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ABSTRACT: Rates and energy barriers of degenerate halide
substitution on tetracoordinate halophosphonium cations have
been measured by NMR techniques (VT and EXSY) using a
novel experimental design whereby a chiral substituent (sBu)
lifts the degeneracy of the resultant salts. Concomitantly, a
viable computational approach to the system was developed to
gain mechanistic insights into the structure and relative
stabilities of the species involved. Both approaches strongly
suggest a two-step mechanism of formation of a pentacoordi-
nate dihalophosphorane via backside attack followed by dissociation, resulting in inversion of configuration at phosphorus. The
experimentally determined barriers range from <9 kcal mol−1 to nearly 20 kcal mol−1, ruling out a mechansm via Berry
pseudorotation involving equatorial halides. In all cases studied, epimerization of chlorophosphonium chlorides has a lower
energy barrier (by 2 kcal mol−1) than the analogous bromo salts. Calculations determined that this was due to the easier
accessibility in solution of pentacoordinate dichlorophosphoranes when compared to analogous dibromophosphoranes. In line
with the proposed associative mechanism, bulky substituents slow the reaction in the order Me < Et < iPr < tBu. Bulky
substituents affect the shape of the reaction energy profile so that the pentacoordinate intermediate is destabilized eventually
becoming a transition state. The magnitude of the steric effects is comparable to that of the same substituents on substitution at
primary alkyl halides, which can be rationalized by the relatively longer P−C bonds. The reaction displays first-order kinetics due
to the prevalence of tight- or solvent-separated ion pairs in solution. Three-dimensional reaction potential energy profiles (More
O’Ferrall−Jencks plots) indicated a relatively shallow potential well corresponding to the trigonal bipyramid intermediate flanked
by two transition states

■ INTRODUCTION

The kinetics and stereochemistry of bimolecular nucleophilic
substitution at carbon1 are well understood2,3 and have
contributed to its widespread use in organic synthesis.4 Most
significantly, whereas dissociative mechanisms typically lead to
racemization at a carbon center, associative mechanisms tend to
either invert or retain the stereochemistry of the substrate,
which has made them powerful tools in asymmetric synthesis.
More recent investigations of nucleophilic substitution at
carbon, mostly computational, have included its chemical
dynamics,5 the nature of steric effects in substitution reactions,
the role of Pauli repulsion therein6 and the development of
more detailed understanding of solvent effects.7 In all of these
contexts, degenerate and pseudodegenerate processes where
the nucleophile and leaving group are the same or similar are
particularly interesting because they allow monitoring/analysis
of the associative mechanism free from effects due to the
leaving group.8

We are interested in degenerative nucleophilic substitution at
phosphonium centers because it became apparent (vide infra)
that it played a role in the stereoselectivity of our asymmetric
Appel process.9 The study of nucleophilic substitution at
centers other than carbon has been a more recent activity.10

The trends at silicon are fairly well established and provide an
indication of pertinent issues for third-row elements.11,12

Notably, the stereochemical outcome is determined by the

properties of the relatively stable pentacoordinate anionic
intermediate formed in an associative mechanism. Inversion
will occur if the nucleophile approaches from the opposite side
to the leaving group. However, such pentacoordinate
intermediates may change their configuration via Berry
pseudorotation,13 and in solution, the pentacoordinate
intermediate half-life depends on leaving group ability. Thus,
good leaving groups prevent racemization,14 contrasting with
carbon chemistry, where they induce it.
In recent years, the Bickelhaupt group has reported

extensively on nucleophilic substitution at phosphorus, both
phosphinyl P(III) and phosphoryl OP(V) centers, and many
of their theory/calculation-based discussions also involve
comparison to the analogous reactions at carbon and
silicon.7,15,16 The results of their phosphoryl calculations give
us some expectations for the behavior of phosphonium systems,
especially with regard to the crucial influence of the solvent. In
the absence of solvent, which switches the relative stabilities of
the pentacoordinate and tetracoordinate states (see Figure 1a),
they also found that that substituent effects were notable and
can lead to the appearance of a double-maximum PES with two
unsymmetrical TSs connected by a short-lived pentacoordinate
intermediate (dashed line in Figure 1a).
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Another important factor relevant to the height of the barrier
to nucleophilic attack at tetracoordinate phosphorus cation is
the apicophilicity of substituents, i.e., their tendency to adopt
an axial position in any derived pentacoordinate phosphorus-
(V) species.17 The classic scale of apicophilicity based on
experimental data was compiled by Trippet and co-workers18

and is positively correlated with the electronegativity of atoms
or groups. Therefore, displacement of electronegative groups is
likely to occur via a diaxial pentacoordinate intermediate
(Figure 1b) with inversion of configuration at the phosphorus.
It is found that strongly apicophilic nucleophiles tend to invert
stereochemistry at phosphorus, whereas weakly apicophilic
nucleophiles allow racemization, again due to competition from
Berry pseudorotation.18−20

Our interest in the phosphonium series arose when we
identified certain chiral chlorophosphonium salts (CPS) as
crucial intermediates in our dynamic resolution of phosphines
and their oxides.9d,e Our experimental observations suggested
that the CPS undergo fast racemization at the phosphorus
center, which in turn is strongly affected by the steric size of
adjacent organic groups. Thus, a cornerstone of our hypothesis
is a degenerate chlorine-exchange reaction at phosphonium
(Figure 2a). Therefore, we sought an experimental approach
that would assist our own work, aware that this might also shed
a new light on the steric size/reactivity relationship problem.
Halophosphonium salts are known reactive intermediates in a
number of reactions in phosphorus chemistry and in synthetic
organic chemistry.21 Recent work by ourselves22 and Denton
and co-workers23 has used such salts as key intermediates in a
number of phosphorus functional group interconversions and
as reagents in organic synthesis, and we have shown that they
can be generated in a number of ways.24 Dihalides R3PX2 (CPS,
X = Cl; BPS, X = Br) are known to exist in their tetrahedral
ionic form in polar solvents such as DCM and in a

pentacoordinate neutral form in nonpolar solvents such as
benzene.25 These have widely divergent 31P shifts, negative for
the pentacoordinate form, positive for the ionic, tetrahedral
form, but otherwise, there are relatively few experimental
studies of their general trends in reactivity and dynamic
behavior.
Any pentacoordinate intermediate in the substitution of a

CPS would have apical chlorines in its most stable
configuration, and pseudorotation involving highly disfavored
equatorial chlorineseven transientlyshould have a high
energy barrier (see Figure 1b). Our own measurements (vide
infra) and the recent computational work of Bickelhaupt and
co-workers for the phosphoryl case suggest that the barrier to
the key Walden-type inversion step at phosphorus is low or of
medium height (5−25 kcal/mol).15,16 Therefore, it is
reasonable to assume that this reaction proceeds via a
pentacoordinate transition state or short-lived intermediate
making the process similar and directly comparable to the
analogous SN2 processes in carbon chemistry.26 The relatively
low barrier to inversion also means crucially that the system is
susceptible to study by dynamic NMR techniques.
We present here our findings indicating that indeed

nucleophilic displacement at the halophosphonium cation
occurs with inversion via an ion-pair mediated associative
mechanism, complementary to classical carbon chemistry. But,
in contrast to carbon, the charged tetracoordinate phosphorus
effectively excludes a dissociative process, giving a potential
opportunity to study steric effects without the complication of
mechanism change. Also in contrast to the concerted SN2 at
carbon, halide substitution on this phosphonium system may
have two steps: the formation of the pentacoordinate
intermediate and its dissociation. We have shown that the
stability of this pentacoordinate intermediate is a key
determining factor in the rate. In addition, on the basis of
substantial amount of computational data on these systems
both in the absence and presence of solvent, we provide new
insights into the detailed mechanism of this previously
overlooked process.

■ NMR STUDIES
Design and Preparation of Phosphonium Systems.

The novel system we devised is shown in Figure 2 (R* = chiral

Figure 1. Expected energy profiles of nucleophilic substitution
reactions at phosphonium: (a) dramatic change of PES profile in
solution can be accompanied by the appearance of a single- or double-
maximum (dashed line) barrier; (b) lower energy barrier (solid line) is
expected for a reaction via more stable pentacoordinate species in
which both electronegative groups X occupy axial positions.

Figure 2. Pseudodegenerate exchange reactions in chlorophospho-
nium chlorides: (a) enantiomeric P-chlorophosphonium cations (R* =
achiral group); (b) dynamic interconversion of diastereomeric
chlorophosphonim (R* = racemic s-Bu).
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group). This simple generic stereochemical system combines
epimerization at the phosphorus center with the configurational
stability of the carbon stereocenter and gives rise to two pairs of
interconverting diastereomers rather than spectroscopically
identical enantiomers.27 We chose sec-butyl as the chiral
group on phosphorus, it being one of the smallest chiral alkyl
substituents. Our results (vide infra) led us to be confident that
it is relatively innocent in the reaction. We found that, at
ambient temperature, the epimerization of these diastereomeric
salts is fast on the NMR time scale, so in most cases only a
single peak is observed by 31P NMR. However, at lower
temperatures, the exchange was slow enough to allow the
individual diastereomers to give distinct signals, and the rates
and kinetic barriers could be determined, either by variable-
temperature NMR or by exchange spectroscopy (EXSY).
The required salts were formed from the corresponding

phosphine oxides (1a−6a) by treatment with oxalyl chloride or
bromide.24 The oxides in turn were made by standard
techniques.28,29 Chart 1 shows the representative series of

bromo and chloro salts (1b−6b and 1c−6c) selected for the
study. In the series, the phenyl and sec-butyl substituents on
phosphorus are held constant, and the third substituent is
varied to reveal the steric effect of the substituent on the
epimerization process.
Observation of Fast Dynamic Processes at Ambient

Temperature. As a representative example, the 31P NMR
spectra of the salts 2b/2c and oxide 2a are shown in Figure 3.
For the oxide, two signals at δP 47.05 and 47.00 ppm
corresponding to the two diastereomers are observed. The 1H
and 13C spectra of 2a also show two overlapping sets of peaks,
which could be assigned with the aid of two-dimensional
COSY, TOCSY, HSQC, and HMBC (see the Supporting
Information for details). From their phosphorus NMR shifts,
compounds 2b and 2c clearly are tetracoordinate phosphonium
entities in CDCl3, with the chloro salt 2c having the slightly
higher shift (δP 105.3 ppm vs 97.2 ppm). Consistent with this,
the α proton on the sec-butyl substituent also has a higher shift
(δH 4.22 ppm vs 4.12 ppm). This is indicative of the more
highly polarized nature of the P−Cl bond versus the P−Br
bond, consistent with the findings of McAuliffe and co-
workers.25 This polarization may make the phosphorus more
susceptible to nucleophilic attack.
Importantly, in the 31P spectra of the salts 2b and 2c, only a

single sharp peak is observed, and consistent with this, only

single sets of signals are found in the 1H spectra of 2b and 2c.
This indicates that there is a fast dynamic interconversion of the
phosphonium species at this temperature, causing coalescence
of the signals. Notably, the diastereotopic protons on the ethyl
substituent give one signal corresponding to one carbon, as
evidenced by HSQC, as opposed to the four signals
corresponding to two distinct carbon atoms in the phosphine
oxide 2a.

Determination of Exchange Barriers. In order to
quantify the rate of configurational inversion at phosphorus
in halophosphonium salts, we conducted a detailed variable-
temperature 31P/1H NMR study, exemplified for the chlor-
ophosphonium salt 3c in Figures 4 and 5. As the temperature is
lowered, the sharp singlet at δP 107 ppm in the 31P spectrum of
3c (Figure 4a, CDCl3 at 30 °C) drifts slightly, broadens, and

Chart 1. Structures of Halophosphonium Salts and Their
Precursor Phosphine Oxides Selected for Studya

aKey: (a) X = O−, no anion; (b) X = Br, anion: Br−; (c) X = Cl, anion:
Cl−.

Figure 3. Superimposed 31P NMR spectra of the oxide 2a, bromide
2b, and chloride 2c showing fast equilibration of the two
halophosphonium salts (0.05 M, CDCl3, 500 MHz, 30 °C).

Figure 4. Dynamic NMR study of 3c: (a) experimental variable
temperature 31P NMR profile of 3c at selected temperatures; (b)
dynamic NMR simulation of 31P NMR spectra using variable-exchange
rate constants k1.
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eventually decoalesces to give two distinct signals at δP 105.90
and 106.16 ppm with a peak area ratio of 1:1.09. Also shown in
Figure 4b is a Spinworks DNMR simulation of the 31P spectra of
3c using the experimental peak separation, 52.5 ± 0.1 Hz, and a
variable-exchange rate constant k1. The fact that line-shape
analysis30 correlates nicely to the authentic 31P NMR data
implies that the observed changes in the NMR spectra over a
range of temperatures are indicative of a dynamic interconver-
sion of diastereomers. Further Eyring-type analysis of this
simulated coalescence data indicated an intercept of 23.4 and a
slope of −6588 ± 470 showing that its behavior is close to
theoretical for a single-step monomolecular process with
activation enthalpy ΔH⧧ = +13.1 kcal mol−1 and ΔS⧧ = 0.7
cal K−1 mol−1, giving ΔG⧧ of 12.9 ± 0.02 kcal mol−1 at 273 K
(Supporting Information).
The changes in the 1H NMR spectra of 3c are also consistent

with full decoalescence at the lowest temperature spectra (−50
°C). For example, the triplet in the 30 °C spectrum of 3c at δH
1.13 ppm gives rise to two decoalesced peaks at 1.10 and 1.17
ppm (Figure 5). These signals can be attributed to the protons
of the terminal methyl of the sec-butyl substituent. The
appearance of two sets of signals confirms that the species 3c is
indeed tetrahedral; the pentacoordinate species would not only
have a completely different phosphorus NMR spectrum but
would also be achiral at phosphorus in its preferred
conformation, where both chloro substituents are axial.
Having established that that the inversion of the P-

configuration in 3c is fast on the NMR time scale at room
temperature but occurs at a measurably slow rate at −30 °C, we
were able to find the barrier ΔG⧧ to this inversion process
directly from the coalescence temperature measurements in
chloroform.31 It is worth noting that part of the rationale for
using racemic sec-butyl as a chiral substituent was that there
would be little, if any, difference in thermodynamic stability of
the diastereomers resulting from a sec-butyl substituent on a
chiral phosphorus center. Had we chosen a larger but, in a
sense, “more chiral” substituent that was available as a single
enantiomer, the equilibrium could potentially favor one
diastereomer. In the case of 3c, as well as in most other
cases, the ratio (dr) of dynamically equilibrating diastereomeric
phosphonium cations estimated by 31P and 1H NMR is, within
the accuracy of the measurement, close to 1, and this process
can reasonably be treated as an equally populated exchange.31

Accordingly, knowing the temperature of coalescence (Tc) and
the final separation of the peaks in Hz (Δν), we calculated the
barrier ΔG‡ to this inversion process at the temperature of
coalescence following eq 1 to be 12.9 kcal/mol ±0.1 kcal/mol
in good agreement with line-shape analysis results.

π ν
Δ =

Δ

⧧ ⎛
⎝⎜

⎞
⎠⎟

G
RT

Tk
h

ln
2

c

c B

(1)

The inversion barriers found for chloro- and bromophos-
phonium salts derived from the oxides 2, 3, 5, and 6 are
summarized in Table 1 (see Table S1 of the Supporting

Information for coalescence temperatures). The interconver-
sion of the chloride 1c bearing the smallest alkyl substituent
CH3 was too fast, even at −80 °C, on the NMR time scale to
allow for the determination of the exchange barrier which is
estimated therefore as <9 kcal mol−1. At the other extreme, in
the BPS 4b with bulky t-Bu group, no coalescence was observed
up to 50 °C and 1H EXSY (vide infra) was used to determine
the rate of interconversion and the exchange barrier which, in
this case, is 19.2 kcal mol−1. Interestingly, only in 4b and 4c did
the rate and stability of the two diastereomers differ
significantly and result in an unequal mixture. The ratio in
the case of 4c at 223 K is 1:1.6, giving a difference in energy of
0.21 kcal/mol, while a ratio of 1:1.37 at 303 K was found in 4b
indicating a difference in stability of 0.19 kcal mol−1.
Two important findings regarding the rates of pseudodegen-

erate nucleophilic displacement can be discerned from analysis
of the results presented in Table 1. First, the reactivity of
bromides is significantly and consistently lower than the
corresponding chlorides, with energy barriers to the inversion
higher by ca. 2 kcal mol−1. This observation is perhaps not
completely unexpected since, although bromide is often
regarded as better leaving group and better nucleophile, its
nucleophilicity in aprotic media is lower than the more densely
charged chloride.32

Second, much like SN2 at carbon, the size of substituents has
a very significant effect on rate, with large groups inhibiting the
approach of the nucleophile. Introduction of each additional
carbon increases the barrier in the sequence Me < Et < i-Pr < t-
Bu, adding 1.5−2 kcal mol−1 each time. Conversely,

Figure 5. Section of variable-temperature 1H NMR profile of the
system 3c showing decoalescence of peaks in the aliphatic region.

Table 1. Epimerization Barriers and Corresponding
Exchange Rates in Halophosphonium Salts 1−6a

ΔG⧧ (kcal mol−1) k1 at 0 °C (s−1)

R X = Cl X = Br X = Cl X = Br

Me <9b 11.7 >3.6 × 105 2.5 × 103

Et 11.3 13.2 5.3 × 103 1.6 × 102

i-Pr 12.9 14.6 2.8 × 102 1.2 × 101

t-Bu 15.1 19.2c 4.8 × 100 2.5 × 10−3

o-Tol 11.7 14.1 2.5 × 103 3.0 × 101

c-Hex 12.5 14.9 5.8 × 102 7.0 × 100

aSolutions in CDCl3, c = 0.05 M, rates from VT-NMR experiments,
errors estimated as ±0.2 kcal/mol based on 3 K temperature variation
in the coalescence; bUpper limit due to experimentally available
temperature range; cBarrier ascertained by 2D-exchange spectroscopy
(see text).
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introduction of an additional aromatic o-tolyl group, as in 5b/c,
does not lead to significant variation of the barrier when
compared to cyclohexyl analogues 6 as well as similarly
branched i-Pr systems 3. Most interesting is that the trends in
reactivity of CPS and BPS depart from that of tetracoordinate
carbon because increasing the steric demand or adding
aromatic groups at the positively charged phosphorus center
does not induce a dissociative SN1-type mechanism, the
formation of phosphonium dication not being feasible. Instead,
the barrier to nucleophilic attack continues to increase when
more sterically demanding groups are introduced. This
effectively allows a true estimate of the steric effect of t-Bu
compared to that of i-Pr adjacent to a tetrahedral reaction
center.
It could be argued that the best phosphorus analogue for

carbon is phosphonium, and so we were anxious to find a
suitable comparison. The best available carbon comparison for
our results is with substitution at primary alkyl bromide33

(Table 2). It can be seen immediately that steric effects at

quaternary phosphonium are approximately comparable to
those at primary carbon at least in this case. This may seem
surprising but we note that it may be the result of two opposing
effects: the shorter C-C bond should render carbon more
sensitive to steric effects but the other substituents at carbon in
this case are much less bulky hydrogens.
Reaction Mechanism and Order. We have previously

reported24 that certain chlorophosphonium salts in the
crystalline state contain solvent-separated ion pairs, shown
schematically in Figure 6b. If this structure persists in solution,

individual halide anions will proceed to attack their associated
phosphonium cations, regardless of concentration, resulting in
first-order kinetics for this associative process. Similarly, first-
order kinetics can be expected in the presence of fully solvated
tight ion pairs shown in Figure 6a. However, if the salt exists as
fully solvated dissociated ions (Figure 6c), where a chloride ion
can attack any nearby phosphonium, second-order kinetics can
be expected.
For the determination, we chose the more hindered

chlorophosphonium salt 4c, as this was considered most likely
to exist as a fully dissociated species in solution such that any

concentration effects might be most marked. Also, being the
more soluble in chloroform, the chlorophosphonium salts are
more suitable than the bromophosphonium salts for experi-
ments across a wider range of concentrations. The 1H NMR
spectrum of 4c at 30 °C is shown in Figure 7. The considerable

broadening of the signals observed in this case suggests that a
relatively slow dynamic exchange process takes place at this
temperature. Its rate, estimated by VT-NMR (Table 1), is
within the range that could be more conveniently and
accurately monitored by 2D exchange spectroscopy, EXSY. In
EXSY an irradiating pulse changes the state of a particular
hydrogen in a molecule. This is followed by a mixing time, Tm,
after which the proton may find itself in a new chemical
environment due to some exchange process or conformational
change in the molecule. An analyzing pulse is then applied, and
the proportion of hydrogens that have changed environment
during the mixing time can be measured by the integration of
cross peaks vs diagonal peaks in the spectrum. The mixing time
can be varied and conversion after different periods of time can
be determined. When performed on a relatively slow system,
EXSY also allows measurement of the reaction progress at
varying time intervals and construction of a kinetic profile from
a single concentration.34 Thus, for example, the triplet signals of
the methyl groups shown at 1.08 and 1.25 ppm in Figure 7
correspond to the two different diastereomeric forms of 4c and
have different chemical environments. While the signals are
appreciably broadened, they are still sufficiently resolved for a
clear EXSY spectrum to be obtained (Figure 8).
When EXSY measurements of 4c were carried out across a

range of concentrations, no change in the epimerization rate
was observed. Shown in Figure 8 are three sample EXSY
spectra of 4c (Tm = 10 ms) taken at three different
concentrations. Importantly, the integration of the cross-peak
corresponding to chemical exchange between two diastereo-
meric forms of 4c remains the same within the precision of this
experiment. This indicates that the salt 4c exists as either a tight
ion pair or a solvent-separated ion pair in solution (see Figure
6). It is more likely that a solvent-separated ion pair is present,
as has been observed in crystal structures of phosphonium
salts,25 whereby the anion is bound by medium-range
electrostatic forces.

Table 2. Effect of Steric Hindrance on Bromide Exchange at
Carbon and Phosphorus Centers at 298 K

R RCH2Br + Br− rel ratea RsBuPhP+Br + Br− rel rateb

t-Bu 1 1
i-Pr 2.2 × 103 2.3 × 103

Et 4.2 × 104 2.5 × 104

Me 6.7 × 104 3.1 × 105

aFrom ref 33, measurements at 25 °C. bfrom experimentally
determined barriers shown in Table 1. Rates calculated for 25 °C.

Figure 6. Possible interactions between ionic components of
halophosphonium salts in solution: (a) tight ion pairs; (b) solvent-
separated ion pairs; (c) fully dissociated ions.

Figure 7. 1H NMR spectrum of 4c at 30 °C with broadening
indicative of an exchange process. The triplet signals correspond to the
CH3 groups γ to the phosphorus atom.
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Comparison with Carbon Chemistry. On the one hand,
substitution at phosphonium is, perhaps superficially, analogous
to SN2 in that it is an associative reaction of a tetracoordinate
entity and a nucleophile followed by the formation of a
pentacoordinate intermediate and the departure of a leaving
group. However, in our SN process, the tetracoordinate species
is charged and the pentacoordinate species is neutral, the
opposite of the SN2 process at carbon. As we will show in the
computational section below, we have good reason to believe
that the symmetrical, or pseudosymmetrical, pentacoordinate
R3PX2 species is a true intermediate, with two associated
pentacoordinate transition states in which one of the two P−X
bonds is very significantly elongated. On the other hand, the
observed reaction kinetics demonstrate that the epimerization
of phosphonium salts is a first order process, akin to SN1. The
dissimilarity is that, in our system, the rate is only dependent on
one reactant for a different reason: the nucleophile and
substrate exist as an ion pair (tight or solvent-separated), so
concentration does not affect the probability of an individual
reaction event.
A solvent study would be desirable for further insight into the

mechanism of this process. Unlike carbon chemistry, a fully
associative mechanism with a true intermediate is possible at
phosphorus. In addition, the tetracoordinate species studied
here are charged but their reaction proceeds through a neutral
intermediate (vide infra) and transition states, making the
reaction in less polar solvents more feasible. This is in contrast
to most carbon-centered reactions in which neutral reagents
react through charged transition states, facilitated by polar
solvents. Both deuterated benzene and carbon tetrachloride
were considered as alternative nonpolar solvents (McAuliffe
and co-workers had previously described the properties of
halophosphonium salts in benzene25). Unfortunately, owing to
the poor solubility of the halophosphonium salts, it was not
possible to carry out variable-temperature NMR or EXSY in
those solvents. In the meantime, we have done thorough
computational investigations (next section) of the reaction
profiles in different solvents in pursuit of an accurate
mechanistic model. According to our computational studies,
nonpolar solvents lower the barrier to this epimerization
substantially by stabilizing the pentacoordinate, neutral
intermediate relative to the tetracoordinate species.

■ COMPUTATIONAL RESULTS
We wished to use a computational methodology that would allow us
to directly analyze the reactivity of compounds 1−6b,c. We have used
three computational approaches (Chart 2) which taken together

provide the required analysis for a reasonable effort in terms of
calculation time and cost. In the most basic “single point” approach,
the energy of a proposed, and arbitrarily symmetrical, pentacoordinate
intermediate is compared to the energy of the “ground state” while the
shape of the energy profile remains unknown (Chart 2, a); in the
“single-constraint” method a moderate number of points along the
reaction coordinate are calculated creating an energy profile (Chart 2,
b). Finally, the full three-dimensional PES is built by calculating a large
set of points in a double-constraint approach shown as 2D-projecton
(Chart 2, c). The computational cost at this last stage is increased by 2
orders of magnitude.

For our calculations, we used density functional theory (DFT)
calculations with the B3LYP 6-31G* basis set. Since very significant
changes of reaction PES in phosphorus chemistry are known to be
associated with solvation (see Figure 1),15,16 the simplest halophos-
phonium derivatives Me3PCl2 (8a) and Me3PBr2 (8b) were treated in
vacuo and in solution using an SM8 model.35 This was followed by
computation of detailed PES for the fully degenerate model exchange
systems in vacuo and in a polar solvent. Finally, the calculations were
extended to all sample halophosphonium systems 1−6 showing a very
reasonable conformity with experiment.

Single-Point Approximation. For symmetrical models 8 the
calculated equilibrium geometries of both 8b and 8c in vacuo
corresponded to the pentacoordinate diaxial structure, whereas in
DCM, tight ion pairs were more stable. Their ionic character is backed
by calculated interatomic distances d(P−Cl) = 3.85 Å and d(P−Br) = 4.11
Å and also the negative Mulliken charges of distal halides (greater than
−0.9). In the following step, the calculations of energy without
geometry optimization were repeated for the pentacoordinate diaxial
species in DCM and for ion pairs in vacuo as shown in Figure 9 (all
energies are referenced to the ionic forms of 8b and 8c in vacuo).

Analysis of the data in Figure 9 indicates that, in vacuo, the
dichloride 8c has a stronger, by ca. 3 kcal mol−1, preference for the
pentacoordinate form than the dibromide 8b. However, the presence
of a polar solvent leads to a very significant, up to 30 kcal mol−1,
stabilization of the ionic forms. The solvation effects are stronger for
the ionic bromide 8b putting it lower than the ionic chloride 8c.
Consequently, the energy required to invert the tetrahedral bromide
8b via the pentacoordinate intermediate is ca. 2.5 kcal mol−1 higher
than the chloride 8c. This finding is in excellent agreement with
experimental observation (see Table 2) that energy barriers to
pseudodegenerate exchange of bromides 1b−6b are generally ca. 2
kcal mol−1 higher as compared to chlorides.

Single-Constraint Profile. A single-constraint approach was
applied to model 8a in such a fashion that one of the P−Cl distances
was constrained and the system was allowed to reach a new
equilibrium geometry. Since the calculated distance d(PCl) for the
equilibrium geometry in vacuo is 2.31 Å and in DCM it reached 3.85
Å, the energy plots for Me3PCl2 were performed in the d(PCl) range
2.2−3.9 Å with a geometric resolution of 0.05 Å. The resulting energy

Figure 8. EXSY spectra of 4c show no change in rate of epimerization
with varying concentration (from 100 mM to 30 mM) and constant
mixing time (10 ms). The rate of epimerization can be calculated from
the volume of the diagonal peaks and the volume of the cross peaks.
The volumes integrated are denoted by the green ovals.

Chart 2. Three Computational Approximations of
Degenerate Reaction Energy Barrier: (a) Single Point; (b)
Single Constraint Profile; (c) Double-Constraint 3D-PES
(Top View)
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profiles in vacuo, toluene, DCM, and chloroform appear as shown in
Figure 10.

Clearly, the calculated energy profiles in vacuo and toluene (Figures
10a/10b) are very different, both from each other and from DCM or
chloroform (Figure 10c,d). In vacuo, as discussed above, the
pentacoordinate form is more stable, and dissociation of chloride
anion is forbidden energetically. The energy profile shows a
monotonic rise up to d(PCl) = 3.9 Å (the system requires ca. 46 kcal
mol−1 for complete dissociation). In toluene, however, a second local
energy minimum is clearly visible. It lies 2.6 kcal mol−1 above the
pentacoordinate form and corresponds to a somewhat compressed
ion-pair geometry whereby d(P−Cl) = 3.5 Å and partial charge on Cl is
−0.84. In the more polar chloroform the relative energy of ion pairs is
lower, making the pentacoordinate form unstable. Similarly, in DCM
(dielectric constant 9) the pentacoordinate form is further

destabilized: the fully symmetrical system is 5.2 kcal mol−1 higher
than ion pairs but it occupies a 0.6 kcal mol−1 deep local energy
minimum. This means that the degenerate interconversion of model
chlorophosphonium ion pairs 8a will have to overcome a double-
maximum energy barrier (compare Figure 1a). The calculated height
of this barrier is 5.8 kcal mol−1 as shown in Figure 10c. Importantly,
this observation of a local energy minimum corresponding to the
symmetrical pentacoordinate intermediate in medium-polar solvents is
in excellent agreement with previous computational results showing a
double-maximum energy profile for substitution reaction at
tetracoordinate phosphorus.16 Our findings demonstrate that single-
point approximation of the energy barrier to interconversion of
halophosphonium halides (see Figure 9) gives an estimate which is
inevitably lower than calculated from detailed (the resolution has to be
at least 0.1 Å) energy profiles shown in Figure 10c,d.

Double-Constraint Calculations: More O’Ferrall−Jencks Plot.
In our view, the most fitting way to discuss the energetics of the model
system is through the three-dimensional PES best known as the More
O’Ferrall−Jencks plot,36 a two-dimensional projection of the PES.
This representation, while not claiming mathematical precision, gives a
tangible sense of the progress of the reaction, while taking a number of
variables into consideration. For example, in carbon chemistry, it has
been used to describe the continuum of reactivity from SN1 to SN2 in
nucleophilic substitution at carbon. Such plots can show how the
change from a concerted mechanism to a dissociative mechanism is
facilitated by increasing the substitution on the central carbon atom.
However, our model reaction system, Me3PX2, likely occupies the
opposite far corner of such a plot, as dissociation from the positively
charged phosphorus is impossible, but both concerted and fully
associative mechanisms are feasible. Furthermore, computational
studies of our system indicate that as the reaction moves closer to a
fully associative mechanism involving a stable pentacoordinate
intermediate, two barriers appear in the reaction coordinate. At the
extreme end of this trend, in vacuo, the tetracoordinate salts are the
least stable species, and the pentacoordinate “intermediate” becomes
the predominant form. Unfortunately, despite the fact that detailed
three-dimensional PES represent significant advantages, very few such
systems have been investigated computationally, and little, if anything,
is known about reactions at tetracoordinate phosphorus.37

In this work, for the first time, we applied a double-variable-
constraint approach to a phosphonium system, Me3PCl2. In these
computations, both P−Cl distances d1 and d2 were constrained
independently, and the system was allowed to reach equilibrium
geometry. The resulting energy profiles in vacuo with a geometric
resolution of 0.1 Å and in DCM with a geometric resolution 0.05 Å
appear as Figures 11 and 12, respectively. In excellent agreement with

the single-constraint results (Figure 10), as expected, the PES of
system 8c in vacuo exhibits a global minimum corresponding to the
symmetrical pentacoordinate species as shown in Figure 11a. This area
of low energy can also be clearly seen on the More O’Ferrall plot
(Figure 11b) as a relatively broad minimum centered around 2.3 Å in
both dimensions.

Figure 9. (a) Degenerate interconversion of ion pairs (IP) via
pentacoordinate intermediate Me3PX2 in the model system 8; (b)
calculated energies of these species in vacuo and in polar solvent
(DCM) showing higher relative energy of pentacoordinate dibromide
(brown) than chloride (green).

Figure 10. Single-coordinate energy profiles of the system 8a: (a) in
vacuo, diaxial pentacoordinate species shown is most stable; (b) in
toluene, a second local minimum corresponds to a compact ion pair;
(c) in DCM and (d) chloroform. The energy minimum corresponds
to an unsymmetrical pentacoordinate state as shown.

Figure 11. Calculated (0.1 Å resolution) 3D energy diagram of
Me3PCl2 8c in vacuo: (a) side view; (b) More O’Ferrall plot view.
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Calculations of the PES in polar solvent (DCM) were done in the
critical 3−4 Å constraint range with enhanced resolution of 0.05 Å in
each dimension d1 and d2. The results (Figure 12a) indicate a very
defined reaction pathway for the degenerate interconversion of ion-
pairs, which can be seen as a narrow, gully like energy profile. Most
significantly the More O’Ferrall representation (Figure 12b) clearly
shows two defined separate “gaps” on the energy profile in agreement
with our previous single-coordinate reaction energy diagrams (Figures
1 and 10) and other published results.16 The two gaps are separated by
a local energy minimum ca. 0.5 kcal mol−1 deep. Viewed as a whole,
the plot represents an associative-type mechanism as the reaction
pathway lies far from the diagonal whereby the changes of both
variable distances d1 and d2 are simultaneous. On the basis of our
detailed calculations, it can be concluded that the substitution of halide
at the phosphorus occurs as a quasiconcerted nucleophilic process
characterized by formation of a very short-lived pentacoordinate
intermediate and accompanied by Walden-type inversion of the P-
configuration.
In this context, with respect to the stereochemistry, it is worth

considering possible pseudorotation in a pentacoordinate intermedi-
ate. Our calculations indicate that the energy of an axial−equatorial
configuration of phosphonium dihalides (see Figure 1b) is higher by
15−16 kcal/mol than the diaxial species due to the high apicophilicity
of halogens. For our systems, this indicates that pseudorotation is not
the mode of inversion. This is consistent with the negligible barriers to
Walden inversion found by Bickelhaupt and co-workers in the
phosphoryl series,7 which adds weight to our assertion that the
inversion occurs through backside nucleophilic attack rather than
pseudorotation.
Computational Estimation of Energy Barriers. With an

understanding of the attributes of our different calculational
approaches, we were in a position to study the more complex systems
1b−6b and 1c−6c (see Chart 1). In principle, this should be done at
one- and two-dimensional PES surface levels. However, since both the
tetra- and pentacoordinate species involved typically possess a number
of rotational degrees of freedom, it is important to take into account
various conformations of these systems. Therefore, the working out of
detailed energy profiles at one- and two-dimensional levels would
represent a rather demanding computational task, beyond the scope of
this paper. Instead, we applied the single-point approach utilized for
the model systems 8b and 8c and which gave the fairly reliable results
shown in Figure 9. For each given dihalide, the most stable conformer
of the pentacoordinate diaxial system in vacuo was identified as a first
step. Similarly, in solution, where ion pairs are more stable, the
calculations were done to find the most stable conformer of the
respective halophosphonium halide ion pairs. Then the calculations
were carried out for the pentacoordinate diaxial species in solvent
without geometry optimization (full geometry optimization would lead
to ionic tetracoordinate species), and the resulting energy was
compared to the solvated ion pairs. These single-point computational
results on the relative stabilities of the pentacoordinate and
tetracoordinate forms of our chloro- and bromophosphonium salts
1−6 in DCM are given in the Supporting Information (Table 3).

To our delight, the computational results closely followed the
experimental trends. First, the bromophosphonium salts were
calculated to have higher barriers to epimerization than the
chlorophosphonium salts. Second, the steric effects observed
experimentally were almost identically reciprocated in the computa-
tional results. Graphically, these findings can be represented by the
reasonably linear correlation between experimental barrier and
computationally estimated relative intermediate energy shown in
Figure 13.

It is notable that, in most cases, the calculated energy of formation
of the pseudosymmetrical pentacoordinate intermediates was approx-
imately 3−4 kcal mol−1 lower than the experimentally determined
barriers. This discrepancy could be due to a number of factors. First of
all, as we have demonstrated for the model system 8c (see Figure 10),
the symmetrical pentacoordinate form is not the maximum on the
reaction energy profile and its energy compared to the tetracoordinate
species should be lower than the energy of the transition state.
Moreover, if an unsymmetrical pentacoordinate species, e.g., 2c, is a
true intermediate, it may have two different transition states associated
with it, which would be higher in energy than the pentacoordinate
form. Since the transition states are not symmetrical the
pentacoordinate species occupies a nonsymmetrical local energy
minimum. This would result in a distinct double-crested reaction
energy profile as was proposed by Bickelhaupt and co-workers for their
related process.7

A second reason for the discrepancy between experimental and
calculated barriers is that the experimentally determined barrier is a
measure of the Gibbs free activation energy of the system. The
calculated energy difference between pentacoordinate and tetracoordi-
nate forms does not account for entropy; entropy would be expected
to contribute to raising the free energy of the transition state of this
system. Third, our present approach to solvation cannot be entirely
accurate since we have recently shown24 that the halophosphonium
salts are prone to formation of solvent-separated ion pairs (SSIP),
which can be observed in the solid state. If similar solvent-separated
ionic structures persist in solution, their energy is possibly lower than
calculated for contact ion pairs, leading to a further increase of the
barrier, owing to a more stable ground state. A higher level molecular
dynamics model would be required to account for this solvation effect,
which should also take into account specific solvent−ion interactions.

As noted in the Computational Results, the steric effects on
nucleophilic attack at phosphonium center are comparable to those at
carbon centers despite the longer P−C and P−X bonds. The model
systems RMe2PCl2, where R = Me, Et, tBu, were employed to examine
this effect. Indeed, the reaction profile for Me3PCl2 had a pronounced

Figure 12. Calculated (0.05 Å resolution) energy diagrams of Me3PCl2
in DCM: (a) side view; (b) More O’Ferrall plot view.

Figure 13. Comparison of calculated energy of pentacoordinate
intermediate and experimentally found barriers to epimerization
showing reasonably good linear correlation.
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double-crested reaction profile denoting a true pentacoordinate
intermediate; EtMe2PCl2 had a shallow local minimum in its double-
crested profile, whereas t-BuMe2PCl2 had a single crest and the
pentacoordinate form became a transition state. Interestingly, the
more sterically encumbered systems have wider and less steep reaction
energy profiles (see the Supporting Information, Figure 21) owing to
the greater distance between anion and cation. This is consistent with
the analysis of Frenking and co-workers, specifically with respect to the
weakening of the axial bonds.6a

■ CONCLUSIONS

In this study we have been able, for the first time, to determine
experimentally the rates of degenerate nucleophilic substitution
reactions at a tetracoordinate phosphorus center and
established the general trends in the substrate reactivity. This
was achieved by a novel experimental design that has wider
potential application. Further, we have also designed a viable
computational approach to this system, the results of which
accurately reflected our experimental findings, bolstering our
confidence in the finer mechanistic details it yielded.
The key finding is that diastereomeric halophosphonium

salts exhibit two sets of signals in the NMR spectrum at low
temperature and one set at room temperature. On the basis of
this finding, the rates of epimerization at the phosphorus center
and the respective energy barriers have been quantified by using
a combination of variable-temperature NMR and EXSY
techniques, across 8 orders of magnitude in terms of reactivity.
We were able to quantify a dependence of the rate on the

size of the substituent attached to phosphorus, analogous to
trends in substitution processes at other elements. The rate
varies over 5 orders of magnitude depending on the
substituents. The importance of steric effects is proof of an
associative or concerted mechanism via a pentacoordinate
transition state or intermediate, bearing two axial halogens. In
contrast to carbon, the mechanism of substitution cannot
become dissociative with increasing substituent bulk, so that the
measured steric effects of individual substituents are potentially
transferrable parameters for other processes.
The degree of variation of steric effect along the sequence

Me < Et < iPr < tBu was found to be the same for phosphorus
as for carbon in the best available comparison. We speculate
that this will be replicated for other main group elements.
The barriers to inversion in chlorophosphonium salts are

lower than those in the corresponding bromophosphonium
salts by up to 2 kcal mol−1. Our computational results suggest
that, in a polar solvent medium, this difference is due to the
easier accessibility of pentacoordinate dichlorophosphoranes
when compared to analogous dibromophosphoranes.
By varying their concentration, we have found that the

halophosphonium salts exist as tight or solvent-separated ion
pairs in solution leading to first-order kinetics. This diverges
from the analogous substitution process at carbon and thus can
be better described as SN1asc.
Three-dimensional reaction potential energy profiles (More

O’Ferrall−Jencks plots) indicated a relatively shallow potential
well corresponding to the trigonal bipyramid intermediate
flanked by two transition states.
Our findings have significantly improved the understanding

of reaction mechanisms involving penta- and tetracoordinate
phosphorus and their relationships to other elements.
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