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Abstract: The rate of the Diels-Alder reaction between N-ethylmaleimide and 9-hydroxymethylanthracene
in supercritical carbon dioxide (scCO2) was determined by following the disappearance of 9-hydroxy-
methylanthracene with in situ UV/vis absorption spectroscopy. The reaction conditions were 45-75 °C
and 90-190 bar, which correspond to fluid densities (based on pure carbon dioxide) ranging between
approximately 340 and 730 kg m-3. The measured reaction rate at low scCO2 fluid densities was nearly
25× faster than that reported in acetonitrile at the same temperature (45 °C). An inverse relationship between
reaction rate and fluid density/pressure was observed at all temperatures in scCO2. The apparent activation
volumes were large and positive (350 cm3 mol-1) and only a weak function of reduced temperature. A
solvophobic mechanism analogous to those observed in conventional solvents is postulated to describe
(a) the rate acceleration observed for this reaction in scCO2 relative to that in acetonitrile, (b) the observed
relationship between reaction rate and pressure/temperature/density, and (c) the large, positive activation
volumes. Solubility measurements in scCO2, rate measurements in conventional solvents, and an empirical
correlation are used to support this theory. Our results advance the general understanding of reactivity in
supercritical fluids and provide a rationale for selecting reactions which can be accelerated when conducted
in scCO2.

Introduction

The need for replacement solvents as reaction media for
chemical synthesis has been clear for some time due to concerns
surrounding the potential environmental and health risks of many
traditional hydrocarbon solvents. For example, benzene, meth-
ylene chloride, and chloroform are being phased out as a result
of U.S. FDA and U.S. EPA regulations to limit industrial
emissions.1,2 Due to its high density at moderate conditions (Fc

) 0.466 g cm-3, Tc ) 31.1 °C, Pc ) 73.8 bar), nontoxicity,
and nonflammability, near-critical and supercritical carbon
dioxide (scCO2) is a promising solvent for organic synthesis.
Ongoing research efforts into the use of scCO2 as an environ-
mentally friendly or “green” solvent are well documented.3-6

The study of model reactions is an efficient way to improve
understanding of chemical reactivity in scCO2. The Diels-Alder
cycloaddition is a well-defined bimolecular reaction that is an
excellent model for the purposes of developing green solvents.
Furthermore, the Diels-Alder reaction is one of the most
important synthetic reactions for the construction of six-
membered rings and has been the subject of numerous studies
in scCO2

7-20 and subcritical9,20and supercritical21 propane. With
the exception of one published report,8 the rates of Diels-Alder
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reactions in scCO2 are generally somewhat slower than those
observed in hydrocarbon solvents. Also, most studies indicate
that increasing the fluid density/pressure increases the observed
reaction rate, with exceptions8,10 having been observed in the
vicinity of the mixture critical point. Selectivities11-13,17 of
Diels-Alder reactions in scCO2 are comparable to those
observed in hydrocarbon solvents.

The high pressures required for supercritical fluid processing
are a major obstacle to its industrial use. To have an impact on
industrial practice, it will be necessary to demonstrate significant
technological and environmental advantages for using scCO2

as a reaction solvent. Efforts to demonstrate such technological
advantages have focused on exploiting the physicochemical
properties of scCO2. For instance, its favorable transport prop-
erties3,22have been used to improve reaction rates, selectivities,
and catalyst lifetimes for heterogeneously catalyzed transforma-
tions.23,24The high solubility of carbon dioxide in polymers has
been used to increase reactant accessibility to encapsulated25

catalysts and to facilitate solid-phase polymerizations.26 The high
solubility of gases such as H2 and CO in scCO2 has been
exploited in a number of reactions including hydrogenations27,28

and hydroformylations,29-32 sometimes with substantially im-
proved regioselectivities compared to those of conventional
solvents.32 Carbon dioxide, at conditions near or above its critical
point, has also been used as a reactant33-35 and reversible
protecting group.36 Comparatively less emphasis has been placed
on the molecular-level analysis of solvation effects of scCO2

on chemical kinetics. Many of the important technological
advantages of scCO2 as a reaction solvent have been demon-
strated for catalyzed systems6,27-36 which proceed via complex
mechanisms, making their molecular-level interpretation rather
difficult. Previous attempts to predict or correlate trends for
elementary reactions such as the Diels-Alder cycloaddition have
relied upon thermodynamic8,9,11,13,21or kinetic14 fitted parameters
without the benefit of molecular-level analysis.

Our approach was to draw upon the considerable knowledge
base developed for Diels-Alder reactions in incompressible
solvents (e.g., hydrocarbons, fluorocarbons, water) to gain
insight regarding molecular-level solvation effects in a super-
critical fluid. Our analysis was based primarily on studies which
investigated the use of aqueous and fluorinated solvents.

Following the pioneering work of Breslow37,38 and Grieco39

in the early 1980s, it is now well established that the rates and
sometimes selectivities of certain Diels-Alder reactions are
dramatically improved when they are conducted in aqueous
rather than hydrocarbon solvents. It is generally agreed that
solvophobic interactions and an enhanced hydrogen-bonding
effect, which preferentially stabilizes the polarized transition
state, are the main contributors to this rate enhancement.40-42

Current research efforts in this area have focused on quantifying
the relative energetic contributions of these two effects for a
given set of reagents.42

More recently, it was reported that fluorinated media also
accelerate certain organic reactions including Diels-Alder
cycloadditions,43,44conjugate additions of amines,44 and esteri-
fication of acids and alcohols.45 The most striking example is
the 50-fold acceleration of the Diels-Alder reaction of 9-hy-
droxymethylanthracene (diene) andN-ethylmaleimide (dieno-
phile) when carried out in perfluorohexane rather than aceto-
nitrile.43 It is hypothesized that the origin of the acceleration in
fluorinated solvents is entirely solvophobic, since the solvents
which have been studied thus far lack the capacity to form
hydrogen bonds.

Observations of rate and selectivity improvements in aqueous
and fluorinated solvents are directly relevant to chemical reac-
tivity in supercritical fluids. Specifically, because scCO2 and
fluorinated compounds behave similarly as solvents, accelerative
mechanisms observed in one might also be operative in the
other. If such an analogy holds, then the considerable literature
of Diels-Alder reactivity in conventional solvents could be used
to interpret observations made in supercritical systems and to
form a basis for selection of model reactions.

The objectives of this theoretical study are (1) to demonstrate
that the model Diels-Alder cycloaddition of 9-hydroxymethyl-
anthracene andN-ethylmaleimide (reaction I) shows dramatic
rate accelerations in scCO2 and (2) to understand the mecha-
nism(s) responsible for this acceleration.
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Experimental Section

Reagents.9-Hydroxymethylanthracene,N-ethylmaleimide, and all
solvents (HPLC-grade) were obtained from Sigma Aldrich and used
without further purification. Grade 5.5 carbon dioxide (>99.99%) was
purchased from BOC and used as received. Water was deionized to a
minimum resistivity of 18.1 MΩ cm using a Barnstead Nanopure
filtration system.

Kinetic Measurements.The simplified experimental schematic is
shown in Figure 1. Reactions were performed in a 316-stainless-steel,
high-pressure, temperature-controlled reactor which was insulated
externally with fiberglass tape. The optically accessible reactor used
in this study was designed in our research group.46 The reactor was
cylindrical with a working volume of approximately 3 cm3. Sapphire
(R-Al 2O3) windows were positioned at opposing ends of the reactor
(path length of 2.9 cm) and were used for optical access and absorption
spectroscopy. Although the reaction mixture could be agitated using a
standard Teflon-coated stir bar, practically, it was found that the stir
bar interfered with spectroscopic measurements. Therefore, the stir bar
was used only in select experiments to confirm that diffusion and free
convection alone were sufficient for good mixing over the time scales
of experimental interest. Temperature was monitored to within(0.5
°C with a T-type thermocouple inserted into the fluid and maintained
using a combination of a PID controller (Omega, 9001CN) and thermal
tape (Barnstead). Pressure was measured to within(1 bar using a
standard Bourdon-tube pressure gauge (Matheson, 63-3133).

Reactions were initiated by injection of a solution ofN-ethylmale-
imide and 9-hydroxymethylanthracene in either acetonitrile or acetone
solution into the reactor through an HPLC valve (Valco Instruments
Co. Inc., uw-type) using pressurized CO2. The solution injection method
was used because the reagents are both solids at room temperature and

dissolved slowly into scCO2. For the majority of the experiments, the
initial concentrations of 9-hydroxymethylanthracene andN-ethylmal-
eimide were 0.02 mol L-1 (2.2× 10-6 mole fraction at a fluid density
of 0.4 g cm-3) and 1× 10-3 mol L-1 (1.0 × 10-4 mole fraction at a
fluid density of 0.4 g cm-3), respectively. The ratio of dienophile to
diene was varied, but was always greater than 50:1 (in molar units) to
ensure pseudo-first-order kinetics. The mole percentage of the cosolvent
was always less than 3.5% but was approximately 0.2% in most
experiments. Changing neither the cosolvent (either acetone or aceto-
nitrile) nor its concentration had an effect on the measured reaction
rate within the limits of experimental reproducibility ((5%).

Although visual inspection of the reaction mixtures indicated one-
phase behavior for all experiments, the presence of a small volume of
a second phase is sometimes difficult to confirm visually. Variation of
the initial concentrations of the two reagents served to confirm that, if
an undetected second phase were present, it did not appreciably affect
kinetic rate measurements. The reaction temperature was varied from
45 to 75 °C, and pressure was varied from 90 to 190 bar. These
conditions correspond to a density range of 340-730 kg m-3 as
calculated by an accurate47 equation of state (EOS) assuming that the
reaction mixture could be treated as pure carbon dioxide. Given the
dilute concentrations of reactants and injection solvent used in this study,
the error introduced by treating the reaction mixture as pure carbon
dioxide is minimal.

The rate of reaction I was measured by in situ monitoring of the
disappearance of the absorption peak of 9-hydroxymethylanthracene
at 379 nm (at which wavelength interference from the sapphire windows
and other species in the reaction mixture was negligible) using a Varian
Cary 50 UV/vis spectrophotometer. The reaction progress was moni-
tored for roughly 18 h (i.e., 1-4 reaction half-lives depending on the
conditions). Spectra from a representative run are presented in Figure
2. First-order plots of the logarithm of 9-hydroxymethylanthracene
disappearance over time were always linear with little scatter as depicted
for several representative runs in Figure 3. Uncertainties in the slopes
of these plots were always less than(4%. The second-order rate
constant was calculated by dividing the slope of the assumed first-
order plot by the concentration of excess dienophile, which was known
to within (2% on the basis of its postreaction recovery. Control
experiments, in which only one of the two reagents was injected,
indicated that the compounds were stable indefinitely in the reaction
vessel and did not adsorb appreciably to the reactor walls; drift in the
379 nm absorption peak of 9-hydroxymethylanthracene was less than
(2%. On the basis of these three sources of uncertainty (scatter in the
pseudo-first-order plots, reactant adsorption, and uncertainty in the
concentration of excess dienophile), the error in measured rate constants
was estimated to be less than(10%.

(46) Taylor, J. D. Ph.D. Thesis, Massachusetts Institute of Technology,
Cambridge, MA, 2001. (47) Span R.; Wagner, W.J. Phys. Chem. Ref. Data1996, 25, 1509.

Figure 1. Simplified schematic of the high-pressure system used to obtain
kinetic data in this study. Depicted are the (a) cylinder of grade 5.5 CO2,
(b) heat exchanger to liquefy the gaseous CO2, (c) high-pressure pump
(Eldex, BBB-4) for delivering liquid CO2 at high pressures to the reactor,
(d) digital pressure transducer (Dynisco) for measuring system pressure,
(e) HPLC valve (Valco Instruments, uw-type), (f) three-way valve which
served as the reactor inlet and outlet, (g) high-pressure reactor equipped
with an R-Al2O3 sapphire window for either transmission or scattering
spectroscopy, (h) T-type thermocouple for measuring fluid temperature, (i)
analog pressure gauge (Matheson, 63-3133) for measuring pressure within
the reactor, (j) source of monochromatic UV radiation, and (k) spectro-
photometer detector.

Figure 2. Disappearance of the 379 nm peak of 9-hydroxymethylanthracene
in scCO2 during the course of a reaction. Conditions: 45°C, 101 bar (F )
518 kg m-3). Spectra for the first 4 h of a 16 hlong run are shown.
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Analytical Methods. The adduct in the reaction was identified off-
line by reversed-phase high-performance liquid chromatography (HPLC;
Waters 2690) with tandem mass spectroscopic (MS/MS; LCQ, Finni-
gan) detection utilizing an atmospheric pressure chemical ionization
interface. A Zorbax SB-C18 column (4.6 mm× 15 cm) was used with
flash column chromatography (25% ethyl acetate/hexanes). A sample
volume of 50µL was injected for each analysis. The composition of
the binary isocratic mobile phase was 0.499 acetonitrile/0.499 water/
0.002 formic acid. Operating parameters of the MS/MS system were
first auto-optimized in full scan mode and then manually adjusted by
flow injection analysis of each target compound at a concentration of
1 mg L-1. Target compounds were identified in both full scan mode
and selected ion monitoring (SIM) mode by infusion by matching the
retention times and mass spectra with standards. The adduct was
synthesized by refluxingN-ethylmaleimide and 9-hydroxymethylan-
thracene in a 9:1 CHCl3/CH3OH solution for 24 h.

For several representative kinetic runs conducted in scCO2, the
reactor contents were collected by depressurizing the reaction mixture
through cold acetonitrile. These postreaction mixtures were analyzed
using the HPLC-MS/MS technique, which indicated that mass balance
closure of the diene was greater than 85% and that the only product
was the Diels-Alder adduct of reaction I. Further analytical details
are available in the Supporting Information.

Solubility Measurements. Measurements of the solubility of
9-hydroxymethylanthracene in scCO2 at 45°C and 70-150 bar were
performed by measuring the UV absorbance (at 379 nm using the
Varian spectrophotometer) of samples withdrawn from the reactor.
Around 4 mg of solid 9-hydroxymethylanthracene was loaded into a
25 mL high-pressure view cell which has been described previously in
the literature.12 At each pressure, the supercritical solution was stirred
vigorously for 1 h and allowed to settle, unstirred, for 2 h prior to
sample collection. A fraction of the mixture (between 10 and 50µL)
was withdrawn through an HPLC valve (Valco Instruments, uw-type)
and then slowly discharged into cold solvent. The precipitated 9-hy-
droxymethylanthracene was washed from the loop with additional cold
solvent and diluted to a standard volume prior to spectroscopic analysis.

Kinetic Measurements at Atmospheric Pressure.The rate of the
Diels-Alder reaction ofN-ethylmaleimide with 9-hydroxymethylan-
thracene was measured at atmospheric pressure in water and acetonitrile
over the temperature range 20-50 °C. An Agilent 8532 spectropho-
tometer equipped with an internal stirring motor and a Peltier heater
was used for the measurements. A 100-fold excess of dienophile was
used in all experiments, and the initial concentration of 9-hydroxy-
methylanthracene was 1× 10-3 mol L-1 for experiments conducted in
acetonitrile and 2× 10-5 mol L-1 for experiments conducted in water.

The disappearance of diene was monitored at 380 nm for at least 2
half-lives. Assumed first-order plots were linear, and the uncertainties
in the slopes were less than 1%. The bimolecular rate constant was
recovered by dividing the pseudo-first-order slopes by the known
concentration ofN-ethylmaleimide. For the water measurements,
concentrated solutions of 9-hydroxymethylanthracene in acetonitrile
were used to deliver the diene. The resulting concentration of acetonitrile
was less than 1% on a mole basis.

Results

Measured Rate Constants.All 23 measured rate constants
(which are referred to askc when reported in molar units) for
reaction I in scCO2 are listed in Table 1 together with the
conditions of the measurement (pressure/density, temperature,
initial concentrations). Errors in the density were predicted using
an EOS for pure carbon dioxide47 and the ranges of the pressure/
temperature based on the known uncertainties of the measure-
ment. At 45°C and 90 bar, the reaction rate measured in scCO2

is nearly 25× faster than that measured in acetonitrile37,43(also
measured at 45°C but at atmospheric pressure), quite a
remarkable acceleration considering that the Diels-Alder reac-
tion between cyclopentadiene and ethyl acrylate is slower in
scCO2 than conventional solvents such as methylene chloride,
tetrahydrofuran, and hexane.14 The dramatic acceleration dem-
onstrates that using scCO2 as a reaction solvent can have
significant technological advantages in addition to its well-
known positive environmental attributes.

Figure 4 contains a plot ofkc as a function of pressure. At a
given temperature, the rate constants clearly decrease with
pressure. To our knowledge the only published report of de-
creasing rate constants with increasing pressure/density for a
Diels-Alder reaction in scCO2 is that of Thompson et al.8 These
authors studied the hetero-Diels-Alder reaction of anthracene

Figure 3. Representative first-order plots for reaction I obtained at 60°C
in scCO2 at various pressures:1, 178 bar;O, 161 bar;b, 115 bar. [HA]
is the instantaneous concentration of 9-hydroxymethylanthracene, and [HA]0

is its initial concentration. Solid lines are the best fits for the data. The
slopes were used to calculate the true second-order rate constant using the
known concentration of excess dienophile.

Table 1. Rate Constants, kc, Measured in This Study for the
Reaction of 9-Hydroxyanthracene and N-Ethylmaleimide in scCO2

a

run no. kc (103 L mol-1 s-1) T (°C) P (bar) F (kg m-3)

1 25 45 90 340( 20
2 23 45 93 380( 30
3 21 45 97 440( 4
4 18 45 101 520( 30
5 15 45 105 560( 20
6 12 45 110 610( 20
7 8.0 45 131 698( 8
8 9.6 45 135 710( 8
9 6.8 45 138 717( 7

10 7.4 45 143 729( 7
11 85 60 85 340( 13
12 94 60 115 400( 20
13 64 60 132 520( 14
14 30 60 152 614( 10
15 37 60 161 642( 7.4
16 24 60 166 655( 7.3
17 24 60 178 684( 6
18 270 75 125 342( 8
19 220 75 135 393( 9
20 120 75 149 460( 30
21 110 75 169 541( 8
22 75 75 176 564( 7
23 79 75 190 602( 7

a Conditions are listed along with the rate data. Experimental procedures
are described in the text. Errors in the measured rate constants are estimated
to be less than 10% on the basis of uncertainties in the concentration of
N-ethylmaleimide, errors in the spectroscopic technique, and adsorption of
9-hydroxyanthracne to the reactor walls. Density was calculated using the
EOS recommended by Span and Wagner,47 and the error was estimated
from the accuracy of pressure/temperature measurements.
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and 4-phenyl-1,2,4-triazoline-3,5-dione at 40°C (reaction II).
Reaction II is quite similar to the model reaction I chosen for
this study. Therefore, it is not entirely surprising that the two
reactions exhibit similar behavior with pressure/density. The
similarity between reactions I and II is pursued further in the
Discussion.

At a constant temperature, the rate constants are roughly linear
functions of pressure (R2 g 0.90) for the entire data set. The
data do not indicate any anomalous behavior near the critical
pressure of carbon dioxide, and the magnitudes of the slopes
of kc versus either pressure or density (which is not shown)
increase smoothly with temperature above the critical point of
pure carbon dioxide.

Solubilities of 9-Hydroxymethylanthracene in scCO2. The
measured solubilities of 9-hydroxymethylanthracene in scCO2

at 45°C are plotted in Figure 5. The solubility increases from
1.2 × 10-5 to 1.9 × 10-4 mol L-1 for the pressure range
between 70 and 150 bar. There is a sharp increase in the

solubility near 75 bar related to the significant density increase
in the vicinity of the critical point. The solubility of 9-hy-
droxymethylanthracene follows a trend similar to that observed
for anthracene.48 The parent compound is roughly 10× less
soluble in scCO2 than 9-hydroxymethylanthracene, which can
be attributed to two factors: (1) weak specific interactions
between the methanol group of 9-hydroxymethylanthracene and
carbon dioxide and (2) higher vapor pressure of 9-hydroxy-
methylanthracene relative to anthracene, due to less efficient
packing in the solid state.

Discussion

The rate of the Diels-Alder reaction of 9-hydroxymethyl-
anthracene andN-ethylmaleimide is accelerated in scCO2 rela-
tive to conventional solvents. Furthermore, at all temperatures
for which data are available, the rate constants decrease with
increasing pressure/density. We propose that the solvophobic
effect is the physical cause for both of these observations. A
solvophobic mechanism is consistent with the experimental rate
and solubility measurements and is further supported by acti-
vation volume estimates, comparison to reaction rates in con-
ventional solvents, and empirical correlations.

Effect of Pressure on Reaction Rates.To interpret the
pressure effect on kinetic data for reactions conducted in super-
critical fluids, many researchers invoke transition-state theory.
Within this context, the pressure dependence of the rate constant
is given by

wherekx is the bimolecular rate constant expressed in mole
fraction units,T andP are the system absolute temperature and
pressure,R is the universal gas constant,x is the concentration
in mole fraction units, and∆Vq is the apparent activation
volume. Sometimes an overbar is used in conjunction with∆Vq

to specify that it is a partial molar quantity. The following
formula is used to convert between conventional concentration
units,kc, and mole fraction concentration unitskx:

whereF is the mixture fluid density (expressed as g L-1) at the
temperature and pressure of the kinetic measurement andMW

is the average molecular weight of all of the species in the
mixture.

The apparent activation volume is composed of two terms,
one of which accounts for the formation/breaking of bonds while
the other deals with changes in solvation which accompany the
reaction. For structured fluids such as water or for compressible
fluids such as those near their critical point,∆Vq may be
dominated by changes in solvation volumes. Also, for reaction
mechanisms which consist of multiple steps, interpretation of
∆Vq is not straightforward and rarely provides mechanistic
insights. For true elementary reactions, such as the Diels-Alder
cycloaddition, molecular-level information can be obtained in
principle.

(48) Bunker, C. E.; Rollins, H. W.; Gord, J. R.; Sun, Y.J. Org. Chem. 1997,
62, 7324.

Figure 4. Values of kc measured for reaction I in scCO2 plotted as a
function of pressure at (b) 45 °C, (O) 60 °C, and (1) 75 °C. Numerical
values ofkc are listed in Table 1. Solid lines are the best fits for the data
and have no physical basis. Dashed lines represent contours of constant
fluid density, calculated assuming that the mixture is pure carbon dioxide.

Figure 5. Solubility of 9-hydroxymethylanthracene, [HA], in scCO2 at
45 °C plotted as a function of pressure. The solid line is intended to guide
the eye, and no physical basis is intended.
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Figure 6a is a plot of the natural logarithm of rate constants
in mole fraction units (i.e.,kx) as a function of pressure at
different temperatures. The slopes of these curves are essentially
linear (R2 > 0.80), and the lines are roughly parallel. Equation
1 was used to determine apparent values of∆Vq, and the results
are plotted as a function of reduced temperature (Tr ) T/Tc) in
Figure 6b. The error bars in Figure 6b represent the uncertainties
in the slopes of the best-fit lines in Figure 6a. The values of
∆Vq for the data set are both large and positive (+350 cm3

mol-1). For comparison, consideration of only the contributions
from bond breaking/formation leads to estimates of∆Vq of
roughly -30 cm3 mol-1. Jenner and Gacem44 reported values
of ∆Vq ranging from-27 to-36 cm3 mol-1 from their studies
of pressure effects on Diels-Alder reactions. Since the volume
change associated with bond breaking/formation should not be
strongly affected by the solvent, there must be a significant effect
(roughly +380 cm3 mol-1) on the apparent values of∆Vq

measured in this study which arises from solvation.
Proximity to the critical point has only a minimal effect on

∆Vq since there is only a weak trend in the apparent activation
volume in the range of reduced temperature considered in this
study (1.06-1.23). As the critical point is approached, there
may be a slight increasing trend in∆Vq with temperature, but
uncertainties in the estimated values of∆Vq are as large as the
total change itself. This observation suggests that critical
phenomena such as reactant clustering (either solute-solvent

or solute-solute) arising from density fluctuations invoked by
previous researchers49 do not play a role in the observed
chemical kinetics.

Several researchers8,9,20,21have used cubic EOSs to predict
the partial molar volumes in eq 1, thereby relating measured
rate constants (or at least trends in rate constants) to pressure.
The EOS approach usually requires estimates ofTc, Pc, the
accentricity factor (ω), and the binary interaction parameter
(kij).50 Since thermodynamic parameters are well defined only
for stable species, it is frequently assumed that the product
and transition state are thermodynamically equivalent. Further-
more, interaction parameters are generally assumed to be
zero8,9,20or small21 compared to unity. Naturally these assump-
tions introduce some uncertainty. For instance, Thompson et
al.8 found that changing the estimated critical temperature of
the product (and thus transition state) by 20% led to entirely
different signs in EOS predictions of∆Vq. This casts sus-
picion on the use of eq 1 to provide physical insight or as a
predictive tool.

We propose a different physical picture to describe the
relationship between rate constants and pressure/density in
scCO2. Instead of the activation volume approach, we employ
a theory of preferential solvation to explain trends in reac-
tion rate with pressure. Figure 7 is a schematic of the physi-
cal situation in terms of changes in free energy as a function
of reaction coordinate,ø. In both panels, there is an increase
in free energy upon combination of the reagents to form
the transition state depicting the activation free energy for
the chemical reaction,∆Gq. Likewise in both panels, increasing
fluid density decreases the free energy of the reagents, transition
state, and product. The difference between the panels is the
influence of density on the barrier height,∆Gq. In Figure 7a,
the transition stateis preferentially solvated relative to the
reactants; therefore,∆Gq is a decreasing function of density.
The reaction rate constant is related to∆Gq by the Eyring
equation:

(49) Ellington, J. B.; Brennecke, J. F.J. Chem. Soc., Chem. Commun.1993,
1094.

(50) Tester, J. W.; Modell, M.Thermodynamics and its Applications, 3rd ed.;
Prentice Hall PTR: Upper Saddle River, NJ, 1997; Chapter 9.

Figure 6. (a) Natural logarithms ofkx measured for reaction I in scCO2

plotted as a function of pressure as suggested by eq 1:b, 45°C; O, 60°C;
1, 75°C. Solid lines are the best fits for the data and are related to apparent
values of∆Vq. (b) ∆Vq determined from the slopes of the curves in Figure
6a plotted as a function of reduced temperature. Error bars are based on
uncertainties in these slopes.∆Vq is a weak function of temperature, if it is
a function of temperature at all.

Figure 7. Free energy sketches for reaction coordinates representing two
different responses to density. (a) shows preferential solvation of the
transition state as density increases, leading to a net decrease in∆Gq with
increasing density. In (b) the reactants are preferentially solvated by
increased density, leading to a net increase in∆Gq as density increases.
Diels-Alder reactions of highly scCO2 soluble reactants are represented
by (a), while (b) depicts the situation for sparingly scCO2 soluble reactants,
such as those selected for this study.
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wherekB is Boltzmann’s constant (1.38× 10-23 J K-1) andh
is Planck’s constant (6.6261× 10-34 J s). Equation 3 predicts
that a decrease in∆Gq leads to an increase inkc. Since reactions
in scCO2 are typically accelerated by increased pressure/density,
Figure 7a describes the physical situation most frequently
observed in experimental measurements of rate constants in
supercritical fluids. Figure 7b depicts the opposite relationship
between density and reaction rate in which thereactantsare
solvated preferentially relative to thetransition state. The free
energy curves in Figure 7b show∆Gq as an increasing func-
tion of density, which, according to eq 3, predicts that the
rate constants will decrease as pressure/density increases.
This is the behavior reported in this study and that of Thompson
et al.8

Reported kinetic rate measurements of Diels-Alder reactions
in scCO2 can be divided into two groups corresponding to panels
a and b, respectively, of Figure 7. The first, more populated
group corresponds to Diels-Alder reactions in which the
reactants are rather soluble in scCO2. Many of the most common
dienes (isoprene, cyclopentadiene) and dienophiles (methyl
acrylate, ethyl acrylate, maleic anhydride) in this group are either
essentially miscible with scCO2 or at least reasonably soluble.
Of the reagents commonly used in this group of Diels-Alder
reactions, maleic anhydride is the least soluble in scCO2 with a
measured solubility estimated7 as 0.2 mol % at 60°C and 100
bar. This contrasts with the second group, which includes this
data set, in which the solubilities of the dienes are much lower,
on the order of 1× 10-3 mol %, or less.

Consideration of transition-state theory provides a more
physical interpretation of the observed rate phenomena and
their relationship to reagent solubility. In this context,kc is
expressed as

whereκ is the transmission coefficient (0e κ e 1) andKC
q is

the concentration-based equilibrium constant for the reaction
between the reactants and transition state, which, for an
elementary reaction such as the Diels-Alder cycloaddition, is
defined as

whereCA andCB are the molar concentrations of the reactants
andCA-B

q is the “concentration” of the idealized transition state.
Following a standard thermodynamic procedure, most of which
can be found in the literature14,51,52and is further documented
in the Supporting Information, eq 5 can be written as

where∆Gq,° is the change in partial molar Gibbs free energy

between reactants and transition state when all species are in
their respective standard states,Kx,id

q is the continued product
of the ideal solution mole fraction solubilities, andKx,sat

q is the
continued product of the actual saturation mole fraction solubili-
ties. By definitionKx,id

q is not a function of pressure,53 and
neither is∆Gq,° provided that the reference states are defined
at a fixed pressure. Therefore, assuming thatκ is at most a weak
function of pressure, the majority of the pressure dependence
in eq 6 is due toKx,sat

q.
Equation 6 allows interpretation of Figure 7a,b in terms of

solubility or solvation. Increases in fluid density have little effect
on the solubility of dienes, which are essentially miscible with
scCO2. For Diels-Alder reactions of these dienes, the transition
state is much less solvated in scCO2. This is rationalized by
the fact that, in thermodynamic terms, the primary difference
between the reactants and the transition state is the molecular
size. It is well-known that, as the molecular size of compounds
increases, their solubility in scCO2 decreases. This is particularly
true when molecular size is increased without introduction of
new functional groups. The examples of benzene (which is
essentially miscible with scCO2), naphthalene (which has a
characteristic solubility of approximately 5 wt % in scCO2 at
35 °C and 150 bar54), and anthracene (the solubility of which
is less than 5× 10-3 wt % at 35 °C and 150 bar48) are
illustrative. Increasing the density does not substantially increase
the solubility of compounds already miscible with scCO2, such
as benzene or typical Diels-Alder reactants. Unlike the
reactants, the solvation of the large transition state, which
contains no functional groups not present in the reactants,
increases significantly with fluid density. Thus,Kx,sat

q increases
with pressure, which leads to an increase inkx.

The situation is reversed for dienes which are sparingly
soluble in scCO2 such as anthracene and 9-hydroxymethylan-
thracene. The solubilities of these reactants increase sharply with
density as depicted for 9-hydroxymethylanthracene in Figure
5. The solvation of the transition state most likely also increases
with fluid density, but we hypothesize that the effect is less
significant than for the reactants. Therefore, for these reactions,
Kx,sat

q decreases with pressure, leading to a decrease inkx. This
hypothesis is supported by the fact that a fraction of the insoluble
surface area of the diene becomes inaccessible to the solvent
during the course of the reaction. Figure 8 contains optimized
geometries of the reactants and transition state for reaction I as
calculated by Gaussian 98 (B3LYP/6-31Gd) and depicts the
solvent-inaccessible surface area of the transition state. Due to
the reduced requirement for solvent interactions with the
transition state, it is preferentially solubilized as density is
decreased. This is a solvophobic effect analogous to those
reported in water37-42 and fluorocarbon solvents.43-45 The large,
positive values of∆Vq observed for our rate data are related to
changes in the preferential solvation of the transition state
relative to the reactants as pressure decreases rather than true
changes in molecular volumes (of either the reactants/transition
state or solvent). Critical phenomena cannot explain the observed

(51) Clifford, A. Physical Properties as Related to Chemical Reactions. In
Chemical Synthesis Using Supercritical Fluids; Jessop, P. G., Leitner, W.,
Eds.; Wiley-VCH: New York, 1999; Chapter 3.

(52) Weinstein, R. W. Ph.D. Thesis, Massachusetts Institute of Technology,
Cambridge, MA, 1998.

(53) Prausnitz, J. M.; Lichtenthaler, R. N.; Gomes de Azevedo, E.Molecualr
Thermodynamics of Fluid-Phase Equilibria, 3rd ed.; Prentic Hall PTR:
Upper Saddle River, NJ, 1999; Chapters 6 and 11.

(54) Modell, M.; de Filippi, R. P.; Krukonis, V. J.Regeneration of ActiVated
Carbon with Supercritical Carbon Dioxide, ACS Annual Meeting, Miami,
FL, 1978; American Chemical Society: Washington, DC, 1978.
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pressure/density behavior since∆Vq is only a weak function of
reduced temperature. In any event, solute/solute and solute/
solvent clustering should be negligible forTr > 1.1.55

Solvophobic Interactions and Acceleration of Diels-Alder
Reactions. The Diels-Alder reaction between 9-hydroxy-
methylanthracene andN-ethylmaleimide has been studied previ-
ously in conventional solvents.37,43 These studies have clearly
implicated the accelerative roles of hydrogen-bonding and solvo-
phobic interactions. Most convincingly, Myers and Kumar43

demonstrated that the bimolecular rate constants for this reaction
measured at 45°C in a range of solvents were inversely related
to the solubilities of the diene in the same solvent, with signi-
ficant deviations observed only for reactions conducted in
solvents capable of hydrogen bond donation (e.g., water and
trifluoroethanol). Table 2 lists available experimental measure-
ments of the rate constant of reaction I, along with the solubility
of 9-hydroxymethylanthracene, and-∆∆Gq, which is the
change in the activation free energy relative to that observed in
acetonitrile calculated using eq 3. Duplicate values ofkc, when
available, agree to within experimental error with the exception
of those obtained in water. In this study, 1 mol % acetonitrile
was used as a delivery solvent for rate studies in water. Most
likely, this small amount of acetonitrile acted as a cosolvent,
reducing the solvophobic effect and decelerating the reaction
rate.

Values of-∆∆Gq reported in Table 2 range from zero (for
acetonitrile, by definition) to roughly 6 kJ mol-1 (for water).
Values of-∆∆Gq for scCO2 bridge the gap between fluoro-
carbon and hydrocarbon solvents. Changes in fluid density in
the supercritical solvent are similar to changes in the chemical
identity of incompressible solvents. Increasing the scCO2 fluid
density from 340 to 730 kg m-3 is roughly equivalent to
changing the solvent from perfluoro-n-butyl ether to 1-butanol.
Just as in conventional solvents, the slowest rate constants are
observed in scCO2 under conditions at which 9-hydroxymeth-
ylanthracene is most soluble. Naturally, the accelerative effect
of scCO2 is less than that of water since carbon dioxide lacks
the capacity to form hydrogen bonds. Nonetheless, solvophobic
reduction of∆Gq in scCO2 is significant.

Understanding the solvophobic acceleration of Diels-Alder
reactions in scCO2 provides a tool for selection of model
reactions to conduct in supercritical fluids. Typically, reagent
selection is based on solubility in scCO2. Solvophobic accelera-
tion offers a second criterion for the choice of reagents. The
analogy with fluorinated solvents (which are more accessible
experimentally than scCO2) might also be exploited in the future.

Of course, scale-up of reactions involving sparingly soluble
species may be prohibitive just as has been the case for utilizing
water as a solvent for Diels-Alder reactions and other syntheses.
It might be possible to follow the strategy of Greico et al.,56

who demonstrated that addition of solvophilic functionalities
far from the reactive portion of the molecule increase water
solubility while maintaining most of the beneficial effects of
water on reactivity. In fact, the 10-fold increase of the solubility
of 9-hydroxymethylanthracene compared to anthracene cited in
this study is a prime example of this strategy.

Engineering Correlations Based on the Arrhenius Equa-
tion. Correlations for data sets of experimental rate constants
as functions of operating conditions (temperature, pressure/
density) are quite valuable in commercial applications. The
Arrhenius equation is the typical starting point for correlating
rate data:

whereA is the preexponential factor andEA is the apparent

(55) Tucker, S.Chem. ReV. 1999, 99, 391.
(56) Grieco, P. A.; Yoshida, K.; He, Z.Tetrahedron Lett. 1984, 25, 5715.

Figure 8. Optimized geometries of (a)N-ethylmaleimide, (b) 9-hydroxy-
methylanthracene, and (c) their Diels-Alder cycloaddition transition state.
All geometries were optimized using Gaussian 98 (B3LYP/6-31Gd).

Table 2. Rate Constants, kc, for the Diels-Alder Reaction of
9-Hydroxymethylanthracene and N-Ethylmaleimide at 45 °C in
Hydrocarbon Solvents, Fluorocarbon Solvents, Water, and scCO2

a

solvent
kc

(105 L mol-1 s-1)
−∆∆Gq b

(kJ mol-1)
solubility

(103 mol L-1) source

Supercritical Fluid Solvents
scCO2, F )

340 g L-1
2480( 250 4.0 0.03 this work

scCO2, F )
560 g L-1

1490( 150 3.0 0.13 this work

scCO2, F )
730 g L-1

740( 100 1.8 0.18 this work

Hydrocarbon Solvents
n-hexane 776( 80 2.3 1.24 43
isooctane 796( 71 2.3 nad 37
di-n-butyl ether 245( 16 0.9 20.9
acetonitrile 108( 10 0.0 29.5 43

107( 8 37
100( 6 this work

methanol 337( 60 1.3 29.9 43
344( 25 37

1-butanol 666( 23 2.1 nad 37

Fluorocarbon Solvents
perfluorohexane 5345( 308 4.5 >0.005 43
perfluoro-2-n-butyl

etherc
4562( 404 4.3 >0.005 43

perfluorobenzene 152( 26 0.4 11.2 43
trifluoroethanol 841( 114 2.4 18.1 43
water 22300( 720 6.1e 0.027 43

22600( 700 37
18400( 300 this work

a Solubilities of 9-hydroxymethylanthracene at 45°C are also listed,
where available.∆∆Gq is the change in activation free energy relative to
that in acetonitrile.b Relative to the average value measured for acetonitrile,
calculated using eq 3.c Also referred to by its trade name FC-75.d Solubility
measurement not available.e Average value of-∆∆Gq based on the data
of Rideout and Breslow37 and Myers and Kumar.43

kc ) A exp(-EA/RT) (7)
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activation energy. The Eyring equation is frequently written in
ad hoc fashion analogous to eq 7 by substituting the relationship

into eq 3, yielding the following equation:

Even though the∆Hq andT∆Sq terms contain global informa-
tion, they can be interpreted using the Arrhenius model. The
entropic term is related toA in eq 7, and the enthalpic term is
related toEA. For well-defined reactions such as the bimolecular
Diels-Alder cycloaddition, the physical significance of these
two terms can sometimes be retained. In their studies of Diels-
Alder reaction kinetics in water and 2-propanol, Engberts and
co-workers57 determined that the entropic and enthalpic con-
tributions to∆Gq were roughly equal. In practice,A andEA are
correlated so that rate data may not yield unambiguous values
of ∆Hq andT∆Sq.

As written, eqs 3 and 7 cannot describe the data set presented
in Table 1 since the Arrhenius and Eyring equations have no
explicit dependence on pressure/density. In an earlier study,14

we introduced a modified form of eq 7 in whichA was a linear
function of density

to fit rate data for the reaction of cyclopentadiene and ethyl
acrylate. A similar approach was considered for our data set,
but some caution was exercised. Equation 10 is nonlinear,
necessitating a nonlinear regression of the parametersR, â, and
EA. Finding optimum parameters by nonlinear regression is
complicated by the potential existence of many local minima,
and there is no guarantee that the global minimum corresponds
to physical values of the parameters. To constrain the allowable
ranges ofR, â, andEA to physical values, Arrhenius parameters
for reaction I were obtained in water and acetonitrile. The values
obtained in these solvents are listed in Table 3. Water and
acetonitrile were selected to bracket the rate constant data
reported in Table 2. Note that the two values ofEA are identical,
within the limits of experimental uncertainty. Values ofA,
however, differ by nearly 2 orders of magnitude. These results
suggest that it is reasonable to use eq 10 to describe the data
set obtained in scCO2, constraining the range of values ofEA

andA for interpreting rate data in the supercritical medium.
Figure 9 is a plot of the measured rate constants (kc) for

reaction I as a function of density. The solid lines represent the
predictions of eq 10 using best fit values forR andâ, with EA

set equal to 52 kJ mol-1. On the basis of these fitted parameters,
the natural logarithm ofA varies between 14.5 and 16.4 (when
A is expressed as L mol-1 s-1), which is within the limits

suggested by the data in Table 3. Not only does eq 10 provide
a good correlation for the available data, it uses physically
realistic values of the various parameters. This further supports
the theory that chemical reactivity in supercritical fluids is
analogous to that in incompressible solvents, provided that
changes in the relative solubilities of reactants and transition
states are properly accounted for. We also note that defining
bothA andEA as linear functions of density (but still constrain-
ing their range of allowable values on the basis of the parameters
in Table 3) introduces some curvature to predictions ofkc, which
might capture trends better, especially at 75°C. Quantitatively,
to any reasonable level of statistical confidence, the two models
are identical.

Conclusions and Recommendations

The Diels-Alder reaction of dienophileN-ethylmaleimide
with 9-hydroxymethylanthracene proceeds at rates in super-
critical carbon dioxide that are much faster than in traditional
organic solvents such as acetonitrile, methanol, etc. On the basis
of the low solubility of 9-hydroxymethylanthracene, we infer a
solvophobic mechanism consistent with that proposed for
acceleration of this reaction in conventional solvents. Strong,
negative pressure and density dependencies of the rate constant
were observed, consistent with a solvophobic mechanism driven
by the positive relationship between fluid density and solute
solubility. The apparent activation volumes are both large and
positive (+350 cm3 mol-1), and only a weak function of reduced
temperature, ruling out the influence of clustering phenomena
(solute/solvent or solute/solute) as the cause of the observed
accelerations. Instead, the large activation volumes can be
attributed to changes in the solubility of the reagents relative
to that of the transition state with increasing density. Our results
suggest an analogy between supercritical carbon dioxide and
fluorinated solvents which may be useful for selecting model
reactions and interpreting solvent effects.

Future work will be conducted to further understand this
solvophobic acceleration so that the results uncovered by this
investigation might be applied to a wider range of organic
reactions. Studies will focus on (1) determination of specific
molecular structures which are expected to interact solvopho-
bically in scCO2, (2) further quantification of the solvophobic
effect, particularly in the presence of hydrogen-bond-donating

(57) Blokzilj, W.; Blandamer, M. J.; Engberts, J. B. F. N.J. Am. Chem. Soc.
1991, 113, 4241.

Table 3. Empirically Fit Arrhenius Parameters and Estimated
Errors for Reaction I in Water and Acetonitrile

solvent ln A (L mol-1 s-1) EA (kJ mol-1)

water 16.86( 0.03 51.6( 2.3
acetonitrile 12.72( 0.03 52.0( 2.3

∆Gq ) ∆Hq - T∆Sq (8)

kc )
kBT

h
exp(∆Sq/R) exp(-∆Hq/RT) (9)

kc ) (RF + â) exp(-EA/RT) (10)

Figure 9. kc measured for reaction I in scCO2 plotted as a function of
density: b, 45 °C; O, 60 °C; 1, 75 °C. Solid lines are based on regression
of R andâ in eq 10.EA was set equal to 52 kJ mol-1 on the basis of its
value in acetonitrile and water, and lnA varied linearly from 14.5 (at 730
kg cm-3) to 16.4 (at 340 kg cm-3).
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cosolvents, and (3) development of computational techniques
integrating methods from density functional theory and molec-
ular simulation to further molecular-level understanding of
reactivity in scCO2.
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