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Racemization and transesterification
of alkyl hydrogeno-phenylphosphinates

Guilhem Javierre' - Rémy Fortrie'
Jean-Valére Naubron! - Frédéric Fotiadu®

Abstract In this article, we explore, both theoretically and
experimentally, the general reactivity of alkyl hydrogeno-
phenylphosphinates with alcohols. We show that alcohol mol-
ecules act exclusively as nucleophilic species, and add to alkyl
hydrogeno-phenylphosphinates, leading to pentacoordinated
intermediates. These intermediates are shown to subsequently
competitively undergo alcohol eliminations and/or Berry
pseudorotations. This offers several possible routes for race-
mizations and/or alcohol exchange reactions. Transition stan-
dard Gibbs free energies predicted from DFT calculations for
the overall alcohol exchange mechanism are shown to be
compatible with those experimentally measured in case etha-
nol reacts with ethyl Aydrogeno-phenylphosphinate
(134.5~136.0 kJ mol " at 78 °C).

- Marion Jean' - Delphine Moraleda' -

Introduction

Within the framework of constantly improving sustainable
chemical processes, asymmetric catalysis plays a key role.
Indeed, making synthesis stereoselective significantly contrib-
utes to a drastic reduction of waste and energy consumption
[1]. This is especially true for pharmaceutical drugs, where
stereochemistry must be strictly tuned [2—6].

Since 1968, chiral phosphorus containing molecules have
successfully been used as ligands within several asymmetric
catalytic processes, which lead to significant industrial break-
throughs [7, 8]. P-stereogenic ligands, in particular, have
shown to be efficient [9—11] and, among them, monodentate
P-stereogenic secondary phosphine oxides are thought to be
very promising [12—15].

During the past decades, our group has significantly con-
tributed to the making of such ligands. It developed, in partic-
ular, an efficient method for preparing P-stereogenic second-
ary phosphine oxides. It consists in substituting the alkoxy
group of a P-stereogenic alkyl hydrogeno-phenylphosphinate
with an alkyl anion (Fig. 1) [16, 17]. In doing so, an interesting
and questioning observation has been made: the
stereoselectivity of the reaction significantly depends on the
structure of the alkoxy leaving group. For example, in almost
identical experimental conditions, the enantiomeric excess de-
creases by 13% for menthyl hydrogeno-phenylphosphinate,
whereas it remains constant for adamantyl hydrogeno-
phenylphosphinate (Fig. 1). To our knowledge, however, in
this case, there is no obvious reason why such a small change
of the structure of the leaving group should result in such a
difference of stereoselectivity.

In this article, we would like to bring elements that will
help drawing explanations for this difference. More precisely,
we here explore, both theoretically and experimentally, the
general reactivity of an alkyl Aydrogeno-phenylphosphinate
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Fig.1 Substitutions of alkoxy groups on P-stereogenic alkyl iydrogeno-
phenylphosphinates in similar experimental conditions using fert-butyl as
a nucleophilic species. Leaving alkoxy groups are (—)-menthoxide (top),
and 1-adamantoxide (bottom)

with an alcohol molecule. Traces of alcohol might indeed be
contained at some points within the reactive mixture.
Practically, such traces could be brought jointly with the reac-
tant, or could be generated in situ at the very beginning of the
reaction. Either such situation systematically occurs within the
conditions of every experiment is controversy, and this ques-
tion is out of the scope of this article. We here chose to focus
only on what would happen, or not, if such a situation would
take place.

Methods

We here aim to deal only with the intrinsic reactivity of the
compounds of interest. As a consequence, we have chosen to
keep only the relevant chemical functions for these com-
pounds, and avoid subsidiary substituent effects. Therefore,
we chose methyl hydrogeno-phenylphosphinate 1 (MeHP),
and methanol 2 as reactants (Fig. 2). Any further simplifica-
tion, like replacing the phenyl group for example, would lead
to questionable results. This would indeed significantly
change the electronic properties of the phosphine oxides sub-
stituents, which Bickelhaupt has shown to strongly influence
the nucleophilic substitution mechanism itself [18, 19].

Fig. 2 Conceivable proton
exchange reactions between

From a reactivity point of view, methanol can act as a base,
an acid or a nucleophile. Kinetically, acido-basic reactions
certainly take place, resulting in proton exchanges between
molecules. Methanol can indeed protonate the oxygen atom
of the MeHP molecule that is doubly bonded to the phospho-
rus atom, leading to 4 and 5 (Fig. 2) or, on the contrary,
deprotonate the MeHP molecule by removing the proton that
is directly bonded to the phosphorus atom, leading to 6 and 7
(Fig. 2). Additionally, MeHP molecules are known for their
prototropic equilibrium, where the hydrogen atom that is di-
rectly bonded to the phosphorus atom moves to the doubly
bonded oxygen atom, leading to the corresponding
phosphonous acid 3 [20, 21] (Fig. 2).

This prototropic equilibrium has already been shown to be
strongly displaced toward the phosphine oxide form [21-24].
As shown within the next section, this fact is confirmed by our
calculations. The same calculations also lead to the conclusion
that all acidobasic equilibria are here strongly displaced to-
ward the neutral species. In other words, in a solution that
contains only methanol and MeHP molecules in an aprotic
solvent, both molecules exclusively adobt their neutral forms,
and proton exchange reactions preserve the configuration of
the stereogenic phosphorus center. Hereafter, we consequently
focus exclusively on the nucleophilic reactivity of methanol
on the phosphorus atom of MeHP.

Geometrically, all four substituents of the phosphorus atom
in the MeHP molecule are located at the vertices of a tetrahe-
dral structure (Fig. 3). Vertices, faces, and edges of this tetra-
hedron are hereafter numbered using the Cahn-Ingold-Prelog
(CIP) rules as described in Fig. 3.

During the nucleophilic attack of methanol on MeHP, the
oxygen atom of methanol approaches the phosphorus center
in the middle of a face of the tetrahedron (F1 to F4). At the
same time, the alcoholic hydrogen atom of methanol is placed
either in the neighborhood of a vertex (V1 to V4) or in the
middle of an edge (E12 to E34) as represented in Fig. 4. Six
possible hydrogen positions are consequently associated with
each face of the tetrahedron, which globally makes 24 possi-
ble attacks (Fig. 5). These last are named using the face index
followed by the position of the hydrogen atom. F2-V1, for
example, corresponds to the approach of the methanol oppo-
site to the methoxy substituent (face 2), with the hydrogen
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Fig. 3 Tetrahedral geometry of the methyl Ahydrogeno-phenylphosphinate
molecule around its P stereogenic center. Vertices are numbered using the
Cahn-Ingold-Prelog rules applied to the corresponding substituents. In the
present case, substituents have the following order: oxygen, methoxy,
phenyl, hydrogen. Faces are numbered using the same rules, but applied to
the opposite substituent of each face. Finally, edges are numbered using the
neighboring vertices

atom located in the vicinity of the doubly bonded oxygen
atom (vertex 1).

Note that freezing the position of the hydroxyl group of
methanol does normally not determine the whole position of
the alcohol with respect to the phosphinate molecule. The
methyl group of methanol should indeed still exhibit several
degrees of freedom. However, at the PM6 level (vide infra for
modeling details), this methyl group exhibits, for all 24 at-
tacks, a single stable position. The position of the hydroxyl
group of methanol during the nucleophilic attack consequent-
ly practically fully determines the position of the whole meth-
anol molecule with respect to the phosphinate molecule.

Every one of these 24 possible nucleophilic attacks is then
investigated as follows. A full chain modeling, which consists
in seeking transition structures by optimizing several points of
a rope tightened between reactants and products, is performed
using the PM6 semi-empirical method (Ampac [25]) and the
resulting reactive pathway is subsequently modeled using
density functional theory (Gaussian09 [26]). Reaction inter-
mediates and transition structures are all vibrationally charac-
terized and internal released channel (IRC) calculations are
performed on transition structures in order to locate the inter-
mediates that are directly related to them.

Technically speaking, since we are here dealing with
non-exotic organic molecules, we use M06-2X as a functional
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Fig. 4 Generic description of the 24 possible attacks of methanol when it
reacts nucleophilically with methyl Aydrogeno-phenylphosphinate

[27] and 6-31++G** as a basis set, and we added SMD as an
implicit solvent model for all calculations (THF solvent with
default thresholds) [28].

Reaction standard Gibbs free energies (A,G") and
transition standard Gibbs free energies (A,G” %) are calculated
within the thermodynamic framework of the perfect solution
at standard solute concentrations (¢" =1 mol.L").
Translational, rotational, and vibrational partition functions
are calculated for molecules that are free to move. Rotational
partition functions are estimated within the framework of the
rigid rotator approximation. Vibrational partition functions are
estimated within the framework of the harmonic approxima-
tion. All Cartesian molecular structures and relevant structural
information are provided within the supporting material.

Finally, our most significant results are modeled again with
a different basis set, 6-311++G**, using the now classical
B3LYP functional and the CPCM implicit solvent model
(THF solvent with default thresholds) [29, 30]. These addi-
tional DFT modelings aim to test the methodology indepen-
dency of the chemical conclusions that we draw at the end of
this article.

Prototropic equilibrium

As mentioned within a previous paragraph, the prototropic
equilibrium involving MeHP 1 and its phosphonous acidic
equivalent 3 has already been shown to be, in slightly different
cases, strongly displaced toward the phosphine oxide form
[21-24]. Our calculations lead exactly to the same result.
The reaction standard Gibbs free energy that we obtain for
this equilibrium (3 = 1) is indeed —14 kJ mol ! at 25 °C
(—17 kJ mol ™" at 50 °C). We can consequently assume that
the phosphonous acid 3 is absent in the reactive mixture.

Acidobasic reactions

We now determine which neutral, protonated or deprotonated
forms of methanol and MeHP coexist at the equilibrium.

Unfortunately, we were unable to find experimental pKa
values in THF for the compounds we are interested in here.
We consequently had to compare the relative acidities of these
species on the basis of our calculations, which we chose to do
through the building of a relative acidity scale.

In order to make sure that we do not diverge too much from
reality, we first build this acidity scale in dimethyl sulfoxide
(DMSO), which dielectric constant (47.24 at 293.2 K) is
stronger than that of THF (7.52 at 293.2 K) [31], but which
is also aprotic, and for which numerous experimental values
are available within the literature. DFT calculations in DMSO
are performed using the default DMSO parametrization of the
SMD implicit solvent model.
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Fig. 5 Representation of the 24 investigated nucleophilic attacks of methanol on methyl Aydrogeno-phenylphosphinate

Predicting pKa scales is not something simple, and there is
at the moment no consensus about the best way to perform
such calculations, which means also that no success-
warrantied ready-to-use procedure is available for such calcu-
lations. Additionally, in the present case, since the proton ex-
change reaction takes place between neutral reactants, it pro-
duces a charge separation, which leads to a large overestima-
tion of the energy required for this reaction. We decided to go
around the problem by studying proton transfer reactions in
which no charge separation occurs.

This procedure eliminates the charge separation problem,
but generates two parallel pKa scales, one for negatively
charged reactions and one for positively charged reactions.
In order to answer the initial question of a possible proton
transfer between neutral species at the equilibrium, these par-
allel scales have to be merged, which is achieved by scaling
them using experimental data.

Scaling both calculated pKa scales, even differently, during
this process is arbitrary. To our knowledge, there is no theo-
retical reason why it should work, and this is the reason why
we are testing it on experimental data before concluding.

We first chose two acidobasic couples as references, which
pKa are known in DMSO: MeOH/MeO ™ (29.0 at 298 K [32])
and E;NH'/Et;N (9.0 at 298 K [33, 34]). Proton transfer
reaction standard Gibbs free energies A,G" are calculated
for the following reactions, in which no charge separation
takes place.

MeOH + A =MeO™ + AH
Et;NH" + B=Et;N + BH"

This gives access to the pKa of couples AH/A™ and BH'/B
relative to the known pKa of couples MeOH/MeO ™ and
Et;NH*/Et;N through the following formulae.

AG’

PKaysown = pKaTeference_m

The resulting pKa scale is however distended, which
means that the calculated pKa values are in the right order,
but too far away from each other when compared to available
experimental data (see Supporting material for details). Two
additional acidobasic couples are then selected, which



structures are sufficiently different from both reference cou-
ples, and which pKa in DMSO are known, to estimate the
scaling factors that have to be applied to both pKa scales.
Finally, a third pair of acidobasic couples is used, which struc-
tures are again sufficiently different from other used couples,
and which pKa in DMSO are known, to check the validity of
the estimated scale.

Couples used for estimating the scaling factors are
AcOH/AcO ™ (12.6 at 298 K [35]) and 1-hydroxypyridinium/
1-oxopyridinium (1.63 at 298 K [36]). The scaling factors for
the negatively and positively charged scales are estimated to
0.33 and 0.26 respectively. Couples used to check the validity
of the resulting scale are benzophenone oxime and its corre-
sponding deprotonated form (20.1 at 298 K [37]) and
QuinuclidineH*/Quinuclidine (9.8 at 298 K [38]). The
resulting acidity scale is represented in Fig. 6.

It can be seen in Fig. 6 that both couples used to test the
validity of the estimated pKa scale are almost at the right
position, 9.1 instead of 9.8 for QuinuclidineH*/Quinuclidine
and 17.9 instead of 20.1 for benzophenone oxime and its
corresponding deprotonated form. This is very reasonable on
a scale that runs from —10 up to 30. In particular, this degree of
precision is highly sufficient to conclude that MeHP and
methanol cannot deprotonate each other spontaneously, since
the corresponding couples differ about 26 pKa units in case
methanol deprotonate MeHP, and about 33 pKa units in case
MeHP deprotonate methanol. Moreover, since the dielectric
constant of THF is significantly lower than that of DMSO, it is
even more unlikely in THF that both neutral MeHP and meth-
anol molecules deprotonate each other and generate separated
ions.

The conclusion of this short acidobasic study is conse-
quently that MeHP and methanol only exist as neutral mole-
cules in the reactive mixture. We then confidently head for
nucleophilic attacks as the only reactions that may take place
when both molecules collide.

Negatively charged
acidobasic couples

+9.0" +9.8

Nucleophilic attacks

Modeling the 24 considered approaches using PM6 generates
only six reaction pathways. Taking dispersion into account
through the PM6-D3H4 method leads to the same result
(numerical details are provided as Supplementary material).
In all these pathways, the hydrogen atom of the methanol
molecule exhibits a hydrogen bond with one of both oxygen
atoms that are bonded to the phosphorus center, either with the
V1 doubly bonded oxygen atom (F2-V1, F3-V1, F4-V1) or
with the V2 methoxy oxygen atom (F1-V2, F3-V2, F4-V2).
The existence of these six reaction pathways is confirmed by
DFT calculations, in which reactants, products and transition
structures, obtained at the PM6 level have been reoptimized.

Both series, i.e., V1 and V2, behave very differently. V1
attacks consist of syn-additions of the methanol molecule on
the P=0O double bond. They lead to penta-coordinated inter-
mediates 9 to 11, through transition structures TS4 to TS6. In
these mechanisms, the methoxy part of the methanol molecule
is added to the phosphorus center, while the hydrogen atom is
transferred to the oxygen atom V1 that was initially doubly
bonded to the phosphorus center (left side of Fig. 7). These
penta-coordinated intermediates can subsequently give access
to racemization or transesterification products by eliminating
the second methoxy substituent that is held by the phosphorus
center through a mechanism that is similar to the addition
mechanism. In case of a transesterification reaction, the con-
figuration of the phosphorus center is expected to be inverted,
except if the penta-coordinated intermediates can undergo
pseudorotations, which would possibly lead to a complete loss
of stereoselectivity. This process is detailed within the next
section.

In V2 attacks, the alcohol exchange reaction on the phos-
phorus center occurs in a single step. The hydrogen atom of
the methanol molecule is transferred to the methoxy substitu-
ent V2 that is held by the phosphorus center. This substituent

Expected
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Fig. 6 Estimated acidity scale in DMSO (middle) and comparison with
expected values from literature for negatively charged acidobasic couples
(top) and positively charged acidobasic couples (bottom). Values used as
anchor points are marked with # (MeOH/MeO ™~ at 29.0 and Et;NH*/Et;N
at 9.0). Those used for calculating scaling factors are marked with *

(AcOH/AcO at 12.6 and 1-hydroxypyridinium/1-oxopyridinium at 1.6).
Those used as tests are underlined (OXIME at 20.1 and QuinuclidineH"/
Quinuclidine at 9.8). Couples with particular interests within the present
study are bolded and underlined
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Fig. 7 First activated steps of the only six relevant mechanisms, among
the 24 investigated ones, that actually take place during the nucleophilic
attack of methanol on MeHP. Structure 8, which is used here as a common
energetic reference for all investigated routes, is the association with the

is subsequently eliminated, while the methoxy part of the
methanol molecule is added to the phosphorus center (right
side of Fig. 7). No racemization takes place through this mech-
anism. In the case of a transesterification reaction, the config-
uration of the phosphorus center remains unchanged.

As can be seen in Figs. 7 and 8, V2 mechanisms are asso-
ciated with much higher transition standard Gibbs free ener-
gies (F1-V2, TS1: 268 kJ mol '; F3-V2, TS2: 205 kJ mol ;
F4-V2, TS3: 204 kJ molfl) than V1 mechanisms (F2-V1,
TS4: 113 kJ mol !, F3-V1, TS5: 133 kJ mol ™' and F4-V1,
TS6: 130 kJ mol_l). Additionally, within the V1 series, the
F2-V1 (TS4) mechanism, in which the methoxy part of the
methanol molecule is added on the opposite side of the
methoxy substituent already bonded to the phosphorus center,
exhibits a significantly lower transition standard Gibbs free
energy (113 kJ mol ') than both F3-V1 (TS5) and F4-V1
(TS6) mechanisms (133 kJ mol ! and 130 kJ molfl). From
a kinetic point of view, these differences are discriminating.
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Fig. 8 Reaction and transition standard Gibbs free energies associated
with the mechanisms represented in Fig. 7. Numerical values are
calculated at 25 °C using DFT (SMD(THF)//M06-2X/6-31++G**) for
solute standard states. Structure 8 is used here as an energetic reference.
Energy unit: kJ mol*
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lowest standard Gibbs free energy between methanol and MeHP. In this
structure, the alcoholic hydrogen atom of methanol builds a hydrogen
bond with the oxygen atom that is doubly bonded to the phosphorus
center (V1)

Indeed, at room temperature, the resulting ratio between ki-
netic constants kr4vi and kg,_vy, which correspond to both
lowest transition structures, using Eyring equation, is equal to
1.05 1073, Additionally, reaction intermediate 9, which is
reached through attack F2-V1 (TS4) is significantly lower in
energy, about 39 kJ mol ' and 32 kJ mol ™" respectively, than
intermediates 10 and 11 reached through attacks F3-V1 (TS5)
and F4-V1 (TS6). Attack F2-V1 (TS4, 9) is consequently
simultaneously associated with the lowest transition structure
and to the lowest reached reaction intermediate.

We consequently conclude, from this comprehensive study,
that the nucleophilic attack of methanol on MeHP consists of a
syn-addition of the methoxy part of the methanol molecule on
the P=0 double bond, on the opposite side, with respect to the
phosphorus center, of the methoxy substituent (attack F2-V1,
transition structure TS4, reaction intermediate 9).

Further evolution of the pentacoordinated
intermediate

After methanol is added to MeHP, the resulting
pentacoordinated intermediate 9, can evolve backward, and
eliminate the methanol molecule that was just inserted.

On the other hand, intermediate 9 can also evolve forward
and lead to the elimination of the methoxy group that was
initially bonded to the phosphorus center. This process first
consists of small conformational changes. The methoxy group
that was initially bonded to the phosphorus center rotates (TS7
and TS8), and subsequently rotates the hydroxyl group (TS9).
The hydrogen atom of this group is initially directed toward
the incoming methoxy group, and rotates toward the leaving
methoxy group. The methoxy group that is expected to remain
attached to the phosphorus center then rotates twice (TS8” and
TS7’), and a methanol molecule is finally eliminated (TS4”).
A full picture of the mechanism is provided in Fig. 9.
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Fig. 9 Nucleophilic attack of methanol on MeHP: mechanism with the
lowest energy profile. Primes designate enantiomeric structures. Standard
Gibbs free energies (italic, kJ molfl) are calculated at 25 °C using DFT

In TS9, the hydroxylic hydrogen atom rotates over the
hydrogen atom that is held by the phosphorus center. In prin-
ciple, it could actually also rotate over the phenyl group. This
route is however strongly unfavorable. The corresponding
transition structure TS9b is indeed 38 kJ mol ' higher than
TS9. This result finds its origin in the flexibility of the
pentacoordinated intermediate and in the fact that the over-H
region is much less sterically hindered than the over-phenyl
region. These particularities allow both methoxy groups to
accompany and stabilize through H-bonds the rotating hydro-
gen atom during its whole rotation over the H-side, which is
not possible over the phenyl-side due to the steric hindrance
induced by the phenyl group.

Along the energy profile, all transition structures TS7 to
TS7’ are much lower in energy, with a maximum of 67 kJ
mol !, than the transition structures TS4 and TS4’ (113 kJ
molﬁl). Statistically, this means that the whole conformational
space ranging from intermediate 9 to intermediate 9’ becomes
thermalized long before any backward or forward alcohol
elimination takes place. In other words, kinetically, intermedi-
ates 9 to 9’ are permanently at the equilibrium and act as a
single reaction intermediate, whereas transition structures TS4
and TS4’ are rate determining for the overall alcohol ex-
change reaction.

Finally, it can be observed in Fig. 9 that this mechanism is
fully symmetric with respect to TS9. This situation is of
course due to the fact that both incoming and leaving alcohol
molecules are represented by methanol. In the case of a
transesterification, both involved alcohol molecules are

(SMD(THF)//M06-2X/6-3 1++G**) for solute standard states. Structure
8 is used as an energetic reference

different and energies on both sides of TS9 may consequently
differ. We can even imagine that, in extreme cases, the incom-
ing alcohol can be added, but reacts finally backward because
the departure of the leaving alcohol is kinetically hindered.

The backward elimination process preserves a priori the
stereochemistry of the phosphorus center, whereas the alcohol
exchange mechanism inverts a priori this stereochemistry.
This result might however be very different if the penta-
coordinated intermediate undergoes Berry pseudorotations
previous to the backward or forward elimination. This possi-
bility is investigated in detail within the next section.

Berry pseudo rotations of the pentacoordinated
intermediate

Molecular structures containing triangle-based bi-pyramidal
pentacoordinated phosphorus centers are known for their abil-
ity to undergo Berry pseudorotations, in which two equatorial
ligands switch their positions with both apical ligands [39].
Technically, in such a pentacoordinated structure, if all five
ligands are different, there are 20 different way of positioning
them around the phosphorus center and the ligands undergo
30 different pseudorotations. In our precise case however,
both methoxy ligands are identical, which reduces the possi-
bilities down to ten different structures, among which three are
enantiomeric pairs and 15 pseudorotations (Fig. 10).

In Fig. 9, within the previous section, every reaction inter-
mediate corresponds to the structure that is directly obtained
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from IRC calculations. In Fig. 10, the situation is different. It
is indeed shown, within the previous section, that the energies
involved in methyl, phenyl, and hydroxyl rotations (Fig. 9) are
small if compared to the energies involved in pseudorotations
(Fig. 10) and in methanol eliminations (Fig. 9). Not taking
them explicitly into account has consequently no influence
over the predicted global kinetic of the alcohol exchange re-
action, and conformers that differ only by such rotations are
consequently considered in Fig. 10 as single species. For ex-
ample, intermediate 18 is surrounded by transition structures
TS13, TS14, and TS15. IRC calculations lead, from these
transition structures, to intermediates 18-IRC13, 18-IRC14,
and 18-IRC15 that only differ by methyl, phenyl, and/or hy-
droxyl rotations. Intermediate 18 simply designates the most
stable of theses conformers.

From the standard Gibbs free energies reported in Fig. 10, it
appears that not all ligands have the same affinity for apical
positions. From the available numerical values (9, 17, 18, 19),
the following apicophilicity scale is established, OMe >
OH > H > Ph. This result is actually in agreement with previ-
ous observations [40—42], which we take as a confirmation of
the validity of our modeling. Note that apicophilicities are
numerically not additive, which is due to hydrogen bonds
and other additional electronic effects.

The most interesting result that comes out of Fig. 10 is that,
from intermediate 9, pseudorotations are actually competitive
(highest calculated TS: 116 kJ mol ") with backward and for-
ward methanol eliminations (113 kJ mol ). This means that the
penta-coordinated intermediate obtained after an alcohol mole-
cule has been added to an alkyl Aydrogeno-phenylphosphinate
molecule may racemize before any alcohol molecule is elimi-
nated from this intermediate. The routes that lead to such a

+77

remains in equatorial position during the pseudorotation. Right: Standard
Gibbs free energies of all reaction intermediates (straight and black) and
transition structures (italic and colored) represented on the left hand side
of the figure (energetic reference: structure 8). Energy unit: kJ mol '

racemization through pseudorotations are represented in
Fig. 11. Several possible racemization routes actually lead from
20, which is equivalent to 9 if R; =R, = OMe, to 21, which is its
enantiomeric version, for example 20-28-27-32-33-38-37-21
(highest calculated TS: 116 kJ mol ! between 27 and 32).

It is of course expected that the exact nature of both in-
volved alkoxy groups may significantly influence the actual
transition standard Gibbs free energies associated with the rate
determining steps of the alcohol insertion, the alcohol elimi-
nation, and the pseudorotations. Depending on these values,
five scenarios can take place. First, the energy barrier associ-
ated with the alcohol insertion is high enough to prevent it
within the conditions of the experiment. In such a case, the
alkyl hydrogeno-phenylphosphinate is chemically and
stereochemically stable. Second, the energy barrier associated
with the alcohol insertion is low enough to make it possible
within the conditions of the experiment. Then, the resulting
penta-coordinated intermediate is either stereochemically sta-
ble or inverts through pseudorotations. Finally, the energy
barrier associated with the alcohol elimination is either too
high to make it possible, and the only possible alcohol elim-
ination is consequently backward, or the energy barrier is low
enough to make the forward alcohol elimination possible. In
the first case, the alkyl hydrogeno-phenylphosphinate is
chemically stable, but may racemize through pseudorotations.
In that case, it can even be imagined that a very small amount
of alcohol may lead to the racemization of the alkyl
hydrogeno-phenylphosphinate molecule without apparent reac-
tivity. In the second case, the alkyl iydrogeno-phenylphosphinate
is chemically unstable, i.e., its alkyl group has been changed, and
the phosphorus center has been inverted, or has possibly
racemized through pseudorotations (Fig. 12).
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Association and dissociation of reactants
and products

Intermediate 8, which simply corresponds to the association of
both reactants through an H-bond, has been used as an ener-
getic reference.

This choice has voluntarily been made on account of our
expertise in this area, which has proven to us that estimating
precisely such energies in condensed phase is a tough task,
especially due to the difficulty of correctly estimating transla-
tional entropies in solution. We consequently prefer to

OR

H OH H
K1

(0]
H —_— \\vlﬁ‘
G = O

Fig. 12 Schematic summary of all possible formal reactive routes within
the framework of a nucleophilic attack of an alcohol molecule on an alkyl
hydrogeno-phenylphosphinate molecule

37 34
L L
2 YR 27N

Ph ' h o

(15) (14)

estimate them separately from the reaction mechanism and
avoid any contamination of the calculated barrier by those
uncertain data.

In the present case, the reaction standard Gibbs free energy
corresponding to the association of MeHP 1 and methanol 2
into intermediate 8 at 25 °C obtained from DFT (SMD(THF)//
MO06-2X/6-31++G**) is 8 kI mol ', which leads to an overall
energy barrier of 121 kJ mol™'. This value is not discussed
further here, but within the upcoming discussion, where its
reliability is explicitly checked.

Experimental measurements

Methyl hydrogeno-phenylphosphinate is chemically unstable
and denatures faster than it racemizes. We consequently ran
the experiments with the smallest alcohol after methanol, and
experimentally monitored the racemization kinetics of ethyl
hydrogeno-phenylphosphinate (EtHP) in the presence of
ethanol.

We used pure ethanol as solvent and measured the racemi-
zation kinetics at its boiling temperature (78 + 1 °C). Four
experiments have been performed, where the phosphinate
concentration has been varied from 1.30 10™* mol L™" to
1.31 10 mol L™". The racemization kinetics have been
followed using chiral HPLC (see Experimental section).
Raw experimental data are reported in Tables 1 and 2.



Table 1 Synthetic description of

racemization kinetic experiments. Experiment

EtHP concentration (mol.L ™)

Initial enantiomeric excess (%)

Solvent: ethanol. Temperature:
78 £ 1 °C (ethanol boiling point)

1 (131+0.04) 1072
2 (131+0.04) 102
3 (2.60£0.07) 10°*
4 (130 +0.04) 107*

97.9+1.0
97.1+1.0
96.0+ 1.0
95.6+1.0

Kinetic modeling

Both incoming and leaving alcohols used experimentally
are identical and the overall kinetic scheme described in
Fig. 12 then simplifies into a single reactive pathway
with, formally, a single reaction intermediate and two
symmetric transition structures. On the basis of the
DFT modeling, in which the pentacoordinated interme-
diates are shown to be significantly higher in energy
than the reactants and products (9 is 48 kJ mol™' higher
than 8 at 25 °C), the quantity of the formally unique
reaction intermediate is assumed permanently negligible
with respect to the quantities of the reactants and prod-
ucts. It is then easily shown that the racemization kinet-
ics obey the following law, in which ee(t) represents the
enantiomeric excess at time t, and k the kinetic constant
associated with the reaction step that leads from sepa-
rated ethanol and EtHP molecules to the reaction inter-
mediate, as defined in Fig. 12.

dee(t) [EtOH]
=k
dt c

ee(t) (1)

The racemization reaction produces exactly as much etha-
nol as it consumes. The concentration of ethanol consequently
remains constant, and this last differential equation integrates
as follows, where eeq represents the initial enantiomeric
excess.

: (2)

ee(t) = eepexp (—k [EtOH] t>

c

Every single data point reported in Table 2 can conse-
quently be converted into a measure of k. To do so, the
actual concentration of ethanol is required, which we cal-
culate from the density of ethanol at its boiling point
(16.06 + 0.02 mol.L™") [31]. The resulting values of k
are reported in Fig. 13, along with the fitted value of k
for each single experiment. Fitting is achieved by mini-
mizing the average quadratic deviation between the mea-
sured and the predicted values of k. The inverse of the
square of the absolute uncertainty is used for weighting
each fitted data.

Finally, transition standard Gibbs free energies are extract-
ed from the fitted k values using Eyring Eq. (3). These ener-
gies are reported in Table 3.

kh
A,G* = —RTIn <kB—T) (3)

Table 2 Data points that have been collected during racemization
kinetic measurements. “Exp” refers to experiments described in Table 1

Data Exp Duration (min) ee (%)

1 1 341 +1 96.0+1.0
2 1 13311 90.0+1.0
3 1 1707 =1 87.7+1.0
4 1 2777 +1 80.7+1.0
5 1 2834+ 1 80.4+1.0
6 1 3234+ 1 78.6+1.0
7 1 4205 +1 74.0+1.0
8 1 4612 + 1 72.0+1.0
9 1 5695 1 66.4+1.0
10 1 6118 +1 64.8+1.0
11 1 7178 + 1 60.9+1.0
12 2 97+ 1 96.5+1.0
13 2 1151 +£1 89.9+1.0
14 2 1598 =1 87.0+1.0
15 2 2587+ 1 803+1.0
16 3 68+ 1 95.8+1.0
17 3 1086 £ 1 91.3+1.0
18 3 15101 89.7+1.0
19 3 2491 £ 1 85.7+1.0
20 3 2968 + 1 83.2+1.0
21 3 3901 £ 1 80.1+1.0
22 4 404 £1 94.1+1.0
23 4 1339+ 1 903 +1.0
24 4 1807 £ 1 88.2+1.0
25 4 2970 + 1 83.7+1.0
26 4 4299 + 1 789+ 1.0
27 4 6124+ 1 73.3+1.0
28 4 7269 + 1 68.9+1.0
29 4 9974 £ 1 612+1.0
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Fig. 13 Values of k obtained from the experimental data listed in Table 1
(circles). Triangles represent the associated uncertainty ranges. Horizontal
red lines are obtained by fitting k values with a constant. The uncertainties
associated with the first data points of experiments 2 and 3 are larger than
the vertical range used in the figure and the corresponding triangles are
consequently not visible

Discussion

Two conclusions are immediately drawn from Fig. 13. First,
measured k values are almost constant along every single
experiment, which is exactly what is expected on the basis
of the DFT modeling. Second, k is not fully uniform over all
experiments, which is not expected from the DFT modeling,
and actually slightly depends on the phosphinate concentra-
tion. Multiplying this concentration by about 100 (from ex-
periment 4 to experiment 1) indeed increases k by about 50%
(from1.510°s 't02210°s™1).

Figure 14 shows that this dependency is actually reproduc-
ible (experiments 1 and 2 on the right-hand side of the figure)
and is not an experimental artifact. This dependency indeed
corresponds to an evolution of the transition standard Gibbs
free energy that is significantly larger than its associated un-
certainty (triangles in Fig. 14).

At the moment, from our sparse data, only hypothesis can
reasonably be drawn to interpret this slight dependency of the
transition standard Gibbs free energy with respect to the
phosphinate concentration. Our proposal, on the basis of the
acidity scale presented in Fig. 6, in which MeHP is shown to
be simultaneously more basic and more acidic than methanol,
is that EtHP here acts as an acido-basic catalyst for the
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fit: o v
133.4 - 0.65 log, o (cp/c°)
134.0 910ce

1 1 1 1 1 1
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logyo(cp/c®)

Fig. 14 Dependency of the transition standard Gibbs free energies
(A,G°%) reported in Table 3 with respect to the phosphinate
concentration (Cp)

reaction; such a catalysis may occur in different ways. A first
EtHP molecule may, for example, activate the electrophilic
character of the phosphorus center of a second EtHP molecule
by building an H-bond with an oxygen atom that is directly
bonded to the phosphorus center (=O or -OEt). It would be an
acidic catalysis. Or it may activate the nucleophilic character
of ethanol by building an H-bond with the hydrogen atom of
the alcoholic hydroxyl group. It would be a basic catalysis.
Investigating these hypotheses further necessitates a full ded-
icated study that is currently in progress and consequently out
of the scope of this article.

The other aspect that now has to be investigated is the com-
patibility of the collected experimental data with the reaction
mechanism that we proposed previously in this article.
Considering the initial association of the reactants 1 and 2 into
intermediate 8 (A,G (25 C): 8 kJ mol ') and the energy barrier
TS4 between intermediates 8 and 9 (A,G ¥(25°C): 113 kJ
mol ), the overall transition standard Gibbs free energy that is
expected from the DFT modeling is 121 kJ mol " at 25 °C. This
value changes a bit when the temperature is increased up to 78 °C
and reaches 128 kJ mol ', with 13 kJ mol ' that corresponds to
the association of the reactants and 115 kJ mol " that corresponds
to the energy barrier. This value is close to the 134-136 kJ mol
energy range that has been obtained experimentally, and we
would like to conclude that our DFT model is in good agreement
with the experimental data that we have collected.

However, before doing so, we have to check the reliability
of the DFT modeling. This aspect is investigated by changing
the functional, the implicit solvent model, and the basis set

Table 3 Transition standard

Gibbs free energies extracted Experiment EtHP concentration (mol.L™") Transition standard Gibbs free energy (kJ mol ')
from the experiments described in -
Table 1 using the kinetic model 1 (1.31+£0.04) 10 134.7+0.2
deduced from the DFT modeling 2 (131 +0.04) 102 134.6+03
3 (2.60 +0.07) 107* 135.8+£0.2
4 (1.30£0.04) 107 135902
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Fig. 15 Partial and overall transition standard Gibbs free energies of the
rate determining step of the proposed mechanism, but recalculated using
functional B3LYP, implicit solvent model CPCM, and basis set 6311+
+G(d,p) instead of M06-2X, SMD, and 6-31++G** (default values), or
by adding GD3 as an empirical dispersion correction. * indicates that
default values are used. ETH indicates that alkyl groups are ethyl groups

used for the key data of the DFT modeling, i.e., structures 1, 2,
8, and TS4, and by adding GD3 as an empirical dispersion
correction. Additional modelings have been performed for
structures 1, 2, 8, TS4, and 9, but in which methyl groups
have been replaced by ethyl groups. The corresponding struc-
tures are named 1-ETH, 2-ETH, 8-ETH, TS4-ETH, and
9-ETH and the associated numerical values are reported in
Fig. 15 (numerical data are provided as Supporting material).

Several important conclusions can be drawn from these re-
sults. First, changing the implicit solvent model or adding GD3
as an empirical dispersion correction has almost no effect on the
predicted energies. Second, the association energy is very similar
(4 kJ mol ) for all functional and solvent model combinations,
which means that, on the contrary of what we had first fright-
ened, this value seems reliable. Third, changing alkyl groups
from methyl to ethyl slightly increases the calculated energy
barriers (+5~6 kJ mol_l), but this variation is small if compared
to that resulting from a change of functional. Indeed, changing
the functional from M06-2X to B3LYP increases the overall
energy barrier by about 25~30 kJ mol '. This difference may
first look gigantic if compared with the precision of the values
obtained experimentally, but it is actually a reasonable difference
within the framework of energy barrier predictions, and we can
consequently conclude that the barriers predicted from DFT are
consistent. Since they additionally occupy an energy range that
includes the values obtained experimentally, we can confidently
assess that the mechanism we proposed from DFT calculations
is compatible with the experiment.

Conclusions

In this article, we explored in a systematic way all reactive
routes that may be taken when an alcohol molecule meets an

alkyl hydrogeno-phenylphosphinate molecule. It has been
first shown that no acidobasic reaction takes place between
these molecules. It has then been found that the alcohol mol-
ecule acts as a nucleophile and attacks the phosphinate mole-
cule directly on the phosphorus center with a syn-addition
mechanism, along a direction which is exactly opposite to
the alkoxy group held by this atom. This attack leads to a
pentacoordinated intermediate that is significantly more
energetic than the reactants and can consequently not be iso-
lated. This intermediate may racemize through Berry
pseudorotations, and evolve, either toward the elimination of
the alcohol molecule that has just been added, or toward the
elimination, as an alcohol, of the alkoxy group that was ini-
tially held by the phosphinate molecule.

DFT modelings have been performed within the frame-
work of a methanol molecule that attacks a methyl
hydrogeno-phenylphosphinate molecule. According to these
modelings, the overall transition standard Gibbs free energy
associated with the formation of the pentacoordinated inter-
mediate from the reactants is 121 kJ mol ' at 25 °C (SMD//
MO06-2X/6-31++G**) and the transition standard Gibbs free
energy associated with the highest transition structure along
the less energetic route that allows the racemization of the
pentacoordinated intermediate through Berry pseudo rotations
is, with the same energetic reference, 124 kJ mol ! at 25 °C
(SMD//M06-2X/6-31++G**). Pseudo rotations of the
pentacoordinated intermediate are consequently competitive
with the elimination of an alcohol molecule.

The racemization kinetics of ethyl iydrogeno-phenylphosphinate
in pure ethanol at 78 °C has experimentally been moni-
tored using chiral HPLC. The formal kinetic model pre-
dicted from DFT calculations has then been found to fit
pretty well with these experimental data and experimental
transition standard Gibbs free energies have been extracted
with a good precision (£0.3 kJ mol™"). These energies un-
expectedly exhibit a weak, but real, dependency on the
phosphinate concentration, which is characterized by the
following equation (unit: kJ mol ™ 1): 133.4-0.65 log;o(cp/c®).
This slight dependency has been interpreted as a possible
acidobasic catalytic action of a second phosphinate molecule
in the alcohol exchange reaction, but this still needs to be
proven.

Except this question that remains open, experimental and
predicted transition standard Gibbs free energies have here
been proven to be compatible and this makes us rather confi-
dent in the fact that the proposed mechanism is realistic.

Synthesis methodology
In a dry 250 mL bicol round flask under argon, 80 mL

of THF are introduced and cooled at 0 °C. 9.2 g of
dichlorophenylphosphine (51.4 mmol) are diluted, then 32 mL



of ethanol are added dropwise. The agitation is maintained dur-
ing 20 h at room temperature. The solution is then concentrated
under reduced pressure and under vacuum. The ethyl
hydrogeno-phenylphosphinate is obtained with a 95.3% yield
8.3 g).

NMR analysis

NMR 'H (CDCls, 400 MHz): 5 1.10 (t, *J = 6.6 Hz, 3H), 3.88
(m, 2H), 7.32 (d, Jp.;y = 563.88 Hz, 1H), 7.24-7.55 (m,
5Hom). RMN *'P {'H} (CDCls, 400 MHz): 5 25.0 (s).

Chiral HPLC

Enantio-enriched ethyl hydrogeno-phenylphosphinate was
refluxed in 30 mL of ethanol. Aliquots of this solution were
injected on Lux-Cellulose-2 (250 x 4.6 mm, Cellulose tris
(3-chloro-4-methylphenylcarbamate), heptane/ethanol 80/20,
1 mL/min, UV detection at 220 nm, Retention times: 8.2 and
10.8 min) to monitor the enantiomeric excess over time.
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