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ABSTRACT: Mechanistic study of heterogeneous tandem catalytic system is crucial, but remains challenging, for the 
understanding and improving catalyst activity and selectivity. Here, we demonstrate that a thorough mechanistic study 
of a multistep reaction can guide us to the controllable selective synthesis of phenyltetrahydroquinoline or 
phenylquinoline with easily accessible precursors. The one-pot production can be achieved, catalyzed by a well-defined, 
bifunctional metal-organic framework-supported Pd nanoparticles, with only water as the side product. Our mechanistic 
study identifies six transient intermediates and ten transformation steps from the operando magic angle spinning NMR 
study under 27.6 bar H2. In particular, reactive intermediate 2-phenyl-3,4-dihydroquinoline cannot be observed with 
conventional chromatographic techniques but is found to reach the maximal concentration of 0.11 mol L-1 under the 
operando condition. The most probable reaction network is further deduced based on the kinetic information of reaction 
species, obtained from both operando and ex situ reaction studies. This deep understanding of the complex reaction 
network enables the kinetic control of the conversions of key intermediate, 2-phenyl-3,4-dihydroquinoline, with the 
addition of a homogeneous co-catalyst, allowing the selective production of tetrahydroquinoline or quinoline on demand. 
The demonstrated methods in this work open up new avenues towards efficient modulation of reactions with complex 
network to achieve desired selectivities. 

INTRODUCTION
The concept of tandem catalysis, whereby sequential 
chemical conversions catalyzed by multiple active sites in 
one pot give desirable product selectively, has gained 
significant interest for the selective catalytic production of 
chemicals and fuels.1 This interest is based on the 
prospects of boosting the atom economy, as costly 
intermediate separations and purification processes could 
be avoided. Identified among the 5 priority research 
directions for catalysis science by U.S. DOE in 2017,2 a 
significant challenge is how to direct convoluted 
transformations through the desired routes for the target 
product in a complexed reaction network, given that 
tandem catalysis typically involves multiple transiently-
evolved intermediates. Thus far, optimization of reaction 
conditions has relied mainly on laborious and time-

consuming trial-and-error experiments. The 
establishment of complex reaction networks, including 
reactants, intermediates, and favored and unwanted 
products, would help to elucidate the underlying 
principles of such transformations and, in turn, guide the 
design of efficient catalytic systems.

Probing the reaction network requires but is not limited 
to: (1) identifying reaction species, (2) deconvoluting 
individual reaction paths, and (3) understanding the 
reversibility and rates of interconversions. However, due 
to the co-presence of solid catalysts, reaction solution, 
and reactive gas, an in-depth study of heterogeneous 
tandem reactions and the associated complexed reaction 
network is rather challenging, in particular when 
intermediates are unstable upon sampling. Even for stable 
species, the limited number of intermittent sampling at 
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high temperature and pressure greatly restricts the data 
density to delineate the reaction network accurately. 

Advanced techniques as noteworthy as operando magic 
angle spinning NMR spectroscopy (MAS-NMR)3 has 
proven to be unique for detailed structural and kinetic 
information of multiphasic systems at both high 
temperatures and high pressures.4,5 Accordingly, 
operando MAS-NMR techniques provide the opportunity 
for monitoring the reaction intermediates and ultimately 
mapping out the reaction networks. To elaborate the 
feasibility of our plan, we choose a model tandem catalytic 
system for the production of tetrahydroquinoline (THQ) 
or quinoline, where the first chemical conversion is the 
Claisen-Schmidt condensation of 2-nitrobenzaldehyde 
(NBA) and acetophenone (ACP) to nitrochalcone, followed 
by its reductive intramolecular cyclization, Scheme 1. This 
reaction is ideal not only because the production of THQ 
and quinoline architectures, widely existing in bioactive 
natural products,6 can serve as key pharmaceutical 
ingredients,7-13 and THQ is essential building block of 
hydrogen-storage materials,14-16 but also due to the 
involvement of multiple transiently-evolved intermediates 
as a result of the concurrent reduction of several 
functionalities (i.e., -NO2, C=C, C=O, C=N, and arenes) 
during reductive cyclization.

In order to thoroughly study this tandem reaction and 
gain insights into the fundamental principles behind, a 
stable, well-defined catalyst is necessary. Metal-organic 
frameworks (MOFs) give great promises for the 
integration of multiple active species for tandem catalysis. 
By judiciously selecting the metal centers/clusters and 
ligands of the MOF, a microenvironment is created, which 
can be used to introduce other catalytic species further 
and to aid the catalytic process. Considering that active 
species with acidity and hydrogenation capability are 
needed to accomplish the aforementioned 
transformations, we constructed a bifunctional catalyst by 
supporting Pd nanoparticles (NPs) on an acidic metal-
organic framework (MOF), Pd/UiO-66, Scheme 1. Using 
the advanced operando spectroscopic method, we 
detected and quantified key intermediates (under 27.6 bar 
H2 at 40°C), in particular, the reactive 2-phenyl-3,4-
dihydroquinoline and (E)-3-(2-(hydroxyamino)phenyl)-1-
phenylprop-2-en-1-one that cannot be detected by ex-
situ sampling methods. Significantly, the obtained 
mechanistic information was then utilized to unravel the 
high selectivity in the phenyltetrahydroquinoline (PTHQ) 
synthesis for the Pd/UiO-66 catalyst. More importantly, 
the mechanistic insights further allowed us to switch the 
selectivity of the product between PTHQ and 
phenylquinoline (PQ) by adding a co-catalyst. These 
results provide a new insight for manipulating complex 
transformations.

Scheme 1. Kinetic control in the selective synthesis of 
PTHQ and PQ catalyzed by Pd/UiO-66.

RESULTS AND DISCUSSION
Production of PTHQ with bifunctional Pd/UiO-66 

MOFs have attracted great attention as solid acid 
catalysts.17-20 Modifying the organic linkers or 
immobilizing metal nanoparticles also introduces other 
active sites.21-23 The co-existence of different active sites 
can enable tandem catalysis of two or more consecutive 
steps in one pot to eliminate unnecessary 
separation/purification steps and boost atom 
economy.1,24

In the multistep synthesis of PTHQ (Scheme 1), we first 
carried out the Claisen-Schmidt condensation between 
ACP (1) and NBA (2) at 100 °C with three different acidic 
MOFs, including UiO-66(Zr), HKUST(Cu), and MIL-101(Cr). 
The structural characterization results of these three MOFs 
are shown in Figures S1-S2. UiO-66 shows the highest 
catalytic activities achieving quantitative yield of ortho-
nitrochalcone (4) in 3 h, Figure 1. The high activity could 
be owing to the combined efforts of Lewis acidic Zr with 
missing ligand and Brønsted site by the μ3-OH in the 
SBU.25,26 The strong Lewis acidity has been demonstrated 
in the Meerwein‐Ponndorf‐Verley (MPV) reduction of 
prenol and furfural.27 MIL-101 with coordination-
unsaturated Cr sites show only 8% conversion in 3 h, 
which is much less active compared to UiO-66. Lewis 
acidic HKUST-1 is inefficient in promoting the 
condensation reaction, although it is active in catalyzing 
the Friedländer reaction for the synthesis of quinoline.28 In 
comparison, an inorganic solid acid, -Al2O3, was 
examined and found nearly inactive as well. Therefore, 
UiO-66 is chosen as the acidic catalyst for the multistep 
reaction.

Page 2 of 10

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



O

CH3

CHO

NO2

NO2

OH O

NO2

O

- H2O

ACP, 1

NBA, 2

3 4

a
b

Pd/UiO-66

Figure 1. Conversion of NBA versus reaction time for the 
MOF-catalyzed Claisen-Schmidt condensation reaction. 
Reaction conditions: NBA (0.2 mmol), ACP (0.4 mmol), 
catalyst (5 mg), toluene (1 mL), 100 °C. The lines are added 
only to guide the eye.

To introduce hydrogenation capability to the MOF, we 
synthesized Pd NPs supported on UiO-66 via wetness 
impregnation followed by reduction under flowing H2.29 
The powder X-ray diffraction (PXRD) patterns show that 
UiO-66 and Pd/UiO-66 match the simulated pattern of the 
MOF (Figure S1A), indicating the MOF structure is 
maintained after the loading of Pd NPs (2 wt%). The 
Brunauer-Emmett-Teller (B.E.T.) surface areas of UiO-66 
before and after loading Pd are 1800 and 1530 m2·g-1, 
respectively (Figure S1C and Table S1). The micropore 
volume of UiO-66 also decreases slightly from 0.50 to 0.46 
cm3·g-1. X-ray diffraction peaks of Pd NPs were not 
obvious, possibly due to the low metal loading. As shown 
in the TEM images (Figure S1B), the Pd NPs are dispersed 
uniformly mostly on the external surface of UiO-66 with 
an average diameter of 4.2  0.7 nm. Kinetic studies 
revealed that the catalytic activity of UiO-66 in the 
Claisen-Schmidt condensation reaction only slightly 
decreased after loading Pd NPs.

The production of PQ or PTHQ can be achieved via 
cyclization after reduction of –NO2 in 4. The cyclization 
can proceed in four possible paths (Scheme 2): (I) 
condensation of –NH2 and C=O to form PQ as the direct 
key intermediate; (II) condensation of –NH2 and –OH via 
nuclear substitution to form intermediate 2-phenyl-1,2-
dihydroquinoline after reduction of C=O; (III) 
condensation of –NH2 and C=O to intermediate 2-phenyl-
1,2-dihydroquinoline after reduction of C=C; and (IV) 

condensation of –NH2 and –OH via nuclear substitution to 
form PTHQ directly after reduction of both C=C and C=O.

NO2
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NH2
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NH2
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NH2
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N
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N
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Scheme 2. Reductive cyclization of 4 to PTHQ catalyzed 
by Pd/UiO-66, showing four possible cyclization paths. 
Possible reactant H2 and product H2O are omitted.

Before carrying out the one-pot tandem synthesis of 
PTHQ from NBA and ACP (discussed in a latter section), 
we conducted reductive cyclization (Step 2) of 4 which 
was isolated from the condensation reaction mixture (Step 
1). Their concentration profiles follow pseudo-first-order 
rate law when the hydrogen gas is of large excess and 
catalyst concentration remains unchanged; therefore, the 
results are presented as normalized concentrations in 
Figure 2.30 The conversion of 4 was completed in 5 h with 
56% yield to PTHQ at 40 °C under 27.6 bar H2, Figure 2A. 
PQ is also formed from 4 (Figure 2A), reaching maximal 
yields of 23% at 2 h. To determine whether the 
hydrogenation of PQ is the major reaction path to PTHQ, 
we tested the hydrogenation of PQ under the same 
conditions. The PTHQ production from PQ was 
significantly slower than that from 4, Figure 2B. These 
results suggest that PQ is a side product rather than the 
rate-limiting intermediate toward PTHQ, which is also 
confirmed by the hydrogenation of 4 and PQ under 
ambient-pressure H2 at 50 °C, Figure S3. Furthermore, 
there is a mass loss with 4 as the reactant, which cannot 
be accounted for with any peaks in gas chromatograms.
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Figure 2. Time-resolved concentration profiles of Pd/UiO-66 
catalyzed hydrogenation reaction of (A) 4 and (B) PQ at 40 °C 
and 27.6 bar H2. Reaction conditions: substrate (0.2 mmol), 2 
wt% Pd/UiO-66 (5 mg, ~ 0.5 mmol% Pd), solvent toluene (2 
mL). Conversions were calculated based on analysis of GC 
results. The lines are added to guide the eye.

Mechanistic study with operando MAS-NMR To 
further maximize production of PQ or PTHQ, it is crucial 
to understand the reaction network leading to their 
formation, which is not obvious based on ex situ studies. 
Previous works by Crabtree31 and Soós32 used 
spectroscopic and DFT methods for the simple reduction 
of quinolines to THQs using homogeneous catalysts. 
Similar approaches cannot be readily applied to 
heterogeneous catalytic systems due to the complexity of 
the molecular transformation in our multiphasic reaction 
systems. Therefore, we employed operando high-pressure 
MAS-NMR studies to explore the reaction network.

The high-pressure MAS rotor33,34 was loaded with ACP, 
NBA (0.83 equiv.) and Pd/UiO-66 in toluene. The ACP was 
isotopically labeled at both a- and b- positions with 13C 
(194.5 and 24.3 ppm, respectively), allowing fast-tracking 
of molecular evolution with 13C NMR. Therefore, each 
intermediate and product was detected as two doublets 
due to 1JCC while the non-labeled positions remained 
invisible. To avoid any possible influence of unreacted 

ACP on mechanistic study, 13C-labelled ACP was added 
only in a slight excess.

1719212325135137186188193195
δ (ppm)

21
h

ACP-a
4-a

ACP-b

toluenetoluene

13C  (ppm)

A

Figure 3. Claisen-Schmidt condensation reaction of ACP and 
NBA at 80 °C. (a) Arrays of direct polarization 13C MAS-NMR 
spectra (MAS rate: 5 kHz, 8 scans per transient); (b) kinetic 
analysis of time-resolved NMR spectra. The 5 mm NMR rotor 
was loaded with ACP-,-13C2 (1.56 mg, 12.8 mol) and NBA 
(1.61 mg, 10.7 mol) in 50 L toluene with 1 wt% Pd/UiO-66 
(1 mg). The curvefits (solid lines) were obtained by fitting the 
second-order rate equation.

In Step 1, the Claisen-Schmidt condensation was 
conducted under air at 80 °C (Figure 3A). The ACP 
resonances started to decrease in intensity with the 
appearance of two new doublets at 187.4 and 126.5 ppm 
(Figures 3A and S4), assigned to 4. A trace amount of β-
hydroxyketone intermediate 3 was detected when 
lowering the reaction temperature to 60 °C, Figure S5. No 
aldol product was observed between two acetophenone 
molecules at both tested temperatures. At 12 h, the yield 
of 4 was 80% based on ACP, and the selectivity was >99%; 
besides, the total concentration stayed constant after 21 
h. The concentration profiles of ACP and 4 were extracted 
from the NMR arrays acquired at 80 °C (Figure 3A). The 
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time-resolved data of ACP and 4 were curve-fitted with 
second-order rate equations,35 Figure 3B. The pseudo-
second-order rate constants of ACP and compound 4 
were almost identical: 2.7  0.1 M-1 h-1 and 2.6  0.2 M-1 
h-1, respectively.

In Step 2, the rotor, further charged with 27.6 bar H2, 
was heated to 40 °C and maintained for 22 h. The high 
pressure of H2 gas ensured a large excess of H2 (ca. 15 of 
4 by mol). Resonances of 4 disappeared after 2 h with the 
appearance of several sets of doublets, Figure 4. PTHQ 
(55.1 and 30.1 ppm) and PQ (155.7 and 117.2 ppm) were 
observed as expected products. Two doublets at 195.7 
and 37.9 ppm are assigned to the a and b carbons in 7, 
arising from the reduction of the C=C in 4, Scheme 3. The 
chemical shift of 7 is confirmed with an authentic sample 
of 7 (Supporting information).

A new resonance at 121.4 ppm instantly appeared in the 
first spectrum and disappeared within 2 hours, following 
which an adjacent signal at 120.0 ppm first formed and 
then disappeared. Pairing signals of these two new 
resonances (121.4 and 120.0 ppm) also partially overlap 
with 4-a (187.6 ppm), indicating the two new species 
preserve both C=O and C=C functionalities. The lower 
frequencies of the b carbons of these two new species are 
mostly due to the reduction of the –NO2 group in 4. 
Therefore, we can most likely assign the new peaks to 8 
containing hydroxylamine and 9 with amine (Scheme 3). 
Compound 8 is an unstable molecule, and its in situ 
observation (up to 0.04 mol L-1) is seldom reported. Few 
reports on the detection of phenylhydroxyamine are 
available with in situ and ex situ NMR but not under 
pressurized H2.36,37 The detections were only reported with 
in situ IR spectroscopy under pressure (10 bar H2),38,39 but 
its quantification was not achieved. The formation of 
stable products and intermediates, PTHQ, PQ, 4, 7, and 9, 
was also confirmed by ex situ HPLC-MS analysis of 
samples taken from a batch reactor after 30 min operating 
at 27.6 bar and 40 °C, Figure S6.

Compound 11, the further hydrogenation intermediate 
from either 7 or 9, cannot be identified in the NMR 
spectra, nor detected by either GC-MS or HPLC-MS. The 
absence of 11 is possibly due to its low concentration as 
it readily cyclizes. However, the detection of 7 can 
indirectly prove the existence of 11 as a short-lived 
intermediate. The carbonyl signals of 4, 7, 8, and 9 drift 
slightly to lower frequency, mostly due to the interaction 
of their carbonyls with side-product water.

22
h

115120125130155160165185190195
δ (ppm)13C  (ppm)
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4-a
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12-a PQ-a
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Figure 4. Arrays of direct polarization 13C MAS-NMR spectra 
(8 scans per transient), recorded during reductive cyclization 
of 4 at 40 °C under 27.6 bar H2, showing (A) 198 - 113 ppm 
and (B) 58 - 17 ppm. The 5 mm NMR rotor, containing the 
reaction mixture after Claisen-Schmidt condensation, was 
pressurized with H2 at 22 °C. MAS rate: 5 kHz.

In Figure 4, there is another set of two pronounced 
doublets (163.7 and 22.7 ppm), which presumably can be 
assigned to 2-phenyl-3,4-dihydroquinoline (12, in Path III, 
Scheme 2), agreeing with the literature results.40 
Compound 12 cannot be detected by traditional 
chromatographic techniques,40 including TLC (Figure S7), 
GC-MS, or HPLC-MS, most likely due to its instability. 
Surprisingly, our operando NMR result shows the maximal 
concentration of compound 12 is as high as 0.11 mol L-1 
at 4 h. The direct identification of 12 was only once 
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reported, but not quantified, during the direct 
hydrogenation of quinones catalyzed by homogeneous 
Ru complex, using ESI-HRMS.40 This further demonstrates 
the unique capability of operando MAS-NMR in detection 
and quantification of reactive intermediates to construct 
complex reaction networks, while ex situ methods can only 
provide insufficient or even misleading information.

NO2

O

NH2

O

N

NH2

O

N

N
H N

H

NO2

O

7
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4

9
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PTHQ, 6 10

a
b

a
b

a
b

a
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- 2 H2O
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- H2O
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+ H2

NHOH

O

8

- H2O
+ H2

- H2O

+ H2

Scheme 3. Reaction networks of the Pd/UiO-66 catalyzed 
hydrogenation of 4 for the synthesis of 6, as demonstrated 
by the NMR study. Molecules in solid box are unstable 
reaction intermediates. Solid lines represent 
transformations identified from experimental evidence. 
Dotted lines represent other possible transformations. 

Compound 12 can be formed either by intramolecular 
condensation reaction of 11 or partial reduction of PQ, 
Scheme 3. The latter is rather unlikely under the reaction 
condition because the maximal concentration of PQ, 0.02 
mol L-1 (yield: 8 %), was reached at 7 h, and further 
conversion of PQ was not clearly observed, Figure S8. 
Besides, all species before cyclization (4, 7, 8, and 9) were 
almost consumed when 12 peaked, indicating 
unobserved compound 11 is the major source of 12, 
Figure S8. The concentration of PTHQ and 12 together 
with the sum of 4+7+8+9 are shown in Figure 5. The rate 
constant of 12 consumption (0.18 ± 0.01 M-1 h-1) matches 
well with that of PTHQ production (0.16 ± 0.01 M-1 h-1), 
obtained by curvefitting according to a consecutive 
reaction kinetics with two pseudo first-order reactions, 
which strongly suggests that PTHQ is mostly derived from 
12. The complete network of the reductive cyclization, 

based on operando NMR identified intermediates, is thus 
demonstrated in Scheme 3.

Figure 5. Concentration profiles of 12, PTHQ, and sum of 4, 
7, 8, and 9, extracted from MAS-NMR arrays (Figure 4). For 
better presentation, only every 3rd data point is shown for all 
curves except the sum of 4, 7, 8, and 9. The concentration 
profiles of PTHQ and 12 were analyzed with biexponential 
rate equations. The other line is added only to guide the eye.

Figure 6. Time-resolved concentration profiles of Pd/UiO-66 
catalyzed hydrogenation reaction of 7 at 40 °C and 27.6 bar 
H2. Reaction conditions: 7 (0.2 mmol), 2 wt% Pd/UiO-66 (5 
mg, ~ 0.5 mmol% Pd), solvent toluene (2 mL). Conversions 
were calculated based on analysis of GC results. The lines are 
added only to guide the eye.

To better benchmark the relative rates of 
hydrogenation, experiments starting with identified 
intermediate 7, in comparison to 4 and PQ, were also 
conducted under two conditions, 40 °C with 27.6 bar H2 
(Figure 6) and 50 °C with ambient H2 (Figure S3). Under 
both conditions, the reaction of 7 is slower than 
compound 4 but faster than PQ, because 4 can be 
converted through two subsequent pathways (to 7 and 8), 
Scheme 3. The rate of PTHQ production from 4 and 7 
(Figures 2A and 6) is almost identical. Besides, the 
concentration build-up was clearly observed for 12 but 

Page 6 of 10

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



not for 11. Together, these results suggest the turnover-
limiting step is most likely the hydrogenation of 12. PQ 
cannot be directly produced from 9 because 9 preserves 
the trans-configuration of corresponding starting material 
4 with a large 3JHH coupling constant (15.5 Hz) of the 
olefinic protons. Therefore, PQ is yielded as a result of the 
Pd/UiO-66 catalyzed dehydrogenation of 12. Similar 
dehydrogenation reactions have been reported as an 
equilibrium enabled by Pd-based catalysts for reversible 
hydrogen storage.41 The hydrogenation of 12 to PTHQ is 
faster than the dehydrogenation of 12 to PQ in the 
presence of H2.

The mechanistic study clearly shows that Pd/UiO-66 can 
selectively favor the PTHQ formation pathway with a lower 
activation barrier, suggesting the advantage in using the 
reductive intramolecular cyclization reaction, when 
compared to the direct reduction of PQ. It should be 
noted that the full conversion of PQ to PTHQ via 12 can 
be achieved but under more forcing conditions (i.e., 
higher temperature).

Selective production of PQ over PHTQ The 
identification of reactive intermediates, i.e. 12, allows us 
the ability of switching the product selectively from PTHQ 
to PQ, by selectively enhancing the dehydrogenation of 
12 to PQ. We employed two phosphoric acids as 
homogeneous transfer hydrogenation catalysts (Scheme 
4), P1 with two phenyls and P2 with an octahydro-BINOL 
derivative. P1 and P2 have been widely applied in transfer 
hydrogenation reactions with Hantzsch ester as the 
hydrogen sources.42,43 More importantly, both P1 and P2 
are inert in H2 activation44-46 and phosphoric acids do not 
affect the structures and activity of Pd nanoparticles for 
hydrogenation reactions,47 particularly when accessibility 
of acid center in P2 is protected by sterically-restricting 
neighboring group.48 Using the same reaction condition 
in the MAS-NMR study, all reactions initiating with 4 
reached 100% conversion in 19 h with or without the use 
of co-catalysts, Table 1.

Without any co-catalyst, 4 converted to PTHQ in high 
yield with only 1% of PQ (Table 1, entry 1); nevertheless, 
higher selectivity toward PQ (9%) was observed after 
adding 2 mol% P1 (Table 1, entry 2). Changing the co-
catalyst to P2 (2 and 20 mol%) shifts the product 
selectivity more obviously, increasing the yield of PQ to 
24% and 71%, respectively (Table 1, entries 3 and 4). It 
should be noted that the 71% yield of PQ was achieved 
under 27.6 bar H2 in the presence of Pd. Furthermore, 
reactions starting with PTHQ did not yield PQ (Table 1, 
entries 5 and 6), suggesting PQ is solely generated from 
12 in the presence of the co-catalyst. The success in the 
mechanism-inspired switch of the products on demand 
provides us an extra measure to achieve selective 
synthesis which further demonstrates the importance of a 

molecular-level understanding of reaction network in 
catalysis.

NO2

O

4
N
H

PTHQ, 6

N
12

N

PQ, 5

co-catalyst

O
O

P
O

OH

P1 P2

O
O

P
O

OH

co-catalysts:

- 2 H

+ H2

Scheme 4. Hydrogenation of 4 with and without P1 and 
P2 co-catalyst.

Table 1. Hydrogenation of different substrates catalyzed 
by Pd/UiO-66 with and without co-catalystsa

yield (%)b

entr
y

substrat
es

co-
catalyst

amou
nt

mol% PTHQ
P
Q

1 4   95 1

2 4 P1 2 82 9

3 4 P2 2 70 24

4 4 P2 20 23 71

5 PTHQ    ≤1

6 PTHQ P2 20  ≤1
a Reaction conditions: (1) 4 (0.1 mmol), 2 wt% Pd/UiO-66 
(5 mg), toluene (1 mL), 40 °C, 27.6 bar H2, 19 h b All yields 
are calculated by GC with mesitylene as the internal 
standard.

CONCLUSION
In conclusion, we have employed operando high-pressure 
MAS-NMR spectroscopy to construct the reaction 
network and achieve product selectivity in the synthesis of 
PTHQ and PQ. An acidic MOF-supported Pd NPs (Pd/UiO-
66) as a bifunctional catalyst is used to achieve the one-
pot tandem synthesis. The acidic sites in UiO-66 were 
efficient in catalyzing the Claisen-Schmidt condensation 
between NBA and ACP, and the in situ formed ortho-
nitrochalcone was reduced multi-stepwise by the 
supported Pd NPs under H2, generating PTHQs in 
moderate to high isolated yields. Multiple stable and 
unstable intermediates were pinpointed and quantified 
under the operando condition, which allows the clear 
elucidation of the conversion pathways under 27.6 bar H2. 
The mechanistic insights not only demonstrate a catalyst-
enabled route for efficient chemical transformation under 
milder conditions but also allow us to selectively produce 
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PQ or PTHQ via kinetic control of the conversion of the in 
situ observed key intermediate (12) employing a 
homogeneous co-catalyst in addition to heterogeneous 
Pd/UiO-66. The demonstrated methodology, i.e., 
mechanistic study-guided design of catalytic systems, can 
be well applied to other tandem reactions with complex 
reaction network involving multi-step interconnected 
transformations of various functional groups.
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