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iClick Synthesis of Network Metallopolymers 

Yu-Hsuan Shen,a Ion Ghiviriga,a Khalil A. Abboud,a Kirk S. Schanze,b Adam S. Veige.*a 

Described is an approach to preparing the first iClick network metallopolymers with porous properties. Treating digoldazido 

complex 2-AuN3 with trigoldacetylide 3-AuPPh3 or 3-AuPEt3, trialkyne 3-H, tetragoldacetylide 4-AuPPh3, or tetraalkyne 4-H 

in CH2Cl2 affords five iClick network metallopolymers 5-AuPPh3, 5-AuPEt3, 5-H, 6-AuPPh3, and 6-H. Confirmation of the iClick 

network metallopolymers comes from FTIR, 13C solid-state cross-coupling magic angle spinning (CPMAS) NMR spectroscopy, 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and nitrogen and CO2 sorption analysis. Employing 

model complexes 7-AuPPh3, 7-AuPEt3, 7-H, 8-AuPPh3, and 8-H provide structural insights due to the insolubility of iClick 

network metallopolymers.

Introduction

Heterogeneous catalysts are useful in industrial processes due 

to their advantageous sustainability, recyclability, robustness, 

and ease of catalyst/product separation.1,2 Accessible and 

tunable by a simple choice of building block, porous organic 

polymers (POPs) have numerous applications3–9 in catalysis,3,10–

12 medicine,13,14 gas separation,15,16 CO2 capture,17–21 and as 

sorbents.22–29 POPs are highly selective catalysts and can lower 

process costs.30 

A few porous polymers incorporating metal ions (metal-POP) 

using polypyridines,31–33 phthalocyanine,34,35 and porphyrins36–

41 as ligands have been synthesized. Post-polymerization 

metalation31–33,42 or polymerization using monomers bearing 

metal centers31,34–41 are the two methods for incorporating 

metal ions in porous polymers. The former approach can result 

in incomplete metalation, and the latter approach requires 

metal catalysts for polymerization43 

 In contrast to the methods incorporating metal ions, POP 

synthesis employs a diverse variety of chemical reactions. 

Yamamoto,44–46 Sonogashira-Hagihara,47 Suzuki-Miyaura,48 

Friedel-Crafts,49–51 and copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC),52 are some of the reaction types utilized 

in POP synthesis. Related to this work, highly stable POPs with 

large surface areas53,54 that employ CuAAC in their synthesis are 

beneficial in small molecule gas capture,55–60 photocatalysis,61,62 

and as supports for heterogeneous catalysis.52,63 POPs 

synthesized using click-based CuAAC are now relatively 

common in the literature. Absent however, are network 

polymers synthesized using inorganic click (iClick)64 

methodologies. An advantage of using iClick is the ability to 

directly incorporate metal ions into the polymer backbone 

repeating unit. Demonstrated already for linear polymers,65–67 

extension of iClick to network polymers has yet to be achieved. 

Finding a new route to install metal ions in POPs will broaden 

the application space of these materials. 
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Scheme 1. A) Early examples of gold(I) 1,2,3-triazolate complexes from 

cycloaddition reactions,68 B) bimetallic iClick reaction of gold(I) azido complex with 

a gold(I) acetylide,64 C) Post-polymerization synthesis of the only metal click-based 

POP.42

iClick is a rapid, simple, and high yield reaction that is widely 

applicable to a variety of metals. Some of the first cycloaddition 

reactions involving metal ions and electron deficient alkynes 

were reported in the mid-1970’s.69,70 Related to this work, in 

2007, Gray et al. demonstrated the monogold-azide (1-AuN3) 

cycloaddition with alkynes according to Scheme 1A.71–80 

Unleashing the possibility of linking metal ions via cycloaddition 

chemistries, bimetallic complexes produced from metal-azides 

and metal-acetylides were published by our group in 2011 

(Scheme 1B).64,80–87 Son et al. reported the only example of a 

click-based POP that incorporates a metal ion, though the metal 

addition occurs via post-polymerization functionalization at the 

periphery of the backbone according to Scheme 1C.42 

Nonetheless, the Rh-POP has a surface area of 310 m2g-1 and is 

an active catalyst for the polymerization of arylacetylenes. 

a.University of Florida, Department of Chemistry, Center for Catalysis, P.O. Box 

117200, Gainesville, FL, 32611.
b.University of Texas at San Antonio, Department of Chemistry, One UTSA Circle, 

San Antonio, TX 78249.

† Electronic supplementary information (ESI) available: Experimental details: Tables 

S1–S4, and Fig. S1–S53. CCDC 2158225 and 2158226. For ESI and crystallographic 

data in CIF and other electronic format see DOI: 10.1039/x0xx00000x
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hours presumably due to aurophilic82 and���� interactions.92 

Changing the solvent and increasing the temperature both fail 

to solubilize the monomers. Consequently, all five model 

complexes were characterized in situ by solution-phase NMR 

spectroscopy.
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Scheme 2. Synthesis of model complexes (7-AuPPh3, 7-AuPEt3, and 8-AuPPh3) 

using goldazido complex 1-AuN3 with trigoldacetylide 3-AuPPh3 or 3-AuPEt3 and 

tetragoldacetylide 4-AuPPh3.

Monitoring the formation of complexes 7-AuPPh3, 7-AuPEt3, 

and 8-AuPPh3 in situ with 1H and 31P{1H} NMR spectroscopy 

reveals complete conversion of starting materials after 12 h. In 

the 31P{1H} NMR spectrum (CDCl3), 7-AuPPh3 exhibits two 

singlets at 43.7 and 30.6 ppm, while 8-AuPPh3 exhibits two 

singlets at 44.2 and 30.8 ppm attributable to the two PPh3 

ligands. Due to extensive phosphine exchange between PEt3 

and PPh3 the 31P{1H} NMR spectrum of 7-AuPEt3 exhibits 

numerous signals and precludes an absolute assignment. 
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Scheme 3. Synthesis of model complexes (7-H and 8-H) using goldazido complex 

1-AuN3 with trialkyne 3-H and tetraalkyne 4-H.

Complex 7-H presents two singlets at 43.3 and 29.9 ppm, 

while 8-H exhibits signals at 43.3 and 29.0 ppm in the 31P{1H} 

NMR spectra (Scheme 3). The downfield signal in the 31P{1H} 

NMR spectra corresponds the N-Au-P and the upfield signal is 

attributable to the C-Au-P phosphorous. The presence of the 

upfield signal is clear evidence that the Au(I) fragment migrates 

from the triazolate N-atom to the C-atom. Eq 1 depicts the Au 

migration. Thus, 7-H and 8-H are mixtures of the two C-bound 

and N-bound derivatives. Previous examples of this rapid 

isomerization with terminal alkynes in iClick chemistry have 

been reported extensively.75,82 More evidence for the 

isomerization comes from the 1H NMR spectra of both 

complexes. Indicatives of a proton migration from the carbon 

atom to the nitrogen of the triazolate ring, complex 7-H and 8-

H exhibit singlets at 11.85 and 11.66 ppm, respectively. 

Complicating the composition of 7-H and 8-H further is that 

their 1H NMR spectra reveal signals attributable to unreacted 

alkyne groups. For complex 7-H, alkyne signals appear as three 

singlets between 3.48-2.91 ppm, and for the triazolate C-H 

proton, signals appear downfield between 9.22-8.34 ppm (Page 

S29 in the ESI). The multiple signals arise from the presence of 

two isomers noted above and the possibility of one and two 

unreacted alkynes. The ratio of the different branches within 

complex 7-H as determined by NMR integration for C-H:N-

H:C�C-H is as follow: 0.07: 0.64: 0.29. For 8-H the ratios is 0.42: 

0.46: 0.12 (Page S32 in the ESI). 

The FTIR spectra of all five model complexes (7-AuPPh3, 7-

AuPEt3, 8-AuPPh3, 7-H, and 8-H) do not contain an azide54 signal  

near 2058 cmN%, but a small absorption corresponding to 

unreacted alkyne54 on the end groups at 2110 cmN% supports the 

conclusion that in this case the iClick is not complete.

Synthesis of iClick network metallopolymers (5-AuPPh3, 5-

AuPEt3, 5-H, 6-AuPPh3, and 6-H). 

Combining the digoldazido complex 2-AuN3 with tri-

goldacetylide 3-AuPPh3 or 3-AuPEt3, tri-alkyne 3-H, tetra-

goldacetylide 4-AuPPh3, or tetra-alkyne 4-H in CH2Cl2 yields five 

different iClick network metallopolymers (5-AuPPh3, 5-AuPEt3, 

5-H, 6-AuPPh3, and 6-H) according to Scheme 4 and 5. Table S1 

in the ESI summarizes the optimization of iClick network 

metallopolymer syntheses. 

Table 1. Effect of reaction time and reaction temperature on the pore properties of iClick 

network metallopolymers.

iClick

polymers
Entry

Reaction 

temp. (°C)

Reaction 

time (days)

Specific surface 

areaa (m2g-1)

5-AuPPh3-1 rt 2 27

5-AuPPh3-2 50 6 945-AuPPh3

5-AuPPh3-3 100 3 54

6-AuPPh3-1 rt 2 44

6-AuPPh3-2 50 6 856-AuPPh3

6-AuPPh3-3 100 3 47

5-AuPEt3 5-AuPEt3 50 6 30

5-H-1 50 1 28
5-H

5-H-2 50 6 24

6-H 6-H 50 1 40

aBET specific surface area in the pressure range of 0.01–0.05 P/P0 calculated using 

the BET model.

Mixing a colorless solution of complex 2-AuN3 with the light-

yellow transparent gold(I) acetylide solution of 3-AuPPh3, 3-

AuPEt3, or 4-AuPPh3 in CH2Cl2 produces a light yellow 

suspension of network polymers 5-AuPPh3, 5-AuPEt3, or 6-

AuPPh3, according to Scheme 4. Purification of the polymers 

involves simply filtering and washing with CH2Cl2. Other 
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Judging from the higher surface areas of polymers 5-AuPPh3-2 

and 6-AuPPh3-2, it is obvious that both polymers demonstrate 

a higher CO2 uptake amount.54 The CO2 adsorption capacities in 

5-AuPEt3 and 5-H-1 at 273 and 298 K are around 15 and 8 ��Q�N% 

(Table S4 in the ESI), respectively, which match the lower 

surface areas of the polymers. These results are lower in 

comparison to reported organic click-based polymers.56,96

Conclusion

Incorporating the digoldazido complex 2-AuN3 with 

gold(I)acetylide or alkynes produces the first series of iClick 

network metallopolymers that are thermally stable and possess 

porous properties. This work expands the scope of metal 

containing porous polymers beyond the ligand classes of 

polypyridines, phthalocyanine, and porphyrins to now include 

triazolate ligands. The model complexes 7-AuPPh3, 7-AuPEt3, 8-

AuPPh3, 7-H, and 8-H help elucidate the characterization 

features of the insoluble network polymers and revealed 

incomplete iClick reactions and triazolate isomerization. A 

measurable Tg, IR spectra showing the consumption of the 

azide/alkyne groups, solid-state 13C NMR data confirming a 

triazolate within the material, and measurable surface areas, 

provide evidence supporting the assignment of iClick network 

polymers. Due to limited solubility, the degree of 

polymerization and extent of crosslinking remain to be 

interrogated. This study provides the beginnings of a new 

strategy to synthesize heterogeneous network 

metallopolymers with metals incorporated both within the 

main chain and side branches.
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iClick Synthesis of Network Metallopolymers 
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Described is an approach to preparing the first iClick network metallopolymers with porous properties. Treating digoldazido 

complex 2-AuN3 with trigoldacetylide 3-AuPPh3 or 3-AuPEt3, trialkyne 3-H, tetragoldacetylide 4-AuPPh3, or tetraalkyne 4-H 

in CH2Cl2 affords five iClick network metallopolymers 5-AuPPh3, 5-AuPEt3, 5-H, 6-AuPPh3, and 6-H. Confirmation of the iClick 

network metallopolymers comes from FTIR, 13C solid-state cross-coupling magic angle spinning (CPMAS) NMR spectroscopy, 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and nitrogen and CO2 sorption analysis. Employing 

model complexes 7-AuPPh3, 7-AuPEt3, 7-H, 8-AuPPh3, and 8-H provide structural insights due to the insolubility of iClick 

network metallopolymers.

Introduction

Heterogeneous catalysts are useful in industrial processes due 

to their advantageous sustainability, recyclability, robustness, 

and ease of catalyst/product separation.1,2 Accessible and 

tunable by a simple choice of building block, porous organic 

polymers (POPs) have numerous applications3–9 in catalysis,3,10–

12 medicine,13,14 gas separation,15,16 CO2 capture,17–21 and as 

sorbents.22–29 POPs are highly selective catalysts and can lower 

process costs.30 

A few porous polymers incorporating metal ions (metal-POP) 

using polypyridines,31–33 phthalocyanine,34,35 and porphyrins36–

41 as ligands have been synthesized. Post-polymerization 

metalation31–33,42 or polymerization using monomers bearing 

metal centers31,34–41 are the two methods for incorporating 

metal ions in porous polymers. The former approach can result 

in incomplete metalation, and the latter approach requires 

metal catalysts for polymerization43 

 In contrast to the methods incorporating metal ions, POP 

synthesis employs a diverse variety of chemical reactions. 

Yamamoto,44–46 Sonogashira-Hagihara,47 Suzuki-Miyaura,48 

Friedel-Crafts,49–51 and copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC),52 are some of the reaction types utilized 

in POP synthesis. Related to this work, highly stable POPs with 

large surface areas53,54 that employ CuAAC in their synthesis are 

beneficial in small molecule gas capture,55–60 photocatalysis,61,62 

and as supports for heterogeneous catalysis.52,63 POPs 

synthesized using click-based CuAAC are now relatively 

common in the literature. Absent however, are network 

polymers synthesized using inorganic click (iClick)64 

methodologies. An advantage of using iClick is the ability to 

directly incorporate metal ions into the polymer backbone 

repeating unit. Demonstrated already for linear polymers,65–67 

extension of iClick to network polymers has yet to be achieved. 

Finding a new route to install metal ions in POPs will broaden 

the application space of these materials. 
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Veige
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+

+

Scheme 1. A) Early examples of gold(I) 1,2,3-triazolate complexes from 

cycloaddition reactions,68 B) bimetallic iClick reaction of gold(I) azido complex with 

a gold(I) acetylide,64 C) Post-polymerization synthesis of the only metal click-based 

POP.42

iClick is a rapid, simple, and high yield reaction that is widely 

applicable to a variety of metals. Some of the first cycloaddition 

reactions involving metal ions and electron deficient alkynes 

were reported in the mid-1970’s.69,70 Related to this work, in 

2007, Gray et al. demonstrated the monogold-azide (1-AuN3) 

cycloaddition with alkynes according to Scheme 1A.71–80 

Unleashing the possibility of linking metal ions via cycloaddition 

chemistries, bimetallic complexes produced from metal-azides 

and metal-acetylides were published by our group in 2011 

(Scheme 1B).64,80–87 Son et al. reported the only example of a 

click-based POP that incorporates a metal ion, though the metal 

addition occurs via post-polymerization functionalization at the 

periphery of the backbone according to Scheme 1C.42 

Nonetheless, the Rh-POP has a surface area of 310 m2g-1 and is 

an active catalyst for the polymerization of arylacetylenes. 

a.University of Florida, Department of Chemistry, Center for Catalysis, P.O. Box 

117200, Gainesville, FL, 32611.
b.University of Texas at San Antonio, Department of Chemistry, One UTSA Circle, 

San Antonio, TX 78249.

† Electronic supplementary information (ESI) available: Experimental details: Tables 

S1–S4, and Fig. S1–S53. CCDC 2158225 and 2158226. For ESI and crystallographic 

data in CIF and other electronic format see DOI: 10.1039/x0xx00000x
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hours presumably due to aurophilic82 and���� interactions.92 

Changing the solvent and increasing the temperature both fail 

to solubilize the monomers. Consequently, all five model 

complexes were characterized in situ by solution-phase NMR 

spectroscopy.
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Scheme 2. Synthesis of model complexes (7-AuPPh3, 7-AuPEt3, and 8-AuPPh3) 

using goldazido complex 1-AuN3 with trigoldacetylide 3-AuPPh3 or 3-AuPEt3 and 

tetragoldacetylide 4-AuPPh3.

Monitoring the formation of complexes 7-AuPPh3, 7-AuPEt3, 

and 8-AuPPh3 in situ with 1H and 31P{1H} NMR spectroscopy 

reveals complete conversion of starting materials after 12 h. In 

the 31P{1H} NMR spectrum (CDCl3), 7-AuPPh3 exhibits two 

singlets at 43.7 and 30.6 ppm, while 8-AuPPh3 exhibits two 

singlets at 44.2 and 30.8 ppm attributable to the two PPh3 

ligands. Due to extensive phosphine exchange between PEt3 

and PPh3 the 31P{1H} NMR spectrum of 7-AuPEt3 exhibits 

numerous signals and precludes an absolute assignment. 
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Scheme 3. Synthesis of model complexes (7-H and 8-H) using goldazido complex 

1-AuN3 with trialkyne 3-H and tetraalkyne 4-H.

Complex 7-H presents two singlets at 43.3 and 29.9 ppm, 

while 8-H exhibits signals at 43.3 and 29.0 ppm in the 31P{1H} 

NMR spectra (Scheme 3). The downfield signal in the 31P{1H} 

NMR spectra corresponds the N-Au-P and the upfield signal is 

attributable to the C-Au-P phosphorous. The presence of the 

upfield signal is clear evidence that the Au(I) fragment migrates 

from the triazolate N-atom to the C-atom. Eq 1 depicts the Au 

migration. Thus, 7-H and 8-H are mixtures of the two C-bound 

and N-bound derivatives. Previous examples of this rapid 

isomerization with terminal alkynes in iClick chemistry have 

been reported extensively.75,82 More evidence for the 

isomerization comes from the 1H NMR spectra of both 

complexes. Indicatives of a proton migration from the carbon 

atom to the nitrogen of the triazolate ring, complex 7-H and 8-

H exhibit singlets at 11.85 and 11.66 ppm, respectively. 

Complicating the composition of 7-H and 8-H further is that 

their 1H NMR spectra reveal signals attributable to unreacted 

alkyne groups. For complex 7-H, alkyne signals appear as three 

singlets between 3.48-2.91 ppm, and for the triazolate C-H 

proton, signals appear downfield between 9.22-8.34 ppm (Page 

S29 in the ESI). The multiple signals arise from the presence of 

two isomers noted above and the possibility of one and two 

unreacted alkynes. The ratio of the different branches within 

complex 7-H as determined by NMR integration for C-H:N-

H:C�C-H is as follow: 0.07: 0.64: 0.29. For 8-H the ratios is 0.42: 

0.46: 0.12 (Page S32 in the ESI). 

The FTIR spectra of all five model complexes (7-AuPPh3, 7-

AuPEt3, 8-AuPPh3, 7-H, and 8-H) do not contain an azide54 signal  

near 2058 cmN%, but a small absorption corresponding to 

unreacted alkyne54 on the end groups at 2110 cmN% supports the 

conclusion that in this case the iClick is not complete.

Synthesis of iClick network metallopolymers (5-AuPPh3, 5-

AuPEt3, 5-H, 6-AuPPh3, and 6-H). 

Combining the digoldazido complex 2-AuN3 with tri-

goldacetylide 3-AuPPh3 or 3-AuPEt3, tri-alkyne 3-H, tetra-

goldacetylide 4-AuPPh3, or tetra-alkyne 4-H in CH2Cl2 yields five 

different iClick network metallopolymers (5-AuPPh3, 5-AuPEt3, 

5-H, 6-AuPPh3, and 6-H) according to Scheme 4 and 5. Table S1 

in the ESI summarizes the optimization of iClick network 

metallopolymer syntheses. 

Table 1. Effect of reaction time and reaction temperature on the pore properties of iClick 

network metallopolymers.

iClick

polymers
Entry

Reaction 

temp. (°C)

Reaction 

time (days)

Specific surface 

areaa (m2g-1)

5-AuPPh3-1 rt 2 27

5-AuPPh3-2 50 6 945-AuPPh3

5-AuPPh3-3 100 3 54

6-AuPPh3-1 rt 2 44

6-AuPPh3-2 50 6 856-AuPPh3

6-AuPPh3-3 100 3 47

5-AuPEt3 5-AuPEt3 50 6 30

5-H-1 50 1 28
5-H

5-H-2 50 6 24

6-H 6-H 50 1 40

aBET specific surface area in the pressure range of 0.01–0.05 P/P0 calculated using 

the BET model.

Mixing a colorless solution of complex 2-AuN3 with the light-

yellow transparent gold(I) acetylide solution of 3-AuPPh3, 3-

AuPEt3, or 4-AuPPh3 in CH2Cl2 produces a light yellow 

suspension of network polymers 5-AuPPh3, 5-AuPEt3, or 6-

AuPPh3, according to Scheme 4. Purification of the polymers 

involves simply filtering and washing with CH2Cl2. Other 

RN
N

N

Ph3PAu
H

RN
N

N

H
AuPPh3

(1)
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Judging from the higher surface areas of polymers 5-AuPPh3-2 

and 6-AuPPh3-2, it is obvious that both polymers demonstrate 

a higher CO2 uptake amount.54 The CO2 adsorption capacities in 

5-AuPEt3 and 5-H-1 at 273 and 298 K are around 15 and 8 ��Q�N% 

(Table S4 in the ESI), respectively, which match the lower 

surface areas of the polymers. These results are lower in 

comparison to reported organic click-based polymers.56,96

Conclusion

Incorporating the digoldazido complex 2-AuN3 with 

gold(I)acetylide or alkynes produces the first series of iClick 

network metallopolymers that are thermally stable and possess 

porous properties. This work expands the scope of metal 

containing porous polymers beyond the ligand classes of 

polypyridines, phthalocyanine, and porphyrins to now include 

triazolate ligands. The model complexes 7-AuPPh3, 7-AuPEt3, 8-

AuPPh3, 7-H, and 8-H help elucidate the characterization 

features of the insoluble network polymers and revealed 

incomplete iClick reactions and triazolate isomerization. A 

measurable Tg, IR spectra showing the consumption of the 

azide/alkyne groups, solid-state 13C NMR data confirming a 

triazolate within the material, and measurable surface areas, 

provide evidence supporting the assignment of iClick network 

polymers. Due to limited solubility, the degree of 

polymerization and extent of crosslinking remain to be 

interrogated. This study provides the beginnings of a new 

strategy to synthesize heterogeneous network 

metallopolymers with metals incorporated both within the 

main chain and side branches.
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