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Abstract

Transfer hydroformylation of alkenes with formaldehyde constitutes a green and sus-
tainable route to aldehydes. In this work, the transfer hydroformylation of styrene with
formaldehyde was efficiently catalyzed by [Rh(κ2-dppe)2]+ (A), where dppe stands for 1,2-
bis(diphenylphosphino)ethane. The reaction was found to be first order with respect to both
Rh and substrate concentrations and fractional order with respect to formaldehyde concen-
tration, in line with the behavior previously reported for 1-hexene. DFT was used to investi-
gate the reaction mechanism by using ethene and [Rh(κ2-dpe)2]+ (A), where dpe stands for
1,2-bis(phosphine)ethane, as simplified models of the substrate and catalyst, respectively,
and by considering several functionals. The DFT calculations indicate that M06-L provides
the most suitable description of the thermodynamic and activation parameters associated
with the elementary steps. The combined analysis of kinetic results and the DFT calculations
allowed us to propose a detailed catalytic cycle for this reaction, initiated by the reversible
oxidative addition of formaldehyde to complex A to afford [Rh(H)(CHO)(κ2-dppe)2]+ (B,
K1). Coordination of ethene occurs through partial dissociation of one phosphorus atom
of the diphosphine ligand, generating [Rh(H)(alkene)(CHO)(κ2-dppe)(κ1-dppe)]+ (IB, K2),
followed by the transfer of the hydride to the alkene to give [Rh(alkyl)(CHO)(κ2-dppe)2]+

(C, k3), which is considered the rate-determining step of the process. The cycle is completed
by reductive elimination of propanal, thereby regenerating A. The overall activation energy
calculated by DFT (Ea = 20.0 kcal mol−1) is in good agreement with the experimental
values determined for 1-hexene and styrene (20.1 and 22.9 kcal mol−1, respectively). On
the basis of these experimental and DFT results, a mathematical kinetic model with the
canonical form r0 = K1K2k3[Rh]o[alkene][CH2O]/(1 + K1[CH2O]) was developed and fit-
ted using a tandem LMFit/Bayesian approach, allowing the values of K1 and K2k3 to be
estimated, with comparatively low uncertainty. Overall, this integrated kinetic, computa-
tional, and statistical study provides a consistent mechanistic and quantitative framework
for understanding the transfer hydroformylation of alkenes with formaldehyde.

Keywords: transfer hydroformylation; alkenes; rhodium; diphosphine; DFT; Bayesian
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1. Introduction
Catalytic hydroformylation is the transition metal-catalyzed addition of a CO/H2

mixture (syngas) to the carbon–carbon double bond of an alkene to generate aldehydes [1,2],
typically using Co [3] or Rh [4] complexes (Scheme 1, reaction i). This reaction has been ap-
plied to the production of butanal and other commodities [1–4], green fuels [5–8] and high
added-value products for fine chemicals and pharmaceuticals [4,7,9,10]. An alternative way
to carry out this transformation is through the use of a syngas surrogate, such as formalde-
hyde. Hydroformylation of alkenes with formaldehyde, either in solution (formalin) or as a
solid (paraformaldehyde), is an environmentally friendly and sustainable catalytic reaction
for the synthesis of high value-added aldehydes with high atom economy (Scheme 1, reac-
tion ii); this reaction is commonly referred to as transfer hydroformylation [11–13] and may
also be regarded as a particular case of the hydroacylation reaction [14,15], thereby offering
a synthetically attractive alternative to conventional hydroformylation protocols based on
syngas. In terminal unsymmetrical alkenes, both conventional and transfer hydroformy-
lation may lead to linear or branched aldehydes, depending on the alkene coordination
and migratory insertion pathway. Therefore, the regioselective outcome is a relevant mech-
anistic aspect of the reaction and is discussed below. In addition to formaldehyde, other
CO-surrogates have also been used, such as formic acid, alkyl- and arylformates, methanol
and other alcohols and carbon dioxide [11,13,16].

 

Scheme 1. Types of hydroformylation reactions and their corresponding mechanisms.

The hydroformylation of alkenes with formaldehyde, discovered by Okano et al. [17],
is performed under atmospheric pressure of an inert gas, avoids the use of lethal carbon
monoxide and does not require high-pressure equipment, all of which contribute to the
further advancement of sustainable chemistry. In spite of these advantages, this kind of
reaction had been only sparsely investigated until the early 2000s [18–22], probably because
of the possibility of aldehyde decarbonylation as a side reaction.

Between 2005 and 2017, Rosales et al. [23–26] reported the potential of rhodium cata-
lysts containing mono-, bi- and tridentate phosphines in the hydroformylation of 1-hexene
and other C6 alkenes, styrene and allyl alcohol with formaldehyde. Among these systems,

https://doi.org/10.3390/catal16060521

https://doi.org/10.3390/catal16060521


Catalysts 2026, 16, 521 3 of 19

the Rh catalysts containing two equivalents of dppe [1,2-bis(diphenylphosphino)ethane],
which generated [Rh(κ2-dppe)2]+, were the most active precatalysts, thus identifying this
cationic bis(diphosphine)rhodium system as a particularly relevant platform for mechanis-
tic investigation.

On the other hand, in 2010, Morimoto et al. [27] reported the highly linear regioselec-
tive hydroformylation of α-alkenes using formaldehyde by employing [Rh2Cl2(BINAP)2]
[binap: 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl] and [RhH(CO)2(xantphos)] [xant-
phos: 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene]. In that system, the binap com-
plex catalyzed the decomposition of formaldehyde into H2 and CO (Scheme 1, reaction ii,
decomposition mechanism), which were subsequently used by the xantphos complex to hy-
droformylate the alkenes through a conventional pathway (reaction i, classical mechanism).
Two rhodium complexes that proved to be even more active in this process were those
based on the ligands 2,2′-bis(diphenylphosphino)-1,1′-biphenyl (biphep) for the formalde-
hyde decarbonylation and 4,6-bis(diphenylphosphino)-10H-phenoxazine (nixantphos) for
the classic hydroformylation of alkenes. Taddei et al. [28] described an improved version
of this catalytic process using microwave dielectric heating, under which the reaction
rate increased significantly. Subsequently, Morimoto et al. [29] established an accessible
protocol for the asymmetric hydroformylation of vinylarenes using formaldehyde as a
substitute for syngas, obtaining high regioselectivity (branched/linear ratio up to 96/4)
and enantioselectivity (up to 95% ee), which can be attributed to the use of chiral Ph-bpe
[(R,R)-1,2-bis(2,5-diphenylphospholano)ethane] as a ligand; this catalytic system was found
to be sufficiently effective for both of the decarbonylation and stereoselective hydroformy-
lation processes. Currently, this methodology of using formaldehyde as a substitute for
syngas has been applied by the groups of Lühr [30] and Gusevskaya and dos Santos [31,32]
to obtain high value-added products.

Although the mechanism of Rh-catalyzed hydroformylation of alkenes with syngas
have been extensively studied from the theoretical point of view, as summarized in the
reviews of Kegl [33,34], the theoretical data available for the mechanism of Rh(I)-catalyzed
hydroacylation of alkenes remains rather limited [35–37], particularly for transfer hydro-
formylation processes employing formaldehyde as a syngas surrogate. With regard to the
Rh-catalyzed hydroformylation of alkenes with formaldehyde, Meng et al. [36] studied
the mechanism of the Rh(I)-catalyzed hydroformylation of propylene with formaldehyde
by means of Density Functional Theory (DFT) at the B3LYP level in order to evaluate the
regioselectivity of the reaction. In that study, oxidative addition of formaldehyde was
proposed as the rate-determining step (rds) for formation of the linear product, whereas
C–C bond formation was identified as the rds for formation of the branched product.

In 2016, some of us reported the hydroformylation of 1-hexene with formaldehyde
catalyzed by [Rh(κ2-dppe)2]+, including kinetic measurements, coordination chemistry
experiments and a preliminary theoretical DFT study using the M06-L functional and sim-
plified models in which the phenyl groups of dppe were replaced by hydrogen atoms and
ethene was used as substrate [25]. The experimental and computational results indicated
that the catalytic cycle involved oxidative addition of formaldehyde, insertion of ethene
into the Rh–H bond, and reductive elimination of propanal as the key elementary steps
(Scheme 1, reaction ii, hydroacylation mechanism). The rds of the reaction was found to be
insertion of ethene into the Rh–H bond; however, the activation energies obtained for both
the overall reaction and for the rds (31.5 and 40.0 kcal/mol, respectively) were higher than
the corresponding experimental values (20.1 and 23.9 kcal/mol, respectively), thus indicat-
ing that a more robust mechanistic and quantitative description of this catalytic system is
still needed. This research represents the only kinetic and mechanistic study to date on the
transfer-mediated hydroformylation of alkenes using a substitute for synthesis gas.
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Now, in this article, we report a kinetic investigation of the transfer hydroformylation
of styrene with formaldehyde catalyzed by the cationic bis(diphosphine)rhodium complex
[Rh(κ2-dppe)2]+ by combining experimental kinetics, DFT calculations, and Bayesian sta-
tistical analysis. This study seeks to provide a more robust mechanistic and quantitative
description of the elementary steps governing this catalytic transformation.

2. Results and Discussion
The complex [Rh(κ2-dppe)2]+ (A) was found to be an active precatalyst for the hydro-

formylation of styrene with formaldehyde, under mild reaction conditions (130 ◦C, 1 bar
Ar), yielding the corresponding linear and branched aldehydes (3-phenyl- and 2-phenyl-
propanal, respectively), which were identified by mass spectra (molecular ion peak M+ at
m/z 134), as well as small amounts of ethylbenzene (close to 10% in 1 h) as a product of
the substrate hydrogenation. Scheme 2 shows the products obtained in this reaction, while
Figure 1 shows a typical reaction profile of the reaction, showing the decrease in styrene
concentration and the increase in the corresponding hydrogenation and hydroformylation
products over time. In this reaction, an induction period of approximately 15 min was
observed, which was likely necessary for the in situ generation of formaldehyde and/or
the formation of the active species in the reaction medium. The ratio of linear to branched
products was approximately 3–4:1.

Scheme 2. Products obtained from the hydroformylation of styrene with formaldehyde.
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Figure 1. Reaction profile of the hydroformylation of styrene with formaldehyde catalyzed by
[Rh(κ2-dppe)2]+ (conditions as entry 5, Table 1).
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Table 1. Kinetic data for the transfer hydroformylation of styrene with formaldehyde catalyzed by
[Rh(κ2-dppe)2]+.

Entry T (K) [Rh] (mM) [S] a (M) [CH2O] (M) 104 ro (Ms−1)

1 373 0.9 0.35 2.33 0.69
2 373 1.1 0.35 2.33 0.80
3 373 1.3 0.35 2.33 0.88
4 373 1.5 0.35 2.33 1.10
5 373 1.7 0.35 2.33 1.40
6 373 2.1 0.35 2.33 1.57
7 373 2.5 0.35 2.33 1.43
8 373 2.8 0.35 2.33 1.13
9 373 1.7 0.29 2.33 1.03

10 373 1.7 0.40 2.33 1.50
11 373 1.7 0.50 2.33 1.76
12 373 1.7 0.55 2.33 1.99
13 373 1.7 0.61 2.33 2.45
14 373 1.7 0.35 1.55 1.27
15 373 1.7 0.35 1.77 1.33
16 373 1.7 0.35 1.99 1.36
17 373 1.7 0.35 2.66 1.43
18 373 1.7 0.35 3.11 1.47
19 353 1.7 0.35 2.33 0.24
20 363 1.7 0.35 2.33 0.73
21 383 1.7 0.35 2.33 3.31

a [S]: styrene concentration.

In previous works, we found that the [Rh(κ2-dppe)2]+ complex was a highly active pre-
catalyst for the hydroformylation of 1-hexene with formaldehyde [23,24]; the kinetics of this
reaction, together with some coordination chemistry and preliminary DFT studies, allowed
us to propose a hydroacylation-type mechanism, as depicted in Scheme 1 (reaction ii) [25].
Some experimental evidence pointing to this type of mechanism is summarized in the
Supplementary Material S1. However, some aspects of the mechanism remain unclear,
for example, whether it involves the direct insertion of the alkene into the Rh–H bond
or whether it occurs through the partial dissociation of one of the dppe ligands and the
coordination of the alkene, followed by the migration of the hydride to the C–C double
bond of the substrate.

In order to gain a deeper understanding of the mechanism of the transfer hydroformy-
lation of alkenes with formaldehyde, we have conducted a comprehensive and detailed
study combining three types of approaches, including: (i) a detailed kinetic study of the
hydroformylation of styrene with formaldehyde catalyzed by [Rh(κ2-dppe)2]+ (A) and its
comparison with the kinetics of the hydroformylation of 1-hexene, (ii) a DFT computational
study in which various functionals were used, as well as the MP2 method—considered the
most reliable—using the simplified analogue [Rh(κ2-dpe)2]+ (A′) as the precatalyst (dpe:
1,2-bis(phosphino)ethane, and (iii) the development of a mathematical kinetic model, which
was fitted using the Levenberg–Marquardt [38] and a Bayesian statistical approach employ-
ing the Markov Chain Monte-Carlo (MCMC) method [39–41], which was implemented
using the emcee algorithm [42,43].

2.1. Kinetics of the Hydroformylation of Styrene with Formaldehyde

A kinetic study of the hydroformylation of styrene with formaldehyde catalyzed by
[Rh(κ2-dppe)2]+ (A) at 373 K was performed and the data are shown in Table 1 and Figure 2.
We conducted three sets of experiments with different concentrations of catalyst (entries
1–8, Table 1), substrate (entries 5 and 9–13, Table 1) and formaldehyde (entries 5 and 14–18,
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Table 1). The results obtained in the kinetic study of the transfer hydroformylation of
styrene with formaldehyde showed that:

i. There is a direct (first order) dependence of the hydroformylation rate with respect
to the Rh concentration up to a certain concentration (2.1 × 10−3 M); the plot of
log ro versus log [Rh] at low catalyst concentrations gives a straight line (Figure 2a)
with a slope of 1.04 (entries 1–6, Table 1). However, unlike 1-hexene transfer hydro-
formylation, an inhibition of the reaction was observed at higher Rh concentrations
(entries 7 and 8, Table 1), which can be attributed to the formation of a less active or
inactive species. Therefore, the order with respect to the concentrations of the other
components was determined within the range of first-order kinetics with respect to
the catalyst.

ii. It was observed that the reaction was also first-order with respect to substrate
concentration (Figure 2b). The plot of log ro versus log [styrene] yielded a straight
line with slope 1.03. The fact that first-order behavior was observed with respect to
the concentration of styrene indicates that the substrate likely participates in the
rate-determining step (rds) of the reaction.

iii. The reaction rate varied according to a saturation curve as a function of formalde-
hyde concentration (Figure 2c), and exhibited a fractional order dependence of
0.20 (Figure 2d). This fractional-order dependence indicates that formaldehyde is
involved in an equilibrium prior to the rds of the reaction.
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Figure 2. Effect of [Rh] (a), [styrene] (b) and formaldehyde [plots of ro versus [CH2O] (c) and log ro

versus log [CH2O] (d)] on the reaction rate.

In view of the above kinetic observations, the Rh-catalyzed hydroformylation of
styrene with formaldehyde proceeds according to the rate law shown in Equation (1),
which may also be written as Equation (2).

ro = kcat[Rh][Styrene][CH2O]0.20 (1)
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ro =
a

b + c[CH2O]
[Rh][Styrene][CH2O] (2)

As it may be seen, the results obtained in the transfer hydroformylation of styrene
with formaldehyde catalyzed by [Rh(κ2-dppe)2]+ are rather similar to those obtained in the
reaction with 1-hexene using the same catalytic precursor. For 1-hexene, a fractional order
of 0.63 was obtained with respect to formaldehyde concentration; therefore, this substrate
exhibits a rate expression similar to that of styrene (Equation (1)), with an exponent of 0.63
for [CH2O] [25].

A fourth set of experiments was conducted by varying the temperature while keeping
the concentrations of the reactants and the catalyst constant (entries 5 and 19–21, Table 1).
The Arrhenius plot allowed us to calculate the electronic activation energy (Ea) of the
process as 22.9 kcal mol−1, which is slightly higher than that obtained for the hydro-
formylation of 1-hexene with formaldehyde (20.1 kcal mol−1); the frequency factor (A)
value found was 5.75 × 1012 M−1 s−1 and kcat (295.15 K) was 8.96 × 10−5 M−1 s−1 (see
Supplementary Material S2).

2.2. DFT Study of the Hydroformylation of Styrene with Formaldehyde

The DFT study was conducted with two key considerations in mind; the first was to
select the most appropriate density functional from a variety of options. The second aspect
was to determine whether the reaction mechanism involves the direct insertion of the alkene
into the Rh–H bond or whether it occurs through the dissociation of the phosphorus atom
from a diphosphine ligand, accompanied by the coordination of the substrate, followed by
the migration of the hydride to one of the carbon atoms of the alkene’s double bond.

The first aspect of this in silico study was addressed in two parts. Initially, calculations
were performed to determine the thermodynamic parameters of the possible elementary
steps using various functionals and to compare them with those obtained at the MP2
level. We found that the B3LYP-3D, M06-L and M11-L functionals yielded values closest
to those found with the MP2 method (see Supplementary Material S3). On the other
hand, calculations of potential energy surface were performed using the most widely used
hybrid functional in quantum chemistry (B3LYP) and the three best-performing functionals
(B3LYP-3D, M06-L and M11-L) obtained in this study in order to compare the calculated
activation energies (Ea) with the experimental activation energy data. Supplementary
Material S4 provides the activation energies value corresponding to each elementary step
of the mechanism, and included energy diagrams of the hydroformylation process with
formaldehyde catalyzed by A′. The B3LYP and B3LYP-D3 functionals yielded the highest
activation energy values for both the overall reaction (Eacat) as for the rds (Ea2), while the
M06-L functional provided the lowest values, which were closest to the experimentally
determined values. These results indicate that M06-L is the best functional found for
calculation of thermodynamic parameters and activation energies of the elementary steps in
the catalytic cycle of the ethene hydroformylation with formaldehyde catalyzed by complex
A′. These results are consistent with other studies, which indicate that DFT methods using
the M06-L functional have been applied with great success in organometallic chemistry
and catalysis due to their efficiency and accuracy [44–48].

The second aspect focused on determining whether the mechanism of this reaction
could occur through the partial dissociation of one of the diphosphine ligand following the
oxidative addition of formaldehyde. The insertion of ethene into the Rh–H bond of cis-B′

can occur through the dissociation of a phosphorus atom from one of the diphosphine lig-
ands, accompanied by the coordination of ethene (cis-B′ + C2H4 → IB′ ) and the subsequent
transfer of the hydride ligand to the alkene (IB′ → cis-C′). The cis-B′ complex has four
possible ways to dissociate a phosphorous atom from the diphosphine and coordinate the
ethene molecule, as shown in Scheme 3. However, dissociation of the P2 atom was ruled
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out, since the coordination of the substrate at this position would result in the alkene being
in the trans configuration relative to the hydride ligand, which precludes the migratory
insertion of the ethene and the hydride ligands.

 

Scheme 3. Possible pathways for the dissociation of a phosphorus atom from a diphosphine in the
[Rh(H)(CHO)(κ2-dpe)2]+ intermediate.

The results of these theoretical DFT calculations are shown in Table 2. As may be seen
in this table, the dissociation of any phosphorus atom is endothermic and endergonic. The
coordination of ethene via the dissociation of the P1 atom requires the highest enthalpy
and Gibbs free energy, whereas the process via the dissociation of the P3 and P4 atoms
yields values for these two thermodynamic parameters that are quite similar. Although the
coordination of ethene via the dissociation of the P1 atom exhibits the highest thermody-
namic values, the insertion of ethylene into the Rh–H bond of this structure (IB1) has the
lowest activation energy (Ea = 20.5 kcal/mol) compared to those involving the dissociation
of the P3 and P4 atoms, corresponding to the IB3 and IB4 (Ea = 38.6 and 37.2 kcal/mol,
respectively). These results are displayed in Supplementary Material S5 for a more detailed
analysis of the DFT computational calculations.

Table 2. Thermodynamic and kinetic parameters for the hydroformylation of ethylene with formalde-
hyde catalyzed by [Rh(κ2-dpe)2 via partial dissociation of one of the dpe ligand calculated at the
M06-L level.

Elementary Step ∆E b ∆H b ∆G b Ea b

Oxidative addition of formaldehyde a −8.5 −9.3 4.2 Ea1 = 8.4

Dissociation of P1 and ethylene coordination 8.9 8.1 20.5
Migration of hydride to ethylene (dissociated P1) −28.9 −28.9 −26.5 Ea2 = 29.0

Dissociation of P3 and ethylene coordination 3.0 2.3 14.0
Migration of hydride to ethylene (dissociated P3) −23.0 −23.0 −20.0 Ea2 = 38.6

Dissociation of P4 and ethylene coordination 3.9 3.2 15.4
Migration of hydride to ethylene (dissociated P4) −23.9 −23.9 −21.4 Ea2 = 37.2

Reductive elimination of propanal a −4.0 −3.2 −17.9 Ea3 = 23.4
a These thermodynamic and kinetic parameters were reported in a previous study [25]; b kcal mol−1.
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The activation energies of the overall reaction and of the rds (Ea = 20.0 and
Ea2 = 29.0 kcal mol−1) for the mechanism involving the dissociation of P1 are lower than
those of the direct ethylene insertion mechanism (Ea = 31.5 and Ea2 = 40.0 kcal mol−1,
respectively), as may be seen in the profile shown in Figure 3. Furthermore, these values
are quite similar to those determined experimentally for the hydroformylation of 1-hexene
and styrene via transfer with formaldehyde (20.1 and 23.9 kcal/mol, respectively).

 

Figure 3. Reaction profile for hydroformylation of styrene with formaldehyde catalyzed by [Rh(κ2-
dppe)2]+ by direct insertion or through partial dissociation of a diphosphine (calculations performed
at the M06-L level).

2.3. Overview of the Mechanism of the Alkene Hydroformylation with Formaldehyde

Based on the experimental and computational DFT calculations obtained for the
hydroformylation of styrene with formaldehyde catalyzed by [Rh(κ2-dppe)2]+ (A) in this
study and in those previously published for the reaction with 1-hexene [28], we conclude
that the most likely acylation-type mechanism underlying the [Rh(κ2-dppe)2]+-catalyzed
hydroformylation of alkenes with formaldehyde is the one involving the partial dissociation
of the P1 atom of the diphosphine following the oxidative addition of formaldehyde, as
shown in Scheme 4.

The catalytic cycle is initiated with the reversible oxidative addition of formaldehyde to
complex A (K1) to generate [Rh(H)(CHO)(κ2-dppe)2]+ (B); a hydride(formyl)iridium com-
plex, namely [Ir(H)(formyl)(PMe3)4]+, was synthesized and characterized by Thorn [49].
The process is followed by the dissociation of the phosphorous atom P1 with the concomi-
tant coordination of alkene to yield [Rh(H)(CHO)(alkene)(κ1-dppe)(κ2-dpe)]+ (IB1), keeping
coordinated the phosphorous atom of the diphosphine trans to the hydride ligand (K2).
The migratory insertion of the alkene and hydride ligands generates the corresponding
Rh-alkyl species, [Rh(alkyl)(CHO)(κ2-dpe)2]+ (C), which is considered as the rds of the
process (k3). Finally, the fast reductive elimination of the aldehyde regenerates the catalyst
A and restarts the transfer hydroformylation cycle.
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Scheme 4. Detailed catalytic mechanism for the [Rh(κ2-dppe)2]+-catalyzed hydroformylation
of alkenes.

Our experimental findings and DFT calculations differ from those obtained by Meng
et al. [37] for the hydroformylation of propylene with formaldehyde catalyzed by a
Rh(PH3)2 complex, in which the oxidative addition of formaldehyde was the rds of the
mechanism for the formation of linear aldehyde and the reductive elimination was the rds
for the formation of isoaldehyde. In our case, for the reaction of alkenes with formaldehyde
catalyzed by [Rh(dppe)2]+, the insertion of the substrate into the Rh–H bond is the rds of
the mechanism, which occurs through the dissociation of the P1 atom of the diphosphine
and the subsequent coordination of the corresponding alkene. Another notable difference is
that Meng et al. used only the B3LYP functional, whereas in the present work several func-
tionals were evaluated, with M06-L providing the best agreement with the experimental
activation parameters.

2.4. Mathematical Kinetic Model for the Alkene Hydroformylation with Formaldehyde

Based on the mechanism (catalytic cycle) described in Scheme 4, the rate equation for
the transfer hydroformylation of alkenes with formaldehyde and the bis(dppe) rhodium
complex as the catalyst can be derived by applying the rate-determining step approximation.
Since the overall hydroformylation rate is determined by the rate of the rate-limiting step,
the rate equation can be expressed as Equation (3).

ro = k4[IB1] (3)
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Considering the equilibria involved prior to the rate-determining step (pre-equilibria
K1 and K2) and the mass balance for rhodium ([Rh]o = [A] + [B] + [IB1]), the rate law can
be expressed as Equation (4):

r0 =
K1K2k3[Rh]o[alkene][CH2O]

1 + K1[CH2O] + K1K2[alkene][CH2O]
(4)

If K2 has a small value—which is highly likely given the high stability of the species
with two dppe ligands coordinated in a bidentate mode—the third term in the denominator
of Equation (4) can be neglected, so the rate law can be rewritten as:

r0 =
K1K2k3

1 + K1[CH2O]
[Rh]o[alkene][CH2O] (5)

This rate law is consistent with the experimental results of Rh-catalyzed hydroformy-
lation of styrene (a = K1K2k3, b = 1 and c = K1), in the sense that it is first-order with
respect to the catalyst and substrate concentrations and fractional-order with respect to
the concentration of formaldehyde. Furthermore, this rate law is similar to that observed
in the transfer hydroformylation of 1-hexene with formaldehyde catalyzed by the same
precatalyst [25].

If the catalyst and alkene concentrations are kept constant and the formaldehyde
concentration is varied (entries 5, 9–13 of Table 1), the rate expression (Equation (5)) may
be rewritten as Equation (6) (m = K1K2k3[Rh]o[alkene] and n = K1).

r0 =
m[CH2O]

1 + n[CH2O]
(6)

As it can be seen, the rate law is a rational function, to which a robust approach
based on the Levenberg–Marquardt method (LMFit) [38] and Bayesian statistics can be
applied. To fit this rational function, the Markov Chain Monte Carlo (MCMC) method was
applied [39–41], implemented using emcee [42,43], which allowed us to identify the most
likely values for these parameters. Recently, our research group successfully applied this
type of strategy to the hydroformylation of eugenol with syngas [50].

Initial estimates for the nonlinear least-squares fit were obtained from a linearized
form of the kinetic model rather than from arbitrary starting values. For the model given by
Equation (6), rearrangement gives [CH2O]/ro = (1/m) + (n/m)[CH2O]. Thus, a preliminary
linear regression of [CH2O]/ro versus [CH2O] provides physically traceable estimates for
the initial parameters, with minit = 1/intercept and ninit = slope/intercept. These values
were used only as starting points for the LMFit nonlinear optimization and were not im-
posed as constraints or fixed parameters. The plot of ro versus formaldehyde concentration
fits quite well to the rational function given by Equation (6) using LMFit (Figure 4a), which
allowed us to obtain the coefficients with m = K1K2k3[Rh][alkene] = 3.18 × 10−4 Ms−1 and
n = K1 = 1.84 M−1. To evaluate the uncertainty and robustness of the fitted kinetic param-
eters, we applied a Bayesian approach using emcee and varying the value of m between
2.54 × 10−4 and 3.82 × 10−4, which corresponds to a range of 20% below to 20% above the
calculated value of m per LMFit; the MCMC-fitted plot confirmed the values of m and n
obtained by LMFit, as shown in Figure 4b.
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(a) (b) 

Figure 4. Nonlinear curve fitting for analyzing the effect of [CH2O] on the rate of hydroformylation of
styrene with formaldehyde catalyzed by [Rh(κ2-dppe)2]+ using MLFit (a) and Bayesian approach (b).

The Bayesian statistics approach based on the MCMC allowed the determination of the
most probable statistical values of parameters m and n, which was corroborated by the plots
of marginal posterior distribution, the trace plots, posterior distribution and correlations
and posterior predictive distributions (Figure 5). In particular, the trace plots (Figure 5a)
show the stability of the parameter search, in which it is observed that from the first
iterations there was stability in the estimated values of the parameters. Moreover, MCMC
analysis of the correlation between the parameters, which is represented through the
marginal (Figure 5b) and posterior distribution (Figure 5c), illustrates that the parameters
exhibit a strong mutual correlation, as can be visualized through the elongation of the
corresponding ovals. Finally, the violin plot indicates that all of the experimental data are in
the zone of maximum probability (68–32%) and below the standard threshold for rejection
(95–5%), which means that the predictive level for this model is strong. Unlike the results
obtained in the hydroformylation of eugenol with syngas [50], in this study no points were
observed between the rejection threshold and the strong rejection region.

Figure 5. Bayesian analysis by MCMC algorithm of the effect of [CH2O] on the hydroformylation rate
based on trace plots (a), marginal posterior distribution (b), posterior distributions and correlations
(c) and posterior predictive distribution (d).
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A strong posterior correlation between m and n was observed, which is expected for
the rational model of Equation (6), since both parameters jointly determine the curvature
and limiting response of the fitted function. However, this correlation does not indicate
poor model performance: the marginal posterior distributions were unimodal and nearly
symmetric, the trace plots showed stable sampling without evident drift, and the posterior
predictive violin plot showed that the experimental observations were compatible with
the predictive distributions. Moreover, the derived parameter m/n, which represents
the apparent limiting response, was tightly constrained by the posterior distribution,
supporting the robustness of the fitted model despite parameter covariance.

These results indicate that the experimentally measured reaction rate data obtained
for the hydroformylation of styrene with formaldehyde catalyzed by [Rh(κ2-dppe)2]+ have
high reliability and accuracy. With the values of the parameters m and n, we can calculate
K1 (1.84) and the products K2k3 (0.29) and K1K2k3 (0.54). All these values are listed in
Table 3.

Table 3. Estimated values for the parameters of the mathematical kinetic model for the hydro-
formylation of styrene with formaldehyde, catalyzed by [Rh(κ2-dppe)2]+ using MLFit/Bayesian
approach a.

Parameter Equilibrium Constants or Products of
Rate and/or Equilibrium Constants Value Error % Error

m K1K2k3[Rh]o[S] 3.18 × 10−4 7.41 × 10−6 2.3
n K1 1.84 0.05 2.7
m/[Rh]o[S] K1K2k3 0.54 0.01 1.9
m/n[Rh]o[S] K2k3 0.29 0.01 3.6

a [Rh] = 1.7 mM; [Styrene] = 0.35 M.

In summary, for hydroformylation of styrene with formaldehyde, Bayesian analysis
allowed the associated uncertainties to be explicitly quantified, with errors significantly
lower than those reported in previous studies on heterogeneous [41] and homogeneous [50]
catalytic reactions, using similar methods. Well-centered parameter distributions with
realistic variance were obtained, thereby improving the robustness, interpretability, and
reproducibility of the kinetic description.

3. Materials and Methods
All manipulations and reactions were carried out under strictly air-free conditions,

using a vacuum, an argon-filled Schlenk line or an argon-filled glovebox. All compounds
and solvents were acquired from Sigma Aldrich (St. Louis, MO, USA), Merck (Darmstadt,
Germany) and Fluka (Buchs, Switzerland). Styrene was purified by distillation at reduced
pressure and the solvents were distilled from suitable drying agents immediately prior
to use. Formaldehyde was generated in situ in the reaction medium from dissolving
paraformaldehyde in 1,4-dioxane. The [Rh(κ2-dppe)2]+ complex was prepared according
to published procedure [23,25] from Rh(acac)(CO)2 [51].

3.1. Kinetic Measurements and Calculations

The kinetic reactions were carried out as described in a previous paper [25] using a
Parr Instrument high-pressure reactor (model 4561, Moline, IL, USA), which was provided
with an arrangement for sampling of liquid contents, in addition to automatic temperature,
pressure and variable stirrer speed controls. The reaction was monitored by using GC
(3300 Series VARIAN (Varian, Santa Clara, CA, USA) with a flame ionization detector fitted
to a 2 m 20% SP-2100 on a 0.1% carbowax 100/120 Supelcoport column, using N2 as carrier
gas) and GC-MS HP 5890/5971 (Hewlett-Packard, Palo Alto, CA, USA) coupled system
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using a Quadrex PONA 5% phenyl methyl silicone, 25 m, 320 µm column. Toluene was
used as the internal standard for the reaction.

Each reaction was repeated at least twice in order to ensure reproducibility of the
results. All the kinetic runs were performed at low conversions in order to apply the
initial rate method [52]. The data of the catalytic reactions were plotted as total molar
concentration of the corresponding products (aldehydes) versus time yielding straight
lines, which were fitted by conventional linear regression programs (r2 > 0.95); initial rates
of the reaction (ro) were calculated from the corresponding slopes. The reaction order of
each component of the reaction (catalyst, styrene and formaldehyde) was determined from
the slope of the plot log ro versus logarithm of the corresponding reagent concentration.

3.2. Computational Strategy

All the calculations were carried out with the Gaussian-09 (G09) [53] computational
package. DFT [54,55] methods were used, which have been widely applied to various
molecular systems with great success because of their efficiency and accuracy [45,56].
The thermodynamic parameters of the elementary steps were calculated using various
functionals: B3LYP [57,58], the local GGA B97D [59], range-separated hybrids (ωB97,
ωB97x and ωB97X-D) [60,61] and Minnesota M06, M062X, M06-HF, M06-L and M11-
L [62–66]. These functionals were subjected to benchmarking and validation tests using
the second-order Møller–Plesset method (MP2) [67] to select the top three functionals.
Potential energy surface calculations were performed using the three best functionals and
B3LYP to determine the theoretical apparent activation energy and compare them with the
experimental activation energy in order to select the best functional (M06-L), which was
used to perform all the remaining calculations. The basis set 6-31+G(d,p) was used for H,
C, O, and P, and LANL2DZ for Rh.

Minimum energy structures (MES) and transition states’ (TS) calculations for all
rhodium species involved in the catalytic cycles were performed using simplified dpe
diphosphine analogue (dpe: 1,2-bis(diphosphino)ethane, H2P(CH2)2PH2) and ethene as
alkene model to reduce the computational cost. Furthermore, the effect of solvent is in-
cluded by the continuum self-consistent reaction field solvation models (SCRF), the most
widely used class of implicit solvent model, by means of the subroutine SCRF = (Sol-
vent = 1,4-dioxane). All the optimized structures were classified in accordance with fre-
quency calculations. These frequencies permit us to distinguish between the MES (with all
the vibrational frequencies positives) associated with the intermediate of reaction and the
first order saddle points (with only one imaginary frequency) associated with the TS. All of
the TS were obtained with the synchronous transit-guide quasi-Newton (STQN) methods,
using the keyword QST3 implemented in G09. Moreover, the intrinsic reaction coordinates
(IRC) method [68], which examines the reaction paths going down from the TS on the
potential energy surface (PES), was carefully analyzed to confirm the right connectivity
between all TS and their associated reaction immediate (MES).

3.3. Statistical Bayesian Analysis

To establish a mathematical kinetic model for the Rh-catalyzed transfer hydroformyla-
tion of alkenes with formaldehyde, both the Levenberg–Marquardt method [38] and the
Bayesian approach were applied. The Bayesian analysis was performed by using Markov
Chain Monte-Carlo (MCMC) [39–41], one of the most widely used Bayesian methods for
nonlinear regressions, implemented through emcee [42,43] algorithm.
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4. Conclusions
The results show that [Rh(κ2-dppe)2]+ (A) is an efficient catalyst for the hydroformyla-

tion of styrene with formaldehyde, affording the linear aldehyde in a regioselective manner
(>75%) under mild reaction conditions. The experimental results, together with DFT calcu-
lations performed with the M06-L functional, which provided the most suitable description
of the thermodynamic parameters and activation energies of the elementary steps, allowed
us to propose a hydroacylation-type catalytic cycle for the hydroformylation of alkenes,
such as 1-hexene and styrene. In this cycle, after the oxidative addition of formaldehyde
to A, alkene insertion into the Rh–H bond takes place through partial dissociation of one
phosphorus atom of the diphosphine ligand, followed by alkene coordination; the catalytic
cycle is completed with the reductive elimination of aldehydes. The overall activation
energy calculated by DFT (Ea = 20.0 kcal/mol) is in reasonably good agreement with
the experimental values determined for 1-hexene and styrene (20.1 and 22.9 kcal/mol,
respectively), thus supporting the consistency of the proposed mechanistic picture.

In addition, a mathematical kinetic model with the canonical form
r0 = (K1K2k3[Rh]0[alkene][CH2O])/(1 + K1[CH2O]) was developed and fitted using a
tandem LMFit/Bayesian approach, allowing the values of K1 and K2k3 to be estimated
with comparatively low uncertainty. In this way, the kinetic treatment not only repro-
duced the experimental rate data satisfactorily, but also provided a quantitative basis for
interpreting the behavior of this catalytic system.

Beyond the advantages commonly associated with hydroformylation with formalde-
hyde, namely operation under atmospheric pressure of an inert gas and the absence of
high-pressure equipment, the present system also exhibits a comparatively simple kinetic
and mechanistic profile relative to classical hydroformylation under syngas conditions.
Taken together, these features make transfer hydroformylation of alkenes with formalde-
hyde a synthetically attractive alternative for small-scale applications of potential interest
to the fine chemicals industry and, more broadly, support its value as a sustainable cat-
alytic strategy.

To the best of our knowledge, [Rh(κ2-dppe)2]+ remains the only catalyst reported
to date for the transfer hydroformylation of alkenes using formaldehyde as a substitute
for syngas that proceeds through a hydroacylation-type mechanism, i.e., without prior
formaldehyde decomposition.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal16060521/s1, S1: Experimental evidence pointing
to a hydroacylation-type mechanism for the hydroformylation of alkenes with formaldehyde cat-
alyzed by Rh(κ2-dppe)2]+ complex; S2: Experimental determination of the activation parameters for
the hydroformylation of styrene with formaldehyde catalyzed by Rh(κ2-dppe)2]+ complex; S3: DFT
calculations of the thermodynamic parameters for [Rh(κ2-dpe)2]+-catalyzed hydroformylation of
ethene by direct insertion of olefin into the Rh–H bond; S4: DFT calculation of the activation energy
for [Rh(κ2-dpe)2]+-catalyzed hydroformylation of ethene by direct insertion of olefin into the Rh–H
bond; S5: DFT calculations of the Ea for hydroformylation of ethene with formaldehyde catalyzed by
[Rh(κ2-dpe)2]+ through the partial dissociation of one of the diphosphine ligands. Table S1: Effect
of the temperature on the rate constant for the hydroformylation of styrene with formaldehyde
catalyzed by [Rh(κ2-dppe)2]+ complex; Figure S1: Arrhenius plot for the hydroformylation of styrene
with formaldehyde catalyzed by [Rh(κ2-dppe)2]+ complex; Table S2: Activation parameters for the for
the hydroformylation of styrene with formaldehyde catalyzed by Rh(κ2-dppe)2]+; Scheme S1: Initial
proposal for the catalytic cycle for the hydroformylation of ethene with formaldehyde catalyzed by
[Rh(κ2-dpe)2]+; Table S3: Thermodynamic parameters of the oxidative addition of formaldehyde
to the complex [Rh(κ2-P,P-dpe)2]+ calculated by DFT; Table S4: Thermodynamic parameters of the
ethylene insertion into the complex [RhH(CHO)(κ2-dpe)2]+; Table S5: Thermodynamic parameters
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of reductive elimination of propanal from the complex [Rh(C2H5)(CHO)(κ2-dpe)2]+ calculated by
DFT; Table S6: Comparison of the thermodynamic and kinetic parameters of the elementary steps for
[Rh(κ2-dpe)2]+-catalyzed hydroformylation of ethene by direct insertion of olefin into the Rh–H bond;
Figure S2: Comparison of the energy profile for [Rh(κ2-dpe)2]+-catalyzed hydroformylation of ethene
by direct insertion of olefin into the Rh–H bond; Scheme S2: Possible pathways for the dissociation
of a phosphorus atom from a diphosphine in the [Rh(H)(CHO)(κ2-dpe)2]+ intermediate (Scheme 3
in manuscript); Table S7: Thermodynamic and kinetic parameters for the hydroformylation of ethy-
lene with formaldehyde catalyzed by [Rh(κ2-dpe)2 via partial dissociation of one of the dpe ligand
(Table 2 in manuscript); Figure S3: Comparison of the energy profile for [Rh(κ2-dpe)2]+-catalyzed
hydroformylation of ethene through partial dissociation of a diphosphine. Ref. [69] is cited in the
Supplementary Materials.
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Abbreviations
The following abbreviations are used in this manuscript:

dppe 1,2-bis(diphenylphosphino)ethane
dpe 1,2-bis(phosphino)ethane
DFT Density functional theory
GGA Generalized Gradient Approximation
rds rate-determining step
binap 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl
xantphos 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
biphep 2,2′-bis(diphenylphosphino)-1,1′-biphenyl
nixantphos 4,6-bis(diphenylphosphino)-10H-phenoxazine
Ph-bpe (R,R)-1,2-bis(2,5-diphenylphospholano)ethane
LMFit Levenberg-Marquardt fit
MCMC Markov Chain Monte Carlo

emcee
It is an MIT licensed pure-Python implementation of Goodman & Weare’s Affine
Invariant MCMC Ensemble sampler
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