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The combination of ArB(OH), transmetallation with cationic gold(I) [LAu] " and electrochemical anodic oxidation
(EAO) approach was successfully developed for the preparation of Au
situ generated aryl gold intermediate gave rapid and controllable transmetallation with ArB(OH), or alkyne
followed by reductive elimination to generate either di-aryl coupling or sp’-sp Sonogashira-type coupling prod-
ucts under mild conditions with no need of external oxidants, which significantly extended the versatility of

"_Ar intermediate for the first time. This in-

electrochemical approach in promoting gold redox catalysis.

Gold redox catalysis has attracted much attention during the past
decades owing to the unique reactivity of gold as both a strong z-acid for
C-C multiple bond activation and rapid reductive elimination for C-C or
C-X bond formation [1]. While offering the versatile reactivity and high
efficiency, gold redox catalysis suffered from one major obstacle: how to
achieve effective Au' oxidation conditions while compatible with general
reaction substrates. The high redox potential between Au' and Au™ (1.4
eV) makes this process challenging since typical strong “oxidative envi-
ronment” is likely needed to achieve this process [2]. As shown in
Scheme 1A, a typical approach to achieve Au' oxidation is the application
of strong oxidants like Selectfluor or PhI(OAc), etc. [3]. The need of
stoichiometric amount of highly reactive reagents resulted in low atom
economy and poor substrate tolerability. To overcome this problem,
alternative oxidation methods have been developed with the focus on
both milder oxidation condition and alternative substrates that could
produce Au"-C intermediates to improve the overall atom economy [4].
Two representative examples that have been reported are (A) photo-
activation of diazonium to achieve Au"Ar [5]; (B) ligand promoted and
silver assisted aryl-iodide oxidative addition to L-Au’-X. Both methods
successfully achieved the goal to have the oxidants (diazonium or aryl
iodide) serve as part of the reactants, which therefore improved the
overall atom economy. However, they still suffer from major limitations.

For the photocatalytic activation of diazonium approach, the overall
reaction performance is highly depending on the reaction conditions due
to the formation of radical intermediates [6]. Typical oxygen-free and
water-free conditions are needed to ensure optimal reactivity. To over-
come this problem, our group developed the base assisted diazonium
activation at a slightly elevated temperature (50 °C) [7]. This
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optimization allowed reaction to proceed under more practical and
robust conditions with no need for exhausted gassing and further extend
the reaction scopes to substrate that are sensitive to photo-catalysis.
However, substituted groups greatly influenced the reaction, where
EDG modified diazonium did not work due to a low oxidation potential
[8].

Recently, Bourissou and co-workers reported a ligand assisted
oxidative addition of gold(I) to aryl iodide under mild conditions [9]. The
key for the success of this method is the application of P-N bidentate
ligands (Me-Dalphos), which help to promote aryl iodide oxidative
addition and stabilize the resulting Au'" intermediate. With this method,
electron rich aryl precursors were successfully applied as valid coupling
partners via gold redox catalysis [10]. However, the major drawback of
this method is the requirement of stoichiometric amount of silver salts,
which greatly reduced the overall atom economy and limited the reaction
utility.

Synthetic organic electrochemistry has witnessed tremendous growth
during the past decade [11]. As a sustainable and environmentally
friendly oxidation strategy, electrochemical anodic oxidation (EAO) has
been applied to achieve challenging oxidation of various transition metal
mediated catalysis. Recently, our group reported the first example of EAO
promoted gold redox catalysis with the application of terminal alkyne
coupling for the synthesis of conjugated 1,3-diyne (Scheme 1B) [12]. The
major concern of conducting gold redox chemistry under electrochemical
conditions is the rapid cation reduction (formation of Auo) on cathode. In
that study, practical conditions were developed through the rapid for-
mation of gold acetylide (Au-alkyne) to prevent gold(I) from reduction.
As a result, effective alkyne homo- and cross-couplings were achieved
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(A) General strategies for achieving oxidation of gold in redox catalysis
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L—Au-X —— L—AU-R ! e I Au“' {1 —==» products
! °"I hv or base -
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(B) Electrochemical anodic oxidation (EAO): a green and mild oxidation condition
cat. [Au]
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sustainable catalysis R1 R.E
e /.? =—R? \
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(C) This work: First example of EAO promoted gold catalyzed oxidative arylation
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ArB(OH), 7§L—Ar—Ar or Ar
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Scheme 1. Gold redox catalysis with electrochemical oxidation.

with no external oxidants. One intriguing question is whether this
EAO-gold catalysis could be applied into other functional groups beyond
terminal alkyne. Herein, we report the successful development of EAO
gold redox catalysis in arylation coupling reactions (Scheme 1C). Based
on mechanistic investigations, optimal conditions are developed for
rapid boronic acid transmetallation. Oxygen gas was identified as the
necessary sacrificial oxidants, which was getting reduced on cathode.
Both diaryl and aryl-alkyne oxidative cross coupling were achieved with
a large group of substrates and good overall yields, which highlighted the
mild conditions and high efficiency of this new oxidative coupling
strategy.

As reported in our previous diyne coupling, one of the crucial factors
to achieve EAO gold redox catalysis is the application of protic solvents
(1:1 mixture of MeCN and HOACc). Clearly, the main concern for elec-
trochemically promoted gold catalysis is quenching of gold cation upon
cathode reduction. Increase the reaction mixture acidity helps to reduce
gold decomposition with proton oxidation (H; formation). However, this
strategy will NOT work for the di-aryl oxidative coupling. First, aryl C-H
is significantly less reactive than terminal alkyne C-H and leads to the
slow formation of Au-Ar. As a result, the gold cations will be “exposed” to
the E-chem reaction environment, causing rapid decomposition (reduc-
tion). To avoid this problem, aryl-boronic acids derivatives, ArB(OH) is
likely the suitable source with the expectation of rapid transmetallation
to form [Au'-Ar] intermediate as the key gold resting state in the catalytic
cycle. To evaluate this idea, reaction between PPhgAuCl and p-F-phe-
nylboronic acid 1a was conducted. The reaction was monitored using
31p 19F and 'H NMR (details in Supporting informaiton). According to
NMR, [PPh3-Au-Ar] 1aa was formed within 1 h at room temperature as
shown in Fig. 1A.

This result is encouraging since it confirmed that boronic acid could
give rapid transmetallation with gold cation and form [L-Au-Ar]" as the
potential resting state for sequential redox coupling as we expected.
However, treating gold complex 1laa under previous optimal EAO con-
dition (diyne coupling) gave only fluorobenzene lab (from proto-
deauration) with no diaryl 2a observed. Monitoring the reaction using
NMR confirmed the rapid aryl-gold decomposition under acidic
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(A) Rapid transmetallation of Au' with boronic acid
nBuysNOAc (2 eq.)
2 CDCly/MeOH =1:1
rt,1h
(B) Problem: Fast [L-Au-Ar] decomposition under acidic condition

MeCN:HOAc (4:1)
PhsPAu F H E
solvents for EAO alkyne coupling

1aa 1ab

100% conv., 1h

ERRGEALICL *8r—B(OH) based on 3P and 19F-NMR

Ar = p-F-CgHy

PhsPAu—Ar

100% conv.
rt. 30 min

(C) Arylboronic acid oxidative coupling under EAO promtoted gold redox catalysis

% PPhzAUCI
F—< >—|3(o|-|)2 = o FF F—< :}—OH

C/Pt,5mA,rt,12h
1a 2a 3a

Previous EAO diyne coupling conditions:
MeCN:HOACc = 4:1; nBuyNOACc (0.5 mol/L); < 5% 2a formation, 100% [Au] decomposition

Changing HOAc to MeOH
MeCN:MeOH = 4:1; nBuyNOACc (0.5 mol/L); 40% 1a convn., 2a: 23%; 3a < 5%
N, protection: < 5% 1a convn, gold decomposition

Fig. 1. EAO promoted oxidative diaryl coupling.

conditions (Fig. 1B). Similar reactivity was obtained under EAO condi-
tion, where low conversion of 1a was obtained associated with rapid gold
decomposition (reduction on cathode, Fig. 1C). To avoid protodeaura-
tion, we screened various alternative solvents. Finally, mixture of MeOH
and MeCN were identified as plausible solution, giving the desired
coupling product 2a in 23% yield with 40% 1a conversion. Notably, in
this reaction, molecular O, was suggested as the sacrificial oxidants.
Conducting the reaction under oxygen-free conditions gave no coupling
product 2a with gold decomposition over time. The use of molecular
oxygen O as the oxidant makes this transformation more attractive and
practical. Encouraged by these initial results, we conducted a compre-
hensive condition screening (details in Supporting information). To our
delight, with the combination of MeOH and MeCN (4:1) as solvents,
nBuyNOACc (0.5 mol/L) and LiClO4 (0.2 mol/L) as electrolyte, under 5 mA
constant current (initial potential 2.5 V), the desired diaryl coupling
product 2a was obtained in 78% isolated yields. Some alternative con-
ditions are summarized in Table 1.

Notably, although the yield of 2a is not excellent, under the optimal
condition, the only byproduct observed is the phenol 3a, which high-
lighted the mild conditions of this electrochemical process. Conducting
reaction without LiClOy4 significantly reduced the reaction rate, giving 2a

Table 1
Optimization of reaction conditions.”

PPhsAUCI (5%)

nBuyNOAc (0.5 mol/L)

B(OH), |_.C|o4 (0.2 mol/L)

MeOH MeCN = 4:1

J@f

F C/Pt,5mA, rt,12h
1a

Entry Variation from “standard conditions” Yield (%)b

2a 3a
1 none 78 <5
2 No LiClO4 23 10
3 0.2 mol/L nBuyNOAc instead 36 16
4 0.5 mol/L LiClO, instead trace <5
5 0.5 mol/L LiOAc 2H,0 as only electrolyte 36 <5
6 5 mL MeOH, no MeCN 15 10
7 MeOH:MeCN = 1:4 23 8
8 Under Ar trace 0
9 Under O, 68 8
10 “water-free” operation 38 <5
11 No [Au] 0 <5

2 Conditions: 1a (0.5 mmol), PhsPAuCl (0.025 mmol), nBuyNOAc (2.5 mmol),
LiClO4 (1 mmol), MeOH (4 mL), MeCN (1 mL), air, r.t., 12 h.
> 1H NMR yields using 1,3,5-trimethoxybenzene as an internal standard.
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at only 23% yield along with 10% phenol 3a (entry 2). Reducing the
loading of nBusNOAc caused slower reaction with increasing amount of
phenol formation (entry 3). Interestingly, further increasing LiClO4
loading to 0.5 mol/L quenched the reaction, suggesting the needed bal-
ance for conductivity and overall catalyst reactivity (entry 4). Switching
electrolyte to LiOAc also led to the yield decreasing of 2a (entry 5),
suggesting the critical balanced ratio between Li" and OAc™ for optimal
performance. The ratio of MeOH and MeCN could greatly impact the
reaction due to the reduced solubility of substrates (entry 6,7). As ex-
pected, conducting the reaction under argon gave rapid gold catalyst
decomposition, which is consistent with the proposed molecular oxygen
oxidation on cathode for this transformation (entry 8, see Supporting
information for detailed study on the “oxygen effect”). Interestingly,
conducting the reaction in anhydrous condition gave poor yield, sug-
gesting that presence of water could help this reaction, likely due to
improved solubility and conductivity (entry 9). Finally, the control
experiment confirmed that gold is necessary for this transformation
(entry 10).

With the optimal conditions in hand, we explore the reaction scope.
The results are summarized in Scheme 2.

Various aryl boronic acids homo-coupling products were achieved
under this electrochemical condition. Both EWG and EDG modified
arenes worked well, giving corresponding product with moderate to
good yields (2a-2q). The ortho substituted arene performed well, sug-
gesting the good tolerability of steric hindrance with this EAO promoted
gold redox catalysis (2¢, 2g, 2k). Interestingly, intramolecular cycliza-
tion was successfully achieved using this method, forming macrocycles,
though at modest yields (2r, 2t-2v). It is important to note that the
macrocyclization requires low concentration to prevent undesired poly-
merization. The success in achieving this macrocyclization highlighted
the good efficiency of this electrochemical promoted gold redox chem-
istry under mild conditions.

Comparing with Pd chemistry, the gold catalyzed oxidative coupling
has a different mechanism with metal oxidation as turnover limiting step
(TLS) and a much faster reductive elimination step Au™ vs. pdh).
Therefore, the identification of electrochemical oxidation strategy could
be potentially applied into other coupling partners. One immediate
question is whether this strategy could be applied into the cross-coupling
for the synthesis of hetereo-diaryl compounds. In this regard, the electron
density of aryl group and substituents on boronic ester are clear the two

Ph3zPAuUCI (5%)
nBuyNOACc (0.5 mol/L)

Ry LiCIOs (0.2 moliL) ~ R>Z
} \ B(OH)Z 4 ( ) 7 \ /
— MeOH:MeCN = 4:1 — —
1 CIPt, 5 mA, rt, 12 h 2
2a,R=4F, 78% 29,R=2-OMe, 75% 2m, R = 4-CO,Me, 53%
\_/ XR 20.R=3F 80% 2h R=4Me 46%  2n, R=4-CN 61%
7 2c,R=2-F,55% 2i R=35Mey 72% 20, R=4-COCHs, 65%
— =/ 2d,R=4Cl65%  R-4tpy 88% 20, R=4-OCFs, 70%

2e, R = 4-Br, 48% o, 20, R=4-CF3, 82%
o RITEge” 2k R=2-CO.Me, 70%

21, R =3-CO,Me, 46%

(O

o o) O O 2t,n =10, 38%°
OO N
- a
w ©) 2v, n =6, 15%
2r, 33%° 2s, 35%
“y g J 3\ 4
o 2t 2v

Scheme 2. Substrate scope of aryl homo-coupling. Conditions: 1 (0.5 mmol),
Ph3PAuCl (0.025 mmol), nBuyNOAc (2.5 mmol), LiClO4 (1 mmol), MeOH (4
mL), MeCN (1 mL), r.t., 12 h. Isolated yield. * Reaction was performed at a lower
concentration of 1 (0.05 mmol), PhzPAuCl (0.005 mmol), 4 h.
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important factors that will influence the overall reactivity and selectivity.
Treating 1:1 mixture of 1j and 1m under the optimal conditions gave the
homocoupling product 2j as the dominant product (60% yield) with only
trace amount cross-coupling product observed (Fig. 2A). This result
suggested that the electron rich aryl boronic acid not only helps the
transmetalation, but also gives faster Au™-Ar oxidation comparing with
EWG modified substrate. While tunning aryl electronic density is not a
valid approach for cross-coupling, we put our attention to different boron
derivatives. As shown in Fig. 2B, monitoring the reaction with NMR
confirmed that ArB(OH), gave faster transmetalation than ArBPin. In
addition, significantly lower conversion was observed with ArBF3K and
no L-Au-Ar formation was observed with Ar-B(MIDA). These results
revealed the different transmetalation rate with various boronic acid
derivatives. Reaction of p-tBuC¢H4BFsK and L-Au-Ar gave 18% cross
coupling product, while no homocoupling product 2a was observed
(Fig. 2C). This result suggested that ArBFsK could be oxidized prior to
Aul-Ar. However, the ArBF3K oxidation is slow, which led to gold
decomposition over time. Notably, although the diaryl cross-coupling
seems not practical using this EAO catalysis, this study provides the
important mechanistic insight for future development of coupling re-
actions under gold-redox catalysis, which is currently under investigation
in our lab.

While diaryl cross-coupling was limited by the reaction scope, it is
plausible to achieve coupling with alternative coupling partner such as
the terminal alkynes. As shown in Fig. 3A, both ArB(OH); and terminal
alkyne could react with LAuCl to form corresponding L-Au-Ar and L-Au-
Alkyne within 1 h. NMR investigations revealed that L-Au-Ar is favored
over alkyne in a 2:1 ratio. Charging the 1:1 mixture of ArB(OH), 1a and
alkyne 4a under EAO conditions gave the desired aryl-alkyne coupling
product 5a in 32%, along with diaryl product 2a (51%) and phenol 3a
(10%). Notably, no diyne 6 was observed. This result suggested that (A)
L-Au-Ar was easier to be oxidized over L-Au-alkyne under this EAO
condition and (B) L-Au-alkyne gave faster transmetalation to [Aum-Ar],
which facilitated the desired aryl-alkyne cross-coupling.

Technically, the yields of cross coupling product 5a could be further
improved with the addition of excess alkyne. However, with the appli-
cation of 5 equiv. 4a, reduced yields of all arylation products (2a, 3a and
5a) were observed, suggesting the importance of L-Au-Ar formation
(with certain concentration) for effective transformation. Based on this
mechanistic insight, increasing amount of aryl boronic acid 4a (2 equiv.)
was applied, which improved the cross-coupling product 5a to 65% yield
(detailed screening conditions in Supporting information). With the
optimal conditions in hand, reaction scope was evaluated of this oxida-
tive alkyne arylation. The result is summarized in Scheme 3.

(A) Attempt on aryl cross-coupling

t-Bu t-Bu CO,Me
CO,Me Ph3PAUCI (10%)
nBugNOAc (0.5 mol/L)
_LiCIo4 (02 molL)
MeOH MeCN = 4:1
C/Pt, 5mA, rt,12h O O O
1:1 m Will different boron work? ~ t-Bu CO,Me  CO;Me
60% <5% 0%
(B) Au' transmetallation rate with different boron complex
nBuyNOAc (2 eq.)
| PhzPAu—A Ar = p-F-CgH
PhsPAUCH + Ar-B  ohc MeoH =11 ' Tar AUTAT Pr-terla
rt,1h
Ar-B= AB(OH), ArBpin ArBF;K  ArB(MIDA)
Yield 100% 55% 20% 0%

(C) Cross-coupling attempt with Au'-Ar species

nBUNOAC (05 molL) Y AT pt-BuPh-Ar
=] 4 . 0,
PhaPAu—Ar + BUPhBOOM: ™ ii0, 02 monty . 27% RSl
or
MeOH:MeCN = 4:1
Ar = p-F-CgHy p-t-BUPhBFSK /et 5ma rt, 2 h Ar—Ar  p-t-BuPh-Ar
<5% 18%

Fig. 2. Investigating gold catalyzed oxidative aryl cross-coupling.
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(A) Au' transmetallation rate with ArB(OH), and terminal alkyne

Ar-B(OH ) : PhsPAu—Ar
PhsPAUCI + FEOM: 1004 puNone 2 eq) 366%
sPAU and CDCl/MeOH =1:1 o on = o
10eq.  =CgH; 10eq. rt,1h Ty W
0

(B) Sonogashira-type cross-coupling with EAO promoted gold redox catalysis
Ph3PAuCI (10%)

nBusNOAG (0.5 mollL) AT —Ar Ar—==—CgHi7
Ar-B(OH), + ==—CgHy;  LIClO4 (0.2 moliL) 2a 5a
e )
1a 4a MeOH:MeCN =4:1  Ar—OH CgH;;—=—=—=—CgH,,
C/Pt,5mA,r.t,24 h
3a 6
Conditions 2a 3a 5a 6
1aida=1:1 51% 10%  32% 0%
1a4a=15 <5% <5% 10% 15%
1a:4a = 2:1 37% <5% 65% 0%

Fig. 3. Investigating gold catalyzed terminal alkyne arylation.

Ph;PAuUCI (10%)
nBuyNOAc (0.5 mol/L)

R2 A L R?
= S LiClO,4 (0.2 mol/L X
R==+ { VBOH, poooiiaiode Ri—=—{
o MeOH:MeCN = 4:1 —
4 1 C/Pt,5mA,rt, 18 h 5

5a, R? = 4-F, 65%
» 5b,R2=4-Cl, 60%
5¢c, R? = 4-Me, 35%

5f, R? = 4-OMe, 51% 5j, R2 = 2-OMe, 58%
5g,R?=2-F,74% 5k, R = 2-OCFs, 80%
5h,R?=2-Br,66% 5l R2=H, 50%

5m, R2=2,6-F,, 80%
5n, R? = 3,5-Me,, 54%

TIPSTQ

F3CO
5x, 53%

5d, R? = 4-tBu, 58% 5i, R? = 2-Me, 61%
5e, R? = 4-CO,Me, 43%

50,R=2-F,84% 5t R=4-Br,80%
5p,R=3F,87% 5u, R =4-CF; 85%
59,R=3-Me, 2% 5y R =4-Me, 66%

51, R=4-F,76% gy R =4.0Me, 61%

FaCO
5s, R = 4-Cl, 73%

Scheme 3. Substrate scope of Sonogashira-type coupling. Conditions: 1 (0.5
mmol), 4 (0.25 mmol), PhzPAuCl (0.025 mmol), nBuyNOAc (2.5 mmol), LiClO4
(1 mmol), MeOH (4 mL), MeCN (1 mL), r.t., 18 h isolated yield.

In the reaction with 1-decyne 4a, various EDGs modified arene works
well under this EAO condition, giving the desired coupling products in
good yields (5a-5n). Electron deficient aryl substrates gave significantly
reduced yields (such as 5e), suggesting slow transmetallation with gold
cation as discussed above. Interestingly, ortho substituted substrates
performed better than the para substituted ones (5g-5k, 5m), implying
the influence of steric hindrance on the transmetalation step. Various
terminal alkynes were all suitable for this reaction, giving the coupling
products in good yields (50-5w). TIPS alkyne also tolerated in this re-
action (5x), which not only highlighted the mild conditions of this EAO
strategy, but also provide a practical synthesis of terminal alkyne through
simple TIPS deprotection.

In conclusion, we reported the first example of the preparation and
utilization of Au™Ar intermediate under electrochemical anodic oxida-
tion conditions. Both di-aryl homocoupling and Sonogashira-type sp-sp
coupling were achieved under this EAO promoted gold catalysis. Besides
the value in practical synthesis (mild conditions and no external oxi-
dants), the detailed mechanistic studies revealed key reactivity of gold
complexes under electrochemistry conditions (rate of transmetallation
and catalyst resting state). These mechanistic insights set up the solid
foundation for extending this EAO-gold catalysis system into other
challenging transformations, which is currently under investigation in
our lab.
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