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Solvent effects

We have studied how solvation affects the shape of potential
energy surfaces (PES) of archetypal nucleophilic substitution
reactions at carbon (Sn2@C), silicon (Sy2@Si) and phospho-
rus (Sn2@P), using the generalized gradient approximation
(GGA) of density functional theory (DFT) at OLYP/TZ2P. Our
model systems cover nucleophilic substitution, in water and
in the gas phase, at carbon in X~ + CH3Y (Sn2@C), at silicon
in X~ + SiH3Y (Sn2@Si), at tricoordinate phosphorus in X~ +
PR,Y (Sn2@P3), and at tetracoordinate phosphorus in X~ +
POR,Y (Sn2@P4) with substituents R = H, F, Cl, CHz, OCHj.
In the gas phase, particular types of S\2 reactions are charac-

terized by different shapes of reaction profiles, such as
single-, double- and triple-well PESs. The main effect of sol-
vation is to turn the PESs of the Sy2@C but also of Sy2@Si
and SNn2@P into unimodal reaction profiles which lead from
the reactants via one single barrier to the products. The re-
sults are discussed in terms of differential solvation of reac-
tants and transition states. We also address the question how
the relative heights of reaction barriers are affected by sol-
vation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Bimolecular nucleophilic substitution!!! at carbon
(Sn2@C: see Scheme 1, A = C) has been studied exten-
sively, both in the gas phase and in solution.>*] Most of
chemistry occurs in solution. However, by revealing the
intrinsic reactivity of model reactions, it is the gas-phase
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studies that have contributed much to our understanding of
how solvation exactly affects the progress of reactions.

In the absence of solvent, the reaction profile of a typical
Sn2@C model reaction (e.g., CI” + CH;Cl) is a double-well
potential energy surface (PES), involving a reactant com-
plex (RC) and a product complex (PC) separated by a cen-
tral transition state (TS, see Figure 1, a).[?! Solvation causes
this double-well PES to turn into a unimodal PES, with no
(or only weakly pronounced) reactant and product com-
plexes (see Figure 1, d).>3! The mechanism behind this sol-
vent effect on the reaction profile is differential solvation of
reactants and transition state: as the charge in the reactants
is more localized, they are more strongly stabilized than the
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Figure 1. Types of reaction profiles, i.e., energy E vs. reaction coordinate {: (a) double-well, (b) single-well, (c) triple-well, (d) unimodal.
R = reactants, RC = reactant complex, TS = transition state, TC = stable transition complex, PC = product complex, P = products.
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Much less studies have been devoted to understanding
nucleophilic substitution at silicon (Sx2@Si)* and phos-
phorus (Sx2@P)P! and how they are altered by solvation
(see Scheme I, A = Si and P, respectively). The reaction
profile of small (e.g., R = H), archetypal S\2@Si and
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Table 1. Energies (kcalmol ™) relative to reactants of stationary points along the PES of various symmetric S\2 reactions in the gas phase

and in solution.[®!

Gas phasel Solutionl!

No. Reaction Species!®! Shape of PES RC preTS TS/TC TS

1 CI" + CH;Cl 1,2 double well -9.0 - -0.1 19.9
2 Cl" + SiH;Cl 3,4 single well - - -24.4 3.0
3 Cl" + PH,Cl 5,6 single well - - -26.2 0.2
4 CI" + POH,CI 7,8 single well - - -22.3 8.2
5 Cl" + PF,ClI 9,10 single well - - -24.7 5.5
6 Cl" + POF,(Cl 11, 12 single well - - -13.6 20.2
7 Cl- + PCL,CI 13, 14 single well - - -233 6.8
8 CI- + POCI,CI 15, 16 triple well -17.5 -2.0 -8.4 23.8
9 CI- + P(CHj3),Cl 17, 18 triple well -13.0 -12.7 -15.6 8.6
10 CI- + PO(CHj;),Cl 19, 20 double well -16.2 - 5.7 20.7
11 CI- + PO(OCH;),Cl 21, 22 double well -14.1 - 2.5 23.7

[a] Computed at OLYP/TZ2P. [b] See Figure 2 for structures. [c] Data from ref.’¥ [d] Water modeled with COSMO.P! All solution-phase

PESs are unimodal.

Sn2@P reactions in the gas phase is characterized by a
single-well with a stable, hypervalent transition complex
(TC, see Figure 1, b)*! instead of a labile TS which fea-
tures in the corresponding Sx2@C reactions. Interestingly,
the introduction of sterically more demanding substituents
(e.g., R = Cl) causes the appearance of pre- and post-transi-
tion states, separating the stable, hypervalent TC from reac-
tant and product complexes.[*3-32-5b This constitutes a tri-
ple-well PES (Figure 1, c). Eventually, if the steric conges-
tion becomes sufficiently large, pre- and post-barriers can
merge into one central barrier which causes the pentavalent
transition structure to turn from a stable TC into a labile
TS (e.g., R = OCH3). Thus, sterically crowded Sx2@Si and
Sn2@P reactions begin to show Sy2@C-like behavior with
double-well reaction profiles (Figure 1, a).Ma-3a]

Here, we address the question how solvation affects the
reaction profiles of S\2@Si and Sy2@P substitution. Is the
effect of differential solvation similar to the situation
known for Sx2@C? Is it able to smooth out all characteris-
tic features (single-, double- and triple-well shape) of the
Sn2@Si and SN2@P gas-phase potential energy surfaces
and to enforce one common, unimodal appearance of reac-
tion profiles for nucleophilic substitution at each of the
three investigates central atoms? And how are trends in rel-
ative reactivity of Sn2@C, Sn2@Si and S 2@P substitution
influenced by the solvent? To tackle these questions, we
have computationally explored 11 model reactions in water
and in the gas phase (see reactions 1-11 in Table 1). The
model reactions cover nucleophilic substitution at carbon
(Sn2@C), silicon (Sn2@Si), tricoordinate phosphorus
(Sn2@P3) and tetracoordinate phosphorus (Sy2@P4). Our
computations are based on the generalized gradient
approximation (GGA) of density functional theory
(DFT) at OLYP/TZ2P”! This level of theory was pre-
viously shown to agree within a few kcalmol! with
highly correlated ab initio benchmarks.[®! Solvation effects
were treated using the conductor-like screening model
(COSMO).

Our investigations reveal a pronounced differential sol-
vation effect in which reactants are more strongly solvated
than transition states, also for S\2@Si and S\2@P reac-
650
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tions. Interestingly, the solvation energies of reactants are
relatively constant whereas solvation energies in transition
states show more pronounced variations. Thus, in many
cases where solvation changes trends in relative reactivity,
this counteracting solvent effect originates from the transi-
tion states.

Computational Methods

All calculations are based on density functional theory
(DFT)! and have been carried out with the Amsterdam
Density Functional (ADF) program.!'% Geometries and rela-
tive energies of the stationary points along the PESs of our
model reactions as well as vibrational analyses thereof, to
confirm equilibrium structures (no imaginary frequencies)
or transition states (one imaginary frequency), were com-
puted with the generalized gradient approximation (GGA)
of DFT using the OLYP functional which involves the opti-
mized exchange (OPTX) functional proposed by Handy
and co-workers, 72 7% and the Lee—Yang—Parr (LYP) corre-
lation functional.’?l Recently, we have shown that OLYP
agrees within a few kcalmol™! with highly correlated ab ini-
tio benchmarks.®! The molecular orbitals (MOs) were ex-
panded in a large uncontracted set of Slater-type orbitals
(STOs) containing diffuse functions, TZ2P. The TZ2P basis
set is of triple-{ quality and has been augmented with two
sets of polarization functions: 2p and 3d on hydrogen, 3d
and 4/ on carbon, oxygen, fluorine, silicon, phosphorus and
chlorine. The core shells of carbon, oxygen, fluorine (1s),
silicon, phosphorus and chlorine (1s2s2p) were treated by
the frozen-core approximation, that is, they are excluded
from the variational optimization.['%] An auxiliary set of s,
p, d, fand g STOs was used to fit the molecular density
and to represent the Coulomb and exchange potentials ac-
curately in each SCF cycle.[10b-10d]

Solvent effects were taken into account in all condensed-
phase calculations using the COSMO model,”! used ex-
plicitly in the solving of the SCF equations, the optimiza-
tion of the geometry and the vibrational analysis. The sol-
vent radius (R,) for water was taken from experimental data
for the macroscopic density (p) and molecular mass (M)
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with the formula RS = 2.6752-M,,/p, leading to a R, value
of 1.9 A for water; a value of 78.4 was used for the dielectric
constant of water. Atomic radii values were taken from the
MM3 van der Waals radii,l'!! which are available for almost
the whole periodic system, and scaled by 0.8333 (the MM3
radii are 20% larger than the normal van der Waals radii
due to the specific form for the van der Waals energy within
the MM3 force field). The surface charges at the GEPOL93
solvent-excluding surfacel!?l were corrected for outlying
charges. This setup provides a “non-empirical” approach to
including solvent effects with a dielectric continuum, and
works well for solvation processes.'*! The file needed for
including this setup in a COSMO computation with the
ADF program (including all values of the above-mentioned
atomic radii) is provided in Table S1 of the electronic sup-
porting information.

Results and Discussion

The results of our aqueous solution-phase OLYP/TZ2P
computations are collected, together with the correspond-
ing gas-phase data from earlier work,”* in Table 1 and
Table 2 (energies and analyses) and Figure 2 (structures).
Cartesian coordinates for all stationary points in solution
are provided in Table S2 of the electronic supporting infor-
mation.

Our results for the S\2@C reaction of ClI- + CH;Cl
nicely confirm the well-known!?31 switch from a double-well
potential in the gas phase to a unimodal reaction profile in
solution: the overall barrier increases from —0.1 kcalmol !
in the gas phase to 19.9 kcalmol™! in water (see reaction 1
in Table 1). Importantly, solvation also turns the single-well
potential energy surfaces of the corresponding Sn2@Si re-
action of CI + SiH5Cl and that of the S\2@P3 reaction of
ClI" + PH,ClI in the gas phase to unimodal ones in water
(see reactions 2 and 3 in Table 1). Note however that the
solution-phase reaction profiles of reactions 2 and 3 are ex-
tremely shallow. In the case of reaction 2, the D;;, symmet-
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ric transition state 4 is only 3 kcalmol™! above the reactants
ClI" + SiH3CL In this particular case, but in none of the
other solution-phase transition states, this leads to a numer-
ical artefact, namely, a shift of the small imaginary fre-
quency associated with the transition vector of 4 to a
slightly positive value (38 cm™!). In the case of reaction 3,
the C,, symmetric transition state 6 is only 0.2 kcalmol !
above the reactants CI- + PH,Cl. Thus, in aqueous solu-
tion, SN2@Si and S\2@P substitution adopt, just as
Sn2@C, unimodal reaction profiles, be it with far less pro-
nounced maxima than the latter. Still this implies a signifi-
cant differential solvation in which the stabilization of the
Sn2@Si and S\2@P reactants is roughly 27 kcalmol™!
greater than that of the TS.

It was shown previously that the hypervalent transition
structure of SN2@Si or SN2@P reactions is destabilized if
the steric congestion around the central Si or P atom in-
creases.*®331 This trend is in many but not all cases pre-
served. For example, along the series of Sn2@P3 reactions
of CI" + PH,CI, PCIL,Cl and P(CH3),Cl the energy of the
transition species relative to reactants increases, both in the
gas phase (from —26.2 to —23.3 to —15.6 kcalmol™') and in
aqueous solution from 0.2 to 6.8 to 8.6 kcalmol™'; see reac-
tions 3, 7, 9 in Table 1. Note however that while these reac-
tions proceed via a single-well PES in the gas phase, they
have again a unimodal reaction profile in solution.

Likewise, increasing the coordination number of phos-
phorus in the substrate from 3 to 4 raises the energy of the
transition species. Thus, going from the Sy2@P3 reaction
of CI" + PH,Cl to the Sx2@P4 reaction of CI- + POH,CI,
the energy of the transition species increases from —26.2
to —22.3 kcalmol! in the gas phase and from 0.2 to
8.2 kcalmol™! in solution (see reactions 3, 4 in Table 1).

A discrepancy between gas- and condensed-phase trends
arises if we further increase the steric demand of the substi-
tuents around phosphorus along the S\2@P4 reactions of
CI + POH,CI, POCI,Cl, PO(CHj3),Cl and PO(OCH3;),Cl
(reactions 4, 8, 10, 11 in Table 1). In the gas phase, the en-

Table 2. Net solvation energies AE,;, (kcalmol ™), chlorine atomic charge Q¢ (a.u.) and A—Cl distance (A) of individual reactants and

transition states in solution.[!

Reactants(®!

Transition state

No. Reaction AESOIV QCI A-Cl AESOIV QCI A-Cl
- Cr —75.291 —1.000! - - - -

1 ClI" + CH;Cl —0.81 -0.170 1.80 —-56.04 —0.578 2.35
2 Cl" + SiH;Cl -1.28 —0.208 2.09 —49.09 —0.510 2.38
3 Cl" + PH,CI -0.99 —0.185 2.10 —49.92 —-0.524 242
4 Cl" + POH,Cl -9.28 —0.093 2.03 —54.00 —0.474 2.36
5 Cl" + PF,Cl -2.39 —0.146 2.08 —47.48 —-0.517 242
6 Cl" + POF,(Cl —6.35 0.020 1.97 —47.84 —0.380 2.25
7 Cl" + PCL,Cl -0.90 —0.113 2.08 —46.17 —-0.514 2.46
8 Cl" + POCLCI —4.56 —0.008 2.01 —47.64 —0.398 2.32
9 Cl" + P(CH3),Cl1 -1.25 -0.210 2.12 —52.33 —0.542 2.51
10 Cl" + PO(CH;),Cl —-8.66 —0.138 2.07 -57.59 —0.511 2.51
11 Cl" + PO(OCH;),Cl1 —7.06 —0.109 2.05 —61.09 —0.567 2.53

[a] Computed at OLYP/TZ2P. Net solvation energy of species X corresponds to reaction X(g)— X(aq). Q¢ values obtained for X(aq)
with VDD method!'¥ (Q values of the same solution-phase structures but in absence of solvent are only slightly, i.e., 0.00-0.05 a.u. less
polarized and show the same trend; see Table S3 in the electronic supporting information). [b] Values refer to substrate unless stated

otherwise. [c] Values refer to the chloride anion.
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Figure 2. Structures (units A, deg) of stationary points along Sn2 reactions 1-11 in solution (see Table 1). Values in parentheses refer to

corresponding gas-phase geometry.

ergy of the transition species increases monotonically along
this series, from —22.3 to -8.4 to —5.7 to 2.5 kcalmol™! and
the shape of the PES changes from single-well via triple-
well to double-well (compare parts b, ¢, a in Figure 1). In
solution, however, the trend of destabilization occurs only
from CI- + POH,Cl (8.2 kcalmol!) to CI' + POCI,CIl
(23.8 kcalmol™'). Thereafter, along ClI- + POCLCI,
PO(CH3),Cl and PO(OCH;),Cl, the transition species is
slightly stabilized (instead of being further destabilized),
from 23.8 to 20.7 to 23.7 kcalmol ! (see reactions 8, 10, 11
in Table 1).

Interestingly, the solvent-induced change in the trend of
relative energies of transition species appears to originate
from variations in the solvation energies AE,,,, of the tran-
sition species, and not from variations in the much larger
solvation energies of the reactants (see Table 2). We discuss
the set of Sy2@P4 reactions CI- + POCI,CI and ClI° +
PO(CH;),Cl, along which the effect is quite pronounced
(see reactions 8 and 10 in Table 1 and Table 2). Thus, in the
gas phase the transition species is destabilized along this

652 WWW.eurjoc.org
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series by about 3 kcalmol™! whereas in solution it is stabi-
lized by about 3 kcalmol ! (see reactions 8 and 10 in
Table 1).

Inspection of Table 2 shows that here (and also in the
other reactions), the solvation energy of the reactants is
dominated by the large and constant contribution of
—75 kcalmol™! from chloride whereas the solvation energies
of the neutral substrates are small, i.e., -9 kcalmol ! or less,
and variations are therefore also small (ca 8 kcalmol™).
This holds in particular within a structurally related series
such as the example we are discussing here: from reaction
8 to 10, the solvation energy of the substrates POCI,CI and
PO(CHs;),Cl, respectively, becomes only slightly more stabi-
lizing, i.e., AE., goes from —4.6 to —8.7 kcalmol™' (see
Table 2). Note, by the way, that as such this effect would
destabilize the relative energy of the transition species in
solution while it turns out to be stabilized.

Thus, the inversion on the trend must come from the
solvation of the transition species. Indeed, as can be seen
in Table 2, the solvation energies of the transition species

Eur. J. Org. Chem. 2008, 649-654
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AE,,(TS) are smaller than those of the reactants AE,.;,(R)
(differential solvation, vide supra) but the variation in
AE . (TS) along all model reactions is twice as large as
AE,;(R): ca. 15 vs. 8 kcalmol™!. Along the Sy2@P4 reac-
tions 8 and 10, we see that AE;(TS) becomes
10 kcalmol! more stabilizing. This variation in AE,.;,(TS)
overrules the opposite but smaller variation in AE,(R)
and is responsible for the fact that in aqueous solution, the
barrier for the SN2@P4 reaction of CIm + PO(CH;3),Cl is
lower than that for CI" + POCI,CI (see reactions 8 and 10
in Table 1 and Table 2).

Similar inversions in trend from gas to condensed phase,
all caused by counteracting trends in AE,,(TS), can also
be observed for other sets of reactions. This leads to the
interesting notion, already mentioned above and graphi-
cally illustrated by Figure 3, that, although smaller than the
solvation energies of the reactants (cf. differential sol-
vation), the solvation energies of transition states are re-
sponsible in our model reactions for solvent-induced
changes in reactivity trends as compared to the gas phase.

. T weak solvation
strong solvation large variation

little variation -

R TC/TS P

Figure 3. Differential solvation exemplified for gas-phase single-
well PES: reactants are solvated more strongly than transition
states leading to a unimodal PES in solution. But the solvation
energy of transition states shows larger variation from one model
reaction to another.

Finally, we address the question why the solvation energy
of the transition species becomes more stabilizing from re-
action 8 to 10, i.e., from species 16 to 20, in spite of the
fact that we replace the more polar chlorine substituents in
POCI,CI by the larger and less polar methyl substituents in
PO(CHs;),Cl. As pointed out previously, the increased steric
bulk associated with this substitution causes the destabiliza-
tion of 20 relative to 16 in the gas phase. But the increased
steric congestion in 20 also causes the axial P-Cl bonds to
expand by a sizeable 0.2 A, that is, from 2.32 A in 16 to
2.51 A in 20 (see Table 2 and Figure 2). The longer P-Cl
bonds cause an increase in the chlorine atomic charge
(-0.398 a.u. in 16 vs. -0.511 a.u. in 20) and, in addition,
it causes the anionic chlorine atoms to be somewhat more
exposed to the solvent. This in turn enhances the interac-
tion with the solvent which translates into a net stabiliza-
tion of AE.,(TS) from 16 to 20 (see Table 2). Similar
mechanisms can be observed in other sets of reactions that
show a solvent-induced change of the trend in relative sta-
bilities of the transition species.
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Conclusions

Solvation drastically raises barriers and straightens out
all structure from the reaction profiles of the investigated
model S\2@C, Sn2@Si and Sy2@P reactions. In the gas
phase, particular types of Sy2 reactions are characterized
by different shapes of reaction profiles, such as single-,
double- and triple-well PESs which may feature negative
activation energies. Solvation turns the PESs of Sy\2@C but
also of S\2@Si and SN2@P reactions into unimodal reac-
tion profiles which lead from the reactants via one single
barrier, with a positive overall activation energy, to the
products.

Trends that occur along homologous series in the gas
phase are, in some cases, preserved in solution. One exam-
ple is the raise in energy of the transition species that is
generally observed if one goes from the nucleophilic substi-
tutions of CI + PR,Cl (i.e., at a tricoordinate phosphorus:
Sn2@P3) to the corresponding substitution reactions of Cl-
+ POR,Cl (i.e., at a tetracoordinate phosphorus: S\2@P4).

But solvation can also change relative heights in reaction
barriers. Such a change in relative barrier heights is in many
cases caused by trends in the solvation energy of the transi-
tion state, AE,,,(TS), that counteract the trend in gas-phase
barriers. This is interesting because AE,;,(TS) is in general
weaker than the solvation energy of the reactants,
AE,(R). The point is, however, that the variations in
AE.;,(TS) are larger than those in AE,,,(R).

Supporting Information (see also the footnote on the first page of
this article): COSMO settings (including atomic radii), Cartesian
coordinates and energies of all solvated species, and chlorine
atomic charge of selected structures are available as Supporting In-
formation.
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