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Ab initio molecular orbital method and Monte Carlo (MC) simulation with free energy perturbation (FEP)
techniques have been used to study the aza-Wittig reaction of iminophosphoranes (H3PdNH) with formaldehyde
(H2CO) in the gas phase and in three different solvents: water, methanol, and tetrahydrofuran (THF). The
optimized structures and thermodynamic properties of stationary points for the title reaction system in the
gas phase were calculated at the MP2/6-31G** level of theory. The effects of substituents on the reactivity
of iminophosphorane were discussed. This aza-Wittig reaction is more favorable for XdH and CH3 than for
XdCl in the gas phase. The potential energy profiles along the minimum energy path in the gas phase and
in three solvents were obtained. The solvent effects on the H3PdNH + H2CO reaction increase in the order
water ≈ methanol> THF, suggesting that the protic polar solvents are more suitable for the aza-Wittig
reaction.

1. Introduction

The Wittig reaction of methylenephosphorane with a carbonyl
compound is one of the most important organic transformations
and was extensively investigated via both experimental and
theoretical methods.1-10 In the past, the structures and reactions
of iminophosphoranes were the focus because of their similarity
with methylenephosphoranes. As the isoelectronic molecules
of methylenephosphoranes, iminophosphoranes were proven to
have versatile properties and to undergo a series of interesting
chemical reactions.11-15 Severalab initio calculations have been
carried out to explore the electronic properties of iminophos-
phoranes and the mechanism of the aza-Wittig reaction, the
reaction of iminophosphoranes with carbonyl compounds.16-20

The first results ofab initio calculation at the MP2/D2-d level
on the aza-Wittig reaction of iminoprictoranes (H3MdNH, Md
P, As, Sb, and Bi) with H2CO in the gas phase were reported
by Koketsuet al.17 in 1997, where this reaction was found to
be a stepwise process for any prictogen. For M, the attacking
of atoms C and O in H2CO to atoms N and M in H3MdNH,
respectively, forms a four-membered ring intermediate (INT1)
via transition state TS1; then the trigonal bipyramidal M of INT1
undergoes a pseudorotation to form another four-membered
cyclic structure (INT2) with∼2-5 kcal/mol more energy than
INT1. INT2 has one imaginary frequency and is the pseudoro-
tational transition state at the M center. The final step corre-
sponds to the cycloreversion of INT2 to yield H2CdNH and
H3MdO through transition state TS2. Luet al.18 studied another
aza-Wittig reaction, the reaction of X3PdNH (X ) Cl, H, or
CH3) with OdCHCOOH using the MP2/6-31G** method at
the HF/6-31G**-optimized structures. They also obtained two
similar intermediates when X) H and Cl (when X) CH3,
there is only one intermediate) at the HF/6-31G** level. But
they pointed out that these two intermediates would become
accurately one minimum when the MP2/6-31G** method was
used in the structure optimization. In our previous study,20 we

performedab initio calculations at the MP2/6-31G** level of
theory for the reactions of X3PdNH with H2CO (X ) H or Cl)
to examine the identity of INT1 and INT2 and to gain some
information about these reactions in the gas phase. We found
that the aza-Wittig reaction proceeds in two steps. The first step
is the formation of a four-membered cyclic intermediate (INT)
via transition state TS1 from the dipole-dipole complex (RC)
of iminophosphorane and H2CO, and the second step is opening
of the ring intermediate to yield a complex (PC) of H2CdNH
and the phosphorus oxide H3PdO via transition state TS2 (see
Scheme 1).

This work follows our earlier study20 and focuses on the
details, including stereochemistry, substituent, and solvation
effects in three different solvents for the aza-Wittig reaction of
H3PdNH with H2CO. The changes in the thermodynamic and
kinetic properties caused by replacement of three hydrogen
atoms on atom P with CH3 and Cl substituents, respectively,
are explored. Finally, the effects of water, methanol, and
tetrahydrofuran (THF) as solvents will be studied using the
Monte Carlo free energy perturbation method.

2. Computational Details

2.1. Gas Phase Calculation.The geometric structures of all
the reactant complexes (RC), product complexes (PC), inter-
mediates (INT), and transition states (TS1 and TS2) of the X3Pd
NH and H2CdO reaction systems (X) CH3, H, and Cl)
(Scheme 1) were optimized at the second-order Møller-Plesset
perturbation level with the 6-31G** basis set (MP2/6-31G**).
The nature of the stationary points was confirmed by the
harmonic frequency analysis as a minimum with all positive
frequencies or as a transition state with only one imaginary
frequency. Three minima (RC, INT, and PC) and two transition
states (TS1 and TS2) were obtained. The frequency calculations
at the MP2/6-31G** level without scaling also provided the
thermodynamic quantities such as the zero-point vibrational
energy, thermal correction, enthalpies, Gibbs free energies, and
entropies at 298.15 K and 1 atm.
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The intrinsic reaction coordinate (IRC) calculations21 were
performed to verify the connections between RC and INT
through TS1 as well as between INT and PC through TS2. In
the IRC calculations for the H3PdNH + H2CO reaction system,
the “IRC)tight” option was used to generate the minimum
energy path (MEP) in the gas phase. The MEPs at the MP2/
6-31G** level were constructed with a step size of 0.05 amu1/2

bohr for a total of 87 steps in both directions from TS1 and
with a step size of 0.10 amu1/2 bohr for a total of 115 steps in
both directions from TS2. The partial charges were calculated
for all points along the MEP using the CHELPG method22 and
at the MP2/6-31G** level of theory. Allab initio molecular
orbital calculations were carried out using Gaussian 98.23

2.2. Monte Carlo Simulation.For the reaction path obtained
by ab initio MO calculation, those geometries and partial charges
along the MEP were incorporated into a molecular mechanical
potential for the reaction system immersed in a periodic box of
explicit solvent molecules and used to calculate free energy
changes of solvation along the MEP by the Monte Carlo
simulation method. The intermolecular interaction potential
function for the solute-solvent and solvent-solvent interactions
was described by Coulomb and Lennard-Jones (LJ) terms
between atomi in molecule a and atomj in molecule b, which
are separated by a distancerij as shown in eq 1.

The crossing terms were obtained by the combination rules:

No intramolecular terms were included. Theε andσ constants
for the solute were taken from the OPLS all-atom parameters
of the BOSS 4.224 database.qi is the partial charge of atomi
obtained in the above gas phase calculation. In this study, we
have used three solvents, water (TIP4P model), methanol, and
THF. The reacting system as a solute was solvated in boxes
containing 396 molecules of H2O, CH3OH, and THF, which
had dimensions of approximately 20 Å× 20 Å × 30 Å, 26.7
Å × 26.7 Å × 40.0 Å, and 32.5 Å× 32.5 Å × 48.8 Å,
respectively. For the solvent, the OPLS united-atom models were
adopted and the parameters also taken from the BOSS 4.2
database.

The changes in the free energy of solvation along the MEP
were calculated by Monte Carlo simulation with statistical
perturbation theory.25 Preferential sampling was used in the

Metropolis algorithm, and the perturbations were carried out
using double-wide sampling in 22 windows for step 1 and 23
windows for step 2 of the aza-Wittig reaction in each solvent.
Every simulation involved 2× 106 configurations for equilibra-
tion, followed by 4× 106 configurations of averaging in the
isothermal, isobaric (NPT) ensemble at 298.15 K and 1 atm. A
cutoff of 10.0 for solute-solvent and solvent-solvent interaction
was used for each solvent. All Monte Carlo simulation calcula-
tions were performed using BOSS 4.2.24 To obtain the total
potential energy profile along the reaction path in solution, the
gas phase relative energies were added to the computed free
energy changes of solvation.

3. Results and Discussion

3.1. Substituent Effects in the Gas Phase.The structures
of the aza-Wittig H3PdNH + H2CO reaction system were
optimized at the MP2/6-31G** level of theory, and it was found
that this reaction is a two-step process. We replaced three
hydrogen atoms at the P atom with CH3 and Cl groups, and the
equilibrium geometries of all stationary points of the reaction
systems (X3PdNH + H2CO, X ) CH3 and Cl) were obtained
at the MP2/6-31G** level. It was observed that the reaction
mechanism of the reaction systems (X3PdNH + H2CO) when
X ) CH3 and Cl is similar to that when X) H. That is, there
are also three minima, reaction complex (RC), intermediate
(INT), and product complex (PC), and two transition states, TS1
and TS2, on the potential energy surface. The main optimized
geometrical parameters of all stationary points along the reaction
path are given in Table 1 for the reaction of X3PdNH (X )
CH3, H, and Cl) with H2CO.

When X ) H, the structure of transition state TS1 of the
aza-Wittig reaction has breaking P(1)-N(2) and C(3)-O(4) bond
distances of 1.609 and 1.258 Å, respectively, and forming N(2)-
C(3) and P(1)-O(4) bond distances of 1.963 and 2.434 Å,
respectively. The Cl substituent at the P(1) position slightly
shortens the P(1)-N(2) bond by 0.014 Å and the P(1)-O(4) bond
by 0.092 Å, and has a negligible influence on the N(2)-C(3)

and C(3)-P(4) bond distances. The methyl group substituted at
P(1) causes much lengthening of the P(1)-N(2), P(1)-O(4), and
C(3)-O(4) bonds in the TS1 structure. The steric effect of three
CH3 groups would prohibit the O atom of the formaldehyde
from approaching the P atom. For transition state TS2, the bond
lengths of the breaking P(1)-N(2) and C(3)-O(4) bonds in the
H3PdNH + H2CO reaction system are 2.244 and 1.834 Å,
respectively. The N(2)-C(3) and P(1)-O(4) bond distances are
1.335 and 1.572 Å, respectively, and become shorter by 0.017

SCHEME 1

∆Eab ) ∑∑{qiqje
2/rij + 4εij[(σij/rij)

12 - (σij/rij)
6]} (1)

εij ) (εii*εjj )
1/2, σij ) (σii*σjj )

1/2 (2)
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and 0.018 Å, respectively, when three H atoms are replaced
with three Cl atoms. When X) CH3, the substituted system
has longer distances for the P(1)-N(2), N(2)-C(3), and P(1)-O(4)

bonds.
Table 2 reports the changes in electronic energies (∆E), zero-

point vibration energies (∆EZPV), enthalpies (∆H), and Gibbs
free energies (∆G) for two elementary steps of the aza-Wittig
reaction X3PdNH + H2CO (X ) CH3, H, and Cl). The
thermodynamic data were calculated using the MP2/6-31G**
method at 298.15 K and 1 atm. For step 1 of the aza-Wittig
reaction, the activation energy increases in the following
order: CH3 (10.97 kcal/mol)< H (11.56 kcal/mol)< Cl (24.20
kcal/mol). The activation energy of step 2 agrees with this
order: CH3 (16.78 kcal/mol)< H (19.76 kcal/mol)< Cl (31.03

kcal/mol). Thus, with regard to the parent compound, the
methylation stabilizes the transition states (TS1 and TS2) by
only 0.6 and 3.0 kcal/mol, respectively, whereas the chloro
substituent destabilizes the two transition states by 12.6 and 11.3
kcal/mol, respectively. From Table 2, it is found that step 1
and step 2 of the aza-Wittig reaction when X) CH3, H, and
Cl are all exothermic processes. The total free energy changes
are-27.85,-25.04, and-24.15 kcal/mol for CH3, H, and Cl,
respectively. So the thermodynamic effects on the equilibrium
caused by the substituents are almost negligible.

The theoretical investigation has shown that the Wittig
reaction of H3PdCH2 with H2CO can proceed very easily due
to the polar characters of the reactants.26 H3PdNH is an
isoelectronic compound of H3PdCH2. Its increasing level of
polarization should also be responsible for the destabilization
of reactants in the aza-Wittig reaction of H3PdNH and H2CO.
The stronger polarities of H3PdNH and (CH3)3PdNH with
dipole moments of 3.555 and 4.058 D, respectively, compared
to that of Cl3PdNH (1.436 D), suggest that the exchange of
dNH in X3PdNH anddO in H2CdO is easier when X) H
and CH3 than when X) Cl. The atomic and group charges
and their changes computed by the CHELPG method from the
reactant complex to transition state TS1 and to intermediates
when X) CH3, H, and Cl are shown in Table 3. The reactant
complex has a positive charge on the X3P group and a nega-
tive charge on the NH group for three compounds. In TS1, the
charge on the H3P group becomes more positive, suggesting
that the rate should increase when a stronger electron-donating
group is substituted on the P(1) atom. Therefore, the aza-Wittig
reaction X3PdNH + H2CO may be much more favorable for
CH3 than for Cl, even though the reaction energies are
comparable.

TABLE 1: Selected Geometric Parameters Optimized at the MP2/6-31G** Level of Theory for the Aza-Wittig Reactiona

a Bond lengths in angstroms and bond angles in degrees.

TABLE 2: Changes in Electronic Energies, Zero-Point
Vibration Energy Corrections, Enthalpies, and Gibbs Free
Energies for All Steps in the Aza-Wittig Reactions of
X3PdNH with H 2CdO (X ) Cl, H, and CH3) at 298.15 K
and 1 atma

step 1 step 2

X RC f TS1 RCf INT INT f TS2 INT f PC RCf PC

CH3 ∆E 9.74 -10.10 17.83 -18.47 -28.57
∆EZPV 10.97 -6.67 16.78 -20.68 -27.35
∆H 9.90 -8.00 16.78 -19.30 -27.30
∆G 12.50 -4.63 16.60 -23.22 -27.85

H ∆E 10.56 -18.77 20.95 -8.40 -27.17
∆EZPV 11.56 -14.52 19.76 -10.86 -25.38
∆H 10.63 -16.10 19.71 -9.52 -25.63
∆G 13.04 -11.98 19.70 -13.06 -25.04

Cl ∆E 22.60 -21.04 32.38 -6.20 -27.24
∆EZPV 24.20 -16.63 31.03 -8.65 -25.28
∆H 22.77 -18.31 30.90 -7.39 -25.70
∆G 22.24 -13.52 31.78 -10.63 -24.15

a ∆E, ∆EZPV, ∆H, and∆G are in kilocalories per mole.
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To analyze the substituent effects on the aza-Wittig reaction,
it is necessary to understand how substituents alter the reaction
energies and influence the transition state energies. One useful
approach is to use Marcus theory,27 which was used to analyze
the activation energies of reaction pathways.28 The Marcus
equation is given in eq 3.

where∆Go
q is the intrinsic barrier, representing the barrier of

a thermoneutral reaction.∆Gq and∆G° are Gibbs free energy
changes of activation and reaction of a nondegenerate reaction,
respectively. The third term (∆G°)2/(16∆Go

q) is the correction
factor for nonadditivity of the intrinsic and thermodynamic
effects. Murdoch advocated that the similar expression in eq 4
be applied to the nondegenerate reaction and applied it to some
pericyclic reactions and other chemical processes.29,30

In this study, we used eq 4 to separate the intrinsic and
thermodynamic contribution of substituent effects on the activa-
tion energy of step 1 and step 2 of the X3PdNH + H2CO
(X ) CH3, H, and Cl) reaction. The intrinsic barrier,∆Eo

q, is
calculated using eq 4 with the quantum mechanically calculated
values of activation energy,∆Eq, and reaction energy,∆E°.
Table 4 shows the intrinsic barriers and thermodynamic
contributions for X3PdNH + H2CO (X ) CH3, H, and Cl)
reaction systems. The intrinsic activation energies of step 1 and
step 2 of the parent reaction are 18.77 and 24.97 kcal/mol,
respectively. For step 1, the 12.04 kcal/mol increase in the
activation energy caused by three Cl atoms is mainly due to
the intrinsic factor. There is a 13.49 kcal/mol increase in the
intrinsic barrier, with an only 1.45 kcal/mol increase in
exothermicity by these groups. For the X) CH3 system, the
comparable and opposite contributions of intrinsic (-4.43 kcal/
mol) and thermodynamic (3.60 kcal/mol) lead to a small
decrease in the activation energy of step 1. For step 2, the

intrinsic contribution is also a dominant factor in the activation
energy increase in the X) Cl system. The CH3 group increases
the exothermicity of the reaction by 10.07 kcal/mol, and most
of the reduction of the activation energy comes from this effect.

3.2. Solvent Effects As Determined by Monte Carlo
Simulation. The reaction of H3PdNH with formaldehyde was
studied in water, CH3OH, and THF using the free energy
perturbation method implemented in BOSS 4.2.24 Figure 1
displays the changes in the free energies of solvation over the
course of the reaction in three solvents: water, CH3OH, and
THF. The changes in the free energies of solvation and free
energy changes in the gas phase and in solution for the activation
and reaction procedures of step 1 and step 2 are listed in Table
5. For step 1, the free energies of solvation decrease monotoni-
cally from RC to TS1 and then increase slightly from TS1 to
INT. The differences in the free energies of solvation between
RC and TS1 in water, methanol, and THF are-2.01,-2.17,
and-1.50 kcal/mol, respectively, which indicates that transition
state TS1 is stabilized in three solvents by solvation compared
with RC. The group charges on the H3P group and O change
from 0.574 to 0.580 e and from-0.450 to-0.573 e on going
from RC to TS1, respectively, enhancing the electrostatic
interaction with solvents. Note that the free energy of solvation
is largest in methanol even though the difference is marginal
(0.16 kcal/mol) compared with that in water, suggesting that
the protic polar solvents are more suitable for the aza-Wittig
reaction. For step 2, TS2 is also stabilized more by solvation
than INT in water and methanol, and has free energies of
solvation 2.94 and 2.60 kcal/mol smaller than those of INT,
respectively. On the contrary, the free energy of solvation of
TS2 in THF is 0.47 kcal/mol higher than that of INT, and thus,
TS2 is destabilized slightly by solvation compared with INT in
THF.

TABLE 3: CHELPG Charges of the Reactant Complex and
Changes in Charges∆qq and ∆q° Involved in Step 1 of the
Aza-Wittig Reaction of X3PdNH with H 2CdO (X ) CH3, H,
and Cl) at the MP2/6-31G** Level of Theory (in electronic
charge units)a

X X3P NH CH2 O

CH3 qRC 0.654 -0.633 0.415 -0.436
∆qq 0.167 0.114 0.016 -0.296
∆q° 0.046 0.107 0.109 -0.261

H qRC 0.574 -0.541 0.418 -0.450
∆qq 0.006 0.106 0.010 -0.123
∆q° 0.013 0.092 0.102 -0.208

Cl qRC 0.333 -0.316 0.411 -0.428
∆qq -0.051 0.076 0.042 -0.068
∆q° -0.169 0.137 0.085 -0.052

a ∆qq ) qTS1 - qRC, and∆q° ) qINT - qRC.

TABLE 4: Activation Energies (∆Eq), Reaction Energies (∆E°), Intrinsic Barrier ( ∆Eo
q), and Thermodynamic (∆Ethermo

q)
Contributions as Well as Their Relative Value to the Parent Compound for Step 1 and Step 2 of the Reaction of X3PdNH with
CO (X ) CH3, H, and Cl) (in kilocalories per mole)a

X ∆Eq ∆E° ∆Eo
q ∆Ethermo

q

step 1 CH3 9.74 (-0.82) -10.10 (8.67) 14.34 (-4.43) -4.61 (3.60)
H 10.56 (0.00) -18.77 (0.00) 18.77 (0.00) -8.21 (0.00)
Cl 22.60 (12.04) -21.04 (-2.27) 32.26 (13.49) -9.66 (-1.45)

step 2 CH3 17.83 (-3.12) -18.47 (-10.07) 26.25 (1.28) -8.42 (-4.40)
H 20.95 (0.00) -8.40 (0.00) 24.97 (0.00) -4.02 (0.00)
Cl 32.38 (11.43) -6.20 (2.20) 35.41 (10.44) -3.03 (0.99)

a Values relative to the parent compound are shown in parentheses.

Figure 1. Changes in the free energies of solvation along the reaction
coordinate calculated from Monte Carlo simulations.

∆Gq ) ∆Go
q + 1/2∆G° + (∆G°)2/(16∆Go

q) (3)

∆Eq ) ∆Eo
q + 1/2∆E° + (∆E°)2/(16∆Eo

q) (4)
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For an aqueous solution, the calculated free energies of
activation of step 1 and step 2 by combiningab initio MO
calculation (the MP2/6-31G** level) with Monte Carlo simula-
tion are 11.03 and 16.76 kcal/mol, respectively, which are close
to the results obtained by the SCRF (PCM model) method,20

where the free energies of activation are 10.94 and 18.27 kcal/
mol, respectively. The free energy changes of reaction for step
1 and step 2 are-14.01 and-16.05 kcal/mol, respectively,
and are also consistent with the SCRF results with the free
energy changes of reaction of-13.94 and-16.19 kcal/mol,
respectively. Figure 2 depicts the relative potential energy
profilesEMEP(s) along the minimum energy path (MEP) in the
gas phase and in three solvents (water, methanol, and THF).
From Table 5 and Figure 2, the solvent effects on the H3PdNH
+ H2CO reaction of water and methanol are computed to be
more favorable than that in THF.

Figures 3-5 show the solute-solvent energy pair distribu-
tions for RC, TS1, INT, TS2, and PC of the H3PdNH + H2-
CO system in water, CH3OH, and THF, respectively. The plots
give the number of solvent molecules on the ordinate that

Figure 2. Minimum energy pathEMEP(s) for the aza-Wittig reaction
of H3PdNH with H2CdO in the gas phase and in three solvents (water,
CH3OH, and THF).

Figure 3. Energy pair distributions of the solute-water interaction
for RC, TS1, and INT (a) and for INT, TS2, and PC (b). The ordinate
gives the number of water molecules coordinated with the solute with
the interaction energy shown on the abscissa. The units for they-axis
are the number of molecules per kilocalorie per mole.

TABLE 5: Changes in the Free Energies of Solvation (∆Gsol) and Total Free Energy Differences (∆Gtot) in the Gas Phase and
Solutions for Step 1 and Step 2 of the Reaction of H3PdNH with H 2CO (in kilocalories per mole)

solvent ∆G1,sol
q ∆G1,sol° ∆G2,sol

q ∆G2,sol° ∆G1,tot
q ∆G1,tot° ∆G2,tot

q ∆G2,tot°
gas phase 13.04 -11.98 19.70 -13.06
water -2.01 -2.03 -2.94 -2.99 11.03 -14.01 16.76 -16.05
CH3OH -2.17 -1.51 -2.60 0.87 10.87 -13.49 18.11 -12.19
THF -1.50 -1.60 0.47 1.24 11.54 -13.58 20.17 -11.82

Figure 4. Energy pair distributions of the solute-CH3OH interaction
for RC, TS1, and INT (a) and for INT, TS2, and PC (b). The ordinate
gives the number of THF molecules coordinated with the solute with
the interaction energy shown on the abscissa. The units for they-axis
are the number of molecules per kilocalorie per mole.

Reactions of Iminophosphorane with Formaldehyde J. Phys. Chem. A, Vol. 107, No. 39, 20037949



interact with the solute with the interaction energy shown on
the abscissa. In three solvents, the spikes centered at 0.0 kcal/
mol result from the weak interactions between the solute and
many distant solvent molecules. From Figure 3, for RC in water,
there is a bound group of solvent molecules, which forms a
band from ca.-8.0 to -2.5 kcal/mol. Integration of the
distribution curve for RC up to the end of this band at-2.5
kcal/mol defines 1.54 water molecules that interact with solute.
Integration of the curves for TS1, INT, TS2, and PC until this
limit results in 3.12, 2.47, 3.65, and 3.08 water molecules,
respectively. In CH3OH and THF, integration of the curves up
to the end of the plateaus at-2.5 kcal/mol reveals 1.51, 2.85,
2.22, 2.80, and 2.76 CH3OH molecules and 1.10, 2.09, 1.22,
1.17, and 1.12 THF molecules for these structures as shown in
Figures 4 and 5, respectively. For step 1, the numbers of water
and methanol molecules strongly interacting with solute increase
by 1.58 and 1.34, respectively, on going from RC to TS1, while
the change is only 0.99 in THF. For step 2, from INT to TS2,
the increasing numbers of water and methanol molecules are
1.18 and 0.58, respectively, and the corresponding number in
THF is -0.05. These differences imply that the stabilization of
the transition structure relative to its reactant is different in water,
methanol, and THF. In water and methanol, the better solvation
of the TS can be attributed to a larger increase in the extent of
interaction between solute and solvent molecules, while in THF,
the changes for the interactions with the solvent along the
reaction path are smaller or even negative.

4. Conclusion

The title aza-Wittig reactions of X3PdNH with H2CdO were
studied using theab initio MP2/6-31G** level of theory. The
electron-donating CH3 groups at the P atom accelerate slightly
two elementary steps of this reaction. In contrast, the electron-
withdrawing Cl substituents at the P atom largely increase the
activation barriers of two steps. Obviously, the aza-Wittig
reaction of X3PdNH with H2CdO can proceed more favorably
when X) CH3 and H than when X) Cl in the gas phase. The
effect of subsitituents on the shift of the total equilibrium of
this reaction is negligible.

Relative free energies of solvation to the reactant complex
along the reaction path were calculated using the free energy
perturbation method implemented in Monte Carlo simulations.
In water and CH3OH, two transition states (TS1 and TS2) of
the aza-Wittig reaction were stabilized by solvation. THF
stabilizes transition state TS1 and destabilizes transition state
TS2 slightly. Solute-solvent energy pair distribution analysis
indicates that one to three solvent molecules are in strong
interaction with the solute. The calculated values correctly reflect
the fact that the effects of water and CH3OH are more favorable
than that of THF.
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