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Chapter 3

Non-Directed C—H Arylation of Anisole
Derivatives via Pd/S,0-Ligand Catalysis
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Chapter 3

3.1 Introduction

Biaryl scaffolds are of great importance as they are present in a wide range
of pharmaceuticals, bioactive compounds, natural products, functional
materials, and ligands (Figure 1).I'" Consequently, developing efficient
methods for constructing biaryl moieties is a key focus in organic synthesis.
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Figure 1. Selected examples of compounds containing biaryl moieties.

In recent years, Pd-catalyzed C—H arylation reactions have emerged as a
powerful strategy for constructing biaryl linkages. In contrast to traditional
cross-coupling reactions, C—H arylation can bypass the need for pre-
functionalized arenes, resulting to a more atom- and step-economic
process.? Nevertheless, controlling site-selectivity in these reactions
remains a significant challenge. In this context, Pd-catalyzed directed C-H
arylation predominantly results in the formation of the ortho adduct, facilitated
by the favorable 5- or 6-membered metallacyclic intermediate species
(Scheme 1a, also see Section 1.3.1.1).B4 A diverse range of monodentate
and bidentate directing groups, such as amide, carboxylic acid and 8-
aminoquinoline, have been reported to facilitate C-H arylation reactions
(Scheme 1a). To date, only a limited number of remote directed C-H
arylation reactions at the meta- or para-position have been reported. In these
examples, well-designed templates consisting of various linkers and end-on
DGs (e.g., pyridine and linear nitriles) were used to generate larger
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metallacycle intermediates (>10-membered) and enable remote arylation
(Scheme 1b, also see Section 1.3.1.2).5" However, this directed approach
often requires additional synthetic steps to remove or transform the directing

group.

a) Directed ortho-C—H arylation
. Selected examples:

;mﬁél [5 O sadvy

5- or 6-membered
palladacycle

b) Directed meta- and para-C—H arylation

Sl S
Se-[54~ 53 3 ¢

_..DG

Selected examples:

Scheme 1. Selected examples of directed C—H arylation. DG = Directing group. Ar = Aryl.

Alternatively, non-directed C—H arylation is not restricted to substrates with
directing groups and can reach sites that are typically inaccessible by the
directed C-H activation approach.® Despite this potential, the arylation of
DG-free arenes, apart from the more reactive five-membered
heteroarenes,!”! remains relatively underexplored. Fagnou and co-workers
pioneered the non-directed C—H arylation of simple arenes by performing the
reaction with an excess of benzene, a palladium catalyst, the DavePhos
ligand, and pivalic acid in DMA at 120 °C (Scheme 2a). They proposed that
the DavePhos ligand and pivalic acid (PivOH) were essential for promoting
a concerted metalation-deprotonation (CMD) mechanism.®! However,
Hartwig’s group later demonstrated that the C—H activation step did not
require a phosphine ligand and proceeded without the DavePhos ligand
(Scheme 2b)."! Since these seminal studies, non-directed C—H arylation of
simple arenes has received increasing attention.
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a) Fagnou, J. Am. Chem. Soc., 2006 remooosoneeeneenncoans ‘
Br  Pd(OAc), or Pd(OPiv), (2-3 mol%)

DavePhos (2-3 mol%)
© + O . : PCy,
R4t _ Kzlcos (2.5 equ;v.) | Me,N
PivOH (30 mol%) '
solvent amount 1 equiv. DMA
120°C, 10-15h D Ph
R = EDG, EWG averhos

b) Hartwig, J. Am. Chem. Soc., 2011

Pd(OAC); (3 mol%) O
© (; K,COj3 (2.5 equiv.) O

PivOH (30 mol%)
DMA
solvent amount 1 equiv. 110°C,4h

Scheme 2. Early examples of non-directed C—H arylation of benzene. Cy = cyclohexyl.

In 2017, Ye's group reported a palladium-catalyzed non-directed C-H
arylation using a solvent amount of simple arenes with arylboronic acids
(Scheme 3a).l'"% In this para-selective arylation, the catalytic system
consisted of  PdCl, and AgSbFs as pre-catalysts, N-
fluorobenzenesulfonamide (NFSI) as oxidant and DMF as ligand. The
authors suggested that [F-Pd"] species were the active catalysts and that
DMF played a crucial role in controlling the regioselectivity. In the same year,
the Hong group demonstrated a palladium-diimine-catalyzed non-directed
C-H arylation of benzene using aryl bromides as coupling partners [l
Subsequently, the same group extended the methodology to a broader
scope of arenes (Scheme 3b).['?l Notably, the reaction exhibited an unusual
meta-selectivity across most substrates.

Ye et al., 2017
a)Yeeta PdCl, (10 mol%)

R AgSbFg (30 mol%)
NFSI (3.0 equiv.) R
+  ArB(OH),
DMF/HFIP/H,0 A

60°C

solvent amount 1 equiv.

R = alkyl, alkoxy, halides

b) Hong et al., 2017, 2021
[Pd-diimine] (1 mol%) or Pd(CH3CN),Cl, (3 mol%)
PivOH (0.3 eq.)

R
\@ + Al K,CO3 (2.5 eq.) R Ar
DMA, 120°C
solvent amount 1 equiv.
R =H, EDG, EWG

Scheme 3. Non-directed C—H arylation using a solvent amount of arenes.
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Despite the significant progress that has been made in this field, non-directed
C—H arylation of simple arenes as the limiting reactant remains synthetically
challenging, with only a few examples reported (Scheme 4).['3l An elegant
example was reported by Gaunt and co-workers in 2011, involving the
copper-catalyzed para-arylation of anisole and aniline derivatives using
diaryliodonium salts as aryl reagents (Scheme 4a).['*@ The authors proposed
a classical SeAr-type mechanism for the reaction. One year later, Russel and
co-workers described the gold-catalyzed direct arylation of various simple
arenes with arylsilanes under mild reaction conditions to afford biaryls with
high para-selectivity (or C2-selectivity for thiophenes) (Scheme 4b).I'3*! |n
2017, Hong's group employed readily available aryl bromides as coupling
partners to accomplish the ortho-arylation of fluorobenzene and benzonitrile,
employing 2-3 equiv. of these substrates in the reaction (Scheme 4c).['"]
Despite the success of this approach, the reaction required a notably high
temperature of 140 °C to proceed efficiently. More recently, the group of
Cori¢ pioneered a novel approach using spatial anion control to tailor
catalytic sites for C-H bond activation, enabling the non-directed C-H
arylation of simple arenes with diaryliodonium reagent at room temperature
(Scheme 4d).["* The authors suggested that the controlled spatial
arrangement of constrained bisanions (from dicarboxylic acid ligand) could
stabilize the geometric parameters crucial for the CMD transition state in
palladium catalysis, potentially lowering the energy barrier for C—H activation.
In addition to a variety of arenes, the same group has also developed a novel
selective arylation of arenes ortho to small alkyl groups.['*¥ Overall, although
these methodologies made significant progress in non-directed C-H
arylation, limitations remain in terms of reaction conditions or the availability
of arylating agents.

87



Chapter 3

a) Gaunt, Angew. Chem. Int. Ed., 2011

OR' NR3R? OR’ NR3R?
AN X _ Cu(OTf), (10 or 20 mol%) X N
R0 P RS )+ AioTor B, R%i o Ry P
] 154 equi 40-70 °C, 22-72 h, N,
1 equiv. -9-4 equiv. Ar Ar
R'=H, alkyl; R?=H, EDG; R® = H, Bn; R* = Bn, alkyl; R® = Me, EWG
b) Lloyd-Jones and Russell, Science, 2012
B Ph3PAuOTs (1 or 2 mol%) Br
\ \
OR' & r PhI(OAC); (1.3 equiv.) OR' N / 3
S camphorsulfonic acid (1.5 equiv.) S
I + ArSiMe, I "
| |
z B Me R.T. to 65 °C, 5-80 h ~ S ©
N Ar Ar N
1 equiv. Me

1-2 equiv.
R' = alkyl; R?=H, EWG, EDG

[Pd-diimine] (1 mol%)

R PivOH (0.3 equiv.) R
K,CO3 (2.5 equiv.) Ar
+ ArBr
DMA, 140°C, 16 h
2-3 equiv. 1 equiv.

d) Corié, J. Am. Chem. Soc., 2020 and Angew. Chem. Int. Ed., 2022
Pd(PhCN),(OC(CF3)3) 2 (5-10 mol%)

R1

“ - MeD R -

| 2Rz or ©\ 1+ AnlOC(CFq)s K")L HOJ&"\ N, )

= \\ | SR? or K
/A -

10-20 19
1 equiv. 1-2 equiv. ( mo! A’ Ar Ar

R'=R%=H, EWG, EDG R.T. to 50 °C, 24-72 h, N,

Scheme 4. Non-directed C—H arylation of simple arenes as the limiting reagent.

In addition to the aforementioned non-directed C—H arylation using arenes
as the limiting reagent (or in slight excess to the arylating reagent), Yu and
co-workers have developed a Pd/NBE catalytic system for the meta-arylation
of electron-rich arenes, effectively reversing the conventional ortho-and
para-selectivity (Scheme 5a).l'¥ In their study, exclusive meta-C—H arylation
of various anisole derivatives with aryl iodides was accomplished using a
combination of a Pd(ll) catalyst, a norbornene mediator, and a 2-pyridone-
based ligand under mild reaction conditions. Later, our group developed a
more general approach using the Pd/S,O-ligand catalysis, allowing to use of
unreactive substrates with Yu’s catalyst such as anilines or anisoles bearing
electron-withdrawing groups (also see Section 1.3.2.2) (Scheme 5b).I'" The
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pivotal factor in the success of these arylation reactions lies in the formation
of a more electron-rich palladium intermediate, after norbornene insertion,
that enhances the oxidative addition of the aryl iodide. However, to the best
of our knowledge, achieving non-directed C—H arylation of arenes as the
limiting reactant with aryl iodides in the absence of mediators remains
elusive.

a) Yu, J. Am. Chem. Soc., 2019 :
PA(OAC), (10-15m0l%)  iieeeeeeeene s oN i

OR Dual ligand (45 mol%) OR : I ‘ Pz H

NBE (1.5 equiv. H - N :

AN . A ( quiv.) _ \ : bCOZMe i 30 mol% *
R R H i H

= AgOAc (3 equiv.) Pz : R SO.H |

HFIP, 95-100 °C, 18-20 h Ar o NBE ‘i 3 | B E

1.0 equiv. 2.0 equiv. - - _ H

. N .

R = alkyl, silyl, phenyl : 15 mol% E

Dual ligand

OMe OMe o)
X :
R Pd(OAC); (5-10 mol%) RIS PEEEECICEEEPEICEPET LR .t OH
= $,0-ligand (5-10 mol%) L : i SAr
or  + Al NBE (20-50 mol%) Ar 3 EWG i or
or . = CF;
NR2R® ) il
1.5 equiv. AgOAc (1.0-2.0 equiv.) 903 HIAIkyl i
e CHCl; or HFIP, 60-100 °C, 24 h NRTR® 1 NBE i1 Ho
" 7 R = R HH SPhpCF3
| : R
1.0 equiv. P Nar : §,0-ligand

R' = EDG, EWG; R? = H, alkyl, aryl; R® = alkyl, aryl.

Scheme 5. meta-C—H Arylation of simple arenes using Pd/NBE catalysis.

Having successfully established several non-directed C—H functionalizations
of simple arenes as limiting reagents using the Pd/S,0O-ligand catalytic
system, we envisioned that this catalytic system could be effective for the
non-directed C—H arylation of simple arenes. In this chapter, we present a
general and efficient Pd/S,0O-ligand catalyzed non-directed C—H arylation of
anisole derivatives using readily available aryl iodides (Scheme 6). The late-
stage functionalization of bioactive molecules and preliminary mechanistic
investigations are also included.
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OR2 Pd(OAC); (10 mol%) OR2
S,0-ligand (10 mol%)
‘ >R1 + Arl | \—R1 CGFS‘SK(OH
> AgOAc (1.5 equiv.) /\/ o
Ar S,0-ligand
1-3 equiv. 1.5-1 equiv. ~-ligan
R'=EDG, EWG; R? = alkyl.

Scheme 6. Non-directed C—H arylation of anisoles via Pd/S,O-ligand catalysis.
3.2 Results and discussion

We started our investigations using 2-methylanisole (1a) and methyl 4-
iodobenzoate (2a) as model substrates. Based on our previous report on the
C—H olefination of anisoles,!'® we used 5 mol% Pd(OAc). and 5 mol% S,0-
ligand L1 as the catalyst and additionally 1.5 equiv. of AQOAc was used as
a halide scavenger. Different solvents were first tested at 60 °C for 24 h
(Table 1). Consistent with previous observations,['’! fluorinated solvents
proved essential for obtaining the desired arylated products with high para-
selectivity (entries 1, 6, and 7, para/meta from 3.4:1 to 8.5:1). HFIP provided
the best yield (48%) but also led to the highest formation of homocoupled
byproduct from aryl iodide 2a (14%). Other solvents such as DCE, tert-BuOH,
AcOH, and DCM gave poor yields (entries 2-5). Based on these results, HFIP
was selected for further optimization.

Table 1. Initial solvent screening.?

Pd(OAc), (5 mol%)

! CeFse OH mmmmeeee e \
OMe P N ee S%( (5 mol %) MeO Me Me, : :

f =Ar ! (o} ' :
SR — Ty ey e e

CO,Me AgOAc°(1 5 equiv.) r Ar | '

S ' 60 °C, 24 h ara-product meta-broduct ' homocoupling !

1a 2a solvent (0.4 M) P p 3a eta-produci byprodcut ;
1.0 equiv. 15equiv. T

(0.1 mmol)

Entry solvent yield of arylated products/% para/meta byproduct/%

1 HFIP 438 3.4:1 14
2 DCE traces - traces
3 ‘BuOH 3 - 3

4 AcOH traces - traces
5 DCM traces - traces
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6 TFE 38 8.5:1 5
7 (CF3)sCOH 43 6.2:1 10

[a] '"H NMR yield was determined by using CH2Br2 as the internal standard.

To verify that Pd(OAc). was the optimal choice for the reaction, we also
investigated other palladium salts (Table 2). Replacing Pd(OAc). with
Pd(OPiv), and Pd(TFA). lowered the yields to 42% and 29%, respectively,
while maintaining similar para/meta selectivity (~4:1) and comparable
byproduct formation (14% and 12%) (entries 2 and 3). Using PdClx(PPhs)2
resulted in a low yield of the desired product (17%) and a high amount of the
homocoupling byproduct (29%), likely due to the rapid formation of Pd(0)
species (entry 4). No reaction occurred with Pd(acac). (entry 5). Pd(OAc)
proved to be the most effective catalyst, yielding 48% of the arylated product
(entry 1).

Table 2. Screening of Pd salts.?

Pd source (5 mol%)
' CoFse OH semmenmmnmnas ;
OMe S Gk Lo S%{ (5mol %)  Meo ~ Me Me, : :
| =Ar | O ' '
©/Me .| | L1 Q , Meo o A—A
CO,Me AgOAcD(1.5 equiv.) Ar Ar : :
L. T | AW ara-product meta-product i homocoupling
1a 2a HFIP (0.4 M) P P 3a P byprodeut |
1.0 equiv. 15equiv. e

(0.1 mmol)

Entry Pd source yield of arylated products/% para/meta byproduct/%

1 Pd(OAc): 48 3.4:1 14
2 Pd(OPiv)2 42 3.7:1 14
3 Pd(TFA)2 29 4:1 12
4 PdCl2(PPhs)2 17 3.2:1 29
5 Pd(acac): traces - traces

[a] "H NMR yield was determined by using CH2Br2 as the internal standard.

The effect of varying the Pd/S,0-ligand catalyst loading was then evaluated,
ranging from 2.5 to 10 mol% (Table 3). Both yield and para-selectivity
improved with increasing catalyst loading, with the highest yield (60%)
achieved at 10 mol% of Pd(OAc). and S,O-ligand (entry 4), while
homocoupling byproduct formation remained at similar levels (entries
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2-4). To maintain a balance between efficiency and sustainability, we
refrained from exceeding a catalyst loading of 10 mol%.

Table 3. Screening of the amount of catalyst.?

Pd(OAc),  (x mol%)

Me

CeFs~ OH o .

OMe S GRhERE N S (x mol %) MeO  Me : :

' =Ar | (0] : :

©/Me . r | L1 Q , MeO v A—Ar

CO,Me AgOAcD(1 .5 equiv.) Ar Ar ‘ ;

7777777777777 AN ara-product meta-product | homocoupling :

1a 2a HFIP (0.4 M) para-p . p byprodeut |
1.0 equiv. 15equiv. e

(0.1 mmol)

Entry catalyst/ mol% yield of arylated products/% para/meta byproduct/%

1 25 33 3.1:1 10
2 5 48 3.4:1 14
3 7.5 55 4.0:1 18
4 10 60 4.4:1 16

[a] "H NMR yield was determined by using CH2Br2 as the internal standard.

To further improve the vyields of the arylated products, we explored the
combinations of HFIP and a second solvent (Table 4).['%15a We found that
adding 1,2-dichloroethane (DCE) or chloroform (CHCIs) to the reaction as a
co-solvent positively impacted the reaction, increasing the yield of the
desired products to 74% and 79%, respectively, while also inhibiting the
undesired homocoupling of aryl iodide (8% and 10%, respectively) (entries
2-3). Other general solvents, including pentane, tert-butanol (tBuOH) and
AcOH, showed limited impact on further improving the yield and selectivity
of the reaction (entries 4-6). Surprisingly, the use of H,O as a co-solvent
provided the best result, with the reaction achieving an 85% yield and an
impressive para/meta selectivity of 13.2:1 (entry 7). Although the precise role
of water remains unclear, we have observed in our group that the presence
of H,O improves the solubility of preformed Pd/S,O-ligand complexes.['®!
Therefore, we speculate that the addition of H:O may increase the solubility
of active Pd species.
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Table 4. Hybrid solvent screening.?

Pd(OAc), (10 mol%)

oMe ‘,,,,l ,,,,,,,,, \‘ CGF“S%(OH (10mol %)  Meo,  Me Me o
Me (; =Ar L1 © Q R MeOQ . Ar—Ar
| | AgOAc (1.5 equiv.) Ar ‘
1a ;OZME hybridegn;Sénzt‘l(gA M) Pe’irc’fl-Produ/:tr meta-product | ho&gfggfg{‘ 9
1.0 equiv. 1.5 equiv. I
(0.1 mmol)
Entry HFIP/solvent yield of arylated products/% para/meta byproduct/%
1.5:1
1 HFIP/- 60 4.4:1 16
2 HFIP/DCE 74 5.2:1 8
3 HFIP/CHCI3 79 5.6:1 10
4 HFIP/pentane 61 5.8:1 15
5 HFIP/tBuOH 57 7.1:1 3
6 HFIP/AcOH 40 3:1 7
7 HFIP/H20 85 13.2:1 8

[a] "H NMR yield was determined by using CH2Br2 as the internal standard.

Next, we explored the effect of different HFIP/H.O ratios (Table 5).
Interestingly, even a small amount of H>O improved both yield and selectivity
compared to the reaction conducted in pure HFIP (60% vyield, para/meta
4.4:1), achieving an 83% yield with a para/meta ratio of 10.9:1 (entries 1 and
2). Furthermore, a broad range of solvent ratios, from 10:1 to 1:1.5,
outperformed HFIP alone, delivering the desired products in consistently
good yields, ranging from 71% to 85% (entries 2-5). However, as more H,O
was added, product yields began to decrease, despite an improvement in
regioselectivity and a reduction in side reactions involving aryl iodide 2a

(entry 6).
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Table 5. Screening of HFIP/H20 ratio.?

Pd(OAc), (10 mol%)

' CoFse OH Me memmnm s ;
OMe S . e S%{ (10mol %) Meo  Me ; !

| =Ar (e} ' '
©/Me . r : L1 Q . MeO + ' Ar—Ar ‘

' ' AgOAc (1.5 equiv.) Ar Ar
S ! 60 °C, 24 h

1a 2a HFIP/H,0 (0.4 M) pararproduct - meta-product | hoggfggfl'{' 9
1.0 equiv. 1.5 equiv.
(0.1 mmol)
Entry ratio of yield of arylated paralmeta byproduct/%
HFIP/H20 products/%
1 1:0 60 4.4:1 16
2 10:1 83 10.9:1 11
3 1.5:1 85 13.2:1 8
4 1:1 82 15.4:1 7
5 1:1.5 71 16.8:1 4
6 1:4 39 18.5:1 2

[a] "H NMR yield was determined by using CH2Br2 as the internal standard.

A satisfactory outcome was obtained with the optimal solvent composition
(HFIP/H20 1.5:1) at 60 °C, yielding 85% of the arylated products 3a with a
paralmeta selectivity of 13.2:1 (Table 6, entry 2). Subsequently, a
temperature screening was conducted under the same solvent conditions. At
40 °C, the reaction gave the best site-selectivity (19.3:1) with a moderate
yield (61%) and minimal homocoupling byproduct (2%) (entry 1). Increasing
the temperature to 80 °C slightly decreased the regioselectivity without
significantly affecting the vyield (entry 3). However, increasing the
temperature further to 100 °C decreased the yield from 80% to 64%, probably
due to accelerated palladium black formation (entry 4).0%!
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Table 6. Temperature screening.?

Pd(OAc), (10 mol%)

' CoFse OH semmenmmnmnas ;
OMe S N oo S>§}/ (10 mol %) MeO Me Me, : :
: =Ar 0 ! !
©/Me . Ar L1 Q + MeO + ' A—Ar
CoMe | AgOAc (1.5 equiv.) nr A :
| T,24h H A
HFIP/H,0 (1.5:1,0.4 M para-product meta-product  homocoupling ;

1a 2a 20 (1.5:1,04 M) 3a byprodcut
1.0 equiv. 15equiv. T

(0.1 mmol)

Entry Temperature/°C vyield of arylated products/% para/meta byproduct/%

1 40 61 19.3:1 2
2 60 85 13.2:1 8
3 80 80 10.4:1 10
4 100 64 9.7:1 10

[a] "H NMR yield was determined by using CH2Br2 as the internal standard.

To minimize the excessive use of aryl iodide 2a and AgOAc, the effect of
varying the amounts of these two reagents was evaluated (Table 7). The
reaction was first performed using equal equivalents of both reagents (entries
1-4) and it was observed that a slight excess of both 2a and AgOAc (1.5
equiv.) led to an improved yield of the desired products (83%, entries 1 and
2). Further increasing the amounts of 2a and AgOAc did not result in any
additional improvement in yield or regioselectivity (entries 3 and 4). Moreover,
when maintaining 2a at 1.5 equiv., reducing the loading of AQOAc led to a
slight decrease in yield (from 83% to 74%), while increasing the amount of
AgOAc did not improve the outcome (entries 2, 5 and 6). Notably, the
regioselectivity of the reaction (all >92% para-selectivity) was not significantly
affected by variations in the amounts of 2a and AgOAc.
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Table 7. Screening of the amount of Arl and AgOAc.2

Pd(OAc), (10 mol%)
oMe ‘,,,,l ,,,,,,,,, \‘ CGF“S%(OH (10mol %)  Meo,  Me Me o
©/Me+ (; =Ar L1 © Q . MeOQ . Ar—Ar
} 1 AgOAG (y equiv.) Ar :
1a ;02"/'9 HFIP/HiOOo(C%‘.Szﬁ ,h0.4 M) pe’ﬂfc’fl-produ/:tr metarproduct h°$3:§§fu"t" o
1.0 equiv. X equiv. B s ‘
(0.1 mmol)
Entry e':LTiL. 'quc;'io\f/ ylerl(:ozfuigll;ied paralmeta  byproduct/%

1 1.0 1.0 76 14.2:1 8

2 1.5 1.5 83 15.6:1 8

3 2.0 2.0 78 14.6:1 6

4 3.0 3.0 80 12.3:1 4

5 1.5 1.0 74 17.5:1 10

6 1.5 2.0 83 15.6:1 7

[a] "H NMR yield was determined by using CH2Br2 as the internal standard.

A variety of S,0-ligands were also tested (Table 8). Overall, the performance
of the reaction, including yields, regioselectivity and byproduct formation,
was primarily influenced by the nature of the phenyl group attached to the
sulfur atom. The best results were consistently achieved with S,0-ligands
bearing a pentafluorophenyl group on the sulfur atom (entries 1 and 2),
highlighting the critical electronic effects of S,0-ligands in driving the reaction.
In addition, L1 and L2 produced the fewest byproducts, suggesting greater
stability of the active Pd species associated with these ligands (entries 1 and
2). Although all the other S,O-ligands shown in Table 8 were effective,
offering products in moderate to good yields (50-69%), they varied in their
influence on para/meta regioselectivity (entries 3-9). A comparison of L3 vs.
L7 (entries 3 and 7), L4 vs. L8 (entries 4 and 8), and L5 vs.L9 (entries 5 and
9) showed that ligands with the sterically hindered mesityl (Mes-) group
generally had lower para-selectivity. However, only minor differences
were observed in yields and the homocoupling byproduct formation
between S,0-ligands with Ph- and Mes- groups. Based on these results,
we opted to continue using S,0-ligand L1 for further studies.
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Table 8. S,0-ligand screening.?

OMe P . Pd(OAc), (10 mol%) Meo ~ Me 3
% Me =Ar§ S,0-ligand (10 mol%) Q . MeO + 1 Ar—Ar

CO,Me ) AgOéAoco(é.’Sziqhuiv.) - Ar : N
1a 7”27a 77777777 HFIP/H,0 (1.5:1, 0.4 M) para-product 2 meta-product ' hoggfggcpdlpg :
1.0 equiv. 15equiv. e
(0.1 mmol)
. yield of arylated .
Entry S,0O-ligand products/% paralmeta  byproduct/%
o}
1 CGFSS%OH 86 13.3:1 8
L1
o}
2 Csts/\,ikOH 82 15.4:1 9
L2
o)
3 CGHSS?&OH 67 6.4:1 13
L3
o)
4 CSHSSI%H 50 9:1 12
L4
(0]
5 CGHSSE &OH 64 p 16
L5
o)
6 CeHsS z ~OH 60 7.6:1 17
L6
o}
7 MeSS%OH 68 3.5:1 14
L7
o
8 MQSSI%H 69 5.3:1 18
L8
(0]
9 MesS " >oH 69 4.3:1 19

KL

L9

[a] "H NMR yield was determined by using CH2Br2 as the internal standard.
97



Chapter 3

The reaction time was systematically evaluated through parallel reactions
ranging from 5 min to 72 h (Table 9). After just 2 h, the arylation yield reached
89%, demonstrating the high efficiency of the reaction (entry 6). Beyond this
point, the yields remained constant, indicating that the reaction had reached
completion within 2 h (entries 6-10). The ratio of para/meta-product also
remained constant from 10 min to 72 h, albeit the formation of byproduct
increases over time (entries 2-10). In light of these results, and to ensure the
method's applicability to less reactive substrates, we selected 4 h as the
optimal reaction time for subsequent substrate scope investigations.

Table 9. Reaction time studies.?

Pd(OAc), (10 mol%)

! CeFse OH mmmmeeee e \
OMe S . oo S%( (10mol%) Meo  Me Me, | :

3 =A 3 (0] ' '
©/Me + ' ! H Q + MeO/Q + Ar—Ar ;

AgOAc (1.5 equiv.) r Ar

1a T T HF|P/HG;())O((i’.;I:n11 04 M) para-product . meta-product | “°§gf§;‘§u"t” 9
1.0 equiv. 1.5 equiv.
(0.1 mmol)
Entry time yield of arylated paralmeta  byproduct/%
products/%
1 5 min 15 6.5:1 1
2 10 min 26 12:1 2
3 15 min 33 15.5:1 2
4 30 min 58 18.3:1 5
5 1h 78 18.5:1 7
6 2h 89 16.8:1 8
7 4h 90 14:1 8
8 8h 87 16.4:1 7
9 24 h 86 13.3:1 8
10 72 h 87 13.5:1 11

[a] 'TH NMR yield was determined by using CH2Br2 as the internal standard.
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The best conditions were achieved using 10 mol% of Pd(OAc)./S,0O-ligand
L1 in a mixture of HFIP:H,O at 60 °C (Scheme 7, 80% isolated yield,
paralmeta 95:5). Gratifyingly, when we scaled up the reaction of 2-
methylanisole (1a) to 5 mmol using only 5 mol% of catalyst, the arylated
product 3a was obtained in 73% yield with the same site-selectivity
(para/meta 95:5) (Scheme 7).

To explore the scope of the non-direct C—H arylation reaction, we initially
selected a series of anisoles with various ortho-substituents, as depicted in
Scheme 7. The reaction of ortho-substituted anisoles bearing bulky alkyl
groups 'Pr- (1b) and Bu (1¢) with the aryl iodide 2a furnished the desired
biaryl products in excellent yields (90% and 87%, respectively) and para-
selectivities (para/meta 95:5 and 96:4, respectively). Notably, when the more
electron-rich veratrole (1d) was used as the starting material, the reaction
proceeded smoothly at room temperature, yielding 3d as the sole product
with a 62% vyield.
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OR
| N .
OR T ‘ Pd(OAc), (10 mol%) | ~EWG/EDG :
N | ! s,0-Ligand (L1) (10 mol%) ! CoFs~g OH
| _rEWGEDG + AT Ar : S
' i i OR .
l CO,Me ; AgOAc (1.5 equiv.) A :
1a-i Taa T HFIP/HZ0 (1.5:1) N . S,0-Ligand (L1)
a 60°C, 4 h or \ EWGEDG !
with S,0-Ligand
without S,0-Ligand 3a-3i
ortho-substituted:
OMe OMe OMe OMe OMe
i Me i Pr i ‘Bu i _OMe cl
Ar Ar Ar Ar Ar
3a 3b 3c 3d 3e
80% (p/m, 95:5) 90% (p/m, 95:5) 87% (p/m, 96:4) 62%" 52% (p/m, 93:7)°
NMR 87% (p/m, 94:6) NMR 94% (p/m, 95:5) NMR 93% (p/m, 96:4) NMR 62% NMR 60% (n.d.)
0% 0% 0% 0% 0%
Gram-scale: 73% (p/m, 95:5)?
1
B
OMe OMe OMe o™
<>/F <>/Br <>/002Me <>/Me
Ar Ar Ar Ar
3f 3g 3h 3i
43% (p/m, 80:20)° 47% (plother isomers, 83:17)° 52% (p/m, 96:4)° 54% (p/m, 92:8)¢
NMR 49% (n.d.) NMR 53% (n.d.) NMR n.d. NMR 56% (n.d.)
0% 0% 0% 0%

Scheme 7. Scope of ortho-substituted anisoles. 1 (0.25 mmol, 1.0 equiv.), 2a (1.5 equiv.),
Pd(OAc)2 (10 mol%), L1 (10 mol%) and AgOAc (1.5 equiv.) in HFIP/H20 (1.5:1, 0.4 M) at 60
°C for 4 h; isolated yields. [a] 1a (5.0 mmol), Pd(OAc)z (5 mol%), L1 (5 mol%). [b] 1 (2 equiv.),
25°C, 40 h. [c] 1 (3 equiv.), HFIP/H20 (1.5:1, 0.6 M), 60 °C, 20 h. [d] 80 °C, 20 h.

Subsequently, we extended our investigation to anisole substrates bearing
electron-withdrawing groups at the ortho-position, starting with 2-
chloroanisole (1e). However, under standard reaction conditions, 2-
chloroanisole (1e) produced the desired arylated products in low yield (<20%)
(Table 10, entry 1). The primary issue leading to the low yield was the poor
conversion of the starting material. To maximize the conversion, we decided
to optimize the reaction conditions using 1e as a model substrate, which
would also serve as the optimal parameters for other electron-poor anisoles
(Table 10). Initially, we extended the reaction time (entries 1-4), which
improved the yield of the para-product to 25% after 20 h (entry 3). However,

no further enhancement in product yield was achieved with prolonged time
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(entry 4). Moreover, higher temperatures (60 to 100 °C) did not affect the
reaction of 1e (entries 3, 5, and 6), but instead favored the formation of the
undesired homocoupling byproduct. Next, a slightly higher yield of 38% was
obtained when the amounts of anisole 1e and aryl iodide 2a were reversed,
using 1.5 equiv. of 1e and 1.0 equiv. of 2a (the AgOAc loading was equally
adjusted with 2a) (entry 7). Further increases in the amount of anisole 1e led
to even higher yields (entries 8-9). To improve the arylation yield, we also
examined the effect of reaction concentration (0.4, 0.6 and 0.8 M) (entries 9-
11). Of the concentrations tested, 0.6 M provided a slightly better yield of 52%
(entry 10). Finally, we optimized the amount of AQOAc and found that 1.5
equiv. of AQOAc gave the best result, yielding the para-product in 58% NMR
yield (entries 10 and 12-14). Having established the optimal condition at 0.1
mmol scale, using 3 equiv. of anisoles and 1.5 equiv. of AQOAc in 0.6 M
HFIP/H2O (1.5:1) at 60 °C, we then conducted a 0.25 mmol scale reaction
with 1e and obtained the isolated products 3e in 52% yield with a good para-
selectivity (para/meta 93:7) (Scheme 7).

Table 10. Optimization of the C—H Arylation of 2-chloroanisole (1e).2

Pd(OAc), (10 mol%)

OMe R . CGFF’\S%(OH (10mol %) Meo Ol cl o

©/CI . <> = Ar L1 0 Q . MeO/Q o Aear

CO,Me AgOAc (x equiv.) Ar Ar

oo ‘ T, time ! homocoupling !

1e 2a HFIP/H,0 (1.5:1, y M) para-product s meta-product | byprodout

m equiv. n equiv.

Entry 1e:2a T/° time/ conc./ yield of para- byproduct/
(equiv.) C h M product/% %
1 1:1.5 60 4 0.4 14 3
2 1:1.5 60 6 0.4 17 4
3 1:1.5 60 20 0.4 25 6
4 1:1.5 60 48 0.4 28 7
5 1:1.5 80 20 0.4 25 14
6 1:1.5 100 20 0.4 24 22
7° 1.5:1 60 20 0.4 38 11
8b 2:1 60 20 0.4 41 14
gb 3:1 60 20 0.4 45 14
10Pb 3:1 60 20 0.6 52 14
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11 3:1 60 20 0.8 49 12
12 3:1 60 20 0.6 58 17
13¢ 3:1 60 20 0.6 58 19
144 3:1 60 20 0.6 52 16

[a] All reactions were performed on a 0.1 mmol scale and using 1.5 equiv. of AgOAc
otherwise is stated. Yields of the para-product were determined by 'H NMR, using
CH2Br2 as an internal standard. The meta-product was not determined due to
overlapping peaks in the 'TH NMR spectra. [b] 1.0 equiv. AQOAc. [c] 2 equiv. AgOAc.
[d] 3 equiv. AgOAc.

Other anisoles containing ortho-substituted electron-withdrawing groups -F
(1f), -Br (1g), and -CO2Me (1h) were also compatible under these optimized
reaction conditions, providing the arylated products 3f-3h in moderate to
good vyields (43%-52%) (Scheme 7). Regarding the site-selectivity, the
arylation of 1h exhibited excellent para-selectivity (para/meta 96:4), whereas
1f and 1g displayed slightly lower regioselectivities (para/meta ~80:20).
Interestingly, the successful arylation of anisole 1g, containing a -Br
substituent, provides a useful synthetic handle for further derivatization.
Subsequently, the effect of a bulkier tert-butyl group on the oxygen atom of
anisole (1i) was examined. The reaction afforded a moderate yield of 54%
with high para-selectivity (para/meta 92:8), although a higher temperature 80
°C was required due to the reduced reactivity of 1i compared to 1a. This
reduced reactivity is probably due to the significant steric hindrance of the
tert-butyl group, which partially forces the oxygen atom out of the phenyl
plane.

Having established a diverse scope of ortho-substituted anisoles (1a-i), we
turned our attention to unsubstituted anisoles and evaluated two
representative substrates, the simplest anisole 1j and the tert-
butoxybenzene 1k. In the absence of steric hindrance from substituents, both
substrates underwent arylation without exhibiting good regioselectivity
(Scheme 8). The reaction of 1j provided the ortho-arylated product (34%) as
the major product, along with the para-arylated (25%) and a small amount of
di-arylated product (6%). In contrast, the reaction of 1k yielded the para-
arylated product 3k-para (30%) as the major product, accompanied by the
ortho-arylated 3k-ortho (16%) and a minor amount of the meta-arylated
product (5%). The change in regioselectivity can be attributed to the steric
bulk of the tert-butyl group attached to the O atom. We further examined the
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reactivity of phenol (11) However, under the current reaction conditions, 1l
was incompatible, with almost no conversion of the aryl iodide 2a.

|
e D Pd(OAc), (10 mol%)
; ; S,0-Ligand (L1) (10 mol%)
P =Ar ; CoFse ><WOH
! i AgOAc (1.5 equiv.)
i COMe . HFIP/H,0 (1.5:1)
1j-1 2a 60°C,4h .
3j-31 +  8,0-Ligand (L1)
with S,0-Ligand .
without S,0-Ligand
unsubstituted: e
OMe OMe 4 ~Bu i OH
B [0} I
OMe Ar o u :
Ar. '
+ + Ar\© + :
Ar Ar Ar 3 Ar
3j-ortho 3j-para 3j-di 3k-ortho 3k-para , : 3l '
U ' ' | '
1 34% 25% 6% 1 16% 35% (p/m, 85:15) ' NMR<5%° |
leo s o cccacscscacscscaeancacacncacaaase o DU Uy <4 L .
Overall 65% Overall 51%
NMR n.d. NMR n.d.
0% 0%

Scheme 8. Scope of unsubstituted anisoles. 2a (0.25 mmol, 1.0 equiv.), 1 (2.0 equiv.),
Pd(OAc)2 (10 mol%), L1 (10 mol%) and AgOAc (1.5 equiv.) in HFIP/H20 (1.5:1, 0.4 M) at 60
°C for 4 h; isolated yields. [a] 1 (0.25 mmol, 1.0 equiv.), 2a (1.5 equiv.).

Next, we moved our attention to meta-substituted anisole derivatives
(Scheme 9). The reaction of 1,3-dimethoxy benzene (1m) under standard
conditions yielded 46% mono-arylation product (3m-mono), 22% di-arylation
product (3m-di) and 20% acetoxylation byproduct (3m-mono-acetoxy)
derived from mono-arylation product 3m-mono. By reversing the
stoichiometry, using 2 equiv. of 1m and 1 equiv. of aryl iodide 2a, we
observed a significant improvement in the selectivity for the mono-arylation
(65% 3m-mono, 4% 3m-di, and 7% 3m-mono-acetoxy). Furthermore,
conducting the reaction at room temperature for 20 hours yielded a similar
outcome, with notably high selectivity for the mono-arylated compound 3m-
mono, resulting in a 64% isolated yield.['*® The mono-arylation of 1m
occurred at the less sterically activated position. For other meta-substituted
anisole derivatives 1n-1q, the corresponding products were obtained in low
to good yields (29% to 61%) showcasing a remarkable preference for the
ortho-position, likely due to the steric hindrance at para-position introduced
by the meta-substituents. Specifically, the reaction of 3-methyl anisole 1n
proceeded at room temperature, yielding the product in 60% with 92% para-
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selectivity. Anisole derivative 10, featuring an alkyl chain substituted with a
potential directing group (-NHAc), was fully arylated at the ortho-position in
61% yield. meta-TMS-anisole 1p provided the product in a moderate yield of
42%, despite requiring a longer reaction time of 20 h, with high ortho-
selectivity (paral/others 94:6). Furthermore, the reaction with anisole 1q,
bearing an electron-withdrawing group (-OCF3) showed moderate ortho-
selectivity (ortholother isomers = 84:16) and a low yield (29%) despite the
use of an excess of substrate and the extension of the reaction time to 20 h.
Interestingly, the reaction of 4-methoxy-2,3-dihydro-7H-indene (1r) exhibited
a strong preference for para-arylation (para/meta = 97.5:2.5), similar to the
ortho-arylation observed with small alkyl groups reported by the Cori¢
group,®¥ vyielding the desired product in 63%. Next, we evaluated the
efficiency of our Pd(OAc)./L1 catalytic system for the arylation of para-
substituted anisoles bearing various groups, such as -OMe (1s), -Me (1t), -
CHOBn (1u) and -CO;Me (1v). Given the efficient arylation of
dimethoxybenzene 1d and 1m at room temperature, we also explored the
reaction of the highly reactive 1,4-dimethoxybenzene 1s at room
temperature. This resulted in the formation of 30% of the mono-arylated
product 3s-mono along with 19% of the di-arylated product 3s-di. The
arylation of 4-methyl anisole 1t, using 2 equiv. of 1t and 1 equiv. of 2a, gave
a slightly higher yield (568%) of the corresponding product 3t compared to the
yield obtained under standard conditions (48%). In the case of 4-CH,OBn
anisole 1u, no other isomers were isolated in the arylation of 1u, even though
the phenyl ring of the Bn group could also be arylated. In order to increase
the conversion of the less electron-rich anisole 1v bearing a -CO,Me group,
modified reaction conditions (2 equiv. of anisole, 20 h) were applied, yielding
the ortho-arylated product 3v in 48%. Despite these encouraging results,
anisole derivatives with strong electron-withdrawing groups such as -CF3 (1w)
showed poor reactivity (8% NMR yield), and the highly deactivating -NO>
group (1x) gave no product.
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OR :
| .
OR e Pd(OAc); (10 mol%) X H
; 8,0-Ligand (L1) (10 mol%) ‘ P EWG/EDG :
BN ' _ H
‘ 2 EWG/EDG + | =Ar —>' : CGFE\S%(OH
B ! AgOAc (1.5 equiv.) Ar :
_ COMe HFIP/H,0 (1.5:1) OR : o
1m-x 2a 60°C,4h Ar : :
or ‘ —L EWG/EDG + S,0-Ligand (L1)
with S,0-Ligand
without S,0-Ligand 3m-3x
meta-substituted:
oM oM
€ Ar © OMe OMe OMe
O O "L :
+
OMe OMe Me NHAC ™S
Ar Ar
3m-mono 3m-di , 3n 30 3p
L]
: G:Wi _______ i%_ . JI 60% (o/other isomers, 92:8)° 61% 42% (olother isomers 94:6)°
NMR 68% (o/other isomers, 92:8) NMR 67% NMR n.d.
Overall 68%2 0% 0% 0%
NMRING. ettt eeee et eeee e eaeaaaaeaaanaaaas
0% para-substituted:
M OMe OMe
QMe QMe Iy Ar Ar Ar
Ar. "
OCF. Ar
s Ar OMe OMe Me
3q 3r 3s-mono 3s-di 3t
. [
29% (olother isomers 84:16)°4 63% (p/m, 97.5:25)¢ + ' 30% 19% -: 5894
NMR 32% (ofother isomers 83:17) NMR yield 67% (n.d.) : besemmmmo-- b' -°° NMR 58%
o 0 . Overall 49%
0% 0% . 0%
NMR n.d.
0%
OMe OMe (T
Ar Ar ‘ OMe OMe
: <>/Ar <>/Ar
CO,Me 3
OBn ; CFs NO,
3u 3v : 3w 3x
54% 48%°¢ ; NMR 8%" NMR 0%
NMR 58% NMR 56% :
0% 0%  TTTTTTTTTTTmmmTToommmmmomommmmmooommmonoos

Scheme 9. Scope of substituted anisole derivatives. 1 (0.25 mmol, 1.0 equiv.), 2a (1.5 equiv.),
Pd(OAc)2 (10 mol%), L1 (10 mol%) and AgOAc (1.5 equiv.) in HFIP/H20 (1.5:1, 0.4 M) at 60
°C for 4 h; isolated yields. [a] 1 (2 equiv.), 25 °C, 20 h. [b] 25°C, 20 h. [c] 20 h. [d] 1 (2 equiv.).
[e]1 (2 equiv.), 40°C. [f] 1 (3 equiv.), 20 h.

After establishing the scope of different substituted anisoles, other challenge
anisoles were evaluated (Scheme 10). The reaction of 1-
methoxynaphthalene (1y) provided the para-arylated product 3y in 50% yield
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as the sole regioisomer. Given the importance of dihydrobenzofuran as a
core scaffold in numerous pharmaceuticals and bioactive molecules,?” we
next investigated the C—H arylation of dihydrobenzofuran derivatives 1z and
1aa. Arylation of the simplest 2,3-dihydrobenzofuran (1z) proceeded in good
overall yield (77%) but with poor site-selectivity, affording 30% ortho-, 29%
para-, and 15% di-arylated products. This lack of site-selectivity can be
attributed to the nearly identical steric environments of the ortho- and para-
positions on 1z. In contrast, the ortho-methyl substituted dihydrobenzofuran
(1aa) delivered a higher overall yield (87%) and excellent regioselectivity
(paralmeta/meta 92:3:3). Encouraged by these results, we extended our
catalytic system for the late-stage functionalization of structurally complex
molecules. Gratifyingly, the C—H arylation of the steroid derivative estrone
methyl ether 1ab produced the corresponding arylated product 3ab with
perfect ortho-selectivity in 75% isolated yield. The nonsteroidal anti-
inflammatory drug indomethacin methyl ester 1ac gave the arylated product
in good vyield (61%) with moderate ortho-selectivity (ortho/others 80:20).
Furthermore, we demonstrated the versatility of our catalytic system by
applying it to the C—H arylation of 2-methylthiophene (1ad) and o-xylene
(1ae). Both substrates afforded synthetically useful yields (46-53%),
however, the C2-selectivity in the arylation of thiophene 1ad was moderate
while perfect regioselectivity was observed in the case of o-xylene (1ae).
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OR
I X
OR R R : Pd(OAc), (10 mol%) | —EWG/EDG :
\ 3 . S,0-Ligand (L1) (10 mol%) = : CeF5\S>§(OH
| —EWGEDG + | TAT Ar :
= L oo : AgOAc (1.5 equiv.) OR H o]
[ oMe HFIP/H,0 (1.5:1) :
1y-ae 2a 60°C,4h Ar N ¢ S,0-Ligand (L1)
or | ——EWG/EDG :
with S,0-Ligand Z H
without S,0-Ligand 3y-3ae
other type anisoles:
OMe
Ar Ar
e ”
o + 5 + o S
Ar Ar Ar Me
3y 3z-ortho 3z-para 3z-di 3aa
] ]
' 30% 29% 15% '
50%2 I o e e e e e e e e e e e e e e 87% (p/m/m'92:3:3)2
NMR 47% Overall 77%2 NMR vyield 96% (p/other
0% NMR n.d isomers 91:9)
0% 0%
Cl ‘ other type substrates:
o . Me Me
Ar N P Me_s
)—Me : Um
MeO .
CO,Me Ar
3ac : 3ad 3ae
75% 61% (ofother isomers, 80:20) 460, (c2/C3, 85:15) 53040
NMR 80% NMR n.d. * NMR47% (n.d.) NMR 55% (n.d.)
0% 0% L 0% 0%
from estrone methyl ether ~ from indomethacin methyl ester ;

Scheme 10. Scope of anisole derivatives. 1 (0.25 mmol, 1.0 equiv.), 2a (1.5 equiv.), Pd(OAc)2
(10 mol%), L1 (10 mol%) and AgOAc (1.5 equiv.) in HFIP/H20 (1.5:1, 0.4 M) at 60 °C for 4 h;
isolated yields. [a] 1 (2 equiv.). [b] 40 °C, 20 h.

Next, we evaluated the scope of aryl iodide counter partners in the reaction
with 2-methylanisole (1a) (Scheme 11). Under the optimized conditions, the
C—H arylation of 1a with iodobenzene 2b furnished product 4b in a moderate
yield of 45%. Aryl iodides bearing electron-withdrawing groups at the para-
position, such as -Ac (2c), -F (2d), and -Br (2e), were well tolerated, yielding
the corresponding products 4c—4f in moderate to excellent isolated yields
(49% to 90%) and high para-selectivity (para/meta = 95:5). Among them, 4-
Ac phenyl iodide (2c¢) afforded the product in an excellent yield of 90%, while
4-F phenyl iodide (2d) provided a good yield of 74%. 4-Br Phenyl iodide (2e)
yielded the product in a slightly lower yield (49%), but opens the possibility
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for further functionalization of the biaryl moiety. Interestingly, 14% of the
homocoupling of anisole 1a via two-fold C—H activation was formed in the
reaction with 4e, a reactivity that will be discussed in Chapter 4 of this Thesis.
The arylation with 4-NO> phenyl iodide 2f afforded the sole para-product 3f
in 41% yield. Furthermore, the reaction with the more electron-rich 4-Me
phenyl iodide 2g provided the product 4g in only 34% yield, along with 19%
of the homocoupling byproduct of anisole 1a. The meta-CO2Me substituted
phenyl iodide 2h gave 4h in 75% yield with high para-selectivity (para/meta
= 96:4). The highly electron-deficient 3,5-di-CF3; phenyl iodide 2i furnished
the product with moderate para/meta selectivity 85:15, which was improved
to 96:4 after purification (48% isolated yield). The reaction using L(-)-borneol-
aryl iodide derivative 2j afforded the arylated product 4j in 56% yield with
high para-selectivity. In general, aryl iodides with electron-withdrawing
substituents demonstrated higher reactivity in the reaction compared to other
aryl iodides (4c, 4d, 4h, 4j vs. 4b, 4g). Importantly, control experiments
without the S,0-ligand confirmed its essential role, as no reaction occurred
in its absence (Schemes 8-12), except for 4g, which showed only 5% NMR
yield. This highlights the pivotal role of the S,0-ligand in facilitating this
transformation.

Interestingly, ortho-substituted phenyl iodides with both electron-withdrawing
and coordinating groups 2k and 2l underwent the reaction inefficiently,
yielding 32% of product and no product, respectively, which is in contrast to
the usual reactivity observed when a Pd(ll)/Pd(IV) manifold is operative
(Scheme 11).2" The reaction of 1-iodonaphthalene 2m and 3-Cl phenyl
iodide 2n gave the desired products in relatively low yields (about 30%). The
reaction of 2-iodothiophene (20) resulted in only trace amounts of product,
with negligible conversion of both starting materials. In contrast, methyl 2-
COzMe-3-iodothiophene 2p could yield the arylation product in 25%. The
other two pyridinyl iodides 2q and 2r proved inefficient, probably due to the
strong coordination of pyridine with Pd. We also performed the reaction using
methyl 4-bromobenzoate (2s) as a coupling partner, but it resulted in only a
12% 'H-NMR vyield of the arylated product, which is consistent with the
observed reactivity of 4-bromo iodobenzene (2e). This might be attributed to
the higher bond strength of the C—Br bond compared to the C-I bond, which
slows down the oxidative addition step.
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Pd(OAc), (10 mol%)

! A._ OMe ;
P Ar= Ve | ! S,0-Ligand (L1) (10 mol%)
; e
i L+ N
3 3 | R AgOAc (1.5 equiv.)
. 4 HFIP/H,0 (1.5:1)
60°C, 4 h
1a 2b-2s
with S,0-Ligand
without S,0-Ligand
Ar Ar
Ar
Ac F
4b 4c 4d

45% (pim, 97:3) 90% (p/m, 95:5)° 74% (pim, 95:5)°

NMR 48% (n.d.) NMR n.d. NMR n.d.
0% 0% 0%
Ar Ar Ar
CO,Me F3C/©\CF3
Me
4g 4h 4i

34% (p/m, 95:5)°  75% (p/m, 96:4)

NMR n.d. NMR yield 81% (p/m, 95:5) NMR 52% (p/m, 85:15) NMR 59% (p/m, 90:10)
5% 0% 0% 0%
from L(-)-borneol
Ar Ar Ar Ar Ar
CO,M
©/ Me N02 @\ 2 S
cl -
4k 41 4m 4n 40
NMR 32%f NMR 0%?2 NMR 33% (p/m n.d.)° NMR 34% (p/mn.d.)  NMR <5%P

CF3

Ar Ar Ar
S S
S = N el
4p 4q
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Scheme 11. Scope of aryl iodides. 1a (0.25 mmol, 1.0 equiv.), 2 (1.5 equiv.), Pd(OAc)2 (10
mol%), L1 (10 mol%) and AgOAc (1.5 equiv.) in HFIP/H20 (1.5:1, 0.4 M) at 60 °C for 4 h;

isolated yields. If mentioned, NMR yields were determined by "H NMR, using CH2Br2 as

an internal standard. [a] 1 (2 equiv.). [b] 20 h. [c] 1 (3 equiv.), 20 h. [d] 1 (2 equiv.), 80 °C.
[e] 80°C. [f] 48 h.
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Building on the versatility of non-directed C—H arylation of anisole
derivatives, we sought to further explore the potential of our Pd/S,O-ligand
catalytic system for the more challenging aniline substrates (Scheme 12). To
optimize the reaction conditions, N,N-dibenzylaniline 5a was selected as the
model substrate. After evaluating different reaction parameters (see
experimental section 3.5.6), the use of 10 mol% of Pd(OAc). and S,O-ligand
L6 in tert-BuOH at 60 °C was confirmed as the optimal reaction conditions.
N,N-Dibenzylaniline 5a was arylated in moderate yield (46%) with perfect
para-selectivity under the optimized conditions. However, when substituted
anilines were employed, 'H-NMR vyields did not exceed 15% with most
starting materials remaining unreacted, except for 2-Me-substituted aniline
5f, which partially decomposed under the reaction conditions (Scheme 12).
Although we have shown that it is possible to develop an efficient method for
the direct C—H arylation of aniline derivatives, we have not been able to
identify the optimal conditions, which is beyond the scope of this thesis.

Pd(OAc), (omol%)
| 1R2
NR'R2 > G ’A’ﬂ‘ PhS OH (10 mol %) NR'R
i =Ar !
L6 A Ar—Ar
R31L \ * . © R *
| : 1 . /
Pz ! COMe AgOACc (3 equiv.) ' N
[ J BUOH (0.2 M) Ar . homocoupling 1
5 2a 60 °C, 20 h 6 i byprodcut !
1.0 equiv. 2.0 equiv.
(0.1 mmol)
2 2 ny NHBn NHBn
CO,Me CO,Me Me
Me F Me
r Ar r
6a 6b 6¢c 6d 6e 6f
NMR 46% NMR 12% NMR 11% NMR 7% NMR 0% NMR 0%

Scheme 12. C-H Arylation of aniline derivatives.

To gain some insights into the mechanism of these Pd-catalyzed C-H
arylation reactions, we performed several kinetic studies. The kinetic order
of each reagent was determined using the initial rate method.?? Scheme 13a
shows the plot of the logarithm of the reaction rate against the concentration
of the reagent. A straight line with a slope of nearly one was measured for
Pd-catalyst and 2-methylanisole, revealing a first order in these reagents. No
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significant change in the reaction rate was observed using different
concentrations of aryl iodide or AQOAc. These results, together with the large
KIE observed (ku/kp = 7) indicated that the C—H activation is the rate-limiting
step (Scheme 13b).

a) Kinetic order measurement
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b) Parallel KIE experiment

OMe
Pd(OAc), (10 mol%) D Me
OMe S,0-Ligand (L1) (10 mol%) O
D Me 2a (1.5 equiv.) D D
1a or 2a or
D D AgOAc (1.5 equiv.)
b HFIP/H,0 (1.5:1) O
60 °C
1a-d, CO,Me
ku/kp = 7.0 2a-d,

Scheme 13. a) Kinetic order measurement. b) KIE determined from absolute rates of two
parallel reactions.

We then performed a series of control experiments to better understand the
mechanism of this C—H arylation reaction. In these transformations, the biaryl
compound resulting from the homocoupling of the aryl iodide is a commonly
observed byproduct. This byproduct should result from the oxidative addition
of the aryl iodide to Pd(0) species that may be formed during the reaction.
First, we tried to understand whether the Pd(0) is formed from the in situ
reduction of Pd(Il) species under the reaction conditions,?® or whether it is
formed as a consequence of the C—H arylation reaction. Thus, the reaction

111



Chapter 3

was carried out in the absence of 2-methylanisole (1a) using 0.5 equiv. of
catalyst (Pd(OAc)2/S,0-ligand) under otherwise the same reaction conditions
(Table 11, entry 1). No formation of the biaryl byproduct 3a’ was observed,
indicating that no Pd(0) is directly formed by the reduction of Pd(ll). Next, we
added 2-methylanisole (1a) in different amounts, from 0.1 equiv. to 0.5 equiv.,
and we observed the formation of the homocoupling byproduct 3a’ in similar
or lower yields than the desired arylated product 3a (entries 2-4). These
results strongly suggest that Pd(0) is formed during the C-H arylation
reaction, which is consistent with a Pd(l1)/Pd(0) mechanism, involving Pd(Il)
species for the C-H activation and arylation steps, followed by reductive
elimination to yield the arylated product and Pd(0) species."

Table 11. Control experiments.2

CO,Me
OMe
| . Me
Pd(OAc), (0.5 equiv.) | A
OMe S,0-Ligand (L1) (0.5 equiv.) =
Me .
AgOAc (1.0 equiv.) +
CO,Me HFIP/H,O (1.5:1)
M
60°C,4h e0,C COMe
1a 2a 3a 3a'

Homocoupled Arl

Entry 1a(equiv.) 2a(equiv.) Yieldof 3a/%? Yield of 3a’/%?

1 0 1 0 0
2 0.1 1 5 5
3 0.2 1 11 9
4 0.5 1 21 14

[a] "TH-NMR vyield of the crude mixture using CH2Br2 as internal standard.

3.3 Conclusion

In conclusion, we have developed a non-directed C—H arylation of anisoles
as a limiting reagent using readily accessible aryl iodides. Key to the success
of the methodology was the use of a more active Pd/S,0O-ligand catalyst. The
reaction proceeds with both aryl ethers bearing electron-donating and
electron-withdrawing groups and with different aryl iodides under mild
reaction conditions. The current methodology is also applicable for late-stage
arylation of bioactive molecules, including natural products and drugs.
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Preliminary mechanistic investigations suggest that the C—H activation is the
rate-limiting step and that a Pd(I1)/Pd(0) manifold is operative.

3.4 Acknowledgements
Dr. Verena Sukowski is acknowledged for her contribution to this chapter.

3.5 Experimental section
3.5.1 General information

Chromatography: Flash column chromatography was performed using
Macherey-Nagel Silica 60 (particle size 0.04-0.063 mm) under compressed
air flow or a Buchi C-850 automatic column machine with FlashPure silica
cartridges, TLC: Merck TLC plates (0.25 mm) precoated with silica gel 60 F 254,
preparative TLC: Analtech silica gel G 1500 um 20x20 cm. Visualization of the
chromatogram was performed by UV and KMnO4 solution. Mass spectra were
recorded on AccuTOF GC v 4g, JMS-T100GCV mass spectrometers. 'H and
3C were recorded on Bruker 500 AMX, 400, and Bruker DRX 300 using CDClIs
as the solvent otherwise it will be noted. Data are reported as follows: chemical
shifts, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet,
g = quartet, m = multiplet), coupling constants (Hz), and integration. IR spectra
were recorded on a Bruker Alpha FTIR machine and wavelengths are reported
in cm-'. Mass spectrometry spectra were recorded on a JEOL JMS-T100LP
AccuTOF 2012 (ESI), JEOL JMS-T100GCv AccuTOF 2012, (El, FD). The
FD/FI probe was equipped with an FD Emitter, Carbotec, FD = 10 pym. Current
rate = 51.2 mA/min over 1.2 min using field desorption (FD) as an ionization
method. The melting point was measured in the Melting Point apparatus Bichi
M-565. All reagents and solvents were used as received unless it was
specified. Pd(OAc)2 was purchased from Strem.

3.5.2 Synthesis of anisole derivatives and aryl iodide 2j

Substrates 1a-b, 1d-h, 1j-n, 1s-t, 1v-z, 1ab-ae and aryl iodides 2b-i, 2k-s
were purchased from commercial suppliers and were used without further
purification.
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Synthesis of N-(3-methoxyphenethyl)acetamide (10).[24

o~ o~

Et3N, acetyl chloride
R.T,1h
NH NHAc

2

To a solution of 2-(3-methoxyphenyl)ethan-1-amine (1.5 mL, 10.0 mmol, 1.0
equiv.) in DCM (10 mL) was added EtsN (2.1 mL, 15 mmol, 1.5 equiv.) and the
resulting mixture was cooled to 0-5 °C. To the mixture was added acetyl
chloride (0.78 mL, 11 mmol, 1.1 equiv.) dropwise. After stirring at room
temperature for 1 h, the mixture was quenched with cold water and extracted
three times with DCM. The organic layer was washed with 0.6 M aqueous HCI
and saturated NaHCOs, dried over anhydrous MgSOg4, filtered and
concentrated under reduced pressure. Purification by column chromatography
on silica gel using pentane/EtOAc (1:1-0:1 v/v) as an eluent provided the titled
compound as a yellow oil (1.39 g, 72%).

"H NMR (300 MHz, CDCl3) 8 7.22 (t, J = 8.1 Hz, 1H), 6.79 (d, J = 2.1 Hz, 1H), 6.77
- 6.73 (m, 2H), 5.54 (s, 1H), 3.90 (s, 3H), 3.51 (q, J = 6.6 Hz, 2H), 2.79 (t, J = 6.9
Hz, 2H), 1.93 (s, 3H). '"H NMR spectra data of the product matched with the
spectra data reported in the literature.[25]

Synthesis of 4-methoxy-2,3-dihydro-1H-indene (1r).[2¢l

(0] o~
SiEtsH
- .
TFA, 70°C,6 h
0

A mixture of 4-methoxy-2,3-dihydro-1H-inden-1-one (324 mg, 2.0 mmol, 1.0
equiv.), triethylsilane (1.5 g, 13.0 mmol, 6.5 equiv.) and TFA (6.5 mL) was
refluxed at 70 °C. After 6 h, the mixture was poured into ice water and
extracted with EtOAc. The combined organic layers were neutralized with
aqueous NaHCOs solution and washed with water. Then the organic layer was
dried over MgSO4 and concentrated under reduced pressure. Purification by
column chromatography on silica gel using pentane/DCM (30:1-20:1 v/v) as
an eluent provided the titled compound as a colorless liquid (590 mg, 79%).

"H NMR (300 MHz, CDCl3) 8 7.14 (t, J = 7.8 Hz, 1H), 6.87 (d, J = 7.5 Hz, 1H), 6.68
(d, J=7.8 Hz, 1H), 3.84 (s, 3H), 2.96 — 2.86 (m, 4H), 2.13 — 2.03 (m, 2H). '"H NMR
spectra data of the product matched with the spectra data reported in the
literature.[27]
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Synthesis of 1-((benzyloxy)methyl)-4-methoxybenzene (1u).[28

o~ o~

NaH
+
Br
DMF, N,

0 °C-R.T., overnight

OH OBn

4-Methoxybenzyl alcohol (0.621 mL, 5.0 mmol, 1.0 equiv.) was dissolved in
dry DMF (5.0 mL) under N2 atmosphere. The mixture was cooled down in an
ice bath and was slowly added pre-washed NaH (400 mg, 10.0 mmol, 2.0
equiv., 60% dispersion in mineral oil). After stirring for 30 min, benzyl bromide
(0.718 mL, 6 mmol, 1.2 equiv.) was added slowly by syringe and the mixture
was allowed to room temperature. After stirring overnight, the mixture was
quenched with cold water and extracted three times with Et2O. The combined
organic layers were washed with brine, dried over anhydrous MgSO, filtered
and concentrated under reduced pressure. Purification by column
chromatography on silica gel using pentane/EtOAc (30:1-10:1 v/v) as an
eluent provided the titled compound as a pale yellow oil (0.917 g, 80%).

H NMR (400 MHz, CDCl3) & 7.39 — 7.35 (m, 4H), 7.34 — 7.28 (m, 3H), 6.92 — 6.87
(m, 2H), 4.54 (s, 2H), 4.50 (s, 2H), 3.82 (s, 3H). '"H NMR spectra data of the
product matched with the spectra data reported in the literature.[29]

Synthesis of methyl 4-(7-methyl-2,3-dihydrobenzofuran-5-yl)benzoate
(1aa).ko

O/

| o Pd(OAc),
+
(0]
©/ MGOAOMe KOAc, BuyNBr
NMP, 100 °C

Ny, 12 h

A Schlenk flask equipped with a stirring bar was charged with Pd(OAc)2 (90
mg, 0.4 mmol, 10 mol%), KOAc (0.98 g, 10 mmol, 2.5 equiv.), BusNBr (5.16 g,
16 mmol, 4.0 equiv.), 1-iodo-2-methoxybenzene (0.94 g, 4 mmol, 1.0 equiv.)
and NMP (30 mL). The flask was then evacuated and backfilled with nitrogen
for 5 times. The dimethyl carbonate (2.7 mL, 32 mmol, 8.0 equiv.) was added
by syringe. After stirring at 100 °C for 12 h, the mixture was cooled down to
room temperature. The mixture was diluted with EtOAc, washed with brine,
dried over anhydrous MgSOs, filtered and concentrated under reduced
pressure. Purification by column chromatography on silica gel using
pentane/DCM (15:1-10:1 v/v) as an eluent provided the titled compound as a
colorless liquid (324 mg, 60%).
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"H NMR (300 MHz, CDCIs) & 7.06 — 7.02 (m, 1H), 6.96 — 6.92 (m, 1H), 6.76 (t, J =
7.5 Hz, 1H), 4.56 (t, J = 8.7 Hz, 2H), 3.22 (t, J = 9.0 Hz, 2H), 2.22 (s, 3H). '"H NMR
spectra data of the product matched with the spectra data reported in the
literature.[30]

Synthesis of (1S,2R,4R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl 4-
iodobenzoate (2j).3"

| |
%)"\OH ' pyridine YO
) —_—
‘ (@]
Cl (6]

R.T., overnight

To a solution of L(-)-borneol (0.78 g, 5 mmol, 1.0 equiv.) in pyridine (15 mL)
was added 4-iodobenzoyl chloride (2.65 g, 10 mmol, 2.0 equiv.). After stirring
at room temperature overnight, the mixture was quenched with 0.6 M aqueous
HCI and extracted three times with EtOAc. The combined organic layers were
washed with brine, dried over anhydrous MgSOQOu, filtered and concentrated
under reduced pressure. Purification by column chromatography on silica gel
using pentane/EtOAc (100:1-1:2 v/v) as an eluent provided the titled
compound as a white solid (1.80 g, 94%).3"]

"H NMR (400 MHz, CDClI3) & 7.82 — 7.80 (m, 4H), 5.12 — 5.08 (m, 1H), 2.51 — 2.43
(m, 1H), 2.12 — 2.05 (m, 1H), 1.85 - 1.76 (m, 1H), 1.75 - 1.73 (m, 1H), 1.45 - 1.37
(m, 1H), 1.33 = 1.27 (m, 1H), 1.10 (dd, J = 14.0, 3.6 Hz, 1H), 0.962 (s, 3H), 0.914 (s,
3H), 0.901 (s, 3H). "H NMR spectra data of the product matched with the spectra
data reported in the literature.3"!

3.5.3 Synthesis of S,0-ligands

Ligand L1 was synthesized according to the reported procedure.l%al Ligands
L2-L4, L6-L8 were synthesized according to the reported procedure.32
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Table 12. Overview of screened S,0-ligands.

(0]

0
CeFsS
%OH ° sjij\OH
L1
fo) [¢]
L3
0

CeFsS

o
CeHsS ll ”
CeHsS o 6 sﬁOH CgHsS oH CgHsS oH
L4 L5 L6
0]
i OH
L9

MesS MesS MesS
“ %OH ﬁ\OH

L7 L8

Synthesis of L5.

0 o] o]
PhSH, KOH CgHsS KOH CeHsS
Br OEt % OEt OH
EtOH, reflux, 24 h Toluene, reflux, 16 h

LS
Step1:

To a solution of thiophenol (0.51 mL, 5.0 mmol, 1.0 equiv.) in EtOH (6 mL) was
slowly added KOH (0.28 g, 5 mmol, 1.0 equiv.) and the resulting suspension
was heated at 60 °C until all the KOH was dissolved. The resulting solution
was cooled to 0 °C and ethyl 1-bromocyclobutane-1-carboxylate (0.81 mL, 5.0
mmol, 1.0 equiv.) was added dropwise. The mixture was then heated to reflux
for 24 h before it was cooled to room temperature. KBr (white solid) was
removed by filtration and the filtrate was concentrated under reduced pressure.
The residue was diluted with DCM, washed with brine, dried over anhydrous
MgSOq, filtered and concentrated under reduced pressure. The resulting liquid
was used for the next step without further purification.

Step2:

KOH (1.26 g, 22.5 mol, 4.5 equiv.) was dissolved in hot toluene (20 mL) and
ethyl 1-(phenylthio)cyclobutane-1-carboxylate was added. The mixture was
refluxed for 16 h. After the mixture was cooled to room temperature, water was
added and the mixture was extracted with Et2O. The aqueous phase was
acidified with 1.0 M aqueous HCI to pH 1. The acidified aqueous layer was
extracted with Et2O and the combined organic phases were washed with brine,

117



Chapter 3

dried over anhydrous MgSOu, filtered and concentrated under reduced
pressure. Purification by column chromatography on silica gel using
pentane/Et20 (100:1-1:2 v/v) as an eluent provided the titled compound as a
pale yellow solid (594 mg, 57% in two steps).

H NMR (400 MHz, CDCls) & 7.45 — 7.39 (m, 2H), 7.33 — 7.28 (m, 3H), 2.78 — 2.63
(m, 2H), 2.33 — 2.17 (m, 3H), 2.03 — 1.89 (m, 1H). 3C NMR (101 MHz, CDCl3) &
180.00, 133.32 (2C), 132.77, 129.08 (2C), 128.39, 52.87, 31.84 (2C), 15.99. IR: v
2986, 2943, 2852, 2657, 2558, 1690, 1572, 1472, 1454, 1436, 1404, 1287, 1250,
1209, 1175, 1156, 1125, 1089, 1069, 1042, 1021, 1001, 975, 922, 896, 803, 752,
691, 627, 615, 546, 489, 435, 408 cm-'. HRMS (EI): m/z calculated for C11H1202S
[M]* = 208.0565; found: 208.0558. M.P. = 61— 63 °C.

Synthesis of L9.

. KOH M KOH MesS
Br Ot esS OEt OH
EtOH, reflux, 24 h Toluene, reflux, 16 h

L9
Step1:

To a solution of 2,4,6-trimethylbenzenethiol (0.76 mL, 5.0 mmol, 1.0 equiv.) in
EtOH (6 mL) was added KOH (0.28 g, 5 mmol, 1.0 equiv.) slowly and the
resulting suspension was heated at 60 °C until all the KOH was dissolved. The
resulting solution was cooled to 0 °C and ethyl 1-bromocyclobutane-1-
carboxylate (0.81 mL, 5.0 mmol, 1.0 equiv.) was added dropwise. The mixture
was then heated to reflux for 24 h before it was cooled to room temperature.
KBr (white solid) was removed by filtration and the filtrate was concentrated
under reduced pressure. The residue was diluted with DCM, washed with
brine, dried over anhydrous MgSOQyg, filtered and concentrated under reduced
pressure. Purification by column chromatography on silica gel using
pentane/Et20 (100:1-20:1 v/v) as an eluent provided the titled compound (1.04
g, 75%).

Step2:

KOH (0.94 g, 16.8 mol, 4.5 equiv.) was dissolved in hot toluene (16 mL) and
the ethyl 1-(mesitylthio)cyclobutane-1-carboxylate (1.04 g, 3.73 mmol, 1.0
equiv.) was added. The mixture was refluxed for 16 h. After the mixture was
cooled to room temperature, water was added and the mixture was extracted
with Et20. The aqueous phase was acidified with 1.0 M aqueous HCI to pH 1.
The acidified aqueous layer was extracted with Et2O and the combined organic
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phases were washed with brine, dried over anhydrous MgSOs, filtered and
concentrated under reduced pressure. Purification by column chromatography
on silica gel using pentane/Et20 (100:1-5:1 v/v) as an eluent provided the titled
compound as a pale yellow solid (731 mg, 78%).

H NMR (400 MHz, CDCl3) 8 6.94 (s, 2H), 2.63 — 2.56 (m, 2H), 2.49 (s, 6H), 2.27 (s,
3H), 2.26 — 2.18 (m, 2H), 2.12 — 2.02 (m, 1H), 1.91 — 1.80 (m, 1H). *C NMR (101
MHz, CDCl3) 5 180.30, 144.93 (2C), 139.39, 129.24 (2C), 127.29, 54.39, 32.67 (2C),
22.50 (2C), 21.22, 16.45. IR: v 3078, 2992, 2976, 2928, 2867, 1693, 1599, 1559,
1465, 1454, 1429, 1398, 1375, 1275, 1225, 1216, 1183, 1136, 1046, 1032, 1014,
1000, 922, 878, 864, 840, 779, 737, 720, 701, 638, 553, 511, 441, 426 cm-'. HRMS
(El): m/z calculated for C14H1502S [M]* = 250.1027; found: 250.1036. M.P. = 80
—82°C.

3.5.4 C-H arylation of anisole derivatives

General Procedure: In a pressure tube containing a suitable stirring bar was added
Pd(OAc)2 (5.6 mg, 0.025 mmol, 10 mol%), aryl iodide (0.375 mmol-0.25 mmol, 1.5-
1.0 equiv.), AQOAc (62.5 mg, 0.375 mmol, 1.5 equiv.), (Fs)-S,0-ligand L1 (2-methyl-
2-[(perfluorophenyl)thio]propanoic acid) (250 pL, 0.1 M stock solution in HFIP, 0.025
mmol, 10 mol%), HFIP, H20 and the corresponding anisole (0.25 mmol-0.75 mmol,
1.0-3.0 equiv.). The tube was put in a pre-heated oil bath at 25-80 °C and was stirred
for 4 or 20 h. After cooling to room temperature, the resulting mixture was diluted
with DCM, filtered through a plug of Celite® and concentrated under reduced
pressure. The "H NMR vyield was determined by adding CH2Br2 (10 pL, 0.144 mmol)
as an internal standard. The crude mixture was purified by column chromatography
on silica gel to obtain the desired product.

Methyl 4'-methoxy-3'-methyl-[1,1'-biphenyl]-4-carboxylate (3a)

_ General procedure was followed using 2-methylanisole (1a) (31.5 L,

Q 0.25 mmol, 1.0 equiv.) and methyl 4-iodobenzoate (2a) (98.2 mg,
O 0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 60 °C
for 4 h, providing 3a in 87% (p/m, 94:6) "H NMR vyield. Purification by

column chromatography on silica gel using pentane/EtOAc (1:0-10:1

O v/v) as an eluent provided the titled compound as a white solid (51.4
come MY 80%, p/m 95:5). 'TH NMR (400 MHz, CDClz) & 7.98 (d, J = 8.4 Hz,
3a 2H), 7.53 (d, J= 8.0 Hz, 2H), 7.37 — 7.34 (m, 2H), 6.82 (d, J = 8.4 Hz, 1H),
3.85 (s, 3H), 3.79 (s, 3H), 2.21 (s, 3H). 3C NMR (101 MHz, CDCl3) &

167.24, 158.20, 145.58, 132.05, 130.17(2C), 129.64, 128.20, 127.30, 126.58(2C),
125.78, 110.34, 55.56, 52.17, 16.51. IR: v 2950, 2922, 2844, 1704, 1600, 1519,
1494, 1464, 1446, 1433, 1394, 1284, 1269, 1249, 1178, 1139, 1106, 1049, 1022,
1014, 961, 901, 888, 857, 815, 772, 754, 727, 717, 701, 622, 595, 558, 524, 491,
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440 cm'. HRMS (Fl): m/z calculated for C1sH1603 [M]* = 256.1099; found:
256.1113.

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as the internal standard.

Grame-scale reaction of 2-methylanisole (1a)

In a 50 mL flask containing a suitable stirring bar was added Pd(OAc)2 (56 mg, 0.25
mmol, 5 mol%), (Fs)-S,0-ligand L1 (2-methyl-2-[(perfluorophenyl)thio]propanoic acid)
(72 mg, 0.25 mmol, 5 mol%), methyl 4-iodobenzoate (2a) (1.97 g, 7.5 mmol, 1.5
equiv.), AgOAc (1.25 g, 7.5 mmol, 1.5 equiv.), 7.5 mL HFIP, 5 mL H20 and 2-
methylanisole (1a) (630 uL, 5.0 mmol, 1.0 equiv.). The flask was put in a pre-
heated oil bath at 60 °C and was stirred for 4 h. After cooling to room temperature,
the resulting mixture was filtered through Celite®, extracted with DCM, washed with
brine, dried over anhydrous MgSOQyg, filtered and concentrated under reduced
pressure. Purification by column chromatography on silica gel using
pentane/EtOAc (1:0-10:1 v/v) as an eluent provided the titled compound as a
white solid (930 mg, 73%, p/m 95:5).

Methyl 3'-isopropyl-4'-methoxy-[1,1'-biphenyl]-4-carboxylate (3b)

- General procedure was followed using 2-iso-propylanisole (1b) (40.9

ipr ML, 0.25 mmol, 1.0 equiv.) and methyl 4-iodobenzoate (2a) (98.2 mg,

O 0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 60 °C

for 4 h, providing 3b in 94% (p/m, 95:5) '"H NMR yield. Purification

by column chromatography on silica gel using pentane/EtOAc (1:0-

O 10:1 v/v) as an eluent provided the titled compound as a white solid

come (64.1 mg, 90%, p/m, 95:5). "H NMR (400 MHz, CDCI3) & 8.00 — 7.98

3b (m, 2H), 7.56 — 7.53 (m, 2H), 7.39 (d, J = 2.4 Hz, 1H), 7.34 (dd, J = 8.4,

2.4 Hz, 1H), 6.84 (d, J = 8.4 Hz, 1H), 3.85 (s, 3H), 3.79 (s, 3H), 3.32 —

3.26 (m, 1H), 1.20 (s, 3H), 1.18 (s, 3H). *C NMR (101 MHz, CDClI3) & 167.25,

157.27, 145.95, 137.66, 132.32, 130.17(2C), 128.20, 126.67(2C), 125.57, 125.20,

110.80, 55.62, 52.17, 27.05, 22.79(2C). IR: v 2946, 2867, 2835, 1713, 1603, 1488,

1459, 1437, 1397, 1315, 1280, 1264, 1244, 1196.1691, 1185, 1174, 1161, 1107,

1081, 1040, 1027, 1012, 960, 896, 857, 845, 821, 814, 768, 742, 702, 628, 617, 515,

483, 436 cm™'. HRMS (FI): m/z calculated for C1sH2003 [M]* = 284.1412; found:
284.1409.

O

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br» as the internal standard.
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Methyl 3'-(tert-butyl)-4'-methoxy-[1,1'-biphenyl]-4-carboxylate (3c)

General procedure was followed using 2-tert-butylanisole (1¢) (41.1
mg, 0.25 mmol, 1.0 equiv.) and methyl 4-iodobenzoate (2a) (98.2
O mg, 0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at

60 °C for 4 h, providing 3c in 93% (p/m, 96:4) 'H NMR vyield.

Purification by column chromatography on silica gel using
O pentane/EtOAc (1:0-10:1 v/v) as an eluent provided the titled
compound as a white solid (64.7 mg, 87%, p/m 96:4). 'TH NMR (400
MHz, CDCl3) 6 8.12 — 8.09 (m, 2H), 7.66 — 7.64 (m, 2H), 7.58 (d, J = 2.0
Hz, 1H), 7.34 (dd, J = 8.4, 2.4 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 3.95 (s,
3H), 3.90 (s, 3H), 1.46 (s, 9H). 3C NMR (101 MHz, CDCIs) 8 167.21, 158.95, 146.06,
138.81, 131.92, 130.16(2C), 128.15, 126.67(2C), 125.93, 125.82, 111.98, 55.24,
52.13, 35.11, 29.80(3C). IR: v 2997, 2952, 2834, 1713, 1602, 1487, 1452, 1437,
1421, 1390, 1359, 1315, 1277, 1248, 1235, 1193, 1180, 1156, 1105, 1094, 1051,
1031, 1012, 960, 900, 856, 824, 815, 769, 728, 703, 629, 621, 588, 514, 500, 485,
421 cm'. HRMS (Fl): m/z calculated for C19H2203 [M]* = 298.1569; found:
298.1576.

COzMe
3c

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as the internal standard.

Methyl 3',4'-dimethoxy-[1,1'-biphenyl]-4-carboxylate (3d)

General procedure was followed using 1,2-dimethoxybenzene (1d)
(51.4 mg, 0.5 mmol, 2.0 equiv.) and methyl 4-iodobenzoate (2a)
O ~ (65.5 mg, 0.25 mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4
M) at 25 °C for 40 h, providing 3d in 62% 'H NMR yield. Purification
by column chromatography on silica gel using pentane/DCM (2:1-
O 1:2 v/v) as an eluent provided the titled compound as a white solid
CO,Me (42.3 mg, 62% yield). 'TH NMR (400 MHz, CDCl3) 5 8.07 (d, J = 8.4 Hz,
2H), 7.61 (d, J= 8.4 Hz, 2H), 7.18 (dd, J=8.4, 2.0 Hz, 1H), 7.13 (d, J =
2.0 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 3.95 (s, 3H), 3.93 (s, 3H), 3.92 (s,
3H). 3C NMR (101 MHz, CDClI3) & 167.10, 149.44, 149.39, 145.50, 132.93, 130.18
(2C), 128.49, 126.70 (2C), 119.87, 111.59, 110.46, 56.09 (2C), 52.18. IR: v 2950,
2839, 1714, 1600, 1590, 1530, 1503, 1469, 1446, 1433, 1401, 1322, 1290, 1278,
1256, 1219, 1187, 1172, 1149, 1111, 1026, 875, 855, 844, 816, 767, 699 cm-.
HRMS (El): m/z calculated for C16H1604 [M]* = 272.1049; found: 272.1056. M.P.
=117 - 119 °C.

3d

A parallel reaction without ligand was also performed, and traces of product were
observed by "H NMR analysis with CH2Br» as the internal standard.
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Methyl 3'-chloro-4'-methoxy-[1,1'-biphenyl]-4-carboxylate (3e)

- General procedure was followed using 2-chloroanisole (1e) (97.2 pL,

o 0.75 mmol, 3.0 equiv.) and methyl 4-iodobenzoate (2a) (65.5 mg,

O 0.25 mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 417 uL, 0.6 M) at 60 °C

for 20 h, providing 3e in 60% 'H NMR yield (regioselectivity not

determined). Purification by column chromatography on silica gel

O using pentane/DCM (10:1-1:8 v/v) as an eluent provided the titled

co,Me compound as a white solid (35.8 mg, 52% yield, p/other isomers

3e 93:7). "H NMR (400 MHz, CDCI3) & 8.10 — 8.06 (m, 2H), 7.65 (d, J = 2.8

Hz, 1H), 7.61-7.58 (m, 2H), 7.49 (dd, J =11.2, 3.2 Hz, 1H), 7.01 (d, J =

11.6 Hz, 1H), 3.95 (s, 3H), 3.94 (s, 3H). "*C NMR (101 MHz, CDClIs) & 167.02,

155.20, 143.99, 133.42, 130.32 (2C), 129.10, 128.92, 126.63 (2C), 123.16, 112.43,

56.40, 52.27. IR: v 2974, 2953, 2845, 1712, 1603, 1519, 1488, 1468, 1443, 1431,

1390, 1371, 1310, 1280, 1262, 1192, 1179, 1155, 1104, 1063, 1040, 1015, 973, 957,

936, 891, 857, 847, 841, 811, 765, 734, 719, 703, 638, 619, 601, 560, 501, 447, 428

cm'. HRMS (El): m/z calculated for CisH13ClO3 [M]* = 276.0553; found:
276.0542.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as the internal standard.

Methyl 3'-fluoro-4'-methoxy-[1,1'-biphenyl]-4-carboxylate (3f)

- General procedure was followed using 2-fluoroanisole (1f) (84 pL,
¢ 0.75 mmol, 3.0 equiv.) and methyl 4-iodobenzoate (2a) (65.5 mg,
O 0.25 mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 417 pL, 0.6 M) at 60 °C
for 20 h, providing 3f in 49% 'H NMR yield (regioselectivity not
O determined). Purification by column chromatography on silica gel
using pentane/DCM (10:1-1:8 v/v) as an eluent provided the titled
co,Me compound as a white solid (28.0 mg, 43% yield, p/m 80:20). 'H NMR
3¢ (400 MHz, CDCls) 6 8.08 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.4 Hz, 2H), 7.39
—7.34 (m, 2H), 7.04 (d, J = 8.4 Hz, 1H), 3.939 (s, 3H), 3.935 (s, 3H). '3C
NMR (101 MHz, CDCls) 6 167.04, 152.74 (d, Jcr = 246.44 Hz), 147.92 (d, Jor =
11.11 Hz), 144.16 (d, Jc-r=1.92 Hz), 133.16 (d, Jc-F = 6.06 Hz), 130.32 (2C), 128.93,
126.64 (2C), 123.09 (d, Jor= 3.43 Hz), 115.04 (d, Jc-F = 19.29 Hz), 113.80 (d, Jc-F =
2.22 Hz), 56.48, 52.27. IR: v 2955, 2845, 1708, 1604, 1585, 1530, 1502, 1470, 1444,
1430, 1400, 1323, 1279, 1214, 1190, 1177, 1136, 1112, 1035, 1013, 960, 893, 876,
852, 825, 810, 766, 716, 696, 637, 618, 596, 518, 500, 486, 451, 427 cm-'. HRMS
(FI): m/z calculated for C1sH1303 [M]* = 260.0849; found: 260.0851.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br» as the internal standard.
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Methyl 3'-bromo-4'-methoxy-[1,1'-biphenyl]-4-carboxylate (3g)

_ General procedure was followed using 2-bromoanisole (1g) (96.0 uL,

gr 0.75 mmol, 3.0 equiv.) and methyl 4-iodobenzoate (2a) (65.5 mg,

O 0.25 mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 417 pL, 0.6 M) at 60 °C

for 20 h, providing 3g in 53% 'H NMR vyield (regioselectivity not

determined). Purification by column chromatography on silica gel

O using pentane/DCM (10:1-1:8 v/v) as an eluent provided the titled

co,Me compound as a colorless oil (37.6 mg, 47% yield, p/other isomers

3g 74:26). "TH NMR (400 MHz, CDCI3) 5 8.10 — 8.06 (m, 2H), 7.83 (d, J = 2.4

Hz, 1H), 7.63-7.57 (m, 2H), 7.54 (dd, J =8.8, 2.4 Hz, 1H), 6.98 (d, J = 8.8

Hz, 1H), 3.95 (s, 3H), 3.94 (s, 3H). 3C NMR (101 MHz, CDClI3) & 167.05, 156.11,

143.92, 133.94, 132.19, 130.35, 130.33 (2C), 128.94, 127.41, 127.39, 126.68 (2C),

112.40, 112.26, 56.51, 52.29. IR: v 3003, 2950, 2839, 1711, 1599, 1575, 1523, 1489,

1463, 1433, 1387, 1280, 1187, 1160, 1114, 1056, 1030, 1016, 965, 859, 839, 815,

770, 760, 728, 700, 677 cm'. HRMS (EI): m/z calculated for C1sH13BrOs [M]* =
320.0048; found: 320.0045.

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as the internal standard.

Dimethyl 4-methoxy-[1,1'-biphenyl]-3,4'-dicarboxylate (3h)

o General procedure was followed using methyl 2-
COMe methoxybenzoate (1h) (107.8 pyL, 0.75 mmol, 3.0 equiv.) and

O methy! 4-iodobenzoate (2a) (65.5 mg, 0.25 mmol, 1.0 equiv.) in
HFIP/H20 (1.5:1, 417 uL, 0.6 M) at 60 °C for 20 h. Purification by

O column chromatography on silica gel using cyclohexane/EtOAc
(20:1-1:1 v/v) as an eluent provided the titlted compound as a

CO,Me brown solid (39.2 mg, 52% yield, p/m 96:4). "H NMR (400 MHz,
3h CDCI3) & 8.10 — 8.06 (m, 3H), 7.72 (dd, J =11.6, 3.2 Hz, 1H), 7.64 —

7.61 (m, 2H), 7.06 (d, J = 11.6 Hz, 1H), 3.94 (s, 3H), 3.93 (s, 3H), 3.92
(s, 3H). '*C NMR (101 MHz, CDCls) d 167.04, 166.54, 159.27, 144.16, 132.14,
132.01, 130.54, 130.28 (2C), 128.81, 126.60 (2C), 120.54, 112.66, 56.30, 52.30,
52.23. IR: v 2952, 2923, 2847, 1702, 1606, 1518, 1490, 1434, 1422, 1393, 1321,
1308, 1272, 1243, 1182, 1158, 1112, 1097, 1049, 1015, 974, 960, 916, 868, 855,
833, 820, 796, 784, 768, 731, 716, 700, 673, 622, 572, 511, 492, 457, 422 cm".
HRMS (Fl): m/z calculated for C17H160s [M]* = 300.0998; found: 300.0995.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br» as the internal standard.
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Methyl 4'-(tert-butoxy)-3'-methyl-[1,1'-biphenyl]-4-carboxylate (3i)

wy General procedure was followed using 2-tert-butoxytoluene (1i) (41.1
mg, 0.25 mmol, 1.0 equiv.) and methyl 4-iodobenzoate (2a) (98.2 mg,
O 0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 80 °C
for 20 h, providing 3i in 56% 'H NMR vyield (regioselectivity not
determined). Purification by column chromatography on silica gel
O using pentane/DCM (5:1-1:10 v/v) as an eluent provided the titled
compound as a white solid (40.4 mg, 54%, p/m 92:8). '"H NMR (400
MHz, CDClIs) 6 8.08 — 8.06 (m, 2H), 7.64 — 7.62 (m, 2H), 7.44 (d, J = 2.4
Hz, 1H), 7.36 (dd, J = 8.4, 2.4 Hz, 1H), 7.10 (d, J = 8.4 Hz, 1H), 3.93 (s,
3H), 2.31 (s, 3H), 1.44 (s, 9H). 3C NMR (101 MHz, CDCIs) 8 167.24, 155.01, 145.54,
133.99, 132.52, 130.15 (2C), 129.84, 128.37, 126.71 (2C), 125.08, 122.15, 76.84,
52.18, 29.36 (3C), 17.53. IR: v 2977, 2953, 1714, 1605, 1521, 1493, 1439, 1390,
1366, 1322, 1280, 1265, 1174, 1131, 1110, 1015, 928, 910, 868, 854, 834, 775, 757,
702 cm'. HRMS (El): m/z calculated for C19H2203 [M]* = 298.1569; found:
298.1574.

COzMe

3i

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as the internal standard.

Methyl 2'-methoxy-[1,1'-biphenyl]-4-carboxylate (3j-ortho), methyl 4'-methoxy-
[1,1'-biphenyl]-4-carboxylate (3j-para) and dimethyl 4'-methoxy-[1,1":3",1"-
terphenyl]-4,4"-dicarboxylate (3j-di)

General procedure was followed using anisole (1j) (54.3 pL,
0.5 mmol, 2.0 equiv.) and methyl 4-iodobenzoate (2a) (65.5
mg, 0.25 mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4
M) at 60 °C for 4 h. Purification by column chromatography
on silica gel using pentane/DCM (10:1-0:1 v/v) as an eluent

MeO2C

O/

3j-ortho
~

? provided 3j-ortho (20.4 mg, 34%), 3j-para (15.4 mg, 25%)
O and 3j-di (5.6 mg, 6%) as white solids. '"H NMR of 3j-ortho
(300 MHz, CDCls3) & 8.09 — 8.05 (m, 2H), 7.63 — 7.59 (m, 2H),

7.39 — 7.32 (m, 2H), 7.07 — 7.00 (m, 2H), 3.93 (s, 3H), 3.82 (s,

O 3H). "H NMR of 3j- para (300 MHz, CDCI3) & 8.10 — 8.06 (m,
CO,Me 2H), 7.64 — 7.55 (m, 4H), 7.02 — 6.97 (m, 2H), 3.94 (s, 3H), 3.86
3j-para (s, 3H). "TH NMR spectra data of the 3j-ortho and 3j-para

matched with the spectra data reported in the literature.[33!

H NMR of 3j-di (400 MHz, CDCl3) & 8.12 — 8.08 (dd, J = 8.4, 2.4 Hz, 4H), 7.67 —
7.59 (m, 6H), 7.10 — 7.08 (d, J = 8.4 Hz, 1H), 7.07 — 7.00 (m, 2H), 3.945 (s, 3H),
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167.19, 167.15, 156.83, 144.98, 143.09, 132.84, 130.31
O (2C), 130.28, 129.79, 129.71 (2C), 129.51 (2C), 128.93,
128.64, 128.23, 126.69 (2C), 111.90, 55.94, 52.26 (2C). IR:
O v 2951, 2852, 1720, 1607, 1519, 1490, 1462, 1435, 1407,
1387, 1278, 1181, 1151, 1112, 1058, 1019, 858, 816, 773,
coMe 739,705 cm . HRMS (El): m/z calculated for C23H2005[M]*

3j-di = 376.1311; found: 376.1314.

MeO,C O o 3.938 (s, 3H), 3.88 (s, 3H). 3C NMR (101 MHz, CDCls) &

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

Methyl 2'-(tert-butoxy)-[1,1'-biphenyl]-4-carboxylate (3k-ortho) and methyl 4'-
(tert-butoxy)-[1,1'-biphenyl]-4-carboxylate (3k-para)

MeO,C I~ General procedure was followed using tert-
O o butoxybenzene (1k) (78.0 pL, 0.5 mmol, 2.0 equiv.) and

O methyl 4-iodobenzoate (2a) (65.5 mg, 0.25 mmol, 1.0

skeortho equiv.) in HFIP/H20 (1.5:1, 625 uL, 0.4 M) at 60 °C for 4 h.

By Purification by column chromatography on silica gel using
pentane/EtOAc (100:1-0:1 v/v) as an eluent provided 3k-

O ortho as a colorless oil (11.6 mg, 16% yield) and a mixture
of 3k-para and 3k-meta (24.7 mg, 35% yield; p/m 85:15)

(e}

as a yellow solid. "H NMR of 3k-ortho (400 MHz, CDClz) &

8.06 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 8.4 Hz, 2H), 7.37 (d, J =

CO,Me 8.0 Hz, 1H), 7.29 (t, J = 7.6 Hz, 1H), 7.18 — 7.13 (m, 2H), 3.94

3k-para (s, 3H), 1.10 (s, 9H). *C NMR of 3k-ortho (101 MHz, CDCls)
0167.39, 153.14, 145.04, 136.19, 130.73, 130.08 (2C), 129.27 (2C), 128.71, 128.40,
124.59, 123.79, 80.43, 52.21, 28.94 (3C). IR of 3k-ortho: v 2978, 2951, 2362, 2340,
2323, 1724, 1609, 1563, 1512, 1479, 1461, 1435, 1402, 1391, 1366, 1278, 1180,
1162.01, 1111, 1102, 1024, 1008, 924, 896, 856, 817, 780, 748, 706 cm-'. HRMS
of 3k-ortho (FD): m/z calculated for C1sH2003 [M]* = 284.1412; found: 284.1426.

H NMR of 3k-para (400 MHz, CDCl3) & 8.08 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 8.0
Hz, 2H), 7.54 (d, J = 8.8 Hz, 2H), 7.08 (d, J = 8.8 Hz, 2H), 3.93 (s, 3H), 1.39 (s, 9H).
13C NMR of 3k-para (101 MHz, CDCls) & 167.21, 155.95, 145.35, 134.92, 130.21
(2C), 128.56, 127.88 (2C), 126.80 (2C), 124.46 (2C), 79.04, 52.22, 29.02 (3C).

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.
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Methyl 2',4'-dimethoxy-[1,1'-biphenyl]-4-carboxylate (3m-mono), dimethyl 4',6'-
dimethoxy-[1,1":3",1"-terphenyl]-4,4"-dicarboxylate (3m-di) and methyl 5'-
acetoxy-2',4'-dimethoxy-[1,1'-biphenyl]-4-carboxylate (3m-mono-acetoxy)

~ General procedure was followed using 1,3-dimethoxybenzene
(1m) (65.5 uL, 0.5 mmol, 2.0 equiv.) and methyl 4-iodobenzoate

O (2a) (65.5 mg, 0.25 mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 625 L,
o7 04 M) at 25 °C for 20 h. Purification by column chromatography on

O silica gel using pentane/EtOAc (20:1-1:1 v/v) as an eluent provided
3m-mono as a colorless crystal (43.4 mg, 64% yield) and 3m-di as

co,Me  a yellow solid (4.1 mg, 4% yield). '"H NMR of 3m-mono (400 MHz,
3m-mono  CDCI3) 8 7.96 (d, J = 8.4 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 7.17 (d, J =
8.0 Hz, 1H), 6.50 — 6.44 (m, 2H), 3.83 (s, 3H), 3.76 (s, 3H), 3.71 (s, 3H).

3C NMR of 3m-mono (101 MHz, CDCI3) 8 167.27, 161.02, 157.65, 143.35, 131.40,
129.44 (2C), 129.37 (2C), 128.07, 122.48, 104.94, 99.14, 55.65, 55.53, 52.11. IR of
3m-mono: v 3000, 2950, 2837, 1719, 1607, 1581, 1561, 1522, 1494, 1463, 1436,
1401, 1278, 1251, 1209, 1182, 1161, 1138, 1104, 1051, 1032, 1004, 967, 936, 861,
827, 803, 774, 727, 706, 556 cm'. HRMS of 3m-mono (Fl): m/z calculated for
C16H1604 [M]* = 272.1049; found: 272.1035. M.P. of 3m-mono =116 — 118 °C.

MeO,C o H NMR of 3m-di (400 MHz, CDClI3) & 8.08 — 8.05 (m, 4H),

O 7.63 —7.60 (m, 4H), 7.34 (s, 1H), 6.66 (s, 1H), 3.93 (s, 6H),

O 3.90 (s, 6H). '*C NMR of 3m-di (101 MHz, CDCl3) 5 167.28

o~ (2C), 157.67 (2C), 142.90 (2C), 132.83, 129.50 (8C),

128.34 (2C), 122.39 (2C), 96.24, 56.03 (2C), 52.21 (2C). IR

O of 3m-di: v 2999, 2951, 2844, 1718, 1606, 1578, 1561,

come 1514, 1491, 1463, 1436, 1407, 1383, 1313, 1277, 1240,

1204, 1183, 1168, 1106, 1031, 1008, 980, 858, 821, 774,

709 cm'. HRMS of 3m-di (Fl): m/z calculated for
C24H2206 [M]* = 406.1416; found: 406.1398. M.P. of 3m-di =132 — 135 °C.

3m-di

o 'H NMR of 3m-mono-acetoxy (400 MHz, CDCI3) & 8.04 (d, J =
~° 8.8 Hz, 2H), 7.57 (d, J = 8.0 Hz, 2H), 7.04 (s, 1H), 6.63 (s, 1H),
J O _3.92(s, 3H), 3.90 (s, 3H), 3.82 (s, 3H), 2.32 (s, 3H).
o)

CO,Me

3m-mono-acetoxy

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.
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Methyl 4'-methoxy-2'-methyl-[1,1'-biphenyl]-4-carboxylate (3n)

MeO,C General procedure was followed using 3-methylanisole
(1n) (31.5 pL, 0.25 mmol, 1.0 equiv.) and methyl 4-
iodobenzoate (2a) (98.2 mg, 0.375 mmol, 1.5 equiv.) in

Me HFIP/H20 (1.5:1, 625 uL, 0.4 M) at 25 °C for 20 h,

providing 3n in 68% (o/other isomers, 92:8) 'H NMR vyield. Purification by

column chromatography on silica gel using pentane/DCM (3:1-1:3 v/v) as an
eluent provided the titled compound as a colorless oil (38.4 mg, 60%, o/other
isomers 92:8). '"H NMR (400 MHz, CDClz) 8 8.07 (d, J = 8.4 Hz, 2H), 7.61 (d, J =

8.4 Hz, 2H), 7.23 (d, J = 7.6 Hz, 1H), 6.87 (d, J = 7.6 Hz, 1H), 6.83 (s, 1H), 3.94 (s,

3H), 3.82 (s, 3H), 2.42 (s, 3H). *C NMR (101 MHz, CDCIs) & 167.28, 156.44, 143.56,

139.78, 130.65, 129.58 (2C), 129.37 (2C), 128.34, 126.81, 121.73, 112.37, 55.63,

52.14, 21.73. IR: v 2950, 1720, 1608, 1578, 1519, 1494, 1464, 1435, 1397, 1313,

1277,1181, 1168, 1138, 1112, 1103, 1039, 1006, 966, 925, 862, 814, 776, 737, 705,

593, 566, 546, 454 cm-'. HRMS (F1): m/z calculated for C16H1603 [M]* = 256.1099;

found: 256.1088.

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as internal standard.

Methyl 2'-(2-acetamidoethyl)-4'-methoxy-[1,1'-biphenyl]-4-carboxylate (30)

General procedure was followed using N-(3-

methoxyphenethyl)acetamide (10) (48.2 mg,

0.25 mmol, 1.0 equiv.) and methyl 4-
NHAc lodobenzoate (2a) (98.2 mg, 0.375 mmol, 1.5

equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at
60 °C for 4 h, providing 30 in 67% '"H NMR yield. Purification by column
chromatography on silica gel using pentane/EtOAc (1:1-0:1 v/v) as an eluent
provided the titled compound as a brown solid (49.8 mg, 61%). 'H NMR (400
MHz, CDCls) 6 8.07 (d, J = 8.4 Hz, 2H), 7.60 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 8.0 Hz,
1H), 6.88 (d, J = 7.6 Hz, 1H), 6.84 (s, 1H), 5.81 (s, 1H), 3.94 (s, 3H), 3.82 (s, 3H),
3.57 (q, J = 6.8 Hz, 2H), 2.88 (t, J = 7.2 Hz, 2H), 1.98 (s, 3H). 3*C NMR (101 MHz,
CDCl3) 6 170.26, 167.20, 156.68, 143.18, 140.70, 130.91, 129.51 (2C), 129.34 (2C),
128.45, 127.82, 121.24, 111.90, 55.68, 52.14, 40.68, 35.83, 23.40. IR: v 3292, 2925,
2853, 1715, 1637, 1607, 1574, 1547, 1519, 1492, 1462, 1434, 1397, 1374, 1274,
1180, 1165, 1142, 1101, 1034, 1005, 957, 866, 847, 821, 776, 729, 704, 595, 557,
515, 487, 473, 451, 424 cm-'. HRMS (ESI): m/z calculated for C19H21NO4 [M+H]*
= 328.1549; found: 328.1547. M.P. 134 — 136 °C.

MeO,C

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.
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Methyl 4'-methoxy-2'-(trimethylsilyl)-[1,1'-biphenyl]-4-carboxylate (3p)

General procedure was followed using 3-

trimethylsilylanisole (1p) (45.1 mg, 0.25 mmol, 1.0

equiv.) and methyl 4-iodobenzoate (2a) (98.2 mg,
™s 0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1, 625 uL,

0.4 M) at 60 °C for 20 h. Purification by column
chromatography on silica gel using pentane/EtOAc (100:1-1:2 v/v) as an
eluent provided the titled compound as a yellow solid (33.4 mg, 42%, o/other
isomers 94:6). '"H NMR (400 MHz, CDCl3) & 8.12 — 8.09 (m, 2H), 7.66 — 7.63 (m,
2H), 7.36 (d, J = 9.6 Hz, 1H), 7.23 (d, J = 9.6, 1.2 Hz, 1H), 7.16 (s, 1H), 3.95 (s, 3H),
3.86 (s, 3H), 0.35 (s, 9H). '*C NMR (101 MHz, CDCIls) & 167.21, 155.98, 143.45,
142.46, 130.29, 130.21, 129.61 (2C), 129.37 (2C), 128.60, 126.15, 115.87, 55.67,
52.14,-0.98 (3C). IR: v 2998, 2953, 2900, 2842, 1721, 1609, 1570, 1540, 1515, 1491,
1462, 1435, 1407, 1383, 1312, 1278, 1247, 1181, 1145, 1111, 1037, 1005, 968, 888,
834,777,756, 735, 705, 677, 625 cm'. HRMS (EIl): m/z calculated for C1sH2203Si
[M]* = 314.1338; found: 314.1349.

MQOQC

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as internal standard.

Methyl 4'-methoxy-2'-(trifluoromethoxy)-[1,1'-biphenyl]-4-carboxylate (3q)

General procedure was followed using 3-
trifluoromethoxyanisole (1q) (96.1 mg, 0.5 mmol, 2.0
equiv.) and methyl 4-iodobenzoate (2a) (65.5 mg,
ocr; 0.25mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4
3q M) at 60 °C for 20 h, providing 3qin 32% 'H NMR yield
(olother isomers, 83:17). Purification by column chromatography on silica gel
using pentane/DCM (20:1-2:1 v/v) as an eluent provided the titled compound
as a colorless oil (23.9 mg, 29%, o/other isomers 84:16). '"H NMR (400 MHz,
CDCl3) 6 8.10 — 8.07 (m, 2H), 7.57 — 7.55 (m, 2H), 7.33 (d, J = 8.4 Hz, 1H), 6.92 (d,
J=7.2Hz, 1H), 6.84 (s, 1H), 3.94 (s, 3H), 3.82 (s, 3H). 3C NMR (101 MHz, CDCls)
0167.12,157.48,142.19, 131.48, 129.69, 129.60 (2C), 129.51 (2C), 129.32, 129.02,
128.38, 112.87, 104.85, 55.97, 52.26. IR: v 2953, 2845, 1722, 1611, 1565, 1520,
1493, 1465, 1437, 1398, 1254, 1218, 1165, 1113, 1037, 1007, 975, 879, 862, 847,
820, 776, 730, 705, 647, 607, 564 cm'. HRMS (El): m/z calculated for C1eH13F304
[M]* = 326.0766; found: 326.0779.

MeOzC

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.
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Methyl 4-(7-methoxy-2,3-dihydro-1H-inden-4-yl)benzoate (3r)

o~ General procedure was followed using 4-methoxy-2,3-dihydro-1H-
indene (1r) (74.0 mg, 0.5 mmol, 2.0 equiv.) and methyl 4-
O’ iodobenzoate (2a) (65.5 mg, 0.25 mmol, 1.0 equiv.) in HFIP/H20
(1.5:1, 625 pL, 0.4 M) at 40 °C for 4 h, providing 3rin 67% '"H NMR
O yield (regioselectivity not determined). Purification by column
chromatography on silica gel using pentane/DCM (1:1-0:1 v/v) as an
CO:Me  eluent provided the titled compound as a white solid (44.8 mg, 63%,
3r p/m 97.5:2.5). 'TH NMR (400 MHz, CDCI3) 8 8.09 — 8.07 (m, 2H), 7.50 —
7.48 (m, 2H), 7.22 (d, J = 8.0 Hz, 1H), 6.80 (d, J = 8.4 Hz, 1H), 3.95 (s, 3H), 3.89 (s,
3H), 2.99 (t, J = 7.2 Hz, 2H), 2.94 (t, J = 7.2 Hz, 2H), 2.08 (m, J = 7.2 Hz, 2H). '3C
NMR (101 MHz, CDCl3) 6 167.22, 156.04, 146.18, 143.99, 132.60, 130.03, 129.66
(2C), 128.48 (2C), 128.18, 128.10, 108.66, 55.39, 52.16, 33.53, 29.70, 25.53. IR: v
2950, 2839, 1719, 1603, 1586, 1563, 1516, 1486, 1462, 1435, 1397, 1310, 1268,
1180, 1113, 1105, 1085, 1068, 1018, 967, 942, 860, 808, 774,721, 708 cm-'. HRMS
(El): m/z calculated for C1sH1s03 [M]* = 282.1256; found: 282.1261.

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as internal standard.

Methyl 2',5'-dimethoxy-[1,1'-biphenyl]-4-carboxylate (3s-mono) and
dimethyl 2',5'-dimethoxy-[1,1":4",1"-terphenyl]-4,4"-dicarboxylate (3s-di)

co,Me General procedure was followed using 1,4-
dimethoxybenzene (1s) (34.5 mg, 0.25 mmol, 1.0 equiv.)
and methyl 4-iodobenzoate (2a) (98.2 mg, 0.375 mmol, 1.5
equiv.) in HFIP/H20 (1.5:1, 625 uL, 0.4 M) at 25 °C for 20
h. Purification by column chromatography on silica gel
using pentane/DCM (5:1-1:10 v/v) as an eluent provided 3s-
mono (39.6 mg, 30%) as a white solid and 3s-di (19.1 mg, 19%) as a white
solid. "H NMR of 3s-mono (400 MHz, CDClI3) 5 8.09 — 8.06 (m, 2H), 7.62 — 7.60 (m,
2H), 6.95 — 6.87 (m, 3H), 3.94 (s, 3H), 3.81 (s, 3H), 3.76 (s, 3H). '*C NMR of 3s-
mono (101 MHz, CDCls) & 167.21, 153.94, 150.88, 143.31, 130.63, 129.60 (2C),
129.44 (2C), 128.76, 116.73, 114.00, 112.92, 56.44, 55.96, 52.21. IR of 3s-mono:
v 2947, 2838, 1705, 1604, 1579, 1562, 1492, 1456, 1435, 1393, 1378, 1318, 1289,
1277, 1256, 1229, 1209, 1180, 1145, 1104, 1050, 1014, 986, 957, 862, 845, 824,
799, 778, 742, 719, 704, 659, 636, 604, 546, 511, 487, 454, 433 cm'. M.P. of 3s-
mono = 77-79 °C. HRMS (EIl): m/z calculated for C1eH1604 [M]* = 272.1049;
found: 272.1040.

3s-mono
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co,Me 'H NMR of 3s-di (400 MHz, CDCls) 5 8.12-8.10 (d,

J=8.4 Hz, 4H), 7.68-7.66 (d, J = 8.4 Hz, 4H), 6.99

(s, 2H), 3.95 (s, 6H), 3.81 (s, 6H). 3C NMR of 3s-

di (101 MHz, CDClz) d 167.17 (2C), 150.89 (2C),

142.99 (2C), 130.18 (2C), 129.60 (4C), 129.56

3sdi (4C), 128.95 (2C), 114.75 (2C), 56.62 (2C), 52.28

(2C). IR of 3s-di: v 2952, 2920, 2851, 1716, 1605,

1567, 1523, 1494, 1464, 1434, 1418, 1389, 1315, 1275, 1213, 1188, 1103, 1057,

1031, 1017, 973, 880, 853, 824, 790, 764, 705, 631, 534, 509, 498, 464 cm-'. HRMS

(FD): m/z calculated for C24H2206 [M]* = 406.1416; found: 406.1420. M.P. of
3s-di =217 - 219 °C.

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as internal standard.

Methyl 2'-methoxy-5'-methyl-[1,1'-biphenyl]-4-carboxylate (3t)

co,Me General procedure was followed using 4-methylanisole (1t)
(94.8 pL, 0.75 mmol, 3.0 equiv.) and methyl 4-
iodobenzoate (2a) (65.5 mg, 0.25 mmol, 1.0 equiv.) in
HFIP/H20 (1.5:1, 625 yL, 0.4 M) at 60 °C for 4 h, providing
3t in 58% 'H NMR yield. Purification by column
chromatography on silica gel using cyclohexane/EtOAc (1:0-10:1 v/v) as an
eluent provided the tittled compound as a colorless oil (37.4 mg, 58%). 'TH NMR
(400 MHz, CDCls) & 8.09 — 8.06 (m, 2H), 7.62 — 7.60 (m, 2H), 7.17 — 7.15 (m, 2H),
6.92 — 6.90 (m, 1H), 3.94 (s, 3H), 3.79 (s, 3H), 2.35 (s, 3H). *C NMR (101 MHz,
CDCls) 6 167.27, 154.52, 143.62, 131.52, 130.27, 129.78, 129.62 (2C), 129.43,
129.36 (2C), 128.50, 111.54, 55.84, 52.16, 20.57. ' IR: v 2998, 2950, 2838, 1721,
1609, 1514, 1496, 1463, 1435, 1395, 1311, 1276, 1240, 1180, 1147, 1111, 1103,
1046, 1028, 967, 858, 808, 779, 747, 834, 718, 704, 580 cm-'. HRMS (Fl): m/z
calculated for C16H1603 [M]* = 256.1099; found: 256.1094.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

Methyl 5'-((benzyloxy)methyl)-2'-methoxy-[1,1'-biphenyl]-4-carboxylate (3u)

General procedure was followed using 1-
((benzyloxy)methyl)-3-methoxybenzene (1u) (57.1 mg,
0.25 mmol, 1.0 equiv.) and methyl 4-iodobenzoate (2a)
(98.2 mg, 0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1,
625 uL, 0.4 M) at 60 °C for 4 h, providing 3u in 58% 'H
NMR vyield. Purification by column chromatography on

MeO,C
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silica gel using pentane/DCM (2:1-1:2 v/v) as an eluent provided the titled
compound as a colorless oil (49.0 mg, 54%). "H NMR (400 MHz, CDCls) & 8.08
(d, J=8.4 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 7.40 — 7.28 (m, 7H), 6.99 (d, J = 8.4 Hz,
1H), 4.59 (s, 2H), 4.55 (s, 2H), 3.94 (s, 3H), 3.82 (s, 3H). '*C NMR (101 MHz, CDCls)
0 167.24, 156.22, 143.33, 138.38, 130.82, 130.78, 129.66 (2C), 129.64, 129.39 (2C),
129.26, 128.65, 128.54 (2C), 127.95 (2C), 127.78, 111.44, 72.23, 71.81, 55.84,
52.19. IR: v 2949, 2855, 1721, 1609, 1514, 1496, 1454, 1435, 1401, 1359, 1277,
1244, 1180, 1145, 1103, 1072, 1045, 1027, 859, 816, 779, 738, 702, 464 cm.
HRMS (El): m/z calculated for C23H2204 [M]* = 362.1518; found: 362.1522.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

Dimethyl 6-methoxy-[1,1'-biphenyl]-3,4'-dicarboxylate (3v)

co,Me General procedure was followed using methyl 4-

methoxybenzoate (1v) (83.0 mg, 0.5 mmol, 2.0 equiv.) and

methyl 4-iodobenzoate (2a) (65.5 mg, 0.25 mmol, 1.0

equiv.) in HFIP/H20 (1.5:1, 625 uL, 0.4 M) at 60 °C for 20

h, providing 3vin 56% 'H NMR yield. Purification by column

3v chromatography on silica gel using pentane/EtOAc (10:1-

2:1 v/v) as an eluent provided the titled compound as a white solid (36.1 mg,

48%). "H NMR (400 MHz, CDCl3) & 8.09 — 8.02 (m, 4H), 7.61 — 7.59 (m, 2H), 7.01

(d, J = 8.4 Hz, 1H), 3.93 (s, 3H), 3.90 (s, 3H), 3.87 (s, 3H). *C NMR (101 MHz,

CDCIs) & 167.10, 166.78, 160.22, 142.36, 132.40, 131.54, 129.63 (2C), 129.57,

129.45 (2C), 129.01, 122.91, 110.84, 55.91, 52.22, 52.10. ' IR: v 2951, 2843, 1718,

1606, 1514, 1495, 1435, 1396, 1312, 1277, 1239, 1183, 1140, 1111, 1040, 1021,

970, 861, 827, 770, 733, 706, 631 cm™'. HRMS (El): m/z calculated for C17H160s
[M]* = 300.0998; found: 300.1005. M.P. = 115 -117 °C.

CO,Me

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.
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Methyl 4-(4-methoxynaphthalen-1-yl)benzoate (3y)

- General procedure was followed using 1-methoxynaphthalene

(1y) (79.0 mg, 0.5 mmol, 2.0 equiv.) and methyl 4-iodobenzoate

OO (2a) (65.5 mg, 0.25 mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 625 L,

0.4 M) at 60 °C for 4 h, providing 3y in 52% 'H NMR yield.

O Purification by column chromatography on silica gel using

pentane/DCM (10:1-0:1 v/v) as an eluent provided the titled

co,Me compound as a white solid (36.8 mg, 50%). '"H NMR (400 MHz,

3y CDCls) 6 8.38 —8.36 (m, 1H), 8.16 (d, J = 8.0 Hz, 2H), 7.84 — 7.82 (m,

1H), 7.57 (d, J = 8.4 Hz, 2H), 7.54 — 7.45 (m, 2H), 7.35 (d, J = 8.0 Hz, 1H), 6.89 (d,

J = 7.6 Hz, 1H), 4.06 (s, 3H), 3.98 (s, 3H). '*C NMR (101 MHz, CDCl3) & 167.25,

155.58, 145.92, 132.20, 131.64, 130.38 (2C), 129.69 (2C), 128.74, 127.20, 126.95,

125.83, 125.44 (2C), 122.47, 103.48, 55.73, 52.26. ' IR: v 3077, 3047, 3018, 2999,

2949, 2837, 1724, 1606, 1581, 1512, 1461, 1431, 1388, 1371, 1326, 1307, 1272,

1252, 1232, 1204, 1189, 1178, 1152, 1109, 1097, 1082, 1028, 1015, 992, 972, 949,

924,913, 874, 860, 847, 820, 806, 782, 767, 753, 724, 705, 650, 631, 619, 590, 558,

493, 469, 431, 417 cm™'. HRMS (EI): m/z calculated for C19H1603[M]* = 292.1099;
found: 292.1110. M.P. = 204 — 206 °C.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

Methyl 4-(2,3-dihydrobenzofuran-7-yl)benzoate (3z-ortho), methyl 4-(2,3-
dihydrobenzofuran-5-yl)benzoate @ (3z-para)  and dimethyl 4,4'-(2,3-
dihydrobenzofuran-5,7-diyl)dibenzoate (3z-di)

General procedure was followed using 2,3-dihydrobenzofuran (1z)

O o (86.5 pL, 0.5 mmol, 2.0 equiv.) and methyl 4-iodobenzoate (2a)
(65.5 mg, 0.25 mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M)

O at 60 °C for 4 h. Purification by column chromatography on silica gel
using pentane/DCM (10:1-1:10 v/v) as an eluent provided 3z-ortho

COMe  (19.8 mg, 30%) as a white solid, 3z-para (18.3 mg, 29%) as a white
Sz-ortho  5olid and 3z-di (14.5 mg, 15%) as a yellow solid. '"H NMR of 3z-
ortho (400 MHz, CDCI3) 6 8.09 — 8.07 (m, 2H), 7.80 — 7.77 (m, 2H), 7.31 (d, J = 8.0
Hz, 1H), 7.22 (d, J = 7.2 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 4.64 (t, J = 8.8 Hz, 2H),
3.93 (s, 3H), 3.28 (t, J = 8.4 Hz, 2H). 3C NMR of 3z-ortho (101 MHz, CDCl3) &
167.22, 157.55, 142.17, 129.79 (2C), 128.61, 128.33 (2C), 128.22, 127.87, 125.00,
122.44, 121.16, 71.34, 52.21, 29.89. IR of 3z-ortho: v 2950, 2924, 2898, 2854,
1718, 1609, 1566, 1476, 1450, 1436, 1400, 1312, 1278, 1200, 1160, 1111, 1062,
1019, 987, 946, 898, 860, 832, 819, 785, 762, 738, 703, 559, 479 cm'. HRMS of
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3z-ortho (Fl): m/z calculated for C16H1403 [M]* = 254.0943; found: 254.0938.
M.P. of 3z-ortho = 112 — 114 °C.

MeO,C O H NMR of 3z-para (400 MHz, CDCIz) & 8.08 — 8.06 (m,
O 2H), 7.61 — 7.59 (m, 2H), 7.47 (s, 1H), 7.39 (dd, J = 8.4,
o 2.0 Hz, 1H), 6.87 (d, J = 8.4 Hz, 1H), 4.64 (t, J = 8.8 Hz,

3z-para 2H), 3.93 (s, 3H), 3.28 (t, J = 8.8 Hz, 2H). *C NMR of 3z-
Ve0,C para (101 MHz, CDCl3) & 167.24, 160.63, 145.88, 132.76,
O 130.22 (2C), 128.23, 128.08, 127.52, 126.65 (2C), 124.05,

O 109.81, 71.75, 52.21, 29.80. IR of 3z-para: v 2951, 2924,
O 2854, 1715, 1604, 1489, 1436, 1404, 1325, 1287, 1242,
1191, 1154, 1116, 980, 942, 856, 846, 820, 771, 700 cm™.
O HRMS of 3z-para (Fl): m/z calculated for C1sH14O3 [M]*
CoMe 254.0943; found: 254.0938. M.P. of 3z-para = 124 —

3z-di 126 °C.

"H NMR of 3z-di (300 MHz, CDCl3) & 8.12 — 8.08 (m, 4H), 7.84-7.81 (m, 2H), 7.66
—7.63 (m, 2H), 7.57 (d, J = 2.1 Hz, 1H), 7.49 (s, 1H), 4.71 (t, J = 8.7 Hz, 2H), 3.94
(s, 6H), 3.36 (t, J = 8.7 Hz, 2H). 3C NMR of 3z-di (75 MHz, CDCl3) d 167.14 (2C),
157.94, 145.56, 141.75, 133.54, 130.30 (2C), 129.89 (2C), 129.30, 128.95, 128.53,
128.40 (2C), 127.27, 126.77 (2C), 123.91, 122.74, 71.91, 52.26 (2C), 29.86. IR of
3z-di: v 2951, 2924, 2853, 1720, 1607, 1463, 1435, 1391, 1280, 1185, 1110, 1018,
987, 947, 853, 773, 704 cm'. HRMS of 3z-di (El): m/z calculated for C24H200s
[M]* = 388.1311; found: 388.1303. M.P. of 3z-di = 156 — 158 °C.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

Methyl 4-(7-methyl-2,3-dihydrobenzofuran-5-yl)benzoate (3aa)

MeO,C General procedure was followed using 7-methyl-2,3-
O dihydrobenzofuran (1aa) (67.0 mg, 0.5 mmol, 2.0 equiv.)

O and methyl 4-iodobenzoate (2a) (65.5 mg, 0.25 mmol,

° 1.0 equiv.) in HFIP/H20 (1.5:1, 625 yL, 0.4 M) at 60 °C

3aa for 4 h, providing 3aa in 96% 'H NMR yield (p/other
isomers, 91:9). Purification by column chromatography on silica gel using
pentane/DCM (15:1-10:1 v/v) as an eluent provided the titled compound as a
white solid (58.5 mg, 87%, p/m/m’92:3:3). 'TH NMR (400 MHz, CDClIs3) & 8.06 (d,
J =8.0 Hz, 2H), 7.59 (d, J = 8.0 Hz, 2H), 7.30 (s, 1H), 7.23 (s, 1H), 4.62 (t, J = 8.8
Hz, 2H), 3.93 (s, 3H), 3.27 (t, J = 8.8 Hz, 2H), 2.28 (s, 3H). 3C NMR (101 MHz,
CDCl3) & 167.22, 159.03, 146.02, 132.61, 130.13 (2C), 128.69, 128.04, 127.21,
126.58 (2C), 121.40, 119.98, 71.39, 52.14, 30.09, 15.48. IR: v 2949, 2915, 1716,
1602, 1566, 1479, 1434, 1401, 1379, 1333, 1315, 1276, 1238, 1182, 1167, 1105,
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1066, 1029, 1017, 983, 940, 885, 851, 823, 773, 704, 531, 486 cm™'. HRMS (EI):
m/z calculated for C17H1603 [M]* = 268.1099; found: 268.1108.

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as internal standard.

2-(4-Methoxycarbonylphenyl)-estrone methyl ether (3ab)

General procedure was followed using estrone
methyl ether (1ab) (71.1 mg, 0.25 mmol, 1.0
equiv.) and methyl 4-iodobenzoate (2a) (98.2 mg,
0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1, 625
pL, 0.4 M) at 60 °C for 4 h, providing 3ab in 80%

3ab "H NMR yield. Purification by column
chromatography on silica gel using pentane/EtOAc (2:1-1:1 v/v) as an eluent
provided the titled compound as a white solid (78.3 mg, 75%). '"H NMR (400
MHz, CDCls) 6 8.07 (d, J = 8.0 Hz, 2H), 7.60 (d, J = 8.0 Hz, 2H), 7.26 (s, 1H), 6.75
(s, 1H), 3.94 (s, 3H), 3.80 (s, 3H), 3.00 — 2.97 (m, 2H), 2.56 — 2.49 (m, 1H), 2.48 —
2.42 (m, 1H), 2.35 - 2.28 (m, 1H), 2.21 — 2.05 (m, 3H), 1.99 — 1.95 (m, 1H), 1.71 —
1.44 (m, 6H), 0.94 (s, 3H). 3C NMR (101 MHz, CDCl3) d 167.18, 154.52, 143.64,
137.96, 132.26, 129.51 (2C), 129.32 (2C), 128.32, 127.95 (2C), 127.22, 111.80,
55.70, 52.10, 50.43, 48.05, 43.99, 38.46, 35.92, 31.63, 29.77, 26.60, 26.05, 21.65,
13.92. "IR: v 2936, 2881, 2851, 1733, 1718, 1609, 1516, 1492, 1459, 1434, 1394,
1377, 1318, 1307, 1288, 1274, 1251, 1227, 1187, 1159, 1138, 1114, 1103, 1084,
1053, 1040, 1020, 1008, 964, 918, 898, 865, 848, 825, 777, 744, 733, 720, 703, 654,
577, 564, 489, 458, 423 cm'. HRMS (El): m/z calculated for Cz7H3004 [M]* =
418.2144; found: 418.2150. M.P. = 204 — 206 °C.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

2-(4-Methoxycarbonylphenyl)-indomethacin methyl ether (3ac)

MeO,C Oy@fm General procedure was followed using
O indomethacin methyl ether (1ac) (37.2 mg, 0.1
N mmol, 1.0 equiv.) and methyl 4-iodobenzoate

~o 4 (2a) (39.3 mg, 0.15 mmol, 1.5 equiv.) in
HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 60 °C for 4
h. Purification by column chromatography on
silica gel using pentane/DCM (2:1-0:1 v/v) as an eluent provided the titled
compound as a yellow solid (30.8 mg, 61%, o/other isomers 80:20). '"H NMR
(400 MHz, CDCls) 6 8.00 (d, J = 8.4 Hz, 2H), 7.69 — 7.66 (m, 2H), 7.49 — 7.46 (m,
2H), 7.43 (d, J = 8.4 Hz, 2H), 7.05 (s, 1H), 7.01 (s, 1H), 3.92 (s, 3H), 3.86 (s, 3H),
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3.73 (s, 3H), 3.71 (s, 2H), 2.38 (s, 3H). 13C NMR (101 MHz, CDCl3) 5 171.40, 168.36,
167.22, 153.44, 143.82, 139.57, 136.30, 133.92, 131.31 (2C), 130.95, 130.36,
129.68 (2C), 129.33 (2C), 129.27 (2C), 128.38, 126.23, 116.57, 112.54, 100.25,
56.14, 52.35, 52.17, 30.35, 13.62. ' IR: v 2926, 2850, 1766, 1730, 1719, 1674, 1589,
1467, 1434, 1400, 1347, 1315, 1261, 1217, 1194, 1168, 1147, 1112, 1085, 1040,
1013, 971, 939, 910, 834, 803, 777, 755, 733, 713, 689, 671, 648, 620, 593, 570,
529, 481, 431 cm-'. HRMS (FD): m/z calculated for C2sHasCINOs [M]* = 505.1292;
found: 505.1302.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

Methyl 4-(5-methylthiophen-2-yl)benzoate (3ad)

s General procedure was followed using 2-
|/ COMe  methylthiophene (1ad) (24.8 pL, 0.25 mmol, 1.0 equiv.)
and methyl 4-iodobenzoate (2a) (98.2 mg, 0.375 mmol,

3ad 1.5 equiv.) in HFIP/H20 (1.5:1, 625 uL, 0.4 M) at 60 °C

for 4 h, providing 3ad in 47% '"H NMR yield (regioselectivity not determined).
Purification by column chromatography on silica gel using pentane/DCM (2:1-
1:2 v/v) as an eluent provided the titled compound as a brown solid (26.6 mg,
46%, C2/C3 85:15). "H NMR (400 MHz, CDCI3) 8 8.01 (d, J = 8.4 Hz, 2H), 7.60 (d,
J=8.4Hz, 1H), 7.22 (d, J = 3.6 Hz, 1H), 6.76 (dd, J = 3.6, 1.2 Hz, 1H), 3.92 (s, 3H),
2.52 (s, 3H). IR: v2955, 2918, 2849, 1708, 1602, 1464, 1440, 1410, 1289, 1273,
1259, 1214, 1193, 1180, 1108, 1055, 1012, 964, 950, 877, 851, 803, 768, 743, 712,
695, 632, 495, 467, 438 cm™. TH NMR spectra data of 3z matched with the
spectra data reported in the literature.[34

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

Methyl 4-(3,4-dimethylphenyl)benzoate (3ae)

General procedure was followed using o-xylene (1ae) (30.5 yL,

O 0.25 mmol, 1.0 equiv.) and methyl 4-iodobenzoate (2a) (98.2
mg, 0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1, 625 L, 0.4
O M) at 40 °C for 20 h, providing 3ae in 55% 'H NMR yield

(regioselectivity not determined). Purification by column
chromatography on silica gel using pentane/DCM (5:1-1:1 v/v)

3ae as an eluent provided the titled compound as a white solid
(31.7 mg, 53%). '"H NMR (400 MHz, CDCI3) 8 8.09 (d, J = 8.4 Hz, 2H), 7.65 (d, J =
8.4 Hz, 2H), 7.41 (s, 1H), 7.37 (dd, J = 8.0, 2.0 Hz, 1H), 7.23 (d, J = 7.6 Hz, 1H),

CO,Me
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3.94 (s, 3H), 2.35 (s, 3H), 2.32 (s, 3H). 'TH NMR spectra data of 3aa matched with
the spectra data reported in the literature.[3%

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as internal standard.

4-Methoxy-3-methyl-1,1'-biphenyl (4b)

~ General procedure was followed using 2-methylanisole (1a) (31.5 L,

0.25 mmol, 1.0 equiv.) and iodobenzene (2b) (41.8 uL, 0.375 mmol,

O 1.5 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 60 °C for 4 h,

providing 4b in 48% 'H NMR yield (regioselectivity not determined).

O Purification by column chromatography on silica gel using

pentane/DCM (5:1-1:10 v/v) as an eluent provided the titled

4b compound as a white solid (22.4 mg, 45%, p/m 97:3). '"H NMR (400

MHz, CDCl3) 6 7.63 — 7.61 (m, 2H), 7.48 — 7.44 (m, 4H), 7.37 — 7.33 (m,

1H), 6.95 — 6.93 (m, 1H), 3.91 (s, 3H), 2.36 (s, 3H). 'TH NMR spectra data of 4b
matched with the spectra data reported in the literature.[3¢!

(@)

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as internal standard.

1-[4-(4-Methoxy-3-methylphenyl)phenyl]lethanone (4c)

o~  General procedure was followed using 2-methylanisole (1a) (63.0 L,

0.5 mmol, 2.0 equiv.) and methyl 4-iodobenzoate (2¢) (62.8 mg, 0.25

O mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 60 °C for 4 h.

Purification by column chromatography on silica gel using

O cyclohexane/EtOAc (1:0-10:1 v/v) as an eluent provided the titled

compound as a pink solid (54.2 mg, 90%, p/m 95:5). 'TH NMR (400

COMe MHz, CDCIs) 6 8.02 — 7.98 (m, 2H), 7.66 — 7.62 (m, 2H), 7.47 — 7.43 (m,

4c 2H), 6.92 — 6.89 (m, 1H), 3.88 (s, 3H), 2.62 (s, 3H), 2.30 (s, 3H). '*C NMR

(101 MHz, CDCls) 6 197.81, 158.25, 145.69, 135.24, 131.83, 129.58, 128.98 (2C),

127.30, 126.67 (2C), 125.77, 110.33, 55.51, 26.68, 16.49. IR: v 2946, 2922, 2843,

1672, 1598, 1556, 1521, 1494, 1468, 1449, 1422, 1395, 1360, 1307, 1296, 1268,

1253, 1191, 1177, 1141, 1119, 1049, 1024, 960, 848, 833, 811, 757, 649, 586 cm-'.
HRMS (El): m/z calculated for C16H1602 [M]* = 240.1150; found: 240.1160.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br» as the internal standard.
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4’-Fluoro-4-methoxy-3-methyl-1,1'-biphenyl (4d)

o~ General procedure was followed using 2-methylanisole (1a) (31.5 uL,
0.25 mmol, 1.0 equiv.) and 1-fluoro-4-iodobenzene (2d) (43.2 uL,
O 0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 60 °C
for 20 h. Purification by column chromatography on silica gel using
O cyclohexane/EtOAc (1:0-10:1 v/v) as an eluent provided the titled
compound as a white solid (40.1 mg, 74%, p/m 95:5). "H NMR (400
F MHz, CDCl3) & 7.54 — 7.47 (m, 2H), 7.37 — 7.22 (m, 2H), 7.14 — 7.07 (m,
4 2H), 6.91 — 6.88 (m, 1H), 3.88 (s, 3H), 2.30 (s, 3H). *C NMR (101 MHz,
CDCI3) 6 162.17 (d, Jcr = 246.2 Hz), 157.48, 137.32 (d, Jor = 3.23 Hz), 132.53,
129.50, 128.34 (d, Jcr= 7.88 Hz, 2C), 127.13, 125.38, 115.58 (d, Jcr = 21.4 Hz,
2C), 110.32, 55.56, 16.51. NMR spectra data of 4d matched with the spectra
data reported in the literature.['5a]IR: v 3001, 2952, 2836, 1606, 1495, 1465, 1442,
1423, 1391, 1307, 1291, 1275, 1244, 1226, 1173, 1159, 1138, 1097, 1054, 1031,
887, 837, 808, 754, 581, 538, 507, 442 cm'. HRMS (El): m/z calculated for
C14H13FO [M]* = 216.0950; found: 216.0942.

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as internal standard.

4'-Bromo-4-methoxy-3-methyl-1,1"-biphenyl (4e)

-~ General procedure was followed using 2-methylanisole (1a) (63.0 uL,
0.5 mmol, 2.0 equiv.) and 1-bromo-4-iodobenzene (2e) (70.8 mg, 0.25
O mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 625 yL, 0.4 M) at 60 °C for 20
h. Purification by column chromatography on silica gel using
O cyclohexane/EtOAc (1:0-10:1 v/v) as an eluent provided the titled
compound as a white solid (33.8 mg, 49%, p/m 95:5). '"H NMR (400
Br MHz, CDClz) & 7.53 — 7.51 (m, 2H), 7.42 — 7.40 (m, 2H), 7.37 — 7.34 (m,
4e 2H), 6.89 (d, J = 8.0 Hz, 1H), 3.87 (s, 3H), 2.28 (s, 3H). 13C NMR (101 MHz,
CDCl3) 5 157.78, 140.10, 132.18, 131.86 (2C), 129.38, 128.45 (2C), 127.26, 125.36,
120.76, 110.36, 55.58, 16.52. NMR spectra data of 4e matched with the spectra
data reported in the literature.l'%a IR: v 3016, 2964, 2941, 2923, 2837, 1605, 1515,
1486, 1469, 1440, 1384, 1305, 1289, 1274, 1261, 1140, 1050, 1026, 1005, 884, 829,
805, 502 cm™'. HRMS (EI): m/z calculated for C14H13BrO [M]* = 276.0150; found:
276.0145.

(@)

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.
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4-Methoxy-3-methyl-4'-nitro-1,1"-biphenyl (4f)

o~ General procedure was followed using 2-methylanisole (1a) (63.0 pL,
0.5 mmol, 2.0 equiv.) and 1-iodo-4-nitrobenzene (2f) (62.3 mg, 0.25

O mmol, 1.0 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 60 °C for 4 h,
providing 4f in 44% 'H NMR yield (p/m, 93:7). Purification by column

O chromatography on silica gel using cyclohexane/EtOAc (1:0-10:1 v/v)
as an eluent provided the titled compound as am orange solid (24.8

NO;  mg, 41%, pure para-). '"H NMR (400 MHz, CDClI3) & 8.27 — 8.25 (m, 2H),
af 7.71-7.68 (m, 2H), 7.47 — 7.43 (m, 2H), 6.93 (d, J = 8.4 Hz, 1H), 3.90 (s,
3H), 2.30 (s, 3H). '*C NMR (101 MHz, CDClIs) & 158.83, 147.61, 146.57, 130.73,
129.73, 127.69, 127.17 (2C), 126.09, 124.23 (2C), 110.48, 55.62, 16.54. IR: v 2926,
2839, 1594, 1559, 1512, 1487, 1465, 1442, 1393, 1341, 1310, 1276, 1253, 1190,
1174, 1140, 1110, 1053, 1028, 887, 851, 812, 755, 722, 696 cm-'. HRMS (Fl): m/z
calculated for C14H13NO3 [M]* = 243.0895; found: 243.0889. M.P. = 83 — 85 °C.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

4-Methoxy-3,4'-dimethyl-1,1'-biphenyl (49g)

o~  General procedure was followed using 2-methylanisole (1a) (94.5 uL,
0.75 mmol, 3.0 equiv.) and 4-iodotoluene (29g) (54.5 mg, 0.25 mmol,
O 1.0 equiv.) in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 60 °C for 20 h.
Purification by column chromatography on silica gel using
O cyclohexane/EtOAc (1:0-10:1 v/v) as an eluent provided the titled
compound as a white solid (18.0 mg, 34%, p/m 95:5). 'TH NMR (400
Me MHz, CDCl3) & 7.46 — 7.44 (m, 2H), 7.40 — 7.37 (m, 2H), 7.23 - 7.21 (m,
49 2H), 6.90 — 6.88 (m, 1H), 3.87 (s, 3H), 2.39 (s, 3H), 2.29 (s, 3H). *C NMR
(101 MHz, CDCls) 6 157.31, 138.33, 136.33, 133.46, 129.52 (2C), 129.47, 126.97,
126.74 (2C), 125.29, 110.30, 55.57, 21.19, 16.53. NMR spectra data of 4g
matched with the spectra data reported in the literature.?71IR: v 3026, 2945,
2918, 2856, 2837, 1607, 1497, 1466, 1440, 1291, 1274, 1249, 1214, 1195, 1173,
1138, 1051, 1024, 885, 824, 806, 754, 506 cm-'. HRMS (EI): m/z calculated for
C1sH160 [M]* = 212.1201; found: 212.1211.

A parallel reaction without ligand was also performed, and 5% product was observed
by 'H NMR analysis with CH2Br; as internal standard.
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Methyl 4'-methoxy-3'-methyl-[1,1'-biphenyl]-3-carboxylate (4h)

o General procedure was followed using 2-methylanisole (1a)
(31.5 yL, 0.25 mmol, 1.0 equiv.) and methyl 3-iodobenzoate (2h)

O (98.2 mg, 0.375 mmol, 1.5 equiv.) in HFIP/H20 (1.5:1, 625 uL,
0.4 M) at 60 °C for 4 h, providing 4h in 81% "H NMR vyield (p/m,

O 95:5). Purification by column chromatography on silica gel using

co,Me pentane/DCM (1:2-1:1 v/v) as an eluent provided the titled

compound as a colorless oil (48.1 mg, 75%, p/m 96:4). '"H NMR

(400 MHz, CDCl3) 6 8.28 (s, 1H), 7.99 (d, J=7.6 Hz, 1H), 7.77 (d, J =
7.6 Hz, 1H), 7.52 — 7.45 (m, 3H), 6.94 — 6.92 (m, 1H), 3.98 (s, 3H), 3.90 (s, 3H), 2.33
(s, 3H). *C NMR (101 MHz, CDClz) & 167.31, 157.83, 141.37, 132.22, 131.19,
130.67, 129.52, 128.84, 127.88, 127.69, 127.20, 125.54, 110.31, 55.52, 52.25,
16.47. IR: v 2998, 2951, 2837, 1722, 1610, 1510, 1482, 1438, 1391, 1318, 1284,
1244, 1192, 1173, 1140, 1112, 1085, 1063, 1032, 979, 886, 810, 758, 730, 693, 606
cm'. HRMS (El): m/z calculated for C16H1603 [M]* = 256.1099; found: 256.1111.

4h

A parallel reaction without ligand was also performed, and no product was observed
by '"H NMR analysis with CH2Br; as internal standard.

4-Methoxy-3-methyl-3',5'-bis(trifluoromethyl)-1,1'-biphenyl (4i)

o General procedure was followed using 2-methylanisole (1a)
(63.0 pL, 0.5 mmol, 2.0 equiv.) and 1-iodo-3,5-
O bis(trifluoromethyl)benzene (2i) (44.3 pL, 0.25 mmol, 1.0 equiv.)

in HFIP/H20 (1.5:1, 625 pL, 0.4 M) at 80 °C for 4 h, providing

O 4i in 52% 'H NMR yield (p/m, 85:15). Purification by column

FsC cF, chromatography on silica gel using pentane/DCM (1:0-4:1 v/v)

4i as an eluent provided the titled compound as a colorless oil

(40.2 mg, 48%, p/m 96:4). '"H NMR (400 MHz, CDClz) d 7.96 (s,

2H), 7.79 (s, 1H), 7.44 — 7.39 (m, 2H), 6.93 (d, J = 8.4 Hz, 1H), 3.90 (s, 3H), 2.31 (s,

3H). 3C NMR (101 MHz, CDClI3) & 158.69, 143.26, 132.09 (q, Jcr = 33.33 Hz, 2C),

130.29, 129.53, 127.86, 126.77 (d, Jor = 4.14 Hz, 2C), 125.85, 124.99, 122.27,

120.17 (d, Jc-F = 3.84 Hz), 110.55, 55.64, 16.51. IR: v 2958, 2842, 1611, 1514, 1465,

1442, 1404, 1375, 1278, 1251, 1180, 1130, 1108, 1073, 1034, 923, 884, 846, 811,

705, 683, 609 cm'. HRMS (FD): m/z calculated for C1eH12FsO [M]* = 334.0792;
found: 334.0793.

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.
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(1S,2R,4S5)-1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl 4’-methoxy-3'-
methyl-[1,1'-biphenyl]-4-carboxylate (4j)

methylanisole (1a) (31.5 uL, 0.25 mmol, 1.0 equiv.)
$ o O and (1S,2R,4R)-1,7,7-
‘ " trimethylbicyclo[2.2.1]heptan-2-yl 4-iodobenzoate
© (2j) (114 mg, 0.375 mmol, 1.5 equiv.) in HFIP/H20
4 (1.5:1, 625 pL, 0.4 M) at 80 °C for 4 h, providing 4j
in 59% 'H NMR vyield (p/m, 90:10). Purification by
column chromatography on silica gel using pentane/DCM (5:1-1:1 v/v) as an
eluent provided the titled compound as a white solid (563.4 mg, 56%, p/m 92:8).
"H NMR (400 MHz, CDCI3) & 8.02 — 8.00 (m, 2H), 7.55 — 7.53 (m, 2H), 7.37 — 7.34
(m, 2H), 6.82 (d, J = 8.4 Hz, 1H), 5.08 — 5.04 (m, 1H), 3.79 (s, 3H), 2.45 — 2.37 (m,
1H), 2.21 (s, 3H), 2.12 - 2.04 (m, 1H), 1.78 — 1.69 (m, 1H), 1.66 (t, J = 8.4 Hz, 1H),
1.38 — 1.30 (m, 1H), 1.28 — 1.21 (m, 1H), 1.06 (dd, J = 14.0, 3.6 Hz, 1H), 0.897 (s,
3H), 0.849 (s, 3H), 0.842 (s, 3H). 3C NMR (101 MHz, CDCl3) & 166.94, 158.17,
145.47, 132.18, 130.10 (2C), 129.65, 128.97, 127.31, 126.59 (2C), 125.78, 110.35,
80.53, 55.56, 49.25, 48.02, 45.15, 37.08, 28.25, 27.56, 19.87, 19.07, 16.54, 13.77.
IR: v 2986, 2954, 2875, 2837, 1703, 1606, 1522, 1492, 1467, 1453, 1441, 1392,
1380, 1368, 1325, 1314, 1281, 1270, 1249, 1180, 1140, 1103, 1054, 1030, 1015,
978, 952, 909, 886, 860, 847, 813,771, 754, 730, 718, 702, 654, 636, 624, 596, 565,
528, 512, 498, 486, 445 cm'. HRMS (FD): m/z calculated for CzsH3003 [M]* =
378.2195; found: 378.2194.

O o General procedure was followed using 2-

A parallel reaction without ligand was also performed, and no product was observed
by 'H NMR analysis with CH2Br; as internal standard.

3.5.5 Structural determination of arylated products

Structural determination of arylated products was confirmed by 'H NMR and
2D NOESY (or 1D NOESY).
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Figure 4. The structure assignment of 30 by 1D NOESY.
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Figure 6. The structure assignment of 3q by 1D NOESY.
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Figure 8. The structure assignment of 3y by 2D NOESY.
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3.5.6 Optimization of the C—H Arylation of N,N-dibenzylaniline (5a)

In a pressure tube containing a suitable stirring bar was added Pd(OAc)2, S,0O-
ligand, N,N-dibenzylaniline 5a (27.3 mg, 0.1 mmol, 1.0 equiv.), methyl 4-
iodobenzoate 2a (52.4 mg, 0.2 mmol, 2.0 equiv.), AOAc (50.1 mg, 0.3 mmol,
3.0 equiv.) and tert-BuOH (250 uL, 0.4 M). The tube was put in a pre-heated
oil bath at the indicated temperature and was stirred for 20 h. After cooling to
room temperature, the resulting mixture was diluted with DCM, filtered through
a plug of Celite® and concentrated under reduced pressure. The 'H NMR yield
was determined by adding CH2Br2 (10 pL, 0.144 mmol) as internal standard
and CDCls as deuterated solvent.

For known compounds, N,N-dibenzylaniline 5a, methyl 4-iodobenzoate 2a and
benzaldehyde S2, their quantities were determined by representative signals
in the crude 'H NMR spectra of the reaction mixture. The arylated product 6a,
acetoxylated byproduct 81 and homocoupling byproduct of aryl iodide S3 were
characterized by '"H NMR and quantified by representative signals in the crude
spectra of the reaction mixture.

Methyl 4'-(dibenzylamino)-[1,1'-biphenyl]-4-carboxylate (6a)

NBn; 14 NMR (400 MHz, CDCls) 5 8.03 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.0 Hz,
O 2H), 7.49 (d, J = 8.8 Hz, 2H), 7.37-7.27 (m, 10H), 6.82 (d, J = 8.8 Hz, 2H),
4.72 (s, 4H), 3.91 (s, 3H).

CO,Me
6a

4-(Dibenzylamino)phenyl acetate (S1)

NBn, 'H NMR (400 MHz, CDCl3) & 7.35-7.31 (m, 4H), 7.27-7.24 (m, 6H), 6.87 (d,
J=9.2 Hz, 2H), 6.69 (d, J = 8.8 Hz, 2H), 4.64 (s, 4H), 2.25 (s, 3H).

OAc
S1
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Dimethyl [1,1'-biphenyl]-4,4'-dicarboxylate (S3)

CO,Me

CO,Me
S3

Hz, 4H), 3.94 (s, 6H).

Table 12. Temperature screening.

Pd(OAc), (10 mol%)

NBn, PhS.__COOH
K (10 mol%)

H NMR (400 MHz, CDCl3) & 8.12 (d, J = 10.8 Hz, 4H), 7.68 (d, J = 11.6

CO,Me
NBn,

O NBn, CHO

cOzMe ‘Bug?-iog.c:iniq;ivz.)o h O OAc
It ezauiv.) @ el;iiv.) CO,Me s S2 gSZMe
6a 1 acetoxylated benzaldehyde homo Ar-l |
T epreduets )
Entry T/°C product NMR SM SM S1/% S2/% S3/%
yield/% 5a/% 2a/%
1 40 24 69 85 2 1 2
2 60 42 43 73 5 9 3
3 80 36 45 69 4 13 5
4 100 29 48 71 2 28 9
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Table 13. Catalyst loading screening

Pd(OAc), (x mol%) NBn,

NBn, ' PhS.__COOH NBn, cHO O
K (x mol%) O
CO,Me AgOAc (3 equiv.) OAc O
BUOH (0.4 M), 60 °C, 20 h

5a 2a s1 sS2 CO;Me
(1 equiv.) (2 equiv.) CO,Me S3
6a \ acetoxylated benzaldehyde homo Ar-I
T s ’
Entry Pd/L product NMR SM SM S$1/% S2/% S3/%
mol% yield/% 5a/% 2a/%
1 25 21 76 86 3 5 3
2 5.0 31 65 83 4 6 3
3 7.5 40 54 78 6 8 5
4 10 50 42 72 5 9 4

Table 14. Ligand screening.

COyMe
NBn,
NBn, | Pd(OAc), (10 mol%)

NBnz CHO O
Ligand (10 mol%) O
+ + +

+

CoMe AgOAc (3 equiv.) O OAc O

'BUOH (0.4 M), 60 °C, 20 h

5a 2a s1 S2 COyMe
(1 equiv.) (2 equiv.) CO,Me S3
6a \ acetoxylated benzaldehyde homo Ar-l
byproducts
Entry Ligand product SM SM S1/% S2/% S3/%
NMR 5a/% 2a/%
yield/%
PhS COOH
1 7< 36 55 77 7 9 5
PhS COOH
2 I 33 66 82 4 5 5
PhS COOH
3 28 70 89 2 10 4
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PhS.__COOH
4 K 49 43 76 7 9 5

PhS.__COOH

MesS.__COOH

6 I 37 61 82 1 14 6

Ar/s COOH

Ar = (2,4,6-tri-OMe)Ph
CgFsS OOH

C
8 l 4 90 92 3 8 3
SPi

h
9 Hoj\/j\ 5 93 100 3 3 4
FsC F

Table 15. Hybrid solvent test with H20.

CO,Me
Pd(OAc), (10 mol%) NBn,

NBn, ! PhS.__COOH NBn, CHO O
X (10 mol%) O

+

CoMe AgOAc (3 equiv.) O oA O

solvent (0.4 M), 60 °C, 20 h

5a 2a s1 s2 CO,Me
(1 equiv.) (2 equiv.) CO,Me S3
6a 1 acetoxylated benzaldehyde homo Ar-l |
byproducts
Entry solvent product SM SM S1/% S2/% S3/%
NMRyield 5a/% 2a/%
1%
1 ‘BuOH 50 44 67 9 11 8
‘BuOH/H20
2 1 12 2
(1.5:1) 6 56 88 8 5
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3.5.7 Kinetic experiments

3.5.7.1 Kinetic order measurement
OMe Me

Me MeO
| Pd(OAC), O O
™ S,0-Ligand (L1)
e . +
©/ AgOAc O O

CO,Me HFIP/H,0 (1.5:1, 0.4 M)

CO,Me CO,Me
1a 2a 3a-para 3a-meta

Procedure: The kinetic order of each reagent in the arylation reaction was
determined using the method of initial rates.l?41 A stock solution of Pd(OAc)2
and S,0-ligand L1 in HFIP was prepared. Pressure tubes containing a suitable
stirring bar were equipped with methyl 4-iodobenzoate, AgOAc, the stock
solution of Pd(OAc)2 and S,0O-ligand L1, HFIP, H20 and 2-methylanisole 1a
(reaction scale: 0.1 mmol). The tubes were put into a pre-heated oil bath at
25 °C and were stirred for 30 min (according to the reaction profile, Table 12).
Afterwards, the tubes were promptly cooled using a mixture of dry ice and
acetone, each reaction was filtered through Celite® and rinsed with DCM. To
each crude mixture, CH2Br2 (10 pL, 0.144 mmol) was added as internal
standard, the mixture was dissolved in CDCIz and '"H NMR was measured.

Table 16. Reaction profile at 25 °C

S

yield/%
W
=]

0 1 2 3 4
time/h

Entry time yield of para/% yield of meta/% total yield/%

1 7.5 min 25 0 25
2 15 min 5.2 0 5.2
3 30 min 9.8 0.5 10.3
4 1h 20.2 1.9 221
5 2h 40.8 3.7 445
6 3h 47.9 4.7 52.6
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Table 17. Kinetic order of Pd/S,0O-ligand.

25 04
— 2.0 02 |
£
E 15 )
% £ o0 A
o
=10 1 _ g y = 1.0416x - 1.5401
e y= o.ﬁnaslx +0.023 R < 0.9717
1 R?=0.9654 02 4
0.5 02
0.0 . . . 04 T . T
0 20 40 €0 80 12 1.4 16 18
Pd/s,0-L [mM] log([Pd/S,0-L])

[Pd/S,O-L) [Pd/S,O-L) log[mM] vyield/% rate/mM*min-' log[rate]

mol% mM
5 20 1.30 4.6 0.61 -0.21
7.5 30 1.48 8.3 1.10 0.04
10 40 1.60 9.7 1.30 0.1
12.5 50 1.70 13.5 1.80 0.26
15 60 1.78 14.4 1.92 0.28

Table 18. Kinetic order of anisole.

2.5 04

2.0 4
T 02 -
£ 15 H1 :@
s ®
= 10 4 y =0.003x+0.2182 5 y=0.8939x - 2.1781
E R?=0.9847 =00 R2=0.986

0.5 -

0.0 . . . 02 . . .

0 200 400 600 800 22 24 26 28

anisole [mM] log([anisole])

[anisole]/ [anisole]/ log[mM] vyield/% rate/mM*min' log]rate]
equiv. mM
0.5 200 2.30 5.3 0.71 -0.15
0.75 300 2.48 8.6 1.15 0.06
1 400 2.60 11.2 1.49 0.17
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1.256 500 2.70 12.9 1.72 0.24
1.5 600 2.78 15.0 2.00 0.30
1.75 700 2.85 16.7 2.23 0.35

Table 19. Kinetic order of aryl iodide.

1.8

1.6 o
.14 4 o . o
£12 4
£ ' y = 1.4414x 00t

1.0 A 5
= E R*=0.0091
£ 08 1 derin [Arl]] =0
© 06 ] order in [Arl] =
© ]

0.4 A

0.2 A

0.0 T T T

0 200 400 600 800

Arl [mM]

[Arl)/equiv. [Arl)/mM vyield/% rate/mM*min-’

0.5 200 10.0 1.33
0.75 300 10.6 1.40

1 400 9.9 1.33
1.25 500 10.2 1.37
1.5 600 10.7 1.43
1.75 700 9.5 1.27

The plots of the reaction rates against [Arl] provide a straight line with slope close to
zero, revealing that the reaction is of zero order in aryl iodide.

Table 20. Kinetic order of AgOAc.

1.8
16 A
1.4 A
=12 ]
£ 1.0 A
= ]
E 0.8 1
P 0.6 ] order in [AgOAc] =0
C 04
0.2 A
0.0 T T T T T
200 400 600 800
AgOAc [mM]

y = 1.361x%0134
R?=0.0277
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[Arl)/equiv  [Arl])/mM vyield/% rate/mM*min-’

0.75 300 1.3 1.51

1 400 10.6 1.41
1.256 500 11.2 1.49
1.5 600 11.2 1.49
1.75 700 11.2 1.50

The plots of the reaction rates against [AgOAc] provide a straight line with slope
close to zero, revealing that the reaction is of zero order in AgOAc.

3.5.7.2 Parallel KIE experiment

OMe Me
H Me  MeO H
OMe I Pd(OAC); (10 mol%) O O
H Me S,0-Ligand (L1) (10 mol%) H H . H H
+
H H AgOAc (1.5 equiv.) O O
H CO,Me HFIP/H,O (1.5:1, 0.4 M)
1a 2a 60 °C CO,Me CO,Me
3a
OMe
D Me
OMe | Pd(OAc), (10 mol%) O
D Me S,0-Ligand (L1) (10 mol%) D D
+
D D AgOAc (1.5 equiv.) O
D CO,Me HFIP/H,0 (1.5:1, 0.4 M)
1a-d, 2a e0-c CO,Me
3a-dj

Deuterated 2-methylanisole (1a-ds) was synthesized according to the
reported procedure.®M A stock solution of Pd(OAc)2 (9.0 mg, 0.04 mmol) and
S,0-ligand L1 (11.4 mg, 0.04 mmol) in 400 pL HFIP was prepared.

Pressure tubes containing a suitable stirring bar were equipped with
deuterated 2-methylanisole (1a-ds) (12.6 mg, 0.1 mmol, 1.0 equiv.), methyl 4-
iodobenzoate (2a) (39.3 mg, 0.15 mmol, 1.5 equiv.), AgOAc (25.0 mg, 0.15
mmol, 1.5 equiv.), 100 yL of the Pd/S,0O-ligand stock solution, 50 yL HFIP and
100 pL H20. The tubes were put into a pre-heated oil bath at 60 °C and were
stirred for 5, 10, 15, 30 min. Afterward, the tubes were promptly cooled using
a mixture of dry ice and acetone, each reaction was filtered through Celite®
and rinsed with DCM. To each crude mixture, CH2Br2 (10 uL, 0.144 mmol) was
added as internal standard, the mixture was dissolved in CDCIs; and 'H NMR
was measured. A parallel experiment using 2-methylanisole 1a was also
performed.
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Table 21. Parallel KIE experiment.

70

80 1 y=1.6857x +7.7143
—_ 2 _
® 50 4 R*=0.9966
=l 4
] 40
>
e 30 A
=
Z 20 4 y=0.2386x+0.1714

R?=0.9916
10 A
0 T T T
0 10 20 30 40
time [min]
product from SM product from deuterated SM

Deuterium KIE = 1.68/0.24 =7

Product from deuterated 2-methylanisole 1a-da

Entry Time/min vyield of para/% yield of meta/% total yield/%

1 5 1.2 0 1.2
2 10 25 0 2.5
3 15 4.1 0 4.1
4 30 7.2 0 7.2

Product from 2-methylanisole 1a

Entry Time/min yield of para/% yield of meta/% total yield/%

1 5 13 2 15
2 10 24 2 26
3 15 31 2 33
4 30 55 3 58
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3.5.8 Control experiments

CO,Me
OMe
Pd(OAc), (0.5 equiv.) 7 Me O
oMe ' s,0-Ligand (L1) (0.5 equiv.) z
Me + > +
AgOAc (1.0 equiv.)
HFIP/H,0 (1.5:1 MeO,C
CO,Me 50 °ZC, i ; ) €2 CO,Me
1a 2a 3a Homocoupled Arl 3a'

Procedure: Pressure tubes containing a suitable stirring bar were equipped
with Pd(OAc)2 (11.2 mg, 0.05 mmol, 0.5 equiv.) and S,0O-ligand L1 (14.3 mg,
0.05 mmol, 0.5 equiv.), methyl 4-iodobenzoate 2a (26.2 mg, 0.1 mmol, 1.0
equiv.), AgOAc (16.7 mg, 0.1 mmol, 1.0 equiv.), 150 yL HFIP, 100 yL H20 and
the corresponding amount of 2-methylanisole 1a (0-6.3 pL, 0-0.05 mmol, O-
0.5 equiv.). The tubes were put into a pre-heated oil bath at 60 °C and were
stirred for 4 h. After cooling to room temperature, the resulting mixture was diluted
with DCM, filtered through a plug of Celite® and concentrated under reduced
pressure. To each crude mixture, CH2Br2 (10 pL, 0.144 mmol) was added as
internal standard, the mixture was dissolved in CDCIls and '"H NMR was
measured.

Table 22. Control experiments.

Entry 1a (equiv.) 2a (equiv.) Yield of 3a/%? Yield of 3a’/%?
1 0 1 0 0

2 0.1 1 5 5

3 0.2 1 11 9

4 0.5 1 21 14
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