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The effects of the solvent and finite temperature (entropy) on the Wittig reaction are studied by using density
functional theory in combination with molecular dynamics and a continuum solvation model. Standard gas-
phase zero-temperature calculations are found to give similar results to previous studies. Gas-phase dynamics
simulations allow the free energy profile of the reaction to be calculated through thermodynamic integration.
The free energy profile is found to have a significant entropic barrier to the addition step of the reaction
where only a small barrier was present in the potential energy curve. The introduction of the solvent dimethyl
sulfoxide causes a change in the structure of the intermediate from the oxaphosphetane structure to the dipolar
betaine structure. The overall reaction energy is changed only slightly. When the effects of both entropy and
the solvent are included a significant entropic barrier to the addition reaction is obtained and the predicted
intermediate again has the betaine structure.

1. Introduction CHART 1
Over the past few decades quantum mechanical calculations betaine
have provided considerable insight into the mechanisms of '|O *T’R's
chemical reactions. Through careful examination of important /;..HC_C%\‘
regions of the potential energy hypersurface calculated by o] CR2 CR, O
theoretical methods, proposed transition states and intermediates R||(|:H+ IFI,R, I "H* Lln‘
3

can be evaluated and compared. Ultimately, such a comparison
can help to support or further question proposed mechanisms.
A case in point is the Wittig reaction. Developed by Wittig
and co-worker3;? the Wittig reaction involves the addition of
an aldehyde or ketone to a phosphorus ylide to form an alkene
and a phosphine oxide. It has been a useful part of the armory
available to the synthetic organic chemist for a number of
years®# The starting materials are typically an aldehyde or
ketone with the desired structure and an appropriate alkyl halide.
The alkyl halide is reacted with a trialkyl or triaryl phosphine
to produce a phosphonium salt. This is then deprotonated by a
strong base to yield the ylide. The reaction has the extremely
useful feature that it forms a new carbecarbon double bond ; .
joining two molecules. Since an alkene is formed the area can !N this work the reaction P¥CH, + CHO — PHO + CoHa

readily be further functionalized. A wide variety of aldehydes WaS €xamined. A minimum in the potential energy surface
and ketones and alkyl halides can be successfully reactedcOrresponding to the oxaphosphetane was identified but no

through the Wittig reaction with good control over the product €vidence of a betaine intermediate was observed. The initial
stereochemistry. Some useful variations on the Wittig reaction 2ddition reaction was calculated to have a very low reaction
exist where phosphonates and phosphine oxides rather tharParrier €5 kecal/mol) and to be exothermic by about 34 kcal/
phospines are used as one of the starting materials (Wadsworth mol. Startlng from the oxapho.sph'e.tane, the @ssomaﬂon reaction
Evans and HornerWittig reactions): was determined to have a significant barrier2d kcal/mol)

Proposed mechanisms for the Wittig reaction suggest that it and to be exothe:(rmc by abo‘:(t 13 kclal{rrr;]ol giving an over?ll
is a two-step process: an initial addition reaction to form an reactlonbenerghy ?‘. Sto _dSO calimol. The ar:‘angzmentho
intermediate followed by an elimination reaction to form the 2toms about the five-coordinate P center was found to change

products (Chart 1). Two possible intermediate structures have TOM 0xygen axial and carbon equatorial in a trigonal bipyramid

been proposed. The first is a dipolar betaine with the firstGC 10 oxygen equatorial an(_j carbon axial also_ in a bipyramid during
bond of the product alkene formed and formal negative and the course of the reaction. However, neither was found to be
positive charges on the O and P atoms, respectively. The otherthe clear-cut better candidate for the coordination geometry of

proposed intermediate is the product of a concerted or nearlythe intermediate. ) .
Subsequent calculations have expanded upon and refined the

" Present address: Max-Planck-Institit fohlenforschung, D-45470 ~ Work of Haller and Lischka while still supporting their qualita-
Miilheim an der Ruhr, Germany. tive conclusions. More accurate calculations considering the
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concerted cycloaddition of the ylide and carbonyl groups to form
a four-membered oxaphosphetane ring. Considerable effort has
gone into identifying the intermediates present but no definitive
answer has been reached as yet. Early work pointed toward the
betaine intermediate but experimental studies have favored the
oxaphosphetane intermediate.

The first ab initio study of the Wittig reaction was a restricted
Hartree-Fock (RHF) study carried out by Her and Lischkat?




Influence of Solvation on the Wittig Reaction J. Phys. Chem. A, Vol. 109, No. 23, 2005137

same reactants gave largely the same rédulsand found the The direct participation of a solvent molecule is not generally
oxaphosphetane intermediate with the O atom axial to be lowerinvoked in proposed mechanisms of the Wittig reaction. A
in energy. Semiempirical calculations on larger molecules also continuum approach to solvatith?4 then should be capable
predicted a qualitatively similar mechanidfni® Yamataka and of introducing solvent effects into theoretical calculations of
Nagase performed B3-LYP calculations on several more realistic this reaction. In any case, the explicit inclusion of a number of
reactant systems such assPH#CHPh-+ PhCHO?” Unlike the solvent molecules would quickly make the calculation impos-
previous ab initio studies, this work was able to examine the sible due to the large number of atoms involved. A number of
stereoselectivity of the reaction. Although the addition of phenyl continuum models have been proposed in the literature. The
rings to the ylide and the carbonyl group led to modifications particular method chosen was the conductor-like screening
in the structures of the addition transition states, the overall model (COSMO%?6as implemented by Senn and co-work&rs.
reaction scheme of oxaphosphetane formed with very low barrier The solvent was chosen to be dimethyl sulfoxide (DMSO).
followed by higher barrier to products was again obtained. Lu DMSO has a dielectric constant of 46.7 and as such is one of
and co-workers considered the reaction ofP>*CH, and the more polar solvents used in Wittig reactions. Any solvent
H,C=0 where X= F, H, Me, and PH® Their results were effects observed should thus be regarded as being on the high
similar to those already discussed although the case where Xend of the range.

= F was found to be somewhat different from the other three.  Finite temperature and entropy effects can be included into
Perhaps more importantly for the purposes of the present study,a quantum mechanical calculation in different ways. The
this work found that the system where=XMe is a very good approach of molecular dynamics in combination with point-
model of the real system where X Ph. wise thermodynamic integrati&fwas chosen. This method was

Whenever theoretical calculations on molecular species areused in preference to the frequency analysis approach, which
performed a number of approximations are employed to keep iS more often used in quantum chemical calculations because
the calculations tractable. The studies involving the Wittig the free energy at many points along the reaction coordinate
reaction are of course no exception to this. For the most part, was required. The harmonic approximation implicit in most
the approximations made in the studies described in the previousfrequency analysésis likely to break down in regions where
paragraph are reasonable and are likely to introduce small errorgWo molecules are in close proximity but only weakly interacting
of known magnitude. One of the approximations, the use of a and this method was therefore deemed inappropriate for deriving
model of the true system, was eliminated completely in the work the free energy profile of addition and elimination reactions such
of Yamataka and Naga$é.Two of the approximations, as those investigated here.
however, namely the neglect of the solvent and the neglect of

L X 2. Computational Details
finite temperature effects, could conceivably lead to more ) ) )
significant errors being introduced. The electronic structure in the present calculations was

described by using density functional theory (DFT). The
functional used is the combination of the exchange functional
(%escribed by Becke and the correlation functional described
y Perdew! in combination with the parametrization of the
electron gas correlation energy of Perdew and W&ng.
The nuclear dynamics performed on an ab initio potential

Wittig reactions are almost always carried out in solution with
the synthetic chemist having the choice of a number of solvents
depending on the exact reagents and desired products. On
possible structure for the intermediate in a Wittig reaction, the
betaine, is significantly more polar than either the reactant or

mguzgguéti o?\?gnt\,\:g(;;ggtsbe expected to be favored by the energy surface utilized the CGaParrinello approachi with the
' o ) ) projector-augmented wave (PAW) method of @634 The

The neglect of entropy by considering simple energy differ- He] core of the C and O atoms was kept frozen as was the
ences and reaction enthalpies rather than free energies coulx%Ne] core of the P atom. 2s2p1d sets of projectors were used in
be a serious approximation since it is free energies that govern qpination with the heavier atoms while a 2s1p set was used
reaction rates and equilib_rium constants. Free energy barriersy; the hydrogen atoms. The plane-wave basis set was defined
and_frt_ee energies of reaction mlght be expected to give a MOreihrough an energy cutoff of 30 Ry (15 au) and a density cutoff
realistic view of how the reaction actually proceeds. of 60 Ry (30 au) in a face-centered cubic unit cell of side 13.01

With enough computer power at hand, it is now possible to A, The time evolution of the system was integrated with a time
eliminate or at least minimize the effect of most approximations step of 5 au (0.12 fs). The masses of the nuclei were taken to
(though probably not all at the same time) when studying a pe 2.014, 12.00, 15.995, and 30.94 amu for H, C, O, and P,
chemical reaction involving small to medium-sized molecules. respectively, and the fictitious mass of the wave function was
Some allowance for solvent and finite temperature effects chosen to be 250 au. To sample the NVT (canonical) ensemble
certainly can be made. It was the goal of the work described in rather than the NVE (microcanonical) ensemble the stochastic
this paper to uncover just what influence the inclusion of thermostat of Anderséfwas applied to the nuclear motion. A
solvation and entropy will have on theoretical predictions temperature of 300 K was maintained by reassigning the
concerning the Wittig reaction. velocities of three randomly chosen atoms every 12 time steps.

Given the computational resources available, it was not The temperature of the wave function was moderated by
possible to use a completely realistic model for the reactants in applying a constant friction of 0.0QAf. All simulations were
a Wittig reaction while still including all of the other desired carried out with the translation of the center of mass and rotation
properties in the calculations. It was decided to model the ylide of the total system removed.
as MeP=CH, and to take the carbonyl group-containing Energy differencested K will be denoted byAE while the
molecule to be CBCHO. The work of Lu and co-workel% free energy differences obtained at 300 K will be denaiéd
suggests that studies of the smaller system should provide result¢ielmholtz free energies are obtained here rather than Gibbs free
directly applicable to the more commonly useds;PRCH, energies AG) as the volume of the system rather than the
reagent. No stereodifferentiation is possible with these reagentspressure is kept constant.
and the present work cannot say anything about this aspect of Since the orbitals are described in terms of a plane-wave basis
the Wittig reaction. set, the calculation will actually describe a three-dimensional
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periodic system of molecules. To remove the interaction between TABLE 1: Energy Changes and Geometrical Parameters of
different images and accurately simulate an isolated reactionthe Wittig Reaction in the Gas Phase at 0 R

an electrostatic decoupling scheme was apglied. AE Rior2 Rec Rco Rec Reo ¢pcco
The details of the implementation of COSN3®applied in reactants 0.0 169 1.22
the present study can be found in ref 27. In addition to the TS1 16 278 177 130 1.85 3.22—41

dielectric constant of the solvent COSMO calculations require intermediates —18.1 1.79/1.72 186 143 154 187 -8

the input of a few other parameters. The sphere radii for H, C, products _42'4? 218 245 175 1.%214 1.15'(()31 °

O, and P were chosen to be 2.2, 3.6, 3.2, and 4.0 au, respectively,

the fictitious mass of the charges was chosen to be 12.0 au, °*Energies in kcal/mol. Distances in A. Angles in degrees.

their motion was damped by a friction of 0.08t/and their ) ) )

motion was oversampled by a factor of 30 with respect to the differences from one point on the reaction curve to another,

other degrees of freedom. Sixty surface segments were used*A: _ ) _

for each atomic sphere. The nonelectrostatic parameters were OWwing to the constraints upon translation and rotation of the

(4.569 x 1074)E, (B) and (1.1661x 10-8)E/ao (7). whole system applied in all c:_alculatlons, some of the reaction
All calculations were performed with a modified version of entropy changes\S are not included. The missed entropy

the Car-Parrinello Projector Augmented Wave program, PAW changes were added back in by applying the correction formula
of Bloch|3437.38 given in ref 39.

. . ) . The addition reaction in the gas phase provided a technical
The potential energy curves were obtained by first heating ity in the present calculations. At two values of the

the syste_m up, the_n cooling b O K at anumber of values Of_ reaction coordinateR; = 2.51 and 2.65 A) of the cyclization
the reactlon. coordinate. In the rgactants and prodgcts régionSeaction in the gas phase at 300 K the oxygen atom would,
of the reaction curve the potential energy surface is very flat after 4 fairly short period of time, abstract a hydrogen from
W|th_a nu_mber_of local minima corresponding to different 5.0 of the methyl groups attached to the phosphorus. This
relative orientations of the reactant and product molecules for 4jternative reaction path is not of interest for two reasons. First,
any given value of the reaction coordinate. Optimizations in {he hydrogen abstraction is only able to take place because the
this region often fell into the lowest of these minima but about ore favorable (larger energy gradient along this direction)
as often did not leading to a very “kinky” potential energy curve. reaction leading to the oxygen and phosphorus forming a bond
At values of the reaction coordinate where the optimization did g prevented by the constraint. Second, ylides employed in Wittig
not fa” intO the |OW€S'[ Of the minima the Optimization was reactions usua”y have pheny| groups as the nonparUC'anng
repeated from a new starting point until a more reasonable phosphorus ligands. Phenyl groups havesdlaydrogens to be
energy was obtained. transferred to the oxygen atom.

AAwas calculated following the procedures outlined in refs It was therefore undesirable for the H-transfer reaction to take
28 and 39. The reaction coordinate of the addition st (  place. To avoid this, an additional short-range repulsive potential
was taken to be the distance between the center of mass of thdetween the oxygen atom and the methyl hydrogens was
P and C of the ylide and the center of mass of theGpnd O included in the simulations a®; = 2.51 and 2.65 A. The
of the ethanal molecule. For the dissociation reaction, it was potential was exponential in form and had a value of 23 000
taken to be the distance between the center of mass of the twdkcal/mol when the O and H atoms were separated by the sum
carbon atoms from the propene double bond and the center ofof their covalent radii (1.05 A) and decayed by a factor of 10 000
mass of the phosphorus and oxygen atorRs).(Starting for each additional 1.05 A of separation. A test calculation at a
geometries were obtained by minimizing the energy of the nearby value oR; found that the addition of such repulsive
system &0 K in theregion of the potential energy hypersurface potentials had little effect on the calculated valuesi]
corresponding to the oxaphosphetane. Once a starting geometry
was found, the geometrical parameter corresponding to the3. Results and Discussion
reaction coordinate of interest was constrained and the molecule 3.1. The Reaction 40 K in the Gas Phase The first case

was heatec_j to 300 K. The system was gllowed to propagate aty i il pe considered is that where solvent and finite
300 K at this value of the reaction coordinate for 6 ps to ensure temperature effects are neglected. This is the same level of

equilibration. approximation as that applied in all other studies of the Wittig
The initial positions and velocities at several values of the reaction and will constitute our baseline from which the
reaction coordinate I'EQUiI'Ed for point-wise thermodynamic influence of solvent and temperature will be ]udged
integration were obtained by starting from the system equili-  For each of the important points along the reaction coordinate,
brated at one value of the reaction coordinate and varying thatnamely reactants, the transition state of the addition reaction,
coordinate quite slowly (abo A ps™) until the important the intermediate, the transition state of the dissociation reaction,
range of values of the coordinate of interest was covered. and products, their energy relative to reactatt)( the value
Enough points (2640 depending on the shape of the free of the reaction coordinateR{ or R;) and several important
energy profile) along the reaction coordinate were taken to geometrical parameters are listed in Table 1. The particular
ensure that the numerical integration performed later was parameters chosen are the distances between neighboring atoms
acceptably accurate (numerical erre0.5 kcal/mol). At each of the four-membered ring of the oxaphosphetaRec:,( Rco,
of these values of the reaction coordinate a 3.6 ps trajectory R, andRpc) and the dihedral angle of the ring with the atoms
was calculated. The first 1.8 ps of each was discarded to ensurén the sequence-PC—C—O (¢pcco. The structures of the two
equilibration at that value of the reaction coordinate and the transition states and the intermediate are illustrated in Figure
remainder used to obtain the ensemble average of the constraini. The potential energy curves of both steps of the reaction are
force (F,Ltvr) at the valuel of the reaction coordinate. These shown on one graph in Figure 2. They are arranged such that
average forces at each value of the reaction coordinate werethey meet in the central minimum corresponding to the reaction
integrated by Simpson’s method to obtain the desired free energyintermediate. On the left-hand side of the figure, the reaction
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TABLE 2: Free Energy Changes and Geometrical
Parameters of the Wittig Reaction in the Gas Phase at 300

Ka
AA Rior2 Rec Rco Rec Reo épeco
reactants 0.0 1.69 1.22
TS1 12.7 2.78 1.75 1.28 2.09 3.14-56
intermediates —5.8 1.77/1.73 188 144 154 1.85 -2
TS 2 111 221 247 181 143 1.60 —1
Figure 1. Structures of the transitions states and the intermediate of products —434 1.34 151

the Wittig reaction in the gas phase at 0 K. The intermediate has the 2 Energies in kcal/mol. Distances in A. Angles in degrees.
oxaphosphetane structure. All unlabeled atoms are either C or H.

the potential energy curve was enlarged (inset, Figure 2) to make

07 TS 1 TS 2 the situation clearer. As was found by Lu and co-workérs,

10 JPRERN N :g the O-equatorial isomer is slightly higher (2.7 kcal/mol) in
= 1 _oee--- -7 NS energy and the reaction O-equatorialO-axial proceeds with
g % rent NN a very low barrier €0.1 kcal/mol). The barrier of the pseudo-
§ -10 \ rotation is difficult to estimate from the current calculations as
é 20_' 144 Int ‘\\ the reaction coordinate chosen to describe the transformation
%ﬂ' 1 - \ from the intermediate to products is not particularly suitable
5 304 167 \, for describing the pseudorotation.

1 -184 A Prod. The dissociation reaction has a barrier that is significant with
407 - respect to the intermediate (about 20 kcal/mol). The energy of
501 —RI R2 this transition state is in fact very similar to that of the reactants

55 45 35 25 iﬁg/ 25 35 45 (AE!. = 0.8 kcal/mol).

R[ Angstrom] Thg dissociation reaction is exothermic leading to an overall

reaction energy of-44 kcal/mol. Both the PC and C-O bonds
Figure 2. Helmholtz free energy and potential energy as a function e significantly elongated in the transition state with thedP
of reaction coordinate of the Wittig reaction in the gas phase. bond showing the greater increase, but the four atoms still lie
in a plane (Figure 1c and Table 1). Not long after the transition
state, but still in a region of the potential energy surface where
there is significant repulsion between the two product molecules,
the propylene molecule undergoes a rotation such that the newly
formed C-C double bond is perpendicular to the-© bond.
S This motion is probably caused by the molecules attempting to
O-axial O-equatorial minimize steric repulsion.

Figure 3. Possible structures of the oxaphosphetane intermediate All of the results described in this section are very much in
related by a pseudorotation. All unlabeled atoms are either C or H. line with previous calculations.

3.2. The Reaction at 300 K and in the Gas Phasdhe
coordinate isRy, which varies from 5.29 to 1.79 A at the first modification that will be introduced into the calculations
intermediate. The right-hand part of the figure corresponds to is the addition of finite temperature or entropy effects and the
the second reaction coordinate, which varies from 1.71 A at consideration of free energies of reactivA rather than changes
the intermediate to 5.0 A at the rightmost end. in potential energyAE. The free energy changes of the reaction

As would be expected, the potential energy curve of the AA and relevant geometric parameters are listed in Table 2.
reaction in the gas phase is very similar to that described by With the exception of the reaction coordinate, all of the
previous calculations. As the reactants approach each other theyyeometric parameters are averages over the final 1.8 ps of the
pass over a small barrier 0.5 kcal/mol in height before reaching relevant trajectory. The free energy curves of the addition and
a very shallow minimum 0.1 kcal/mol below the separated dissociation reactions are given in Figure 2. Ensemble average
reactants. This minimum has been observed previéishy}718 forces were obtained for 28 values Bf coordinate between
and is usually described as a van der Waals complex. The1.7 and 5.3 A for the addition reaction and a further 38 values

transition state of the association reaction is at a valug, of of R, between 1.7 and 5.3 A were calculated for the dissociation
about 2.8 and is also very low in energgH:,, = 1.6 kcal/ reaction. More points were included in the dissociation reaction
mol). In the transition state the-€C bond is nearly fully formed in an attempt to characterize the region of the free energy profile
(Rec = 1.85 A) and the €0 is still elongatedRco = 3.22 A, where pseudorotation about the P atom could take place most

Figure 1a. The reaction is clearly proceeding to a oxaphos- readily.
phetane, which is indeed the structure of the intermediate (Figure It should be noted that the free energy is not zero at the largest

1b). The intermediate is formed exothermicalyH,; = —18.1 value of Ry (reactants) but rather is about 1.5 kcal/mol. This
kcal/mol) and has the O atom in an axial position with respect free energy results from the loss of entropy caused by constrain-
to the phosphorus. ing the two reactant molecules to be a relatively short distance

The molecule is found to undergo a pseudorotation before apart and is calculated by using the formula from ref 39. The
proceeding to products with the O atom in an equatorial position zero-point in free energy is taken at the point whBje= co.
(Figure 3). Since the local minimum in the potential energy  The most obvious difference between the potential and free
curve corresponding to the O-equatorial isomer is close in energyenergy curves is associated with the transition state of the
and value of the reaction coordina® to the O-axial isomer addition reaction. The barrier in the potential energy curve is
(R, = 1.80 for the O-equatorial minimum and 1.72 for the very low, less than 2 kcal/mol. In contrast, the free energy curve
O-axial structure) it is difficult to see in Figure 2. This part of has a significant barrier of about 12.5 kcal/mol. The first step
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in the Wittig reaction is therefore predicted to have an almost structures related by the pseudorotation are close in energy and
purely entropic barrier. This is similar to the reaction of can change into one another by traversing a very low barrier.
dichlorocarbene and ethene studied previo&iihe barrier is Thus, at 300 K it would be expected that the molecule would
the result of the loss of rotational entropy as the two molecules jump back and forth between the two possibilities in simulations
approach one another and the C bond is formed. The location ~ whereR; is constrained to be somewhere in this range. From a
of the transition state in the free energy curve is at almost the visual inspection of some of the relevant trajectories, this does
same value oR; as that of the potential energy curve. There is indeed seem to be the case. In the simulation carried out at the
no sign in the free energy curve of the shallow minimum central minimum in the free energy profil&(= 1.73 A) the
corresponding to a weakly bound complex found in the internal molecule remains in the O-axial isomer for the whole 3.6 ps of
energy curve. It seems that such a shallow minimum will have the simulation. It seems, therefore, that the O-equatorial isomer
no influence on the reaction once the reactants are heated tmf this molecule is too high in energy to be present in significant
300 K. The average PC and C-O bond lengths are very  quantities. This is what would be expected given the difference
similar to the equivalent bond lengths at the transition state onin energy of the two isomers of 2.7 kcal/mol, which is rather
the internal energy surface (Table 2). In contrast, the averagelarger tharkT (0.6 kcal/mol at 300 K). Onc®; is constrained
lengths of the newly forming PO and C-C bonds are to take values larger than 1.75 A the molecule begins to undergo
significantly different. The PO and CC bonds are clearly still the pseudorotation spending more and more time in the
rather floppy at this point of the reaction. The standard O-equatorial form until this is the only structure observed for
deviations ofReo andRcc over the course of the simulation at  values ofR, greater than 1.92 A. To put the analysis of the
Ry = 2.78 A are 0.13 and 0.22 A, respectively, while those of pseudorotation on a more quantitative footing, the f©>-C

Rec andRco are more similar to what might be expected for a angles, where C is a carbon atom from any of the methyl groups,
stable bond at 0.04 and 0.03 A. In any case, the qualitative were evaluated over the trajectories of several simulations where
structure of the transition state is still similar to that found at0 1.76 A< R, < 1.92 A. These angles provide a useful measure

K. The C-C bond is more fully formed than the-®> bond, of whether the molecule is in the O-axial or the O-equatorial

which is still significantly stretched. isomer as two of the angles are about 8@d one about 180
As would be expected, the cyclization reaction is less in the former case and two are about 12Me about 90 the

exergonic than it is exothermic. It still has a negativay,; of latter. A geometry was taken to be O-axial if one angle was

about—6 kcal/mol. The structure of the intermediate itself is greater than 150and to be O-equatorial otherwise. When
still an oxaphosphetane. The average values of the bond lengthdR; = 1.76 A the molecule is always O-axial by this measure.
in Table 2 are very similar to those of the intermediate at 0 K Starting with the simulation aR, = 1.78 A the O-equatorial
shown in Figure 1b and they perform vibrations of relatively begins to appear (7% of the time) and is increasingly persistent
small amplitude and have standard deviations of less than 0.05until it is the only isomer observed whéa = 1.92 A. Around

. R, = 1.83 A the molecule can undergo the pseudorotation very

Since the betaine would be more floppy than the oxaphos- €asily and both isomers are observed about equally often.
phetane, it should be entropically favored. Clearly, it is not  In terms of the free energy profile, no minimum or even
favored enough by entropy at 300 K in the gas phase to significant shoulder appears in the region where the pseudo-
overcome the more advantageous bonding of the oxaphos-rotation occurs. It seems that the minimum corresponding to
phetane. the O-equatorial isomer is too shallow for this structure to exist

The shape of the free energy curve of the dissociation reactionfor even a very short time at 300 K. The pseudorotation must
is similar to that of the potential energy curve of the same occur as part of the overall dissociation reaction rather than as
reaction in that it has a significant maximum and then proceeds a separate step.
to energies well below the intermediate. The reaction free energy 3.3. The Reaction 40 K in DMSO. In this section, the
of this step is rather more negative than the change in potentialeffects on the Wittig reaction of the introduction of a solvent
energy (37 kcal/mol as compared t626 kcal/mol). This is  will be considered. Finite temperature effects are not included
due to the system gaining entropy as the products separate andt this stage. Calculations where both the solvent and finite
are able to rotate individually again in the reverse of the situation temperature are included will be discussed in the next section.

encountered with the addition reaction. The potential energy curves calculated for the two steps of

The barrier height relative to the intermediate is largely the Wittig reaction are shown in Figure 5. The reaction energies
unaffected and is only about 2 kcal/mol lower in the free energy and barriers extracted from these curves are listed in Table 3
curve. Thus, the majority of the rotational entropy of the two along with the usual geometric parameters. The transition state
product molecules is gained after the transition state. and intermediate geometries are illustrated in Figure 4.

The average geometry at the second transition state in the The potential energy curve with solvation behaves very
free energy curve is very similar to the transition state geometry gjfferently from the gas-phase curve. Both curves show a very
on the internal energy curve. All of the four bond lengths of oy maximum at abouR, = 4.0 A. In the gas-phase calculations
the second transition state in Tables 1 and 2 are nearly identical thjs maximum precedes the van der Waals complex and a
The breaking bonds are relatively flexiblg;c andRco have  s|ightly higher maximum, which is taken as the transition state
standard deviations of 0.07 and 0.11 A, respectively. of the addition reaction, and the potential energy curve then

The overall free energy change of the whole reaction is similar drops about 20 kcal/mol to a minimum corresponding to the
to the total potential energy change. This is not so surprising oxaphosphetane intermediate (see Figure 2). In contrast, when
since the number of molecules is the same at the beginningsolvent effects are included the internal energy curve decreases
and end of the reaction and the overall entropy change would from R; = 4.0 A and has two minima betwe& = 2 and 3 A.
be expected to be relatively small. The maximum aR; = 4.0 A is taken as the transition state of

Finally, the dynamics simulations allow us to follow the the addition reaction (TS 1). The structure at this valuBas
pseudorotation about the P atom as the dissociation reactionillustrated in Figure 4a. In both of the minima (Int 1 and Int 2)
proceeds. At values dR, between 1.75 and 1.90 A the two the values oRcc, Rec, andRco in Table 2 are roughly in line
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Figure 4. Structures of the transitions states and intermediates of the
Wittig reaction in DMSO at 0 K. All unlabeled atoms are either C or
H.
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Figure 5. Helmholtz free energy and potential energy as a function
of reaction coordinate of the Wittig reaction in DMSO.

TABLE 3: Energy Changes and Geometrical Parameters of
the Wittig Reaction in DMSO at 0 K2

AE Rior2 Rc Rco Rec Reo  ¢pcco
reactants 0.0 1.72 1.23
TS1 29 4.00 1.72 124 290 5.00-162
Int1 -17.8 3.11 1.82 139 156 4.10-176
TS?2 —-15.7 2.98 1.83 138 164 375 —88
Int 2 —-18.5 2.51/152 182 139 156 3.04-53
TS 3 4.1 2.20 248 171 144 162 -2
products —46.3 1.34 153

aEnergies in kcal/mol. Distances in A. Angles in degrees.

with what would be expected for a single borRho is very
large for both intermediates at alicuiA in the first minimum

and 3 A in thesecond. The structures corresponding to the two
intermediates are illustrated in Figure 4b,d. The second mini-
mum is slightly lower in energy than the first.

The calculations clearly predict that in DMSO the intermedi-
ate in the Wittig reaction of CHP(CHs); with CH,CHO will
have a betaine rather than an oxaphosphetane structure.

The two minima correspond to different relative orientations
of the C-0 and C-P bonds. In the first minimum (Int 1) they
are anti with a PCCO dihedral angle efL76> while in the
second minimum (Int 2) they are gauche with a dihedral angle
of —53°. A similar minimum was found at abodt50°. It was
slightly higher in energy and was not pursued in detail. It is a
little surprising that the anti conformation is higher in energy
than the gauche conformation since the former would be
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more strongly with the solvent. The gauche conformer is
probably stabilized by the electrostatic interaction between the
partial charges on the P and O atoms. The barrier between the
two intermediate structures is 2.8 kcal/mol relative to the second
minimum. This may be an underestimate as the reaction
coordinate is not ideal for describing the transformation between
the two structures.

No minimum corresponding to the oxaphosphetane was found
once solvent effects were introduced. One very shallow
minimum corresponding to a structure very similar to the
oxaphosphetane was found. This structure had similar values
of Rec, Reo, andRec to the oxaphosphetane structure obtained
in the vacuum and &pcco of —6° but a somewhat elongated
value of Rep of 2.07 A. It is found at a value of the reaction
coordinateR; of 1.92 A. This minimum is not shown in Figure
5 as it is beyond the region where the betaine structures are
found and is not on the lowest energy path from reactants to
products. It is 14.6 kcal/mol below the reactants, which can be
compared with the energy of the oxaphosphetane relative to
reactants of—18.1 kcal/mol. Thus, the oxaphosphetane is
destabilized a little by solvation but the betaine is stabilized
significantly and is the preferred intermediate.

It should be kept in mind that the solvent chosen for the
present study (DMSO) is one of the more polar used with the
Wittig reaction. Less polar solvents such as THF or toluene
would be expected to stabilize the betaine structures less relative
to reactants. This suggests a qualitative model where the
expected structure of the most stable intermediate of the Wittig
reaction in a given solvent could be predicted by simply taking
an appropriate property of the solvent (for example, the dielectric
constant) as an indicator of where the betaine structures are
relative to the oxaphosphetane and reactants which are ap-
proximately fixed in energy. Calculations of the potential energy
curve of the present reaction in the presence of a few more
solvents would be required to properly calibrate such a model.

The potential energy curve of the dissociation reaction in the
presence of a solvent is also illustrated in Figure 5. The
qualitative shape of the part of the internal energy curve
corresponding to the dissociation of the betaine from the second
intermediate is similar to that of the reaction in a vacuum.
Obviously, the structure of the intermediate is different. A four-
membered-ring oxaphosphetane structure is passed through
about halfway to the transition stateRat= 1.84 A. The oxygen
atom is axial at this stage and the molecule undergoes a
pseudorotation before reaching the transition state, which again
has the oxygen equatorial. The minimum energy of the
O-equatorial structure is somewhat higher in energy when
solvation is included and is over 4 kcal/mol above the O-axial
minimum (Int 2).

The structure of the transition state of the dissociation reaction
is almost unchanged from that of the same reaction in the
vacuum (compare Figures 1c and 4e). The valuga$ almost
identical and the other geometric parameters are also very
similar. In terms of energy, this transition state is slightly
destabilized relative to the reactants, the intermediate, and the
association transition state in comparison with the gas-phase
calculations.

The overall reaction energy is calculated to-b46.3 kcal/
mol, which is slightly more exothermic than the gas-phase value
of —44.4 kcal/mol.

3.4. The Reaction at 300 K in DMSO.The final set of
calculations to be discussed include both solvent and finite
temperature effects. The results of these calculations are

expected to have a greater dipole moment and therefore interacsummarized in Table 4 and in Figure 5.
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TABLE 4: Free Energy Changes and Geometrical are losing rotational entropy leading to an increase in the free
Parameters of the Wittig Reaction in DMSCO* energy. Up untiR; = 3.6 A the contribution to the free energy
AA Rior Rec Reco Rec Reo  épcco from the loss of rotational entropy wins out and the free energy

reactants 0.0 increases. AftelR; = 3.6 A the contribution from the €C

TS 1 6.7 3.64 172 126 356 3.71 7 bonds is greater and the free energy begins to decrease. The

Int 1 -6.6 3.09 1.82 1.39 159 4.03-176 free energy barrier to this reaction in solution is thus again due

;I-Stzz —g-g g-gg/l 43 118832 1133% 116517 3582%‘—12; solely to entropy but this time is only about 7 kcal/mol in height,

n — . . . . . . . - i

1S3 170 218 Sae 177 144 162 —3 much less than the rotational entropy of the reactants, because

it is partially canceled by the increasing bonding interaction
between the two carbon atoms. That the reactant molecules still
@ Energies in kcal/mol. Distances in A. Angles in degrédsstimated  haye significant rotational entropy at this stage is reinforced by
value. the average value @fsccoatR, = 3.6 A. At 7° it is completely
. L. . different from the value of-162° obtained at O K. The average
Unfortunately, the discussion in the present section can only yinagral angle at 300 K is so different because the molecule
be qualitative because of difficulties encountered in obtaining yiatas quite easily about the CC axis giving an average angle
long enough trajectories at all points along the reaction .ose to zero.
coordinate. In the reactants and products regions of the reaction The free energies of reaction to form the intermediates are

:he dc?jl(iul?t!:)nfst mcludw_mg dS(])‘I;(anonWwere very l:nstable an? about 10 kcal/mol higher than the equivalent changes in potential
endec o fail after a period of ime. YVe are as yet unsure as Oenergy just as was the case in the gas-phase calculations. The

\t/)vhat the cause Oft the 'nSt"’llb”'t}; n tthe so![vated n&lght be. Itth average structures of the intermediates are much the same as
ecomes apparent over only a Tew time Steps and causes ey giryctyres corresponding to the minima in the potential

calculatt|otrk1] tct> ft?]'l in Onlﬁ a f%\{[v mo(rje.fTh|st||le,tabl_I|ty Flc:_es not energy curve. These calculations therefore suggest that at 300
§uggest Aa € resmtJ (;Y’ﬁ alrrl]e C;L Stti e S|Imu a |§)nt§ are the intermediates in this Wittig reaction will have a betaine
Incorrect. A previous stuaynas shown that the implementation o, ,o4,re The value d&, at which the second minimum in the

of COS.MO empl_oyed here shows correct energy conservation.q.q energy curve appears is slightly larger than that of the
properties and gives reasonable results. potential energy curve

Tthe zero-ter;]pfrature l;:z;l]milatlons dbelscrlbe(_:hlntths_l_rt)rewotas The free energy barrier between the gauche and anti isomers
section were short enough that any problems with Stability COUd ¢ 1o petaine is even lower than the potential energy barrier.

be avoided. Unfortunately, this was not the case in the 300 K The barrier is less than 2 kcal/mol and rotation about the€cC

simulations and it was virtually impossible to obtain the full bond should occur fairly rapidly. Such rotation was not observed

3.6 ps trajectories at values _Ri or _R2 greater than 3.7 A. In in the present simulations as it was hindered by the constraint
most of the largdR; cases trajectories of about 1.0 ps or more describing the reaction coordinate

could be derived .befort.a the callculatlons fa'.|6d' Th? secon d half The dissociation reaction free energy profile has a very similar
of each of the trajectories obtained before instability set in was . : .
shape to the potential energy curve of this part of the reaction.
used to evaluatéF[] These ensemble average forces are less h h . is al il
reliable than those discussed previously and for valueR; of The average structure at t e transition state Is also very similar
less than 3.7 A the values @A obtained from them will be to the structure corresponding to the maximum in the potential
' . . . energy curve. It occurs at a valuelf much like that found in
less accurate. No simulations of appreciable length could be ; . . . .
the previous calculations. It appears that this step in the reaction

performed for values oR, greater than 3.7 A. . o o
N thel the f file obtained in th occurs in a very similar manner no matter whether it is in the
everiheless, the free energy profile obtained in the presencegas phase or solvated or whether finite temperature effects are
of the solvent (Figure 5) combines features of the gas-phase

. . allowed for or not.
.f“?‘? energy profile a_nd the solv_ate_d_ potentlal_energy CUIVE. T he The total free energy change of the reaction in DMSO cannot
initial addition reaction has a significant barrier corresponding b

to the loss of rotational entropy of the reactants. Two minima ¢ calculated because simulations could not be carried out for
corresponding to betaine intermlediates are found With the auchevallues ofR, greater than 3.83 A. Given that this part of the

P glot . . 9 reaction appears to be very similar in all of the calculations
structure lower in energy. A considerable barrier to the

T o discussed here, a reasonable estimaté\fyg(DMSO) can be
elimination reaction is found.

Th . in the f di h derived by using the gas-phase free energy profile. The gas-
ne maximum in the free energy curve corresponding to the ,ase cajculations give a change in free energy of about 7.2
addition reaction is interesting in that, as was the case of the

. . . . kcal/mol fromR, = 3.8 A to products. If this estimate is added
gas-phase reaction, the increase in free energy is mostly due 99 the value ofAA(DMSO) atR, = 3.8 A of —37.1 kcal/mol

the loss of rotational entropy of the reactant ”?O'ecu'?S but in an approximate value of44.3 kcal/mol is obtained for the total
contrast to the gas-phase case the new bond is forming as th‘?eaction free energy. This result is similar to that obtained in

{rc:tatlongl er)tr(t)r?y IS tbe:n? lost. In the gas(—jpfhase calculatl?cqs all of the previous calculations and suggests that solvation and
felznaxgga_ln € potentia energy_cu_:ve anl ree fer;]ergy protiie entropy effects have little influence on the overall reaction
of the addition reaction occur at similar values of the reaction energy of Wittig reactions.

coordinate. The height of the free energy barrier at 12.7 kcal/
mol is comparable to the total rotational entropy of the two
reactant molecules multiplied by, which is about 15 kcal/
mol. In the solvated case, the maxima in the free energy profile It has long been known that entropic contributions to the free
and potential energy curve occur at rather different values of energies of addition and elimination reactions should be large
the reaction coordinat®({ = 3.6 and 4.0 A, respectively). When and that introducing solvation can have a significant effect on
R, = 3.6 A the potential energy is slightly negative { kcal/ any reaction where charge separation or ionization can occur.
mol) and decreasing fairly rapidly & decreases. In this part The calculations described here show that this certainly is the
of the reaction the €C bond is forming, leading to a decrease case for the Wittig reaction. Calculations including finite
in the potential and free energy of the system, but the reactantstemperature and solvent effects give a very different picture of

products —44.3

4. Conclusion
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