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Abstract: A Diels—Alder reaction in supercritical water is studied by means of combined electronic structure
and liquid state theories. The target system is the cycloaddition of cyclopentadiene with methyl vinyl ketone.
The rate and the yield of the reaction in supercritical water are calculated and compared with those in ambient
water. The activation free energies of the two isomers, cis and trans, are compared. The results are in agreement
with the experimentally observed increase of the rate and the yield. The solvation effect for the rate constant
is decreased in supercritical water, but the rate is increased because of the thermal excitation rather than the
solvation effect. The trans-conformer has shown less activation energy in ambient water and supercritical
water compared to the cis-conformer. The estimated yield in supercritical water is more than 600 times higher
than in ambient water. The high yield in supercritical water is due to the high solubility of the reactants to
supercritical water.

Introduction in SCW>~8 the continuum solvent model and the corresponding
theory were applied. The method provides a reasonable account
for the solvation free energy in terms of the agreement with
experiments with respect to “number”. The electronic structure
and optimized geometry in SCW were also obtained. The
approach has attracted people in the field, because it requires
much less computational effort. The method, however, is not
capable of providing any structural information for solvation,
and thereby does not match with the electronic structure theory
in terms of the level of description. Moreover, the quantitative

. . . SO ) . agreement with experiments itself should not be regarded as a
attention due to its unique properties: it can dissolve a variety great achievement, because the theory usually relies on a
of zolutes, bOtg polarl an(rj] ngr_lplgllgr, depending Og ésvmpgrﬁturesubstantial number of adjustable parameters. Another method
and pressure. Recently, the Diellder reactions in » Wit applied for the same reaction system is molecular simulatidhs.
Se"e“?" different d|e_ne/d|enoph||e combinations, have been The approaches have been very successful to account for the
experlmentallr)]/. eﬁamlnelz‘gand it has (t;een regprted that SCW free energy change of solvation and its structure. However, their
g'\kﬁs rise to Ilg er yielas corr;]pare to ambient v\\//vart]er (’I'_\W_)’ computational demands prevent one from evaluating the elec-
whiie exgemﬁ yh mcrealsmg the relactlon rétx‘;" eln LIS tronic structure of species involved in the reaction, which is
compared with the usual organic solvent, SC not only gives subject to the field of solvent. Since change in the electronic
us higher yield and rate of the reaction but also provides further gy,c1re is the primary cause of chemical reactions, the method
benefit concerned with the environmental protection: it is free has to overcome the high barrier to be applied to such problems
from d_|s_ch_arg|ng harmiul organic solvent Into the environment. aq an alternative to those mentioned above, we have proposed
Thus, itis important to elucidate the mechanism of the reaction _ ., approach called “RISM-SCF/MCSCF” for calculating
at thg molecular level, and to answer the questions: why is the o - glectronic structure of a molecule in solution, which
reaction ralte accele:i/tved V\(/jhesnc;t/fc/e mzdlahls _chap]ged_ flrgmcombines the integral equation theory of molecular liquids
grgar_uc "SO vehnt tod . ar\1N ' ag ‘sz?'s the yie (RISM) and the ab initio molecular orbital theory (SCF/

rastically enhanced in SC compared to AW? . MCSCF)#?71* The method determines self-consistently the
Theoretical studies of organic reactions in solution require
descriptions of the electronic structure of molecules involved  (5) Luo, H.; Tucker, S. CJ. Am. Chem. Sod995 117, 11359.

in the reaction and for solvent properties, which are closely g% '[ﬂg' n Egtg o gj Eﬂﬁ: gﬂgﬁ?&%ofoilllggé_

The Diels-Alder reaction is a synthetic method which has
been most widely employed for the production of polycyclic
ring systems. In the early 1980s, Breslow et al. showed that
using water as solvent accelerates the Didlkler reaction
dramatically* The observation has reversed the traditional notion
that pericyclic reactions are insensitive to solvent effects.
However, the low solubility of nonpolar solute in aqueous
solvents restricts the choice of reagents or requires special
additives. In this regard, supercritical water (SC\AWleserves

coupled with each other. In the earlier work on a2 $eaction (8) Pomelli, C. S.; Tomasi, J. Phys. ChemA 1997, 101, 3561. Bennet,
G. E.; Rossky, P. J.; Johnston, K. P.Phys Chem 1995 99, 16136.

T Kobe University. (9) Balbuena, P. B.; Johnston, K. P.; Rossky, Pl.JAm. Chem. Soc
(1) Rideout, D.; Breslow, RJ. Am. Chem. S0d 980 102 7816. 1994 116, 2689.
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(3) Savage, P. EChem Rev. 1999 99, 603. (11) Flanagin, L. W.; Balbuena, P. B.; Johnston, K. P.; Rossky, . J.
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electronic structure of a solute and the solvent distribution
around it. One of the advantages of our method is that it enables g0+  gmmmmeee-
us to change easily thermodynamic conditions of the system,
such as temperature and density. Thus, it is suitable for
investigating the chemical reaction in solvent, including SCW,
which requires numerical analyses in wide range of temperature
and pressuré

In the present paper, we will study the Dielslder reactions
in SCW as well as in AW by means of the RISM-SCF/MCSCF
method, and try to answer the questions raised earlier in the
section: why is the reaction rate accelerated when the media is 0r
changed from organic solvent to AW and SCW, and why is
the yield drastically enhanced in SCW compared to AW? As a Reaction coordinate
target system, we chose the cycloaddition of cyclopentadieneFigure 1. The total free energies of TS and the products relative to
(CP) with methyl vinyl ketone (MVK), which has been well- those of the reactants for the end-trans reaction.
studied by experimental and theoretical approa¢h&s? The
dienophile can take two different conformatiosss ors-trans, depend on its position, and thiF?e2 for solute molecules was not
which may bind with the diene to make a transition structure changed in gas or solvent. The solvation free energlgs (vere
in two possible conformations, exo or endo. Therefore, four calculated with the equation consistent with the HNC clogUre.
possible combinations, endais, endoe-trans, exe-cis and 0
endo-trans, are conceivable for the structure of transition state 5, = = ® Amr? dr(h. (N2 = 2¢. (1) — h(Ne. () (1
(TS). Previous ab initio calculatioffsshowned that the endo a [; VZ Js (s 1) 1)~ Ny 1)y (1)) (1)
cis transition structure is of the lowest energy in several Biels
Alder reactions, but Assfeld et al. showed in a recent calcula- wherep is the number density of solvent arffid= 1/kgT (kg is the
tion?3 that the endetrans transition structure becomes more Boltzmann constant). The indicesand v respectively denote solute
stable in the reaction of CP and methyl acrylate in aqueous and solventh(r) andc(r) stand for the sitesite intermolecular pair
solution. Thus, we performed calculations on both the endo correlation functions and the direct correlgtion functions, respectively.
cis and endetrans reactions, and also examined which is the 1€ total energy of the solute molecule in solvent and in gas phase
more stable transition structure for this reaction system in AW was respectively defined by
and SCW. The exo TS are not considered since their energies
are substantially greater than those of the endo TS in aqueous
solution?*

‘\\\ gas phase (873K)

60 |-

40

20 |

Relative Free Energy (kcal/mol)

Reactant T8 Product

Frotal gafSOIUE)= Eqioc go(sOlUte)+ AF***(solute) (2)

Ftotal,sol\(SOMte): Eelec,sol\(SOIUte)+ AFideaI(SOIUte)+ A,Lt(SO|UtE)
Methods ©)

'I_'he detailed explanations of the _RISM-SCF_/MCSCF method are whereEec gasaNd Eqec sovrepresent the electronic energy of the solute
omitted. We refer readers who are interested in the methodology 10 i gas phase and water, respectively. In solution, the electronic structure
previous articles? * The geometry of the reactants, the TSs, and the ot the solute changes from that in gas phase due to the salateent

products were fully optimized in gas phase at the restricted Hartree jnieraction. The energy change of the electronic structure associated
Fock level by using a doublg-valence (DZV) basis sét Those with solvation AE.) is defined as follows:

geometries determined in gas phase were maintained for all the RISM-
SCF calculations. Vibrational frequencies were calculated at the same
level, and TSs were confirmed to have only one imaginary frequency.
In the calculation for ideal terms of Gibbs free energyr{e?) of the ) ) )
solute molecules, the zero-point vibrational energy is taken into account. ~ R€garding the potential functions for solute molecules, CH,,CH
The imaginary frequency for transition states was ignored in calculations @d CH groups are treated as united atoms, and the potential functions
for the vibrational energy. Here, we assume that a solute molecule feelsConsist of the Lennard-Jones+l) and Coulomb interaction. The-J

a mean field potential, and consequently its kinetic energy does not Parameters for the united atoms are taken from the GPESlowever,

all the L—J diameters used here are increased by 0.4 A, since RISM-

AE(solute)= Egec soifSOIUtE)— Egjec gafSOIULE) 4)

(12) Ten-no, S.; Hirata, F.; Kato, &hem. Phys. Lettl993 214, 391. SCF calculations for TSs did not converge. For transition states, these

(13) Ten-no, S.; Hirata, F.; Kato, 3. Chem Phys 1994 100, 7443. parameter were fixed at the same values as those of corresponding sites

(14) Sato, H.; Hirata, F; Kato, S. Chem Phys 1996 105 1546. in the reactants. As a model for solvent water molecules, we employed

(15) Sato, H.; Hirata, FJ. Phys Chem B 1999 103 6596. . 6 [T

(16) Blake, J. F.; Jorgensen, W. L. Am. Chem. Sod991 113 7430. a SPC-_Ilke modet® which has been suc_cessfully used in !IqUId state

(17) Blake, J. F.: Lim, D.; Jorgensen, W. IL. Org. Chem 1994 59, simulations. The temperature and density of the surrounding water we
803. examined in this study were 298 K, 1.0 gfcfor ambient water and

(18) Otto, S.; Blokzijl, W.; Engberts, Jan B. F. Bl.Org. Chem 1994 873 K, 0.6 g/cm for supercritical water. The reason we have chosen
59, 5372. the relatively high density of SCW is that the RISM method becomes

(29) Furlani, T. R.; Gao, JI. Org. Chem 1996 61, 5492.
(20) Jorgensen, W. L.; Lim. D.; Blake, J. B. Am. Chem. Sod 993
115 2936. . .
(21) Jorgensen, W. L.; Madura, J. D.; Swenson, Q. Am. Chem. Soc Results and Discussion
1984 106, 6638. I . ) .
(32) Jgrgensen W. L.; Briggs, J. M.; Contreras, M.JLPhys. Chem. Stabilization of the Transition State in Ambient Water.
199Q 94, 1683. The key results are shown in Figure 1 which exhibits the energy

(23) Assfeld, X.; Ruiz-Lopez, M. F.; Garcia, J. I.; Mayoral, J. A, diagram for the reaction through the enrems transition
Salvatella, L. JJ. Chem Soc Commun1995 1371.

less reliable when density is further decreased.

(24) Breslow, R.; Maitra, UTetrahedronLett 1984 25, 1239. structure in gas phase, in AW (298 K, 1.0 gfymand in _SCW
(25) Huzinaga, SJ. Chem. Physl965 42, 1293. Freisner, R. Al. Phys. (873 K, 0.6 g/cr). All the energy levels are determined by
Chem.1998 92, 3091. regarding the reactants at corresponding temperature as a

(26) Berendsen, H. J. C.; Postma, J. P. M.; van Gunstern, W. F.; Hermans
J. InIntermolecular ForcesPullmann, B., Ed.; Reidel: Dordrecht, 1981. (27) Singer, S. J.; Chandler, Mol. Phys 1985 55, 621.
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Table 1. Changes in the Activation Free Energy from Gas Phase a 2r
0 AW (AAF* = AFhy — AFp,) and to SCW AAFF =
A':scw B AFgaQ

AAF? Aut AEL, = L
(kcal/mol) (kcal/mol) (kcal/mol) go A
) il

I

|

AW T
trans —7.54 —9.02 1.48 .
cis —6.90 —10.98 4.09

[
0.5 ¢
SCW : : \\. 7
trans —3.40 —-3.82 0.42 A
cis —-2.71 —-3.43 0.72 ol A

standard. The activation free energyFlfJasz Frotal,gafTS) —

n
N
[=2]
=]
-
o

/":

0.5 |

Frotai,gafreactants)] computed in gas phase at 278 Kis 52.48 b 27
kcal/mol. TheAFiW is calculated to be 45.58 kcal/mol: it is [
reduced by 6.90 kcal/mol from gas phase to AW (Table 1). 15 L
This change originates essentially from the differences of the = i
electrostatic reorganization energg{E{:‘e = AE(TS) — AE«e =
(reactants)] and the solvation free energywuf = Au(TS) — = T A
Au(reactants)] between the reactant and TS. In Table 1, the I { S
change between these two energy contributions is compiled. e
As seen in the table, the stabilization of TS comes from a
decrease in the solvation free energy associated with the reaction i
process from the reactant to TS, which includes geometrical 0 L :
change, giving rise to “desolvation” of water molecules at 2 4 r(A)e 8 10
contact. The solvation free energy can be roughly decoupled _. o i
into two contribution: the electrostatic and hydrophobic effects. Figure 2. Radial distribution functions of water oxygego and
To estimate the contribution of the hydrophobic effect, the hydrogen g) around the carbonyl oxygen of s-cis MVK (continuous

. line), endo-cis TS (dotted line), and endais product (dashed line)
geometry of the reactants was altered to that of TS, while the j, aw (a) and in SCW (b).
charges on the sites were fixed. Consequently, the change in
the solvation free energy comes from the loss of the water As the reactants reach TS, the reorganization energy is increased.
molecules contacting to the nonpolar groups of the reactantsThis also supports the statement mentioned previously that
and can be attributed to the hydrophobic effect. Then, the hydrogen bonding is enhanced in TS compared to the reactant,
hydrophobic component is estimated to £&.03 kcal/mol, MVK. Concerning the solvation free energy, both the hydro-
which accounts for one-half oAu*. However, this model phobic effect and the electrostatic effect equally contribute to
possibly overestimates the hydrophobic component because thdhe stabilization of TS. At the same time, however, the enhanced
significant geometrical change may perturb the electronic hydrogen bonding for TS brings about an increase in the
structure of the solute and may remove the hydrogen bondingreorganization energy. The contribution of the hydrogen bonding
to the carbonyl oxygen of reactant, MVK. These effects can to AAF* is calculated to be-1.87 kcal/mol as a whole. The
give rise to some positive contribution to the hydrophobic contribution of the reorganization energy to the activation
component. On the basis of the analysis, the other haliof ~ energy,AE:", seems to compensate for the decrease of the
should come from the electrostatic effect, including the hydrogen solvation free energy due to the hydrogen-bonding effect. Thus,
bonding around the carbonyl oxygen. Therefore, both the the main contribution to the stabilization for the endis TS
hydrophobic effect and the electrostatic effect contribute equally can be attributed to the hydrophobic effect.
to the decrease in the solvation free energy. Figure 2a shows On the other hand, the estimatAtE:;asis 54.25 kcal/mol at
the radial distribution functions (rdfs) of water oxygen and 298 K for the ende-trans reaction. Compared with the entlo
hydrogen around the carbonyl oxygen of MVK, TS, and product cis reaction, it is higher by 1.77 kcal/mol. However, the
in AW. The height of the first peak of hydrogen’s rdfs directly ~activation free energy is reduced by 7.54 kcal/mol from gas
signifies the degree of hydrogen bonding. As shown in Figure phase to AW (Table 1). The value indicates that the endo
2a, rdfs for the endecis reaction indicate that there is no trans TS in AW is more stabilized than the endns TS. By
significant change in height of the first peak when the reaction the component analysis for the solvation free energy described
proceeds from the reactant to TS. At first glance, it appears above, the hydrophobic component is calculated to-Ee99
that the hydrogen bonding is not enhanced. However, consider-kcal/mol, indicating that hydrophobic effect for stabilizing the
ing that a water molecule cannot access the carbonyl oxygenendo-trans TS is essentially equal to the case for the endo
of TS geometrically more than that of the reactant, MVK, the cis TS. The rest of the decrease in the solvation free energy
hydrogen bonding for TS must be stronger than that for the can be attributed to the electrostatic effect. As seen in rdfs for
reactant, though the height of the first peak in rdfs does not the ende-trans TS (Figure 3a), the hydrogen bonding is clearly

change. The (electronic) reorganization ener§¥e, is in- enhanced compared to that for the reactant in contrast to the
creased by 4.09 kcal/mol in the reaction from the reactants to endo-cis case.
TS in case of the endecis reaction (Table 1). The more The electronic reorganization energy for the eattans TS

susceptive the solute molecule is to electrostatic effects, the moreis increased by 1.48 kcal/mol compared to that for the trans
increased the reorganization energy is. In our case, electrostatidMVK. This value is much less than that for the eneus
effects are attributed to hydration. Thus, hydration to the reaction. The total contribution of hydrogen-bonding effect
carbonyl group induces an increase in the reorganization energyincluding AEfe and Au* is estimated as-2.55 kcal/mol. The
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result indicates that the hydrogen-bonding effect preferentially considers that the density of water molecules in SCW is low
stabilizes the endetrans TS more than the endois TS. and that the solvation effect in SCW is less than in AW. Thus,
Therefore, the enhanced hydrogen-bonding effect, coupled withthe mechanism of acceleration for the Die/lder reaction in
the electronic structure, is certainly an important factor to explain SCW is considered to be different from that in AW.
the degree of stabilization of TS, in contrast to the hydrophobic ~ The relative rate constant in AW and in SCW in the
effect, which is almost constant. corresponding temperature could be roughly estimated from the
The actual TSs would be determined by competition of two activation energy on the basis of the simple transition state
energy contributions: the electronic energy of an isolated theory. The following analysis is performed conerning the
molecule and the solvation free energy. The entlans TS has  reaction through the endais TS. Suppose the rate of this
a greater d|p0|e moment than the eadis TS in the gas phase, reaction Slmply follows the Arrhenius equation, the relative rate
and the difference in the dipole moment is enlarged in aqueousconstant is expressed as
solution. Due to coupling of the dipole moment with solvent, + +
the ende-trans TS gains greater energy of stabilization by 0.64  K(T)/k(Ty) = exp{ —(AF'(T)/RT, — AF(T)/RTy)} (5)
kcal/mol compared to the endais TS. As long as the present
reaction is concerned, the contribution from the electronic energy
seems dominative over that from the solvation free energy.
Consequently, the endais TS is more stable than the ertlo
trans TS, thus the eneais reaction preferentially occurs. Those
results, however, imply the existence of the Diefdder
reactions, which may take place preferentially through the
endo-trans TS in aqueous solution.

It should be noted that eq 5 depends on an assumption that
the prefactor in the rate expressidn= « exp(—AE*RT), is
independent of temperature. The rate constants in AW and in
SCW are, respectively, 1.14 10° and 4.76 times greater than
those in gas phase at the corresponding temperature due to
stabilization of the transition state by solvent. The accelerations
are caused by the solvent effect, as we mentioned in previous
Mechanism of Rate Acceleration in SCW.The activation g?;agKr?s g’_(;ghf fgfﬂ%gg g?ggr ttk;;r:etigt'oarl ggga;. F:!:iff at

+ . . .
free energy,AFSCVV, for the ende-cis reaction in SCW at  these values, the relative rate constant in SCW compared to
873.15 K is found to¢decrease by 2.71 kcal/mol compared with o+ in AW is estimated to be 1.27 10'> the rate constant in
that in gas phase)Fg,s The degree of stabilization in SCW,  gcwy is extremely increased. Although the solvation effect for
which is due to a decrease in the solvation free energy, is smallerine rate constant is appearently decreased in SCW, the rate is

than that in AW (Table 1). On the basis of the same analysis gramatically increased because of the thermal activation rather
carried out in the previous section, contribution from the than the solvation effect.

hydrohobic effect is 2.66 kcal/mol, which accounts for an 80%  ppysical Origin of the High Yield in Supercritical Water.

decrease in the solvation free energy in SCW, 3.43 kcal/mol. T compare the yield of the reaction in SCW to that in AW,
The remaining 20% of\u* comes from the hydrogen-bonding  the following analysis is performed for the enlis reaction.
effect. As seen in Table 1, the increase in the electronic energyThe yields of a reaction in an experimental system are
due to solvation, or the reorganization energy, in SCW is |ess getermined not only by the equilibrium constant but also by
than that in AW. In SCW, the electrostatic effects due to the solubility of the reactants in solvent, because undissolved
hydration become relatively small in comparison with the molecules cannot participate in the reaction. Therefore, we
hydrophobic effect. Comparing the energy contribution of the define an effective yield constankds) by a product of the
hydrophobic effect with that of the hydrogen-bonding effect, Henry's law constant of the reactant{) and the equilibrium
both contributions reduce with the decreasing density of solvent constant of the reactiorkj as

water: the former reduces almost linearly and the latter

drastically. The radial distribution functions in SCW shown in Keii = KyK (6)
Figure 2b indicate that the hydrogen bonding is reduced

drastically compared to that in AW. The result also supports ~ The Henry’s law constant is obtained from the solvation free
that the hydrogen-bonding effect is largely decreased in SCW. energy of the solute molecule dissolved into the solvent from
Furthermore, we found that the general trend seen in AW appliesthe gas phase (ref).

to SCW as well; the activation free energy is decreased more

in the ende-trans reaction. In SCW, the decrease in the free Ky = exp(-Au/RT) (@)

energy of the endetrans TS is greater than that of the endo The equilibrium constanK is related to the free energy

isT .69 kcal/mol (Table 1). )
cis TS by O 69 keal/mol ( ?b el . .. difference between the reactant and the prodd&?[= Fiotar
Concerning the electronic-structure change in TS, two dif- (product)— Fwm(reactants)] in the solvent

ferent characters are conceivable: the “charge transferred

(localized)” and “concerted (delocalized)” characters. In case K = exp(— AF"’/RT) 8)
of the ende-cis reaction, the charge in TS transferred from the
diene to the dienophile in the gas phase is 0.186@/hile that As is listed in Table 2, the product in AW is stabilized more

in AW is 0.2098¢|. The results strongly suggest that the than the reactant in terms of the both energy componehig:+
contribution of the charge transfer mechanism is largely Au(product)— Au(reactants)] and the reorganization energy
enhanced by the solvent effect in AW. The increase of the [AE?e = AE(product)— AE(reactants)]. In case of the endo
charge transfer in AW is thought to be due to hydrogen bonding cis product, the decrease iu? and AE?. is —5.91 and 0.85
around the carbonyl oxygen. The partial charge is found to be kcal/mol, respectively. From the same analysis carried out in
localized around the carbonyl group in TS. The charge transfer TS, the hydrophobic component of the stabilization for the
in SCW is less by 0.0408| than that in AW. By comparing product is —4.23 kcal/mol, which accounts for 70% of the
the reaction in SCW to that in AW, it is found that the solvation solvation free energy. Compared to the case of TS (Table 1),
effect in SCW becomes weaker than that in AW, although the changes in the reorganization energy in AW are relatively small,
substantial effect of solvent on the chemical reactions largely indicating that electrons in the product molecule are delocalized
remains in SCW. These results seem quite reasonable if onemore than those in TS. As seen in Figure 2a, the hydrogen
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Table 2. Changes in the Free Energy of the Reaction from Gas in Figure 1, the energies of TS and the product in SCW are
Phase to AW AAF? = AF},, — AFg,) and to SCW AAF? = greatly increased compared to those in AW. The Bidliler
AFgcw — AFg.) reaction is the one in which two molecules are combined into
AAE$ Au? AEY, one by creating two €C bonds. When the reaction proceeds,
(kcal/mol) (kcal/mol) (kcal/mol) the entropy of the system becomes smaller as a matter of course.
AW Thus, the Gibbs free energy difference between the isolated
trans ~3.63 —4.10 0.47 reactant and product molecules is enlarged under the high-
cis —5.06 —5.91 0.85 temperature condition. When the reaction goes through the
scw endo-cis TS only, the equilibrium constant in AW and in SCW
trans -0.87 —0.95 0.08 is calculated to be 6.2% 107 and 0.20, respectively. Therefore,
cis —-1.02 -1.13 0.11 if the yield is determined thoroughly by the equilibrium constant
of the reaction, the yield in SCW can never be higher than that
a 2 — — — — — in the AW. That is not the case in the experimental results.
[ o, ] The solvation free energy of the reactants, CP and MVK, in
/\\kg(r)H ] AW were respectively calculated to be 19.68 and 11.04 kcal/
" ‘\\ ] mol, and those in SCW were 25.48 and 20.05 kcal/mol,
\

] respectively. ThenKy in SCW is estimated to be 2.08 10!
N . ] times greater than that in AW, taking corresponding tempera-
“\ % - ] tures into account. On the basis of our definition of the effective
erd // :
4

94y

yield constant, the yield in SCW is approximately 667 times
higher than in AW. Our calculation shows that the energetics
of the reaction in SCW gives a disadvantage regarding the yield,
but the increased solubility of the reactants in solvent provides

6 8 10 an advantage that is enough to overwhelm the energetical
r (&) disadvantage.

0.5 | \
| } \\7/
O L L L i 1

b 21 — : — Conclusion

[ 1 In the present paper, we have reported a theoretical study
15 | 1 for a Diels—Alder reaction in gas phase, in ambient water, (AW)
) 1 and in supercritical water (SCW) based on the RISM-SCF/
i [n\ 1 MCSCF method, a combined ab initio electronic structure theory
T iy J — = 1 and the statistical mechanics of molecular liquids. We draw the
— X =T 1 following conclusions from the study. The reaction rate in AW
os | 7 1 is increased largely in comparison with that in gas phase through
i ) ] 1 reduced activation barrier due to the hydrophobic interaction.

g(n o

)
\

1 The reaction in SCW is accelerated due to increased thermal
- activation, not by the same cause in AW. The reaction yield is
2 4 6 8 10 increased dramatically in SCW due to enhanced solubility
) compared to that in water. Regarding Dielslder reactions,
Figure 3. Radial distribution functions of water oxygewo) and stereochemistry is another important issue studied by many
hydrogen ) around the carbonyl oxygen of s-trans MVK (continuous  gthors. It has been observed experimentally that the endo/exo
line), endo-trans TS (dotted line), and endarans product (dashed  gioreqselectivity of products of the reaction becomes much
line) in AW (a) and in SCW (b). hi B . - L
igher in AW than that in organic solvents, and the selectivity
bonding around the carbonyl oxygen is certainly enhanced in disappears in SCW. It will be of great interest to see micro-
the product. However, the hydrogen-bonding effect gives rise scopically why water enhances the stereoselectivity and why it
to —0.83 kcal/mol, and it barely contributes to stabilize the disappears in SCW. Study along this line is in progress in our
product molecule: the hydrogen-bonding effect contributes to laboratory.
the stabilization of the product much less than the hydrophobic
effect. The total decrease in the free energy of the reaction in

SCW is—1.02 kcal/mol. Solvation effects are weaker in SCW . - -
: . . . lecular Physical Chemistry” (403-11166276) from the Ministry
than those in AW: both the decrease in the solvation free energy . Education, Science, Sports and Culture (MONBUSHO) in

and the increase in the reorganization energy are less. The . .
hydrophobic component changes fron#.23 to —1.04 kcal/ ialgant’hzzdksby;:‘; J?émili;gffapzcé%ﬁ‘em éﬁgz (;f If(hjﬂrshis
mol, although it accounts for most 8fu® in SCW,—1.13 kcal/ eﬁcbura ement o y

mol. The hydrogen-bonding effect is 0.02 kcal/mol and never 9 )

contributes to the stabilization of the product molecule. As seen JA9916730
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