chromatogram of the crude
reaction mixture. (B) Relevant region of the *H NMR spectrum of the crude reaction mixture.
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The Pd/IPr-catalyzed Suzuki cross-coupling of 2,4-dichloropyridine (1) favors reaction at
C4 according to crude GC, GCMS, and *H-NMR analyses (ratio of 1a and 1b =1 : 11.78 based
on the ratio of signal integrations by *H-NMR (CDCls, 400 MHz, Scheme B2.B), and 1 : 11.82
based on the ratio of calibrated signal integrations by GC, Scheme B2.A). As discussed in the
manuscript, the difference in LUMO coefficient between C2 and C4 is substantial, consistent with

high selectivity for the C4-site.
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Scheme B2. Suzuki reaction of 1 using a Pd(IPr) catalyst.
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The Pd/IPr-catalyzed Suzuki cross-coupling of 2,3-dichloropyridine (45) favors reaction at
the unconventional site C3 under the optimized system according to crude GC and GCMS analysis
(ratio of B45a and B45b = 1 : 1.9 based on the ratio of signal integrations by *H-NMR (CDCls,
400 MHz, Scheme B3B). As such, the use of (n3-1-'Bu-indenyl)Pd(IPr)(CI) promotes reaction at
the site distal to nitrogen, albeit in low selectivity. As discussed in the Chapter 3, the difference in
LUMO coefficient between C2 and C3 is modest, thus the reaction is not as selective as the

reactions of 2,4-dichloropyridine or 3,5-dichloropyridazine.
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Scheme B3. Suzuki reaction of 45 using a Pd(IPr) catalyst.
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2,5-Dichloropyridine (29) favors reaction at C2 under the optimized system according to crude
GC and GCMS analysis (ratio of B29b to B29a = 1 : 2.1 based on the ratio of signal integrations
by *H-NMR (CDCls, 400 MHz, Scheme B4B). As such, the use of (n*-1-'Bu-indenyl)Pd(IPr)(CI)
does not enable unconventional selectivity with this substrate. As discussed in the manuscript, the
difference in LUMO coefficient between C2 and C5 is very small (8% C2 and 10% C5), and thus
it is likely that palladium is more strongly influenced by bond dissociation energies (which favor

reaction at C2) than by LUMO coefficients.
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Scheme B4. Suzuki reaction of 29 using a Pd(IPr) catalyst.
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B7. Isolation and Characterization of Cross-Coupled Products (Table 3.1 and Scheme 3.3)

4-Chloro-2-(4-methoxyphenyl)-6-methylpyridine (46a). Compound 46a was prepared
according to a modified literature procedure.® Palladium(I1) acetate (4.5 mg, 0.02 mmol, 5 mol %),
1,1’-bis(diphenylphosphino)ferrocene (14.8 mg, 0.2 mmol, 5 mol %), cesium carbonate (325.8
mg, 1 mmol 2.5 equiv) and p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1 equiv) were
added to an oven-dried 1-dram vial in a N»-filled glovebox. The vial was sealed with a septum,
removed from the glovebox, and 2,4-dichloro-6-methylpyridine (46, 64.8 mg, 0.4 mmol, 1 equiv),
deionized water (50 pL, 2.8 mmol, 7 equiv), and 1,4-dioxane (1.6 mL) were added through the
septum. The reaction was allowed to stir at 70 °C for 21 h. Purification by flash column
chromatography (Rf = 0.63 in 20% ethyl acetate in hexanes) provided a pure fraction of 46a that
was used for characterization and for preparing GC calibration curves. *H NMR (500 MHz, CDCls,
8): 7.91-7.95 (m, 2H), 7.46 (d, J = 1.4 Hz, 1H), 7.05 (d, J = 1.4 Hz, 1H), 6.96-7.01 (m, 2H), 3.86
(s, 3H), 2.58 (s, 3H). BC{*H} NMR (126 MHz, CDCls, §): 161.0, 159.9, 158.2, 144.7, 131.3,
128.6, 121.1, 117.3, 114.4, 55.6, 24.8. HRMS (ESI Q-TOF) m/z: [M]+ Calcd for C13H12CINO

233.0607; Found 233.0615.

2-Chloro-4-(4-methoxyphenyl)-6-methylpyridine (46b). Compound 46b was prepared
according to the general procedure. An oven dried 1-dram vial was charged with a stir bar, (n°-1-
‘Bu-indenyl)Pd(IPr)CI (8.4 mg, 0.012 mmol, 3.0 mol%), p-methoxyphenylboronic acid (60.8 mg,
0.4 mmol, 1 equiv), and potassium carbonate (165.8 mg, 1.2 mmol, 3 equiv). Dry degassed THF
(1.6 mL), deionized water (100 pL, 5.6 mmol, 14 equiv), and 2,4-dichloro-6-methylpyridine (46,
64.8 mg, 0.4 mmol, 1 equiv) were added and the reaction mixture was sparged with N2. The

reaction was allowed to stir at 25 °C for 20 h. Purification was performed by reversed phase flash



193
column chromatography with a 12 g C18 silica column, using an initial automated program
comprising of a flow rate of 30 mL/min of water:acetonitrile (98:2 to 2:98) over 30 column
volumes. When the product began eluting, the program was paused and reset to elute the analyte
at 63% MeCN in water. After the elution, the initial program was resumed. Pure fractions
containing 46b were partitioned between dichloromethane and saturated brine. The organic layers
were combined, dried over magnesium sulfate, and solvent was removed under reduced pressure
affording a pure fraction of 46b that was used for characterization and for preparing GC calibration
curves. *H NMR (500 MHz, CDCls, §): 7.52-7.59 (m, 2H), 7.31 (d, J = 0.8 Hz, 1H), 7.24 (d, J =
0.8, 1H), 6.97- 7.02 (m, 2H), 3.87 (s, 3H), 2.57 (s, 3H) 3C{*H} NMR (126 MHz, CDCls, 5): 161.0,
159.6, 151.4, 151.3, 129.5, 128.4, 119.5, 118.5, 114.7, 55.6, 24.4. HRMS (ESI Q-TOF) m/z: [M]+

Calcd for C13H12CINO 233.0607; Found 233.0643.

2,4-Bis(4-methoxyphenyl)-6-methylpyridine (46¢). Compound 46¢ was prepared according to
a modified literature procedure.” An oven dried 1-dram vial was charged with a stirbar, (n3-1-'Bu-
indenyl)Pd(IPent)CI (9.8 mg, 0.012 mmol, 3.0 mol%), p-methoxyphenyl-boronic acid (121.6 mg,
0.8 mmol, 2 equiv), and potassium carbonate (165.8 mg, 1.2 mmol, 3 equiv). Benzene (1.6 mL),
water (100 pL, 5.6 mmol, 14 equiv), and 2,4-dichloro-6-methylpyridine (46, 64.8 mg, 0.4 mmol,
1 equiv) was added quickly and the vial was sparged with N.. The reaction was allowed to stir at
25 °C for 20 h. Purification by flash column chromatography (Rf = 0.29 in 20% ethyl acetate in
hexanes) afforded 46¢ as a white solid (86.6 mg, 64% yield). 'H NMR (500 MHz, CDCls, &): 8.02-
7.97 (m, 2H), 7.64—-7.58 (multiple peaks, 3H), 7.21 (d, J = 1.2 Hz, 1H), 7.03-6.99 (m, 4H), 3.88

(s, 3H), 3.87 (s, 3H), 2.66 (s, 3H). Spectral data are consistent with those previously reported.’
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2-Chloro-3-(4-methoxyphenyl)pyridine (B45b). Compound B45b was prepared according to the
general procedure. An oven dried 1-dram vial was charged with a stir bar, (n°-1-‘Bu-
indeny)Pd(IPr)CI (8.4 mg, 0.012 mmol, 3.0 mol%), 2,3-dichloropyridine (45, 59.2 mg, 0.4 mmol,
1.0 equiv), p-methoxyphenylboronic acid (60.8 mg, 0.4 mmol, 1.0 equiv), and potassium carbonate
(165.8 mg, 1.2 mmol, 3 equiv). Benzene (1.6 mL) and water (100 pL, 5.6 mmol, 14 equiv) were
added and the reaction was allowed to stir for 16 h. Purification by flash column chromatography
on silica (Rf = 0.42 in 20% ethyl acetate in hexanes) provided B45b as white solid (21.9 mg, 25%
yield). *H NMR (400 MHz, CDCls, §): 8.36 (dd, J = 4.8, 1.9 Hz, 1H), 7.65 (dd, J = 7.6, 1.9 Hz,
1H), 7.41-7.37 (m, 2H), 7.29 (dd, J = 7.6, 4.8 Hz, 1H), 7.01-6.96 (m, 2H), 3.86 (s, 3H). 3C{*H}
NMR (101 MHz, CDCls, 8): 159.8, 150.0, 148.2, 139.8, 136.9, 130.7, 130.0, 122.7, 114.0, 55.5.
HRMS (ESI Q-TOF) m/z: [M]+ Calcd for C12H10CINO 219.0451; Found 219.0454. The other
regioisomer (the C2 monoarylated isomer B45a) has been previously reported,® and its spectral

data are distinct from those of product B45b reported here.

B&. Time Trial for Suzuki Reaction of 1

The Pd/IPr-mediated coupling of 2,4-dichloropyridine and p-methoxyphenyl boronic acid was
monitored over a period of 155 min. Two identical reactions were set up in parallel according to
the General Procedure for GC-scale reactions using 1-dram reaction vials with the following
modifications. Each reaction was run on a 0.6 mmol scale with respect to the limiting reagents
(2,4-dichloropyridine and p-methoxyphenylboronic acid). One vial was designated as a "control”
(sealed with a PTFE-lined cap, no aliquots removed), and the other was equipped with a septum
cap. An n-undecane internal standard was added to both vials prior to stirring and both were

sparged with N2 prior to stirring. Aliquots were withdrawn from the second vial by syringe, diluted
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in ethyl acetate, and analyzed quantitatively by GC. The final aliquot at t = 155 min gave results
comparable to the control vial (entries 5-6 in Table B9), demonstrating that the periodic removal

of aliquots did not significantly alter the course of the reaction.

Table B9. Product Formation Over Time Using the Pd/IPr Conditions for the SMC of 1.

(n3-1-Bu-indenyl)Pd(IPr)(Cl) Cl PMP PMP
(3 mol%)
= + = + =
K,CO, (3 equiv) o | o
_B. H 0(14 equiv) N™ "PMP N™ °Cl N~ "PMP
HO™ OH benzene 25°C 1a 1b 1c

(1 equw} (1 equiv)

entry time(min) 1(%) 1a(%) 1b (%) 1c(%) 1a:1b

1 5 93 trace 3 2 --
2 15 80 2 12 4 1:6
3 35 53 5 37 4 1:8
4 75 26 8 63 6 1:8
5 155 16 9 75 8 1:8
6 155 (control) 15 9 75 8 1:8
100
90
80
— 70
X
E 60
@ 50
==
O 40
© 30
20
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Figure B1. Visual representation of product formation over time using Pd/IPr conditions for the
Suzuki coupling of 1.
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Discussion: C4 over C2-selectivity remains constant after the first 15 minutes (Table B9 and
Figure B1). The C2-monoarylated isomer 1a might be somewhat more likely to undergo a second
arylation than the C4-monoarylated isomer 1b when a 1:1 ratio of electrophile and nucleophile is
used. Both chloride and arylated pyridines (potential ligands for Pd) build up throughout the
reaction, yet these factors are not expected to improve C4-selectivity based on our mechanistic
understanding of selectivity. Although aliquot removal may alter the ratio of homogeneous to
heterogeneous material within the reaction vial, the control vial closely resembles the second vial

after 155 min indicating that this effect was not significant.

B9. Evidence Against Multinuclear Speciation

Effect of Pd:L ratio

Fairlamb et al. recently found that the selectivity of Pd/PPhs-catalyzed cross-coupling of 2,4-
dibromopyridine is sensitive to the ratio of Pd:PPhs.® This was interpreted as a change in catalyst
speciation depending on the amount of ligand [i.e., predominantly mononuclear Pd at high [PPhs]
(2-4 equiv relative to Pd) and multinuclear Pd at low [PPhz] (<2 equiv relative to Pd)]. Fairlamb’s
results are summarized below (ratios approximated from Figure 1 of ref 9a). To highlight the
significant effect of stoichiometry in Fairlamb’s system, the differences in free energies of
activation are also listed below. This value (AAGY) represents the difference in the free energy
barrier for reaction at C4 vs. C2 based on the reported experimental selectivity and was derived

with the Eyring equation at 40 °C (Fairlamb’s reaction temperature).



197

Table B10. Influence of Pd:L Ratio on Selectivity in Fairlamb’s System?

Br

=

o

N
26

Br

(0.5 h cat. premix)
Pd(OAc), (3 mol %)
PPh, (3-12 mol %)

p-F-CH,-B(OH), (1.2 equiv)

nBu,NOH (2.5 equiv)
THF/H,O (1:1)

1h,40°C

26b

entry Pd:PPh,

26a (%) 26b (%)

26a:26b  AAG*4-c2) (kcal/mol)b

G wWNH

1
1
1
1

1:

1
11.5
12
12,5
4

6
8
10

7
10

79
78
76
24
5

1

113
1:9.8
1:7.6
1:
2:1

3-4

-1.6
-1.4
-1.3
-0.8
+0.4

3Product yields are estimated from Figure 1 of ref 9a. ®Difference in free energies of activation for
reaction at C4 versus C2 calculated from the estimated experimental product ratios using the

Eyring equation at 313.15 K.

In contrast, we observe a negligible effect of metal to ligand ratio when additional free IPr or
IMes is added to the reactions with (n3-1-‘Bu-indenyl)Pd(NHC)(CI). In contrast to Fairlamb’s

system, the results in our system suggest that there is not a catalyst speciation change upon

changing ligand quantity.
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Table B1. Influence of Pd:L Ratio on Selectivity in Our System with L = IPr?

(n3-1-tBu-indenyl)Pd(IPr)Cl)
(3 mol %)
IPr (0-9 mol %)

|

I Meo—(} B(OH), cl PMP MP
| = 1equw

NP K,CO, (3 equiv) |

201{14 equiv) PMP
1 benzene, 25°C,15.5h

entry trial Added IPr Pd:IPr 1a(%) 1b (%) 1c(%) 1a:1b AAG¥cy-co) (kcal/mol)b

(mol %)
1 1 0 1:1 8.1 69 6 1:8.1 -1.2
2 2 0 1:1 8.6 70.5 6.4 1:8.6 -1.3
3 Average 0 1:1 8.4 69.8 6.2 1:8.3 -1.3
4 1 1.5 1:1.5 7.9 77.3 6.8 1:9.7 -1.3
5 2 1.5 1:1.5 7.6 70.9 6.6 1:9.3 -1.3
6 Average 1.5 1:1.5 7.8 74.1 6.7 1:9.5 -1.3
7 1 3.0 1:2 7.9 75.3 8.8 1:9.6 -1.3
8 2 3.0 1:2 8.0 74.5 5.7 1:9.3 -1.3
9 Average 3.0 1:2 8.0 74.9 7.2 1:9.4 -1.3
10 1 4.5 1:2.5 8.0 77.8 4.3 1:9.7 -1.3
11 2 4.5 1:2.5 8.5 79.4 4.1 1:9.3 -1.3
12 Average 4.5 1:2.5 8.3 78.6 4.2 1:9.5 -1.3
13 1 9.0 1:4 8.4 79.8 4.0 1:9.5 -1.3
14 2 9.0 1:4 8.6 78.7 4.9 1:9.1 -1.3
15  Average 9.0 1:4 8.5 79.3 4.5 1:9.3 -1.3

4Reactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. "Difference in free energies of activation for
reaction at C4 versus C2 calculated from the experimental product ratios using the Eyring equation
at 298.15 K.
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Table B2. Influence of Pd:L Ratio on Selectivity in Our System with L = IMes?

(n3-1-tBu-indenyl)Pd(IMes)Cl)
(3 mol %)
IMes (0-9 mol %)

Mco% /—B (OH), PMP PMP

| == (1 equiv)
NZ al K,CO, (3 equiv)

H,O (14 equiv)
1 benzene, 25°C,15.5h

entry trial Added IMes Pd:IMes 1a (%) 1b (%) 1c(%) 1a:1b AAG*c4-co) (kcal/mol)P

(mol %)
1 1 0] 1:1 21.1 35.3 2.7 1:1.7 -0.3
2 2 0 1:1 24.3 44.0 3.0 1:1.8 -0.3
3 Average 0] 1:1 22.7 39.7 2.9 1:1.7 -0.3
4 1 1.5 1:1.5 26.3 54.0 4.9 1:21 -0.4
5 2 1.5 1:1.5 26.5 55.5 5.6 1:2.1 -0.4
6 Average 1.5 1:1.5 26.4 54.8 5.3 1:2.1 -0.4
7 1 3.0 1:2 27.1 55.0 5.0 1:2.0 -0.4
8 2 3.0 1:2 28.8 55.9 5.1 1:1.9 -0.4
9 Average 3.0 1:2 28.0 55.5 5.1 1:2.0 -0.4
10 1 4.5 1:2.5 26.6 54.3 3.8 1:2.0 -0.4
11 2 4.5 1:2.5 28.9 54.0 3.5 1:1.9 -0.4
12 Average 4.5 1:2.5 27.8 54.2 3.7 1:1.9 -0.4
13 1 9.0 1:4 24.8 48.4 2.5 1:2.0 -0.4
14 2 9.0 1:4 27.7 50.4 1.7 1:1.8 -0.3
15  Average 9.0 1:4 26.2 49.4 2.1 1:1.9 -0.4

4Reactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. "Difference in free energies of activation for
reaction at C4 versus C2 calculated from the experimental product ratios using the Eyring equation
at 298.15 K.

Effect of [Pd]

The effect of catalyst loading on on the selectivity of the Suzuki coupling using (3-1-'Bu-
indenyl)Pd(IPr)(Cl) and (n3-1-'Bu-indenyl)Pd(IMes)(CI) was evaluated. If multinuclear species
are involved in the C4-selective pathway, then changes in selectivity would be expected upon
changing initial precatalyst concentration, since multinuclear species would form more rapidly at
higher [Pd]. However, using (n*-1-'Bu-indenyl)Pd(IPr)(Cl), selectivity remains essentially

constant from 0.5-10 mol % catalyst loading:
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Table B3. Influence of [Pd] on Selectivity using IPr?

(n3-1-tBu-indenyl)Pd(IPr)Cl)

(0.5-10 mol %)
Cl
MeO B(OH), PMP MP
m (1 equiv)
NS K,CO, (3 equiv) |
H,0O (14 equiv) PMP
1 benzene, 25 °C, 15.5 h

entry trial Pdmol% 1a(%) 1b (%) 1c(%) 1a:1b AAG*c4-co) (kcal/mol)P

1 1 0.5 4.2 32.9 1.1 1:7.8
2 2 0.5 5.0 40.6 1.8 1:8.1
3 Average 0.5 4.6 36.8 1.5 1:8.0 -1.2
4 1 1 4.4 36.0 1.5 1:8.2
5 2 1 5.6 46.5 3.0 1:8.3
6 Average 1 5.0 41.3 2.3 1:8.3 -1.3
7 1 3 8.1 69.0 6.0 1:8.5
8 2 3 8.6 70.5 6.4 1:8.2
9 Average 3 8.3 69.7 6.2 1:84 -1.3
10 1 5 8.6 69.9 4.3 1:8.1
11 2 5 8.5 71.7 5.3 1:84
12  Average 5 8.6 70.8 4.8 1:8.2 -1.2
13 1 10 8.0 67.4 3.8 1:84
14 2 10 8.2 71.3 5.0 1:8.7
15  Average 10 8.1 69.4 4.4 1:8.6 -1.3

4Reactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. "Difference in free energies of activation for
reaction at C4 versus C2 calculated from the experimental product ratios using the Eyring equation
at 298.15 K.

With (n3-1-'Bu-indenyl)Pd(IMes)(CI) (below) the reaction is slightly less selective (more
reaction at C2) at low catalyst loadings. This is consistent with our observation that, with Pd/IMes,
more reaction at C2 is observed at higher 2,4-dichloropyridine concentration (vide supra). At lower
catalyst loadings, the effective substrate:Pd concentration is higher, which can explain the slight

influence of catalyst loading on selectivity.
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Table B4. Influence of [Pd] on Selectivity using IMes?

(n3-1-tBu-indenyl)Pd(IMes)Cl)

(0.5-10 mol %)
Cl
MeO B(OH), PMP MP
m (1 equiv)
NS K,CO, (3 equiv) |
H,0O (14 equiv) PMP
1 benzene, 25°C, 15.5 h 1c

entry trial Pdmol% 1a(%) 1b (%) 1c(%) 1a:1b AAG* 4o (kcal/mol)P

1 1 0.5 4.7 5.7 0.3 1:1.2
2 2 0.5 4.4 5.9 0.2 1:1.3
3 Average 0.5 4.6 5.8 0.3 1:1.3 -0.1
4 1 1 6.0 8.3 0.3 1:1.4
5 2 1 10.1 14.0 0.4 1:1.4
6 Average 1 8.1 11.2 0.4 1:1.4 -0.2
7 1 3 21.1 35.3 2.7 1:1.7
8 2 3 24.3 44.0 3.0 1:1.8
9 Average 3 22.7 39.6 2.9 1:1.7 -0.3
10 1 5 25.3 43.5 2.4 1:1.7
11 2 5 29.2 48.7 3.3 1:1.7
12  Average 5 27.3 46.1 2.9 1:1.7 -0.3
13 1 10 26.1 40.2 2.5 1:1.5
14 2 10 24.5 43.4 2.5 1:1.8
15  Average 10 25.3 41.8 2.5 1:1.7 -0.3

4Reactions were conducted according to the General Procedure for GC-scale reactions. GC yields
calibrated against undecane as an internal standard. "Difference in free energies of activation for
reaction at C4 versus C2 calculated from the experimental product ratios using the Eyring equation
at 298.15 K.

B10. Computational Methods

Calculations were performed with Gaussian 16.1° An ultrafine integration grid and the keyword
5d were used for all calculations. Geometry optimizations of stationary points were carried out in
implicit solvent using the CPCM continuum solvation model*! (THF) with MN15L,'? LANL2DZ*
for Pd, and 6-31+G(d) for all other atoms ("BS1"). Frequency analyses were carried out at the
same level to evaluate the zero-point vibrational energy and thermal corrections at 298.15 K. The

nature of the stationary points was determined in each case according to the appropriate number
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of negative eigenvalues of the Hessian matrix. Forward and reverse intrinsic reaction coordinate
(IRC) calculations were carried out on the optimized transition structures to ensure that the TSs
indeed connect the appropriate reactants and products.** Multiple conformations were considered
for all structures, and the lowest energy conformations are reported. It is worth noting that the
lowest-energy m-complexes are not necessarily directly connected to the oxidative addition
transition structures on the potential energy surfaces (i.e., in some cases the IRC calculations, in
particular for reaction at C2, lead to different higher-energy m complexes than the lowest-energy
structures reported). This factor is unimportant to the overall energetics, assuming that the barrier
to interconverting mw-complexes is low (e.g., by palladium ring-walking). Unless otherwise
indicated, the final reported energies were obtained from single point energy calculations on the
optimized geometries using MN15,%° the CPCM solvation model (THF), and a larger basis set
(SDD?® for Pd and 6-311++G(2d,p) for all other atoms, "BS2"). Gibbs free energy values are
reported after applying Cramer and Truhlar’s anharmonic correction to frequencies that are less
than 100 cm™.17 All thermodynamic quantities were computed with the GoodVibes code® at
298.15 K, applying corrections for initial concentrations consistent with the optimized
experimental conditions ([Pd] = 0.0075 M and [2] = 0.25 M). 3D images of optimized structures
were generated with CYLview.!®* 3D images of molecular orbitals were generated with

Avogadro.?°

B11. Benchmarking Calculations and Method-Dependence of TS13a-IMes Energetics

Geometry Optimizations

The functional used for geometry optimizations (MN15L) was selected for several reasons.

First, benchmarking calculations performed on (n*-1-‘Bu-indenyl)Pd(NHC)(CI) showed that, out
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of four functionals (MN15L, M06, B3LYP, and B3LYP-D3BJ), MN15L gave the lowest root
mean square deviation (RMSD) for several key bond distances when compared to the published

crystal structure.?!

Table B5. MN15L gives the lowest error in bond distances when compared to a crystal structure.

iPr =\ iPr functional RMSD*
@/NvNQ MN15L 0.10
iPr T ipr MO06 0.15
Fd B3LYP 0.35
@Z \C| B3LYP-D3BJ  0.27
tBu *root mean squared error for the 7 distances

highlighted in red (includes Pd—C distances
for each of the carbons of the 5-membered ring)

Furthermore, recent benchmarking studies on the performance of DFT functionals for
computing bond energies of 3d transition metals concluded that "...Overall, the best performing
functionals are PW6B95, the MN15 and MN15-L functionals, and the double hybrid B2PLYP."?

Finally, in recent work on related systems (oxidative addition of chloroaryl triflates at Pd(0)L»),
we found that MN15L gave the best correlation to experiment.”®> Based on all of these

considerations, MN15L was chosen as the functional for geometry optimizations.

Single Point Energy Calculations

In choosing a functional for single-point energy calculations using a larger basis set, we first
compared the predicted selectivity of Pd-I1Pr using four different functionals for single point energy
calculations (MN15L, MN15, MO06, and B3LYP-D3). All four functionals led to similar

predictions (Table B15).
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Table B6. Effect of Functional on Predicted C2:C4 Selectivity with Pd(IPr)

Pr T
\
cl Pd
—
N— 4~ ~Cl
. predicted
functional TS10b-IPr AAGT(rsqob-1s10a)  C2:C4
MN15L 1.5 10.4 1.1 1:6
MN15 13.8 12.1 .7 1:17
MO06 10.0 8.7 1.3 1:9
B3LYP-D3BJ 8.6 7.9 0.7 1:3

AGt values in kcal/mol, measured from preceding pi complex. Calculations at the
[functionall/6-311++G(2d,p)/SDD(Pd) // MN15L/6-31+G(d)/LANL2DZ(Pd) level of theory.

We next evaluated several functionals for single point energy calculations on the lowest-energy
TSs for reaction at C4 (monoligated, TS10b-1Mes) and at C2 (bisligated, TS13a-1Mes) using the
ligand IMes. The numbers below are adjusted for initial concentration. Although the single point
energy functional does not seem to matter very much when comparing TS10a-1Pr and TS10b-IPr
(Table B15 above), the relative energies of TS10b-IMes and TS13a-1Mes were found to vary
enormously with functional (Table B16). This is likely due to the crowdedness of TS13a-1Mes

and differences in how the functionals handle dispersion interactions.

Table B7. Effect of Functional on Predicted C2:C4 Selectivity with Pd(IMes)

predicted
IMes + functional AAGt(Tswb-Tswa) C2:C4

a Pd MN15L +3.5 368: 1
Y MN15 +1.4 1
—/4""Cl Mo6L +3.7 516:1

MO06 4.2 1:1,199
TS10b-IMes B3LYP-D3BJ +7.0 16027711
wB97XD +3.6 436:1

AAGt% values in kcal/mol. Calculations at the [functional]/6-311++G(2d,p)/SDD(Pd) //
MN15L/6-31+G(d)/LANL2DZ(Pd) level of theory.
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As shown above, most functionals predict that, with IMes, the C2 product should be favored,
although the predicted selectivies with those functionals span five orders of magnitude. On the
other hand, M06 predicts that the C4 product should be exclusively observed. Overall, the
selectivity predicted with the hybrid functional MN15 provides results that are most consistent
with the near 1:1 selectivity observed experimentally.

We next further evaluated some of these functionals in another crowded system where
dispersion interactions would also be important. The energies of the minimum-energy transition
structures for reaction at C2 and C4 with Pd(PPhz)2 were calculated (Table B18). Experimentally,
the use of PPhz leads exclusively to the C2-functionalized product. As shown below, both MN15
and MO06 provide predictions consistent with experiment for this system. However, MN15L fails

to predict the very high experimental selectivity (predicted C2:C4 ~ 13:1, experimental >99:1).

Table B8. Effect of Functional on Predicted C2:C4 Selectivity with Pd(PPhs)..

t
Ph3E" PPh3 Ph3P\ /PPh3 . predicted
S al Rd functional AAGH ¢4 ¢a) C2:C4
—N 7 2 Y .
Q\ N MN15L +1.5 13:1
. 2 MN15 +5.0 4,628 : 1
c2 ca MO06 +4.2 1,199 :1

AAG#Z values in kcal/mol. Calculations at the [functionall/6-311++G(2d,p)/SDD(Pd) //
MN15L/6-31+G(d)/LANL2DZ(Pd) level of theory.

Notably, MN15 and MN15L give identical predictions for selectivity with Pd(PMes)2, a much
smaller system in which dispersion interactions are significantly less important (Table B19). The

predicted ratio of C2:C4 = 3:1 is similar to the experimentally observed selectivity of ~11:1.
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Table B9. Effect of Functional on Predicted C2:C4 Selectivity with Pd(PMe3)..

t

Me,P  PMe, Me3E__ /Pl\/le3 ¥
- A predicted
_N’Pd Cl@z functional AAGi(“-cz) C2:C4
N0
CIQ\CI . MN15L +0.6 3:1
ca MN15 +0.6 3:1

Cc2

AAG#E values in kcal/mol. Calculations at the [functionall/6-311++G(2d,p)/SDD(Pd) //
MN15L/6-31+G(d)/LANL2DZ(Pd) level of theory.

Based on all of these benchmarking calculations, MN15 was chosen for the single point energy
calculations in Chapter 3, and is expected to provide the best accuracy especially when comparing

structures with very different degrees of crowdedness.

B12. Frontier Molecular Orbital Calculations (Figure 3.1. Figure 3.2, Scheme 3.3B)

MO calculations were performed at the CPCM(THF)-MN15L/BS1 level of theory using the
"pop=regular" keyword. The percent contribution of individual atoms to a given molecular orbital
was calculated from the molecular orbital coefficients provided in the Gaussian output file. For a
given MO, the absolute values of the coefficients for each atomic orbital of the carbon in question
were summed. This sum was divided by the sum of the absolute values of the coefficients for each
atomic orbital of all atoms in the molecule, and the result was multiplied by 100% to arrive at the
% contribution of an individual carbon to that MO.

Graphical depictions of the LUMOs of 45, 1, 29, and 24 from Scheme 3.3B are provided in
Figure B3 below. Figure B3 illustrates the HOMOs of monoligated Pd(IPr) and bisligated
Pd(IPr)(2,4-dichloropyridine). The latter is distorted into the bent geometry that it adopts during

oxidative addition (structure was obtained from TS13b-IPr). Analogous to the simple model
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complexes Pd(PMes) and Pd(PMez)2, the HOMO of monoligated Pd(IPr) has o-symmetry while

the HOMO of bisligated Pd(IPr)(2,4-dichloropyridine) has n-symmetry.

3%atC3

26%at C4

10%at C2

16%at C2

9% at C2

23%at C5 8%at C2

Cl

8%at C2
Cl XN Cl XN Cl Cl XN
B N B B
N~ N Cl
5 29

~
N Cl
1

Figure B2. LUMOs of dichloroheteroarene substrates from Figure 3.2.

Figure B3. HOMOs of mono and bisligated Pd(IPr) complexes.

B13. Higher Energy Transition Structures with Pd/IPr

With monoligated Pd(IPr), only 3-centered mechanisms were located for oxidative addition at
C4 of 1 (TS10b-IPr). Three different conformations were found, and the lowest energy one is
reported in the manuscript. Attempts to find displacement mechanisms were unsuccessful, as the
geometries optimized to 3-centered concerted structures instead. For reaction at C2, three different
conformations of a 3-centered mechanism were located, and the lowest energy one is reported in

the manuscript (TS10a-1Pr). In addition, one structure representing a displacement-type
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mechanism was found (STS10a2-1Pr, below). Its energy is higher than any of the conformations
of the 3-centered mechanism (AGf = 17.8 kcal/mol relative to m-complex 9-1Pr). Seven
conformations of bisligated transition structures were located each for reaction at both C2 and C4,
and the lowest energy conformation for reaction at each site is reported in the manuscript (TS13a-
IPr and TS13b-1Pr). All of the bisligated conformations represent displacement mechanisms, and

no 3-centered concerted structures could be found at the level of theory used in this work.

fa
AN
2 .

Cl Cl
STS10a2-IPr

Figure B4. Structure of a higher-energy nucleophilic displacement mechanism for oxidative
addition of C2-Cl at monoligated Pd(IPr).

B14. Higher Energy Pd(0) Structures with IPr and IMes

As shown below, the lowest calculated coordination mode for Pd(0)(NHC) is the pre-oxidative

addition m-complex.

Ligand = IPr i Ligand = IMes
160 o : IMes
Vol ! +140 |
\ Pd cl ! -, M cl -
\ IPr—Pd—N?D\G H Y lMES_Pd_ND\CI
Y ' Y |
IPr Cl Y ! \
—_Cl \ ; \ | ¢l
\ \r"‘> \ +9.1 N_C : \ 8.6 Ny
B ; ; ' Y [
".// 1} (1 dissociates) ! 'M"'s-.\ Cl“p:'—"}._,—CI \ \_§
“ﬁ-l/ ; F.?{‘NQ___J' \\ vl
| i 1\ 3.8 \ +4.0
c PN =2 \ Cl)—-‘_/_
3 Lol . \ / IMes—Pd—N_"—~ &
o —Cl : 12-IMes ’T\x \ 0.0 =
5 Cl_N T
\? IMes
= Pd
1 —\
c N, 2—cl
Cl” 9.1Mes

Figure B5. Other coordination environments for Pd(NHC) are higher-energy than Pd(NHC)(n?-2).
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B15. Discussion About Selectivity-Influencing Factors Beyond PdL vs. PdL,

Although L2Pd vs. LPd seems to be the critical determining factor between a C2 vs C4
preference, there are also more subtle factors that influence the magnitude of that preference.
Additional calculations were completed with phosphine ligands involving oxidative addition at
monoligated Pd(PMes), Pd(PMes)2, Pd(PPhs), Pd(PPhs)z, and Pd(P'Bus). Reaction at PdL is
unlikely for PMes and probably also PPhs (but see ref 24, in which monoligated Pd(PPhs) is
implicated during oxidative addition of PhBr). However, our calculations on (hypothetical) PdL
illustrate some interesting differences between triarylphosphines, trialkylphosphines, and N-
heterocyclic carbene ligands. The more nuanced factors that influence the magnitude of C2 vs C4
preference seem to include:

(1) The nucleophilicity of PdL. This is related to the o-donicity of L, and is somewhat
correlated with the energy of the HOMO for PdL. As shown in the table below, the
predicted C4 selectivity of PdL trends with its HOMO energy.

(2) Whether a concerted or displacement mechanism is favored at C4 for PdL.. This seems to
be related to both the sterics and the electronics of L, and is a topic of ongoing detailed
research in our group. Maseras et al. have shown that the mechanism of oxidative addition
of PhBr varies with ligand,® and similarly we have found that the lowest-energy
mechanism of oxidative addition at C4—Cl of 2,4-dichloropyridine varies with ligand. For
Pd(PMes). and Pd(PPhs)2, a displacement mechanism is favored for reaction at C2—ClI.
However, although Pd(PMez), also favors a displacement mechanism at C4—Cl,

Pd(PPhs3). reacts through a concerted mechanism at this position. This mechanistic
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difference may explain the exceedingly high C2-selectivity of Pd(PPhs),, although the

reason for this mechanistic difference is still under investigation.

Table B10. Correlation between Calculated Selectivity of PdL and HOMO Energy.

PdL calc. AAG(cy-c2)f calc. selectivity exp. selectivity HOMO (eV)
(considering only PdL,, (considering only PdL, of PAL
kcal/mol)2 C2:Cqg)? (C2:Cq)
Pd(PPh,) +0.3 2:1 N/Ab -0.218¢
Pd(PtBuy) -0.9 1:5 1:2 -0.215
Pd(PMe,) -1.4 1:11 N/Ab -0.208
Pd(IPr) -1.7 1:18 1:10 -0.207
Pd(IMes) -2.3 1:49 N/AbP -0.206

Calculations performed at the CPCM(THF)-MN15/6-311++G(2d,p)/SDD(Pd) //CPCM(THF)-
MN15L-6-31+G(d)/LANL2DZ(Pd) level of theory. ®Under experimental conditions, reaction
most likely occurs partly or completely through a bisligated Pd species, so it is not possible to
assess the experimental selectivity of monoligated PdL. “Geometry optimization of Pd(PPhs) failed
to converge, so a single point energy calculation was performed on a Pd(PPhz) fragment taken
from a Pd(PPhs)(1) n-complex.

Table B11. Comparison of Preferred Mechanisms for Oxidative Addition with PdL> (L = PMes or
PPhs).

PdL. mechanism  mechanism calc. AAGcy-c2)f calc. selectivity exp.
at C2 at C4 (considering only (considering only selectivity
PdL,, PdL,, of PdL,
kcal/mol) C2:C4) (C2:C4)
Pd(PMe;), displacement displacement +0.6 3:1 11:1
Pd(PPh;), displacement concerted +5.0 436 :1 >99:1

Calculations performed at the CPCM(THF)-MN15/6-311++G(2d,p)/SDD(Pd)//CPCM(THF)-
MN15L-6 31+G(d)/LANL2DZ(Pd) level of theory.

The partial charges at Pd were computed for TS13a-1Pr and TS13b-1Pr. Palladium is less
positive during the SN-type mechanism at C2 (TS13a-1Pr) compared to at C4 (TS13b-1Pr). This
is consistent with nitrogen being more effective than carbon at stabilizing the building positive
charge at Pd, and suggests that the reason for conventional C2-selectivity is more complicated than

a simple comparison of C2—CI vs C4—ClI bond strengths. This observation is consistent with a
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recent report by Leitch et al., in which conventional selectivity was found to correlate with more

positive electrostatic potentials at the ipso carbon and with more negative potentials at an ortho

§
B charge at Pd
+0.28

carbon.%

charge at Pd
+0.16

TS]:3a—IPr TS13b-IPr
(reaction at C2) (reaction at C4)

Figure B6. Partial charges at Pd during displacement-type oxidative addition at C2 versus C4 with
Pd(IPr)(1).



B16. Energies, Entropies, and Lowest Frequencies of Minimum Energy Structures

Table B12. Energies, Entropies, and Lowest Frequencies of Minimum Energy Structures?

Structure Eelec Eelec + ZPE H (Hartree) S (cal G? Georrected® Lowest # of
(Hartree) (Hartree) mol— | (Hartree) (Hartree) freq. imag
K1) (cm™) freq.

TS7a -1280.102315 -1279.898129 -1279.881899 126.1 -1279.941812 -1279.939842 -181.5 1
TS7b -1280.098858 -1279.894876 | -1279.878312 130.7 -1279.940397 | -1279.936888 | -235.7 1
TS7¢ -1280.084978 -1279.881161 -1279.864742 126.9 -1279.92503 -1279.923424 -221.5 1
TS8a -1741.005607 -1740.687459 -1740.663099 163.3 -1740.740705 -1740.737083 -281.9 1
TS8b -1741.011908 -1740.693341 -1740.669092 162.4 -1740.746256 -1740.743024 -201.9 1
2 -1167.119851 -1167.050102 -1167.042657 82.9 -1167.08032 -1167.08032 161.6 0
9-1Pr -2453.730783 -2453.090513 | -2453.049859 236.9 -2453.164034 | -2453.155668 | 17.7 )
TS10a-IPr -2453.707733 -2453.068584 | -2453.028051 238.4 -2453.142927 -2453.133659 -135.7 1
TS10b-IPr -2453.710919 -2453.071466 -2453.031003 238.0 -2453.145702 -2453.13641 -67.2 1
11a-IPr -2453.759276 -2453.117221 -2453.076806 235.8 -2453.19044 -2453.182122 18.6 0
11b-IPr -2453.761652 -2453.119249 -2453.07897 234.4 -2453.191948 -2453.184179 20.7 0
12-IPr -3620.866219 -3620.154355 -3620.106041 272.8 -3620.237269 | -3620.226248 | 13.0 0
TS13a-I1Pr -3620.849928 -3620.138432 | -3620.090361 274.3 -3620.222277 | -3620.210275 -210.2 1
TS13b-1Pr -3620.838787 -3620.127124 -3620.079188 268.4 -3620.208319 | -3620.199264 | -97.8 1
14a-1Pr -3620.887865 -3620.175356 -3620.126318 281.3 -3620.261591 -3620.247962 | 12.9 0
14b-IPr -3620.893594 -3620.179807 | -3620.131447 273.8 -3620.263159 | -3620.252016 | 14.3 0
9-IMes -2218.108449 -2217.641368 -2217.606774 218.2 -2217.712036 -2217.701551 15.6 0
TS10a-IMes -2218.086513 -2217.61977 -2217.585916 211.1 -2217.687806 | -2217.679412 -125.2 1
TS10b-IMes | -2218.090094 -2217.623379 -2217.589502 213.0 -2217.692295 -2217.683132 -69.1 1
11a-IMes -2218.146487 -2217.677853 -2217.643676 212.7 -2217.746342 -2217.73791 15.1 0
11b-IMes -2218.1467 -2217.678158 -2217.643855 214.0 -2217.747152 -2217.738397 18.1 0
12-IMes -3385.24802 -3384.710021 -3384.667679 250.7 -3384.788405 | -3384.777506 18.6 0
TS13a-IMes -3385.236174 -3384.608285 | -3384.656419 248.5 -3384.776068 | -3384.76572 -219.3 1
TS13b-IMes -3385.225136 -3384.686139 | -3384.644748 243.6 -3384.762106 | -3384.753188 -138.5 1
14a-IMes -3385.299441 -3384.757995 | -3384.71694 238.1 -3384.831658 | -3384.824454 | 22.6 )
14b-IMes -3385.279344 -3384.738809 | -3384.697088 247.2 -3384.816127 -3384.805721 | 10.2 0
9-PtBu3 -2109.127974 -2108.686909 | -2108.658464 177.2 -2108.744242 | -2108.74063 25.2 0
TS10a- -2109.107486 -2108.666821 -2108.638888 175.0 -2108.723628 | -2108.720074 | -94.2 1
PtBu3

TS10b- -2109.109484 -2108.66843 -2108.640664 172.9 -2108.724422 | -2108.721519 -34.0 1
PtBu3

11a-PtBu3 -2109.149996 -2108.707225 -2108.678913 176.0 -2108.764127 -2108.760791 22.1 o
11b-PtBu3g -2109.149804 -2108.705979 -2108.677991 174.0 -2108.762247 | -2108.759133 31.5 o

[4Y4



Table B12 Continued

12-PtBu3 -3276.258264 -3275.746426 -3275.709597 220.8 -3275.816112 -3275.807834 | 15.9
TS13a- -3276.236964 -3275.72466 -3275.688599 216.5 -3275.793088 | -3275.785727 -218.9
PtBu3g

TS13b- -3276.221176 -3275.709307 | -3275.673113 216.2 -3275.77742 -3275.770766 -43.5
PtBu3

14a-PtBu3g -3276.282445 -3275.767875 -3275.731461 216.8 -3275.836078 | -3275.829157 14.3
14b-PtBu3 -3276.280225 -3275.76592 -3275.72932 220.2 -3275.835525 -3275.827204 | 16.9

8Energy values calculated at the CPCM(THF)-MN15/BS2//CPCM(THF)-MN15L/BS1 level of theory. 1 Hartree
mol™. Thermal corrections at 298.15 K based on [Pd] = 0.0075 M and [1] = 0.25 M. PSolvent-corrected free energy given by G
= Eelec + Georr, Where Georr is the thermal correction to Gibbs free energy. °Solvent-corrected free energy given by G = Eelec +
Georrs, Where Georr+ is the thermal correction to Gibbs free energy obtained after applying Cramer and Truhlar’s anharmonic

correction.’

=627.51 kcal

eIc
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CHAPTER FOUR EXPERIMENTAL
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C1. General Materials and Methods:

NMR spectra were recorded at 298 K on a Bruker DRX 500 MHz (500.233 MHz for 'H,
125.795 MHz for 13C, 470.639 MHz for '°F) or a Bruker Ascend 400 MHz (400.130 MHz for 'H
NMR, 100.613 for '3C). 'H and '3C NMR chemical shifts are reported in parts per million (ppm)
relative to TMS, with the residual solvent peak used as an internal reference ['H NMR: CHCl3
(7.26 ppm)]. Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets
(dd), and multiplet (m). GC data were collected using a Shimadzu GC-2010 Plus with a flame
ionization detector equipped with a SH-Rxi-5ms capillary column (15 m x 0.25 mm ID x 0.25 pm
df). GCMS data were collected with a Shimadzu GC-2030 paired with a Shimadzu GCMS-
QP2020 NX and equipped with a SH-Rxi-5ms capillary column (30 m x 0.25 mm ID x 0.25 um
df). All commercially-obtained chemicals were used as received. (n*-1-Bu-indenyl)Pd(IPent)(CI)
was obtained from Umicore. 2,4-Dichloropyrimidine, 4-chloro-2-(methylthio)pyrimidine,
phenylboronic acid, pentanethiol, Cu(l) thiophene-2-carboxylate, and Cu(I) 3-methylsalicylate
were obtained from Ambeed. Other aryl boronic acids and alkylthio-pyrimidines were obtained
from Ambeed or Oakwood chemical. Triphenylphosphine, tri-fert-butylphosphine, and 1,3,5-
triaza-7-phosphaadamantane were obtained from Alfa Aesar. All other phosphine and imidazolium
ligands were obtained from Ambeed, Oakwood Chemical, or Strem Chemical.
Pd(CH>SiMes)»(cod) was stored at -25 °C prior to use (note: this complex decomposes within
minutes at ambient temperatures). THF, toluene, acetonitrile, potassium carbonate, and potassium
phosphate tribasic were obtained from Fisher Scientific. Deuterochloroform was obtained from
Cambridge Isotopes and stored over molecular sieves prior to use. Manual flash column

chromatography was performed on SiliCycle silica gel 60 (40-63 um particle size) and thin layer
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chromatography was performed on SiliCycle TLC plates pre-coated with extra hard silica gel 60

F254.

C2. General Procedure for Suzuki-Miyaura Couplings with 2.4-Dichloropyrimidine (Table 4.1)

Inside an Nz-atmosphere glovebox, the specified solids required in the Suzuki-Miyaura
reactions were added to a 1-dram reaction vial in order of increasing mass: palladium catalyst
(palladium source and free ligand) or Pd precatalyst, 2,4-dichloropyrimidine (14.9 mg, 0.1 mmol,
1 equiv), phenylboronic acid (12.8 mg, 0.105 mmol, 1.05 equiv), potassium carbonate or
potassium phosphate tribasic, and then a stir bar. THF, (0.4 mL, 0.25 M) was added via 1-mL
syringe. Outside the glovebox, Na-sparged deionized water (9 pL, 5 equiv) was administered
through the septum screwcap via 25-uL syringe, and the puncture was sealed with vacuum grease.
The reaction was stirred vigorously at ambient temperature for 14 h. Reaction vials were opened
to air, diluted with ~3.5 mL ethyl acetate, and a dodecane internal standard (7.5 pL) was added via
25-uL syringe. Vials were sealed and shaken, then an aliquot (~200 pL) was collected for GC

analysis.

C3. General Procedure for Liebeskind-Srogl Couplings with 4-Chloro-(2-methylthio)-pyrimidine
(Tables 4.2 and 4.3)

The specified solids required in the Liebeskind-Srogl Coupling were added to a 1-dram
reaction vial under air in the order: Pd(II) precatalyst (when specified), phenylboronic acid, then
the Cu(I) carboxylate, followed by a stir bar. When specified, Pd(0) catalyst, Pd(CH2SiMe3)2(cod),
and unbound phosphine, were added to reaction vials inside an N>-atmosphere glovebox, followed
by 4-chloro-2-(methylthio)pyrimidine (16.1 mg, 0.1 mmol, 1 equiv) administered via 1-mL

syringe as a stock solution in the specified reaction solvent. Reactions lacking air-sensitive
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reagents were treated outside the glovebox with 4-chloro-2-(methylthio)pyrimidine (16.1 mg, 0.1
mmol, 1 equiv) administered via 1-mL syringe as a stock solution in the specified reaction solvent.
A septum cap equipped with an argon-ingas and outgassing needle was fastened to the 1-dram
reaction vial and the headspace was sparged for 30-45 seconds. With continuous sparging, the vial
was unscrewed from the septum cap and lowered while the cap was replaced with a PTFE-lined
cap. The reaction was stirred vigorously under argon at the specified temperature for the specified
duration. The reaction vial was opened to air, quenched with ~1.5 mL ethyl acetate, and an
undecane internal standard (7.5 pL) was added via 25-pL syringe. The contents of the reaction vial
were treated with ~1.5 mL saturated, aqueous sodium carbonate solution, and the sealed vial was
shaken vigorously. An aliquot (~100 pL) was collected from the supernatant, diluted in ethyl
acetate, and filtered through a short plug of magnesium sulfate layered over Celite, then analyzed

by GC.

C4. Methods and Analysis of Reactions in Scheme 4.7

Procedure

All solids were weighed by order of increasing mass into 1-dram reaction vials followed
by stir bars. Vials were treated one at a time during addition of liquid(s): THF was dispensed via
I-mL syringe into the reaction vial followed promptly by 4-chloro-2-(methylthio)pyrimidine
substrate (if liquid) using a 25-uL syringe. The vial was attached to a septum screwcap containing
a 24-gauge N»-ingas and outgas needle. The vial headspace was sparged for 30 sec—1 min,
approximately, prior to quick removal and recapping with a PTF-lined screwcap under continuous
Nz-sparging. Sealed vials were stirred at 65 °C for 24 h. Vials were opened to air and treated with

a stock solution of 1,3,5-trimethoxybenzene (TMB) in ethyl acetate (4.5 mg, 0.33 equiv TMB per
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1.5 mL), then vials were recapped and briefly shaken. Approximately 2 mL saturated Na>COs3 (aq.)
was added to each vial. Vials were shaken once more, and the phases were allowed to separate. An
aliquot was collected from the organic layer and filtered through Celite for GC/GCMS analysis.
The remaining supernatant was collected via pipette and pressurized through a filter pipette
containing layered cotton (bottom), Celite (middle), and anhydrous MgSO4 (top). The filtrate was
concentrated under reduced pressure, taken up in deuterochloroform, and analyzed via 'H NMR;
yields were calculated based on peak integrations relative to TMB. Reactions were performed in

duplicate and are provided in Table C1.

Table C1. Experimental m/z and '"H NMR Yields for C2-Coupled Products in Scheme 4.7

cl
Cl R (n%-1-'Bu-indenyl)Pd(IPent)(Cl) Q
(0.5 mol%), CuTC (2 equiv) R’ N

RLEKN + . ) P
PR B(OH), N X
N SCH; (2 equiv) THF (0.25 M), 65 °C, 24 h R

CI Cl
CI
N
| >
pZ N /k C
N /ﬁ\/
49 (80%) 0 (84%) 51 (94%) 2 (86%) 3 (92%)
CI
\
I
v >
/
54 (59%) 55 (88%) 56 (87%) 57 (76%) 58 (37%)

fﬂ@ %L %L

9 (76%) 0 (86%) (59%)
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Table C1 Continued

Product MW m/z % yield (1) % yield (2)

A 269.5 270 8o 79
B 261.7 260 83 84
C 218.6 217 95 92
D 235.6 235 88 84
E 216.6 216 95 89
F 243.7 243 62 55
G 234.6 234 88 87
H 220.7 220 85 89
I 200.6 300 75 76
J 245.7 245 37 36
K 250.7 250 74 78
L 234.7 234 81 90
M 288.7 288 58 59

C5. Description of the Two-Step Protocol in Scheme 4.8

Thiolation protocol

(n*-1-Bu-indenyl)Pd(IPent)(Cl) (1.6 mg, 0.002 mmol, 0.02 equiv) was weighed directly
into a 1-dram reaction vial, followed by 2,4-dichloropyrimidine (14.9 mg, 0.1 mmol, 1 equiv) and
K3PO4 (42.5 mg, 0.2 mmol, 2 equiv) using weigh paper, then a stir bar. Inside an N»-atmosphere
glovebox, acetonitrile was added via 1-mL syringe, and the reaction vial was tightly sealed.
Outside the glovebox, the vial was submerged (up to the shoulder) in a liquid nitrogen bath for 30
seconds, opened, treated with pentanethiol (12.4 puL, 0.1 mmol, 1 equiv), then the headspace was
sparged with argon and tightly sealed using a PTFE-lined screwcap. Vials were transferred to an

ice bath and stirring was continued for 3 h.

Liebeskind-Srogl protocol

After thiolation, the vial was opened to air and diluted with 0.5 mL acetonitrile. The
suspension was filtered through Celite (four rinses of 0.2 mL acetonitrile were used to complete

the transfer of material to the Celite filter), then Celite was washed with four additional rinses of
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0.2 mL acetonitrile post-filtration. The filtrate was concentrated under reduced pressure using a
rotary evaporator, the residue was dissolved in THF, and a stir bar was added to this solution. (n*-
1-'‘Bu-indenyl)Pd(IPent)(Cl) (0.4 mg, 0.0005 mmol, 0.005 equiv), Cu(I) thiophene-2-carboxylate
(38.1 mg, 0.2 mmol, 2 equiv), and phenylboronic acid (24.4 mg, 0.2 mmol, 2 equiv) were weighed
on a single piece of weigh paper and added all at once to the reaction vial. The vial headspace was
sparged with argon for 30-45 seconds, then the vial was sealed and heated to 65 °C with vigorous

stirring for 17 h.

Worku

The reaction was allowed to cool then opened to air and quenched with ca. 2 mL ethyl
acetate. An n-undecane internal standard was added, and the resealed vials were shaken. Saturated
sodium carbonate (ca. 2 mL) was added, and the vials were shaken once more. Phases were
allowed to separate, and an aliquot was drawn from the supernatant, filtered through a layered plug
of MgSO4 on Celite, and flushed through the filter with ethyl acetate into a vial for GC/GCMS

analysis (86% calibrated GC yield of 47a).
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APPENDIX D

CHAPTER FIVE EXPERIMENTAL
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D1. General Materials and Methods

GC data were collected using a Shimadzu GC-2010 Plus with a flame ionization detector
equipped with a SH-Rxi-5ms capillary column (15 m x 0.25 mm ID x 0.25 pm df). GCMS data
were collected with a Shimadzu GC-2030 paired with a Shimadzu GCMS-QP2020 NX and
equipped with a SH-Rxi-5ms capillary column (30 m x 0.25 mm ID x 0.25 pm df). (n*-1-'Bu-
indenyl)Pd(NHC)(Cl) precatalysts were obtained from Umicore. Unless otherwise noted,
dichloroarenes and arylboronic acid starting materials were obtained from Ambeed or Oakwood
Chemical. Tricyclohexylphosphine was obtained from Oakwood Chemical. Tri-tert-

butylphosphine was obtained from Alfa Aesar.

D2. General Procedures for Suzuki-Miyaura Cross-Couplings

GC Vial Reactions

The specified solids were added to a 1-dram reaction vial in order of increasing mass:
palladium(Il) precatalyst, the specified dichloroarene substrate if solid (0.08 mmol, 1 equiv),
arylboronic acid (0.08 mmol, 1.0 equiv), potassium carbonate (0.2 mmol, 2.5 equiv), and then a
stir bar. Liquid reagents were pre-measured by syringe and added in quick succession: THF,
benzene, or other aromatic solvent (0.32 mL, 0.25 M) via 1-mL syringe, followed by N>-sparged
deionized water (0.8 mmol, 10 equiv) via 50-uL syringe. Note: dichloroarene substrates were
added last if liquid, via microliter syringe. A septum cap equipped with an N>-ingas and outgassing
needle was fastened to the 1-dram reaction vial and the headspace was sparged for 30-45 seconds.
With continuous sparging, the vial was unscrewed from the septum cap and lowered while the cap
was replaced with a PTFE-lined cap. The reaction was stirred vigorously at ambient temperature

for the specified duration.
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GC Time Studies

The specified solids were added to a 1-dram reaction vial in order of increasing mass:
palladium(II) precatalyst (0.012 mmol, 0.03 equiv), the specified dichloroarene substrate if solid
(0.4 mmol, 1 equiv), arylboronic acid (0.4 mmol, 1.0 equiv), potassium carbonate (1 mmol, 2.5
equiv), and then a stir bar. Liquid reagents were pre-measured by syringe and added in quick
succession: THF (1.6 mL, 0.25 M) via 1-mL syringe, followed by an n-undecane internal standard
(37.5 pL, 0.178 mmol, 0.44 equiv) via 50-uL syringe, then Nz-sparged deionized water (4 mmol,
10 equiv) via 50-pL syringe. (Note: if liquid, dichloroarene substrates were measured by weight
and added via a stock solution in the specified organic solvent prior to the addition of other liquids.)
The reaction vial was briefly sealed and shaken vigorously prior to collection of a zero-minute
time point (ca. 25-uL aliquot). A septum cap equipped with an N»>-ingas and outgassing needle was
fastened to the 1-dram reaction vial and the headspace was sparged for 30-45 seconds. The outgas
needle was removed, followed by the ingas needle, and the reaction was stirred vigorously at
ambient temperature. At specified time points, stirring was paused, and an N»z-ingas needle was
inserted through the septum under positive N> pressure. After several seconds, the pressure was
released through a one-way oil-bubbler, and an aliquot (ca. 25-uL) was collected through the vial’s
septum screwcap via syringe for GC analysis. The vial was returned to positive N> pressure prior

to removal of the ingas needle, and stirring was resumed.
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D3. Replicated Entries for GC-Scale Suzuki-Miyaura Couplings

Table D1. Effects of Ligand Additives (Table 5.2)

COMe 15 1 tBu-indenyl)Pd(NHC)(CI) (3 mol%) COzMe ¢O2Me
PhB(OH), (1 equiv), K,CO3 (2.5 equiv)
Cl Cl' H,0 (10 equiv), additive (x equiv),  C! Ph  Ph Ph
62 THF (0.25 M), RT, 18 h 62b

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

1 1 IPr - 10 42 1:4.3
2 2 IPr - 10 40 1:4.0
3 Average IPr -- 10 41 1:4.2
4 1 IPr pyridine (0.1) 44 28 1.6:1
5 2 IPr pyridine (0.1) 44 30 1.5:1
6 Average IPr pyridine (0.1) 44 29 1.5:1
7 1 IPr lutidine (0.1) 35 33 1.1:1
8 2 IPr lutidine (0.1) 36 34 1.1:1
9 Average IPr lutidine (0.1) 36 34 1.1:1
10 1 IPr indene (0.1) 56 20 2.8:1
11 2 IPr indene (0.1) 61 23 27:1
12 Average IPr indene (0.1) 59 21 2.8:1
13 1 IPr 1-tert-butylindene (0.1) 23 38 1:1.7
14 2 IPr 1-tert-butylindene (0.1) 23 40 1:1.8
15 Average IPr 1-tert-butylindene (0.1) 23 39 1:1.7
16 1 IPr DMSO (0.1) 61 13 4.7:1
17 2 IPr DMSO (0.1) 64 17 3.8:1
18 Average IPr DMSO (0.1) 63 15 4.2:1
19 1 IPr DMSO (1) 77 9 8.6:1
20 2 IPr DMSO (1) 81 13 6.2:1
21 Average IPr DMSO (1) 79 11 7.2:1
22 1 IPr DMSO (10) 79 11 7.2:1
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Table D1 Continued

23 1 IPr sulfolane (10) 11 41 1:3.7
24 2 IPr sulfolane (10) 11 41 1:3.7
25 Average IPr sulfolane (10) 11 41 1:3.7
26 1 IPent DMSO (10) 32 21 1.6:1
27 2 IPent DMSO (10) 31 35 1:1.1
28 Average IPent DMSO (10) 32 28 1.1:1
29 1 IPr MeCN (10) 62 23 2.7:1
30 2 IPr MeCN (10) 55 17 3.3:1
31 Average IPr MeCN (10) 58 20 2.90:1

#Reactions were conducted according to the General Procedure for GC-scale reactions. GC
yields calibrated against undecane as an internal standard. Calculated yield values were
rounded to the nearest integer. Entries reported as <1 indicate a calibrated GC yield less
than 0.5%; nd = not detected.

Table D2. Effect of Precatalyst Structure on Selectivity (Table 5.5).

COMe Pd/IPr precatalyst (3 mol% Pd) COoMe COoMe
PhB(OH), (1 equiv), K,CO3 (2.5 equiv)

Cl Cl H,O (10 equiv), THF (0.25 M), Cl Ph  Ph Ph

62 RT, 18 h 62a 62b
entry trial precatalyst 62a(%) 62b(%) a:b
1 1 (n3-1-tBu-indenyl) PA(IPr)(Cl) 10 42 1:4.3
2 2 (n3-1-tBu-indenyl) Pd(IPr)(Cl) 10 40 1:4
3 Average (n3-1-'Bu-indenyl)Pd(IPr)(Cl) 10 41 1:4.2
4 1 (ms-ally)Pd(IPr)(Cl) 23 38 1:1.7
5 2 (n3-allyl)Pd(IPr)(Cl) 18 33 1:1.8
6 Average (n3-allyl)Pd(IPr)(Cl) 21 36 1:1.7
7 1 Pd(CH,TMS).(cod)/IPr 15 36 1:2.4
8 2 Pd(CH.TMS).(cod)/IPr 15 38 2:2.5

9 Average Pd(CH.TMS).(cod)/IPr 15 37 1:2.5
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Table D2 Continued

10 1 Pd-PEPPSI-IPr 15 35 1:2.3
11 2 Pd-PEPPSI-IPr 16 38 1:2.4
12 Average Pd-PEPPSI-IPr 16 37 1:2.3
13 1 [PA(IPr)Cl.]. 10 40 1:4
14 2 [PA(IPr)Cl.]. 10 41 1:4.1
15 Average [PA(IPr)Cl.]. 10 40 1:4
16 1 Pd(IPr), 9 47 1:5.4
170 2 Pd(IPr), 9 46 1:4.9
18>  Average Pd(IPr), 9 47 1:5.2
19 1 i(gflzr;;?;lf;d(PtBuS)(01) 6o 18 4:1
20 2 (n?-1-Bu- 64 13 5:1
indenyl)Pd(P‘Bus)(Cl)
21 Average 1(23:;1%1}; d(P'Buy)(CD) 66 15 4.4:1
22 1 (PtBus) Pd G4 75 19 3.9:1
23 2 (PtBus) Pd G4 73 18 4.2:1
24 Average (PtBus) Pd G4 74 18 4:1
250 1 Pd(PtBuy). 70 21 3.4:1
260 2 Pd(PtBu,).» 68 20 3.4:1
27 Average Pd(PtBus). 69 20 3.4:1

#Reactions were conducted according to the General Procedure for GC-scale reactions. GC
yields calibrated against undecane as an internal standard. Calculated yield values were
rounded to the nearest integer. Entries reported as <1 indicate a calibrated GC yield less
than 0.5%; nd = not detected. PReactions were set up inside the glovebox, water was
injected through the septum screwcap via outside the glovebox.
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Table D3. Effects of Coordinating Aromatic Solvents on Selectivity (Table 5.3).

Cl

Ph

COMe 5 1 tBu-indenyl)Pd(IPr)(CI) (3 mol%) COzMe COzMe
PhB(OH), (1 equiv), K,CO3 (2.5 equiv) /@\ /@\
Cl H,O (10 equiv), solvent, Cl Ph  Ph
62 THF (0.25 M), RT, 18 h 62a 62b
entry trial solvent 62a(%) 62b(%) a:b
1 1 THF 10 42 1:4.3
2 2 THF 10 40 1:4
3 Average THF 10 41 1:4.2
4 1 benzene 60 16 3.7:1
5 2 benzene 60 17 3.5:1
6 Average benzene 60 17 3.6:1
7 1 toluene 52 17 3.1:1
8 2 toluene 54 19 2.8:1
9 Average toluene 53 18 3:1
10 1 xylenes 36 12 2.9:1
11 2 xylenes 36 13 2.8:1
12 Average xylenes 36 13 2.8:1
13 1 mesitylene 26 29 1:1.1
14 2 mesitylene 24 28 1:1.2
15 Average mesitylene 25 28 1:1.1
16 1 PhCF, 65 16 4.1:1
17 2 PhCF, 66 16 4.3:1
18 Average PhCF, 66 16 4.2:1
19 1 anisole 47 26 1.8:1
20 2 anisole 43 21 2.1:1
21 Average anisole 45 23 1.9:1
22 1 1,3-difluorobenzene 55 19 2.9:1
23 2 1,3-difluorobenzene 56 18 3.1:1
24 Average 1,3-difluorobenzene 56 19 3:1




Table D4. Effect of Solvent Molarity on Selectivity (Table 5.4).
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Ph

COMe  (n3-1-'Bu-indenyl)Pd(IPr)(Cl) CO;Me CO,Me
(3 mol%), PhB(OH), (1 equiv),
K,CO3 (2.5 equiv)
cl c H,0 (10 equiv), solvent Ph

62 (x M), RT, 18 h 62a 62b
entry trial solvent molarity 62a(%) 62b(%) a:b
1 1 THF 0.4 15 40 1:2.7
2 2 THF 0.4 14 36 1:2.6
3 Average THF 0.4 14 38 1:2.6
4 1 THF 0.25 10 42 1:4.3
5 2 THF 0.25 10 40 1:4
6 Average THF 0.25 10 41 1:4.2
7 1 THF 0.2 8 41 1:5.2
8 2 THF 0.2 7 36 1:4.8
9 Average THF 0.2 8 39 1:5
10 1 THF 0.16 7 41 1:6.2
11 2 THF 0.16 5 33 1:6.1
12 Average THF 0.16 6 37 1:6.2
13 1 benzene 0.4 63 18 3.5:1
14 2 benzene 0.4 59 16 3.7:1
15 Average benzene 0.4 61 17 3.6:1
16 1 benzene 0.25 60 16 3.7:1
17 2 benzene 0.25 60 17 3.5:1
18 Average benzene 0.25 60 17 3.6:1
19 1 benzene 0.2 60 18 3.4:1
20 2 benzene 0.2 60 17 3.5:1
21 Average benzene 0.2 60 17 3.5:1
22 1 benzene 0.16 59 16 3.7:1
23 2 benzene 0.16 59 17 3.4:1
24 Average benzene 0.16 59 17 3.6:1
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APPENDIX E

SPECTRAL DATA
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Current Data Parameters
v JEN-1-171-2_C4-mono_dried

1

ATameters
20200608
1

17 h

ugsec
usec
K

sec
MHz

usec
0 usec

9999990 W

parameters
65536

600.1300145 MHz
EM

0.30 Hz

1.00

6¢¢



.93

L]
0.0
S
|~
N™ "Cl
7b
I
- I L A _UL.F__..\
T T T T T T T 1
10 9 6 4 2 1 0 ppm

Current Data Parameters

NAME JPN-1-174-4_C4d-mono
EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20200610

Time 12.06 h
INSTRUM spect
PROBHD Z127277_0002 (|
PULPROG zg30

D 65536
SOLVENT CDCLl3

NS 64

DS 2

SWH 12019.230 Hz
FIDRES 0.366798 Hz
AQ 2.7262976 sec
RG 4.41

DW 41.600 usec
DE 10.00 usec
TE 300.0 K

Dl 1.00000000 sec
TDO 1

SFO1 600.1337060 MHz
NUC1 1H

PO 2.67 usec
Fl 8.00 usec
PLWl 5.59999990 W

F2 - Processing parameters
SI 65536

SF 600.1300144 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00

(144



N

Current Data Parameters

NAME JEN-1-174-3a_C4-mono
EXPNO 10
PRCOCNC 1
FZ - Acguisition Parameters
Date_ 20200811
Time 23.22 h
INSTRUM spect
EFROBED Z125862_0058 |
PULPROG zg30
i o} 65536
SOLVENT CDC13
NS 54
Ds 2
SWH 10000.000
FIDRES 0.305176
AQ 3.276799%
Gl I RG 86.13
DW 50.000 usec
16.00 usec
300.0 K
2.00000000 sec
1
500.2330889 MHz
1H

4.00 usec
12.00 usec
11.44899955 W

F2 - Processing parameters

|| cHCl, 51 65536

| F 500.2300122 MHz
WDW EM
SSB 0
1B 0.30 Hz
GB a
BC 1.00

6 5 4 3 2 1 0 ppm

IvC



NO; CHCl,
=
L
N Cl
9b

i LJL...-:_JJL«., . . Y \
T T T T T T T T 1
10 6 5 1 0 ppm

Current Data Parameters

NAME JPN-1-193-1
EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20211121
Time 1.47 h
INSTRUM spect
PROBHD 2125869_0055 (
PULPROG zg30

TD 65536
SOLVENT cDcl3

NS 64

DS 2

SWH 10000.000 H=z
FIDRES 0.305176 H=z
AQ 3.2767999 sec
RG 151.18

DwW 50.000 usec
DE 16.00 usec
TE 298.0 K

Dl 2.00000000 sec
TDO 1

SFO1 500.2330889 MHz
NUC1 1H

PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 w
F2 - Preocessing parameters
SI 65536

SF 500.2300121 MH=z
WowW EM

SSB Q

LB 0.30 Hz
GB 0

PC 1.00

(444
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VOOOMONTMA N oo
K oh o h w e e oW »w - = o
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cocl,
NO;
| =
e
N Cl
9b
1 '\
T T T T T T T T T
200 180 160 140 120 100 80 20 0 ppm

Current Data Parameters

NAME JPN-1-193-1

EXENO 11

PROCNC 1
F2 - Acquisition Parameters

Date 20211121

2.43 h

spect

PROBHD 2125869_0055 (

PULPROG zgpgi0

D 65536

CDC13

1024

4
29761.904 Hz
0.3908261 Hz
1.1010048 sec

190.44
16,800 usec
18.00 usec
298.0 K
2.00000000 sec
0.03000000 sec
1
125.7955118 MHz
13c
3.33 usec
10.00 usec
56.90299988 W
500.2320009 MHz
1H
CPDPRG[Z waltzls
PCPD2 80.00 usec
PLW2 11.4469%955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 W
F2 - Processing parameters
SI 32768
SF 125.7829172 MHz
iDW EM
SSB Q
B 1.00 Hz
CB 0

PC 1.40

eve



Current Data Parameters

NAME JPN-2-1la_Cd-mono_MeOH_column_ce
EXPNC 10
PROCNO 1
F2 - Acquisition Parameters
Date_ 20200829
17.06 h
g spect
PROBHD Z125869_0035 ({
FPULFRCG
SCOLVENT
Ns
DS
SWH
FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 37.93
oW 50.000 usec
DE 16.00 usec
IE 300.0 X
Dl 2.00000000 sec
TDO 1
SFol 500.2330889 MHz
NUC1 1H
PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W
F2 - Processing parameters
sI 65536
F 500.2300122 MHz
WDW EM
SSB 0
ha-} 0.30 Hz
CHCl, cE 0
PC 1.00
I S b A .
T T T T T T T T T T 1
8 7 6 5 4 3 2 1 0 ppm
o\ rto'm\rg o )
S||&|a|a|e S
ool o

1444



[

CHCl,

0

3.84

e
N0,
»
NT el
11b
T
10

3.05 -

2.24

~ -

ppm

Current Data Parameters

NAME
EXPNO
PROCKNO

JPN-1-163-3
16
1

F2 - Acquisition Parameters

&
TRUM
PROBHD
PULPROG

20211119
2.34 h
spect

Z125869_0055 (

zg30

10000.000

0.3051%6

3.2767999
37.93
50.000 usec
16.00 usec
298.0 K

2.00000000 sec

fHz

1
500.233088%9
1H

4.00 usec
12.00 usec
11.446999855 W

F2 - Processing parameters
sI 65536

F 500,2300119% MHz
WDW EM
SSE

12 0.30 Hz
GB

PC 1.00

Sye
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cDcl
L N0 s
e
N Cl
11b
li ] I‘ J e
T T T T T T T T T T
200 180 160 140 120 100 80 60 20 0 ppm

Current Data Parameters

NAME JPN-1-163-3
EXFNO 17
PROCNC 1
F2 - Acquisition Parameters

20211119
3.30 h

spect
PROEHD z2125869_0055 (
PULPROG zgpgi0
D 65536
CDC13
1024

e
IRUM

4
29761.904 Hz
0.3208261 Hz
1.1010048 sec
190.44
16,800 usec
18.00 usec
298.0 K
2.00000000 sec
0.03000000 sec

1
125.7955118 MHz
13c
3.33 usec
10.00 usec
56.90299988 W
500.2320009 MHz
1H
CPDPRG([Z waltzls
PCPD2 80.00 usec
PLW2 11.4469%955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 W
F2 - Processing parameters
SI 32768
SF 125.7829219 MHz
iDW EM
SSB Q
B 1.00 Hz
GB 0

PC 1.40

9r¢



r8.52
§.51
r1.60
r7.59
7.59
7.58
7.58
7.57
—17.37
7.36
7.26
7.07
7.086
7.06
7.04
-7.04
3.88

Current Data Parameters

NAME JPN-1-166-1_repeat_cd-mono
EXPNO 10
PROCNO 1
F2 - Acgquisition Parameters
Date_ 20200601
Time 9.25 h
INSTRUM spect
PROEHD 2119470_0370 (
PULPROG z2g30
TD 65536
SOLVENT CDC13
NS 64
DS 2
SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 137.36
DW 50.000 usec
DE 6.50 usec
TE 300.0 K
Dl 1.00000000 sec
TDO 1
SFOl 500.2330882 MHz
NUC1 1H
PO 3.13 usec
" Pl 9.38 usec
| PLW1 20.00000000 W
F2 - Processing parameters
SI 32768
CHCI, SF 500.2300128 MH=z
WDW
SS5B 0
LE 0.30 Hz
GB 0
I LR " LI Lk Fc 1.00
T T T T T T T T T T 1
9 8 7 6 5 4 3 2 1 0 ppm
(=3 had U112 -]
< =2 «?
- NIl (]

Lye



3.87

10.14
/8.50

1.06
0.06

Current Data Parameters

NAME JPN-1-167-1_C4-Meono
EXFNO 24
PROCNC 1
F2 - Acquisition Parameters
Date_ 20200608
20.22 h
INSTRUM spect
PROBHD 2127277_0002 (
PULPROG zg30
D 65536
CDC13
64
2

12019.230 Hz
0.356798 Hz
2.7262976 sec

7 usec
usec
5.5999%9990 W

F2 - Processing parameters
sI 65538

F 600,1300000 MHz
WDW EM
SSE 0

L2 0.30 Hz
GB 0

PC 1.00

87¢
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cocl,
=7 H
o N
N7 el
13b
T T T T T T T T T T
200 180 160 140 120 100 80 60 20 0 ppm

Current Data Parameters
NAME JPN-1-167-1_Cé4-Mono
EXENC 10
PROCNC 1

F2 - Acguisition Parameters

20200811
21.16 b

spect
212586%_0055 (
zgpg30
65536
<DbCl13
1024

4
29761.904 Hz
0.908261 Hz
1.1010048 sec
190.44
16.800 usec
18.00 usec
300.0 K
2.00000000 sec
0,03000000 sec

125.7955118 MH=z
13c
3.33 usec
10.00 usec
56.90299988 W
500.2320009 MHz

80.00 usec
11.446929955 W
0.25756001 W
£.12955000 W

F2Z - Processing parameters

sI 32768

5% 125.7829218 Mz
WDW EM
SSB ¢}

LB 1.00 Hz
GB Q

PC 1.40

6v¢



4.19
3.85

2.05

Current Data Parameters

NAME JPN-2-17-1_C4-mono
EXFNO 10
PROCNC 1
F2 - Acquisition Parameters
20200914
10.52 n
spect
PROBHD Z2125869_0055 (
PULPROG zg30
D 65536
CcDC13
64
2
10000.000
0.305176
3.2767999
usec
usec
K
sec
MHz
usec
12.00 usec
11.44629955 W
F2 - Processing parameters
SI 655386
F 500.2300120 MHz
WDOW EM
SSE 1}
-] 0.30 Hz
GB 0
PC 1.00

0S¢
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N7l codl,
14b
T T T T T T T T \ T
200 180 160 140 120 100 80 60 20 0 ppm

Current Data Parameters

NAME
EXPNC
PROCNO

F2 - Acquisition Par
2021

JEN-2-17-1
17
1

ameters
19

Date, 1119
] 9.19 h
TRUM spect
PROBHD 212586%_0055 (
PULFROG zapg3o
TD 65536
SOLVENT CcDCl3
NS 1024
Ds 4
SWH 29761.904 Hz
FIDRES 0.908281 Hz
AQ 1.1010048 sec
RG 190.44
oW 16.800 usec
LE 18.00 usec
TE 298.0 K
ol 2.00000000 sec
Dl 0.03000000 sec
DO 1
sFol 125.7955118 MHz
NUC1l 13c
PO 3.33 usec
Pl 10.00 usec
PLW1 56.90292988 W
SFo2 500.2320009 MHz
Nuc2 1H
CPDPRG[2 waltzlé
PCPD2 80.00 usec
PLWZ 11.44699955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 W
F2 - Processing parameters
SI 32768
SF 125.7829236 MHz
WDW EM
SSB 0
1B 1.00 Hz
GB 0
FC 1.40

IS¢



TOWNTOOD DD w0 v
NN NN A o o~
Lol el e ] ] ~
L [
=0
| i
-
N Cl
15b
CHCl,
| | ju A
LA J__,,_.\.JL,_ o | N S T
T T T T T T T T 1
10 8 7 5 4 1 0 ppm
e 388 S S
- —lolN L] L]

Current Data Parameters

NAME JPN-2-17-2_C4-mono
EXPNO 10
PROCNC 1
F2 - Acquisition Parameters
Date_ 20200914
4.30 h
TRUM spect
PROBHD Z21256869_0055 (
PULPROG zg30
D 65536
CDC13
64
2
10000.000
0.305176
3.2767999
25.

2.00000000 sec

1
500.2330889 MHz
4.56 usec
12.00 usec
11.44699955 W

F2 - Processing parameters
sI 65536

F 500.2300047 MHz
WDW EM
SSE 0

12 0.30 Hz
GB 0

PC 1.00

(44
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Current Data Parameters
NAME JPN-2-17-2
EXENOQ 11
PROCNO 1
F2 - Acquisition Parameters
20200519
& 16.32 h
TRUM spect
PROEHD zl27277_0002 |
£oct, PULPROG zgpg30
D 65536
CDC13
1024
4
36057.691
1.100393
0.9087659%
154.4
13.887 usec
18.00 usec
300.0 K
2.00000000 sec
0.03000000 sec
150.9178981 MHz
13c
4.00 usec
12.00 usec
91.00000000 W
600.1324005 MHz
1H
CPDPRG[Z waltzls
PCPD2 70.00 usec
PLW2 5.59999990 W
PLW1Z 0.07314300 W
PLW13 0.03867%000 W
F2 - Processing parameters
i L J | A_‘[ i J P 22768
SF 150.9027914 MHz
T T T T T T T T T T iDW ™
180 160 140 120 100 80 60 40 20 0 ppm SSB 0
B 1.00 Hz

GB 0
PC 1.40

394



|\.
_
lh!{)b ¢l “|U B, S ppm
-0
Tl .
! : ‘ - 20
- 40
R F118 1 .
- 60
120
FI25  c—
- 80
130
! e -100
E 140 R
: 145 N 3 -120
_i 150 ] ’
: e | [-140
160 —
9.0 85 8.0 75 7.0 ars ppm 1 - 160
~180
- 200
T T T T T T T T T T T
11 10 ¢ & 7 6 5 4 3 2 1 0  ppm

13C at 130 ppm correlated to the meta C-H protons

Data Parane
TN

aieition Parameters
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15b - e PP
F 0
ppm
= — y v - 20
F118 N "
| 120 - 40
F122 -
- 60
l] F124
- T - 80
| -128
— } F130 100
132 — ! L 120
[13e —: ] ‘-1 Il ‘;
-138 140
27 26 26 24 23 22 21 20 ppm ] : . I
"o ' ~160
180
200
T T T T T T T T T
9 8 i 6 5 4 3 2 1 ppm

Meta C-H protons correlate to methyl on the C5 carbon

994



~—3.30
——-3.28
2,88

i
Current Data Parameters
NAME NL-1-94-1Hx2
EXPNQ 10
PROCNO 1
F2 - Acquisition Parameters
Date_ 20210807
Time 12.32 h
INSTRUM Avance Neo
PROBHD 2152088_0031 (
- PULPROG z2g30
o] 0 65536
SOLVENT CEDE
NS 16
Ds 2
SWH 8196.722 Hz
FIDRES 0.250144 Hz
H,N S AQ 3.9976959 sec
‘ RG 101
DW 61.000 usec
N cl CeHs DE 13.89 usec
16b TE 298.1 K
o1 1.00000000 sec
TDO 1
SFO1 400.1324708 MHz
NUC1 1H
PO 2.67 usec
Pl 8.00 usec
PLW1 24,03499985 W
F2 - Processing parameters
51 65536
SF 400.1299967 MHz
WDW EM
58B 1]
LB 0.30 Hz
GB 1]
] pc 1.00
il
M LJ.A_ M m__¢ka_ik TN IO
T | T [ | ' I ' ' | ' ' I !
10 9 8 6 5 4 3 2 1 0 ppm

. T .
s G2 28
~| le|loled o |-

9¢¢C



—55.22
30.56

~—-55.16

Current Data Parameters

NAME
EXPNO
PROCNO

NL-1-94-1Hx2

11
1

F2 - Acquisition Parameters

Date_ 20210807

Time 19.40 h
INSTRUM Avance Neo
PROBHD 2152088_0031 (
PULPROG zgpg30

TD 65536
SOLVENT CE&D6

NS 1024

Ds 4

SWH 23809.523 Hz
FIDRES 0.726609 Hz
AQ 1.3762560 sec
RG 8.125

DW 21.000 usec
DE 6.50 usec
TE 298.1 K

D1 2.00000000 sec
D11 0.03000000 sec
TD0 1

SFO1 100.6228298 MHz
NUC1 13¢

PO 2.67 usec
Fl .00 usec
PLW1 86.55400085 w
SFO2 400.1316005 MHz
NuCc2 1H
CPDPRG[2 waltzés
PCPD2 90.00 usec
PLWZ 24.03499985 W
PLW1Z 0.18990999 W
PLW13 0.09552100 W

F2Z - Processing parameters
51 32768

SF 100.6126977 MHz
WDW EM

SSB 1]

LB 1.00 Hz
GB 1]

PC 1.40

LST



proteon 300k c6dé

SN o~ O ~r~
[=s e 0 SR e I it e (S ]
T ..
~WwYwwwuww oo

—8.16
7.16
7.00

/
R\;

Current Data Parameters

NAME HL-1-33-1n-inadequate-08-27-27
EXPNO 1
PROCNO 1
F2 - Acguisition Parameters
Date_ 20210827
Time 12.31 h
LNSTRUM apect
PROBHD  2127277_0002 {
PULPROG zg30
™ 65538
SOLVENT CED6
NS 16
DS 2
-~ SWH 12019.230 Hz
O FIDRES 0.366798 Ha
AQ 2.7262976 sec
RG 6.41
oW 41.600 usec
DE 10.00 usec
TE 300.0 K
D1 1.00000000 sec
0O
SFOL £00.1337060 MHz
x RUC1 1H
I B 2.67 usec
- Pl 8.00 usec
N Cl PLRL 5.59339990 W
F2 - Processing pacameters
17b 5, 65536
SF 500.1299970 MHz
CeHs WER EM
5B ¢
LB 0.30 Hz
GB 0
BC 1.00

" LW J “AHJKEA%_MMmmmmmmMM
T € LY L T M T L M| o | I ! T ' N B ' T LR LAl B T N T |
10 9 8 7 6 5 2 1 0 ppm
o|<|o -
g b 5

86T



300k c6db DO AWTRTOOONEW
T O T N O D O DN e o
B N A w
oo MMWMM .
WM NN A -
A A A A AAA A A A A w
1 L \ | L ) i}
VSN e L
Yo TR
Current Data Parameters
NAME NL-1-93-1n-inadequate-08-27-2:
EXENO 4
PROCNO L
C.Ds F2 - Acquisition Parameters
Date_ 20210830
Time 9.42 h
INSTRUM spect
PROBHD Z127277_0002 {
PULPROG 2gpg30
™ 63536
SOLVENT C6D6
KS 1024
DS 4
~ SWH 36057.691 Hz
@] FIDRES 1.100333 Hz
AQ 0.9087658 sec
RG 184.4
DR 13.867 usec
DE 18.00 usec
TE 300.0 K
Dl 2.00000000 sec
D1l ©.03000000 sec
DO 1
= SFOL 150.9178981 MHz
I HUCL 13c
= PO 4.00 usec
NT Cl Bl 12.00 usec
PLK1 9100000000 W
17b SFO2 600.1324005 MHz
Kucz 1H
CPDERGI2 waltzl6
FCED2 70.00 usec
PLWZ 5.53993950 W
PLW12 ©.07314300 W
PLW13 ©.03679000 W
F2 - Processing pacameters
51 3 8
SF 150. 9028090 MHz
WOH EM
3SB [}
LB 1.00 Hz
GB 0
BC 1.40
J . A

T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

6S¢C



300k c6d6 hsgc

33382
FEECE  Eobo-manieho
145

¥ = Procssing par "

10 9 8 F 6 5 4 3 2 1 0
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300k c6dé

-~ [N ]
=
| e
N Cl
17b
C6-H correlationto C2 and C5
o — '
& - K
aQ
T B w - t LIN]
140
145
—:_4@‘ 150
T T T T T T T
P 14 13 12 11 10 9 8 7
8.30 a5 a0 15 i 805 a.00 ppm

ppm

19¢



300k c6d6 hmbc
2D selective HMBC

~0 J " 1 -
cl A~
NT el
17b a8
-
- 149.2
149.3
-140.4
' g ! s
C4 149.6
149.7
149.8
“ 1 149.9
- 150.0
150.1
150.2 J - - -
- 3 = -

B6 B84 82 BO 7B 76 74 T2 70 68 ppm T T

T T
.2 70 68 66

T T T T T T T T
88 86 84 82 80 78 76 T4 7

C4 reasoned by process of elimination, HMBC correlations, and chemical shift. Optimized 3-bond correlations.
C(129ppm) weak correlation to C6-H, and a strong correlation to C3-H resultsin identification as C5. Absence of
correlation from C(149.5) to C3-H and strong correlation to C6-H resultsin identification of C4.

9¢



HaNT N7 el
18b

—4.60

HCl,

i

——3.85

10

Current Data Parameters

NAME JPN-2-16-2
EXPNO 16
PROCNO 1

F2 - Acquisition Parameters
Date_ 20211120

Time 1.49 h
INSTRUM spect
PROBHD 2125869_0055 (
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 64

DS 2

SWH 10000.000 Hz
FIDRES 0.305176 Hz
A0 3.2767999 sec
RG 151.18

DWW 50.000 usec
DE 16.00 usec
TE 298.0 K

D1 2.00000000 sec
TDO 1

SFO1 500.2330889 MHz
NUCl 1H

EO 4.00 usec
Pl 12.00 usec
PLWL 11.44699955 W

F2 - Processing parameters
sI 65536

SF 500.2300121 MHz
WDW EM

SSB o}

LB 0.30 Hz
GB 0

PC 1.00

€9¢C
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Current Data Parameters
NAME JPN-2-16-2
EXPNO 17
PROCNO 1
F2 - Acquisition Parameters
Date_ 20211120
& 2.45 h
- TRUM spect
O PROBHD  2125869_0055 (
PULPROG zgpgi0
¢€ocly ™ 65535
SOLVENT CDC13
1024
4
s 29761.904 Hz
| P 0.208261 Hz
1.1010048 sec
HaNT Nl 190.44
18b 16,800 usec
18.00 usec
298.0 K
2.00000000 sec
0.03000000 sec
1
125.7955118 MHz
13c
3.33 usec
10.00 usec
56.90299988 W
! 500.2320009 MHz
| 1H
| CPDPRG([Z waltzls
| PCPD2 80.00 usec
| PLW2 11.4469%955 W
| PLW1Z 0.25756001 W
PLW13 0.12955000 w
[ F2 - Processing parameters
. I\ L L s5I 32768
SF 125.7829170 MHz
T T T T T T T T T T T JDW M
200 180 160 140 120 100 80 60 40 20 0 ppm SSB 0
1B 1.00 Hz

GB 0
PC 1.40

¥9¢C
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Current Data Parameters

NAME JPN-2-8_repeat_C4-mono_crop
EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20201130

Time 17.10 h
INSTRUM spect
PROBHD 2125869_0055 (
PULPROG zg30

D 65536
SOLVENT CDC13

NS 64

DS 2

SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 122.05

DW 50.000 usec
DE 16.00 usec
TE 300.0 K

D1 2.00000000 sec
TDO 1

SFO1 500.2330889 MHz
NUC1 1H

PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W

F2 - Processing parameters
sI 65536

SF 500.2300120 MH=z
WDW EM

SSB o]

LB 0.30 Hz
GB 0

EC 1.00

¢9¢



—160.38

~~151.52
=——150.51

-

-148.58

~130.86
/~120.45

/

WV

~129.15

-—129.12
~126.94
\-126.13

W\

125.92
\ "122.08

\

~114.34

~77.41
77.16
=76.90

cocl,

55.55

T
200

T
180

T
160

T
140

T
120

100

80

20

T
0 ppm

Current Data Parameters

NAME JPN-2-8_repeat
EXEFNO 17
PROCNC 1
F2 - Acquisition Parameters

- 20211119
Time 6.24 h
INSTRUM spect
PROBHD 2125869_0035 (
PULPROG zgpg30
D 65536

CDC13
1024

4
29761.904 Hz
0.3208261 Hz
1.1010048 sec
180.44
16,800 usec
18.00 usec
298.0 K
00000000 sec
.03000000 sec

3.33 usec
10.00 usec
56.90299%988 W
500.2320009 MHz

1H
CPDPRG[Z waltzls
PCPD2 80.00 usec
PLW2 11.4469%955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 w
F2 - Processing parameters
SI 32768
SF 125.7829201 MHz
iDW EM
SSB a
B 1.00 Hz
GB 0

PC 1.40

99¢
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]
~0
CHCl,
I,
Yo'
Cl 20b
(SR | W Y | s i S
I T T T T T T T 1
10 7 5 3 2 1 0  ppm

3.02= "1

Current Data Parameters
JPN-2-47-3_20-Nov-2021

NAME
EXFNO
PROCNO

10
1

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS

DS

SWH
FIDRES
20

RG

DwW

DE

TE

Dl

TDO
SFOol
NUC1

PO

Pl

PLW1

20211120
21.51
spect

2125869%_0055 (
2g30

65536
CDCL3

64

2
10000.000
0.305176
3.2767999
151.18
50.000
16.00
298.0
2.00000000

1
500.2330889
1H

4.00

12.00
11.44699955

h

Hz
Hz
sec

usec
usec
K
sec

MHz
usec

usec
W

F2 - Processing parameters

SI
SF
wWDW
S5B
LB
GB
PC

65536
500.2300121
EM

0
0.30

0
1.00

MHz

Hz

L9T
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iilll R cocl,
e
N~ ~Cl
Cl 20b
_— L L L) W TR
T T T T T T T T T
200 180 160 140 120 100 80 60 20 0 ppm

29761.904 Hz
0.908B261 Hz
1.1010048 sec

190.44
16.800 usec
18.00 usec
298.0 K
2.00000000 sec
0.03000000 sec
1

125.7955118 MHz
13c

3.33 usec
10.00 usec
9988 W
500.2320009 MHz

1

.00 usec
11.44699955 W
0.25756001 W
0.12955000 W

ocessing parameters
32768
125.7829164 MHz

0
LB 1.00 Hz
GB 0
PC 1.40

89¢
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N7 |_J J o ppm
¢ 20b - o
- 20
1 A - Ppm
l F1e - 40
115 ™ ’ - 60
120 L 80
H
I F125
—100
—: Fiso ——— .
Meta-CH | . [
. 135 — o
86 84 B2 80 78 76 74 72 70 68 66 ppm B 140
— 160
-180
T T T T T T T T T T T
1 1

0 9 8 7 6 5 4 3 2 1 0 ppm

00020000
tHO 0.00001930

330889
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T ] ' 130
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{ 140
H
{ [} - 135

ppm

L
84 82 80 7B T6 T4 T2 TO0 68 66 64 ppm

Co correlation to meta C-H and C3-H
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Current Data Parameters

NAME
EXPNO
PROCHNO

JPN-1-169-2_Cd-monoaryl

22
1

F2 - Acgquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
TD

D1
TDO
SFO1
NUC1
PO
Pl
PLW1

20200527
10.24 h
spect

2127277_0002 (
zg30
65536
€DC13
64
2
12019.230 Hz
0.366798 Hz
2.7262976 sec
4.41
41.600 usec
10.00 usec
300.0 K
1.00000000 sec
1

600.1337060 MHz
1H
2.67 usec
8.00 usec
5.59999990 W

F2 - Processing parameters

65536
600.1300147 MHz
EM
0.30 Hz

1.00

ILT



21b

-120.64

~114.53
~77.37
77.16
~76.94

—55.52

200

Current Data
JEN-1-169-2_C4-monoaryl

NAME
EXPNO

PROCNO

Parameters

23
1

F2 = Acguisition Parameters

Date_ 20200527
Iime 11.16 h
INSTRUM spect
FROBED 1272730002 (
BULPROG zZgpg30
T 65536
SOLVENT CDC13
NS 1024
Ds 4
SWH 36057.691 Hz
FIDRES 1.100393 Hz
AQ 0.9087659% sec
RG 184.4
13.887 usec
18.00 usec
300.0 K
2.00000000 sec
0.03000000 sec
1
150.9178981 MHz
13C
4.00 usec
12.00 usec
91.00000000 W
§00.1324005 MHz
1H
waltzlé
PCPD2 70.00 usec
PLWZ 5.5999999%0 W
PLWl2 0.07314300 W
FLW13 Q.03872000 W
F2 - Preocessing parameters
sI 32768
SF 150.9028026 MHz
WDW EM
SSB
LB 1.00 Hz
GB
BC 1.40

LT
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Current Data Parameters

NAME JPN-2-27-1_repeat_C5-mono
EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20201130
Time 17.40 h
INSTRUM spect
PROBHD £125869_0055 (
PULPROG zg30

D 65536
SOLVENT CDCL3

NS 64

Ds 2

SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 22.16

DwW 50.000 usec
DE 16.00 usec
TE 300.0 K

D1 2.00000000 sec
TDO 1

SFO1 500.2330889 MHz
NUC1 1H

PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W
F2 - Processing parameters
SI 65536

SF 500.2300118 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

BC 1.00

€LT
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Current Data Parameters

NAME JPN-2-27-1_repeat
EXPNO 17
PROCNC 1
F2 - Acquisition Parameters

20211119
& 4.28 h
TRUM spect
PROBHD 2125869_0055 (
PULPROG zgpgl0
D 65536
CDCl13
1024

4
29761.904 Hz
0.208261 Hz

1.1010048 sec
180.44
16,800 usec
18.00 usec
298.0 K

56.90299988 W
500.2320009 MHZ

1H
CPDPRG([Z waltzls
PCPD2 80.00 usec
PLW2 11.4469%955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 w
F2 - Processing parameters
SI 32768
SF 125.7829267 MHz
iDW EM
SSB a
o3 1.00 Hz
CB 0

PC 1.40

VLT
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N7l
23b
CHCl,
)
- VRN S| Moo )
T T T T T T T T 1
10 7 5 4 2 1 0 ppm
g 3 g B @R
- ™I o™ L] ~i=r

Current Data Parameters

NAME JBPN-2-27-2_C5-mono
EXFNO 10
PROCNC 1
F2 - Acquisition Parameters

20201130
& 18.00 h
TRUM spect
PROBHD z2125869_0055 (
PULPROG zg30
D 65536
CDC13
54
2
10000.000
0.305176 Hz
3.276799% sec
35.18
50.000 usec
16.00 usec
300.0 K
2.00000000 sec

4.00 usec
12.00 usec
11.44698855 W

F2 - Processing parameters
sI 65536

F 500,2300119 MHz
WOW EM
SSE 0

12 0.30 Hz
GB 0

PC 1.00

SLT
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Current Data Parameters

NAME JPN-2-27-2
EXENO 17
PROCNC 1
F2 - Acquisition Parameters

20211119
5.26 h

spect
PROBHD 2125869_0055 (
PULPROG zgpgi0
D 65536
CDC13
1024

e
TRUM

4
29761.904 Hz
0.3208261 Hz
1.1010048 sec
180.44
16,800 usec
18.00 usec
298.0 K
2.00000000 sec
0.03000000 sec

1
125.7955118 MHz
13c
3.33 usec
10.00 usec
56.90299988 W
500.2320009 MHz
1H
CPDPRG([Z waltzls
PCPD2 80.00 usec
PLW2 11.4469%955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 W
F2 - Processing parameters
sI 32768
SF 125.7829191 MHz
iDW EM
SSB Q
B 1.00 Hz
CB 0

PC 1.40

9LT
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Current Data Parameters
NAME JPN-1-166-2_cC5-Mono
EXPNO 10
PROCKNO 1
F2 - Acquisition Parameters
2020051¢
& 13.52 h
. TRUM spect
0 PROBHD  2127277_0002 (
PULPROG zg30
D 65536
CDCl3
64
2
= 12019.230 Hz
N 0.365798 Hz
“NF el 2.7262976 sec
24b
5.59%999%0 W
F2 - Processing parameters
sI 65536
F 600,1300144 MHz
WOW EM
SSB a
-] 0.30 Hz
GE Q
CHCl, PC 1.00
| I
\ S i S . l, X
T T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0  ppm

0
3.05
2.05
3.09

LLT
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| Current Data Parameters
NAME JPN-1-168-2_cC5-Meno
EXPNO 11
PROCNO 1
F2 - Acquisition Parameters
Date 20200519
5.36 h
spect
PROBHD zlz7277_0002 |
PULPROG zapg30
D 65536
CDC13
1024
4
36057.691 Hz
1.100393 Hz
0.908765% sec
184.4
13.867 usec
18.00 usec
300.0 K
2.00000000 sec
CDCly 0.03000000 sec
1
i 150.9178981 MH:z
13c
4.00 usec
12.00 usec
91.00000000 W
600.1324005 MHz
1H
CPDPRG([Z waltzls
PC2D2 70.00 usec
| PLW2 5.59999990 W
PLW1Z 0.07314300 W
PLW13 0.0367%000 W
F2 - Processing parameters
. sI 32768
SF 150.9028090 MHz
T T T T T T T T T T JDW M
180 160 140 120 100 80 60 40 20 0 ppm SSB 0
o3 1.00 Hz

GB 0
PC 1.40

8LT
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cl CHCl,
b }
[Nge! .
Br 28
LY I __J“J‘__m
HIHOY | T TIRT T T T ! ! I b | | |
16 15 14 13 12 11 10 8 7 6 3 1 0 -1 -2 ppm
3388
ololsl-

Current Data Parameters

NAME NL-1-117-1H
EXPNQ 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20211208

Time 14.16 h
INSTRUM Avance Neo
PROBHD 7152088_0031 (
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 16

Ds 2

SWH 8196.722 Hz
FIDRES 0.250144 Hz
AQ 3.9976959% sec
RG 101

DW 61.000 usec
DE 13.89 usec
TE 298.0 K

D1 1.00000000 sec
TD0 1

S5FO1 400.1324708 MHz
NUC1 1H

PO 2.67 usec
Pl 8.00 usec
PLW1 24,03499985 W

F2 - Processing parameters
S1 65536

SF 400.1300098 MHz
WDW EM

S5S8B 1]

LB 0.30 Hz
GB 1]

pc 1.00

6LC



TOA LM
AW~ N
O W W) WD
e NN
e e e e e e
\ [

I

200 180 160 140

120 100 80 60 40 20

vl M

oo Moo

[ Mmoo

- N W

o el ~r~~ o

- o~~~

| L)
€Dcl,

0 ppm

Current Data Parameters

NAME NL-1-117
EXPNQ 14
PROCNO 1
F2 - Acquisition Parameters
Date_ 20211127
Time 14.3% h
INSTRUM Avance Neo
PROBHD 2152088_0031 (
PULPROG zgpg30
TD 65536
SQLVENT CDC13
NS 1024
Ds 4
SWH 23809.523 Hz
FIDRES 726609 Hz
3762560 sec
8.125

21.000 usec
6.50 usec
298.0 K
2.00000000 sec
0.03000000 sec
1
100.6228298 MHz
13c
2.67 usec
8.00 usec
86.55400085
400.1316005

NUC2

CPDFRG[2 waltzgs
PCPD2 90.00 usec
PLWZ 24.,03499985 W
PLW1Z2 0.18990999 W
PLW13 0.09552100 W
F2 - Processing parameters
SI 32768

SF 100.6127505 MHz
WOW EM

SSB 1]

LB 1.00 Hz
GB 1]

PC 1.40

08¢



2.42

Current Data Parameters

NAME NL-1-6-2d
EXPNQ 11
PROCNO 1
F2 - Acquisition Parameters
Date_ 20210701
Time 17.05 h
INSTRUM spect
PROBHD 7125869_0055 (
PULPROG z2g30
CH; ™ 65536
SOLVENT CDC13
;s NS 16
Ds 2
N~ SWH 10000.000 Hz
FIDRES 0.305176 Hz
== AQ 3.2767999% sec
| B RG 137.36
DW 50.000 usec
N cl DE 16.00 usec
31b TR 300.0 K
D1 1.00000000 sec
CHCl, 00 1
S5FO1 500.2330889 MHz
i NUC1 1H
PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W
F2 - Processing parameters
51 65536
SF 500.2300121 MHz
WDW EM
58B ]
LB 0.30 Hz
GB 1]
pC 1.00
. JL_J_, L A
T ’ T ’ T ' T ’ | T T I T ' '
10 9 8 7 6 5 4 3 2 1 0 ppm

00
.05
00
07
.23
332

18¢
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Current Data Parameters

h

Hz
Hz
see

usec
usec

sec
sec

MHz

usec
usec

MHz

usec
W
W
W

MHz

Hz

NAME NL-1-6-13Cx2
EXPNQC 10
PROCNO 1
F2 - hAecguisition Parameters
Date_ 20211028
Time 23.54
INSTRUM spect
PROBHD 2125869_0055 (
PULPROG Zgpg 30
10 65536
SOLVENT CDC13
NS 1024
Ds 4
SWH 29761.904
FIDRES 0.908261
AQ 1.1010048
RG 190.44
DW 16.800
DE 18.00
TR 298.0
D1 2.00000000
D11 0.03000000
DO 1
SFO1 125.7955118
NUC1 13C
PO 3.33
Pl 10.00
PLW1 56.90299988
S5F02 500.232000%2
NUC2 1H
CPDPRG[2 waltzlé
PCPD2 g80.00
PLWZ 11.44699955
PLW12 0.25756001
PLW13 0.12955000
F2 - Processing parameters
S1 32768
SF 125.7829104
WDW EM
SSB ]
LB 1.00
GB 1}
PC 1.40

8¢
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CHCI,
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10 7 3 2 1 0 ppm
8 83 8 b
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Current Data Parameters

NAME NL-1-73-Cc4-1H
EXPNQC 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20210621

Time 13.2% h
INSTRUM spect
PROBHD 2125869_0055 (
PULPROG z2g30

TD 65536
SOLVENT CDC13

NS 64

Ds 2

SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999% sec
RG 37.93

DW 50.000 usec
DE 16.00 usec
TE 300.0 K

D1 2.00000000 sec
DO 1

S5FO1 500.2330889 MHz
NUC1 1H

PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W

F2 - Processing parameters
51 65536

SF 500.2300123 MHz
WDW EM

58B 1]

LB 0.30 Hz
GB 1]

pC 5.00

€8¢
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Current Data Parameters

NAME NL-1-73-2d
EXPNQ 20
PROCNO 1

F2 - Acquisition Parameters
Date_ 20210701

Time 12.39% h
INSTRUM spect
PROBHD Z125869_0055 (
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 1024

Ds 4

SWH 29761.904 Hz
FIDRES 0.908261 Hz
AQ 1.1010048 sec
RG 190.44

DW 16.800 usec
DE 18.00 usec
TE 300.0 K

D1 2.00000000 sec
D11 0.0300000C sec
TDO 1

SFO1 125.7955118 MHz
NUC1 13¢

PO 3.33 usec
Fl 10.00 usec
PLW1 56.80299988 W
SFO2 500.232000% MHz
NUC2 1H
CPDPRG[2 waltzlé
PCPD2 80.00 usec
PLW2 11.44699955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 W

F2Z - Processing parameters
51 32768

SF 125.7829141 MHz
WDW EM

SSB 1]

LB 1.00 Hz
GB 1]

PC 1.40

¥8¢C



n Parameters

20210701
12.40 h
spact

2125869_0055 (
cosygpmippaf

epels
4

16
£310.417 Hz

0.0300
0 0.

0
0 100
0.00000400
0.00020000
000015380

500.2330014 MHZ
10
12,00 usec
2500.00 usec
44699955 W
1.83150005 ®
§MS5Q10.1

Z1
1 E7 Gz

GPNAMI3]
epz3

P16

E 8 ers
T

74 / iz
Az
78 8 ppn
78 rs
50 iz
¢ 2 Hz
84
88 ra

500.23000

Mz

90 83 85 98 82 B0 78 76 T4 72 10 88 65 ppm

0 Hz
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A
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100

120

140

2 ppm

rant
NAME
XENG
PROCNO

F2 - Acgulsltlon Parazeters

40.10 %
100000 usec

Fl - Acgulsltlon para:

5.7955 Maz

29822 H2

219.597 ppn
ar

98¢
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Current Data Parameters

NAME NL-1-8%-incconc
EXPNQ 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20210729

Time 18.10 h
INSTRUM Avance Neo
PROBHD 7152088_0031 (
PULPROG z2g30

T 65536
SOLVENT CDC13

NS 16é

Ds 2

SWH 8196.722 Hz
FIDRES 0.250144 Hz
AQ 3.9976959 sec
RG 101

DW 61.000 usec
DE 13.89 usec
TE 298.1 K

D1 1.00000000 sec
DO 1

S5FO1 400.1324708 MHz
NUC1 1H

PO 2.67 usec
Pl 8.00 usec
PLW1 24,03499985 W

F2 - Processing parameters
51 65536

SF 400.1300092 MHz
WDW EM

5S8B 1]

LB 0.30 Hz
GB 1]

pc 1.00

L8T



200

180

160

~151.79

150.52
~-149.56

140

—125.00
—123.41

82.69
82.14

77.34
77.23
77.02

76.71

cocl,

43,87
39.73

23.30

20

Current Data Parameters

NAME NL-1-89-incconc
EXPNQ 11
PROCNO 1

F2 - Acquisition Parameters
Date_ 20210729
Time 19.12 h
INSTRUM Avance Neo
PROBHD 2152088_0031 (
PULPROG zgpg30

D 65536
SQLVENT CDC13

NS 1024

Ds 4
SWH 23809.523 Hz
FIDRES 0.726609 Hz

NUC2
CPDPRG[2
PCPD2
PLWZ2
PLW1Z
PLW13

WOW
SSE
LB
GB
PC

1.3762560 sec
£8.125
21.000 usec
6.50 usec
298.1 K
2.00000000 sec
0.03000000 sec
1
100.6228298 MHz
13c
2.67
.00
86.55400085
400.1316005

waltzés

- Processing parameters

32768
100.6127685 MHz
EM
1]
1.00 Hz
3]
1.40

88¢
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Current Data Parameters

NAME NL-1-89-incconc
F2 - Acquisition Parameters
INSTRUM Avance Neo

PROBHD  2152088_0031 (
PULPROG hmbegplpndgf

TD 4096
SOLVENT CDC13
NS 4
LS 16
SWH 3968.254 Hz
FIDRES 1.937624 Hz
AQ 0.5160960 sec
G 101
oW 126.000 usec
CE 6.50 usec
TE 98.2 K
CNST2 145.0000000
CNST13 10.0000000
[ o24] 0.00000300 sec
238 1.50000000 sec
D2 0.00344828 sec
L6 0.05000000 sec
D16 0.00020000 sec
INO 0.00002259 sec
TDav 1
SFO1 400.1316847 MHz
NUC1 1H
Pl 8.00 usec
P2 16.00 usec
PLW1 24.03499985 W
SF02 100.6228298 MHz
NUC2 13C
P3 .00 usec
PLW2 86.55400085 W
GPNAM[1) SMSQ10.100
GPZ1 50.00 %
SMSQ10.100
30.00 %
SMSQ10.100
40.10 %

1000.00 usec
= F1 INDIRECT DIMENSION -

1
sw_F1 220.000000
Fl1 - Acquisition parameters
TD 128

SFO1 100.6228 MHz
FIDRES 345.877136 Hz
Sw 219.991 ppm
FnMODE QF

06¢
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Current Data Parameters

NAME NL-1-38-Cd+
EXPNQ 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20210501

Time 14.01 h
INSTRUM Avance Neo
PROBHD 72152088_0031 (
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 1é

Ds 2

SWH 8196.722 Hz
FIDRES 0.250144 Hz
AQ 3.9976959% sec
RG 101

DW 61.000 usec
DE 13.89 usec
TE 298.1 K

D1 1.00000000 sec
TDO 1

S5FO1 400.1324708 MHz
NUC1 1H

PO 2.67 usec
Pl 8.00 usec
PLW1 24,03499985 W

F2 - Processing parameters
S1 65536

SF 400.1300100 MHz
WDW EM

S58B 1]

LB 0.30 Hz
GB 1]

pc 10.00

16¢C



~2.70
T-2.69

S CHCl,

1.56

10

©
0.99!
1.06 s o
1.06
1.06
1.11

~
3.24

1 0 ppm

Current Data Parameters

NAME NL-1-75-1H
EXPNQ 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20211028

Time 14.50 h
INSTRUM spect
PROBHD 2125869_0055 (
PULPROG z2g30

TD 65536
SOLVENT CDC13

NS 64

Ds 2

SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999% sec
RG 151.18

DW 50.000 usec
DE 16.00 usec
TE 298.0 K

D1 2.00000000 sec
TDO 1

S5FO1 500.2330889 MHz
NUC1 1H

PO 4,00 usec
Pl 12.00 usec
PLW1 11.44699955 W

F2 - Processing parameters
51 65536

SF 500.2300122 MHz
WDW EM

58B 1]

LB 0.30 Hz
GB 1]

pC 1.00

6¢



CsHs

e N

3.26

10

1.00
19

ppm

Current Data Parameters

NAME
EXPNO
PROCNO

1

NL-1-61-C4-1H-benzene

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
SOLVENT
NS

DS

SWH
FIDRES

20210624
14.01

spect

Z125869_0055 (

zg30
65536
CED6
64

2
10000.000
0.305176
3.2767999
43.72
50.000
16.00
300.0
2.00000000
1

500.2330882
1H

4.00

12.00
11.44699955

h

Hz
Hz
sec

usec
usec

sec
MHz
usec

usec
W

F2 - Processing parameters

65536
500.2299949
EM

]

0.30

]

1.00

MHz

Hz

€6¢C
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Current Data Parameters

NAME
EXPNO
PROCNO

NL-1-61-C4-2d
10
1

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS

Ds

SWH
FIDRES
AQ

RG

DW

DE

TE

D1

D11

D0
SFO1
NUC1

PO

Pl

PLW1
SFOZ
NuCc2
CPDPRG[2
PCPD2Z
PLW2
PLW1Z
PLW13

20210701

18.21

spect
7125869_0055 (
zgpg30

65536

CED6

1024

4

29761.904
0.208261
1.1010048
190.44
16.800
18.00

300.0
2.00000000
0.03000000
1
125.7255118
13¢

3.33

10.00
56.80299%88
500.232000%
1H

waltzlé
80.00
11.44699355
0.25756001
0.12955000

h

MHz

usec
usec

MHz

usec
W
W
W

F2Z - Processing parameters

S1
SF
WOW
SSB
LB
GB
BC

32768
125.7828447
EM

1]

1.00

1]

1.40

MHz

Hz

¥6¢C
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76 74 T2 70 68 66 64 62 6D
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F11

12

Current Data Parametars
: 1-61 2d
PO 13

spect
Z125869_0055 (
cosygpmippqf
4096

C6D6
4

300.0 K
0.00000300 sec
1.12589896 sec
0.030000
2.0000
0.00000400 zec
0.00020000 sac
0.00015380 sec

1
500.2330014 MHz
1K

usec
0 usec
11.44699955 W
1.83150005 W
13010 100

2500

16.00
549010, 100
12.00 4
5010100
40.00 &
1000.00 usec

F1 - Acquisiticn parameters
™ 256

500.233 Miz

- Processing parameters
2048

[ oF
500.2299913 MHz
OSINE
[
0 Mz

S6¢
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96¢



rent Data Parameters
N 1-€4-2d

e B

He

-]
=0

O
&)

C-Hp

10
.00 usec

s é . P .
B -
Y 140 - Aeqateltion paraseters
L]

793
291

Processing parameter
1024

2299839 MHz
SIN

L6T
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Current Data Parameters

NAME JPN-1-188-1
EXPNQ 15
PROCNO 1

F2 - Acquisition Parameters
Date_ 20211107

Time 20.23 h
INSTRUM Avance Neo
PROBHD 7152088_0031 (
PULPROG z2g30

TD 65536
SOLVENT CEDE

NS 16

Ds 2

SWH 8196.722 Hz
FIDRES 0.250144 Hz
AQ 3.9976959% sec
RG 101

DW 61.000 usec
DE 13.89 usec
TE 298.0 K

D1 1.00000000 sec
TD0 1

S5FO1 400.1324708 MHz
NUC1 1H

PO 2.67 usec
Pl 8.00 usec
PLW1 24,03499985 W

F2 - Processing parameters
51 65536

SF 400.1299968 MHz
WDW EM

S58B o

LB 0.30 Hz
GB 1]

pC 1.00

86C
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Current Data Parameters

NAME JPN-1-188-1
EXPNQ 14
PROCNO 1

F2 - Acquisition Parameters
Date_ 20211107

Time 20.21 h
INSTRUM Avance Neo
PROBHD 2152088_0031 (
PULPROG zgpg30

TD 65536
SOLVENT CEDE

NS 1024

Ds 4

SWH 23809.523 Hz
FIDRES 0.726609 Hz
AQ 1.3762560 sec
RG 8.125

DW 21.000 usec
DE 6.50 usec
TE 298.0 K

D1 2.00000000 sec
D11 0.03000000C sec
D0 1

SFO1 100.6228298 MHz
NUC1 13¢

PO 2.67 usec
Fl .00 usec
PLW1 86.55400085 W
SFO2 400.1316005 MHz
Nuc2 1H
CPDPRG[2 waltzés
PCPD2 90.00 usec
PLW2 24.03499985 W
PLW1Z 0.18990999 W
PLW13 0.09552100 W

F2Z - Processing parameters
51 32768

SF 100.6126995 MHz
WDW EM

SSB 1]

LB 1.00 Hz
GB 1]

PC 1.40

66¢
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Current Data Parameters
NAME JPN-1-189-1_cDCl3
EXPNO 11
PROCNO 1
CDCl, ..
F2 - Acquisition Parameters
i 20211209
& 0.37 h
TRUM spect
el PROBHD 21258690055 (
PULPROG zapgl0
D 65536
CDC13
1024
=N 1
=2 29761.904 Hz
| 0.208261 Hz
= 1.1010048 see
NT 7S 190.44
37 16,800 usec
18.00 usec
298.0 K
2.00000000 sec
0.03000000 sec
1
125.7955118 MHz
13c
3.33 usec
10.00 usec
56.90299988 W
500.2320009 MHz
1H
CPDPRG([Z waltzls
PCPD2 80.00 usec
PLW2 11.4469%955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 w
F2 - Processing parameters
. i L st 32768
SF 125.7829231 MHz
T T T T T T T T T T T JDW M
200 180 160 140 120 100 80 60 40 20 0 ppm SSB 0
o3 1.00 Hz

GB 0
PC 1.40

00¢



CHCl,
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Current Data Parameters

NAME JPN-2-25
EXPNO 10
PROCNG 1

F2 - Acquisition Parameters
Date_ 20201019
Time 18.36 h
INSTRUM spect
PROBHD £125869_0055 (
PULPROG zg30

TD 65536
SOLVENT CDC13

N3 64

DS 2

SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 22.16

DW 50.000 usec
DE 16.00 usec
TE 300.0 K

D1 2.00000000 sec
TDO 1

SFO1 500.2330889 MHz
NUC1 1H

PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W

F2 - Processing parameters
SI 65536

SF 500.2300124 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00

10¢
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Current Data Parameters

NAME JPN-2-25-1
EXFNO 17
PROCNC 1
F2 - Acquisition Parameters

20211120
e 4.43 h
TRUM spect
PROEHD Z2125869_0055 (
PULPROG zgpgl0
D 65536
CDC13
1024

1

29761.904 Hz

0.908261 Hz

1.1010048 sec
190.44
16,800 usec
18.00 usec
298.0 K

2.00000000 sec
0.03000000 sec
1
125.7955118 MHz
13c
3.33 usec
10.00 usec
56.902993988 W
500.2320009 MHz
1H
CPDPRG[Z waltzls
PCPD2 80.00 usec
PLW2 11.4469%955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 W
F2 - Processing parameters
sI 32768
SF 125.7829267 MHz
iDW EM
SSB a
B 1.00 Hz
GB 0

PC 1.40

0¢



Current Data Parameters
NAME JPN-2-6-Cd-mono_dried
EXPNOC 10
PROCHNO 1
F2 - Acguisition Parameters
/@ Date_ 20200823
Time 8.03 h
0 INSTRUM spect
PROBHD 2125869_0055 (
PULPROG zg30
D 65536
_N SOLVENT cDCl3
= NS 64
Ds 2
SWH 10000.000 Hz
| FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 19.46
DW 50.000 usec
DE 16.00 usec
TE 300.0 K
D1 2.00000000 sec
TDO 1
SFol 500.2330889 MHz
NUC1 1H
PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W
F2 - Processing parameters
ST 65536
|~ CHCly SF 500.2300120 MHz
‘ i WDW EM
| SSB 0
I i il LB 0.30 Hz
| ITHILR I I GB 0
LJ\J_A_.J . R BC 1.00
T T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0 ppm

€0¢
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Current Data Parameters

NAME JPN-2-6-2_repeat
EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20201019

Time 18.27 h
INSTRUM spect
PROBHD Z125869_0055 (
PULPROG zg30

D 65536
SOLVENT CcDC13

NS 64

Ds 2

SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 151.18

DW 50.000 usec
DE 16.00 usec
TE 300.0 K
Dl 2.00000000 sec
TDO 1

SFOl 500.2330889 MH=z
NUC1 1H

PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W
F2 - Processing parameters
SI 65536

SF 500.2300122 MHz
WDW EM

SSBE 0

LB 0.30 Hz
GB 0

PC 1.00

Y0¢
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Current Data Parameters
NAME JPN-2-6-2
EXENO 17
PROCNO 1
F2 - Acquisition Parameters
Te_ 20211120
5.41 h
1 spect
O PROBHD z2125869_0055 (
PULPROG zgpgi0
D 65536
CDC13
1024
NH, 4
cocl 29761.904 Hz
N 3
N 0.908261 Hz
= 4 1.1010048 sec
N"N 190.44
40 16,800 usec
18.00 usec
298.0 K
2.00000000 sec
0.03000000 sec
1
125.7955118 MHz
13c
3.33 usec
| 10.00 usec
| 56.90299988 W
| 500.2320009 Miz
| 1H
| CPDPRG([Z waltzls
PCPD2 80.00 usec
PLW2 11.4469%955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 w
F2 - Processing parameters
" Lhll ﬂ. i L _4 L i 5I 32768
SF 125.7829211 MHz
T T T T T T T T T T T JDW M
200 180 160 140 120 100 80 60 40 20 0 ppm SSB 0
a3 1.00 Hz

GB 0
PC 1.40

S0¢



Current Data Parameters

NAME NL=1-171-f11-13
EXPNQC 10
PROCNO 1
F2 - Acquisition Parameters
Date_ 20220214
~ Time 10.17 h
Q INSTRUM spect
PROBHD 7125869_0055 (
PULPROG z2g30
TD 65536
SOLVENT CDC13
NS 64
N Ds 2
| SWH 10000.000 Hz
= cl FIDRES 0.305176 Hz
A6a AQ 3.2767999% sec
RG 94.51
DW 50.000 usec
DE 16.00 usec
TE 298.0 K
D1 2.00000000 sec
DO 1
SFO1 500.2330889 MHz
NUC1 1H
PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W
F2 - Processing parameters
CHCl, 51 65536
SF 500.2300120 MHz
WDW EM
58B 1]
LB 0.30 Hz
GB 1]
| pC 1.00

I
10 9 8 7 6 5 4 3 2 1 0 ppm
8 BlE
| lollol~

3.00
96

90¢
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Current Data Parameters

NAME
EXPNO
PROCNO

NL-1-171-£11-13

11
1

F2 - Acquisition Parameters

Date_ 20220214

Time 18.57 h
INSTRUM spect
PROBHD 2125869_0055 (
PULPROG zgpg30

D 65536
SOLVENT CDC13

NS 1024

Ds 4

SWH 29761.904 Hz
FIDRES 0.9208261 Hz
AQ 1.1010048 sec
RG 190.44

DW 16.800 usec
DE 18.00 usec
TE 298.0 K

o1 2.00000000 sec
D11 0.03000000 sec
D0 1

SFO1 125.7955118 MHz
NUC1 13¢

PO 3.33 usec
Fl 10.00 usec
PLW1 56.80299988 W
SFO2 500.232000% MHz
Nucz2 1H
CPDPRG[2 waltzlé
PCPD2 80.00 usec
PLW2 11.44699955 W
PLW1Z 0.25756001 W
PLW13 0.12955000 W

F2Z - Processing parameters
51 32768

SF 125.7829086 MHz
WDW EM

SSB 1]

LB 1.00 Hz
GB 1}

PC 1.40

LOE
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Current Data Parameters

80¢

NAME NL-1-172.1-1H
EXPNQ 10
PROCNO 1
F2 - Acquisition Parameters
Date_ 20220216
\1) Time 12.1% h
INSTRUM spect
PROBHD 2125869_0055 (
PULPROG z2g30
TD 65536
SOLVENT CDC13
NS 64
| = ns 2
P SWH 10000.000 Hz
N Cl FIDRES 0.305176 Hz
AQ 3.2767999 sec
46b RG 94.51
DW 50.000 usec
DE 16.00 usec
TE 298.0 K
D1 2.00000000 sec
DO 1
SFO1 500.2330889 MHz
NUC1 1H
PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W
CHcl, F2 - Processing parameters
51 65536
SF 500.2300121 MHz
WDW EM
58B 1]
LB 0.30 Hz
GB 1]
pC 1.00
I
- . o o O I I, U
T T T T 1 AR AR RARRARAAL T
10 9 8 7 6 5 4 3 2 1 0 ppm
218812 = 2
dilolola o o




N WY oo oo™
VWO MM s MWW~ = M w ™
e R = ] =*
O~ - oo oY = e e . .
DN Y Uy e e | -~ -~ @O 'y] -
L i B B ~ - -~ e} ™
1o | |
| l\("/ (. \ /,'
~o
| =%
N/ al €Dl
46b
T T T ! I T |
200 180 160 140 120 100 80 60 40 20 ppm

Current Data Parameters

NAME
EXPNO
PROCNO

NL-1-172-13C
10
1

F2 - Acquisition Parameters

Date_ 20220216
Time 11.07 h
INSTRUM spect
PROBHD 2125869_0055 |
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 64

Ds 4

SWH 29761.904 Hz
FIDRES 0.908261 Hz
AQ 1.1010048 sec
RG 190.44

DW 16.800 usec
DE 18.00 usec
TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
DO 1

SFO1 125.7955118 MHz
NUC1 15¢

PO 3.33 usec
Fl 10.00 usec
PLW1 56.80299988 W
SFO2 500.232000% MHz
Nuc2 1H
CPDFRG[2 waltzlé
PCPD2 80.00 usec
PLW2 11.44699355 W
PLW1Z2 0.25756001 W
PLW13 0.12955000 W

F2 - Processing parameters
51 32768

SF 125.7829166 MHz
WDW EM

SSE 1]

LB 1.00 Hz
GB 1]

PC 1.40

60¢
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Current Data Parameters

NAME NL-1-133-2
EXPNQ 11
PROCNO 1

F2 - Acquisition Parameters
Date_ 20220215

Time 21.56 h
INSTRUM spect
PROBHD 7125869_0055 (
PULPROG z2g30

TD 65536
SOLVENT CDC13

NS 64

Ds 2

SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.276799% sec
RG 151.18

DW 50.000 usec
DE 16.00 usec
TE 298.0 K

D1 2.00000000 sec
DO 1

S5FO1 500.2330889 MHz
NUC1 1H

PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W

F2 - Processing parameters
ST 65536

SF 500.2300121 MHz
WDW EM

58B o

LB 0.30 Hz
GB 1}

PC 1.00

01¢
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Current Data Parameters

NAME JPN-2-54_ (5—aminoc-2, 4-DCP)

EXPNC 10

PROCNO 1

F2 - Acquisition Parameters

Date_ 20211127

Time 18.56 h
INSTRUM spect

PROBED 2125869_0055 {

PULPROG zg30

D 63536
SOLVENT €DC13

NS 54

Ds 2

SWH 10000.000 Hz

FIDRES 0.30517e EHz

AQ 3.2767292 sec

RG 47.3

DW 50.000 usec
B 16.00 usec
TE 288.0 X

Dl 2.00000000 sec
DO 1

SFol 500.2330889 MHz

NUCL 1B

PO 4.00 usec

Pl 12.00 usec

PLW1 11.44899935 W

F2 - Processing parameters
sI 65536

SF 500.2300120 MHz

WDOW EM

S53 0

1B 0.30 Hz
GE o

PC 1.00

ITe
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180
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160
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140

T
120

100

80

20

T
0 ppm

Current Data Parameters

NAME JPN-2-54_(5-amino-2, 4-DCP)
EXPNO 11
PROCNO 1

Parameters
20211127
19.52 h
spact
2125889_0055 (
zgpg3l
655386

cDpCl3

298.0 K
2.00000000 sec
v}

56.90299988 W
500.2320009 MHz
1H

11.44639%55 W
0.25756001 w
0.12955000 w

F2 - Processing parameters

32768
125.7829244 MHz
EM
0
1.00 Hz
Q
1.40
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Current Data Parameters
NAME JPN-2-14-1_cC4-subst%2E
EXPNO 10
PROCNO 1
F2 - Acquisition Parameters
Date_ 20200914
Time 3.42 h
INSTRUM spect
PROBHD 7125869_0055 (
PULPROG zg30
TD 65536
SOLVENT CDCL13
cl O NS 64
DS 2
N CHCl, SWH 10000.000 Hz
rJ FIDRES 0.305176 Hz
‘N/ cl ¢ AQ 3.2767999 sec
RG 122.05
A32 D 50.000 usec
DE 16.00 usec
TE 300.0 K
D1 2.00000000 sec
TDO 1
SFOL 500.2330889 MHz
NUCL 1H
PO 4.00 usec
Pl 12.00 usec
PLW1 11.44699955 W
F2 - Processing parameters
| SI 65536
SF 500.2300122 MHz
WDW EM
55B 0
{ LB 0.30 Hz
i\ GB 0
J L R R S -~ 1.00
T T T T T T T T 1
10 7 6 5 3 2 1 0 ppm

€re
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Current Data Parameters
NAME JeN=2-14-1_(C4-subst.)
EXPNO 10
PROCNO 1
F2 - Acguisition Parameters
Date_ 20211127
Time 20.52 h
INSTRUM spect
BROBED 212586%_0055 (
PULPROG zgpg30
pysl 65536
SCLVENT CDC13
N 1024
Cl DS 4
N SWH 29761.904 Hz
= FIDRES 0.908261 Hz
d - AQ 1.1010048 sec
N7 TC RG 190.44
| oW 16.800 usec
A32 | DE 18.00 usec
IE 298.0 X
D1 2.00000000 sec
D1l 0.03000000 sec
DO 1
SFol 125.7955118 MHz
NUCl 13c
cocl, PO 3.33 usec
Pl 10.00 usec
i PLW1 56.90299%88 W
SFO2 500.2320009 MHz
Nuc2 1E
CPDPRG[2 waltzlé
PCPD2 80.00 usec
PLW2 11.44699955 W
PLW12 0.25756001 W
PLW13 0.12955000 W
F2 - Processing parameters
SI 32768
- SF 125.7829371 MHz
T T T T T T T T T T T WDW EM
200 180 160 140 120 100 80 60 40 20 0 ppm ;‘3;3 o Lo
L .00 Hz

G2 0
PC 1.40

1483
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Current Data Parameters
NAME JPN-1-187-2_20-Now-2021
EXPNO 20
PROCNC 1
F2 - Rcgquisition Parameters
Date, 20211121
i 1.37 b
\O spect
PROBHD 2125869_0055 (
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