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Zr-MOF-808 as Catalyst for Amide Esterification
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Abstract: In this work, zirconium-based metal–organic
framework Zr-MOF-808-P has been found to be an efficient

and versatile catalyst for amide esterification. Comparing
with previously reported homogeneous and heterogeneous

catalysts, Zr-MOF-808-P can promote the reaction for a wide
range of primary, secondary and tertiary amides with n-buta-

nol as nucleophilic agent. Different alcohols have been em-

ployed in amide esterification with quantitative yields. More-
over, the catalyst acts as a heterogeneous catalyst and could

be reused for at least five consecutive cycles. The amide
esterification mechanism has been studied on the Zr-MOF-

808 at molecular level by in situ FTIR spectroscopic tech-
nique and kinetic study.

Introduction

Amide is one of the most robust groups[1] present in nature (in
proteins,[2] drugs[3] and other synthetic products[4]). Under phys-

iological conditions (neutral pH and room temperature), the
amide bond half-life is around 350–600 years.[5–7] Due to the

extreme inertness associated with their resonance stabilization,
the amide bond cleavage has been studied extensively in the

last decades,[8–15] and amide esterification with alcohols is a

versatile strategy to convert amides into useful synthetic build-
ing blocks. Examples of this are picolinic acid or niacin derivate

aromatic ester, which are active for apoptosis of human leuke-
mia cells and rubefacients prodrugs, respectively.[16, 17] In

nature, protease enzymes can perform peptide bond hydroly-
sis in proteins through an ATP-dependent process. Inspired by
the confined space and active sites of these enzymes (based

on transition metals), inorganic artificial systems have been
synthesized.[18, 19] However, the methodologies employed for

the amide esterification require severe conditions, high metal-
loading and, in some cases, produce low yields of the desired

product due to the low reactivity of the amides (poor electro-
philes), the reduced nucleophilicity of the alcohols and the

higher thermodynamic stability of the substrates compared to

the products.

Different strategies for the esterification of specific activated
amides (twisted or distorted) have been postulated using ho-

mogeneous catalysts.[20, 21] Functionalized secondary or tertiary
amides, such as N-acyl-tert-butyl-carbamates, N-acyl-tosyla-

mides or di-tert-butyl- N-acylimidocarbonates, are converted
into esters using fluoride as catalyst (Scheme 1).[22] This halide

is a strong nucleophile, which interacts with the amide carbon-

yl group to generate an acyl fluoride intermediate. The last
one is more reactive than the amide group, allowing the nucle-

ophilic attack of alcohol to the carbonyl group.
Transition metals have been employed as catalysts in

esterification reactions. Garg’s group has demonstrated the
amide activation with a nickel catalyst by an oxidative addition

mechanism (Scheme 1).[23–26] Inorganic salts containing CuII

have been explored for the activation of amides, where the
transition metal coordinates the nitrogen atom inducing a sig-
nificant distortion in the structure. Bannwarth et al. gave a
practical approach to this strategy, performing a methodology

for the protection and deprotection of aromatic carboxylic
acids through N,N-bis(2-picolyl)amide systems.[27–29]

In the last decade, a few examples of the amide esterifica-

tion catalyzed by heterogeneous catalysts have been reported.
In 2014, the role of cerium oxide as heterogeneous catalyst in

the amide esterification was described.[30, 31] Shimizu et al. pro-
vided a strategy for the amide alcoholysis employing CeO2 at

165 8C under inert atmosphere (Scheme 1). The authors pro-
posed that the synergy between Lewis acid and base sites on

CeO2 surface favors the activation of the amide group. The

esterification reaction mechanism catalyzed by CeO2 has been
demonstrated by density functional theory calculations, in situ

FTIR spectroscopy and catalytic studies. We will show later the
much higher activity and selectivity for amide esterification of

the Zr-MOF-808 proposed here.
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Metal–organic frameworks (MOFs) are a class of materials

built from metallic clusters and organic linkers via coordination
bonds.[32] The most attractive features of MOFs are their intrin-

sic properties, such as crystalline nature, high porosity, stability
and surface area.[33, 34] MOF-based materials have been found
to be suitable catalysts to produce certain products with high
industrial value due to their functional active sites along with

the potential inner porosity that allows guest molecules to
access the pores.[35, 36, 37] MOFs show high versatility thanks to
the ability of modifying the organic linker and metal node,

which offers a fine-tune control of the pore size or their inher-
ent Lewis acidity, allowing the design of more selective pro-

cesses.[38–42]

Recently, HKUST-1 (CuII) has shown a mimetic activity of tryp-

sin enzyme for the hydrolysis of bovine serum and casein albu-

min.[43] However, this solid is moisture sensitive, presenting a
limited stability. Zirconium- and hafnium-based MOFs have

demonstrated a remarkably better stability and robustness,
compared with MOFs presenting other transition metals.[44]

Indeed, the activity and stability of these MOFs have been
demonstrated even in the presence of water and organic

acids.[45–48] Interestingly, Zr-MOF-808 has been used as an effec-
tive heterogeneous catalyst for the peptide bond hydrolysis of

a series of dipeptides.49 The reaction mechanism involves the
interaction of the amino acid terminal groups with the MOF li-

gands to activate the amide bond.
Based on our preliminary research,[45, 46] we propose the use

of MOFs containing group 4 metals (zirconium and hafnium)
as artificial enzyme-type materials for the amide esterification
reaction, since they present the adequate confined spaces and

active sites to undergo this target reaction (Scheme 1). These
solids have been exhaustively characterized, with emphasis on

determining their active sites. Furthermore, a wide scope of
esterification reactions with different functionalized amides
and alcohols has been studied. A mechanism for the amide
esterification reaction has been proposed based on kinetic

models and in situ FTIR studies.

Results and Discussion

Zr-based MOFs as catalysts for amide esterification

Previous studies have described the utilization of various MOFs
as heterogeneous catalysts for the amide hydrolysis.[43, 49] How-

ever, it is the first time that MOFs are used as catalysts for

amide esterification. Our attention has been focused on differ-
ent zirconium- and hafnium-based MOFs for catalytic amide

esterification due to their potential physicochemical properties.
Zr-MOF-808, with the nominal chemical formula Zr6(m3-

O)4(m3-OH)4-(BTC)2(HCOO)6, was described for the first time in
2014.[50] Each metallic cluster is 6-connected in a spn topology

and its framework generates tetrahedral and adamantane-like

cages (4.8 and 18.4 a, respectively Table 1). Zr-MOF-808-P[51]

has been prepared following recently reported adapted proce-

dure, using 3 equivalents of ZrCl4 per each equivalent of or-
ganic linker (1,3,5-benzenetricarboxylic acid, H3BTC) to increase

potential active sites, while Zr-MOF-808 has been synthesized

Scheme 1. Representative examples using homogeneous and heterogene-
ous methodologies for the amide esterification.

Table 1. Structural characteristics of different MOFs and their metallic
clusters.[a]

Metal cluster

MOF-808 UiO-66 MOF-801
formula M6O4(OH)4(BTC)2(HCOO)6 M6O4(OH)4(BDC)6 M6O4(OH)4(FA)6

ligand

connectivity 6-connected 12-connected 12-connected
pore size (Zr-
MOF)

4.8 and 18.4 a 8.4 and 11 a 5.6 and 7.4 a

[a] Color code: Blue: metal ; Red: oxygen; Grey: hydrogen.
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from 1 equivalent of ZrCl4 per each equivalent of organic
linker. Isoreticular Hf-MOF-808[44] has been prepared here using

HfCl4, as metal source.
Besides MOF-808, we have also evaluated other MOF struc-

tures, such as UiO-66[52] and MOF-801.[53] Zr-UiO-66 consists of
a 12-connected (1,4-benzenedicarboxylate, BDC) zirconium

cluster while Zr-MOF-801 contains twelve fumaric linkers (FA).
Both MOF structures have a fcu topology with tetrahedral and
octahedral cages (8.4 and 11 a for Zr-UiO-66 and 5.6 and 7.4 a

for Zr-MOF-801, Table 1). Considering this, their confined space
will be smaller than in the case of Zr-MOF-808. These materials

were prepared using a similar synthetic procedure to antici-
pate a similar degree of defects in their frameworks.

All these prepared materials have been characterized and
the obtained data correlate well with the characterization re-

ported previously in the literature. In general, the solids have
shown high surface area, crystallinity and excellent thermal sta-
bility (See Supporting Information, section 2.1 and 2.2).

The prepared zirconium- and hafnium-based MOFs were
tested in the esterification reaction of benzamide with n-buta-

nol, using 25 mol % metal loading at 150 8C. The reaction was
followed over time by gas chromatography. The highest activi-

ty was observed for Zr-MOF-808-P (Figure 1), fact that could be

expected due to the lower connectivity within the structure
(Table 1).

The calculated initial rate when using Zr-MOF-808-P was
62.0 mm h@1 (Table 2, entry 1), which was 1.7 times higher com-

pared with Zr-MOF-808 (Table 2, entry 2). This difference in ac-
tivity could be attributed to the lower number of active sites

in the Zr-MOF-808 that shows lower degree of linker defects

(as it will be discussed in the next section). In the case of Hf-
MOF-808-P, the reaction rate decreased notably up to

4.2 mm h@1 (Table 2, entry 3). The lower activity could be ex-
plained by the different acid-base properties of the metal clus-

ters. The impact of the framework in the benzamide esterifica-
tion with Zr-UiO-66 and Zr-MOF-801 as catalysts was also stud-

ied. The initial rates when using these catalysts were 10.7 and

2.2 mm h@1, (Table 2, entries 5 and 7) respectively (versus
62.0 mm h@1 for Zr-MOF-808-P). The remarkable lower initial

rates achieved with these materials compared to Zr-MOF-808-P
could be attributed to the higher connectivity at the Zr clus-

ters of the formers along with their smaller cages, fact that
would mostly prevent the diffusion and stabilization of the re-

actants. In line with this, it should be noted that a higher
meso/microporous ratio is observed in Zr-MOF-801 versus Zr-
MOF-808. In view of the poor catalytic activity of the former,

cluster connectivity appears decisive for the catalytic per-
formance. The related Hf-based MOFs exhibit lower activity

compared to the Zr counterparts (Table 2, entries 4, 6 and 8
versus entries 2, 5, and 7) once again attributed to the differen-

ces in the acid-base properties of the metal cluster. Then, it
was accounted that Zr-MOF-808 has an adequate equilibrium
between confined space and acid-base properties to promote

the reaction. Regarding this, further details are shown below
with the analysis of the acidic active sites in these MOFs by

means of FTIR spectroscopy using CO as probe molecule to-
gether with a mechanistic study by in situ FTIR spectroscopy.

Figure 1. Kinetic study of the solvolysis of benzamide with n-butanol with
several catalysts. Reaction conditions: Amide 1 a (0.3 mmol), catalyst
(0.075 mmol, 25 mol %), n-butanol (0.6 mL, 0.5 m), 150 8C, n-dodecane
(0.05 mmol) as external standard.

Table 2. Solvolysis of benzamide with n-BuOH with different catalysts.

Catalyst C[%][a] Y[%][a] TON TOF [h@1] ro [mm h@1]

1 Zr-MOF-808-P 100 99 4.0 0.496 62.0
2 Zr-MOF-808 91 90 3.5 0.299 37.4
3 Hf-MOF-808-P 49 29 1.5 0.034 4.2
4 Hf-MOF-808 28 23 0.9 0.029 3.5
5 Zr-UiO-66 55 51 2.1 0.086 10.7
6 Hf-UiO-66 48 26 1.0 0.031 3.9
7 Zr-MOF-801 35 8 0.3 0.013 2.2
8 Hf-MOF-801 16 2 1.0 0.007 0.5
9 ZrCl4 64 38 1.5 0.513 64.1
10 ZrO2 23 2 0.1 0.003 0.4
11 Zr6-benzoate 46 43 1.74 n.d. n.d.
12 without 18 2 0.1 0.003 0.3

Reaction conditions: Amide 1 a (0.3 mmol), catalyst (0.075 mmol,
25 mol %), n-butanol (0.6 mL, 0.5 m), 150 8C. [a] Conversion (C) and yield
(Y) (%) have been determined by gas chromatography, with n-dodecane
as external standard at 24 h. TON = moles of product obtained/moles of
catalyst (referred to metal content). TOF= initial rate/catalyst concentra-
tion [h@1] . ro [mm h@1] = initial rate for product formation. n.d. = not deter-
mined.
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For a comparative purpose, the sub-units ZrCl4 (metallic pre-
cursor), ZrO2 and Zr6-benzoate were employed in the reaction

as catalysts (Table 2, entries 9, 10 and 11, respectively). The ini-
tial reaction rate obtained with the inorganic precursor ZrCl4

was comparable to that of Zr-MOF-808-P, but the reaction
stopped after reaching 40 % yield, which indicates catalyst de-

activation. In the case of ZrO2, the activity is considerably
lower compared to the rest of materials. Zr6-benzoate shows a
similar molecular cluster to Zr-MOF-808, however, the attained

yield was 43 %.
Zr-MOF-808-P was also tested at lower loading (10 mol %) af-

fording in this case 35 % yield of the desired product under
identical reaction conditions (data not shown) pointing to the
convenience of using 25 mol % loading to achieve high yields
in reasonable reaction times.

To check the behavior of Zr-MOF-808-P as heterogeneous

catalyst, it was evaluated by hot filtration test. To do that, the
catalyst was removed from the reaction mixture by hot filtra-

tion after 1.7 h of reaction time at 150 8C, when the product
yield reached 14 %. The reaction, once the solid was removed,

was allowed to proceed for 22 hours where the product yield
was 19 % (Figure 2), observing a slight progress of the reaction.

Leaching of active sites to the reaction medium was analyzed

by ICP. It was found 65 ppm of Zr in the post-reaction solution
measured after a first use of the catalyst (at 22 hours when the

product reached 99 %). While 85 ppm of Zr (average of two ex-
periments) were measured in the hot filtration test experiment

after 1.7 hour reaction time. With these data, we could infer
that those leached zirconium species could account for the

low catalytic activity observed in the hot filtration test.

The stability of the catalyst during the benzamide esterifica-
tion was studied by successive reutilization finding that the

catalyst could be reused for at least five consecutive cycles
(Figure 3). After the first run, the yield decreased approximately

17 %, but it remained constant for further reuses. The recov-

ered Zr-MOF-808-P was characterized by PXRD,13C CP MAS
NMR, ICP and EA, FESEM, FTIR, thermogravimetric analysis and

N2 physisorption isotherms (see Supporting information, sec-
tion 2.3). 13C CP MAS NMR shows that, after the first use, the

solid catalyst has experienced the exchange of the more labile
non-structural formate linkers with benzoate ligands (Fig-

ure S24). Benzoic acid would be formed as a result of benza-

mide or butyl benzoate hydrolysis. Furthermore, that exchange
could be facilitated by the polar solvent (n-BuOH) employed in

the reaction, as has been reported previously por Zr-MOF-808
when using methanol.[54] That structural change is also ob-

served in the PXRD data measured in the five-times-used cata-
lyst, showing differences in signal intensities and increased
FWHM compared to the fresh Zr-MOF-808-P. In addition, the

FESEM images after the first run indicate slight changes in the
morphology with the appearance of a small amount of amor-
phous phase (see Supporting information, section 2.3). A re-
duction in the total pore volume was determined from the N2

adsorption and desorption isotherm measured in the five-
times-used catalyst. Those facts could account for the dimin-

ished catalytic activity observed after the first use of the cata-

lyst. Nonetheless, the activity of the resulting catalyst was
good in successive runs allowing product formation in 80 %

yield.
Such observed ligand exchange was also studied when

using an aliphatic amide (butyramide) as starting material. In a
similar manner, 13C CP MAS NMR spectrum (Figure S25) of the

recovered Zr-MOF-808-P shows the presence of butyrate linker

in place of formate accounting for ligand exchange during the
reaction progress.

Figure 2. Kinetic study in the benzamide esterification catalyzed by Zr-MOF-
808-P together with the hot filtering test. Reaction conditions: Benzamide
1 a (0.3 mmol), Zr-MOF-808-P (0.075 mmol, 25 mol %), n-butanol (0.6 mL,
0.5 m), 150 8C, n-dodecane (0.05 mmol) as external standard.

Figure 3. Evolution of conversion and yield of benzamide solvolysis in the
reuse of the Zr-MOF-808-P catalyst.

Chem. Eur. J. 2021, 27, 4588 – 4598 www.chemeurj.org T 2020 Wiley-VCH GmbH4591

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202003752

http://www.chemeurj.org


Scope of the amide esterification reaction

Since Zr-MOF-808-P exhibited remarkable activity toward
amide esterification, a wide range of substrates has been in-

vestigated to demonstrate the general applicability of this cat-
alytic system. The scope has been expanded to various primary

aromatic amides substituted with different electron-donating
groups on the ring, such as methyl (3 b, 3 c) or methoxy group

(3 k, Figure 4), and also with electron-withdrawing groups,

such as trifluoromethyl (3 i), nitro (3 h) or halogens (3 d, 3 e, 3 f,
Figure 4), giving in all cases the desired products with high

yields. It should be noted here that substrates bearing bromide
and even iodide groups were well tolerated for which, in con-

trast, homogeneous transition-metal catalytic systems could

not be applied due to extensive dehalogenation. Substituents
at ortho positions are allowed although in these cases the cor-

responding esters are obtained in moderate yield probably
due to steric hindrance (2 c, 2 e, Figure 4). With heteroaromatic

amides, the performance of this methodology was good
(around 70–100 % yield, 2 l, 2 m, Figure 4). Also, aliphatic

amides were examined obtaining high yields (2 p, 2 q, 2 t,
Figure 4), albeit the performance decreases slightly with the

ramification in the alpha position on the chain (2 r, 2 s,

Figure 4). As conclusion, this methodology could therefore be
extended to a variety of functionalized amides.

The alcohol scope was also considered in the benzamide
esterification. Various alcohols with larger chains than n-buta-

nol (such as n-hexanol and n-octanol) were tested in solvolytic

Figure 4. Evolution of conversion and yield of benzamide solvolysis in the reuse of the Zr-MOF-808-P catalyst. Scope for solvolysis of amides with n-BuOH cat-
alyzed by Zr-MOF-808-P. Reactions conditions: Amide 1 a or 3 (0.1 mmol), Zr-MOF-808-P (25 mol %), n-butanol (0.2 mL, 0.5 m), 150 8C. [a] In brackets, the yield
of the product isolated by flash chromatography (1 mmol scale). [b] Conversion and yield (%) determined by 1H NMR using 1,3,5- trimethoxybenzene as exter-
nal standard.
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conditions, obtaining in all cases good conversions and yields.
A secondary alcohol, 2-pentanol, was also tested, achieving

low yield in this case. (Figure 5).
Moreover, more complex alcohols, such as benzyl alcohol,

(S)-1-phenylethanol or 4-nitrobenzyl alcohol, have been tested

for benzamide esterification in non-solvolytic conditions, with
only two equivalents of alcohol in mesitylene at 150 8C

(Figure 6). In all cases, the product yields achieved were also
excellent, approaching &90 % for the different alcohols.

On the other hand, the nature of the leaving groups could
be a determinant factor for reaction viability with amides, as it

has been proposed in different literature reports.[20, 55] As a

proof of concept, a wide range of amides with different leav-
ing group (non-activated, twisted and distorted amides) has

been selected to study their esterification reaction using Zr-
MOF-808-P as catalyst. Primary amides (1 a) were efficiently

converted to butyl benzoate (2 a) (Figure 7).

This methodology could also be applied to a variety of
amides, such as N-Boc-N-methylbenzamide, N,N-dimethylben-

zamide, N-methoxy-N-methylbenzamide or N-(2-hydroxyethyl)-
benzamide (with an alternative mechanism via N,O-rearrange-

ment)[18, 19] (1 d, 1 e, 1 f, 1 j, Figure 7), with moderated conver-

sion. Further, during the reaction, the thermal deprotection of
N-Boc-N-methylbenzamide generating N-methylbenzamide
happened. So, butyl benzoate was obtained from these two
amides. For N-benzoylpyrrolidine or N-benzoylmorpholine (1 b,

1 c, Figure 7), the transformation was less successful. In the
case of compounds 1 g and 1 h, it was observed that the re-

leased amines (anilines) form by-products (N-butylanilines) as a

result of the N-alkylation reaction with the solvent n-butanol.

Role of acid sites in MOFs catalytic performance

Thermodynamically, in some case, the number of defects in

the material structure is related to its stability.[56, 57] In MOFs,

which are crystalline solids in all their infinite network, these
defects could be introduced spontaneously or in a controlled

manner, modulating their final properties.[58, 52] Active sites are
coordinatively unsaturated metal centers (CUS) present in the

MOF intrinsically by design and additionally as a consequence
of defects derived from uncoordinated ligands to the metal

Figure 5. Scope for solvolysis of amides with different alcohols. Reactions
conditions: Amide 1 a (0.1 mmol), Zr-MOF-808-P (25 mol %), R’-OH (0.2 mL,
0.5 m), 150 8C, 24 h. [a] Conversion and yield (%) determined by 1H NMR
using 1,3,5- trimethoxybenzene as external standard.

Figure 6. Extension of the methodology to the esterification of amides with
alcohols in mesitylene. Reactions conditions: Amide 1 a or 3 p (1 mmol), Zr-
MOF-808-P (25 mol %), R’-OH (2 mmol, 2 equiv), mesitylene (1 mL, 1 m),
150 8C, 44 h. [a] Yield (%) of the product isolated by flash chromatography.

Figure 7. Selection of the appropriate leaving group in the amide structure
with n-butanol catalyzed by Zr-MOF-808-P. Reactions conditions: Amide 1
(0.1 mmol), Zr-MOF-808-P (42 mol %), n-butanol (0.2 mL, 0.5 m), 150 8C, 15 h.
[a] Yield (%) determined by gas chromatography, using n-dodecane
(0.1 mmol) as external standard.
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center. This means that there is a direct relation between de-
fects and active sites.

Amide esterification can be catalyzed by acid sites (Brønsted
and Lewis)[14, 22, 27, 29] and by catalysts containing both acid and

base centers.[59, 19, 30] Then, to identify the acidity of active sites
in these MOFs, they were exposed to CO as probe molecule

and analyzed by FTIR spectroscopy. CO has a weak basicity to
be able to discriminate between Brønsted and Lewis acid
sites.[60–62] With a pre-treatment of both Zr-MOF-808 samples at

100 8C under high-vacuum (Figure 8 aand b), two bands (2153
and 2147 cm@1) can be observed after deconvolution. At the
same time, a band at 3675 cm@1 disappears in favor of the ap-
pearance of another (3606 cm@1). This fact evidences the pres-

ence of two different Brønsted acid sites, associated with m3-
OH group of metal cluster.[63, 58] We also observe a band at

2138 cm@1 related to physisorbed CO.[61, 62]

Moreover, when these samples were pre-treated at 250 8C

under high-vacuum (Figure 8 c and d) for release of formate
linkers[54] and/or dehydroxylation of the cluster,[56] two bands

are identified at 2155 cm@1, corresponding to the interaction of
CO with Brønsted acid sites, and at 2177 cm@1, being assigned
to Lewis acid centers. This means that one of the types of
Brønsted acid sites was lost with the dehydroxylation, generat-

ing Lewis acid sites.
Then, Hf-MOF-808-P (with a pre-treatment at 250 8C) was

studied (see Supporting Information, section 2.2.3). For Hf-
MOF-808-P, the relative intensity of the signals centered at
2171 and 2153 cm@1, related to the Lewis and Brønsted acid

sites, respectively are lower than for Zr-MOF-808.
Finally, Zr-UiO-66 (with a pre-treatment at 200 8C) was ana-

lyzed. The Brønsted acid sites (at 2153 cm@1) are the mostly

presented in this sample (see Supporting Information, sec-
tion 2.2.3).

On the hypothesis that the intensity in the CO adsorption is
proportional to the concentration of acid sites, the integrals of

the vibration signals can be directly correlated with the
number of acid centers in the MOF.[61, 62] Then, the two IR

bands (2155 and 2177 cm@1) at the maximum adsorption of
CO for each MOF were deconvoluted. From these calculations,

it can be concluded that Zr-MOF-808-P possesses a relative
amount of acid centers slightly higher than Zr-MOF-808 for de-

hydroxylated formula (Table 3). Furthermore, the number of
BTC linkers was determined by TGA analysis[54] (see Supporting

Information, section 2.2.2.) finding that Zr-MOF-808-P presents
1.7 linkers versus 1.9 BTC linkers detected for Zr-MOF-808 re-
vealing a higher degree of defects for the Zr-MOF-808-P frame-

work.
With regards to Hf-MOF-808-P and Zr-UiO-66 samples, a rela-

tive lower amount of acidic centers than for Zr-MOF-808 mate-
rials was determined (see Supporting Information, Table S3).
This is in line with the diminished catalytic performance of the
former solids.

Kinetic study of the esterification of benzamide with
n-butanol catalyzed by Zr-MOF-808-P

We have studied the kinetics of the benzamide esterification
with n-butanol, and a Langmuir–Hinshelwood–Hougen–

Watson (LHHW)[64] type kinetic model has been proposed to

explain the mechanism for this reaction. This model considers
that there is only one type of active site on the catalyst sur-

face, on which substrates can be adsorbed. On those bases,
the reaction mechanism would be as follows:

Adsorption of the benzamide and n-butanol on MOF.
[Eq. (1), Eq. (2)]

PhCONH2 þ S MOFð Þ K1K! K PhCONH2 @ S MOFð Þ ð1Þ

BuOH þ S MOFð Þ K2K! K BuOH @ S MOFð Þ ð2Þ

Transformation of the substrates on the catalyst [Eq. (3)] .

PhCONH2 @ S MOFð Þ þ BuOH @ S MOFð Þ krK! PhCOOBu@ S MOFð Þ
ð3Þ

Desorption of butyl benzoate [Eq. (4)] .

PhCOOBu@ S MOFð Þ K3K! K PhCOOBuþ S MOFð Þ ð4Þ

Then, it is considered that the surface reaction is the rate-
controlling step and the adsorption and desorption processes

are in equilibrium. Thus, the rate equation can be formulated
as follows [Eq. (5)]:

Figure 8. Difference FTIR spectra for CO adsorption of a) Zr-MOF-808-P and
b) Zr-MOF-808 pre-treated at 100 8C; c) Zr-MOF-808-P and d) Zr-MOF-808
pre-treated at 250 8C.

Table 3. Relative amount of Lewis and Brønsted acid centers (a. u.) at the
maximum adsorption of CO (with a pre-treatment at 250 8C).

Acid n [cm@1] Zr-MOF-808-P Zr-MOF-808

Lewis 2176 0.70 0.68
Brønsted 2155 0.50 0.47
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rPhCOOBu ¼ K het

PhCONH2½ A BuOH½ A
1þ K 1 PhCONH2½ Aþ K 2 BuOH½ Aþ K 3 PhCOOBu½ Að Þ2

. -
ð5Þ

The kinetic equation was solved with the initial rate method.
The initial rate was analyzed considering three variables

(amount of benzamide, n-butanol or butyl benzoate) and
maintaining the other parameters constant (see Supporting In-

formation, section 3.3). The linearization for each case offered

an equations system, where the adsorption constants could be
calculated (see Supporting Information, section 3.3). This ad-

sorption constants are K1 (PhCONH2) = 8.53, K2 (BuOH) = 0.95
and K3 (PhCOOBu) = 24.17. n-BuOH was weakly adsorbed on

the Zr-MOF-808-P surface, explaining the need for a higher
amount of n-BuOH in the reaction media, and that butyl ben-

zoate was adsorbed more strongly than benzamide. The

knowledge acquired from the kinetic study has been very
useful to design the in situ FTIR experiments, which will be

studied in the next section, when discussing the molecular re-
action mechanism.

Mechanistic studies by in situ FTIR

The possible reaction mechanism for benzamide esterification
with n-butanol catalyzed by Zr-MOF-808-P has been investigat-

ed by in situ FTIR spectroscopy. Firstly, the interaction of ben-
zamide with the potential active sites has been studied.

Figure 9 shows the FTIR spectra of a) Zr-MOF-808-P and b) Zr-

MOF-808-P with pre-adsorbed benzamide. After the addition
of benzamide, a splitting in the band at 3677 cm@1 together

with an increment of the signal centered at 3300 cm@1 was ob-
served, which could be attributed to the interaction between

benzamide and the hydroxyl groups of metal cluster via inter-
molecular hydrogen bonding. The bands associated with car-

bonyl group (&1600 cm@1) of benzamide, which would be of
high utility, cannot be observed because they fall within the

metal–organic framework region. Based on the higher zirconi-
um oxophilicity, we propose that the most likely interaction

between the Zr cluster and benzamide can occur via Brønsted-
Lewis acid pair and the benzamide molecule, through the car-

bonyl group (Zr(MOF)···O=C(benzamide)) and the NH2 group
(O@H(MOF)···N-H2(benzamide)) (Figure 9).[65]

Subsequently, n-BuOH was dosed on Zr-MOF-808-P with
pre-adsorbed benzamide at room temperature. Two new sig-
nals appeared at 1070 and 1030 cm@1 related to C-O stretching

vibration bands of n-BuOH due to the formation of Lewis pair
Zr(MOF)···O@H(n-BuOH) in the terminal and bridging node, re-
spectively[66] (Figure 10). Furthermore, the signal at 3674 cm@1

associated with hydroxyl groups of metal cluster disappeared

in favor of the increment of a new band centered at
3000 cm@1 which can be attributed to the hydrogen bond in-

teraction between O(MOF)···H@O(n-BuOH) (see Supplementary

Information, section 3.4).
In a different set of experiments, the IR cell was then heated

up from 50 to 100 and 150 8C sequentially, allowing the reac-
tion for 45 minutes at each temperature. In the resulting FTIR

spectra (Figure 10), a decreasing in the signal centered at
1070 cm@1 together with the formation of a new band at

1146 cm@1 were observed. Further increment of the latter band

is observed when the sample was heated up at 150 8C which
may indicate formation of butoxide species, preferably in the

terminal positions of metal cluster (Scheme 2).[66–68] These spe-
cies are more active for a nucleophilic attack than n-butanol,

favoring the amide esterification.
In a separate experiment, n-BuOH was dosed directly on Zr-

MOF-808-P (without pre-adsorbed benzamide). In a similar

Figure 9. FTIR spectra of a) Zr-MOF-808-P and b) Zr-MOF-808-P with pre-ad-
sorbed benzamide.

Figure 10. FTIR spectra in 1250–750 cm@1 range of a) Zr-MOF-808-P with
pre-adsorbed benzamide, b) Zr-MOF-808-P with pre-absorbed benzamide sa-
turated with n-BuOH at room temperature. The temperature was increased
for the latter sample at 50 8C, 100 8C and 150 8C and FTIR spectra recorded
and shown at the top of the graphic, respectively.
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manner, butoxide species formation was accounted upon

sample heating to 150 8C with the observation of the appear-

ance of the band at 1146 cm@1 (see Supporting Information,
section 3.4).

Based on the results of the in situ FTIR study and related
precedents,[31, 66, 69] a plausible reaction mechanism has been

proposed (Scheme 3): 1) Benzamide interacts with Zr-MOF-808-
P through both, the Lewis acid sites (by binding between the

coordinately unsaturated zirconia centers and the amide car-

bonyl) and the Brønsted acid centers (by forming hydrogen
bonds between the hydroxyl groups of the solid and the nitro-

gen of the amide) (Intermediate A). 2) n-Butanol is anchored to
the Lewis acid centers by the oxygen atom. This coupling is re-

inforced by the interaction between the hydrogen of the alco-
hol and the basic O2@ center of the Zr-MOF-808-P (Intermedi-

ate B). At 150 8C, butoxide formation is occurring (Intermediate

C). 3) Butoxide intermediate reacts with the neighboring ben-
zamide to yield the product releasing NH3. The final product,

butyl benzoate, desorbs liberating the active center.

Conclusions

Zr-MOF-808-P, with hydrophobic pockets conferred by organic
ligands and hydrophilic Zr clusters, presents specific confined

spaces and active sites for amide esterification. More interest-
ingly, compared to other homogeneous catalysts, Zr-MOF-808-

P can activate primary, secondary and tertiary amides and pres-
ents a wide scope in aromatic and aliphatic functionalized

amides. Moreover, the esterification of amides is also feasible

under non-solvolytic conditions. This material shows thermal
stability acting as a heterogeneous catalyst that can be recov-

ered and reused for several reaction cycles. In situ FTIR studies
and kinetic modelling allow a better understanding of the re-

action pathway at the molecular level. This material has the ap-
propriated Brønsted–Lewis acid sites to activate both reacting
substrates, the amide and the alcohol.

Experimental Section

MOF synthesis

Zr-MOF-808-P :[50] H3BTC (1,3,5-benzenetricarboxylic acid) (0.52 g,
2.5 mmol) and ZrCl4 (1.75 g, 7.5 mmol) were dissolved in a mixture
of DMF/formic acid (226 mL, 1:1; 0.011 m) in a 500 mL flat bottom
flask, which was heated at reflux (120 8C) under magnetic stirring
for 4 days. The precipitate was collected by vacuum filtration and
washed three times with fresh DMF and subsequently three more
times with fresh acetone. Then, the material was heated up at
110 8C under vacuum for two hours approximately. The final prod-
uct was obtained as a white solid (0.52 g, 2.3 mmol, 92 % yield re-
ferred to ZrCl4). (For other MOFs, see Supporting Information, sec-
tion 2.1.)

Esterification of amides

General procedure of amide solvolysis : Zr-MOF-808-P
(0.25 mmol, 25 mol %), amide (1 mmol) and n-butanol (2 mL, 0.5 m)
were added to a 10 mL Pyrex glass tube. The reaction mixture was
left to stir vigorously at 150 8C during the corresponding time. It
was then filtered to separate the catalyst and washed thoroughly
with ethyl acetate. The solvent was then removed in a rotavapor at
reduced pressure and the reaction crude was purified by column
flash chromatography using hexane/ethyl acetate as the eluent. All
products obtained within this work have been described previous-
ly and characterization in the literature was used for comparison.

General procedure of amide esterification in mesitylene : A reac-
tive mixture was prepared with Zr-MOF-808-P (0.25 mmol,
25 mol %), the amide (1 mmol), the corresponding alcohol
(2 mmol) and mesitylene (1 mL, 1 m)) as solvent in a 10 mL Pyrex
glass tube. It was shaken vigorously at 150 8C for 44 h and then fil-
tered to separate the catalyst, which was washed with ethyl ace-
tate. The solvent was then removed in a reduced pressure rotary
evaporator and the crude product was purified by column flash
chromatography using hexane/ethyl acetate as the eluent. All
products obtained within this work have been described previous-
ly and characterization in the literature was used for comparison.
(For other procedures about esterification of amides, see Support-
ing Information, section 3.2.)

Scheme 2. Butoxide formation on Zr-MOF-808.

Scheme 3. Proposal mechanism for the benzamide esterification with n-
BuOH catalyzed by Zr-MOF-808-P.
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