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Abstract: The tandem hydroformylation-aldol condensation
(tandem HF-AC) reaction offers an efficient synthetic route to
the synthesis of industrially relevant products. The addition of
Zn-MOF-74 to the cobalt-catalyzed hydroformylation of 1-
hexene enables tandem HF-AC under milder pressure and
temperature conditions than the aldox process, where zinc
salts are added to cobalt-catalyzed hydroformylation reac-
tions to promote aldol condensation. The yield of the aldol
condensation products increases by up to 17 times compared

to that of the homogeneous reaction without MOF and up to
5 times compared to the aldox catalytic system. Both Co2(CO)8
and Zn-MOF-74 are required to significantly enhance the
activity of the catalytic system. Density functional theory
simulations and Fourier-transform infrared experiments show
that heptanal, the product of hydroformylation, adsorbs on
the open metal site (OMS) of Zn-MOF-74, thereby increasing
the electrophilic character of the carbonyl carbon atom and
facilitating the condensation.

Introduction

Metal–organic frameworks (MOFs) consist of organic linkers
connected to metal ions or clusters.[1] They are crystalline and
are among the materials with the highest surface areas.[2] MOFs
are modularly built and allow for modifications in the linker and
the metal node. This variety leads to a wide collection of
possible structures that are tunable for targeted properties and
enable application in catalysis,[3] gas storage,[4] and gas
separation.[5] Hydroformylation (HF) is one of the most
important processes using homogeneous catalysts and includes
the addition of molecular hydrogen and carbon monoxide to a

carbon-carbon double bond to yield aldehydes. This reaction is
catalyzed by rhodium and cobalt complexes.[6] Aldehydes are
valuable chemicals because they offer synthetic pathways to
alcohols, amines, carboxylic acids, esters, and other functional-
ized molecules.[6] Various reports highlight the use of MOFs in
HF reactions.[7] MOFs influence the distribution between linear
and iso aldehydes in HF. Our group showed that the addition of
Zn-MOF-74 to the cobalt-catalyzed HF of linear aliphatic alpha
olefins yields the branched aldehydes with up to 90%
selectivity compared to the 50% selectivity in the system
without MOF. The reason for this high selectivity is attributed to
the more efficient packing of the olefin molecules inside the
MOF pores, which leads to a higher alkene concentration
favoring the kinetics of formation of the branched product.[7a]

MOFs find application in HF for the heterogenization of the
catalyst to facilitate its recycling and separation. Hou et al.
immobilized rhodium nanoparticles on ZIF-8 and used this
catalyst (Rh@ZIF-8) in the HF of linear olefins with various chain
lengths and styrene. The catalyst was recycled five times
without significant loss of activity.[7b] Sartipi et al. synthesized a
phosphotungstic acid (PTA)-containing derivative of MIL-101(Cr)
(PTA-MIL-101(Cr)). This composite was used in a catch-and-
release system with RhH(CO)(PPh3)3. Under ambient atmos-
phere, rhodium coordinates to PTA, whereas under reaction
conditions, CO coordinates to the metal leading to a homoge-
neous catalyst. After the reaction, the catalyst recoordinates to
PTA-MIL-101(Cr) upon the release of syngas pressure. This
system allowed the successful recycling of the catalyst in six
consecutive runs without loss in HF activity.[7c] Tang et al.
synthesized a MOF with dipyrazole linkers and metalated it with
cobalt and rhodium species. The rhodium catalyst showed full
conversion in the HF of styrene in three consecutive runs.[7d]

Aldol condensation (AC) is a reaction between an enolizable
aldehyde or ketone and a nucleophilic carbonyl compound to
form β-hydroxy aldehydes (aldols) and β-hydroxy ketones
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(ketols). In the condensation step, α,β-unsaturated aldehydes or
ketones form upon release of one equivalent water.[8] It is a
powerful tool used by organic chemists for the formation of
C� C bonds.[9] This reaction is acid- and, more frequently, base-
catalyzed.[8b] AC is a known side reaction in HF[10] and is
generally more pronounced in cobalt-catalyzed systems com-
pared to those based on rhodium.[11] Such a side reaction may
be desirable for the synthesis of more complex molecules.[6] A
typical example is the synthesis of 2-ethylhexanol (2-EH), the
precursor of the most widely used plasticizer, bis(2-ethylhexyl)
phthalate (DEHP),[12] from propene.[13] In a first step, n-
butyraldehyde is formed by HF, followed by AC and hydro-
genation (hyd.) to yield the desired product (see Scheme 1).

A tandem HF-AC reaction would be beneficial in order to
produce aliphatic aldehydes and alcohols; Exxon has been
applying the aldox process for their synthesis.[14] Organic zinc
salts such as zinc acetylacetonate were added to the reaction
mixture to catalyze the AC at 200 atm and 180 °C.[15] The
products are hydrogenated in an additional step. A similar
system was introduced by Shell, which expanded the standard
HF system, tributylphosphane, cobalt carbonyl, with KOH or
amines to catalyze the AC.[16] Such processes have been
discontinued due to low selectivity and the harsh conditions,
under which they take place.

Today fundamental research focuses on tandem HF-AC
under milder conditions using for the most part rhodium-based
catalysts for the HF and various cocatalysts, such as pyrrolidi-
nium benzoate,[17] aniline,[18] the solid base hydrotalcite,[19] and
sodium hydroxide, in a multiphasic system.[20] Catalysts based
on platinum and para-toluenesulfonic acid[21] have also been
studied. A general characteristic of these systems is the high
price of the metal and the addition of a second catalyst (acid or
base) to promote the AC reaction. A cobalt-based system would
be a much cheaper alternative with relatively high hydro-
formylation activity. While investigating the role of Zn-MOF-74
in the branched-selective, cobalt-catalyzed HF of 1-hexene,[7a]

we discovered its enhancing effect on the tandem HF-AC

reaction. Based on this observation, we decided to study its
potential in the reaction to target the AC product. Here we will
show that Zn-MOF-74 catalyzes the cobalt-based tandem HF-
AC, to attain a performance comparable to that of the aldox
system under mild conditions by adsorbing the aldehydes that
form during HF, thereby enhancing their electrophilicity.

Results and Discussion

Figure 1 shows the product composition as a function of time
in the cobalt-catalyzed hydroformylation of 1-hexene at 25 bar
syngas pressure and 100 °C.[7a] Under these conditions, tandem
HF-AC is a side reaction with the majority of products being 2-
ethylpentanal, 2-methylhexanal, heptanal (2) and hexene
isomers, while the hydrogenation of alkenes was not observed
(Table S2). After 8 h, the yield of 3 was 0.18% in the
homogeneous reaction (triangles) and 2.1% in the presence of
Zn-MOF-74 (squares), i. e., 11 times higher. After 24 h, the yields
were 1.2% and 3.9%, respectively, three times higher with the
MOF. The addition of Zn-MOF-74 favors not only branched
selectivity, but also the yield of the AC product.

To understand the role of the cobalt catalyst and of the
MOF in the AC reaction, we studied the reaction of 2 at 25 bar
syngas pressure and 100 °C in n-hexane (0.7 M) with all four
possible combinations: absence or presences of Zn-MOF-74 and
the cobalt catalyst as part of the reaction mixture. Figure 2
shows that the yield of 3 is 1.3% in the absence of both cobalt
and MOF. The cobalt catalyst yielded 10%, Zn-MOF-74 6.1%, of
3. The presence of both the catalyst and MOF yielded 3 in 47%,
five and eight times higher than that obtained with the cobalt
catalyst and MOF, respectively.

This result led us to perform a series of catalytic experiments
focusing on the AC with and without Zn-MOF-74, using a setup

Scheme 1. Industrially relevant products involving hydroformylation fol-
lowed by aldol condensation reactions in the synthetic pathway.

Figure 1. Conversion (red) and corresponding tandem HF-AC 3 yields (black
symbols) of the homogeneous hydroformylation of 1-hexene (0.5 mL,
4.0 mmol), catalyzed by Co2(CO)8 (1.6 mg, 4.7 μmol, triangles) and the Zn-
MOF-74-modified (Zn-MOF-74: 20 mg, 43 μmol, Co2(CO)8: 1.6 mg, 4.7 μmol,
squares) reaction as a function of time. The reactions were performed at
25 bar syngas pressure (CO: H2 =1) and 100 °C.
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allowing for sampling every 15 min to assess the evolution of 3
as a function of time. The results are plotted in Figure 3. All four
reactions feature an induction period of 30 min, attributed to
the formation of the active species from Co2(CO)8, the
precatalyst of hydroformylation.[22] After the induction period,
the profiles of the four reactions are very different. The
homogeneous reactions yielded 3 in 12% and 4% after about
5 h at 25 bar (Figure 3, black squares) and at 75 bar syngas
pressure (Figure 3, black triangles), respectively. The reactions in
the presence of a cobalt catalyst and Zn-MOF-74 showed 29%
and 62% yield of 3 after 6 h at 25 bar (Figure 3, red squares)
and at 75 bar (Figure 3, red triangles), respectively, a significant

increase of up to 16 times compared to that in the correspond-
ing homogeneous reaction. These trends are noteworthy. While
the yield in the homogeneous reaction decreases at higher
pressure, that in the presence of the MOF increases. The
decrease of AC products at higher pressures is in agreement
with the literature.[23] The inversion of this tendency by Zn-MOF-
74 confirms its role as promoter in the tandem reaction.
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) indicated that the majority of the cobalt is adsorbed
within the pores of the MOF after 2 h reaction at 25 bar
(Figure S7). Up to 2 h, the homogeneous and the MOF-modified
reactions follow a similar path because the reactivity of cobalt is
dictated by the homogeneous species, which is more than 80%
up to 1 h reaction (Figure 3, squares). From 2 h reaction time,
the reaction with MOF yielded significantly higher amounts of
3. This indicates that the cobalt adsorption within the MOF
drives the higher AC yield. Experiments in the absence,
respectively, in the presence of the cobalt catalyst and MOF
were performed at 75 bar syngas pressure and showed the
formation of the hydrogenated AC product 4. The yield of the
AC products (3 and 4) is 8% with the cobalt catalyst but
without the MOF. The addition of Zn-MOF-74 increased the
yield to 87%, i. e., by more than a factor of 10 (see Figure S8).
The data in Figures 2, 3, and S8 clearly indicate that both cobalt
catalyst and MOF are required for the efficient promotion of the
AC reaction.

We tested the tandem HF-AC of 1-hexene at 80 bar as a
function of temperature. A branched selectivity increase in the
hydroformylation reaction was observed in agreement with our
previous study[7a] (Tables S3 and S4, Entries 2 and 3). The results
in Figure 4 highlight the dramatic effect of temperature on the
yield of AC products. At 60 °C, 1-hexene did not react to
heptanal, indicating that the AC also did not take place.
Temperatures above 110 °C were required to convert more than
90% 1-hexene in the Zn-MOF-74-modified reaction. Conversion
of 1-hexene was generally higher in the homogeneous reaction,
reaching around 99% at temperatures above 90 °C. High
temperatures clearly favor the hyd. of 3 to the saturated
aldehyde 4 (Figure 4). While the homogeneous reaction yielded
1.3 and 1.9% AC products at temperatures of 90 °C and 150 °C,
respectively, Zn-MOF-74 enhanced the yield of the AC products
to 9.0 and 33% (a factor of 6.9 and 17), respectively. At 150 °C,
the selectivity to AC products is comparable to the aldox
process, while employing much milder conditions.[15] Additional
products included 2-ethylpentanal, 2-methylhexanal, heptanal,
the corresponding alcohols and heavier products, while no
alkanes were observed (Tables S3 and S4). The filtered and
washed MOF was used for a second catalytic cycle, giving a
21% and 5.7% yield of 3 and of 4, respectively, at 110 °C, in
good agreement with the pristine MOF (Figure S9). A different
zinc source was tested as an additive to verify that the MOF
structure was essential to maximize the yield in the tandem HF-
AC reaction. The addition of an equimolar amount of zinc as
zinc acetylacetonate, as in the aldox reaction, led to a yield of
3.3% of 3 and of 1.6% of 4. In comparison, the reaction with
Zn-MOF-74 afforded the products (20% and 5.7%, respectively)
under identical conditions (80 bar syngas, 110 °C). These results

Figure 2. AC yield of 3 in the four reactions in the absence or presence of
Co2(CO)8 (1.6 mg, 4.7 μmol) and Zn-MOF-74 (20 mg, 43 μmol) using a
solution of heptanal in hexane (0.7 M, 0.5 mL, 0.35 mmol) at 25 bar syngas
pressure (CO: H2=1) and 100 °C, 5 h. Blue and orange bars correspond to
reactions without and with Zn-MOF-74, respectively. The experiments (left
group) were performed without the cobalt catalyst, while it was added in
the other experiments (right group).

Figure 3. Yield of AC product 3 from heptanal (2.8 M in cyclohexane) as a
function of time. The homogenous reaction (black, Co2(CO)8 (3.2 mg/ml,
9.4 mM) and the MOF-modified reaction (red, Co2(CO)8 (3.2 mg/ml, 9.4 mM),
Zn-MOF-74 (40 mg/ml, 86 μmol/g)) were performed at two pressures 25 bar
(squares) and 75 bars (triangles) of syngas (CO: H2 =1) at 100 °C.
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highlight the pivotal role of Zn-MOF-74 in the tandem HF-AC
reaction. For comparison, the zinc-based MOF ZIF-8[24] was
tested in tandem HF-AC in the presence of Co2(CO)8 at 80 bar
and 120 °C yielding 3 and 4 in 9.1% and 5.4%, respectively.
Under the same conditions, Co-MOF-74 and Co2(CO)8 produced
3 in 0.2% and 4 in 4.3%. Co-MOF-74 in the absence of the
homogeneous catalyst led to traces of 3 and 4 (Figure S10).
These results emphasize the roles of zinc and the OMS as well
as the necessity of the Co catalyst to yield efficient tandem HF-
AC systems. Furthermore, they suggest that the basicity of the
phenolate group has little influence on the AC activity since the
less basic[25] Zn-MOF-74 displays superior performance over Co-
MOF-74.

We characterized Zn-MOF-74 before and after the reaction
at 110 °C by powder X-ray diffraction (PXRD) and nitrogen
adsorption analyzed by the Brunauer-Emmett-Teller (BET)
model. The PXRD pattern after the reaction was identical to that
of pristine Zn-MOF-74 (Figure S2), demonstrating the structural
integrity of the framework. The BET surface area decreased
significantly from 1100 m2/g to 26 m2/g (Figure S6), suggesting
the presence of residual molecules in the pores as reported
elsewhere.[7a,d]

In order to gain a deeper insight into the role of the MOF in
the tandem HF-AC, we performed density functional theory
(DFT) calculations (see Supporting Information). The interaction
energy between the product of the HF reaction (heptanal) and
the free coordination site in Zn-MOF-74 was � 101 kJ/mol. The
structure of heptanal adsorbed within the pores of the MOF
showed a longer carbonyl bond of 1.222 Å compared to the
free aldehyde (1.209 Å). The net atomic charges were calculated

according to DDEC6 atomic population analysis,[26] showing that
the charge of the carbonyl carbon atom increased from +0.414
in the free aldehyde to +0.461 in the adsorbed aldehyde,
highlighting its enhanced electrophilic character. The aldehyde
probably acts as a better electrophile when adsorbed within
the MOF, thereby facilitating the reaction. Figure 5 illustrates
the optimized structure of adsorbed heptanal (2@Zn-MOF-74).

The elongation of the carbonyl bond within Zn-MOF-74 was
confirmed by Fourier-transform infrared spectroscopy (FTIR),
which showed a reduction of the C=O stretch wavenumber
from 1724 cm� 1 in the free aldehyde to 1698 cm� 1 in heptanal
adsorbed within the MOF (Figure S11). Combined with the DFT
calculations, the FTIR results imply that Zn-MOF-74 activates the
aldehyde through adsorption. The interaction of Zn-MOF-74
and the Co catalyst was investigated by X-ray photoelectron
spectroscopy (XPS). Zn 3p and O 1s core-levels of Zn-MOF-74,
acquired before and after the reaction, yielded comparable
photoemission spectra (Figure S13). The position and shape of
the Zn 3p peaks (Zn 3p3/2 centered at 88.9 eV, spin orbit
splitting of 2.1 eV) are in agreement with other literature reports
of Zn(II) in MOFs,[27] confirming the expected oxidation state of
zinc. The Co 2p spectrum of the sample after reaction is in fair
agreement with previous literature on Co in MOF-74.[28] The
main peak (2p3/2), centered at around 783.6 eV, together with its
satellite at 787.9 eV indicate the presence of Co(II). This
suggests that the MOF structure does not undergo relevant
changes during the reaction, and identifies 2+ oxidation states
for zinc and cobalt. The MOF was further characterized by
in situ transmission IR spectroscopy. Spectra of activated Zn-
MOF-74 with adsorbed deuterated acetonitrile (d3-ACN) show
the extent of the MOF’s Lewis acidity (Figure S3). The
interaction of the OMS with the nitrile group leads to a blueshift
of the C�N stretch vibration to 2279 cm� 1 compared to liquid
d3-ACN at 2263 cm� 1.[29] Figure S3 indicates the presence of a
low amount of defects, as demonstrated by the lack of stronger
blueshifted peaks[29d] and a relatively mild Lewis acidity, based
on the shift of 16 cm� 1. The continuous redshift of the main
nitrile band upon adsorption was associated to its coverage-
dependent behavior. The redshifted peak at 2236 cm� 1 was

Figure 4. Tandem HF-AC products 3 and 4 from 1-hexene at 80 bar syngas
pressure (CO: H2=1) as a function of temperature. Products of the
homogeneous reaction (Co2(CO)8 (4.0 mg, 12 μmol) in 1-hexene (0.5 mL,
4.0 mmol)) are plotted in shades of blue, 3 (light blue), 4 (dark blue), whereas
those yielded in the Zn-MOF-74-modified reaction (Co2(CO)8 (4.0 mg,
12 μmol), Zn-MOF-74 (20 mg, 43 μmol) in 1-hexene (0.5 mL, 4.0 mmol)) are
depicted in orange (3) and red (4). The 1-hexene conversion of the
corresponding reactions are plotted in the same colors. In this plot, 3
includes the AC products yielded from the aldol addition of two molecules
of 1-heptanal and that of 2-methylhexanal with 1-heptanal.

Figure 5. Proposed reaction mechanism of the adsorption-driven tandem
HF-AC. Linear products only are shown for the sake of clarity. Color code: Zn-
MOF-74 carbon (grey), aldehyde carbon (black), oxygen (red), zinc (green).
Hydrogen is omitted for the sake of clarity.
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assigned to the interaction of d3-ACN with the basic phenolate
groups.[25,30] The interaction energies of the cobalt hydroformy-
lation intermediates[31] with Zn-MOF-74 are summarized in
Table S6. The acyl cobalt intermediate (Figure S15, 6) features
the strongest interaction energy with � 127 kJ/mol. The Co� H
bond lengths in the free hydride complex (Figure S15, 5) and
the bond length coordinated to Zn-MOF-74 are the same
(1.488 Å), indicating that the MOF has little, if any, influence on
the structure of cobalt tetracarbonyl hydride, the most likely
Brønsted active site for the AC.[32]

Based on these results, we propose a preliminary reaction
mechanism for the adsorption-driven tandem HF-AC promoted
by MOF-74.[33] The data in Figure 2 show that Zn-MOF-74 alone
is insufficient to efficiently promote the AC; we propose a
cooperative mechanism involving the cobalt catalyst and the
MOF. The precatalyst, Co2(CO)8, undergoes hydrogenolysis
under the applied syngas conditions to form HCo(CO)4,

[34] which
is a strong acid.[32] In a first step, the cobalt catalyst promotes
the hydroformylation of 1 to the corresponding aldehydes. HF
product 2 is then adsorbed by Lewis acidic sites in Zn-MOF-74,
as observed by FTIR and simulated by DFT, thereby enhancing
the electrophilic character of the carbonyl carbon atom (2@Zn-
MOF-74). The Brønsted acid HCo(CO)4 catalyzes the enolization
of 2 to yield 2a, which reacts with the adsorbed heptanal to
form 3 upon release of water, typical for acid-catalyzed
AC.[8a,33,35] A competition experiment where Zn-MOF-74 was
treated at 120 °C with both heptanal and water showed a
shoulder at 1698 cm� 1 in the FTIR spectrum of the recovered
MOF. This band coincides with that of heptanal adsorbed to
activated Zn-MOF-74, demonstrating that heptanal still adsorbs
to the zinc OMS in the MOF even in the presence of water
(Figure S12). The interaction energy of heptanal with zinc is
� 101 kJ/mol, higher than the adsorption energy of water (� 60
to � 65 kJ/mol), further confirming the experimental result.[36]

Conclusion

We report a catalytic system for the tandem HF-AC allowing the
one-pot synthesis of α, β-unsaturated aldehydes from olefins
and syngas working with a cobalt hydroformylation catalyst
and Zn-MOF-74. The yield of AC products was enhanced up to
17-fold upon the addition of Zn-MOF-74 under very mild
conditions of temperature and pressure. Catalytic experiments
showed that both the cobalt catalyst and the MOF are essential
to maximize the AC yield. FTIR and DFT calculations showed
that the Zn sites within Zn-MOF-74 adsorb the aldehyde
produced in the HF reaction, thus increasing the electrophilic
character of the carbonyl carbon atom. The cobalt complex and
the MOF components work cooperatively, where adsorption of
the aldehyde plays a central role in enhancing the yield of the
AC products.

Experimental Section
Zn-MOF-74: 2,5-Dihydroxyterephthalic acid (1.80 g, 9.08 mmol,
1.0 eq) and Zn(acac)2·H2O (5.20 g, 18.5 mmol, 2.0 eq) were dissolved
in a mixture of DMF (176 mL) and water (9 mL). This solution was
split between three 100 mL EasyPrep vessels and placed in a
microwave reactor (from rt to 130 °C in 20 min, reaction at 130 °C
for 1 h) to give a yellow suspension. The solid was filtered off by a
membrane filter and washed with dimethylformamide (DMF, 3×
100 mL, first time overnight), water (3×100 mL), EtOH (3×100 mL),
and tert-butyl methyl ether (TBME, 3×100 mL). After that, the MOF
was dried in a vacuum oven overnight at 60 °C. Activation at 250 °C
in vacuum yielded Zn-MOF-74 (2.01 g, 68%) as a yellow solid. The
PXRD pattern (Figure S2) is comparable to the reference pattern.[37]

The BET surface area (Figure S6) was calculated as 1100 m2/g, in
good agreement with the literature.[38]

Tandem HF-AC: Important safety statement: CO is a toxic gas, and
all manipulations should be carried out using a personal CO sensor
in addition to a lab CO sensor. Zn-MOF-74 (20 mg, 43 μmol) was
weighed into a 2 mL crimp vial and activated in vacuum at 150 °C
for 20 to 24 h in a round-bottom flask equipped with a glass valve.
This leads to a weight loss of approximately 30%, which we
considered for the calculation of the molar amount. The crimp vials
were introduced to a glovebox, where a solution of Co2(CO)8 of the
indicated concentration (3.2 mg/ml, 9.4 μmol/ml or 8.0 mg/ml,
24 μmol/ml) in 1-hexene (8.0 mmol/ml) was prepared. This solution
(0.5 mL) was added to the crimp vials before they were sealed with
new septa. The crimp vials were placed in an autoclave, which was
then flushed with argon. While continuing flushing, the autoclave
was opened, and the septa were pierced with a needle. The
autoclave was closed, and flushing continued for 1 min. The
autoclave was then pressurized to the indicated pressure with
syngas (CO: H2=1), and the system heated to the required
temperature leading to a significant pressure increase. The reaction
was allowed to take place for 16 h before the autoclave was cooled
below a temperature of 30 °C. The pressure was released slowly,
and the autoclave flushed with argon before opening. Homoge-
neous reactions were performed equivalently without the addition
of Zn-MOF-74. The content of the crimp vials was transferred into
5 mL volumetric flasks and filled with tetrahydrofuran (THF). Zn-
MOF-74 was extracted for 30 min before 200 μL of the supernatant
were diluted with 800 μL of the external standard (p-cymene
0.048 M in THF). This solution was analyzed by GC-FID and, upon
appropriate dilution, by GC-MS.

Supporting Information

Additional experimental details, characterization results, and
procedures are available in the Supporting Information.[37,39]
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