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Introduction

In recent years, investigations in CEBC laboratories and elsewhere [1, 2] have
clearly demonstrated how a relatively new class of solvents, called CO,-expanded liquids
(CXLs), are promising alternative media for performing catalytic reactions. CO,-expanded
liquids (CXLs), are generated by mixing dense CO, with traditional solvents to yield a new
liquid phase (called the CXL phase). The CXL properties (such as transport coefficients and
dielectric constant) are easily tuned by CO, addition to accommodate contrasting solubilities
simultaneously: a large amount of CO, enhances permanent gas solubility and the organic
solvent favors metal catalyst solubility. Recently, CEBC researchers reported a novel process
that exploits CXLs to intensify hydroformylation reactions [3]. For 1-octene hydroformylation
on Rh(acac)(CO), modified by biphephos ligand, turnover frequency (~300 h') and the
selectivity towards the linear aldehyde (~90%) are significantly enhanced in CXLs relative to
the reaction in neat media. Further, these enhancements occur at milder pressures (~40 bar)
and temperatures (60°C). In this work, we present detailed kinetic modeling of the
hydroformylation reactions in various solvent media including CXLs, aimed at a better
fundamental understanding of the underlying physicochemical processes.

Materials and Methods

1-olefin hydroformylation on Rh and Co complexes were investigated in neat
solvents and in CXLs using a 50-cm’ high-pressure autoclave reactor equipped with an in situ
attenuated total reflectance (ATR) IR probe (Mettler Toledo Inc.). Syngas is introduced from a
gas reservoir such that constant total pressure is maintained in the reactor. The common
experimental conditions are as follows: T = 60°C; CO:H, = 1; Octene/Rh = 2168. For
experiments with neat solvents, the syngas pressure is 20 bar. For experiments with CXLs, the
syngas and CO, partial pressures are 6 bar and 32 bar, respectively. Details of the mathematical
models may be found elsewhere [4]. An orthogonal distance regression technique was used to
obtain the kinetic parameters from the temporal ReactIR concentration profiles.

Results and Discussion

Based on the kinetic scheme presented by Evans et al. [5], the kinetic parameters
for the key catalytic steps of catalyst hydrogenation (k;), nonanal formation (k) and octene
isomerization (kg) were obtained in the various solvents. The estimated kinetic constants are
compared in Table 1. Good matches were confirmed between the experimental profiles and
those predicted using the regressed parameters (see Figures 1 and 2 for the matches in CXLs).

Table 1. Comparison of rate constants

Rate constants Neat Octene CXLs
k; (m’mol’'s™) 4.41 (10°) 1.25 (10™)
ks (m’mol's™) 8.69 (107) 2.30 (107)
ks (s7) 1.95 (10°) 6.53 (10
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Figure 1. Experimental and predicted Figure 2. Experimental and predicted product
reactant concentrations in CXL media concentrations in CXL media

As inferred from Table 1, the rate constant of the catalyst hydrogenation step (k;) in
CXLs is two orders of magnitude greater in CXLs than in neat 1-octene. Similarly, the rate
constant for the product formation step (k,) is one order of magnitude greater in CXLs than in
1-octene. We had previously observed that the reaction induction period is on the order of tens
of minutes in 1-octene and only a few minutes in the case of CXLs [4]. However, regression
of the concentration profiles beyond the induction period did not change the relative
magnitudes of the regressed rate constants. These results are unprecedented and imply a rather
strong solvent effect on the hydroformylation rate constants. Systematic investigations are
being undertaken aimed at understanding possible solvent effects on the hydroformylation
reaction mechanism and kinetics. These results will be presented and discussed at the meeting.

Significance

CXLs intensify hydroformylation rates at mild pressures (tens of bars) and temperatures
(<100°C) compared to industrial hydroformylation processes, which require harsher pressures
(> 100 bars) and temperatures (> 150°C). The use of CXLs is therefore of practical interest.
This contribution will shed fundamental insights into the mechanism and kinetics of catalytic
hydroformylation in tunable CXL media.
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