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Jinan 250100, China 

Dedicated to Prof. Antonio Togni on the occasion of his 65th birthday. 

The redox activity of molecular phenazine catalysts has been previously exploited for aerobic oxidative amine homo- and cross-coupling reactions. In this  

contribution we have extended the reaction scope of this novel type of organocatalyst and used them in the cross-dehydrogenative aza-Henry coupling of  

isoquinolines with nitrometane under aerobic conditions. Additionally, we have designed and prepared a novel porous organic polymer by cross-linking of  

tetrakis(4-bromophenyl)silane and dihydrophenazine via Pd-catalyzed Buchwald-Hartwig cross-coupling. This new type of heterogeneous catalyst, apart 

from being robust and easily reusable,  also showed outstanding catalytic activities and improved selectivity compared to its molecular counterpart. A 

plausible reaction mechanism was proposed based on spectroscopic and kinetic measurements.  

Keywords: Phenazines • Porous Organic Polymers • Aerobic Oxidation • Aza-Henry Reaction •Cross-dehydrogenative coupling 

 

Introduction 

The development of metal-free catalysts has been the focus of many 

research efforts during the last decades, due to the environmental[1-4] and 

toxicologic[5] concerns associated with the widespread use of noble metal-

based catalysts and the increasing urge towards sustainable chemical 

processes. [6-14] Among the many alternatives, carbon-based materials have 

attracted great interest not only due to their low cost, but also thanks to 

their robustness and recyclability (making them ideal candidates for 

industrial applications), along with the tunability of their surface physico-

chemical properties.[15-21] These materials have been used as catalysts in 

several organic reactions including oxidations and reductions,[22-25] Friedel-

Crafts alkylations,[26] and hydrocarbon dehydrogenations.[27] 

The catalytic activity of heterogeneous organocatalysts depends on two 

main factors, the porosity (since a high surface area and pore volume 

enhances substrate adsorption and transport), [15-21, 28] and the presence of 

active sites (which can adsorb/coordinate and activate the reactants and 

stabilize reaction intermediates). A common approach to obtain such sites 

at the catalyst surface is the doping with heteroatoms, specially nitrogen, [29-

39] either by chemical modification of a pre-existing material, or by 

calcination of pre-organized precursors such as organic polymers, [40] metal-

organic frameworks (MOFs),[41] and covalently linked porous polymers 

(CPP).[42] The latter material class, also known as (micro)porous organic 

polymers (POPs or MOPs) or covalent organic frameworks (COFs), have 

gained a lot of attention on their own right, due to their tunable properties 

and their myriad of potential applications, [43-45] including gas capture and 

separation, [46-51] and catalysis. [52-55] The synthesis of these modular materials 

has been achieved via cross-linking of functional building blocks using 

different methodologies including Friedel-Crafts arylation, [42, 56, 57] Suzuki, [58] 

Sonogashira,[59] and Buchwald-Hartwig cross-couplings,[60] and Yamamoto 

polymerization, [61] among others.  

Recently, our group reported a novel synthetic methodology for the 

synthesis of the elusive 1,4-functional tetramethylpyrazines (Scheme 1, A) 

and used them as catalysts for the aerobic oxidative homocoupling of 

primary amines, thanks to the reversible redox behavior of these 

compounds and the remarkable stability of their radical-cationic form. [62] We 

explored further the exploitation of stable radical cations as oxidation 

catalysts with the development of a series of 5,10-disubstitued phenazines 

(Scheme 1, B) which showed remarkable activities for the oxidative homo 

and cross coupling of amines. [63] Interestingly, even though the strong redox 

properties of phenazines and the stability of their open-shell derivatives are 

relatively well-known, there are very few additional reports on their use as 

redox catalysts. Notable examples are the reports from the Miyake group on 

their use as catalysts for photoinduced atom transfer radical 

polymerization,[64, 65] and the use the non-functionalized 5,10-

dihydrophenazine (in stoichiometric amounts) as oxidant and proton-

transfer reagent for aldehyde esterification.[66] Inspired by our previous 

works on the preparation of hybrid porous polymers based on polyhedral 

oligomeric silsesquioxane (POSS),[42] and the aforementioned pyrazine and 

phenazine radical-cation oxidation catalysts, [63] we designed and 

synthesized a novel type of covalently linked porous polymers exhibiting  

tetrakis(phenyl)silane moieties as structural elements cross-linked by 

phenazine groups (Scheme 1, C).  
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Scheme 1. Development of metal-free radical cation precursors to be used as catalysts 

in aerobic oxidative coupling reactions 

Moreover, we extended the reaction scope of this type of catalysts and used 

successfully both the molecular derivatives (1a-f) and the CCP (2) for C-C 

bond formations via cross-dehydrogenative Aza-Henry reactions. This 

represents, to the best of our knowledge, the first example of a metal-free 

heterogeneous system for cross-dehydrogenative coupling reactions. 

During the preparation of this manuscript, a similar type of microporous 

polymer containing phenazine groups was independently reported by Guo 

and co-workers, which showed remarkable activity on the oxidative coupling  

of amines. [67] 

Results and Discussion 

Catalyst Synthesis and Characterization 

Homogenous phenazine pre-catalyst (1a-f) were prepared according to the 

reported procedure. [63] The active 7-π-electron radical-cationic state of the 

phenazines was achieved by oxidation with stoichiometric amounts of 

NOBF4 (Scheme 2). [63]  

 

Scheme 2. A) General synthesis of the molecular phenazine pre -catalysts. B) 

Preparation of the catalytic active species via oxidation.  

The covalently linked porous polymer (CPP) containing immobilized 

phenazine moieties (2) was prepared by cross-linking of tetrakis(4-

bromophenyl)silane and dihydrophenazine via Pd-catalyzed Buchwald-

Hartwig cross-coupling in toluene at 110°C for 48 h (Scheme 3). After the 

cross-linking, the crude product was recovered by filtration, washed, and 

extracted with several solvents, and dried under vacuum to yield the final 

material. The received red powder is insoluble in common solvents, such as 

water, methanol, chloroform, THF, and acetone, thereby indicating their 

high cross-linking degree of the network.  

 

Scheme 3. Synthesis of covalently linked porous polymer (CPP) containing immobilized 

phenazine moieties (2) via Buchwald-Hartwig cross-coupling. 
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To confirm its structure, the CPP 2 was fully characterized by solid-state 13C, 

29Si Cross Polarization/Magic Angle Spinning Nuclear Magnetic Resonance 

(CP/MAS NMR) and Fourier-transform infrared spectroscopy (FTIR). In the 

solid-state 13C NMR spectrum (Figure 1a), the peaks ranging from 105 to 150 

ppm are attributed to the sp2 phenylene carbon atoms from the silicon-

centered unit and phenazine unit. In the 29Si NMR spectrum (Figure 1b), one 

signal at -18 ppm was observed and can be attributed to the central Si atom 

in the framework (the chemical shift of the starting material was -13.52 in 

CDCl3),[68] indicating no occurrence of Si-C cleavage during the 

polymerization  

 

Figure 1. Solid-state 13C NMR (a) and 29Si NMR (b) spectra of 2. The signals with the 

asterisks are attributed to the spinning side bands. 

The porosity of catalyst 2 was investigated by nitrogen adsorption-

desorption experiment at 77 K. The material gives rise to a combination of 

type I and IV isotherms (Figure 2a), [69] which exhibits a sharp uptake at low 

relative pressures and then a gradually increasing uptake at higher relative 

pressures with a hysteresis. The Brunauer–Emmett–Teller (BET) surface area 

(SBET) and the total pore volume (Vtotal) of the catalyst are 377 m2 g-1 and 0.27 

cm3 g-1. The micropore surface area (Smicro) and the micropore volume (Vmicro) 

were calculated to be 253 m2 g-1 and 0.10 cm3 g-1 by using the t-plot method. 

Thus, the Vmicro/Vtotal ratio, representing the contribution of microporosity in 

the network, is 0.37, suggesting that the network is predominantly 

mesoporous. The pore size distribution (PSD) was evaluated by nonlocal 

density functional theory (NL-DFT). The material possesses a relatively 

uniform micropores with an average diameter centered at ca. 1.23 nm and 

a broad mesopore (Figure 2b). Thermogravimetric analysis (TGA) reveals 

that the catalyst shows high thermal stability with Td (5% mass loss) at 

approximately 350°C, comparable to other silicon-centered porous 

materials (Figure 2c). [42] Field emission scanning electron microscopy (FE-

SEM) of 2 shows that the solid consists of a nanostructured interlinking  

irregular particles of lamellar shape (Figure 2, d). In contrast to the 

conventional amorphous porous polymers, the X-ray diffraction (XRD) 

pattern of 2 shows two broad reflexes centred at 12.7° and 19.4°, equivalent 

to d-spacing distances of 6.2 and 4.4 Å, respectively (Figure 2e). This finding 

indicates that the obtained CPP have locally molecular homogeneity and 

long-range order although the degree of the order is not very high. Indeed, 

those crystalline or partially crystalline porous organic polymers are very 

rare, to the best of our knowledge only one example from 2010 is reported 

in literature. [70]  

 

Figure 2. Solid state characterization of 2. a) Nitrogen adsorption-desorption isotherm; 

b) pore size distribution curve; c) TGA curves under N2 atmosphere with a heating rate 

of 10°C min−1; d) FE-SEM image; e) Powder XRD pattern. 

The presence of unpaired electrons at the material’s surface was assessed 

by electron paramagnetic resonance (EPR), just as it was previously 

investigated for its molecular counterparts. [63] A very strong signal was 

observed at 3524 Gs (g value of 2.003), which is in the typical range for an 

organic radical (Figure 3). [71, 72] Importantly, this strong signal was observed 

both in the solid sample and in suspension in methyl tert-butyl ether (MTBE) 

and was not affected by bubbling of oxygen in the sample (Figure 3). This 

important observation suggests that 2, as prepared, already possess open-

shell phenazine moieties, without additional oxidative treatment. It can be 

thus assumed that 2 was readily oxidized by atmospheric oxygen during its 

work-up. In contrast to what was observed for molecular phenazines 

(measured and simulated in a previous work),[63] no hyperfine splitting was 

observed. Only marginal shoulders are visible and do not lead to structural 

information about the radical. The broad signals suggest that the radical 

moieties in the catalyst are relatively close to each other, resulting in an 

interaction of the paramagnetic moments. 

a) b)

c) d)

e)
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Figure 3:  Normalized EPR signals from pure 2 (powder), 2 in solution in MTB with 

oxygen (MTBE + O2), and 2 in MTBE under inert atmosphere (MTBE) 

In the FTIR spectroscopy of 2 (Figure 4, upper trace), the characteristic Si-C 

stretching vibration was observed at 1481 cm-1. Compared to the vibration 

spectrum of dihydrophenazine (1a, Figure 4, lower trace) The disappearance 

of absorption band (N-H stretching) at ca. 3501 cm-1, confirms the successful 

cross-coupling between the tretraphenylsilane monomer and 1a. Parts of 

the infrared vibrations of 1a can also be found in the IR spectrum of 2, e.g. 

the bands at 1481, 1387, 1261, 1038, 912, 762, 735 and 679 cm-1, which can 

be attributed to the phenyl moieties of the phenazine molecule. Other 

bands such as those at 3064, 3051 and 3014 cm-1 as well as 1099 cm-1 can 

be associated with the increased number of phenyl rings in the polymer and 

to Si-Ph vibrations, respectively (see also Figure S6). 

 

Figure 4. IR spectra of pure 2 as powder (upper trace) and 1a dissolved in 

dichloromethane (lower trace) 

 

Catalytic Experiments 

The ability of phenazine radical cations to furnish iminium ions from amines 

via single-electron transfer (SET) under aerobic conditions has been 

previously observed and confirmed in our previous investigations. [63] Thus, 

we figured, it should be possible to trap different carbon nucleophiles with 

these reactive intermediates under the proper conditions (Scheme 4), just 

as it has been thoroughly exploited in cross-dehydrogenative couplings  

(CDC),[73] a powerful and elegant methodology for furnishing C-C bonds from 

two different C-H groups. [74-76]  

 

Scheme 4. Generation and reactivity of hydroisoquinoline-2-ium intermediates in a 

cross-dehydrogenative coupling reaction 

Hence, we selected the cross-dehydrogenative aza-Henry (nitro-Mannich)  

reaction between hydroisoquinolines and nitromethane as model system to 

test our hypothesis. This reaction has been widely used in organic synthesis 

since the introduced nitro synthon can be converted into 1,2-diamines[77, 78] 

or α-aminocarbonyls (Nef reaction). [79] There are many catalytic approaches 

to achieve this transformation, mostly using noble metals like Ru, [80] and 

Ir,[81] and more recently under photochemical conditions using metal 

complexes.[82, 83] Metal-free photocatalytic systems, which often use Eosin 

as photosensitizer,[84] are relatively rare. [85] Beside the catalytic systems 

there is a larger number of reports using stoichiometric amounts of oxidants  

like DDQ,[86] or H2O2.
[87] However, metal-free systems able to catalyze aza-

Henry reactions under thermal conditions are still under-developed, 

displaying very slow kinetics or requiring stoichiometric amounts of 

additives which leads to significant amounts of waste. [88-90]  

Thus, initial experiments on the cross-dehydrohgenative aza-Henry reaction 

using the preactivated molecular phenazine radical cations ([1]BF4 and the 

heterogeneous counterpart 2) as catalysts, hydroisoquinoline 3a as pre-

electrophile and nitromethane as both pre-nucleophile and solvent, were 

performed under atmospheric oxygen pressure at elevated temperature 

(Table 1). The possible formation of the 3,4-dihydroisoquinolone side 

product 5a will not be addressed at this point; the chemoselectivity of this 

reaction is described further below (Table 2).   

To ensure that any detected catalytic activity is solely caused by the catalysts, 

inductively coupled plasma / optical emission spectrometry (ICP-OES) 

analysis was performed to 3a to assess the presence of traces of copper 

coming from the substrate synthesis, (since copper itself is well able to 

catalyze the reaction). [91] No copper was detected by this method, so if there 

are any traces of this metal, should be in amounts lower than 0.005 mol% 

(relative to 3a). However, since there is a small product being formed in the 

absence of phenazine catalyst (Table 1, entry 8), we performed the reaction 

with the addition of 1 mol% CuI to the mixture, leading to a only slightly 
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increased conversion compared to the reaction without any catalyst (Table 

1, entry 10). Consequently, the catalytic activity can be attributed to the 

phenazine catalysts 1. 

The conditions were optimized to improve the reaction yield. The loading of 

the catalyst 1 was varied from 0.1 to 50 mol% relative to the substrate 3a 

(Figure S7). The lowest loading (0.1 mol%) showed no effect on the reaction, 

while it reached a maximum of 86 % with 5 mol% catalyst loading and 

dropped rapidly with higher loadings. Therefore, 5 mol% was chosen as 

catalyst loading for all further experiments with 1. Loadings higher than 20 

mol% showed no catalytic effect, suggesting that the catalyst is deactivated 

through intramolecular interactions between catalyst molecules. The 

reversible dimerization of the curved π-radical cations, as described by 

Hiroto and Shinokubo upon increasing its concentration could explained the 

observed deactivation. [92] The optimal catalyst loading for the phenazine-

containing CPP (2) was also investigated, varying it from 5 to 25 mg per mmol 

of substrate (mmolsubs). The yield increased with rising catalyst loading form 

25 % up to a plateau at 78 % when 20 mg/mmolsubs were used (Figure S8). 

A temperature screening was also performed, for which catalyst 1b was 

selected (Figure S9). It was observed that the conversion of 3a is possible at 

room temperature (20 % yield), while the yield increased continuously until 

90°C, where it reached a plateau at around 90 % yield. Therefore, 90°C was 

chosen as reaction temperature for the rest of the experiments. A solvent 

screening was not conducted since nitromethane serves as both substrate 

and solvent. The influence of a decreased oxygen partial pressure was 

investigated by using air instead of pure oxygen as oxidation agent, resulting 

in a considerable drop in the catalyst activity Table 1, entry 10). 

In line with our previous observations, [63] pre-oxidation of the homogeneous  

phenazine catalysts with NOBF4 was necessary to achieve reproducible  

catalytic activity, hence for this investigation also the homogeneous  

catalysts were used as the corresponding BF4 salt. ([1]BF4). Interestingly, in 

contrast to its molecular analogues, the heterogeneous catalyst 2 does not 

require pre-oxidation. Hence previous treatment with either NOBF4, H2O2 or 

O2 does not lead to any improvement in catalytic activity and was therefore 

not applied for the subsequent experiments. 

All the tested catalyst (except from the underivatized phenazine 1a, which 

shows an inhibitory effect, resulting in conversions even lower that the 

uncatalyzed reaction) showed good to excellent conversions, being 1b the 

most active (Table 1, entry 2). The catalytic activity of the 1c to 1f increased 

along with the electron density at the N-Phenyl rings (Table 1, entry 3-6). 

Their overall lower catalytic activity compared to 1b can be explained 

through their lower ionization energy. In our previous work, the ionization 

energies of these molecules was determined with DFT calculations. [63] For 

instance, the lower ionization barrier for radical formation of 1f (129.8 kcal 

mol-1) compared to 1b (139.9 kcal mol-1) suggests a more stable radical state 

and therefore, lower reactivity under catalytic conditions.  

To our delight, the newly synthesized covalently linked porous polymer 2 

displayed a good catalytic activity under these conditions (80%, Table 1, 

entry 7). Moreover, it was possible the recover and re-use the 

heterogeneous catalyst (up to eight time) with only a small initial apparent 

activity decrease after which it plateaued at 74% (Figure S11). 

Table 1. Aerobic cross-dehydrogenative aza-Henry reaction catalyzed by molecular 

phenazine radical cations 

 

A substrate screening was done to investigate the influence of both the 

electrophile and nucleophile on the reaction yield and selectivity. For this 

purpose, the molecular pre-catalyst 1b and the CPP 2 were chosen (Table 2). 

Apart from the expected aza-Henry coupling product (4), almost in every 

case the corresponding 3,4- dihydroisoquinolone (5) was obtained, in some 

cases, to our surprise, as the major product (the identity of the isoquinolone 

product was confirmed by single crystal X-ray diffractometry; Figure S3 and 

S4). These amides are common minor side products in oxidation of benzylic 

amines and isoquinolines and its selective formation can be achieved under 

the right reaction conditions. [63, 93, 94] What came as a surprise was the strong 

selectivity dependence on the electronic properties of the substrate. For 

instance, when the molecular catalyst [1b]BF4 was used with the electron 

rich p-methoxy tetrahydroisoquinoline 3c, the almost exclusive formation of 

the isoquinolone 5c was achieved (95 %, Table 2, entry 5). In contrast, using 

the same catalyst with the electron poor p-trifluoromethyl containing  

substrate 3d, the desired aza-Henry coupling product 4d is obtained as the 

major product (75%, Table 2, entry 7). Interestingly, when the 

heterogeneous catalyst 2 was used, the preferred reaction product was 

always the aza-Henry adduct 5, in approximately 2:1 ratio (4c to 5c) with the 

methoxy-substituted substrate substrate (Table 2, entry 6). and in 

quantitative amounts with the trifluoromethylated analogue (Table 2, entry 

8). 

 

 

Entry[a] Catalyst 3a consumption [%][b] 

1 1a 3 

2 1b 90 

3 1c 43 

4 1d 51 

5 1e 40 

6 1f 56 

7 2 80 

8 - 15 

9[c] CuI 21 

10[d] 1b 26 

[a] Reaction conditions (if not stated differently): 90°C, 1 bar oxygen, neat, 15 h, 5 

mol% of catalyst [1]BF4 or 20 mg/mmolsubs.of catalyst 2. [b] Determined by GC-MS 

[c] 1 mol% of CuI [d] Using air as oxidant. 
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Table 2. Substrate conversion with different catalysts applied to the reaction 

 

Mechanistic Investigations 

Kinetic plots for the aza-Henry reaction (substrate concentration vs. time, 

Figures S12 to S17) for substrates bearing different substituents in para 

position of the 2-phenyl group (3a-d) using pre-catalyst 1b showed a pseudo 

zero order dependency every case, indicating that the reaction rate is highly 

limited by the concentration of one reactant, presumably by the diffusion of 

oxygen, as previously observed in oxidative amine coupling reactions with 

the same catalysts. [63] Consumption rates (k) were obtained from the slope 

of the linear function of the substrate concentration against time (Table 3).  

 

Table 3. Hammett Constants (σp) and Kinetic Constants (k) of Substrate consumption 

from 3a-d with pre-catalyst 1b 

 

When using the homogeneous catalyst ([1b]BF4), data clearly showed that 

the stronger the electron donating capability of the substituent in para 

position of the phenyl ring, the faster the substrate consumption in the 

reaction was. This trend was further observed in the corresponding 

Hammett-plot (Figure 5), attesting the intermediacy of a positively charged 

species (iminium) that is stabilized by the influence of electron-donating  

groups. [95] Interestingly, when using catalyst 2, a clear σ free-energy 

relationship was not observed, suggesting that polar interactions do not play 

any role in the rate determining step in the heterogeneous system. 

 

Figure 5. Hammett σ free-energy relationship for the homogeneous cross-

dehydrogenative aza-Henry coupling of tetrahydroisoquinolines with nitrometane 

under aerobic conditions.  

Based on our previous fluorescence, UV-vis and EPR analysis of phenazine 

catalyzed oxidation reactions, [63] together with the kinetic observation 

described above, a general reaction mechanism can be proposed (Scheme 

5). In an initial stage, the phenazine pre-catalyst needs to be oxidized. Hence, 

since the O2 concentration in the reaction mixture is low, in the case of the 

molecular catalysts 1, a better performance is achieved by pre-treatment 

with NOBF4. Conversely, since CPP 2 already attains its activated radical-

cationic stage by reaction with atmospheric oxygen in the solid state (as 

confirmed by EPR), a pre-oxidation is not necessary and can directly be used 

in catalysis. Either way, oxidation of 1 shall produce the corresponding 

phenazine radical-cation and, when oxygen enters the cycle, a reduced 

oxygen species, most likely a superoxide radical anion, O2
•- (alas, an 

undisputable proof of its intermediacy remains elusive). Subsequently, SET 

with the isoquinoline substrate 3 regenerates the closed-shell phenazine 1 

and yields the amine radical cation 6. After the formation of 6, hydrogen 

atom abstraction by O2
.- forms radical 7 and the hydroperoxyl radical HOO.. 

These two species might subsequently react either by direct recombination 

or SET to produce an equilibrating mixture of the iminium ion 8 and 

hydroperoxide 9.[96-98] The intermediacy of the positively charged species 8 

is supported by the observed Hammett relationships (see above). The 

iminium intermediate 8 can thus undergo two different pathways: it reacts 

electrophilically with nitromethane to generate the expected aza-Henry 

adduct 4 or it is nucleophilic attacked by adventitious water in the solution 

to produce a hemiaminal (10), which can be oxidized to form the 

isoquinolone product (5).[93, 99] Addition of molecular sieves to the reaction 

mixture inhibited the formation of 5, thus confirming this hypothesis. 

We hypothesize that in the homogeneous system the nucleophilic attack to 

the cationic intermediate 6 is the slower step, thus allowing the side reaction 

with water and leading to the (sometimes preferential) formation of 5. On 

the contrary, for the heterogeneous system, since the iminium intermediate 

 

Entry[a] Substrate (R) Catalyst Yield of 4 [%][b] Yield of 5 [%][b] 

1 3a (H) 1b 73 25 

2 2 78 0 

3 3b (CH3) 1b 19 80 

4 2 81 24 

5 3c (OCH3) 1b 4 95 

6 2 55 21 

7 3d (CF3) 1b 75 21 

8 2 99 0 

[a] Reaction conditions: 90°C, 1 bar oxygen, 15 h, 5 mol% of catalyst [1b]BF4 or 20 

mg/mmolsubs. of catalyst 2; [b] Determined by GC 

Entry[a] Substrate (R) σp k [L mol-1 s-1] Lg (k) 

1 3a (H) 0 -0.028 -1.553 

3 3b (CH3) -0.17 -0.029 -1.524 

5 3c (OCH3) -0.27 -0.034 -1.469 

7 3d (CF3) 0.54 -0.021 -1.686 

[a] Reaction conditions: 90°C, 1 bar oxygen, 15 h, 5 mol% of catalyst [1b]BF4  
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is not involved in the rate determining step, its rapid coupling with 

nitromethane impairs is collateral reaction with water and results in the 

preferential formation of the aza-Henry product 4. Moreover, mass-

transport effects at the surface of the heterogeneous catalysts might play 

an important role on the reaction selectivity, but further mechanistic 

investigations are necessary to assess this possibility.  

 

Scheme 5: Proposed reaction mechanism for phenazine catalyzed cross -

dehydrogenative aza-Henry reaction in the presence of atmospheric oxygen 

Conclusions 

Molecular phenazine catalysts have previously shown outstanding activities  

as catalysts for aerobic oxidative amine coupling and cross-coupling  

reactions. In this contribution we expanded the reaction scope of this novel 

type of metal-free oxidation catalyst and demonstrated their applicability in 

cross-dehydrogenative aza-Henry coupling of different isoquinolines with 

nitrometane under aerobic conditions. Moreover, we have designed and 

synthesized a porous covalent polymer containing catalytically active 

phenazine moieties cross-linked by tetraphenylsilane moieties. This novel 

porous material was fully characterized, and its catalytic potential was 

demonstrated in the aza-Henry coupling reaction. Interestingly, the 

selectivity of the reaction towards the expected aza-Henry product (vs. the 

corresponding isoquinolone) depends heavily on the electronic situation of 

the substrate and on the nature of the catalyst. Thus, with the 

heterogeneous polymeric phenazine catalysts 2, the aza-Henry product (4) 

was obtained preferentially, disregarding the electronic properties of the 

substrate. A plausible reaction mechanism was proposed, considering 

previous spectroscopic observations along with additional kinetic 

experiments. Importantly, these organocatalysts are among the few that 

can catalyze aza-Henry reactions under thermal conditions. Moreover, CPP 

2 is, to best of our knowledge, the first metal-free heterogeneous system 

reported for cross-dehydrogenative coupling reactions. 

Experimental Section 

General Information 

All reactions were performed under Schlenk, air/moisture-free conditions.  

All solvents were dried, degassed and stored in septum-sealed flasks over 

molecular sieves under Argon atmosphere. Solvents for catalyst preparation 

were distilled over Na, CaH2 or molecular sieves following standardized 

procedures. All chemicals were purchased from commercial sources (unless 

stated otherwise). Most of chemicals were used without further purification.  

The purity of purchased products was confirmed by either NMR 

spectroscopy or GC/MS analysis.  

NMR spectra in liquid phase were recorded in CDCl3 or Toluene-D8 using 

Bruker Avance 300 spectrometer with QNP probe head (1H: 300 MHz, 13C: 

75 MHz) or Bruker Avance 400 spectrometer (1H: 400 MHz, 13C: 100 MHz). 

The calibration of the spectra was carried out on referenced with residual 

solvent shifts and were reported as parts per million (ppm) relative to SiMe4. 

Multiplicities are abbreviated as follows: singlet (s), doublet (d), triplet (t), 

quartet (q), doublet-doublet (dd), doublet-triplet (dt), quintet (quint), sextet 

(sext), septet (sept), multiplet (m), and broad (br). Samples were generally 

measured at room temperature (297 K). Deuterated solvents were degassed 

and distilled if necessary.  

Solid-state 13C cross-polarization/ magic-angle-spinning (CP/MAS) NMR and 

29Si MAS NMR data were collected on Bruker AVANCE-500 NMR 

Spectrometer operating at a magnetic field strength of 9.4 T. The resonance 

frequencies at this field strength were 125 and 99 MHz for 13C NMR and 29Si 

NMR, respectively. A chemagnetics 5 mm triple-resonance MAS probe was 

used to acquire 13C and 29Si NMR spectra. 29Si MAS NMR spectrum with high 

power proton decoupling was recorded using a π/2 pulse length of 5 μs, a 

recycle delay of 120 s and a spinning rate of 5 kHz. 

ESI-TOF spectra were obtained on Waters Q-TOF micro mass spectrometer. 

The samples were dissolved in Methanol-Water (9:1) mixture with 0.1 % 

HCOOH to achieve sufficient ionization. All chromatograms were obtained 

on GC analysis was performed on Hewlett-Packard 6890 Series. Samples 

were dissolved in tetrahydrofuran (THF) and sampled into the GC column. 
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GC/MS analysis was performed on Agilent 6890/5973 GC-MS or on Agilent 

7890/5977 GC-MS. Samples were dissolved in tetrahydrofuran (THF).  

IR spectra were recorded on a Nicolet Avatar 370 (Thermo Electron) FTIR 

spectrometer equipped with a smart endurance ATR accessory.  

Thermogravimetric analysis (TGA) was performed under N2 using a TA 

SDTQ600 at a temperature range of room temperature to 800°C with a 

heating rate of 10°C min-1. To eliminate the effect of possible adsorption of 

moisture from atmosphere, all the samples were dried at 100 °C under 

vacuum for 10 h before measurements. 

Field-emission scanning electron microscopy (FE-SEM) experiment was 

performed by using HITACHI S4800 Spectrometer.  

The EPR spectra were recorded at 300 K with a Bruker EMX CW-micro 

spectrometer equipped with an ER 4119HS-WI high-sensitivity optical 

resonator. g values have been calculated from the resonance field B0 and 

the resonance frequency ν using the resonance condition hν = gβB0.  

The molecular phenazine catalysts (1a-f) and their corresponding 

tetrafluoroborate salts ([1]BF4) were obtained following the previously 

reported procedures. [63] 

Synthesis of Covalent Porous Polymer 2 

A three-necked flask was charged with tetrakis(4-bromophenyl)silane (1.96 

g 3 mmol), palladium(II) acetate (68.39 mg, 0.3 mmol), potassium carbonate 

(4.19 g, 30.36 mmol) and tri-tert-butylphosphine (226.6 mg, 1.12 mmol) in 

toluene (40 mL) under argon atmosphere. The resultant mixture was 

bubbled with argon under stirring for at least 0.5 h at room temperature and 

then dihydrophenazine (1.09 g, 6 mmol) was added. Then the mixture was 

stirred at 110°C for 48 h. After the reaction, the precipitate was filtered, 

washed with THF, chloroform, water, methanol, and acetone to remove 

unconsumed monomers, inorganic salts, catalyst and other residues. 

Further purification was carried out by Soxhlet extraction with THF for 24 h 

and chloroform for 24 h. Finally, the product was dried in a vacuum at 80°C 

to obtain a brown solid with the yield of 91%. Elemental analysis calcd (%) 

for C48H2N4Si: C 83.24, H 4.62, N 8.08; found: C 78.14, H 5.01, N 7.95.  

Substrate Synthesis 

Dihydroisoquinoline derivatives (3a-d) were prepared according to the 

reported procedure, [100] given exemplarily for 2-phenyl-1,2-

dihydroisoquinoline 3a. All substrates were synthesized following the 

general procedure. 

2-phenyl-1,2-dihydroisoquinoline (3a), General procedure: Copper (I) 

iodide (0.213 g, 1 mmol) and potassium phosphate (4.25 g, 20 mmol) were 

added into a 50 ml three-neck round-bottom flask with a Dimroth condenser, 

a Schlenk valve and a Teflon® magnetic stirrer. The flask was evacuated tree 

times for 20 min and flushed with argon. Subsequently, 2-propanol (10 ml), 

ethylene glycol (1.2 ml, 20 mmol), 1,2,3,4-tetrahydro-isoquinoline (2 ml, 15 

mmol) and iodobenzene (1.12 ml, 10 mmol) were added successively with a 

syringe at room temperature. The resulting orange mixture was heated at 

90°C in an oil bath and stirred at this temperature for 24 h. After cooling to 

room temperature, 20 mL water was added, and the organic layer was 

extracted tree times with 20 ml diethyl ether. The combined organic phases 

were washed with brine (100 g sodium chloride per 1 L water) in a separating 

funnel. The solution was dried over magnesium sulfate and filtrated. Silica 

was added to the organic phase and the diethyl ether was removed by rotary 

evaporation. After performing thin layer chromatography (TLC) the product 

was purified by column chromatography on silica gel (n-heptane/ethyl 

acetate 10:1). The desired product was collected with a retention time Rf = 

0.7. The desired product was a white solid, mass 1.6 g (yield: 51%). The 

obtained spectra match literature reports: [101, 102] 1H NMR (300 MHz, CDCl3)  

δ 7.28 – 7.19 (m, 2H), 7.16 – 7.07 (m, 4H), 6.97 – 6.89 (m, 2H), 6.81 – 6.73 

(m, 1H), 4.35 (s, 2H), 3.51 (t, J = 5.9 Hz, 2H), 2.93 (t, J = 5.7 Hz, 2H) 13C NMR 

(75 MHz, CDCl3) δ 150.69, 135.02, 134.61, 129.34, 128.66, 126.68, 126.46, 

126.16, 118.79, 115.28, 50.87, 46.66, 29.26. 07.  

2-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline (3b): Following the general 

procedure, copper (I) iodide (0.203 g, 1 mmol), potassium phosphate (4.26 

g, 20 mmol) and iodotoulene (2.18 g, 10 mmol) were added together with 

2-propanol (10 mL), ethylene glycol (1.2 mL, 20 mmol), 1,2,3,4-tetrahydro-

isoquinoline (2 mL, 15 mmol). The pure product was obtained by column 

chromatography on silica gel using a mixture of pentane and ethyl acetate 

(10:1), Rf = 0.6. The desired product was a yellowish oil, mass 2.5 g (yield 

75 %). The obtained spectra match literature reports:[102] 1H NMR (400 MHz, 

CDCl3) δ 7.66 – 7.60 (m, 1H), 7.29 – 7.19 (m, 2H), 4.43 (s, 1H), 3.58 (t, J = 5.9 

Hz, 1H), 3.05 (t, J = 5.7 Hz, 1H), 2.38 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 

148.63, 137.22, 131.21, 129.73, 128.60, 126.55, 126.26, 125.95, 115.83, 

51.44, 47.25, 29.14, 21.04. 

2-(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline (3c): Following the 

general procedure, copper (I) iodide (0.203 g, 1 mmol), potassium 

phosphate (4.27 g, 20 mmol) and iodoanisole (2.34 g, 10 mmol) were added 

together with 2-propanol (10 mL), ethylene glycol (1.2 mL, 20 mmol), 

1,2,3,4-tetrahydro-isoquinoline (2 mL, 15 mmol). The pure product was 

obtained by column chromatography on silica gel using a mixture of n-

pentane and ethyl acetate (10:1), Rf = 0.8. The desired product was a white  

solid, mass 2.4 g (yield: 68%). Single crystals of 3c were obtained by slow 

evaporation of a saturated diethyl ether solution at room temperature. The 

obtained spectra match literature reports:[102] 1H NMR (400 MHz, CDCl3) δ 

7.21 – 7.10 (m, 1H), 7.02 – 6.97 (m, 1H), 6.90 – 6.85 (m, 1H), 4.31 (s, 1H), 

3.79 (s, 1H), 3.46 (t, J = 5.9 Hz, 1H), 6.91 – 6.85 (m, 1H), 7.59 – 7.53 (m, 1H), 

3.00 (t, J = 5.9 Hz 1H), 7.02 – 6.96 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 153.61, 

145.48, 138.32, 128.82, 126.64, 126.03, 118.15, 116.48, 55.77, 55.44, 52.80, 

29.24. 

2-(4-(trifluoromethyl)phenyl)-1,2,3,4-tetrahydroisoquinoline (3d): 

Following the general procedure, copper (I) iodide (0.230 g, 1 mmol), 

potassium phosphate (4.26 g, 20 mmol) and 4-iodo-triflourotoluene (2.72 g, 

10 mmol) were added together with 2-propanol (10 mL), ethylene glycol (1.2 

mL, 20 mmol), 1,2,3,4-tetrahydro-isoquinoline (2 mL, 15 mmol). The pure 

product was obtained by column chromatography on silica gel using a 

mixture of pentane and ethyl acetate (10:1), Rf = 0.4. The desired product 

was a white solid, mass 3.5 g (yield: 83%). Single crystals of 3d were obtained 

by slow evaporation of a saturated diethyl ether solution at room 
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temperature. The obtained spectra match literature reports:[102] 1H NMR 

(300 MHz, CDCl3) δ 7.53 (d, J = 8.6 Hz 1H), 7.27 – 7.15 (m, 2H), 6.95 (d, J =  

8.7 Hz 2H), 4.50 (s, 1H), 3.64 (t, J = 5.9 Hz, 2H), 3.01 (t, J = 5.9 Hz, 3H). 13C 

NMR (75 MHz, CDCl3) δ 152.27, 138.17, 135.05, 133.95, 128.47, 126.84, 

126.65, 126.48, 113.07, 77.58, 77.16, 76.74, 49.56, 45.35, 32.04, 29.11, 

22.85, 14.26. 19F NMR (282 MHz, CDCl3) δ -61.03. 

Catalysis 

The general procedure for the catalytic aza-Henry reaction is given 

exemplarily for the 1-(nitromethyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline 

4a. The other products were synthesized following the general procedure.  

1-(nitromethyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline (4a), General 

procedure: 2-phenyl-1,2-dihydroisoquinoline (0.95 mmol, 200 mg), 0.048 

mmol of catalyst [1][BF4
-] (5 mol%) or 20 mg of 5,10-di(4-methoxyphenyl)-

5,10-dihydrophenazine 2 and nitromethane (37 mmol, 0.5 ml, 39 eq) were 

added together in a Schlenk flask. The solution was flushed tree times with 

oxygen. A balloon with oxygen (~ 1 bar) was attached to the Schlenk valve. 

The reaction was conducted for 15 h at 90°C in an oil bath. After performing 

TLC with the cold reaction mixture, the product was purified by column 

chromatography on silica gel (heptane/ethyl acetate 10:1). The product was 

collected with a retention time of Rf = 0.8. The desired product was a 

greenish liquid. For yields see Table 2. The obtained spectra match literatur e 

reports:[103] 1H NMR (300 MHz, CDCl3) δ 7.29 – 7.11 (m, 6H), 6.99 (d, 2H), 6.86 

(t, J = 7.2 Hz, 1H), 5.56 (t, J = 7.2 Hz, 1H), 4.88 (dd, J = 11.8, 7.8 Hz, 1H), 4.57 

(dd, J = 11.8, 6.6 Hz, 1H), 3.73 – 3.54 (m, 2H), 3.16 – 2.98 (m, 1H), 2.80 (dt, J 

= 16.3, 4.8 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 148.57, 135.42, 133.08, 

129.65, 129.33, 128.27, 127.15, 126.85, 119.59, 115.26, 78.94, 58.34, 42.24, 

26.62. (ESI-TOF): m/z = 268.12057, calc. for C16H16O2N2 [M+H]+ m/z = 

268.12063. The side product 2-phenyl-3,4-dihydroisoquinolin-1(2H)-one 

(5a) was analyzed via GC/MS. The EI-MS spectrum matches literature 

reports[104] (see Supporting Information). Single crystals of 5a were obtained 

by slow evaporation of a saturated diethyl ether solution at room 

temperature. Then, one single crystal was removed from the mother liquor 

and used as seed in a fresh diethyl ether solution and allow to grow for 14 

days at room temperature. The molecular structure of 5a was confirmed by 

single-crystal X-ray diffraction (see Supporting Information).  

1-(nitromethyl)-2-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline (4b): Following  

the general procedure, using 2-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline (200 

mg, 0.9 mmol). The pure product was obtained by column chromatography 

on silica gel using a mixture of pentane and ethyl acetate (10:1), Rf = 0.8. The 

desired product was a yellowish liquid. For yields, see Table 2. The product 

was analyzed by GC/MS and EI-MS. The EI-MS spectrum is given in the 

supporting Information. The obtained NMR spectra match literature 

reports:[103] 1H NMR (300 MHz, CDCl3) δ 7.19 – 7.03 (m, 2H), 7.02 – 6.97 (m, 

1H), 6.84 – 6.78 (m, 1H), 5.42 (t, J = 8.0, 6.4 Hz, 1H), 4.78 (dd, J = 11.9, 8.0 

Hz, 1H), 4.49 (dd, J = 11.8, 6.4 Hz, 0H), 3.62 – 3.46 (m, 1H), 2.99 (ddd, J = 15.4, 

9.0, 6.0 Hz, 1H), 2.69 (dt, J = 16.4, 4.6 Hz, 1H), 2.26 (s, 3H). The side product 

2-(p-tolyl)-3,4-dihydroisoquinolin-1(2H)-one (5b) was analyzed via GC/MS. 

(see Supporting Information). 

2-(4-methoxyphenyl)-1-(nitromethyl)-1,2,3,4-tetrahydroisoquinoline (4c): 

Following the general procedure, using 2-(4-methoxyphenyl)-1,2,3,4-

tetrahydroisoquinoline (200 mg, 0.9 mmol). The pure product was obtained 

by column chromatography on silica gel using a mixture of pentane and ethyl 

acetate (10:1), Rf = 0.8. The desired product was a yellowish liquid. For yields 

see Table 2. The obtained spectra match literature reports: [103] 1H NMR (400 

MHz, CD3CN) δ 7.27 – 7.20 (m, 3H), 7.18 – 7.14 (m, 1H), 6.95 – 6.89 (m, 2H), 

6.83 – 6.78 (m, 2H), 5.41 (dd, J = 9.6, 5.3 Hz, 1H), 4.89 (dd, J = 12.4, 9.6 Hz, 

1H), 4.73 (dd, J = 12.4, 5.2 Hz, 1H), 3.70 (s, 3H), 3.62 – 3.52 (m, 2H), 2.94 – 

2.84 (m, 1H), 2.64 (m, 1H).13C NMR (101 MHz, CD3CN) δ 154.77, 144.21, 

136.78, 133.72, 130.40, 128.66, 128.29, 127.26, 119.71, 118.34, 115.49, 

115.45, 79.64, 59.19, 56.03, 43.27, 25.74, 1.94, 1.73, 1.52, 1.47, 1.32, 1.26, 

1.11, 0.91, 0.70. The side product 2-(4-methoxyphenyl)-3,4-

dihydroisoquinolin-1(2H)-one (5c) was analyzed via GC/MS. (see Supporting 

Information). 

1-(nitromethyl)-2-(4-(trifluoromethyl)phenyl)-1,2,3,4-

tetrahydroisoquinoline (4d): Following the general procedure using 2-(4-

(trifluoromethyl)phenyl)-1,2,3,4-tetrahydroisoquinoline (200 mg, 0.9 mmol. 

The pure product was obtained by column chromatography on silica gel 

using a mixture of pentane and ethyl acetate (10:1), Rf = 0.8. The product 

was a yellowish liquid. For yields see Table 2. The obtained spectra match 

literature reports:[105] 1H NMR (400 MHz, CDCl3) δ 7.57 (m, 2H), 7.37 – 7.25 

(m, 3H), 7.20 (dd, J = 7.5, 1.5 Hz, 1H), 7.07 (m, 2H), 5.68 (t, J = 7.2 Hz, 1H), 

4.92 (dd, J = 12.0, 7.7 Hz, 1H), 4.65 (dd, J = 12.0, 6.7 Hz, 1H), 3.78 – 3.68 (m, 

2H), 3.17 (ddd, J = 16.4, 7.6, 5.7 Hz, 1H), 2.92 (dt, J = 16.3, 5.4 Hz, 1H). 13C 

NMR (101 MHz, CDCl3) δ 150.61, 134.99, 132.44, 129.28, 128.59, 127.10, 

127.04, 126.94, 126.90, 113.41, 78.50, 77.48, 77.16, 76.84, 57.86, 41.84, 

26.62.19F NMR (282 MHz, CDCl3) δ -61.36. The side product 2-(4-

(trifluoromethyl)phenyl)-3,4-dihydroisoquinolin-1(2H)-one (5d) was 

analyzed via GC/MS. (see Supporting Information). 

Supplementary Material 

Supporting information for this article is available on the WWW under 

http://dx.doi.org/10.1002/MS-number. X-ray crystallographic CIF data were 

deposited in Cambridge Crystallographic Data Centre and they are available 

free of charge with the number [CCDC 1938159 (3d), CCDC 1952847 (3c) and 

CCDC 1952651 (5a)]. 
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