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” e Origin of the different reactivity of the high-valent coinage-
®4 metal complexes [RCu"Me,]~ and [RAG"'Me,]” (R=Aallyl)**

Thomas Auth,*™ Christopher J. Stein,*™ Richard A. J. O’Hair,” and Konrad Koszinowski®

Abstract: High-valent tetraalkylcuprates(ii) and
-argentates(i11) are key intermediates of copper- and silver-
mediated C—C coupling reactions. Here, we investigate the
previously reported contrasting reactivity of [RM"Me;]~ com-
plexes (M=Cu, Ag and R=allyl) with energy-dependent
collision-induced dissociation experiments, advanced quan-
tum-chemical calculations and kinetic computations. The gas-
phase fragmentation experiments confirmed the preferred
formation of the [RCuMe]™ anion upon collisional activation
of the cuprate(il1) species, consistent with a homo-coupling
reaction, whereas the silver analogue primarily yielded
[AgMe,] ", consistent with a cross-coupling reaction. For both
complexes, density functional theory calculations identified

one mechanism for homo coupling and four different ones
for cross coupling. Of these pathways, an unprecedented
concerted outer-sphere cross coupling is of particular interest,
because it can explain the formation of [AgMe,]” from the
argentate(111) species. Remarkably, the different C—C coupling
propensities of the two [RM"Me;]~ complexes become only
apparent when properly accounting for the multi-configura-
tional character of the wave function for the key transition
state of [RAgMe;] . Backed by the obtained detailed mecha-
nistic insight for the gas-phase reactions, we propose that the
previously observed cross-coupling reaction of the silver
complex in solution proceeds via the outer-sphere mecha-

nism.
J

Introduction

Copper-mediated C—C coupling reactions play an outstanding
role in the field of organic synthesis."” In contrast, analogous
silver-mediated transformations are by far not that well
established,®¥ but the potential of silver to mediate the
formation of carbon-carbon bonds has become a greater focus
of attention just recently.”'® While the usefulness of organo-
argentates in stoichiometric alkylation reactions was questioned
on the basis of theoretical calculations and gas-phase experi-
ments in the past"'? a collaboration between a few of us and
the Ogle group has recently shown that a LiAgMe,-Lil reagent
indeed undergoes a cross-coupling reaction with allyl iodide in
THF.” By means of rapid-injection (Rl) NMR spectroscopy, the
argentate(11) complex [RAgMe;]~ (R=allyl) formed from
[AgMe,]~ was identified as the key intermediate in this reaction.

This finding provides experimental evidence that the silver-
mediated transformation proceeds via a 1/1il oxidation state
sequence just as its copper analogue.™ In line with this, Ribas,
Roithovd and co-workers have demonstrated that silver(i)-
catalyzed cross-coupling reactions involve 2-electron redox
processes”® the corresponding  copper(1)
chemistry 141

Despite these similarities between copper- and silver-
mediated C—C coupling reactions, the reaction between
LiMMe,-Lil and RX reveals a striking difference for M=Cu and
Ag (X=Cl, | for M=Cu, Ag, respectively). As Bartholomew et al.
have reported in an RI-NMR spectroscopic study, the reactive
intermediate for the formation of 1-butene starting from
LiCuMe,-Lil and allyl chloride is the neutral [RCuMe,] s-allyl
compound,™ whereas reductive elimination of 1-butene from
the ate complex [RAgMe;]~ was found for the corresponding

similar to
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LiAgMe,Lil/RI reaction system (Figure 1).”” In the reaction
solution of the organocuprate, the analogous ate complex
[RCuMe;]~ was detected as well, but the results of the RI-NMR
spectroscopic experiments indicated that the latter reacted
towards the neutral [RCuMe,] species and did not undergo a
C—C coupling reaction (Figure 1, top)."

The observations for the copper-mediated allylic alkylation
in solution are fully in accordance with theoretical and gas-
phase investigations on the reactivity of [RCuMe,], which
ascertained that the latter efficiently mediates cross
coupling." In addition, gas-phase fragmentation experiments
on [RCuMe;]™ mainly resulted in the formation of [RCuMe]”
(Figure 1, top)."® This fragmentation channel is consistent with
homo coupling, i.e, the formation of ethane, which was
calculated to feature a lower barrier than the cross-coupling
reaction for the cuprate(l) complex."® Consequently, the
reactivity studies on isolated [RCuMe;]™ suggest as well that the
observed cross coupling between LiCuMe,:Lil and allyl chloride
in solution must proceed via the neutral [RCuMe,] compound.
Gas-phase fragmentation experiments on [RAgMe;]™ also sup-
port the findings of the RI-NMR study regarding the mechanism
of the silver-mediated allylic alkylation. Collisional heating of
this heteroleptic argentate(il) species predominantly yielded
the product ion [AgMe,] ™ (Figure 1, bottom), which is consistent
with cross coupling, i.e., the formation of 1-butene.” Thus, the
gas-phase results corroborate that the [RAgMe;]” complex
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Figure 1. Mechanistic details of copper- (top) and silver-mediated (bottom)
allylic methylation reactions obtained from NMR experiments, and gas-phase
reactivity of the involved organometallate(ii) complexes upon collision-
induced dissociation (CID). The origin of the cross-coupling capability of the
argentate(i11) species has not been investigated so far.
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indeed is the key intermediate of the cross-coupling reaction in
solution.

In summary, both copper and silver mediate the meth-
ylation of an unsubstituted allyl ligand in THF via a complex
featuring the metal center in the oxidation state 1.
However, dependent on the coinage metal, the latter is an
[RMMe,] z-allyl complex for M=Cu and a [RMMe;]~ compound
for M=Ag."” The structure and reactivity of [RMMe,] (M=Cu,
Ag) have been carefully investigated by quantum-chemical
calculations already and qualitatively similar results were
obtained for both complexes.""'? In contrast, the details of the
reactivity of the key intermediate [RMMe;]~ for M= Ag have not
been clarified. In this regard, the origin of the qualitatively
different reactivities of [RMMe;]~ for M=Cu and Ag upon
collisional activation is of particular interest. Moreover, under-
standing the cross-coupling reactivity of [RAgMe;]™ is also
crucial for predicting whether this type of argentate(in)
complex promotes a different regio- and stereoselectivity in
comparison to the C—C coupling mechanisms identified for
various [R'CuMeZ] z-allyl species (RY=substituted allyl; Z=Me,
CN).[18,19]

In this study, we first performed energy-dependent colli-
sion-induced dissociation (CID) experiments on [RCuMe;]” and
[RAgMe;]™ under comparable conditions in order to character-
ize the previously reported different gas-phase reactivity of
these complexes”'® in greater detail. We then explored in detail
the potential energy surfaces for the observed fragmentation
channels using density functional theory (DFT) geometry
optimizations and consecutive DLPNO-CCSD(T) as well as
CASPT2 single point energy calculations. Finally, we conducted
statistical rate theory calculations on the basis of the results
obtained from the quantum-chemical calculations to compare
the experimental and theoretical results in a more direct
manner. By this means, we elucidate the intrinsic reactivity of
the two coinage metallate(i) C—C coupling intermediates in
depth and provide a mechanistic understanding of the origin of
their different chemical behaviour. At the same time, our
experimental data on the reactivity of well-defined ionic
systems allows us to probe the accuracy and limits of the
applied state-of-the art electronic-structure methods with
respect to the calculation of reaction barriers of synthetically
relevant and theoretically challenging high-valent transition-
metal complexes.

Results and Discussion
Mass-spectrometric measurements

Following the work of Putau et al'® and Weske etal,” the
gaseous ions [RCuMe;]™ and [RAgMe;]~ (R=allyl) were obtained
by electrospray ionization of reaction solutions of CuCN/3 MeLi/
RCl and AgCN/2 MeLi/0.5 RI in THF, respectively (Figures ST and
S2; for experimental details, see the Supporting Information). In
accordance with these previous studies, for both ions, collisional
activation by means of a quadrupole time-of-flight (Q-TOF)
mass spectrometer yielded the species [RMMe]™ and [MMe,]”
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(M=Cu, Ag; Figure S3; for experimental details, see the
Supporting Information). Moreover, in the case of [RCuMe;]",
[CuMe;]*~ was found as a minor product, which was not
observed in the analogous quadrupole ion trap (QIT) fragmen-
tation experiments.'® Such a difference between the results
from Q-TOF and QIT CID experiments is not unexpected,
because Q-TOF fragmentation experiments are associated with
higher collision energies and shorter reaction times between
collisional activation and ion detection referred to as exper-
imental time scale or kinetic window, 7 (for details on 7 of the
conducted Q-TOF CID experiments, see the Supporting
Information).2*2"

As neutral fragments cannot be detected within mass-
spectrometric CID experiments, the reaction mechanism behind
the occurrence of the [RMMe]~ and [MMe,]™ ions is not directly
obvious. DFT calculations suggest that the formation of
[RCuMe]™ and [CuMe,]” can be attributed to the reductive
elimination of ethane (homo coupling) and 1-butene (cross
coupling) from [RCuMes] ™, respectively (Egs. 1a and 2a with M=
Cu).'%2224 However, the generation of these fragment ions is
also conceivable via twofold consecutive homolytic bond
dissociations including the release of the corresponding organyl
radicals and the occurrence of a transient threefold-coordinated
open-shell organocuprate species (Egs. 1b, 2b and 2c with M=
Cu).27 S0 far, the energy profiles of the two-step dissociation
processes have not been characterized by quantum-chemical
calculations, and thus, their relevance is unclear. Nevertheless,
the detection of the single bond fission product [CuMe;]*~ (first
step of Eq. 2b with M= Cu) in the present experiments indicates
that the formation of [CuMe,]” according to Eq.2b is also
feasible. Recently, the ability to undergo reductive elimination
has also been demonstrated for the homoleptic argentate
complex [AgMe,]” by quantum-chemical calculations.”” This
finding together with the absence of single bond fission
products for the collisional activation of [RAgMe;]~ in the Q-TOF
instrument suggests the direct formation of [RAgMe]~ and
[AgMe,]” via C—C coupling reactions (Egs. 1a and 2a with M=
Ag). However, knowledge about the energy profiles for the
alternative stepwise generation of these species (Egs. 1b, 2b
and 2c with M=Ag) is necessary to confidently exclude a
consecutive bond dissociation pathway.

L [RMMe]”  (1a)

[RMMeg]” — ., - o
’ EMe . RmMe, s~ —MCs RMMe  (1b)
~RMe [MMe,]”  (2a)
[RMMes — = [MMeg~ —M°. (MMe,~  (2b)
o [RMMeQ]'_;» [MMe,]”  (2¢)

In line with the previous studies,”'® the results of our

directly comparable Q-TOF fragmentation experiments on
[RCuMes]~ and [RAgMe;]~ for different collision energies
unambiguously reveal the contrasting reactivity of these
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Figure 2. Normalized signal intensities of mass-selected (A) [RCuMe;]~ and
(B) [RAgMe;]~ (both black) and their fragment ions (R=allyl) as a function of
the collision energy parameter E, 5. The fragment ions correspond to a net
loss of Me, (blue), RMe (red) and R’ (green).

compounds (Figure 2). While the copper complex clearly favors
the generation of [RCuMe]™ over a broad range of the collision
energy parameter £, ,;,*® the silver species predominantly yields
[AgMe,]” with an increasing [AgMe,] /[RAgMe]~ product ratio
for increasing E ns. In the case of [RCuMe;]”, the [RCuMe] /
[CuMe,]” product ratio decreases towards 1 with increasing E, 5g
(Figure 2, top). Such a behaviour has not been observed in the
QIT CID study of Putau etal,"® in which a product ratio of
about 4 was measured at complete fragmentation of the
precursor ions. Most likely, again, this discrepancy can be
attributed to the different conditions for Q-TOF and QIT
fragmentation experiments. The origin for the deviating obser-
vations depending on the experimental setup will be discussed
in more detail on the basis of our computational results.

Calculated reaction pathways
In order to understand the different unimolecular reactivity of
[RCuMe;]~ and [RAgMe;]~ (R=allyl), the C—C coupling reaction

space of both species according to Egs. 1a and 2a as well as

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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their twofold consecutive homolytic bond dissociations
(Egs. 1b, 2b and 2c) were explored by means of PBE-D3BJ/VTZ-
PP calculations (abbreviated as PBE-D3BJ in the following; for
computational details, see the Supporting Information).”**? For
both complexes, which have a similar square-planar equilibrium
geometry featuring an n'-allyl ligand pointing away from the
coordination plane, five different concerted C—C coupling
reaction pathways were identified (Figures 3, S4 and S5): one
homo-coupling pathway, which involves two neighbouring
methyl groups approaching each other to afford ethane and
the linear [RMMe]~ complex (R=n'-allyl) and four different
cross-coupling pathways leading to the formation of 1-butene
and the linear [MMe,]™ species (M =Cu, Ag). One cross-coupling
pathway, which is termed regular in the following, corresponds
to the C—C bond formation between the allyl a-C atom and a
neighbouring methyl group and thus, resembles a typical
reductive elimination step similar to homo coupling. Two
further cross-coupling pathways are associated with 5-mem-
bered transition state (TS) structures resulting from the attack
of the allyl y-C atom at the neighbouring or opposite methyl
group, which are termed cis-cyclic and trans-cyclic, respectively.
The last cross-coupling pathway identified also involves the
C—C bond formation between the allyl y-C atom and a
neighbouring methyl group. However, this time, the n'-
coordination of the allyl ligand is lost prior to the bond
formation and we term this pathway outer-sphere in the
following.*> The presented homo- and regular cross-coupling
pathways were already taken into account for [RCuMes]™ in the
context of the DFT calculations of Putau et al."® and moreover,
are mechanistically similar to the reductive elimination of
ethane from [AgMe,]”, which was characterized by quantum-
chemical calculations by Weske et al.” In contrast, the possibil-
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Figure 3. Schematic representation for the C—C coupling reactivity of
[RCuMe;]~ and [RAgMe,]~ (R=n'-allyl) showing the calculated transition
state structures corresponding to homo- and cross-coupling reactions.
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ity of heteroleptic square-planar coinage metal complexes like
[RMMe;]~ (M=Cu, Ag; R=n'-allyl) to undergo a cyclic or outer-
sphere C—C coupling reaction has not been examined before.

In addition, energy-minimum structures for the transient
species [RMMe,]*” and [MMe;]*” corresponding to the alter-
native two-step generation of [RMMe]~ and [MMe,]~ from
[RMMe;]~ (M=Cu, Ag; R=n'-allyl; Egs. 1b, 2b and 2¢) were
obtained (Figure 4). These structures are T-shaped and thus, cis
and trans isomers exist for [RMMe,]*". Such a coordination
geometry has also been found with DFT calculations for the
neutral coinage-metal(i) complexes [AgMe;] and [AuMe;]
previously,”'" whereas the analogous [CuMe;] species has been
shown to spontaneously decompose into [CuMe] and
ethane.”®*” To provide a complete picture of the unimolecular
reaction space of [RCuMe,;]” and [RAgMe;]”, PBE-D3BJ geo-
metries of the neutral product complexes, [RMMe,] and [MMe;],
resulting from the heterolytic bond dissociation reactions of
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Figure 4. Energy diagrams for the twofold consecutive homolytic bond
dissociations of (A) [RCuMe;]~ and (B) [RAgMe;]~ (R=n'-allyl; according to
Egs. 1b, 2b and 2c¢) obtained from DLPNO-CCSD(T)//PBE-D3BJ calculations.
Relative entropies (multiplied with —T, for T=298.15 K) are given in brackets.
Only the energetically most favorable isomer is considered for each of the
[RMMe,]*~ complexes.
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their parent compounds, were also calculated. For [RMMe,], the
well-known n?*-allyl complexes'''? were obtained and likewise,
the aforementioned T-shaped structures could be reproduced
for [MMe;] (M=Cu, Ag). As stated above, the lowest energy
configuration of the [CuMe;] complex corresponds to a homo-
coupling TS structure ([CuMes]™) and thus, the R™ loss of
[RCuMe;]~ would be accompanied by the formation of [CuMe]
and ethane in a concerted fashion. Most likely, the actual barrier
of this reaction will not be located in the dissociation limit of
the [CuMe,]™ and R~ fragments, but rather at a certain distance
where the stabilization of the T-shaped [CuMe;] unit by the allyl
anion is not sufficient anymore, but the ion-induced dipole
interaction is still significant. Consequently, the [CuMe;]™ +R™
dissociation limit is expected to represent the upper bound of
the threshold energy for the concerted R™-loss/homo-coupling
process starting from [RCuMe,] .

DLPNO-CCSD(T) potential energy surfaces

According to our DLPNO-CCSD(T)/VQZ-PP//PBE-D3BJ calcula-
tions (abbreviated as DLPNO-CCSD(T)//PBE-D3BJ in the follow-
ing; for computational details, see the Supporting
Information),®**% all of the identified C—C coupling pathways of
[RCuMe;]~ and [RAgMe,]” feature a pronounced reaction
barrier, which corresponds to the C—C bond formation accom-
panied by the change of the oxidation state of the metal from
-+ 111 to +1 (Figures S4 and S5). The calculated reaction barriers,
AH’*, for homo and regular cross coupling of [RCuMe,]” are
125 and 150 kimol™", respectively (Figure 5, Table S1), which is
in good agreement with the DFT results from Putau et al."® The
hitherto unconsidered cis-cyclic, trans-cyclic and outer-sphere
cross-coupling pathways of the copper complex in turn feature
significantly higher AH** values of 190, 168 and 196 kJmol™,
respectively. For [RAgMe;]”, the DLPNO-CCSD(T)//PBE-D3BJ
reaction barriers follow the same trend (Figure 5, Table S1).
While homo coupling has the lowest barrier with 138 kimol™,
the AH°" value increases from regular (165 kJmol™) to trans-
cyclic (170 kimol™) to cis-cyclic (178 kimol™) to outer-sphere

250 Gis- t ouﬁer—
., trans- sphere
7 200 1 regular cyclic o elic
L e
?E‘ 150 1
= 100
T
< 50 ]
0 4

Homo Coupling Cross Coupling

Figure 5. Reaction barriers for the homo- and cross-coupling pathways of
[RCuMe;]~ and [RAgMe,]~ (copper- and silver-colored, respectively; R=m'-
allyl) obtained from DLPNO-CCSD(T)//PBE-D3BJ calculations. The dashed
lines indicate the DLPNO-CCSD(T)//PBE-D3BJ threshold energies for the
homolytic cleavage of the M—R bond of the complexes, which is the
energetically most favorable dissociation reaction according to the coupled-
cluster calculations.
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cross coupling (202 kimol™). The zero-point vibrational ener-
gies and entropies at 298.15 K of the PBE-D3BJ C—C coupling TS
structures relative to the equilibrium geometry (AZPVE™ and AS
8% respectively) are also very similar for [RCuMe;]” and
[RAgMe;]~ (Figure S6, Table S1). In both cases, AZPVEs™ are ~
—5kJmol™ and —TAS**** values (for T=298.15 K) are close to
0 kimol™" except for the outer-sphere cross coupling. For the
latter, both complexes feature a AZPVE™ of ~—10 kJmol™' and
a —TAS™®* value of about —20 kJmol ™' and thus, a rather loose
TS.

As bond dissociation reactions of molecular ions typically
do not feature a kinetic barrier, i.e., the reverse process is
barrierless,*"” we assume that the threshold energies for the
conceivable direct dissociations of [RCuMe,;]” and [RAgMe;]™
are equivalent to the corresponding reaction energies, AH’.
Therefore, from a kinetic perspective, the bond dissociation
energies and the C—C coupling reaction barriers of the
[RMMe,]™ ions are analogous quantities. For both complexes,
our DLPNO-CCSD(T)//PBE-D3BJ calculations predict the homo-
lytic cleavage of the metal-allyl bond to be energetically less
demanding than the dissociation of the most weakly bound
methyl group (177 vs. 214kimol™' for M=Cu; 169 vs.
183 kimol™' for M=Ag; Figure 4, Table S2), which reflects the
relative stability of the methyl and allyl radicals.*” In a
subsequent endothermic step, the [MMe;]*~ species can lose a
methyl radical, which requires an additional energy of
33 kimol™" for M=Cu, but only 7kimol™" for M=Ag. The
[RMMe,]*~ complexes, in turn, can either also dissociate towards
[MMe,]~ or lose another methyl radical. The latter process,
again, is endothermic (30 kimol™" for M=Cu; 26 kJmol™' for
M=Ag), while the formation of [MMe,]” appears to be energeti-
cally slightly downhill in both cases.*® Consequently, according
to the DLPNO-CCSD(T)//PBE-D3BJ calculations, the [RMMe,]*~
species are not stable and hence, not accessible. Please note
that the AH°(PBE-D3BJ) values for the allyl radical loss of the
[RMMe,]*~ complexes are positive, and thus, obtaining energy
minima for the [RMMe,]*~ ions with the PBE-D3BJ method does
not imply that the considered dissociation reactions feature a
kinetic barrier. In essence, the energy diagrams for the twofold
consecutive homolytic bond dissociations of [RCuMe;]” and
[RAgMe;]~ (Figure 4) indicate that the loss of an allyl radical is
the only feasible homolytic dissociation pathway for these
complexes and that the subsequent dissociation of the resulting
[MMe;]*~ ions towards [MMe,]” features only a low activation
energy. Furthermore, the calculated AH® values for the hetero-
lytic dissociations of [RMMe;]™ are significantly higher than that
for the loss of R* (about 70 and 100 kimol™' for M=Cu, Ag,
respectively; Table S2). This finding suggests that the formation
of neutral fragment complexes upon collisional activation of
isolated [RMMe;]~ species can be excluded.

Transferring the DLPNO-CCSD(T)//PBE-D3BJ reaction ener-
gies for the twofold homolytic bond dissociations of [RMMe;]™
to their C—C coupling reactivities shows that for both M=Cu
and Ag, the bond-breaking part requires about 35 kJmol™' less
energy for cross than for homo coupling (210 vs. 244 kJmol™'
for M=Cu; 176 vs. 210 kimol™" for M=Ag), which highlights
the homologous character of the reactant and the product
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complexes. However, the energy release associated with the
Me*/Me® recombination is 60 kJmol™' higher than for the R/
Me* recombination (Table S2) and thus, homo coupling is
thermodynamically favored for both complexes (see Figure S7
for thermochemical cycles). Moreover, since the dissociation
energy of the C—C bonds (367 and 307 kJmol™' for Me—Me and
R—Me, respectively)***”’ is much larger than the reaction energy
for the twofold homolytic bond dissociations of [RMMe,]~, the
C—C coupling reactions of the latter are highly exothermic,
which is even more pronounced for M=Ag because of the
energetically less demanding metal-carbon bond dissociations
in this case.**~*¥ A comparison between the calculated reaction
barriers and the thermochemistry for the C—C coupling path-
ways of [RCuMe;]™ and [RAgMe;]™ reveals that homo coupling
as the more exothermic reaction involves the lowest barrier for
both complexes, which is also well below the threshold energy
for the loss of R® (Figure 5). Accordingly, the stability of the
formed C—C bond seems to be the crucial factor for the
difference between the reaction barriers for homo and cross
coupling. In contrast to the correlation between thermochemis-
try and barrier heights for the homo- and cross-coupling
reactions of [RMMe,]~, the DLPNO-CCSD(T)//PBE-D3BJ calcula-
tions predict higher reaction barriers for homo and regular cross
coupling for M=Ag, although these C—C coupling reactions are
more exothermic than for M=Cu. This trend indicates that the
silver centre mediates the usual coupling mechanism less
efficiently than copper, which has also been reported previously
for neutral [LMMe;] and [RMMe,] complexes (M=Cu, Ag; L=
PMe,; R=allyl).""'? The latter, in combination with the slightly
weaker M—R bond of [RMMe;]” for M=Ag, causes a lower
energy gap between the reaction barriers of the conventional
C—C coupling pathways and the threshold energy for the allyl
radical loss for the silver complex (Figure 5).

Rather peculiar is the result that the barrier for the outer-
sphere cross coupling of [RAgMe;]” is significantly higher
(26 kJmol™") than the threshold energy for the combined R*
and Me* dissociation, which is not the case for the other cross-
coupling pathways (also not for those of the [RCuMes]”
complex). Given that the outer-sphere mechanism resembles a
partial dissociation of the allyl ligand, which then abstracts a
weakly bound methyl group in the course of the formation of a
very stable C—C bond, one would expect that the energy of the
corresponding TS structure lies below the dissociation limit of
the twofold radical loss. Thus, the question arises whether the
DLPNO-CCSD(T) method describes the electronic structure of
the outer-sphere cross-coupling TS of [RAgMe;]™ correctly. Such
a discrepancy could originate from a pronounced multi-
configurational character of this transient species.

Multi-configurational calculations

In order to verify the applicability of the DLPNO-CCSD(T)
method for the theoretical characterization of the unimolecular
reaction space of the [RMMe;]~ complexes and in particular, to
investigate whether the electronic structure of the outer-sphere
TS for M=Ag indeed requires a multi-configurational (MC)
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treatment, we carried out MC perturbation theory calculations
in OpenMolcas.***® The active orbital spaces of the underlying
complete active space self-consistent field (CASSCF)
calculations®'™* were selected guided by a recently introduced
automated protocol based on an orbital entanglement
analysis.>>® Details on the selection process and all MC
calculations are described in the Supporting Information. From
the perspective of the equilibrium structure of [RMMe;]~, the
final active space includes the four o/c*-pairs of the metal-
ligand bonds, an additional zz/7*-allyl orbital-pair, as well as as a
double-shell d,._j.-orbital in case of M=Cu, where the lobes
point towards the ligands, to arrive at active spaces with ten
electrons in eleven and ten orbitals for M=Cu and Ag,
respectively. The fact that double-shell orbitals are significantly
entangled - and therefore relevant for the active space - only
for the late 3d-metals and not for the homologous 4d-metals
has been documented before.”***¢ Following the common
CAS(N,L) notation with the number of active electrons N, and
the number of active orbitals L, we denote these active spaces
CAS(10,11) in case of copper, and CAS(10,10) in case of silver
(plots of the final set of orbitals for the equilibrium structures
and the multi-configurational cis-cyclic, trans-cyclic and outer-
sphere cross-coupling TSs of the [RMMe;]~ complexes are shown
in Figures S8-S15). This selection ensures a consistent active
space for all [RMMe;]~ species and corresponding dissociation
products discussed here and therefore guarantees size-consis-
tency. For [RCuMe,]™, results from density matrix renormaliza-
tion group® ¥ calculations with an even larger active space
(CAS(18,20); Table S3) as calculated with the QCMaquis interface
in OpenMolcas”>’® are discussed in the Supporting Information.
To analyze the MC character of the converged CASSCF wave
functions for the important species of this study, viz. the
[RMMe;]~ equilibrium and TS structures as well as the [MMe;]*~
fragment complexes, we determined their orbital entanglement
based Z,; diagnostic”” (Table 1; for corresponding mutual
information diagrams, see Figures S16 and S17). Z,, can take
values from 0 to 1, where Z;,=0 signals a pure single-
configurational wave function (i.e. a Hartree—Fock wave
function), whereas Z;)=1 is calculated for a hypothetical MC
wave function where each orbital occupation of the active
orbitals is equally realized. A value of Z;, >0.2 indicates a wave

Table 1. Multi-configurational Z;, diagnostic for the equilibrium and C—C
coupling transition state (TS) structures of [RMMe,]~ as well as for the
[MMe;]*~ fragment complex (M=Cu, Ag; R=n'-allyl). The diagnostic was
evaluated from the CAS(10,11) active space for M=Cu and the CAS(10,10)
active space in case of M=Ag.

ZS(l)
M=Cu M=Ag

[RMMe;]™

Equilibrium 0.13 0.12
TS Homo-Coupling 0.11 0.10
TSs Cross-Coupling

regular 0.14 0.15
cis-cyclic 0.32 0.27
trans-cyclic 0.30 0.32
outer-sphere 0.34 0.41
[MMe;]*~ 0.08 0.08

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202103130

function that is likely to be poorly described by single-
configurational approaches. The equilibrium and homo-cou-
pling TS structures as well as the regular cross-coupling TS are
single-configurational according to the Z;, diagnostic for both
metals, whereas the higher values for the other TSs indicate a
more pronounced MC character. Especially the outer-sphere TS
structure of the silver complex has a remarkably large MC
character, which is a strong indication that the corresponding
barrier height is poorly calculated with a single-configurational
method.

In Figure 6 Panel A, we show the reaction barriers for the
homo-coupling and the different cross-coupling pathways for
both [RMMe,;]~ complexes, calculated with MC perturbation
theory at second order, CASPT2,"® without the so-called
empirical IPEA shift as recommended by Zobel et al.” (values
are given in Table S4, for more information on the IPEA shift,
see the Supporting Information). Similar to Figure 5, the dashed
horizontal lines indicate the threshold energies for the homo-
lytic dissociation of the M—R bonds. In case of [RAgMe;], this
energy is now almost equal to that of the outer-sphere TS
structure in contrast to the DLPNO-CCSD(T) calculations, but in
line with our expectations (vide supra). Panel B of Figure 6
shows the difference of the CASPT2 reactions barriers with
respect to the coupled-cluster calculations. Interestingly, the

A
300
cis- trans- outer-
. 250 A regular cyclic cyclic sphere
s 2004 _  m |
<2 150 1
% 100
50 1
0 A
Homo Coupling Cross Coupling
B
T
T trans- outer-
g regular cyclic sphere
2 cyclic
~ 0 - )
s
Ry
<
<
-50

Homo Coupling Cross Coupling

Figure 6. (A) Reaction barriers for the homo- and cross-coupling pathways of
[RCuMe;]~ and [RAgMe;]™ (copper- and silver-colored, respectively; R=m'-
allyl) obtained from CASPT2(IPEA =0 E,)//PBE-D3BJ calculations. The dashed
lines indicate the CASPT2(IPEA=0 E,)//PBE-D3BJ threshold energies for the
homolytic cleavage of the M—R bond of the complexes, which is the
energetically most favorable dissociation reaction according to DLPNO-
CCSD(T)//PBE-D3BJ calculations. (B) The values from graph (A) are given
relative to the corresponding DLPNO-CCSD(T)//PBE-D3BJ energies (cf. Fig-
ure 5).
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CASPT2 energies are slightly larger for those TS structures with
a small Z,, diagnostic whereas they are smaller for those with
large MC character in case of the silver complex. The latter is
especially pronounced for the highly MC outer-sphere TS. This
trend clearly indicates that the DLPNO-CCSD(T) approach over-
estimates the relative energies of the [RAgMe,]™ TS structures
featuring a distinct MC character, where MC perturbation theory
calculations are certainly more accurate than single-configura-
tional coupled-cluster calculations. Consequently, we argue that
the DLPNO-CCSD(T) TS energies are more accurate than the
corresponding CASPT2 values for those TS structures with
negligible MC character, but inadequate for the cross-coupling
TSs with pronounced MC character, for which we deem the
CASPT2 energies more reliable. This assessment is mainly
relevant in case of Ag, where the much more pronounced
quantitative discrepancies between the CASPT2 and DLPNO-
CCSD(T) C—C coupling reaction barriers also go along with
qualitatively different results for the two methods. More
specifically, the CASPT2 calculations do not predict homo
coupling as the energetically clearly most favorable reaction
channel for the silver complex, whereas homo coupling features
the by far lowest reaction barrier for [RCuMe;]™ independent of
the electronic-structure method. However, the CASPT2 thresh-
old energy for the allyl radical loss of the copper complex is
significantly higher in comparison to the DLPNO-CCSD(T) result,
which is not the case for the homolytic dissociation of the Ag—R
bond. The reason for the discrepancy in case of copper is not
obvious, but since the species involved in the R* loss reaction
have no pronounced MC character for both complexes, the
corresponding coupled-cluster threshold energies are certainly
more accurate. Moreover, as the Z,, diagnostic indicates that
DLPNO-CCSD(T) calculations are valid for describing the elec-
tronic structure of the [RMMe;]™ and [MMe;]*~ complexes, the
same most likely applies to the other copper- and silver-
containing equilibrium structures considered in this study,
reinforcing the validity of all reaction energies discussed in the
previous section.

Finally, we investigated whether the outcome of the CASPT2
calculations is affected by the choice of the IPEA shift. Indeed,
when applying an IPEA shift of 0.25 E,, a significant increase of
the reaction barriers was obtained for the C—C coupling
pathways featuring TS structures with pronounced MC charac-
ter, which correlates with the increased TS Z, values (Fig-
ure S18, Table S4). Nevertheless, the qualitative differences
between the DLPNO-CCSD(T) and CASPT2(IPEA=0 E;) results
for the [RAgMe;]” complex as detailed above are present in
case of an IPEA shift of 0.25 E, as well, even though not as
distinct. This finding strengthens our conclusion regarding the
limited reliability of the DLPNO-CCSD(T) barrier heights corre-
sponding to TS structures with pronounced MC character, but
also emphasizes the uncertainty associated with the CASPT2
approach for these systems. In light of the many recent works
that suggest to use an IPEA shift of 0 E, (see Queralt et al.*”
and references 20-45 of Zobel et al.”), we consider the CASPT2
calculations without an IPEA shift to be the more reliable multi-
configurational approach. Hence, for the pathways requiring a
multi-configurational treatment, we will focus on kinetic
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calculations based on the CASPT2(IPEA=0 E,) results in the
following. However, we will also take into account the CASPT2
calculations employing IPEA=0.25 E, within the kinetic model-
ing.

Kinetic calculations in comparison with experimental results

The remaining key question is, whether the results of our
quantum-chemical calculations are capable of correctly predict-
ing the experimental outcome of the energy-dependent gas-
phase fragmentation experiments on [RCuMe;]~ and [RAgMe;] ",
and thus, of providing the explanation for the strikingly
different reactivity of these two homologous transition-metal
complexes. To this end, we determined microcanonical reaction
rate constants, k(E) by means of Rice-Ramsperger-Kassel-Marcus
(RRKM) calculations for all theoretically identified C—C coupling
pathways of both complexes as well as for their loss of an allyl
radical as the only feasible direct dissociation according to the
DLPNO-CCSD(T)//PBE-D3BJ results (for computational details,
see the Supporting Information). The latter finding already
implies that a collision-induced formation of [RMMe]™~ can only
be attributed to the occurrence of homo coupling (Eq. 1a),
whereas the observation of [MMe,]~ upon CID can either be the
result of cross coupling (Eq. 2a) or of the transient formation of
[MMe;]*~ followed by a consecutive heterolytic M—Me bond
dissociation (Eq. 2b). In this regard, it is also worth mentioning
that studies on the unimolecular reactivity of [RMMe]™ and
[MMe,]~ from Rijs et al.”’#" strongly argue against secondary
fragmentations of these product complexes in the context of
our CID experiments (for corresponding DLPNO-CCSD(T)//PBE-
D3BJ bond dissociation energies, see Table S5). The therein
calculated energy profiles are not only in agreement with the
absence of [RM]*", [MMe]*~ or [HMMe]™ signals, but also
emphasize that the obtained fragmentation spectra are not
biased by R~ and Me™ loss reactions of the organometallate(1)
complexes, which would not be detectable because of the m/z
cutoff of the mass spectrometer used in this study.

For [RCuMe;]”, homo coupling features the highest k(E)
values within the experimentally relevant reaction rate constant
range based on the RRKM calculations employing the DLPNO-
CCSD(T)//PBE-D3BJ results for homo coupling, regular cross
coupling and the R* loss as well as the CASPT2(IPEA=0 E,)//
PBE-D3BJ results for cyclic and outer-sphere cross coupling
(Figure 7A; for details on the experimentally relevant reaction
rate constant range, see the Supporting Information).’?
Furthermore, none of the cross-coupling pathways is predicted
to proceed fast enough to be observable within the conducted
Q-TOF CID experiments. In contrast, considering the uncertainty
with respect to the slope of the k(E) curve for the R® loss
reaction as well as that of the experimental time scale 7, the
RRKM calculations suggest that [CuMe;]*” is accessible upon
collisional activation and that the homo-coupling/dissociation
product ratio decreases with increasing collision energy. The
latter results from the fact that the barrierless homolytic bond
dissociation involves a loose, product-like and thus entropically
favored TS, while the energetically less demanding homo
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Figure 7. Microcanonical reaction rate constants for the homo- and cross-
coupling pathways of (A) [RCuMe,]™ and (B) [RAgMe;]™ (R=n'-allyl) as well
as for their loss of R® obtained from RRKM theory employing results from
DLPNO-CCSD(T)//PBE-D3BJ (homo and regular cross coupling, R* loss) and
CASPT2(IPEA =0 E,)//PBE-D3BJ calculations (cyclic and outer-sphere cross
coupling). Estimated upper and lower limits of the k(E) values for the R® loss
reactions define the green areas. The reaction rate constants within the filled
gray boxes have to be considered for the theoretical prediction of the
performed gas-phase fragmentation experiments under the assumption of
an experimental time scale of 7=10"*s. To account for the uncertainty
associated with 7, the lower and upper empty gray boxes indicate the
relevant reaction rate constant ranges for t=5-10"*sand 2-10° s,
respectively. In each case, the k(E) values for the cyclic cross-coupling
pathway featuring the higher reaction barrier are not shown.

coupling occurs via a much more rigid TS structure as indicated
by the calculated —TAS*® and —TAS*** values for the R® loss
and homo-coupling reactions, respectively (—58 vs. —3 kJmol™;
Figures 4 and S4). Also for entropic reasons, the slope of the
k(E) curve for the outer-sphere cross-coupling pathway
(=TAS®¥ =22 kJmol™") is considerably steeper than for
homo coupling. The theoretical predictions are directly consis-
tent with two experimental observations, viz. the occurrence of
[RCuMe]™ as the main fragment ion at lower collisions energies
as well as the detection of [CuMe,]*” (Figure 2A). Moreover, the
RRKM calculations can also explain the decrease of the
[RCuMe] /[CuMe,]~ product ratio with increasing collision
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energy. While they exclude a significant cross-coupling reac-
tivity of [RCuMe;]™ within the performed gas-phase fragmenta-
tion experiments, they suggest that the R* loss becomes more
favorable at higher collision energies. Under these conditions, a
large proportion of the formed [CuMe;]*” ions is expected to
undergo collisions that induce the secondary fragmentation
towards [CuMe,]™, since this reaction only requires 33 kimol™'
(DLPNO-CCSD(T)//PBE-D3BJ value), i.e., less than a fifth of the
energy of the initial dissociation. Consequently, according to
the theoretical results, the formation of [CuMe,]” must arise
from the twofold consecutive bond dissociation via [CuMe;]*",
which in turn rationalizes the decrease of the signal intensity of
the latter with increasing collision energy. Whether the
observation of [CuMe,]” in the context of the QIT CID experi-
ments on [RCuMe,]” by Putau et al"® has the same origin is
unclear. As QIT CID is associated with a 7 about two orders of
magnitude larger than that of Q-TOF CID,***" regular cross
coupling could be faster than the allyl radical loss within the
experimental relevant reaction rate constant range of the
former based on the calculated k(E) curves. Support for this
scenario it the lack of [CuMe;]*~ fragment ions in the previous
study, but it is also possible that this labile species is indeed
formed and just does not survive the way to the detector, given
that it will undergo many collisions and has considerable
reaction time available in the QIT mass spectrometer. The
deviating progression of the [RCuMe] /[CuMe,]~ product ratios
with increasing energy for the two experimental setups,
however, should not necessarily be interpreted as indication for
the occurrence of different [CuMe,]~ formation reactions,
because the product ratio difference can merely be the result of
the different energy ranges probed by the two instruments.

If the CASPT2(IPEA=0.25 E,)//PBE-D3BJ or DLPNO-CCSD(T)//
PBE-D3BJ results are used in the RRKM calculations for cyclic
and outer-sphere cross coupling of [RCuMe;]™ instead of those
obtained from the CASPT2(IPEA =0 E,)//PBE-D3BJ approach, the
corresponding k(E) curves are shifted to even higher or slightly
lower energies, respectively, which does not affect the theoret-
ical predictions for the unimolecular reactivity of this species
(Figures S19 and S20). Thus, there is no indication that these
pathways play a role with respect to the [CuMe,]” formation
upon collisional activation of the copper complex. Additionally,
the k(E) values for [RCuMe;]™ calculated only on the basis of the
CASPT2//PBE-D3BJ results are not in accordance with the
experimental observations, because they imply homo coupling
as the only possible reaction (Figure S21). This finding empha-
sizes that the CASPT2 method is at least not appropriate for an
accurate description of the potential energy surface underlying
the reaction channels of the cuprate(il) species that do not
involve structures with pronounced multi-configurational char-
acter.

RRKM theory employing the results from DLPNO-CCSD(T)//
PBE-D3BJ calculations for homo coupling, regular cross coupling
and the R® loss as well as from CASPT2(IPEA=0 E,)//PBE-D3B)J
calculations for cyclic and outer-sphere cross coupling predicts a
distinctly different CID reactivity for [RAgMe;]~ compared to its
copper analogue.®” Taking into account the theoretical un-
certainty with respect to the allyl radical loss in combination
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with the experimental uncertainty in 7, the calculated k(E)
values for the silver complex suggest that the direct dissociation
could be faster than any C—C coupling reaction within the
experimentally relevant reaction rate range and thus constitute
the dominant channel (Figure 7B). At the same time, the kinetic
calculations indicate that a competition between homo cou-
pling and the R* loss reaction can be expected to take place
and that the dissociation/homo-coupling product ratio in-
creases with increasing collision energy in line with the entropic
characteristics of these processes (Figures 4 and S5). Further-
more, the occurrence of the entropically favorable outer-sphere
cross-coupling reaction might be possible as well based on the
RRKM results, although only to a limited extent, whereas this is
not the case for the other cross-coupling pathways. As with
[RCuMe,]™, the theoretical predictions for the unimolecular
reactivity of the silver complex are also in accordance with the
experimental findings. On the one hand, [RAgMe]™ and hence,
homo coupling indeed was observed upon collisional activation
(Figure 2B). On the other hand, considering that only 7 kJmol™'
(DLPNO-CCSD(T)//PBE-D3BJ value) are required for the secon-
dary fragmentation of [AgMe;]*” towards [AgMe,]”, it is
plausible that the former, because of its lability, was not
detected within our Q-TOF CID experiments. This would mean
that every R® loss reaction is accompanied by the formation of
[AgMe,] ", which rationalizes that the latter is the main product
upon collisional activation and that the [AgMe,] /[RAgMe]™
product ratio increases with increasing collision energy. If the
observed [AgMe,]” ion at least partially originates from outer-
sphere cross coupling, however, can neither be confirmed nor
excluded by means of the kinetic calculations outlined above.

Upon application of the CASPT2(IPEA=0.25 E,)//PBE-D3BJ
or DLPNO-CCSD(T)//PBE-D3BJ results for cyclic and outer-sphere
cross coupling of [RAgMe;]” (rather than those from the
CASPT2(IPEA =0 E,)//PBE-D3BJ calculations), k(E) curves were
obtained that do not ascribe the experimental detection of
[AgMe,]” to any cross-coupling reactivity (Figures S19 and S20).
In contrast, the RRKM calculations on the basis of the CASPT2//
PBE-D3BJ results for all considered pathways do not rule out
that outer-sphere cross coupling might contribute to the
formation of [AgMe,]™ (Figure S21). However, dependent on the
employed IPEA shift, the CASPT2//PBE-D3BJ results are associ-
ated with k(E) values that under- (IPEA =0 E,) or rather
overestimate (IPEA =0.25 E,) the occurrence of homo coupling
in comparison with the CID experiments. Accordingly, also for
the silver complex, the CASPT2 approach provides a less
trustworthy gap between the homo coupling reaction barrier
and the R* loss threshold energy than DLPNO-CCSD(T), although
the discrepancy between the two methods is less here
compared to that for [RCuMe;]". Altogether, the kinetic
calculations for the argentate(iil) complex consistently suggest
that the predominant fragmentation of this species towards
[AgMe,]” upon collisional activation arises from a twofold
consecutive homolytic bond dissociation. Therefore, they high-
light that considering this type of reaction can be crucial for the
correct interpretation of CID experiments that point to C—C
coupling reactivity because of the absence of the transient
direct dissociation product.
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Origin of the different reactivity of [RCuMe;]” and [RAgMe;]~

Since our theoretical predictions for the unimolecular reactivity
of the gaseous [RCuMe,;]” and [RAgMe,;]~ complexes are in
compliance with the results of the gas-phase fragmentation
experiments on these ions, the origin of their strikingly different
behaviour upon collisional activation can finally be clarified. For
the copper complex, homo coupling features a reaction barrier,
which is considerably lower than that of the most favorable
cross-coupling pathway, i.e., regular cross coupling, and also
than the threshold energy of the allyl radical loss reaction as
the only feasible direct dissociation. Thus, this species mainly
reacts towards [RCuMe]™ at lower collision energies, while the
formation of [CuMe,]” relative to that of [RCuMe]  increases
with increasing energy because the consecutive R*/Me°® loss
becomes more favorable for entropic reasons. In the case of the
silver complex, both the homo coupling and the regular cross-
coupling reaction barriers are consistently higher in comparison
to the copper congener, but at the same time, the bond
dissociation energy of the metal-allyl bond is slightly lower. In
addition, the threshold energy for the Me* loss of the [AgMe;]*~
fragment ion is significantly lower than for [CuMe;]*". These
bond dissociation energy considerations are in accordance with
the result that the entropically favored outer-sphere cross-
coupling pathway is associated with a much lower reaction
barrier for [RAgMe;]~ compared to the copper analogue, which
is similar to that for regular cross coupling of the former. As a
consequence, the consecutive R*/Me* loss of the argentate(i)
complex is more favorable than homo coupling and hence
[AgMe,]” is observed as the major fragment ion within the
corresponding CID experiments. However, it cannot be ruled
out that at least a fraction of the detected [AgMe,] ions can be
attributed to an outer-sphere cross-coupling reaction, which is
mechanistically closely related to the twofold homolytic bond
fission, since it involves the partial dissociation of the allyl
ligand, which then aids the cleavage of a weak Ag—Me bond in
the course of the C—C bond formation. In essence, for both
[RMMe;]~ complexes, the kinetically preferred conventional
reductive elimination pathway corresponds to the thermody-
namically more favorable coupling reaction, i.e., homo cou-
pling, whereas the dissociative channels of these species go
along with breaking of the metal-allyl bond, which either results
in a consecutive R*/Me* loss or an outer-sphere cross coupling.
On this basis, the contrasting reactivity of the two coinage
metallates can be traced back to the fact that the transition
from copper to silver leads to a facilitation of the reactions
featuring a dissociative character, because the Ag-—organyl
bonds are weaker and the silver centre mediates the regular
C—C bond formation mechanism less efficiently.

The insights gained for the unimolecular reactivity of
[RAgMe;]™ in the gas phase eventually allow for an interpreta-
tion of the 1-butene formation via this organoargentate species
in THF as observed by NMR experiments.” It appears highly
unlikely that the silver complex sequentially dissociates towards
solvent-separated [AgMe,]”, R* and Me* fragments, which is
followed by a recombination of the two free radicals yielding 1-
butene. Instead, the loss of an allyl radical may occur, which
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then recombines with the remaining [AgMe;]*~ complex in such
a way that 1-butene is formed or only a partial dissociation of
the allyl ligand takes place, which then immediately abstracts a
methyl group according to the outer-sphere cross-coupling
mechanism. As the presence of a solvent cage should favor the
latter option and our theoretical results revealed that, even in
the gas phase, this pathway could compete with the direct
dissociation reaction, we propose that [RAgMe,]~ undergoes
outer-sphere cross coupling in THF. Interestingly, for the allylic
methylation reaction between LiCuMe,Lil and cinnamyl
chloride, [R""CuMe,] and [R"CuMe;,]~ (R™ = cinnamyl) were both
characterized as reactive cross-coupling intermediates yielding
1-phenylbutene (S\2 product) and 3-phenylbutene (S\2" prod-
uct), respectively.''¥ The observed reactivity for the
organocuprate(ill) complex has not been explained previously,
but is consistent with the regioselectivity accompanied with the
outer-sphere mechanism identified in this study. Hence, as
reactions between organoargentate(l) compounds and substi-
tuted allylic halides are expected to proceed via ate(in)
species,”’ they may yield cross-coupling products complemen-
tary to those accessible via their Cu-mediated analogues, which
typically involve neutral organocopper(iil) intermediates."™

Conclusions

Our energy-dependent gas-phase fragmentation experiments
have unambiguously demonstrated that the homologous coin-
age metallate complexes [RCuMe;]™ and [RAgMes]™ (R=m'-allyl)
exhibit a distinctly different behaviour upon collisional activa-
tion. While the former mainly produces [RCuMe]", the latter
nearly exclusively reacts towards [AgMe,]~, which is in line with
the previously observed cross-coupling reactivity of the
argentate(111) species in solution. With the help of an extensive
theoretical characterization of the unimolecular reactivity of the
[RMMe;]~ ions, including DFT, DLPNO-CCSD(T) and CASPT2
calculations as well as the computation of RRKM reaction rate
constants, a fundamental understanding of their chemistry was
achieved. On the basis of DLPNO-CCSD(T)//PBE-D3BJ calcula-
tions, conceivable reaction pathways for both complexes are
homo coupling, four different cross-coupling possibilities (regu-
lar, cis-cyclic, trans-cyclic, outer-sphere) and the loss of an allyl
radical. We have shown that for the description of the electronic
structure of the cis-cyclic, trans-cyclic and outer-sphere cross-
coupling TSs, multireference calculations are required, which, in
contrast to the DLPNO-CCSD(T) results, indicate that the
reaction barriers of the corresponding channels are significantly
lower for the silver than for the copper complex. Additionally,
according to the DLPNO-CCSD(T) calculations, (i) [RAgMe;]™
mediates homo coupling less efficiently compared to its Cu
analogue, where this reaction clearly features the lowest
reaction barrier and (ii) the direct dissociations for the [RMMe;]~
species and the [MMe,]*~ fragment ions are more favorable for
M=Ag. Our kinetic computations employing the results from
the quantum-chemical calculations are in good agreement with
the observations from the gas-phase fragmentation experi-
ments, which highlights the validity of the determined potential
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energy surfaces. The obtained reaction rate constants not only
correctly predict the preference of the cuprate(ill) complex to
undergo homo coupling, which is the only feasible origin for
the [RCuMe]™ product ion, but can also rationalize that the
silver congener predominantly produces [AgMe,]~, which most
likely arises from a twofold consecutive homolytic bond
dissociation. However, the outer-sphere cross-coupling reaction,
which involves the partial dissociation of the allyl ligand before
C—C coupling occurs, might also contribute to the [AgMe,]”
formation in the gas phase. As the outer-sphere mechanism
corresponds to the most favorable cross-coupling pathway for
[RAgMe;]~, we assume that this process underlays the solution-
phase reactivity of the silver species. Altogether, the presented
study unravels the intriguing differences between the reactivity
of heteroleptic tetraalkylcuprate(ii) and -argentate(in) com-
plexes featuring allyl ligands in great detail and provides an
improved mechanistic understanding of coinage metallate(ii)
mediated C—C coupling reactions, which in particular highlights
the so far underestimated potential of silver for such trans-
formations.
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