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Nucleophilic Substitution at Phosphorus

Centers (S\2@P)

Marc A. van Bochove, Marcel Swart, and F. Matthias Bickelhaupt*®

We have studied the characteristics of archetypal model systems
for bimolecular nucleophilic substitution at phosphorus (Sy2@P)
and, for comparison, at carbon (5,2@C) and silicon (Sy2@Si) cen-
ters. In our studies, we applied the generalized gradient approxi-
mation (GGA) of density functional theory (DFT) at the OLYP/
TZ2P level. Our model systems cover nucleophilic substitution at
carbon in X~ + CH;Y (Sy,2@C), at silicon in X~ + SiH;Y (5,2@Si), at
tricoordinate phosphorus in X~ +PH,Y (5,2@P3), and at tetra-
coordinate phosphorus in X~ -+ POH,Y (S\2@P4). The main feature
of going from S2@C to Sy2@P is the loss of the characteristic
double-well potential energy surface (PES) involving a transition
state [X—CH;—Y]~ and the occurrence of a single-well PES with a
stable transition complex, namely, [X—PH,—Y]~ or [X—POH,—Y] .

Introduction A
Bimolecular nucleophilic substi-

tution (Sy2) is ubiquitous in or-
ganic chemistry."’ This holds, in

The differences between S,2@P3 and S,2@P4 are relatively small.
We explored both the symmetric and asymmetric (ie. X, Y=Cl,
OH) S\2 reactions in our model systems, the competition between
backside and frontside pathways, and the dependence of the re-
actions on the conformation of the reactants. Furthermore, we
studied the effect, on the symmetric and asymmetric Sy2@P3 and
S\2@P4 reactions, of replacing hydrogen substituents at the
phosphorus centers by chlorine and fluorine in the model systems
X +PR,Y and X~ + POR,Y, with R=Cl, . An interesting phenom-
enon is the occurrence of a triple-well PES not only in the sym-
metric, but also in the asymmetric Sy2@P4 reactions of X +
POCI,—Y.
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particular, for nucleophilic substi- R RC TS PC
tution at carbon centers (Sy2@C),
which—known for over 100 D
years”—has been the subject of
many experimental® and theo-
retical studies.”’ The nucleophilic
substitution reaction between a
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halide anion and halomethane in R PC
the gas phase is generally used
as an archetypal model for
S\2@C [see Eq. (1)I:

X~ 4+ CH;Y — CH;X + Y™ @ S2@C (1)

This reaction proceeds preferentially through a backside nu-
cleophilic attack of the halide anion at the carbon atom
(Sx2@C), which goes with a concerted expulsion of the leaving
group. A well-known feature of gas-phase S,2@C reactions is
their double-well potential energy surface (PES) along the reac-
tion coordinate®"* shown in Figure 1A for an identity reaction
in which X=Y (e.g. CI” +CH;CI—CH;Cl+ClI"). This PES is char-
acterized by two pronounced minima, associated with the re-
actant and product ion-molecule complexes (RC and PC) that
are interconverted through the transition state (TS) for nucleo-
philic substitution at carbon. In the case of nonidentity reac-
tions in which X#Y (e.g. CI” +CH;Br—CH;Cl+Br"), the shape
of the PES is strongly influenced by the reaction enthalpy. Usu-
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Figure 1. Types of potential energy surfaces (PESs) encountered in Sy2 reactions 1-8. R=reactants, RC =reactant
complex, TS =transition state, TC=stable transition complex, PC = product complex, P = products.
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ally, the central barrier encountered from RC to TS decreases
with increasing exothermicity and eventually disappears com-
pletely for highly exothermic reactions (see Figure 1D).

Whereas the 5,2@C reaction has been extensively studied,
much less investigations, both experimental and theoretical,
have been devoted to studying the nature and mechanism of
gas-phase nucleophilic substitution at other atoms, such as ni-
trogen,”? ¥ silicon” and phosphorus.”™®'" Nucleophilic sub-
stitution at nitrogen centers appears to be very similar to
S\2@C in the sense that it is associated with a double-well PES.
On the other hand, a striking change in the nature of the reac-
tion mechanism occurs for nucleophilic substitution at silicon
and phosphorus atoms. An archetypal model for these reac-
tions, namely, $\2@Si and S,2@P, is the nucleophilic substitu-
tion between a halide anion and a halosilane or halophosphine
[see Eqs. (2) and (3)]:

X~ 4 SiH;Y — SiH,X + Y~ : S,2@Si (2)
X~ 4 PH,Y — PH,X + Y~ : S,2@P3 (3)

Note that this Sy2@P3 reaction is isoelectronic with—and
structurally analogous to—the S2@C and S,2@Si reactions of
Equations (1) and (2), notwithstanding the obvious difference
that the central, electrophilic atom in S2@P3 [Eq. (3)] is tri-
coordinate (which is indicated with an affix “3” in our designa-
tion Sy2@P3) while that in S2@C is tetracoordinate [Eq. (1)].
However, at variance with the latter, the S2@P3 reaction pro-
ceeds via a single-well PES (as shown in Figure 1B), that is, it
proceeds without encountering a first-order saddle point on
the PES along the reaction coordinate.® Thus, the transition
structure [X—PH,—Y]™ of the S2@P3 reactions is not a transi-
tion state (TS) but instead a stable transition complex (TC). This
behavior closely resembles that of nucleophilic substitution at
silicon [Eq. (2)],” and it is also observed in S,2@P4 reactions in-

volving a tetracoordinate central phosphorus atom [see
Eqg. (4):
X~ + POH,Y — POH,X + Y~ : S,2@P4 (4)

One aspect that makes S\2@P reactions particularly interest-
ing is their occurrence in various organic and biological pro-
cesses that involve pentacoordinate phosphorus species."” Yet,
their nature has not been fully understood, in particular,
whether they are stable, intermediate TCs or labile TSs. Recent-
ly, we showed how an increase in the coordination number of
the central atom and the steric demand of the substituents
leads to a stepwise shift of the Sy2@P mechanism of symmetric
reactions (i.e. X=Y) from a single-well potential (with a stable
central TC), which is common for substitution at third-period
atoms, to a triple-well potential (featuring a pre- and post-TS
before and after the central TC), and back to a double-well po-
tential (in which the pre- and post-barriers merge into one
central TS); this double-well potential is well-known for substi-
tution reactions at carbon.®™ Similar results were also obtained
for 5,2@Si reactions.” These results highlight the steric nature
of the S\2 barrier, but they also show how electronic effects
modulate the barrier height.
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Here, we extend our previous work on reactions 1-4 in three
ways: i) we include the asymmetric reactions (X#Y) to probe,
among others, if the phenomenon of triple-well PESs with pre-
and post-transition states may also occur in exothermic or en-
dothermic reactions; ii) we also examine the dependence of
the reactions on the conformation of the reactants; and iii) we
include studies of the frontside S 2@P reaction and other alter-
native pathways and compare these with the regular backside
substitution. We have systematically explored all these issues
in the symmetric and asymmetric S\2@C, S5,2@Si, S2@P3, and
Sn2@P4 reactions of Equations (1)-(8) (with affixes a, b, and ¢
for [X,Y]=[CI,Cl], [OH,OH] and [OH,Cl], respectively).

X~ +PF,Y — PE,X+ Y : S,2@P3 (5)
X~ + POF,Y — POF,X + Y~ : 5,2GP4 (6)
X~ +PCLY — PCLX + Y~ : S,2@P3 7)
X~ + POCL,Y — POCLX + Y~ : S,2GP4 (8)

Our explorations were carried out using the generalized gra-
dient approximation (GGA) of density functional theory
(DFT)" at OLYP/TZ2P™® This level of theory was previously
shown to agree within a few kcalmol™ with highly correlated
ab initio benchmarks.>'4

Interestingly, we can show that a triple-well PES, which fea-
tures a stable pentavalent transition complex that is separated
from stable reactant and product complexes, occurs not only
for the thermoneutral symmetric S,2@P4 reactions but also for
endo- and exothermic asymmetric Sy2@P4 reactions.

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 relative energies of the station-
ary points along the PESs of our model reactions as well as vibra-
tional analyses thereof were computed with the generalized gradi-
ent approximation (GGA) of DFT using the OLYP functional which
involves the optimized exchange (OPTX) functional proposed by
Handy and coworkers,"* and the Lee-Yang-Parr (LYP) correlation
functional.®*? The OLYP functional was shown to lead to major im-
provements with respect to other GGA functionals for describing
chemical reactions." In particular, the notorious underestimation
of activation barriers is dramatically reduced.'*'* ' Recently, we
showed that OLYP agrees, within a few kcalmol™', with highly cor-
related ab initio benchmarks. > '

The OLYP functional was used in our computations in combination
with the TZ2P basis set, which is a large uncontracted set of Slater-
type orbitals (STOs) containing diffuse functions, which is of triple-
C quality and has been augmented with two sets of polarization
functions: 2p and 3d on hydrogen, 3d and 4f on carbon, oxygen,
fluorine, silicon, phosphorus, and chlorine.'®'® Note that no Gaus-
sian basis functionals are involved. The core shells of carbon,
oxygen, fluorine (1s), silicon, phosphorus, and chlorine (1s%s2p)
were treated by the frozen-core approximation."® An auxiliary set
of s, p, d, f, and g STOs was used to fit the molecular density and
to represent the Coulomb and exchange potentials accurately in
each self-consistent field (SCF) cycle."*®® All stationary points were
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confirmed to be equilibrium structures (no imaginary frequencies)
or a transition state (one imaginary frequency) through vibrational
analysis."”

Results and Discussion

The results of our OLYP/TZ2P computations are collected in
Tables 1-4 which contain key geometry parameters and rela-
tive energies. Additional data including Cartesian coordinates
for all stationary points are available in Tables S1-S3 of the
Supporting Information. There is a rich variation in structures,
and Schemes 1 and 2 serve to summarize the required nomen-
clature. Scheme 1 defines the backside (Y~) and frontside leav-
ing group (R,7) and it serves to illustrate the various conforma-
tional variants that are possible if the nucleophile X~ and/or
the leaving group Y~ are constituted by OH™. Scheme 2 pro-
vides generic types of structures as they occur in the backside
S\2 pathways of reactions 1-8 as well as in alternative path-
ways, such as frontside Sy2 in which one of the substituents
(i.e. Ry) act as a frontside leaving group. The various types of
potential energy surfaces (PES) are schematically depicted in
Figure 1.

In the following, we begin with a comparison and evaluation
of the various symmetric and asymmetric backside S\2 reac-
tions (see Tables 1 and 2, Schemes 1 and 2, and Figure 1). Here,
it should be noted that these reactions may proceed via differ-
ent, although closely related, alternative pathways because of
conformational isomerism, in the case that X~ and/or Y~ is hy-
droxide. The conformational isomerism that can (and does)
occur in such instances is illustrated by the Newman projec-
tions in Scheme 1. For clarity, however, we first focus on the
lowest-energy pathway of each of the backside Sy2 reactions.
Later on, we extend our discussion to alternative backside Sy2
pathways, via conformationally different intermediates, as well
as to competing frontside Sy2 processes.

B LY, (oA

R-Z‘R —) backside LG
1

R, R,
frontside LG Ss
side-side
(Rs) (Rs) (Ra)
H|H H
R; R, R, R, R; R,
H HH
uu ud dd
up-up up-down down-down

Scheme 1. Nomenclature for the frontside (affix “-f" in the designation) and
backside (not explicitly indicated) leaving groups and for various conforma-
tions in the case of OH nucleophiles and/or leaving groups (A—R;=C—R;,
Si—Rs, P, or P=0).
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Backside Substitution at Carbon

First, we examine the backside S\,2@C reactions 1a-c. The sym-
metric reactions in which X=Y are both either CI~ (1a) or OH~
(1b) show, in agreement with previous reports,®>* the charac-
teristic double-well PES (see Figure 1A) where the reactant
complex (RC) and the product complex (PC) are separated by a
central barrier (with the TS on top) of about 9 and
16 kcalmol™ for 1a and 1b, respectively (see Table 1). Note
that in the case of X" =0H" (but not for X~ =Cl"), the regular
backside nucleophilic substitution is found to compete with
facile alternative pathways. Notably, a proton transfer occurs
from the substrate to the hydroxide anion; for example, the
most stable encounter complex of OH™+CH;OH is not the
direct precursor of the S\2 substitution reaction, namely, the
reactant complex OH™--CH;OH (i.e. 1bRC at —10.2 kcalmol™":
this is a second-order saddle point on an enforced collinear ap-
proach with X 0O-C-O fixed to 180°), but a methoxide-water
complex (i.e. TbWC at —38.9 kcalmol™' relative to the reac-
tants; structure type Ic in Scheme 2; see also Table S1 of the
Supporting Information) that is formed through spontaneous
proton transfer as OH™ approaches CH;OH at the frontside.

The asymmetric reaction 1c of OH™ + CH,Cl shows a barrier-
less expulsion of the chloride leaving group, if OH™ approaches
the methyl group in a backside fashion within a reactive cone
that is defined by a CI-C—[OH"] angle of approximately
126°,%% thus resulting in a single-well PES (see Figure 1D). The
resulting product complex 1cPC is found at —71.5 kcalmol ™'
relative to the reactants (see Table 1; structure type llid in
Scheme 2). However, if the OH™ ion comes from outside the re-
active cone, for example, in a frontside fashion, a reactant
complex (1cRC’) is obtained at —20.4 kcalmol™' in which a hy-
drogen bond is formed between hydroxide and one of the
methyl C—H bonds (structure type Ib in Scheme 2; see also
Table S1 of the Supporting Information). The reactant complex
1cRC’ is separated from the reactive cone (and thus from
1cPC) by a very small barrier of about 1 kcalmol™', which is as-
sociated with reaching the transition state 1cTS’ (see Table S1
of the Supporting Information).

The change from the typical double-well PES for reactions
1a-b (Figure 1A) to the single-well PES for reaction 1c¢ (Fig-
ure 1D) is driven by a substantial exothermicity of reaction 1c
which overall amounts to —56.5 kcalmol™ (see Table 1). Note
that this is practically identical to the difference in proton affin-
ities, that is, —56.4 kcalmol™',*"" between nucleophile (OH")
and leaving group (CI7). The expelled Cl~ leaving group mi-
grates around the resulting methanol to form the ClI™--HOCH;
product complex (1cPC) in which chloride hydrogen binds by
—15 kcalmol™ to the hydroxy group (structure type llid in
Scheme 2).

In the S2@C reactions involving hydroxide as the nucleo-
phile or the leaving group (i.e. Tb and 1c¢), the orientation of
the OH group(s) in the stationary points associated with the
pathway of the backside attack is in all cases “d” (see
Scheme 1 and Table 2). This appears to be so irrespective of
the initial orientation in the reactants as they approach each
other. Thus, the OH group is always oriented staggered with
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Table 1. Relative energies [kcal mol~"] of stationary points along the PES of the backside S\2 pathways of reactions 1-8.1
No. Reaction Shape of RC preTS TS/TC postTS PC P

the PES®
la Cl~+CH,CI double well (A) —9.02 - —0.14 - —-9.02 0.00
1b OH™+CH,0H double well (A) —10.179 - 6.16 - —10.179 0.00
1c OH™+CH,CI single well (D) - - - - —71.54 —56.51
2a Cl™ +SiH,Cl single well (B) - - —2443 - - 0.00
2b OH™ 4+ SiH;0H single well (B) - - —53.79 - - 0.00
2c OH™+ SiH,Cl single well (B) - - —71.04 - - —60.58
3a ClI~+PH,CI single well (B) - - —26.17 - - 0.00
3b OH™ 4 PH,OH single well (B) - - —40.19 - - 0.00
3¢ OH™ 4 PH,CI single well (B) - - —68.28 - - —58.00
4a ClI~+POH,CI single well (B) - - —22.33 - - 0.00
4b OH™ + POH,0OH single well (B) - - —48.78 - - 0.00
4c OH™ +POH,CI single well (D) - - - - —79.68 —67.52
5a ClI~+PF,Cl single well (B) - - —24.74 - - 0.00
5b OH™ + PF,OH single well (B) - - —45.49 - - 0.00
5c OH™ +PF.CI single well (B) - - —75.87 - - —67.87
6a Cl~ 4+ POF,Cl single well (B) - - —13.62 - - 0.00
6b OH™ + POF,0OH single well (B) - - —54.17 - - 0.00
6¢C OH™ + POF.CI double well (E) - - —73.44 —73.32 —76.13 —72.34
7a ClI~ +PClLCI single well (B) - - —23.27 - - 0.00
7b OH™ + PCI,OH single well (B) - - —51.99 - - 0.00
7c OH™ +PCl,Cl single well (B) - - —75.34 - - —66.71
8a ClI~ +POCLCI triple well (C) —17.48 —2.04 —8.43 —2.04 —17.48 0.00
8b OH™ +POCI,0H triple well (C) —34.48 [d] —58.02¢ [d] —3448 0.00
8¢ OH™ + POCICl triple well (F) —44.71 [d] —70.25 —68.19 —82.28 —70.93
[a] Computed at the OLYP/TZ2P level. See Schemes 1 and 2 for schematic structures and definitions. See Table 2 for geometry parameters. [b] Shape of
the potential energy surface (PES): either single well (no TS), double well (one TS), or triple well (two TS); the PES type, as depicted in Figure 1, is shown in
parenthesis. [c] Labile with respect to forming the water-methoxide complex TbWC (see text). [d] Not found because of a nonconverging SCF procedure.
[e] TC along the enforced backside Sy2@P reaction coordinate 8b with uu configuration (see Scheme 1). This species is, however, a TS for a symmetric
frontside Sy2@P substitution of CI~+ POCI(OH),, thereby leading to the expulsion of CI~.

Scheme 2. Generic structures I-VII of stationary points along backside and alternative frontside Sy2 pathways (the
nucleophile X is represented by red, the leaving group Y is shown in blue, and the frontside leaving group R; is
shown in bold black (A—R;=C—R;, Si—R;, P, or P=0O; R;, R,=H, F, Cl; see also Scheme 1). For the geometry parame-
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ters see Tables 2 and 4.

respect to the methyl C—H bonds (reactions 1b and 1c) and
cis with respect to a second O—H bond (reaction 1b).
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Backside Substitution at
Silicon

As pointed out in the introduc-
tion, the archetypal reactions of
X 4+CH;X and X +SiH;X are
often employed to illustrate how
the reaction profile changes
from a double-well PES, involv-
ing a central TS for substitution
at a second-period atom
(Sy2@CQ), to a single-well PES as-
sociated with a stable TC for
substitution at the third-period
congener (5,2@S).**7 Indeed,
the symmetric X~ +SiH;X reac-
tions 2a and 2b, in which X=Cl
and OH, respectively, have a
single-well PES (see Figure 1B)
with barrierless formation of a
stable central transition complex
(TC) at —24 and —54 kcalmol™
for 2aTC and 2bTC, respectively.
In 2aTC the electronegative sub-

stituents X,Y=Cl occupy the axial positions (type lla in
Scheme 2). In 2bTC, however, the electronegative substituents

X,Y=0H adopt equatorial positions (type Ilb in Scheme 2).

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemphyschem.org

2455


www.chemphyschem.org

PHYS

F. M. Bickelhaupt et al.

Table 2. Geometry parameters [A, degrees] for stationary points of Sy2 reactions 1-8.

Species Type® R; . Conformation' X-A A-Y A-R,® X-R, Y-R,! X-R,f Y-R, X-A-Y
1aRC la H - 3.37 1.84 1.09 3.20 24 3.20 241 180
1aTS lla H - 235 235 1.07 2.59 2.59 2.59 2.59 180
1bRC'Y la H dd 3.24 1.46 1.10 2.99 2.14 3.10 2.06 180
1bTS lla H dd 1.97 1.97 1.08 2.26 2.26 2.21 2.21 184
1cPC lid H d 1.40 3.72 1 2.10 3.73 2.04 4.78 54
2aTC lla H - 2.36 2.36 1.49 2.78 2.78 2.78 2.78 180
2bTC b H Ss 1.74 1.74 1.59 2.31 2.36 2.80 2.80 126
2cTC lla H d 1.77 2.58 1.50 2.50 2.82 237 2.81 184
3aTC lla H - 242 242 1.42 2.75 2.75 - - 172
3bTC(uu) lla H uu 1.92 1.92 1.42 233 233 - - 171
3cTC(u) lla H u 1.79 2.74 1.42 2.36 2.86 - - 171
4aTC lla H - 237 237 1.40 2.61 261 3.05 3.05 156™
4bTC(uu) lla H uu 1.80 1.80 1.42 2.18 2.18 2.26 2.26 166
4cPC(u) lllb H u 1.65 3.57 1.45 241 2.16 2.58 4.67 103
5aTC lla F - 2.40 240 1.62 291 291 - - 182
5bTC(dd) lla F dd 1.80 1.80 1.69 244 244 - - 177
5¢TC(d) lla F d 1.71 2.72 1.64 245 3N - - 182
6aTC lla F - 227 2.27 1.60 2.70 2.70 2.84 2.84 168
6bTC(uu) lla F uu 1.73 1.73 1.64 232 232 2.10 2.10 170
6¢TC(u) lla F u 1.69 244 1.60 234 2.74 2.22 2.88 169
6c-postTS(u) llla F u 1.64 3.23 1.56 241 3.16 242 343 165
6cPC(u) lllc F u 1.58 4.07 1.56 248 3.77 2.60 5.53 58
7aTC lla Cl - 242 242 2.11 3.32 3.32 - - 192
7bTC(dd) lla Cl dd 1.75 1.76 2.29 2.77 2.77 - - 171
7cTC(d) lla Cl d 1.70 2.71 2.15 2.85 347 - - 188
8aRC Ib Cl 4.80 2.09 2.06 2.74 3.32 5.64 297 107
8a-preTS la Cl - 3.27 2.12 2.03 344 3N 345 2.89 170
8aTC lla Cl - 2.30 2.30 2.10 3.04 3.04 2.84 2.84 170
8bRC(uu) Ib cl uu 4.31 1.65 2.14 217 3.01 5.17 249 103
8bTC(uu)? lla Cl uu 1.71 1.71 2.19 2.69 2.69 2.12 2.12 167
8cRC(u) Ib Cl u 4.28 2.15 2.18 2.10 3.52 5.05 2.99 110
8cTC(u) lla cl u 1.70 2.39 2.13 2.69 3.07 2.18 2.85 169
8c-postTS(u) llla cl u 1.66 3.09 2.05 2.76 3.36 2.34 3.29 170
8cPC(u) b Cl u 1.63 4.88 2.02 2.88 2.86 2.52 5.76 102
[a] Computed at the OLYP/TZ2P level. See Table 1 for relative energies. [b] Generic types of stationary points (see Scheme 2). [c] See Scheme 1 for a per-
spective that defines R, and R,. [d] Orientation of hydroxyl protons: u=up, d=down, s=sideways (see Scheme 1). [e] A-R, may differ from A-R, if X~ or Y~
interact only with R,. [f] For X, Y=0H, the shortest [OH]-R distance is given, that is, either O-R or H-R. [g] Labile with respect to the formation of the wa-
ter-methoxide complex TbWC (see text). [h] This value was previously published (erroneously) to be 114° (see ref. [8a]). [i] See footnote “e” of Table 1.

The reactants OH™ +SiH;OH of the symmetric S2@Si reac-
tion 2b can also combine and form, via barrierless proton
transfer, a water complex SiH;07-+H,0 (2bWC) which is about
5 kcalmol™ more stable than the TC (structure type Ic in
Scheme 2; see also Table S1 of the Supporting Information).
This behavior resembles that of the corresponding S,2@C reac-
tion 1b of OH™ +CH;OH (see above). A difference with the
Sn2@C reaction is however that 2bWC is only formed if hydrox-
ide approaches silanol at the hydroxy side, whereas 1TbWC is
formed spontaneously in any (unconstrained) encounter of
OH~ and CH;OH, no matter if hydroxide starts its approach
from the methyl or the hydroxy side of methanol.

The asymmetric S,2@Si reaction 2¢ of OH™ +SiH;Cl is again
associated with a single-well PES featuring a stable TC (2cTC)
at —71 kcalmol™ (see Table 1). The exothermicity of the reac-
tion is substantial and amounts to —61 kcalmol™'. The fact
that we deal with a pentavalent TC, 2cTC, (Figure 1B) rather
than with an asymmetric product complex, which results from
a barrierless expulsion of the CI~ leaving group (Figure 1D), be-
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comes clear if we carefully examine the key geometry parame-
ters in Table 2: the O-Si and Si—Cl distances of 1.77 and
2.58 A, respectively, may suggest—at first sight—that we have
a PC with an expelled CI”~ leaving group. However, comparison
with the corresponding O-Si distance in 2bTC (1.74 A) and the
Si—Cl distance in 2aTC (2.36 A) shows that the values in the
asymmetric 2cTC only moderately deviate from those in a sym-
metric pentavalent TC (see Table 2 and structure type lla in
Scheme 2). The species 2cTC can either dissociate directly to
the products SiH;OH + CI~ or rearrange into a stable alternative
product complex in which chloride forms a hydrogen bond
with the hydroxyl group of silanol (see 2cPC-alt in Table S1 of
the Supporting Information).

In the S\2@Si reactions involving hydroxide as the nucleo-
phile or the leaving group (i.e., 2b and 2c), the OH group(s) in
the transition complex only adopt one conformation, irrespec-
tive of the initial orientation in the reactants, as they approach
each other, namely, “ss” for 2bTC and “d” for 2cTC (see
Scheme 1 and Table 2). Thus, the OH groups in 2bTC are ori-
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ented parallel to two of the Si—H bonds (those which have
adopted axial positions, see above), whereas the OH-group
conformation in 2cTC is staggered with respect to the silyl Si—
H bonds. The situation in the S,2@Si reactions 2b and 2c,
where only one conformation of OH groups exists in the sta-
tionary points, resembles the behavior in the corresponding
S\2@C reactions 1b and 1c.

Backside Substitution at Phosphorus

The symmetric nucleophilic substitutions at tricoordinate
(SN\2@P3, reactions 3a and 3 b) and tetracoordinate phosphorus
(S\2@P4, reactions 4a and 4b) proceed via the barrierless for-
mation of a hypervalent transition complex in a single-well
PES, much like the corresponding Sy2@Si reactions 2 (see
Table 1 and Figure 1B). This similarity between the PESs of
S\2@P and S\2@Si agrees well with previous reports from our
group and from other researchers.”! However, we also find a
new feature in the Sy2@P reactions, namely, the existence (for
a given set of reactants) of multiple pathways which differ
from each other in the OH-group conformation (see below).

The symmetric S\2@P3 reactions 3a and 3b yield the transi-
tion complexes 3aTC and 3bTC(uu)—both with a structure
type lla—at —26.2 and —40.2 kcalmol™', respectively (see
Scheme 2 and Table 1). Note that the transition complex
3bTC(uu) of the reaction between OH™ and 3bR(u) (i.e. PH,OH
with OH “up”, see Scheme 1) is associated with the lowest
energy but is not the only pathway. Alternative pathways exist,
with the OH-group conformations “ud” and “dd” and the tran-
sition complexes 3bTC(ud) and 3bTC(dd), which are slightly
higher in energy, that is, by 1.2 and 2.4 kcalmol™", respectively,
than 3bTC(uu) (see Table S1 of the Supporting Information).

By introducing the phosphoryl oxygen, that is, by going
from the S\2@P3 reactions 3a and 3b to the corresponding
S\2@P4 reactions 4a and 4b, transition complexes are ob-
tained that are slightly destabilized (by 4 kcalmol™) in the
case of 4aTC and stabilized (by 9 kcalmol™") in the case of
4bTC(uu) (see Table 2; structure type lla in Scheme 2). The
slight destabilization of 4aTC relative to 3aTC is ascribed to
the higher extent of steric crowding associated with going
from tetracoordination in the latter to pentacoordination in
the former transition complex (see ref. [8al). The higher extent
of steric congestion in reactions 4a and 4b is also suggested
by the somewhat smaller X-P-Y angles in 4aTC and 4bTC(uu)
(156 and 166°) compared to those of 3aTC and 3bTC (172 and
171°, respectively, see Table 2).

The stabilization (by 9 kcalmol™") of 4bTC(uu) relative to
3bTC(uu) can be ascribed to the formation of hydrogen bonds
in the former between the phosphoryl oxygen and each of the
two OH groups pointing “up”, that is, towards this negatively
charged oxygen atom (see Scheme 1). Interestingly, the energy
rises only about 1 kcalmol™ upon going to the 4bTC2(ss) con-
former in which the OH groups are oriented sideways, pointing
toward the same hydrogen substituent at the phosphorus
center (structure type llb in Scheme 2; see also Table S1 of the
Supporting Information). This result suggests dihydrogen
bonding (DHB)*? in 4bTC2(ss) between the protonic hydrogen
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in the OH groups and the (slightly) hydridic hydrogen substitu-
ent at the phosphorus center. We note that 4bTC2(ss) occurs
as an intermediate in side reactions of the backside S,2@P4
process 4b (see below; see also Tables 3 and 4).

Also, the asymmetric Sy2@P reactions 3¢ and 4c both pro-
ceed via single-well PESs, but the character of the equilibrium
structure in the potential energy well of OH™ + PH,Cl (S,2@P3,
reaction 3 ¢) differs from that of OH™+POH,Cl (S,2@P4, reac-
tion 4¢). In the former, we have a hypervalent transition com-
plex 3¢TC(u) at —68 kcalmol™', with O-P and P-Cl bond distan-
ces of 1.79 and 2.74 A, respectively (see Figure 1B; structure
type lla in Scheme 2), that is, only slightly contracted and ex-
panded, respectively, compared to the corresponding values in
3bTC(uu) and 3aTC (see Tables 1 and 2). This resembles the
nature of the corresponding S,2@Si reaction 2c¢ of OH™ +
SiH,Cl (see above). Dissociation of 3¢TC(u) leads to the forma-
tion of the products 3cP(u)+Cl~, that is, PH,OH with OH in
the “up” conformation (see Scheme 1). Overall, reaction 3¢ is
exothermic by —58 kcalmol™ (see Table 1).

On the other hand, the asymmetric Sy2@P4 substitution of
OH™ +POH,CI (reaction 4c¢) shows a barrierless expulsion of
the chloride leaving group, if the OH™ ion approaches the
POH, group in a backside fashion within a reactive cone that is
defined by a CI-P—[OH"] angle of roughly 97°,%” thus resulting
in a single-well PES (see Figure 1D). The resulting product
complex 4cPC(u) is found at —80 kcalmol™’ relative to the re-
actants and contains a hydrogen bond between CI~ and a P—H
bond, namely, CI™--H—P(O)(OH)H (see Figure 1D; structure type
lllb in Scheme 2; see also Tables 1 and 2). However, if the OH™
species approaches from outside this reactive cone, for exam-
ple, in frontside fashion, a spontaneous proton abstraction
from POH,Cl takes place, with formation of the H—-O—
H--"POHCI water complex 4cWC at —73.8 kcalmol™" (structure
type VIl in Scheme 2; see also Table S1 of the Supporting Infor-
mation). The absence of a transition complex and the sponta-
neous formation of a product complex 4cPC(u) resembles the
situation of the corresponding S,2@C reaction 1¢ of OH™ +
CH;Cl (see above), which also proceeds via an asymmetric
single-well PES (as shown in Figure 1D). Dissociation of
4cPC(u) leads to the products 4cP(u)+Cl~, that is, POH,OH,
with OH in the “up” conformation (see Scheme 1). Overall, re-
action 4c is exothermic by —67.5 kcalmol™' (see Table 1).

Chlorine-Substituent Effects on S2@P

As pointed out above, the introduction of an extra (oxygen)
substituent at the phosphorus center, from the tetracoordinate
3aTC to the pentacoordinate 4aTC, causes a slight destabiliza-
tion (of about 4 kcalmol™) of the transition complex, which is
caused by an increase in steric congestion (see Table 1 and
ref. [8a]). Likewise, replacing the hydrogen atoms on the phos-
phorus center by the more bulky chlorine atoms, from the tet-
racoordinate 3aTC to the pentacoordinate 7aTC, destabilizes
the transition complex again by a comparatively small amount
(ca. 3 kcalmol™', see Table 1). In line with the increased steric
demand of the chlorine substituents, the X-P-Y angle increases
from 172° in 3aTC (i.e. axial nucleophile and leaving group
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slightly pointing down to the equatorial hydrogen substitu-
ents) to 192° in 7aTC (i.e. axial nucleophile and leaving group
slightly pointing up, away from the equatorial chlorine sub-
stituents; structure type lla in Scheme 2; see also Table 2).

More drastic changes occur from the symmetric S,2@P3 re-
action 3a of CI~+PH,Cl to the S2@P4 reaction 8a of Cl™+
POCI,Cl, along which both the coordination number at the
phosphorus center and the steric bulk of the substituents R,
and R, increase (see Scheme 1). Thus, if we go from 3aTC to
8aTC, the transition complex is significantly destabilized (by
about 18 kcalmol™', see Table 1). The X—P—Y angle remains es-
sentially unchanged (it varies from 172 to 170°), in line with
the more evenly distributed rise in steric demand around the
central phosphorus atom (structure type lla in Scheme 2; see
also Table 2). In addition, the nucleophile and leaving group
must now penetrate a steric barrier provided by the three sub-
stituents before they can bind to or leave the central phospho-
rus atom (see below). This gives rise to a qualitative change in
the character of the reaction profile from a single- to a triple-
well PES (see Figure 1B,C). The latter PES features steric pre-
and post-transition states (8a-preTS and 8a-postTS at
—2.0 kcalmol™, structure types la and llla, respectively) that
separate the stable transition complex 8aTC (at
—8.4 kcalmol™, structure type lla) by a barrier of 6.4 kcalmol™
from the more stable (by 9.1 kcalmol™) reactant and product
complexes 8aRC and 8aPC (found at —17.5 kcalmol™', struc-
ture types Ib and llib; see Tables 1 and 2, and Scheme 2). Note
that there is how an intrinsic barrier of more than 15 kcalmol™'
associated with reaching the transition complex from the reac-
tant complex (see Table 1).

Also, in the case of the symmetric S\2@P4 reaction 8b of
OH™ +POCI,0OH, a triple-well PES occurs as a result of the in-
creased steric congestion around the central phosphorus atom
(see below). Here, however, the reactant and product com-
plexes 8bRC(uu) and 8bPC(uu) (at —34.5 kcalmol™', structure
types Ib and lllb) as well as the transition complex 8bTC(uu)
(at —58.0 kcalmol™', structure type lla) are significantly more
stable than in the reaction 8a of ClI”+POCI,Cl (see Tables 1
and 2, and Scheme 2). This holds, in particular, for 8bTC(uu),
which is even more stable than the reactant complexes, at var-
iance with the situation for 8aTC. The enhanced stability of
8bTC(uu) can be largely ascribed to the two hydrogen bonds
between the phosphoryl oxygen and the two OH groups that
are pointing “up” and towards this oxygen atom (see
Scheme 1). This intramolecular hydrogen bonding is similar to
that in 4bTC(uu).

However, unlike the other stationary points, 8bTC(uu) is
stable only along an enforced backside-Sy2 reaction coordinate
8b. This species is, in fact, labile with respect to the expulsion
of a chloride anion and corresponds to the transition state for
the frontside S,2@P4 reaction of ClI~+PO(OH),Cl (designated
by S\2@P4-f) shown in Equation (9):

CI™ + PO(OH),Cl — CIPO(OH), + CI~ : Sy2@P4-f (9)

Note that this implies that when proceeding from the reac-
tants OH™ 4+ PO(ClI),0OH and approaching the saddle point of
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8bTC(uu), the process will deviate from the straight backside
S\2@P4 path of reaction 8b and enter into the channel of reac-
tion 9, thus leading to the same products as the latter. Overall,
this yields the frontside S\2@P4-f reaction shown in Equa-
tion (10):
OH™ + PO(Cl),0H — CIPO(OH), + CI~ : Sy2@P4-f (10)
Next, we address the question whether the triple-well char-
acter of the PES (see Figure 1C) is robust towards introducing
an asymmetry by making the reaction exothermic. In the case
of the S,2@C reactions 1, for example, we have seen how a
central barrier of 9 kcalmol™" can disappear if we go from the
thermoneutral  reactionl1a of CI"+CH;CI to the
(=57 kcalmol™") exothermic reaction 1c of OH™+CH,Cl (see
above). Likewise, if we go from the symmetric, thermoneutral
S\2@P4 reaction 8a of ClI”+POCILCl to the asymmetric reac-
tion 8¢ of OH™ + POCI,Cl, we introduce an even larger exother-
micity of —71 kcalmol™' (see Table 1). Interestingly, although
the reaction profile becomes asymmetric, the triple-well nature
of the PES is preserved, that is, we go from the PES-type in Fig-
ure 1C to that in Figure 1F. Thus, we have a reactant complex
8cRC(u) at —44.7 kcalmol™ (structure type Ib), a stable transi-
tion complex 8cTC(u) at —70.3 kcalmol™' (structure type lla),
and a product complex 8cPC(u) at —82.3 kcalmol™ (structure
type llib), which are separated from each other by a pre- and a
post-transition state (see Table 1 and Scheme 2). The pre-transi-
tion state could not be optimized because of a nonconverging
SCF procedure. However, the post-transition state 8c-postTS(u)
is found at —68.2 kcalmol™" (structure type llla), which corre-
sponds to a barrier of 2.1 kcalmol™ for going from the transi-
tion complex to the product complex (see Table 1).

Fluorine-Substituent Effects on S,2@P

The origin of the chlorine-substituent effects discussed in the
preceding section is primarily the larger steric demand of the
chlorine atoms compared to that of the hydrogen atoms. This
is consistent with the observed occurrence of steric pre- and/
or post-barriers around the stable transition complex in reac-
tions 8 in which both the coordination number and the steric
size of the substituents R, and R, are the largest. Furthermore,
the steric origin of such features on the PES has previously
been revealed explicitly through activation-strain analyses®”
along the series of the symmetric reactions of ClI~+CH;Cl (1a),
ClI™ +SiH;Cl (2a), CI" +PH,Cl (3a), CI” +POH,CI (4a), and CI" +
PO(CH,),Cl (not included in the present set of model reaction-
5).7a8a

Yet, the increase in electronegativity from R;, R,=H to Cl is
likely to have interfered (e.g. through inductive mechanisms)
with the steric effects and thus have affected the net result. It
is difficult to separate the two effects. To shed some light on
how electronegativity influences the observed changes in the
reaction profiles, we have compared chlorine with fluorine sub-
stitution. Fluorine is also larger than hydrogen, although not as
much as chlorine, but it is significantly more electronegative
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than the latter. Thus, steric effects will be smaller for fluorine
whereas electronegativity effects are amplified to a maximum.

First, we focus on the trend in stability of the transition com-
plexes in the symmetric S\2@P4 reactions with X, Y=CI: fluo-
rine substitution, that is, on going from 4aTC (at —22.3 kcal
mol™") to 6aTC (at —13.6 kcalmol™"), a destabilization of the
transition complex (by 9 kcalmol™', see Table 1) is observed.
This is still significant but clearly less than the corresponding
destabilization (by 14 kcalmol™) associated with chlorine sub-
stitution from 4aTC to 8aTC. Thus, when going from reactio-
n 8a (i.e. Cl substitution) to reaction 6a (i.e. F substitution), the
transition complex is stabilized by 5 kcalmol™. In addition, and
more strikingly, the pre and post-barriers disappear from reac-
tion 8a to reaction 6a. This remains so also in reaction 6b of
OH™ +POF,0H, which features a stable transition complex
6bTC(uu) that is strongly stabilized by two intramolecular hy-
drogen bonds (see Table 1). This is very similar to the situation
for 8bTC(uu) (which, as we recall, is labile with respect to the
expulsion of a chloride substituent). Apparently, the higher
electronegativity of fluorine relative to chlorine substituents
does not make up for the somewhat reduced steric bulk in the
former. These results support a more prominent role of the
steric factors over the electronegativity ones in causing the pre
and post-barriers observed upon H/Cl substitution.

With one interesting exception, the above situation is similar
for the asymmetric Sy2@P4 reactions. If we go from reac-
tions 8¢ (i.e. Cl substitution) to the corresponding asymmetric
S\2@P4 reaction 6 ¢ (i.e., F substitution), the pre-barrier disap-
pears (see Tables 1 and 2). Note, however, that the post-barrier
remains intact, although it has been reduced to only
0.1 kcalmol™". This yields a double-well PES, as shown in Fig-
ure 1E. In the initial product complex 6cPC(u), the expelled CI~
leaving group coordinates to the hydroxy oxygen and the fluo-
rine substituents, collinear with the P=0 bond (structure type
llic in Scheme 2). Product complex 6cPC(u) is only weakly
bound (by —3.8 kcalmol™) regarding its dissociation into the
final products POF,0H+Cl™ (see Table 1). Alternatively, it may
rearrange to form a more stable complex, 6¢cPC(u)-alt, in which
Cl~ forms a hydrogen bond of —37.0 kcalmol™' with the OH
group (POF,0—H---Cl~, structure type llid in Scheme 2; see also
Table S1 of the Supporting Information). This supports, again, a
more prominent role of the steric factors in causing the pre-
and post-barriers and thus the triple-well PES.

Effect of the Hydroxy Conformation on S,2@P

The OH groups in the S\2@P3 and S2@P4 reactions involving
hydroxide as the leaving group and/or nucleophile can, as al-
ready mentioned above, adopt different orientations. In
most—but not all—cases, these orientations can give rise to
different stable conformers and thus to different pathways (see
Scheme 1). So far, we have focused on the lowest-energy path-
ways corresponding to stationary points with the most stable
conformations. Here, we briefly discuss the other conformers
that constitute the higher-energy pathways.

We begin with the S,2@P3 reactions. For reaction 3b of
OH™ + PH,OH, the most stable transition complex is 3bTC(uu),
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that is, both O—H bonds pointing “up” (see Scheme 1). Switch-
ing one or both OH groups downwards, that is, going from
3bTC(uu) to 3bTC(du) and finally to 3bTC(dd), leads in each of
the two steps to an energy rise of 1.2 kcalmol™' (see Table S1
of the Supporting Information). This is ascribed to an increase
in the steric repulsion between the O-H and P—H bonds (see
ref. [24]). On the other hand, for the S,2@P3 reactions 5b and
7b, the most stable conformation is with the O—H bonds
pointing downwards, that is, towards the electronegative fluo-
rine and chlorine substituents, respectively. This is ascribed to
the possibility to form intramolecular hydrogen bonds of the
type O—H--R with R=F or Cl. Thus, when switching one or two
OH groups upwards along 5bTC(dd), 5bTC(ud), and 5bTC(uu),
the energy of the transition complex goes up by 1.5 and
1.6 kcalmol™, respectively (see Table S1 of the Supporting In-
formation).

Interestingly, 7bTC(dd) is the only stable conformer for the
transition complex resulting from OH™+ PCL,OH. Thus, the reg-
ular backside S2@P3 reaction 7b only occurs if OH™ is orient-
ed “d” as it approaches PCl,OH. Alternatively, if OH™ ap-
proaches in a “u”-oriented fashion (and/or if the substrate itself
is in the “s” conformation 7bR(s) which is 2.8 kcalmol™" above
7bR(d), see Table S1 of the Supporting Information), a chloride
substituent acts as a leaving group and is spontaneously ex-
pelled. This corresponds overall to a barrierless frontside
Sn2@P3 reaction, designated by S,2@P3-f [Eq.(11); see also
entry 7b” in Table 3):

OH™ + PCl,OH — PCI(OH), + CI~ : Sy2@P3-f 11)

This process leads initially to a very stable PCI(OH),~Cl™
complex, 7bPC(n’)-f (at —100.2 kcalmol™', see Table 3), in
which the PCI(OH), unit binds dihapto, that is, through its two
O—H bonds, with Cl~ (structure type Vb in Scheme 2). Overall,
reaction 11 is —64.2 kcalmol™' exothermic (see Table S1 of the
Supporting Information). The same overall transformation can
also proceed via the stable transition complex 7bTC(dd) (struc-
ture type lla in Scheme 2), but proceeding from the latter, a
small barrier of 0.3 kcalmol™' (provided by 7bTS(dd)-f, see
Table S1 of the Supporting Information) must be surmounted
before the chloride leaving group can be expelled.

In the Sy2@P4 reactions 4b, 6b, and 8b, the most stable ori-
entation for the O—H bonds is “u” because of the intramolecu-
lar hydrogen bonds with the phosphoryl oxygen atom. In fact,
for S\2@P4 reaction 4b of OH™ +POH,OH, the only stable tran-
sition complex is 4bTC(uu) (structure type lla in Scheme 2). All
other conformations reorient spontaneously to the one in this
transition complex. On the other hand, for reactions 6b and
8D, other conformations have been found with either one or
two O—H bonds pointing “down”. Thus, switching one or both
OH groups downwards, that is, going from 6bTC(uu) to
6bTC(du) to 6bTC(dd), causes the energy to increase first by
23 kcalmol™ and then by another 2.6 kcalmol™ (see
Scheme 1 and Table S1 of the Supporting Information).

In the case of the transition complexes 5bTC(dd), 6bTC(uu),
and 7bTC(dd), we note that interchanging axial (i.e. X=Y=
OH) and equatorial positions (i.e. R,=R,=F, F and Cl respec-
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- i ; exothermic ~ (—2.8 kcalmol™),

Table 4. Geometry parameters [A, degrees] of selected stationary points of the frontside S\2@P process and d v th |
other alternative pathways to reactions 3-8, with OH™ as the nucleophile.” and not exactly thermoneutra

as the backside S,2@P3 reac-
Species Type" R;,. X-P P-y PR, P-R,“ X-R," X-P-Y tion 7b, because the substrate
3bTS(uu)-f v H 1.69 1.69 4m 1.42 5.23 104 of reaction 7b’ is in a conforma-
3bPC-f VI H 1.54 1.74 4.16 1.51 0.75 (2.52) 106 tion that is hlgher in energy (ex_
4bTS1(ss)-f lla H 1.78 1.78 1.46 1.43 215 143 .

actly by the above-mentioned
4bTC2(ss)-f Ilb H 1.73 1.73 1.50 1.44 1.98 120 y by .
4bTS2(ss)- Y H 165 165 2.09 143 170 14 amount of 2.8 kcalmol™) than
4bPC-f Vi H 1.51 1.69 454 1.44 0.75 (2.95) 106 the ground-state conformation.
5bTS(dd)-f [\ F 1.72 1.72 2.05 1.67 1.87 146 In conclusion, the SNZ@P3
5bPC-f Vi F 1.54 1.69 3.59 1.69 1.02 (1.44) 105 . . .

and S\2@P4 reactions involvin
6bTS(uu)-f v F 159 1.60 3.02 1.56 2.85 110 N ] 9
6bPC-f Vi F 1.50 1.65 373 1.62 0.98 (1.54) 108 hydroxide as the leaving group
6cTS1(s)-f lla F 1.69 232 1.67 1.63 2.15 149 and/or nucleophile can, de-
6cTC2(s)-f llb F 1.65 2.15 1.77 1.67 1.93 115 pending on the orientations of
6CTS2(s)-f I\ F 1.60 2.09 2.13 1.64 1.52 12 .

the O—H bonds, proceed via
6cPC-f Vi F 1.50 2.1 3.85 1.61 0.97 (1.60) 107 X P
7bTS(dd)-f v a 173 173 244 226 255 165 parallel backside Sy2 pathways
7bPC(n?)-f Vb cl 1.61 1.61 3.70 223 2.03 (1.02) 104 that are 1 to 5 kcalmol™" above
7bTC-alt llb Cl 1.66 1.66 247 247 235 104 the |Owest_energy pathway’ or
7bTS-f/alt I\ cl 1.66 1.66 2.64 235 2.25 104 . .

they may deviate into alterna-
7bPC(n')-f Va a 157 1.66 3.85 2.23 1.68 (1.13) 101 . y may o
8bPC(n')-f Va al 151 1,63 3.89 212 149 (131) 107 tive mechanistic pathways (e.g.
8bTS(n'/m)-f Va a 1.54 1.63 3.75 2.08 1.63 (1.16) 109 reaction 7b which is redirected
BbPC(T]Z)-f Vb Cl 1.58 1.58 3.60 2.10 1.98 (1.02) 107 toward reaction 11 )‘
8cTS(s)-f I\ cl 1.69 2.36 2.18 2.13 2.72 163
8cPC-alt llle cl 1.50 2.10 4.09 2.10 1.39 (1.50) 107
[a] Computed at the OLYP/TZ2P level. See Table 3 for r.elatlve eneli'gles. [b] Generic tyPes of stationary p0|r1ts Frontside S,2@P and Other
(see Schemes 1 and 2). [c] See Scheme 1 for a perspective that defines R, and R,. [d] Distance to the frontside . L.
leaving group R;. [e] Distance to the nonleaving R,. [f] Shortest distance between X (=OH) and R,. For product Alternative Elimination
complexes, the O—H distance in X (=OH) is shown in parentheses to indicate whether a proton-transfer has oc- Pathways
curred.

tively), that is, going from structure type lla to llb in Scheme 2,
causes a substantial stabilization of —-14, —12, and
—34 kcalmol ™, respectively (see 5bTC-alt, 6bTC-alt, and 7bTC-
alt in Table S1 of the Supporting Information). These species
are, however, not located directly on the routes of the S,2@P
pathways that start from reactants in their most stable confor-
mation. Instead, they may proceed from the substrate in a
higher energy conformation.

We have fully explored such pathways for the case of an
OH™ ion attacking the neutral molecule 7bR(s), in which the
OH group of PCLLOH is oriented sideways instead of down-
wards, as in the more stable (by —2.8 kcalmol™) 7bR(d) spe-
cies (see Table 3 and Scheme 1). This gives rise to the following
alternatives to the back- and frontside channels of reaction 7b
(see Table 3): i) the stable 7bTC-alt species is formed in reac-
tions 7b" in which 7bR(s) is attacked by an “s"-oriented OH™
ion that points to a direction opposite to that of the OH group
in the substrate; i) the product complex 7bPC(n?)-f (structure
type Vb in Scheme 2) is formed in reaction 7b"” which covers
all other orientations of the incoming OH™ species. The transi-
tion complex 7bTC-alt of reactions 7b’ can either dissociate
into the backside Sy2@P3 products 7bP(d)+OH™ (this is a
nearly, but not exactly, thermoneutral process), or into the
frontside S\2@P3-f products 7bP-f/alt+ Cl~ (this is an exother-
mic process involving an energy of —67.1 kcalmol™, see
Table 3). Note that the backside S\2@P3 reaction 7b’ is slightly
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We have discussed the regular
backside S\2@P pathways 3-8
of our model reaction systems,
the substituent effects thereon,
and the dependence of the reactions on OH-group conforma-
tions. In some of the hydroxide-induced processes, we encoun-
tered competing reaction channels leading to the frontside
S\2@P process in which one of the substituents R plays the
role of the leaving group. This has prompted us to carry out a
more systematic study of the front- versus backside S2@P
competition for reactions 3b-8b (i.e. X=Y=O0H) and a few
others (see Tables 3 and 4 and Scheme 2).

The simple frontside S\2@P3-f and S,2@P4-f reactions [see
Egs. (12) and (13)] are—both thermodynamically and kinetical-
ly—either comparable to, or significantly more favorable than,
the corresponding backside pathways (compare “front” with
“back” in Table 3).

OH™ + PR,Y — PRY(OH) + R~ : 5,2GP3-f (12)
OH™ + POR,Y — PORY(OH) + R~ : S5, 2@P4-f (13)

Hydride is, not unexpectedly, the worst and chloride the
best among the frontside leaving groups studied here. Thus,
the reaction energies of both S\2@P3-f (AE=2.3, —13.2, and
—64.2 kcalmol™ for 3b, 5b, and 7b) and S,2@P4-f (AE=—8.1,
—17.9, and —70.2 kcalmol~" for 4b, 6b, and 8b) become more
exothermic as the frontside leaving group varies along R=H, F,
Cl (see Table 3). These frontside pathways are thermodynami-
cally competitive with the corresponding backside S2@P-3

2461

www.chemphyschem.org


www.chemphyschem.org

PHYS

and S\2@P4 reactions involving the hydroxide (Y=0H) leaving
group, which are all thermoneutral (see Table 3).

In most cases, the frontside pathway proceeds via one or
more barriers on the PES (see Table 3). This holds, for example,
for reactions 3b-7b (and also for 6 ¢ and 8¢, which are not fur-
ther discussed), but not for reaction 8b. The frontside pathway
of the latter is, as discussed above, spontaneously accessed
once the pre-barrier towards the labile transition complex
8bTC(uu) is crossed [see Eq. (10) in Section “Chlorine-Substitu-
ent Effects on S,2@P"]. In all cases, the intermediates and tran-
sition states on the PES are (significantly) more stable than the
products of the regular backside S,2@P reactions (see Table 3):

OH™ +PR,Y — PRYO™ +RH : S,2@P3-f (14)

OH™ 4+ POR,Y — PORYO™ + RH : S\2@P4-f

(15)

Interestingly, the hydride and fluoride leaving groups in the
frontside pathways of reactions 3b-6b are basic enough to ab-
stract a proton from an OH group in the product molecule an-
ticipated for the frontside Sy2@P process. These alternative
channels to reactions 3b-6b lead to the elimination of molec-
ular hydrogen or hydrogen fluoride [see Egs.(14) and (15)
above] and are overall exothermic (by —54 to —82 kcalmol™,
see Table 3).

Conclusions

Nucleophilic substitution at the tri- and tetracoordinate phos-
phorus centers of the model reactions X~ + PH,Y (S,2@P3) and
X~ +POH,Y (S\2@P4) is characterized by single-well reaction
profiles with a stable, hypervalent transition complex (TC), sim-
ilar to nucleophilic substitution at silicon (Sy2@Si). Differences
between S, 2@P3 and S,2@P4 are minor. However, the S,2@P4
substitution (unlike Sy2@P3) exhibits a characteristic behavior,
which is also observed in S,2@Si: introducing sufficient steric
bulk around the central atom causes the appearance of pre-
and post-barriers that separate the TC from the reactant and
product complexes. These extra features along the PES appear
to be preserved also when the reaction becomes significantly
exothermic (e.g. —71 kcalmol™ for OH™ +POCL,).

An interesting feature of S,2@P reactions involving an OH™
nucleophile and/or leaving group is the existence of reaction
channels, occurring in parallel, that differ in the conformation
of the OH groups. Parallel reaction channels may lead to the
same but, in some cases, also to different products.

Finally, the backside S2@P reaction is found to compete
with thermodynamically favorable frontside pathways (i.e.
S\2@P-f), in which one of the other substituents at P, instead
of the anticipated leaving group Y, is expelled. The S,2@P-f
pathway may also lead to the elimination of H, or HF if the
substituent that is expelled in the substitution step is a suffi-
ciently strong base (i.e. H or F) to abstract a proton from an
OH group in the initial product molecule.
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