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Flow chemistry-enabled studies of
rhodium-catalyzed hydroformylation reactions†

Cheng Zhu,a Keshav Raghuvanshi, a Connor W. Coley, b Dawn Mason,c

Jody Rodgers,c Mesfin E. Jankac and Milad Abolhasani *a

We present an automated microscale flow chemistry platform for

rapid performance evaluation of continuous and discrete reaction

parameters in homogeneous hydroformylation reactions. We

demonstrate the versatility of the developed microfluidic platform

through a systematic study of the effects of a library of phosphine-

based ligands on catalytic activity and regioselectivity.

Hydroformylation of alkenes is an important industrial process
for production of aldehydes which can be easily converted into
many secondary products such as alcohols, plasticizers, and
detergents.1 Today, hydroformylation has become one of the most
successful large-scale applications of homogeneous catalysis,
where ligands play a significant role in tailoring the properties
of conventional cobalt or rhodium (Rh) catalysts.1a,2 The specially
designed ligands can help achieve high catalytic activity, chemo-
selectivity to aldehydes, and regioselectivity to linear or branched
products. Over the past 3 decades, a library of ligands including
phosphine or phosphite-based compounds have been developed
for regioselective aldehyde production.1b,c,3

The hydroformylation process is typically carried out at high
pressures (5–30 bar) of carbon monoxide (CO) and hydrogen
(H2) with a temperature range of 40–140 1C.1–4 The conven-
tional batch reactors utilized for exploratory studies of hydro-
formylation reactions (e.g., autoclave) suffer from major
limitations including large amounts of expensive (e.g., catalyst
and ligands) and toxic (i.e., CO) reagents per reaction condition,
relatively long reactor start-up and shut-down time delays, and
poor heat and mass transfer rates.4b,5 Recently, flow chemistry
has emerged as an efficient technique for fundamental and

applied studies of chemical processes operating at high
pressure/temperature conditions.5,6 Microreactor systems are
characterized by high surface to volume ratios, enhanced heat
and mass transfer rates, and improved accessible parameter
space.5,6 These advantages enable process intensification and
precise process control.5,6b,7 The small internal volume of the
microreactor and the reduced sample volume greatly enhance
the safety of the reaction and make it an ideal candidate for
chemical synthesis processes.6b

In this work, we designed and developed an autonomous
microscale flow chemistry platform for fundamental and
exploratory studies of Rh-catalyzed hydroformylation reactions
(Fig. 1 and ESI,† S1). The experimental setup shown in Fig. 1
includes a robotic ligand/catalyst selection module, an injection
module, a novel single-droplet microreactor, and an in-line
analytical characterization unit. The robotic ligand/catalyst selec-
tion module enables on-demand preparation of a single or a
mixture of catalysts and ligands (Fig. S1, ESI†), loaded in a vial
rack installed within an isolation glovebox (Fig. S5, ESI†) under a
positive pressure of nitrogen (N2) for long term storage and
testing of air-sensitive ligands. Using a computer-controlled
syringe pump (cf. syringe 1 in Fig. 1), a desired amount of selected
catalyst/ligand solution(s) is mixed inside the liquid handler

Fig. 1 Schematic of the automated flow chemistry platform developed
for fundamental and applied studies of homogeneous hydroformylation
reactions. Dashed lines indicate communication with the computer, solid
black lines correspond to the fluoropolymer tubing.
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needle and injected into a 11 mL sample loop. The droplet is then
transferred into the main system flow path (cf. solid black lines in
Fig. 1), consisting of fluoroethylene propylene (FEP) tubing filled
with pressurized N2 (5–30 bar). A computer-controlled syringe
pump (cf. syringe 3 in Fig. 1) moves the droplet toward the on-line
substrate injection port. A predefined amount of the substrate
(1-octene) is then automatically injected into the droplet contain-
ing the mixture of catalyst, ligand(s), and solvent using another
computer-controlled syringe pump (cf. syringe 4 in Fig. 1) before
entering the tubular microreactor.

In order to efficiently carry out gas–liquid hydroformylation
reactions, a tube-in-tube microreactor configuration (Fig. S2,
ESI†) is utilized, wherein a liquid droplet containing the
reaction mixture is oscillated back-and-forth through the inner
Teflon tubing (Teflon AF 2400) using pressurized nitrogen.
Concurrently, a CO/H2 gas mixture is injected through the
annulus between the inner (Teflon AF 2400) and outer (fluori-
nated ethylene propylene, FEP) tubing, at a defined total pressure
and syngas composition, shown in Fig. S2 (ESI†). The syngas ratio
is varied using two individually controlled mass flow controllers,
while the total syngas pressure is tuned with an adjustable back
pressure regulator (Fig. S3, ESI†).

The oscillatory tube-in-tube microreactor is designed to
specifically address heat and mass transfer limitations asso-
ciated with two-phase gas–liquid reactions.6a,8 The oscillatory
motion of the single liquid droplet effectively decouples the
interdependency of the average flow velocity and residence time
(i.e., reaction time),9 and provides tunable reaction time
ranging between 10 s–1 day within a small reactor volume
(66 mL) without sacrificing mixing and mass transfer character-
istics (see Movie M1, ESI†).

The high permeability of the inner Teflon tubing for CO and
H2 in comparison with N2,6a,10 in combination with the high
partial pressure gradient of syngas across the inner tube wall,
results in facile permeation of the syngas mixture through the
inner tubing (i.e., Teflon AF2400). Furthermore, the oscillatory
motion of the liquid droplet provides constant stirring within
the reaction mixture (through two recirculation zones inside
the liquid slug),9a,11 thus enhancing the interphase mass
transfer. The horseshoe-shaped microreactor design enables
single-point optical detection of the liquid droplet at either
ends of the Teflon reactor for the automated flow reversal over
the course of the hydroformylation reaction. After the desired
reaction time, the droplet exits the reactor and is quenched
(cf. syringe 5 in Fig. 1). Next, using a 5 mL sample loop, an
aliquot of the quenched reaction mixture droplet is automati-
cally injected into a high-performance liquid chromatography
(HPLC) unit coupled to an evaporative light scattering detector
(ELSD) and mass spectrometry (MS) modules for analysis
(Fig. S6, ESI†). The remainder of the droplet empties into a
pressurized waste vessel (Fig. S4, ESI†).

Utilizing the developed microscale flow chemistry platform,
we systematically studied the effect of phosphine-based ligands
on Rh-catalyzed hydroformylation of 1-octene (Scheme 1). Computer-
controlled preparation of the reaction mixture and operation of
the hydroformylation reaction enables precise control of both

continuous (e.g., reaction time, tR, temperature, T, ligand to
catalyst ratio, RLC, syngas pressure, P, and syngas composition,
RG = H2 : CO) and discrete (e.g., chemical structure of the ligand
and solvent) reaction parameters. The main hydroformylation
products are nonanal (linear product, L) and branched aldehydes
(B) along with octene isomers from isomerization of the substrate
(1-octene) as a side product. The linear and branched aldehydes
as well as 1-octene and its isomers were successfully separated by
HPLC and confirmed by ELSD and MS (Fig. S6, ESI†).

In the first set of experiments, we studied the operation
envelope of 1-octene hydroformylation using the active Rh
catalyst, [RhH(CO)(PPh3)3], with excess triphenylphosphine,
PPh3, ligand. Fig. 2A shows the HPLC chromatogram evolution
of the linear (green curves) and branched (blue curves) products
at different reaction times, tR. Fig. 2B shows the time-evolution
of 1-octene conversion over the course of the hydroformylation
reaction. The conversion reaches a plateau (90%) after 20 min.
Similar conversions of 1-octene were reported previously with a

Scheme 1 Hydroformylation of 1-octene using Rh catalyst and phosphine
ligands. Blue arrows: experimental input parameter space; red arrows:
synthetic outcomes.

Fig. 2 (A) Time evolution of HPLC chromatograms of aldehyde isomers
obtained at different reaction times. Kinetic study of hydroformylation reaction
in the flow chemistry setup over 30 min reaction time: (B) 1-octene conver-
sion, (C) 1-octene isomerization and aldehyde yield, and (D) aldehyde
regioselectivity (branched : linear). General reaction conditions: 1-octene
concentration: 0.5 M, RhH(CO)(PPh3)3 concentration: 5 � 10�4 M, PPh3/Rh
ratio: 7 : 1, syngas pressure (1 : 1): 6 bar, syngas flow rate: 0.9 mL min�1,
carrier nitrogen pressure: 6.5 bar, droplet oscillation flow rate: 100 mL min�1,
and T = 90 1C.
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microscale segmented flow in a silicon microreactor.5 Similar
trends were observed for both linear and branched aldehyde
products during the hydroformylation reaction (Fig. 2C), with
maximum yields of 36% and 44%, respectively. As shown in
Fig. 2C, the initial rate of 1-octene isomerization pathway is
significantly faster than aldehyde formation pathways. In addi-
tion, 1-octene isomerization doesn’t show significant variation
over the course of the 30 min hydroformylation reaction.
Fig. 2D shows that the regioselectivity of the branched aldehyde
initially decreases and reaches a plateau (1.2) after 4 min.

The generally accepted mechanism of monophosphine-
Rh(I)-catalyzed hydroformylation was first proposed by Wilkinson
et al.12 The most important intermediates in the mechanism are
five-coordinate bis(phosphine)rhodium complexes, although
complexes with one or three phosphine ligands may also be
involved. In the trigonal bipyramidal bis(phosphine)rhodium
species, two phosphine ligands occupy either two equatorial
sites or one equatorial and one apical site. The aldehyde
regioselectivity during hydroformylation reaction is mainly
controlled by the tendency of the metal catalyst to attach to
the terminal or internal carbon of 1-octene,1b,5 which is influenced
by the coordination of phosphine ligands. When the alkene
coordinates with Rh at the internal carbon, it tends to undergo
b-elimination to produce isomeric 2-octene.1b,13 The initial
screening experiments (Fig. 2) provided information regarding
the conversion and kinetics of 1-octene hydroformylation and
validated the developed flow chemistry setup for further
mechanistic studies.

In the next step, we utilized the microscale flow chemistry
setup to investigate the effect of continuous experimental
parameters including reaction temperature, ligand to catalyst
ratio, and syngas pressure/composition on the aldehyde yield
and regioselectivity using [Rh(CO)2(acac)] as the catalyst and
PPh3 as an exemplary ligand (Fig. 3). Based on our initial
hydroformylation results (Fig. 2), the next screening tests were
conducted at 20 min reaction time to obtain maximum conver-
sion and chemoselectivity. Fig. 3A shows the effect of reaction
temperature on hydroformylation of 1-octene. Higher chemo-
selectivity to aldehydes was observed with increasing reaction
temperature from 60 1C to 100 1C. Increasing the hydroformyla-
tion temperature also resulted in an increased isomerization
of 1-octene (Fig. S9A, ESI†). A similar behavior is previously
reported,1b,c,5 which can be attributed to higher catalytic activity
of bis(phosphine)rhodium complexes at higher temperatures.1c

At higher reaction temperatures, the catalyst activity is enhanced
and results in an increase in the substrate conversion (Fig. S9A,
ESI†). Fig. 3B shows that increasing the ligand to catalyst ratio
increases the total aldehyde yield, while decreasing the regio-
selectivity toward the branched aldehyde. A similar trend was
observed in the hydroformylation of 1-dodecene with higher
linear aldehyde produced at higher ligand to catalyst ratios.1c

The excess of ligand affects the coordination equilibrium of the
rhodium complex,1c,4b and suppresses the isomerization of
1-octene.4b As indicated in Fig. S9B (ESI†), alkene isomerization
yield declined at higher ligand loading. Varying the syngas
composition (Fig. 3C) revealed that the addition of H2 to the

rhodium acyl complex is the rate-determining step and the
reaction rate is first order with respect to H2 partial pressure,
while the CO has an inhibitory effect in the homogeneous
hydroformylation reaction.5,14 As shown in Fig. 3C and Fig. S9C
(ESI†), increasing H2 : CO ratio increased 1-octene conversion to
aldehydes, which is in agreement with a reported mechanistic
model.5 Higher H2 partial pressure accelerates the cleavage step
of aldehyde products from the rhodium complex. However, no
significant change was observed in the selectivity toward the
branched isomer at different syngas ratios (Fig. 3C). Fig. 3D and
Fig. S9D (ESI†) show the effect of syngas pressure on hydrofor-
mylation of 1-octene. As shown in Fig. 3D, increasing syngas
pressure enhances chemoselectivity toward aldehydes, while
decreasing regioselectivity to branched product. The lower
dissociation rate of CO from the metal center at high syngas
pressures15 delivers high catalyst activity but with low regio-
selectivity (branched : linear). These screening tests provide
rapid optimization of the experimental parameters which can
be utilized in a continuous tube-in-tube reactor for scaled-up
hydroformylation reactions.6a

In the next set of experiments, we utilized the developed flow
chemistry platform to investigate the effect of discrete experi-
mental parameters (i.e., ligand chemical structure) on hydro-
formylation of 1-octene. We selected a library of traditional
phosphine-based ligands and recently emerged Buchwald
ligands with different steric and electronic properties, shown
in Table 1 and Fig. S10 (ESI†). All hydroformylation reactions
were conducted under similar reaction conditions (Table 1)
with [Rh(CO)2(acac)] as the catalyst. The selectivity of the
produced aldehyde through hydroformylation of alkenes may
be governed by the electronic-donating ability of the phosphine
ligand. Although the debate continues as to which orbitals
on the ligand receives the back-donated electron density, the

Fig. 3 Effect of (A) temperature, (B) ligand to catalyst ratio, (C) syngas ratio
(H2/CO), and (D) syngas pressure on the aldehyde yield and regioselectivity
toward branched isomer obtained using the autonomous flow chemistry
platform shown in Fig. 1. General reaction conditions: 1-octene concen-
tration: 0.5 M, Rh(CO)2(acac) concentration: 5 � 10�4 M, PPh3/Rh ratio:
10 : 1, syngas pressure (1 : 1): 20 bar, syngas flow rate: 0.3 mL min�1, carrier
nitrogen pressure: 20.5 bar, droplet oscillation flow rate: 100 mL min�1,
T = 100 1C, and reaction time: 20 min.
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prevailing view is that donation occurs from the metal
d-orbitals to the s*-orbitals of the phosphorus ligand.16 It
should also be noted that pressure can affect the polarity of
{M}–H bond, which is important in controlling the direction
of alkene addition to the rhodium complex (Fig. 3D). As shown in
Table 1, both methyl (–Me) and methoxy (–OMe) substitution of
phosphine ligands resulted in better regioselectivity toward the
branched aldehyde in contrast with PPh3 (Table 1, entries 1–7).
ortho-Site substitution of ligands showed high regioselectivity
compared to para substitution. Moreover, higher regioselectivity
was observed by a symmetric substitution compared to an asym-
metric one (Table 1, entries 2–4). By contrast, para-substituted
ligands showed relatively low selectivity (Table 1, entries 5–9).
Interestingly, decoration of phosphine-based ligands at para-
position dramatically increased chemoselectivity and lowered
alkene isomerization, while maintaining high catalytic efficacy
(Table 1, entries 5–9). When investigating the electronic properties
of the substituents (Table 1, entries 6 and 9), electron-withdrawing
group (–CF3) resulted in slightly higher regioselectivity compared to
the electron-donating group (–OMe).6a Next, the effect of ligand
steric properties on the hydroformylation of 1-octene was studied by
a systematic comparison of P(Cy)3, P(Bz)3, and Buchwald ligands
with PPh3 (Table 1, entries 10–14). The steric properties of ligands
change the regioselectivity toward the branched aldehyde.1b

In conclusion, we developed a microscale flow chemistry plat-
form for accelerated discovery, library screening, and optimization
of ligands/catalysts in hydroformylation of alkenes. The single-
droplet tube-in-tube microreactor provided enhanced heat and
mass transfer rates and removed the start-up/shut-down time
delay of batch reactors. The developed flow chemistry approach
enabled 43 hydroformylation experiments to be conducted
continuously using a total reagent volume less than 1 mL.

Furthermore, utilizing the autonomous flow chemistry platform
we systematically investigated the catalytic activity, chemo-
selectivity, and regioselectivity of a library of phosphine-based
and Buchwald ligands, illustrating the unique features of
ortho/para-site substituent decorated mono-phosphine ligands.

We thank Eastman Chemical Company for funding this
research.
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P. Hugo and R. Schomäcker, Appl. Catal., A, 2002, 225, 239–249;
(d) J. October and S. F. Mapolie, J. Organomet. Chem., 2017, 840, 1–10.

2 C. Li, K. Sun, W. Wang, L. Yan, X. Sun, Y. Wang, K. Xiong, Z. Zhan,
Z. Jiang and Y. Ding, J. Catal., 2017, 353, 123–132.

3 M. Gerlach, D. Abdul Wajid, L. Hilfert, F. T. Edelmann, A. Seidel-
Morgenstern, C. Hamel, A. Seidel-Morgenstern, C. Hamel and
A. Börner, Catal. Sci. Technol., 2017, 14, 3832.

4 (a) M. Dessoudeix, M. Urrutigoity and P. Kalck, Eur. J. Inorg. Chem., 2001,
1797–1800; (b) E. Vunain, P. Ncube, K. Jalama and R. Meijboom, J. Porous
Mater., 2017, 1–18.

5 J. Keybl and K. F. Jensen, Ind. Eng. Chem. Res., 2011, 50, 11013–11022.
6 (a) S. Kasinathan, S. L. Bourne, P. Tolstoy, P. Koos, M. Obrien,

R. W. Bates, I. R. Baxendale and S. V. Ley, Synlett, 2011, 2648–2651;
(b) J. Yue, J. C. Schouten and T. A. Nijhuis, Ind. Eng. Chem. Res.,
2012, 51, 14583–14609; (c) T. Noël and S. L. Buchwald, Chem. Soc.
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1 PPh3 95 17 78 53 : 47
2 P(2-MePh)3 79 22 53 69 : 31
3 P(2-OMePh)3 83 14 72 69 : 31
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7 P(4-MePh)(Ph)2 96 2 95 59 : 41
8 P(4-FPh)3 95 6 89 56 : 44
9 P(4-CF3Ph)3 92 5 85 60 : 40
10 P(Cy)3 97 16 80 66 : 34
11 P(Bz)3 80 31 44 61 : 39
12 APhos 91 6 81 56 : 44
13 RockPhos 88 29 60 66 : 34
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conversion determined by HPLC analysis with 1,3,5-trimethoxybenzene as
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alkene isomer. d Total aldehyde yield. e Branched to linear aldehyde ratio.
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