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Abstract: The four stereospecific transition structures of the butadiene and acrolein-Bldisr reaction

have been studied using the Becke three-parameter density functional theory with the 6-31G(d) basis set. The
effect of solvent on the activation energies @mdio/excselectivity has been approximated by the polarizable
continuum model (PCM); explicit definition of one, two, and three waters; and the combined strategy of the
discrete-continuum model. The full aqueous acceleration and enhamukrlexoselectivity observed by
experiment is computed only when solvation forces are approximated by the discrete-continuum model.
Consistent with previous ideas, two explicit waters are used to satisfy localized hydrogen bonding of acrolein
and induce a charge polarization of #redo s-cigransition structure. Smaller enforced hydrophobic interactions
result. Significant bulk-phase effects beyond hydrogen bonding and enforced hydrophobic interactions are
computed for the first time. The gas-phase activation energy is lowered to 11.5 kcal/mol, in excellent agreement
with known experimental activation energies of similar Diefdder reactions in mixed methanol and water
solutions. The computeendopreference is enhanced to 2.4 kcal/mol in aqueous solution, in agreement with
experiment. Approximately 50% of the rate acceleration ando/exoselectivity is attributed to hydrogen
bonding, and the remainder to bulk-phase effects, which includes enforced hydrophobic interactions and
antihydrophobic cosolvent effects. The local and bulk influence of solvent on the energediofgexselectivity,

and transition structure asynchronicity is discussed and analyzed for this particular pericyclic reaction that has
a well-known and strong solvent dependency. The catalytic eamtib/exoselectivity results are consistent

with the hypothesis of maximum accumulation of unsaturation and support the importance of antihydrophobic
cosolvents in stabilizing hydrophobic regions of transition structures.

Introduction reactions are regarded as concerted and nearly synchronous
reaction$>1* that have insignificant charge build-up in their
corresponding transition structur®sAs a result, it is commonly
thought that many pericyclic reaction rates and stereoselectivities
remain unaffected by solveHi:1° Despite the assumption of a

The Diels-Alder reaction is one of the most important and
widely used carborcarbon bond-forming processes in organic
chemistry!~7 Due to the broad scope and proven usefulness of
the Diels-Alder reaction, there have been extensive efforts 10 |4iively static charge distribution, it is now well-established

Eo.r;_trol tt)he rate at?ld regi@ndo/ eﬁﬁggf glasterﬁofa0|ql se:gc- that several reactions from different pericyclic classifications,
vities Dy using the aqueous p - enerally, pericyclic such as the DielsAlder reactior?®-2° hetero-Diels-Alder

reaction3®-33 1,3-dipolar cycloadditiod?3° Claisen rearrange-
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ment?9-43 and aldot* and benzoin condensatioffs’ are Instead of the expected catalytic effect, the computed electro-
strongly accelerated in agueous medium. In particular, the ratesstatic effects in water were found to raise slightly the Gibbs

of Diels—Alder reactions have been accelerated by factors up energy of activation, which was rationalized by underestimated
to 1.3 x 10* in aqueous solution as compared to organic hydrophobic effects and the inability of the model to accom-

solvents?*25 modate explicit hydrogen bondit§.Therefore, intrinsic dif-

A review of theoretical studies to understand the role of ficulties with previously applied SCRF approximations, in either
solvent on the rate acceleration and stereoselectivity of thethe Hamiltonian or continuum implementation, have averted
Diels—Alder reaction has been recently reportédhe self- meaningful interpretations of activation-barrier decreases and
consistent reaction-field (SCRF) continuum approach, coupled greaterendo/exaelectivities with increasing solvent polarft§.
with semiempirical molecular orbital theories such as MINDO/  An extensive body of recent experimerfaf® and computa-

3, PM3, and AM1, has been applied to different Dieidder tionaP455.6%+63 data yields insight into the factors responsible
reactions with various degrees of succts8? The interpreta- for the aqueous acceleration and increassab/excselectivities
tions are complicated by the preference of MINDO/3 for the of Diels—Alder reactions. Two primary effects involve “en-
biradical stepwise mechanism and the lack of transition structure hanced hydrogen bonding” between the solvent and the transi-
charge separation by AM%:4°In addition, Hartree-Fock theory tion structure relative to the initial stat&,26-28 and “enforced

has been combined with SCRF models to study solvation effectshydrophobic interactions” as the reactant hydrophobic surface
on different Diels-Alder reactions$?:33.53Despite the success area decreases during the activation proéess?® Recent

of Hartree-Fock in modeling Diels-Alder reactions in a research has been aimed at separating and quantifying the
vacuumi314545%he importance of including electron correlation relative contribution of each interaction type to aqueous
in activated systems has been demonstréied.Specifically, acceleratiorf9-29.61-63 Jorgensen and co-workers have set the
the endo s-cisLewis acid-catalyzed butadiene and acrolein stage to better understand enhanced hydrogen bonding effects
transition structure, computed using Hartré®ck and a spliced by employing an explicit treatment of solvent using the OPLS
6-31G(d) and 3-21G basis set, corresponds to-& [ hetero force-field and Monte Carlo simulatiof$Jorgensen computed
Diels—Alder reaction, instead of the expectedH42] cycload- the Gibbs energy of solvatiom\Gs,)) for the cyclopentadiene
dition.8% Inclusion of electron correlation in the geometry and methyl vinyl ketone DielsAlder reactiort*3 Analysis of
optimization process using MgllePlesset or density functional  the simulations revealed ca—2.5 hydrogen bonds with the
theories provides a correct [4 2] description of transition dienophile along the reaction coordinate. The polarized carbonyl
structure geometries and energies for this particular cycload- group produced stronger hydrogen bonds-Zlkcal/mol per
dition.56:5% Because polar solvent is thought to activate the hydrogen bond) at the transition structure. Thus, the aqueous
dienophile in a manner similar to that of a Lewis acid, the acceleration was found to contain a significant nonhydrophobic
inclusion of electron correlation is necessary in this study. component stemming from the enhanced polarization of the
Furthermore, an SCRF solvation model using an ellipsoidal transition structure. Ab initio calculations with a single water
cavity shape and a hexapole reaction field, combined with MP2/ molecule support the idea that the observed rate accelerations
6-31G(p,d) energy evaluations on RHF/3-21G-optimized struc- for Diels—Alder reactions arise from the hydrogen bonding
tures, was used to describe the solvation effects on the effect, in addition to a relatively constant hydrophobic contribu-

cyclopentadiene and methyl acrylate Die/slder reactior®? tion (factor of ca. 10 on the rat&)3However, the special effect
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alcohol solvents, which have a stronger hydrogen bond donor external effects on the DietsAlder reaction, it is important to
capacity than watet-?2 Clearly, factors other than hydrogen further investigate the dramatic rate acceleration emdio/exo
bonding are in operation. selectivity caused by the aqueous phase. To date, a density
Breslow first suggested that hydrophobic packing of the diene functional study employing a continuum strategy to describe
and dienophile is responsible for observed rate accelera-accurately the effect of the aqueous phase on the Bitser
tions2746.6469 Sybsequently, Engberts made a distinction reaction has not been reported. Density functional theory is used
between hydrophobic packing and enforced hydrophobic inter- to include the effects of electron correlation in determining the
actions. The term “enforced” is used to stress that hydrophobic transition structures, while the influence of solvent is simulta-
interactions are an integral part of the activation proé&3s2° neously included by continuum, discrete, and combined discrete-
As with enhanced hydrogen bonding, the focus is on the relative continuum models. As a result, a more complete understanding
stabilization between the initial state and the transition structure, of the aqueous-phase influence through local hydrogen bonding,
which manifests in the available hydrophobic surface area alongenforced hydrophobic interactions, and antihydrophobic cosol-
the reaction coordinate. Concerning mixed solvent systems,vent effects on the DietsAlder reaction is directly computed
Breslow recently reported antihydrophobic cosolvent effects, by a combined density functional theory and the polarizable

which is a relationship between reaction rate and inaccessiblecontinuum model (PCM) discrete-continuum method.

hydrophobic surface area of the transition structré? In brief,

an alcohol cosolvent does not interfere with water's ability to Computational Methods
stabilize polarizable transition structures; rather, it enhances  aj ap initio and solvation model calculations were carried out with

transition structure solvation by stabilizing hydrophobic  the Gaussian 98 progrdfrand by using a 16-node SP I1BM RS/6000
regions’® 72 Since the inception of aqueous rate accelerations super compute® The discrete, continuum, and discrete-continuum

and enhanced stereoselectivities of organic reacfonsany

solvation models are used to approximate the effect of solvent on the

interpretations beyond enhanced hydrogen bonding and enforcedbutadiene and acrolein Diets\lder reaction. The discrete model
hydrophobic effects have been advanced and recently dis-included explicit water molecules in the quantum mechanical calcula-

cussed’* Most notably are internal pressufe,® cohesive
energy density of watér,8°micellar-84 and medium polarity

and solvophobic effect®:85-90 Even though electrostatic effects

tions in order to satisfy local hydrogen bonding. One, two, and three
waters have been considered separately, because Monte Carlo simula-
tions indicate that ca.-22.5 waters hydrogen bond with acrolein along
the reaction coordinafé.

through enhanced hydrogen bonding between water and the " 1,0 gecke three-parameter exchange functfrald the nonlocal

transition structure account for an important part of the Diels

correlation functional of Lee, Yang, and Pédwith the 6-31G(d) basis

Alder rate accgleration, the remainder pf enhanced accelera'giorlsegs has been employed. All energy optimizations, frequency analyses
by hydrophobic and other effects continue to be controversial and solvation computations were carried out using the B3LYP/6-31G(d)

and an active area of research.

level of theory, which has been shown to produce realistic structures

Given the synthetic importance and current understanding of and energies for pericyclic reactigns® and to treat properly the
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butadiene and acrolein Dield\lder gas-phase reactiéh> Vibrational-
frequency calculations at the same level of theory were used to confirm
all stationary points as either minima or transition structures and to
provide thermodynamic and zero-point energy corrections (Supporting
Information).

The implicit model involves effective Hamiltonian methods that use
continuum distributions to describe the solv&the advantage of such
a scheme is that bulk solvent effects that are calibrated against
macroscopic properties can be efficiently included within the quantum
mechanical framewor¥. The polarizable continuum model (PCM) by
Tomasi and co-workers has been selete®? because it has been
used to investigate successfully the effect of solvent upon the energetics
and equilibria of other small molecular systems. The PCM method has
been described in detdf Briefly, the solute is represented by a charge
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distribution in a cavity embedded in an infinite polarizable dielectric
medium. The cavity shape is obtained from the van der Waals radii of
the atoms of the solute. The solvents and dielectric constants used in
this study are benzene & 2.25), methylene chloridec (= 8.93),
methanol ¢ = 32.0), and watere(= 78.4). Full geometry optimizations
were carried out for the discrete and PCM models. To account
simultaneously for localized hydrogen bonding and bulk solvation
effects, single point energy calculations using the discrete-continuum
procedure have been employed using PCM on the geometry-optimized
two-discrete-water structures. It is known that continuum methods, such
as PCM, neglect the effect of entroff{).Contributions due to thermal,
vibrational, rotational, and translational motions, including zero-point

energies, are included separately by standard statistical mechanical
procedures available in Gaussian 98. Consequently, this study targets

the direct comparison between computed and experimental activation
energie®! and activation enthalpie§?

The Mulliken overlap population has been used to gauge the strength
of noncovalent bondingf31%4This indicator is known to be basis-set-
dependent and is subject to many criticisms. Nevertheless, the Mulliken
population overlap has been previously used to understand important
secondary orbital interactions that occur at transition structdre'$®
To determine the atomic charges, the CHELPG algorithm, developed
by Breneman and Wiberg, has been u¥€dt combines the regular
grid of points of Cox and Williami$® with the Lagrange multiplier
method of Chirlian and Francl that was employed in CHEL'PGn
CHELPG, a cubic grid of points (spaced 6:3.8 A apart) is used, and

J. Am. Chem. Soc., Vol. 122, No. 42, 200421

XT

Figure 1. Transition structures of the reaction between butadiene and
acrolein in the gas phase. Bond lengths (A) are given for vacuum (top),
and solvent (PCM).

Table 1. Activation Energies, Enthalpies, and Gibbs Energies
(kcal/mol) of the Reaction between 1,3-Butadiene and Acrolein in

all grid points that lie within the van der Waals radius of any atom are \/gcyum. PCM. and Explicit Water

discarded, together with all points that lie more than 2.8 A away from
any atom. CHELPG charges with 6-31G(d) basis set in all-atom format

have been previously shown to be more reliable than the Mulliken
charges in solvent simulatioA¥.

Results and Discussion

Four possible reaction pathways are possible for the Biels
Alder reaction between acrolein asetisbutadiene. Consistent
with previous convention%,196 the transition structures are
denoted as NCefndq s-cisacrolein), XC €xq s-cisacrolein),

NT (endq s-transacrolein) and XT €xq s-transacrolein), as
shown in Figure 1. Five different models were used to assess
the influence of solvent. The vacuum is not signified, whereas
the solvent models are indicated by a two-letter code to reflect
the single- (1W), two- (2W), and three-water (3W) explicit
models; the PCM (P0O) continuum model; and the combined
discrete-continuum strategy of two waters with PCM (P2). For
example, theendo s-cisacrolein transition structure studied by
the two-water explicit model with the B3LYP/6-31G(d) level
of theory is indicated as NC2W.

Activation Energies. The calculated absolute energies and
thermodynamic corrections from frequency analyses at 298.15
K and 1 atm for acrolein, butadiene, and transition structures
are given in the Supporting Information. The computed activa-

TS AE*ob AEtzgg Athgg AG*zgg
Vacuum
NC 20.1 19.6 19.1 32.2
NT 21.4 20.9 20.3 335
XC 20.2 19.7 19.2 32.2
XT 22.0 21.6 21.0 34.1
PCM (POy
NCPO 16.4 15.9 153 28.9
NTPO 17.1 16.6 16.0 29.6
CPO 17.5 17.0 16.4 30.0
XTPO 18.3 17.7 171 31.0
One Water (1W)
NC1W 17.4 16.9 16.3 30.0
NT1W 19.3 18.9 18.3 315
XC1wW 17.7 17.2 16.6 30.5
XT1w 20.0 19.6 19.0 32.1
Two Water (2W)
NC2W 16.0 15.5 14.9 28.8
NT2W 18.1 17.8 17.2 30.3
Xc2w 17.1 16.6 16.0 29.7
XT2W 18.9 18.5 17.9 31.2
Three Water (3W)
NC3W 13.8 14.3 131 325

aUsing the B3LYP/6-31G(d) level of theoryZero-point energy
included.® The dielectric constant of water, 78.39, was used.

tion energies, enthalpies, and Gibbs energies in a vacuum and

(101) Kistiakowaki, G. B.; Lacher, J. R. Am. Chem. Sod.936 58,
123.

(102) Blankenburg, V. B.; Fiedler, H.; Hampel, M.; Hauthal, H. G.; Just,
G.; Kahlert, K.; Korn, J.; Miler, K.-H.; Pritzkow, W.; Reinhold, Y.; Ritig,
M.; Sauer, E.; Schnurpfeil, D.; Zimmermann, G. Prakt. Chem1974
316, 804.

(103) Mulliken, R. S.J. Chem. Phys1955 23, 1833.

(104) Davidson, E. RJ. Chem. Phys1967, 46, 3320.

(105) Singleton, D. AJ. Am. Chem. S0d992 114, 6563.

(106) Birney, D. M.; Houk, K. NJ. Am. Chem. S0d.99Q 112, 4127.

(107) Alston, P. V.; Ottenbrite, R. M.; Cohen, J. Org. Chem1978
43, 1864.

(108) Salem, LJ. Am. Chem. S0d.968 90, 553.

(109) Breneman, C. M.; Wiberg, K. B. Comput. Chenl99Q 11, 361.

(110) Cox, S. R.; Williams, D. EJ. Comput. Cheml981, 2, 304.

(111) Chirlian, L. E.; Francl, M. MJ. Comput. Cheml987, 8, 894.

(112) Carlson, H. A.; Nguyen, T. B.; Orozco, M.; Jorgensen, WJ.L.
Comput. Chem1993 14, 1240.

water approximated environments are presented in Table 1. In
the case of one- and two-water explicit models, the activation
energies are computed by subtracting the isolated butadiene and
the hydrogen-bonded acrolein and water-complex energies from
the total transition structure energy. The explicit three-water
computation with acrolein is problematic. The third water
minimizes to interact with the other waters and not acrolein. It
is important to retain similar water positions around acrolein
so that the stabilization energies reflect the specific interaction
differences between the transition structure and the ground state.
To circumvent the problem, the activation energy is computed
by subtracting the isolated butadiene, the hydrogen-bonded two-
water acrolein complex, and the third isolated water energies
from the total transition structure energy. Consequently, the
lowering of the activation for the three-water explicit model is
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Table 2. Activation Energies, Enthalpies, and Gibbs Energies
(kcal/mol) of the Reaction between 1,3-Butadiene and Acrdlein

TS AE*Ob AE*Zgg Athgg AGtzgg
Benzene
NCPO 18.7 18.2 17.6 30.9
NTPO 19.9 19.4 18.8 32.1
XCPO 19.1 18.7 18.1 31.1
XTPO 20.6 20.2 19.6 32.6
Methylene Chloride
NCPO 18.7 18.1 17.6 31.0
NTPO 19.3 18.9 18.3 314
XCPO 19.1 18.7 18.1 31.2
XTPO 20.4 19.9 19.3 324
Methanol
NCPO 17.5 17.1 16.5 30.0
NTPO 18.2 17.7 17.2 30.8
XCPO 18.3 17.9 17.3 30.5
XTPO 19.2 18.8 18.2 31.6

a Computed using PCM and the B3LYP/6-31G(d) level of theory in
different solvents® Zero-point energy included.
Figure 2. Transition structures of the reaction between butadiene and

overestimated (by ca. 1 kcal/mol), because the ground state doegcrolein with two explicit water molecules. Bond lengths (A) are given
not benefit from the third water interaction. For the continuum or two explicit waters (top), and one explicit water (bottom). Distances
method, the activation energies are determined by subtracting(A) are shown for interaqtions of the water mc_JIecuIe in the two-explicit-
o - .. “water model and butadiene hydrogens (italics).
each of the isolated component energies from the total transition
structure energy. with increasing solvent polarity, the PCM method does not fully
The computed activation energy of 19.6 kcal/mol in a vacuum account for the observed rate of aqueous acceleration.
at 298 K is in excellent agreement with the experimental value  Compared to a vacuum, one explicit water lowers the
of 19.7 kcal/mol°! In toluene, the experimental activation activation barrier of the NC pathway by 2.8 kcal/mol. With two
enthalpy is 15.8+ 1.4 kcal/mol, with an activation entropy of  explicit waters (see Figure 2), the activation enthalpy is lowered
—38 + 4 cal/mol-K192 Therefore, the computed 19.1 kcal/mol by 4.2 kcal/mol. Thus, the single-water model picks up 70% of
gas-phase activation enthalpy of acrolein and butadiene shouldthe two-water model activation barrier lowering. In the two-
be lowered by 3.3 kcal/mol in toluene. In a related Digfdder water explicit model, an activation enthalpy of 14.9 kcal/mol
reaction of cyclopentadiene and methyl acrylate, the experi- is computed, which is 51% (4.2 kcal/mol computed per 8.2 kcal/
mental activation enthalpy is 15.1 kcal/mol in toluene, which mol expected) of the estimated activation barrier reduction to
is ca. 0.7 kcal/mol lower than that reported for acrolein and 10.9 kcal/mol. An induced charge separation across the dieno-
butadiené? In addition, the activation enthalpy and entropy for Pphile double bond suggests that a third explicit water could
the cyclopentadiene and methyl acrylate reaction is 10.2 kcal/ Possibly cause significant stabilization of the transition structure.
mol and —40.9 cal/mol-K, respectively, in a methanol/water As shown below, the CHELPG charges are given from the
mixture53 Therefore, analogous to the cyclopentadiene and vacuum (top) and explicit two-water model (bottom).

methyl acrylate reaction, the butadiene and acrolein activation Scheme 1.Atomic Charges in the NC Transition Structure

enthalpy (adjusted by 0.7 kcal/mol) is expected to be ca. 10.9 Gien from the Vacuum (top) and Explicit Two-Water
kcal/mol in a methanol/water mixture, which is 8.2 kcal/mol podel (bottom)

lower than the 19.1 kcal/mol gas-phase activation enthalpy. 001

An activation enthalpy lowering with increasing solvent Qs oW
polarity is provided by the PCM method, as shown in Tables 1 mggg
and 2. The gas-phase NC activation enthalpies decrease by 1.5, %%g /) 048 !
1.5, 2.6, and 3.8 kcal/mol in benzene, methylene chloride, N 055 f
methanol, and water, respectively. In benzene (dielectric similar 80\\;"\7 046
to toluene), the computed activation enthalpy is 17.6, or 1.5 N2 6:'> 0.5
kcal/mol lower than the gas-phase activation enthalpy. As o1l 031

compared to the experimental observation of 15.8.4 kcal/

mol in toluenel®2the PCM method recovers ca. 45% (1.5 kcal/  The enhanced charge distribution, particularly the increased
mol computed per 3.3 kcal/mol expected) of the experimental positive charge on the f the diene, and the negative charge
solvation effect. In aqueous solution, the PCM method computes build-up on G and G of the dienophile fragments are consistent
an activation enthalpy of 15.3 kcal/mol, which is 46% (3.8 kcal/ with earlier comparisons of the charges from the allyl cation
mol computed per 8.2 kcal/mol expected) of the estimated with butadiene and the enolate anion with acrofémThe
reduction to a 10.9 kcal/mol activation barrier. In a second transition structure with three waters is shown in Figure 3. The
comparison, the second-order rate constants between cyclopenthird water is attracted to the induced charge separation across
tadiene and alkyl vinyl ketones have been reported to be 740the dienophile double bond. The computed NC3W activation
times larger in water than inroctanel® Overall, the PCM model enthalpy is 13.1 kcal/mol, or 1.8 kcal/mol lower than that
lowers the Gibbs activation energies of the NC reaction from computed for NC2W. The explicit three water model recovers
benzene to water by 2.0 kcal/mol, which corresponds to an 73% (6 kcal/mol computed per 8.2 kcal/mol expected) of the
aqueous rate increase of ca. 30 times. Therefore, despiteexpected lowering of the activation energy. The procedure for
mirroring the experimental trend in activation barrier reduction computing the NC3W activation energy makes the 13.1 kcal/
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the two-water transition structure (P2 method) produced solvent-
corrected activation energies of 12.3 (water) and 11.5 kcal/mol
(methanol/water), as shown in Table 3. The computed activation
lowering in the water/methanol mixture is consistent with the
idea of antihydrophobic effect8-73 Essentially, the dielectric
of the cavity provided by the continuum interacts with the
induced charge polarization of the transition structure caused
by the two explicit waters. Hydrophobic regions of the transition
2528 2.651 structure are better stabilized by the lower dielectric (methanol)
provided by the continuum cavity. The magnitude of the
antihydrophobic effect is estimated to be the induced energetic
preference of the methanol/water mixture over pure water
(12.3-11.5= 0.8 kcal/mol), based upon the P2 computations
listed in Table 3, plus the energy to destabilize pure water over
methanol (17.5- 16.4= 1.1 kcal/mol) by the PO computations

Figure 3. Transition structures of the reaction between butadiene and
acrolein with three explicit waters. Units in A.

Table 3. Single PointAE"? Activation Energies (kcal/mol) of the in Tables 1 and 2. Consequently, 1.9 kcal/mol of the bulk-phase
Reaction between 1,3-Butadiene and Acrdiein effect is composed of an antihydrophobic interaction, which
PCM, two water (P2) accounts for ca. 21% (1.9 kcal/mol computed per 9.2 kcal/mol
TS methanol water expected) of the activation energy lowering. The remaining 4.6
— 1.9= 2.7 kcal/mol or 29% (2.7 kcal/mol remaining per 9.2
NCP2 115 12.3 . . .
NTP2 16.1 132 kcal/mol expected) is attributed to the (_anfo_rced hydrophobic
XCP2 13.7 14.7 effect. The computed 2.7 kcal/mol effect is slightly greater than
XTP2 13.2 13.9 the simulation work by Jorgens&f3and smaller than the QM/
aZero point energy not includedUsing PCM and two explicit MM Va'”‘? reporte_d by _Ga:61.A few Slgnmcam results should
waters at the B3LYP/6-31G(d) level of theory. be mentioned. First, it is necessary to induce the charge

polarization of the NC transition structure by explicit hydrogen
mol an overestimation, as discussed earlier. An activation of bonds in order to generate the bulk phase effects. Comparison
approximately 14.1 kcal/mol (ca. 1 kcal/mol greater) is more of the activation enthalpies between PO and P2 continuum
realistic. Thus, only 10% more of the activation energy lowering models illustrates the effect of explicit hydrogen bonding.
is recovered, as compared to NC2W. In the absence of includingSecond, local hydrogen bonding accounts for a large portion
all of the water explicitly, the computations indicate that the of the rate enhancement (50%), and the bulk phase composed
explicit two-water model represents a majority of the possible of enhanced hydrophobic interactions (30%) and antihydropho-
local microscopic phenomena through hydrogen bonding. bic effects (20%) describe the remainder of the rate acceleration
Consequently, both the implicit and discrete models account observed by experiment.
for approximately one-half of the observed rate acceleration  Transition Structures Geometries. Unsymmetrical dieno-
caused by the aqueous phase. philes, such as acrolein, produce concerted and asynchronous

‘The PCM and discrete water models are fundamentally tansition structures, as computed by semiempiffc Hartree-
different in the description of solvation effeé&The question Fock13.1453-55,106 113115 \|CSCF116 117\ gller— Plesseb?118and

arises whether the PCM and discrete water models account fordensity functional theor§e=58.119 Shown in Figure 1 are the

the same portion of the observed acceleration. Thus, a combinedgyr gas-phase transition structures computed at the B3LYP/6-
discrete-continuum (P2) strategy using both PCM and explicit 31G(d) level of theory. The geometries of the noncatalyzed
waters was employed. Full transition structure searches usingreaction are the same as those previously reported by &arci
PCM and two explicit waters proved to be problematic, because gng co-worker§® The geometry-optimized PCM structures are
stationary points could not be located. Thus, single point energy aiso included in Figure 1. The four transition structures
evaluations were carried out on the two-water transition computed using the two-water discrete model with B3LYP/6-
structures using PCM. The results are given in Table 3. To 31G(d) are shown separately in Figure 2. The geometries from
simulate the methanol/water mixture, P2 single point energy the one-water discrete model are also indicated in the figure.
evaluations in methanol were also carried out. Because singleThe three-water explicit model for the NC transition structure
point evaluations are not thermally corrected, the expecteds given in Figure 3. The critical geometric parameters from
activation enthalpy lowering of 8.2 kcal/mol must be adjusted. the yacuum and water models are summarized in Table 4, and
The average difference between computeiifo and AH"es  the geometries from different PCM solvent computations are
values in Table 1 is 1.6 0.2 kcal/mol, which is relatively  given in Table 5. The degree of asynchronicity promoted by

constant. Therefore, the expected aqueous-phase activationsglvent effects is measured by the difference in the breaking/
energy for the acrolein and butadiene reaction is assumed to be
1 kcal/mol greater than the expected activation enthalpy (8.2 (113) Imade, M.; Hirao, H.; Omoto, K.; Fujimoto, H. Org. Chem.
ivati 1999 64, 6697, and references therein.

kcal/mol), or .9.2 kcal/mol. The_P2 computed NC activation (114) Domingo. L. R. Picher, M. T.. Andse J.: Safont, V. SJ. Org.
energy lowering of 20.1- 12.3 = 7.8 kcal/mol (water) and Chem.1997 62, 1775.
20.1— 11.5= 8.6 kcal/mol (methanol/water) recovers 85% and  (115) Stiaez, D.; Sordo, T. L.; Sordo, J. Al. Am. Chem. S0d.994
93% of the expected 9.2 kcal/mol activation energy reduction, 116 763. - Raimondi. L- Houk N
respectively’® The results indicate that the catalytic effect of 115(5132)7?0@“ J. W.; Raimondi, L.; Houk, K. N. Am. Chem. S0a994
water manifests itself by a combination of both bulk and local ~ (117) Bernardi, F.; Bottoni, A.; Field, M. J.; Guest, M. F. Hillier, I. H.;
microsolvation phenomena. Robb, M. A.; Venturini, A.J. Am. Chem. Sod98§ 110, 3050.

To better understand bulk-phase effects, the computed activa-, (118) Siaz, D.; Sordo, J. AJ. Chem. Soc., Chem. Commui998
tion energy lowering in a methanol/water mixture, as compared " (119) singleton, D. A.; Merrigan, S. R.; Beno, B. R.; Houk, K. N.
to pure water, was examined. PCM single point evaluations on Tetrahedron Lett1999 40, 5817.
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Table 4. Key Distances (A) of the 1,3-Butadiene and Acrolein
Transition Structure Computed at the B3LYP/6-31G(d) Level of
Theory in Vacuum, PCM, and Explicit Water

Kong ananBeck

C,Cs bond at the transition structure. Indeed, the computations
produce ans-cis acrolein LUMO f coefficient (0.81) nearly
twice as large as that of thee carbon (-0.47). From the gas-

TS NC NT XC XT phase analysis, thetranstransition structuresXdNT = 0.44
Vacuum A and AdXT = 0.39 A) are computed to be more synchronous
1-5 2.046 2.089 2.039 2.102 than the correspondingrcis structures AdN¢ = 0.61 A and
4-6 2.653 2.525 2.655 2.495 AdXC = 0.62 A). The computed LUMO carbon coefficient
g:; g'gég %'ggg g'g;g 5'3‘1‘2 differences §-transLUMO S = 0.82 ands-transLUMO a =
2.8 3.316 4.899 4.475 5204 —0.49) do not just_ify the I_a_rge asynchronicity c_hange between
the s-transand s-cis transition structures. As discussed later,
PCM (PO} . ) » X :
1.5 2.075 2.054 2.070 2.079 subtle electronic and steric transition structure interactions are
4-6 2.655 2.611 2.660 2.560 found to perturb the flexible stationary points. Despite the
4-7 2.857 2.839 2.968 3.007 enhanced asynchronicity, extensive searches have not produced
3-7 3.083 3.288 3.874 3.933 lower energy intermediates that would indicate a change from
2-8 3454 4.879 4.574 235 a concerted mechanism.
Two Water (2W) As compared to the synchronous parent ethene and butadiene
1-5 2.025 2.052 2.061 2.072 . . . . .
1-6 2779 2 626 > 686 2 605 Diels—Alder transition structure W|th breaking/forming bonds
4-7 2917 2.848 2.968 3.008 of 2.272 A (Ad = 0 A) computed with B3LYP/6-31G(d), the
3-7 3.083 3.299 3.856 3.910 acrolein and butadiene NC transition structurgC&€bond is
2-8 3.347 4.856 4.775 5.152 shorter by 0.23 A and the,Cs bond is longer by 0.38 A. The

aThe dielectric constant of water, 78.39, was used.

Table 5. Key Distances (A) of the 1,3-Butadiene and Acrolein
Transition Structure Computed with PCM and the B3LYP/6-31G(d)
Level of Theory in Different Solvents

increased pyramidalization of the reacting center¢&) and
Cs (17°) and the reduced pyramidalization of, C-13°) and
Cs (—17°) are consistent with a greater transition structure
asynchronicity when replacing ethene with acrolein as the
dienophile. As compared to the synchronous ethene and

TS NC NT XC XT butadiene reaction, the four computed gas-phase transition
Benzene structures have breaking/forming bonds 6-0723 A shorter
1-5 2.048 2.092 2.051 2.105 for the GCs bond and 0.220.38 A longer for the gCs bond.
ig gggg gggg gggg gggi In addition, the G, Cs4, Cs, and G pyramidalizations differ by
3.7 3029 3283 3865 3.905 6—8°, —9to—13°, 9—-11°, and—?_to—l7°, regpecnve_ly. The ,
2.8 3.234 4.892 4.456 5.220 C, and G centers have more variance, consistent with Houk’s
Methylene Chloride ideas concerning trqnsmon stc_s\te erX|b|Ii'l‘§i_5.There_fore, _wh_e_n
1-5 2056 2079 2 054 2093 replacing ethene with acrolein as the dienophile, significant
4-6 2.673 2.565 2.668 2.531 geometric changes occur, yet the differences among the four
4-7 2.892 2.842 2.959 2.955 stereospecific transition structures are more narrowly defined.
37 3.053 3.292 3.864 3.906 The importance of electron correlation in geometry optimiza-
2-8 3.320 4.898 4.503 5.218 . - . . .
Methanol tions is illustrated by contrasting the density functional results
ethano ; ; ; : _ ;
15 2071 2 052 2064 2065 against previous Hartred-ock calculations with H)wée 3-21G basis
4-6 2 655 2610 2661 2575 set for the acrolein and butadiene reactibf?1%The HF/3-
4-7 2.863 2.847 2.978 3.016 21G breaking/forming €5 and GCs bond lengths in the NC
3-7 3.093 3.295 3.883 3.938 reaction are 2.088 and 2.353 A¢N°® = 0.27 A), and the
2-8 3.471 4.885 4.579 5.229

forming bond distancesAd = (C,Cs — C;Cs), and by the
pyramidalizatiof?C of the four reacting carbon centers, that is,
Aps = (OCgCsHH — 180C°), as summarized in the Supporting
Information.

Gas-Phase Asynchronicity. Asynchronicity of the Diels
Alder reaction for unsymmetrical dienophiles has been reported
previously by theord? and experimentl®12-123 As a first step
to understanding solvent effects on the rates of Didlsler
reactions, the degree of transition structure asynchronicity is

pyramidalization of @, C4, Cs, and G are only 11, 2, 11, and
3°, respectively'% Therefore, the HartreeFock transition
structure is significantly more synchronous, witiAd==—PFT
0.34 A, and the reactive centers more plamak; 2z

and AAps = —24°) as compared to the B3LYP/6-31G(d)
structure. Because the importance of electron correlation in
Diels—Alder mechanistic issues has been documented re-
cently®659it is assumed that the more asynchronous B3LYP/
6-31G(d) transition structure is a more appropriate starting point
in approximating the effect of solvent.

Solution Phase Asynchronicity.PCM geometry optimiza-

measured in the gas phase. As discussed by Birmey and Houklions predict a slight decrease in theis(AAdNC = —0.03 A

frontier molecular orbital (FMO) theory can be used to rational-
ize the asynchronicity of DielsAlder transition structure¥®
Briefly, the acrolein LUMO has a large coefficient on the

and AAdXC = —0.02 A) and a small increase in tlisetrans
(AAANT = 0.12 A andAAd®™ = 0.09 A) transition structure
asynchronicities from the gas to aqueous phase. The explicit

carbon (G in this case), which makes it more electrophilic than Solvation model produces more significant geometric changes
the o carbon (). Consequently, greater overlap between the ON the transition structures. The two-water transition structures
8 carbon and the diene HOMO leads to a stronger and shortera’e® shown in Figure 2. The waters energy minimize to hydrogen

(120) Haddon, R. CAcc. Chem. Red.988 21, 243.

(121) Telan, L. A.; Firestone, R. Aletrahedron1999 55, 14269.

(122) Gajewski, J. J.; Peterson, K. B.; Kagel, JJRAm. Chem. Soc.
1987 109 5545.

(123) Tolbert, L. A.; Ali, B.J. Am. Chem. S0d.984 106, 3806.

bonding positions with the carbonyl lone pairs of acrolein. In
the two-water explicit model, each transition structure has
increased asynchronicity. Tteetransasynchronicity increases
from AdXT = 0.39 to 0.53 A and fromAdNT = 0.44 to 0.57 A
from vacuum to water. The-cisasynchronicity increases from
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0.5 Scheme 2.Possible Secondary Orbital Overlap Interactfons
*
0 y = -7.556x - 0.031
N r = -0.963
S
E -05
T
<
T -1
<
<
-1.5 -
2o o o S o a Abbreviated are the Salem, Alston and Houk (SAH), Woodward
0 0.05 0.1 0.15 0.2 0.25 and Hoffmann (WH), and Singleton 4] (S43) interactions.
AAd (A)

Figure 4. Activation enthalpy differences versus asynchronicity in a ["0mM butadiene. The importance of other external interactions
have been described recent®y. It is this bridging water
interaction that maintains the XC vacuum asynchronicity and
skews the linear relationship between asynchronicity and
the NC2W transition structure, tha@G; bond decreases to 2.025  enthalpy lowering of the four stereospecific transition structures.
A, and the GCs bond increases to 2.779 A¢N°2W = 0.75 Due to the small asynchronicity changes computed by PCM,
A). The change of pyramidalization of the reactive carbons is no correlation could be identified.
less than & Therefore, the preferred NC2W transition structure  Endo/Exo Selectivity. Frontier molecular orbital (FMO)
is more asynchronous in wateAAdNC2W-NC = 0.14 A). theoryl08.126.127gnd the WoodwardHoffmann rule$?8 provide
Smaller asynchronicity changes were induced in XC2W. The a theoretical framework to analyze the unusual reactivity,
pyramidalization change for the reactive centers is less than 2 selectivity, and asynchronicity of DiefsAlder reactions. Ini-
Thus, the explicit two-water model produces a magnified tially, Alder created the rule of “maximum accumulation of
asynchronicity difference between the NC and XC transition unsaturation” to explain the stereospecificity amtloselectivity
structures in water which was not predicted by the PCM method. of Diels—Alder reactiond?® Subsequently, Woodward and

It is generally accepted that asynchronicity increases in Hoffmann!28 Houk3° Salem!%8 Alston1%7 and Singleto#®
Diels—Alder transition structures result in a corresponding proposed specific secondary orbital interactions to rationalize
activation energy barrier lowerirfg:12*Recently, this general  the preference aéndocycloadditions. Interpretations based upon
and empirical guideline has been questiobfeds described  secondary orbital interactions are known to be controver-
previously, the vacuurns-transtransition structuresAdNT = sial196.118Therefore, alternative explanations éardoselectivity
0.44 A and Ad*T = 0.39 A) are computed to be more based on inductivé*-133 dipole—dipole 134 charge-transfeld®
synchronous than the correspondimgis structures £dNC = electrostatid3® and steric interactioA® have been reported.
0.61 A andAdX® = 0.62 A). Consistent with the hypothesis, Briefly, secondary orbital interactions are the transition structure
NT is 1.2 kcal/mol greater in energy than NC, XT is 1.8 kcal/ terms that do not involve covalent bond making or breaking.
mol greater than XC, and XT is 0.7 greater than NT. Even when From FMO theory, the diene HOMO and dienophile LUMO
comparing NC and XC in the gas phase, the asynchronicities coefficients allow for a number of positive overlaps, or
(AAdNC—XC = —0.01 A) and activation barriersAAHNC—X¢ stabilizing interactions, in which three of the individual second-
= —0.1 kcal/mol) are essentially the same within the accuracy ary orbital interactions are considered and illustrated in Scheme
of the computations. In this study, the gas-phase results follow 2. The classical secondary orbital interactions defined by
the general guidelines. In fact, a strong relationship between Woodward and Hoffmann resulted from the FMO treatment of

vacuum.

AdNC = 0.61 to 0.75 A and fromAd*¢ = 0.62 to 0.63 A. In

gas-phase activation enthalpy and asynchronicity is computedbutadiene dimerizatiot?® Because the ground-state LUMO

and plotted in Figure 4. The resulting correlation coefficient is
—0.96 in a vacuum.

In water, thes-transasynchronicities aradNT = 0.56 (PO0)
and 0.57 A (2W), and\dX™ = 0.48 (P0) and 0.53 A (2W). The
s-cisasynchronicities aradN® = 0.58 (P0) and 0.75 A (2w),
and AdX¢ = 0.59 (P0) and 0.63 A (2W). NT2W is 2.3 kcal/
mol greater in energy than NC2W, XT2W is 1.9 kcal/mol greater
than XC2W, XT2W is 0.7 kcal/mol greater than NT2W, and
XC2W is 1.1 kcal/mol greater than NC2W. Even though the

trend holds between asynchronicity and energy differences in
solution, the correlation is not so strong as in a vacuum. The

resulting correlation coefficient in the explicit two-water model

is 0.82. A closer examination of the data shows that the

synchronicity differences between a vacuum and watédN"
=0.13 A, AAdXT = 0.14 A, AAdNC = 0.14 A, andAAdXC =

0.01 A) are constant, except for the XC transition structure. As

coefficient on the carbonyl carbon {f®f acrolein is relatively
large, a great amount of experimental and theoretical effort has
been invested in this classica}@ Woodward and Hoffmann
interaction3®51.137139 which is labeled as WH in the Scheme.

(125) Sodupe, M.; Rios, R.; Branchadell, B.; Nicholas, T.; Oliva, A.;
Dannenberg, J. J. Am. Chem. S0d.997, 119, 4232.
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Table 6. Mulliken Overlap of the 1,3-Butadiene and Acrolein enhanced stability. Consistent with previous rep#itd3°the

%%T)S;';/'?r? \?;::chalgelfg’\r??ggd é‘;;ngtBV%/';{eF;/?;\;&)GgjgdLﬁ]Vee' of SAH term is found to dominate the secondary orbital interactions

Combination of PCM and Exp'licit Water (P2) ' (0.009), as compared to S43 (0.003) and WH (0.002). Summed
together, the total secondary overlap from the gas-phase

TS NC NT XC XT Mulliken population is 0.014 for NC. For each of the other
Vacuum transition structures, the Mulliken overlap terms become
3-7 (WH) 0.0018  —0.0015  —0.0000 0.0005 insignificant or repulsive, except for the S43 interaction. The
4-7(S43) 0.0030 0.0060 0.0018 0.0019 XC, NT, and XT transition structures have 0.002, 0.005, and
2-8 (SAH) 0.0094 0.0000 0.0002 0.0000 . . ! -
total components  0.0142 0.0045 0.0020 0.0024 0.002 S43 Mulliken population overlaps, respectively, which
total 0.0187 0.0044 are roughly an order of magnitude less than the combined terms
PCM (PO} of NC. Consequently, all three possible secondary orbital
3-7 (WH) 0.0026 -0.0014 —0.0002 0.0003 interactions contribute to the total Mulliken population overlap
4-7 (S43) 0.0059 0.0103 0.0036 0.0046  of the NC transition structure, although only the S43 impacts
2-8 (SAH) 0.0065 0.0000 0.0001 0.0000  the other transition structures. Therefore, this explanation of

:Ota: components 0-01300239 0.0089 0-08%5084 0.0049  endo selectivity is consistent with the original rdf@ of
ot : : “maximum accumulation of unsaturation.”

Two Water (2W i ;
3-7 (WH) 0.0019 _0_05)13) —00004 —0.0000 When the effect of water is included by PCM, the discrete
4-7 (S43) 0.0088 0.0140 0.0087 0.0063 two-watgr model, or thg discrete-continuum P2 m.o.del, Fhe
2-8 (SAH) 0.0069 0.0001 0.0001 0.0000 contributions from the different terms become modified sig-
total components  0.0177 0.0128 0.0084 0.0063 nificantly. As in the vacuum, all three secondary orbital
total 0.0305 0.0147 interactions contribute to the NC transition structure. The
PCM, two water (P2) Mulliken overlap term for WH remains steady at ca. 0.002, SAH
3-7 (WH) 0.0023 —0.0016 —0.0005 —0.0001 declines slightly to 0.007, and Singleton’s S43 term increases
4-7(S43) 0.0110 0.0165 0.0097 0.0073 9 a maximum of 0.011 when the P2 method is used, as
tz(fal(iggéonems 0698282 0'098229 0'00_8833 060.8892 g:omparepl to a vacuum. The accumulation of overlap populations
total 0.0351 0.0165 in water is 0.015 (P0), 0.018 (2W), and 0.020 (P2). As is found
- - in the vacuum, the Mulliken populations for all terms except
“The dielectric constant of water, 78.39, was used. S43 either are reduced to zero or become repulsive for the three

other transition structures. Singleton’s S43 term increases
dramatically in strength, which is a maximum for the P2 model.
The summed Mulliken population overlap contributions are
0.020 for NC, 0.009 for XC, 0.015 for NT, and 0.007 for XT
when using the P2 model.

To compare thendo/excselectivity, NC and NT are added
to give an endo Mulliken population overlap of 0.0187
(vacuum), with arexoMulliken population of 0.0044 (vacuum).
Direct comparison to the solvation models show #ado/exo
Mulliken population overlaps of 0.0239/0.0084 (P0), 0.0305/
0.0147 (2W), and 0.0351/0.0165 (P2) result. Téredo/exo
selectivity is gauged by the Mulliken population difference, in
which in a vacuum the overlap is 0.014 greater for émelo
transition structure. Consistent with the interpretation that the
catalytic effect of water manifests itself by both bulk and local
microsolvation phenomena, we find that the increasenido
selectivity is increased equally, to 0.016, by both bulk effects
1(PO) and explicit hydrogen bonding (2W). The discrete-

endoselectivities, based upon the activation enthalpies, are 0. continuum method delivers the combination of both effects. in
keal/mol (-cig and 0.7 keal/molg-trang. Enhancedndolexo v Fe muliken population difference increases to 0.019.

selectivity also has been observed in aqueous solvents experl-_l_h ; hancashdoselectivity in th h
mentally1067.689Qyhich has been explained by solvent solvopho- erelore, an enhanc&hdoselectivity In the aqueous phase

bicity®5-% and hydrogen bonding-26.28:545562he calculated is (_:omputed over a vacuum, where ca. 50%_ of the effect is
enhancement aghdoselectivity for thes-cistransition structures qlellvered dbyhenhancgdd hyotl)rogberllkbo;:dlng (glscrete computa-
increases to 1.1 (P0), 1.1 (2W), and 2.4 kcal/mol (P2),Whereast'°ns) and the remainder by bulk phase efiects (contlnuulm
the s-trans endcselectivity results in 1.1 (P0), 0.7 (2W), and method_s). Again, the results are consistent with the accumulation
0.7 kcal/mol (P2) in water. Thus, tlendoselectivity increases of maximum overlap, beca_use it is the sum of all sgc_ondary
substantially for the-cisstructures when treated by the discrete- orbital components that delivers the enhanendoselectivity.
continuum method in the aqueous phase, while gkteans
remains relatively immune to solvent changes. The discrete-
continuum computations deliver the observed gas- and aqueous- The effect of solvent on the activation energies @mdio/
phaseendoselectivity, as reported by experiment. exoselectivity on the four transition structures of the butadiene
The Mulliken overlap populations from the density functional - and acrolein Diels Alder was studied. The microsolvation effect

computations are given in Table 6. In a vacuum, it is clear that of explicit waters was found to induce a polarization of the
all three secondary orbital interactions contribute to the NC transition structure, with a lowering of the activation barrier.

(140) Garéa, J. I.; Mayoral, J. A.; Salvatella, Detrahedron1997, 53, The microsolvation of hydrogen bonding accounts for ap-
6057. proximately one-half of the observed catalytic effect observed

Independent theoretical studies of the butadiene and acrolein
reaction by Saler#?® Houk!3° and Alston!®” found little
evidence to support the classical WH secondary orbital interac-
tion. Instead, positive Mulliken overlap population between the
C, atom of butadiene and the oxygengf©f acrolein indicated
a more important interaction, as given by SAH in the Scheme.
Finally, Singleton reported that secondary orbital interactions
involving bond-making/-breaking centers are possi#i®©n the
basis of Mulliken overlap populations and geometric distortions,
a new secondary orbital interaction, also called the-3p
interaction, between the,@&tom of butadiene and the carbonyl
carbon (G) of acrolein has been determint8which is denoted
by S43 in the Scheme.

The gas-phass-transtransition structure is computed to be
more endoselective than thes-cis transition structures for
acrolein and butadiefand other Diels Alder reaction$3:54140
Consistent with experimental trenHs$the calculated gas-phase

Conclusion
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by experiment. The macroscopic effects of solvation were observed enhanceshdoselectivity. We found that thendo/
studied by the implicit PCM model, which accounts for the exoselectivity is equally influenced by both hydrogen bonding
remaining 50% of the experimental effect. The explicit hydrogen and bulk-phase effects. Therefore, the catalytic ando/exo
bonding is necessary to induce charge polarization of the NC selectivity results are consistent with the hypothesis of maximum
transition structure and to allow enforced hydrophobic interac- accumulation of unsaturation.

tions and antihydrophobic effects. The full aqueous acceleration .

and enhanceendo/exaselectivity observed by experimentwere ~ Acknowledgment. We thank IBM Corporation, the Depart-
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experimental activation energies of similar Dielslder reac-
tions in mixed methanol and water solutions. The computed
endo preference was enhanced to 2.4 kcal/mol in agueous
solution. Specific polarization of the NC transition structure
enhanced Singleton’s $43] secondary orbital interaction, but
all three independent interactions are necessary to explain theJA0010249
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