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A B S T R A C T   

Amides and esters are prevalent chemicals in Nature, industry and academic laboratories. Thus, it is not sur-
prising that a plethora of synthetic methods for these compounds has been developed along the years. However, 
these methods are not 100% atom economical and generally require harsh reagents or reaction conditions. Here 
we show a “spring–loaded”, 100% atom–efficient amidation and esterification protocol which consists in the ring 
opening of cyclopropenones with amines or alcohols. Some alkyl amines react spontaneously at room temper-
ature in a variety of solvents and reaction conditions, including water at different pHs, while other alkyl amines, 
aromatic amines and alcohols react in the presence of catalytic amounts of simple Cu2+ salts or solids. A modular 
reactivity pattern (alkyl amines >> alkyl alcohols >> phenols >> aromatic amines) enables to design 
orthogonal and one–pot reactions on well–defined catalytic Multimetal–Organic Frameworks (M–MOFs, M= Cu, 
Ni, Pd), to easily functionalize the resulting cinnamides and cinnamic esters to more complex molecules. The 
strong resemblance of the amidation and esterification reaction conditions here reported with the cop-
per–catalyzed azide–alkyne cycloaddition (CuAAC) allows to define this fast, clean and flexible protocol as a 
click reaction.   

1. Introduction 

Click reactions are extremely fast and regiospecific couplings be-
tween two different functional groups, generally boosted by a favorable 
release of energy (ΔH0 typically < -40 kcalmol− 1). These reactions 
operate under ambient conditions at different pHs, in the presence of 
other organic and inorganic (iclick) functional groups, and in many 
conventional solvents, including water [1–3]. This combination of high 
specificity and reaction condition ubiquity makes click reactions of great 
utility for the design and construction of bio–orthogonal reactions [4–6] 
and chemical libraries,[7,8] to name a couple of current applications 
Fig. 1. shows the CuAAC reaction, a very representative click reaction 
[9,10]. 

Amide and ester bonds are present at the core of chemistry. However, 
it is difficult to find a fast and full–atom economy protocol for the 

synthesis of these paramount functional groups. A paradigmatic 
example is the synthesis of cinnamides and cinnamic esters, also shown 
in Fig. 1, which still requires classical methods such as Claisen–type 
condensations and Wittig–type alkenylations of aldehydes [11–15], 
(trans)amidations and esterifications of preformed cinnamic esters and 
acids [16], or the intermolecular Heck coupling of acrylamides and 
acrylates [17–20]. However, these protocols start from a preformed 
amide or ester, typically use a high excess of reagent (i.e. strong base or 
amine/alcohol) to shift the equilibrium towards the desired carboxylate 
derivative, and, in many cases, do not tolerate sensitive functional 
groups in the molecule. 

Cyclopropenones are highly energetic but stable aromatic ketones, 
with an increasing number of synthetic protocols in the last years 
[21–27]. The strained carbonyl group but not the conjugated alkene is 
expected to preferentially react with hard nucleophiles, in clear contrast 
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to typical enones [22,28–30]. Besides, cyclopropenones will not suffer 
equilibrium shifts as esters or acids do after amine and alcohol addition, 
since the strongly thermodynamically favored strain release of the 
cyclopropane ring (-67 kcal⋅mol− 1) will drive the reaction irreversible 
towards the desired cinnamyl derivative [31]. This reactive hypothesis 
has, to our knowledge, been little explored in the open literature [32, 
33], only for phenols [34] and, in some cases, to generate imines and 
trigger cyclic rearrangements [22,35,36], or for bio–orthogonal func-
tionalization with phosphines [37]. With all these precedents in mind, 
and inspired by the archetypical click reaction (CuAAC), Fig. 1 also 
shows the novelty of this work, which consists in the ring–opening of 
cyclopropenones with amines and alcohols, which can also be named as 
hydroamination and hydroalkoxylation of cyclopropenones, respec-
tively, as a potentially feasible and full–atom economy alternative re-
action for a general synthesis of cinnamides and cinnamic esters. 
Besides, our work here will show that not only simple Cu2+salts but also 
Cu2+–containing metal–organic frameworks (MOFs) are catalytically 
competent for the reactions, and that other catalytic metals can be 
incorporated in the MOF structure and engage different reactions in 
one–pot. 

2. Materials and methods 

All chemicals were of reagent grade quality. Reagents and solvents 
were obtained from commercial sources and were used without further 
purification otherwise indicated. NiII2{NiII4[CuII

2(Me3mpba)2]3} ⋅ 
54H2O (NiCuMOF) and [Pd4]0.5@Na3{NiII4[CuII

2(Me3mpba)2]3} ⋅ 
56H2O (PdCuMOF) were prepared as reported previously (see main 
text). Cyclopropenones were prepared according to reported procedures 
(see SM). No unexpected or unusually high safety hazards were 
encountered. 

Synthesis of [PdII(NH3)4]NiII{NiII4[CuII
2(Me3mpba)2]3} ⋅ 52H2O 

(PdNiCuMOF). Well-formed dark green prisms of PdNiCuMOF, which 
were suitable for X-ray diffraction, were obtained by immersing crystals 
of NiCuMOF (ca. 5 mg, 0.0015 mmol) for 24 h in 5 mL of [Pd(NH3)4]Cl2 
aqueous solutions (0.003 mmol). Alternatively, a multigram scale pro-
cedure was also carried out by using the same synthetic procedure but 
with greater amounts of both, a powder sample of compound PdNiCu-
MOF (5 g, 1.45 mmol) and [Pd(NH3)4]Cl2 (1.067 g, 2.9 mmol), with the 

same successful results and a high yield (4.91 g, 96%). Anal.: calcd (%) 
for Cu6Ni5PdC78H176N16O88 (PdNiCuMOF) (MW: 3527.45): C, 26.56; 
H, 5.03; N, 6.35. Found: C, 25.68; H, 5.01; N, 6.34. IR (KBr): ν = 3011, 
2956 and 2917 cm–1 (C–H), 1607 cm–1 (C=O). 

General procedure for the synthesis of cinnamates or cinnamamides. 0.7 
mmol of the corresponding cyclopropenone were inserted in a glass vial 
with either Cu(OAc)2 (1-2 mol%) or NiCuMOF (10 mol%), toluene (0.5 
M final dilution respect to the cyclopropenone reactant) and the corre-
sponding alcohol or amine (0.35 mmol). The solution was left overnight 
at 100 ◦C and at the end was quenched with water (5 ml). Then, the 
mixture was extracted with EtOAc (3 × 5 ml) and the organic layers 
were washed with water (5 ml) and brine (5 ml). Afterwards, the organic 
phase was dried over MgSO4, filtered and concentrated under vacuum. 
The resulting mixture was purified by either thin-layer chromatography 
(TLC) or flash chromatography with the appropriate AcOEt/n-hexanes 
mixture. 

3. Results and Discussion 

3.1. Hydroamination and hydroalkoxylation of cyclopropenones with 
catalytic Cu2+ salts 

3.1.1. Hydroamination reaction 
Table 1 shows the results for the reaction between diphenylcyclo-

propenone 1a and n–octylamine 2a under ambient conditions, followed 
by gas chromatography (GC). The coupling reaction proceeds to the 
desired cinnamide 3a in quantitative yields after 2–3 h, with similar 
reaction rates for all solvents tested (~0.03 s− 1), including water at pHs 
between 4.8 and 14.0, and brine, which supports the potential appli-
cability of this reaction in biological systems [6,38,39]. The addition of 
catalytic amounts of Cu(OAc)2 or the increase of the reaction tempera-
ture shortens the reaction time to just few minutes (reaction rate ~0.15 
s− 1), while keeping a complete selectivity towards cinnamide 3a. Notice 
that, under the heating reaction conditions, all reagents and catalyst are 
fully soluble. These results showcase the generality of the reaction under 
a plethora of reaction conditions, in line with typical click reactions.  

Fig. 1. Huisgen (or CuAAC) reaction and its parallelism with the here reported cyclopropenone ring–opening (click reaction), and comparison with the main 
synthetic methods for cinnamides and cinnamates. 
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Fig. 2 shows that three different cyclopropenones 1a–c and different 
alkyl amines 2a–g react in the presence of catalytic Cu(OAc)2 (2 mol%) 
to give cinnamides 3a–i in moderate to good yields. In these cases, the 
presence of the Cu catalyst was needed not only to boost the reaction 
rate but also to increase the selectivity towards the cinnamide products, 
otherwise parasite reactions take over. Cis–olefins are exclusively 
formed because the reaction goes through a concerted addition of the 
amine to the double bond, with the Cu2+ catalyst coordinating the 
carbonyl rather than the alkene group, thus by-passing any final dehy-
drometalation reaction (see Fig. 8 ahead). 

3.1.2. Hydroamination vs hydroalkoxylation reaction 
Fig. 2 also shows that aniline 4a, octyl alcohol 5a and phenol 6a 

react with 1a only when Cu(OAc)2 is added in catalytic amounts, to give 
25%, >99% and 60% yield of cinnamyl derivatives 7a, 8a and 9a, 
respectively. Other Cu2+ and Cu+ salts were similarly effective for the 
hydroalkoxylation of 1a with 5a (Table S1). Notice that no reductant 
agents such as ascorbic acid are required, in contrast to the most 
representative CuAAC reaction protocol. The activation energy (Ea) for 
the coupling of each nucleophile with 1a catalyzed by a 5 mol% of Cu 
(OAc)2 was calculated by kinetic measurements at different tempera-
tures (25, 50, 75 and 100 ◦C), based on the initial rates of the reaction, 
and the results show that the Ea = <1.0, 11.1, 13.9 and 34.8 kcal⋅mol− 1 

for octylamine 2a, phenol 6a, aniline 4a and octyl alcohol 5a, respec-
tively. This reactive trend (alkyl amines >> phenols > aromatic amines 
>> alkyl alcohols) roughly follows the expected nucleophilicity of each 
partner and is inversely proportional to the corresponding pKa (35, 18, 
31 and 30, respectively). Notice that the Ea values do not mathemati-
cally correlate with the pKa values, it is just an estimation, and that the 
Ea calculated for the uncatalyzed reaction of 1a with 2a is 5.0 
kcal⋅mol− 1, thus the addition of catalytic Cu2+ decreases at least five 
times the Ea of the reaction. These significant reactivity differences 
among nucleophiles suggest that the hydroamination and hydro-
alkoxylation of cyclopropenones can be carried out in a modular way, by 
simply adjusting the amount of catalyst and reaction conditions Fig. 3. 
shows that, by using ethanolamine as a bidentate nucleophile, we could 
obtain the hydroaminated/alkoxylated product 10b after two consecu-
tive hydroadditions to cyclopropenones 1b and 1a, respectively, 

employing or not Cu(OAc)2 as a catalyst. This result confirms the 
orthogonality of the hydroamination / hydroalkoxylation reaction of 
cyclopropenones under the present reaction conditions. 

Fig. 4 shows that aromatic amines are less reactive and require a 10 
mol% of Cu catalyst to engage reasonably well in the cyclo-
propenone–opening reaction, as shown for aromatic cinnamides 7a–i. 

3.1.3. Hydroalkoxylation reaction 
Fig. 5 shows the results for the hydroalkoxylation of cyclo-

propenones catalyzed by a 2 mol% of Cu(OAc)2 (results in parentheses). 
As it can be seen, water [hydration reaction, product (8b)], different 
benzyl alcohols (8f–h), allyl alcohol 8i, and different propargyl, alkenyl, 
amine, ketal and halogen–substituted alkyl alcohols (8i–p), and also 
alcohols containing complex natural products such as estradiol (8q), 
cholesterol (8r) and sphingomyelin (8s), gave good yields of the cor-
responding esters with cyclopropenone 1a. Complementary, cyclo-
propenones bearing a methyl instead of a phenyl group (1b), only one 
phenyl group (1d) and p–nitrosubstituted phenyl rings (1e) were also 
reactive with a variety of alcohols, including alkyl (8t, 8w, 8y–z), 
alkynyl (8u, 8aa), tertiary amine–substituted (8v), ketal protected (8x) 
and alkenyl (8ab) alcohols. These results strongly suggest that the 
reactivity and chemoselectivity of alcohols is enhanced respect to most 
of the amines (compare with the above results) in the presence of the 
Cu2+ catalyst. In view of this, we envisioned the preparation of a Cu2+

supported catalyst, able to perform the reaction, with improved recy-
clability/reusability. 

3.2. Metal organic frameworks (MOFs) as suitable solid catalysts for the 
hydroalkoxylation of cyclopropenones 

3.2.1. Synthesis and characterization of Cu2+–MOFs 
Aiming at confirming that the described catalytic activity of Cu2+

cations can be extended to heterogeneous catalysis and intending to 
extend such results to one–pot catalysis, we used a type of porous ma-
terials –the so–called Metal–Organic Frameworks (MOFs) [40–44] 
whose potential in catalysis has already been widely demonstrated 
[45–49] to encapsulate such catalytically active metal species. In 
particular, we have prepared novel Multimetal–Organic Frameworks 
(M–MOFs) [50–54] containing three potential different metal active 
sites (Cu, Ni, Pd), located in both, the framework and also hosted in their 
channels. 

Fig. 6 shows the porous crystal structure of the starting [Ni 
(H2O)6]2+–MOF of formula NiII2{NiII4[CuII

2(Me3mpba)2]3} ⋅ 54H2O; 
Me3mpba4– = N,N’–2,4,6–trimethyl–1,3–phenylenebis(oxamate) (NiCu-
MOF, Fig. 6a) [55], the new crystal structure of MOF [Ni(H2O)6]2+/[Pd 
(NH3)4]2+–MOF with formula: [PdII(NH3)4]NiII{NiII4[CuII

2(Me3mpba)2]3} 
⋅ 52H2O after the PS cation exchange(PdNiCuMOF, Fig. 6b), and also the 
structure of the previously reported MOF where all Ni2+ cations are 
substituted by Pd2+ ones and then reduced to form [Pd4]2+ nanoclusters 
with formula [Pd4]0.5@Na3{NiII4[CuII

2(Me3mpba)2]3} ⋅ 56H2O (PdCuMOF, 
Fig. 6C) [56]. The previously reported ox-amato–based [57–61] 
three–dimensional (3D) NiCuMOF possesses accessible Cu2+ sites, which 
are located in the anionic coordination framework and Ni2+cations situated 
in the channels (Fig. 6a). Synchrotron single crystal X–ray crystallography 
(SC–XRC) could be employed to un-derpin [Ni(H2O)6]2+and [Pd(NH3)4]2+

cationic complexes inside the new nanoporous PdNiCuMOF material, and 
its crystal structure unambiguously shows that the [Pd(NH3)4]2+ and [Ni 
(H2O)6]2+units are hosted in the two types of channels present in the anionic 
framework (Fig. 6b). 

The larger octagonal pores –also accessible for catalysis (vide infra)– 
host both [Ni(H2O)6]2+ and [Pd(NH3)4]2+ units with the latter stabilized 
in sites close to the walls of the network. This evidence further supports 
an intrinsic stabilizing effect of MOF’s confined space. The small square 
hindered channels retains only [Ni(H2O)6]2+ as in the structure of the 
precursor NiCuMOF, confirming the lesser accessibility of these pores 
for cation exchange. The tetra–ammonium Pd(II) monomers exhibit 

Table 1 
Ring–opening of diphenylcyclopropenone 1a with n–octylamine 2a. a Cu(OAc)2 
(2 mol%) as a catalyst. b pHs were set to the indicated values with HOAc/KOAc 
mixtures, except for pH 11.5 (Na2CO3) and pH 14 (KOH). GC yields.  

Entry Solvent T (◦C) Time (min) 3a (%) 

1 Toluene 25 210 94 
2a  25 10 91 
3  50 210 99 
4  75 60 99 
5  100 10 98 
6 n–Hexane 25 135 >99 
7 DCM 71 
8 Diethyl ether >99 
9 CH3CN 93 
10 DMF >99 
11 EtOH 36 
12 Water 99 
13a Water 10 99 
14b Water pH 2.4 135 22 
15b Water pH 4.8 99 
16b Water pH 9.3 92 
17b Water pH 11.5 99 
18b Water pH 14.0 99 
18 Brine 82  

R. Greco et al.                                                                                                                                                                                                                                   



Molecular Catalysis 522 (2022) 112228

4

Pd–NH3 bond distances [1.86(2) to 1.98(2) Å], very similar to those 
previously reported [56]. The larger octagonal hydrophilic channels of 
the MOF contain a much larger accessible void space (size of ca. 2.2 nm), 
which makes them as the first candidate to cation exchanges, leaving the 
small square channels fully occupied by the [Ni(H2O)6]2+ monomers 
exactly as in NiCuMOF (Fig. 6a and b). Apart from electrostatic in-
teractions between Pd(II) units and the anionic framework, all [Pd 
(NH3)4]2+ cations are hydrogen–bonded through the carboxylate oxy-
gen atoms of the framework and ammonia molecules of the Pd(II) 
environment [Nammonia⋅⋅⋅Ooxamate varying in the range 2.93(2)–3.07(2) 
Å] to the anionic framework which further fixes and stabilizes them 

within the pores (dashed lines in Fig. 6b, see also Figs. S1–S6). 
These direct crystallographic visualizations of the postsynthetic 

incorporation –within the channels of the MOF– of [Pd(NH3)4]2+ cat-
ions, with a stoichiometrically–guided to be partial (50% of nickel) 
cation exchange, unquestionably underlines how the interplay between 
hydrophilic channels and the vastly solvated confined nanospace gov-
erns the exchange process, ensuring the maintenance of all kind of 
species, and safeguarding the final captured moieties stabilizations. 
Once more, synergies between MOF’s crystallinity and cutting–edge 
crystallographic methods afford precious insights into the unorthodox 
chemistry with can be performed within confined spaces of MOFs. 

Fig. 2. Ring–opening of cyclopropenones 1a–c with alkyl amines 2a–g in the presence of Cu(OAc)2 (2 mol%). The inset at the bottom shows the ring–opening of 
cyclopropenone 1a with different nucleophiles. Isolated yields. 

Fig. 3. Modular reactivity using ethanolamine as a bidentate nucleophile.  
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The chemical identity of PdNiCuMOF was further established by 
elemental analyses (C, H, S, N), inductively coupled plasm–mass spec-
trometry (ICP–MS), X–ray photoelectron spectroscopy (XPS) (Fig. 7a), 
electronic microscopy, powder X–ray diffraction (PXRD) (Fig. 7b), 
thermo–gravimetric (TGA) analyses (Fig. S7) and single crystal X–ray 
diffraction (Table S2). 

Fig. 7a shows the XPS spectra of PdNiCuMOF. The Pd3d line is the 
typical doublet with binding energies (BE) for the Pd3d5/2 and Pd3d3/2 
peaks of 338.6 and 343.0 eV, respectively, typical of Pd2+ cations, which 
is in good agreement to other reported values [56]. 

The experimental powder X–ray diffraction (PXRD) patterns of 
PdNiCuMOF, together with those of the previously reported NiCuMOF 
[55] and PdCuMOF [56] for the sake of comparison, can be observed in 
Fig. 7b. In each case, the experimental patterns (solid lines) are identical 
to the theoretical ones (bold lines), confirming the pureness and ho-
mogeneity of the samples. The solvent contents of PdNiCuMOF were 
confirmed by thermogravimetric analysis (TGA) (Fig. S7). 

Fig. 7c shows the N2 adsorption isotherm at 77 K of PdNiCuMOF 
(blue line) compared to those of compounds NiCuMOF and PdCuMOF 
(red and green lines, respectively), which confirms its permanent 
porosity. Remarkably, the permanent porosity for PdNiCuMOF is higher 
than NiCuMOF and approximately double that of PdCuMOF. This 
feature suggests higher accessible surface and structural stability for 
PdNiCuMOF. In contrast, the presence of the bulkier tetranuclear Pd 
clusters in PdCuMOF (Fig. 6c) may preclude access of the reactants to 
Cu2+ sites during the catalytic experiments. 

3.2.2. Hydroalkoxylation of cyclopropenones with Cu2+–MOFs 
The isolated yields of different esters in Fig. 5 (without parentheses) 

show that NiCuMOF catalyzes the click reaction of cyclopropenone 1a 
with water (8b), phenols (9a–d), benzyl (8c,d and 8f–h), phenethyl 

(8e), allyl (8i), homopropargyl (8j) and linear primary alcohols con-
taining sensitive functionalities (8l–m), secondary alcohols either linear 
or cyclic (8n–o), and natural products such as geraniol (8p). Bigger 
products do not penetrate in the microporous MOF solid. The alcohol is 
added in all cases selectively across the cyclopropenone bond in good to 
excellent yields, with easy–to–migrate alkenes and chiral carbon-
–oxygen bonds remaining untouched during the course of the reaction. 
Remarkably, we observed that the catalytic activity of the framework 
Cu2+ cations persisted in PdNiCuMOF but not in PdCuMOF, in line with 
the higher accessibility to the Cu2+ sites for the former, observed during 
the characterization measurements (vide supra). Other Ni and Pd cata-
lysts including NiX2 (X=OAc, NO3, SO4) and PdCl2(PPh3)2, Pd(PPh3)4, 
Pd[P(o–tolyl)3]4, PdOAc2(SPhos)2, and also oxime palladacycles, were 
tested without success (yield <1%), strongly supporting that the Cu2+

cations of the MOFs are the catalytic active species for the hydro-
alkoxylation reaction. The fact of having the Cu2+ in the solid frame-
work and using non–polar toluene as solvent of the reaction, precludes a 
significant leaching of the active species (Fig. S8), which allowed to 
reuse NiCuMOF at least five times without significant depletion in the 
final yield of product 8o after 18 h reaction time (75% after 5 uses), 
however, accompanied by a significant decrease of the initial rate from 
use to use (kinetic points for the initial 1 h reaction time, Fig. S8). These 
results illustrate the advantages of using a Cu2+–containing solid cata-
lyst for the hydroalkoxylation of cyclopropenones. 

3.3. Proposed mechanism for the Cu2+–catalyzed hydroalkoxylation of 
cyclopropenones 

Fig. 8 shows a plausible mechanism for the click amidations and 
esterifications on the basis of kinetic, isotopic, and reactivity 
experiments. 

Fig. 4. Ring–opening of cyclopropenones 1a with aromatic amines 4a–i catalyzed by Cu(OAc)2 (10 mol%). Isolated yields.  
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A kinetic isotopic effect (KIE)= 1.1 was calculated when CD3OD was 
used as a reagent, which discards any role of the H atom during the 
rate–limiting step of the reaction. Considering that no inversed KIE value 
is found and the fact that the H atom of MeOH adds untouched on the 
final cinnamate product in the presence of additional D2O, and com-
plementary, the D atom of CD3OD adds untouched when H2O is present 
in the reaction mixture, a concerted rather than a stepwise addition 
across the C–C bond must be accepted. 

3.4. One–pot hydroalkoxylation of cyclopropenones / cross coupling 
reactions 

3.4.1. One–pot cyclopropenone hydration / Chan–Lam coupling reaction 
catalyzed by NiCuMOF 

The presence of different catalytically active metal sites in NiCuMOF 
and PdNiCuMOF invites to carry out consecutive reactions where each 
metal catalyzes one step, i.e. one–pot hydroalkoxylation / cross coupling 
reactions Fig. 9. shows that the one–pot cyclopropenone hydration / 
Chan–Lam coupling reaction proceeds with catalytic amounts of NiCu-
MOF to give the corresponding aromatic esters 12a–d, after formation of 
intermediate 8b (Fig. S9). The Chan–Lam coupling is severelly inhibited 
after exchanging Ni2+ by either Fe3+ or Pd2+ in the MOF (Table S3)[60], 

which confirms the catalytic action of Ni2+ for the coupling [62]. Be-
sides, the direct coupling of the boronic acid with neither the alkene 
moiety of 8b [63] nor of 1a,[64] to give products 13a–d, occurs, and the 
latter only occured in great extent when Pd2+ was the exchanged cation 
(PdNiCuMOF, Table S3). KOH was the base of choice from all the bases 
tested (Table S3). Notice that despiste Cu2+ is traditionally active as a 
catalyst for the Chan–Lam reaction [65], the Cu2+ cations, from the 
framework in NiCu@MOF, can not accomodate two different aromatic 
molecules in its rigid metal coordination sphere and neither perform 
redox switches, thus being merely inactive for the coupling. Thus, 
NiCuMOF acts here as a bifunctional solid metal catalyst where Cu2+

catalyzes the hydration reaction and Ni2+ the Chan–Lam coupling. 

3.4.2. One–pot cyclopropenone hydration / Mizoroki–Heck coupling 
reaction catalyzed by PdNiCuMOF 

In view that PdNiCuMOF is catalytically active for the direct 
coupling of 1a and 11a to give 13a (89%, entry 3 in Table S3), we tested 
a one–pot cyclopropenone hydration / Mizoroki–Heck coupling reac-
tion. In this approach, the direct coupling of the alkene with the 
cyclopropenone cannot occur, thus giving an opportunity for the 
one–pot reaction to proceed. 

Medium size lactones are difficult–to–synthesize molecules, 

Fig. 5. Synthesis of cinnamate products by hydroalkoxylation of cyclopropenones, catalyzed by either soluble Cu(OAc)2 (2 mol%, yields between parentheses) or 
insoluble NiCuMOF (10 mol%, yields without parentheses). Isolated yields. The major product for non–symmetric cyclopropenones is shown. 

R. Greco et al.                                                                                                                                                                                                                                   



Molecular Catalysis 522 (2022) 112228

7

particularly by cross–coupling reactions [66–70]. The lack of straight-
forward, 100% atom economical and chemoselective synthetic methods 
for cinnamates translates into the unfeasibility of a straightforward 
synthesis for medium size lactones by intramolecular Heck reaction 
[71], since the preparation of cinnamates containing an aryl halide 
functionality at 5–8 carbon atom distance, ready for coupling, is difficult 

to find [72–75]. Thus, the one–pot hydroalkoxylation of phenyl cyclo-
propenone 1d [21,76] with ortho–iodo benzyl and phenethyl alcohol to 
give products 8ac,d, respectively, and the corresponding intramolecular 
Heck reaction, to give mainly the α–coupled exo alkenyl lactone 14a, 
was attempted. This product is disfavored according to the cinnamate 
electronics,[77] however, Fig. 10 shows that the regioirregular Heck 

Fig. 6. Views along the c (left) and b (middle) axes of the crystal structures, determined by synchrotron X–ray diffraction, of the previously reported NiCuMOF[55] 
(a), the novel PdNiCuMOF (b) and the also reported PdCuMOF[56] (c). Perspective views of one single channel of NiCuMOF (a, right) and PdNiCuMOF (b, right). 
The ligands of the coordination 3D network are depicted as grey sticks whereas copper and nickel atoms are represented as cyan and yellow spheres. For the guest 
species hosted in the channels, nickel and palladium atoms and water and ammonia molecules are represented as yellow, dark blue, red and light blue spheres, 
respectively. Yellow and blue surfaces are used to highlight the guest Ni and Pd species, respectively, within MOFs channels. 

Fig. 7. (a) X–ray photoelectron spectroscopy (XPS) of PdNiCuMOF. (b) Calculated (bold lines) and experimental (solid lines) PXRD pattern profiles of NiCuMOF 
(red), PdNiCuMOF (blue) and PdCuMOF (green) in the 2θ range 2.0–60.0◦. (c) N2 (77 K) adsorption isotherms for the activated compounds NiCuMOF (red), 
PdNiCuMOF (blue) and PdCuMOF (green). Filled and empty symbols indicate the adsorption and desorption isotherms, respectively. The samples were activated at 
70 ◦C under reduced pressure for 16 hprior to carry out the sorption measurements. 
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products 14a and c were the main products of the coupling when using 
reported conditions in solution. Then, the one–pot reactions with 10 mol 
% of PdNiCuMOF were attempted, and proceeded in reasonable yields 
to give the regioirregular Heck products, as also shown in Fig. 10. These 
last results confirm and significantly expands previous work [77,78] 
with sterically–hindered organopalladium complexes where the high 

electron–withdrawing nature of acrylates is overridden by the severe 
steric effects on the catalytic Pd site, which forces the coupling to occur 
on the electronically–disfavored alpha position [79–83]. 

Considering the irrelevant role of Ni2+ cations in the one–pot 
hydroalkoxylation / Mizoroki–Heck coupling reaction, seemed reason-
able to replace, completely, Ni2+ cations by Pd2+ ones in order to 
enhance the efficiency of the catalyst. However, when the 100% of Ni2+

cations hosted in the pores are replaced by Pd2+ cations and reduced 
with NaBH4, subnanometer Pd4 clusters are formed, and the corre-
sponding MOF PdCuMOF was not active even for the esterification, 
which did not proceed. This result is in line with the lack of activity of 
PdCuMOF for the hydration of the cyclopropenone, which can be 
ascribed to the inaccessibility of the reagents to the Cu2+ sites after the 
Pd cations have been reduced and agglomerated in clusters. 

Fig. 8. Proposed mechanism for click amidations and esterifications on the 
basis of kinetic, isotopic and reactivity experiments. 

Fig. 9. NiCu@MOF–catalyzed one–pot cyclopropenone hydration / Chan–Lam reaction. Compounds 13a–d were obtained in <10% yield in all cases.  

Fig. 10. Intramolecular Heck reaction of ortho–iodo substituted cinnamates 8ac and 8ad with different Pd catalysts and bases, and one–pot hydroalkoxylation of 
cyclopropenone 1d / intramolecular Mizoroki–Heck reaction catalyzed by PdNiCuMOF. 
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4. Conclusions 

Different Cu2+ salts and Cu2+–MOFs catalyze the hydration, hydro-
alkoxylation and hydroamination of cyclopropenones to give the cor-
responding esters and amides in high yields, with 100% atom economy, 
wide solvent, atmospheric and functional group tolerance, and without 
any additive or by–product. Multimetallic MOFs (M–MOFs) allow 
cyclopropenone openings / cross–coupling reactions in one–pot 
[84–85]. We think that the results here significantly expand the avail-
able synthetic methodologies for essential chemicals such as esters and 
amides, and may open a new line of research in click chemistry. 
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J. Heller, S. Shin, H.P. Steinrück, F. Maier, F. Hauke, M. Varela, A. Hirsch, 
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Fernandez, D. Armentano, E. Pardo, Confined Pt11+ water clusters in a MOF 
catalyze the low–temperature water–gas shift reaction with both CO2 oxygen 
atoms coming from water, Angew. Chem. Int. Ed. Engl. 57 (2018) 17094–17099, 
https://doi.org/10.1021/jacs.0c12367. 

[62] J. Wang, T. Qin, T.G. Chen, L. Wimmer, J.T. Edwards, J. Cornella, B. Vokits, S. 
A. Shaw, P.S. Baran, Nickel-catalyzed cross-coupling of redox-active esters with 
boronic acids, Angew. Chem. Int. Ed. Engl. 55 (2016) 9676–9679, https://doi.org/ 
10.1002/anie.201605463. 

[63] W. Chen, L. Sun, X. Huang, J. Wang, Y. Peng, G. Song, Ligand-free nickel-catalysed 
1,4-addition of arylboronic acids to α,β-unsaturated carbonyl compounds, Adv. 
Synth. Catal. 357 (2015) 1474–1482, https://doi.org/10.1002/adsc.201400761. 

[64] L. Shan, G. Wu, M. Liu, W. Gao, J. Ding, X. Huang, H. Wu, α,β-Diaryl unsaturated 
ketones via palladium catalyzed ring-opening of cyclopropenones with 
organoboronic acids, Org. Chem. Front. 5 (2018) 1651–1654, https://doi.org/ 
10.1039/C8QO00241J. 

[65] A. Vijayan, D.N. Rao, K.V. Radhakrishnan, P.Y.S. Lam, P. Das, Advances in 
carbon–element bond construction under Chan–Lam cross-coupling conditions: a 
second decade, Synthesis 53 (2021) 805–847, https://doi.org/10.1055/s-0040- 
1705971. 

[66] A. Martins, U. Marquardt, N. Kasravi, D. Alberico, M. Lautens, Synthesis of 
substituted benzoxacycles via a domino ortho–alkylation/Heck coupling sequence, 
J. Org. Chem. 71 (2006) 4937–4942, https://doi.org/10.1021/jo060552l. 

[67] M.P. Denieul, B. Laursen, R. Hazell, T. Skrydstrup, Synthesis of the benzophenone 
fragment of balanol via an intramolecular cyclization event, J. Org. Chem. 65 
(2000) 6052–6060, https://doi.org/10.1021/jo000750r. 

[68] X. Li, B. Zhou, R.Z. Yang, F.M. Yang, R.X. Liang, R.R. Liu, Y.X. Jia, 
Palladium–catalyzed enantioselective intramolecular dearomative Heck reaction, 
J. Am. Chem. Soc. 140 (2018) 13945–13951, https://doi.org/10.1021/ 
jacs.8b09186. 

[69] M. Lautens, J.F. Paquin, S. Piguel, Palladium–catalyzed sequential 
alkylation–alkenylation reactions. Application to the synthesis of 
2–substituted–4–benzoxepines and 2,5–disubstituted–4–benzoxepines, J. Org. 
Chem. 67 (2002) 3972–3974, https://doi.org/10.1021/jo0107296. 

[70] E. Coya, N. Sotomayor, E. Lete, Intramolecular direct arylation and heck reactions 
in the formation of medium–sized rings: selective synthesis of fused indolizine, 
pyrroloazepine and pyrroloazocine systems, Adv. Synth. Catal. 356 (2014) 
1853–1865, https://doi.org/10.1002/adsc.201400075. 

[71] M. Beller, A. Zapf, Intermolecular Heck reaction: palladium–catalyzed coupling 
reactions for industrial fine chemicals syntheses, in: E. Negishi (Ed.), Handbook of 
Organopalladium Chemistry for Organic Synthesis, John Wiley & Sons, Inc., 2002, 
pp. 1209–1222. 

[72] M. Alami, F. Liron, M. Gervais, J.F. Peyrat, J.D. Brion, Ortho substituents direct 
regioselective addition of tributyltin hydride to unsymmetrical diaryl (or 
heteroaryl) alkynes: an efficient route to stannylated stilbene derivatives, Angew. 
Chem. Int. Ed. Engl. 41 (2002) 1578–1580, https://doi.org/10.1002/1521-3757 
(20020503). 

[73] D.V. Kadnikov, R.C. Larock, Palladium–catalyzed carbonylative annulation of 
internal alkynes: synthesis of 3,4–disubstituted coumarins, J. Org. Chem. 68 (2003) 
9423–9432, https://doi.org/10.1021/jo0350763. 

[74] S.H. Kwak, S.J. Lim, H.J. Yoo, J.E. Ha, Y.D. Gong, Intramolecular Mizoroki–Heck 
reaction of 2–thiosubstituted acrylates for the synthesis of 3–substituted benzo[b] 
thiophene–2–carboxylates, Synthesis 48 (2016) 4131–4142, https://doi.org/ 
10.1055/s-0035-1562613. 

[75] H. Madhurima, J. Krishna, G. Satyanarayana, Concise three–step strategy for the 
synthesis of 2–benzoxepin–3(1H)–ones, Synthesis 47 (2015) 1245–1254, https:// 
doi.org/10.1055/s-0034-1379901. 

[76] C. He, S. Guo, L. Huang, A. Lei, Copper catalyzed arylation/C− C bond activation: 
an approach toward α–aryl ketones, J. Am. Chem. Soc. 132 (2010) 8273–8275, 
https://doi.org/10.1021/ja1033777. 

[77] F. Garnes-Portolés, R. Greco, J. Oliver-Meseguer, J. Castellanos-Soriano, 
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