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Abstract

The dynamic equilibria of organomagnesium reagents are known to be very complex, and the
relative reactivity of their components is poorly understood. Herein, a combination of DFT
calculations and kinetic experiments is employed to investigate the detailed reaction
mechanism of the Pummerer coupling between sulfoxides and turbo-organomagnesium
amides. Among the various aggregates studied, unprecedented heterometallic open cubane
structures are demonstrated to yield favorable barriers through a concerted anion-anion
coupling / S—O cleavage step. Beyond a structural curiosity, these results introduce open
cubane organometallics as key reactive intermediates in turbo-organomagnesium amide

mixtures.
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Introduction

Main group organometallics are the most common source of nucleophilic carbon in organic
synthesis. Grignard reagents (R-MgX; 1) have been particularly instrumental due to their
balanced reactivity, cost, and functional group tolerance.! Structural studies in the solid-state
and solution dynamics of these seemingly simple organometallics have demonstrated the
complexity of their aggregation equilibria, often involving various species co-existing in
solution (Scheme 1A).%3 The Schlenk-equilibrium yields diorganomagnesium species 2 and it
is an important example of this dynamic behavior, which is influenced by concentration,
solvent, steric properties of the carbon fragment, halide anion, and temperature.*> The presence
of magnesium or lithium salts fundamentally changes the reactivity of Grignard reagents and
affects the positions of these equilibria through the formation of mono- or multinuclear
complexes with variable relative stabilities and reactivities (i.e. “linear” dimers 1a, LiCl
adducts 1b, “ate” complexes 1¢, open cubane aggregates 1d, etc.).>® Despite the studies on the
solution equilibria of these systems to determine the most abundant species in different
conditions, their relative contributions to the overall reactivity is difficult to assess. This is due
to the problematic deconvolution of the roles that various aggregates take in the overall kinetic
progress of the reaction.

The solution equilibria of magnesium amide bases (R:N-MgX), termed ‘Hauser’ bases 3
(Scheme 1B),” and their LiCl complexes, known as ‘Knochel-Hauser’ or ‘turbo-Hauser’ bases
4, are governed by similar principles.®® These reagents have been mostly used in the selective
magnesiation of C—H bonds.!? They are structurally diverse and the amide ligand can occupy
bridging or terminal positions.®-!!-!3 Hauser bases have been combined with Grignard reagents
to drive the most challenging deprotonations. The resulting organomagnesium amides (5; R—
Mg—NR?>) turn the acid-base reaction irreversible through deprotonation of the initially formed
amine with the magnesium alkyl.!* The solution dynamics of these reagents are significantly
more complex than their parent components. The Schlenk (diorganomagnesium and
magnesium halide clusters) and aggregation (monomeric, dimeric, etc.) equilibria on the
Grignard and Hauser base co-exist with various heteroleptic organomagnesium amide
complexes. Understandably, the structural information on these systems is limited to solid-state
studies, in which dimeric structures with bridging amide ligands are most common (see 5,

Scheme 1A).1°
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Scheme 1. Relevant structures involved in the solution equilibria of Grignard reagents and
their organomagnesium amides (A), or Hauser and Knochel-Hauser bases (B). For simplicity,

only the most common dominant species are shown. DIPA, diisopropylamide; S, solvent.

Recently, Mendoza and co-workers discovered the differential reactivity of Grignard
reagents 1 upon the addition of a specific Knochel-Hauser base (DIPAMgCI-LiCl; 4a) in the
context of Pummerer-type reactions (Scheme 2A).!'® This process allows the direct
transformation of sulfoxides 7 into a-functionalized sulfides 8. Unlike conventional
electrophilic Pummerer reactions, this method is compatible with strong and localized alkyl-,
aryl-, vinyl- and alkynyl-Grignard nucleophiles. This work introduced the potential of turbo-
magnesium amides as activators of organometallics, beyond their role as bases in earlier
work.!%!% Surprisingly, the mixture of Grignard 1 and DIPAMgCI-LiCl (4a) eluded the fast S-
Mg exchange that occurs between Grignards 1 and sulfoxides 7 at cryogenic temperatures.!’
Interestingly, control experiments without 4a (entries 1 and 2; Scheme 2A) or with a similar

Knochel-Hauser base 4b (entry 3) clearly indicated the importance of the diisopropylamide
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fragment,® which pointed to a critical aggregation of Grignard 1 with the base 4a into a new
turbo-organomagnesium amide species 6. It was also found that LiCl (entry 4), and in particular
the 1:1:1 stoichiometry between the Grignard, the base and LiCl, are critical for the success of
this reaction (entries 5 and 6). Moreover, it was recently found that the same Grignard-
DIPAMgCI-LiCl combination is uniquely more reactive and more selective in addition
reactions to challenging carboxylate anions.'® This further suggests that a new species is
formed in solution upon mixing Grignard reagents 1 and DIPAMgCI-LiCl (4a), and this is

relevant for the new reactivity observed.
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14 . R~ W 2 w/o DIPAMgCI-LiCI 10
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Scheme 2. (A) Pummerer coupling between sulfoxides and Grignard reagents 1 mediated by
the turbo-Hauser base DIPAMgCI-LiCl (4a) including key optimization studies.'® (B) Previous

mechanistic proposal.

Although the exact mechanism of the Grignard activation by DIPAMgCI-LiCl (4a) in this
process was unclear, the initially proposed mechanism was consistent with previous knowledge
on related B-functionalized organolithiums'® and Pummerer reactions (Scheme 2B).2° The
deprotonation of the sulfoxide 7 would produce a sulfoxide anion 9, which would undergo S—
O bond excision through B-oxide elimination'® to generate a Pummerer sulfonium intermediate
10.2° The latter would react with an undefined nucleophilic Grignard species 1,6 to generate

the thioether product 8.
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To gain insight into the intimate mechanism of activation of the Grignard reagent 1
bestowed by the Knochel-Hauser base 4a, we set out to undertake a computational and kinetic
profiling of this system. At the onset, it is important to underscore that only solid-state
information existed on some organomagnesium amides 5'° and none on the LiCl adducts 6 that
seemed to be responsible for the differential reactivity observed (see Scheme 2A). Given the
complex equilibria that may be at place in solutions of turbo-organomagnesium amides 6, the
combined experimental-computational approach allows to evaluate the energies of various

aggregates, as well as their relative relevance for the reactivity towards sulfoxides 7.

Results and Discussion

In both the experimental and computational investigations described below, the reaction
was studied using methyl phenyl sulfoxide (7a) and isopropylmagnesium chloride (1e) as
representative reactants.

First, we set out to observe the evolution of the system using in situ no-D '"H-NMR
spectroscopy. The sulfoxide 7a displayed broadened and shifted resonances when the base
DIPAMgCI-LiCl 4a and Grignard 1le were subsequently added, thus suggesting interaction
through several complexes in equilibrium (see SI). This mixture is unstable and evolves into
the product even at low temperature, thus preventing structural studies on this equilibrium by
NMR or XRD. As discussed above, the dominant structures participating in this rapid
equilibrium may not be relevant for the reactivity, and the reactive species may be minor
components. The formation of the product could be monitored by NMR, finding that the
reaction reached 91% yield in about 3h at 25°C (Scheme 3).

Next, we employed density functional theory (DFT) calculations, in the form of the
dispersion-corrected B3LYP method,?!-? to determine the structures of the most stable species
that can form initially under the experimental conditions. To that end, we optimized the
structures of various aggregates that can form prior to the addition of the sulfoxide, and
compared their energies to those of the monomer of the magnesium amide and the dimer of the
Grignard reagent, as these two have been reported to be dominant forms of the respective
reagents in solution.®* This study concluded that the aggregation of the Grignard reagent and
DIPAMgCI-LiCl results in more stable heteroleptic aggregates (see SI for details).

The two most stable complexes with linear topology and two open cubane complexes were
then used to explore the coordination of the sulfoxide substrate. In all cases, the exchange of

one solvent molecule for the sulfoxide at the terminal magnesium resulted in complexes that

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202004164

are 3-6 kcal/mol more stable (see SI). The exothermic character of this ligand substitution is
consistent with the interaction observed by 'H-NMR in the reaction mixture (see above). The
resulting complexes A-D are shown in Figure 1 along with their calculated relative energies.
Complex A consists of two magnesium ions bridged by the amide and a chloride ion. One
magnesium ion binds the sulfoxide and the isopropyl moiety, while the other ion binds a second
chloride and a THF molecule. Complex B is essentially the lithium chloride adduct of complex
A, where two chlorides bridge the Mg and the Li ions. This structural motif is commonly found

in related Grignard and Hauser-base complexes.310:12

The energy of complex B is only 0.2
kcal/mol higher than complex A.

Despite not being reported in structural studies, we explored the feasibility of the
magnesium-lithium heterometallic open cubanes C and D as reactive intermediates. Similar
cubane and open cubane structures have been implicated in unrelated reactions involving
potassium?? or zinc aggregates.?* Complex C features two magnesium ions linked by the amide
and a chloride, with additional chloride bridges with the lithium ion to complete the compact
structure. This species is calculated to be +3.3 kcal/mol relative to complex A. Complex D is
a dimer formed of two units of complex C. This aggregate is calculated to be only 4.4 kcal/mol
higher than complex A. As seen in Figure 1, in complexes A-D the amide bridges two

magnesium ions while the sulfoxide and alkyl ligand bind to a single magnesium. Exchanging

of the positions of the amide and sulfoxide leads to higher energies (see SI).
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Figure 1. Structures of the four starting complexes used to study the reaction mechanism.

Relative energies are indicated in kcal/mol. For important distances in these structures, see SI.
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Next, we calculated the full reaction mechanisms starting from these four complexes. The
calculations show that they follow essentially the same reaction mechanism, consisting of the
following steps: 1) a ligand rearrangement into a p-sulfoxide / 6-amide disposition, 2) a proton
transfer from the sulfoxide a-carbon to the amide, forming a sulfoxide enolate featuring an
S=C double bond, and finally 3) a nucleophilic addition of the isopropyl moiety to the sp?
carbon of the sulfoxide anion taking place concertedly with the cleavage of the S—O bond. The
latter of these steps is a surprising anion-anion C—C coupling that contrasts with electrophilic
Pummerer reactions via sulfonium intermediates 10.2°

As shown in Figure 2, the calculations demonstrate that the two linear complexes A and B
have very similar reaction energy profiles. The optimized geometries of the intermediates and
transition states (TSs) for both complexes are given in the SI. The last step was found to be
rate-determining for both cases, with a calculated barrier of 27.1 kcal/mol for complex A and
28.1 kcal/mol for complex B. An important observation here is that, in contrast to previous
proposals,'® the B-oxide elimination pathway!® to form a discrete sulfonium intermediate®
could not be obtained by the calculations (see SI for details).

The overall barriers calculated for these two complexes are not compatible with the reaction
time and temperature used in the experiments, indicating that the two considered linear
complexes might not be the active species in the reaction. Furthermore, the fact that identical
mechanisms were obtained for complexes A and B, with very similar barriers, suggests that
other linear complexes (e.g. complexes E-K in the Supporting Information) are also likely to
behave similarly, yielding high barriers. These complexes were therefore not considered

further by the calculations.
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Figure 2. Free-energy profile of the reaction mechanism of complexes A and B. Relative

energies are in kcal/mol.
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We then turned our attention to reactions starting from the open cubane structures C and D.
These two complexes gave similar energy profiles compared to each other, but very different
compared to the linear structures discussed above. The calculated energy graph and the
optimized geometries of the intermediates and transition states for the reaction starting from
complex C are depicted in Figures 3 and 4, while the corresponding figures for complex D are
given in the SI.

According to this mechanism, the first step also here is the formation of the intermediate
with the sulfoxide in the bridging position and the amide in the terminal one (c-amide; Int1-
C). The energy of this intermediate is 7.7 kcal/mol higher than complex C, i.e. +11.0 kcal/mol
compared to the most stable complex A. This rearrangement is necessary, as the direct
deprotonation of the sulfoxide in the terminal position is associated with high barriers (see SI),
probably due to the coordinative saturation of the bridged amide (p-amide) that prevents the
proton abstraction. Next, Int1-C undergoes a second rearrangement step to form Int2-C, 2.2
kcal/mol higher in energy, in which the oxygen of the sulfoxide is bound to the three metallic
ions (see Figures 3 and 4). Int2-C can then undergo the intramolecular proton transfer through
TS1-C, which has an accumulated barrier of 16.8 kcal/mol relative to complex C, i.e. 20.1
kcal/mol relative to the most stable species, complex A. Interestingly, in the resulting Int3-C
(Figure 4), the anionic carbon of the sulfoxide enolate binds to the Mg ion (Mg—C distance
2.22 A), displacing the oxygen, which is no longer bridging (Mg—O distance 2.66 A). At Int2-
C, the alternative proton transfer to the isopropyl moiety has a more than 11 kcal/mol higher

barrier compared to TS1-C and can be ruled out (see SI).
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Figure 3. Free-energy profile of the reaction mechanism of complex C. Relative energies are

in kcal/mol.
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Int3-C is calculated to be 14.1 kcal/mol lower than Int2-C (-0.9 kcal/mol relative to
complex A), and in order for the reaction to proceed, another rearrangement step is necessary,
namely the sulfoxide rotates around the S—O bond to form Int4-C, which is calculated to be
5.5 kcal/mol higher than Int3-C. This rotation breaks the Mg—C coordination, resulting in an
sp>-hybridized anion in close proximity with the isopropyl moiety (Int4-C). In the final step
of the reaction, the isopropyl adds to the sulfoxide enolate concertedly with the cleavage of the
S—O bond to form the final product, similarly to the mechanism found for the linear complexes
A and B. The cumulative barrier for this step is calculated to be 15.2 kcal/mol relative to Int3-
C (see Figure 3). In the transition state for the C—C bond formation (TS2-C), the Li—O distance
is 1.82 A, which is 0.17 A shorter than in the preceding intermediate due to the increasing
negative charge on the oxygen. This shorter distance, in turn, increases the congestion in the
complex, which results in the chloride that is bridging the Li and Mg ions becoming terminal.

The rate-determining barrier of this mechanism is thus 20.1 kcal/mol, which is 7-8 kcal/mol
lower than the barriers obtained for the linear complexes A and B. Interestingly, the energies
for the reaction starting from the double cubane complex D are similar to those of complex C
(details given in SI), with a calculated rate-determining barrier of 24.9 kcal/mol. Hence, despite
the fact that the cubane starting structures are slightly higher in energy compared to the linear
ones (Figure 1), they lead to reaction mechanisms with lower barriers. One reason is the greater
extent of electrostatic stabilization of the negative charge of the oxygen upon cleavage of the
S—O bond due to the complexation of the lithium ion. This stabilization can be detected from
the shortening of the Li—O distance at the last step, and also from the much lower energy of the
final product, which is calculated to be much more stable than the products of the linear
complexes (compare, for example, Prod-C in Figure 3 with Prod-A in Figure 2).

It is also interesting to note that the S—O bond distance of the sulfoxide enolate of Int4-C
is 0.10 A longer than the corresponding distance for complex B. Moreover, the sp? carbon in
Int4-C has less negative charge (—0.82) compared to the corresponding intermediate for
complex B (—0.97), indicating that the carbon in Int4-C would facilitate coupling with the alkyl

nucleophile in the case of the open cubane structure (see SI for details).
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Int1-C

Int3-C

Figure 4. Optimized geometries of the intermediates and transition states of the reaction

mechanism for complex C. Selected distances are given in Angstrom.

An important difference between the reactions of the linear complexes and the cubane ones
is that the C—C bond formation is rate-limiting in the former, while in the latter the proton
transfer step is rate-limiting. The fact that this step is also irreversible implies that one would
expect to observe a primary kinetic isotope effect (KIE) when using an analogous deuterated
substrate if the predictions of the calculations are correct. Indeed, we observed a significantly
slower reaction using sulfoxide 7a-d3, reaching only 48% yield in the first 3.3 hours as
evidenced by "H-NMR (Scheme 3). This contrasts with the complete conversion in the same
time obtained with the protonated substrate 7a. However, the complex kinetics observed in the
system prevented an accurate determination of the KIE value. The deprotonation equilibrium
could also affect the KIE observed, but the irreversible deprotonation predicted by the

calculations makes this scenario less likely. The mechanism involving chiral cubane

10
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intermediates presented herein may also explain the partial chirality transfer observed for more

16a

complex substrates, °* which was initially ascribed to an intimate sulfonium ion pair in line

with earlier Pummerer literature.
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Scheme 3. The slower reaction with a deuterated substrate 7a-ds is consistent with the rate-

determining deprotonation predicted by the calculations.

Conclusions

In summary, the Pummerer reaction between sulfoxides and Grignard nucleophiles
activated by turbo-Hauser bases has been calculated to occur through an open-cubane
heterometallic turbo-organomagnesium amide. The caged topology of this intermediate is
crucial to facilitate the activation of the S—O bond and stabilize the negative charge on the
sulfoxide enolate carbon. Surprisingly, the formation of the new C—C bond occurs through a
concerted anion-anion coupling with concomitant cleavage of the S—O bond. This contrasts
with conventional Pummerer-type reactions operating through electrophilic intermediates.
These insights explain the critical role of LiCl in nucleophilic Pummerer coupling, and open
new avenues for research in new synthetic methods based on the synergy between Knochel-

Hauser bases and Grignard reagents.

Computational Methods

All the calculations were performed with the package Gaussian 09%° and the B3LYP-D3(BJ)
functional.?!*2 Geometry optimizations and frequency calculations were carried out with the
6-31G(d,p) basis set. Solvation effects were considered by performing single-point calculations
with the SMD model and THF as solvent.?® To obtain better accuracy, the electronic energies
of the optimized structures were calculated using single-point calculations with the larger basis

set 6-311+G(2d,2p). Vibrational frequencies were calculated at the same level of theory as the

11
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geometry optimization, and the Gibbs free energy corrections were calculated using the rigid-
rotor-harmonic-oscillator (RRHO) approximation at room temperature. Standard state
corrections to account for the conversion from the 1 atm ideal gas to the 1 M standard state for
the solutes and the 12.3 M for the solvent were included. This correction was done by adding
the term RT In(24.5) = +1.9 kcal/mol for the solutes and R7 In(24.5-12.3) = +3.4 kcal/mol for

the solvent.

Supporting Information
Further computational results, absolute energies and energy corrections, and Cartesian
coordinates of reported structures (PDF). Experimental procedures, kinetic monitoring and

data analysis (PDF).
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