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Organozinc reagents play a critical role in synthesis, yet our
comprehension of their structure-reactivity relationships is limited
by a lack of information about their structures in solution. This
study introduces a computational workflow, validated by X-ray
absorption spectroscopy, to investigate organozinc reagents in
The solvation states of ZnCl,, ZnMeCl and ZnMe,
were explored using ab initio molecular dynamics (metadynamics
and Blue Moon sampling) within an explicit solvent cage. The
study revealed the existence of various solvation states at room

solution.

temperature, providing clarity on the previously debated structure
of ZnMe; in THF solution. These findings were confirmed by near-
edge X-ray absorption spectroscopy (XANES) interpreted using
time-dependent density functional theory (TD-DFT) calculations.

Introduction

Organozinc compounds are ubiquitous reagents in synthesis with
applications ranging from polymer synthesis to pharmaceutical
and crop chemistry.! They are involved in reactions such as
halogen/metal exchanges,? conjugate additions® and the Negishi
cross-coupling. > Their sensitivity to chemical environment, such
as solvents and additives, enables a fine tuning of their reactivity
compared to that of more polar organometallic compounds.® The
crucial role played by solvent mixtures in stabilizing organozinc
intermediates involved in Pd-catalysed Negishi cross-coupling has
been highlighted by the group of Organ.’~'2 The group of Blum
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revealed such effects on the synthesis of organozinc compounds
from Zn(0).3-15 Obtaining relevant information from molecular
modelling on organozinc compounds requires a proper descrip-
tion of the chemical environment.

In addition, the choice of the solvent model proved critical to
study the speciation of organozinc compounds in solution. 1618
Even though continuum solvent models alone were reported as
non suitable to describe organozinc solvation (Tables S1-52),16:19
microsolvation approaches barely improve the model as the num-
ber of solvent molecules coordinated to zinc is variable and un-
known. In the latter case, estimating solvation entropy variations
along reaction pathways remains a challenge despite the many
reported corrections. 2923 Hence, an explicit depiction of all sol-
vation shells is required to model organozinc reagents in solu-
tion. An ab initio molecular dynamic approach is appealing as it
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Fig. 1 Proposed joined theoretical and experimental approach to unveil
the solvation states of zinc compounds in thf.

both accurately accounts for solvation entropy and enables sam-
pling of the solute’s solvation states. However, free energy sur-
face exploration with molecular dynamics is painstakingly slow
at the DFT level. A bias is thus needed to accelerate the sampling
of solvation states. A history-dependent bias, as implemented
in metadynamics, is incrementally deposited to drive the explo-
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ration of the free energy surface along a reaction coordinate that
is described as a set of relevant collective variables.2426 Com-
pared to unbiased molecular dynamics, metadynamics promotes
the occurrence of rare events, without prior knowledge of the
surface. The free energy surface can then be reconstructed from
the history-dependent bias. This approach provided valuable in-
sight on the solvation of the Na™ ion in tetrahydrofuran (thf) solu-
tion,2” on the dynamic structure of Grignard and turbo-Grignard
reagents, 2830 and on the speciation of ZnCl, in water.3! How-
ever, convergence of the metadynamics free energy surface is slow
which prevents its quantitative interpretation. Based on struc-
tures sampled with metadynamics, thermodynamic integration
in the Blue Moon ensemble,32 using a monodimensional reac-
tion coordinate, ensures a fast and well-behaved convergence.
Thus, accessing quantitative information on the solvation thermo-
dynamics and kinetics of organozinc reagents becomes possible.

Experimentally, the determination of the solvation states of
organozinc compounds is as challenging as their computational
prediction. Proposed solvation states usually rely on solid-state
X-ray diffraction structures. Such structures have been reported
for zinc chloride, bis(pentafluorophenyl)zinc and bisfluoroenylz-
inc, 3334 in which Zn has a distorted tetrahedral geometry with
two thf molecules. Solvated Zn-Mg aggregates and ion pairs were
also reported by the group of Hevia. 3536

However, these solid state structures are not necessarily rep-
resentative of structures in solution and are scarce, except for
a handful of polar zinc complexes.® Evaluating a solvent model
using in situ spectroscopic data is delicate because of fast equilib-
ria between solvation states resulting in averaged spectroscopic
signatures. For instance, routine 'H NMR spectroscopy provides
ambiguous information about the solvation state of ZnMe,, which
shows up as a singlet (Figure S4). This could be interpreted as
the absence of coordinated solvent molecules, as multiple coor-
dination states in fast exchange or as oligomerisation. 1° In fine,
currently available experimental data concerning organozincs sol-
vation remains patchy.37-38 The group of Espinet studied the sol-
vation of dimethylzinc and zinc dichloride in solution experimen-
tally and computationally.1® Based on microcalorimetric moni-
toring of stoichiometric mixtures of pure ZnMe, and thf, and sub-
sequent dilution, they proposed the exothermic coordination of
ZnMe, by two thf molecules (Ay,;, H° = —7.9 & 0.4 kcal mol™!).
However, this enthalpy accounts for both the coordination and
the mixing (excess) contributions. This solvation state assign-
ment also contrasts from earlier computational report that high-
lighted the poor electrophilicity of metal center in ZnMe; relative
to ZnMeCl, 3940 ZnMe, being coordinated by strongly coordinat-
ing ligand such as TMEDA. !

A possible way to unambiguously characterize the averaged co-
ordination shells of Zn under dilute conditions is X-ray absorption
spectroscopy (XAS). XAS measures the absorption resulting from
the excitation of tightly bound core electrons. In the 10-150 eV
range above the chemical potential (X-ray Absorption Near-Edge
Structure — XANES), the core electron is excited to vacant orbitals.
XANES is generally used to identify the surrounding symmetry
and oxydation state of an element. At more than 150 €V above
chemical potential (Extended X-ray Absorption Fine Structure —
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EXAFS), the scattering of the photoelectron informs on the lo-
cal atomic structure, such as coordination number, distances and
thermal disorder. 4> EXAFS has been used by the group of Lei to
support hypotheses on the structure of zinc halides, organozin-
cates and organocuprates in thf solution.*>44 Additionally, the
solvation states of metal ions in aqueous solutions were eluci-
dated by comparing recorded EXAFS spectra to those simulated
from ab initio molecular dynamics. This comparison has demon-
strated that explicit solvent models are relevant to compute this
spectroscopic signatures.4>~*8 However, some limitations of EX-
AFS arise with solvated organometallic complexes due to the
similar backscattering of C and O atoms, which hampers reli-
able linear combination fits. Interpreting XANES at the molecular
level is challenging, although its spectroscopic signature remains
information-rich. For example, XANES at the Zn K-edge has been
used recently in combination with 3'P NMR to gain insight into
the involvement of diphosphine ligands on the formation of Fe-Zn
heterobimetallic species in the iron-catalysed Negishi reaction. 4°

Herein, we propose an innovative approach to determine the
solvation states of organozinc compounds in thf solutions. This
approach is based on metadynamics exploration, followed by
thermodynamic integration in the Blue Moon ensemble, and ra-
tionalisation of the XANES signature at the zinc K-edge thanks
to computed spectra. The resulting methodology is a straight-
forward means to probe the solvation behavior of organometallic
systems in organic solvents.

Computational strategy and details

Preliminary exploration with metadynamics

All simulations were carried out in 15 x 15 x 15 A3 cubic cells,
containing 25 thf molecules and one solute molecule (Figure 2)
corresponding to a solute concentration of 0.45 mol L~!. The
cells were generated using the Packmol software.>% All molecular
dynamic simulations were performed using the revised PBE func-
tional °1->2 with the D3BJ empirical dispersion correction as im-
plemented in the CP2k software.>3->> The Gaussian-Plane-Wave
scheme was used, 5 with double-¢ quality MOLOPT basis sets, 57
their associated Goedecker-Teter-Hutter (GTH) effective core po-
tentials,®® and a plane wave cutoff of 500 Ry. For each simu-
lation, the temperature was equilibrated during 5 ps of free ab
initio molecular dynamics prior to ab initio metadynamic simula-
tions. Free-energy surfaces were explored using the coordination
numbers of Zn to X (X = O, Cl, Me) as defined within Equation 1:

€3]

where r; is the Zn-X distance, r( is an estimated Zn—-X distance
at the transition state (for X = Me, O: r; = 2.6 10\, for X = Cl: r;
= 2.8 A), and NN and ND are smoothing empirical coefficients
(NN = 12, ND = 20). These collective variables have been used
by Cascella and Eisenstein to elucidate the Schlenk equilibrium of
Grignard reagents. 28-30
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Fig. 2 Example of a periodic cell used for this study. Zn: grey, Cl: green,
thf: black and red sticks. H atoms are hidden for clarity.

Thermodynamic integration in the Blue Moon ensemble
Based on trajectories obtained by ab initio metadynamic explo-
ration, a set of structures featuring increasing Zn-O coordina-
tion numbers were selected as starting points for individual con-
strained molecular dynamics simulations. The averaged Lagrange
multipliers A were integrated along the Zn-O coordination num-
bers using the trapezoid rule. To reduce propagation error over
integration, the free energy surfaces were split into two equal
parts independently integrated and then combined. The error
was estimated along the reaction coordinate via integration of
the standard error on the Lagrangian obtained at each point of
the free energy profiles.

Computation of X-Ray absorption spectroscopic signatures
To validate the combined XANES-MD investigative strategy, we
have performed simulations of spectroscopic signatures for each
solute using two complementary methods.

Method A: 30 structures were randomly selected from the con-
strained molecular dynamics trajectory at the most stable coor-
dination number. The first solvation shell was kept to compute
XAS spectra at the Zn K-edge, which were averaged to produce
a computed signature. The XAS signatures were computed using
state-selective time-dependent DFT (TD-DFT) as implemented in
the ORCA 5.0.4 code.>® The spectra were computed at the LC-
PBE/(def2-SVP H, C|pcSseg-3 Zn|def2-TZVP Cl, O) level of the-
ory that was chosen based on the performance of the range-
separated hybrid functional LC-PBE51:60:61 for TD-DFT, ©2:63 and
the accuracy of pcSseg basis sets %4 for the description of core elec-
tronic density. The Tamm-Dancoff approximation was not used
and the exact oscillator strengths were computed. Tighter-than-
default integration grid settings (defgrid 3) were defined. The
RI-J approximation and COSX numerical integration were used
to speed up the calculation of the Coulomb integrals and exact
exchange, respectively. 6360 The def2/J auxiliary basis sets were
used in the RI approximations. ©7-68 Including zero-order relativis-
tic effects did not further improve simulations. The spectra were
convoluted with a variable-width Lorentzian, a method adapted
from the convolution method used in the FDMNES code. ®*-7! The
width T of the Lorentzian convolution kernel for an absorption
ray at an energy E was calculated using Equation 2:

1 1 T I'm 1
I'=Tyole + I'm {eqgarctan <§ELarg (ef ;))} (2)

with [ygle = 1.67 eV the core-level width of Zn,”? I', = 5eV the
maximum width, Eparg = 15eV the width of the arctangent, and
e= E_E)i% with Ecene = 15¢V the center of the arctangent, and
Eyowmo the energy of the HOMO. This convolution method gave
the best agreement with the experimental spectra.

Method B: The same level of theory as described in method
A was used to compute spectra from structures optimized with
Gaussian 9 (rev. D.01),7? at the following level of theory: M0674
/ def2-TZVP (C, H, 0),”> ECP10MWB with associated basis sets
(Zn, C1) 7677 7 SMD(thf). 78 Incremental increase of the Zn-O dis-
tance was used to probe the effect of thf coordination, and relaxed
potential energy surface scans were used to investigate the effect
of the R-Zn-R’ (R, R = Cl, Me) angles. Ultrafine integration
grid settings and tight geometry optimization convergence crite-
ria were used.

Results and discussion

Elucidating the solvation states of ZnCl,

ZnCl, was first considered as a model system for zinc halides
in thf. The coordination of up to 4 thf molecules was explored
with metadynamics (Figure S2 for preliminary results). The free-
energy surface along Zn-O coordination number was then refined
by thermodynamic integration. The resulting profile is shown in
Figure 3, and its convergence is discussed in Figure S3.
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Fig. 3 Helmholtz free energy profile (AF) computed for thf coordination
to ZnCly, ZnMeCl, and ZnMe; and corresponding structures (top).

The most stable forms of ZnCl, in solution are found for Zn-O
coordination numbers CN[Zn — O] of 2.0 and 2.5. These two sol-
vation states are isoenergetic and represent close to 100% of the
Boltzmann population at room temperature (Table S3). This is in
agreement with the reported XRD structure of ZnCl, solvated by
thf. However, "ZnCl, (thf)," as a global minimum does not fully
capture the dynamic structure of ZnCl, in solution as a third thf
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Fig. 4 Comparison between the experimental (black), and the computed XANES spectra for for (a) ZnCl,, (b) ZnMeCl, and (c) ZnMe,. Spectra
were computed at the LC-PBE/(def2-SVP H, C | pcSseg-3 Zn | def2-TZVP Cl, O) level of theory, based on 30 frames of the most stable constrained
MD trajectory (purple) or with varying R-Zn-R' angles (upper plot, blues and greens) and Zn-O distances (lower plot, blues and greens).

molecule can easily enter the solvation sphere. Although other
solvation states of ZnCl, are less stable, some remain thermody-
namically accessible in solution at room temperature. ZnCl, (thf);
and ZnCl, (thf)3 are respectively endergonic by 9.6 and 5.3 kcal
mol~! (Figure 3). Solvent induced ionization of ZnCl, requires
the coordination of a 4" thf molecule to yield [ZnCl(thf)4]*-Cl~,
this equilibrium is endergonic by 20.4 kcal mol~!. The resulting
cation undergoes fast Berry pseudorotation between its square-
based pyramid and trigonal bipyramid forms.

The solvation behavior of ZnCl, could be confirmed using
XANES at the Zn K-edge which was measured for a 1.0 M thf
solution of ZnCl, at 298 K (Figure 4-a-black, detailed procedures
and setup in SI). The spectrum exhibits a sharp rising edge at
9659 €V, followed by a whiteline with a maximum at 9661 eV,
bearing a prominent shoulder at 9662.5 eV. A spectrum computed
from MD trajectories (method A, Figure 4-a-purple) is consistent
with the experimental signature. The effect of the Cl-Zn-Cl angle
and Zn-O distance(s) over the XANES signature was investigated
computationally (method B). Increasing the value of the Cl-Zn—
Cl angle from 90° to 180° in non-solvated ZnCl, reveals that the
whiteline shape is best reproduced for a value close to 130° (Fig-
ure 4, upper spectrum). The influence of the two thf ligands was
then evaluated by increasing the Zn—O distance starting from the
optimized structure of ZnCl, (thf), without relaxation. When de-
coordinating the thf ligands, a shoulder appears in the rising edge
region of the spectrum which does not fit the experimental signa-
ture. This feature disappears for Zn—-O distances below 2.4 A (Fig-
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ure 4, lower spectrum). Overall, the spectrum is well reproduced
using structures from the constrained molecular dynamics: the
whiteline shoulder indicates a bent geometry, while the absence
of a rising edge feature indicates thf coordination.

Elucidating the solvation states of ZnMeCl

From Blue Moon sampling, the most stable solvation state of Zn-
MeCl is found for CN[Zn — O] = 1.5 (Figure 3). This half-integer
coordination number indicates that ZnMeCl is in equilibrium be-
tween its singly- and doubly-coordinated forms, ZnMeCl(thf), be-
ing less stable than ZnMeCl(thf) by only 1.8 kcal mol~!. The
decoordination of a thf molecule from ZnMeCl(thf), s to give
ZnMeCl(thf) 5 is disfavoured by 5.1 kcal mol~!. The coordina-
tion of a third thf to yield ZnMeClI(thf) is endergonic by 16.0 kcal
mol~!. Contrary to ZnCl,, the formation of solvent-separated ion
pair is was not sampled within an energy range of 16 kcal mol~".

We confronted these simulation results to XANES signatures
under standard conditions (Figure 4-b and S6). The experimen-
tal spectrum features a sharp rising edge at 9659 €V, a whiteline
with a low intensity and two wide bands at 9664 eV and 9670 eV.
The spectrum computed from structures sampled by Blue Moon
(method A) reproduces a sharp whiteline, but only a single band
above the edge. Further investigation of the influence of the struc-
ture allow us to probe the reasons for this discrepancy. Increas-
ing Cl-Zn-C angles from 100° to 170° leads to sharper whiteline
that better fit with the experimental XANES signature (Figure 4-b
upper spectrum). However, the modification of the first solvation
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sphere around ZnMeCl does not improve the agreement betwwen
computed and simulated spectra at 5 to 10 eV above the edge
(Figure 4-b, lower spectrum). This discrepancy can be attributed
to the co-existence of pseudo-linear ZnMeCl with other species
with lower Cl-Zn-C angles.

Elucidating the solvation states of ZnMe,

The case of ZnMe,, as a general model for synthetically useful
dialkylzinc reagents, deserves particular attention. The global
minima is found for ZnMe, (thf), as shown in Figure 3. Deco-
ordination of a thf ligand from ZnMe, (thf) to give ZnMe, (thf)g 5
is thermoneutral (AF = 0.3 kcal mol~!), suggesting a weakly-
bound labile ligand. In contrast, the binding of a second solvent
molecule to ZnMe, is disfavoured by 6.7 kcal mol~!. The forma-
tion of ZnMe,(thf); from ZnMe; (thf) can be ruled out at room
temperature as it is endergonic by 23.0 kcal mol~".

These predictions regarding ZnMe, solvation were unambigu-
ously verified using XANES under standard conditions (Figure 4).
According to computed spectra (method B), C-Zn—C bending or
thf coordination would lead to a shoulder in the whiteline at 1 to
3 €V above the edge. However, this does not rule out the pres-
ence of weakly interacting thf molecules further away from the
zinc center, as predicted by ab initio molecular dynamics as dis-
cussed below. Such a solvation state is consistent with the spec-
trum computed using structures sampled by constrained molecu-
lar dynamics (method A). In contrast with the previously reported
twofold coordination of thf to ZnMe, that was supported by IR
analyses and calorimetric measurements amended by molecular
modelling at the DFT level, a new picture of dialkylzinc solvation
by thf arises. 1©

Distinct interpretations of ZnCl, and ZnMe, solvation (Figure
3) can be formulated based on the differences in Zn-O distances
(~0.4A) (Figure S6 and Table S8) and in electron density at the
Zn-0 bond critical points (0.046 |e|) (Figure S10). The shorter
bond distance and higher bond critical point electron density for
the Zn—0 bond(s) in ZnCl, (thf), relative to ZnMe; (thf) suggest a
more covalent ligation of thf to ZnCl, and a weaker, more disper-
sion driven, interaction in ZnMe, (thf) (Tables S5-S6).

Conclusions

A tailored computational protocol is proposed to elucidate the sol-
vation states of organozinc reagents in solution. Metadynamics
and subsequent thermodynamic integration in the Blue Moon en-
semble paint a clear picture of solute solvation states. Despite the
limitations of EXAFS in differentiating metal-oxygen and metal—
carbon bonds, the XANES signature contains relevant informa-
tion on the symmetry and on the chemical environment around
the metal center. Computed XANES signatures based on struc-
tures sampled by molecular dynamics were used to assign at the
molecular scale the recorded spectra. Overall, the nature of the
substituent at the zinc atom has a profound influence on the pre-
ferred solvation states in thf solution which are best described
by bounded continuums. While the expected doubly coordinated
ZnCl, (thf), makes up the largest part of the solvated species, it
coexists with a tri-solvated ZnCl,. In the case of ZnMe,, Zn-O

coordination numbers ranging from O to 1.5 are energetically ac-
cessible at ambient temperature, albeit with elongated Zn-O dis-
tances, in line with much weaker Zn-thf interactions.

+ thf + thf + thf
T T P
[ZnCly] —=  [ZnCla(thf)y] —=  [ZnCly(thf)] == [ZnCly(thf)a]
[ZnMeCl] — [ZnMeClI(thf);] === [ZnMeClI(thf);] = [ZnMeCl{thf)]
[ZnMe;] == [ZnMey(thf),] —= [ZnMeg(thf)s] = [ZnMes(thf)s]

Fig. 5 Overview of the solvation states of zinc compounds in thf solution.
The solvation states that ought to be considered as reference for static
DFT calculations are highlighted in blue.

Solvent dynamics strongly influences the activity of organoz-
inc reagents. These effects are currently under study, especially
regarding transmetallation reactions. When using static DFT cal-
culations for mechanistic investigations, we recommend to first
consider the most favourable solvation state, without neglecting
the possibility of solvent (de-)coordination along the reaction co-
ordinate. Starting from an unrealistic solvation state will impact
the nucleophilicity at the Zn atom, which was shown to have a
critical impact on the structure of Zn-Pd bimetallic aggregates, 40
as well as on the free-energy profile of the Pd-catalyzed Negishi
cross-coupling. 1°
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