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Anchoring Triazole-Gold(l) Complex into Porous Organic Polymer To
Boost the Stability and Reactivity of Gold(l) Catalyst
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ABSTRACT: Stability and reactivity have been recognized as
some critical issues for gold(I) catalysts. Such issues can be
well-circumvented by anchoring the gold(I) complex onto the
backbones of porous organic polymer (POP) followed by
coordination with a triazole ligand as illustrated in the present
work via a series of gold(I)-catalyzed reactions. In this strategy,
1,2,3-triazole was used as the special “X-factor” to avoid the
formation of solid AgCl involved in typical gold-activation
processes. The catalyst could be readily recycled without loss
of reactivity. Moreover, compared with the PPh;-modified
polystyrene beads, the POP support was advantageous by
providing high surface area, hierarchical porosity, and better
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stabilization of cations. In some cases, significantly improved reactivity was observed, even more so than using the homogeneous
system, which further highlighted the great potential of this heterogeneous gold catalyst.
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G old catalysis has flourished over the past decade, enabling
access to a wide range of transformations. In particular, as
an efficient carbophilic Lewis acid, gold(I) catalysts have
facilitated numerous interesting transformations through the
activation of alkynes, allenes, and alkenes.! However, besides
the cost of gold, the utilization of gold(I) catalysts for practical
applications in chemical industry has been mainly impeded by
two hurdles: (A) sensitivity of cationic gold(I) catalysts and (B)
catalyst activation. As shown in Scheme 1A, catalytically active
[L-Au]* cation often suffers from poor stability and may
decompose into gold colloids. In homogeneous gold(I)
catalysis, stable L-Au-Cl complexes are typically applied as
the catalyst precursor along with activation reagents, such as

Scheme 1. Challenges in Solid-Supported Gold(I) Catalyst

A
) Activating reagents
L—Au-Cl —— > L-Au*
L: PR3, NHC etc. Ag* or BArF

Active catalyst;
decompose over time.

Challenges in developing heterogeneous catalysis:

Stable complexes
A) formaiton of solid AgCl; B) [LAu]* decompositon.

but less reactive

B) Covalently linked heterogeneous gold(l) catalysts reported by Yu group

dynamic coordination ' Ph' Ph
i ( )—< >—P

\
AuClI
§-Au=PPhs , AgNTf, l
" :
N-N " ot 5 Ph, ph
: Y+ AgCl
loss of ~5% gold per cycle )t\uNTf

: 2

slower reaction after each cycle

Q = polystyrene resin caused by gold decomposition

W ACS Publications  © Xxxx American Chemical Society

1087

Ag" cation” or NaBArf, salt.’ One effective method to
engender enhanced stability and catalytic activity of gold(I)
catalysts is through confining the active species into
heterogeneous systems.4

In 2009, our group reported 1,2,3-triazole as a special
dynamic ligand to form stable gold complexes (TA-Au).’ Using
this new coordination strategy, Yu and co-workers first reported
a solid-supported gold using a triazole-functionalized poly-
styrene resin to trap the [PPhjAu]* cation (Scheme 1B).°
Although this catalyst showed good reactivity toward some
interesting transformations (such as the enyne cyclization), it
suffered from gold leaching each cycle due to the dynamic
coordination of triazole ligand. To avoid this problem,
subsequently, they reported another heterogeneous gold(I)
catalyst with polystyrene-supported phosphine ligand using Ag*
as an activation reagent (Scheme 1B).” Although this catalyst
could catalyze several alkyne and allene activation reactions,
significantly reduced reactivity was observed after each cycle,
likely caused by gold decomposition and a potential influence
from AgClL Thus, the avoidance of AgCl waste in catalyst
activation and the improvement of the stability of [L-Au]" are
essential toward the realization of highly efficient heteroge-
neous gold(I) catalysts.

Our interest in developing a solid-supported gold(I) catalyst
was initiated from the idea of using triazole as an activation
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strategy to access active gold(I) catalyst. As shown in Figure 1,
NH-triazole can replace chloride anion under basic conditions.
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Figure 1. Synthesis of PS-TA-Au.

The resulting gold complex (triazole anion gold, TAA-Au) can
be further activated through treatment with an acid, such as
HOTH, forming the reactive cationic TA-Au catalyst. Using this
strategy, a catalytically active solid-supported TA-Au complex
can be easily prepared without the formation of solid AgCl
during the process.

The commercially available triphenylphosphine resin was
first tested for this design and the PS-TA-Au was obtained in
good yield. With this new catalyst in hand, we tested its
reactivity toward phenyl acetylene hydration. Although the
desired phenyl methyl ketone was formed at elevated
temperature, significantly lower reactivity was observed with
PS-TA-Au when comparing with the homogeneous TA-Au.
More importantly, the formation of gold nanoparticles was
observed with this gold complex using STEM (see SI). Though
this 1,2,3-triazole activation strategy could avoid the formation
of AgCl, developing a better solid support is necessary and
crucial for achieving a practical heterogeneous gold(I) catalysis.

Porous materials could stabilize the corresponding metal
complexes and provide a microenvironment for the substrates,
which may lead to different reactivity compared with
homogeneous catalysts.” To tackle the aforementioned issues
encountered for existing solid-support gold(I) catalysts, we
propose that the gold(I) complex could be anchored into the
backbones of porous organic polymers (POPs), followed by
coordination with a triazole ligand.”

POPs represent an emerging class of porous materials
possessing high surface areas, tunable pore sizes, and high
water/chemical stability;'" they have been intensively inves-
tigated for potential applications in gas storage/separation,
carbon capture,'' contaminant removal,  catalysis, and so on."?
Considering the broad application of phosphine ligands in gold
catalysis, we envision that the porous organic polymer (POP)
synthesized from polymerization of tris(4-vinylphenyl)-
phosphine (POP—PPh,), featuring excellent spatial continuity
of PPh; moieties, large surface, and hierarchical porosity, may
offer a new opportunity for the development of novel
heterogeneous gold catalysts with improved reactivity and
catalyst stability.'* To test our hypotheses, we anchored
triazole-gold(I) complex on POP—PPh,; (POP-TA-Au), as
shown in Figure 2.

With this heterogeneous catalyst POP-TA-Au in hand, we
explored its reactivity toward the Teles hydration reaction.'
Initial studies revealed that the employment of POP—PPh; as a
modification ligand has a profound effect on the catalyst
durability. As shown in Figure 3, POP-TA-Au demonstrated
impressive reactivity with similar reaction kinetics to the
homogeneous TA-Au catalyst. Catalysts with different
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Figure 2. Synthesis of heterogeneous gold(I) complex.
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Figure 3. POP-TA-Au-catalyzed Teles hydration.

phosphine ligand and gold ratio (P: Au) were prepared and
examined. With higher P:Au (2:1), gold decomposition was
observed over time, suggesting that not all P atoms in POP are
accessible. The POP-TA-Au with S:1 P:Au ratio gave the
optimal results (see SI for details). The anionic triazole
complex POP-TAA-Au gave almost no reaction without acid
activation. Notably, a higher yield was obtained with POP-TA-
Au (95%) over homogeneous catalyst TA-Au (80%) because of
improved catalyst stability. Reactions at a higher concentration
(0.5 M) resulted in a much faster rate with excellent yield
(>90%).

After confirming the good reactivity of POP-TA-Au, we
tested its recyclability. As shown in Figure 3, a slower reaction
rate was observed after separating the heterogeneous catalyst
POP-TA-Au and subsequent resubmission to another portion
of starting material (cycle 2), albeit good yield (>90%) was still
obtained. This may be caused by two potential reasons: (A) the
loss of triazole ligand, leading to catalyst decomposition, and
(B) formation of POP-TAA-Au (loss of HOTY). To test our
hypothesis, we treated the gold catalyst after the first cycle with
either triazole or triflic acid, followed by washing with methanol
to remove extra additives. To our delight, the catalyst treated
with triflic acid was activated again and catalyzed the reaction in
the same efficiency as the first cycle. The catalyst treated with
triazole ligand did not show any improvement of reactivity,
suggesting no significant triazole ligand loss from the polymer
catalyst was occurring. With this simple reactivation strategy,
the POP-TA-Au catalyst has been recovered and recycled seven
times without any loss of reactivity. Hydration reactions of
other representative alkynes were also tested with this POP-
TA-Au, and the results are summarized in Table 1.

For all four hydration reactions that were tested, the POP-
TA-Au gave better yields than both homogeneous TA-Au
catalysts and the surface-modified PS-TA-Au. Hydration of
propargyl alcohol and propargyl acetate gave enone in excellent
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Table 1. POP-TA-Au-Catalyzed Alkyne Hydration™"
0

60°C, 1h | 80°C,12h 0O
Ph—=—H i Ph—=—pn Ph
Reaction A Ph i Reaction B ph
OH 60°C,1h 0 60°C,1h Qre
——
Ph)\B Reaction C Ph/\)J\Bu Reaction D Ph)\s
u u
POP-TA-Au (recycles)
TA-Au PS-TA-Au C-1 C-2 C-3 C-4 C-§ C-6 C-7
reaction A 85% 25% 93% 88% 88% 87% 90% 85% 87%
reaction B 45% 15% 91% 85% 80% 81% 58% 54% ND
reaction C 90% 10% 90% 85% 89% 81% 83% 82% 91%
reaction D 89% 8% 91% 85% 86% 83% 82% 88% 90%
“General conditions: 1 mol % POP-TA-Au, MeOH:H,O = 20:1 (0.5 M). ®Yields determined by GC.
Table 2. Evaluating the Chemoselectivity of POP-TA-Au®"
OAc AUl OAc
Ph)\ DCE, 4A MsS e :Bu
1 Bu 2
yield of 2
conditions time conversion cycle 1 cycle 2 cycle 3
1% TA-Au (homogeneous), rt 2h 100% 95%
1% POP-TA-Au, rt 24 h <5% ND
1% POP-TA-Au, 60 °C 2h 100% 92% 80%° 55% (70%)7

“General conditions: 1 mol % gold catalyst, dry DCE (0.01 M). “Yields determined by GC. “16 h. 924 h, 70% conversion of propargyl acetate.

Table 3. Evaluating the Stability of POP-TA-Au™”

+ A Y
N, o on g Mo
Ph -BH.CN DCM, rt NC” 'H
3 4
yield (%)
conditions C-1 C-2 C-3 C-4 C-5 C-6 C-7
10% [PPh;Au(TA)]OTS, 2 h 30
10% [XPhosAu(TA)]OTY, 12 h 75
10% POP-TA-Au, 6 h 79 71 69 70 68 68 65

“General conditions: 10 mol % gold catalyst, DCM (0.0S M). “Yields determined by H NMR.

yields (reactions C and D). With the less-reactive internal
alkyne (reaction B), higher temperature (80 °C) and longer
reaction time (12 h) are needed for 100% conversion. Excellent
yields were obtained for the first four cycles. Catalyst
decomposition was observed after five cycles. However,
compared with homogeneous catalyst TA-Au, this porous
polymer-supported gold catalyst gave significantly better
reactivity and excellent recyclability. The POP-TA-Au catalyst
was also successfully recycled in gram-scale reactions (see SI for
details). To fully evaluate the potential of this new
heterogeneous catalyst, we explored other gold-catalyzed
reactions, especially the challenging examples that are difficult
to achieve using common gold catalysts.

Chemoselectivity. Gold(I) cation can effectively activate
both alkyne and allene.'® A unique reactivity of triazole-gold
catalyst (TA-Au) was the excellent chemoselectivity, activating
alkyne over allene.'” Thus, treating propargyl ester with TA-Au
can give the desired allene with excellent isolated yield. To test
whether POP-TA-Au still maintain this chemoselectivity, we
treated propargyl alcohol 1 with this heterogeneous catalyst in
dry DCE (Table 2). At room temperature, no reaction
proceeded (comparing with 95% yield for homogeneous TA-
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Au). Raising the temperature to 60 °C, allene acetate 2 was
obtained in 92% yield without further activation of the allene
product (formation of indene).'® This result confirmed the
good chemoselectivity of TA-Au in this heterogeneous catalytic
system.

Hydroboration: Preventing Gold from Decomposi-
tion. One interesting transformation recently developed by our
group is the TA-Au catalyzed hydroboration.'” Although
cationic gold is a highly reactive z-acid, it suffers greatly from
poor stability, especially with the presence of a reductant, which
will cause the formation of Au(0). The discovery of TA-Au
revealed a new class of gold catalyst with improved stability.
However, when conducting the hydroboration reaction shown
in Table 3, PhyP-TA-Au gave only 30% yield even with 10%
catalyst loading. This was clearly due to the decomposition of
gold (54% conversion) under this reductive environment. To
ensure high conversion, much more expensive XPhos-TA-Au
has to be applied.

To our delight, the heterogeneous POP-TA-Au catalyst
could promote this transformation with good efficiency, even
when only a simple PPh; primary ligand was used. Compared
with the homogeneous TA-Au catalyst (decomposed before full
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conversion of starting material), this newly developed
heterogeneous gold(I) catalyst showed much better perform-
ance (79% yield in 6 h), likely because of the improved
stabilization of the gold cation by the porous scaffold.
Moreover, this POP-TA-Au could be reactivated simply by
treating with triflic acid between each cycle. With this strategy,
this catalyst has been successfully recycled for more than seven
times, which indicated the potential for the application of this
new catalyst into large-scale synthesis.

Improving TA-Au Reactivity through Lewis Acid
Activation. The discovery of triazole as a good ligand in
gold coordination provides an opportunity to increase the
stability of cationic gold catalyst. However, comparing with [L-
Au]*, TA-Au has lower reactivity, which limits its application.
From recent kinetic studies, we revealed that an associative
ligand exchange between TA-Au and alkyne was the turnover-
limiting step, which could be accelerated by Lewis acid (LA)
through coordination with the TA ligand.20 On the basis of this
strategy, the combination of LA and TA-Au was identified as a
new catalytic system, holding both good stability and excellent
reactivity. To test whether this strategy is operable in the POP-
TA-Au catalysis, three representative reactions involving LA
activation of TA-Au were performed: enyne cyclization/
isomerization,”’ alkyne hydroamination,”* and Nakamura
reaction.””

Reaction of enyne 5 with TA-Au gave low yield (26%)
without the assistance of LA. With the addition of 2%
Ga(OTf);, the desired product 6 was formed with a higher
efficiency and yield (60%). Interestingly, using POP-TA-Au
catalyst alone (no LA), compound 6 was obtained in 83% yield.
The improved stability of the POP-TA-Au once again proved to
be beneficial for challenging transformations. Furthermore, with
the addition of LA, much faster reaction kinetics were observed
as expected, as well as improved yield (88%, Figure 4A).
Similarly, the addition of Lewis acid to POP-TA-Au could
effectively facilitate alkyne hydroamination, giving improved
yield with faster reaction kinetics (Figure 4B).

Recently, we reported the first successful example of gold-
catalyzed intermolecular 1,3-diketone addition to alkyne
(Nakamura reaction) using the combination of TA-Au and
Ga(OTf);.** However, as shown in Figure 4C, to achieve a
good yield, the expensive primary ligand XPhos was required.

(A) /Q
Ly TA-Au =
Ph . S Ph [PPhgAu(TA)|OTF

[Au] cat., LA cat.
e R e

DCM, rt
6
[Au] catalyst Lewis acid yield [Au] catalyst ~ Lewis acid yield
1% TA-Au none 20h,26% : 1% TA-Au 2% Ga(OTf); 6h, 60%
1% POP-TA-Au  none 20h, 83% 1% POP-TA-Au 2% Ga(OTf); 6h, 88%
B ArNH, Ar
(B) . [Au] cat., LA cat. )Nl\ Ar = 4-OMe-CgH,,
Ph—= Toluene, 80 °C Ph”5
[Au] catalyst Lewis acid yield [Au] catalyst ~ Lewis acid yield
1% TA-Au none 6h,30% : 1% TA-Au 2% Zn(OTf); 2h, 63%
1% POP-TA-Au  none 6h,43% 1% POP-TA-Au 2% Zn(OTf), 1h, 83%
OH O
o o Au] cat., LA cat.
) )J\/U\ + Ph——= (Ad] cat. e Y “Me
Me Me DCM, rt, 2 h P
Ph

2.5% [XPhosAu(TA)]OTf, 5% Ga(OTf); 2h, 92% | 2.5% POP-TA-Au, 5% Ga(OTf)s
2.5% [PPh3Au(TA)JOTf, 5% Ga(OTf)z 10 h, 38%: 2 h, 92%; 3 h, 85% (cycle 4)

Figure 4. Combination of POP-TA-Au and Lewis acid.
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Significantly lower yield (38%) was obtained with PPh; ligand.
With simply polymerized PPh; as the ligand (POP-TA-Au),
excellent yield was achieved (92%). Catalyst recycling for
hydroamination and Nakamura reaction were also performed
(see SI).”> Even though the catalyst reactivity was lower after
three cycles, better results might be achieved through further
modification of the ligand, which is currently ongoing in our
lab.

Gold Redox Catalysis. One of the most important and
recent developments in gold catalysis is gold redox chemistry.
Under proper conditions, Au(I) cation can be oxidized to
Au(III) and give interesting new reactivity beyond the typical
Au(I) 7-acid activation.”® However, one major challenge is
ligand oxidation with the presence of a strong oxidant.
Moreover, the formation of phosphonium cation is one side
reaction due to reductive elimination of substrate with the
phosphine ligand from a reactive Au(IIl) intermediate.”’
Considering all these potential problems, we were wondering
whether POP-TA-Au is viable in promoting gold redox
catalysis. The gold-catalyzed alkyne oxidative couplin% was
selected to evaluate this new heterogeneous catalyst.”® As
shown in Figure S, using POP—Au-Cl as the catalyst, the
desireg)conjugated diynes 9a and 9b were prepared in excellent
yields.””

5% POP-Au-Cl

— — R 9a:R=m-F-CeH,
10% phen, 1 eq PhI(OAc), 9b: R = C(OH)(CHg),
CH3CN, 50°C

Recycle test of reaction of 9a: Recycle test of reaction of 9b:
cycle | time conv. yield cycle | time conv. yield
1 2h  100% 99% 1 2h  100% 99%
2 2h  100% 99% 2 2h  100% 90%
3 2h 95%  94% 3 6h 100% 86%
4 4h 94%  94% 4 10h 95% 80%

Figure 5. POP—Au-Cl-catalyzed oxidative alkyne coupling.

Although reduced reactivity was observed after four cycles,
the fact that POP-Au could effectively promote this trans-
formation clearly suggested that (A) the POP-Au system can
survive in the presence of the strong oxidant phenyliodonium
diacetate (PIDA), and (B) POP ligand is compatible with
gold(III) reductive elimination process. This success certainly
provides new opportunities for other challenging trans-
formations using this POP-Au system.

In summary, we report herein an efficient porous polymer-
supported triazole-gold catalyst (POP-TA-Au), which could be
easily prepared from simple starting materials in high yields. In
addition to the good chemoselectivity of this new heteroge-
neous triazole-gold catalyst, it also exhibited much better
stability compared with homogeneous TA-Au. This possibly
results from a microenvironment generated by the flexible
porous structure of the POP—PPh; ligand. As a recyclable gold
catalyst, POP-TA-Au could be further applied into large-scale
syntheses and flow reactions. The development of POPs using
other phosphine ligands is currently ongoing in our lab to
enrich the diversity of this type of heterogeneous gold catalyst,
which will permit their extension within various applications
and new reaction discovery.
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