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ABSTRACT: A highly efficient protocol for the Suzuki—Miyaura cross-coupling of aryl fluorosulfonates by selective —OFs cleavage
using well-defined, air- and moisture-stable NHC—Pd(II) chloro dimers is presented. The reaction proceeds in excellent yields and
with broad functional group tolerance using 0.10-0.20 mol% of [Pd] in the presence of mild KsPOs base under aqueous conditions. A
variety of sensitive functional groups are tolerated in this operationally-trivial protocol for C—O bond activation. Selectivity studies and
gram scale cross-coupling are presented. The method advances well-defined and highly reactive Pd(II)-NHCs to the cross-cou-pling
of readily available, orthogonal and bench-stable fluorosulfonates as aryl halide surrogates.

Introduction

Transition-metal-catalyzed cross-couplings are the most
prevalent methodology commonly utilized in academic and in-
dustrial research.!”* In particular, the Suzuki cross-coupling is
the most powerful protocol for the synthesis of biaryl motifs
that are present in pharmaceuticals, agrochemicals and syn-
thetic intermediates in all facets of modern chemistry.>* In this
regard, in contrast to aryl halides (Ar—X), phenolic electrophiles
(Ar-OX) have attracted significant interest owing to several
major benefits as orthogonal and environmentally-friendly elec-
trophiles in cross-coupling research (Figure 1A).>¢ The utility
of C—O electrophiles stems from natural abundance of phenolic
precursors, orthogonal reactivity in cross-coupling protocols
due to different rates of oxidative addition, capacity for prefunc-
tionalization by SgAr mechanism, and availability of phenols
from orthogonal pool of substrates than aryl halides.?¢

In this context, recently there has been a resurgence of
fluorosulfonates (R—-OSO2F) owing to the “click” synthesis
from the corresponding phenols.” First, the availability of pro-
tocols by the reaction of phenols with mainstream, cheap and
non-toxic insecticide SO2F> (sulfuryl fluoride) produced by
Dow and Maui (Hangzou) on a multi-ton scale annually renders
aryl fluorosulfonates particularly appealing electrophiles in or-
ganic synthesis.® Second, despite electronic activation of the C—
O moiety, aryl fluorosulfonates are significantly more stable
than structurally related aryl triflates, with >10 days stability
under mild basic conditions (pH = 10).7 Adding the fact that

other known C-O electrophiles are either unstable, expensive
to prepare or suffer from high C—O bond dissociation energy
making oxidative addition difficult,>® thus limiting the scope of
the cross-coupling methods, aryl fluorosulfonates may repre-
sent a breakthrough in the common utilization of C-O electro-
philes in cross-coupling research in modern chemistry.>¢ Sem-
inal studies by Hanley® and Roth!® established the capacity of
aryl fuorosulfonates as cross-coupling partners under Pd catal-
ysis in Suzuki,’ Negishi'® and Stille'® coupling. However, pro-
tocols for cross-coupling of aryl fluorosulfonates are scarce,
which is a major limitation for the considerable use of these
highly appealing “click” electrophiles.’!!

Herein, we report a highly efficient protocol for the Suzuki—
Miyaura cross-coupling of aryl fluorosulfonates by selective —
OFs cleavage using well-defined, air- and moisture-stable
NHC-PA(II) chloro dimers (Figure 1B).'>'4 The following fea-
tures of our study are noteworthy: (1) the present catalyst is
much superior to the system developed previously,® the reaction
proceeds in excellent yields and with broad functional group
tolerance at low Pd loading in the presence of mild KsPO4 base
under aqueous conditions; (2) this green phosphine-free catalyst
system operates using fast-activating Pd(I)-NHCs, which out-
perform Pd-phosphines in terms of catalyst loading and sub-
strate scope including a variety of sensitive functional groups;
(3) selectivity studies demonstrate high selectivity of —OFs
cross-coupling using versatile Pd(IT)-NHCs. We anticipate that
well-defined [PA(NHC)(u-C1)Cl]2 will become the catalysts of



choice for Pd-catalyzed cross-coupling of fluorosulfonates as
phenolic aryl halide surrogates of broad synthetic interest.

A. Palladium-Catalyzed Cross-Coupling by C-O Activation
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Figure 1. (a) Cross-coupling of C—O electrophiles. (b) This work: Suzuki
cross-coupling of aryl fluorosulfonates using well-defined Pd-NHCs by se-
lective C-O activation.

Results and Discussion

Our investigation commenced by evaluating the cross-cou-
pling of phenyl fluorosulfonate (1a) with p-methoxyphenyl-
boronic acid (2a) (Table 1). From the outset, we interrogated
[PA(NHC)(n-C1)CI]2 chloro dimers as by far the most pre-
ferred Pd(II)-NHC precatalysts for generating the monoligated
Pd(0)-NHC active species owing to the ease of synthesis, fast
dissociation to monomers, high air- and moisture stability and
the ease of catalyst diversification by NHC scaffold altera-
tion.!>!* In early studies, we determined that NHC ligand is re-
quired for efficient coupling (Table 1, entries 1-2), and that, as
expected, well-defined Pd(II)-NHC catalysts are preferred over
in situ formed catalysts (Table 1, entries 3-4). As expected, no
reaction occurred in the absence of a base (Table 1, entry 5).
Significant efforts were made to improve the efficiency of the
cross-coupling. We found that decreasing the catalyst loading
to 0.50 mol% [Pd] was feasible at 60 °C (Table 1, entry 6); how-
ever, these conditions were not compatible with room tempera-
ture (Table 1, entry 7). We found that changing the solvent sys-
tem to an aqueous solution to improve the solubility of boronic
acid and activation of the catalyst, dramatically improved the
efficiency of the cross-coupling (Table 1, entries §-10). By care-
ful optimization of solvents, we were able to decrease the cata-
lyst loading to 0.10 mol% [Pd] at 60 °C (Table 1, entries 11-14).
Examination of different bases (Table 1, entries 15-20) revealed
that K5POs is the optimal base for this cross-coupling. Different
Pd(I1)-NHC precatalysts were screened (Chart 1), including the
change of NHC ancillary ligand in the chloro dimer series to
saturated imidazolinylidene SIPr as well as steric variation to
the less sterically-hindered IMes and more sterically-demand-
ing IPr* ([[PA(SIPr)(n-CD)Cl]2], [Pd(IMes)(u-CI)Cl]2,
[PA(IPr*)(u-C1)Cl]2) (Table 1, entries 21-23) revealing that IPr
is the most suitable NHC ancillary ligand. Furthermore, allyl-
type and heterocycle-type throw-away ligands

([Pd(IPr)(cin)CI], [Pd(IPr)(3-Cl-py)Cl2], Table 2, entries 24-25)
were less effective, consistent with the ease of activation to
mono-ligated Pd(0)-NHC. Control experiments using
Pd(OAc)2/phosphine® and Pd(OAc)*® according to the previ-
ous protocols (Table 1, entries 26-27) gave no conversion, indi-
cating superior performance of the current catalyst system. We
have tested [Pd(IPr)(u-C1)Cl]2 under the same reaction condi-
tions as previously reported using Pd-phosphines and non-li-
gated Pd. Under the tested reaction conditions, there is full con-
version using the present catalyst (>98% conversion, 98%
yield), while no reaction (<2% conversion, >95% recovery) is
observed using the previously reported systems. These features
make this class of [PA(NHC)(u-CI)Cl]2 catalysts of general
interest to the synthetic community.

The present catalyst is much superior to the system developed
by Dow.? Specifically, we performed studies under the reaction
conditions reported previously® using Pd(OAc)2/PPhs system,
which resulted in <2% conversion (Table 1, entry 26) vs. >98%
yield using the present catalyst system (Table 1, entry 12).

Table 1. Optimization of the Reaction Conditions*

B(OH}),
O\S,F [Pd] Catalyst
Crw -
Base, Solvent, Temp.
OMe
1a 2a 3a
entry [Pd] (nEf)?“L) base solvent (0](;) )21;:)(1
1 [Pd(IPr)(u-CDCl]2 5 K3PO4 dioxane 120 >98
2 Pd(OAc)2 5 K3PO4 dioxane 120 11
3 Pd(OAc)2/IPrHCI 5 K3PO4 dioxane 120 64
4 Pd(OAc)2/IMesHCI 5 KsPO4 dioxane 120 30
5 [Pd(IPr)(pn-CDCI)2 5 - dioxane 120 0
6 [PA(IPr)(u-CDCl]2 0.5 K3PO4 dioxane 60  >98
7 [PAIPr)(u-CDCl]2 0.5 K3PO4 dioxane 23 <2
8  [Pd(IPr)(u-CD)CI]2 0.5 KsPO4  dioxane/H20, 2:1 (v/v) 23 >98
9  [PA(IPr)(u-CDCIl]2 0.5 KsPO4  dioxane/H20, 1:1 (v/v) 23 40

10 [Pd(IPr)(u-CDCl]2 0.5 KsPO4  dioxane/H20, 4:1 (v/v) 23 66
11 [PAIPH(-CDHCI]2 0.1  KsPOs dioxane/H20,2:1 (v/v) 60 67
12 [PAIPr)(u-CDCl]2 0.1  KsPOs  THF/H20,2:1 (viv) 60  >98
13 [PAAPr)(p-CHCI2 0.1  KsPOs MeCN/H:0,2:1 (viv) 60 42
[PAIP(u-CHCI: 0.1  KsPOs  EtOH/H:0,2:1 (viv) 60 38
[Pd(IPr)(u-CD)CIJ2 0.1 KoHPO4  THF/H20, 2:1 (v/v) 60 95
16 [PAIPH(-CDHCI]2 0.1  Cs2COs  THF/H:0,2:1 (v/v) 60 82
[PAIPr)(p-CHCI2 0.1  KoCOs  THF/H:0,2:1 (vv) 60 75
[PAIPr)(u-CD)Cl]2 0.1  NasPOs  THF/H20,2:1 (v/v) 60 48
19 [PdIP)(u-CHCl]2 0.1 KF THF/H20, 2:1 (vv) 60 57
20 [PAIPH)(-CDCI]2 0.1  KOAc THF/H:0,2:1 (vv) 60 5
21 [PA(SIPr)(u-CI)Cl] 0.1  KsPOs  THF/H:0,2:1 (viv) 60 85
22 [Pd(IPr*)(p-CDCI]2 0.1  KsPOs  THF/H:0,2:1 (v/v) 60 53
23 [Pd(IMes)(-CCl]2 0.1  KsPOs  THF/H20,2:1 (vv) 60 65
24 [PA(IPr)(cin)Cl] 0.1  KsPOs THF/H20,2:1(viv) 60 80
25 [PA(IPH(3-Clpy)Cl] 0.1  KsPOs  THF/H:0,2:1 (wv) 60 62
26 Pd(OAc)2/PPhs 0.1 K3PO4 THF/H20, 2:1 (v/v) 60 <2
27 Pd(OAc)2 0.1 EtsN H20 60 <2
“Conditions: PhOFs (1.0 equiv), Ar-B(OH)2 (2.0 equiv), base (3.0 equiv),
[Pd] (0.10-5 mol%), ligand (none or 2 x [Pd]), solvent (0.25 M), T, 12 h.
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Chart 1. Structures of Pd-NHC catalysts.

Scheme 1. Suzuki—-Miyaura Cross-Coupling of Aryl Fluorosulfonates®”
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“Conditions: ArOFs (1.0 equiv), Ar’B(OH): (2.0 equiv), [Pd(IPr)(pn-C1)Cl]2] (0.10 mol%), K3POs (3.0 equiv), THF/H20 (2/1 v/vol, 0.25 M), 60 °C, 12 h.
®Isolated yields. ‘[Pd] 0.6 mol% was used. “[Pd] 1.0 mol% was used. See SI for details.

With the optimized conditions in hand, the scope of the cross-
coupling was next investigated (Scheme 1). We found the scope
to be remarkably broad delivering the cross-coupling products
in excellent yields and tolerating a variety of sensitive func-
tional groups. As such, electronically-differentiated aryl bo-
ronic acids such as methoxy (3a), alkyl (3b—3c) and trifluoro-
methyl (3d) furnished the products in excellent yields. Steric
hindrance was well-tolerated (3e). Notably, various aryl bo-
ronic acids decorated with electrophilic groups, such as ketone
(3f), ester (3g), nitro (3h), cyano (3i) proved to be excellent cou-
pling partners. This mild Pd(II)-NHC catalyst system can

tolerate amino (3j) and free hydroxyl groups (3k). Furthermore,
challenging fluorinated arylboronic acids prone to protode-
boronation are readily accommodated providing access to fluor-
inated biaryls (31-3n). Note that this includes the notoriously
challenging 2,6-F»-disubsitition (3n). Moreover, polyaromatic
boronic acids, such as naphthyl (30) and pyrenyl (3p) can be
employed. Notably, heterocyclic boronic acids are also excel-
lent substrates, including benzofuran (3q), pyrrole (3r), pyri-
dines (3s—3t) and thiophene (3u) delivering valuable hetero-
biaryl products. Note that 4-pyridyl boronic acid (3t) is one of
the most challenging boronic acids for cross-coupling and



routinely used as a test for the efficiency of cross-coupling re-
actions. Furthermore, alkenyl boronic acids are also compatible
as demonstrated in the cross-coupling of B-styrenyl boronic
acid (3v). The scope of aryl fluorosulfonates is equally broad
and encompasses electronically-diverse substrates, such as
methoxy (3a’), alkyl (3b”) and trifluoromethyl (3d”). Steric hin-
drance is well-tolerated as demonstrated in the cross-coupling
of a naturally-occurring monoterpenoid thymol (3w) and a fra-
grance agent 2,5-xylenol (3x). Furthermore, electrophilic func-
tional groups are compatible, such as esters (3x), derived from
naturally-occurring 4-hydroxybenzoic acid. Finally, heterocy-
cles are excellent substrates, such as sesamol (3z), an antioxi-
dant found in sesame seeds, and pharmaceutical intermediate 5-
hydroxy-2-methylpyridine (3aa).

The scalability of this cross-coupling was evaluated (Scheme
2). We were pleased to find that the cross-coupling proceeded
on gram scale in 98% isolated yield, attesting to the utility of
this C—O cross-coupling protocol in organic synthesis.

We were further interested to probe the selectivity of the
fluorosulfonate cross-coupling (Table 2). In this selectivity
study, we followed the study reported previously by Dow using
Pd-phosphines.® It is now well-stablished that Suzuki-Miyaura
cross-coupling using Pd-NHCs involves oxidative addition or
transmetallation as the most common rate determining steps,
which are often distinct from Pd/phosphine systems.'>!* We
found that the reaction is selective vs. chlorides, sulfonates and
sulfamates (Table 3, entries 4, 6-8). However, between 4-12%
of ArOSO>F is consumed in the reaction vs. aryl chloride and
aryl sulfonate (Table 3, entries 4 and 6). Furthermore, cross-
coupling of aryl iodides is selective in the presence of aryl
fluorosulfonates (Table 3, entry 2). Note that aryl bromides cou-
ple preferentially over fluorosulfonates (Table 3, entry 3), while
triflates show similar reactivity to fluorosulfonates using Pd—
NHCs. Overall, this allows to establish the following order of
reactivity of fluorosulfonates using PdA-NHCs: (1) OFs >> Cl,
OMs, OTs, OSO2NMe; (2) I > Br > OFs, and (3) OFs = OTf.
The observed trend of reactivity parallels the selectivity ob-
served using Pd-phosphines.® Note that fluorosulfonates are sig-
nificantly more stable than triflates.

Table 2. Selectivity Studies”

B(0H),
o
MeQ (1.0 equiv)

[P IPR(p-CHCI]

o, .F X 0.5 mol% [Pd]
oo

KiPC,, THF/HO = 2:1

60 °C, 6 h

1a (1.0 equiv) 1z (1.0 equiv) 3a
o X conversion of conversion of yield of
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Q. .F
I ks 5 08 / 9
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“Conditions: PhOFs (1.0 equiv), PhX (1.0 equiv), Ar-B(OH): (1.0 equiv),
K3PO4 (3.0 equiv), [Pd(IPr)(u-C1Cl]2] (0.5 mol%), THF/H2O (2/1 v/vol,
0.25 M), 60 °C, 12 h. *In the absence of PhX.

Scheme 2. Gram Scale Cross-Coupling
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Preliminary studies were conducted to gain insight into the
reaction mechanism (Scheme 3). (1) Intermolecular competi-
tion experiments with differently substituted aryl fluorosul-
fonates revealed electron-deficient arenes to be inherently more
reactive (4-CF3:4-MeO = 78:22); (2) Further competitions with
differently substituted boronic acids revealed a significant pref-
erence for electron-donating boronic acids (4-MeO:4-CF3
>98:2). These results are consistent with transmetallation as the
kinetically relevant step. Further studies are underway.

Turnover numbers of 1,780 and 2,320 were determined for
the cross-coupling of 1a (KsPO4, 100 °C) at 0.05 mol% and
0.025 mol% [Pd] loading under standard conditions (Scheme
4), indicating high reactivity of the catalyst system.

Scheme 3. Mechanistic Studies
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In conclusion, we have reported a highly efficient protocol
for the Suzuki—Miyaura cross-coupling of aryl fluorosulfonates
mediated by well-defined, air- and moisture-stable NHC—Pd(II)
chloro dimers. The scope of this operationally-trivial method



has been found to be excellent. These phosphine-free conditions
feature low catalyst loading in the presence of a mild phosphate
base in aqueous solution. The protocol tolerates a variety of sen-
sitive substituents and can be applied to challenging aryl bo-
ronic acids. In a broader sense, ‘click’ fluorosulfonates balance
high —O-X stability and accessible C—O dissociation energy
that renders them highly attractive substrates for cross-coupling
of phenolic bonds. Fast-activating, well-defined and highly re-
active Pd(II)-NHCs offer major practical advantage in activa-
tion of —OFs group as phenolic aryl halide surrogates.

Experimental Section
List of Known Compounds/General Methods

All starting materials reported in the manuscript have been
previously described in literature or prepared by the method
reported  previously unless stated otherwise. Aryl
fluorosulfonates were prepared by standard methods.*!! All ex-
periments were performed using standard Schlenk techniques
under nitrogen or argon unless stated otherwise. All solvents
were purchased at the highest commercial grade and used as re-
ceived or after purification by passing through activated alu-
mina columns or distillation from sodium/benzophenone under
nitrogen. All solvents were deoxygenated prior to use. All other
chemicals were purchased at the highest commercial grade and
used as received. All other general methods have been pub-
lished.'* '"H NMR, '3C NMR and '°F NMR spectra were rec-
orded in CDCI; on Bruker spectrometer at 500 MHz (‘H NMR),
126 MHz (*C NMR) and 471 MHz (*°F NMR). 'H NMR and
13C NMR shifts are reported in parts per million (ppm) relative
to residual CHCl; peak. All coupling constants (J) are reported
in Hertz (Hz). '"H NMR, '3C NMR and '°F NMR data are given
for all starting materials for characterization purposes.

General Procedure for the Synthesis of Starting Materials.
All aryl fluorosulfonates used in this study were prepared by
procedures reported in the literature.®!! Spectroscopic data
matched those reported in the literature. Pd-NHC complexes
were synthesized according to the literature'* or purchased from
Sigma-Aldrich. [PAINHC)(u-CI)Cl]  was purchased from
Sigma-Aldrich.

General Procedure for the Synthesis of Aryl Sulfonates.To a
solution of phenol (20.0 mmol, 1.00 equiv) and Et;N (20.0
mmol, 1.00 equiv) in CH2Cl2 (25.0 mL), SO2F2 was introduced
by a needle from balloon filled with SO2F.. For large scale re-
actions such as described in this procedure, depletion of the sul-
furyl fluoride from the balloon is easily observed, and more
SO2F2 can be added when required. The reaction mixture was
stirred vigorously overnight at room temperature. The solvent
was removed in vacuo and the crude product was purified by
flash chromatography on silica gel (EtOAc/hexanes). Caution-
ary Note: Care should be taken when handling SO2F,. Never-
theless, it should be noted that SO2F> is relatively safe and not
toxic as determined by cell and animal in vivo experiments.”

Phenyl sulfurofluoridate (1a)°

According to general procedure, 2.82 g of 1a was obtained as a
colorless oil after chromatography (EtOAc/hexanes = 1:10).
Yield, 80%. 1H NMR (500 MHz, CDCl3) 6 7.49 (t, J= 7.8 Hz,
2H), 7.42 (t,J= 7.4 Hz, 1H), 7.35 (d, /= 7.9 Hz, 3H). 13C{1H}
NMR (126 MHz, CDCls) & 150.1, 130.4, 128.7, 120.9. 19F
NMR (471 MHz, CDCl;): 8 37.49.

4-Methoxyphenyl sulfurofluoridate (1b)*

According to general procedure, 3.01 g of 1b was obtained as a
colorless oil after chromatography (EtOAc/hexanes = 1:10).
Yield, 73%. 1H NMR (500 MHz, CDCl3) 6 7.13 (d, /= 9.3 Hz,
2H), 6.82 (d, J=9.3 Hz, 2H), 3.69 (s, 3H). 13C{1H} NMR (126
MHz, CDCl3) § 159.3,143.6,122.0,115.2,55.7. 19F NMR (471
MHz, CDCl) § 36.26.

p-Tolyl sulfurofluoridate (1¢)*

According to general procedure, 2.85 g of 1¢ was obtained as a
colorless oil after chromatography (EtOAc/hexanes = 1:10).
Yield, 75%. 1H NMR (500 MHz, CDCl;) 6 7.16 (d, /= 8.7 Hz,
2H), 7.12 (d, J=8.7 Hz, 2H), 2.35 (s, 3H). 13C{1H} NMR (126
MHz, CDCl;) 6 148.1,138.8,130.8, 120.5,20.9. 19F NMR (471
MHz, CDCl3) & 37.05.

4-(Trifluoromethyl)phenyl sulfurofluoridate (1d)*

According to general procedure, 3.79 g of 1d was obtained as a
colorless oil after chromatography (EtOAc/hexanes = 1:10).
Yield, 78%. 1H NMR (500 MHz, CDCl;) 6 7.78 (d, J = 8.8 Hz,
2H), 7.49 (d, J = 8.5 Hz, 2H). 13C{1H} NMR (126 MHz,
CDCl3) 6 152.0, 131.1 (q, J = 33.8 Hz), 127.9 (q, J = 3.6 Hz),
123.3 (q,J=273.4 Hz), 121.60. 19F NMR (471 MHz, CDCls) 6
38.65, -62.71.

2,4-Dimethylphenyl sulfurofluoridate (1e)*

According to general procedure, 3.26 g of 1e was obtained as a
colorless oil after chromatography (EtOAc/hexanes = 1:10).
Yield, 80%. 1H NMR (500 MHz, CDCl3) & 7.20 (dd, J = 8.4,
1.8 Hz, 1H), 7.12 (s, 1H), 7.08 (dd, J= 8.4, 2.3 Hz, 1H), 2.35 (s,
6H). 13C{1H} NMR (126 MHz, CDCl3) & 147.1, 138.6,
132.8, 130.1, 128.2, 120.6, 20.8, 16.2. 19F NMR (471 MHz,
CDCls) & 38.58.

2-Isopropyl-5-methylphenyl sulfurofluoridate (1f)°*

According to general procedure, 3.80 g of 1f was obtained as a
colorless oil after chromatography (EtOAc/hexanes = 1:10).
Yield, 82%. 1H NMR (500 MHz, CDCl;) 6 7.16 (d, J= 8.7 Hz,
2H), 7.12 (d, J=8.7 Hz, 2H), 2.35 (s, 3H). 13C{1H} NMR (126
MHz, CDCls) o 148.1, 138.8, 130.8, 120.5, 20.9. 19F NMR
(471 MHz, CDCls) 6 37.05.

Ethyl 4-((fluorosulfonyl)oxy)benzoate (1g)°

According to general procedure, 3.72 g of 1g was obtained as a
colorless oil after chromatography (EtOAc/hexanes = 1:10).
Yield, 75%. 1H NMR (500 MHz, CDCl3) § 8.13 (d, J = 8.9 Hz,
2H), 7.38 (d, J=9.0 Hz, 2H), 4.37 (q, /= 7.2 Hz, 2H), 1.37 (t,J
= 7.2 Hz, 3H). 13C{1H} NMR (126 MHz, CDCL) & 164.9,
152.8, 132.0, 131.0, 120.9, 61.6, 14.3. YF NMR (471 MHz,
CDCl;) 6 38.49.

Benzo[d][1,3]dioxol-5-yl sulfurofluoridate (1h)*

According to general procedure, 3.52 g of 1h was obtained as a
colorless oil after chromatography (EtOAc/hexanes = 1:10).
Yield, 80%. 1H NMR (500 MHz, CDCls) § 6.85 — 6.79 (m, 3H),
6.04 (d, J = 1.3 Hz, 2H). 13C{1H} NMR (126 MHz, CDCl;) §
148.6, 147.6, 144.0, 114.0, 108.3, 103.0, 102.5. '°F NMR (471
MHz, CDCl5) § 36.51.

6-Methylpyridin-3-yl sulfurofluoridate (1i)**

According to general procedure, 2.90 g of 1i was obtained as a
colorless oil after chromatography (EtOAc/hexanes = 1:3).
Yield, 76%. 1H NMR (500 MHz, CDCl;) 6 8.46 (d, /= 3.0 Hz,
1H), 7.51 (dd, J = 8.6, 2.9 Hz, 1H), 7.21 (d, J = 8.6 Hz, 1H),



2.54 (s, 3H). 13C{1H} NMR (126 MHz, CDCl5)  159.0, 145.2,
141.6, 128.7, 124.2,23.9. °F NMR (471 MHz, CDCls) § 37.90.

General Procedure for the Suzuki-Miyaura Cross-Coupling
of Aryl Fluorosulfonates. An oven-dried vial equipped with a
stir bar was charged with an aryl fluorosulfonate (typically, 0.2
mmol, 1.0 equiv), potassium phosphate (typically, 0.6 mmol,
3.0 equiv), boronic acid (typically, 0.4 mmol, 2.0 equiv),
[(IPr)Pd(u-CI)CI]2 (typically, 0.10 mol%), placed under a posi-
tive pressure of argon, and subjected to three evacuation/back-
filling cycles under high vacuum. THF and H:O (typically, 0.25
M as 2:1 (v/vol)) were added. The reaction was placed in a pre-
heated oil bath and stirred at 60 °C for 12 h. After the indicated
time, the reaction mixture was cooled down, diluted with ethyl
acetate (5 mL), washed with H2O, extracted with ethyl acetate
(3 x 2 mL) and concentrated. The sample was analyzed by 'H
NMR (CDCIs, 500 MHz) and GC-MS to obtain conversion and
yield using internal standard and comparison with authentic
samples. Purification by chromatography on silica gel
(EtOAc/hexanes) afforded the title products.

Procedure for the Suzuki-Miyaura Cross-Coupling of Aryl
Fluorosulfonates. Gram Scale. An oven-dried 100 mL flask
equipped with a stir bar was charged with phenyl sulfurofluori-
date (10.0 mmol, 1.76 g, 1.0 equiv), 4-methoxyphenylboronic
acid (12.0 mmol, 1.82 g, 1.2 equiv), potassium phosphate (15.0
mmol, 3.18 g, 1.5 equiv), and [(IPr)Pd(p-CI1)CI]2 (0.01 mmol,
12 mg, 0.10 mol%) placed under a positive pressure of argon,
and subjected to three evacuation/backfilling cycles under high
vacuum. THF (30 mL) and H20 (15 mL) were added (0.67 M).
The reaction was placed in a preheated oil bath at 60 °C and
stirred for 12 h. After the indicated time, the reaction mixture
was cooled down, diluted with ethyl acetate (50 mL), washed
with H2O, extracted with ethyl acetate (3 x 20 mL) and concen-
trated. Purification by flash chromatography on silica gel
(EtOAc/hexanes = 1:20) afforded the title product 3a in 98%
yield (1.8 g). Spectroscopic data are included in the section be-
low.
4-Methoxy-1,1'-biphenyl (3a)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2a (4-methoxyphenylboronic acid, 0.40 mmol,
60.8 mg), KsPOs4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-
CI)Cl]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:20) the title
product in 99 % yield (36 mg). White solid. 1H NMR (500
MHz, CDCl;) 6 7.58-7.52 (m, 4H), 7.42 (t, J="7.7 Hz, 2H), 7.31
(t, J =173 Hz, 1H), 6.99 (d, J = 8.7 Hz, 2H), 3.86 (s, 3H).
13C{IH} NMR (126 MHz, CDCls) & 159.2, 140.9, 133.8,
128.7, 128.2, 126.8, 126.7, 114.2, 55.4. NMR spectroscopic
data agreed with literature values.”

4-Methyl-1,1'-biphenyl (3b)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2b (4-Methylphenylboronic acid, 0.40 mmol,
54.4 mg), KsPOs (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-
CDCl]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:20) the title
product in 98 % yield (33 mg). White solid. 1H NMR (500
MHz, CDCl) & 7.59 (d, J = 6.8 Hz, 2H), 7.50 (d, J = 8.1 Hz,
2H), 7.43 (t, J= 7.7 Hz, 2H), 7.33 (t, /= 7.4 Hz, 1H), 7.28 —

7.25 (m, 2H), 2.40 (s, 3H). 13C{1H} NMR (126 MHz, CDCls) $
141.2, 138.4, 137.0, 136.7, 129.5, 128.7, 127.0, 127.0, 21.1.
NMR spectroscopic data agreed with literature values.®®
4-(tert-Butyl)-1,1'-biphenyl (3¢)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2¢ (4-tert-Butylphenylboronic acid, 0.40
mmol, 71.2 mg), KsPO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-
CDC1]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:20) the title
product in 98 % yield (41 mg). Colorless oil. 1H NMR (500
MHz, CDCl3) § 7.61 (dd, J = 8.3, 1.3 Hz, 2H), 7.56 (d, /= 8.4
Hz, 2H), 7.48 (d,J=8.5Hz, 2H), 7.44 (t,J=7.7 Hz, 2H), 7.34 (t,
J =74 Hz, 1H), 1.38 (s, 9H). 13C{1H} NMR (126 MHz,
CDCl3) 6 150.3, 141.1, 138.4,128.7, 127.1,127.0, 126.8, 125.7,
34.6, 31.4. NMR spectroscopic data agreed with literature val-
ues. '’

4-(Trifluoromethyl)-1,1'-biphenyl (3d)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2d (4-Trifluoromethylphenylboronic acid,
0.40 mmol, 76.0 mg), KsPOs (0.60 mmol, 127.2 mg), and
[(IPr)Pd(pu-CI)Cl]2 (0.0002 mmol, 0.23 mg) in THEF/H20 = 2:1
(v/vol) mix solution (0.8 mL in all, 0.25M) for 12 h at 60 °C,
afforded after work-up and chromatography (EtOAc/hexanes =
1:20) the title product in 92 % yield (42 mg). White solid. 1H
NMR (500 MHz, CDCl;) § 7.70 (s, 4H), 7.61 (d, J = 6.9 Hz,
2H), 7.48 (t, J = 7.5 Hz, 2H), 7.44 — 7.38 (m, 1H). 13C{1H}
NMR (126 MHz, CDCl;) & 144.8, 139.8, 129.4 (q, /= 32.4 Hz),
129.0, 128.2, 127.4, 127.3, 125.7 (q, J = 3.7 Hz), 1243 (q, J =
272.0 Hz). 19F NMR (471 MHz, CDCls) & -62.39. NMR spec-
troscopic data agreed with literature values.”
2-Methyl-1,1'-biphenyl (3e)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2e (2-Methylphenylboronic acid, 0.40 mmol,
54.4 mg), KsPOs4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-
CI)Cl]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:20) the title
product in 92 % yield (31 mg). Colorless oil. 1H NMR (500
MHz, CDCL) 6 7.41 (t, J = 7.4 Hz, 2H), 7.36 — 7.31 (m, 3H),
7.28 — 7.27 (m, 1H), 7.24 (t, J = 2.6 Hz, 2H), 2.28 (s, 3H).
13C{IH} NMR (126 MHz, CDCl5) & 142.0, 141.9, 135.3,
130.3, 129.8, 129.2, 128.1, 127.2, 126.8, 125.7, 20.5. NMR
spectroscopic data agreed with literature values.'®

1-([1,1'-Biphenyl]-4-yl)ethan-1-one (3f)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2f (4-Acetylphenylboronic acid, 0.40 mmol,
65.6 mg), KsPOs4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-
CI)Cl]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:10) the title
product in 94 % yield (37 mg). White solid. 1H NMR (500
MHz, CDCI) 6 8.04 (d, J = 8.3 Hz, 2H), 7.69 (d, J = 8.2 Hz,
2H), 7.63 (d, J="7.1 Hz, 2H), 7.48 (t, J= 7.7 Hz, 2H), 7.41 (t,J
= 7.2 Hz, 1H), 2.64 (s, 2H). 13C{1H} NMR (126 MHz,
CDCls) 6 197.8,145.8, 139.9,135.9, 129.0, 128.9, 128.2,127.3,
127.2,26.7. NMR spectroscopic data agreed with literature val-
ues.”

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



According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2g (4-(Methoxycarbonyl)phenylboronic acid,
0.40 mmol, 72.0 mg), KsPOs (0.60 mmol, 127.2 mg), and
[(IPr)Pd(p-C1)CI]2 (0.0002 mmol, 0.23 mg) in THF/H2O = 2:1
(v/vol) mix solution (0.8 mL in all, 0.25M) for 12 h at 60 °C,
afforded after work-up and chromatography (EtOAc/hexanes =
1:20) the title product in 92 % yield (39 mg). White solid. 1H
NMR (500 MHz, CDCls) 6 8.12 (d, J= 8.4 Hz, 2H), 7.74 — 7.53
(m, 4H), 7.47 (t, J= 7.5 Hz, 2H), 7.43 — 7.37 (m, 1H), 3.95 (s,
3H). 13C{1H} NMR (126 MHz, CDCls) 6 167.0, 145.7, 140.0,
130.1, 128.95, 128.92, 128.2, 127.3, 127.1, 52.1. NMR spectro-
scopic data agreed with literature values.!’

3-Nitro-1,1'-biphenyl (3h)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2h (3-Nitrophenylboronic acid, 0.40 mmol,
66.8 mg), KsPOs4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-
CI)Cl]2 (0.0006 mmol, 0.67 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:20) the title
product in 75 % yield (29 mg). Pale yellow solid. 1H NMR (500
MHz, CDCI3) § 8.46 (s, 1H), 8.20 (dd, J= 8.3, 2.3 Hz, 1H), 7.92
(d, J =17.6 Hz, 1H), 7.71 — 7.57 (m, 3H), 7.50 (t, J = 7.6 Hz,
2H), 7.44 (t, J = 7.3 Hz, 1H). 13C{1H} NMR (126 MHz,
CDCls) 6 148.8,142.9, 138.7,133.1, 129.7,129.2, 128.6,127.2,
122.1, 122.0. NMR spectroscopic data agreed with literature
values.!®

[1,1'-Biphenyl]-3-carbonitrile (3i)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2i (3-Cyanophenylboronic acid phenylboronic
acid, 0.40 mmol, 59.6 mg), K3PO4 (0.60 mmol, 127.2 mg), and
[IPr)Pd(pu-CDCI]2 (0.0006 mmol, 0.67 mg) in THF/H.0 = 2:1
(v/vol) mix solution (0.8 mL in all, 0.25M) for 12 h at 60 °C,
afforded after work-up and chromatography (EtOAc/hexanes =
1:20) the title product in 78 % yield (28 mg). White solid. 1H
NMR (500 MHz, CDCIs) & 7.87 (s, 1H), 7.82 (d, J = 7.9 Hz,
1H), 7.63 (d, J= 7.7 Hz, 1H), 7.59 — 7.52 (m, 6H), 7.48 (t, J =
7.5 Hz, 2H), 7.42 (t, J = 7.3 Hz, 1H). 13C{1H} NMR (126
MHz, CDCls) & 142.5, 138.9, 131.5, 130.7, 130.7, 129.6, 129.2,
128.4, 127.1, 118.9, 113.1. NMR spectroscopic data agreed
with literature values.!?

tert-Butyl [1,1'-biphenyl]-4-ylcarbamate (3j)
According to the general procedure, the reaction of 1a (0.20
mmol, 352 mg), 2j (4-tert-butoxycarbonylamino phenyl-
boronic acid, 0.40 mmol, 94.8 mg), K;PO4 (0.60 mmol, 127.2
mg), and [(IPr)Pd(p-C1)CI]2  (0.0002 mmol, 0.23 mg) in
THF/H20 = 2:1 (v/vol) mix solution (0.8 mL in all, 0.25M) for
12 h at 60 °C, afforded after work-up and chromatography
(EtOAc/hexanes = 1:10) the title product in 98 % yield (53 mg).
Pale yellow oil. IH NMR (500 MHz, CDCl3) 8 7.56 (d, J= 7.6
Hz, 2H), 7.53 (d, /= 8.6 Hz, 2H), 7.47 — 7.39 (m, 4H), 7.32 (t, J
= 7.4 Hz, 1H), 6.54 (s, 1H), 1.54 (s, 9H). 13C{1H} NMR (126
MHz, CDCls) § 152.7, 140.7, 137.7, 136.0, 128.8, 127.6, 126.9,
126.8, 118.8, 28.4. NMR spectroscopic data agreed with litera-
ture values.?

[1,1'-Biphenyl]-4-ol (3k)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2k (4-hydroxyl phenylboronic acid, 0.40

mmol, 55.2 mg), KsPO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-
CI)Cl]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix

solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, after work-up
(with IN HCl instead of H:0) and chromatography
(EtOAc/hexanes = 1:5) the corresponding compound was af-
forded in 88 % yield (30 mg). White crystal. 1H NMR (500
MHz, CDCl;) & 7.54 (d, J = 7.5 Hz, 2H), 7.48 (d, J = 6.8 Hz,
2H), 7.42 (t, J= 7.3 Hz, 2H), 7.33 — 7.28 (m, 1H), 6.91 (d, J =
6.8 Hz, 2H), 4.83 (s, 1H). 13C{1H} NMR (126 MHz, CDCls) §
155.1, 140.8, 134.1, 128.7, 128.4, 126.74, 126.73, 115.7. NMR
spectroscopic data agreed with literature values.?!

3,4,5-Trifluoro-1,1'-biphenyl (31)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 21 (3,4,5-Trifluoro phenylboronic acid, 0.40
mmol, 70.4 mg), KsPO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-
CDCI]2 (0.0006 mmol, 0.67 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:20) the title
product in 96 % yield (40 mg). Colorless oil. 1H NMR (500
MHz, CDCI) 6 7.52 — 7.49 (m, 2H), 7.46 (t, J = 7.4 Hz, 1H),
7.42 —7.37 (m, 1H), 7.23 — 7.15 (m, 2H). 13C{1H} NMR (126
MHz, CDCl3) 6 152.4 (dd, J=10.0, 4.4 Hz), 150.5 (dd, /= 10.1,
4.3 Hz), 140.3 (t, J= 15.4 Hz), 138.2 (dd, J = 3.1 Hz, 2.5 Hz),
137.4 (td, J=17.8, 4.6 Hz). 129.1, 128.4, 126.9. 19F NMR (471
MHz, CDCl3) 6 -134.22, -162.78. NMR spectroscopic data
agreed with literature values.??

2,4-Difluoro-1,1'-biphenyl (3m)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2m (2,4-Difluoro phenylboronic acid, 0.40
mmol, 55.2 mg), K3PO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-
CDCI]2 (0.001 mmol, 1.15 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 80 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:20) the title
product in 84 % yield (32 mg). Colorless oil. 1H NMR (500
MHz, CDCl;) & 7.53 — 7.47 (m, 2H), 7.44 (t, J = 7.7 Hz, 2H),
7.41 —7.35 (m, 2H), 7.00 — 6.87 (m, 2H). 128.93 (d, /= 2.9 Hz),
111.54 (dd, J = 21.0, 3.8 Hz). 13C{1H} NMR (126 MHz,
CDCl3) 6 162.3 (d, J=249.5 Hz, 11.8 Hz), 159.7 (d, J = 251.5
Hz, 11.8 Hz), 135.0, 131.5 (dd, J =9.5, 5.0 Hz), 128.9 (d, J =
2.9 Hz), 128.5, 127.8, 125.4, 111.5 (dd, J=21.0, 3.8 Hz), 104.4
(dd,J=26.7,25.5Hz). 19F NMR (471 MHz, CDCl3) § -111.59, -
113.64. NMR spectroscopic data agreed with literature val-
ues.?

2,6-Difluoro-4-methoxy-1,1'-biphenyl (3n)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2n (2,6-Difluoro-4-methoxy phenylboronic
acid, 0.40 mmol, 75.2 mg), K3PO4 (0.60 mmol, 127.2 mg), and
[IPr)Pd(p-CDCI]2 (0.001 mmol, 1.15 mg) in THF/H.0 = 2:1
(v/vol) mix solution (0.8 mL in all, 0.25M) for 12 h at 80 °C,
afforded after work-up and chromatography (EtOAc/hexanes =
1:20) the title product in 90 % yield (40 mg). White solid. 'H
NMR (500 MHz, CDCl3) 6 lH NMR (500 MHz, CDCl3) 6 7.46 —
7.41 (m, 4H), 7.37 (heptet, J=4.3 Hz, 1H), 6.60 — 6.50 (m, 2H),
3.83 (s, 3H). 13C{1H} NMR (126 MHz, CDCls) & 160.6 (dd, J
= 246.6, 10.4 Hz), 160.0 (t, J = 14.2 Hz),130.4, 130.4, 129.4,
128.2,127.8,110.9 (d, J=19.7 Hz), 98.2 (d, /= 30.2 Hz), 55.8.
19F NMR (471 MHz, CDCIs) & -113.68. NMR spec-troscopic
data agreed with literature values.?

2-Phenylnaphthalene (30)

According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 20 (Naphthalen-2-ylboronic acid, 0.40 mmol,



68.8 mg), KsPO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-
CDCl]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:25) the title
product in 98 % yield (40 mg). White solid. 1H NMR (500
MHz, CDCls) 6 8.06 (s, 1H), 7.92 (t,J=8.7 Hz, 2H), 7.88 (d, /=
7.9 Hz, 1H), 7.79 — 7.70 (m, 3H), 7.55 — 7.46 (m, 3H), 7.39 (t,
J =173 Hz, IH). 13C{IH} NMR (126 MHz, CDCls) 3 140.1,
137.5, 132.6, 131.6, 127.8, 127.4, 127.2, 126.6, 126.4, 126.3,
125.3, 124.9, 124.8, 124.6. NMR spectroscopic data agreed
with literature values.*
1-Phenylpyrene (3p)

According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2p (Pyren-1-ylboronic acid, 0.40 mmol, 98.4
mg), KsPO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-CI)Cl]2
(0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix solution
(0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after work-up
and chromatography (EtOAc/hexanes = 1:25) the title product
in 85 % yield (47 mg). Pale yellow solid. 1H NMR (500 MHz,
CDCl;) 6 8.25 — 8.16 (m, 4H), 8.10 (d, J = 8.5 Hz, 2H), 8.05 —
7.98 (m, 3H), 7.66 (d, J= 7.5 Hz, 2H), 7.59 (t, J= 7.7 Hz, 2H),
7.54 — 748 (m, 1H). 13C{IH} NMR (126 MHz, CDCls) &
141.3, 137.8, 131.5, 131.2, 131.0, 130.6, 128.4, 127.6, 127.5,
127.5, 127.4, 127.3, 126.0, 125.9, 125.3, 125.1, 125.0, 124.9,
124.7. NMR spectroscopic data agreed with literature values.?*

4-Phenyldibenzo|b,d]furan (3q)

According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2q (dibenzo[b,d]furan-4-ylboronic acid, 0.40
mmol, 84.8 mg), K3PO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-
CDCIl]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:20) the title
product in 94 % yield (52 mg). White solid. 1H NMR (500
MHz, CDCI3) 6 8.01 (dd, /= 7.7, 1.4 Hz, 1H), 7.97 — 7.91 (m,
3H), 7.64 — 7.60 (m, 2H), 7.56 (t, J= 7.7 Hz, 2H), 7.51-7.42 (m,
3H), 7.41 — 7.35 (m, 1H). 13C{1H} NMR (126 MHz, CDCl3) §
156.2, 153.4, 136.5, 128.9, 128.7, 127.8, 127.3, 126.9, 125.9,
125.0, 124.3, 123.2, 122.8, 120.7, 119.7, 111.9. NMR spectro-
scopic data agreed with literature values.?’

tert-Butyl 2-phenyl-1H-pyrrole-1-carboxylate (3r)

According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2r (1-tert-butoxycarbonyl-1H-pyrrol-2-yl-bo-
ronic acid 0.4 mmol, 84.4 mg), KsPO4 (0.60 mmol, 127.2 mg),
and [(IPr)Pd(p-CICl]2 (0.0002 mmol, 0.23 mg) in THF/H.O =
2:1 (v/vol) mix solution (0.8 mL in all, 0.25M) for 12 h at 60
°C, afforded after work-up and chromatography (EtOAc/hex-
anes = 1:20) the title product in 72 % yield (35 mg). Pale yellow
oil. 1IH NMR (500 MHz, CDCls) 6 7.36 — 7.33 (m, 5H), 7.32 —
7.27 (m, 1H), 6.23 (t, J=3.3 Hz, 1H), 6.19 (dd, /= 3.3, 1.8 Hz,
1H), 1.35 (s, 9H). 13C{1H} NMR (126 MHz, CDCl3) § 149.4,
135.0, 134.5, 129.2, 127.6, 127.2, 122.5, 114.4, 110.6, 83.6,
27.6. NMR spectroscopic data agreed with literature values.?
2-Methoxy-5-phenylpyridine (3s)

According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2s (6-methoxypyridin-3-yl-boronic acid, 0.40
mmol, 71.2 mg), KsPO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-
CI)Cl]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:5) the title

product in 95 % yield (29 mg). White solid. 1H NMR (500
MHz, CDCIs) 6 8.40 (s, 1H), 7.79 (dd, J= 8.6, 2.5 Hz, 1H), 7.53
(d, J=17.6 Hz, 2H), 7.45 (t, J = 7.6 Hz, 2H), 7.35 (t, /= 7.6 Hz,
1H), 6.82 (d, J= 8.6 Hz, 1H), 3.99 (s, 3H). 13C{1H} NMR (126
MHz, CDCL) & 1127.2, 145.0, 137.9, 137.5, 130.1, 129.0,
127.3,126.7, 110.8, 53.6. NMR spectroscopic data agreed with
literature values.?’

4-Phenylpyridine (3t)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2t (Pyridin-4-ylboronic acid, 0.40 mmol, 49.2
mg), KsPO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(pn-Cl)Cl]2
(0.001 mmol, 1.15 mg) in THF/H20 = 2:1 (v/vol) mix solution
(0.8 mL in all, 0.25M) for 12 h at 80 °C, afforded after work-up
and chromatography (EtOAc/hexanes = 1:5) the title product in
79 % yield (24 mg). White solid. IH NMR (500 MHz, CDCl;) &
8.60 (d, /=5.1 Hz, 2H), 7.58 (d,J=7.3 Hz, 2H), 7.50 (d, /= 4.9
Hz, 2H), 7.46-7.36 (m, 3H). 13C{1H} NMR (126 MHz,
CDCl3) 6 149.4, 149.2, 137.8, 129.4, 129.2, 127.1, 121.9. NMR
spectroscopic data agreed with literature values.?
2-Phenylthiophene (3u)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2u (thiophen-2-ylboronic acid, 0.40 mmol,
51.2 mg), KsPOs (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-
CDCI]2 (0.0002 mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix
solution (0.8 mL in all, 0.25M) for 12 h at 60 °C, afforded after
work-up and chromatography (EtOAc/hexanes = 1:20) the title
product in 83 % yield (26 mg). Pale yellow oil. 1H NMR (500
MHz, CDCls) 8 7.61 (dd, J = 8.3, 1.4 Hz, 2H), 7.46 (dd, J = 2.6,
1.7 Hz, 1H), 7.43 — 7.37 (m, 4H), 7.34 — 7.27 (m, 1H). 13C{1H}
NMR (126 MHz, CDCl3) ¢ 142.4, 135.9, 128.8, 127.2, 126.48,
126.37, 126.21, 120.29. NMR spectroscopic data agreed with
literature values.?
(E)-1,2-Diphenylethene (3v)
According to the general procedure, the reaction of 1a (0.20
mmol, 35.2 mg), 2v ((E)-Styrylboronic acid, 0.40 mmol, 59.2
mg), KsPO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(pn-Cl)Cl]2
(0.001 mmol, 1.15 mg) in THF/H20 = 2:1 (v/vol) mix solution
(0.8 mL in all, 0.25M) for 12 h at 80 °C, afforded after work-up
and chromatography (EtOAc/hexanes = 1:20) the title product
in 88 % yield (31 mg). White solid. 1H NMR (500 MHz,
CDCl;) 8 7.63 — 7.48 (m, 4H), 7.39 (ddt, J = 8.0, 3.7, 1.9 Hz,
4H), 7.33 — 7.26 (m, 4H), 7.14 (d, J = 1.7 Hz, 2H). 13C{1H}
NMR (126 MHz, CDCl3) 6 137.4, 128.7, 127.7, 126.6. NMR
spectroscopic data agreed with literature values.3°
4-Methoxy-1,1'-biphenyl (3a°)
According to the general procedure, the reaction of 1b (0.20
mmol, 41.2 mg), 2w (Phenylboronic acid, 0.40 mmol, 48.8 mg),
K3POs4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-C1)Cl]2 (0.0002
mmol, 0.23 mg) in THF/H20 =2:1 (v/vol) mix solution (0.8 mL
in all, 0.25M) for 12 h at 60 °C, afforded after work-up and
chromatography (EtOAc/hexanes = 1:20) the title product in 95
% yield (34 mg). White solid. 1H NMR (500 MHz, CDCls) 8
7.60 — 7.51 (m, 4H), 7.42 (t, J= 7.7 Hz, 2H), 7.31 (t, J= 7.4 Hz,
1H), 6.86 (s, 3H), 3.86 (s, 4H). 13C{1H} NMR (126 MHz,
CDCl3) 6 159.2,140.9, 133.8,128.7, 128.2,126.8, 126.7, 114.2,
55.4. NMR spectroscopic data agreed with literature values.*

4-Methyl-1,1'-biphenyl (3b’)



According to the general procedure, the reaction of 1c (0.20
mmol, 38.0 mg), 2w (Phenylboronic acid, 0.40 mmol, 48.8 mg),
K3PO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-C1)CI]2 (0.0002
mmol, 0.23 mg) in THF/H,O =2:1 (v/vol) mix solution (0.8 mL
in all, 0.25M) for 12 h at 60 °C, afforded after work-up and
chromatography (EtOAc/hexanes = 1:20) the title product in 95
% yield (32 mg). White solid. 1H NMR (500 MHz, CDCls) &
7.58 (d,J=6.9 Hz, 2H), 7.49 (d, J=8.0 Hz, 2H), 7.43 (t, J=7.7
Hz, 2H), 7.33 (t, J = 7.5 Hz, 1H), 7.28 — 7.23 (m, 2H), 2.40 (s,
3H). 13C{1H} NMR (126 MHz, CDCl3) & 141.2, 138.4,
137.0, 129.5, 128.7, 127.0, 126.8, 21.1. NMR spectroscopic
data agreed with literature values.*

4-(Trifluoromethyl)-1,1'-biphenyl (3d”)
According to the general procedure, the reaction of 1d (0.20
mmol, 48.8 mg), 2w (Phenylboronic acid, 0.40 mmol, 48.8 mg),
K3POs4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-C1)Cl]2 (0.0002
mmol, 0.23 mg) in THF/H20 = 2:1 (v/vol) mix solution (0.8 mL
in all, 0.25M) for 12 h at 60 °C, afforded after work-up and
chromatography (EtOAc/hexanes = 1:20) the title product in 99
% yield (45 mg). White solid. 1H NMR (500 MHz, CDCls) &
7.70 (s, 4H), 7.60 (d, J = 6.9 Hz, 2H), 7.48 (t, J = 7.6 Hz, 2H),
7.44 — 7.38 (m, 1H). 13C{1H} NMR (126 MHz, CDCl;) §
144.8, 139.8, 129.4 (q, J=32.4 Hz), 129.0, 128.2, 127.4, 127.3,
125.7 (q, J = 3.8 Hz), 124.3 (q, J = 272.2 Hz). 19F NMR (471
MHz, CDCl;) 6 -62.40. NMR spectroscopic data agreed with
literature values.*

2,4-Dimethyl-1,1'-biphenyl (3w)
According to the general procedure, the reaction of le (0.20
mmol, 40.8 mg), 2w (Phenylboronic acid, 0.40 mmol, 48.8 mg),
K3POs4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-C1)Cl]2 (0.0002
mmol, 0.23 mg) in THF/H20 =2:1 (v/vol) mix solution (0.8 mL
in all, 0.25M) for 12 h at 60 °C, afforded after work-up and
chromatography (EtOAc/hexanes = 1:20) the title product in 79
% yield (28 mg). Colorless oil. 1H NMR (500 MHz, CDCl;) &
7.41 (t,J=17.4 Hz, 2H), 7.33 (td, /= 6.9, 1.6 Hz, 3H), 7.15 (d, J
=7.7Hz, 1H), 7.11 (d, J= 1.8 Hz, 1H), 7.07 (d, J= 7.7 Hz, 1H),
2.38 (s, 3H), 2.26 (s, 3H). 13C{1H} NMR (126 MHz, CDCl;)
5 142.0,139.1, 136.9,135.2, 131.1,129.8,129.3, 128.0, 126.6,
126.5, 21.1, 20.4. NMR spectroscopic data agreed with
literature values.*

2-Isopropyl-5-methyl-1,1'-biphenyl (3x)
According to the general procedure, the reaction of 1f (0.20
mmol, 42.0 mg), 2w (Phenylboronic acid, 0.40 mmol, 48.8 mg),
K3POs4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-C1)Cl]2 (0.0006
mmol, 0.67 mg) in THF/H.0 =2:1 (v/vol) mix solution (0.8 mL
in all, 0.25M) for 12 h at 60 °C, afforded after work-up and
chromatography (EtOAc/hexanes = 1:20) the title product in 96
% yield (40 mg). Colorless oil. 1H NMR (500 MHz, CDCls) &
7.42 (t, J=17.1 Hz, 2H), 7.36 (t, J = 7.4 Hz, 1H), 7.31 (dd, J =
8.5, 2.4 Hz, 3H), 7.19 (d, J = 7.9 Hz, 1H), 7.03 (s, 1H), 3.04
(hept, J = 6.8 Hz, 1H), 2.36 (s, 3H), 1.17 (d, J = 6.9 Hz, 6H).
13C{1H} NMR (126 MHz, CDCl3) & 143.4, 142.2, 141.0,
134.7,130.7,129.3, 128.5, 128.0, 126.7, 125.5, 29.0, 24.4, 20.9.
NMR spectroscopic data agreed with literature values.*

Ethyl [1,1'-biphenyl]-4-carboxylate (3y)

According to the general procedure, the reaction of 1g (0.20
mmol, 49.6 mg), 2w (Phenylboronic acid, 0.40 mmol, 48.8 mg),
K3POs4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(p-C1)Cl]2 (0.0002
mmol, 0.23 mg) in THF/H20 =2:1 (v/vol) mix solution (0.8 mL

in all, 0.25M) for 12 h at 60 °C, afforded after work-up and
chromatography (EtOAc/hexanes = 1:20) the title product in 98
% yield (44 mg). White solid. 1H NMR (500 MHz, CDCls) &
8.12 (d, J=8.5Hz, 2H), 7.66 (d, J= 8.4 Hz, 2H), 7.63 (d, J="7.1
Hz, 2H), 7.47 (t, J = 7.6 Hz, 2H), 7.40 (t, J = 7.3 Hz, 1H), 4.41
(q, J=17.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H). 13C{1H} NMR
(126 MHz, CDCI3) 6 166.6, 145.6, 140.1, 130.1, 129.3, 128.9,
128.1, 127.3, 127.0, 61.0, 14.4. NMR spectroscopic data agreed
with literature values.*

5-Phenylbenzo[d][1,3]dioxole (3z)

According to the general procedure, the reaction of 1h (0.20
mmol, 44.0 mg), 2w (Phenylboronic acid, 0.40 mmol, 48.8 mg),
K3PO4 (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-C1)CI]2 (0.0002
mmol, 0.23 mg) in THF/H20 =2:1 (v/vol) mix solution (0.8 mL
in all, 0.25M) for 12 h at 60 °C, afforded after work-up and
chromatography (EtOAc/hexanes = 1:20) the title product in 94
% yield (37 mg). White solid. 1H NMR (500 MHz, CDCL) &
7.59 —7.49 (m, 2H), 7.41 (t, J=7.7 Hz, 2H), 7.31 (t, J=7.3 Hz,
1H), 7.14 — 6.99 (m, 2H), 6.89 (d, /= 7.9 Hz, 1H), 6.00 (s, 2H).
13C{IH} NMR (126 MHz, CDCl3) & 148.1, 147.1, 141.0,
135.6, 128.8, 126.9, 126.9, 120.7, 108.6, 107.7, 101.2. NMR
spectroscopic data agreed with literature values. NMR spectro-
scopic data agreed with literature values.®
2-Methyl-5-phenylpyridine (3aa)

According to the general procedure, the reaction of 1i (0.20
mmol, 38.2 mg), 2w (Phenylboronic acid, 0.40 mmol, 48.8 mg),
K3POs (0.60 mmol, 127.2 mg), and [(IPr)Pd(u-C1)Cl]2 (0.0002
mmol, 0.23 mg) in THF/H20 =2:1 (v/vol) mix solution (0.8 mL
in all, 0.25M) for 12 h at 60 °C, afforded after work-up and
chromatography (EtOAc/hexanes = 1:5) the title product in 96
% yield (32 mg). White solid. 1H NMR (500 MHz, CDCl;) &
8.66 (s, 1H), 7.70 (dd, J= 8.1, 2.4 Hz, 1H), 7.49 (d, J= 7.0 Hz,
2H), 7.39 (t, J=7.6 Hz, 2H), 7.31 (t, /= 7.4 Hz, 1H), 7.15 (d, J
= 8.0 Hz, 1H), 2.53 (s, 3H). 13C{IH} NMR (126 MHz,
CDCl) 6 157.2,147.5, 137.9,134.8, 133.8, 129.0, 127.8, 127.0,
123.2,24.1. NMR spectroscopic data agreed with literature val-
ues.”

Procedure for Competition Studies. An oven-dried vial
equipped with a stir bar was charged with phenyl sulfurofluori-
date (1.0 equiv, 0.2 mmol), aryl electrophile (1.0 equiv, 0.2
mmol), 4-methoxyphenylboronic acid (2a, 1.0 equiv, 0.2
mmol), K3POs (3.0 equiv, 0.6 mmol), [(IPr)Pd(u-C1)ClI]2 (0.25
mol%, 0.0005 mmol) placed under a positive pressure of argon,
and subjected to three evacuation/backfilling cycles under high
vacuum. THF and H20 (0.25 M in all as 2:1 (v/vol)) were
added. The reaction was placed in a preheated oil bath at 60 °C
for 6 h. After the indicated time, the reaction mixture was
cooled down, diluted with ethyl acetate (10 mL), washed with
H20, extracted with ethyl acetate (5 x 2 mL) and concentrated.
The sample was analyzed by 'HNMR (CDCls, 500 MHz) to ob-
tain conversion, selectivity and yield using internal standard
and comparison with authentic samples.

Procedure for Selectivity Studies.

A. Fluorosulfonates. An oven-dried vial equipped with a stir
bar was charged with two fluorosulfonate substrates (1.0 equiv,
0.2 mmol each), boronic acid (0.5 equiv, 0.1 mmol), KsPO4 (3.0
equiv, 0.6 mmol), [(IPr)Pd(p-C1)Cl]2 (0.25 mol%, 0.0005
mmol) placed under a positive pressure of argon, and subjected
to three evacuation/backfilling cycles under high vacuum. THF



and H20 (0.25 M in all as 2:1 (v/vol)) were added. The reaction
was placed in a preheated oil bath at 60 °C for 6 h. After the
indicated time, the reaction mixture was cooled down, diluted
with ethyl acetate (10 mL), washed with H20, extracted with
ethyl acetate (5 x 2 mL) and concentrated. The sample was an-
alyzed by 'THNMR (CDCls, 500 MHz) to obtain conversion, se-
lectivity and yield using internal standard and comparison with
authentic samples.

B. Boronic Acids. An oven-dried vial equipped with a stir bar
was charged with two boronic acid substrates (1.0 equiv, 0.2
mmol each), fluorosulfonate (0.5 equiv, 0.1 mmol), KsPOs (3.0
equiv, 0.6 mmol), [(IPr)Pd(u-C1)Cl]> (0.25 mol%, 0.0005
mmol) placed under a positive pressure of argon, and subjected
to three evacuation/backfilling cycles under high vacuum. THF
and H20 (0.25 M in all as 2:1 (v/vol)) were added. The reaction
was placed in a preheated oil bath at 60 °C for 6 h. After the
indicated time, the reaction mixture was cooled down, diluted
with ethyl acetate (10 mL), washed with H20, extracted with
ethyl acetate (5 x 2 mL) and concentrated. The sample was an-
alyzed by 'HNMR (CDCls, 500 MHz) to obtain conversion, se-
lectivity and yield using internal standard and comparison with
authentic samples.

Procedure for Determining Turnover Number. An oven-
dried vial equipped with a stir bar was charged with phenyl sul-
furofluoridate (1.0 equiv, 0.2 mmol), 4-methoxyphenylboronic
acid (2a, 2.0 equiv, 0.4 mmol), KsPO4 (3.0 equiv, 0.6 mmol),
[IPr)Pd(p-CDCl]2 ([Pd] 0.025-0.05 mol%) placed under a pos-
itive pressure of argon, and subjected to three evacuation/back-
filling cycles under high vacuum. THF and H>O (0.25 M in all as
2:1 (v/vol)) were added. The reaction was placed in a pre-
heated oil bath at 100 °C for 12 h. After the indicated time, the
reaction mixture was cooled down, diluted with ethyl acetate
(10 mL), washed with H20, extracted with ethyl acetate (5 x 2
mL) and concentrated. The sample was analyzed by "HNMR
(CDCls, 500 MHz) to obtain conversion, selectivity and yield
using internal standard and comparison with authentic samples.
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