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Thesis Overview

This thesis primarily reports on low-valent cobaltate complexes and their applications in
hydrogenation catalysis. Chapter 1 reviews the reactivity of selected s-block and d-block
bimetallic compounds in small molecule activation and catalysis, focusing on counterion
effects. Chapter 2 describes the hydrogenation of alkenes using a series of anionic cobaltate
pre-catalysts with different countercations. A significant change in reactivity is observed,
which is documented in comparative analyses and supported by computational studies.
Chapter 3 reports the synthesis and characterization of an unsupported magnesium cobaltate
complex. Its bonding situation is analyzed by experimental and computational methods, and
its catalytic activity in alkene hydrogenation is described. Chapter 4 reports the synthesis and
characterization of phosphine-stabilized cobalt hydride complexes. The hydrogenation of
magnesium cobaltates in the presence of a diphosphine affords p-diketiminate magnesium
salts of anionic tetrahydrido cobaltates, which are characterized spectroscopically and
computationally, and subjected to reactivity studies. Chapter 5 presents a thematically
different project on the photocatalytic functionalization of white phosphorus (P4) with aryl
bromides and chlorides. Triarylphosphines and tetraarylphosphonium salts are directly
accessed using an acridinium-based photocatalyst and near-UV light irradiation. Lastly,

chapter 6 summarizes the results described in this thesis and provides a short outlook.

Aufbau der Arbeit

Diese Dissertation befasst sich mit niedervalenten Kobaltatkomplexen und deren
Anwendung in der Hydrierkatalyse. Kapitel 1 gibt einen Uberblick iiber die Reaktivitit
bimetallischer s-Block- und d-Block-Verbindungen in der Katalyse und Aktivierung kleiner
Molekiile, mit einem besonderen Fokus auf Gegenioneneffekte. Kapitel 2 beschreibt die
Hydrierung von Alkenen mit einer Reihe von anionischen Kobaltat-Prikatalysatoren mit
unterschiedlichen Gegenionen. Es wird eine signifikante Anderung der Reaktivitit in
Abhingigkeit von den Kationen beobachtet, die in vergleichenden Analysen dokumentiert
und durch quantenchemische Berechnungen gestiitzt wird. Kapitel 3 beschreibt die Synthese
und  Charakterisierung  eines nackten = Magnesium-Kobaltat-Komplexes.  Die
Bindungssituation wird experimentell und mit quantenchemischen Methoden analysiert und
der Komplex in der Alkenhydrierung eingesetzt. Kapitel 4 behandelt die Synthese von
Phosphan-stabilisierten Kobalthydridkomplexen. Die Hydrierung von Magnesium-
kobaltaten in Gegenwart eines Diphosphans fiihrt zu B-Diketiminatomagnesium-Salzen
anionischer Tetrahydridokobalt-Komplexe, die spektroskopisch und quantenchemisch
charakterisiert und hinsichtlich ihrer Reaktivitit untersucht werden. Kapitel 5 umfasst ein
thematisch unterschiedliches Projekt zur photokatalytischen Funktionalisierung von weilem
Phosphor (P4) mit Arylbromiden und -chloriden. Triarylphosphine und Tetraaryl-
phosphoniumsalze werden mittels eines Acridinium-basierten Photokatalysators unter
Bestrahlung mit nahem UV-Licht zuganglich gemacht. AbschlieBend werden in Kapitel 6 die

Ergebnisse dieser Arbeit zusammengefasst und ein kurzer Ausblick gegeben.
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Chapter 1 — Synergistic Effects in Bimetallic s-Block and d-Block Metal Compounds: Small Molecule
Activation and Catalysis

Chapter 1 Synergistic Effects in Bimetallic s-Block and d-Block
Metal Compounds: Small Molecule Activation and Catalysis(®!

Abstract: Transition metal catalysts enable a vast array of important chemical
transformations. In most cases, mononuclear transition metal complexes are employed that
have been carefully optimized by stereoelectronic modification of their ligand framework.
However, numerous recent studies have shown that combining two metals in a
heterobimetallic complex can unlock reactivities surpassing those of the single-metal
systems. This introduction explores reactions of heterobimetallic complexes comprised of
s-block metal and d-block metal atoms. We describe the key interactions that determine the
reactivity of such systems. The participation of two metal atoms enables the exploitation of
complementary electronic effects, structural preorganization and multisite substrate
activation. Electrostatic interactions are another important parameter in the hetero-
bimetallic ion pairs that can significantly influence their reactivity. A defining feature of these
systems is their ability to adopt cation-sensitive mechanisms, which is examined for its
potential to complement and diversify catalyst design. We anticipate that heterobimetallic
systems will become increasingly useful in the development of more efficient catalytic

transformations.
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Chapter 1 — Synergistic Effects in Bimetallic s-Block and d-Block Metal Compounds: Small Molecule
Activation and Catalysis

1.1 Tunable Features, General Reactivity and lon Pairing in
Heterobimetallic Complexes Based on s-Block and d-Block Metals

Transition metal complexes are an integral part of modern synthetic chemistry and have been
instrumental in the development of many established catalytic procedures. Although the
majority of transition metal complexes used in homogenous catalysis are monometallic,
there is a growing interest in bimetallic systems.[!] Numerous homo- and heterobimetallic
transition metal complexes are known,[2l which are often inspired by natural
metalloenzymes, many of which function via bimetallic synergism.[3]

A third rapidly growing class is the combination of a main group metal (MGM) with a
transition metal (TM) to furnish a heterobimetallic MGM/TM complex (Figure 1).
Frequently used MGMs are alkali and alkaline earth metals (described herein), as well as
selected group 13 elements, including Al, Ga and In,] which are paired with late transition
metals such as Fe, Co, Ni but also Ir and Pd. Such bimetallic systems have several distinct
features that are inaccessible for mononuclear species. These include complementary effects
based on the different stereoelectronic properties of the metal centers M! and M2 (such as
internal polarization), as well as structural preorganization and the ability to activate bonds
at multiple sites (Figure 1a).[5! According to Campos and co-workers, bond activation occurs
via distinct pathways involving two different metal atoms (Figure 1b): (i) the simultaneous
binding of a single substrate to both metal centers, (ii) the binding of one substrate to one
metal center with assistance from the second metal center, and (iii) the binding of two
distinct substrates to separate metal centers.[2¢115]

In a heterobimetallic complex comprising an s-block metal atom and a d-block metal atom,
the bond activation predominantly occurs at the transition metal center (M2, Figure 1b). The
s-block metal (M!, Figure 1b) serves as a secondary activator, facilitating the overall

activation (multisite (i)-(iii), Figure 1b) through stereoelectronic modulation.

a | tunable features and characteristics of mono- and heterobimetallic complexes
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heterobimetallic complex < multisite bond activation

b | types of bond activation for heterobimetallic complexes (Campos and co-workers, ref. [5])

L

L L

,"/, | o M1___ MZ M\1___ !w2 M1,__ M2 M1,__ M2
— M=) Lpm2— ’

L /M EI /ITI L /A \ / \\\ A A A
L ﬁ) L - - - - -
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Figure 1. (a) Tunable features of monometallic and heterobimetallic complexes. (b) Types of bond
activation at one and two metal sites for heterobimetallic complexes (Campos and co-workers, ref. [5]).
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Activation and Catalysis

However, both metals are essential to the success of the chemical transformation. This
situation is due to the different characteristics of the s- and d-block metal centers in the
heterobimetallic complexes, which are not only reflected in their bonding behavior but also
set them apart from purely transition metal-based complexes. While the d-block metal atoms
typically display covalent bonding,[12:6] the interactions in s-block/d-block bimetallics are
predominantly electrostatic with very low covalent character (Figure 2).[71 Consequently, ion
pairing effects must be taken into account to accurately understand the reactivity of such
systems.[8] These include the charge density of the ionic fragments, the relative orientations
of the ions within the heterobimetallic ion pairs, and their coordination by solvent molecules.

The solvation behavior can be summarized in a simplified picture, which classifies
three types of ion pairs (Figure 2).[8] In solvents with a low dielectric constant, contact ion
pairs with a common solvent shell and no solvent molecule interposing are energetically
favored. In higher dielectric solvents, the ions are separated by a shared solvent shell or
exhibit each a separate solvent shell and are termed solvent-shared and solvent-separated
ion pairs, respectively. In order to exert cooperative reactivity (i.e., an ion pairing effect), the
ionic fragments need to be in close proximity, which is possible in contact and solvent-shared
ion pairs. Given that such an arrangement is provided, the heterobimetallic systems can
further adopt cation-sensitive mechanisms, which offers an alternative strategy to alter

reaction rates and selectivities.

------------- L .
L i | L I ) solvent-shared
“, " ~ 1 =viewed as = ion pair ion pair
L M1__u____M2_ p
7 i
L L
\ " L
 s-block metal ;. : ) ) solvent-separated
1d-block metal contact ion pair ion pair
heterobimetallic complex

Figure 2. Ion pairing aspects for heterobimetallic complexes of s-block and d-block metals with ionic
character.

In this work, we review the literature of heterobimetallic systems composed of an s-block
metal atom and a d-block metal atom. In considering examples from fundamental chemical
reactions (e.g., hydrogenation), we analyze the cooperative mechanisms at play and, where
applicable, discuss reactivity changes induced by alteration of the s-block metal cation. Ton
pairing significantly influences the reactivity of many systems described in this review.
Finally, we present an outlook on future challenges and opportunities, hopefully motivating
other researchers to explore heterobimetallic synergies in chemical transformations and

utilize cation-sensitive mechanisms.
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1.2 Cation Effects and Heterobimetallic Reactivity

1.2.1 Hydrogenation Reactions
1.2.1.1 Anionic Hydrogenation Catalysis with Alkoxide Bases

Catalytic hydrogenation using H»> gas is usually the domain of late transition metal
complexes. A convenient way to generate the active catalyst is by treating a transition metal
halide precursor with a strong base (e.g., KO'Bu).°J If the pre-catalyst contains a Brensted
acidic site, the active complex can be formed through a salt elimination and deprotonation
sequencel®2¢el or base-assisted hydrogenolysis.[?dl Although this typically produces a neutral
hydride complex, the activation with excess strong base can also generate anionic active
species. Among these are TM/XH (X = N, O) bifunctional catalysts in which an X—H motif in
the coordinating ligand is deprotonated by the external base.[10]

Kempe and co-workers reported the use of heterobimetallic Mn and Fe pre-catalysts bearing
a deprotonatable N—H motif in hydrogenation catalysis (Figure 3a-c).[11] Starting from the
precursor complexes [MnH]H> and [FeBr]H> (Figure 3c), the double deprotonation with an
alkali metal alkoxide (in the presence of H) generates the dianionic complexes [MnH]M2
and [FeH]M. (M = Li, Na, K; see Figure 3d for M = K). The potassium salts efficiently
hydrogenate imines and ketones with high functional group tolerance, while analogous Li*
and Na* salts were less active. Kinetic studies for the manganese system revealed that altering
the co-catalytic alkoxide base MO®Bu (M = Li, Na, K) accelerates the reaction in the order
Li* < Nat* < K* (Figure 3a).[112] Similarly, the substitution of potassium (K+) by sodium (Na*)

or lithium (Li*) in the iron system significantly decreased the catalytic activity (Figure 3b).[11c]

a | imine hydrogenation with bimetallic Mn b | ketone hydrogenation with bimetallic Fe

(e} OH

[MnH]H, (1.0 equiv.) [FeBr]H, (0.06 or 0.2 mol%), Hy
MO'Bu (2.0 equiv. H MOBu (0.6 or 2.0 mol%)
_N<_Ph O'Bu (2.0 equiv. )= N Ph >
Ph X~ Ph”

base LiO'Bu NaOBu KO'Bu base |LiO'Bu NaO'Bu [KO'Bu |+ 12c4 +15c5 +18c6
initial rate 0.68 5.50 48.1 yield [%] 65 76 97 38 6
[mM h™1]
c | pre-catalyst structures d | heterobimetallic catalyst e | multisite hydride transfer
Ph Ph (solv)y ]
K i R
~N—P(P N '
NIJQN N)QN d_< |( I-:')Z RZ;, E\H (P = P(Pr)y)
PPN PN Ph—{ “N—mco K--N——pP
S S N=( |“co Ph—eN N —Mrco
. i . . ~ __ _N—Mn—
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pre-catalyst structures [MnH]H, (left) bimetallic active catalysts hydride transfer to imine
and [FeBr]H, (right) [MnH]K; and [FeH]K, with K coordination (for M = Mn)

Figure 3. (a) + (b) Imine and ketone hydrogenation with Mn and Fe catalysts showing alkali cation
influence on the reactivity. (c) Pre-catalyst structures. (d) + (e) Bimetallic K-M (M = Mn, Fe) active
catalyst and graphical representation of the proposed rate-determining hydride transfer step (for the
imine hydrogenation). 12¢4 = 12-crown-4. 15¢5 = 15-crown-5. 18¢6 = 18-crown-6. solv = thf or 12¢4.
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Inhibition experiments employing crown ethers as sequestering agents showed that the
conversion in the hydrogenation reaction is reduced considerably in the order: 18-crown-6
> 15-crown-5 > 12-crown-4, consistent with their decreasing binding affinity for K*. These
findings suggest that direct proximity of the alkali metal cation to the transition metal anion
is required for high activity. The authors propose that the rate-determining hydride transfer
follows an outer-sphere mechanism, where the transition metal and alkali metal play an
active role (see Figure 3e for TM = Mn and M = K).[12l The potassium cation, which is
positioned in a ligand cavity, coordinates to the nitrogen atom of the incipient amide during
hydride transfer. The short-lived potassium amide then rapidly reacts with HO!Bu to yield
the amine, KO‘Bu, and a monopotassium salt, which is subsequently converted back into the
dianionic catalyst [MnH]K> by reacting with KO’Bu and Ho.

When using ligands that lack a protic motif such as P,S-disubstituted ferrocenes,!'3! the Poli
group demonstrated that the hydrogenation of ketones with an iridium chloride pre-catalyst
and alkoxide base proceeds via an anionic tetrahydride complex (Figure 4).[14] A pronounced
cation effect was observed, when different alkali metal bases (MOR; M = Li, Na, K; R = iPr or
tBu) were used in the (asymmetric) hydrogenation of acetophenone (Figure 4a).[14c] The
product formation significantly increased following the trend: Li* < Na* < K*, while the
addition of 18-crown-6 to the most active potassium system resulted in a drastic reduction
of the catalytic activity.

a | ketone hydrogenation with an anionic Ir complex b | active catalyst ion pair
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Figure 4. (a) Influence of the alkali metal cation in the iridium-catalyzed hydrogenation of
acetophenone. (b) Proposed structure of the in situ formed alkali metal iridium tetrahydride ion pair
catalyst. (c¢) Simplified mechanism of the hydrogenation of acetone showing ion pairing interactions.
R = Me, iPr.
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Moreover, no reaction was observed when an ammonium base ([NMesOH]) was used instead
of an alkali metal base, indicating that the presence of an alkali metal cation is essential for
effective reactivity. Detailed DFT calculations on the active catalyst ion pairs (Figure 4b)
showed that the explicit solvation of the alkali metal cation by five alcohol ligands (forming
[M(ROH)s]*) is crucial to reproduce the experimental results. The hydrogenation follows a
hydride transfer/protonation sequence, in which both metals cooperatively activate and
coordinate the substrate (Figure 4c). The rate-determining hydride transfer is accompanied
by a rearrangement of the solvation sphere, followed by the displacement of one or more
solvent molecules as the newly formed alkoxide anion binds to the alkali metal cation. The
authors propose that the observed cation effect does not stem from direct interactions
between the alkali metal and the substrate or the anionic iridium fragment. Instead, they are

inherently linked to cation-dependent coordination sphere rearrangements.
1.2.1.2 H, Activation with a B-Diketiminate Magnesium Nickelate

The activation of H2 by a single-site transition metal complex often involves the oxidative
addition of H> to the metal center. Conceptually different from mononuclear activation, the
activation of H can also proceed by bimetallic cooperation.['5] Established systems include
complexes that incorporate either two transition metal atoms or a combination of transition
metal and main group elements, the latter usually being a group 13 element such as B, Al,
Ga, and In.[22.dL6] Tn contrast, very few systems describe the H» activation using a hetero-
bimetallic system that includes an s-block metal alongside a transition metal atom.[16] The
activation of H» using a molecular s- and d-block bimetallic complex was reported by Xu and
co-workers in their study of an ethylene nickel complex that is supported by a Mg-based
metalloligand (Figure 5).[7d1.[18]

a| reversible activation of H, by heterometallic Mg/Ni cooperation

Dipp
N, Dipp Dipp, Dlpp Dlpp
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(0.5 equiv.)
b | cooperative c-bond metathesis of H, c | catalytic hydrogenation
/W\ \ ¥ R cat. R
- > H--H{ ,  [(nacnac)MglNi(CoHa), HOH ,
Mo] Mgl —> |/ A, R > RN R
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+H,
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synergistic H, activation H H N /
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over the formal Mg-Ni _=— [Mg]——Ni——/{Mg] . . o .
bond: first addition of H, s -7 99% 92% 9% 99%

Figure 5. (a) Synthesis of heterotrimetallic complex [(nacnac)Mg]oNi(C2H4)2 and reversible Ho
activation. (b) Computed o-bond metathesis of H2 over the formal Mg—Ni bond to [(nacnac)Mg]oNiHa.
(c) Catalytic hydrogenation of different substrates using [(nacnac)Mg]2Ni(C2Ha4)2. cot = cyclooctene.
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The complex [(nacnac)Mg]oNi(CoHs)> (nacnac = [-diketiminate) exhibits a linear
Mg—-Ni—Mg interaction and a planar nickelaspiropentane moiety. Exposure to H> (1 bar) led
to the formation of the tetrahydride complex [(nacnac)Mg]oNiH4, featuring four covalent
Ni—H bonds with additional weak Mg—H interactions (Figure 5a). DFT calculations of the
reaction of [(nacnac)Mg]>Ni(C2H4)> with H» revealed a bimetallic pathway, which is initiated
by the o-bond metathesis of H> with the formal Mg—-Ni bond, resulting in an unstable
intermediate containing terminal Mg—H and Ni—H bonds (Figure 5b). The cooperation
between Mg and Ni allows for the stepwise addition of H» without oxidation at the Ni center,
showcasing the mechanistic versatility that arises from the second metal fragment. Given the
facile activation of H» with [(nacnac)Mg]oNi(C2Ha)2, the magnesium nickelate served as an
efficient pre-catalyst for the hydrogenation of various unsaturated substrates, such as
alkenes, imines, quinolines, and alkynes (Figure 5c).

In a separate study, the Xu group employed the same complex in alkene hydrosilylation.[1]
Reaction of the complex with phenylsilane allowed for the isolation of silyl hydride complexes
featuring a Ni-Si-H-Mg interaction, closely resembling the structural motif observed in the
o-bond metathesis of H> (see above). The use of this silyl hydride, along with other bimetallic
silyl-nickel complexes as pre-catalysts, demonstrated that the hydrosilylation reaction

proceeds via an analogous bimetallic pathway.

1.2.1.3 Hydrogenation with a Homogenous/Heterogenous Alkaline Earth Metal/lron
System

The study of bimetallic cooperativity mostly focuses on well-defined molecular complexes or
ion pairs, where the steric and electronic interactions between the metals, alongside with
solvation effects, dictate the observed synergistic behavior (see the previous examples). An
alternative yet equally effective strategy involves pairing a molecular metal species with a
heterogenous metal to induce bimetallic reactivity at the interface of the metal surface and
the dissolved metal species.[20]

In this vein, Harder and co-workers showed that the addition of metallic iron to metallic
barium or molecular s-block metal compounds drastically improved the hydrogenation
activities compared to the monometallic systems, enabling the hydrogenation of unactivated
alkenes, imines and arenes (Figure 6).[1¢] For example, the hydrogenation of benzene with
Fel or Ba® formed by metal vapor synthesis did not or only very slowly (>6 d) produce
cyclohexane, while the heterobimetallic BaFe mixture reduced benzene quantitatively within
0.5 h (Figure 6a). The authors reason that the marked enhancement in reactivity arises from
several key factors: (1) the dissociative adsorption of H» on the Fe? surface produces reactive
hydrogen radicals that convert Ba®into soluble (and highly reactive) BaH>; (2) unsaturated
substrates are activated through adsorption as m-complexes on the Fel surface, thereby
facilitating the hydride attack; and (3) highly reactive H* radicals formed on the Fe? surface

directly react with alkylbarium intermediates to yield the saturated hydrocarbon products
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(Figure 6b). Additionally, a direct interaction between Ba® and Fe? is proposed, in which the
electropositive Ba® improves the substrate activation of Fe® by increasing the electron density
on Fe. The quantitative hydrogenation of benzene using well-defined [(nacnac)MgH]./Fe?
supports the hypothesis that the main group metal in the Ba?/Fe? system forms a soluble
metal hydride species. A tentative reaction sequence outlines the formation of cyclohexane

by the cooperative interaction of monomeric (nacnac)MgH and Fe® with benzene (Figure 6c¢).

a | heterobimetallic hydrogenation with Ba/Fe b | mechanistic proporsal for synergistic reactivity

0 ——0

mol% P [bar] /T [°C] t [h]/y [%] TOF [h~"]

Fe 10 50/150 24/0 0
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BaFe 3 50/150 0.5/99 66.7
BaFe 5 50/20 72/99 0.3
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Figure 6. (a) Hydrogenation of benzene with Fe?, Ba® and Ba®/Fe?. (b) Mechanistic proposal for the
synergistic hydrogenation with Ba® and Fe®. (c) Cooperative benzene hydrogenation with soluble
[(nacnac)MgH]2 and Fe®. Ba®/Fe® describes the metal powder activated by metal vapor synthesis.

1.2.2 C—-H, C-C, C-0, C—X, and N—H Bond Activation
1.2.2.1 C-H and C=X (X = F, I) Bond Activation by Alkali Metal Metalates (M = Mn, Fe, Co)

The activation of carbon-halogen and carbon-hydrogen bonds forms the basis of numerous
catalytic processes that are of much importance for organic synthesis.[?!l Traditionally
mediated by a monometallic reagent, these reactions involve the formation of an
organometallic intermediate featuring a direct metal-carbon bond. However, recent studies
increasingly recognize bimetallic interactions as a common motif in the organometallic
intermediates during C—X and C—H activation.[??]

In this context, Hevia and co-workers showed that alkali metal manganates
MoMn!(CH2SiMes)s (M = Li, Na, K) promote the homocoupling of aryl iodides and terminal
alkynes in the presence of an oxidizing agent (Figure 7).[23] The bimetallic complexes can be
generated either in situ by treating MCH>SiMes with MnCl> or isolated as Lewis
donor-stabilized solids (Figure 7a,b). The homocoupling of 4-iodoanisole using
Li>Mn(CH2SiMe3)s gave 94% of the biphenyl product. In contrast, the monometallic
Mn(CHSiMes). failed completely, while Li(CH2SiMes) gave a smaller yield (62%) (Figure
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7a).[23a] Further evidence of the cooperative reactivity of Li and Mn emerged during the
assessment of the homocoupling reaction in the presence of Lewis donors. While bidentate
TMEDA (N,N,N',N'-tetramethylethane-1,2-diamine) showed no effect, the lithium-specific
sequestering agent 12-crown-4 completely inhibited the reaction. This indicates that the
close proximity of the lithium cation to the manganate anion is a key requirement for
cooperative reactivity. Mechanistic investigations further confirmed that the formation of
intimate Li/Mn ion pairs is essential for promoting both Mn—I exchange and C(sp2)—C(sp?)
bond formation. By isolating a tetra-arylated lithium manganate complex, the authors

showed that such species successfully form bi(aryl) products when exposed to O» (Figure 7c).
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Figure 7. (a) Oxidative homocoupling of arenes and alkynes mediated by bimetallic alkali metal

manganates. (b) Structure of the alkali metal manganates MoMn(CH2SiMes)s (M = Li, Na, K). (c) + (d)

Bimetallic arene and alkyne manganates which undergo homocoupling when exposed to an oxidant.

PMDETA = N,N,N'.N" ,N"-pentamethyldiethylenetriamine.

Expanding the scope to terminal alkynes, a series of analogous alkali metal manganates was
equally effective in the oxidative homocoupling to give 1,3-diynes (Figure 7a).[23b] The nature
of the alkali metal cation directly influenced the product formation following the trend:
K* < Li* < Na*, while the addition of 15-crown-5 to the Na/Mn system completely shuts
down the reaction. Structural studies suggest the involvement of intimate alkali metal/Mn
ion pairs, which can be independently synthesized by treating the terminal alkynes with
M>Mn(CH2SiMes)s under inert conditions. The Li/Mn alkynyl complex is an organometallic

intermediate in the homocoupling of phenylacetylene, that generates the corresponding
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1,3-diyne when exposed to dry air (Figure 7d).

Developing this theme further, the Hevia group investigated the C—H and C-F bond
activation utilizing Na/Fe and Na/Co complexes in various fluoroaromatic substrates (Figure
8).[24] The heterobimetallic bases were obtained by pairing M(HMDS)> (M = Fe, Co; HMDS
= N(SiMes)2) with Na(HMDS) to form tris(amide) metalates, Na[M(HMDS)s], which
effectively metalate fluoroarenes at the C—H position adjacent to a fluorine group (Figure
8a).[25] The regioselective functionalization proceeds only in the presence of the bimetallic
ate complexes, whereas neither the monometallic Na(HMDS) or M(HMDS)> (M = Fe, Co)
alone activate the C—H bond. Experimental and computational studies using C¢FsH as the
substrate have shown that the metalation is based on a stepwise cooperative sequence
involving both metal centers in Na[M(HMDS)s] (Figure 8b).[24b.d]
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Figure 8. (a) Chemoselective C—H metalation of fluoroarenes with sodium metalates (M = Fe, Co).
(b) Reaction sequence for the bimetallic C—H bond activation by means of DFT calculations. (¢) C—F
bond activation at elevated temperature and alkali metal cation effect.

The mechanism involves the coordination and metalation of C¢FsH by sodium, followed by
an intramolecular transmetalation of the fluoroaryl group to iron or cobalt. The resulting
bimetallic intermediate featuring a covalent C—Fe bond and a dative Na---F bond could be
isolated for M = Fe in the presence of 1,4-dioxane. Building on the understanding of the role

of the sodium amide in the metalation process, the substitution of Na(HMDS) by the more
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basic and sterically hindered NaTMP (TMP = 2,2,6,6-tetramethylpiperidinide) was
attempted. In the iron-based system, this modification enabled the C—H activation of more
inert substrates such as toluene and benzene, which the authors attribute to a similar
bimetallic mechanism involving Na[Fe(TMP)(HMDS),].[24b]

When testing the limits of the metalation protocols, an unexpected substitution of fluoride
by amide was observed at elevated temperature (Figure 8c). This reaction is proposed to
follow a cascade process, which involves alternating eliminations of NaF and M(HMDS)»,
followed by subsequent M(HMDS), additions to benzyne intermediates. For M = Co, the
authors observed an alkali metal cation effect (Li* < Na* > K*), which manifested in no
reaction of K[Co(HMDS)s] with 1,3,5-trifluorobenzene, while Li[Co(HMDS)3] was only able
to form Li[Co(HMDS)2(CsFsH2)] via mono-cobaltation, regardless of stoichiometry or

conditions employed (A).[24]
1.2.2.2 C-0 and C—C Bond Activation by Alkali Metal Nickelates

Research into the reactivity of alkali metal nickelates dates back to the 1970s and 1980s,
when anionic nickelates were extensively studied in the context of alkene polymerization!26]
and the activation of small molecules such as dinitrogen.[2”1 The discovery of nickel-catalyzed
cross-coupling reactions further established the importance of nickel in the formation of a
range of C—C and C—heteroatom bonds.[28] The direct coupling of Grignard reagents in the
Kumada-Corriu type coupling is conventionally described through a cycle of oxidative
addition, transmetalation, and reductive elimination steps, involving neutral Ni® and Nill
complexes.[291 However, recent experimental and computational studies indicate that this
simplified mechanism does not fully account for substrate classes such as aryl ethers, for
which the direct oxidation of C—O bonds is unfavored.[3%] Instead, an alternative mechanism
involving heterobimetallic nickelate intermediates has been proposed.[31 Such species have
been independently synthesized via the reaction of nickel(0) alkene complexes with
organometallic nucleophiles,[27211321 and have been suggested as intermediates in other
Ni-mediated functionalization reactions.[33]

Building on these observations, Hevia and co-workers demonstrated that the Ni-catalyzed
cross-coupling of aryl ethers with PhLi proceeds via heterobimetallic nickelates (Figure 9).[34]
A dramatic solvent and additive effect was observed for the cross-coupling of
2-methoxynaphthalene with different lithium organyls catalyzed by Ni(n*-cod): (cod =
1,5-cyclooctadiene, Figure 9a). In Cg¢Dg, the cross-coupling product was formed using
donor-free PhLi, whereas in THF-ds, only ortho-lithiation of 2-methoxynaphthalene was
observed. In addition, stoichiometric coordination of PhLi with THF only marginally reduced
the cross-coupling, while bidentate TMEDA led exclusively to ortho-lithiation. These findings
suggest that lithium and nickel must be in close proximity, with lithium coordinated by a
labile ligand (e.g., THF) that can be easily replaced. Direct reactions of Ni(n*-cod)> with PhLi

led to well-defined lithium nickelates, which show contact ion pair structures in the solid
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state where the Li* cations interact with the phenyl and cod ligands at Ni (see Figure 9b for
Lis(thf)4[PhoNi(n2-cod)]).

The catalytic use of these nickelates in place of Ni(n*-cod). in the cross-coupling reaction
resulted in near-identical activity, which the authors explored further through detailed
structural, kinetic and computational studies (Figure 9¢). The mechanism starts from the
2:1-complex Lia(thf)2[PhoNi(n2-cod)], formed by the reaction of Ni(n*-cod). with PhLi(thf),
which binds 2-methoxynaphthalene at the Lewis acidic Li* via Li---O interaction (step i).
m-Coordination of the substrate to Ni induces the release of the cod ligand (step ii), followed
by the rate-determining oxidative addition of the C—O bond at Ni with transfer of the
methoxy group to Li (step iii). LiOMe-PhLi exchange then produces the tetra-arylated
lithium nickelate (step iv), which reductively eliminates the cross-coupling product and
regenerates Li>(thf)o[PhoNi(n2-cod)] (step v). The isolation of the n2Z-arene and the

tetra-arylated lithium nickelates as donor complexes supports the mechanistic proposal.

a | cross coupling of aryl ethers involving highly reactive lithium nickelates b | bimetallic lithium nickelate
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Figure 9. (a) Nickel-catalyzed cross-coupling of aryl ethers involving highly reactive lithium
nickelates. (b) Co-complexation affords a heterobimetallic lithium nickelate. (¢) Proposed reaction
mechanism based on bimetallic cooperativity.

After demonstrating that heterobimetallic nickelates serve as key intermediates in the
catalytic cross-coupling of C—O bonds, the Hevia group investigated the reactivity of related
nickelates toward the activation of C—C bonds (Figure 10).[351 Using a series of alkali metal
nickelate complexes (M = Li, Na, K) that n*-coordinate biphenylene, the C—C bond cleavage
to form the ring-opened analogs was found to strongly depend on the alkali metal cation and
its coordination environment (Figure 10a,b). The Li* complex underwent oxidative addition

to Ni in just 15 minutes upon warming from —30 °C to ambient temperature, whereas the Na
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and K analogs required 3 and 12 hours, respectively.

DFT studies modeling the C—C cleavage as a single concerted step reflected this trend (Li* <<
Na* < K*), yet the lowest computed barrier (33.4 kcal/mol for Li) was too high relative to the
experimentally observed rates. Further analysis of the ion pair constitution showed that the
position of the alkali metal cation and its solvation is decisive for the C—C cleavage barrier
(Figure 10c). In the case of Na, the relocation of one sodium cation to the opposite side of the
biphenylene plane along with the reorientation of solvent resulted in a reduced C—C cleavage
barrier consistent with the experimentally determined activation barrier for the sodium
nickelate. Further analysis of the solvation dynamics of the biphenylene alkali metal
nickelates by ab initio molecular dynamics (AIMD) simulations revealed that the diffusion
behavior was strongly dependent on the identity of the alkali metal cation (Figure 10d). While
the Li+* cations rotate around the Ni center in a 10.3 ps simulation, the K* cations oscillate in
near-unchanged positions above the phenylene rings. The virtually unhindered movement of

Li+* might have a beneficial effect on the cation relocation prior to C—C bond cleavage.

a | oxidative addition of biphenylene to AM nickelates b | reaction time and energy barrier for the C—C bond addition
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Figure 10. (a) Oxidative addition of n*-coordinated biphenylene to alkali metal nickelates (M = Li,
Na, K). (b) Reaction time and energy barrier for the C—C bond addition dependent on the alkali metal
cation. (¢) + (d) Mechanistic analyses by DFT calculations and AIMD simulations showing cation
reorientation and different diffusion behavior of the ion pairs.

1.2.2.3 N-H Bond Activation by Alkali Metal Ferrates

The Hevia group also reported the hydroamination of alkenes using a series of
heterobimetallic alkali metal ferrates (Figure 11).[3¢] The addition of an N—H unit across a
C—C unsaturated bond typically requires a single-site metal catalyst, which promotes the
reaction either through m-coordination of the hydrocarbon reactant (typical for late

transition metals)!37] or via deprotonation of the amine to give a nucleophilic metal amide
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species (typical for s-block metals).[8] Building on their previous work employing sodium
ferrates in stoichiometric C—H metalation reactions (section 1.2.2.1),[242<] Hevia and
co-workers investigated the catalytic potential of novel alkali metal trialkyl ferrate complexes
(M = Li, Na, K) in the intermolecular hydroamination of styrene with piperidine (Figure
11a,b). The bimetallic ate complexes were anticipated to readily deprotonate the amine
substrate due to an increased basicity while also activating the alkene by the Lewis acidic
alkali metal site. Indeed, the hydroamination reaction was efficiently catalyzed by these
complexes, exhibiting a pronounced alkali metal cation effect (K* << Li* < Na*) and
significantly = higher catalytic activity than the monometallic counterparts
(TMEDA)Fe(CH2SiMes)2 and Na(CH2SiMes) (Figure 11a). The reaction of the sodium ferrate
with piperidine yielded a tetranuclear complex containing six piperidide fragments, which
proved to be an equally effective catalyst for the hydroamination of piperidine (Figure 11c).
Consequently, alkali metal amido ferrate complexes are proposed to be catalytically active
intermediates. Alkenes insert into the iron-amide bond to form an alkyl iron intermediate,
which is protonated by amine to complete the catalytic cycle (Figure 11c for M = Na).
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Figure 11. (a) Hydroamination of styrene catalyzed by different alkali metal ferrates (M = Li, Na, K).

(b) Structures of the monometallic and bimetallic complexes. (c) Proposed catalytic cycle and structure
of the isolated tetranuclear complex [(TMEDA)NaFe(CsH10N)s]2 as a catalytically active intermediate.

1.2.3 |somerization Reactions
1.2.3.1 H/D Exchange Reaction with an Iridium Crown Ether Complex and MBArf,

Most of the previous examples have employed transition metalates comprised of d-block

metal anions forming tight ion pairs with s-block metal cations. An alternative approach
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incorporates s-block metal cations into a mononuclear transition metal complex using
supramolecular ligand frameworks such as crown ethers. The second metal atom can
influence the reactivity and selectivity of the bimetallic complex through steric and electronic
tuning, such as modulation of the ligand’s binding properties.3°] Examples of such
cation-responsive systems have been reported in hydroformylation,[*% hydrogenation, 4!l
and polymerization catalysis (section 1.2.4).[42]

The Miller group investigated the use of pincer-crown ether complexes as catalysts in
different small molecule activation reactions.[*3] The complexes contain a macrocyclic
hemilabile ligand that can reversibly bind the transition metal center in response to a
substrate interaction (Figure 12a). This process can be controlled by the addition of an alkali
metal cation, which interacts with the crown ether in a manner dependent on the identity
and stoichiometry of the cation.
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Figure 12. (a) Generalized concept for cation-controlled catalysis with pincer-crown ether complexes
with and without an alkali metal cation additive. (b) H/D exchange with an iridium crown ether
complex and MBArf,s (M = Na, Li; Arf = 3,5-bis(trifluoromethyl)phenyl). (c) Proposed alkali metal
cation interaction.

As will be shown in the following examples, this results in switchable catalysis with reversible
on/off control over reactivity,[*4! as well as tunable catalysis with continuous reactivity.[?]
The hydrogen-deuterium exchange using an aza-15-crown-5 iridium hydride complex under
D, atmosphere was found to proceed slowly in the absence of an alkali metal cation,
suggesting that the weakly coordinating D2 substrate does not bind effectively to the metal
center (Figure 12b).[*52l When the reaction was repeated in the presence of substoichiometric
MBArF; (M = Na, Li; ArF = 3,5-bis(trifluoromethyl)phenyl), a 20-fold rate enhancement for
Na* and an approximately 250-fold rate enhancement for Li* was observed. The cation
concentration was identified as another critical parameter: the exchange reaction is
accelerated significantly when increasing the amount of the alkali metal cation from sub- to
superstoichiometric quantities (0.3 equiv. Na*: t;2 = 8 h vs. 1.2 equiv. Na*: t12 = 2 h). The

authors propose that the alkali metal cation promotes D> coordination by binding to the
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macrocycle and displacing the crown ether oxygen cis to the hydride ligand (Figure 12¢). The
best improvement was observed for Li*, which likely binds more selectively to the tetrameric

crown ether motif than Na*.
1.2.3.2 Alkene Isomerization Catalysis with Crown Ether Complexes and MBArf,

Having demonstrated a cation-controlled transformation using the iridium pincer-crown
ether complex (see above), Miller and co-workers focused on developing a catalytic reaction
that operates under ion-responsive conditions. The isomerization of alkenes was identified
as a suitable candidate, given that it involves the direct coordination of a single substrate to
the transition metal center, thereby limiting the potential for other side reactions (Figure
13).[44bL.[45bL.146] T the reaction of allylbenzene with the same iridium hydride complex, slow
conversion to B-methylstyrene was observed over 141 h, with an initial turnover frequency
(TOF) of 1.8 h-! (Figure 13a, (i) and b).[*P] The modest activity of the iridium complex is
attributed to the hemilabile crown ether ligand cis to the hydride ligand, which can be
displaced by the alkene substrate, albeit with an equilibrium that disfavors alkene binding
(Figure 13b, mid). The addition of MBAr¥4 (M = Li, Na, K) to the iridium catalyst significantly
increased the rate of isomerization to -methylstyrene, with up to a 1000-fold increase
observed for M = Li (TOF = 2000 h-1). Supported by kinetic analyses, the marked rate
enhancement is linked to a change in the reaction mechanism involving a second catalytic
cycle mediated by the alkene-bound Li* iridium complex. The hemilabile crown ether ligand
is now fully dissociated from the transition metal center through coordination to Li*, which
promotes the alkene binding and renders the reaction zero-order in allylbenzene (Figure 13b,
right).

Building upon this methodology, Miller and co-workers designed a cation-controlled
pincer-crown ether iridium catalyst that converts terminal alkenes to two internal isomers
(Figure 13a, (ii) and c).[*¢] The new complex features an extended aza-18-crown-6 ether,
which binds alkali metal cations through pentadentate coordination. The isomerization of
1-butenes bearing different functional groups revealed that the 18-crown-6-based catalyst
promoted multipositional isomerizations, with regioselectivity and stereoselectivity
dependent on the presence of an alkali metal cation. In the absence of a salt additive, the
isomerization of 4-phenyl-1-butene selectively produced the 2-alkene (93%, E:Z = 14:1)
(Figure 13a). Under otherwise identical conditions, addition of NaBArfs; shifted the
selectivity to the 3-alkene (94%, E:Z = 50:1).

The mechanism for the positional isomerization is proposed to depend on noncovalent
interactions, which direct the catalyst toward either kinetic or thermodynamic control
(Figure 13c). In the absence of NaBAr¥,, the 2-alkene is formed as the kinetic product via
isomerization from a catalyst adopting a tetradentate binding mode at Ir, with one ether
oxygen coordinated to Ir during turnover (Figure 13c, left). Steric constraints likely permit

the conversion to the internal 2-alkene but prevent further isomerization to the 3-alkene due
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to kinetic hindrance. With NaBAr¥4 present, the 3-alkene regioisomer is selectively formed
under thermodynamic control (when the 3-alkene is more stable than the other isomers).
This isomerization proceeds through a catalyst structure featuring a tridentate binding mode
at Ir due to strong Na*-crown interactions, which break the coordination of the ether oxygens
to the iridium center (Figure 13c, right). This sterically less crowded geometry likely lowers
the isomerization barriers, promoting the formation of the most stable regioisomer under
thermodynamic control (typically the 3-alkene).
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Figure 13. (a) Cation-controlled isomerization of allylbenzene (i) and positional isomerization of
alkenes (ii). (b) + (c) Proposed catalyst structures and metal interactions for the isomerization
reactions (i) and (ii).

In further work, the authors extended the switchable alkene isomerization reactivity to a
palladium pincer-crown ether complex bearing a tetradentate aza-15-crown-5 motif.[44P] In
contrast to the iridium-based systems,[452bli46] the palladium catalyst displayed on/off
switchable behavior in the isomerization of 1-hexene, with no reactivity in the absence of Li*
salts and maximum reactivity when Li* was present. This switchable behavior was attributed
to an enhanced crown ether binding due to palladium’s greater electrophilicity, thereby
preventing substrate coordination when Li+ is absent. The proposed mechanism proceeds

through either a carbocation or an n3-allyl intermediate, depending on the alkene substrate,
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and represents a mechanistically distinct pathway from the insertion—elimination route

suggested for the iridium hydrido complexes.
1.2.4 Polymerization Reactions
1.2.4.1 Ring-Opening Copolymerization Catalysis

The combination of an s-block element with a transition metal has been recognized as a
promising strategy to improve catalyst activity in polymerization reactions.[2L[47] Recent
years have seen a marked surge in the development of heterobimetallic systems that leverage
the synergistic reactivity of two distinct metal centers. A growing subset of these systems
includes bimetallic catalysts applied in ring-opening copolymerization (ROCOP) catalysis.[#7]
The reactions benefit from heterometallic cooperativity, which provides multiple active sites
for substrate binding and activation, with each metal center contributing a distinct function
in the catalytic process.

Williams and co-workers developed a heterodinuclear Co(II)Mg(II) complex for the
copolymerization of CO» with epoxides (Figure 14a,b).[#72¢] The catalyst features a
macrocyclic tetraaza-bis(olate) ligand, which accommodates both metals in a planar
coordination environment (Figure 14b). When employed in the reaction of cyclohexene oxide
(CHO) under 1 bar of CO- pressure, the Co(II)Mg(II) catalyst exhibited catalytic performance
far superior to its homodinuclear Co(II)Co(II) and Mg(IT)Mg(II) counterparts (Figure 14a).
The polymerization is proposed to follow a chain shuttling mechanism, which is based on the

alternate binding of the polymer chain to both metal centers.
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Figure 14. (a) Ring-opening copolymerization (ROCOP) of cyclohexene oxide (CHO) and CO:2
catalyzed by a heterodinuclear Co(I)Mg(II) catalyst. (b) General catalyst structure (M!/2 = Co, Mg). (c)
Proposed interaction in the rate-determining step involving Co and Mg.

The rate-determining step involves coordination of the epoxide at Mg(II), which is attacked
by the carbonate ligated to Co(II) (Figure 14c). Polymerization kinetic analyses of the
homodinuclear and heterodinuclear catalysts indicate that each metal independently
contributes to reducing the overall kinetic barrier. Co(II) decreases the transition state
enthalpy by increasing the nucleophilicity of the metal carbonate, while Mg(II) reduces the
reaction entropy associated with epoxide coordination due to its low bond directionality and

higher oxophilicity. When exploring other transition metals in Mg(IDTM(II) catalysts, the
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authors demonstrated that the synergistic reactivity is preserved across a series of
heterobimetallic combinations, including Mg(IDMn(II), Mg(IT)Fe(II), and Mg(ID)Ni(II), all
of which exhibited superior ROCOP activity compared to Mg(I[)Mg(II).[47d]

Following the successful application of heterodinuclear Mg(IT[)TM(II) catalysts, the Williams
group explored the pairing of group 1 metals (M = K, Na, Rb, Cs) with a salen-based Co(III)
complex for ROCOP catalysis (Figure 15a,b).[47be-hl The dinuclear complexes consist of a
Co(III) atom positioned within the Schiff base cavity, adjacent to a macrocyclic crown ether
moiety that binds the group 1 metal (Figure 15b).[47P] Evaluation of the Co(IIT)M(I)
complexes in the ROCOP of propylene oxide (PO) and CO- (20 bar) revealed that the
Co(IIT)K(I) catalyst was the most active, with a general trend for the turnover frequency of
K(I) >> Na(I) >> Rb(I) > Cs(I) (Figure 15a). While the initial assessment attributed the alkali
metal effect to a size mismatch between the alkali metal and the crown ether pocket,
subsequent investigations on the same catalyst system with M = Na(I), K(I), Ca(II), Sr(1I),
and Ba(II) established a direct correlation between s-block metal Lewis acidity and catalytic
performance.l*7th] The most active and selective catalysts feature the least acidic s-block
metals, Na(I) and K(I).
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Figure 15. (a) Ring opening copolymerization (ROCOP) of propene oxide (PO) and CO: catalyzed by
heterobimetallic Co(IIT)M(I) catalysts (M = Na, K, Rb, Cs). (b) General catalyst structure. (c) Proposed
rate-determining step involving Co(I1T) and K(I) based on DFT calculations. (d) Effect of intermetallic
separation in bimetallic Co(III)K(I) complexes on activity and selectivity in PO/CO2 and phthalic
anhydride (PA)/CO2 ROCOP.
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Computational and kinetic studies of the polymerization catalyzed by Co(IITI)K(I) support a
dinuclear metalate mechanism involving Co(III)-coordinated propylene oxide and
K(I)-bound carbonate (Figure 15c¢).[47¢] The ring-opening of propylene oxide by the carbonate
nucleophile is identified as the rate-determining step. The authors suggest that a reduction
in metal Lewis acidity can destabilize such metal-carbonate intermediates (ground state
destabilization) and may also lower activation barriers for epoxide ring-opening.

Three Co(II)K(I) heterobimetallic catalysts with different intermetallic separation were
tested for the ring-opening copolymerization of propylene oxide with CO- or phthalic
anhydride (Figure 15d).[478] Offering either a fixed narrow, fixed wide or variable separation
of the Co(IIT) and K(I) metal sites, the modified catalysts exhibited distinct reactivity in the
polymerization reactions. For epoxide/CO2 ROCOP, catalysts with closely spaced metals
(3-4 A) were most effective, while epoxide/anhydride ROCOP benefited from wider metal
separations (8-9 A). The flexible bicomponent system using a Co(III) complex and potassium
salt was active in both reactions but required high catalyst loadings to achieve concentrations
sufficient for effective association of the two metal components. These findings emphasize
that not only the identity of the metal sites but also their distance and structural
preorganization influence the reactivity. This can ultimately result in different mechanisms,

by which the individual catalysts operate.
1.2.4.2 Alkene Polymerization Catalysis

Heterobimetallic complexes containing an s- and d-block metal are increasingly being
explored in alkene polymerization due to the possibility of site-specific catalytic roles. The
transition metal center carries out the polymerization reaction, while the s-block metal atom
can modulate reactivity through stereoelectronic tuning of the alkene coordination and
insertion steps. This ensures that the metal centers do not compete for substrate binding and
prevents steric congestion from two polymer chains growing in the same catalyst structure.
Such heterobimetallic complexes are commonly prepared by coordinating the s-block metal
to a polyethylene glycol (PEG) side chain, which is integrated into the ligand bound to the
transition metal. Comparable strategies for constructing heterobimetallic catalysts have been
employed in isomerization catalysis using pincer-crown ether complexes (section 1.2.3)[43]
and ROCOP catalysis with O,N-macrocyclic multidentate complexes (section 1.2.4.1).[47]

The Do group investigated the polymerization of ethylene using a series of nickel complexes
that are supported by dinucleating phenoxyimine ligands bearing a pendant PEG side chain
(Figure 16).[42abf] Upon addition of MBArf4 salts (M = Li, Na, K, Cs), heterobimetallic
complexes were formed with both 1:1 and 1:2 alkali metal-to-nickel ratios, likely dependent
on the length of the glycol chain (see Figure 16b for the 15t generation catalysts).[42a]
Introducing a methylene spacer at the beginning of the PEG chain favored the formation of
alkali metal-nickel complexes in a 1:1 ratio, which was expected to improve polymerization

activity (see Figure 16b for the 2 generation catalysts).[*?fl When employing both catalysts
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in the polymerization of ethylene (200 psi), two key observations emerged (Figure 16a): (1)
alkali metal—nickel catalysts with matching PEG side chains showed improved performance
over their monometallic counterparts, and (2) the 2d generation catalysts exhibited a clear
trend in polymerization activity (Li* > Na* > K* > Cs*) that appeared to correlate with the
Lewis acidity of the alkali metal cation. While the precise mechanisms behind the observed
reactivity remain unclear, the authors attributed the overall beneficial effect to a greater
effective charge on nickel and modifications to its coordination environment induced by the

spatial arrangement of the alkali metal PEG moiety.[42d:]
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Figure 16. (a) Polymerization of ethylene with cation-tunable (M = Li, Na, K, Cs) nickel phenoxyimine
catalysts. (b) Molecular structures of the first- and second-generation bimetallic complexes.

Polymerization studies on related heterobimetallic nickel complexes containing a
phenoxyphosphine ligand reproduced the alkali metal cation effect (Figure 17a,b).[42d]
Similar to the phenoxyimine system, the polymerization of ethylene followed the activity
trend: Li* > Na* > K* > Cs*. Cyclic voltammetry of the mono- and heterobimetallic complexes
revealed a positive shift in the oxidation peak following the trend: Li* > Na* > K* > Cs*,
relative to the monometallic analog. This suggests that the alkali metal cations reduce the

electron density at the nickel center.
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Figure 17. Polymerization of ethylene with cation-tunable (M = Li, Na, K, Cs) nickel
phenoxyphosphine catalysts. (b) Molecular structures of the bimetallic complexes. (¢) Isomerization
behavior of the mono- and heterobimetallic complexes. (d) Proposed isomerization pathway to a
reactive complex prior to chain propagation.
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Buried volume analyses of the heterobimetallic catalysts further showed that the alkali ions
can impart substantial steric shielding in the heterobimetallic catalysts, as compared to a
conventional monometallic reference. Finally, the presence of an alkali metal cation favors
the formation of the cis isomer (to varying extents), which was not observed for the
monometallic catalysts (Figure 17c¢). DFT analyses of the cis isomer show a cation-nt
interaction with the phenyl group, leading the authors to hypothesize that similar
interactions might also occur during the polymerization process (Figure 17d). DFT studies
suggest that the alkali metal cation is directly involved in the cis/trans isomerization prior to
the first ethylene insertion, with an activation barrier reducing effect (Li* < Na* < K* < Cs*)

complementary to the experimental rates.[48]
1.2.5 Miscellaneous Small Molecule Activation Reactions

This final section reviews three examples of small molecule activation in heterometallic
complexes, relevant for the understanding of cooperative reactivity (Figure 18).[7¢11491[50]
Among these is the C—F bond activation of fluorinated aromatic substrates using a
heterobimetallic nucleophile (Figure 18a).[4] The Crimmin group reported that the contact
ion pair [(P'PPnacnac)Mg][CpFe(CO)2] reacts with 0.5 equivalents of 2-(pentafluoro-
phenyl)pyridine to form the ferration product in 4-position and a trinuclear magnesium
fluoride by-product. DFT computational analyses indicate a stepwise SxAr mechanism,
which involves the formation of a Meisenheimer intermediate featuring separate Fe and Mg
interactions (Figure 18a, right). The two metal fragments in the Meisenheimer complex are
charge-separated, facilitated by the inherently ionic Mg—Fe bond in the heterobimetallic
complex. This high bond polarity is essential for the proposed mechanism and the observed
regioselectivity, as demonstrated by the comparison with the homodinuclear [(nacnac)Mg]»
reagent, which contains an apolar Mg—Mg bond and activates the same substrate in the
2-position.[511 The authors suggest that the level of bond polarity alters the mechanism, with
highly polar bimetallic complexes favoring a stepwise SxAr pathway and less polar ones a
concerted SxAr pathway. This highlights how metal identity and metal-metal bond polarity
in bimetallic complexes can fundamentally influence reaction pathways and selectivity.

Xu and co-workers showed that heterobimetallic complexes can coordinate and activate
small molecules at one or both of the metal centers, allowing each site to serve a distinct
function (Figure 18b).[50] Reactions of the heterometallic hydride-bridged dimagnesium
nickel complex with isocyanides resulted in the formation of nickel-bound isocyanide
complexes (Figure 18b, left). In contrast, treatment with carbodiimides led to magnesium
amidinate species, formed via hydromagnesiation accompanied by Mg—Ni bond cleavage
(Figure 18D, right). Lastly, an acetylide-bridged Mg-Ni complex was generated by treatment
of the starting material with phenylacetylene, accompanied by the release of H». The
coordination study illustrates how each metal center in a heterobimetallic complex can

engage selectively with different substrates.

23



Chapter 1 — Synergistic Effects in Bimetallic s-Block and d-Block Metal Compounds: Small Molecule
Activation and Catalysis

a | C-F bond activation (SyAr) with bimetallic [(°PPnacnac)Mg][CpFe(CO),]

D'PP + CgFsR (0.5 equiv.) [MQ] s.tepwi.se SNAr pathvyay
% (R=F, CF3 2-py) involving the formation
< Mg—Fe - R via [Fe] of a Meisenheimer
N\ oé Yo 5 CeDs oc’ o complex stabilized by
Dipp _ [(P°Pnacnac)Mg][CpFe(CO),] Mg coordination
x [(°®Pnacnac)Mg]F

b | reaction of a heterotrimetallic magnesium nickel complex with isocyanides and carbodiimides

Ph, Ph
ph P Ph pp ph Ph Ph pp / R N
P P— P P N
( \NichN?R R—N=C ( - NI‘ \ R\ C” R C Mg )>_th\
N_ /I:] \ ,N <—t / \\ , —_— R Ph’P
Mo M (R =Cy, Bu) (R =Cy, Pr) Dlpp
IS g,
N w7 N N N

Dipp Dipp Dipp Dipp C
Mg )>—H

substrate dependent reactivity at
either of the two metal centers Dlpp

c | reversible ion pairing of [(°®Pnacnac)Mg][Co(n*-cod),] in (non-)donor solvents and reaction with tBuCP

had - ou ()
(e /ND Dep~Ne "\Dep I~ )g_g( Q" Dep
/ o 7 :

tBu— ~nmq—N
M h e B
cd—" 9~y = co - » Bu” | Mg’

Bu L ) toluene - toluene 2\ THF/ Co N
LT gy ™ S B Rg
tBu

[(P¢Pnacnac)Mg(thf),]* tBu

intimate or solvent-separated ion pairs affect
single or double substitution of 1,5-cod

Figure 18. (a) C-F Bond activation (S~xAr) with bimetallic [(PPPnacnac)Mg][CpFe(CO)2] and
proposed Meisenheimer intermediate of the stepwise SyAr pathway. (b) Reaction of a heterotrimetallic
dimagnesium nickel complex with isocyanides and carbodiimides. (c) Reversible ion pairing of
[(Pernacnac)Mg]l[Co(n*-cod)2] in (non-)donor solvents and reaction with tert-butylphosphaalkyne
resulting in single or double substitution of 1,5-cod.

This enables tailored reactivity when appropriate metal and substrate combinations are used.

Structural and reactivity studies of a 3-diketiminate magnesium cobaltate complex
by the Wolf group demonstrated that solvation and ion pairing play a crucial role in small
molecule activation (Figure 18c).[7] The heterobimetallic Mg-Co complex features a
non-covalent magnesium-cobalt interaction, and reversibly adopts either a contact or
solvent-separated ion pair structure depending on the donor strength of the solvent. Upon
reaction with tert-butylphosphaalkyne, the heteroleptic sandwich complex is formed in
toluene by substitution of one 1,5-cyclooctadiene ligand (Figure 18c, left), whereas only the
homoleptic complex resulting from the substitution of both 1,5-cyclooctadiene ligands can
be isolated when the reaction is conducted in THF (Figure 18c, right). The proximity and
solvation of cation and anion prove critical in determining the reaction outcome. Solvent
separation of the ion pair results in reactivity resembling that of the naked cobaltate anion,

whereas close contact leads to a cooperative mechanism involving both ions.
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1.3 Summary and Outlook

In this introduction, we have surveyed fundamental chemical reactions that employ
heterobimetallic complexes composed of s-block metal and d-block metal atoms. Such
complexes introduce new opportunities for reactivity through the cooperative effects of two
distinct metal centers. In many cases, the transition metal serves as the primary catalytic site,
while the s-block metal modulates reactivity via electrostatic interactions, structural
preorganization, or electronic stabilization. This is complemented by selected systems in
which both metal atoms engage in the reaction, each having a site-specific role.

Anionic hydrogenation catalysts show cation-sensitive reactivity that is highly dependent on
the identity and solvation of the s-block metal cation. Synergistic modes of dihydrogen
activation have been identified in heterobimetallic ate complexes, representing reactivity
patterns that are inaccessible to mononuclear analogs.!11}141[161[7d] The use of alkali metal
ate complexes in a broad range of C—H, C—C, C—0, C—X, and N—H bond activation reactions
illustrates a wide spectrum of bimetallic cooperativity, as supported by detailed structural
and mechanistic investigations. The necessity of both metals is underscored by comparative
studies, in which monometallic complexes typically fail or show diminished efficiency in
driving the same transformations.[231.1241.[341-[36] Jsomerization reactions can be significantly
accelerated by transition metal catalysts whose activity is modulated by the binding of alkali
metal cations. The pairing of the transition metal with the alkali metal induces bimetallic
reactivity that enhances isomerization rates and even enables cation-dependent regio-
selectivity.[*31146] Polymerization catalysis likewise benefits from the incorporation of an
s-block metal cation into a transition metal complex, as evidenced in ring-opening copoly-
merization and alkene polymerization reactions. Heterobimetallic complexes of macrocyclic
ligands are employed that exhibit enhanced activities owing to favorable electronic and steric
interactions of the transition metal and s-block metal cation.[42}[471,[48]

The examples given in this chapter demonstrate distinct substrate activation modes,
including the simultaneous binding of a substrate to both metals (section 1.2.1.2),
cooperative activation by one metal with assistance from the other (section 1.2.2.2), and the
activation of two substrates at separate sites (section 1.2.4.1). This is further extended by
cation-sensitive reactivity, in which the characteristics of a reaction are altered by varying the
identity of the s-block metal cation (section 1.2.3.2).

Importantly, ion pairing effects significantly influence the reactivity of the heterobimetallic
complexes. The formation of contact ion pairs enables strong interactions between the metal
centers, which are essential for synergistic bond activation.

Heterobimetallic systems combining s- and d-block metals hold promise in expanding the
reactivity landscape of organometallic chemistry. With a growing body of studies highlighting
and evaluating cooperative behavior, metal-metal cooperativity and ion pairing will play an
increasing role in reaction design. We hope this introduction inspires new approaches that

leverage the interplay between s- and d-block metals in heterobimetallic chemistry.
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Chapter 2 Counterion Effect in Cobaltate-Catalyzed Alkene
Hydrogenation(®®!

Abstract: We show that countercations exert a remarkable influence on the ability of
anionic cobaltate salts to catalyze challenging alkene hydrogenations. An evaluation of the
catalytic properties of [Cat][Co(n*-cod).] (Cat = K (1), Na (2), Li (3), (PePnacnac)Mg (4),
and N("Bu)s (5); cod = 1,5-cyclooctadiene, PePnacnac = {2,6-Et2C¢H3NC(CHs3)}2CH)
demonstrated that the lithium salt 3 and magnesium salt 4 drastically outperform the other
catalysts. Complex 4 was the most active catalyst, which readily promotes the
hydrogenation of highly congested alkenes under mild conditions. A plausible catalytic
mechanism is proposed based on density functional theory (DFT) investigations.
Furthermore, combined molecular dynamics (MD) simulation and DFT studies were used
to examine the turnover-limiting migratory insertion step. The results of these studies
suggest an active co-catalytic role of the counterion in the hydrogenation reaction through

the coordination to cobalt hydride intermediates.
H, (2-12 bar)
R ﬁ R!
2 2
R & RO T

[M(thf),]"
THF, 30-60 °C

[a] Reproduced with changes from M. Gawron, F. Gilch, D. Schmidhuber, J. A. Kelly, T. M.
Horsley Downie, A. Jacobi Von Wangelin, J. Rehbein, R. Wolf, Angew. Chem. Int. Ed.
2024, 63, €202315381 with permission from Wiley.

Y
I
I

[b] Martin Gawron performed all experiments except those mentioned below and wrote the
manuscript draft. Franziska Gilch synthesized and characterized complexes 5 and 7 and
performed and analyzed the poisoning studies with PMes and P(OMe)s, conducted the
arene hydrogenation experiments and performed the high pressure NMR tube
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2.1 Introduction

The hydrogenation of alkenes is among the most widely utilized reactions for the synthesis
of petrochemical intermediates, fine chemicals, drugs, agrochemicals, and nutrients.[1}[2]
Noble metals such as rhodium, palladium and iridium are routinely used as catalysts owing
to their high reactivity, high selectivity, mild reaction conditions, and ease of operation.!3]
However, growing environmental and economic awareness has emphasized more
sustainable technologies including the use of first row transition metals due to their higher
abundance in the Earth’s crust.[*l As a result, the development of effective hydrogenation
protocols with Mn, Fe, Co, and Ni has gained traction over the last decade.[® Among them,
anionic pre-catalysts, such as(ene)metalate salts (M = Fe, Co, Ni) and heteroleptic diimine
cobaltates, have been shown to exhibit high catalytic activity for unbiased and bulky alkenes
(Figure 1A).[619]

While the modular nature of such metalate pre-catalysts has enabled large variations of the
ligands and metal ions, the potential of adopting counterion-sensitive mechanisms has so
far not been investigated. Despite the availability of numerous anionic organometallic
reagents and coordination complexes,[191 detailed studies of countercation effects on
molecular reactivity have remained scarce and have only recently gained greater
recognition.!111112] For example, Miller and co-workers demonstrated the cooperative effect
of alkali metal cation binding in the Ir-catalyzed isomerization of allylbenzene (Figure
1B).[131 Addition of 1-4mol% MBArFs (M = Li, Na, K; Arf = 3,5-bis(trifluoro-
methyl)phenyl) to the iridium catalyst drastically increased the rate of isomerization to
B-methylstyrene with turnover frequencies ranging from 1.8 h-! (M = K) to 2000 h-1 (M =
Li). Kempe and co-workers observed a remarkable influence of the alkali metal cation on
the manganese catalyzed imine hydrogenation (Figure 1C).[14] Alteration of the co-catalytic
alkoxide base MOBu (M = K, Na, Li) accelerates the reaction following the trend:
K* > Na* > Li*. An outer-sphere mechanism was proposed, in which a potassium cation
actively participates in the rate-determining hydride transfer step. Similar observations
have been made for Ru-catalyzed (asymmetric) Noyori-type hydrogenations.!5!

Previous studies from our group documented a strong counterion effect in the
hydrogenation of 1,5-cyclooctadiene (cod) with bis(imino)acenaphthene (BIAN) cobaltates
[M(thf),][(PPPBIAN)Co(n*-cod)] (M = Li,n=3.5; M=K, n=1) used as catalysts.[”? Using
the lithium cobaltate generated 61% cyclooctene, while the potassium analog gave only 1%.
We reasoned that such behavior could be more general and provide an additional
parameter for catalyst optimization. Herein, we report a strong countercation effect on the
catalytic hydrogenation of bulky alkenes with homoleptic [Co(n*-cod)2]- pre-catalysts, with
the best-performing pre-catalyst bearing a magnesium counterion (Figure 1D). The topicity
of the catalytic system and the reaction-time profile is investigated by H» uptake studies.

Combined molecular dynamics (MD) and density functional theory (DFT) studies indicate
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an active role of the counterion in the turnover-limiting migratory insertion step via a

M-po-H-Co moiety.
A. Anionic 3d-Transition Metal Pre-Catalysts for the Hydrogenation of Alkenes
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Figure 1. A: Anionic 3d-transition metalates used for alkene hydrogenation (18c6 = 18-crown-6;
Dipp = 2,6-diisopropylphenyl). B: Ion-responsive iridium catalyzed isomerization reaction. C:
Counterion effect in manganese catalyzed imine hydrogenation and graphical representation of the
proposed rate-determining hydride transfer step. The pre-catalyst [Mn]Hz2 carries two protons in
place of the two K* ions in [Mn]Kz2. D: This work: Counterion-sensitive cobaltate catalyzed alkene
hydrogenation.

34



Chapter 2 — Counterion Effect in Cobaltate-Catalyzed Alkene Hydrogenation

2.2 Results and Discussion

2.2.1 Pre-Catalyst Synthesis and Initial Evaluation of Counterion Influence

In order to systematically examine the influence of different countercations on the catalytic
potential, we synthesized a series of bis(n*-cod)cobaltate salts [Cat][Co(n*-cod)-]
(Cat=K(thf)o.» (1), Na(thf)15 (2), Li(thf)2 (3), (PePnacnac)Mg (4), and N("Bu)s (5); Scheme
1, top). While complexes 1, 3 and 4 were readily obtained via known procedures,[161117] the
sodium salt 2 was prepared from 3 by a cation exchange reaction with NaOfBu in 34% yield
(Scheme 1a). Single crystal X-ray diffraction (SC-XRD) analysis on crystals grown from
THF/n-hexane revealed the formation of a solvent-separated ion pair
[Na(thf)s][(Co(n*cod)2] (Nal—-Col 8.220(7) A; Figure S31). Substitution of the metal-
based cation by reaction of 1 with equimolar N("Bu)4Cl afforded [N("Bu)4][Co(n*-cod)2] (5)
in 28% yield (Scheme 1b). SC-XRD analysis revealed that complex 5 shows an ion-
separated structure (N1-Col 6.207(1) A) similar to 2 in the solid state (Figure S32). A
comparative study of the catalytic activities of the cobaltates 1-5 in alkene hydrogenations
(2—12 bar H», 30—60 °C, Table 1) revealed a clear trend of increasing activity from
potassium cobaltate 1 to magnesium cobaltate 4.

v had o

Dep’N\ ,N‘Dep

8

A4 N /
Co Mg Co
L\ I L\
% Nt o <
P/
\' /
1: [K(thf)g 2]* [N("Bu),]*
2: [Na(thf), s]*
[Na(thf), 5] 4 5

3: [Li(thf),]*

a) Preparation of 2:

17 DC’_ i

A

\(:6 n-hexane \cé
VAR + NaO'Bu - VRS
% _78°Ctort,2d %
-LiOBu
[Li(thf),]* [Na(thf), s]*
3 2

b) Preparation of 5:

" DC’— 1

A

cs THF/toluene (1:2) cé
£+ N("Bu),Cl > Ay
% —30°Ctort., 1.5d %
-KClI
[K(thf)g 2]* [N("Bu),]*
1 5

Scheme 1. Top: Olefin cobaltates 1-5 tested in the hydrogenation reaction of unsaturated
substrates; Dep = 2,6-diethylphenyl. Bottom: a) Preparation of [Na(thf)is5][Co(n*-cod)2] (2). b)
Preparation of [N("Bu)4][Co(n*-cod)-] (5).
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1-Octene was hydrogenated quantitatively by the Li*, Na* and (PePnacnac)Mg* salts 2—4
but to a much lower degree with the K* salt 1 (Table 1, entry 1). The (PePnacnac)Mg
cobaltate 4 gave the highest conversions in the hydrogenation of tri- and tetra-substituted
alkenes (Table 1, entries 3-6), whereas the tetrabutylammonium derivative 5 showed
negligible activity (Table 1, entries 1-3). To gain further insight into the reaction course,
the hydrogenation of a-methylstyrene was monitored by 'H NMR spectroscopy using
[K(thf)o2][Co(n*-cod)2] (1) and [(PePnacnac)Mgl[Co(n*-cod)2] (4) as pre-catalysts
(10 mol%, 2 bar H», ambient temperature, Figure S12 and Figure S13). These experiments
confirmed that 4 is the more expedient pre-catalyst, enabling the complete hydrogenation
of a-methylstyrene in <266 min. In contrast, pre-catalyst 1 gave 24% of cumene after
263 min. It is also important to note that well-resolved NMR spectra with sharp signals are
observed until the hydrogenation reaction has ceased. This strongly indicates the absence of

(paramagnetic) cobalt particles in the reaction mixtures.
Table 1. Hydrogenation of alkenes with olefin cobaltates 1 — 5.2
R? w mol% cat. X

R1
3 - 3
RZJ\/R xbarH; y°C, zh R2J\/R

Yield (Conv.) [%]

Entry Olefin C:ilt. Cgt. Cgt. Cit. C;t.
1] ANV 63[e] 98 >99 >99 1(23)
2[b] Ph& 8(15)  76(82) >99 >99 1(7)

Ph
3m) Ph/ﬁ/ 1(<5) 5(8) 93 599 0(2)
Ph
4ic] Ph/\/ 9(11)  20(20) 99 99 /
Ph
5lc] /@ 4(6) 5(11) 72 (77) 94 /
Ph
Ph
6l ph” - Ph 15(18)  2(11) 29(37) | 81(85) /
Ph

[a] Standard conditions: 0.2 mmol substrate (0.4 mol/L. THF). Yields and conversions were
determined by quantitative GC-FID analysis vs. internal n-pentadecane. Conversions are given in
parentheses if <90%. [b] 3 mol% cat., 2 bar H2, 30 °C, 3 h. [¢] 5 mol% cat., 8 bar H2, 40 °C, 22 h. [d]
5 mol% cat., 12 bar Ho, 60 °C, 22 h. [e] Isomerization to internal double bonds.

2.2.2 Catalyst Properties of [(°®Pnacnac)Mg][Co(n*-cod):] (4)

These promising findings prompted us to investigate the substrate scope for complex 4.

Following initial screening and control experiments (see section 2.4.4.2 for details), the
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hydrogenation of different alkenes was tested using 4. A low catalyst loading and mild H»
pressure (3 mol% 4, 2bar H., 30°C for 3 h; Figure 2, Protocol A) sufficed for the
hydrogenation of linear a-olefins (e.g., 1-octene, styrene) to tri-substituted olefins (e.g.,
trans-a-methylstilbene). In terms of functional group tolerance, a-methylstyrene
substituted with 4-OMe- or 4-F groups did not impede hydrogenation, but 4-Cl and 4-Br
substituents did. Using a slightly modified protocol (5 mol% 4, 12 bar H», 40 °C, 22 h;
Figure 2, Protocol B), more challenging tri- and tetra-substituted olefins were successfully
hydrogenated. The quantitative hydrogenation of naphthalene to 1,2,3,4-tetrahydro-
naphthalene and the hydrogenation of the C—C o-bond in cyclopropylbenzene highlighted
the high activity of pre-catalyst 4. In addition, a,B-unsaturated esters underwent facile
hydrogenation with high chemoselectivity for the C=C double bond showcasing an
extension to functionalized alkene substrates. Finally, tetra-substituted olefins such as 2,3-
dimethyl-1H-indene, 2-methyl-3-phenyl-1H-indene, 1,1,2,2-tetramethylethylene,
1-phenyl-1,2,2-trimethylethylene and even the very sterically hindered 1,1,2,2-tetraphenyl-
ethylene were hydrogenated in good to excellent yields (61-94%).

Protocol A: 3 mol% Cat. 4, 2 bar H, 30 °C, 3 h

X=H:99

: X X = OMe: 99 PN Ph b Ph :
: ©/\ J@/K X=F:96 PR P T A 7 Ph P en Ph/ﬁ/ :
: X X = Cl: 3 (8)lal :

89 X =Br: <1 (36) 94 >99 97 >99 91 >99 98 599  :

W"oo oroo@ @@MM(;A

: >99 94 >99 (conv.) >99 (conv.) 89 93led]
E tetra-substituted alkenes

: o o Ph on
H X

' )\/u\ o N /\)J\ o N P “7 Ph)\/

H Ph

: 86 90 84[b] 61 (71)ledl 65 (74)lcd] 78lel 81 (85)lcdl

Figure 2. Hydrogenation of alkenes using 4. Standard conditions: 0.2 mmol substrate (0.4 mol/L in
THF). Protocol A: 3 mol% 4, 2 bar Ho, 30 °C, 3 h. Protocol B: 5 mol% 4, 12 bar H», 40 °C, 22 h. Yields
and conversions were determined by quantitative GC-FID analysis vs. internal n-pentadecane.
Conversions are given in parentheses if <90%. [a] 8 bar H», 6 h. [b] Solvent = toluene. [¢] V = 1.0 mL.
[d] T = 60 °C. [e] Only product calibrated due to solvent overlap of starting material in GC-FID.

2.2.3 Catalyst Topicity

Further studies focused on reaction progress analyses and kinetic poisoning experiments to
distinguish between a homotopic (single molecular) vs. a heterotopic (multiple aggregated)
active site.[18] The investigations focused on complex 4, for which reaction progress analysis
of the hydrogenation of a-methylstyrene (3 mol%, 2 bar Hs, 25°C) showed a short
induction period between 30 to 90 s (Figure 3, black curve; see section 2.4.5.2 for further
information). Initial ligand exchange with the respective alkene substrate parallel to its
hydrogenation can account for the delay in reaction onset.[19:20] This is followed by steady

conversion giving >90% hydrogenation product after 10 min. The attempted amalgamation
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with excess mercury (1690 mol%, 563.3 equiv. with respect to 4) at 0 min had only a minor
effect on the reaction rate and full conversion was still reached after 20 min (Figure 3, blue
curve).211 Use of trimethylphosphine (PMes, 12 mol%, 4.0 equiv. with respect to 4) resulted
in catalyst inhibition pointing to a homotopic active species (Figure 3, green curve).[711221 A
four-fold excess of PMes is necessary to occupy all the vacant coordination sites at the Co
center.[23] Poisoning with dibenzo[a,e]cyclooctene (dct, 60 mol%, 20.0 equiv. with respect
to 4) resulted in catalyst inhibition (Figure 3, red curve). An excess of dct (10.0 equiv. per
coordination site) is needed to suppress the hydrogenation of a-methylstyrene which can be
attributed to the concomitant partial hydrogenation of dct.[”] This is supported by the
observation that the homoleptic dct complex [(PePnacnac)Mg][Co(n*-dct)-](thf):1.7 (6) is also
active in the hydrogenation of a-methylstyrene but with varying induction periods ranging
from O to 10 min, while the addition of 60 mol% dct to 6 suppresses the hydrogenation
activity (see Figure S6 for details).[24]

,J\ 3 mol% [(P®Pnacnac)Mg][Co(n*-cod),] )\
Ph " Ph

1.97 bar H, THF, 25 °C
after x min: + y mol% poison

0.2 mmol
100
control
1690 mol% Hg
80 -
R 604
i) PMe,
2 addition
> 404 12 mol% PMe,
60 mol% dct
20
*  dct addition dot = OOO

0 5 10 15 20 25 30
time / min

Figure 3. Kinetic poisoning studies with PMes, dct and Hg using pre-catalyst 4.

Further investigation was conducted using protocol B (12 bar H> and 40 °C) to examine the
potential formation of Co nanoparticles under these conditions. The presence of excess Hg
had no impact on the hydrogenation of a,3-unsaturated esters, but varying outcomes were
recorded for 1,1,2-triphenylethylene (yielding 55-94% of 1,1,2-triphenylethane; see Table
S4). In this context, it is worth mentioning that an excess of Hg caused complete poisoning

of an in situ generated Co nanoparticle catalyst under the same conditions (Table S4).125] In
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conclusion, a homotopic hydrogenation mechanism is consistent with these poisoning
experiments for 4. However, assessing catalyst topicity is intricate for anionic metalates,
and the partial inhibition of the 1,1,2-triphenylethylene hydrogenation using protocol B
suggests that cobalt particles may contribute to some extent at elevated temperature and

pressure.

2.2.4 Modeling Alkene Coordination

To model substrate coordination to the cobalt center, the bis(n?-styrene)cobaltate salt
[(Pernacnac)Mg][Co(n*-cod) (n2-styrene).](thf)s 5 (7) was prepared in 43% yield by reaction
of 4 with 4.0 equiv. of styrene in THF (Scheme 2, top). SC-XRD analysis of crystals
obtained from THF/n-hexane revealed a solvent-separated ion pair (Mgl—-Col 7.509(2) A),
in which the [(PePnacnac)Mg]* cation is coordinatively saturated with three THF molecules.

The [(Co(n*cod)(n2-styrene)2]~ anion is bound in a distorted tetrahedral fashion to one

n*-1,5-cyclooctadiene and two n2-styrene ligands (Scheme 2, bottom).

Y -
Dep’N\ /N‘Dep +4 N m
Mg cé
/\

THF, r.t., 20 min
- cod

“Ph

éé
/4 ‘\

=<0
/O

< \i\,’
\’

/

N

[(PePnacnac)Mg(thf); 5]*
7

Scheme 2. Top: Synthesis of [(PePnacnac)Mg][Co(n*-cod)(n2-styrene)2](thf)ss (7). Bottom: Solid
state molecular structure of 7. Thermal ellipsoids are drawn at 40% probability level. H atoms and
non-coordinated solvent molecules are omitted for clarity.

Catalytic tests on the hydrogenation of selected alkenes using 7 (Table 2, toluene solvent)
demonstrated comparable activity with respect to pre-catalyst 4 for a-methylstyrene (Table
2, Entry 1) and naphthalene (Table 2, Entry 4), while complex 7 was superior for
1,1,2,2-tetramethylethylene (Table 2, Entry 5; 4: 78% vs. 7: 98% yield). Thus, complex 7

presumably represents a substrate stabilized form of the active catalytic species.
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Table 2. Hydrogenation of alkenes with olefin cobaltates 4 and 7.I2]

R1 w mol% cat. X R!
3 > 3
RzJﬁ/R x bar Hy y °C, z h, RZJ\/R
R4 THF or toluene R4
Yield [%]
Entry Alkene Conditions Cat.4 Cat.7
1 Ph/K 3 mol% cat., >99 >99

2 bar Hy, 30 °C,

Ph
2 Ph/ﬁ/ 3h 99 >99

(o)

3 /\)Lo ~ 90 93

5 mol% cat.,
4 12 bar Ha, 40 °C, >0 >99

22h

5[bl )ﬁ/ 78 98

[a] Standard conditions: 0.2 mmol substrate (0.4 mol/L). Solvent = THF for pre-catalyst 4 and
solvent = toluene for pre-catalyst 7. Yields and conversions were determined by quantitative GC-FID
analysis vs. internal n-pentadecane. [b] Only product calibrated due to solvent overlap of starting
material in GC-FID.

2.2.5 Counterion Influence on Hydrogen Uptake

To gain further insight on the influence of the countercation on the reaction rate, we
monitored the H. uptake for the a-methylstyrene hydrogenation reaction catalyzed by
complexes 1 — 4 (3 mol% pre-catalyst, 2 bar H», 25 °C; Figure 4). The results show that the
(Pernacnac)Mg* salt 4 enabled the quantitative hydrogenation of the alkene after 15 min
(Figure 4a), while the Li* salt 3 gave =90% after 30 min (Figure 4b). In contrast, the
hydrogenation with K* salt 1 and Na+* salt 2 gave only 16% and 32% yield, respectively,
over a significantly longer time period (2 h) (Figure 4c,d). These observations are consistent
with the reactivity trend observed for various other substrates (Table 1, see above).
Furthermore, significant catalyst deactivation occurred for 1 — 3 between 10 and 20 min
after the reaction onset, while the initial rate of hydrogenation also appeared to be lower
with 1 and 2 than with 3 and 4. These results illustrate the notable influence of the
countercation on the catalytic activity. Since the hydrogenation of the cod ligand in the
complexes might be a crucial factor contributing to their catalytic activity, the H. uptake of
the complexes themselves was also monitored (2 bar H», 25 °C, 1h; Table 3 and the
Supporting Information for further details) by quantifying the formation of cyclooctene and
cyclooctane (which emerge from the uptake of one and two equiv. of H», respectively) by
GC-FID. The results show increasing H» incorporation by the cobaltate salts in the order 1
<2<3=4(1:12%, 2:24%, 3: 45% 4: 38%; Table 3, entries 1-4).
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/& 3 mol% [M][Co(n*-cod),] )\
Ph " Ph

1.97 bar H, THF, 25 °C

0.2 mmol

a: M = Mg(P¢Pnacnac) (4)
b: M = Li(thf), (3)

c: M = Na(thf), 5 (2)

d: M = K(thf),, (1)

S
)
2
>
C
s __gempm
d
T T T T T T 1
60 80 100 120

time / min

Figure 4. Reaction profile analysis of the hydrogenation of a-methylstyrene with pre-catalysts 1 — 4.

In contrast, the hydrogenation of tetrabutylammonium cobaltate 5 gave only 1% Ha
incorporation (Table 3, entry 5), which indicates the need of an alkali metal or alkaline
earth metal counterion for substantial hydrogenation activity.

Table 3. Hydrogenation of olefin cobaltates 1 — 5.1

- i
>] —.‘c , 2 bar H, 25°C, 1 h
i [o} > + +
| Olefin 1cob5altates & THF

Hydrogenation mixture

[Cation]* of cod, cod-H, and cod-H,
([Catiz;e]-[%?)t(z:]l‘{scto D) cod cod-H> cod-H4 H: Incorp.
[K(thf)o]* ¢}) 59 5 10 12

[Na(thf)15]* 2 58 8 21 24

[Li(thf),]* 3) 33 10 41 45

[(Pepnacnac)Mg]+* @) 32 13 31 38
[N("Bu)a]* (5) 88 1 0 1

[a] Standard conditions: 0.025 mmol pre-catalyst (0.05 mol/L THF). Substance ratios [%] and H>
incorporation [%] were determined by quantitative GC-FID analysis vs. internal n-pentadecane as
share of the overall hydrogenation mixture quantity. cod = 1,5-cyclooctadiene. cod-H2 = cyclooctene.
cod-H4 = cyclooctane.
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Remarkably, the heteroleptic complex 7 was fully hydrogenated when placed under an
atmosphere of H» (Figure S4), which is in line with its superior catalytic activity (see above)

and suggests that the monodentate styrene ligand enables pre-catalyst hydrogenation under
very mild conditions.

2.2.6 Computational Studies

To further understand the effect of the counterion, we performed a combined MM
(molecular mechanics) MD simulation and DFT investigation to model the reaction
mechanism and the interaction between the catalytically active anion and the cations. To
begin, the whole reaction profile for the hydrogenation of styrene starting from anionic
[Co(n*-cod)(n2-styrene)2]~ (74) was calculated at DFT level (r2SCAN-3¢, CPCM[THF]) on
the singlet surface and in the absence of any counterion (Scheme 3). Dissociation of one

styrene molecule forms the 16 valence electron complex [Co(n*-cod)(n2-styrene)]~ (8a),

which adds H» via oxidative addition (9a = [10a]* > 114). Subsequent migratory insertion

of the styrene double bond into the Co-H bond of dihydride complex

[Co(n*-cod)(n2-styrene)H2]~ (114 2 [124]F = 134) is found to be the turnover-limiting
step (TLS) with an activation barrier of 19.0 kcal/mol and a total energy barrier of
31.2 keal/mol. The corresponding transition state structure is highly asynchronous with
Pauling bond orders[2¢] BO = 0.95 for the Co—C2 bond and BO = 0.54 for the Ci—H2 bond

(see the structure of [124]" in Scheme 3). Coordination of another styrene molecule
precedes the reductive elimination of ethylbenzene from
[Co(n*-cod)(n2-styrene)(H)(CH2CH2Ph)]- (144 = [154]° = 8a), which drives the reaction

downhill in energy (AG = —9.9 kcal/mol).
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Scheme 3. Calculated reaction profile for the hydrogenation of styrene by anionic complex
[Co(n*-cod)(n2-styrene)2]- (7a, level of theory: r2SCAN-3c, CPCM[THF]).
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While this initial analysis established the elementary steps of the hydrogenation reaction,
the anion-only model was not able to provide a reasonable total energy barrier
(31.2 kcal/mol) for the hydrogenation of styrene at the experimental temperature of
298 K.[261 Thus, we decided to investigate the influence of a metal-based counterion (M+* =
K*, Na*, Li* or [PePnacnac]Mg*) on structures 11 — 134 in the turnover-limiting migratory
insertion step. To adequately model the dynamic behavior of the solvated ion pairs
[M(thf)n][Co(n*-cod)(n2-styrene)H>] (denoted as: 11k, 11na, 111i and 11wmg), force field
based MD simulations were performed (see section 2.4.8.1). After initial force field
parametrization, the time-dependent structural behavior of the system in a bulk of THF
molecules (nrur = 500) was studied and the most-populated ion pair structures were
identified. According to the MD simulations, complexes 11k to 11mg exhibit short distances
between the metal cation and the cobalt anion indicating tight ion pairing.

To further characterize the counterion interactions in the migratory insertion step, the
obtained geometries were then re-optimized at DFT level (r2SCAN-3c) with explicit
solvation in the first coordination sphere of the metal cation to capture solvent screening
effects on the ion pair structures and energies. Intimate ion pairs were observed for
complexes 11k-mg, transition state structures [12k-mg]* and insertion products 13k-mg.
Figure 5 displays the transition state geometries for the migratory insertion step for the
pure anion [124]* and the two potassium and magnesium cobaltate salts
[K(thf)s][Co(n*-cod)(n2-styrene)H-] ([12k]% and [(Pernacnac)Mg(thf)]-
[Co(n*-cod)(n?-styrene)H2] ([12mg]*). The ion pairs [12x]* and [12mg]* represent the two
reactivity extremes for the alkali and alkaline earth metal cobaltate salts used in the
hydrogenation reaction (see above). Direct cation hydride interactions are present in both
transition states [12x]* and [12wmg]* (and also in [12wa/1i]*), while no cation styrene
interaction can be observed (see Figure S36 for the other ion pair structures). An analysis of
the NPA charges for the pure anion [12a]* reveals a weak polarization of the two Co—H
bonds with Ha exhibiting a slightly protic character whereas HP is weakly hydridic (Figure 5,
A and B; and Table 4, Entry A.5).

This polarization difference of the Co—H?2/Co—HP bond quantified by A8 is already present
in the intermediate structure 11a (Table 4, Entry A.4: 0.07) and is only slightly increased
(to 0.14) in [124]*. In contrast, a stark increase A8 is observed when a counterion is
introduced in [12k-mg]* (e.g., for Mg: Table 4,Entry E.4: 0.16 vs. E.5: 0.64). This can also be
seen in the transition state geometries of [12k]* and [12mg]*, where HP is directly oriented
toward the metal cation thereby inducing a pronounced negative polarization in the Co—HP
bond (Figure 5, C and D). The polarization difference AS in the transition state structures
[12k-mg]* was most pronounced for the magnesium salt [12mg]* (Table 4, Entry A.5-E.5).
This polarization may facilitate the migratory insertion of the alkene molecule. In addition,

a distinct coordination geometry for [12mg]* in comparison to [12xk.1i]* was observed.
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Model for cation
interaction

[K(thf)s]* [(PePnacnac)Mg(thf)]*

interaction interaction

Figure 5. Transition state geometries of the turnover-limiting migratory insertion step. A: Anion
only structure [12a]* B: Model for cation interaction. C: [K(thf)s][Co(n*-cod)(n?-styrene)H:]
structure ([12k]*). D: [(Penacnac)Mg(thf)][Co(n*-cod)(n2-styrene)H2] structure ([12mg]?).

While the alkali metal cobaltate salts exhibit a more central positioning of the cation
between the two Co—H bonds (Figure 5C for [12k]%), in [12mg]* only the more hydridic HP
is in direct proximity to the magnesium cation (Figure 5D). Moreover, the benzyl unit of the
styrene molecule is rotated outwards away from magnesium, while the benzyl group is
oriented toward the alkali metal cation (Figure 5, C vs. D). Furthermore, a stepwise
decrease in transition state energy (and thus total energy barrier) for the migratory
insertion step corroborated the beneficial effect of the counterion (Table 4, A.1-E.1). A
sequential decrease of the transition state energy in the order [125]* > [12k]* = [12na]* >
[1215]F = [12mg]* is observed, which is in qualitative agreement with the observed reactivity
trend of complexes 1 — 4.

In order to further examine the [Co—HP]---M+ interaction, we conducted non-covalent
interaction (NCI) analyses on the transition state structures [12k.mg]* (Figure 6). The
calculations were performed on the fully optimized geometries (r>SCAN-3c¢) and the
electron densities calculated at WB97M-V/def2-QZVP level of theory (see section 2.4.8.2 for
all NCI analyses). In all four transition state structures, an attractive interaction between

Co—HP and the cation is observed.
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Table 4. Key parameters for the reactivity differences for the migratory insertion step based on
ground state structures 114 / 11k-mg and transition state structures [12a]*/ [12xk-mg]*.

A B C D E
Entry

Mn+ none K+ Na-+ Li+ Mg2+

1 E‘lg;%lllﬂa 19,010 17.0 17.0 155 15.5

2 (Cor Oy 0.95 095 095 097 0.90

3 (lega)[b] 0.54 0.60 0.61 0.61 0.55

4 A8 (1)1 0.07 0.14 0.13 0.16 0.16

5 A8 ([12]9)1e] 0.14 0.58 0.55 0.55 0.64

6 r (M“‘[Ig;; [12]) / 258 2.15 1.81 1.96

[a] Gibbs free energy derived from anion-only reaction profile calculation (Scheme 3). [b] Pauling bond
orders using ¢ = 0.6 for TS structures.[26] [c] Polarization difference of Co—H2/Co—HP bonds expressed by
the differences of the natural population analysis (NPA) charges at H2 and HP.

For [12k]%, this interaction is indicated by the green isosurface between HP and the
potassium cation (Figure 6a) and by the green region in the two-dimensional NCI plot
(sign(A2)p < 0; Figure 6b). Along the series of alkali metal cations, the attractive
metal-hydride interaction becomes stronger following the trend: K+ < Na* < Li* (Figure 6¢
for [12na]*, and Figure 6d for [121;]*). For lithium, a fairly strong interaction can be
observed which is indicated by the additional blue color in the NCI isosurface and NCI plot
cutout (sign(A2)p = —0.3; Figure 6d). The most pronounced attractive interaction was found
between Co—HP and the magnesium cation in [12mg]* reaching into the range of strong
non-covalent interactions (sign(A2)p = —0.5; Figure 6e), thereby surpassing the hydride
interaction with the alkali metal cations of [12x-ri]*.

Overall, NCI analysis established an increasing attractive cation-hydride interaction
following the trend: K* < Na* < Li+ < Mg?+. This trend is in agreement with the stronger
bond polarization (Co—H? vs. Co—HP) found for the magnesium cobaltate salt, its reduced
transition state energy for the turnover-limiting migratory insertion step and its distinct
coordination geometry.

For completeness, the reductive elimination of styrene (14 - [15]) was analyzed in the
same manner for the Na* and (PPnacnac)Mg* salts (see Figure S37 for details). This is the
second elementary step to finalize the reduction of the styrene double bond. Even though
this step is not turnover-limiting a distinct counterion effect on the transition state energy
was observed for the more Lewis-acidic Mg?*, while the sodium salt exhibited a near-

identical reaction barrier ([15na]*) to the anion-only model.
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a) Non-covalent interaction (NCI) surfaces for [12,]*

¢) NCI analysis for [12,,]*

> Weak, non-covalent attractive
o interactions between H° and K*

RDG

oz 2= 2 8 3 — 5 2D NClI plot: NCI cutout
g T 5 7 9 =>="""°°° visualizing weak attractive
interactions btw. H° and K*

sign(2)p (a.u.)

-0.05
-0.04
-0.03
-0.02
-0.01

Mg

Figure 6. NCI plots (2D) and surface visualization (3D) of [12k-mg]*. Diagrams show plots of RDG
:= reduced density gradient over sign(A2)p := density with sign of the second derivative Hessian
matrix. The sign(A2)p > 0 (red) are read as strong repulsive interactions, sign(A2)p = 0 (green) as weak
interactions and sign(A2)p < 0 (blue) as strong attractive interactions.

NCI analysis of [15mg]* identified an interaction between the magnesium cation and the
n2-bound styrene molecule, which likely accounts for the reduction in transition state
energy. The accumulated computational data corroborates the heightened activity for
magnesium cobaltate 4 (and 11mg) in the hydrogenation reactions which we observe

experimentally.

2.3 Conclusion

This work shows that countercations have a remarkable effect on alkene hydrogenation
reactions catalyzed by anionic cobalt complexes. The investigation of the series of
[Cat][Co(n*-cod)2] complexes (Cat = K (1), Na (2), Li (3), (PePnacnac)Mg (4), N("Bu)4 (5))
revealed that the lithium and magnesium salts are much more powerful catalysts for the
hydrogenation of challenging, highly-substituted alkene substrates than the potassium and
sodium salts. The presence of the non-coordinating tetrabutylammonium cation results in a
sharp decrease in hydrogenation activity. [(P*Pnacnac)Mg][Co(n*-cod)-] (4) showed the
highest activity and to our knowledge is among the most active first-row transition metal
catalysts for the hydrogenation of tri- and tetra-substituted alkenes.[5>£hiL7] In line with
these catalytic investigations, reaction progress analyses and pre-catalyst hydrogenation
experiments revealed differing reaction rates for the cobaltate salts 1 to 5. The homotopic
nature of the reaction mechanism was supported by poisoning studies.

A combined MD and DFT study suggests the coordination of the countercation to the
hydride in the turnover limiting migratory insertion step and demonstrates a beneficial,

energy-lowering effect in comparison with the anion-only model system. The lowest energy
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barriers were calculated for M = Li (3) and M = (PePnacnac)Mg (4). The NCI analyses of the
migratory insertion transition state for complexes 1 to 4 illustrate the increasingly
attractive interactions of the metal cations with one of the hydrido ligands following the
trend: K* (1) < Na* (2) < Li* (3) < (PePnacnac)Mg* (4), resulting in stronger Co—H bond
polarization.

The results of this study show that counterion coordination can strongly modulate
reactivity in hydrogenation reactions and probably other catalytic reactions involving
hydride intermediates. Furthermore, the nacnac ligand in 4 should enable the design of
new structural motifs, such as asymmetric modifications. Investigations in these directions

are ongoing,.
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2.4 Supporting Information

2.4.1 General Information

All reactions and product manipulations were carried out in flame-dried glassware under
an inert atmosphere of argon/nitrogen using standard Schlenk-line or glovebox techniques
(maintained at <0.1 ppm H>O and <0.1 ppm O2). [K(thf)o2][Co(n*-cod)2] (1),H6al
[Li(thf)2][Co(n*-cod)2] (3),H16b] (Pernacnac)Mgl-OEto[28] and [(PePnacnac)Mg][Co(n*-cod)-]
(4)1171 were prepared according to procedures previously reported in the chemical

literature.

Solvents were dried and degassed with an MBraun SPS800 solvent purification system. All
dry solvents were stored under argon over activated 3 A molecular sieves in gas-tight
ampules. Commercially available olefins were purified by distillation (Kugelrohr) and in

case of liquids degassed and dried over molecular sieves (3 A).

NMR spectra were recorded on Bruker Avance 300 or 400 spectrometers at 298 K unless
otherwise noted and internally referenced to residual solvent resonances (!H NMR:
THF-ds: 1.72 ppm, C¢Ds: 7.16 ppm CDCls: 7.26 ppm, 3C{1H} NMR: THF-ds: 25.3 ppm,
CeDé: 128.0 ppm, CDCl3: 77.2 ppm). Chemical shifts § are given in ppm referring to
external standards of tetramethylsilane (1H, 13C{1H} spectra), 85% phosphorus acid (3P
and 3'P{1H} spectra) and 1.0 M LiCl in DO ("Li{1H} spectra). 'H and 13C NMR signals were
assigned based on 2D NMR spectra (1H, 'H-COSY, 1H,13C-HSQC, 1H,13C-HMQC).

Thin layer chromatography (TLC) was performed using aluminium plates with silica gel
and fluorescent indicator (Macherey-Nagel, 60, UV254). TLC plates were visualized by
exposure to UV light (366 or 254 nm). Flash column chromatography was conducted with
silica gel 60 from Sigma Aldrich (63 — 200 pum).

Hydrogenation reactions were carried out in a 300 mL high pressure reactor (Parr™) in
4 mL glass vials or in a Man on the Moon X204 gas uptake system.[2°] The reaction vessels
were loaded under argon, purged with hydrogen, sealed and the internal pressure was
adjusted. Hydrogen (99.9992%) was purchased from Linde.

Yields of the catalytic and kinetic studies were determined using gas chromatography with
FID detector (GC-FID) by Shimadzu GC2025. H, was used as carrier gas. A Restek Rxi®
(30 m x 0.25 mm x 0.25 um) column was used. The standard heating procedure was: 50 °C
(2min), 25°C/min - 280 °C (5min). Calibration with internal standard n-pentadecane
and analytically pure samples. Non-commercial calibration samples were prepared by
hydrogenation with Pd/C (10% Pd basis). Gas chromatography with mass-selective detector
(GC-MS) was conducted with an Agilent 7820A GC system with mass detector 5977B. Ha
as carrier gas and a HP-5MS (30 m x 0.25 mm x 0.25 um) column were used. The standard
heating procedure was: 50 °C = 300 °C.
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2.4.2 Synthesis of Compounds

[Na(thf)1.51[Co(n?*-cod):] (2):

[Li(thf)1.5][Co(n*-cod)2] (3) (0.85 g, 2.0 mmol, 1.0 equiv.) and NaO*Bu (0.19 g, 2.0 mmol,
1.0 equiv.) were suspended in n-hexane at —78 °C. Upon warming to ambient temperature,
the suspension was left to stir for 3 days at this temperature. The brown supernatant was
filtered off and the residual yellow greenish solid was washed with n-hexane (1 x 20 mL,
2x10mL) and dried under reduced pressure. The resulting pale-yellowish solid was
dissolved in a minimal amount of THF (6.0 mL), filtered and layered with n-hexane
(12.0 mL). Storage at -30°C for 3 days afforded [Na(thf);s][Co(n*-cod)2] (2) as a
pale-yellow powder after washing with n-hexane (3 x2.0 mL) and drying under reduced
pressure. The resulting powder was once more crystallized from THF/n-hexane (1:2) at
—30°C to obtain 2 in analytical purity. The THF content was determined by 'H NMR
analysis.

Crystals suitable for X-ray crystallography were grown from a THF/n-hexane (1:2) solution
at —30 °C overnight.

o’
¢S

[Na(thf), 5]*

C16H24CoNa-(C4HgO)1,5, MW =406.50 g/mol
Yield: 274 mg, 34%

'H NMR (400.13 MHz, 298 K, THF-ds) § = 3.66-3.59 (m, 6H, (CH:)2(CH2)20-THF),
2.26-2.07 (m, 16H, CsH1-COD), 1.92-1.81 (m, 8H, CsH1,~COD), 1.81-1.75 (m, 6H,
(CH2)2(CH2)2:0—THF) ppm.

13C{'H} NMR (100.61 MHz, 298K, THF-ds) § = 69.6 (s, CsH1>—COD), 68.2 (s,
(CH2)2(CH2)20-THF), 34.7 (s, CsH12—COD), 26.4 (s, (CH2)2(CH2)O—THF) ppm.

"Li{1H} NMR (155.46 MHz, 298 K, THF-ds): no resonance was observed in the range
from —20 to +20 ppm.

Elemental Analysis calcd. C 65.00, H 8.94; found C 65.28, H 8.83

[N("Bu)4][Co(n*-cod)-] (5):

A solution of [K(thf)o.4][Co(n*cod).] (1) (0.55g, 1.6 mmol, 1.0 equiv.) in THF (5.0 mL)
was added to a suspension of N("Bu)4Cl (0.45 g, 1.6 mmol, 1.0 equiv.) in toluene (10.0 mL)
at —30 °C. The reaction mixture was stirred for 1.5 d while slowly reaching ambient

temperature. THF was removed from the resulting yellowish-brown suspension under
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reduced pressure, the remaining toluene suspension was filtered, and the clear yellowish-
brown filtrate evaporated to dryness. The brownish residue was recrystallized from
THF/Et20 (2.0/4.0 mL) at —30 °C to obtain [N("Bu)4][Co(n*-cod)2] (5) as yellow needles.
The supernatant was decanted, the crystalline solid was washed with Et>O and dried under
reduced pressure.

Crystals suitable for X-ray crystallography were grown from a THF/n-hexane solution (1:1)

at ambient temperature after two days.

\\n"l
"~
|

IN("Bu)a]"
C32HeoCoN, MW = 517.77 g/mol
Yield: 234 mg, 0.45 mmol, 28%

1H NMR (400.13 MHz, 298 K, thf-ds) § = 3.27 (m, 8H, N(CH2CH2CH2CHs)4), 2.31-2.07
(m, 16H, CsH;2-COD), 1.96-1.81 (m, 8H, CsH;»—COD), 1.77-1.62 (m, 8H,
N(CH2CH>CH2CHs)4) overlay with residual signal of non-deuterated thf, 1.43 (sext, 8H,
3Jun = 7.2 Hz, N(CH2CH2CH>CH3)4), 1.02 (t, 12H, 3Jun = 7.2 Hz, N(CH2CH2CH2CH3)4).
13C{*H} NMR (100.61 MHz, 298 K, thf-ds) 6 = 69.9 (bs, olefinic-CsH1>—COD), 59.5 (s,
N(CH2CH2CH2CH3s)4), 34.9 (s, aliphatic-CsH12—COD), 24.8 (s, N(CH2CH2CH2CH3)4), 20.8
(s, N(CH2CH2CH2CHs3)4), 14.2 (s, N(CH2CH2CH2CHz3)a4).

Elemental Analysis calcd. C 74.23, H 11.68, N 2.71; found C 73.94, H 11.85, N 2.85.

[(PePnacnac)Mg][Co(n*-dct)2]1(thf)q.7 (6):

To a stirred solution of [(PePnacnac)Mg][Co(n*-cod):2] (4) (263 mg, 0.4 mmol, 1.0 equiv.) in
THF (2.0 mL) was added a solution of dibenzo[a,e]cyclooctene (162 mg, 0.8 mmol,
2.0 equiv.) in THF (1.0 mL) over 2 minutes at —30 °C. A color change from yellow-brown to
orange-brown was observed. The mixture was allowed to reach ambient temperature and
stirred overnight. The solvent was removed under reduced pressure, the residue washed
with n-hexane (2 x 1.0 mL), dried and dissolved in THF (2.5 mL). The THF solution was
filtered, concentrated to approx. 2.0 mL and layered with n-hexane (6.0 mL). Storage at
ambient temperature overnight afforded [(PePnacnac)Mg][Co(n*-dct)2](thf);7 (6) as an
orange solid after washing with n-hexane (1 x 2.0 mL) and drying under reduced pressure.
The resulting solid was again crystallized from THF/n-hexane (1:2) at ambient temperature
to obtain 6 in analytical purity. The THF content was determined by 'H NMR analysis.

Crystals suitable for X-ray crystallography were grown from a THF/n-hexane solution (1:2)

at ambient temperature overnight.
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[(P*Pnacnac)Mg(thf) 7]

L °AN

C57H57COMgN2'(C4H80)1,7, MW =976.00 g/mol
Yield: 254 mg, 65%

1H NMR (400.13 MHz, 298 K, THF-ds) 6 = 7.23-7.12 (m, 6H, CHomatic-Dep), 6.55-6.48
(m, 8H, CHaromatic-dct), 6.45-6.38 (m, 8H, CHaromatic-dct), 5.11 (s, 1H, CH3C(N)CH=), 3.65-
3.59 (m, 6.8H, (CH2)2(CH2)20-THF), 3.39 (s, 8H, CHolefinic-dct), 2.25 (m, 8H, CH>CHs-
Dep), 1.80-1.75 (m, 6.8H, (CH2)2(CH2).O-THF), 1.66 (s, 6H, CHsC(N)), 1.29 (t, 12H, 3Jun
= 7.6 Hz, CH2CHs-Dep) ppm.

13C{*H} NMR (100.61 MHz, 298 K, THF-dg) 6 = 170.4 (s, CHsC(N)), 152.9 (s, Caromatic-
dct), 149.3 (s, CaromaticcDep), 137.8 (s, Caromatic-Dep), 126.6 (s, Caromatic-Dep), 125.9 (s,
Caromatic-Dep), 124.9 (s, Caromatic-dct), 122.8 (S, Caromatic-dct), 96.9 (s, CHsC(N)CH=), 81.7 (s,
CHolefinic-dct), 86.3 (s, (CH2)2(CH2).O-THF), 26.4 (s, (CH2)2(CH2).O-THF), 25.0 (s,
CH>CHs-Dep), 24.5 (s, CH3C(N)), 14.1 (s, CH2CH3-Dep) ppm.

Elemental Analysis calcd. C 78.51, H 7.31, N 2.87; found C 77.96, H 6.95, N 2.76.

[(PePnacnac)Mgl[Co(n*-cod)(n>-styrene):](thf)s.; (7)

At ambient temperature, styrene (0.73 mL, 6.4 mmol, 4.0 equiv.) was added dropwise over
2 minutes to a stirring solution of [(PePnacnac)Mg][Co(n*-cod)2] (4) (1.05 g, 1.6 mmol,
1.0 equiv.) in THF (50 mL). Upon addition, the yellow brownish solution turned reddish
orange. The mixture was left to stir for 15 minutes, after which the solution was
concentrated to V2 of its initial volume, filtered and layered with n-hexane (50 mL). The
mixture was stored at —30 °C overnight, the brownish supernatant decanted, and the
product was dried in vacuo to afford [(PePnacnac)Mg][Co(n*-cod)(n2-styrene)2](thf)ss (7)
as dark red needles. A second crop was obtained from the motherliquor stored at —30 °C
overnight. The THF content was determined by 'H NMR analysis.

Crystals suitable for X-ray crystallography were grown from a THF/n-hexane solution (1:2)
at —30 °C after two days.
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_

[(P¢Pnacnac)Mg(thf); s]*

C49H61COMgN2'(C4H80)3,5, MW =1013.66 g/mol
Yield: 671 mg, 41%

TH NMR (400.13 MHz, 298 K, CsDs) 6 = 7.27-7.20 (d, 2H, 2Juu = 7.1 Hz, ArH), 7.16-6.99
(m, 10H, ArH), 6.70-6.44 (m, 3H, ArH and Ph—CH-styrene, styrene 1), 5.62 (d, 1H, 3Jun
= 17.6 Hz, trans-H-CHa-styrene, styrene 1), 5.08 (d, 1H, %Jun = 10.9 Hz, cis-H-CH»-
styrene, styrene 1) 5.04 (s, 1H, CHsC(N)CH=), 3.57 (bs, 14H, (CH2)2(CH>),O-THF), 3.45
(t, 1H, 3Jun = 7.2 Hz, Ph—CH-styrene, styrene 2), 2.94-2.78 (m, 4H, CH>CH3s-Dep), 2.77-
2.58 (m, 4H, CH>CH3-Dep), 2.40-2.15 (m, 3H, CsH12—COD), 1.72 (s, 6H, CH3C(N)), 1.90-
1.57 (m, CgH12—COD, overlapping signal), 1.42 (bs, 14H, CH>)2(CH2).O-THF), 1.23 (t, 6H,
3Juu = 7.4 Hz, CH2CH3-Dep, 6H), 1.19-1.05 (m, 6H, CH>CH3-Dep), 0.94-0.90 (overlapping
d and t, 2H, 3Juu = 7.4 Hz, CH»-styrene, styrene 2 and residual n-hexane), 0.80-0.30 (m,
3H, CsH12—COD), —-1.92 (d, 1H, 3Juu = 6.2 Hz, CH.-styrene, styrene 2) ppm; Overall
H-atom signals account to 53 H-atoms (61 expected). Signals of CsH12-COD are in part not
visible in the 1H NMR spectrum due to line broadening. Signals of the aromatic H-atoms
are not observed due to overlap with proton signals from partially deuterated benzene.
13C{'H} NMR (100.61 MHz, 298 K, CsDs¢) & = 169.8 (s, CH3C(N)), 147.0 (s, Caromatic-Dep),
138.0 (s, Ph—CH-styrene, styrene 1), 137.6 (s, Caromatic), 137.4 (S, Caromatic), 128.8 (s,
Caromatic), 126.6 (S, Caromatic), 126.4 (S, Caromatic), 126.2 (8, Caromatic), 125.4 (s, Caromatic), 124.3
(s, Caromatic), 113.7 (CH2-styrene, styrene 1), 110.7 (s, Caromatic), 95.4 (s, CH3C(N)), 67.9 (s,
Ph—CH-styrene, styrene 2), 67.8 (s, (CH2)2(CH2)20-THF), 25.8 (s, (CH2)2(CH2)20-THF),
24.9 (s, CH2CH3-Dep), 24.4 (s, CH>CH3-Dep), 14.6 (s, CH.CHs-Dep), 14.0 (s, CHo.CH3s-
Dep), 6.7 (CHa-styrene, isomer 2) ppm; Signals of CsH12-COD are not visible in the
I3C{1H} NMR spectrum due to line broadening.

Elemental Analysis calcd. C 74.63, H 8.87, N 2.76; found C 74.71, H 8.57, N 2.86.

K(PePnacnac):

DepnacnacH (1.74 g, 4.8 mmol, 1.0 equiv.) and KHMDS (1.03 g, 5.2 mmol, 1.1 equiv.) were
combined in a Schlenk flask, cooled to 0 °C and dissolved in Et2O (20 mL; cooled to 0 °C) to
give a clear yellow solution. The reaction mixture was stirred overnight while reaching
ambient temperature. The yellow-brown solution was dried under reduced pressure and the
residual off-white powder was washed with n-hexane (2 x 20 mL). After repeated drying in
vacuo, the off-white powder was dissolved in a minimal amount of Et>O (5 mL; pale yellow
solution), filtered, n-hexane (15 mL) was added and the mixture placed at —30 °C for 7 d.
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The supernatant was decanted from the microcrystalline precipitate, the residue washed
with n-hexane (2 x 2 mL) and dried under reduced pressure to obtain K(P¢Pnacnac) as a

white solid.

Ca25H33KN2, MW = 400.65 g/mol
Yield: 830 mg, 43%

1H NMR (400.13 MHZ, 298 K, THF‘dS) 8 = 6.90 (d, 4H, 2JHH = 7.4 HZ, O‘CHaromatic‘Dep),
6.67 (t, 2H, 2JHH = 7.3 HZ, p'CHaromatic_Dep), 4.42 (S, lH, CHBC(N)CH=), 2.53 (q, 8H, 3cIHH
=74 HZ, CHzCHg—Dep), 1.47 (S, 6H, CH3C(N)) 1.16 (t, 12H, 3JHH =7.5 HZ, CH2CH3—Dep)

ppm.
IBC{'H} NMR (100.61 MHz, 298 K, THF-dg) 6 = 159.8 (s, CH3C(N)), 154.5 (s, q-Caromatic-

Dep), 135.6 (S, q_Caromatic'Dep), 125.5 (S, O‘CHaromatic'Dep), 120.0 (S, p'CHaromatic_Dep), 90.2
(s, CH3C(N)CH=), 24.9 (s, CHo.CHs-Dep), 23.7 (s, CH3C(N)), 14.7 (s, CH.CH3-Dep) ppm.

Elemental Analysis calcd. C 74.95, H 8.30, N 6.99 found C 75.10, H 8.15, N 6.69.
2.4.3 Synthesis of Starting Materials

4-Methoxy-a-methylstyrene:

The synthesis was performed according to a literature procedure.[2°]

o

C10H120, MW = 148.21 g/mol
Yield: 1.32 g, 38%

TH NMR (300.13 MHz, 298 K, CDCl3) 6 = 7.46-7.38 (m, 2H, CHaromatic), 6.91-6.83 (m, 2H,
CHaromatic), 5.29 (q, 1H, 4Jun = 0.7 Hz, CHolefinic), 4.99 (qt, 1H, 2Jun & 4Jun = 1.5 Hz,
CH lefinic), 3.82 (s, 3H, CH3-Methoxy), 2.14 (q, 3H, %Jun = 0.7 Hz, CH3-Methyl) ppm.
I3C{IH} NMR (75.47 MHz, 298 K, CDCl3) 6 = 159.2 (s), 142.7 (s) 133.9 (s),126.7 (s),
113.7 (s), 110.8 (s), 55.4 (s), 22.1 (s) ppm.

Analytical data were in full agreement with the literature.[?°]
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(3-Methylbut-2-en-2-yl)benzene:

The synthesis was performed according to a literature procedure.20!

C11H14, MW = 146.23 g/mol
Yield: 2.32 g, 22%

TH NMR (300.13 MHz, 298 K, CDCl3) 6 = 7.37-7.27 (m, 2H, CHaromatic), 7.24-7.10 (m, 3H,
CHaromatic), 1.97 (S, 3H, CHB_Methyl), 1.82 (S, 3H, CHB'Methyl), 1.62 (S, 3H, CHB—Methyl)

ppm.
IBC{1H} NMR (75.47 MHz, 298 K, CDCl3) & = 145.5 (s), 130.1 (s), 128.6 (s), 128.1 (s),

127.3 (s), 125.8 (s), 22.2 (s), 20.9 (s), 20.7 (s) ppm.
Analytical data were in full agreement with the literature.[20]
(1-Cyclopropylvinyl)benzene:

The synthesis was performed according to a literature procedure.2°]

C11Hi2, MW = 144.22 g/mol
Yield: 1.17 g, 79%

TH NMR (300.13 MHz, 298 K, CDCl3) 6 = 7.65-7.56 (m, 2H, CHaromatic), 7.40-7.27 (m, 2H,
CHaromatic), 5.29 (s, 1H, CHolefinic), 4.94 (s, 1H, CHolefinic), 1.73-1.60 (m, 1H, CHcyclopropyl),
0.89-0.80 (m, 1H, CHcyclopropyl), 0.65-0.56 (m, 1H, CHcyclopropyl) ppm.

IBC{IH} NMR (75.47 MHz, 298 K, CDCl3) & = 149.5 (s), 141.8 (s), 128.3 (s), 127.6 (s),
126.3 (s), 109.2 (s), 15.8 (s), 6.8 (s) ppm.

Analytical data were in full agreement with the literature.[2°]
2,3-Dimethyl-1H-indene:

The synthesis was performed according to a literature procedure.31]

0

Ci11Hi2, MW = 144.22 g/mol
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Yield: 590 mg, 17%

1TH NMR (300.13 MHz, 298 K, CDCl3) 6 = 7.41-7.34 (m, 1H, CHaromatic), 7.31-7.19 (m, 2H,
CHaromatic), 7.17-7.08 (m, 1H, CHaromatic), 3.27 (s, 2H, CH>-Methylene), 2.09-2.06 (m, 3H,
CH3-Methyl), 2.06-2.02 (m, 3H, CHs-Methyl) ppm.

IBC{1H} NMR (75.47 MHz, 298 K, CDCl3) § = 147.7 (s), 142.5 (s), 138.2 (s), 132.6 (s),
126.2 (s), 123.7 (s), 123.1 (s), 118.1 (s), 42.6 (s), 14.1 (s), 10.3 (s) ppm.

Analytical data were in full agreement with the literature.[3!]
2-Methyl-3-phenyl-1H-indene:
The synthesis was performed according to a literature procedure.31!

Ph

CisH14, MW = 206.29 g/mol
Yield: 3.426 g, 80%

1H NMR (400.13 MHz, 298 K, CDCls) 6 = 7.52-7.33 (m, 6H, CHaromatic), 7.27-7.22 (m, 2H,
CHaromatic), 7.22-7.13 (m, 1H, CHaromatic), 3.47 (s, 2H, CH.-Methylene), 2.16 (s, 3H,
CH3-Methyl) ppm.

13C{*H} NMR (100.61 MHz, 298 K, CDCls) & = 146.5 (s), 142.5 (s), 140.8 (s), 138.7 (s),
129.3 (s), 128.5 (s), 127.1 (s), 126.3 (s), 124.1 (s), 123.5 (s), 119.4 (s), 43.2 (s), 15.0 (s)

Analytical data were in full agreement with the literature.[31]
2.4.4 Hydrogenation Reactions

2.4.4.1 General Procedure

In a glovebox, an oven-dried (160 °C) 4 mL reaction vial was charged with n-pentadecane
(20 uL, 72.4 pymol) as the internal standard for GC-FID quantification. The substrate
(0.2 mmol) was added followed by the pre-catalyst as a stock solution in THF (0.5 mL), if
not stated otherwise. The reaction vial was transferred to a high-pressure reactor which was
sealed and removed from the glovebox. The reactor was purged with H2 (3 x 3.0 bar to
0.5 bar overpressure for hydrogenations at 8 and 12 bar H> and 3 x 0.8 bar to 0.3 bar
overpressure for hydrogenations at 2.0 bar H) and the reaction pressure and temperature
were set. After the indicated reaction time, the reaction vessel was depressurized, the vials
were retrieved and treated with a saturated aqueous solution of NH4CI (1.0 mL) and diluted
with ethyl acetate. An aliquot of the organic phase was filtered over a short pad of silica and
washed with ethyl acetate (1 x 2.0 mL). The solution was analyzed by GC-FID (and GC-MS

for selected experiments).
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Hydrogenation Protocol A: 3 mol% [(P¢Pnacnac)Mg][Co(n*-cod)2] (4), 2 bar H», 30 °C, 3 h.
Hydrogenation Protocol B: 5 mol% [(PePnacnac)Mg]l[Co(n*-cod)2] (4), 12 bar H», 40 °C,
22 h.

2.4.4.2 Optimization of Reaction Conditions

Initial optimization and control experiments were performed to identify the influence of the
(Pepnacnac)Mg* cation on the greater hydrogenation activity observed for 4 (Table S1,
Entries 5-9). The hydrogenation reaction of a-methylstyrene with potassium salt 1 was not
improved by addition of (PePnacnac)K, (PePnacnac)H, or Mgl prior to reaction. This
suggests that the significantly higher activity of 4 compared to 1 is caused by the
magnesium counterion and not merely due to the presence of the anionic P¢Pnacnac
motif.133] A solvent screening for the hydrogenation of trans-a-methylstilbene using 4
showed quantitative conversion in the polar solvents THF and DME, while no
hydrogenation was observed in the non-polar solvents toluene and n-hexane (Table S1,
Entries 10-13).

Table S1. Optimization of reaction conditions and control experiments.

R' 3 mol% cat. R!
3 > 3
RZJ\/R 2 bar H, 30 °C, 3 h, RzJ\/R
THF
Entry Olefin Catalyst Manipulation Yleld[s/c]onv.)
(1]

1 no catalyst / <1(5)

2 (Pernacnac)MgI-OEts / <1(6)

3 (Pernacnac)K / <1 (6)

4 [(Pernacnac)Mg][Co(n*-cod)2] (4) none >99

5 on /g [K(thf)o.2][Co(n*-cod)2] (1) none 8(15)
3 mol%

6 [K(thf)o.2][Co(m*-cod)-] (1) (Pepnacnac)K 5 (14)L)

7 [K(thf)o.2][Co(n*-cod)2] (1) 3 mol% Mgl 11 (18)m]
3 mol%

8 [K(thf)o.2][Co(n*-cod)2] (1) (Pepnacnac)H 9(23)
3 mol%

9 [(Pernacnac)Mg][Co(n*-cod)2] (4) (DePng::(r)laZ)H 97

10 [(Pepnacnac)Mg][Co(n*-cod)2] (4) none >99

11 [(Pepnacnac)Mgl[Co(n*-cod)2] (4)  solvent = DME >99

12 Ph)\/Ph [(P#nacnac)Mgl[Co(ni-cod)s] (4) ~ SOlvent= 1(3)

cnac)igllioin-cod)z toluene
. solvent =
13 [(Pernacnac)Mg][Co(n*-cod)2] (4) n-hexane <1(<1)

[a] Stirring of [K(thf)o2][Co(n*-cod)2] (1) and (PePnacnac)K in THF for 10 min prior to addition of
a-methylstyrene and IS and subsequent hydrogenation reaction. [b] Stirring of [K(thf)o2]-
[Co(n*-cod)2] (1) and Mgl> in THF for 2h prior to addition of a-methylstyrene and IS and
subsequent hydrogenation reaction.
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2.4.4.3 GC-FID Data for Non-Calibrated Substrates

For the substrates myrcene and (+)-(R)-a-pinene the peak area of the substrate and the

corresponding products in the chromatogram (GC-FID) were compared to estimate the

yield and conversion. Peaks at 5.8 min correspond to the internal standard n-pentadecane.

Myrcene:
uV
2 ‘ 2 FID1
750000
500000 E
250000 §|
1
| |
0 Pl
25 5,0 75 10,0 _
min
Figure S1. GC-FID chromatogram for the hydrogenation of myrcene.
Table S2. Analysis of the GC-FID chromatogram for the hydrogenation of myrcene.
Retention time [min] Assignment Peak area Relative peak area [%]
2.469 2,5-dimethyloctane 2182772 >99 ()
2.772 a-pinane 261288 0O
2.862 a-pinane 157074 0
(+)-(R)-a-Pinene:
uV
‘ - 3 FID1
1000000 2 2
750000
500000
m P~
250000 3R
‘ |
]
25 5,0 7.5 10,0 7
min

Figure S2. GC-FID chromatogram for the hydrogenation of (+)-(R)-a-Pinene.

57



Chapter 2 — Counterion Effect in Cobaltate-Catalyzed Alkene Hydrogenation

Table S3. Analysis of the GC-FID chromatogram for the hydrogenation of (+)-(R)-a-pinene.

Retention time [min] Assignment Peak area Relative peak area [%]

2.727 a-pinane 221040
>99
2.832 a-pinane 2970723

2.4.5 Kinetic Studies and Mechanistic Experiments

2.4.5.1 Reaction Progress Analysis
General Procedure for Reaction Progress Analysis

An oven-dried (160 °C) 10 mL two-necked flask was connected to a Man on the Moon X204
gas uptake system(?®] with a reservoir pressure of 10 bar H> and a constant reaction

pressure of 1.97 bar Ha (see Figure S3 for the reaction set-up).

_Al e

Figure S3. Picture of the experimental set-up used for reaction progress analyses and poisoning
studies.
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After three vacuum/argon cycles, followed by flushing with H> (3 x), a freshly prepared
substrate solution (in 0.3 mL THF, 0.2 mmol; 20 pL internal standard n-pentadecane) was
added via syringe. The recording of the H» uptake was started immediately after addition of
the pre-catalyst solution (in 0.2 mL THF, 0.006 mmol, 3 mol%). After the reaction, the
mixture was treated with a saturated aqueous solution of NH4Cl (1.0 mL), purged with H»
(1x), and a background curve of the H» loss was recorded. The reaction mixture was
extracted with ethyl acetate (2 x 1.0 mL), filtered over silica, and analyzed by GC-FID (and
GC-MS for selected experiments).

*  Reaction monitoring with [(PePnacnac)Mg J[Co(n*-cod)(n?-styrene)2](thf)ss (7):

The reaction progress analysis was conducted following the general procedure described
above, albeit with toluene as the reaction solvent. No induction period was observed and
a-methylstyrene was fully hydrogenated after 10 min with a turnover frequency (TOF) =
187 h! (Figure S4a). In a separate experiment, subjection of 7 (25.3 mg, 0.025 mmol,
dissolved in 0.5 mL toluene) to 2 bar H» at 25 °C resulted in quantitative hydrogenation of
the coordinating 1,5-cyclooctadiene and styrene after approximately 15 to 20 min as
indicated by subsequent GC-FID analysis (Figure S4b, depicted as a pressure vs. time

curve).

v

/& 3 mol% [(P*Pnacnac)Mg][Co(n*-cod)(n2-styrene),](thf); s
? Ph phJ\

1.97 bar Hz‘ toluene, 25 °C

0.2 mmol
a)
10.0
. 100
9.8
S 9.6 |
S ] — 80
~~
2 94 =
a 9.2 -
2 " B L
o 9.0 cs o
= 1 b) Hydrogenation of N )
o [ == =
> 987 P ™ Vpp a0
5 ]
§ 8.6 1 [(°ePnacnac)Mg(thf); 5]* |
T 844 ! - 20
8.2 1
8.0 T T T T T T T T T T 0
0 5 10 15 20 25
time / min

Figure S4. a) Hydrogenation of a-methylstyrene with 3 mol% [(PePnacnac)Mg][Co(n*-cod)-
(n2-styrene)2](thf)ss (7). Yields were determined by quantitative GC-FID analysis vs. n-pentadecane.
b) Direct hydrogenation of 7 in toluene.

59



Chapter 2 — Counterion Effect in Cobaltate-Catalyzed Alkene Hydrogenation

Note: The TOF was determined from reaction progress analyses by analyzing the slope of a
selected part of the reaction time profile showing a linear ascent. The linear part for the

reaction time profile was chosen between 20% and 60% hydrogenation yield.

2.4.5.2 Poisoning Experiments

The general procedure was applied. All experiments were performed in THF. The poisoning
reagents (PMes and P(OMe)s as THF solutions) were added after a reservoir pressure loss

of approx. 1.5 bar H» or prior to addition of the substrate.
» Dibenzo[a,e]cyclooctene (dct) poisoning:

Addition of dct to the reaction mixture containing a-methylstyrene and 3 mol% 4 resulted
in reduced hydrogenation of a-methylstyrene (Figure S5). Excess of dct with respect to the
catalyst loading (60 mol%, 20.0 equiv. in total, 10.0 equiv. assuming a 2:1-dct:Co
stoichiometry) was needed to inhibit the hydrogenation of a-methylstyrene (Figure S5,
green curve, 35% yield). When 30 mol% (10.0 equiv. in total, 5.0 equiv. assuming a 2:1-
dct:Co stoichiometry) and 12 mol% (4.0 equiv. in total, 2.0 equiv. assuming a 2:1-dct:Co
stoichiometry) of dct were added, the hydrogenation of a-methylstyrene was only partially
inhibited giving cumene in 58% and 88% yield, respectively (Figure S5, blue and red curve).

)\ 3 mol% [(°®Pnacnac)Mg][Co(n*-cod),] )\
Ph " Pn

1.97 bar H, THF, 25°C
after x min: + y mol% dct

0.2 mmol
100
control
80 12 mol% dct
o
S 60 30 mol% dct
o
Q
>
40
60 mol% dct
20 +
dct =
0 1 I I I I I I
0 5 10 15 20 25 30

time / min

Figure S5. Hydrogenation of a-methylstyrene with 3 mol% [(PePnacnac)Mg][Co(n?*-cod)2] (4) and
varying amounts of dct. Yields were determined by quantitative GC-FID analysis vs. n-pentadecane.
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In all three experiments, partial hydrogenation of dct to dct-H> and dct-H4 was observed.
The defined dct-complex [(PePnacnac)Mg][Co(n*-dct)2](thf):7 (6) was further tested in the
hydrogenation of a-methylstyrene to evaluate its catalytic activity (Figure S6). When using
3mol% of 6, a-methylstyrene was quantitatively hydrogenated in 10 min to 40 min.
Different induction periods were observed ranging from 0 min to 10 min while dct was
consistently hydrogenated to dct-H4 between 40% and 60% in all three experiments (Figure
S6, green, blue and red curve; determined by relative ratios by GC-FID analysis). This
suggests that the initial hydrogenation of dct does not occur uniformly resulting in varying
starting points for the hydrogenation of a-methylstyrene. Addition of excess dct with
respect to 6 (60mol%, 20.0equiv. in total, 10.0 equiv. assuming a 2:1-dct:Co
stoichiometry) resulted in significant inhibition of the hydrogenation of a-methylstyrene as
observed for 4 (black curve, 35% yield). This indicates that dct acts as a competing
substrate and poison at the same time. If dct is (partially) hydrogenated, the rigid binding
to the molecular catalyst is no longer active and a-methylstyrene occupies the vacant
coordination sites followed by hydrogenation. The dct hydrogenation occurs regardless of
whether the dct-complex is formed in situ or used as an isolated species. A 10-fold excess is
necessary to ensure the complete (chelating) coordination with intact dct through the

course of the reaction and significantly inhibit the hydrogenation of a-methylstyrene.

/& 3 mol% [(P®Pnacnac)Mg][Co(n*-dct),](thf), ; J\
Ph " Ph

1.97 bar H, THF, 25 °C

0.2 mmol

100

80

60

yield / %

40 -

60 mol% dct

20 TR E CETTTTTETTTY) :
: dct addition

0 ! ': I T I T I T 1
0 10 20 30 40 50

time / min

Figure S6. Hydrogenation of a-methylstyrene with 3 mol% [(PePnacnac)Mg][Co(n*-dct)2](thf)1.7 (6)
and poisoning with 60 mol% dct. Yields were determined by quantitative GC-FID analysis vs.
n-pentadecane.
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In contrast, a heterotopic catalyst species poorly binds dct to its surface.[!®] Thus, the

inhibiting effect observed here likely supports the homotopic nature of the active catalyst.
» PMes poisoning:

Addition of PMes to the reaction mixture containing a-methylstyrene and 3 mol% 4
resulted in partial hydrogenation of the phenyl ring of a-methylstyrene as ascertained by
reaction progress analysis (Figure S7). Highest Ho-incorporation into the aromatic ring
(formation of isopropylcyclohexane) was observed when 1.0 equiv. of PMes (3 mol%) with
respect to the catalyst was used (as quantified by GC-FID analysis vs. internal
n-pentadecane). While the reactivity of the catalytic system was altered, no inhibition with
substoichiometric amounts of PMes with respect to the catalyst was observed (Figure S7,
0.1 equiv. to 1.0 equiv.). Superstoichiometric amounts of PMes (2.0 equiv. to 4.0 equiv.)
inhibited the hydrogenation reaction. This indicates the presence of a (altered) homotopic
catalyst, which is inhibited by coordination of PMes to up to four coordination sites of the

active molecular species.[34

/J\ 3 mol% [(P*Pnacnac)Mg][Co(n*-cod),] J\
Ph " Phn

1.97 bar H, THF, 25 °C
after x min: + y equiv. PMe;
(with respect to the pre-catalyst)

0.2 mmol

1.0 equiv. PMe,
Il 0.1 equiv. PMe,

10 - B 0.2 equiv. PMe, 10- 2.0 equiv. PMe,
Il 0.3 equiv. PMe, 9_\ 2.8 equiv. PMe,
0.4 equiv. PMe, 4.0 equiv. PMe,

0.8 equiv. PMey

1.5 equiv. PMe,

1.0 equiv. PMe,

H, reservoir pressure / bar
H, reservoir pressure / bar
(2]

1

time / min time / min

Figure S7. Hydrogenation of a-methylstyrene with 3 mol% [(PePnacnac)Mg][Co(n?*-cod)2] (4) and
varying amounts of PMes (0.1 to 4.0 equiv., in respect to 4).

Arene hydrogenation with the addition of 1.0 equiv. of PMes was conducted using benzene,
toluene and a-methylstyrene as model substrates (Scheme S1). Hydrogenation in presence
of PMes resulted in low to moderate formation of the respective reduction products.
Benzene was hydrogenated in 14% yield to give cyclohexane; toluene was hydrogenated to
28% yield giving methylcyclohexane and a-methylstyrene was hydrogenated in 42% yield

providing isopropylcyclohexane.
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3 mol% [(P®Pnacnac)Mg][Co(n*-cod),]

R? R'
3 mol% PMej;
2 - 2
RsJ\/R - RsJ\/R

1.97 bar Hp THF, 25 °C

sHedisn

14 (31) 28 (30) 42 (50)

Scheme S1. Arene hydrogenation with 3 mol% [(PePnacnac)Mg][Co(n*-cod)2] (4) and 3 mol% PMes.
Yields were determined by H NMR spectroscopy using 1,3,5-trimethoxybenzene.

Reaction progress analysis of the hydrogenation of benzene and toluene with 3 mol%
[(Pepnacnac)Mg][Co(n*-cod)2] (4) and 3 mol% PMes shows early decline of the
hydrogenation rate between 10 min and 15 min pointing to fast catalyst deactivation at low

product yields (Figure S8).

35

30 H

5 M benzene
M toluene

0 10 20 30 40 50 60 70
time / min

Figure S8. Reaction progress analysis of the hydrogenation of benzene and toluene with 3 mol%
[(Pepnacnac)Mgl[Co(n*-cod)2] (4) and 3 mol% PMes. Yields were determined by 'H NMR
spectroscopy using 1,3,5-trimethoxybenzene.

= P(OMe)s poisoning:

P(OMe)s was used as an alternative poisoning reagent to further evaluate the topicity
indications of the preceding poisoning experiments with dct and PMes. NMR scale reaction
of pre-catalyst 4 with 0.3 equiv. of P(OMe)3 in THF-ds resulted in the decomposition of the

complex as indicated by the vanishing of the characteristic signals of 4 (e.g.,
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CH=C(N)-Pernacnac at 5.11 ppm, signal Q) and the formation of a new molecular species
(Figure S9). The 3!P{IH} NMR spectrum was silent. It is noteworthy, that this

decomposition takes place in the absence of H> and thus of a catalytically active species.

-
(e Dep,
< 7 N
V Me
cs +0.3P(OMe); Dep O iyl . catalyst

Nerrs " Mg-N decomposition

% THF, rt,2h “Mimg?
D
\Lr I Me P

N\
[(P¢Pnacnac)Mg(thf),]* Dep
4
THF *
#
Arpe o
| LA
A A
Arue ) A
+ 0.3 equiv. P(OMe),
l 1 i )L
R LA
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Figure S9. Reaction of [(P®Pnacnac)Mg][Co(n*-cod):] (4) with 0.3 equiv. of P(OMe)s in THF-ds.
*: THF-ds. O: selected characteristic signals of complex 4.(: free cyclooctene. A: characteristic
signals of [(PePnacnac)Mg(OMe)]2.

In a separate experiment, 0.3 equiv. of P(OMe)s in THF was added to a solution of
[(Pepnacnac)Mg][Co(n*-cod)2] (4) in THF and the black-to-brown mixture was stirred for
2 h at ambient temperature. The reaction mixture was filtered, the filtrate dried under
reduced pressure and the residue dissolved in toluene. X-ray quality single-crystals were
obtained from toluene/n-hexane by vapor diffusion at ambient temperature to give bright

yellow blocks of the methoxy-bridged dimer [(PePnacnac)Mg(OMe)]. (Figure S10).

In contrast, no cobalt-containing species could be isolated nor detected by NMR analysis
('H and 3'P{'H}). This indicates a P—O bond cleavage reaction which leads to the selective
formation of the dimeric magnesium complex (as indicated by 'H NMR) and presumably to
insoluble cobalt phosphorus by-products (indicated by a turbid reaction mixture after
P(OMe)s addition). The substoichiometric use of P(OMe)s in the hydrogenation reaction of
a-methylstyrene with 3 mol% [(PePnacnac)Mg][Co(n*-cod)2] (4) resulted in immediate
reaction inhibition. As observed for pre-catalyst 4, the inhibition is likely caused by an

analogous P—O bond cleavage reaction of the active species. Yet, it cannot be clearly stated

64



Chapter 2 — Counterion Effect in Cobaltate-Catalyzed Alkene Hydrogenation

whether this inhibition occurs due to decomposition of the active species or inhibition by
irreversible binding to a structurally intact active species. Hence, P(OMe)s proved to be not

suitable as a poisoning reagent for pre-catalyst 4.

Figure S10. Solid state molecular structure of [(PePnacnac)Mg(OMe)]: isolated from the
reaction of [(PePnacnac)Mg][Co(n*-cod)2] (4) with 0.3 equiv. of P(OMe)s. Thermal ellipsoids are
drawn at the 40% probability level. H atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: Mg1-Mg2: 2.8962(6), Mg1—01: 1.9569(10), Mg1-02: 1.9409(10), Mgl -N1: 2.0413(12),
Mgl-N2: 2.0507(12), N1-C4: 1.3276(18), N2—C6: 1.3297(18), C4—C5: 1.405(2), C5-C6: 1.405(2),
01-Mgl1-02: 83.89(4), 01-Mg2-02: 84.00(4), Mgl-01-Mg2: 96.07(4), N1-Mgl—-N2: 92.95(5),
N1-C4-C5:123.82(13).

» Hg poisoning:

Addition of mercury (1690 mol% based on catalyst loading) at 0 min to the hydrogenation
reaction of a-methylstyrene with pre-catalyst 4 (3 mol%) gave full hydrogenation within
15 min while a decrease in TOF (from 225 h-1 to 148 h-1) was observed (Figure S11, curve
a and b). To test whether a slow amalgamation reaction is taking place,[18! pre-catalyst 4 (in
THF) was stirred for 30 min and 90 min, respectively, with Hg prior to the addition of
a-methylstyrene (in THF). When Hg was added 30 min in advance, the hydrogenation of
a-methylstyrene was varying. The substrate was either fully hydrogenated within <10 min
exceeding the TOF of the standard reaction (331 h-! vs. 225 h-1; Figure S11, curve d),
almost completely hydrogenated (86%) within 1 h (Figure S11, curve e) or hydrogenated to
53% within 1 h (Figure S11, curve f). The control reaction of a-methylstyrene with a 30 min
pre-hydrogenated catalyst solution resulted in the rapid and full hydrogenation of the
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alkene exhibiting a remarkably higher TOF (552 h—1 vs. 225 h-1) than the standard reaction
(Figure S11, curve c).

This irregular hydrogenation behavior is linked to an unsteady pre-hydrogenation of the
pre-catalyst 4 (hydrogenation of the stabilizing COD ligand) when subjected to H> in the
presence of Hg. This likely results in the partial formation of less active cobalt particles
which then can react with Hg by amalgamation or adsorption. If the majority of the
pre-catalyst is hydrogenated in 30 min, slow hydrogenation will take place through the
remaining particles while a fast reaction occurs if less pre-catalyst is hydrogenated, and a
molecular species is majorly present. To test this hypothesis, pre-catalyst 4 was stirred for
90 min with Hg prior to the addition of a-methylstyrene. Analogously, a-methylstyrene was

reacted with a 90 min pre-hydrogenated catalyst solution in the control experiment.

,K 3 mol% [(P*Pnacnac)Mg][Co(n*-cod),] J\
Ph " Ph

1.97 bar Hy THF, 25 °C
after x min: + 1690 mol% Hg

0.2 mmol

c: pre-catalyst hydrogenated

100 _/a € 4—for 30 min (red)
a: standard —_ , e, f: pre-catalyst + Hg g
reaction 17 hydrogenated for 30 min
b: Hg added 4
at 0 min
S 60
~~
°
2
> 40 - g: pre-catalyst hydrogenated
for 90 min
h: pre-catalyst + Hg
hydrogenated for 90 min
20 H
h
*W
0 T T T T i T T T T T 1
0 120 150 180 210 240

time / min

Figure S11. Hydrogenation of a-methylstyrene with 3 mol% [(Penacnac)Mg][Co(ns-cod)2] (4) and
Hg (1690 mol%). Addition of Hg at 0 min, —30 min and —90 min. Pre-hydrogenation of sole catalyst
solution for 30 min and 90 min prior to substrate addition. (J : Alternation due to external pressure
change. *: Slow hydrogenation results in “negative” yield due to background hydrogen loss. Yields
were determined by quantitative GC-FID analysis vs. n-pentadecane.

While slow but full hydrogenation was observed with the 90 min pre-hydrogenated catalyst
solution in the absence of Hg (Figure S11, curve g), the hydrogenation of a-methylstyrene
with the 90 min pre-hydrogenated catalyst solution in the presence of Hg resulted in

negligible product formation (Figure S11, curve h). This finding supports the hypothesis
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that the more active, major species is homotopic in nature but can be converted into a less

active heterotopic species by (destructive) hydrogenation of the pre-catalyst.

Note: The turnover frequencies (TOFs) were determined from reaction progress analyses by
analyzing the slope of a selected part of the reaction time profile showing a linear ascent.
The linear part for reaction time profiles a, b, ¢, and d (Figure S11) was chosen between
20% and 60% hydrogenation yield.

Additional mercury poisoning experiments were performed to investigate the catalyst
topicity at elevated pressure and temperature (see protocol B, Figure 2, main text).
Following the general procedure, the hydrogenation of 1,1,2-triphenylethylene and the
a,pf-unsaturated esters ethyl cinnamate, ethyl crotonate and ethyl 3,3-dimethylacrylate was
performed using pre-catalyst 4 in the absence and presence of excess Hg (see Table S4). In
the absence of Hg, near-quantitative hydrogenation was observed for all investigated
substrates. In the presence of Hg (1690 mol%; addition at t = 0 min), no inhibition was
observed for the a,f-unsaturated esters and the hydrogenation reached a comparable level
of completeness (Table S4, entries 7-8). The demanding substrate 1,1,2-triphenylethylene
was hydrogenated between 55% and 94% in four single reaction runs (Table S4, entry 2).

Table S4. Hg poisoning experiments at elevated temperature and pressure (protocol B).[2]

R' 5 mol% cat. R!
3 > 3
RZJ\/R 12 bar H, 40 °C, 22 h, RzJ\/R
THF
Entry Olefin Catalyst Manipulation Yleld[g/oc]onv.)
1 none >99
(> nacnac) el 55 (50), 66 (69)
Ph Co(n?*-co 4 9 ’ >
2 Ph/\/ [Co(n*-cod)2] (4) Hg (1690 mol%) o197 94 (9314
Ph
3 in situ none 56 (59)
4 Co-nanoparticles™  {g (1690 mol%) 0 (6)
5 o None 98
6 Ph/\)]\o/\ Hg (1690 mol%) 90
7 o [(PePnacnac)Mg] none 90
8 /\)j\o/\ [Co(n*-cod)2] (4) Hg (1690 mol%) 91
9 )\/ﬁ\ none 91
10 X N0\ Hg (1690 mol%) 92

[a] Standard conditions: 0.2 mmol substrate (0.4 mol/L in THF). Protocol B: 5 mol% cat., 12 bar Ha,
40 °C, 22 h. [b] The in situ Co nanoparticle catalyst was prepared according to the literature.[25]
Lithium (7.2 mg, 1.04 mmol, 2.0 equiv.), naphthalene (156.0 mg, 1.22 mmol, 2.35 equiv.) and CoCl2
(67.4 mg, 0.52 mmol, 1.0 equiv.) were suspended in THF (2.5 mL) and stirred for 24 h. For the
catalytic hydrogenation reaction, 48 pL (0.01 mmol in Co, 5 mol%) of the in situ Co-nanoparticle
suspension were added to the reaction mixture containing 1,1,2-triphenylethylene and n-
pentadecane in THF. [c] Yields and conversions observed over four single reaction runs.
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This variation in yield possibly hints at the formation of catalytically active cobalt
nanoparticles that are inhibited by the heterotopic catalyst poison mercury. In addition, the
hydrogenation of 1,1,2-triphenylethylene was conducted with Co nanoparticles, prepared in
situ following a previously reported procedure by Feldmann, Jacobi von Wangelin, Wolf
and co-workers.[?5] While hydrogenation with the Co nanoparticles following protocol B
afforded 56% (59%) of 1,1,2-triphenylethane, addition of Hg (1690 mol%) to the reaction
mixture at t = 0 min resulted in the complete inhibition of the hydrogenation reaction and
no product formation was observed (Table S4, entries 3-4). The acquired data indicates that
the catalyst system based on pre-catalyst 4 remains predominantly homotopic at elevated
temperature (40 °C) and pressure (12 bar H>). This is supported by the selective poisoning
of intentionally prepared Co nanoparticles with Hg, while the hydrogenation with
pre-catalyst 4 is only partially (if at all) inhibited under identical conditions.

2.4.5.3 Catalytic Experiments

= NMR tube hydrogenation with [K(thf)o2][Co(n?-cod)2] (1) and [(PPnacnac)Mg]-
[Co(n*-cod)2] (d):

Reaction monitoring by 'H NMR spectroscopy was carried out in a Norell® intermediate
pressure valved NMR tube (S-5-600-MW-IPV-7). The pre-catalyst [K(thf)o2][Co(n*-cod)2]
(1) or [(Pepnacnac)Mg][Co(n*-cod)2] (4) (in each case 10 umol, 10 mol%) was dissolved in
THF-d8 (0.5 mL), a-methylstyrene (13.0 uL, 0.1 mmol, 1.0 equiv.) was added and the
solution was transferred to the NMR tube. The first 'TH NMR spectrum was recorded
(Figure S12 and Figure S13). Subsequently, the atmosphere was exchanged with H» by
three consecutive freeze pump thaw cycles and set to 2 atm of H» pressure. Subsequent
spectra were recorded after irregular intervals until the substrate was fully consumed or
until no further consumption was observed. The reaction was quenched with 1.0 mL of
saturated NH4CI solution and 20 pL n-pentadecane (72.4 umol) were added as the internal
standard for GC-FID quantification. The reaction mixture was extracted with 1.5 mL ethyl
acetate, filtered over a pad of silica, washed with ethyl acetate, and analyzed by quantitative
GC-FID. When potassium cobaltate 1 was used, partial hydrogenation of a-methylstyrene
(14% according to 'H NMR spectroscopy, by relative peak integrals) was observed after
131 min, which was indicated by the observation of two new signals at ~2.9 ppm and
~1.2 ppm (Figure S12). After 194 min, 21% cumene has formed and after 263 min 24%
cumene was observed. The well-resolved NMR spectra strongly suggest the absence of
nanoparticulate cobalt in the reaction mixture at this point. In the following time period
(+1 day), significant line broadening was observed in the 'H NMR spectrum, indicating the
formation of Co nanoparticles (catalyst deactivation). GC-FID analysis of the hydrogenation
mixture after one day (25 h 6 min) indicated the formation of 33% (29%) cumene (overlap
of cumene and cyclooctane in GC-FID), which shows that no significant hydrogenation

occurred after catalyst deactivation.
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When magnesium cobaltate 4 was used, hydrogenation of a-methylstyrene to 15%
(according to 'H NMR spectroscopy, by relative peak integrals) was observed after only
26 min, as indicated by the appearance of two new signals at ~2.9 ppm and ~1.2 ppm
(Figure S13). After 130 min, 46% of cumene has formed and after 190 min near-
quantitative hydrogenation of a-methylstyrene (84%) was observed. After 266 min,
a-methylstyrene was fully consumed. Significant line broadening was observed, which
indicates catalyst decomposition (and Co nanoparticle formation), consistent with the
observations for cobaltate salt 1. GC-FID analysis of the hydrogenation mixture showed
quantitative formation of cumene (>99% conversion).

The hydrogenation of a-methylstyrene illustrates the strongly differing reaction rates for
cobaltate salts 1 and 4. Using 1, only 21% cumene is observed after 194 min (14% after
131 min, see Figure S12), while use of 4 gives 84% of cumene after 190 min (46% after
130 min, see Figure S13).

O
CH,
_ y0
e S
=/\= ! ©,cH,
% A o
=\ N > H2 CH3¥ | deactivated
== \' catalyst
. 24% after 263 min
[K(thf)g 2] 21% after 194 min
1 0 14% after 131 min
p
25h 6 min
263 min
Q
JU R U
194 min /A\/\J\
JM O\ A = |\

131 min

=

1+ 10.0 equiv. a—-methylstyrene + H, (2 atm)
23 min

Mjlljh

=

1+ 10.0 equiv. a—methylstyrene

L yi
O
I

‘ :
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure S12. 'H NMR spectroscopic monitoring (THF-ds) of the hydrogenation of a-methylstyrene
with 10 mol% [K(thf)o2][Co(n*-cod)2] (1). Bottom: Isolated sample of cobaltate 1. In ascending
order: After addition of a-methylstyrene (10.0 equiv.) at ambient temperature and after pressurizing
with 2 atm Ha. ¢ and ¥: free (isomerized) 1,3-cod or hydrogenation products thereof. O, 0 and A:
a-methylstyrene. © and ©: cumene.
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The well-resolved NMR spectra over the course of the hydrogenation reactions are a strong
indication for the absence of cobalt nanoparticles. These NMR studies corroborate a
pronounced counterion effect on a catalyst that is likely to be homotopic. However, catalyst
decomposition to cobalt nanoparticles seemingly occurs toward the end of the catalytic
reaction. This is indicated by line-broadening in the TH NMR spectra as observed for

potassium cobaltate 1 after 263 min and for magnesium cobaltate 4 after 190 min.

o
CH,4
- w0
o N
=/ = H ©H CH;
ot A 0
VA \o » H2 CH3¥ , deactivated
% \ catalyst
o . 84% after 190 min
[(P®Pnacnac)Mg(thf),] 46% after 130 min
<o 15% after 26 min
4THF $
266 min
’JL 0
190 min
J& ©
130 min
N ol | [ e
4. + 10.0 equiv. a-methylstyrene + H, (2 atm)
26 min
ki LJ | T
4:e + 10.0 equiv. a—methylstyrene o
A O
N M l A L Y T I |

Arie

.
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure S13. 'H NMR spectroscopic monitoring (THF-ds) of the hydrogenation of a-methylstyrene
with 10 mol% [(Pernacnac)Mg][Co(n*-cod)2] (4). Bottom: Isolated sample of cobaltate 4. In
ascending order: After addition of a-methylstyrene (10.0 equiv.) at ambient temperature and after
pressurizing with 2 atm H». ¢ and *: free (isomerized) 1,3-cod or hydrogenation products thereof.
(O, 0and A: a-methylstyrene. © and ©: cumene.

» Ligand exchange reaction with [(P®’nacnac)Mg J[Co(n?*-dct)2](thf)1.7 (6):

Reaction monitoring by 1H NMR spectroscopy was carried out in a J. Young NMR tube. A
solution of [(PePnacnac)Mg][Co(n*-dct)2](thf):7 (6) (11.2 mg, 11.5 uymol, 1.0 equiv.) in
THF-ds (0.6 mL) was transferred to an NMR tube. Then, styrene (13.2 pL, 115 umol,
10.0 equiv.) was added to the solution. After rotating the sample for 24 h, the 1H NMR
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spectrum was recorded (Figure S14, top). No ligand exchange reaction was observed as

seen by the absence of any resonance for non-coordinated dct.

() o

= 7 |_II:I
A
o +10 ©)\( —H—
=\ Hp THF-dg
o 3

[(°*Pnacnac)Mg(thf); 7]*

o’
o~

-

3

8 6
+ 10.0 equiv. styrene

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
1 (ppm)

Figure S14. 'H NMR spectroscopic monitoring (THF-ds) of the reaction of
[(Pernacnac)Mg][Co(n?*-dct)2](thf)1.7 (6) with 10.0 equiv. of styrene. Bottom: Pure sample of cobaltate

6 before addition. Top: After addition of styrene (10.0 equiv.) after +24 h at ambient temperature. ¢

and ¥¢: characteristic signals for coordinated dct. O, (J and A: styrene.
* Radical probe experiment:

(1-Cyclopropylvinyl)benzene (0.2 mmol in 0.5mL THF) was submitted to the
hydrogenation protocol A (3 mol% 4, 2 bar Ho, 30 °C, 3 h). The reaction mixture was
quenched with sat. NH4Cl (1.0 mL), EtOAc (3.0 mL) was added, the phases separated, and
the organic phase filtered over silica. The solution was dried over MgSO4, again filtered and
the solvent removed under reduced pressure. The colorless liquid residue was dissolved in
CDCIl;s and submitted to 'H NMR spectroscopic analysis (Figure S15).
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H
3 mol% [(P*Pnacnac)Mg][Co(n*-cod),] Ho . H H
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Figure S15. 'H NMR spectrum (300.13 MHz, 298 K, CDCls) of the hydrogenation reaction of

(1-cyclopropylvinyl)benzene with 3 mol% [(PePnacnac)Mg][Co(n*-cod)2] (4). Relative product ratios
were determined by 'H NMR analysis.

= Jsomerization reactions:

3 mol% [(P*Pnacnac)Mg][Co(n*-cod),]
Ph/\/ or /\H{\ > Ph/\/ or /\ﬁ{\
THF, 25°C, 24 h
0.2 mmol full mixture of
isomerization internal octenes

Figure S16. Isomerization reaction of allylbenzene or 1-octene with 3 mol%
[(Pepnacnac)Mg][Co(n*-cod)-] (4) in the absence of dihydrogen.

Allylbenzene or 1-octene (0.2 mmol in 0.5 mL THF) were stirred for 24 h at ambient
temperature with 3 mol% [(PePnacnac)Mg][Co(n*-cod)2] (4) (Figure S16). The reaction
mixture was quenched, filtered and directly subjected to GC-FID and GC-MS analysis. The
chromatograms (GC-FID) for the isomerization experiments with allylbenzene (Figure S17)
and 1-octene (Figure S18) are shown below. Peaks at 17.6 min and 24.7 min correspond to
the internal standard n-pentadecane. The reaction products were verified by GC-MS

analysis.
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Allylbenzene:
uv
‘g 3 FID1
400000 | ° .
300000
200000
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Dj—-h““" [ ] , | ) b |
5 10 15 20 %5
Figure S17. GC-FID chromatogram for the isomerization of allylbenzene.
Table S5. Analysis of the GC-FID chromatogram for the isomerization of allylbenzene.
Retention time [min] Assignment Peak area Relative peak area [%]
5.510 a- or B-methylstyrene 3411671 >99
1-octene:
uV
.8 ® FID1
1000000° | G 3
750000 ]
500000-] i
250000
0 S ’_ L S| N -
5 10 15 "2 5w
min
Figure S18. GC-FID chromatogram for the isomerization of 1-octene.
Table S6. Analysis of the GC-FID chromatogram for the isomerization of 1-octene.
Retention time [min] Assignment Peak area Relative peak area [%]
2.108 Internal 3-octene 708312 16
2.146 Internal 3-octene 1728965 38
2.226 Internal 2-octene 1636262 36
2.313 Internal 2-octene 425150 3

»  Pre-catalyst hydrogenation experiments:

The respective pre-catalyst 1 — 5 (0.025 mmol, dissolved in 0.5 mL THF) was subjected to
2 bar H» at 25 °C for 1 h in a high pressure reactor (Table S7). The reaction mixture was
quenched, filtered and directly subjected to GC-FID and GC-MS analysis to determine the
ligand hydrogenation (mixtures of cod, cod-H2 and cod-H4). Next to the targeted ligand
hydrogenation (cod at 2.482 min, cod-H> at 2.288 min and cod-H4 at 2.421 min), formation
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of bicyclo[X.Y.Z]octane at 2.099 min was observed as indicated by GC-FID and GC-MS
analysis as well as the formation of an additional unidentified species at 3.718 min, which
could not be identified by additional GC-MS analysis (see Figure S19 for the direct
hydrogenation of [K(thf)o2][Co(n*-cod)2] (1)). The exact structure of the formed bicycle

could not be determined. The formation of bicyclo[X.Y.Z]octane and the unidentified

species accounts for the sub-quantitative amount of the ligand hydrogenation mixture
(between 74-89%).

Table S7. Hydrogenation of olefin cobaltates 1 — 5.

l Olefin cobaltat;]

/

[Catlon]

2barH; 25°C,1h

OO

Hydrogenation mixture
of cod, cod-H, and cod-H,

Entry Pre-Cat. %

—
D\(,:..:f:l

-

18

I

O,
=~

7.

cé
/ N\

—

_--Co._
ﬁ N ,/I 4 /-
. + \ +
[Li(thf),] [N("Bu),]

7
N

Dep’N\ N‘Dep

Mg
\

N O
-0

\_—

[K(thf)o2]"  [Na(thf)qs]*
1 2 3 4 5
1 cod 59 58 33 32 88
2 cod-H» 5 8 10 13 1
3 cod-H, 10 21 41 31 0
4 H> Incorp. 12 24 45 38 1

[a] Standard conditions: 0.025 mmol pre-catalyst (0.05 mol/L THF). Substance ratios [%] and H>
incorporation [%] were determined by quantitative GC-FID analysis vs. internal n-pentadecane as
share of the overall hydrogenation mixture quantity. cod = 1,5-cyclooctadiene. cod-H2 = cyclooctene.
cod-Hs = cyclooctane. Total hydrogenation mixture does not account to 100% as further (in part

unidentified) by-products are formed.
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Figure S19. GC-FID chromatogram for the direct hydrogenation of [K(thf)o.2][Co(n*-cod)-] (1).

74



Chapter 2 — Counterion Effect in Cobaltate-Catalyzed Alkene Hydrogenation

2.4.6 NMR Spectroscopic Data
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Figure S20. 'H NMR spectrum (400.13 MHz, 298 K, THF-ds) of 2. *: THF-ds. (J : unidentified

impurities.
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Figure S21. 3C{IH} NMR spectrum (100.61 MHz, 298 K, THF-ds) of 2. *: THF-ds.
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Figure S22, "Li{'H} NMR spectrum (155.46 MHz, 298 K, THF-ds) of 2.
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Figure S23. 'H NMR spectrum (400.13 MHz, 298 K, THF-ds) of 5. *: THF-ds. (J : signal overlap

with residual protonated THF.
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Figure S24. 3C{1H} NMR spectrum (100.61 MHz, 298 K, THF-ds) of 5. *: THF-ds.
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Figure S25. 'H NMR spectrum (400.13 MHz, 298 K, THF-ds) of 6. *: THF-ds. (J: unidentified

impurity.
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Figure S26. 13C{'H} NMR spectrum (100.61 MHz, 298 K, THF-ds) of 6. *: THF-ds.
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Figure S27. 'H NMR spectrum (400.13 MHz, 298 K, CsDs) of 7. *: CsDs. O: olefinic signals of
styrene 1. (J: olefinic signals of styrene 2. A: residual n-hexane.
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Figure S28. 13C{IH} NMR spectrum (100.61 MHz, 298 K, CsDs) of 7. *: CsDs. O: olefinic signals of
styrene 1. (J : olefinic signals of styrene 2.
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Figure S29. 'H NMR spectrum (400.13 MHz, 298 K, THF-ds) of K(PePnacnac). *: THF-ds.
(O : residual n-hexane and unidentified impurity.
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Figure S30. 13C{H} NMR spectrum (100.61 MHz, 298 K, THF-ds) of K(PePnacnac). *: THF-ds.
O : signal of K(Pernacnac) overlapping with residual THF peak.
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2.4.7 Single-Crystal X-ray Diffraction Data

The single-crystal X-ray diffraction data were recorded on Rigaku Synergy DW or GV1000
TitanS? diffractometers with Cu-K, radiation (A\= 1.54184 A). Crystals were selected under
mineral oil, mounted on micromount loops and quench-cooled using an Oxford
Cryosystems open flow N2 cooling device. Either semi-empirical multi-scan absorption
correction[35] or analytical ones[3¢] were applied to the data. The structures were solved with
SHELXT7] solution program using dual methods and by using Olex2 as the graphical
interface.[?8! The models were refined with ShelXLI37] using full matrix least squares
minimization on F2.1391 The hydrogen atoms were located in idealized positions and refined
isotropically with a riding model. The disorder in 6 and 7 was treated with soft

displacement parameter and geometrical restraints.
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Table S8. Crystallographic data and structure refinement for compounds 2, 5, 6, 7 and
[(Pernacnac)Mg(OMe)]-.

Compound 2 5 6 7 [S;I;I(l)?\?;l]?
CCDC 2294851 2294850 2294853 2294808 2294852
Formula CsoH144C02Na2012] C32HeoCoN  |CesH73CoMgN202(CeoH101CoMgN20s5 Cs2H72MgaN4O2
Deate./ g cm™ 1.232 1.153 1.164 1.227 1.137
p/mm-1 3.859 4.625 2.800 2.061 0.759
Formula Weight 1461.78 517.74 997.49 1121.75 833.75
Color dull yellowish clear light yellow| clear orange clear reddish clear light yellow
brown orange
Shape block block block block block
Size/mm? 0.489x0.456x | 0.205x0.156x | 0.133x0.11x | 0.628x0.429x | 0.859x 0.569 x
0.343 0.136 0.098 0.246 0.339
T/K 100(1) 123(1) 123(1) 123(1) 123(1)
Crystal System monoclinic monoclinic tetragonal triclinic monoclinic
Space Group P21/c I2/a P4s/n P-1 P21/c
a/A 16.7184(2) 19.82900(10) 13.6368(1) 12.4880(2) 17.8168(2)
b/A 27.8917(3) 11.51220(10) 13.6368(1) 13.3974(3) 20.1947(2)
c/A 17.8808(2) 26.4822(2) 30.6119(3) 19.0437(3) 14.7818(2)
a/’ 90 90 90 97.616(2) 90
B/° 109.0730(10) 99.3020(10) 90 95.5500(10) 113.6650(10)
v/° 90 90 90 104.078(2) 90
V/A3 7880.17(16) 5965.74(8) 5692.66(10) 3035.50(10) 4871.31(10)
Z 4 8 4 2 4
A 1 1 0.5 1 1
Wavelength/A 1.54184 1.54184 1.54184 1.39222 1.54184
Radiation type CuKa CuKaq CuKaq CuKsp CuKa
20 rj‘;lug:c{?;ndata 5.594 t0 146.53 [6.764 to 150.512| 5.774 to 146.13 | 4.266 to 120.022 | 5.416 to 151.76
-220<h<16,-34| -22<h<24,- F11<h<16,-15/-15<h<15,15|-19<h <22, -
Indexranges [<k<33,-22<1[{14<k<14,-33|<k<16,-37<1|<k<16,-23<1|25<k<25,-18
<21 <1<32 <37 <23 <l<18
R:;}f:gzgs 72986 43368 5580 45639 10022
Independent 15118 [Rint= 6112 [Rint = 5580 [Rint = 11975 [Rint= 10022 [Rint=
Reflections 0.0386, Rsigma = | 0.0315, Rsigma = | 0.0409, Rsigma = | 0.0380, Rsigma = 0.0580,
0.0286] 0.0183] 0.0211] 0.0297] Rsigma = 0.0202]
Rint 0.0386 0.0315 0.0409 0.0380 0.0580
Parameters 934 311 407 755 555
Restraints 36 0 204 102 0
Largest Peak 0.41 0.213 0.31 0.97 0.76
Deepest Hole -0.36 -0.298 -0.35 -0.49 -0.38
GooF 1.059 1.074 1.074 1.043 1.014
wR2 (all data) 0.1277 0.0833 0.1561 0.1108 0.1327
WR> 0.01230 0.0824 0.1497 0.1081 0.1306
R; (all data) 0.0545 0.0327 0.0617 0.0446 0.0504
R: 0.0453 0.0311 0.0534 0.0413 0.0475
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Figure S31. Molecular structure of 2 in the solid state. Ellipsoids are set at the 40% probability
level. Hydrogen atoms were omitted for clarity. Selected bond lengths [A] and angles [°]: Na1-O1:
2.4440(15), Nal—Col: 8.2197(7), Co1-C1: 2.034(2), Co1-C2: 2.0401(19), C1-C2: 1.419(3), C2—C3:
1.511(3), C3—-C4: 1.535(3), 02—Nal-01: 95.77(6), 01-Nal-03: 172.85(6), C1-Co1-C2: 40.76(8),
C1-C2-C3: 123.90(18).

Figure S32. Molecular structure of 5 in the solid state. Ellipsoids are set at the 40% probability
level. Hydrogen atoms were omitted for clarity. Selected bond lengths [A] and angles [°]: N1-Co1:
6.2068(11), Col-Cl11: 2.0443(13), Col-Cl2: 2.0474(13), C11-Cl2: 1.4152(19), C10-C11:
1.5194(19), C9-C10: 1.5371(19), C11-Co1-C12: 40.47(5), C10-C11-C12: 125.66(12).
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C1

Figure S33. Molecular structure of 6 in the solid state (part 0 and 2 depicted). Ellipsoids are set at
the 40% probability level. Hydrogen atoms were omitted for clarity. Selected bond lengths [A] and
angles [°]: Mgl1-01: 1.9924(16), Mgl-N2: 2.0088(19), C2-N2: 1.337(3), C1-C2: 1.502(3), C2-C3:
1.397(3), Co1-C35: 2.074(8), Co1-C34: 1.906(11), C34-C35: 1.406(11), C33—-C34: 1.611(11), C28-
C33: 1.375(3), N2—Mgl-N21: 95.22(11), 01-Mgl-011: 92.86(9), N2-Mgl-01: 109.75(8), C34—
Co1-C35: 41.1(3), C33-C34—-C35: 130.4(8).

2.4.8 Computational Studies
2.4.8.1 Molecular Dynamics (MD) Simulations

All MD simulations were performed with the software GROMACS 2021.5[40L41] after
equilibration by use of the Leapfrog algorithm with 108 time steps, each 2 fs. The force field
generation and parametrization details can be found on
https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202315381 (Supporting Informa-
tion). The V-rescale thermostat was used to keep the temperature constant at 298 K, the
Berendsen barostat was used to keep the pressure constant at 1.0 bar. A set of 20 anionic
complex molecules [Co(n*-cod)(n2-styrene)H2]- (114) and 20 cations [M(thf),]* (M = K,
Na, Li, (PePnacnac)Mg) were simulated in minimum 500 THF molecules. Each simulation
run was checked for total energy conservation, constant temperature, and constant
pressure with the GROMACS integrated “energy” tool.

Radial distribution functions were calculated using the GROMACS integrated “rdf” tool
(Figure S34). The radial distribution function (M—Co distance) for ion pair structures
[M(thf)n][Co(n*-cod)(n?-styrene)H>] (11k-mg) (M = K, Na, Li, (PePnacnac)Mg) shows three
decreasing, narrow peaks for the alkali metal cobaltates following the trend:
K (3.43A) > Na (3.02 A) > Li (2.80 A). The magnesium cobaltate is located between the
lithium and sodium cobaltate at 2.93 A. Following the approach described above, a set of 20
anionic complex molecules [Co(n*-cod)(n2-styrene)(H)(CH2CH2Ph)]~ (144) and 20 cations
[M(thf),]* [M = K, Na, Li, (PePnacnac)Mg] were simulated in minimum 500 THF molecules.
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Figure S34. Radial distribution function (M-Co distance) for ion pair structures
[M(thf)n][Co(n*-cod)(n2-styrene)H2] (11k-mg) (M = K, Na, Li, (PePnacnac)Mg).

Radial distribution functions were calculated using the GROMACS integrated “rdf” tool
(Figure S35). The radial distribution function (M—Co distance) for ion pair structures
[M(thf)n][Co(n*-cod)(n2-styrene)(H)(CH2CH2Ph)] (14x-mg) (M = K, Na, Li, (PePnacnac)Mg)
shows a widened distribution of ion pair arrangements with M—Co distances ranging
between ca. 3.0 A and 12.0 A. Relevant ion pair structures are intimate ion pairs and fully

solvated ion pairs. The observed structures are discussed in further detail in section 2.4.8.2.
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Figure S35. Radial distribution function (M-Co distance) for ion pair structures
[M(thf)n][Co(n*-cod)(n2-styrene)(H)(CH2CH2Ph)] (14x-mg) (M = K, Na, Li, (PePnacnac)Mg).
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2.4.8.2 Density Functional Theory (DFT) Calculations
=  General Considerations

All calculations were performed with the Orca 5.0.31421 quantum chemistry program
package at the r2SCAN-3cl*3] level of theory. Stationary points were confirmed as local
minima (no imaginary frequencies) or transition states (only one imaginary frequency) by
frequency analysis. The anion-only reaction profile for the hydrogenation of styrene with
anionic complex [Co(n*-cod)(n2-styrene)2]- (7a) was calculated with implicit solvation
(r2SCAN-3c, CPCM[THF]; see Scheme 3, main part). The migratory insertion step was
calculated with direct participation of the counterion and explicit THF solvent coordination
(r2SCAN-3c; explicit THF coordination derived from initial MD simulations, see above).
Further molecular properties were analyzed using natural bond orbital (NBO 7.0)
analyses!* and NCI analyses (multiwfn 3.8[4%]) for non-covalent interactions. Shown iso-
surfaces were plotted with VMD 1.9.3.[46] Rendered transition state structures [12k.mg]*
were plotted with CYLview.[47]

» Coordination Geometries for the Migratory Insertion Step with Participation of the

Counterion

In extension to Figure 5 (main part), all transition state geometries for the migratory
insertion step including the counterion are displayed in Figure S36 (additional structural
data in Table S9).

THF

A

THF
‘\/

Figure S36. Transition state structures for the migratory insertion step with cation participation. A:
[K(thf)s][Co(n*-cod)(n2-styrene)H2] ([12k]*). B: [Na(thf)4][Co(n*-cod)(n2-styrene)Hz2] ([12na]?). C:
[Li(thf)s][Co(n*-cod)(n2-styrene)H2] ([12Li]*). D: [(Pernacnac)Mg(thf)][Co(n*-cod)(n2-styrene)Hz]
([12mg]").
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Table S9. Key parameters for the reactivity differences for the migratory insertion step based on
ground state structures 114 and 11k-mg and transition state structures [12a]*and [12xk-mg]*.

A B C D E
Entry

Mn+ none K+ Na+ Li+ Mg2+

AG* ([12]9) N
1 ol fmol] 19.0 17.0 17.0 15.5 15.5

ARG (115>13) .

2 Nl /ol 112 8.4 11.2 8.2 7.2
2 BO (Co—C3)! 0.95 0.95 0.95 0.97 0.90
3 BO (Ci—H)bI 0.54 0.60 0.61 0.61 0.55
4 A8 (1)l 0.07 0.14 0.13 0.16 0.16
5 A8 ([12])®! 0.14 0.58 0.55 0.55 0.64
n+_Hb. ¥

6 r (M [Ig]’[lz] ) / 2,58 2.15 1.81 1.96

[a] Gibbs free energy derived from the anion-only reaction profile calculations (see the main part in
Scheme 3). [b] Pauling bond orders using ¢ = 0.6 for TS structures. [c] Polarization of C—H bonds
expressed by the differences of the natural population analysis (NPA) charges at H2 and Hb.

*  Analysis of the Counterion Influence on the Reductive Elimination Step

To determine whether coordination of the substrate to the cation can affect other
elementary steps in the catalytic cycle, the reductive elimination (14a — [154]") was
analyzed following the MD/DFT approach (see above). In contrast to the MD simulations
for 11kwmg (see Figure S34 for the RDFs), the RDF for ion pair structures
[M(thf)n][Co(n*-cod)(n?-styrene)(H)(CH2CH2Ph)] (M = K, Na, Li, (P®Pnacnac)Mg; 14k-mg)
shows a widened distribution of ion pairing with M—Co distances ranging between ca. 3.0 A
and 12.0 A. For the Mg and the Li salts of 14, the RDF provided two main assemblies; one
that can be described as a contact ion pair, featuring a cation-n interaction with the
n2-bound styrene molecule (Figure S37A) and another that shows solvent-separated ions.
In contrast, the sodium salt 14N, only appears as a solvent-separated ion pair with a fully
solvated sodium counterion [Na(thf)e]* (Figure S37B; the ion pair structure was assessed
both by RDF analysis and manually checking the MD simulation). The potassium salt 14k
exhibits a distinct ion pair arrangement, showing close ion pairing involving one cobalt
complex and one potassium cation, but also some ion triples consisting of one potassium
cation and two cobalt complexes.

The two ion pair structures [(PePnacnac)Mg]l[Co(n*-cod)(n2-styrene)(H)(CH2CH2Ph)]
(14wmg) and [Na(thf)s][Co(n*-cod)(n2-styrene)(H)(CH2CH2Ph)] (14na) representing the two
reactivity regimes (Mg: higher vs. Na: lower) were re-optimized at DFT level to further

analyze the influence of the counterion on the reductive elimination step
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(14mg/Na_ > [15mg/Nal?). For transition state [15mg]®, the activation barrier for the
reductive elimination is reduced to 1.5 kcal/mol, rendering the process effectively
barrierless. In contrast, the activation barrier for transition state [15na]* does not
significantly change compared to the anion-only model (4.5 kcal/mol for [15na]* vs.
5.0 kcal/mol for [15a]%). While a stabilizing interaction of the magnesium cation and the
styrene molecule likely accounts for the reduction in transition state energy, the fully
solvated sodium cation was not able to beneficially affect the reductive elimination step by
interaction with the anion. NCI analyses of the transition states [15mg]* and [15nal
support the attractive interaction between [(P¢Pnacnac)Mg]* and styrene, while no
attractive interaction was identified between [Na(thf)s]* and the complex anion (Figure S42
and Figure S43).

i B (DFT optimized):
1 |- x| isolvent-separated ion pair

i A (DFT optimized):
i close ion pair

&)

Na

T" styrene
H 14y,4: [(PePnacnac)Mg] H
i [Co(n*-cod)(n?-styrene)(H)(CH,CH,Ph)]

~ styrene

14y, [Na(thf),]

. . . . . . 4 4. 2- :
02 04 06 08 I 12 14 i [Coln™cod)n”styrene) H)(CH,CH,PI) ;
r (nm)

Figure S37. Radial distribution function (M-Co distance) for ion  pairs
[M(thf)a][Co(n*-cod)(n2-styrene)(H)(CH2CH2Ph)] (14x-mg) (M = K, Na, Li, (Penacnac)Mg) and
relevant ion pair structures of 14mg (A) and 14na (B) after re-optimization at DFT level. In ion pair
[(Pernacnac)Mg][Co(n*-cod)(n2-styrene)(H)(CH2CH2Ph)] (14mg), styrene is essentially sandwiched
between the magnesium cation and  the cobalt anion. In ion pair
[Na(thf)s][Co(n*-cod)(n2-styrene)(H)(CH2CH2Ph)] (14a), solvent separation of the ions is observed
and no cation styrene interaction found.

= Non-Covalent Interaction (NCI) Plots

Non-Covalent Interaction (NCI) analyses based on electron densities from single point
calculations on ®B97M-V/def2-QZVP!“8] level of theory were performed for the transition
state structures [M(Ln)][Co(n*-cod)(n?-styrene)Ho>] ([12x-mgl*; M = K(thf)s, Na(thf)s,
Li(thf)s, (Pernacnac)Mg(thf)) and for the transition state  structures
[M(Ln)][Co(n*-cod)(n2-styrene)-(H)(CH2CH2Ph)]  ([15mg/Nnal; M = Na(thf)s or
(Pepnacnac)Mg). The fine integration grid of the software multiwfn!*5! was used for all NCI
plot calculations. Full representations of rendered structures with and without NCI surfaces
(3D), as well as the full NCI plots (2D) are available below.
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NCI analysis for transition state structure [K(thf)s][Co(n*-cod)(n?-styrene)H2] ([12«]*)

20
18

sign(Zalpe (au.)

Figure S38. A: Structure of [K(thf)s][Co(n*-cod)(n2-styrene)H2] ([12k]*). B: NCI Surface
visualization (3D) of [12xk]*. C: Cutout of the NCI surface visualization (3D) of [12k]* showing the
[Co—Hy]---K* interaction. D: As C with cutoff at sign(A2)p < —0.01. E: NCI plot (2D) of [12k]*. F: AsE
with cutoff at sign(A2)p < —0.01; diagrams show plots of RDG := reduced density gradient over
sign(A2)p := density with sign of the second derivative Hessian matrix. The sign(A2)p > 0 (red) are
read as strong repulsive interactions, sign(A2)p =~ 0 (green) as weak interactions and sign(A2)p < 0
(blue) as strong attractive interactions.

NCI analysis for transition state structure [Na(thf)4][Co(m?*-cod)(n?-styrene)Hz] ([12na]*)

Ph

[12ya]*

sign(2z)p (a.u)

Figure S39. A: Structure of [Na(thf)s][Co(n*cod)(n2-styrene)H2] ([12na]*). B: NCI Surface
visualization (3D) of [12na]*. C: Cutout of the NCI surface visualization (3D) of [12na]* showing the
[Co—Hp]---Na* interaction. D: As C with cutoff at sign(A2)p < —0.01. E: NCI plot (2D) of [12na]*. F: As
E with cutoff at sign(A2)p < —0.01; diagrams show plots of RDG := reduced density gradient over
sign(A2)p := density with sign of the second derivative Hessian matrix. The sign(A2)p > 0 (red) are
read as strong repulsive interactions, sign(A2)p = 0 (green) as weak interactions and sign(A2)p < 0
(blue) as strong attractive interactions.
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NCI analysis for transition state structure [Li(thf)s][Co(n*-cod)(n?-styrene)H>] ([121i]*)

A

signiiglp (a.u)

Figure S40. A: Structure of [Li(thf)3][Co(n*-cod)(n?-styrene)H2] ([12Li]*). B: NCI Surface
visualization (3D) of [12y4]*. C: Cutout of the NCI surface visualization (3D) of [12Li]* showing the
[Co—Hp]---Li* interaction. D: As C with cutoff at sign(A2)p < —0.01. E: NCI plot (2D) of [125i]*. F: As
E with cutoff at sign(A2)p < —0.01; diagrams show plots of RDG := reduced density gradient over
sign(A2)p := density with sign of the second derivative Hessian matrix. The sign(A2)p > 0 (red) are
read as strong repulsive interactions, sign(A2)p = 0 (green) as weak interactions and sign(A2)p < 0
(blue) as strong attractive interactions.

NCI analysis for transition state structure [(PePnacnac)Mg(thf)][Co(n?*-cod)-
(n?-styrene)Hz] ([12mg]")

A

- o = o o
- -
¢ © o © o

sign(A)p (a.u.)

Figure S41. A: Structure of [(PePnacnac)Mg(thf)][Co(n*-cod)(n2-styrene)Hz2] ([12mg]*). B: NCI
Surface visualization (3D) of [12mg]*. C: Cutout of the NCI surface visualization (3D) of [12mg]*
showing the [Co—Hp]---Mg(PePnacnac)+ interaction. D: As C with cutoff at sign(A2)p < —0.01. E: NCI
plot (2D) of [12mg]*. F: As E with cutoff at sign(A2)p < —0.01; diagrams show plots of RDG :=
reduced density gradient over sign(A2)p := density with sign of the second derivative Hessian matrix.
The sign(A2)p > 0 (red) are read as strong repulsive interactions, sign(A2)p = 0 (green) as weak
interactions and sign(A2)p < 0 (blue) as strong attractive interactions.
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NCI analysis for transition state structure [(PePnacnac)Mg]-
[Co(n*-cod)(n?-styrene)(H)(CH2CH2Ph)] ([15mg]*)
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Figure S42. A: Structure of [(PePnacnac)Mg][Co(n*-cod)(n?-styrene)(H)(CH2CH2Ph)] ([15Mmg]*). B:
Rendered transition state structure of [15mg]*. C: NCI Surface visualization (3D) of [15mg]* with
cutoff at sign(A2)p < —0.01. D: Cutout of the NCI surface visualization (3D) of [15mg]* showing the
styrene---Mg(PePnacnac)* interaction with cutoff at sign(A2)p < —0.01. E: NCI plot (2D) of [15mg]*. F:
As E with cutoff at sign(A2)p < —0.01; diagrams show plots of RDG := reduced density gradient over
sign(A2)p := density with sign of the second derivative Hessian matrix. The sign(A2)p > 0 (red) are
read as strong repulsive interactions, sign(A2)p = 0 (green) as weak interactions and sign(A2)p < 0
(blue) as strong attractive interactions.

NCI analysis for transition state structure [Na(thf)s][Co(n?*-cod)(n?-styrene)(H)-
(CH2CH2Ph)] ([15Na]")

A
0.02
0.01
m’j_ 0.00
"eS._—ph
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l\\ -0.02
Ph -0.03
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[15nal = 3
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Figure S43. A: Structure of [Na(thf)s][Co(n*-cod)(n?-styrene)(H)(CH2CH2Ph)] ([15n~a]?). B:
Rendered transition state structure of [15na]*. C: NCI Surface visualization (3D) of [15na]*. D: NCI
plot (2D) of [15na]*; diagrams show plots of RDG := reduced density gradient over sign(A2)p :=
density with sign of the second derivative Hessian matrix. The sign(A2)p > 0 (red) are read as strong
repulsive interactions, sign(A2)p = 0 (green) as weak interactions and sign(A2)p < 0 (blue) as strong
attractive interactions.
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2.4.8.3 Cartesian Coordinates and Thermochemistry Output of the Optimized Structures

* Anion-Only Hydrogenation of Styrene with Anionic [Co(n*-cod)(n?-styrene)z]- (7a)

[Co(n*-cod)(n2-styrene)2]~ (7a)
H=-2313.57741318 Eh

G =-2313.64780625 Eh

Co 0.394412 -0.000139 -0.001014
C-0.924239 -0.780947 -1.386983
H-0.341302 -1.216007 -2.202191
C-1.931047 -1.715439 -0.747924
H-1.516656 -2.728034 -0.761814
H-2.863279 -1.751835 -1.340114
C-2.23559 -1.323864 0.712504
H-3.131652 -0.692952 0.767112
H-2.467715 -2.230392 1.286078
C-1.05714-0.614228 1.357521
H-0.566121 -1.177215 2.146295
C-0.918292 0.78136 1.390238
H-0.331826 1.216004 2.203134
C-1.926982 1.716492 0.755135
H-1.511984 2.728859 0.767641
H -2.856907 1.753401 1.350925
C-2.237408 1.325348 -0.704181
H -3.134285 0.69531 -0.755504
H -2.470854 2.232187 -1.276728
C1.8188130.817832 -1.170094
H 2.760062 0.267987 -1.112992
H 1.52362 1.040474 -2.196774
C1.547573 1.768256 -0.141766
C1.822844 -0.819173 1.16244

H 2.764206 -0.269914 1.101729
H 1.531516 -1.04186 2.190213

C 1.547002 -1.769302 0.135068
H 2.176921 1.733115 0.746458
H 2.172783 -1.734481 -0.755682
C-1.062096 0.614744 -1.353856
H-0.573931 1.177299 -2.144711
C 0.89835 -3.063266 0.293574
C0.771511 -3.908857 -0.832367
C0.413975 -3.568915 1.518973
C0.150741 -5.147646 -0.754483
H 1.159084 -3.560789 -1.788376
C-0.215614 -4.806527 1.594729
H 0.54104 -2.986981 2.426582

C-0.36581 -5.606138 0.460425
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H 0.065426 -5.762892 -1.647579
H -0.58256 -5.158893 2.556536
H -0.855295 -6.573812 0.525554
C0.899095 3.062591 -0.29791
C0.777099 3.908425 0.828378
C0.410321 3.568333 -1.521527
C0.15677 5.147568 0.752677

H 1.168213 3.560287 1.78292
C-0.218842 4.8063 -1.59506

H 0.53358 2.98619 -2.42953
C-0.364214 5.606162 -0.460296
H 0.075308 5.763036 1.645983
H -0.589277 5.15874 -2.555501

H -0.853369 6.574117 -0.523681

[Co(n*-cod)(n?-styrene)]- (8a)

H =-2004.11174998 Eh

G =-2004.16916218 Eh

Co 1.041492 1.278301 6.677926
C 2.651989 1.147921 7.934257
H 3.556378 0.649848 7.581659
H 2.863691 2.087552 8.455108
C2.227251 1.775923 5.160872
H 3.205862 2.116436 5.504903
C1.577383 0.313159 8.367779
H 1.643592 -0.774549 8.395888
C0.177498 2.363202 8.575135
H 1.041693 3.017956 8.583624
C-1.100854 2.935426 8.67942
H-1.198363 4.015741 8.579347
C0.307473 -0.175062 5.500075
H 0.265727 -1.126082 6.039047
C1.157025 2.701263 5.235387
H 1.378815 3.674359 5.681783
C 0.324208 0.929473 8.684054
C-0.70707 0.775853 5.78015

H -1.443345 0.512495 6.541588
C-2.227688 2.169703 8.938098
H -3.207475 2.632539 9.01786
C2.302722 0.63021 4.168491

H 3.14002 -0.010291 4.477184

H 2.550442 0.986856 3.151032

C-1.181313 1.841097 4.809773
H -1.857866 2.505543 5.364001
H -1.780784 1.420195 3.980569
C-0.839094 0.181667 9.063079
H -0.735417 -0.889223 9.231423
C1.013482 -0.218418 4.149298
H 0.335699 0.136061 3.361637
H 1.264536 -1.254382 3.885745
C-0.010223 2.677903 4.256461
H 0.323934 2.276033 3.290585
H -0.350426 3.702024 4.052456
C-2.071402 0.781351 9.167028

H-2.938851 0.181814 9.437699

[Co(n*-cod)(n2-styrene)(H2)]- (94)
H =-2005.27657999 Eh

G =-2005.33430758 Eh

Co -0.638696 -0.458318 -0.48509
C0.122995 1.401655 -0.84145

H -0.488183 1.919632 -1.584946
C0.283692 2.137111 0.474688

H -0.6674 2.640401 0.693655

H 1.043912 2.936918 0.405965
C0.6139171.172853 1.633551

H 1.69905 1.084229 1.765334

H 0.236162 1.594746 2.574641
C-0.015305 -0.196309 1.397714
H -0.824211 -0.437373 2.092057
C0.665822 -1.302784 0.813837
H 0.375951 -2.300912 1.152721
C2.097218-1.211599 0.313119
H 2.303713 -2.110026 -0.283355
H 2.829863 -1.219005 1.142349
C2.313127 0.033406 -0.575201
H 2.683722 0.874213 0.02247

H 3.098949 -0.176041 -1.313204
C-2.399489 -1.203165 0.095935
H -2.842963 -1.937286 -0.578492
H-2.437675 -1.517052 1.140966
C-2.567742 0.192149 -0.193019
H -2.53063 0.890386 0.645335

C1.031437 0.425764 -1.296862
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H 1.036362 0.233756 -2.37077

H -0.982842 -0.910126 -1.949691
H-0.51302 -1.593574 -1.546732
C-3.196968 0.745058 -1.380606
C-3.685439 -0.037222 -2.45528
C-3.354024 2.146512 -1.504819
C-4.262322 0.545089 -3.575166
H -3.598197 -1.11948 -2.407499
C-3.929225 2.725948 -2.629128
H-3.001516 2.78062 -0.692974
C-4.38886 1.934373 -3.6839

H -4.625031 -0.093645 -4.378317
H -4.023133 3.808861 -2.682649

H-4.84112 2.384835 -4.562788

[Co(n*-cod)(n?-styrene)(H2)]~
([104])

H =-2005.27714764 Eh

G =-2005.33435325 Eh
Co-0.719798 -0.478566 -0.384032
C0.278683 1.124376 -1.156553
H-0.294373 1.555641 -1.980837
C0.631034 2.104476 -0.054543
H-0.218741 2.788223 0.068276
H 1.494506 2.73707 -0.331834
C0.891342 1.394569 1.29056

H 1.958429 1.173194 1.41095

H 0.634899 2.073151 2.114737
C0.065582 0.121078 1.409484
H-0.745368 0.172941 2.138115
C0.535222 -1.167317 1.077757
H 0.100438 -2.013061 1.613524
C1.92224 -1.423606 0.517773

H 1.949886 -2.455701 0.146257
H 2.696448 -1.357799 1.304555
C2.259941 -0.467133 -0.646072
H 2.78447 0.420621 -0.274109
H 2.960539 -0.962442 -1.33117
C-2.520694 -0.812753 0.418021
H-3.140236 -1.537471 -0.109791
H -2.494162 -0.98262 1.496271
C-2.479075 0.54028 -0.050316
H-2.260799 1.322144 0.678632
C 1.008781 -0.054871 -1.409843

H 0.931331 -0.469068 -2.414861

H -1.24591 -1.023918 -1.670914
H -0.70356 -1.851299 -0.973866
C-3.133355 1.047132 -1.249716
C-3.083779 2.429038 -1.540375
C-3.841747 0.236777 -2.165906
C-3.680644 2.963982 -2.676393
H -2.555884 3.085975 -0.85128
C-4.442083 0.7737 -3.296771

H -3.910755 -0.832699 -1.987011
C-4.367515 2.14284 -3.571728
H -3.612578 4.033847 -2.862944
H -4.980483 0.115922 -3.976249

H -4.838034 2.557649 -4.4587

[Co(n*-cod)(n?-styrene)Ha]~ (114a)
H =-2005.27719664 Eh

G =-2005.33468952 Eh
Co-0.706127 -0.495828 -0.432938
C0.338548 1.071383 -1.198758
H -0.193875 1.488983 -2.056319
C 0.674967 2.086443 -0.12478

H -0.171055 2.78085 -0.048574
H 1.551406 2.701001 -0.402837
C 0.895281 1.426094 1.250452

H 1.956424 1.198684 1.404496

H 0.624381 2.134967 2.043461
C0.061626 0.164131 1.405494

H -0.781885 0.248928 2.090521
C0.521063 -1.127089 1.137464
H 0.041853 -1.950144 1.666842
C1.906457 -1.431156 0.604353
H 1.917568 -2.476849 0.274787
H 2.663367 -1.348161 1.404853
C2.281631 -0.52804 -0.588626

H 2.809949 0.367192 -0.239978
H2.991918 -1.06128 -1.23371
C-2.517746 -0.826334 0.343288
H -3.164466 -1.489448 -0.228647
H-2.477317 -1.079869 1.404538
C-2.437296 0.556792 -0.019509
H-2.217238 1.277501 0.768027
C1.057891 -0.127888 -1.402101
H 1.012597 -0.561318 -2.39983
H -1.284517 -0.750506 -1.762067

H -0.539144 -1.956142 -0.707446

C-3.107155 1.170156 -1.164178
C-3.086822 2.572778 -1.312697
C-3.797989 0.439627 -2.1548
C-3.701136 3.207257 -2.387329
H-2.571722 3.168895 -0.561614
C-4.417598 1.074148 -3.223516
H -3.840181 -0.643461 -2.085125
C-4.374061 2.464687 -3.357562
H-3.657411 4.291534 -2.465567
H -4.94345 0.476829 -3.965571

H -4.858139 2.956155 -4.196896

[Co(m?-cod)(n2-styrene)Ho]~ ([124a]%)
H =-2005.24708970 Eh

G =-2005.30435354 Eh

Co 0.709303 -0.288831 -0.379384
C 0.046849 0.901923 1.178863

H 0.884334 1.187083 1.818188
C-0.7358 2.070579 0.615245
H-0.017177 2.872389 0.400973
H -1.443402 2.482123 1.359373
C-1.460506 1.699426 -0.690861
H -2.487447 1.368815 -0.484419
H -1.559269 2.595649 -1.317701
C-0.694463 0.61611 -1.448238

H -0.352911 0.925622 -2.438113
C-0.990864 -0.789352 -1.290985
H-0.861839 -1.408125 -2.182582
C-2.076389 -1.315178 -0.369544
H -1.980885 -2.408261 -0.331604
H -3.092258 -1.110958 -0.760904
C-1.918762 -0.754357 1.053277
H -2.553361 0.129402 1.192336
H-2.266091 -1.491341 1.789439
C2.547182 0.521006 -0.125964
H 3.223386 0.610611 -0.976551
H 2.624414 1.365657 0.559503

C 2.494841 -0.816715 0.505785
H 2.397163 -0.794913 1.596399
C-0.469439 -0.39191 1.343383

H 0.03175 -1.028128 2.074012

H 1.343223 -1.602832 0.130981
H 1.302534 -0.674334 -1.68063

C 3.517755 -1.83243 0.106229

C 3.856402 -2.063549 -1.234867
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C 4.182047 -2.579801 1.087312
C4.830755 -2.994814 -1.577049
H 3.336252 -1.507593 -2.010301
C5.156007 -3.517028 0.746785
H 3.932015 -2.419895 2.134491
C5.487757 -3.730059 -0.589061
H 5.076214 -3.154362 -2.624425
H 5.655473 -4.083009 1.529451

H 6.245907 -4.46022 -0.859041

[Co(n*-cod)(H)(CH2CH2Ph)]- (134)
H =-2005.25798762 Eh

G =-2005.31806398 Eh

Co0 0.604603 -0.3941 -0.368521
C-1.221694 -1.003567 -1.006817
H-1.059328 -1.796355 -1.739754
C-2.093232 -1.405517 0.162227
H -1.897956 -2.465425 0.371748
H -3.169672 -1.334447 -0.079072
C-1.76938 -0.582897 1.430825
H-2.417641 0.29942 1.490964
H-1.995272 -1.18554 2.320133
C-0.3098 -0.169724 1.445032

H 0.315826 -0.683655 2.177049
C0.149706 1.063991 0.94578

H 1.090073 1.452875 1.345099
C-0.735508 2.118963 0.318684
H -0.080592 2.862492 -0.154848
H-1.32652 2.667356 1.074657
C-1.664223 1.518268 -0.760457
H-2.628283 1.233607 -0.32271
H-1.889128 2.285024 -1.513236
C-1.008386 0.321099 -1.421837
H-0.662754 0.481712 -2.444023
H 1.25125 -1.000447 -1.653548
C2.431224 -0.587834 0.417925
H 2.42792 -0.355842 1.499913

H 2.7821 -1.630774 0.328647

C 3.487283 0.320059 -0.247559
H 3.150902 1.36613 -0.217163

H 3.58813 0.049785 -1.30616

C 4.833208 0.22417 0.424044
C5.75093 -0.767576 0.05449
C5.177905 1.074213 1.482251

C6.967207 -0.907693 0.717611
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H 5.501831 -1.438269 -0.765971
C6.392533 0.938057 2.150589
H 4.479026 1.852622 1.783769
C7.294744 -0.054851 1.771431
H 7.665454 -1.682152 0.40902
H 6.63849 1.612049 2.967818

H 8.244223 -0.161028 2.28927

[Co(n*-cod)(n?-styrene)(H)(CH2
CH2Ph)]- (144)

H =-2314.72039916 Eh

G =-2314.79336941 Eh

Co 0.350268 0.257717 -0.394573
C-0.271222-1.09123 1.033759
H 0.586369 -1.466471 1.589354
C-1.375944 -0.554972 1.919895
H -0.905079 -0.037222 2.763123
H -1.977545 -1.374372 2.355131
C-2.27216 0.445129 1.174906

H -3.150325 -0.055348 0.74858
H -2.663082 1.187056 1.883477
C-1.502339 1.166685 0.083206
H -1.293206 2.212459 0.285715
C-1.501005 0.773588 -1.254202
H -1.344974 1.545454 -2.006795
C-2.204163 -0.469876 -1.756281
H -1.883003 -0.644933 -2.789731
H -3.296033 -0.309266 -1.789058
C-1.862368 -1.710998 -0.906479
H -2.625078 -1.868541 -0.13315
H -1.896379 -2.603363 -1.544428
C1.227155 2.060493 -0.549009
H 2.082081 2.060893 -1.222674
H 0.528878 2.876403 -0.745808
C1.41639 1.618372 0.79627

H 2.344544 1.093026 1.016985
C-0.483883 -1.604015 -0.265515
H 0.2435-2.325017 -0.637311

H 0.422841 0.115762 -1.872568
C 2.169098 -0.652898 -0.722703
H 2.891672 0.144177 -0.955513
H 2.132438 -1.29479 -1.615406
C2.77413 -1.511726 0.405842

H 2.152606 -2.399292 0.57918

H 2.805975 -0.945872 1.346788

C4.166865 -1.964122 0.057379
C5.278968 -1.170893 0.366775
C 4.385068 -3.154852 -0.646844
C6.563325 -1.55292 -0.010758
H 5.128243 -0.240846 0.912544
C5.667355 -3.541007 -1.028852
H 3.533059 -3.785124 -0.89598
C6.764539 -2.741109 -0.712643
H 7.412069 -0.923619 0.246001
H 5.812348 -4.472214 -1.571294
H 7.766354 -3.042299 -1.006554
C0.830451 2.207914 1.9955
C1.090474 1.616904 3.252528
C 0.044406 3.380441 2.004441
C0.565484 2.129459 4.429579
H 1.710332 0.722013 3.284205
C-0.492517 3.887545 3.183664
H-0.130208 3.914365 1.074408
C-0.247457 3.266639 4.408155
H 0.786644 1.637846 5.374615
H-1.097481 4.791301 3.147254

H -0.663783 3.668865 5.327471

[Co(n*-cod)(n?-styrene)(H)(CH2
CH2Ph)]- ([15A]%)

H =-2314.71272928 Eh

G =-2314.78540704 Eh

Co 0.332651 0.204338 -0.369581
C-0.459908 -0.609633 1.353229
H 0.330932 -0.800512 2.081412
C-1.597022 0.25297 1.862692
H-1.160792 1.036936 2.492706
H -2.285736 -0.321948 2.50907
C-2.363097 0.926088 0.708699
H-3.221978 0.319917 0.395591
H-2.782167 1.877608 1.061609
C-1.435079 1.195727 -0.469017
H-1.25344 2.253882 -0.645918
C-1.294058 0.345065 -1.594312
H -1.049139 0.820502 -2.54677
C-2.026521 -0.975893 -1.728122
H-1.572005 -1.535648 -2.555963
H -3.088176 -0.82878 -1.999683
C-1.908374 -1.809249 -0.436813

H-2.760917 -1.620894 0.225156
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H-1.951949 -2.878179 -0.684214
C1.303882 1.848331 -0.962776
H 2.152445 1.647005 -1.61809
H 0.669068 2.653112 -1.338326
C1.517489 1.71515 0.448245

H 2.445154 1.234466 0.760153
C-0.600874 -1.514884 0.284256
H 0.121608 -2.327891 0.226589
H 0.882653 -0.597366 -1.471678
C2.127407 -0.961816 -0.647235
H 2.880743 -0.266114 -1.040859
H2.173641 -1.848513 -1.302151
C2.613655 -1.463924 0.737878
H 1.929142 -2.226616 1.125335
H 2.623664 -0.638949 1.456407
C 3.994592 -2.052264 0.629432
C5.12884 -1.245432 0.785777
C4.184471 -3.399888 0.297689
C 6.409398 -1.76626 0.622765

H 4.99875 -0.19486 1.040879
C5.463426 -3.924946 0.130619
H 3.31464 -4.04281 0.174319
C6.583326 -3.110238 0.292613
H7.275795 -1.123103 0.756602
H 5.587882 -4.975318 -0.121198
H 7.582065 -3.519166 0.166066
C0.926625 2.517988 1.504213
C1.255014 2.239035 2.853436
C0.039585 3.597795 1.288441

C 0.698766 2.946799 3.908585
H 1.951999 1.427721 3.059114
C-0.523955 4.29983 2.347809

H -0.204983 3.892228 0.272544
C-0.212312 3.981286 3.671036
H 0.974052 2.690602 4.929754
H-1.208432 5.119338 2.13691

H -0.652745 4.535273 4.495174

Ho
H=-1.15611935 Eh
G =-1.17091002 Eh
H000.371076

H00-0.371076

1,5-Cyclooctadiene (1,5-cod)

H =-311.75080429 Eh

G =-311.78987505 Eh
C1.202112-1.221302 -0.50765
H 1.794328 -1.812754 -1.208231
C 1.918946 -0.002231 0.00048
H 2.453725 0.443637 -0.850631
H 2.70958 -0.321829 0.697516
C 1.074255 1.094451 0.673844
H 0.63806 0.71999 1.601533

H 1.759558 1.898691 0.966845
C 0.025334 1.678079 -0.238994
H 0.327881 2.586438 -0.761833
C-1.202111 1.221309 -0.507636
H-1.794326 1.812767 -1.208214
C-1.918946 0.002234 0.000482
H -2.45373 -0.443623 -0.850632
H -2.709576 0.321825 0.697526
C-1.074256 -1.09446 0.673829
H -0.638063 -0.720014 1.601526
H -1.759561 -1.898703 0.966816
C-0.025333 -1.678076 -0.239013

H -0.327877 -2.586431 -0.761861

Styrene

H =-309.42665903 Eh

G =-309.46561167 Eh
C-1.028183 -0.319787 -0.05756
C-0.973654 -1.706921 -0.052784

C0.256136 -2.367208 -0.021459

C1.432618 -1.623744 0.00556

C 1.378683 -0.233217 0.000836
C0.150485 0.444121 -0.031403
C0.15539 1.911563 -0.036073
C-0.90671 2.723216 -0.078022
H-1.996234 0.172333 -0.081158
H-1.896331 -2.280628 -0.073286
H 0.293281 -3.452915 -0.017666
H 2.395564 -2.126396 0.030718
H 2.300623 0.34357 0.022298

H 1.147908 2.361892 -0.001752
H-0.775166 3.800665 -0.076796

H-1.928072 2.354288 -0.115114

Ethylbenzene

H =-310.62662206 Eh

G =-310.66635800 Eh
C-1.488007 -0.483788 -0.000053
C-1.540767 -1.872704 0.000008
C-0.361309 -2.618173 0.000076
C0.861882 -1.956541 0.000085
€ 0.910726 -0.561352 0.000023
C-0.262403 0.19624 -0.000048
C-0.264561 1.709817 -0.00013
C1.104075 2.381839 0.000071
H -2.412743 0.090664 -0.000104
H -2.503725 -2.376754 0.000004
H -0.398599 -3.704069 0.000126
H 1.788138 -2.525318 0.000141
H 1.878167 -0.068433 0.000033
H -0.83669 2.050534 -0.874072
H -0.836997 2.050628 0.873573
H 0.988077 3.469938 0.000042
H 1.687231 2.108792 0.886317

H 1.687502 2.108779 -0.885992

»  Migratory Insertion Step with Participation of the Counterion

[K(thf)5][Co(n*-cod)(n?-styrene)Hz]
(11x)

H =-3766.50856342 Eh
G =-3766.64128464 Eh
H 6.305353 8.031082 7.682549
H 6.697412 8.856720 9.825332

C5.814327 7.435073 8.463247

H 7.311160 7.219527 10.043639
C 6.393582 7.802493 9.841900
H 6.042481 6.389803 8.222585
H 3.969244 8.439164 7.726300
C4.310522 7.645505 8.386278
C5.379621 7.651868 10.955771

H 5.617557 8.247668 11.838663

H 5.788334 5.154966 9.968976
Co 3.480780 7.975529 10.313760
C 3.403902 6.636305 8.687084

C 4.598869 6.494526 11.174693
C4.752442 5.242319 10.322132
H 2.410900 6.720851 8.245676

H 4.166306 4.645842 8.295229
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C3.771432 5.239351 9.138260
H 4.224606 6.327976 12.185657
H 4.577984 4.353980 10.941822
H 2.846900 4.739122 9.450613
H 3.336658 8.702146 11.580200
H 3.844037 9.376931 9.881885
C1.538711 8.437569 10.054805
C1.618205 7.248331 10.836724
H 1.200602 8.364985 9.020880
H 1.241366 9.366241 10.535316
C1.393256 7.184074 12.283309
H 1.458029 6.292482 10.341361
C0.920452 8.271175 13.042612
C1.647334 5.986411 12.978847
C 0.748028 8.174653 14.417290
H0.669799 9.198828 12.535918
C1.032726 6.987514 15.091757
H0.367786 9.031422 14.971318
C 1.475495 5.889988 14.353763
H 1.996785 5.123892 12.414780
H 1.683706 4.947598 14.855304
H 0.891389 6.912206 16.166090
H 7.933803 9.840458 8.103294
H 5.590900 10.324488 8.259531
C7.703396 10.900651 8.237736
C6.207606 11.197986 8.018754
H 8.321849 11.469731 7.536524
H 8.287561 10.564744 10.354617
C7.962559 11.370472 9.688158
H 8.711962 12.176324 9.717853
C5.945882 12.284616 9.050820
06.707671 11.866800 10.194371
H 4.900799 12.367865 9.363944
H 7.175007 9.069207 15.360419
H 6.299661 13.271087 8.700820
H 4.610360 11.517078 15.314543
C 6.704699 8.652055 14.455311
H 3.636902 9.055526 15.148910
H 7.059793 6.650085 15.268993
H 7.375724 8.817844 13.602448
C3.82252212.277489 15.267622
05.466965 9.346620 14.205304
C 6.334444 7.184824 14.648471
C 4.348001 8.478831 14.547103

K 4.703208 10.859771 11.978112
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H 5.039027 7.514514 16.363988
C2.614627 11.942964 16.156298
H 2.412131 10.982951 9.302645
H 2.583178 10.869056 16.372696
C 4.948997 7.294435 15.293107
0 3.324153 12.358943 13.907169
H 3.846652 8.163624 13.621642
C2.037152 11.983703 9.538912
H 6.261242 6.681839 13.677610
0 2.803848 12.474504 10.655681
C2.571549 13.885096 10.675637
C2.228055 13.032332 8.432580
C1.420345 12.327742 15.275503
H 4.340640 6.394613 15.171200
C1.943473 11.950492 13.898592
H 0.978040 11.912001 9.834830
H 0.501221 11.797715 15.542366
H 1.452663 12.460037 13.064506
H 1.873135 10.861828 13.740874
H 3.621896 14.650633 8.930949
C2.614625 14.321292 9.203566
H 3.027634 12.732794 7.748152
H 1.929397 15.151281 9.008776
H 1.317249 13.157249 7.840460
H 5.985206 11.516066 6.995726
H 3.338983 14.343351 11.306088
H 1.581706 14.092747 11.117041
H 4.261429 13.252921 15.515550
H 2.638585 12.479125 17.109250
H 1.230118 13.406575 15.323619
H 5.091205 14.204504 13.127393
H 6.352885 14.075810 11.856873
C6.147082 13.990459 12.937970
C7.122727 14.846238 13.755655
H 6.651758 15.172390 14.687352
H 7.440544 15.738230 13.208213
C8.294971 13.874986 14.048627
H 8.465343 13.786554 15.124876
H 9.231570 14.201017 13.587483
06.391795 12.646141 13.364141
C7.815369 12.538214 13.454038
H 8.041709 11.666764 14.075354

H 8.234295 12.383074 12.446619

[K(thf)5][Co(n*-cod)(n3-styrene)Hz]
([12k])

H =-3766.48244121 Eh

G =-3766.61425464 Eh

H 6.214327 8.395824 7.484263
H 6.563648 9.129518 9.663490
C5.922319 7.645235 8.231450
H 7.537727 7.657835 9.714843
C6.503619 8.036336 9.607736
H 6.365151 6.703030 7.884135
H 3.866998 8.231897 7.635947
C 4.404441 7.522677 8.264391
C5.617827 7.592926 10.752423
H 5.782147 8.142476 11.682682
H 6.486880 5.358507 9.498454
Co 3.679546 7.564948 10.144889
C3.742635 6.298505 8.549511
C5.095602 6.280393 10.868359
C5.499250 5.151881 9.928201
H 2.764330 6.169289 8.084218
H 4.876472 4.541975 7.914378
C4.443667 4.983298 8.831547
H 4.804614 5.956526 11.870961
H5.613112 4.218935 10.495218
H 3.683396 4.272189 9.180039
H 3.223958 7.647700 11.577031
H 3.732709 9.113083 10.161507
C1.699431 7.748581 9.935602
C1.945271 7.082773 11.208999
H 1.289951 7.133901 9.137445
H 1.228441 8.729000 9.984590
C1.375200 7.601092 12.486370
H 1.925815 5.991006 11.188852
C1.159878 8.970576 12.704668
C 1.088649 6.718548 13.535421
C0.645894 9.425716 13.913080
H 1.396218 9.680229 11.915474
C0.359865 8.536190 14.947074
H 0.463934 10.488040 14.050234
C0.590437 7.175980 14.751039
H 1.257018 5.653901 13.386795
H 0.372292 6.466589 15.545223
H -0.045855 8.896695 15.888437
H7.724671 10.185805 7.898923

H 5.387258 10.557808 8.178785
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C7.473627 11.220311 8.146745
C5.957915 11.482604 8.034950
H 8.037154 11.874544 7.474234
H 8.226518 10.710794 10.173131
C7.797563 11.553377 9.621926
H 8.483336 12.412159 9.694391
C5.706268 12.411607 9.214513
0 6.547145 11.889554 10.253801
H 4.677164 12.400497 9.585303
H 7.113980 8.920468 15.370579
H 5.997844 13.451652 8.979756
H4.575772 11.110946 15.360525
C 6.689454 8.498309 14.446500
H 3.525993 8.475956 14.961078
H7.245117 6.510736 15.183187
H7.334513 8.776443 13.602991
C 3.864623 11.939906 15.396862
05.379786 9.069797 14.239165
C 6.483978 6.989086 14.559951
C4.371495 8.039563 14.417413
K 4.596354 10.637655 12.057579
H 5.090279 7.093511 16.230027
C2.619827 11.682236 16.233889
H 2.305454 10.580760 9.579908
H 2.288066 10.649047 16.084851
C5.071981 6.905164 15.149598
03.352444 12.124854 14.067473
H 4.019935 7.711383 13.429190
C1.852103 11.568181 9.726646
H 6.504676 6.530615 13.564702
02.58773512.219162 10.783371
C2.262515 13.607956 10.671980
C 1.973400 12.509937 8.523838
C1.610542 12.669167 15.621467
H 4.587303 5.941080 14.971618
C2.124984 12.865430 14.176761
H 0.800089 11.455240 10.036793
H 0.586504 12.286159 15.649060
H 2.314605 13.929686 13.964901
H 1.446618 12.477916 13.409785
H 3.140769 14.344664 8.813037
C2.202562 13.903716 9.162688
H 2.825893 12.221557 7.901300
H 1.399013 14.607990 8.928961

H 1.078746 12.477627 7.896147

H 5.675734 11.924917 7.074708

H 3.030442 14.175574 11.208111
H 1.285713 13.799089 11.146985
H 4.390544 12.852399 15.729965
H 2.780930 11.849355 17.303108
H 1.623139 13.620430 16.163338
H 5.068224 13.880869 13.333456
H 6.304330 13.844567 12.032851
C6.123165 13.696864 13.110789
C7.104552 14.518794 13.954852
H 6.655260 14.775413 14.918616
H 7.389614 15.450272 13.457246
C8.302421 13.554789 14.151620
H 8.510980 13.406589 15.214523
H9.217178 13.925201 13.680104
06.398159 12.333482 13.453784
C7.825738 12.246325 13.493959
H 8.087556 11.345425 14.056290

H 8.215765 12.157945 12.467232

[K(thf)5][Co(n*-cod)(H)(CH2CH2Ph)]
(13x)

H =-3766.49886785 Eh

G =-3766.63049983 Eh
H4.177979 8.710811 7.427152
H 5.438781 9.471228 9.240867
C4.225911 7.986959 8.250965
H 6.327209 7.995255 8.856639
C5.353542 8.373878 9.221655
H 4.442353 7.020507 7.781119
H 2.159519 8.678492 8.681326
C2.888995 7.921891 8.971874
C5.064869 7.916793 10.637445
H 5.646838 8.453363 11.39192
H 5.264263 5.633876 9.145404
Co 3.088152 7.871196 11.002665
C2.386653 6.707061 9.475011
C4.672197 6.60082 10.983458
C 4.548023 5.479033 9.962513
H 1.301369 6.623849 9.565987
H 3.107333 4.951309 8.395936
C 3.109058 5.377924 9.414878
H 4.895798 6.278747 12.004357
H 4.830613 4.525207 10.424959

H 2.546738 4.671592 10.03913

H 2.230743 6.635793 12.133888
H 3.434102 8.752748 12.208256
C1.283228.519157 11.432549
C1.254764 7.214451 12.242685
H 0.553506 8.526842 10.612588
H 1.130648 9.391184 12.07146
C 1.02868 7.369993 13.720852

H 0.510976 6.520868 11.82743
C-0.165406 7.922444 14.196728
C 1.98607 6.965709 14.653953
C-0.396007 8.061737 15.560645
H-0.917248 8.243088 13.478293
C0.569449 7.656031 16.480982
H-1.333813 8.486761 15.9098
C1.762356 7.106652 16.021196
H 2.91831 6.536452 14.292548
H 2.520459 6.781933 16.729672
H 0.389583 7.764383 17.54703
H 7.487787 10.026472 7.861882
H 6.037133 11.804048 8.461144
C7.977634 10.796622 8.462642
C7.094023 12.053765 8.608532
H 8.93328 11.03848 7.987732
H7.876836 9.302949 10.105537
C8.198977 10.331772 9.920814
H9.255188 10.435579 10.213416
C7.320649 12.444693 10.063801
07.391907 11.188668 10.75095
H 6.515901 13.027051 10.520661
H 8.306289 9.24473 14.524368
H 8.270009 12.995525 10.185624
H 4.271467 11.229979 14.896021
C7.636359 8.969756 13.691747
H 5.090676 8.786186 15.474546
H 8.40266 6.920844 13.804918
H 8.010903 9.432711 12.771385
C3.27139511.681615 14.871199
0 6.317009 9.48848 13.939298
C7.471549 7.458279 13.601876
C5.489132 8.436363 14.513272
K 4.845293 10.897537 11.953178
H 6.838548 7.170008 15.658441
C2.130621 10.680215 14.959457
H 2.657838 10.512036 9.897495

H 2.367015 9.774982 14.387306
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C 6.389963 7.208444 14.658695
03.109298 12.336119 13.593921
H 4.652744 8.26129 13.82114
C2.55824 11.516216 9.458673

H 7.108067 7.173053 12.608559
03.601752 12.35327 9.997431
C3.630768 13.515678 9.160446
C2.782778 11.583363 7.95226
C1.001927 11.455672 14.274905
H 5.841035 6.276648 14.493869
C1.744089 12.153729 13.137827
H 1.574894 11.936032 9.732361
H 0.203862 10.802242 13.912981
H 1.328443 13.135939 12.881687
H 1.762002 11.529026 12.23417
H4.161334 13.053172 7.077445
C3.287213 13.029758 7.734465
H 3.549986 10.857711 7.665218
H 2.518238 13.664721 7.28467
H 1.875921 11.35787 7.38442

H 7.364774 12.848305 7.906383
H 4.625576 13.964841 9.246822
H 2.885113 14.242724 9.519264
H 3.208474 12.432005 15.676784
H 1.893064 10.385593 15.985019
H0.56781 12.190613 14.964102
H 4.630167 14.313482 13.438299
H 6.182413 15.126528 13.029761
C5.711502 14.301697 13.593918
C6.135118 14.32937 15.058958
H 5.413601 13.763766 15.65631
H 6.194968 15.344037 15.463325
C7.501974 13.611228 15.033432
H 7.608446 12.920536 15.874058
H 8.328134 14.327089 15.083294
06.196188 13.042462 13.114563
C7.506479 12.867572 13.678145
H7.67686 11.79222 13.767685

H 8.259424 13.290109 12.994639

[Na(thf)4][Co(n*-cod)(n2-styrene)Ha]
(1 lNa)

H =-3096.61175751 Eh
G =-3096.72854975 Eh

H 5.378649 8.128058 7.212389

98

H 6.087652 8.690151 9.342038
C4.883351 7.529279 7.987064
H 6.466399 6.972000 9.389794
C5.631933 7.693100 9.323115
H 4.942437 6.489070 7.644217
H 3.130870 8.821876 7.524647
C 3.422355 7.934041 8.079249
C4.718112 7.593071 10.524855
H 5.097603 8.106267 11.408970
H 4.694401 5.151226 9.351701
Co 2.819651 8.206434 10.112426
C 2.424636 7.026543 8.403383
C 3.811059 6.535773 10.751789
C3.714160 5.346178 9.806367
H 1.413851 7.271523 8.077799
H 2.892741 5.000030 7.803400
C2.646598 5.563214 8.720373
H 3.513075 6.347984 11.784359
H 3.471995 4.442199 10.378710
H 1.694220 5.151924 9.075418
H 2.865044 8.763962 11.469484
H 3.374928 9.567221 9.722012
C0.941312 8.931962 10.079791
C0.921702 7.660299 10.724138
H 0.517133 9.023363 9.079452
H 0.813046 9.830007 10.680250
C0.774901 7.456510 12.169547
H 0.603682 6.795877 10.145160
C0.422877 8.483373 13.064433
C0.979542 6.176210 12.718998
C0.317131 8.249101 14.430564
H 0.212074 9.474829 12.673179
C0.552589 6.980701 14.957504
H 0.024209 9.060955 15.093896
C0.875563 5.942374 14.083518
H 1.234893 5.358292 12.048423
H 1.043297 4.939958 14.470569
H 0.463782 6.798793 16.024640
H 8.181262 10.160434 9.265783
H 5.958082 10.774314 8.425851
C7.743906 11.091449 9.637240
C 6.589377 11.602958 8.767555
H 8.537779 11.844998 9.690392
H 6.773830 9.869328 11.176131

C7.082058 10.908585 11.008640

H7.728078 11.223414 11.837940
C5.819162 12.454127 9.762943
05.884781 11.726340 11.005667
H4.761518 12.578389 9.517093
H 6.712150 9.040624 14.796746
H 6.285571 13.445301 9.890027
H 4.913668 11.550036 14.750427
C6.222776 8.578614 13.922371
H 3.405692 9.376148 14.901792
H 6.478683 6.608755 14.844505
H 6.907125 8.634524 13.069005
C4.129272 12.302255 14.612999
05.028589 9.308588 13.590864
C5.757642 7.164305 14.237174
C 3.889069 8.657464 14.228622
Na 3.916934 10.604996 11.663323
H 4.625549 7.665398 16.020017
C3.227219 12.480384 15.833599
H 1.914407 11.249384 9.055182
H 3.149989 11.540532 16.392897
C4.436845 7.433626 14.965060
0 3.264390 11.863196 13.540040
H 3.178156 8.379980 13.440898
C1.726435 12.237957 9.481830
H 5.580650 6.613216 13.306724
0 2.558638 12.354731 10.648496
C2.597649 13.751084 10.965060
C2.134117 13.418078 8.598043
C1.87841212.818851 15.189795
H 3.735361 6.596977 14.914647
C 1.889456 11.898249 13.977547
H 0.667548 12.311602 9.780261
H 1.025470 12.634810 15.849084
H 1.279822 12.246235 13.137149
H 1.568666 10.881123 14.245900
H 3.584644 14.877000 9.364298
C 2.590520 14.494986 9.613586
H 2.960386 13.128538 7.940724
H 1.907549 15.348827 9.641834
H 1.309833 13.758139 7.964885
H 6.929994 12.170816 7.896778
H 3.490489 13.925957 11.572267
H 1.709303 14.019371 11.560524
H 4.592823 13.253434 14.312645

H 3.592263 13.255344 16.513454
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H 1.855967 13.868890 14.873505

[Na(thf)4][Co(n*-cod)(n?-styrene)H2]
([12n~a]9)

H =-3096.58711418 Eh

G =-3096.70142028 Eh

H 5.050523 8.588434 6.965763
H 5.657533 9.316827 9.070645
C 4.852289 7.832806 7.736558
H 6.644398 7.850558 8.999920
C5.602956 8.222829 9.028287
H 5.242411 6.889594 7.333535
H 2.741964 8.434597 7.419229
C3.352678 7.716641 7.965334
C4.878683 7.771677 10.279661
H 5.154716 8.325547 11.180520
H 5.560972 5.544630 8.914005
Co 2.876667 7.769280 9.929681
C2.725925 6.498674 8.334339
C4.367342 6.465144 10.458798
C4.637821 5.339646 9.468815
H 1.691396 6.375099 8.010099
H 3.753714 4.738059 7.553362
C3.447692 5.178631 8.520141
H 4.205597 6.136194 11.486100
H 4.821138 4.404835 10.013883
H 2.735383 4.471222 8.964096
H 2.511548 7.775211 11.406925
H 3.022243 9.300203 9.954905
C0.918941 8.099789 9.841649
C1.165591 7.324095 11.051367
H 0.430784 7.584768 9.017626
H 0.535068 9.108299 9.980815
C0.638668 7.777079 12.370359
H 1.075507 6.240320 10.950764
C0.411718 9.132019 12.662561
C0.356251 6.837273 13.370833
C-0.108654 9.517912 13.894611
H 0.627145 9.888130 11.910662
C-0.386666 8.571556 14.878123
H -0.305282 10.570205 14.086225
C-0.144951 7.225114 14.608328
H 0.527219 5.782992 13.163470
H-0.359181 6.472257 15.362483

H-0.796730 8.876467 15.836486

H 7.767881 10.683100 8.880732
H 5.654414 11.717817 8.566152
C7.526889 11.421997 9.649057
C6.297191 12.267607 9.261681
H 8.407509 12.054243 9.798231
H 7.114835 9.656804 10.924307
C7.110942 10.749264 10.976491
H 7.755532 11.074553 11.807783
C5.577455 12.430268 10.592952
05.755290 11.161276 11.240696
H 4.501955 12.605989 10.506304
H 6.018929 9.069790 14.982464
H 6.030971 13.231555 11.202058
H 5.615907 11.613123 13.809046
C5.629604 8.681728 14.025171
H 3.553249 8.628222 15.684552
H 6.175044 6.714596 14.803303
H 6.255605 9.058997 13.211479
C4.861145 12.319367 14.167950
04.298544 9.178541 13.821958
C5.501101 7.150608 14.060178
C3.461474 8.325954 14.626977
Na 3.595796 10.274672 11.779788
H 3.869029 6.284541 15.285895
C4.466947 12.101059 15.625240
H 1.847401 10.751376 9.128533
H 4.536428 11.036835 15.876867
C 4.008082 6.915968 14.403920
03.654973 12.130745 13.391257
H 2.427523 8.458847 14.302573
C1.514313 11.744338 9.444954
H 5.744823 6.722332 13.084371
02.055906 11.973812 10.762053
C 1.888998 13.382065 10.993256
C2.060700 12.902929 8.615550
C3.001776 12.546956 15.628571
H 3.485765 6.446986 13.565490
C2.524471 12.014861 14.283972
H 0.412953 11.775432 9.496571
H 2.426588 12.139697 16.465033
H 1.690376 12.579905 13.852276
H 2.228661 10.959088 14.361937
H 3.099931 14.570621 9.598652
C2.127962 14.068835 9.631009

H 3.060605 12.650297 8.246648

H 1.361650 14.824957 9.436502
H 1.429802 13.127656 7.751001
H 6.566487 13.224576 8.805017
H 2.598279 13.671449 11.773146
H 0.863196 13.571349 11.349021
H 5.223680 13.344832 13.999478
H 5.095268 12.667826 16.318337

H 2.932071 13.641003 15.657711

[Na(thf)4][Co(n*-cod)(H)
(CH2CH2Ph)] (13Na)

H =-3096.59477379 Eh

G =-3096.71062728 Eh

H 4.187722 8.964261 7.022076
H 5.014478 9.642156 9.087180
C4.163948 8.156237 7.764650
H 6.093130 8.277088 8.795295
C5.035072 8.547324 8.975045
H 4.583575 7.276681 7.260944
H 1.985156 8.559818 7.758065
C2.725633 7.879671 8.183717
C4.5177157.951817 10.269043
H 4.865729 8.472861 11.164678
H 5.244338 5.861874 8.706469
Co0 2.509263 7.719735 10.172916
C2.271031 6.577962 8.514733
C4.193211 6.588488 10.441665
C4.414701 5.549147 9.352638
H 1.210443 6.376472 8.345961
H 3.378313 4.983071 7.507089
C 3.134448 5.334328 8.525961
H 4.225976 6.207043 11.465435
H 4.731195 4.600462 9.804044
H 2.547844 4.531032 8.990660
H 1.641440 6.483567 11.187936
H 2.474595 8.738538 11.321693
C0.593817 8.151881 10.227249
C0.602311 6.994917 11.201177
H 0.039521 7.940182 9.306252
H0.2612329.100317 10.643138
C0.335091 7.247350 12.666855
H-0.028365 6.163455 10.854519
C-0.032012 8.493795 13.177533
C 0.496068 6.192300 13.575278

C-0.235248 8.677279 14.544574
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H-0.166218 9.331411 12.501187
C-0.070125 7.621064 15.434001
H-0.535041 9.655411 14.914259
C0.297502 6.370152 14.938527
H 0.791371 5.214532 13.197501
H 0.426738 5.531318 15.617553
H-0.231999 7.765100 16.498599
H 7.460985 10.557196 8.862054
H 5.81228712.217673 8.864951
C7.551675 11.220242 9.725550
C6.586659 12.422804 9.610643
H 8.594059 11.544101 9.795575
H 6.933846 9.441772 10.905357
C7.111903 10.513679 11.024474
H 7.848931 10.671540 11.827460
C5.956039 12.491390 10.998077
05.863181 11.119920 11.410911
H4.947764 12.912378 11.021340
H 5.833222 9.239577 15.202995
H 6.595575 13.049102 11.703303
H 5.211394 11.787870 14.146769
C5.678041 8.910987 14.159905
H 2.739428 8.196102 14.749854
H 6.712431 7.030688 14.608931
H 6.327458 9.501970 13.506228
C4.301475 12.339022 14.408977
04.319034 9.155260 13.766297
C5.861936 7.406117 14.031832
C3.528736 7.951931 14.028958
Na 3.640454 10.372443 11.795617
H 4.510783 6.866841 15.642287
C3.615458 11.818838 15.666688
H 2.101904 10.213658 9.264988
H 3.745080 10.733892 15.738799
C4.510012 6.897930 14.546399
0 3.348257 12.170400 13.335726
H 3.061814 7.669476 13.078807
C 1.868126 11.285650 9.247469
H 6.000644 7.134847 12.978501
02.285833 11.833888 10.515886
C2.237895 13.252810 10.332596
C2.62412512.123330 8.217131
C2.147584 12.153969 15.383266
H 4.260259 5.899087 14.177953

C2.045111 11.857953 13.891678

100

H 0.778212 11.415079 9.144471
H 1.448919 11.552368 15.971513
H 1.297578 12.462492 13.367014
H 1.82243210.793647 13.718317
H 3.826317 13.818737 8.932548
C2.778442 13.502507 8.910401
H 3.603686 11.674719 8.018625
H 2.208684 14.287755 8.404943
H 2.08847512.185176 7.265685
H 7.092739 13.351910 9.333365
H 2.819559 13.715638 11.135279
H 1.192193 13.592241 10.415176
H 4.544559 13.409239 14.497283
H 3.998067 12.287995 16.577783

H 1.94818213.213794 15.581629

[Li(thf)3][Co(n*-cod)(n?-styrene)H>]
(11w)

H =-2709.59886654 Eh

G =-2709.69915099 Eh

H 4.785120 7.997323 6.649748
H 5.888884 9.290165 8.220140
C4.653688 7.616344 7.670024
H 6.638218 7.738226 8.579492
C 5.678744 8.285946 8.604061
H 4.838976 6.537041 7.612933
H 2.610671 8.480567 7.474186
C3.219735 7.846431 8.112378
C5.170018 8.445600 10.021010
H 5.683592 9.237297 10.573650
H 5.337443 5.786698 9.566876
Co 3.145243 8.669771 10.086992
C2.559118 6.972296 8.961902
C 4.598091 7.405502 10.786332
C 4.504947 5.981504 10.255133
H 1.470265 6.978451 8.924276
H 3.246343 4.926523 8.802215
C3.157234 5.719793 9.564427
H 4.650933 7.497223 11.871425
H 4.633913 5.273503 11.082705
H 2.448879 5.340804 10.310630
H 3.416780 9.599936 11.183950
H 3.276823 9.910060 9.209438
C1.212291 9.110023 10.430282

C1.625095 8.133241 11.381100

H 0.548701 8.808114 9.620203

H 1.036074 10.128080 10.767266
C 1.897310 8.410869 12.796480
H 1.353750 7.094475 11.204483
C1.662291 9.659806 13.402165
C2.409183 7.389690 13.617051
C 1.924683 9.868732 14.749870
H 1.252468 10.473049 12.810163
C 2.442562 8.845959 15.544190
H 1.708335 10.839719 15.190998
C2.682702 7.602214 14.962467
H2.599638 6.414613 13.173165
H 3.078232 6.788293 15.565051
H 2.641451 9.010769 16.599356
H 7.886761 10.351979 8.962206
H7.083872 10.955987 6.798336
C7.874300 11.432719 8.790609
C7.070128 11.775556 7.521600
H 8.906935 11.790453 8.745573
H7.171503 11.668406 10.879212
C7.064391 12.111236 9.885440
H 7.290498 13.190403 9.940933
C5.644392 12.057581 8.044399
05.700675 11.921985 9.480700
H 4.892722 11.344133 7.690866
H5.316647 13.077114 7.791448
Li4.176259 11.094102 10.485651
H1.663451 11.447967 9.098949
C1.716478 12.499212 9.392143
0 2.914465 12.649465 10.183198
C 3.305460 14.038068 10.142962
C1.912356 13.476185 8.244900
H 0.836492 12.764427 10.000257
H 3.237382 15.235487 8.296391
C2.562564 14.676534 8.950707
H 2.591615 13.039736 7.504032
H 1.793894 15.369960 9.306771
H 0.975289 13.735357 7.744012
H7.479411 12.663513 7.029952
H 4.394914 14.061029 10.030672
H 3.036352 14.520198 11.093095
H 3.937079 12.871770 13.229034
H 5.377796 13.379107 12.297977
C4.978793 12.617258 12.977475

C5.813819 12.405916 14.231179
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H 5.589180 13.134985 15.015198
H 6.881364 12.472858 13.988006
C5.426930 10.972567 14.610191
H 4.471421 10.962443 15.143658
H 6.172827 10.476102 15.236687
05.015794 11.354383 12.290306
C5.267357 10.285123 13.253961
H 4.428209 9.583266 13.225138

H 6.183327 9.770472 12.936283

[Li(thf)s][Co(n*-cod)(n?-styrene)Ho]

([121:]%)

H =-2709.57546378 Eh

G =-2709.67444261 Eh

H 4.345867 8.094953 6.354169
H 5.589778 9.434606 7.762189
C4.473380 7.635973 7.342319
H 6.570913 7.975857 7.877339
C5.576351 8.396644 8.112963
H 4.786259 6.601769 7.150825
H 2.329384 8.155939 7.572041
C3.142959 7.641211 8.080513
C5.329167 8.425626 9.607796
H 5.851181 9.231904 10.131535
H 5.716691 5.852966 8.884839
Co 3.319077 8.362459 9.966680
C2.776995 6.635121 9.006773
C5.015375 7.268841 10.355840
C5.046251 5.871145 9.752263
H 1.707827 6.442263 9.107273
H 3.642045 4.684227 8.556539
C3.630970 5.435970 9.366712
H 5.232573 7.304910 11.424431
H 5.478463 5.167559 10.474972
H 3.165189 4.943454 10.230174
H 3.427073 8.805413 11.422477
H 3.300724 9.803624 9.405295
C 1.419459 8.657243 10.483996
C2.134890 8.233379 11.685414
H 0.726425 7.944465 10.043192
H 1.015701 9.668210 10.498769
C1.999872 8.978262 12.975944
H 2.137369 7.157149 11.871019
C1.798630 10.364948 13.028416

C2.052829 8.280837 14.189566

C1.618375 11.016353 14.243610
H 1.782624 10.938435 12.106359
C1.652407 10.306134 15.442359
H 1.438963 12.089236 14.255707
C 1.880154 8.932323 15.407046
H 2.212430 7.204845 14.171428
H 1.913795 8.362115 16.331779
H 1.501081 10.815409 16.389767
H 7.689228 10.292677 8.628181
H 6.816866 11.328705 6.649802
C7.760045 11.384644 8.632726
C 6.894088 11.992099 7.515084
H 8.813309 11.668451 8.552324
H 7.249641 11.329714 10.786344
C7.097052 11.932738 9.887108
H 7.413603 12.970658 10.087834
C5.524371 12.220761 8.187624
05.693023 11.902179 9.587591
H 4.733399 11.565429 7.807751
H 5.196486 13.266602 8.092851
Li 4.240138 10.864599 10.531782
H 1.734018 11.310933 9.170106
C1.729423 12.317155 9.598189
02930172 12.432819 10.392048
C 3.249639 13.834598 10.525625
C 1.848365 13.447769 8.590063
H 0.844106 12.448029 10.242211
H 3.060421 15.267254 8.865149
C2.438736 14.579699 9.445364
H 2.539071 13.156689 7.791366
H 1.636168 15.164347 9.906617
H 0.889015 13.714268 8.137653
H 7.315808 12.943181 7.174472
H 4.332875 13.927368 10.392503
H 2.986425 14.174629 11.536962
H 3.938204 12.377606 13.253403
H 5.477175 12.969854 12.553396
C5.003022 12.150827 13.107248
C5.686012 11.827521 14.430213
H 5.291505 12.427898 15.254955
H 6.766600 12.000940 14.357998
C5.386756 10.332619 14.577217
H 4.360292 10.180038 14.926820
H 6.071244 9.820548 15.259343

05.108615 10.949776 12.307839

C5.522716 9.837351 13.144924
H 4.876692 8.984567 12.920433

H 6.561928 9.581722 12.890290

[Li(thf)s][Co(n4-cod) (H)
(CH2CH2Ph)] (131)

H =-2709.58542706 Eh

G =-2709.68612025 Eh

H 4.926959 8.728006 6.819846
H 6.453299 9.200156 8.522862
C 4.844093 8.037951 7.671054
H 6.906585 7.527241 8.207129
C6.084918 8.169856 8.571344
H 4.792204 7.035736 7.228702
H 3.002434 9.194105 8.123018
C 3.566496 8.318403 8.451764
C5.771487 7.885349 10.023150
H 6.459917 8.364608 10.717838
H 5.357628 5.565314 8.676049
Co 3.833541 8.329905 10.461102
C2.821068 7.277345 9.050714
C5.101702 6.731039 10.472643
C4.670767 5.616738 9.530377
H 1.747497 7.445794 9.166165
H 3.067604 5.346274 8.061078
C3.219771 5.816583 9.048950
H5.281570 6.433015 11.507537
H 4.758356 4.649280 10.039535
H 2.545786 5.292718 9.739158
H 4.530184 9.179966 11.531962
C2.2282209.371293 10.919934
C2.048419 8.187433 11.880983
H 1.440306 9.406093 10.157091
H2.212483 10.319295 11.471275
C2.007260 8.573642 13.333545
H 1.153621 7.606984 11.620924
C3.051463 8.263581 14.205956
C0.913052 9.288865 13.834061
C 3.006249 8.654125 15.542684
H 3.909953 7.718884 13.819815
C1.914765 9.367637 16.028335
H 3.828147 8.399252 16.207360
C 0.864880 9.682459 15.166365
H 0.096424 9.541205 13.160705

H 0.004282 10.233170 15.537158
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H 1.876742 9.670442 17.071130
H 8.298261 10.891886 8.406932
H 6.757221 10.699318 6.668123
C7.766165 11.834142 8.247773
C6.654260 11.656162 7.186775
H 8.500037 12.595906 7.969714
H 7.458874 11.868131 10.435965
C6.994436 12.216863 9.511111
H 6.844503 13.308815 9.573971
C5.348147 11.713479 8.000395
05.728907 11.560888 9.378920
H 4.640926 10.911963 7.771794
H 4.842762 12.683287 7.872553
Li4.183917 10.834879 10.616175
H 1.676556 11.185895 8.691246
C1.723042 12.184006 9.131875
02.959351 12.281550 9.851532
C 3.190985 13.680335 10.076445
C1.788836 13.322804 8.116304
H0.876775 12.307296 9.827334
H 3.381785 14.829165 8.214644
C2.598230 14.414578 8.854815
H 2.320353 12.989141 7.219788
H 1.960954 15.243990 9.174517
H 0.795578 13.664369 7.812409
H6.676119 12.449226 6.433822
H 4.268537 13.810848 10.206665
H 2.685963 13.986697 11.005105
H 3.057060 11.130210 13.349341
H 3.198758 12.912373 13.256495
C3.753449 11.977324 13.391164
C4.580625 11.929308 14.667937
H 3.994294 11.562026 15.514489
H 4.981909 12.920454 14.912775
C5.706105 10.974866 14.261097
H 5.340944 9.942909 14.276139
H 6.594435 11.051640 14.894701
0 4.708292 11.864802 12.299963
C5.978091 11.401336 12.825478
H 6.324205 10.573742 12.195333
H 6.696772 12.233792 12.780312

H 2.891095 7.424373 11.770589

[(Pepnacnac)Mg(thf)][Co(n*-cod)
(n?-styrene)Ha] (11mg)

102

H =-3518.87234826 Eh

G =-3519.00222260 Eh

Mg 3.517736 8.493403 9.181243
N 4.055449 9.071580 7.239273

N 3.831149 10.482317 9.865210
C4.785343 10.147914 6.965282
C 3.139386 10.978486 11.013929
C5.116437 11.136808 7.908987
H 5.753644 11.932027 7.539532
C4.572491 11.358868 9.189700
C 3.605486 8.274825 6.146820
C1.978858 11.765783 10.849394
C4.320453 7.117299 5.782213
C1.433633 12.104989 9.479343
H 1.945493 11.498781 8.725855
H 1.683122 13.149814 9.241778
C4.837871 12.736648 9.764598
H 4.053439 13.432508 9.444887
H 5.789372 13.125292 9.393337
H 4.844535 12.739619 10.856502
C 3.594168 10.650126 12.305886
C1.328198 12.245302 11.987744
H 0.435497 12.853140 11.872496
C1.795148 11.959530 13.262327
H 1.271935 12.342010 14.133751
C2.413189 8.626728 5.484773
C2.918155 11.159058 13.414193
H 3.281056 10.910953 14.409751
C5.288914 10.369662 5.554371
H 5.752759 9.463408 5.151317

H 6.009666 11.188269 5.519672
H 4.458992 10.615053 4.882388
C 3.834153 6.328291 4.740708

H 4.372065 5.434794 4.440924
C4.814136 9.793458 12.525697
H 4.896153 9.060461 11.719176
H 4.680418 9.233709 13.459476
C1.679844 9.890159 5.872881

H 2.189837 10.754259 5.420505
H 1.790758 10.037891 6.952015
C6.111921 10.608074 12.608228
H 6.318536 11.117914 11.661991
H 6.966689 9.962251 12.840253
H 6.042764 11.370888 13.391297

C5.575828 6.759069 6.539421

H 6.260984 7.618753 6.517575
H 5.306511 6.638396 7.597426
C1.950156 7.798238 4.460359
H 1.024794 8.041561 3.947898
C2.654185 6.661795 4.086480
H 2.279212 6.029538 3.287006
C-0.081327 11.914399 9.343907
H -0.389672 12.074560 8.305358
H -0.642860 12.620031 9.962958
H-0.376798 10.901717 9.636262
€ 0.200001 9.934394 5.501444
H 0.044025 9.960137 4.418389
H-0.265528 10.832316 5.919059
H -0.333685 9.063500 5.898207
C6.311843 5.512953 6.059742
H 6.622791 5.601348 5.013270
H 5.689827 4.616053 6.153734
H7.215021 5.351042 6.657607
C6.978927 6.039775 9.964339
C7.705098 7.279195 9.386087
C6.697664 8.428778 9.551128
05.426347 7.790015 9.816011
C5.720187 6.617985 10.604432
H7.587212 5.495695 10.691804
H 6.707092 5.343343 9.165404
H7.958682 7.125761 8.334139
H 8.631380 7.499255 9.923802
H 6.566507 9.056289 8.667093
H 6.951999 9.067991 10.407054
H 4.840818 5.975612 10.557413
H 5.898548 6.925578 11.646524
H 3.007800 3.927764 6.951996
H 4.086663 4.208442 8.990074
C2.308384 4.119180 7.774774
H 3.032466 2.861750 9.407317
C3.033564 3.927120 9.121308
H 1.504381 3.381610 7.669034
H 2.206410 6.145598 6.871420
C1.725586 5.506897 7.602317
C2.466166 4.783129 10.230705
H 3.157939 4.970932 11.050850
H 0.418210 3.153551 9.530276
Co 1.785143 6.589779 9.502287
C0.441332 5.833744 7.976068

C1.108579 4.920914 10.537208
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C0.021776 4.134613 9.820269

H 0.009166 6.720212 7.511757
H -0.886518 4.148650 7.830904
C-0.545338 4.869253 8.591640
H 0.861957 5.259492 11.541430
H-0.790764 3.929310 10.526310
H -1.437225 5.430605 8.889371
H 2.493979 7.154985 10.689196
H 3.153733 6.627263 8.833821
C1.019995 8.471001 9.313345
C0.128680 7.654899 10.091054
H 0.686655 8.735310 8.308711
H 1.443303 9.330550 9.843472
C-0.113794 7.766338 11.535676
H-0.751540 7.286104 9.571454
C0.678487 8.521470 12.412358
C-1.197507 7.062405 12.088485
C0.402254 8.563246 13.771995
H 1.523857 9.083588 12.029872
C-0.670943 7.851087 14.304979
H 1.0319199.166618 14.420265
C-1.472165 7.099686 13.449988
H-1.832223 6.473635 11.428594
H-2.317655 6.541762 13.844167

H-0.881271 7.885686 15.370007

[(Penacnac)Mg(thf)][Co(n*-cod)
(n2-styrene)Hz] ([12mg]*)

H =-3518.84858251 Eh

G =-3518.97748539 Eh

Mg 3.637325 8.292068 9.250342
N 3.834111 9.040968 7.273357
N 3.854587 10.244746 10.015590
C4.491711 10.168042 7.017729
C 3.254746 10.642550 11.245030
C 4.946947 11.059905 8.006059
H 5.552890 11.881946 7.640761
C4.553297 11.165892 9.354525
C3.202782 8.366311 6.186966
C2.186558 11.566408 11.247967
C3.823612 7.244936 5.600799
C1.590342 12.140755 9.980864
H 2.125849 11.766936 9.103480
H 1.734568 13.230868 9.989874

C4.943852 12.464108 10.034415

H 4.177428 13.230083 9.869727
H 5.87842012.842174 9.611819
H 5.055868 12.343751 11.114568
C 3.714483 10.094689 12.461106
C1.658102 11.979458 12.472467
H 0.852533 12.709997 12.477809
C2.128574 11.471168 13.672855
H 1.705635 11.807615 14.615334
C1.931202 8.796640 5.750774
C3.137980 10.517125 13.658057
H 3.504996 10.099793 14.593146
C4.773783 10.570027 5.584373
H 4.938031 9.701154 4.941851

H 5.643105 11.229610 5.534808
H 3.92155111.118587 5.166911
C 3.130681 6.527010 4.626744

H 3.584899 5.650482 4.176385

C 4.8646889.122478 12.511672
H 4.732524 8.348959 11.748868
H 4.835865 8.605113 13.478013
C1.313975 10.062331 6.305910
H 1.723115 10.923062 5.755700
H 1.65142210.199350 7.337869
C6.229843 9.796406 12.336497
H 6.310750 10.258002 11.348330
H 7.044572 9.070480 12.442371
H 6.377130 10.578864 13.088855
C5.238536 6.879598 5.991682

H 5.925872 7.614939 5.543585

H 5.352896 7.016331 7.071977
C1.273588 8.046567 4.774443

H 0.286063 8.348982 4.440769

C 1.859081 6.914134 4.225165

H 1.327091 6.336323 3.474964
C0.092584 11.845609 9.821089
H-0.296211 12.341928 8.925663
H-0.486012 12.200157 10.679247
H -0.094717 10.771740 9.727758
C-0.211556 10.129181 6.255773
H-0.593197 10.166428 5.230719
H-0.562146 11.030205 6.767124
H -0.661699 9.265269 6.756720
C5.689286 5.472599 5.611769

H 5.729930 5.329160 4.527537

H 5.013274 4.718236 6.030055

H 6.695278 5.280265 6.000221
C7.240872 6.021808 9.246716
C7.883918 7.260430 8.585907
C 6.863068 8.392376 8.814928
05.699952 7.761980 9.412433
C 6.188043 6.628604 10.160161
H 7.962261 5.408552 9.793466
H 6.756906 5.391907 8.493868
H 8.065597 7.093998 7.520570
H 8.840807 7.509356 9.053488
H 6.526781 8.889191 7.905103
H 7.240549 9.151605 9.510569
H 5.325778 5.996652 10.369493
H 6.626556 6.981762 11.106006
H 4.829741 4.200386 8.812843
H 4.514407 4.368115 11.112195
C3.764417 4.181983 9.073695
H 3.523744 2.951010 10.866499
C3.610737 4.017973 10.601715
H 3.357652 3.304874 8.553801
H 3.750767 6.064379 7.932082
C 3.087717 5.440039 8.532348
C2.431915 4.789955 11.147888
H2.536160 5.143473 12.171227
H 1.539881 2.793745 9.567915
Co01.946311 6.398096 9.936604
C1.725688 5.469028 8.135946
C1.137341 4.619008 10.639243
C0.807427 3.609034 9.552931
H 1.488756 6.183211 7.345375
H 0.982754 3.578901 7.366935
C0.775702 4.292883 8.183477
H 0.308344 4.888887 11.292637
H-0.162078 3.144786 9.768435
H-0.236601 4.674225 7.997035
H 1.104945 6.929029 11.034240
H 3.103667 7.116591 10.723309
C1.196678 8.123455 9.150452
C0.188351 7.443215 9.954271
H 1.050040 8.103796 8.073914
H1.4612529.119171 9.526471
C-0.618593 8.173724 10.988197
H-0.461361 6.771129 9.389966
C-0.041448 8.879649 12.048462

C-2.012457 8.168042 10.871976
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C-0.839141 9.565465 12.956804

H 1.040373 8.886153 12.167711

C-2.225707 9.560744 12.827128

H -0.368283 10.104891 13.772668

C-2.810770 8.858302 11.778323

H-2.4732477.618123 10.054316

H -3.891592 8.840919 11.667380

H -2.844816 10.094612 13.542508

[(Pepnacnac)Mg(thf)][Co(n*-cod)(H)

(CH>CH:Ph)] (13mg)

H =-3518.86121547 Eh

G =-3518.99071017 Eh

Mg 3.335773 8.154684 9.351726
N 3.763516 8.919980 7.415359

N 3.564712 10.119197 10.142215
C4.421284 10.059011 7.204504
C 2.872207 10.531779 11.321437
€ 4.781616 10.962951 8.216367
H 5.391604 11.799685 7.895195
€ 4.293000 11.053752 9.534618
€ 3.275970 8.235312 6.263671

€ 1.774213 11.413653 11.220906
€ 4.004797 7.153214 5.732965
€1.270595 11.942981 9.894145
H 1.850715 11.514595 9.071815
H 1.450961 13.027537 9.863794
C 4.604202 12.364451 10.233008
H 3.851899 13.119956 9.979158
H 5.572504 12.744530 9.896432
H 4.609589 12.264987 11.320440
€3.291104 10.068204 12.583154
€ 1.164154 11.859780 12.394589
H 0.326930 12.549916 12.325322
€ 1.609474 11.451214 13.641758
H 1.123251 11.816289 14.541616
C 2.037946 8.617497 5.712402
€2.660211 10.548997 13.728297
H 3.003380 10.203816 14.701804
C 4.815280 10.445345 5.793518
H 5.245054 9.598962 5.248778

H 5.529753 11.270351 5.801763
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H 3.935583 10.763553 5.223036
C 3.473689 6.455655 4.649361

H 4.017115 5.616919 4.226032
C4.460521 9.130230 12.732073
H 4.472041 8.422749 11.899027
H 4.319547 8.540323 13.646203
C 1.287638 9.800080 6.282958

H 1.742262 10.730997 5.911396
H 1.449917 9.825532 7.365705
C5.805910 9.863344 12.807390
H 6.004491 10.415510 11.883857
H 6.633328 9.162663 12.970948
H 5.806300 10.583920 13.632372
C5.325069 6.775510 6.361344

H 5.983483 7.656033 6.354204
H 5.153150 6.566870 7.426636
C1.535382 7.882436 4.637329

H 0.573236 8.144785 4.209209
C2.243366 6.810925 4.109809

H 1.834460 6.248268 3.275682
C-0.219676 11.688805 9.639700
H-0.525803 12.156425 8.697515
H -0.847902 12.097528 10.436845
H -0.428446 10.617133 9.576327
C-0.210763 9.827441 5.991910
H -0.425586 9.981771 4.929661
H -0.684142 10.643903 6.545291
H -0.688424 8.890818 6.300858
C6.062264 5.602067 5.725637

H 6.305319 5.796463 4.675571
H 5.474987 4.678835 5.771251
H 7.003538 5.417625 6.254143
C7.204394 6.063439 9.901883
C7.705537 7.326339 9.163260

C 6.546345 8.327806 9.299103
05.405218 7.545201 9.740340
C5.965157 6.559425 10.635147
H 7.946626 5.647016 10.588232
H 6.925186 5.283113 9.186801
H 7.920781 7.108656 8.113712
H 8.616192 7.729007 9.615311

H 6.263233 8.825449 8.373818

H 6.752493 9.090204 10.061444
H 5.205169 5.802670 10.818043
H 6.230509 7.047425 11.585285
H 3.450479 4.517788 6.932716
H 4.555286 4.759162 8.959191
C2.787193 4.371618 7.792654
H 3.920756 3.139390 9.209131
C3.621616 4.193101 9.071041
H 2.212692 3.463143 7.575454
H 2.027943 6.359299 7.191393
C 1.844070 5.558198 7.900970
C2.905153 4.711861 10.296403
H 3.549555 4.989894 11.126534
H 1.385625 2.667522 9.368216
Co 1.650388 6.279678 9.815432
C0.515812 5.421559 8.341950
C 1.588950 4.386787 10.643409
C0.738204 3.409029 9.851014
H -0.194397 6.154700 7.952773
H-0.365580 3.471165 7.962224
C-0.128607 4.136830 8.809622
H 1.325134 4.501534 11.695829
H 0.096515 2.846179 10.538651
H-1.091333 4.394896 9.269732
H 0.199484 6.403744 10.818091
H2.580187 7.011619 10.824449
C0.827283 8.040672 9.442694
C-0.192713 7.398315 10.380881
H 0.431334 8.197671 8.435284
H 1.173028 8.996705 9.854614
C-0.609914 8.189179 11.592955
H-1.081702 7.089353 9.822434
C0.128978 8.151509 12.775033
C-1.785174 8.944114 11.558798
C-0.309171 8.834477 13.903998
H 1.050490 7.573441 12.799825
C-1.484158 9.578252 13.864829
H 0.273899 8.788286 14.819290
C-2.2172129.639132 12.683285
H-2.371291 8.978248 10.642615

H-3.136876 10.216715 12.640601

H -1.826942 10.108362 14.749068
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=  Reductive

Elimination

Step  with

Participation

of the

Counterion:

[Na(thf)s][Co(*-cod)(n?-styrene)(H)(CH2CH2Ph)] and [(P®nacnac)Mg][Co(n*-cod)-
(n?-styrene)(H)(CH2CH>Ph)]

[Na(thf)s][Co(n*-cod)(n2-styrene)
(H)(CH2CH2Ph)] (14Na)

H =-3870.60836432 Eh

G =-3870.76527859 Eh
Co-1.910978 -0.836100 1.731379
C-1.712699 0.138065 -0.085036
H-1.587216 1.208053 0.097709
C-0.648740 -0.474782 -0.969446
H 0.304118 0.017602 -0.751072
H-0.861203 -0.277017 -2.035398
C-0.488015 -1.983928 -0.715451
H-1.073622 -2.570751 -1.433782
H 0.559080 -2.267819 -0.877557
C-0.876243 -2.361738 0.703875
H-0.044157 -2.668796 1.331283
C-2.141211-2.813163 1.081195
H-2.201315 -3.470443 1.947185
C-3.314385 -2.908682 0.129505
H -4.218655 -3.067312 0.727856
H -3.208035 -3.789828 -0.526661
C-3.487275 -1.624706 -0.705469
H -2.953320 -1.709839 -1.659496
H-4.546282 -1.502863 -0.965298
C-0.853037 -1.181269 3.386954
H-1.395182-0.911614 4.291273
H -0.407297 -2.175537 3.446794
C-0.170123 -0.154526 2.654209
H -0.425809 0.879422 2.883700
C-3.008906 -0.391619 0.047011
H -3.796804 0.306187 0.320105
H-3.105252 -1.449705 2.342490
C-2.821309 0.739973 2.625763
H-2.573165 1.616488 2.001916
H -2.325946 0.904553 3.594397
C-4.337653 0.774230 2.899909
H -4.598465 0.006576 3.639016
H -4.896406 0.529657 1.987801
C-4.764042 2.132152 3.398715
C-4.728948 3.241953 2.541286
C-5.128378 2.356621 4.730895

C-5.007658 4.522566 3.002516

H -4.473783 3.085618 1.494902
C-5.408121 3.639047 5.201096
H -5.203246 1.507312 5.406768
C-5.336664 4.732224 4.342920
H -4.982625 5.363316 2.313173
H -5.701457 3.779804 6.239516
H -5.568844 5.731279 4.702728
C1.131373 -0.250554 2.012442
C 1.620065 0.852761 1.276033
C1.987534 -1.368337 2.108986
C2.859361 0.833598 0.655920
H 0.979119 1.728257 1.177874
C3.226560 -1.390319 1.479382
H 1.681014 -2.221290 2.707517
C 3.678395 -0.294929 0.744904
H 3.190289 1.700535 0.088360
H 3.855601 -2.272525 1.574702
H 4.647258 -0.317242 0.255167
H 1.751261 -0.142303 4.941012
H 3.384111 0.739575 3.337381
C2.699613 0.214221 5.363507
C3.395418 1.132516 4.356014
H 3.305748 -0.646809 5.658441
H 1.632216 0.903678 7.179569
C2.447000 1.183939 6.505362
H 3.364570 1.338367 7.097276
C2.571597 2.406693 4.489227
02.080236 2.431015 5.865230
H 1.706862 2.385252 3.811529
H 3.536405 4.959691 9.248835
H 3.147500 3.322200 4.312786
H -0.745001 6.482487 9.182866
C2.936138 4.100094 8.919015
H 1.168791 4.628460 10.952352
H 3.629407 3.210296 10.787908
H 3.211761 3.846379 7.890074
C-1.381054 6.432964 8.292093
0 1.537230 4.476392 8.899974
C3.059955 2.913796 9.901259
C0.943097 3.961753 10.102264

Na 0.377341 3.919052 6.728026

H 1.501885 2.203227 11.293813
C-2.793448 6.960375 8.503525
H -0.692303 2.693123 3.893983
H -3.153892 6.689086 9.502893
C 1.602249 2.602687 10.280442
0-1.540308 5.045579 7.934946
H -0.138630 3.933690 9.942679
C-1.283936 3.604860 3.789503
H 3.565163 2.055440 9.451661
0-0.786763 4.565936 4.746805
C-1.324478 5.819354 4.306625
C-1.133830 4.291690 2.431054
C-3.565554 6.194188 7.424201
H 1.158893 1.891968 9.574095
C-2.894237 4.822637 7.457267
H-2.337212 3.377376 4.007493
H -4.639604 6.134081 7.618996
H -2.849496 4.331036 6.479326
H -3.400541 4.152806 8.166452
H-0.282871 6.315174 2.451311
C-1.193804 5.802359 2.776081
H-0.174157 4.032385 1.974061
H -2.044889 6.301218 2.304125
H-1.927159 3.982879 1.746909
H 4.435210 1.311699 4.657631
H-0.765217 6.616440 4.807645
H -2.386757 5.879989 4.593375
H -0.877106 6.966000 7.468653
H -2.859846 8.046531 8.393950
H -3.424118 6.671368 6.448356
H 1.536358 5.612945 4.091311
H 3.213964 5.872542 4.651708
C2.167919 6.198891 4.764379
C 2.049055 7.725496 4.588148
H 1.163800 7.992158 4.003977
H 2.921474 8.128302 4.066270
C1.940992 8.257251 6.039595
H 0.929511 8.623938 6.241586
H 2.641036 9.071475 6.246728
01.731155 5.926506 6.105954

C2.227547 7.017817 6.889502
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H 1.718766 6.993185 7.856116
H 3.311726 6.892613 7.052589
H -2.848684 1.421044 5.720219
H -0.475876 0.997939 5.575508
H -2.840016 -0.301395 6.098592
C-2.487089 0.676893 6.434620
C-0.970408 0.751920 6.519603
H-0.538933 -0.184137 6.911349
C-2.941125 1.030000 7.867503
0-0.728104 1.827556 7.455239
H -3.767884 1.746338 7.850244
H-3.276510 0.146738 8.418652
C-1.677606 1.631276 8.518279
H-1.250330 0.939261 9.261481

H -1.840198 2.602954 8.993067

[Na(thf)s][Co(n*-cod)(n?-styrene)
(H)(CH2CH2Ph)] ([15Na])

H =-3870.60245690 Eh

G =-3870.75800458 Eh

Co -1.860200 -0.818951 1.722004
C-1.466595 -0.033098 -0.155247
H-1.191666 1.020179 -0.051363
C-0.450841 -0.889190 -0.881967
H 0.548783 -0.519931 -0.630039
H -0.554966 -0.776539 -1.975735
C-0.550399 -2.371683 -0.473346
H-1.189706 -2.930885 -1.167728
H 0.443740 -2.829452 -0.546737
C-1.061266 -2.520906 0.953691
H-0.328178 -2.937628 1.642907
C-2.418067 -2.726476 1.298381
H-2.616479 -3.299216 2.205558
C-3.540226 -2.765273 0.280049
H -4.490307 -2.698399 0.825402
H -3.559228 -3.727801 -0.262207
C-3.453327 -1.587720-0.711995
H -2.884872 -1.873288 -1.604148
H -4.460063 -1.333358 -1.068329
C-0.853964 -1.054827 3.423196
H -1.435251 -0.783902 4.305339
H-0.332281 -2.004476 3.549899
C-0.220856 0.000271 2.681999
H-0.524392 1.025372 2.901845

C-2.824582 -0.365576 -0.063260
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H -3.514717 0.455563 0.123850
H -3.150758 -0.831291 2.421253
C-3.015959 0.729687 2.597550
H -2.594011 1.539380 1.980566
H -2.636241 0.871656 3.617846
C-4.545923 0.922658 2.641418
H -5.002462 0.177490 3.306817
H -4.972638 0.759207 1.643665
C-4.884589 2.307668 3.123522
C-4.787339 3.407786 2.261445
C-5.219439 2.552877 4.459766
C-4.992610 4.703623 2.720967
H -4.546101 3.234088 1.214429
C-5.421269 3.849568 4.927720
H -5.325931 1.709525 5.138830
C-5.301014 4.933802 4.062353
H -4.927693 5.539047 2.028158
H -5.691489 4.012108 5.968927
H -5.476073 5.945223 4.420052
C 1.046457 -0.055764 1.983434
C 1.503068 1.086075 1.282011
C1.893267-1.186359 1.957503
C2.706154 1.095895 0.594075
H 0.865612 1.969227 1.265303
C3.095037 -1.175420 1.262674
H 1.597662 -2.082097 2.494742
C 3.521283 -0.038399 0.574200
H 3.010826 1.992103 0.057939
H 3.715918 -2.068695 1.262847
H 4.461559 -0.037726 0.031432
H 1.830350 -0.260163 4.878357
H 3.368722 0.813771 3.301029
C 2.722949 0.205000 5.315868
C3.331416 1.197856 4.322916
H 3.418450 -0.581916 5.621345
H 1.530563 0.762572 7.095061
C2.345676 1.128288 6.463505
H 3.220480 1.340413 7.100007
C 2.378027 2.376055 4.455311
0 1.909930 2.362497 5.839760
H 1.513602 2.247142 3.790521
H 3.562013 4.912207 9.068130
H 2.846186 3.347966 4.263570
H -0.709638 6.414372 9.293354

C 2.948796 4.037395 8.812049

H 1.223970 4.504112 10.938199
H 3.704931 3.236755 10.694740
H 3.156418 3.747133 7.776271
C-1.373903 6.412731 8.422079
0 1.546386 4.403993 8.874048
C 3.148039 2.886292 9.819496
C 1.002635 3.844675 10.081573
Na 0.295173 3.899254 6.752295
H 1.651000 2.089242 11.229184
C-2.761145 6.978820 8.692661
H -0.860755 2.705933 3.937137
H -3.098936 6.694436 9.696315
C1.713863 2.508283 10.220787
0-1.587939 5.042297 8.028790
H-0.081103 3.778989 9.949116
C-1.435077 3.627310 3.824519
H 3.699002 2.047484 9.386648
0-0.995201 4.548050 4.846604
C-1.501470 5.824953 4.431992
C-1.175918 4.364165 2.514400
C-3.592372 6.264423 7.621475
H 1.283414 1.792950 9.510722
C-2.964960 4.871945 7.602248
H -2.504008 3.405943 3.955182
H -4.660979 6.233682 7.851329
H-2.972056 4.399237 6.613808
H -3.465494 4.204627 8.318519
H-0.519286 6.459083 2.574209
C-1.370976 5.852346 2.896979
H-0.151385 4.180175 2.175281
H-2.271947 6.273649 2.442627
H -1.858586 4.033599 1.728221
H 4.343793 1.482447 4.637051
H -0.922956 6.594719 4.954028
H-2.560905 5.904188 4.721519
H -0.877984 6.954097 7.599446
H -2.795506 8.068843 8.611254
H -3.466731 6.760274 6.652523
H 1.325545 5.638142 4.076834
H 3.027550 5.877204 4.565938
C 1.989781 6.206220 4.733497
C1.871663 7.736231 4.596893
H 0.953676 8.020121 4.074608
H 2.713046 8.145348 4.030980

C 1.854654 8.237038 6.063440
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H 0.863864 8.619677 6.328486
H 2.582059 9.032269 6.248720
01.613258 5.907064 6.087619
C2.162715 6.973971 6.870430
H 1.700807 6.934511 7.859759
H 3.251226 6.829519 6.978104
H-2.930884 1.741925 5.901321
H -0.593406 1.074611 5.639273
H -3.065539 -0.017972 6.036894
C-2.627028 0.872854 6.494144
C-1.110969 0.813218 6.566296
H-0.762683 -0.180543 6.892959
C-3.020784 1.053188 7.972262
0-0.781228 1.804926 7.565362
H -3.888764 1.709290 8.085270
H-3.269680 0.091842 8.431624
C-1.750825 1.650133 8.620975
H-1.343500 0.978110 9.391724

H-1.907298 2.638606 9.062687

[(Pernacnac)Mg][Co(n*-cod)

(n2-styrene)(H)(CH2CH2Ph)] (14mg)

H =-3595.98836771 Eh

G =-3596.12205540 Eh
Co-1.874944 -2.316930 0.333967
C-2.377343 -3.271443 -1.438973
H-2.651104 -2.495547 -2.154824
C-1.289595 -4.210095 -1.908775
H-0.590511 -3.641644 -2.530774
H-1.713968 -4.990932 -2.562754
C-0.510369 -4.841733 -0.740533
H-0.925441 -5.820653 -0.474503
H 0.522416 -5.028871 -1.057996
C-0.486292 -3.941863 0.480377
H 0.483963 -3.513350 0.712394
C-1.396015 -4.003182 1.527378
H -1.065635 -3.640060 2.499500
C-2.578590 -4.944075 1.567722
H -3.238571 -4.623199 2.381010
H-2.242133 -5.964159 1.815777
C-3.370947 -4.939843 0.246665
H -3.002787 -5.720352 -0.428683
H -4.417621 -5.190895 0.453907
C-0.565696 -1.023689 1.053611

H-1.064382 -0.182122 1.542536

H 0.199287 -1.507849 1.668135
C-0.444681 -1.040494 -0.420137
H -1.057192 -0.323443 -0.971239
C-3.313462 -3.590675 -0.449987
H -4.251916 -3.044457 -0.469076
H -2.662365 -2.321764 1.563039
C-3.226881 -0.816744 0.063364
H -3.510085 -0.871529 -0.998868
H -2.722527 0.153150 0.190387
C-4.502130-0.782114 0.919973
H -4.236861 -0.582055 1.965888
H -4.985493 -1.768318 0.916709
C-5.509452 0.246790 0.461908
C-6.067366 0.178821 -0.820008
C-5.911831 1.293407 1.293811
C-6.9822251.128912 -1.257571
H -5.779342 -0.635300 -1.481559
C-6.824201 2.252876 0.860841
H -5.500565 1.353184 2.299337
C-7.360441 2.177897 -0.420617
H -7.405938 1.051844 -2.255631
H-7.121120 3.058025 1.528418
H -8.074728 2.922037 -0.761600
C0.737698 -1.489516 -1.165387
C0.729138 -1.417345 -2.580241
C1.918018 -1.982905 -0.560866
C 1.800062 -1.856968 -3.334744
H-0.163013 -1.035740 -3.070996
C2.984722 -2.442667 -1.332059
H 2.000396 -2.062959 0.521241
C2.937572 -2.388863 -2.717777
H 1.748706 -1.799343 -4.418773
H 3.855298 -2.850733 -0.825919
H 3.769694 -2.750263 -3.313722
Mg 1.016052 0.523299 0.330366
N 0.455935 2.435933 0.017479

N 2.704666 1.021291 1.329267
C1.207620 3.487037 0.341354

C 3.408634 -0.073007 1.909642
C2.481957 3.394590 0.928859

H 2.982470 4.342129 1.094225
C3.155649 2.271617 1.435058
C-0.904496 2.641817 -0.363117
C2.856158 -0.673984 3.060024

C-1.277187 2.428590 -1.703654

C 1.701705 -0.045143 3.803030
H 1.205599 -0.819123 4.400152
H 0.946858 0.337392 3.105055
C4.466569 2.547548 2.136391
H 5.277858 2.598509 1.400824
H4.719792 1.762639 2.852560
H 4.430201 3.510173 2.651396
C4.537338 -0.630098 1.277264
C 3.427900 -1.848932 3.546560
H 2.999201 -2.319510 4.428262
C4.527641 -2.420862 2.919053
H 4.955133 -3.343690 3.299642
C-1.868671 2.970280 0.609779
C5.077223 -1.806819 1.802008
H 5.938141 -2.257762 1.314334
C0.679892 4.886233 0.120933
H 0.129669 5.223482 1.007247
H-0.009991 4.933010 -0.724736
H 1.505344 5.583545 -0.039661
C-2.617203 2.575757 -2.059206
H-2.911691 2.401967 -3.091844
C5.152040 -0.017548 0.039561
H 4.626288 0.904590 -0.221341
H 4.992826 -0.696526 -0.808925
C-1.515963 3.127053 2.073194
H-1.600157 4.186748 2.354911
H-0.468299 2.853778 2.235611
C6.653951 0.262404 0.178369
H7.031756 0.777064 -0.710976
H 7.228800 -0.661227 0.293436
H 6.862938 0.887818 1.052122
C-0.255391 2.088428 -2.759110
H 0.463211 1.348426 -2.382405
H -0.773008 1.610467 -3.599603
C-3.192767 3.134725 0.201162
H-3.951146 3.393557 0.933623
C-3.572332 2.936457 -1.117611
H-4.616710 3.033060 -1.398819
C2.140071 1.104811 4.718561
H 1.289830 1.483647 5.295262
H 2.547689 1.936877 4.136711
H 2.910900 0.770514 5.420712
C-2.403721 2.297219 3.008569
H -2.405388 1.241392 2.717760

H -3.441828 2.640274 2.991885
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H -2.045750 2.369896 4.040928
C0.523140 3.305515 -3.273467
H-0.161987 4.078082 -3.638093
H 1.187501 3.019403 -4.095725

H 1.140036 3.742459 -2.482735

[(Pepnacnac)Mg][Co(n*-cod)
(n?2-styrene)(H)(CH2CH2Ph)]
([15mg]")

H =-3595.98609991 Eh

G =-3596.11964407 Eh

Co -1.894587 -2.317259 0.443438
C-2.158075 -3.399990 -1.311272
H-2.331036 -2.679596 -2.113969
C-0.997589 -4.344951 -1.534366
H-0.217019 -3.807597 -2.083357
H-1.305152-5.181821 -2.184434
C-0.409453 -4.861598 -0.209396
H-0.867160 -5.813913 0.082338
H 0.657288 -5.072763 -0.349435
C-0.570634 -3.836067 0.901592
H 0.368337 -3.422922 1.267715
C-1.640753 -3.814096 1.815952
H-1.441269 -3.388687 2.800139
C-2.801060 -4.785588 1.779848
H -3.585154 -4.396448 2.440094
H -2.505067 -5.766722 2.188429
C-3.377574 -4.941061 0.359172
H -2.900279 -5.774694 -0.167247
H -4.442025 -5.196322 0.423451
C-0.656565 -0.940238 1.132622
H-1.167402 -0.123268 1.649488
H 0.168309 -1.377927 1.704162
C-0.614975 -0.927395 -0.343203
H -1.263240 -0.207304 -0.847802
C-3.221743 -3.663594 -0.446461
H -4.146203 -3.124855 -0.635267
H-2.926185 -1.990553 1.414438
C-3.430880 -0.890828 0.233688
H-3.512577-0.916262 -0.862823
H -3.008293 0.086596 0.498449
C -4.849606 -0.964240 0.827454
H -4.806130 -0.845346 1.918316
H -5.283305 -1.956760 0.644422
C-5.765343 0.086967 0.251915

C-6.183122 0.012497 -1.081384
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C-6.196831 1.172470 1.016201
C-7.000257 0.991866 -1.632973
H -5.863848 -0.830403 -1.691196
C-7.012530 2.160122 0.468694
H -5.887362 1.241421 2.057315
C-7.416047 2.075035 -0.860080
H -7.318716 0.910062 -2.668888
H -7.339086 2.995101 1.083406
H -8.056391 2.840691 -1.288880
C0.513384 -1.377751 -1.161733
C0.445802 -1.234266 -2.571052
C1.694581 -1.953966 -0.634484
C1.461626 -1.683940 -3.392912
H -0.446789 -0.786305 -3.001002
C2.706151 -2.413800 -1.475001
H 1.806955 -2.106861 0.436110
C2.601908 -2.289892 -2.854154
H 1.365393 -1.572333 -4.469718
H 3.580673 -2.881067 -1.030123
H 3.391425 -2.654476 -3.503551
Mg 0.948302 0.551575 0.330889
N 0.393410 2.475582 0.087852
N 2.659153 1.013379 1.300732
C1.126561 3.515649 0.476701

C 3.384380-0.110178 1.794449
C 2.407282 3.404143 1.049163
H 2.900592 4.345948 1.261617
C3.108557 2.258371 1.459205
C-0.957314 2.663465 -0.330465
C2.901098 -0.748827 2.955929
C-1.268518 2.531372 -1.696852
C 1.805534 -0.139752 3.797632
H 1.317424 -0.938549 4.368221
H 1.031045 0.309202 3.164103
C 4.455402 2.494010 2.102886
H 5.233470 2.513629 1.330573
H 4.715422 1.699410 2.806355
H 4.476677 3.457095 2.617381
C 4.454910 -0.659862 1.064236
C 3.483781 -1.950958 3.355683
H 3.105710 -2.450935 4.244329
C4.527207 -2.514353 2.631822
H 4.962167 -3.458764 2.945100
C-1.973549 2.855007 0.626912

C5.008610 -1.864826 1.503805

H 5.824009 -2.309050 0.938060
C0.579402 4.917729 0.336668
H0.051710 5.207119 1.252896
H-0.131504 4.996414 -0.488820
H 1.392571 5.632044 0.187690
C-2.602234 2.624855 -2.093535
H -2.848952 2.514666 -3.147246
C4.993938 -0.011486 -0.189962
H 4.463078 0.924134 -0.386504
H 4.773765 -0.663071 -1.046658
C-1.659445 2.921277 2.106199
H-1.546546 3.972607 2.409758
H -0.680876 2.461446 2.288005
C 6.504387 0.252142 -0.137444
H 6.833347 0.784137 -1.035919
H7.075139 -0.679144 -0.077328
H 6.771595 0.855091 0.736435
C-0.191825 2.314906 -2.730977
H 0.535326 1.569797 -2.381283
H-0.657023 1.888403 -3.627735
C-3.291384 2.960305 0.180474
H -4.094271 3.098755 0.896397
C-3.610689 2.843503 -1.164555
H -4.649576 2.892665 -1.477223
C2.323351 0.933643 4.763690
H 1.516522 1.288595 5.413301
H2.717679 1.796353 4.218594
H 3.123841 0.535137 5.395681
C-2.702765 2.258682 3.010298
H-2.901440 1.228127 2.695859
H-3.655061 2.796935 3.004055
H-2.346732 2.237952 4.045243
C0.561382 3.594139 -3.116441
H-0.138210 4.374778 -3.433302
H 1.254627 3.398588 -3.941218

H 1.144260 3.979775 -2.275221
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Chapter 3 A Highly Reduced Magnesium Dicobalt Complex for the
Hydrogenation of Tri- and Tetra-Substituted Alkenes!?

Abstract: We describe the synthesis and structural characterization of the trinuclear
magnesium dicobalt complex Mg[Co(n*-cod)2]> (1; cod = 1,5-cyclooctadiene), showing an
unsupported Co—Mg—Co structural motif. Complex 1 forms a tight ion pair in the solid state
and in toluene solution due to electrostatic interactions between the Mg2+ cation and the
[Co(n*-cod)2]- anion. The complex is a successful pre-catalyst for the hydrogenation of
sterically challenging tri- and tetra-substituted alkenes, surpassing the catalytic capabilities

of related alkali metal and B-diketiminate magnesium complexes.

Mg[Co(n*-cod),],
and Mg-C, interaction

Contact ion pair cat.

. . R R

in solution J\(RZ Mg[Co(n*-cod),], HJ\T/RZ
R* > RY
R3 H, (2 bar), toluene, 30 °C RS
L)y 3
; ; ; ; ; ; ; ; Ph /Y /\)J\o/\
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm) >99 97 94 >99

[a] Martin Gawron performed all reactions and characterizations. Johannes Eder conducted
and interpreted the DOSY NMR experiments under the supervision of Ruth M. Gschwind.
Xaver Weichselgartner assisted in the hydrogenation studies. Robert Wolf supervised and

directed the project. Martin Gawron prepared the manuscript with input from Robert Wolf.
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3.1 Introduction

Low-oxidation state alkali metal cobaltate salts, such as [M(thf),][Co(n2-C2H4)] (M = Li,
donor = TMEDA, A; M = K, donor = thf, B; CoH4 = ethylene), [M(thf),][Co(n*-cod)-] (C: M
=Li; D: M = Na; E: M = K; cod = 1,5-cyclooctadiene), and [K([2.2.2]crypt.)][Co(n*-Ci14H10)2]
(F; C14H10 = anthracene, crypt. = cryptand), are versatile synthetic equivalents for the “Co="
anion in organometallic chemistry (Figure 1, top).l!! These complexes also display promising
reactivities in processes such as small molecule activation,?] alkene hydrogenation,[!e}3] and
other catalytic reactions.[*] The reactivity and catalytic properties of the cobaltate anions can
be manipulated by heteroatomic ligands (e.g., phosphines, bipyridines, or
a-diimines).[1cl6LI7] However, the effect of the counterions on their reactivity has not been
thoroughly understood. Only a few alkaline earth metal cobaltates are known, including the
“inorganic Grignard reagent” [MgBr(thf).][CpCo(13-CsHs5)] (G) reported by Jonas, and the
carbonyl complexes [AE(thf),][Co(CO)«(PCy3)]- reported by Mountford (where x = 1-3 and
AE = Mg-Ba; see, for example, complex H in Figure 1, bottom).[8! Furthermore, there are few
structurally-related cobaltate compounds with counterions beyond group 2, with
Hg[Co(CO)4] and Zn[Co(n*-C4Hs)2] (CsHe = 1,3-butadiene) being scarce examples.[1¢l9]

—— Established alkali metal cobaltates =~ ———————

- —I_
I e ~
" v -
: - Co

4 ’
° o
—-—‘\ A \\
2
[M(donor),,]* [M(thf),I* QQ
(M=Li, Na, K) [K(2.2.2-crypt.)]*
A (M = Li; TMEDA),
B (M = K; thf) C-E F
Jonas, Jonas, 1976 & 1977 )
1977 & 1980 Wolf, 2024 Ellis, 2002

— Selected magnesium cobalt complexes _—
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Figure 1. Established alkali metal cobaltates used as synthetic precursors, pre-catalysts or in the
activation of small molecules (top) and selected examples of magnesium cobalt complexes
(bottom). Dep = 2,6-diethylphenyl. crypt. = cryptand.

Recently, we discovered that countercations have a significant impact on the catalytic

properties of anionic cobaltates C-E and [(PePnacnac)Mg][Co(n*-cod)2] (J; Dep
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=2,6-diethylphenyl) during alkene hydrogenations.l'®! Our studies suggest that the
counterion plays an active co-catalytic role in the hydrogenation reaction by coordinating to
cobalt hydride intermediates. To investigate the enhanced reactivity of magnesium cobaltates
compared to their alkali metal salts, we have now prepared the Mg2* complex,
Mg[Co(n*cod)-]2 (1, Figure 2), which lacks any additional ligands on the magnesium cation.
In this report, we describe the synthesis and molecular structure of 1, which features a linear
Co-Mg-Co arrangement. We analyze the bonding situation in 1 and demonstrate that this
complex catalyzes the hydrogenation of tri- and tetra-substituted alkenes with a remarkable

efficiency.lel

3.2 Results and Discussion

Complex 1 was prepared by treating anhydrous MgCl, with [K(thf)o.33][Co(n*-cod)2] (E) in
THF/toluene. The compound was isolated as an orange-yellow powder in 63% yield. Crystals
grown from a saturated toluene solution were analyzed by single crystal X-ray diffraction. In
the solid state, 1 forms an ion triple with a Mg2+ cation sandwiched by two [Co(n*-cod)>]-
units (Figure 2, bottom; Col-Mgl—Co2 179.36(4)°).10] The two [Co(n*-cod)2]~ anions are
rotated toward each other at 50.42(6)° along the Co—Mg—Co axis (plane[C1-Col-C2]-to-
plane[C3-C02-C4]). The Co—Mg distances (2.631(6) and 2.615(6) A) are similar to those in
complex J.[2d] Close contacts of the Mg2+ cation with four carbon atoms of the cod ligands
(C1, C2, C3 and C4; Mg—C 2.362(8)-2.415(8) A) presumably arise from an interaction with
the m-bonds of the cod ligand.

o VQ

\
‘(/:(\; + MgCl, (0.5 equiv.) . ,é M S\:‘I\)
S\ THF/toluene (1:2), O\Q =
-50°Ctort.,3d
[K(thf)o 33]*

(E)
—— SC-XRD structure of 1 ———

.

Figure 2. Top: Synthesis of Mg[Co(n*cod)2]2 (1). Bottom: Solid state molecular structure of 1.
Thermal ellipsoids are drawn at 40% probability level. H atoms are omitted for clarity. Selected bond
lengths [A] and angles [°]: Col-Mgl 2.631(6), Co2—-Mgl 2.615(6), Mgl—C1 2.411(2), Mgl—-C2
2.362(2), Mg1-C3 2.363(2), Mg1-C4 2.415(2), Co1-Mgl1—-Co2 179.36(4).
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A quantum chemical analysis using intrinsic bond orbitals (IBOs), second order perturbation
theory (SOPT) analysis and quantum theory of atoms in molecules (QTAIM) analysis
indicates that these interactions are weakly covalent (see section 3.4.11 for details). The 'H
and 13C{!H} NMR spectra of 1 show the presence of two species in a ratio of approximately
1.0:0.25, which is explained by the presence of rotamers with similar NMR spectra (Figure
3).1H NMR resonances at 1.2-4.5 ppm are assigned to the (chemically) inequivalent H atoms
of the cod ligands (Figure S12). The cod ligands give rise to eight 13C{1H} NMR resonances
between 27.0 and 83.0 ppm (Figure S13). This is in agreement with the contact ion structure
observed in the solid state, for which chemically inequivalent carbon atoms are expected.[2d]
Broadening of the resonances is observed at elevated temperature (60 °C), which possibly

indicates chemical exchange between the rotamers (Figure S17).
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Figure 3. Cutouts of the 'H and 3C{'H} NMR spectra (400.13/100.61 MHz, 298 K) of 1 in toluene-ds.

Further confirmation of the intimate ion pair character in solution was provided by DOSY
NMR studies of 1 and the lithium salt [Li(thf);.92][Co(n*-cod)2] (C) (section 3.4.5.1). For 1,
similar diffusion coefficients (D = 9.1 x 10-10 m2 s-1) were obtained for all suitable cod ligand
signals, which correspond to a hydrodynamic volume Vi = 754 A3; for comparison, the
diffusion coefficients for the 1,5-cod ligand signals (D = 1.0 x 102 m2 s~1) and the Li* cation
(D = 9.9 x 10-1°m?2s-1; 7Li NMR) of C give volumes Vi = 566 A3 and Vi = 448 A3,
respectively. The larger hydrodynamic volume Vi of 1 strongly supports the presence of the
magnesium salt as a contact ion pair in solution.

NMR spectroscopic evidence of this Cx---Mg interaction can be found in the *C{1H} NMR

spectrum of 1, which features one of four olefinic signals at an unusual chemical shift of
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40.8 ppm, significantly upfield shifted compared to the other resonances at = 80.0 ppm
(Figure S13 and Figure S14). The 13C{IH} NMR chemical shifts calculated at the
PBEQ/def2-TZVPP level of theory show that this resonance can be assigned to the four
inward-facing Cr atoms (8calc = 44.9 ppm for C1/2/3/4; Table S7). The 1H NMR spectrum of
1 does not change significantly upon the addition of THF (Figure S6). However, much
simpler 'H and 13C{1H} NMR spectra are observed with 4-(dimethylamino)pyridine
(DMAP), which indicate the formation of the ion-separated complex [Mg(DMAP)s]-
[Co(m*-cod)2]2 (2, see section 3.4.6.2 for details). In contrast to complex J, 1 does not react
with styrene and dibenzo[a,e]cyclooctene even at elevated temperatures (section 3.4.7).[1e]
This indicates that the tight ion-pairing in 1 significantly slows down ligand exchange.
Quantum chemical calculations confirm that the bonding in the Co—Mg—Co core of 1 is
highly ionic, while weak donor-acceptor interactions between the Mg?* center and four
alkene C atoms provide partial covalent stabilization (see above). Natural bond order (NBO)
and SOPT analyses show that any donor-acceptor interactions between the cobalt and
magnesium atoms are negligible (<1 kcal mol-!; Table S8). The Wiberg bond index for the
Co—Mg bond is 0.029 (0.030), and the QTAIM analysis displays no bond critical point (BCP)
along the Co—Mg—Co motif (Figure 4a,c). The charges from the natural population analysis
(NPA) are positive for the Mg2* cation (+1.74) and overall negative for the [Co(n*-cod)2]-
anions (—0.87), while the formal Co(-I) center itself has a positive charge (+0.25/+0.26). The
C=C double bonds interacting with the Mg2+ are polarized (e.g., NPA charge (C4) of —0.54 vs.
NPA charge (C8) of —0.20).

-
(@)
/) \ 0.057
/ =~ ~ “
_ _O_Oéo_ __ -
\ Pid
\\ @/ 70.057

Wiberg Bls e.g. IBO-140: C40.65 / C? 0.11 / Co? 0.09 / Mg* 0.06
§ : y,

Figure 4. (a) NBO analysis including NPA charges and Wiberg bond indices of 1. (b) Selected IBOs of
1. The interaction type and percentage of the electron density on C, Co and Mg are given exemplarily
for IBO-140. (c) Plot of the Laplacian of the electron density on the C—Co—Mg plane of 1 fully
displaying two of the four bond critical points between C and Mg (blue dots: bond critical points; gray
lines: bond paths).

To assess the influence of the Mg?* cation, we compared the properties of 1 with J in alkene
hydrogenation reactions (Figure 5).['¢! Various mono- to tetra-substituted alkenes were
hydrogenated quantitatively using 1 under mild H> pressure (1.5 mol%, 2-12 bar Ho,
30-60 °C). Catalyst 1 surpasses J in terms of yield and reaction rate for most of these
substrates (Figure 5, top and Table S1). The sterically most hindered substrate

1,1,2,2-tetraphenylethylene was converted to the corresponding alkane with 1 in 88% yield,
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while a modest conversion of only 8% was achieved with J. This shows that the
B-diketiminate motif is not an essential counterion component for the effective
hydrogenation of alkenes. To gain initial information on the topicity of the catalyst, we
conducted NMR spectroscopic reaction monitoring and mercury poisoning experiments.[11]
The hydrogenation of a-methylstyrene was not inhibited by the addition of Hg, while varying
product formation was recorded for 1,1,2-triphenylethylene (52-89% yield), and significant
inhibition was found for 1,1,2,2-tetraphenylethylene (35% vs. 88% yield; Table S2).

R Mg[Co(n“-cod)z]z (1.5 mol%) or R

R4J§/R2 [(PePnacnac)Mg][Co(n*-cod),] (3 mol%) . :H\T/RZ
3 H, (2-12 bar), toluene, 30-60 °C, 3 hor 22 h
R

R3
r Comparative hydrogenation \
Ph Ph
Ph Ph
TN Ph/K O /\Prh Ph)ﬁ/
Ph
>99 >99 97 95 8slcl
83 (84)lel 66 (66) 12 (55)[b] 93 8 (10)e
steric —
o T )
Ve Additional scope ~
AN oPh PPN \
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>99 91 94 98 95
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I SN WS SN
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Figure 5. Hydrogenation of alkenes using Mg[Co(n*-cod)z2]2 (1) and [(PePnacnac)Mg][Co(n*-cod)2]
(J). Standard conditions: 0.2 mmol substrate (0.4 mol/Lin toluene). 2-12 bar H2, 30-60 °C,3 hor22 h
(see section 3.4.3.1 for the individual reaction conditions). Yields and conversions in [%] were
determined by quantitative GC-FID analysis vs. internal n-pentadecane. Conversions are given in
parentheses if <90%. [a] Isomerization to internal double bonds. [b] Formation of cis-cyclooctene as
the major product. [c] ¢ = 0.1 mol/L; V = 2.0 mL.

These data suggest a homotopic catalyst predominantly operates at mild temperature and H»
pressure, while heterotopic catalyst species are likely to contribute at higher temperatures
and pressure required for challenging substrates such as 1,1,2,2-tetraphenylethylene. The 'H
NMR spectroscopic monitoring of the hydrogenation of a-methylstyrene with 1 (2 mol%,
2 bar H», ambient temperature; Figure S11) revealed the complete formation of cumene in
<71 min (Figure S11). Moderate line broadening may indicate the formation of a minor
amount of cobalt particles (after H» addition). While previous monitoring studies with J and
E indicated that the spectroscopic line broadening is accompanied by termination of the

hydrogenation reaction,[!¢l the hydrogenation reaction with 1 did not cease when spectral
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broadening appeared. Thus, we presume that the formed particles are inactive in the
hydrogenation and are present alongside a molecular species, which facilitates the

hydrogenation.

3.3 Conclusion

The complex Mg[Co(n*-cod)2]2 (1) features an unsupported linear Co—Mg—Co unit and can
be synthesized through a simple salt metathesis reaction. Single crystal X-ray diffraction,
DOSY NMR spectroscopy, and quantum chemical studies indicate that complex 1 exists as
an intact ion triple in the solid state, characterized by an ionic magnesium-cobalt interaction
and weak dative bonds between the 1,5-cyclooctadiene ligands and Mg2+. This molecular
structure is preserved in toluene solution. Complex 1 effectively catalyzes the hydrogenation
of sterically demanding alkenes, surpassing the performance of related alkali metal salts C-E
and the magnesium B-diketiminate salt J. These findings highlight a significant counterion

effect on catalytic activity that is intrinsic to the Mg2+ cation.
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3.4 Supporting Information

3.4.1 General Information

All reactions and product manipulations were carried out in flame-dried glassware under an
inert atmosphere of argon/nitrogen using standard Schlenk-line or glovebox techniques
(maintained at <0.1 ppm H>O and <0.1 ppm O>). [Li(thf)2][Co(n*-cod)2] (C)Hal and
[K(thf)o.2][Co(n*-cod)2] (E)PI were prepared according to procedures previously reported in

the chemical literature.

Solvents were dried and degassed with an MBraun SPS800 solvent purification system. All
dry solvents were stored under argon over activated 3 A molecular sieves in gas-tight
ampules. Commercially available alkenes were purified by distillation (Kugelrohr) and in case

of liquids degassed and dried over molecular sieves (3 A).

NMR spectra were recorded on Bruker Avance 400 spectrometer at 298 K unless otherwise
noted and internally referenced to residual solvent resonances (!H NMR: toluene-ds:
7.09 ppm, DMF-d7: 8.03 ppm; 13C{!H} NMR: toluene-ds: 137.9 ppm, DMF-d7: 163.2 ppm).
Chemical shifts § are given in ppm referring to the external standard tetramethylsilane (1H,
I3C{1H} spectra). 'H and 13C NMR signals were assigned based on 2D NMR spectra (H/!H-
COSY, 'H/13C-HSQC, 'H/13C-HMQC).

Hydrogenation reactions were carried out in a 300 mL high pressure reactor (Parr™) in 4 mL
glass vials or in NORELL® valved NMR tubes. The reaction vessels were loaded under
nitrogen, purged with hydrogen, sealed and the internal pressure was adjusted. Hydrogen
(99.9992%) was purchased from Linde.

Yields of the catalytic and kinetic studies were determined using gas chromatography with
FID detector (GC-FID) by Shimadzu GC2025. H> was used as carrier gas. A Restek Rxi®
(30 m x 0.25 mm x 0.25 pm) column was used. The standard heating procedure was: 50 °C
(2 min), 25 °C/min - 280 °C (5 min). Calibration with internal standard n-pentadecane and
analytically pure samples. Non-commercial calibration samples were prepared by
hydrogenation with Pd/C (10% Pd basis).

Gas chromatography with mass-selective detector (GC-MS) was conducted with an Agilent
7820A GC system with mass detector 5977B. Ha as carrier gas and a HP-5MS (30 m x
0.25 mm x 0.25 ym) column were used. The standard heating procedure was: 50 °C >
300 °C.

3.4.2  Synthesis and Characterization of Mg[Co(n*-cod)2]2 (1)
[K(thf)o.33][Co(n*cod)2] (E) (501.2mg, 1.48 mmol, 2.0 equiv.) and MgCl> (70.6 mg,
0.74 mmol, 1.0 equiv.) were suspended in toluene (20 mL) and cooled to -50°C.

Subsequently, THF (10 mL) was added while stirring. The cooling bath was removed after

30 min, and the mixture was stirred for 3 days. During this time, the formation of a fine,
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pale-yellow precipitate was observed, and the reaction mixture turned deep yellow-brown.
The solvent was evaporated to ca. ¥/2 of its initial volume under reduced pressure and toluene
(20 mL) was added to the residual suspension. The mixture was stirred for 30 min until the
pale-yellow solids dissolved and a fine gray powder remained. The mixture was filtered
through a PTFE tube equipped with a Whatman filter paper (GF/A, 1.6 um pore size,
24 mm), and the deep yellow-brown filtrate concentrated to ca. Y2 of its initial volume.
Storage at —30 °C for 3 days afforded Mg[Co(n*-cod)2]- (1) as a yellow-to-orange solid, which
was washed with n-hexane (2 x 2.0 mL) and dried under reduced pressure. Concentrating
the mother liquor to ca. 2 of its initial volume and storage at —35 °C gave a second crop of

1. Crystals suitable for X-ray crystallography were grown from a saturated toluene solution

at -35°Cover 3 d.

C32H43C02Mg, MW =574.91 g/mol

\O/
—’O\
\o,
/o\

Yield: 269.7 mg, 63% (15t and 2"d crop)

1TH NMR (400.13 MHz, 298 K, toluene-ds; filtered sample) & = 4.44 (t, 4H, 3Juu = 7.2 Hz,
CsHi2—olefinic, isomer A), 4.31 (t, 1H, 3Juu = 6.9 Hz, CgH12—olefinic, isomer B), 3.62-3.37
(m, 5H, CgH1»>—aliphatic, isomer A+B), 2.86-2.73 (m, 2H, CgH1»>—aliphatic, isomer B), 2.73-
2.65 (m, 5H, CgHi»—aliphatic, isomer A), (2.65-2.58, m, 3H, CgH1»—aliphatic, isomer A+B),
2.58-2.48 (m, 7H, CsH12—olefinic, isomer A+B), 2.48-2.35 (m, 4H, CgH1»—aliphatic, isomer
A), 2.21-2.10 (m, 8H, CsHio—aliphatic and CgsH12—olefinic, isomer A+B), 1.92-1.69 (m, 6H,
CgH1o—aliphatic and CgsH12—olefinic, isomer A+B), 1.61-1.51 (m, 4H, CgH12—olefinic, isomer
A), 1.40-1.24 (m, 11H, CgH>—aliphatic and CsH12—olefinic, isomer A+B) ppm.

13C{1H} NMR (100.61 MHz, 298 K, toluene-ds; filtered sample) § = 82.1 (s, CsHi2—olefinic,
isomer B), 81.9 (s, CsHi>—olefinic, isomer A), 80.7 (s, CsHi2—olefinic, isomer A), 79.6 (s,
CsHio—olefinic, isomer B), 78.2 (s, CsHi2—olefinic, isomer A), 76.9 (s, CsHio—olefinic, isomer
B), 40.8 (s, CsHi2—olefinic, isomer A), 39.9 (s, CsHis—olefinic, isomer B), 39.3 (s, CsHio—
olefinic, isomer B), 38.8 (s, CsHi2—olefinic, isomer A), 37.1 (s, CsHio—aliphatic, isomer B),
36.4 (s, CsHio—aliphatic, isomer A), 30.4 (s, CsHio—aliphatic, isomer A), 29.8 (s, CsHio—
aliphatic, isomer B), 28.2 (s, CsHi2—aliphatic, isomer A), 27.4 (s, CsHi2—aliphatic, isomer B)
ppm.

Elemental Analysis calcd. C 66.85, H 8.42; found C 66.54, H 8.53.
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3.4.3 Hydrogenation Study

3.4.3.1 General Procedure and Substrate Scope

In a glovebox, an oven-dried (160 °C) 4 mL reaction vial was charged with n-pentadecane
(20 pL, 72.4 pmol) as the internal standard for GC-FID quantification. The liquid substrate
(0.2 mmol) was added followed by the pre-catalyst Mg[Co(n*-cod)-]> (1; 1.5 mol%; filtered
through a 0.2um PTFE filter(’?l to remove minor insolubilities) or pre-catalyst
[(Pepnacnac)Mg][Co(n*-cod)2] (J; 3 mol%) as a stock solution in toluene (0.5 mL). In the case
of solid substrates, the solid was first weighed into the vial followed by the addition of the
liquids. The reaction vial was transferred to a high-pressure reactor, which was sealed and
removed from the glovebox. The reactor was purged with a continuous flow of H> (0.5-0.8 bar
overpressure for 30s) and the reaction pressure and temperature were set. After the
indicated reaction time, the reaction vessel was depressurized, the vials were retrieved and
treated with a saturated aqueous solution of NH4Cl (1.0 mL) and diluted with ethyl acetate.
An aliquot of the organic phase was filtered over a short pad of silica and washed with ethyl
acetate (1 x 2.0 mL). The solution was analyzed by GC-FID (and GC-MS for selected

experiments).

Hydrogenation Protocol I: 2 bar Ho, 30 °C, 3 h; IT: 2 bar H», 30 °C, 22 h; III: 8 bar H», 30 °C,
22 h; IV: 12 bar H», 60 °C, 22 h.

Table S1. Substrate scope for the hydrogenation with Mg[Co(n*-cod)2]2 (1) or [(PPnacnac)Mg]-
[Co(n*-cod)2] (J).

Cat. Cat. [(Pepnacnac)Mg]-
Mg[Co(n*-cod):]2 (1) [Co(n?*-cod):]2 (J)
Entry Substrate YF;)I]d Conditions Yleld[(()/glonv.) Conditions
2 bar Ha, 30 °C 2 bar Hs
9 b [b] b
1 ANV >99 i 83 (84) 30°C. 31
/(A)\/\M/ 2 bar Hs, 30 °C,
2 2 2 >99 31 / /
2 bar H, 30 °C, 2 bar Ho,
3 Ph/g >99 3% 66 (66) 30°C,3h
2 bar H, 30 °C, 6[23] (38), 2 bar Ho,
4 97 3% 12[43] (55), 30°C. 3 h
25[57] (84)ledl ’
X _Ph 2 bar H>, 30 °C,
5 Ph X~ 91 3h / /
Ph 2 bar H>, 30 °C 2 bar H
Ph™ X ar o, , ar Ho,
6 /Y 4 3h 7 30°C,22h
Ph
P XX 2 bar H, 30 °C, 2 bar Ho,
7 /\||:h 95 22h o3 30°C,22h
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Cat. Cat. [(PePnacnac)Mg]-
Mg[Co(n*-cod)2]> (1) [Co(n*-cod)2]2 (J)
Yield .
Entry Substrate (Conv.) Conditions Yleld[(()/(ionv.) Conditions
[%] ?

2 bar H», 30 °C, 2 bar Ho,
8 Ph/O o8 22h % 30°C,22h

9 b )\( 95 8 bar ?22,}130 C, / /

h
Ph
~._Ph [e] 12 bar Ho, €] 12 bar Ho,
10 Ph)\/ 88 60°C, 22 h 8(10) 60°C, 22 h
Ph
8 bar H», 30 °C 8 bar H»
[f] ¥ b b
11 >99 22h 0O 30°C, 22 h
o
2 bar H», 30 °C,
12 Ph/\)j\o/\ 77 3h / /
o)
2 bar H», 30 °C, 2 bar Ho,
13 /\)j\o/\ >99 an 95 30°C, 3

(0]
2 bar H», 30 °C,

[a] Standard conditions: 0.2 mmol substrate (0.4 mol/L in toluene). 2-12 bar Hz, 30-60 °C, 3 h or
22 h. 1.5 mol% Mg[Co(n*-cod)2]2 (1) or 3 mol% [(PePnacnac)Mg][Co(n*-cod)z2] (J). Yields and
conversions were determined by quantitative GC-FID analysis vs. internal n-pentadecane.
Conversions are given in parentheses if <90%. [b] Isomerization to internal double bonds. [c]
Formation of cyclooctene given in [brackets]. [d] Yields and conversions observed over three single
reaction runs. [e] ¢ = 0.1 mol/L; V = 2.0 mL. [f] Traces of the fully hydrogenated decalin were
observed.

344 Mercury Poisoning Experiments

Mercury poisoning experiments were performed to investigate the catalyst topicity at
different reaction conditions (see protocol I/II/IV). Following the general procedure, the
hydrogenation of a-methylstyrene, 1,1,2-triphenylethylene and 1,1,2,2-tetraphenylethylene
was performed using pre-catalyst Mg[Co(n*-cod)2]- (1) in the absence and presence of excess
Hg. In the absence of Hg, (near-)quantitative hydrogenation was observed for all investigated
substrates. In the presence of Hg (1690 mol%; addition at t = 0 min), no inhibition was
observed for a-methylstyrene using protocol I (2 bar H», 30 °C, 3 h) and the hydrogenation
reached the same level of completeness (Table S2, entries 1-2). The more demanding
substrate 1,1,2-triphenylethylene was hydrogenated between 52% and 89% in four single
reaction runs when using protocol IT and poisoned with Hg (2 bar Ha, 30 °C, 22 h; Table S2,
entries 3-4). Applying protocol IV (12bar H», 60°C, 22h), the hydrogenation of
1,1,2,2-tetraphenylethylene was significantly reduced to 35%, while the standard reaction
yielded 88% of 1,1,2,2-tetraphenylethane (Table S2, entries 5-6).
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The (varying) reduction in the yield of 1,1,2-triphenylethane (protocol II) points to the
formation of catalytically active cobalt nanoparticles that are inhibited by the heterotopic
poison mercury. Yet, the inhibition only results in a 11-48% loss of product yield over four
individual reaction runs, which suggests that only a fraction of the (active) catalyst is
inhibited, while the residual part remains functional. In our previous study,!'¢l we could show
that deliberately prepared Co(0) nanoparticlest® were effectively inhibited by Hg when used
in the hydrogenation of 1,1,2-triphenylethylene (0% vs. 56% product yield) under similar
reaction conditions (12 bar Hp, 40 °C, 22 h, THF).

This indicates that the catalyst system based on pre-catalyst 1 remains mainly homotopic in
the hydrogenation of 1,1,2-triphenylethylene (2 bar Ho, 30 °C, 22 h), in agreement with our
preceding poisoning experiments with Co(0) nanoparticles.l'e] At higher pressure and
temperature (12bar H», 60°C, 22h), as required for the hydrogenation of
1,1,2,2-tetraphenylethylene, the poisoning effect of Hg is more pronounced (35% vs. 88%
product yield), which shows that the formation of heterotopic particles is likely also affected
by the reaction conditions (see the opposing effect for a-methylstyrene, see above).

Overall, the data suggests that the reaction renders predominantly homotopic at (milder)
protocols I and II, while the fraction of heterotopic cobalt particles increases at harsher
conditions (protocol IV). Finally, it is important to note that the topicity of such cobaltate
systems is difficult to unambiguously assign as the catalyst decomposition leading to particle
formation can be inconsistent (including not occurring; see Table S2, entry 4 and the

previous literature).[te]

Table S2. Hg poisoning experiments with Mg[Co(n*-cod)2]2 (1) at different reaction conditions.[?!

R? 0 4 R
1.5 mol% Mg[Co(n*-cod),],
RzJ\( R® > zJ\( R?
. xbarH, y°C, zh, R 4
R toluene R
Entry Substrate Conditions Manipulation Yield (Conv.) [%]
1 /]\ 2 bar Hy, 30 °C, 3 h none 7%
0 Ph (Protocol I) Hg (1690 mol%) >99
3 on none 95
Ph/\l/ 2 bar H», 30 °C,
22 h (Protocol II) 52 (53), 89 (89), 67
Ph % ’ ’
Ph
5 ~__Ph  12barH, 60°C, none %
Ph 1 TV)i
6 I 22 h (Protocol IV) Hg (1690 mol%) 35 (37)

[a] Standard conditions: 0.2 mmol substrate (0.4 mol/L in toluene). Hg (1690 mol%; 50 uL) was
added at t = O min. [b] Yields and conversions observed over four single reaction runs. [c] ¢ =
0.1 mol/L; V = 2.0 mL toluene.
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3.4.5 Additional Experiments
3.4.5.1 DOSY NMR Analysis of Mg[Co(n*-cod)]2 (1) and [Li(thf)1.92][Co(n*-cod):] (C)

General Information

Diffusion-ordered NMR spectroscopy (DOSY) experiments were conducted on a Bruker
Avance III HD 600 MHz spectrometer, equipped with a TBI 5 mm 'H/!°F-BB probe. All
measurements were performed at 298 K, with the temperature validated using internal NMR

calibration standards from Bruker.

The DOSY measurements were performed with convection compensating double stimulated
echo (DSTE) pulse sequence developed by Jerschow and Miiller.[!3] The diffusion time delay
was set to 40 ms. Smoothed square (SMSQ10.100) gradient shapes and a linear gradient

ramp (32 increments, 5% to 95% of the maximum gradient strength) were used.

The NMR data were processed, analyzed, and plotted using TopSpin 3.2 software. Data
evaluation was carried out using a Python script developed by Christian Scholtes, in which

the DOSY data were fitted to the Stejskal-Tanner equation.[14]
§
I=1y-exp [—y26262 (A - §> D]

where I is the signal with the gradient, Iy is the signal intensity without diffusion weighting,
y is the gyromagnetic ratio, G is the strength of the gradient pulse, § is the duration of the

pulse, A is the time interval between the two pulses and D the diffusion coefficient.

The calculated diffusion coefficient for TMS (D,r) was applied to the Stokes-Einstein
equation,[15]

_ kgT
~ Fermry

i

to obtain viscosity correction for each individual sample. Here, kg is the Boltzmann constant,
T the temperature, F is the shape factor (set to 1 for a spherical shape), n the viscosity of the
sample, ry the hydrodynamic radius of the analytes, and c a correction factor which was
determined by using a semi-empirical modification by Chen.[16]

6F

r 2.234
1+ 0.695 (M>
rref

CChen =

The hydrodynamic radii values for TMS (7f = 2.96 A) and toluene (rson, = 2.88 A) were

calculated using hard-sphere increments.[17]

By inserting the Chen correction factor to the Stokes-Einstein equation,

2.234
ksT (1 + 0.695 (@) )
rref

67TDref Tref

n [kg/ms] =
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the correction factor for the viscosity of each respective sample (77) is determined. Finally, by
incorporating all correction equations, the hydrodynamic radii can be iteratively calculated
by

2.234
kT (1 + 0.695 (rsrﬂ)
H

D=
6mmry

Using the hydrodynamic radii, the respective Volumes (Vu) were calculated with the

assumption of a spherical shape.

Sample Preparation

A 10 mM solution of either Mg[Co(n*-cod)2]2 (1) or [Li(thf)1.92][Co(n*-cod)2] (C) was
prepared by dissolving the respective sample in toluene-ds. The solution was then filtered
from minor insolubles, and an aliquot (0.5 mL) was transferred into a J. Young NMR tube.
Tetramethylsilane (TMS) was used as a reference and was added by withdrawing 500 L from
the headspace of a degassed TMS sample, just above the surface of the liquid and injected

into the NMR tube, which was then sealed immediately afterwards.

Experimental Data for Mg[Co(n*-cod)2]- (1)

TMS

46 44 42 40 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 22 2.0 1.8 1.6 1.4 1.2 1.0
f1 (ppm)

m A JwLM—_JL

T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure S1. 'H NMR spectrum of Mg[Co(n*-cod)2]2 (1) and TMS (600.13 MHz, 298 K, toluene-ds),
showing the signals 1-5 used for the DOSY analysis. *: toluene-ds.
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Table S3. Self-diffusion coefficients of signals 1-5 of Mg[Co(n*-cod)2]2 (1) in toluene-ds. All signals
correspond to the aliphatic and olefinic H atoms of the 1,5-cyclooctadiene ligand.

Diffusion coefficient

Signal Chemical shift [ppm] Di[m2-s-1]
/ TMS 2.48e-09 + 1.14e-10
1 4.50-4.61 9.1464e-10 + 1.54e-12
2 4.39-4.48 9.4051e-10 + 4.26e-12
3 277.9 84 9.0042e-10 + 1.32e-12
4 2.47-2.58 9.0448e-10 + 1.98e-12
5 1.61-1.71 8.8644e-10 + 1.96e-12

Mean diffusion coefficient D (1-5) [m2-s-1] 9.09¢e-10 + 1.96e-12

Average radius ry [A] 5.646 + 0.09643
Average volume Vplal [A3] 753.8 + 38.63

[a] The average volume Vi was calculated assuming a spherical shape.

a) (b) (©) for
( Fit for TMS peak MgP102 10 mM DOSY_MgP102: it for integral 1 MgP102 10 mM DOSY_MgP102: Fit for integral 2
12 0.200
0.05
0175
1.0 -
0.150 0.04
08
. 5 012 3
H H
06 = 0.100 z
H ] ]
H £ 0075 £om
~ o4 =
0.050
02 001
0.025
00 0.000 0.00
[} 5 10 15 20 o H 0 15 20 25 30 3B o s 10 5o 20 s o
Gradient | (Gs/em) Gradient / (Gsfem) Gradient | (Gs/em)
(d) MgP102 10 mM DOSY MgP102: Fit for integral 3 (e) MgP102 10 mM DOSY_MgP102: Fit for integral 4 (f) MgP102 10 mM DOSY_MgP102: Fit for integral 5
016
0175 0175
014
0.150 0.150
012
0135 0135
F1 2010 F1
o z -
= 0,100 = = 0,100
2 Zom 2
g g g
2 oors 200 2 oors
0.050 004 0.050
0.035 002 0.035
0.000 0.00 0.000
o 5 w15 2 2’ . 3 o H w15 0 25 30 3 o 5 o 15 20 25 30 3
Gradient / (Gsfem) Gradient / (Gsfem) Gradient / (Gsfem)

Figure S2. DOSY plots (signal intensity against gradient strength) of TMS and the signals 1-5 of
Mg[Co(n*-cod)2]2 (1) in toluene-ds.
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Experimental Data for [Li(thf)i.92]1[Co(n*-cod)-] (C)

T™MS

: .
36 34 32 30 28 26 24 22 20 1.8 16 14
f1 (ppm)

| — 2

T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
f1 (ppm)

Figure S3. 'H NMR spectrum of [Li(thf)1.92][Co(n*-cod)2] (C) and TMS (600.13 MHz, 298 K,
toluene-ds), showing the signals 1-5 used for the DOSY analysis. *: toluene-ds.

a
)
I

f1 (ppm)

Figure S4. "Li NMR spectrum of [Li(thf)1.92][Co(n*-cod)2] (C) and TMS (600.13 MHz, 298 K,
toluene-ds), showing the signal 6 used for the DOSY analysis.
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Table S4. Self-diffusion coefficients of signals 1-6 of [Li(thf)1.92][Co(n*-cod)2] (C) in toluene-ds.

Diffusion coefficient
Di[m?s1]

2.43e-09 £ 6.24e-11

1.6395e-09 + 2.42e-11
1.0371e-09 + 4.93e-12
1.0026e-09 + 3.94e-12
1.014e-09 + 5.08e-12
1.6258e-09 + 1.23e-11

Signal Chemical shift [ppm]
1H NMR
/ TMS
1 (THF) 3.51-3.61
2 (1,5-cod) 2.57-2.67
3 (1,5-cod) 2.49-2.57
4 (1,5-cod) 2.35-2.47
5 (THF) 1.41-1.48
7Li NMR
6 3.90

9.92e-10 £+ 9.19e-12

Mean diffusion coefficient D (2-4) [m2-s-1]
Average radius ry [A]

Average volume Vylal [A3]

1.02e-09 + 5.08e-12
5.132 £ 0.0656
566.0 + 21.71

Mean diffusion coefficient D (1&5) [m2-s-1]
Average radius ry [A]

Average volume Vylal [A3]

1.63e-09 + 1.23e-11
3.723 £ 0.01368
216.2 + 2.384

Mean diffusion coefficient D (6) [m2-s-1]
Average radius ry [A]

Average volume V2l [A3]

9.92e-10 + 9.19¢-12
4.746 + 0.03109
447.9 + 8.802

[a] The average volume Vi was calculated assuming a spherical shape.
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b c
Fit for TMS peak ( ) MgP102 Li(THF)_MgP102: Fit for integral 1 ( ) MgP102 Li(THF)_MgP102: Fit for integral 2
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Figure S5. DOSY plots (signal intensity against gradient strength) of TMS and the signals 1-6 of
[Li(thf)1.92][Co(n*-cod)2] (C) in toluene-ds.

Discussion

The DOSY NMR analysis of Mg[Co(n*-cod)-]> (1) gives similar diffusion coefficients for all
five cod ligand signals in the TH NMR spectrum, which results in a mean diffusion coefficient
D =9.09e-10 + 1.96e-12 m? s~ and a respective hydrodynamic volume Vi = 753.8 + 38.63 A3
for the molecular entity (Figure S1 and Table S3). The trinuclear complex 1 was then
referenced to the mononuclear lithium cobaltate, [Li(thf): 92][Co(n*-cod)-] (C), which is the
only toluene-soluble alkali metal cobaltate of the series. The diffusion coefficients for the cod
ligand signals in the 'H NMR spectrum are matching and give a mean diffusion coefficient D
= 1.02 10e-09 + 5.08e-12 m2s-1 and a respective hydrodynamic volume Vg = 566.0 +
21.71 A3 for the molecular entity (Figure S3 and Table S4). In agreement with this, the
diffusion coefficient for the Li* cation in the 7Li NMR spectrum was calculated at
D =9.92e-10 + 9.19e-12 m? s~1, resulting in a hydrodynamic volume Vi = 447.9 + 8.802 A3
for the molecular unit (Figure S4 and Table S4). Interestingly, the THF ligands coordinated
to the Li+ cation of C exhibit a higher (mean) diffusion coefficient (D = 1.63e-09 +
1.23e-11 m2 s~1) compared to that of the cod ligands (D = 1.02e-09 + 5.08e-12 m2 s-1), which
indicates that they are separate entities in solution. This suggests that a Li[Co(n*-cod)-] unit
with close contact between the Li* cation and the [Co(n*-cod)2]~ anion is present in solution,

which is solvated by THF molecules coordinating in an interchangeable mode (see reference
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[1a] for a comparison of ion pair C in the solid state). The hydrodynamic volume Vg of 1
(753.8 + 38.63 A3) is found to be approximately 33% and 68% larger, respectively, than the
hydrodynamic volume Vi of C (*H: 566.0 + 21.71 A3 and 7Li: 447.9 + 8.802 A3, respectively;
considered unit: Li[Co(n*cod).]), indicating that 1 is present as a contact ion pair in

solution.
3.4.6 Reaction of Mg[Co(n*-cod)2]2 (1) with THF and DMAP
3.4.6.1 Addition of THF (6.0 equiv.)

To a pale-yellow, filtered solution of Mg[Co(n*-cod)2]> (1; 10.7 mg, 18.6 umol, 1.0 equiv.) in
toluene-ds (0.5 mL; J. Young NMR tube) was added THF (9.06 uL, 0.11 mmol, 6.0 equiv.).
The mixture was visually unchanged after the addition. The reaction solution was analyzed
by TH NMR spectroscopy after 1 d at ambient temperature (Figure S6), which showed that
the intimate ion pair structure of 1 was still intact and no solvent-separated ion pair was
formed. This shows that 1 forms a stable contact ion pair in the presence of THF, contrasting

the behavior of the alkali metal cobaltate salts [M!(thf),][Co(n*-cod)2] (M! = Li, Na, K; C-
E).[la,b,e]

1
+ THF

(6.0 equiv.) / THF \
1d,r.t.

&
80 75 70 65 60 55 50 45 40 35 30 25 2.0 15 10 05 00
f1 (ppm)

Figure S6. Addition of THF (6.0 equiv.) to Mg[Co(n*-cod)2]2 (1) after 1 day at ambient temperature
(400.13 MHz, 298 K, toluene-ds). *: toluene-ds.

3.4.6.2 Reaction with DMAP (6.0 equiv.)

Following the addition of THF, the reaction of Mg[Co(n*-cod)2]> (1) with the strong Lewis
base 4-(dimethylamino)pyridine (DMAP) was investigated. Prior studies in our group
showed the successful coordination of DMAP to the related [(PePnacnac)Mg][Co(n*-cod)2] (J)
to give the donor-separated ion pair [(PePnacnac)Mg(DMAP)3][Co(n*-cod)2].[2d]
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Combination of Mg[Co(n*-cod)2]- (1; 40,2 mg, 69.8 umol, 1.0 equiv.) and DMAP (51.2 mg,
0.42 mmol, 6.0 equiv.) in toluene (10 mL) in a centrifuge Schlenk flask, and stirring at
ambient temperature for 1 h led to the immediate formation of a fine orange powder. The
stirring bar was removed from the reaction and the suspension was centrifuged at 1850 rpm
for four minutes (Hettich Rotanta 460 centrifuge). The supernatant was decanted from the
orange solid, the residue was dispensed in toluene (5.0 mL), and the suspension was
centrifuged again and decanted. The residual solid was dried under reduced pressure to
afford [Mg(DMAP)s][Co(n*-cod)2]2 (2) as a pale orange solid in 89% yield (81.7 mg). NMR
spectroscopic data was obtained in DMF-d7 (Figure S7 and Figure S8), as the DMAP adduct
2 was found insoluble in common solvents (including toluene and THF) and not stable in
dichloromethane-d», MeCN-ds and pyridine-ds. This prevented further purification after the
initial isolation. Attempts to crystallize 2 from mixtures of DMF/toluene were not successful.
Therefore, no satisfactory elemental analysis could be obtained for 2.

The NMR spectroscopic analysis indicates the formation of 2 as a solvent-separated ion pair
with an independent [Mg(DMAP)s]2* and two [Co(n*-cod)2]~ units. The 1H NMR spectrum
of 2 merely shows two signals for the cod ligands located at 1.91 and 2.28 ppm (Figure S7).
Likewise, the 13C{IH} NMR spectrum of 2 shows only two resonances for the cod ligands at
34.8 and 69.7 ppm, which emerge from the (eight) initially inequivalent signals for the cod
ligands (in 1; Figure S8). The NMR data of 2 is very similar to that of the alkali metal
cobaltates [M!(thf),][Co(h*-cod)2] (M! = Li, Na, K; C-E) and of the donor-separated
(nacnac)Mg cobaltates, [(nacnac)Mg(donor),][Co(n*cod)2] (donor = THF or
DMAP).[1abelr2d]

TH NMR (400.13 MHz, 298 K, DMF-d7; filtered sample) § = 8.16 (bs, 12H, (CH3)oN—
CsH4sN-DMAP), 6.62 (d, 3Juu = 4.3 Hz, 12H, (CH3)o2N-CsHsN-DMAP), 3.00 (bs, 36H,
(CH3)2N-CsH4sN-DMAP), 2.40-2.09 (m, 32H, CgHi>—aliphatic and/or olefinic), 2.03-1.76
(m, 16H, CgHi2—olefinic and/or aliphatic).

BC{*H} NMR (100.61 MHz, 298 K, DMF-d7; filtered sample) 6§ = 155.4 (s, (CHs)2N—
CsH4sN-DMAP), 150.7 (s, (CH3)o:N—-CsHsN-DMAP), 107.8 (s, (CH3)2N-CsHsN-DMAP),
69.7 (s, CsHio—olefinic), 39.4 (s, CH3)oN-CsH4sN-DMAP) 34.8 (s, CsHio—aliphatic).

135



Chapter 3 — A Highly Reduced Magnesium Dicobalt Complex for the Hydrogenation of Tri- and

Tetra-Substituted Alkenes

O M MmN o N n [ee] -
= Q © © San A« o
0 O O MmN N o~ ~—
\ N N/ I I
*
\*\
# # J
'y iy Y <
@© < o S n
- ~ s NI
= o 8 R
T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 0.5
f1 (ppm)

Figure S7. 'H NMR spectrum (400.13 MHz, 298 K, DMF-d7) of [Mg(DMAP)s][Co(n?*-cod):]2 (2).
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Figure S8. 13C{tH} NMR spectrum (100.61 MHz, 298 K, DMF-d7) of [Mg(DMAP)s][Co(n*-cod)2]2

(2). *: DMF-d-.
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3.4.7 Reaction of Mg[Co(n*-cod).]2 (1) with Styrene and Dibenzo[a,e]cyclooctene
3.4.7.1 Reaction with Styrene

The reaction monitoring by 'H NMR spectroscopy was carried out in a J. Young NMR tube.
A solution of Mg[Co(n*-cod)z2]2 (1) (10.4 mg, 18.1 umol, 1.0 equiv.) and styrene (8.32 uL,
72.4 umol, 4.0 equiv.) in toluene-ds (0.6 mL) was filtered into an NMR tube. After rotating
the sample for 1 d, a 1H NMR spectrum was recorded (Figure S9). No ligand substitution was
observed as seen by the absence of free 1,5-cyclooctadiene (between 5.5 and 6.0 ppm) and
otherwise identical signals for 1. The reaction mixture was then heated at 50 °C for 1 d, which
led to the formation of minor amounts of free 1,5-cyclooctadiene and isomerized
1,3-cyclooctadiene (label X; Figure S9), and the appearance of a new signal at —2.05 ppm
(likely to be a doublet). An upfield-shifted resonance for an n2-styrene ligand has been
identified in the related complexes [K(18-crown-6)][Co(n*-cod)(n?-styrene)2] (at
—0.63 ppm)B3P] and [(PePnacnac)Mg(thf)ss][Co(n*-cod)(n?-styrene)>] (at —1.92 ppm),He]
indicating that styrene coordination to 1 should be also feasible (for example as
Mg[Co(n*cod)(n2-styrene)2]2). However, extending the reaction time at higher temperatures
(60 °C and 70 °C) did not further promote the reaction. Instead, an increased decomposition

of 1 was observed.

1

+ styrene
(4.0 equiv.)
1d,50°C
-1.9 -2.0 -2.1 -2.2
A W l A

1 # g
+ styrene
(4.0 equiv.) #
1d,r.t.
J JMLNWL I
*
1
*

|

10.0 9.5 9.0 85 80 7.5 70 65 6.0 55 50 45 40 3.5 3.0 25 20 1.5 1.0 05 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0
f1 (ppm)

Figure S9. 'H NMR spectroscopic monitoring (toluene-ds) of the reaction of Mg[Co(n*-cod)z2]> (1)
with styrene (4.0 equiv.). Bottom: Isolated sample of 1 before addition. Middle: After addition of
styrene (4.0 equiv.) after 1d at ambient temperature. Top: After 1d at 50 °C. *: toluene-ds.
#: uncoordinated styrene. X: free (isomerized) 1,3-cyclooctadiene and 1,5-cyclooctadiene.
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3.4.7.2 Reaction with Dibenzo[a,e]cyclooctene (dct)

The reaction monitoring by 'H NMR spectroscopy was carried out in a J. Young NMR tube.
A solution of Mg[Co(n*-cod)2]2 (1) (11.4 mg, 19.8 umol, 1.0 equiv.) and dibenzo[a,e]cyclo-
octene (16.2 mg, 79.3 umol, 4.0 equiv.) in toluene-ds (0.6 mL) was filtered into an NMR tube.
After rotating the sample for 1 d, a 1H NMR spectrum was recorded (Figure S10). No ligand
exchange reaction was observed as seen by the absence of free 1,5-cyclooctadiene and
otherwise unchanged 1. The reaction mixture was then heated at 50 °C/2 h and 60 °C/3 h,
which led to the formation of minor amounts of free 1,5-cyclooctadiene (label X; Figure S10),
but did not result in dct coordination. The observation of free 1,5-cod is likely due to the
instability of cobaltate 1 during prolonged heating. This suggests that 1 does not react with
dct to give the targeted Mg[Co(n*-dct)2]2, as observed for the related complexes
[K(thf)2][Co(n*-dct)2]3P! and [(PePnacnac)Mg(thf); 7][Co(n*-det)2].lte] Steric repulsion of the
dct ligands in a geometry analogous to that of 1 can be a factor preventing the formation of a

dct-complex of 1.

1

+dct

(4.0 equiv.)
3h,60°C
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Figure S10. 'H NMR spectroscopic monitoring (toluene-ds) of the reaction of Mg[Co(n*-cod)z2]2 (1)
with dibenzo[a,e]cyclooctene (4.0 equiv.). In ascending order: Isolated sample of cobaltate 1 before
addition; after addition of dct (4.0 equiv.) after 1 d at ambient temperature; after 2 h at 50 °C; after 3 h
at 60 °C. *: toluene-ds. #: uncoordinated dct. X: free (isomerized) 1,5-cyclooctadiene.

3.4.7.3 General Comment

When assessing the unreactive nature of Mg[Co(n*-cod)2]» (1) toward ligand substitution, it
has to be considered that the reactions with 1 were conducted in toluene (due to its
insolubility in THF), while the so far reported ligand substitution reactions primarily rely on

the use of THF as solvent (see above).[lel.i3bLI6] The choice of solvent may significantly
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influence the reactivity of 1 and related cobaltate salts by affecting coordination and

stabilization of the countercation during ligand substitution.

3.4.8 NMR Monitoring of the Hydrogenation of a-Methylstyrene

Reaction monitoring by 'H NMR spectroscopy was carried out in a NORELL® intermediate
pressure valved NMR tube (S-5-600-MW-IPV-7).[18] The pre-catalyst Mg[Co(n*-cod)-]> (1;
2 umol, 2 mol%) was dissolved in toluene-ds (0.5 mL), a-methylstyrene (13.0 uL, 0.1 mmaol,
1.0 equiv.) was added and the solution was transferred to the NMR tube. The first 1H NMR
spectrum was recorded (Figure S11). Subsequently, the atmosphere was exchanged with H»
by three consecutive freeze pump thaw cycles and set to 2 bar of H» pressure. Subsequent
spectra were recorded after irregular intervals until the substrate was fully consumed or until
no further consumption was observed. Prior to the first and between each measurement, the
NMR sample was removed from the spectrometer and reversed a few times. After 14 min,
the partial hydrogenation of a-methylstyrene (6% according to 'H NMR spectroscopy by
relative peak integrals) was observed, which is indicated by the appearance of two new signals
at 2.69 ppm and 1.14 ppm (label X; Figure S11).

o i
J

56 min

29 min J
1

+ a-methylstyrene

+ H, (14 min)

1
+ a-methylstyrene
(50.0 equiv.)

‘” Y
M muw

T T T T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure S11. 'H NMR spectroscopic monitoring (toluene-ds) of the hydrogenation of a-methylstyrene
with 2 mol% Mg[Co(n*-cod)2] (1). Bottom: Isolated sample of cobaltate 1. In ascending order: After
addition of a-methylstyrene (50.0 equiv.) at ambient temperature and after pressurizing with 2 bar Ho.
*: toluene-ds. #: a-methylstyrene. X: cumene. Y: free (isomerized) 1,5-cyclooctadiene. Z: cyclooctane.
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After 29 min, cumene has formed in 37%, and after 56 min, the formation of 74% cumene
was observed. Complete conversion of a-methylstyrene was achieved after 71 min.

While the signals in the 'H NMR spectrum of 1 and a-methylstyrene are well-resolved prior
to H» addition, minor line broadening can be observed in the first 1TH NMR spectrum after
the addition of H» (14 min). While broadened, the characteristic signals of 1 are still detected,
which indicates that (the majority of) the complex is not transformed in the early stage of the
reaction. In addition, the neighboring signals between 5.47 and 5.59 ppm show the
formation of free 1,5-cyclooctadiene or hydrogenation products thereof.

The spectroscopic changes are accompanied by the formation of a small amount of suspended
solids in the reaction solution, which likely stems from the partial decomposition of 1 in the
presence of Ho. Visual inspection over the course of the hydrogenation reaction did not show
anotable increase in particle formation, which suggests that the decomposition of 1 primarily
occurs upon first contact with H». As the reaction proceeds (29 and 56 min), stronger line
broadening is observed, which results in the loss of fine structure (e.g., of the doublet at
1.14 ppm), but is overall moderate, as individual signals can still be clearly assigned (cp. with
ref. [1e] for pronounced line broadening in related systems). At the end of the hydrogenation
(71 min), no more signals for free 1,5-cod (or 1,3-cyclooctadiene or cyclooctene) are
observed in the olefinic region, which indicates full conversion to cyclooctane (Figure S11).
Furthermore, signals corresponding to 1 are observed after complete conversion of
a-methylstyrene, suggesting that 1 stays (in part) intact during the reaction sequence. No
upfield shifted signals indicating the formation of a hydride species were detected.

While our previous NMR spectroscopic investigations with the related alkali metal and
(nacnac)Mg cobaltates (i.e., complexes A and H) allowed for a clear distinction between
(inactive) Co nanoparticles and an active homotopic catalyst species,[!¢l the hydrogenation of
a-methylstyrene with 1 features characteristics of both reaction systems. When considering
the earlier discussed mercury poisoning experiments (section 3.4.4), which showed that the
hydrogenation of a-methylstyrene with 1 is not inhibited by Hg, the continuous product
formation in the presence of particles indicates that the hydrogenation of a-methylstyrene
may be catalyzed by a molecular species. However, further experiments are needed to

definitively determine the homotopic vs. heterotopic nature of the catalyst.
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3.4.9 NMR Spectra of Mg[Co(n*-cod)2]2 (1)
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Figure S12. 'H NMR spectrum (400.13 MHz, 298 K, toluene-ds) of Mg[Co(n*-cod)2]2 (1). Unmarked
resonances are the major isomer A. #: minor isomer B. *: toluene-ds.
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Figure S13. BC{IH} NMR spectrum (100.61 MHz, 298 K, toluene-ds) of Mg[Co(n*-cod)2]> (1).
Unmarked resonances are the major isomer A. #: minor isomer B. *: toluene-ds.
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Figure S14. DEPT-135 13C NMR spectrum (100.61 MHz, 298 K, toluene-ds) of Mg[Co(n?*-cod)2]2 (1).
Positive resonances are CH groups and negative resonances are CH2 groups. *: toluene-ds.
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Figure S15. 'H/'H COSY NMR spectrum (400.13/400.13 MHz, 298K, toluene-ds) of

Mg[Co(n*-cod)2]2 (1). Selected cross peaks are highlighted to show the interactions of isomer A and
isomer B. *: toluene-ds.
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Figure S16. 'H/13C HSQC NMR spectrum (400.13/100.61 MHz, 298 K, toluene-ds) of
Mg[Co(n*-cod)2]2 (1). *: toluene-ds.
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Figure S17. Variable-temperature '!H NMR spectrum (400.13 MHz, 213-333 K, toluene-ds) of
Mg[Co(n*-cod)2]2 (1). *: toluene-ds.
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3.4.10 Single Crystal X-ray Diffraction Data

The single-crystal X-ray diffraction data were recorded on a Rigaku Synergy DW
diffractometer with Cu-K, radiation (A= 1.54184 A). Crystals were selected under mineral oil,
mounted on micromount loops and quench-cooled using an Oxford Cryosystems open flow
N> cooling device. Either semi-empirical multi-scan absorption correction!® or analytical
ones20l were applied to the data. The structures were solved with SHELXTI21] solution
program using dual methods and by using Olex2 as the graphical interface.l?21 The models
were refined with ShelXLI?!l using full matrix least squares minimization on F2.[23] The
hydrogen atoms were located in idealized positions and refined isotropically with a riding
model. The disorder in Zn[Co(n*-btd):].> (btd = 1,3-butadiene) was treated with soft

displacement parameter and geometrical restraints.

Table S5. Crystallographic data and structure refinement for compounds Mg[Co(n*-cod)2]2 (1) and
Zn[Co(n?*-btd):]>.

Compound Mg[Co(n*-cod)=]2 (1) Zn[Co(m*-btd)2]2
Empirical formula Cs2H4sCo2Mg CsHi12C0Zno.s
Formula weight 574.87 199.79
Temperature/K 123(1) 100(1)
Crystal system monoclinic monoclinic
Space group P21/c C2/c
a/A 10.48249(5) 19.4505(2)
b/A 20.11765(9) 7.45850(10)
c/A 12.99703(6) 10.77860(10)
a/° 90 90
B/° 104.8377(5) 100.2250(10)
v/° 90 90
Volume/A3 2649.46(2) 1538.83(3)
Z 4 8
Pcaleg/cm? 1.441 1.725
p/mm-! 10.163 18.337
F(000) 1224 816
Crystal size/mm3 0.21 x 0.15 x 0.12 0.156 x 0.105 x 0.049
Radiation CuKa (A=1.54184) CuKa (A=1.54184)
26&?5&3; ﬁf‘ta 8.298 to 150.46 9.24 to 150.344
Index ranges -13<h=<13, '2512 k25,18 =1s o) cne22 9<k<9,-13<1<13
Reflections collected 110692 15410
Independent reflections 5420 [Rint = 0.0597, 1568 [Rint = 0.0201,
Rsigma = 0.0183] Rsigma = 0.0086]
Data/restraints/parameters 5420/0/324 1568/198/155
Goodness-of-fit on F2 1.056 1.124
Final R indexes [I>=20 (I)] R1 =0.0333, wR2 = 0.0926 R1 = 0.0205, wR2 = 0.0540
Final R indexes [all data] R1 =0.0348, wR2 = 0.0938 R1 =0.0218, wR2 = 0.0546
Largest diffg_’fak/ hole /e 0.50/-0.42 0.22/-0.80
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cg'

Figure S18. Molecular structure of Zn[Co(n?*-btd):]2 (btd = 1,3-butadiene) in the solid state. Part
0+1 are displayed. Ellipsoids are set at the 40% probability level. Hydrogen atoms were omitted for
clarity. Selected bond lengths [A] and angles [°]: Zn1—Col: 2.304(2), Zn1-C1: 2.295(3), Zn1-C8:
2.303(3), C1-Col: 2.156(3), C8—Co1: 2.102(3), C1-C2: 1.502(1), C2—C3: 1.376(2), C3—C4: 1.392(1),
Col'-Zn1-Col: 178.6(2), C1-Zn1—C8: 110.0(1), [Co(n*-btd)2]-to-[Co(n*-btd)-] tilt (plane[C3-Col-
C6]-to-plane[C3'-Co1'-C6']): 86.0(5)°. Zn[Co(n*-btd)2]> was synthesized in 51% yield following an
adapted literature procedure by Jonas by reacting [K(thf)o.5][Co(n2-ethylene)4] with anhydrous ZnCl2
in the presence of 1,3-butadiene (2.0 M in THF) in THF.l'el The NMR spectroscopic analysis is in
agreement with the reported data. The complex has not been described in the solid state and was
therefore characterized by SC-XRD analysis as part of this project.

3.4.11 Quantum Chemical Calculations

All calculations were carried out with the ORCA 5.03 and 5.0.4 quantum chemistry
package.[24] Geometry optimizations were performed at the r2SCAN-3c[25] level of theory in
the gas phase. Stationary points were confirmed as local minima (no imaginary frequencies)
by frequency analysis. Single point energy calculations were performed on the fully optimized
geometries  (r2SCAN-3c) and the electron densities calculated at the
®B97X-D4/def2-TZVPPDI26] level of theory. Further molecular properties were analyzed
using natural bond orbital (NBO 7.0) analyses,[2”] IBO analyses!?8! (IboView) and NCI
analyses(2°1 (multiwfn 3.8[30)) for non-covalent interactions. Shown isosurfaces were plotted
with VMD 1.9.3.1311 Table S6 compares the experimental geometry of Mg[Co(n*-cod)2]> (1)
in the solid state with the computed geometry, obtained at the r2SCAN-3c level of theory.

Table S6. Comparison of structural parameters of Mg[Co(n*cod)2]> (1): experimental vs.
computational data.

Bond dlstanc:e [A] X-ray Computed Atom numbers
or angle [°] structure structure
2.631(6) /
1 1 1— 2
Col-Mg! / Mg!-Co 2.615(6) 2.639 / 2.636
Col-Co? 5.246(2) 5.275 —
2.411(2) / =N
1_C1 12 \6 N \
Mg!—C! / Mg!-C 2.362(2) 2.389 / 2.396 C(‘/f Mg1 S:sé\’z
‘l / \\
Co'-Mg3—Co? 179.36(4) 179.70 0\_«/ m
plane[C1-Co1-C2]-to- 50.42(6) 43.89

plane[C3-Co2-C4] tilt
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3.4.11.1 Calculation of the 3C{*H} NMR chemical shifts of Mg[Co(n*-cod).]2 (1)

The 13C{'H} NMR chemical shifts were calculated using the GIAO32] formalism based on the
optimized geometry of 1 (and tetramethylsilane (TMS)) at the r2SCAN-3c level of theory
using the CPCM(Toluene) solvation model.[33] For this, the TPSS[34] or PBEQI35] functionals
and the pcSseg-2036] or def2-TZVPPI25¢-8l basis sets together with an auxiliary basis set based
on the AutoAux keyword and the CPCM(Toluene) solvation model were used. The calculated
absolute shifts have been referenced to the absolute shift of TMS (obtained at the identical
level of theory). Table S7 summarizes the calculated 13C{!H} NMR chemical shifts of 1 at the
different levels of theory. All calculations show the distribution of the resonances in a region
with three signals at approximately 80.0-100.0 ppm and a region with five signals at
approximately 30.0-50.0 ppm, consistent with the experimentally obtained *C{!H} NMR
spectrum of 1 (Figure S13). The best computational description is achieved at the
PBEQ/def2-TZVPP level of theory, which reproduces the 13C{!H} NMR chemical shifts of 1
with a deviation of approximately 5 ppm. The 13C{IH} NMR chemical shift of the inward-
facing, sp2-hybridized carbon atoms (such as C4 in Table S7) is calculated at 44.9 ppm,
upfield-shifted by ca. 40 ppm compared to the other olefinic resonances, which is in

agreement with the experimental data (Figure S13 and Figure S14).

Table S7. Calculated 3C{!H} NMR chemical shifts of Mg[Co(n?*-cod)-]> (1) using different levels of
theory.

Moy W TPSS/ TPSS/ PBEO/
%{Mg\ Co pcSseg-2 def2-TZVPP  def2-TZVPP
7’ \4 % \ 16

—

32 31

Calculated chemical shift [ppm]

Exp.lal [ppm] TMS 187.3 185.5 188.4
40.8 C4 48.8 47.1 44.9
81.9/80.7/78.2 C8 96.9 95.4 89.4
30.4/28.2 C32 355 37.7 31.9
38.8/37.1 C31 44.7 46.9 42.4
81.9/80.7/78.2 C16 88.4 85.4 88.5
81.9/80.7/78.2 C12 87.5 85.3 82.4
30.4/28.2 C30 33.4 35.7 290.7
38.8/37.1 C29 47.4 49.4 44.0

[a] The chemical shifts of the major isomer A of 1 are depicted.

3.4.11.2 NBO Analysis of Mg[Co(n*-cod)]2(1)

The main findings from NBO analysis of 1 are depicted in Table S8. No Lewis or non-Lewis
shared orbitals between the magnesium and cobalt centres are found, and the second order

perturbation theory analysis shows that the donor—acceptor interaction between an electron
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lone pair and of Co and a vacant or Rydberg orbital on Mg is negligibly small (<1 kcal mol-1).
Table S8. NBO data for Mg[Co(n*cod)2]2 (1).

NPA charges Wiberg bond indices
Col / Co2 0.26 / 0.25 Col-Mgl / Mgl—Co2 0.029 / 0.030
Mgl 1.74 Mgl-C4 / Mgl1-C3 0.057 / 0.057
C4/C8 -0.54 / -0.20 / /
C12/C16 -0.30/-0.25 / /
Second order perturbation theory analysis
Donor (L) Acceptor (NL) E(2)
NBO NBO keal/mol
— 3 ‘_,. 7
BD (2) C4-C8 LV (1) Mgl 3.98 NFh S ==
/1 ~ /9 /9
BD (2) C3—-C7 LV (1) Mgl 4.02 Go Mg Go"
AV )Y
BD (2) C1-C5 LV (1) Mgl 4.24 ~
BD (2) C2-C6 LV (1) Mgl 4.15

3.4.11.3 IBO Analysis of Mg[Co(n*-cod)2]2 (1)

IBO analysis shows four localized molecular orbitals that have a contribution from

magnesium (Figure S19).

Orb. 140 C4 1.298 C8 0.225 Co2 0.180 Mgl 0.110 Orb. 141 C2 1.296 C6 0.230 Co2 0.180 Mg1 0.108
(other: 0.187) (other: 0.186)

Orb. 142 C3 1.297 C7 0.225 Co2 0.180 Mgl 0.110 Orb. 143 C1 1.297 C5 0.226 Co2 0.179 Mgl 0.111
(other: 0.188) (other: 0.188)

Simultaneous visualization of the four bonding
interactions stabilizing the Mg2* countercation

J

Figure S19. IBOs of Mg[Co(n*cod)2]2 (1) showing the bonding interactions between the Mg2+
countercation and the two cobaltate anions.
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These orbitals are (majorly) shared between the inward-facing double bond of each cod
ligand, Co and Mg, and are largely located at the inward-facing C atom (0.65). Co (0.09) and
Mg (0.05-0.06) contribute to a much lower extent. The bonding situation can be described as
a o-type interaction between (one node of the m-orbital of) the alkene double bond and the

Mg and Co atoms. Next to this, no bond-like localized orbitals involving Mg and Co are found.

3.4.11.4 AIM Analysis of Mg[Co(n*-cod)2]2 (1)

The descriptors for the bond critical points (3, —1; BCPs A-D) between Mg2+ and the four
inward-facing, sp?-hybridized C atoms of the cod ligands of Mg[Co(n*-cod)2]> (1) are
displayed in Table S9.371 The classification based on the values of p(r1,), V2p(rb), G(rp), V(rb),
and H(rp) is discussed in the following. The | V(1) |/G() ratio is found close to 1 for all BCPs
(1.096-1.105), with V(r,)=G(rp), which can be used as a classification criterion for a closed
shell donor-acceptor interaction (please note that the interactions were initially used to
describe transition metal interactions).38! Moreover, the BCPs are in the range 1 <
V(ry)=G(rp) < 2, which indicates an intermediate bond character between Mg and C, with the
interaction not being purely ionic but having some covalent character (typical covalent
interactions |V(rp)|/G(rb) > 2 and typical ionic interactions |V(rb)|/G(1b) < 1).17°1391 The low
electron density p(rp), the positive Laplacian of electron density (V2po(rp) > 0), and the
negative energy density (H(r,) < 0) at the BCPs support a closed shell bonding interaction

with donor-acceptor character.

Table S9. AIM parameters at the bond critical points (3, —1) between Mg?* and the four
inward-facing, sp2-hybridized C atoms of the cod ligands of Mg[Co(n*-cod)z2]2 (1).Fa]

Bond critical A (173, B (172, C (140, D (149,
point Mgl1-C1) Mgl1-C2) Mgl1-C3) Mgl1-C4)
p(rv) 0.0300 0.0297 0.0299 0.0301
v2p(rp) 0.0862 0.0838 0.0846 0.0870
G(m) 0.0239 0.0234 0.0236 0.0241
V(ry) -0.0265 -0.0259 -0.0260 -0.0264
[ V(o) |/ G () 1.098 1.105 1.103 1.096
G(rv)/p(r) 0.797 0.787 0.790 0.801
H(rv) -0.0024 -0.0025 -0.0024 -0.0023

[a] Electron density (p(rb) in au), Laplacian of electron density (V2p(rb) in au), Lagrangian kinetic
energy density (G(m) in au), potential energy density (V(rp) in au), ratio |V(m)|/G(rb), ratio
G(rv)/p(rp) in au, electron energy density (H(rp) in au).

3.4.11.5 NCI Analysis of Mg[Co(n*-cod)2]2 (1)

The non-covalent interaction analysis of Mg[Co(n*-cod)-]> (1) is shown in Figure S20. The
high-quality integration grid of the software multiwfn was used for the NCI plot calculation.
A full representation of the rendered structure of 1 with the NCI surface (3D), a cutout of the
interaction between Mg and the four sp?-hybridized C atoms (3D), as well as the full NCI plot
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(2D) are depicted. The NCI analysis shows a strong, attractive interaction between the
magnesium countercation and the four inward-facing, sp2-hybridized carbon atoms of the
cod ligands (Figure S20b,c). Using a cutoff, the interaction can be located at
sign(A2)p = —0.03, which is in the range of strong attractive interactions, such as hydrogen
bonding interactions (Figure S20d). In line with the other computational calculations (NBO,
IBO, AIM), a stabilizing interaction between the Mg2* cation and the sp2-hybridized C atoms
of the cod ligands can be identified. Furthermore, a mix of weak attractive and repulsive
interactions can be found between the cod ligands of the two [Co(n*-cod)-]- units, which is

best described by Van der Waals interactions.

(@)

Mg[Co(n*-cod),l,
(1)

(c) (d)

0.020
0.015
0.010
0.005
0.000
(4 -0.005
I -0.010
-0.015
-0.020
-0.025
-0.030
-0.035

RDG

sign(Az)p (a.u.)

Figure S20. (a) Structure of Mg[Co(n*-cod)2]2 (1). (b) NCI Surface visualization with bond paths (3D,
isovalue = 0.4) of 1. (c) NCI plot (2D) of 1. (d) Cutout (at sign(A2)p < —0.02) of the NCI surface
visualization with bond paths (3D) of 1 showing the [C=C]---Mg?* interaction. Diagrams show plots of
RDG := reduced density gradient over sign(A2)p := density with sign of the second derivative Hessian
matrix. The sign(A2)p > 0 (red) are read as strong repulsive interactions, sign(A2)p = 0 (green) as weak
interactions and sign(A2)p < 0 (blue) as strong attractive interactions.

3.4.11.6 Cartesian Coordinates of Mg[Co(n*-cod).])2 (1)

H =-4212.83797085 Eh H 2.43673 13.14584 1.39906
S =-0.08905093 Eh C0.76615 11.87956 1.32653
G =-4212.92702178 Eh H 1.47940 11.08211 1.12051
Co0 3.95772 16.15939 3.88815 C1.18864 12.77125 5.23158
C00.59530 12.13600 3.31480 H 0.95293 13.76930 5.61459
Mg 2.27042 14.15097 3.60126 C2.24338 16.00898 5.10241
C1.36824 13.13879 1.63721 H 2.08153 15.17636 5.79451
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C4.30225 14.67204 2.44360
H 3.61840 14.49923 1.60666
C 3.22206 16.92715 5.59624
H 3.79892 16.55240 6.44115
C5.08157 15.85406 2.24753
H 4.72750 16.49262 1.43872
C-0.80320 14.41486 1.86236
H-1.06776 15.42158 2.20826
H-1.52563 14.17823 1.07385
C 6.58835 15.92663 2.44692
H 7.03210 16.52165 1.64041
H 7.03458 14.92983 2.35931
C 5.80598 16.26994 4.79927
H 5.78652 16.95541 5.64642
C0.63004 14.42899 1.28584
C 2.87029 10.91075 4.92484
H 3.94738 10.87675 4.72078
H 2.66509 10.03546 5.55054
C2.73008 17.39223 2.79664
H 2.77012 17.09442 1.74753
C5.23631 14.99017 4.99038
H 4.78970 14.80641 5.96901
C 2.53086 12.20753 5.69248
H 2.52549 12.03360 6.78083
H 3.33508 12.94688 5.53982
C 2.1152010.78600 3.60232
H 2.76221 10.79150 2.72344
C 3.84053 18.12534 3.27408
H 4.62712 18.35845 2.55670
C 0.8882010.09770 3.46236
H 0.70091 9.60314 2.50957
C0.0275210.50181 5.77656
H -0.89535 10.33629 6.34432
H 0.84490 10.35830 6.49211
C-1.41952 12.10648 2.87008
H -1.99466 11.67834 3.69077
C0.0367211.92397 5.23617
H -0.90326 12.44900 5.40421
C3.03693 18.43716 5.62310

150

H 3.42040 18.83304 6.57054
H 1.97158 18.69246 5.60494
C4.96889 13.41278 2.99483
H 5.63071 12.95779 2.23986
H 4.21437 12.63409 3.19957
C-0.53844 11.72800 0.55871
H -0.44710 10.90008 -0.15373
H -0.73004 12.62051 -0.04726
C-0.96759 13.43728 3.02417
H -1.20940 13.91676 3.97438
C 6.90520 16.56066 3.80576
H 7.88675 16.23286 4.18857
H 6.97197 17.64881 3.68625
C-1.68996 11.45942 1.53347
H-2.65843 11.78744 1.11886
H-1.77694 10.37813 1.69516
C5.74069 13.72854 4.29387
H 5.65503 12.88341 4.98796
H 6.81121 13.82432 4.08381
C 3.78096 19.07589 4.44522
H 3.33123 20.04083 4.15538
H 4.81059 19.29778 4.75093
C0.97031 16.54868 4.45324
H 0.30889 17.00147 5.20965
H 0.37316 15.72248 4.03014
C1.3113117.55894 3.33610
H 0.60256 17.44188 2.50716
H 1.16982 18.58367 3.69659
C0.11965 9.50327 4.61805

H 0.55945 8.54417 4.94067
H -0.89248 9.27274 4.26418
H 0.61670 14.58607 0.19499
H 1.17483 15.30456 1.67898
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Chapter 4 Synthesis, Characterization and Reactivity of
Phosphine-Stabilized Cobalt Hydrides!®!

Abstract: The hydrogenation of magnesium cobaltate complexes
[(Arnacnac)Mg][Co(n*-cod)2] (Ar = 2,6-diethylphenyl [Dep], 2,4,6-mesityl [Mes]; cod =
1,5-cyclooctadiene) in the presence of 1,2-bis(dicyclohexylphosphino)ethane (dcpe) affords
phosphine-stabilized cobalt hydrides, [(#'nacnac)Mg][CoHa(dcpe)] (Ar = Dep, 1; Ar = Mes,
2). The bimetallic complexes feature three bridging hydride ligands between the Mg and Co
atoms, as characterized in the solid state by single crystal X-ray diffraction and shown to be
retained in solution by NMR spectroscopy. Computational analysis indicates that the
bonding between the cation and anion is dominated by metal-hydride interactions, with
negligible metal-metal bonding. The catalytic activity of 1 was tested in the hydrogenation of
alkenes. Reactions of 1 and 2 with white phosphorus (P4) furnished cyclo-P4+ complexes

through release of Ho.

[(*"nacnac)Mg][CoH,(dcpe)]
(Ar = Dep, Mes)

Contact ion pair

Ar
t { Cy,
R Dep, Ca-c H.,(d R’ N\ -7 |\‘\ \P
s ro _[enmcnacialiCohfdcpel] :PIYRB C mg< 2201 3c0 :\
H, (4-12 bar), toluene, r.t. to 40 °C ! N’ SN A E
Yy,
Ar 2
AN PO
o N O [(*"nacnac)Mg][(k,n*n*-P4)Co(dcpe)]
81 (>99) 98 86(92) 74 (>99) (Ar = Dep, Mes)
Alkene hydrogenation White phosphorus (P,) activation

[a] Martin Gawron performed all reactions, characterizations and computational calculations
reported in this chapter. Johannes Eder recorded and interpreted the DOSY NMR
experiments under the supervision of Ruth M. Gschwind. Robert Wolf supervised and
directed the project. Martin Gawron prepared the manuscript, which was edited by Gabor
Balazs and Robert Wolf.
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Chapter 4 — Synthesis, Characterization and Reactivity of Phosphine-Stabilized Cobalt Hydrides

4.1 Introduction

Transition metal hydride complexes are crucial intermediates in a wide range of organic
transformations including hydrofunctionalization, dehydrogenation and isomerization
reactions. While they are typically formed during the course of a catalytic reaction involving
the transfer of a hydrogen atom, metal hydride complexes can be isolated from reactions of
suitable precursor complexes with dihydrogen (H2) or a hydride source. Hieber and
co-workers synthesized the first transition metal hydride complex HoFe(CO)4 in 1931 by the
reaction of Fe(CO)s with barium hydroxide.['] The structure of H>Fe(CO)s remained
controversial until the 1950s, when spectroscopic studies unambiguously identified a
distorted octahedral geometry of the iron complex with two discrete Fe—H bonds.[2]

Today — nearly 100 years later — first-row transition metal hydrides are well-established
compounds that find use in many catalytic reactions essential to both organic synthesis and
chemical industry.3l Among these, the iron group metal hydrides have emerged as promising
candidates as they combine lower cost, higher abundance and similar reactivity when
compared to their noble metal congeners. The metal hydride motif (M—H) is supported by
tailored ligand systems that are typically heteroatom-based with mono- to tridentate binding
modes. These include (-diketiminate (commonly referred to as nacnac), phosphine and
pincer-based ligands that are ideally suited due to their facile synthesis, diverse modifications
and ability to engage in metal-ligand cooperation. Representative examples are displayed in
Figure 1. The cobalt hydride complex A, stabilized by a bulky nacnac ligand, activates
dinitrogen under ambient conditions.[*] In a similar vein, the diphosphine complex B
hydrogenates CO2 with a turnover frequency of 3400 h™1 at just 1 atm of total pressure.[>]
Iron hydride complex C, bearing a PNP pincer ligand, efficiently catalyzes both the

dimerization and hydroboration of terminal alkynes.[®]

bi bi o
tBu b ipp Ipp}1 tBu Me,, Me, N—P(iPr,)
. H ./ P, | P /N |.\H H

G0  _Co LN N—Fe—i

N THT N P P =(n'| M
Bu  Dipp Dipp Bu Me,  Me, /N—P(iPrz)

A B C
Holland, 2009 Linehan, 2013 Kirchner, 2017
Nacnac-based Phosphine-based Pincer-based

Figure 1. Single-site transition metal hydrides of the iron group based on common ligand
frameworks. Dipp = 2,6-diisopropylphenyl.

In recent years, there has been growing interest in heterobimetallic metal hydride complexes
(Figure 2). The presence of a second metal introduces new properties, offering an alternative
strategy to classical complex modification by stereoelectronic ligand tuning.!”] Internal
polarization, multisite bond activation, and spatial preorganization are distinct features of

such bimetallic systems. Commonly, combinations of transition metals with group 2, 12, or
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13 elements are employed which are frequently stabilized by suitable ancillary ligands. This
is reflected in the bimetallic structures shown in Figure 2, which feature nacnac-stabilized
metals primarily based on Mg and Zn (e.g., E,[8 F,[°1 H10l and J-L).[11-13] ITn addition,
Al-based heterobimetallic complexes with alkoxide, amide or Cp ligands have been reported
(e.g., DU4 and G).[*5] Group 1 metal complexes are significantly rarer.[:16] Such s-block
transition metalates are usually prepared by reduction of a transition metal precursor with a
metal hydride reagent or by hydrogenation of a metalate complex. One such example is the
sodium ferrate I, which was synthesized by reaction of a neutral iron complex with
NaBHEts.[16d] The bimetallic hydride effectively catalyzes the selective isomerization of
primary alkenes with high stereo- and regioselectivity at ambient temperature. Additional
examples of bimetallic reactivity include the cooperative C—H bond activation of pyridines
by the Al/Fe complex J!1] and the hydrogenation of different unsaturated substrates using
the Mg/Ni complex K.l121Tn both cases, the reactivity arises from the synergistic interaction

between the transition metal and the electropositive main group metal.

Me
\_ 2 ./ Pip%c % (Me;Si),N H ¢ H [M|g]\H
, e,;Si *
(\N’FG‘H Al\ (N\z il = \AI/_\ ANt ] >Ni-/PR3
N/ Me”“H"" “OAr AN AN "Co AL Ma]”” | \/[Mg]
“Me N g H H N(SiMes), H-
Dipp (M = Co, Ni
(Ar = CgH3-2,6-Buy) PP ( ) (IMg] = (Mesnacnac)Mg)
D E,F G H
Suzuki, 2014 Crimmin, 2016 and 2024 Fischer, 2017 Crimmin, 2019
Bu T |Na(oEt,) \]/Y
I N—P(iPr), Dipp—N/\N Dlpp Dlpp Dlpp
NN A" “Dipp N,
a2
LS Me,P / H “u
N l H €3 \F " \\ N N\ W
\ _J—piiPr), MeP” | \‘ Dipp Dlpp Dipp
tBu PMe;
I J K L
de Ruiter, 2021 Crimmin, 2022 Xu, 2022 Crimmin, 2024

Figure 2. Selected examples of heterobimetallic hydride complexes of the iron group. Mes =
2,4,6-trimethylphenyl.

Previous work from our group documented a cation effect in the hydrogenation of alkenes
with anionic cobaltate(—I) pre-catalysts [Cation][Co(n*-cod)-] (cod = 1,5-cyclooctadiene;
Figure 3a).[17] The use of different alkali metal (M(thf),; M = K, Na, Li) and (nacnac)Mg
cations showed that the catalytic activity of these complexes increased strongly following the
trend: K* < Na* < Li* < (nacnac)Mg*. The quantum chemical analysis of the turnover-limiting
migratory insertion step suggested a favorable, energy-lowering effect of the counterion
coordination to the cobalt hydrido intermediates (as depicted for (nacnac)Mg* in Figure 3a).
Unfortunately, the isolation of hydride complexes or intermediates from the homoleptic
alkene cobaltates was not possible, which prevented us from further validating the theoretical

findings.
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When investigating the catalytic alkene hydrogenation with heteroleptic (PiPPBIAN)CoBr>
(BIAN = bis(imino)acenaphthene) and LiBHEts, we isolated the anionic hydrido cobaltate
[Li(thf)s(Et20)][{(PPPBIAN)Co}2(u-H)s] (M),[18] which is the only hydrido complex
characterized so far in the reductive cobaltate catalysis (Figure 3b).[171191 The lithium salt M
showed moderate reactivity in the hydrogenation of 1,5-cyclooctadiene and was suggested to
be a catalytically relevant off-cycle intermediate of the (BIAN)Co-catalyzed hydrogenation
reaction. Other anionic cobalt hydrides are hardly known. However, D. Habermann (Jonas
group, MPI for Coal Research, Miihlheim/Ruhr) reported the synthesis of alkali metal
hydrido cobaltates [M(thf),][CoHa(dcpe)] (M = K, N; Li, O; dcpe = 1,2-bis(dicyclohexyl-
phosphino)ethane) by the two-step reaction of an ethylene cobaltate precursor with
diphosphine and H> (Figure 3c).[20] The complexes N and O were characterized by IR and
NMR spectroscopy. Complex O catalyzed the hydrogenation of ethylene (98% ethane).

(a) 1
H/S:\o migrat_ory _Ii
oxidative H /‘4 Insertion N
addition <ft] S0
Ph o 13
/ H-__cl

N\M . o
—- (_ 9 N0+
cé simplified hydrogenation K_x’—' N/ I\ /H
! mechanism: anion-only ‘\‘

' /C° Ph
\>\ - k ' / postulated ion pair
interaction, see ref. [17]
Ph)\/H H/C \/‘Ph X-Ph and chapter 2
reductive
elimination Ph
(b) (c)
Ar Ar a1 cat. M+H cat. O+H
| | T H Cy, 2
O N\ /H\ /N Q ’H\Cl _\\Pj
—e — s (o]
. /CQ’\\\\ICO\ ) 6(7)% ,/’,H' | ~p H C/’CHZ 98%
l;l H'H r;l M<---- H Cy, 2
Ar Ar .
M=K, L
[Li(thf),(EL,O)T* (M =16 L)
M N, O
Jacobi von Wangelin & Wolf, 2019 Habermann, 1980

Figure 3. (a) Simplified anion-only mechanism for the hydrogenation of styrene with [Co(n*cod)2]-
and countercation interaction in the migratory insertion step. (b) First isolated anionic hydrido
cobaltate M and hydrogenation of 1,5-cyclooctadiene. (¢) Phosphine-stabilized alkali metal hydrido
cobaltates N, O and hydrogenation of ethylene.

Inspired by the structural similarity of N and O to the hydride intermediates proposed in our
study (Figure 3a),[1”] we decided to investigate the synthesis of related complexes. Here, we
describe further phosphine-stabilized cobalt hydrides, [(“'nacnac)Mg][CoHa4(dcpe)] (Ar =
2,6-diethylphenyl [Dep], 1; Ar = Mes, 2), which were prepared by reaction of Ho with
[(Arnacnac)Mg][Co(n*-cod)2] (Ar = Dep, Mes), in the presence of dcpe. We analyze the

solid-state molecular structures of 1 and 2, their behavior in solution using multinuclear
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NMR spectroscopy, and the bonding situation of 1 by quantum chemical methods.
Furthermore, initial results on the catalytic properties of 1 in alkene hydrogenation and the

potential of 1 and 2 for small molecule activation are reported.

4.2 Results and Discussion

4.2.1 Synthesis and Characterization of [(*'nacnac)Mg][CoHa(dcpe)] (Ar = Dep, 1; Ar =
Mes, 2)

The complexes [(#'nacnac)Mg][CoHa(dcpe)] (Ar = Dep, 1; Ar = Mes, 2) were obtained by the
reaction of [(Arnacnac)Mg][Co(n*-cod)2] (Ar = Dep, Mes) with H> in the presence of
1,2-bis(dicyclohexylphosphino)ethane (Scheme 1). The reaction proceeds at 60 °C for 2 d
(complex 2) or 3 d (complex 1) yielding an off-white microcrystalline solid. Recrystallization
afforded colorless crystals of 1 and 2 in 30% and 21% yield, respectively. Notably, the cod
ligand in [(PePnacnac)Mg][Co(n*-cod)2] is not substituted in the absence of H». This indicates
that the hydrogenation of 1,5-cyclooctadiene is essential to drive the reaction.

The chiral magnesium salt [(()-(S-Naphpnacnac)Mg][CoHa(dcpe)] (3) was synthesized by an

analogous procedure, but its isolation has so far not been achieved (section 4.4.3).

Y Wl g
Ar-N_ N-ar ,?‘r . ;Co'; j
Mg H, (5 bar) N, ,Z-H" | P
c + ~_PCy:2 - (_ Mg=---H Cy,
N7 s, / Cy,P toluene, N
X 4 60 °C, 2-3d Ar
— cyclooctane
(Ar = Dep, Mes) (Ar = Dep, 1; Ar = Mes, 2)

Scheme 1. Synthesis of [(Anacnac)Mg][CoHa(dcpe)] (Ar = Dep, 1; Ar = Mes, 2) by hydrogenation of
[(*rnacnac)Mg][Co(n*-cod)2] (Ar = Dep, Mes) in the presence of dcpe.

Single crystal X-ray diffraction analysis of 1 and 2 revealed similar contact ion pair structures
with three bridging hydride ligands between the [(“'nacnac)Mg]* cation and the
[CoH4(dcpe)]- anion (Figure 4). The Co atom is octahedrally coordinated by one dcpe ligand
and four hydride ligands, which places the metal center in a formal +3 oxidation state. The
structures of 1 and 2 feature similar Co—Mg distances of 2.394(7) and 2.429(6) A,
respectively. The Co—H bond distances vary from 1.36(3) to 1.58(3) A, and the Mg-H
distances from 1.88(3) to 2.05(3) A. Other reported magnesium-transition metal hydrides
reveal similar bond metrics (e.g., for (PPPnacnac)MgoNi(u-H)4 (K): Ni-Mg 2.486(1) A, Ni-H
1.46-1.50 A, and Mg—H 2.01-2.05 A).[101112],[21],[22]

Recrystallization of an isolated sample of 1 from cold n-pentane/THF gave the THF adduct
[(Pepnacnac)Mg(thf)][CoHa(dcpe)] (4). This complex features one THF molecule coordinat-
ing to the [(PePnacnac)Mg]* cation but is otherwise analogous to the solid-state structure of
1 (Figure S40). In contrast to the precursor complexes [(*'nacnac)Mg][Co(n*-cod)2] and
related alkene cobaltates,[171119bL[23] which crystallize from THF as solvent-separated ion

pairs, complex 4 crystallizes from THF as a contact ion pair, retaining its bridging hydride
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Figure 4. Solid-state molecular structures of 1 (left) and 2 (right). Thermal ellipsoids are drawn at
40% probability level. H atoms are omitted for clarity except for the hydrides (H1-H4) between Col
and Mg1. Selected bond lengths [A] and angles [°]: 1: Mgl—-Co1 2.429(6) A, Col-H1 1.52(3) &, Col-
H21.51(2) &, Col1-H3 1.50(3) A, Co1-H4 1.458(2) A, Mgl-H2 2.02(2) A, Mg1-H3 1.88(3) A, Mgl—
H4 2.05(3) A, Col-P1 2.144(5) A, Co1-P2 2.145(5) A, Mgl-N1 2.060(2) A, Mgl1-N2 2.054(2) A,
H1-Col-H4 172.2(2), H2-Co1-H3 83.1(2), H2-Mgl1-H3 61.6(1), P1-Co1-P2 89.44(2), N1-Mgl—
N2 92.33(7). 2: Mgl—Col 2.394(7) &, Col-H1 1.36(3) 4, Col-H2 1.50(3) A, Col-H3 1.46(3) &,
Col-H4 1.58(3) A, Mgl1-H2 1.97(3) A, Mgl—H3 1.94(3) A, Mgl1-H4 1.97(3) A, Col-P1 2.141(7) A,
Col-P2 2.133(6) A, Mg1-N1 2.039(2) A, Mg1-N2 2.034(2) A, H1-Col-H4 173.2(2), H2-Co1-H3
88.0(2), H2-Mgl1-H3 63.4(1), P1-Co1-P2 91.10(2), N1-Mg1-N2 92.70(8).

structural motif. The NMR spectroscopic analysis of 1 and 2 in toluene-ds is in line with the
molecular structure determined by X-ray crystallography (section 4.4.8). At ambient
temperature, the 'H NMR spectrum of 1 confirms the presence of four hydride ligands at a
chemical shift of —14.84 ppm,[101112] aglong with the expected signals for the dcpe and nacnac
units (Figure 5, top). The hydride resonance appears as a triplet (2Jpu = 10.3 Hz) due to the
coupling with the P atoms of the dcpe ligand. Based on the solid-state structure of 1, three
inequivalent hydride resonances would be expected; the observation of only one signal
indicates a rapid exchange process that renders all hydride ligands equivalent on the NMR
timescale.

When the NMR sample is cooled to —80 °C, the hydride resonance splits into two partly
overlapping resonances at —14.5 ppm and —14.9 ppm in an approximate 1:1 ratio (Figure 5,
bottom; see also Figure S23 for a variable-temperature (VT) 1H NMR spectrum of 1 in
THF-ds). This is due to the chemically inequivalent axial (H1 and H4) and equatorial (H2
and H3) hydrogen atoms at Co. Both signals are significantly broadened with line-widths of
137 Hz (-14.5 ppm) and 100 Hz (—14.9 ppm) at —80 °C compared to a line-width of 30 Hz
(—14.84 ppm) at ambient temperature. In the 31P{!H} NMR spectrum, the dcpe ligand gives
rise to one broad singlet (line-width = 121 Hz) at 117.5 ppm, which does not split in the
31P NMR spectrum (Figure S18 and Figure S19). The 'H and 31P{!H} NMR spectra of 2 are
largely identical to those of 1, showing very similar signals for the [CoH4(dcpe)]~ unit (Figure

S24 and Figure S25).
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In the ATR-IR spectra of 1 and 2, three Co—H stretches at vco-u = 1936, 1778, and
1748 cm~! (for 1) and at Uco-u = 1920, 1784, and 1735 cm~! (for 2) were detected (Figure
S36 and Figure S38), which compare well with the calculated values for 1 (Zco-u = 2007,
1870, and 1808 cm~1; Figure S37).

193 magnified
T/K section

1 MMM

7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 15 1.0 0.5 140 -14.5 -15.0
f1 (ppm) f1 (ppm)

298

Figure 5. 'H NMR spectrum (400.13 MHz, toluene-ds) of [(PePnacnac)Mg][CoHa4(dcpe)] (1) at
ambient temperature (298 K) and at —80 °C (193 K); the hydride signals are separately magnified.
*: toluene-ds.

To investigate whether 1 remains as a contact ion pair in solution or dissociates into a
solvent-separated ion pair, we carried out DOSY NMR experiments in toluene-ds and THF-ds
(section 4.4.6). For all relevant 'H NMR signals of 1, very similar diffusion coefficients (D =
6.8 x 1019m?2 s1in toluene-ds and D = 7.5 x 10-19m?2 s~1 in THF-dg) were obtained which
correspond to hydrodynamic volumes of Vi = 1179 A3 in toluene-ds and Vi = 1176 A3 in
THF-ds. These findings support the presence of a contact ion pair in both solvents.
Quantum chemical calculations were performed to investigate the electronic structure and
bonding within the bridging hydride motif of 1 (see section 4.4.11 for details). The charges
derived from natural population analysis (NPA) are positive for Mg (+1.73) and negative for
Co (—0.45) and the four hydride ligands (H1: —0.10, H2: —-0.25, H3: —0.26, and H4: —0.41;
Figure 6a and Table S7). The negative NPA charge on cobalt reflects the strong o-donating
and weak m-accepting nature of the hydride and dcpe ligands. According to natural bond
order (NBO) analysis, the bonding between the (nacnac)Mg and Co(dcpe) units is dominated
by metal-hydride interactions, rather than direct metal-metal bonding (section 4.4.11.1).
The Wiberg bond indices (WBIs) for the Co—H bonds range from 0.32 to 0.44, while those
for Mg—H are very low (< 0.09), indicating mainly ionic Mg—H interactions. The Mg—Co
interaction shows a small WBI of 0.04, indicating negligible orbital overlap.

Second order perturbation theory analysis further establishes significant donor-acceptor
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interactions between Mg and the bridging hydrides (21.0-33.6 kcal mol-1; H2-H4), while any
donor-acceptor interactions between the cobalt and magnesium atoms are negligible
(<1 kcal mol-1; Table S7). A topological analysis by quantum theory of atoms in molecules
(QTAIM) identified bond critical points (BCPs) between the Co and H atoms but no BCPs
between the Mg and the three bridging H atoms (Figure 6b and Table S8). This is consistent
with a description of 1 as an intimate ion pair comprising an anionic [CoHa(dcpe)]~ unit with
four covalent Co—H bonds, stabilized by non-covalent interactions of the [(P¢Pnacnac)Mg]*
cation with the three bridging hydride ligands. A complementary non-covalent interaction

(NCI) analysis of 1 confirms the attractive [Co—H]---Mg2* interactions (Figure S42).

@

N, Q‘
Wiberg Bls

parallel to Col-Mg1 and parallel to Co1-Mg1 and
normal to H2-Co1-H3 normal to H1-Co1-H4

Figure 6. (a) NBO analysis including NPA charges and Wiberg bond indices of 1. (b) Plot of the
Laplacian of the electron density of 1 parallel to the Col-Mgl axis and normal to either the
H2-Co1-H3 plane or the H1-Col-H4 plane displaying two of the four bond critical points between
Co and H (blue dots: bond critical points).

4.2.2 Hydrogenation Reactions with [(*®Pnacnac)Mg][CoHa(dcpe)] (1)

Complex 1 is a phosphine-stabilized analog of [(PePnacnac)Mg)][Co(n*-cod).], which is
highly active in the catalytic hydrogenation of tri- and tetra-substituted alkenes.[1”] To test
the capability of 1 for H. activation, we first investigated hydrogen-deuterium exchange
using D- (see sections 4.4.5.1 for details). Exposure of a benzene solution of 1 to D> (5 bar)
at ambient temperature for 7 d resulted in 83% deuterium incorporation in the hydride
positions, based on the integration of the residual hydride signal relative to a CH> signal of
the Dep substituent (Scheme 2a and Figure S3). The reduced intensity of the hydride
resonance of 1 in the 'H NMR spectrum was accompanied by the formation of a deuteride

resonance in the 2H NMR spectrum indicating the formation of mixed H/D derivatives of 1;
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inter alia [(PePnacnac)Mg][CoDa4(dcpe)] (1-D). Notably, heating a solution of 1 in toluene-ds
at 60°C for 8d also produced mixed H/D derivatives, with an overall deuterium
incorporation of 71% (Scheme 2b and Figure S4). In the absence of D, this deuteration is

attributed to C—D bond activation of toluene-ds by 1. No H/D exchange is observed at

ambient temperature.
D, (5.0 bar)
H Cy, b D Cy,
’H“cl ~\\P\) @ e;nzsn:, \ ,D,_Cl ij
, o a r.t., 7 o
N. ,/.H” | >p N. ,2.D7 | P
(_ Mg=---H Cy, S (_ Mg=---D Cy,
N N
(b)
toluene-dg
60 °C,8d
1-D
1 (a: 83% D incorporation)

(b: 71% D incorporation)

Scheme 2. H/D exchange of [(P®Pnacnac)Mg][Co(H4)(dcpe)] (1) with D2 (a) and toluene-ds (b).

Prompted by the observed reactivity of 1 toward D» and toluene-ds, we next evaluated its
properties in the hydrogenation of styrene (see section 4.4.5.3 for details). In an initial NMR
tube experiment, the alkene substrate was fully converted to ethylbenzene using 5 mol% of 1
under mild conditions (5 bar Hy, r.t., 22 h; Figure S6). Well-resolved NMR spectra with sharp
signals were observed throughout the reaction, which indicates the absence of Co
nanoparticles.[17:124] New cobalt complexes were not observed spectroscopically and only the
signals of 1 were observed during and after the hydrogenation reaction in the 1H and 3!P{1H}
NMR spectra. This suggests that 1 is the reservoir for the active catalyst, which remains
undetected.

The hydrogenation of other mono- to tri-substituted alkenes using pre-catalyst 1 was
subsequently studied (Table 1 and section 4.4.4 for details). To achieve hydrogenation of the
more demanding alkenes, a slightly increased temperature of 40 °C and higher pressures of
H> (up to 12 bar) were required. Under these conditions and using a low catalyst loading,
1-octene and a-methylstyrene were hydrogenated to the alkane in 81% and 86%,
respectively, and 1,5-cyclooctadiene gave a mixture of cyclooctane and cyclooctene, resulting
in the hydrogenation of 53% of the C=C bonds present in cod (Table 1, entries 3-5). In
contrast, tri-substituted alkenes such as a-methylstilbene (13%) and 1,1,2-triphenylethylene
(3%) gave only low yields (Table 1, entry 4), suggesting that steric bulk of the substrates
impedes hydrogenation. Increasing the catalyst loading (to 4 mol%) did not improve the
hydrogenation of these alkenes (Table 1, entry 5). Interestingly, the toluene solvent was
partially hydrogenated at H» pressures of 8 and 12 bar,[25] placing it in competition with the
C=C bond of sterically demanding vinylarenes (Figure S2).

Mercury poisoning did not inhibit the hydrogenation of a-methylstyrene, suggesting that Co
nanoparticles are not responsible for the catalytic activity (Table S1, entries 12-15). This is

consistent with the findings from the 'H NMR spectroscopic monitoring study (see above).
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Table 1. Hydrogenation of alkenes with [(P¢ePnacnac)Mg][CoHa(dcpe)] (1).[]

R w mol% cat. 1 R

~_R? > R3
RZJ\/ x barH, y°C, zh RZJ\/

Yield (Conv.) [%]

P h
Entry Conditions - M oh /K Ph/\l/

2 mol% cat.,
1 2 bar Ho, - 1(3) - - -
30°C,3h
2 mol% cat.,
2 2 bar Ho, 71 (>99)b] 38 (41) - - -
40°C,20h
2 mol% cat.,
3 4 bar Ho, 81 (92)[b] 70 (80)
40°C,20h
2 mol% cat.,
4 8 bar Ho, - 86 (92)
40°C,20h
2 mol% cat.,
5 12 bar Ho, - 72 (85)
40°C,20h
[a] Standard conditions: 0.2 mmol substrate (0.4 mol/L toluene). Yields and conversions were
determined by quantitative GC-FID analysis vs. internal n-pentadecane. Conversions are given in
parentheses if <90%. [b] Isomerization to internal double bonds. [c] Formation of cyclooctane. [d]
Formation of cyclooctene. [e] Formation of notable amounts of bicyclo[3.3.0]octane as assigned by
GC-MS analysis. [f] 4 mol% 1 instead of 2 mol%.

Ph

14lcl4+371d]

(>99)iel 8(23) -

20lcl+321d]

ooy 13(32) 3(5)

32[d+421d]

o TG 16y

Based on the facile hydrogenation of terminal alkenes with 1, we next investigated its
reactivity with styrene in the absence of H> (see section 4.4.5.2 for details). Assuming a
molecular hydrogenation mechanism involving alkene intermediates, 1 was expected to form
a styrene complex. To our surprise, addition of excess styrene to 1 in toluene-ds at ambient
temperature led to only minor consumption of 1 overnight.

Heating to 60 °C was required to drive the reaction to completeness, as indicated by the
disappearance of the hydride signal of 1 and the partial hydrogenation of styrene in the 'H
NMR spectrum (Scheme 3, top and Figure S5). A downfield shift of the characteristic y-H
atom of the -diketiminate ligand in the 'H NMR spectrum and the formation of two broad
singlets in a 1:1 ratio at 95.1 and 77.5 ppm in the 3P{!H} NMR spectrum indicate the
formation of a styrene cobaltate, possibly [(P¢Pnacnac)Mg][Co(n?-styrene)n(dcpe)] (n = 1 or
2). The inequivalence of the phosphorus atoms of the dcpe ligand suggests the formation of
an intimate ion pair, in which the cobaltate anion directly interacts with the magnesium
cation. The related complex [Li(thf)s][Co(n?-ethylene)2(dcpe)] shows a resonance for the
phosphorus atoms of the dcpe ligand at 88.5 ppm in the 3P NMR spectrum, further
supporting the assignment of a cobalt-alkene complex.[201 All attempts to isolate and

crystallographically characterize the proposed complex were not successful.
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Scheme 3. Stepwise hydrogenation of styrene using 1 in toluene-ds through a proposed intermediary
styrene cobaltate and recovery of 1 upon exposure to Ho.

To further validate the structural assignment, we anticipated that exposure of the alkene
species to Ho would regenerate the hydride complex 1 (Scheme 3, bottom and Figure 7; see
section 4.4.5.4 for details). Accordingly, 1 was treated with 10.0 equivalents of styrene at
60 °C in toluene-ds, and the reaction progress was monitored by 'H and 3'P{!H} NMR
spectroscopy. The formation of the proposed styrene complex [(PePnacnac)Mg]-
[Co(n2-styrene)n(dcpe)] (n = 1 or 2) was observed (label ¢; Figure 7, middle), which was then
subjected to an atmosphere of Ho (5 bar). This resulted in complete consumption of the
intermediary alkene species and regeneration of cobalt hydride 1 (Figure 7, top).
Simultaneously, the remaining styrene substrate was fully hydrogenated to ethylbenzene
(Figure 7, top).
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Figure 7. 'H (left) and 3'P{'H} (right) NMR spectra (400.13/161.98 MHz, 298 K, toluene-ds) of the
stepwise styrene hydrogenation using 1 through a proposed intermediary alkene complex and recovery
of 1 upon exposure to Hz. *: toluene-ds. #: styrene. +: ethylbenzene. X: 1. ¢: proposed alkene complex.
These results support the reversible formation of an alkene-bound intermediate in the
catalytic cycle. The ability to regenerate 1 under H> atmosphere suggests the prevalence of
alkene intermediates in the catalytic cycle.

When performing the same recovery experiment in THF-ds, decomposition of 1 was
observed (Figure S8). The initial treatment of 1 with styrene likely forms an alkene
intermediate. However, a significant loss of phosphorus signal intensity in the 31P{IH} NMR
spectrum and negligible recovery of the hydride signal in the 1H NMR spectrum upon H»
exposure suggest that 1 cannot be regenerated from this species. In line with the literature
data, the presence of characteristic 'TH NMR signals after the reaction of 1 with styrene
indicates the formation of the alkoxide-bridged Mg dimer [(P¢Pnacnac)Mg(O"Bu)]..l17] This
dimer is likely formed by the ring-opening of THF, which suggests that the proposed alkene
intermediate does not contain a (nacnac)Mg motif. Thus, THF is not suitable for use with
pre-catalyst 1.

4.2.3 Synthesis and Characterization of [(*"nacnac)Mg][(i,n*:n*-P4)Co(dcpe)] (Ar = Dep,
5; Ar = Mes, 6)

After investigating the reactivity of 1 in alkene substitution and hydrogenation reactions, we
next explored the reactivity of 1 and 2 toward white phosphorus (P4). Encouragingly, a
solution of [(Arnacnac)Mg][CoH4(dcpe)] (Ar = Dep, 1; Ar = Mes, 2) in toluene reacts cleanly
with 1.1 equivalents of P4 to form cyclo-P4 complexes [(A'nacnac)Mg][(u,n*:n*-P4)Co(dcpe)]
(Ar = Dep, 5; Ar = Mes, 6) (Scheme 4).[26] The immediate evolution of H» was observed upon
addition of P4. Crystallization from cold toluene/n-pentane (for 5) and benzene/n-hexane

(for 6) yielded the complexes in 24% and 23% yield, respectively.

H I-ll SYZ Ar Cy
N 2
‘?" /7 ;Co'~ 3 | toluene - AN by, P
N, ,Z.H” | P + > Moz 201 3c0 )
(_ M§=---H Cy, AR\ rt., 8-24 h N’ SNLP P
/
. -H p Y2
N (1.1 equiv.) 2! Ar
Ar
(Ar = Dep, 1; Ar = Mes, 2) (Ar = Dep, 5; Ar = Mes, 6)

Scheme 4. Synthesis of [(Arnacnac)Mg][(1,n*n*Ps)Co(dcpe)] (Ar = Dep, 5; Ar = Mes, 6) by reaction
of [(Arnacnac)Mg][CoHa(dcpe)] (Ar = Dep, 1; Ar = Mes, 2) with white phosphorus (Pa4).

SC-XRD analysis on 5 and 6 revealed contacted ion pairs that contain a p,n*:n*-coordinated
cyclo-P4 ligand sandwiched between the [-diketiminate magnesium and the cobalt
diphosphine units (Figure 8). The cyclo-P4 ring is positioned significantly closer to the Co
center than to the Mg center (Co—P 2.259(1)-2.289(1) A, Mg—P 2.684(2)-2.743(2) A for 5).
The cyclo-P4 ligand is slightly rectangular with P—P bond distances of 2.184(1) to 2.258(1) A
(mean: 2.23(4) A) for 5 and 2.178(6) to 2.280(6) A (mean: 2.22(5) A) for 6. These bond
lengths are longer than expected for the cyclo-P42- anion (2.147 + 0.002 A)(27 and are closer
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to the expected value for a P—P single bond (2.22 A based on the sum of the covalent atomic
radii; compare to the calculated value of 2.04 A for a P=P double bond).[28!

Related anionic cyclo-Ps cobalt complexes stabilized by a-diimine ligands feature shorter
P—P bond lengths (2.132(4) to 2.173(5) Al2% and 2.1539(9) to 2.1772(1) A).[39] A bridging
cyclo-P42~ ligand in a homodinuclear f-diketiminate cobaltate anion features P—P distances
of 2.154(1) to 2.225(1) A, while its neutral congener formally obtained by single-electron
oxidation features a more rectangular P4 unit (P-P 2.130(1) to 2.298(1) A).[31] The PP
distances in 5 and 6 (2.178(6) to 2.280(6) A) are comparable to those in the homodinuclear
cobalt B-diketiminate complexes,31] which we tentatively attribute to interactions with the
Lewis acidic magnesium cation. However, further investigations are required to fully uncover

the reasons for the relatively long P—P bonds in 5 and 6.

Figure 8. Solid-state molecular structure of 5 (left) and 6 (right). Thermal ellipsoids are drawn at
40% probability level. H atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: 5:
Col-P12.146(1) A, Co1-P22.149(1) &, Co1-P32.259(1) A, Col-P4 2.270(1) A, Co1-P5 2.288(1) A,
Col-P6 2.289(1) A, Mgl-P3 2.684(2) A, Mgl-P4 2.704(2) A, Mgl-P5 2.743(2) A, Mgl-P6
2.725(2) A, P3-P4 2.191(1) A, P4-P5 2.258(1) A, P5-P6 2.184(1) A, P6-P3 2.257(1) A, Mgl-N1
2.036(3) A, Mg1-N22.030(3) A, P3—P4-P5 89.68(5), P4—P5-P6 90.29(5), P3—Co1-P4 57.85(4), P3—
Col-P5 87.24(4), P3—-Mgl—P4 47.98(3), P3—Mgl-P5 70.63(4), N1-Mgl1-N2 93.69(1). 6: Col-P1
2.154(4) A, Co1-P22.155(4) A, Co1-P3 2.261(5) A, Co1-P4 2.287(4) A, Col-P5 2.295(5) A, Col-P6
2.267(5) A, Mgl1-P3 2.636(6) A, Mgl-P4 2.785(6) A, Mg1-P5 2.818(7) A, Mgl—-P6 2.691(6) A, P3—
P4 2.184(6) A, P4-P5 2.233(6) A, P5-P6 2.178(6) A, P6-P3 2.280(6) A, Mg1-N1 2.034(1) A, Mgl-
N2 2.026(1) A, P3—-P4-P5 90.33(2), P4-P5-P6 90.91(2), P3—-Col-P4 57.41(2), P3—-Col-P5
86.88(2), P3—Mgl1-P4 47.43(1), P3—-Mgl1—P5 70.01(2), N1-Mg1-N2 94.10(5).

The 31P{1H} NMR spectra of 5 and 6 in toluene-dgsfeature a broad singlet for the phosphorus
atoms of the dcpe ligand at 103.5 ppm and 103.9 ppm, respectively, and a triplet resonance
for the cyclo-P4 unit at 88.1 ppm (2Jpp = 10.9 Hz) and 87.1 ppm (2Jpp = 8.9 Hz), respectively
(Figure S29 and Figure S33). In comparison, the previously reported cyclo-P4 iron complex
[(PhPP.Y)Fe(n*-P4)] (PrPP.%Y = PhP(CH2CH2PCy2)) containing a tridentate phosphine ligand
shows a broad 3'P{1H} NMR singlet at 53.2 ppm due to dynamic behavior at ambient
temperature.[32]

The facile synthesis of complexes 5 and 6 and the possibility to generate them in situ (with
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H, as the only by-product), prompted us to investigate their reactivity toward selected
reagents (Scheme 5). These studies were conducted using derivative 5 due to its better
availability. Initially, the reaction of 5 with three equivalents of 4-dimethylaminopyridine
(DMAP) was attempted to test whether it forms a donor-separated ion pair (section 4.4.7.1).
3IP{IH} NMR spectroscopic monitoring indicated the clean conversion to a new species,
which was identified as [(PePnacnac)Mg(DMAP)s][(n*-P4)Co(dcpe)] (7) by preliminary
SC-XRD analysis. Notably, the cyclo-P4 ligand is now terminally bound to Co, which is
evident in an upfield shift of its 31P{1H} NMR resonance to 61.0 ppm, closely matching that
of [(PhPP2%Y)Fe(n*-P4)] (563.2 ppm).[32]

Next, the reactivity of 5 with Cy>PCl and PhsSnCl was investigated (sections 4.4.7.2 and
4.4.7.3). While the first reaction yielded the cyclo-pentaphosphido complex
[(n*-P5Cy2)Co(dcpe)] (8) by elimination of “(PePnacnac)MgCl” (Figure S14),[291033]1 the second
reaction gave an unselective product mixture as shown by multiple signals in the 31P{!H}
NMR spectrum of the reaction solution (Figure S15). Future work will focus on the isolation
and detailed characterization of 7 and 8.

Lastly, the reaction of 5 with N,N'-diisopropylcarbodiimide was investigated (section
4.4.7.4). Heterocumulenes have been shown to insert into P—P bonds[3*! and bind to the
magnesium center in heterobimetallic complexes via an amidinate-type coordination.[22)[35]
Analysis of the 3P NMR spectrum of the reaction solution after 1 d revealed the selective
formation of a polyphosphorus species with four inequivalent phosphorus atoms (Figure
S16).

g)’2
137206
. 0' —/CO\P3
DMAP (3.0 equiv.) Cy,
toluene, r.t., 1d [(P*Pnacnac)Mg(DMAP),]*
7
VQ/ Cy
N . & Cy,PCI (1.0 equiv.) b< S’“
( Mgz 201 fCO"\P\,\ —— — \I—I\:Cd; 2
N’ S toluene, r.t., 1.5 h <57 P
/\6\ Cy, Cy;
8
3 PrN=C=N(i iPr. P Cyz
(iPr)N=C=N(iPr) /’\ p

\
. I\ ~eaqT
(1.0 equiv.) o [MQ]/N>Z—\ /Co\Pj
toluene, r.t., 1d \N
‘iPr
(IMg] = (°*Pnacnac)Mg)
9 (proposed)

Scheme 5. Preliminary reactivity study of [(PePnacnac)Mg][(u,n*n*P4)Co(dcpe)] (4) with DMAP,
Cy2PCl, and N,N'-diisopropylcarbodiimide.
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The observed AEMX spin system closely resembles that of the previously reported
[(Ar*BIAN)Co(MesSiNC)(P4sCO'Bu)] (Ar* = 2,6-dibenzhydryl-4-isopropylphenyl, BIAN =
1,2-bis(imino)acenaphthene).l30] Based on the similar 3'P{{H} NMR data, an analogous
structural model for 9 is proposed, where the amidinate carbon atom bridges a terminal and
an internal P atom and interacts with the second terminal P atom via nitrogen (Scheme 5).
Unfortunately, crystallographic characterization of this complex has not yet been achieved.
This preliminary reactivity study shows promising reactivity of the cyclo-Ps+ complex 5.
Future work will focus on the isolation and characterization of the formed complexes 7 and

8 and the proposed bimetallic complex 9.

4.3 Conclusion

The incorporation of a stabilizing diphosphine ligand enabled the facile synthesis of
B-diketiminate magnesium tetrahydrido cobaltates. Inspired by a report by D.
Habermann,20] we synthesized the hydride complexes [(“rnacnac)Mg][CoH4(dcpe)] (Ar =
Dep, 1; Ar = Mes, 2) via the hydrogenation of [(#'nacnac)Mg][Co(n*-cod)2] (Ar = Dep, Mes)
in the presence of 1,2-bis(dicyclohexylphosphino)ethane. Crystallographic and NMR
spectroscopic studies revealed an intimate ion pair character of 1 in both non-coordinating
(toluene) and coordinating (THF) solvents. Quantum chemical analysis of the bridging
hydride structural motif further demonstrated that strong metal-hydride interactions are
dominant, while negligible metal-metal bonding is observed. Complex 1 is a pre-catalyst for
alkene hydrogenation reactions and serves as a reservoir for the reversible formation of the
catalytically active species. This was demonstrated by the reversible formation of a styrene
complex from 1. These results support the direct involvement of the Mg countercation in the
hydrogenation reaction, which was previously proposed only in silico for
[(Pernacnac)Mg][Co(n*-cod)2].17! Finally, complexes 1 and 2 cleanly reacted with white
phosphorus (P4) to give the cyclo-P4 complexes [(Arnacnac)Mg][(u,n*:n*-P4)Co(dcpe)] (Ar =
Dep, 5; Ar = Mes, 6). Compounds 5 and 6 were structurally characterized and exhibited

promising reactivity toward electrophilic molecules.
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4.4 Supporting Information

4.4.1 General Information

All reactions and product manipulations were carried out in flame-dried glassware under an
inert atmosphere of argon/nitrogen using standard Schlenk-line or glovebox techniques
(maintained at <0.1 ppm H20 and <0.1 ppm O-). [(Arnacnac)Mg][Co(n*-cod)2] (Ar = Dep,
Mes)[23] and [(()-®)-Naphpacnac)Mg][Co(n*-cod)2]3% were prepared according to procedures

previously reported in the chemical literature.

Solvents were dried and degassed with an MBraun SPS800 solvent purification system. All
dry solvents were stored under argon over activated 3 A molecular sieves in gas-tight
ampules. Commercially available olefins were purified by distillation (Kugelrohr) and in case

of liquids degassed and dried over molecular sieves (3 A).

NMR spectra were recorded on Bruker Avance 400 and Avance Neo 500 spectrometers at
298 K unless otherwise noted and internally referenced to residual solvent resonances (*H
NMR: THF-ds: 1.72 ppm, toluene-ds: 2.09 ppm, CsDs: 7.16 ppm, 13C{IH} NMR: THF-ds:
25.3 ppm, toluene-ds: 137.8 ppm, C¢Ds: 128.1 ppm). Chemical shifts § are given in ppm
referring to external standards of tetramethylsilane (1H, 13C{1H} spectra), 85% phosphorus
acid (31P and 31P{!H} spectra). 'H and 13C NMR signals were assigned based on 2D NMR
spectra (1H/TH-COSY, 'H/13C-HSQC, H/!3C-HMQC). Spin-spin splitting is denoted as
follows: s = singlet, d = doublet, t = triplet, qt = quartet, m = multiplet, b = broad, pt = pseudo
triplet.

FT-IR spectra were recorded with a Bruker ALPHA spectrometer equipped with a diamond
ATR unit.

Hydrogenation reactions were carried out in a 300 mL high pressure reactor (Parr™) in 4 mL
glass vials. The reaction vessels were loaded under argon, purged with hydrogen, sealed and
the internal pressure was adjusted. Hydrogen (99.9992%) was purchased from Linde.
Deuterium (99.8%) was purchased from Sigma-Aldrich.

Yields of the catalytic studies were determined using gas chromatography with FID detector
(GC-FID) by Shimadzu GC2025. H, was used as carrier gas. A Restek Rxi® (30 m x 0.25 mm
x 0.25 um) column was used. The standard heating procedure was: 50 °C (2 min), 25 °C/min
- 280 °C (5 min). Calibration with internal standard n-pentadecane and analytically pure
samples. Non-commercial calibration samples were prepared by hydrogenation with Pd/C
(10% Pd basis). Gas chromatography with mass-selective detector (GC-MS) was conducted
with an Agilent 7820A GC system with mass detector 5977B. H» as carrier gas and a HP-5MS
(30 m x 0.25 mm x 0.25 um) column were used. The standard heating procedure was: 50 °C
- 300 °C.
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4.4.2 Synthesis of Compounds
[(PePnacnac)Mg][CoHas(dcpe)] (1)

[(Pepnacnac)Mg][Co(n*-cod)2] (301.2 mg, 0.456 mmol, 1.0 equiv.) and dcpe (192.7 mg,
0.456 mmol, 1.0 equiv.) were dissolved in toluene (10 mL) in a J. Young Schlenk flask. The
yellow greenish solution was subjected to three freeze-pump-thaw cycles, after which H»
(4 bar overpressure) was added to the thawed solution at ambient temperature. Heating to
60 °C while stirring for 3 days gave a purple solution. The residual overpressure was carefully
released, and all volatiles were removed in vacuo. The residue was dispensed in n-pentane
(5.0 mL), stirred briefly, and the solvent was again evaporated to dryness to remove traces of
toluene. To the residue was added n-pentane (5.0 mL), the suspension was sonicated and
then stirred at —30 °C for 30 min. The purple supernatant was removed by filtration with a
filter cannula, and the gray solid was treated twice more with n-pentane (3.0 and 2.0 mL) in
an analogous manner. The resulting solid was dried in wvacuo to give
[(Pepnacnac)Mg][CoHa(depe)] (1) as an off-white powder in 59% crude yield. The solid was
dissolved in toluene/n-pentane (2:3 v/v; 5.0 mL). Filtration and subsequent storage at
-30 °C for 7 days gave colorless crystals of 1, which were isolated by decanting the mother
liquor. The crystals were washed with cold n-pentane (—35 °C; 2.0 mL) and dried under
reduced pressure.

Crystallization of an isolated sample of 1 from cold n-pentane/THF (-35 °C; ca. 1:0.1) gave
the THF adduct [(PPnacnac)Mg(thf)][CoH4(dcpe)] (4), which was characterized by SC-XRD

analysis (Figure S40).
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Cs51HssCoMgN2Po, MW = 871.44 g/mol
Yield: 118.7 mg, 30%

TH NMR (400.13 MHz, 298 K, toluene-ds) § = 7.12-7.09 (m, 4H, CHary-Dep; overlap with
solvent signal), 7.06-7.03 (m, 2H, CHaryi-Dep), 4.92 (s, 1H, CH3C(N)CH=), 2.92-2.78 (m, 4H,
CH>CH3s-Dep), 2.75-2.61 (m, 4H, CH>CHs-Dep), 1.83-1.71 (m, 8H, CsH11-Cyclohexyl), 1.70-
1.64 (m, 4H, CsHii1-Cyclohexyl), 1.62 (s, 6H, CH3C(N)CH=), 1.64-1.54 (m, 4H,
Ce¢H11-Cyclohexyl; overlap with signal at 1.62 ppm), 1.54-1.40 (m, 4H, C¢H11-Cyclohexyl),
1.31 (t, 3Juu = 7.6 Hz, 12H, CHoCH3-Dep), 1.27-1.06 (m, 24H, C¢H11-Cyclohexyl), 0.88-0.71
(m, 4H, CsH11-Cyclohexyl), —14.84 (t, 2Jpu = 10.2 Hz, 4H, [Mg][CoH4]-Hydride) ppm.

IBC{1H} NMR (100.61 MHz, 298 K, toluene-ds) & = 168.5 (s, CH3C(N)-), 148.7 (s, Caryi-
Dep), 137.7 (s, Cami-Dep), 126.3 (s, CHam-Dep), 124.8 (s, CHami-Dep), 95.6 (s,
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CH3C(N)CH=), 37.1 (pt,"Jcp = 10.7 Hz, CH of dcpe ipso to P), 28.9 (s, dcpe), 28.3 (pt, *Jcp =
4.5 Hz, dcpe), 28.1 (pt, *Jcp = 5.7 Hz, dcpe), 27.4 (s, dcpe), 25.7 (s, CH.CHs-Dep), 24.3 (s,
CH3C(N)), 24.3 (pt, *Jcp = 19.7 Hz, dcpe), 14.4 (s, CH.CH3-Dep) ppm. One aliphatic carbon
resonance for the depe ligand cannot be detected or overlaps with another signal.

31P{1H} NMR (161.98 MHz, 298 K, toluene-ds): 117.5 (bs, Cy2PCH—) ppm.

IR (solidstate) v = 2920s, 2849m, 1936w (Co—H), 1178w (Co—H), 1775w (Co—H), 1536m,
1522s, 1438s, 1392s, 1371s, 1263m, 1178m, 1105w, 1026w, 850m, 740m, 665m, 533m,
461m, 428m, 407m cm1.

Elemental Analysis calcd. C 70.29, H 9.83, N 3.21; found C 70.90, H 9.78, N 3.17
[(Mesnacnac)Mg][CoHa(dcpe)] (2)

[(Mespacnac)Mg][Co(n*-cod)2] (261.4 mg, 0.413 mmol, 1.0 equiv.) and dcpe (174.5 mg,
0.413 mmol, 1.0 equiv.) were dissolved in toluene (30 mL) in a J. Young Schlenk flask. The
yellow greenish solution was subjected to three freeze-pump-thaw cycles, after which H-
(4 bar overpressure) was added to the thawed solution at ambient temperature. Heating to
60 °C while stirring for 40 h gave a purple solution. The residual overpressure was carefully
released, and all volatiles were removed in vacuo. The residue was dispensed in n-pentane
(5.0 mL), stirred briefly, and the solvent was again evaporated to dryness to remove traces of
toluene. To the residue was added n-pentane (5.0 mL), the suspension was sonicated and
then stirred at —30 °C for 30 min. The purple supernatant was removed by filtration with a
filter cannula, and the gray solid was treated once more with n-pentane (5.0 mL) in an
analogous manner. The resulting solid was dried in wvacuo to give
[(Mesnacnac)Mg][CoHa(dcpe)] (2) as an off-white powder in 53% crude yield. The solid was
dissolved in toluene/n-pentane (3:4 v/v; 14.0 mL). Filtration and subsequent storage at
—30 °C for 14 days gave colorless crystals of 2, which were isolated by decanting the mother
liquor. The crystals were washed with cold n-pentane (-35 °C; 2.0 mL) and dried under

reduced pressure.
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C49H81COMgN2P2, MW = 843.39 g/mol
Yield: 72.9 mg, 21%

TH NMR (400.13 MHz, 298 K, toluene-dg) 6 = 6.85 (s, 4H, CHay-Mes), 4.91 (s, 1H,
CH3C(N)CH=), 2.29 (s, 12H, 0-CH3-Mes), 2.24 (s, 6H, p-CH3-Mes), 1.87-1.73 (m, 8H,
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Ce¢H11-Cyclohexyl), 1.72-1.65 (m, 4H, C¢Hi:-Cyclohexyl), 1.54-1.40 (m, 4H,
CeH11-Cyclohexyl), 1.63 (s, 6H, CH3C(N)CH=), 1.65-1.56 (m, 4H, C¢H1:-Cyclohexyl; overlap
with signal at 1.63 ppm), 1.54-1.43 (m, 4H, C¢Hi:-Cyclohexyl), 1.33-1.05 (m, 24H,
CeH11-Cyclohexyl), 0.97-0.80 (m, 4H, CsH11-Cyclohexyl), —14.85 (bs, 4H, [Mg][CoH4]-
Hydride) ppm.

IBC{1H} NMR (100.61 MHz, 298 K, toluene-ds) & = 168.3 (s, CH3C(N)-), 147.1 (s, Caryi-
Mes), 132.7 (s, Caryi-Mes), 132.2 (s, Caryi-Mes), 129.8 (s, CHary1-Mes), 95.5 (s, CHsC(N)CH=),
36.9 (pt,*Jcp = 10.6 Hz, CH of dcpe ipso to P), 29.1 (s, dcpe), 28.9 (s, dcpe), 28.3 (pt, 2Jcp =
4.6 Hz, dcpe), 28.0 (pt, "Jcr = 5.7 Hz, dcpe), 27.5 (s, dcpe), 24.2 (pt, Jcp = 19.3 Hz, dcpe),
23.8 (s, CH3C(N)), 21.4 (s, p-CH3-Mes), 19.7 (s, 0o-CH3z-Mes) ppm.

31IP{1H} NMR (161.98 MHz, 298 K, toluene-dg): 118.2 (bs, Cy2PCH>—) ppm.

IR (solid state) v = 2915m, 2844m, 1920w (Co—H), 1784w (Co—H), 1735w (Co—H),
1542m, 1524m, 1445m, 1393s, 1373s, 1262m, 1198m, 1147m, 1002w, 855m, 744m, 653m,
503m, 419s cm1.

Elemental Analysis calcd. C 69.78, H9.68, N 3.32; found C 70.05, H9.79, N 3.15
[(PePnacnac)Mg][(n,n*n*-Ps)Co(dcpe)] (5)

To a colorless solution of [(PePnacnac)Mg][CoHa(dcpe)] (1;99.9 mg, 0.115 mmol, 1.0 equiv.)
in toluene (5.0 mL) was added white phosphorus (P4; 15.6 mg, 0.126 mmol, 1.1 equiv.) at
ambient temperature. Immediate H» gas evolution and a color change to red was observed.
The mixture was stirred at ambient temperature overnight to give a deep reddish-brown
solution, which was evaporated to dryness under reduced pressure. The residual solid was
redissolved in toluene/n-pentane (1:2 v/v, 6.0 mL). Filtration and subsequent storage at
—35 °C for 7 days gave dark red crystals of 5, which were isolated by decanting the mother
liquor. The crystals were washed with cold n-pentane (-35 °C; 2.0 mL) and dried under
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Cs1Hg1CoMgN2Ps, MW = 991.30 g/mol
Yield: 27.0 mg, 24%

TH NMR (400.13 MHz, 298 K, toluene-dsg) § = 7.12-7.09 (m, 4H, CHary-Dep; overlap with
solvent signal), 7.08-7.03 (m, 2H, CHary-Dep), 5.09 (s, 1H, CH3C(N)CH=), 3.26-3.11 (m, 4H,
CH>CH3s-Dep), 2.94-2.78 (m, 4H, CH>CHs-Dep), 1.88-1.77 (m, 8H, CsHii-Cyclohexyl;
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overlap with signal at 1.83 ppm), 1.83 (s, 6H, CH3C(IN)CH=), 1.76-1.61 (m, 14H,
Ce¢H11-Cyclohexyl), 1.60-1.53 (m, 6H, Cg¢Hii-Cyclohexyl), 1.52-1.40 (m, 4H,
Ce¢H11-Cyclohexyl), 1.31 (s, 12H, 3Juua =7.6 Hz, CH2CH3-Dep), 1.17-0.97 (m, 12H,
CeH11-Cyclohexyl), 0.79-0.62 (m, 4H, CsH11-Cyclohexyl) ppm.

IBC{1H} NMR (100.61 MHz, 298 K, toluene-dg) & = 169.7 (s, CH3C(N)-), 147.9 (s, Caryi-
Dep), 138.3 (s, Cary-Dep), 126.0 (s, CHary-Dep), 95.6 (s, CH3C(N)CH=), 40.0 (pt, "Jcp =
11.6 Hz, CH of dcpe ipso to P), 29.3 (s, dcpe), 29.0 (s, depe), 28.0 (pt, *Jcp = 5.8 Hz, dcpe),
27.9 (pt,*Jcp = 4.6 Hz, dcpe), 27.1 (s, depe), 25.8 (pt, *Jcp = 9.5 Hz, depe), 24.6 (s, CH3C(N)),
14.3 (s, CH2CH3-Dep) ppm. One aromatic carbon resonance for the 2,6-diethylphenyl
substituent cannot be detected or overlaps with another signal.

31IP{1H} NMR (161.98 MHz, 298 K, toluene-dsg): 103.5 (bs, Cy.PCH>-), 88.1 (t, 2Jpp =
10.9 Hz, cyclo-P4) ppm.

Elemental Analysis calcd. C 61.79, H 8.24, N 2.83; found C 62.61, H 8.51, N 2.68
[(Mesnacnac)Mgl[(n,n*:n*-Ps)Co(dcpe)] (6)

To a colorless solution of [(Mesnacnac)Mg][CoHa(dcpe)] (2; 29.7 mg, 35.2 umol, 1.0 equiv.)
in toluene (2.0 mL) was added white phosphorus (Ps4; 4.8 mg, 38.7 umol, 1.1 equiv.) at
ambient temperature. Immediate H» gas evolution and a color change to red was observed.
The mixture was stirred at ambient temperature for 8 h to give a deep reddish-brown
solution, which was evaporated to dryness under reduced pressure. The residual solid was
redissolved in benzene/n-hexane (1:2 v/v, 1.2 mL) mixture. Filtration and subsequent
storage at —35 °C for 14 days gave dark red crystals of 6, which were isolated by decanting
the mother liquor. The crystals were washed with cold n-pentane (—35 °C; 1.0 mL) and dried

under reduced pressure.

Cy,

N .- .6\ P
Mgz —20}-=Co.
CN/ 9 ~ \I s O\Pj

i
<N

E Cy,

C49H77COMgN2P6, MW =963.25 g/mol
Yield: 7.7 mg, 23%

TH NMR (400.13 MHz, 298 K, toluene-dg) 6 = 6.81 (s, 4H, CHay-Mes), 5.07 (s, 1H,
CH3C(N)CH=), 2.48 (s, 12H, 0-CH3-Mes), 2.09 (s, 6H, p-CH3-Mes), 1.94-1.82 (m, 8H,
CsH11-Cyclohexyl), 1.80 (s, 6H, CH3C(IN)CH=), 1.76-1.58 (m, 16H, CsH1:-Cyclohexyl), 1.58-
1.45 (m, 8H, C¢H11-Cyclohexyl), 1.15-0.97 (m, 12H, CsH11-Cyclohexyl), 0.82-0.65 (m, 4H,
CsH11-Cyclohexyl) ppm.
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IBC{1H} NMR (100.61 MHz, 298 K, toluene-ds) & = 169.5 (s, CH3C(N)-), 146.6 (s, Caryi-
Mes), 133.3 (s, Caryi-Mes), 132.9 (s, Caryi-Mes), 129.7 (s, CHaryi-Mes), 95.7 (s, CHsC(N)CH=),
40.2 (pt,*Jcp = 11.3 Hz, CH of dcpe ipso to P), 29.3 (s, depe), 29.0 (s, dcpe), 28.0 (pt, 2Jcp =
5.6 Hz, dcpe), 27.8 (pt, "Jcr = 4.5 Hz, dcpe), 27.1 (s, dcpe), 25.7 (pt, 2Jcp = 19.6 Hz, dcpe),
24.4 (s, CH3C(N)), 21.4 (s, p-CHs-Mes), 21.4-20.1 (s, o-CH3-Mes; overlap with solvent
signal) ppm.

31p{1H} NMR (161.98 MHz, 298 K, toluene-ds): 103.9 (bs, Cy2PCH2-), 87.1 (t, 2Jpp =
8.9 Hz, cyclo-P,) ppm.

Elemental Analysis calcd. C 61.10, H 8.06, N 2.91; found n.d.
4.4.3 Synthesis and Attempted Isolation of [(*-¢)NaPhngcnac)Mg][CoHa(dcpe)] (3)

The synthesis of the chiral cobalt hydride [(()-(S-Narhpnacnac)Mg][CoHa4(dcpe)] (3) was
attempted by treating [(()-(9-Naphpacnac)Mg][Co(n*-cod)2] with depe and Ho (Scheme S1).

0y O e

’ ’CO
H, (5 bar) N. ,/.H
+ > M

/\/PCy2
Cy2P benzene

—/\/\/ 60 °C,3C,| e
— cyclooctane O (S,S)-3
5

Scheme S1. Attempted synthesis of [((-(9-Nahpnacnac)Mg][CoHa(dcpe)] (3) by reaction of
[(&©-®-Naphpacnac)Mg][Co(n*-cod)2] with depe and H2 (5 bar).

\
z\
Q
|
|
|
|
I
(2]
<
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[(&-)-Naphpaenac)Mg][Co(n*-cod)2] (100.1 mg, 0.142 mmol, 1.0 equiv.) and dcpe (60.0 mg,
0.142 mmol, 1.0 equiv.) were dissolved in benzene (4.0 mL) in a J. Young Schlenk flask. The
yellow greenish solution was subjected to three freeze-pump-thaw cycles, after which H»
(4 bar overpressure) was added to the thawed solution at ambient temperature. Heating to
60 °C while stirring for 3 days gave a purple solution. The residual overpressure was carefully
released, and an aliquot was taken for NMR analysis (Figure S1). All volatiles were removed
in vacuo and the oily residue redissolved in n-pentane and the solvent was again evaporated
to dryness (repeated 3 x with 2.0 mL each) to give a foam-like voluminous solid. This solid
was again redissolved in a minimal amount of n-pentane (1.0 mL), filtered, and placed at
—35 °C for crystallization. Trace amounts of a crystalline solid formed after 14 days, which
could not be analyzed by SC-XRD due to poor crystal quality. Further attempts to obtain high
quality single crystals or a suitable amount for isolation were not successful. Although the
isolation of 3 was severely hampered by its high solubility even in highly apolar solvents, the
selective conversion observed by 3'P{!H} NMR spectroscopic analysis suggests that an

improved crystallization procedure may enable access to 3.

176



Chapter 4 — Synthesis, Characterization and Reactivity of Phosphine-Stabilized Cobalt Hydrides

benzene reaction solution

60 °C for 3d
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Figure S1. 'H (left) and 3'P{'H} (right) NMR spectra (400.13/161.98 MHz, 298 K, CsDs capillary) of
the reaction solution after stirring at 60 °C for 3 d. X: proposed [(©--Nahpnacnac)Mg][CoHa(dcpe)]
(3); two conformers are observed. #: minor side products.

4.4.4 Hydrogenation Reactions with [(°*Pnacnac)Mg][CoHa(dcpe)] (1)

4.4.4.1 General Procedure

In a glovebox, an oven-dried (160 °C) 4 mL reaction vial was charged with n-pentadecane
(20 pL, 72.4 umol) as the internal standard for GC-FID quantification. The liquid substrate
(0.2 mmol) was added followed by the pre-catalyst as a stock solution in toluene (0.5 mL), if
not stated otherwise. In the case of solid substrates, the solid was first weighed into the vial
followed by the addition of the liquids. The reaction vial was transferred to a high-pressure
reactor, which was sealed and removed from the glovebox. The reactor was purged with a
continuous flow of H2 (0.5-0.8 bar overpressure for 30 s) and the reaction pressure and
temperature were set. After the indicated reaction time, the reaction vessel was
depressurized, the vials were retrieved and treated with a saturated aqueous solution of
NH4Cl (1.0 mL) and diluted with ethyl acetate. An aliquot of the organic phase was filtered
over a short pad of silica and washed with ethyl acetate (1 x 2.0 mL). The solution was
analyzed by GC-FID (and GC-MS for selected experiments).

4.4.4.2 Initial Optimization and Hg Poisoning Experiments

Initial optimization and mercury poisoning reactions were conducted following the general
procedure (section 4.4.4.1) and are summarized in Table S1. Solvent screening (toluene,
THEF, and 1,4-dioxane) for the hydrogenation of a-methylstyrene and 1-octene under mild
conditions (2mol% 1, 2bar H, 40°C, 20h) showed a slight improvement for
a-methylstyrene in toluene (Table S1, entries 1-3) and for 1-octene in 1,4-dioxane (Table S1,
entries 4-6). Following indications that pre-catalyst 1 may decompose in ethereal solvents
such as THF via solvent ring-opening (see section 4.4.5.4 for details), all further

hydrogenation reactions were conducted in toluene. A concentration screening for the

177



Chapter 4 — Synthesis, Characterization and Reactivity of Phosphine-Stabilized Cobalt Hydrides

hydrogenation of a-methylstyrene indicates that the initial reaction volume was already
optimal, with lower yields observed upon significant dilution or concentration (Table S1,
entries 7-11). Hg poisoning experiments using excess mercury (50 uL; 1690 mol%; addition
at t = 0 min) did not inhibit a-methylstyrene hydrogenation under two different conditions,
with the reaction reaching a comparable level of completeness (Table S1, entries 12-14). This

indicates that the hydrogenation using 1 is homotopic under the applied conditions.
Table S1. Initial optimization and Hg poisoning experiments.[a!

R?
> RzJ\/R3

R’ w mol% cat. 1

RzJ\/ R®

xbarHy; y°C, zh

Entry Substrate Conditions Manipulation Yield (conv.) [%]
1 2 mol%, solvent = toluene 38 (41)
2 /K 2 bar Ho, solvent = THF 30 (41)

Ph 40 °C, 20 h, Ivent
lvent solvent =
3 sotven 1,4-dioxane 23 (23)
4 2 mol%, solvent = toluene 69 (>99)[bl
5 /\Mf\ 2 E)ar Ho, solvent = THF 64 (>99)(b]
40 °C, 20 h, Ivent
lvent solvent = [b]
6 solven 1 4-dioxane 81 (>99)
7 0.1 mL 25(39)
8 2 mol%, 0.25 mL 33 (43)
2 bar H»
9 ’ 0.50 mL 38 (41
ph/l\ 40°C, 20 h, o (41)
10 xx mL toluene 1.5 mL 32 (32)
11 2.0 mL 26 (31)
12 2 mol%, none 70 (80)
4 bar Hoy,
13 /K 40°C, 20 h Hg (1690 mol%)ll 67 (75)
14 Ph 2 mol%, None 86 (92)
8 bar Ho,
15 40°C,20h Hg (1690 mol%)(c] 92 (>99)

[a] Standard conditions: 0.2 mmol substrate (0.4 mol/L in toluene). [b] Isomerization to internal
double bonds. [c¢] Hg (1690 mol%; 50 uL) was added at t = 0 min.

Hydrogenation experiments at an increased H> pressure (8-12 bar) led to increased partial
hydrogenation of the toluene solvent to produce methylcyclohexane.?] An exemplary
GC-FID chromatogram for the hydrogenation of a-methylstilbene at 12 bar H> (4 mol% 1,
40 °C, 20 h) is displayed in Figure S2. The formation of methylcyclohexane is observed at
tr = 1.371 min, which suggests that solvent hydrogenation may compete with alkene

hydrogenation and therefore limit the targeted reduction.
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Figure S2. GC-FID chromatogram for the hydrogenation of a-methylstilbene (tzr = 6.895 min) to
1-methyl-1,2-diphenylethane (tr = 6.105 min) at high pressure (4 mol% 1, 12 bar Ha, 40 °C, 20 h;
n-pentadecane at tr = 5.794 min). The peak at tr = 1.371 min corresponds to methylcyclohexane.

4.4.5 Supporting Studies on the Reactivity of [(°®*nacnac)Mg][CoHa(dcpe)] (1)
4.4.5.1 H/D exchange reactions of [(°*Phacnac)Mg][CoHs(dcpe)] (1)

H/D Exchange with D>

[(Pepnacnac)Mg][CoHa(depe)] (1; 102.6 mg, 0.12 mmol, 1.0 equiv.) was dissolved in benzene
(4.0 mL) and the colorless solution was transferred to a J. Young Schlenk flask. Subsequently,
the atmosphere was exchanged with D> by two consecutive freeze-pump-thaw cycles and set
to a Dy pressure of 5 bar. The clear, darkened solution was stirred at ambient temperature

for 7 d, after which the solvent was evaporated under reduced pressure.

2H NMR spectrum
in toluene

MWWW

1H NMR spectrum
in toluene-dg
*
* M
*
3.0 2.8 2.6
f1 (ppm) 145 150
1 f1 (ppm)

AR

80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 0.5 0.0 -13.5-14.0-14.5-15.0 -15.5 -16.0
f1 (ppm)

Figure S3. 'H and 2H NMR spectra (400.13/61.42 MHz, 298 K, toluene-ds or toluene) of the H/D
exchange of 1 by reaction with D2 (5 bar) at r.t. for 7 d. The hydride signal (—14.79 ppm) was referenced
to the resonance of the ethyl group of the f-diketiminate ligand (2.85 ppm; integral 4.00). *: toluene-ds.
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The gray residue was stirred in cold n-pentane for 30 min (—30 °C; 2.0 mL), the solid was
isolated by filtration and dried in vacuo to afford a light-gray powder (50.8 mg; 49%). 'H
NMR spectroscopic analysis shows 83% deuterium incorporation into 1, according to a
reduced hydride signal at —14.79 ppm with an integral of 0.68 (vs. initially 4.0); a

corresponding 2H NMR resonance at the same shift confirms deuteration (Figure S3).
H/D Exchange with Toluene-ds

[(Pepnacnac)Mg][CoHa(depe)] (1; 10.0mg, 11.5umol, 1.0 equiv.) was dissolved in
toluene-ds (0.6 mL) and the colorless solution was transferred to a J. Young NMR tube. After
initial 'H and 31P{*H} NMR spectra were recorded, the solution was heated at 60 °C for 8 d.
Subsequent spectra were recorded after irregular intervals, monitoring a slow H/D exchange
with toluene-ds (Figure S4 and Table S2). After 8 d, the hydride signal is reduced to an
integral of 1.17 (initially 4.0), which corresponds to an incorporation of 71% deuterium into
1. No apparent changes were observed in the simultaneous 3'P{!H} NMR spectroscopic

monitoring. No H/D exchange with toluene-ds was observed at ambient temperature.
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Figure S4. Quantitative 'H NMR spectra (500.13 MHz, 298 K, toluene-ds; relaxation delay = 30 s) of
the H/D exchange of 1 by reaction with toluene-ds at 60 °C for 8 d. #: hydride signal of 1. The hydride
signal (—14.83 ppm) was referenced to the resonance of the ethyl group of the p-diketiminate ligand
(2.85 ppm; integral 4.00). *: toluene-ds.

Table S2. H/D exchange of 1 by reaction with toluene-ds at 60 °C.

t[h] 0 16 40 60 84 188

Hydride integral 4.00 2.89 2.20 1.82 1.65 1.17

[a] The hydride signal (—14.83 ppm) was referenced to the resonance of the ethyl group of the
[B-diketiminate ligand (2.85 ppm; integral 4.00) in the quantitative 'H NMR spectrum of 1
(500.13 MHz, 298 K, toluene-ds; pulse sequence zg30, O1P = —5.0 ppm, relaxation delay = 30 s).
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4.4.5.2 Reaction of [(°®*nacnac)Mg][CoHa(dcpe)] (1) with Styrene
NMR Scale Reaction

[(Pepnacnac)Mg][CoHa(depe)] (1; 15.0 mg, 17.2 umol, 1.0 equiv.) was dissolved in toluene-ds
(0.6 mL), styrene (19.8 uL, 0.1 mmol, 10.0 equiv.) was added and the solution was
transferred to a J. Young NMR tube. The solution was heated at 60 °C for 20 h, resulting in a
color change from colorless to orange-to-brown. 'H and 3!P{!H} NMR spectra reveal the
formation of a new species (label ¢; Figure S5) and near-complete consumption of 1 (label
X; Figure S5). Accompanied by the partial hydrogenation of styrene, this suggests the
formation of a styrene containing intermediate, such as [(PePnacnac)Mg]-

[Co(n?2-styrene)s(dcpe)] (n =1, 2).

~ 0
® n
© ©

| |

5.55

@
a9
<

I

/5.06
492
—2.90
—2.75
—2.45
—2.09
—1.09

—-14.42
—-14.83
21.80

> 1\

3.0 2.9 2.8 2.7
f1 (ppm)

6.9 6.8 5.0 4.9
f1 (ppm) f1 (ppm)

# #

* "l140 -15.0 | -21.5 -22.5
f1 (ppm)

80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00 -0.5 -1.0 -1.5 -2.0

X

e 2
5 8

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
f1 (ppm)

Figure S5. 'H (top) and 3'P{'H} (bottom) NMR spectra (400.13/161.98 MHz, 298 K, toluene-ds) of
the reaction of 1 with styrene (10.0 equiv.) at 60 °C for 20 h. *: toluene-ds. X: 1. ¢: proposed alkene
complex. #: (partially) deuterated styrene. +: partially deuterated ethylbenzene.

Although no signals for coordinated styrene can be clearly assigned in the olefinic region of
the 'H NMR spectrum (two newly formed overlaying signals at ca. 6.80 ppm may correspond
to coordinated styrene; label ¢), two chemically inequivalent signals for the dcpe ligand in
the 3!'P{1H} NMR spectrum indicate the formation of a contacted ion pair, in which the
cobaltate anion directly coordinates to the [-diketiminate magnesium cation. Comparison

with a related lithium bis(alkene)cobaltate, [Li(thf)s][Co(n2-ethylene)2(dcpe)], which shows
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a 31P NMR resonance at 88.5 ppm, supports the formation of an alkene complex of 1.[201 In
addition, two minor hydride signals at —-14.42 and -21.80 ppm appeared, likely
corresponding to a mixed hydrogen-deuterium complex (Figure S5, top). This is supported
by observed deuterium incorporation in the styrene substrate after heating at 60 °C (label #;
Figure S5). A H/D exchange with toluene-ds likely forms a partially deuterated derivative of

1, which deuterates styrene by an insertion/elimination sequence (see also section 4.4.5.1).
Scale-Up Reaction

[(Pepnacnac)Mg][CoHa(depe)] (1; 49.7 mg, 57.0 umol, 1.0 equiv.) was dissolved in toluene
(2.0 mL), styrene (65.6 uL, 0.57 mmol, 10.0 equiv.) was added and the solution was
transferred to a Schlenk flask. The solution was heated at 60 °C for 24 h, resulting in a color
change from colorless to orange-to-brown. The mixture was evaporated to dryness under
reduced pressure and the residue was redissolved in n-hexane (1.0 mL). Filtration and
subsequent storage at —35°C for crystallization gave a small amount of a dark
microcrystalline precipitate, which did not diffract in SC-XRD analysis. NMR spectroscopic

analysis was not conducted due to the limited quantity of this solid.

4.4.5.3 Hydrogenation of Styrene with [(°®Pnacnac)Mg][CoHa(dcpe)] (1)

Reaction monitoring by 'H NMR spectroscopy was carried out in a NORELL® intermediate
pressure valved NMR tube (S-5-600-MW-IPV-7).1371 The pre-catalyst [(PePnacnac)Mg]-
[CoH4(dcpe)] (1; 10 umol, 5 mol%) was dissolved in toluene-ds (0.6 mL), styrene (23.0 pL,
0.2 mmol, 1.0 equiv.) was added and the solution was transferred to the NMR tube. The first
IH NMR spectrum was recorded (Figure S6, bottom). Subsequently, the atmosphere was
exchanged with H» by three consecutive freeze-pump-thaw cycles and set to 5 bar of H»
pressure. Subsequent spectra were recorded after irregular intervals until the substrate was
fully consumed or until no further consumption was observed. Prior to the first and between
each measurement, the NMR sample was removed from the spectrometer and rotated at
10 rpm. After 100 min, the partial hydrogenation of styrene (14% according to 1H NMR
spectroscopy, by relative peak integrals) was observed, which is indicated by the appearance
of two new signals at 2.45 ppm and 1.09 ppm (Figure S6, middle). After 21 h 45 min, the
hydrogenation was near-quantitative with 98% cumene formed (Figure S6, top).

The 'H NMR spectra of the styrene hydrogenation remain well-resolved prior to and after H
addition, and no line broadening can be observed at any time. The characteristic signals for
pre-catalyst 1 are detected during the whole experiment (label X; Figure S6), which suggests
that 1 is only partially converted into a catalytically active species. No other cobalt complex
was detected during the NMR spectroscopic monitoring. Visual inspection of the reaction
solution throughout the hydrogenation reaction did not show any precipitation. The
simultaneous monitoring by 3!P{!H} NMR spectroscopy gave always a single signal (bs,

116.9 ppm) for the pre-catalyst 1. These observations are consistent with a homotopic
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hydrogenation mechanism involving an active species derived from pre-catalyst 1, which is

suggested to function as a reversible off-cycle intermediate.

1+ 20.0 equiv. styrene + H, (5 bar)
+ 21 h 45 min
X
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X X
3.0 28 26
f1 (ppm) JL
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1 + 20.0 equiv. styrene + H, (5 bar)
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X
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Figure S6. 'H NMR spectroscopic monitoring (400.13 MHz, 298 K, toluene-ds) of the hydrogenation
of styrene with 5mol% [(PePnacnac)Mg][CoHa4(dcpe)] (1). Bottom: Cobaltate 1 and styrene
(20.0 equiv.) prior to H> addition. Middle and top: After pressurizing with 5 bar H> at ambient
temperature. *: toluene-ds. #: styrene. +: ethylbenzene. X: 1.

4.4.5.4 Stepwise Hydrogenation of Styrene with [(°®Pnacnhac)Mg][CoHa(dcpe)] (1) Through
a Proposed Alkene Intermediate

Reaction Monitoring in Toluene-ds

The stepwise hydrogenation of styrene was carried out in a NORELL® intermediate pressure
valved NMR tube (S-5-600-MW-IPV-7).137] The pre-catalyst [(PePnacnac)Mg][CoH4(dcpe)]
(1; 17.2 umol, 10 mol%) was dissolved in toluene-ds (0.6 mL), styrene (19.8 uL, 0.1 mmaol,
1.0 equiv.) was added and the solution was transferred to the NMR tube. After initial 1H and
3IP{1H} NMR spectra were recorded (Scheme 3, bottom), the solution was heated at 60 °C
for 44 h, resulting in a color change from colorless to orange-to-brown. 1H and 31P{!H} NMR
spectra showed almost complete consumption of 1 and the formation of an unidentified
intermediate (label ¢; Scheme 3, middle), along with partial hydrogenation of styrene (label
+; Scheme 3, middle; see also Figure S34 for full 31P{1H} NMR spectra). Two minor hydride
signals at approximately —14.5 and —22.0 ppm appeared, likely corresponding to a mixed
hydrogen-deuterium complex (Scheme 3, middle). Furthermore, deuterium incorporation in
the styrene substrate after heating at 60 °C is observed (label #; Figure S7, middle). As

mentioned earlier in section 4.4.5.2, a H/D exchange with toluene-ds likely forms a partially
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deuterated variant of 1, which deuterates styrene by an insertion/elimination sequence.

Subsequently, the atmosphere was exchanged with H> by three consecutive
freeze-pump-thaw cycles and set to a H» pressure of 5 bar. The NMR sample was rotated at
10 rpm for 20 h prior to the third measurement, with no color change observed. Complete
hydrogenation of styrene was confirmed by the appearance of two new signals at 2.45 ppm
and 1.09 ppm in the 'H NMR spectrum (label +; Scheme 3, top). Corresponding signals in
the 2H NMR spectrum indicate deuterium incorporation (label +; Figure S7, top). The
proposed cobalt complex (label ¢; Scheme 3, middle) is fully consumed, and the cobalt
hydride 1 is regenerated (label X; Scheme 3, top). The additional hydride signals (-14.5 and
—22.0 ppm) disappear, and the triplet structure of the hydride signal of 1 suggests no

deuterium incorporation.

1+ 10.0 equiv. styrene

+ H, (5 bar)
r.t.for20 h
+ +

1+ 10.0 equiv. styrene

60 °C for 44 h

# # #
1+ 10.0 equiv. styrene
q y * *

100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
f1 (ppm)

Figure S7. 2H NMR spectra (61.42 MHz, 298 K, toluene-ds) of the stepwise styrene hydrogenation
using 1 through an intermediary alkene complex. *: toluene-ds. #: partially deuterated styrene. +:
partially deuterated ethylbenzene.

Reaction Monitoring in THF-ds

The stepwise hydrogenation of styrene was carried out in a NORELL® intermediate pressure
valved NMR tube (S-5-600-MW-IPV-7).137] The pre-catalyst [(PePnacnac)Mg][CoH4(dcpe)]
1; 11.5 umol, 0.25 equiv.) was dissolved in THF-ds (0.6 mL), styrene (5.3 uL, 45.9 umol,
1.0 equiv.) was added and the solution was transferred to the NMR tube (Scheme S2). After
initial 1H and 3'P{1H} NMR spectra were recorded (Figure S8, bottom), the solution was

heated at 40 °C for 24 h, resulting in a color change from colorless to intense red-to-brown.
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H Cy;
,'H\Clo"\\P:\ + PR (4.0 equiv) Proposzed alkene complex
N. ,2.H” | >p - » with [(n?-styrene)Co(dcpe)]
(_ Mg=---H Cy, THF-dg, 40 °C, 24 h structural motif
N — ethylbenzene
+
proposed formation of
[(PePnacnac)Mg(O"Bu)],
1
% H, (5 bar) — ethylbenzene significant loss
» of signal intensity
THF-ds, r.t., 25h HZ (5 bar), in 31P{1H} NMR

— ethylbenzene THF-dg, r.t., 2.5 h

Scheme S2. Stepwise hydrogenation of styrene using 1 in THF-ds through a proposed intermediary
styrene complex leading to decomposition of 1.

IH and 3!P{1H} NMR spectra showed consumption of 1 and the formation of an unidentified
intermediate (label ¢; Figure S8, middle), along with partial hydrogenation of styrene (label
+; Figure S8, middle; see also Figure S35 for full 31P{I1H} NMR spectra). Two new signals in
a 2:1 ratio between 4.70 and 4.50 ppm in the !H NMR spectrum and a broad resonance at
approximately 93.0 ppm in the 31P{1H} NMR spectrum indicate the formation of an alkene
intermediate (label ¢; Figure S8, middle and Scheme S2).[20] Furthermore, signals at
4.78 ppm and between 2.50 and 2.00 ppm in the 'H NMR spectrum (label $; Figure S8,
middle and top) indicate the formation of an alkoxide-bridged -diketiminate Mg dimer.[17]
This suggests that THF undergoes ring opening after treatment of 1 with styrene likely
forming [(PePnacnac)Mg(O"Bu)]>) and an unidentified alkene intermediate possibly con-

taining a [(n2-styrene)Co(dcpe)] structural motif (label ¢; Figure S8, middle and Scheme S2).

1+ 4.0 equiv. styrene + H, (5 bar) | + g X

r.t. for 20 h M +
26 2.4 2.2 2.0
1 (ppm) W/www W M X
M\J 0.5 -1.5 -2.5 148 -152
’m $ 1 (ppm) 1 (ppm)
LA
1+ 4.0 equiv. styrene o

40 °C for 24 h $ +$ 9
o N .
f1 (ppm)
+
—h i S

1 + 4.0 equiv. styrene X
i i
# # 2.9 2.7 2.5 —
f1 (ppm) -14.8 -15.2
I "
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -0.5 -1.0-145 -15.0 -15.5 120 100 80 60
f1 (ppm) f1 (ppm)

Figure S8. Top: Proposed reaction sequence of the stepwise styrene hydrogenation through a
proposed styrene complex using 1 in THF-ds. Bottom: 'H (left) and 3'P{'H} (right) NMR spectra
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(400.13/161.98 MHz, 298 K, THF-ds) of the stepwise styrene hydrogenation. *: THF-ds. #: styrene. +:
ethylbenzene. X: 1. ¢: proposed alkene complex. $: proposed [(PePnacnac)Mg(O"Bu)]2).

The atmosphere was then exchanged with H» (3x freeze-pump-thaw cycles, 5 bar H») and the
NMR sample was rotated at 10 rpm for 2.5 h prior to the third measurement. Styrene was
fully hydrogenated (label +; Figure S8, top) and the alkene intermediate consumed (Figure
S8, top), but only trace amounts of the cobalt hydride 1 were regenerated (label X; Figure S8,
top). A significant loss of phosphorus signal intensity in the 31P{'H} NMR spectrum suggests
substantial decomposition of the catalyst species. Therefore, THF is not suitable for use with

pre-catalyst 1.
4.4.6 DOSY NMR Analysis of [(°®Pnacnac)Mg][CoHas(dcpe)] (1)

General Information

Diffusion-ordered NMR spectroscopy (DOSY) experiments were conducted on a Bruker
Avance III HD 600 MHz spectrometer, equipped with a TBI 5 mm 'H/!°F-BB probe. All
measurements were performed at 298 K, with the temperature validated using internal NMR

calibration standards from Bruker.

The DOSY measurements were performed with convection compensating double stimulated
echo (DSTE) pulse sequence developed by Jerschow and Miiller.[28] The diffusion time delay
was set to 40 ms. Smoothed square (SMSQ10.100) gradient shapes and a linear gradient

ramp (32 increments, 5% to 95% of the maximum gradient strength) were used.

The NMR data were processed, analyzed, and plotted using TopSpin 3.2 software. Data
evaluation was carried out using a Python script developed by Christian Scholtes, in which

the DOSY data were fitted to the Stejskal-Tanner equation.[3%]
1)
I=1,-exp [—y26262 (A - §> D]

where I is the signal with the gradient, Iy is the signal intensity without diffusion weighting,
y is the gyromagnetic ratio, G is the strength of the gradient pulse, § is the duration of the

pulse, A is the time interval between the two pulses and D the diffusion coefficient.

The calculated diffusion coefficient for TMS (D:r) was applied to the Stokes-Einstein
equation,[40]

_ kgT

~ Femry'

i

to obtain viscosity correction for each individual sample. Here, kg is the Boltzmann constant,
T the temperature, F is the shape factor (set to 1 for a spherical shape), n the viscosity of the
sample, ry the hydrodynamic radius of the analytes, and c a correction factor which was

determined by using a semi-empirical modification by Chen.[#!]

186



Chapter 4 — Synthesis, Characterization and Reactivity of Phosphine-Stabilized Cobalt Hydrides

6F

T 2.234
1+ 0.695 (L“’)
Tref

CChen =

The hydrodynamic radii values for TMS (rf = 2.96 A) and toluene (rson = 2.88 A) were

calculated using hard-sphere increments.[42]

By inserting the Chen correction factor to the Stokes-Einstein equation,

2.234
ksT (1 + 0.695 (r&”) )
rref

67TDre f Tref

n [kg/ms] = ,
the correction factor for the viscosity of each respective sample (77) is determined. Finally, by
incorporating all correction equations, the hydrodynamic radii can be iteratively calculated
by

2.234
KT (1+0.695 (=2v)
D= i

6mmry

Using the hydrodynamic radii, the respective Volumes (Vx) were calculated with the

assumption of a spherical shape.
Sample Preparation

A 10 mM solution of [(PePnacnac)Mg][CoHa(dcpe)] (1) was prepared by dissolving the
respective sample in THF-ds or toluene-ds. The solution was then filtered, and an aliquot
(0.5 mL) was transferred into a J. Young NMR tube. Tetramethylsilane (TMS) was used as a
reference and was added by withdrawing 500 pL from the headspace of a degassed TMS
sample, just above the surface of the liquid and injected into the NMR tube, which was then

sealed immediately afterwards.
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Experimental Data
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Figure S9. 'H NMR spectrum of [(PePnacnac)Mg][CoHa4(dcpe)] (1) and TMS (600.13 MHz, 298 K,
toluene-ds), showing the signals 1-4 used for the DOSY analysis. *: toluene-ds.
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Figure S10. 'H NMR spectrum of [(P¢ePnacnac)Mg][CoHa(dcpe)] (1) and TMS (600.13 MHz, 298 K,
THF-ds), showing the signals 1-4 used for the DOSY analysis. *: THF-ds.
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Figure S11. DOSY plots (signal intensity against gradient strength) of TMS and the signals 1-4 of
[(Pernacnac)Mg][CoHa(dcpe)] (1) in toluene-ds.
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Figure S12. DOSY plots (signal intensity against gradient strength) of TMS and the signals 1-4 of

[(Pernacnac)Mg][CoHa4(dcpe)] (1) in THF-ds.
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Table S3. Self-diffusion coefficients of signals 1-4 of [(PePnacnac)Mg][CoHa(dcpe)] (1) in toluene-ds
and THF-ds. Signals 1-3 belong to the [(P¢Pnacnac)Mg]* unit and signal 4 belongs to the [CoH4(dcpe)]-
unit.

Signal Chemical shift [ppm] Diffusion coefficient

Di[m?s1]
Toluene
/ TMS 2.2e-09 + 7.45e-12
1 5.03-5.01 6.6973e-10 + 1e-12
2 3.00-2.92 6.7657e-10 + 1.22e-12
3 2.83-2.75 6.6749e-10 + 3.65e-12
4 0.96-0.86 6.8442e-10 + 1.19e-12
Mean diffusion coefficient D (1-4) [m2-s-1] 6.75e-10 + 1.19e-12
Average radius ry [A] 6.554 + 0.06091
Average volume Vylal [A3] 1.179e+03 + 32.88
THF
/ T™S 2.37e-09 + 2.01e-11
1 4.93-4.89 7.3522e-10 + 3.7e-12
2 2.89-2.80 7.5426e-10 + 2.26e-12
3 2.80-2.70 7.4774e-10 + 9.12e-13
4 0.87-0.77 7.5256e-10 + 1.92e-12
Mean diffusion coefficient D (1-4) [m2-s-1] 7.47e-10 + 1.92e-12
Average radius ry [A] 6.548 + 0.0629
Average volume Vlal [A3] 1.176e+03 + 33.89

[a] The average volume Vg was calculated assuming a spherical shape.
4.4.7 Reactivity Study of [(°®°nacnac)Mg][(1,n*:n*-P4)Co(dcpe)] (5)

[(Pernacnac)Mg][(w,n*:n*P4)Co(dcpe)] (5) was either reacted as an isolated solid or a
solution of [(PePnacnac)Mg][CoHa(dcpe)] (1; 1.0 equiv.) and P4 (1.1 equiv.) in toluene was
stirred at ambient temperature for 24h, after which the in situ generated

[(Pepnacnac)Mg][(u,n*:n*-P4)Co(dcpe)] (5) was reacted with a selected reagent (Scheme S3).

(xx equiv.) toluene, r.t., xx h "

Cy,
/\6\ N o N/ Cy,PClI Ph,;SnCl )\ c”N
\ / \ Y2 3 N~ Y

(3.0 equiv.) (1.0 equiv.) (1.0 equiv.) (1.0 equiv.)
1d 1.5h 4d 1d

Congzilpseoly + foaeen - ?

Scheme S3. Reaction of [(PePnacnac)Mg][(u,n*:n*P4)Co(dcpe)] (5) with different small molecules.
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4.4.7.1 Reaction with 4-(Dimethylamino)pyridine (DMAP)

[(Pepnacnac)Mg][(u,n*:n*-P4+)Co(dcpe)] (5; 10.0 mg, 10.1 umol, 1.0 equiv.) was reacted with
4-(dimethylamino)pyridine (3.7 mg, 30.3 umol, 3.0 equiv.) at ambient temperature for 1 d,
resulting in a modest color change to dark yellow-to-brown. 31P{1H} NMR spectroscopic
analysis of the reaction solution indicated selective formation of a new species (Figure S13).
The mixture was evaporated to dryness, the residue redissolved in toluene/n-hexane (1:2
v/v, 1.5 mL), filtered and cooled to —-35°C for crystallization. Small amounts of
orange-to-brown  plates  formed,  which  confirmed the formation of
[(Pepnacnac)Mg(DMAP)s][(n*-P4)Co(dcpe)] (7) in a “What is this?” experiment (Table S5).
Unfortunately, poor crystal quality prevented further SC-XRD analysis.

105.2
—61.0

g

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

~
<
N

Figure S13. 3P{{H} NMR spectrum (202.46 MHz, 298 K, toluene-ds) of the reaction of
[(Pernacnac)Mgl[(u,n*n*-P4)Co(dcpe)] (5) with DMAP after reacting at ambient temperature for 1 d.

4.4.7.2 Reaction with Cy2PCI

[(Pepnacnac)Mg][(u,n*:n*-P4+)Co(dcpe)] (5; 57.4 umol, 1.0 equiv.; from 50.0 mg of 1) was
reacted with dicyclohexylchlorophosphine (12.7 uL,, 57.4 umol, 1.0 equiv.) at ambient
temperature for 1.5 h. An immediate color change to deep yellow-to-brown was observed.
3IP{TH} NMR spectroscopic analysis of a reaction aliquot indicated selective formation of
[(n*-P5Cy2)Co(dcpe)] (8)1291[331 by elimination of “(PePnacnac)MgCl” (Figure S14). The
mixture was evaporated to dryness, the residue washed with n-hexane (2.0 mL), and then
redissolved in toluene/n-hexane (1:1 v/v, 4.0 mL). Both solutions were cooled to —35 °C for

crystallization. In each case, small amounts of a brownish precipitate were formed but were
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accompanied by the formation of colorless crystals of [(PePnacnac)MgCl].. However, clean

isolation of 8 and separation of the product mixture were unsuccessful.
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Figure S14. 3'P{'H} NMR spectrum (161.98 MHz, 298 K, CsDs capillary) of the reaction of
[(Pernacnac)Mgl[(u,n*:n*-P4)Co(dcpe)] (5) with Cy2PCl after stirring at ambient temperature for 1.5 h.
#: unidentified side product.

4.4.7.3 Reaction with Ph3SnCl

[(Pepnacnac)Mg][(u,n*:n*-P4)Co(dcpe)] (5; 17.2 umol, 1.0 equiv.; from 15.0 mg of 1) was
reacted with triphenyltin chloride (6.6 mg, 17.1 umol, 1.0 equiv.) at ambient temperature for
4d. A color change to deep yellow-to-brown was observed within 1h. 31P{1H} NMR
spectroscopic analysis of the reaction solution indicated unselective reaction of 5 with
Ph3SnCl (Figure S15). The mixture was evaporated to dryness, the residue redissolved in
toluene/n-pentane (1:1 v/v, 1.0 mL), filtered and cooled to —35 °C for crystallization. No
crystallization was observed. Multiple signals between 250.0 and —50.0 ppm indicate the
formation of several reaction products, which likely feature P/Sn cage motifs.[3] The absence
of a 31P{1H} NMR signal for free dcpe suggests that the “Co(dcpe)” motif of 5 remains intact,

although the identification of any reaction product by crystallization was not successful.
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Figure S15. 3!P{'H} NMR spectrum (202.46 MHz, 298 K, CsDs capillary) of the reaction of
[(Pernacnac)Mgl[(u,n*:n*-P4)Co(dcpe)] (5) with PhaSnCl after reacting at ambient temperature for 4 d.
#: additional side products.

4.4.7.4 Reaction with N,N"-Diisopropylcarbodiimide (DIC)

[(Pepnacnac)Mg][ (u,n*:n*-P4)Co(dcpe)] (5; 57.4 umol, 1.0 equiv.; from 50.0 mg of 1) was
reacted with N,N'-diisopropylcarbodiimide (8.9 pL, 57.4 ymol, 1.0 equiv.) at ambient
temperature for 1 d, with no visible color change. 3P NMR spectroscopic analysis of a

reaction aliquot indicated selective conversion to a new species (Figure S16, left).

31P NMR shifts and
coupling constants
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Py o P, Py -52.4 | 447,350, 12
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Figure S16. Left: 3P NMR spectrum (161.98 MHz, 298 K, CsDs capillary) of the reaction of
[(Pernacnac)Mgl[(u,n*:n*-P4)Co(dcpe)] (5) with DIC after stirring at ambient temperature for 2 d.
*: unreacted 5. Right: 3'P NMR shifts and coupling constants and proposed product structure.
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The mixture was evaporated to dryness, the residue redissolved in n-pentane (1.0 mL) and
cooled to —35 °C for crystallization. Small amounts of a brownish precipitate formed but were
not suitable for SC-XRD analysis. Further attempts to isolate and clearly assign the structure
of the reaction product were unsuccessful.

The signal pattern in the 3P NMR spectrum suggests the formation of a coordination
complex featuring a phosphorus chain (Figure S16, right). A bimetallic magnesium cobalt
complex is likely formed by insertion of the carbodiimide into the cyclo-Ps motif. A structural
model 9 is proposed, based on the similarity of the observed AEMX spin system of the P4

core in the 31P NMR spectrum with reported complexes.[301[34al.[44]
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4.4.8 NMR Spectroscopic Data
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Figure S17. 'H NMR spectrum (400.13 MHz, 298 K, toluene-ds) of [(PePnacnac)Mg][CoH4(dcpe)]
(1). *: toluene-ds.

117.5

135 130 125 120 115 110 105 100
f1 (ppm)

WA B

450 400 350 300 250 200 150 100 50 0 -50 -100 -150 -200 -250 -300 -350 -400 -450 -500 -550
f1 (ppm)

Figure S18. 31p{lH} ¥ NMR  spectrum (161.98 MHz, 298 K,  toluene-ds) of
[(Pepnacnac)Mgl[CoHa(dcpe)] (1).
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Figure S19. 3P NMR spectrum (161.98 MHz, 298 K, toluene-ds) of [(PePnacnac)Mg][CoH4(dcpe)]
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Figure S20. BC{TH} ¥ NMR  spectrum (100.61 MHz, 298 K, toluene-ds)
[(Pernacnac)Mg][CoHa4(dcpe)] (1). *: toluene-ds.
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Figure S21. Variable-temperature 'H NMR spectrum (400.13 MHz, 298-193 K, toluene-ds) of
[(Pernacnac)Mgl[CoHa4(dcpe)] (1) showing the hydride shift region as a separately magnified section.
*: toluene-ds.

~
™M 1 CXWMOUMINHANNT OM -
38 FRRERETNTRIAR i
N o [ NP S S (o S S S S 4 o
N [ e e e
*
*
| T
# 1! -15.0 -15.2 15.4
f1 (ppm)
it
+ I I
) ' T e T
o in conNnah®o °
3 & SAIRA LTS ]
e NS EETETTNT e e T
10 9 8 7 6 5 4 3 2 0 -1 2 3 4 5 -6 -7 -8 -9 -10 -11 -12 -13 -14 -15 -16

f1 (ppm)

Figure S22.1H NMR spectrum (400.13 MHz, 298 K, THF-ds) of [(PePnacnac)Mg][CoH4(dcpe)] (1).
*. THF-ds. #: benzene. +: Et20.
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Figure S23. Variable-temperature 'H NMR spectrum (400.13 MHz, 298-193 K, THF-ds) of
[(Pernacnac)Mg]l[CoHa(dcpe)] (1) showing the hydride shift region as a separately magnified section.
*. THF-ds. #: benzene.
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Figure S24. 'H NMR spectrum (400.13 MHz, 298 K, toluene-ds) of [(Mesnacnac)Mg][CoHa(dcpe)]
(2). *: toluene-ds.
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Figure S25. 31p{lH} = NMR  spectrum (161.98 MHz, 298 K,  toluene-ds) of
[(Mesnacnac)Mg][CoHa4(dcpe)] (2).
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Figure S26. 3P NMR spectrum (161.98 MHz, 298 K, toluene-ds) of [(Mesnacnac)Mg][CoHa(dcpe)]
(2).
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Figure S27. BC{IH} NMR spectrum (100.61 MHz, 298K, toluene-ds) of
[(Mesnacnac)Mg][CoHa4(dcpe)] (2). *: toluene-ds.
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Figure S28. H NMR spectrum (400.13 MHz, 298 K, toluene-ds) of

[(Pernacnac)Mg][(w,n*:n*P4)Co(dcpe)] (5). *: toluene-ds.
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Figure S29. SIP{1H} NMR  spectrum (161.98 MHz, 298 K, toluene-ds) of
[(PePnacnac)Mgl[(u,n*n*-P4)Co(dcpe)] (5).
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Figure S30. BC{1H} NMR  spectrum (100.61 MHz, 298 K, toluene-ds) of
[(Pernacnac)Mg][(u,n*n*Ps)Co(dcpe)] (5). *: toluene-ds.
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Figure S31. 1H NMR spectrum (400.13 MHz, 298 K, toluene-ds) of
[(Mesnacnac)Mg][(u,n*:n*-Ps)Co(dcpe)] (6). *: toluene-ds.
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Figure S32. 31Ip{1H} = NMR  spectrum (161.98 MHz, 298 K, toluene-ds) of
[(Menacnac)Mg][(p,n*n*-P4)Co(dcpe)] (6).
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Figure S33. BBC{1H} NMR  spectrum (100.61 MHz, 298 K,

toluene-ds)  of
[(Mesnacnac)Mg][(u,n*:n*-Ps)Co(dcpe)] (6). *: toluene-ds.
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Figure S34. 3'P{1H} NMR spectra (161.98 MHz, 298 K, toluene-ds) of the reaction of 1 with styrene
(10.0 equiv.) and subsequent H2 exposure in toluene-ds. X: 1. ¢: proposed styrene complex.
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Figure S35. 3!1P{!H} NMR spectra (161.98 MHz, 298 K, THF-ds) of the reaction of 1 with styrene
(10.0 equiv.) and subsequent H2 exposure in THF-ds. X: 1. ¢: proposed alkene complex.

4.4.9 IR Spectroscopic Data
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Figure S36. Solid-state ATR-IR spectrum of [(PePnacnac)Mg][CoHa(dcpe)] (1).
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Figure S37. DFT calculated IR spectrum of [(PePnacnac)Mg][CoHa(dcpe)] (1) at the r2SCAN-3c level
of theory. Absorption bands at 2007.3, 1870.3, and 1807.7 cm~! correspond to Co—H vibrations.
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Figure S38. Solid-state ATR-IR spectrum of [(Mesnacnac)Mg][CoHa(dcpe)] (2).
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Figure S39. Solid-state ATR-IR spectrum of [(P¢ePnacnac)Mg][CoD4(dcpe)] (1-D); 83% deuterium
incorporation according to 'H NMR analysis.

4.4.10 Single Crystal X-ray Diffraction Data

The single-crystal X-ray diffraction data were recorded on Rigaku Synergy DW or GV1000
Titan$? diffractometers with Cu-K, radiation (A= 1.54184 A). Crystals were selected under
mineral oil, mounted on micromount loops and quench-cooled using an Oxford Cryosystems
open flow N> cooling device. Either semi-empirical multi-scan absorption correction(#?] or
analytical ones!*! were applied to the data. The structures were solved with SHELXTI47]
solution program using dual methods and by using Olex?2 as the graphical interface.[*8] The
models were refined with ShelXL47] using full matrix least squares minimization on F2.[4%]
The hydrogen atoms were located in idealized positions and refined isotropically with a riding
model. A distance restraint (DFIX) was used to adequately model the Col—-H4 bond in the
solid-state molecular structure of [(PePnacnac)Mg][CoHa4(dcpe)] (1).
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Table S4.

Crystallographic

data

and

structure refinem

ent for compounds

[(Arnacnac)Mg][CoHa4(dcpe)] (Ar = Dep, 1; Ar = Mes, 2) and [(P*nacnac)Mg(thf)][CoHa4(dcpe)] (4).

Independent reflections
Data/restraints/parameters

Goodness-of-fit on F2

Final R indexes [I>=20 (I)]

Final R indexes [all data]

Largest diff. peak/hole / e
A3

Flack parameter

9915 [Rint = 0.0343,
&igma = 00217]

9915/1/536
1.093

Ri1=0.0396, wR2 =
0.1071
R1=0.0436, wR2 =
0.1098

1.04/-0.34

/

Compound 1 2 4
Empirical formula Cs1HgsCoMgN2P2 C49Hg1CoMgN2P2 C110H186C02MgaN4O2P4
Formula weight 871.38 843.33 1886.98
Temperature/K 100(1) 123(1) 123(1)
Crystal system monoclinic orthorhombic triclinic
Space group P21/c Fdd2 P-1
a/A 18.2180(2) 44.1761(2) 12.4693(2)
b/A 10.83380(10) 34.47260(10) 21.6585(3)
c/A 25.5588(2) 12.66360(10) 22.9140(4)
a/° 90 90 62.622(2)
B/° 106.6310(10) 90 77.6140(10)
v/° 90 90 79.4390(10)
Volume/A3 4833.52(8) 19284.95(18) 5341.64(17)
y/ 4 16 2
Peale/cm® 1.197 1.162 1.173
/mm-! 3.787 3.781 3.476
F(000) 1896 7328 2056
Crystal size/mm? 0.112 x 0.06 x 0.035 0.176 x 0.079 x 0.067 0.281 x 0.173 x 0.128
Radiation CuKa (A=1.54184) CuKa (A=1.54184) CuKa (A=1.54184)
2®c3?egciif:; /iata 5.062 to 150.554 6.504 to 149.948 7.294 to 133.952
Index ranges -22<h<22,-13<k< |-53<h<55,-43<k<42,-14<h<14,-25<k <25,
13,-31<1<30 -13<1<15 27<1<27
Reflections collected 84427 75777 101126

8440 [Rint = 0.0251,
Rsigma = 00145]

8440/1/520

1.03

R1=0.0231, wR2 =
0.0595
R1=0.0240, wR2 =
0.0601

0.24/-0.18

-0.0249(11)

18922 [Rint = 0.0703,
Rsigma = 00402]

18922/0/1161
1.022

R1=0.0480, wR2 =
0.1243
R1=0.0535, wR2 =
0.1294

0.71/-0.41

/
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N1

Figure S40. Solid-state molecular structure of [(PePnacnac)Mg(thf)][CoH4(dcpe)] (4). Thermal
ellipsoids are drawn at 40% probability level. H atoms are omitted for clarity except for the hydrides
(H1-H4) between Col and Mgl. The asymmetric unit of 4 contains two molecules, one of which is
displayed. Selected bond lengths [A] and angles [°]: Mgl—Co1 2.490(6) A, Co1-H1 1.303(3) &, Col-
H2 1.463(2) A, Col-H3 1.448(2) A, Col-H4 1.472(4) A, Mgl-01 2.168(3) A, Mgl-H2 1.890(5) A,
Mgl-H3 2.011(4) A, Mgl-H4 2.107(4) A, Col-P1 2.137(6) A, Col-P2 2.136(6) A, Mgl-N1
2.094(2) A, Mgl-N2 2.086(2) A, H1-Col-H4 170.30(3), H2—Col-H3 89.95(1), H2-Mgl-H3
63.58(2), P1-Co1-P2 90.69(2), N1-Mg1-N2 89.41(8).
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Table S5. Crystallographic data and structure refinement for compounds [(Arnacnac)Mg]-
[(u,n*:n*-P4)Co(dcpe)] (Ar = Dep, 5; Ar = Mes, 6) and [(PePnacnac)Mg(DMAP)s][(n*-P4)Co(dcpe)] (7).

Compound 5 6 77 (WIT experiment)
Empirical formula Cs51Hs1CoMgN2Ps CssHssCoMgN2Ps C72H111CoMgNgPs-(C7Hs)
Formula weight 991.23 1080.34 1449.87
Temperature/K 123(1) 123(1) 123(1)
Crystal system monoclinic triclinic triclinic
Space group P21/c P-1 P-1
a/A 13.94350(10) 11.75190(10) 10.89904(11)
b/A 14.12540(10) 13.71020(10) 13.64478(16)
c/A 26.6583(2) 19.1055(2) 28.5968(3)
a/° 90 83.7010(10) 90.4419(9)
B/° 98.2800(10) 81.7700(10) 98.2194(9)
v/° 90 77.3350(10) 110.3030(10)
Volume/A3 5195.82(7) 2962.67(5) 3940.04(8)
y/ 4 2 2
Pealeg/cm?® 1.267 1.211 /
p/mm-1 4.717 4.179 /
F(000) 2120 1154 /
Crystal size/mm?3 0.121 x 0.1 x 0.031 0.116 x 0.049 x 0.035 /
Radiation CuKa (A=1.54184) CuKa (A=1.54184) CuKa (A=1.54184)
2603?5;?5 /iata 6.702 to 150.184 4.688 to 148.604 /
Index ranges -17<h<16,-16 <k< |-14<h<14,-17<k < 16, /
17,-32<1<33 -23<1<23
Reflections collected 64096 52180 /
Independent reflections loizm[j{;mo.:oggj]l 7 1 I?éim[fim(;ogfé)’]ga /
Data/restraints/parameters 10569/0/560 11922/0/540 /
Goodness-of-fit on F2 1.094 1.096 /
Final R indexes [I>=20 (I)] Ri ObéfggéWRQ Ri 06(')3;;’2‘/\71{2 /
Final R indexes [all data] Ri oi)(?fzgiWRz Ri 0693;§AWR2 /
Largest diffg_’fak/ hole /e 0.67/-0.43 0.32/-0.23 /
Flack parameter / / /
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4.4.11 Computational Studies

All calculations were carried out with the ORCA 5.03 and 5.0.4 quantum chemistry
package.l50] Geometry optimizations were performed at the r2SCAN-3cl51] level of theory in
the gas phase. Stationary points were confirmed as local minima (no imaginary frequencies)
by frequency analysis. Single point energy calculations were performed on the fully optimized
geometries  (r2SCAN-3c¢) and the electron densities calculated at the
®wB97X-D4/def2-TZVPI52] level of theory. Further molecular properties were analyzed using
natural bond orbital (NBO 7.0) analyses,[>2! IBO analyses (IboView[>*] and NCI analyses(5°]
(multiwfn 3.8[5¢1) for non-covalent interactions. Shown iso-surfaces were plotted with VMD
1.9.3.1571 Calculated IR Spectra were rendered using the software Avogadro.!58! Table S6
compares the experimental geometry of [(PePnacnac)Mg][CoH4(dcpe)] (1) in the solid state
with the computed geometry, obtained at the r2SCAN-3c level of theory.

Table S6. Comparison of structural parameters of [(PePnacnac)Mg][CoHa4(dcpe)] (1): experimental vs.
computational data.

Bond distance X-ray Computed Atom numbers
[A] or angle [°] Structure structure (from DFT)
Col—H!lal 1.517(1) 1.480

Col-H?/H3/H* 1.511(1)/1.503(2)/

L458(1) 1.517/1.525/1.584 -
2
Mg-tz/Eyme 202LRL876(D 5 6549 010/1.965 ,/”~~C'g,~~~'°1\)

2.055(3) N_ 1,/ I:_;lf | \é
2 Mg’____H Cyz
Col-P1/P2 2.144(3)/2.145(2) 2.148/2.145 Q '1‘/ 4
H!-Col—H* 83.14(1) 90.5 /\@
H2—Mg4—H3 61.67(6) 64.2
Mgl-N1/N2 2.060(2)/2.053(2) 2.053/2.055
44111 NBO Analysis of [(°®Pnacnac)Mg][CoHas(dcpe)] (1)

The main findings from NBO analysis of 1 are depicted in Table S7. No Lewis or non-Lewis
shared orbitals between the magnesium and cobalt centres are found, and the second order
perturbation theory analysis shows that the donor—acceptor interaction between an electron
lone pair of Co and a vacant or Rydberg orbital of Mg is negligibly small (<1 kcal mol-1).
Significant donor—acceptor interactions are found between the bridging H atoms (H2-H4)
and Mg (21.0-33.6 kcal mol-1).
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Table S7. NBO data for [(PePnacnac)Mg][CoHa4(dcpe] (1).

NPA Charges Wiberg bond indices
Co! -0.45 Col-Mg! 0.043
Col-H!/H2/H3/ 0.421/0.438 /0.435 /
1
Mg 173 H¢ 0.316
P1/ P2 1.19/1.20 Mgl-H2/ H3 / H4 0.057 / 0.064 / 0.091
~0.10/-0.25/
1 2 3 4 1_N1 2
H!/H2/H3/H 026/ 041 Mg!-N!/ N 0.0725 / 0.0733
[(Pepnacnac)Mg] 0.84 Col-P1/ P2 0.3547 / 0.3527
[CoH4(dcpe)] -0.84 / /

Second order perturbation theory analysis

Donor (L) Acceptor (NL) E(2)
NBO NBO kcal/mol ., H Cy,
H. i <P
LP (1) H2 LV (1) Mgl 21.03 N oGS Fz,\,\
2 Ma= - - —
LP (1) H3 LV (1) Mgl 26.80 C ﬁ'/"'g H o Cy
LP (1) H4 LV (1) Mgl 33.61 /\@
BD (1) Col-H1 LV (1) Mgl 0.36

44112 IBO Analysis of [(P*Pnacnac)Mg][CoHa(dcpe)] (1)

The IBO analysis of [(PePnacnac)Mgl[CoH4(dcpe)] (1) shows four intrinsic bond orbitals for
the Co—H bonds, three of which have a contribution from magnesium (Figure S41). The IBOs
are largely located between the respective H atom (1.214-1.464) and Co atom (0.305-0.696)
with minor contributions from Mg (0.071-0.107) in case of the three bridging H atoms (H2-
H4).

Orb. 222 H3 1.326 Col 0.536 Orb. 223 H2 1.316 Col 0.557
Mgl 0.084 (+ other: 0.054) Mg1 0.071 (+ other: 0.056)

1

Ko

Q‘

Orb. 222-225 simultaneous visualization of

ﬁi the Co—H(-Mg) bonding interactions

| s??,

Orb. 224 H4 1.464 Co1 0.305 Orb. 225 H1 1.214 Col 0.696
Mg1 0.107 (+ other: 0.125) (+ other: 0.091)

Figure S41. IBOs of [(Pernacnac)Mg][CoH4(dcpe)] (1) showing the bonding interactions within the
bridging hydride structural motif.
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The bonding situation is best described as a o-type interaction between Co and H (cobalt
hydride bond), with the intrinsic bond orbitals for the bridging hydrides (H2-H4) showing

slight extension toward Mg. No bond-like localized orbitals involving Mg and Co are found.

44113 AIM Analysis of [(°®Pnacnac)Mg][CoH4(dcpe)] (1)

The descriptors for the bond critical points (3, —1; BCPs) of the bridging hydride structural
motif (Mg-u-Hs—Co) of [(PePnacnac)Mg][CoHa4(dcpe)] (1) are displayed in Table S8.[5°1 The
classification based on the values of p(r1,), V2p(1), G(b), V(1), and H(rp) is discussed in the
following. The | V(1) |/G(r) ratio is found close to 1 (1.102) for the BCP A between Co1l and
Mgl, with V(r,)=G(r), which can be used as a classification criterion for a closed shell
donor-acceptor interaction (please note that the interactions were initially used to describe
transition metal interactions).[59:601 The BCP is in the range 1 < V(r,)=G(r) < 2 and is close
to 1, which indicates a largely ionic bond character between Mg and Co with some covalent
contribution (typical covalent interactions |V(rp)|/G(rb) > 2 and typical ionic interactions
[ V()| /G(rp) < 1).[60LI61] The low electron density p(rb), the positive Laplacian of electron
density (V2p(rp) > 0), and the negative energy density (H(rp) < 0) at the BCP A support a
predominantly electrostatic interaction with only minor covalent character. The BCPs B-E
between Col and H1-H4 are in the range 1 < V(r,)=G() < 2, and with values of 1.463-1.787
significantly closer to 2. The Co—H bonds are best described as closed-shell interactions
exhibiting strong electron-sharing character. The higher electron density p(i,) at the BCPs
implies greater shared electron density and the more negative H(r,) values reflect stronger
covalent contributions. Notably, the terminal hydride H1 (BCP B) shows the highest covalent
character (p(rp) = 0.1341, |V(r,)|/G(rb) = 1.787), whereas the bridging hydrides H2-H4
(BCPs C-E) display lower covalency (p(rp) < 0.1205, |V(i)|/G(rb) < 1.621), which likely

stems from additional electron sharing with Mg.

Table S8. AIM parameters at the bond critical points (3, —1) of the bridging hydride structural motif
of [(Pepnacnac)Mg][CoHa(dcpe)] (1).1al

Bond critical A (20, B (30, C (29, D (24, E (17,
point Col-Mgl) Col-H1) Col-H2) Col-H3) Col-H4)
p(ry) 0.0352 0.1341 0.1205 0.1178 0.1004
V2p(rp) 0.1242 0.0877 0.1599 0.1659 0.2101
G(rv) 0.0346 0.1031 0.1055 0.1041 0.0979
V(ry) -0.0381 -0.1842 -0.1710 -0.1668 -0.1432
|V(rb)|/G(rv) 1.102 1.787 1.621 1.602 1.463
G(rv)/p(rv) 0.983 0.769 0.875 0.884 0.974
H(rv) -0.0035 -0.0812 -0.0655 -0.0627 -0.0453

[a] Electron density (p(rb) in au), Laplacian of electron density (V2p(rb) in au), Lagrangian kinetic
energy density (G(m) in au), potential energy density (V(rp) in au), ratio |V(m)|/G(rb), ratio
G(rv)/p(rp) in au, electron energy density (H(rp) in au).
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44114 NCI Analysis of [(°®Pnacnac)Mg][CoHa(dcpe)] (1)

The non-covalent interaction analysis of [(PePnacnac)Mg][CoH4(dcpe)] (1) is shown in Figure
S42. The high quality integration grid of the software multiwfn was used for the NCI plot
calculation. A full representation of the rendered structure of 1 with the NCI surface (3D), a
cutout of the interaction between Mg2+ and the hydride ligands at Co (3D), as well as the full
NCI plot (2D) are depicted. The NCI analysis shows a strong, attractive interaction between
the magnesium countercation and three of the four hydride ligands bound to Co (Figure S42B
and C). Using a cutoff, the interaction can be located at sign(A2)p = —0.03 to —0.04, which is
in the range of strong attractive interactions, such as hydrogen bonding interactions (Figure
S42D). In addition, a mix of weak attractive and repulsive interactions can be found between
the hydrocarbon substituents of the [(PePnacnac)Mg]* cation and the [CoH4(dcpe)]- anion of

1, which is best described by Van der Waals interactions.
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Figure S42. (a) Structure of [(PePnacnac)Mg][CoHa4(dcpe)] (1). (b) NCI Surface visualization with
bond paths (3D, isovalue = 0.4) of 1. (¢c) NCI plot (2D) of 1. (d) Cutout (at sign(A2)p < —0.02) of the
NCI surface visualization with bond paths (3D) of 1 showing the [Co—H]---Mg?2*interaction. Diagrams
show plots of RDG := reduced density gradient over sign(A2)p := density with sign of the second
derivative Hessian matrix. The sign(A2)p > 0 (red) are read as strong repulsive interactions, sign(A2)p
~ 0 (green) as weak interactions and sign(A2)p < 0 (blue) as strong attractive interactions.

44115 Cartesian Coordinates of [(°®°nacnac)Mg][CoHa(dcpe)] (1)
[(Pepnacnac)Mg][CoHa(dcpe)] (1) P 13.32754 7.67693 9.69052
H =-4367.95929582 Eh P 10.83939 6.91925 11.28342
G =-4368.10653671 Eh Mg 10.29394 6.13119 7.31719
Co 11.28074 7.23977 9.20907 N 8.60353 4.98465 7.10575
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N 10.64078 6.09872 5.29211
C 13.76319 9.50640 9.66277
H 13.15357 9.88714 10.50185
C12.32245 7.45849 12.29981
H 12.17259 8.51928 12.53198
H 12.36270 6.92655 13.25842
C 11.92953 6.48889 4.82669
C13.61464 7.27668 11.50245
H 13.94336 6.23352 11.54806
H 14.42649 7.88591 11.91836
C9.472747.90428 12.09772
H 9.60335 7.76693 13.18445
C12.25234 7.85525 4.71155
C 15.23075 9.85069 9.95591
H 15.58160 9.34586 10.86418
H 15.86743 9.49681 9.13364
C10.48704 5.17319 11.87347
H 9.64864 4.84627 11.23623
C 7.99159 4.50857 8.30085

C 12.86697 5.49059 4.50202
C 14.12709 5.87986 4.04513
H 14.85109 5.11526 3.77089
C9.73584 3.56439 13.67220
H 9.45227 3.47545 14.72869
H 8.86011 3.26334 13.07877
C15.41593 11.36591 10.10323
H 14.84940 11.71463 10.97928
H 16.47155 11.59636 10.29547
C 14.80975 6.82541 8.92612
H 15.67225 7.10349 9.55633
C11.67725 4.25042 11.57378
H 11.97102 4.35792 10.52375
H 12.53756 4.55661 12.18907
C 15.09604 7.27199 7.48765
H 14.24747 6.99498 6.84733
H 15.19179 8.35949 7.42204

214

C 10.06988 5.02500 13.34341
H 10.88908 5.36041 13.99704
H 9.20273 5.65241 13.57508
C16.29077 5.09621 7.02396
H 17.23267 4.64064 6.69247
H 15.51321 4.77136 6.31969
C13.52724 8.19993 4.26185
H 13.79656 9.24601 4.15690
C11.34148 2.79287 11.89567
H 10.52539 2.46635 11.23614
H 12.20483 2.15061 11.67883
C16.37915 6.61946 6.96405
H 16.56352 6.94703 5.93383
H 17.23212 6.96454 7.56837
C9.55776 9.40786 11.79849
H 10.54499 9.80974 12.05819
H 9.43988 9.55580 10.71796
C 14.45767 7.22286 3.92462
H 15.43896 7.51226 3.55952
C 14.66704 5.29734 8.95877
H 13.80298 5.01762 8.34328
H 14.45204 4.93873 9.97251
C 8.08360 7.39018 11.69991
H 7.95994 7.54399 10.61919
H 7.98497 6.31256 11.86706
C 6.96823 5.27188 8.89484
C10.90473 2.63254 13.35202
H 10.62921 1.59062 13.55884
H 11.75179 2.87274 14.01208
C15.93422 4.61535 8.43159
H 16.77098 4.83463 9.11154
H 15.79973 3.52572 8.43943
C7.07413 9.64621 12.20646
H 6.30701 10.17965 12.78171
H 6.86951 9.84088 11.14315
C8.46716 10.17647 12.55254
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H 8.63250 10.08002 13.63609
H 8.53656 11.24590 12.31649
C6.987728.14124 12.46108
H 5.99904 7.75847 12.17643
H 7.09793 7.94610 13.53859
C 13.27452 10.24218 8.40558
H 12.22200 9.99959 8.23054
H 13.82881 9.89078 7.52450
C 6.79673 3.80511 5.93074

H 7.04225 2.80883 6.31830

H 6.40142 3.69726 4.91980

H 6.01203 4.20040 6.58355

C 11.20509 8.89384 5.03973
H 10.29449 8.66991 4.46665
H 10.91858 8.77262 6.09433
C 8.03239 4.67760 5.94401

C 8.43895 3.30831 8.88046
C12.52437 4.02390 4.62320
H 13.17430 3.45650 3.94600
H 11.49474 3.84545 4.29528
C 6.37982 4.79552 10.06575
H 5.58537 5.36334 10.54027
C9.74551 5.71171 4.38352
C13.46818 11.75362 8.55259
H 13.13456 12.26361 7.63968
H 12.82766 12.11881 9.36940
C 6.55065 6.57306 8.24870

H 6.35309 6.40074 7.18295

H 7.41708 7.25212 8.26257

C 14.92469 12.10624 8.85815
H 15.03946 13.18955 8.98970
H 15.55324 11.82318 8.00046
C 8.52562 5.08758 4.69256

H 7.91319 4.81877 3.84048
C12.68084 3.47122 6.04535
H 12.33589 2.43287 6.09864
H 12.09736 4.05411 6.76597
H 13.72451 3.50073 6.37092
C10.04531 5.91219 2.91356
H 10.43465 6.91854 2.72867
H 9.15023 5.75568 2.30940
H 10.81847 5.21499 2.57084
C11.61073 10.34435 4.80318
H 11.87073 10.52940 3.75495
H 12.46872 10.62761 5.42232
H 10.78331 11.01084 5.06495
C 6.79683 3.59904 10.63786
H 6.32004 3.23728 11.54466
C 7.81990 2.86506 10.05083
H 8.13249 1.92960 10.50480
C9.57910 2.54776 8.24241

H 9.52217 2.66588 7.15429
H 10.52273 3.03770 8.53387
C 5.34671 7.27104 8.87083

H 5.11431 8.18373 8.31368
H 5.53282 7.56048 9.90982
H 4.45655 6.63238 8.85211
C9.65567 1.06098 8.58259

H 10.45402 0.58504 8.00463
H 8.71466 0.55322 8.34370
H 9.87385 0.88411 9.64015
H 11.57703 7.66631 7.78398
H 9.78484 7.24169 8.91353
H 10.98219 8.67602 9.40190

H 11.45595 5.70877 8.84433 8
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Chapter 5 Photocatalytic Functionalization of White Phosphorus
with Aryl Bromides and Chlorides!?*]

Abstract: We report the implementation of a consecutive photoinduced electron transfer
(conPET) strategy for the functionalization of white phosphorus (P4) with inexpensive and
widely available aryl bromides and chlorides. By employing a well-known acridinium based
photocatalyst under near-UV irradiation, this protocol gives direct access to valuable
triarylphosphines and tetraarylphosphonium salts. The reaction mechanism is elucidated by

NMR spectroscopic studies and model reactions.

Mes-Acr-BF, (cat.)
— y @, /© e ca ‘O
//'_X @—» @ and/or @@6(@ t

A
(0
Ar-X, NEt3, hv, (@=Ar)  (X=BrorCl) ‘Bu N

Bu
MeCN/CgHg r.t. Ph BF,®

directly from P, photocatalytic abundant ArBr & ArCl up to 75% NMR yield

[a] Reproduced with changes from M. Gawron, J. Riickel, R. Wolf, Chem. Commun. 2024,
60, 9777-9780 with permission from the Royal Society of Chemistry.

[b] Martin Gawron performed most of the experimental work. The functionalization
reactions starting from NaPH» (Table S19-Table S24) and parts of the photocatalyst
screening starting from P4 (Table S4) were conducted by Jannes Riickel. Robert Wolf
supervised and directed the project. Martin Gawron wrote the manuscript draft, which was

edited by all authors.

221



222



Chapter 5 — Photocatalytic Functionalization of White Phosphorus with Aryl Bromides and Chlorides

5.1 Introduction

Arylphosphines (ArsP) and tetraarylphosphonium salts ([ArsP]*) are widely used chemicals
with myriad applications as synthetic reagents, catalyst ligands, extractants, and phase
transfer catalysts (among many other applications). [1115] Their conventional synthesis starts
from white phosphorus (P4), which is the main resource for the vast majority of
organophosphorus compounds.t®! This multi-step process relies on the chlorination of P4
with Cl» gas and proceeds via chlorinated intermediates (such as PCls), which are further
converted to the desired monophosphorus species.[”]

It is desirable to replace the traditional chlorination route to organophosphorus compounds
with more direct, single step procedures that minimize waste generation and the use of
hazardous chemicals.!®] In recent years, photo- and electrochemistry, main group chemistry
and transition metal coordination chemistry have led to some remarkable
breakthroughs.[I1131 Nevertheless, the efficient and catalytic functionalization of P4 has
remained challenging due to the difficulties associated with the selective cleavage of six P—P
bonds and the simultaneous forging of up to 16 P—C bonds.

We have developed a photocatalytic protocol for the arylation of P4 with aryl iodides (Figure
1), allowing for the formation of ArsP and [Ar4P]I in a single reaction step. [l This method is
limited to a few photocatalysts, the most successful one being [Ir(dtbbpy)(ppy)2]PFs.
Unfortunately, the iridium-based photocatalyst and the aryl iodide substrates are both
expensive and limited in supply (Figure 1a). Considering that aryl chlorides and bromides
make up the vast majority of commercially available (and affordable) aryl halides,!'4! their
use would make the photocatalytic P4 arylation much more attractive and relevant. However,
this has been very challenging due to their strong carbon—halogen bonds and negative redox
potentials (Figure 1b).[15):[16] Here, we describe the photocatalytic arylation of P4 with aryl
bromides and chlorides. By using a potent acridinium-based photocatalyst,[17] this method
affords valuable triarylphosphines and tetraarylphosphonium salts in a single reaction step
from P4 (Figure 1c). To our knowledge, this is the first example of the successful use of aryl

bromides and chlorides in the catalytic functionalization of Pa.
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Photocatalytic Arylation of White Phosphorus
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Figure 1. General reaction scheme for the photocatalytic arylation of P4. (a) Established catalysts
and substrates. (b) Commerecial availability of ArX (X = I, Br, ClI) and reduction potentials of PhX
(in DMF, data taken from ref. [16]). (¢) The reaction concept presented in this work employing
aryl bromides and chlorides.

5.2 Results and Discussion

Recently, Nicewicz and co-workers reported the implementation of a consecutive
photoinduced electron transfer (conPET) strategy, which facilitated the -efficient
photoreduction of otherwise recalcitrant aryl bromides and chlorides using the photocatalyst
Mes-Acr-BF4  (9-mesityl-3,6-di-tert-butyl-10-phenylacridinium  tetrafluoroborate).[17]
Considering our previous work on the arylation of P4 with aryl iodides, we reasoned that this
conPET strategy could be used in a similar manner to functionalize P4. An initial experiment
employing near-UV irradiation (390 nm) of P4, 4-bromoanisole (Ered = —2.90 V vs. SCE in
MeCN),[17] NEt; and Mes-Acr-BF4 in acetonitrile/benzene yielded the phosphonium salt
[(4-OMe-CsH4)4P1Br (47% yield determined by NMR spectroscopy) and the tertiary
phosphine (4-OMe-CsH4)3P (9% yield; Table S1). Control experiments showed that the
photocatalyst, irradiation and the sacrificial reductant NEt3 are essential components for a

successful reaction (Table S1).
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After optimization (Table S2-Table S9), we investigated the scope of the photocatalytic
arylation reaction (Figure 2). Various substituted aryl bromides and chlorides successfully
engaged in the P—C coupling, including substrates bearing both electron-donating (e.g., Me,
OMe, SMe) and electron-withdrawing groups (e.g., CN, CO2Me, CF3). Aryl bromides were
employed in 20—44 h reaction times, while the use of aryl chlorides required longer reaction
times (44—68 h). Generally, the tetraarylphosphonium salt was the major product but was
accompanied by notable quantities of triarylphosphine when unsubstituted and para- or
meta-substituted aryl halides were used. ortho-Substituted aryl halides exclusively gave the
tertiary phosphine (e.g., tris(o-tolyl)phosphine obtained from 2-bromotoluene, Figure 2).
For bromoarenes, combined spectroscopic yields of ArsP and [Ar4P]Br up to 75% were
observed (see 3-bromotoluene, Figure 2). Similarly, the use of aryl chlorides enabled product
formation in up to 73% combined spectroscopic yields (see electron-rich chloroarenes such
as 3-chloroanisole, Figure 2). This method is more suitable for electron-rich haloarenes than

for electron-poor haloarenes.

Mes-Acr-BF4 (10 mol%),
NEt3 (9.0 equiv.)

X
wB @ B e o
% e'e
X =Br, Cl nUV (390 nm), MeCN/CgHg

substrate scope

unsubstituted and para-substituted aryl halides ortho-substituted aryl halides
o O i "
Me Et By MeO s Me OMe :
* X =Br, 63% (63/0) 61% (53/8) 59% (54/5) 62% (53/9)l2 61% (54/7)@ : Doar% (0/47) 24% (0/24) :
X =Cl, 0% (0/0) 32% (12/20) 41% (12/29) 41% (25/16) 24% (20/4) @ . 44% (0/44)®] 37% (0/37)
............................................................ .
o0 oo o o O
P2 N
hO MeS MeO,C NC FsC N Br :
43% (37/6) 41% (34/7) 47% (47/0)t2 31% (28/3) 45% (33/12) 33% (30/3) 23% (23/0)il :

36% (22/14) 39% (36/3) 29% (0/29)M®! 18% (0/18) 15% (0/15) 29% (13/16)

75% (60/15)[2 71% (51/20)(al 70% (62/8)21 51% (31/20) 30% (28/2) 48% (12/36)
51% (25/26) 73% (62/11)[0] 72% (59/13)I°] 0% (0/0) 0% (0/0) 52% (16/36)

Figure 2. Substrate scope for the photocatalytic arylation of P4 with aryl halides (X = Br, Cl). Yields
([Ar4P]X/ArsP) were determined by recording quantitative 3'P{*H} NMR spectra with Ph3sPO added as
an internal standard. Standard conditions: 0.01 mmol P4 (0.25 equiv.; as a stock solution in 65.3 pL
benzene), 4.0 pmol Mes-Acr-BF4 (10 mol% based on the P atom), 0.44 mmol ArX (11.0 equiv. based
on the P atom), 0.36 mmol NEt3 (9.0 equiv. based on the P-atom) in 0.1 mL MeCN, reaction time =
20 h (for X = Br) and 44 h (for X = Cl) unless noted otherwise. The samples were prepared under N>
atmosphere in a sealed tube and irradiated with near-UV LEDs (390 nm, 40 W). [a] Reaction time =
44 h. [b] Reaction time = 68 h. [c] [Ph4P]X (X = Br or Cl) was formed exclusively.

Thus, aryl chlorides with electron withdrawing groups generally gave modest yields (0—29%)
of the arylated phosphines and phosphonium salts. Tetraphenylphosphonium bromide and
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tris(o-tolyl)phosphine were synthesized as representative products on a preparative scale
and were isolated by crystallization from CH2Clo/EtO in 39% yield (for [Ph4P]Br) or by
sublimation in 28% yield (for (o-tol)sP; see section 5.4.5 for a detailed description of the
isolation procedures).

Following the successful reaction development, we conducted 3P NMR spectroscopic studies
and model reactions to gain insight into the reaction mechanism. Our mechanistic proposal
is displayed in Figure 3. Analogous to the conPET mechanism proposed by Nicewicz, the P4
arylation proceeds by an initial photoexcitation of the acridinium salt with near-UV light
(step i). This photocatalyst is then reduced by NEts, generating the acridine radical Mes-Acr*
(step ii). Consecutive photoexcitation of this radical gives Mes-Acr* (step iii), which is an
extremely strong reductant with an estimated excited state reduction potential of Ereq =
—-3.36 V vs. SCE (for comparison, the reduction potentials of 4-bromoanisole and
4-chloroanisole are Ereqa < —2.90V vs. SCE).[171 The aryl radicals generated through this
conPET process (step iv) are readily trapped by P4 or P4-derived intermediates (step v).
Analogous to our previous observations with aryl iodides, the arylation of P4 proceeds via the
sequential formation of ArPH», AroPH, ArsP and finally [ArsP]* (steps vi-viii).[°]

Ar=X Ar’

& v)
g, LR

Bu:
€] .

: Ph BF,
;. Mes-Acr-BF 4 K PC*
ii)
i
; ) pC* NEt,
hv NEt;*
.......................... N
Ar PC, hv PC, hv PC, hv
' ) ra\_ e\ _ :
. Ar AryPH ArPH, :
Ciop <D 2w <D A <D aw
Ar :Ar Ar’ Ar’ .
D viii) vii) vi) :
Arylation of Ar = Ph
intermediary P-species
with PhBr
97% [Ph4P]Br 89% [Ph,P]Br 71% [Ph,P]1Br

Figure 3. Proposed mechanism for the photocatalytic arylation of P4 involving aryl radical generation
through conPET (steps i-iv) and sequential radical reaction via P—P bond cleavage toward ArsP and
[ArsP]+ (steps v-viii). Direct phenylation of PhaPH3z.n (n = 1, 2, 3) with PhBr.

This was confirmed by the 31P{!H} NMR spectroscopic monitoring of the P4 arylation with
PhBr under standard conditions (Table S10 and Figure S65). P4 was completely consumed
after 30 min, while traces of PhsP, PhPH», PhoPH and Ph4P> were detected after 1 h (Figure
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S66). The formation of PhsP and [Ph4P]Br proceeds slowly, reaching a combined NMR yield
of 58% after 6 h. Subsequently, PhsP is further converted into [Ph4P]Br, which is the exclusive
product detected by 31P{TH} NMR spectroscopy after 20 h (63% NMR yield). In agreement
with this, catalytic arylations of PhPH>, PhoPH, PhsP and Ph4P» with PhBr yielded [Ph4P]Br
in similar or superior yields in comparison with the P4 reaction (e.g., 97% [Ph4P]Br from
PhsP; Figure 3 and S7, see section 5.4.7 for details).

Further 3'P{1H} NMR spectroscopic analysis of the phenylation of P4 identified several
intermediates and side products, such as PhoP(NEt.) and the divinyldiphosphine
[PhP(CHCH2)]> (Figure 4 and Figure S68). These observations indicate that the reaction
mechanism is similar to that proposed for the P4 arylation reaction using aryl iodides, for
which similar P-containing species were detected.l®! While polyphosphorus intermediates
[Pn] (n > 2) could not be observed in our monitoring study with P4, the 31P{'H} NMR
spectroscopic analysis of the phenylation of the cyclopentaphosphine PhsPs showed that
smaller cyclophosphines such as Ph3P3 and Ph4P4 can be detected at an early stage (Figure
S70).[181 This suggests that related oligophosphines are conceivable reaction intermediates.
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Br Ph—Br
14 I\ + 10 @ 4@ ,
AR\ \_/—> pr/ A Ph
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Figure 4. Identification of selected reaction intermediates and side-products (red) in the phenylation
of P4 with PhBr by 3'P{*H} NMR spectroscopy (NS 512). The reaction was conducted in a J. Young
NMR tube. #: PhsP and [Ph4P]Br.

Note that PH3 was not observed, suggesting that it does not significantly contribute to the
mechanism (see section 5.4.6.2). In accordance with this, the use of NaPH> (as a surrogate
for PH3) resulted in inferior yields for several electron-rich and electron-deficient aryl
bromides (e.g., [Ph4P]Br was obtained in only 19% yield from PhBr; Table S24).
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This stands in contrast to the arylation of NaPH» with aryl iodides, which was feasible in good
yields.[®] Finally, we observed that the reaction product [PhsP]Br is unstable under the
applied reaction conditions. Exposing an isolated sample of [Ph4P]Br to near-UV irradiation
(390 nm) in the presence of Mes-Acr-BF4 and NEt3 (9 equiv. per P atom) resulted in the
formation of PhsP (52% NMR yield) and 41% [Ph4P]Br, recovered after 20 h (Table S18).
Further investigations confirmed that the intermediates PhPH», PhoPH, PhsP and Ph4P- also
decompose partially under the reaction conditions, forming preceding P-H-functionalized
phosphines (e.g., PhoPH - PhPHb>; Table S15) when irradiated with 390 nm LED light in the
presence of Mes-Acr-BF; and NEts. These results emphasize the possibility of an

unproductive de-arylation reaction limiting the catalytic efficiency.

5.3 Conclusion

In conclusion, we have developed an efficient photocatalytic protocol for the arylation of P4
with aryl bromides and chlorides, affording triarylphosphines and tetraarylphosphonium
salts in up to 75% combined yield of ArsP and [Ar4P]X (X = Br, Cl). This protocol overcomes
a major methodological limitation in the direct functionalization of P4, thereby highlighting
the significant potential of photoredox catalysis in the field. The isolation of selected products
illustrates the practicality of the reported approach, which relies on a conPET mechanism
enabled by the highly reducing photocatalyst Mes-Acr-BF4. Given the increasing utility of
photoredox methods in organic synthesis, this strategy is likely to be further developed in the

future.
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5.4 Supporting Information

5.4.1 General Information

All reactions and manipulations were performed under an N> atmosphere (< 0.1 ppm Oo,
H>0) using an MBraun Glovebox. All glassware was oven-dried (160 °C) overnight prior to
use. Benzene was dried over Na and stored over molecular sieves (3 A). Acetonitrile, dimethyl
sulfoxide and dimethylformamide were distilled from CaH> and stored over molecular sieves
(3 A). Benzene was distilled from Na/benzophenone and stored over molecular sieves (3 A).
Acetone was stirred over CaSO4 (3 h) and distilled after dynamically drying over molecular
sieves (3 A). THF and toluene were purified using a MBraun SPS-800 system and stored over
molecular sieves (3 A). CsDg was stored over molecular sieves (3 A). All other chemicals were
purchased from major suppliers; liquids were purified by Kugelrohr distillation and freeze-
pump-thaw degassed three times prior to use; white phosphorus (P4) was purified by

sublimation; all other chemicals were used as received.

Caution. P, is toxic and highly pyrophoric and should be handled, manipulated and

quenched with corresponding caution.

Qualitative NMR spectra were recorded at room temperature on Bruker Avance 11T HD 400
(400 MHz) spectrometers and were processed using MestReNova v14.0.0. Chemical shifts &,
are reported in parts per million (ppm); 'H and 13C shifts are reported relative to SiMe4 and
were calibrated to residual solvent peaks, while 31P shifts were referenced externally to 85%
HsPO4 (aq.).

NMR samples were prepared in the glovebox using NMR tubes fitted with screw caps.
Optimization reactions (see section 5.4.3), photocatalytic phenylation reactions of PhPHo,
PhoPH, Ph4P> and PhsP (see section 5.4.7), and photocatalytic arylation reactions of NaPH»
(see section 5.4.8) were analyzed by 3P{!H} NMR spectroscopy using only a single scan (DS
=0, D1 =2 s). The accuracy of this method was confirmed by preparing solutions of (o-tol)sP
or [Ph4P]Cl of defined concentrations with each 0.05 mmol PhsPO in MeCN/CsHs (1.5 mL,
0.5 mL, respectively), and comparing the measured and expected relative integrals of the

corresponding signals (Figure S1).

Quantitative measurements for the substrate screening were conducted on Bruker Avance
HD TIII 400 (400 MHz) spectrometers. Yields were determined by 1D 3'P{IH} NMR
spectroscopy. In order to meet quantitative conditions, special attention was paid to the

following aspects:

=  Pulse lengths were calibrated. The O1P of the spectrum was set close to the frequencies
of interest to enable maximum excitation.
= T relaxation times were determined for all peaks of interest and a D1 of > 5 xT; was

used to ensure full relaxation between scans.
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» The NS was adjusted so that the signal to noise ratio (S/N-ratio) was higher than 100/1.
In order to reduce measurement time and to increase the S/N-ratio compared to a
standard 1D experiment using only a 90° pulse (zg experiment), the zgig pulse program
(inverse gated decoupled) was used, applying proton decoupling during the acquisition
time. Since the zgig pulse program uses decoupling, it had to be ensured that any signal
enhancement due to nuclear Overhauser effect (NOE) is negligible. Therefore, zg and zgig
experiments were conducted and the integrals of the signals of interest were compared.
For all reaction mixtures investigated, the integrals corresponding to both the internal
standard (PhsPO) and the product stayed constant.

= After acquisition, the spectra were processed and integrated, and the yields were
determined by referencing the integral of the product to that of the standard PhsPO.

» The quantitative NMR spectra of the substrate screening are shown in section 5.4.4.
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Figure S1. Plots showing the consistency between measured (by integration against 0.05 mmol
PhsPO using a 3'P{*H} NMR experiment (zgig) with a single scan) and expected (based on mass added)
molar quantities of (o-tol)sP (left) or [Ph4P]Cl (right) in MeCN/CsHs (3:1) solutions.

5.4.2 General Protocol for Photocatalytic Functionalization of P4 (0.04 mmol Scale)

To a 10 mL stoppered tube equipped with a stirring bar were added the appropriate aryl
bromide or aryl chloride (0.44 mmol, 11.0 equiv. based on the phosphorus atom), NEt3
(50.2 uL, 0.36 mmol, 9.0 equiv. based on the phosphorus atom), 9-mesityl-3,6-di-tert-butyl-
10-phenylacridinium tetrafluoroborate (Mes-Acr-BF4; 2.3 mg, 4.0 pmol, 10 mol% based on
the phosphorus atom) and P4 (1.2 mg, 0.01 mmol, 0.25 equiv., as a stock solution in 65.5 uL
benzene). The mixture was dissolved in acetonitrile (0.1 mL). The tube was sealed, placed in
a custom-made flask holder (Figure S2, left), and irradiated with nUV light (390 nm, 40 W,
Kessil PR160L in a PR160 Rig with Fan Kit, Figure S2, right) for 20 h (for ArBr) or 44 h (for
ArCl) (unless stated otherwise). PhsPO (0.02 mmol, stock solution in benzene) was
subsequently added to act as an internal standard. The resulting mixture was subjected to
NMR analysis.
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Figure S2. Setup used for photocatalytic reactions at 0.04 mmol scale.
5.4.3 Optimization of Reaction Conditions

Table S1. Photocatalytic functionalization of P4 to [Ar4P]Br and ArsP: screening of control
experiments.[?]

10 mol% Mes-Acr-BF 4, Ar TBr
|

P Br NEt; (9.0 equiv.) Ar.__Ar
114 /lg\ + 110 - P, + P
SRS MeO LED-light (390 nm, 40 W), A N AT Ar

MeCN/CgHg, 55 °C, 20 h

Ent Conditions Full conv. of Form. of Form. of
Ty P,? [ArsP]Br / % ArsP / %
1 Standard[al v 47 9
2 No photocatalyst X 0 0
3 No light!b] X 0 0
4 No NEts v 0 0
5 No 4-Bromoanisolelc] v 0 0
6 4-Fluoroanisole %nstead of v 0 0
4-Bromoanisole
~ 4-Todoanisole 1I}stead of v 19 0
4-Bromoanisole
8 4-Chloroanisole {nstead of v 4 14
4-Bromoanisole
9 Preq instead of P4ld] / 0 0

[a] For the general protocol, see section 5.4.2. Ar = 4-OMe—CsHa—. [b] The reaction flask was heated
to 55 °C. [c] No PHs formation was observed. [d] The reaction was conducted in MeCN (0.1 mL) and
without benzene.
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Table S2. Photocatalytic functionalization of P4 to [Ar4P]Br and ArsP: screening of LEDs at different
wavelengths and electrical power.[2]

10 mol% Mes-Acr-BF,

» /,\ . 1o OBr NEt; (9.0 equiv.) _ /'?:”—IBr . Ar . LAr
— MeO LED-light (XX nm, YY W), Ar \ArA' Ar
MeCN/CgHg, ZZ °C, 20 h
iy LEDwavelengi M0, Pl Komof, o of
1 390 nm 40W 47 9
2 390 nm 30w 43 9
3 390 nm 20W 38 7
4 390 nm 10W 23 10
5 370 nm 40W 37 10
6 370 nmel 40W 42 12
7 427 nm 40W 7 8
8 456 nm 40W 0 0

[a] For the general protocol, see section 5.4.2. Different LEDs were used. Ar = 4-OMe—CsHs—. [b]
Kessil PR160L LED. [¢] PR160L-370 nm Gen 2 LED. [d] The temperature varies with the electrical
power. For: 40 W > T ==55°C,30W > T==45°C,20W > T ==40°C, 10 W > T = =35 °C.
Table S3. Photocatalytic functionalization of P4 to [ArsP]Br and ArsP: screening of solvents.[?]
10 mol% Mes-Acr-BF 4
'?r—lBr Ar.__Ar

Br NEt, (9.0 equi
3 (9.0 equiv.)
1/4 /I\ + 110 _ 5 .
— ; ” 7 \"Ar A
MeO LED-light (390 nm, 40 W), AN r
solvent/CgHg, 55 °C, 20 h

Entry Solvent Full conv. of P4? [ Aff;i%r O/f% i‘;grll)n/ ‘3/(1?
1 Acetonitrile 47 9
2 DMF 4 6
3 DMSO 16 6
4 Benzene 19 6
5 Acetone 31 5
6 THF 12 8
7 4-Bromoanisolelb] 18 6

[a] For the general protocol, see section 5.4.2. Ar = 4-OMe—CsHa—. The general protocol (section
5.4.2) was modified to use the solvent system indicated (identical solvent volume). [b] Added
additionally as solvent (0.1 mL).
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Table S4. Photocatalytic functionalization of P4 to [ArsP]Br and ArsP: screening of photocatalysts.[?!

10 mol% photocatalyst,

Br NEt; (9.0 equiv.) Ar—1Br Are__Ar
1/4 /I\ + 1.0 > . . |
7' N Ar/ \AI'Ar Ar

MeO LED-light (390 nm, 40 W),
MeCN/CgHg, 55 °C, 20 h

» ® ’ »

OMe| OMe

N Me N Me N MeO OMe
el e 9O® ®
N N MeO N OMe
@ cio? /@\BFP /@\BFP @ BEL
MeO OMe MeO OMe

Z®

H-Mes-Acr-ClO, Me-Mes-Acr-BF, (MeO),-Mes-Acr-BF, MeO-Mes-Acr-BF,
LED Full conv. Form. of Form. of
Entry Photocatalyst wavelengthlb] of P4? [ArsP]Br/ % ArsP / %
1 H-Mes-Acr-ClO4 390 nm 9 8
2 Me-Mes-Acr-BF4 390 nm 34 7
3 (MeO)2-Mes-Acr- 390 nm 0 5
BF4
4 MeO-Mes-Acr-BF4 390 nm 32 15
5 MeO-Mes-Acr-BF4 370 nm 27 16
6 MeO-Mes-Acr-BF4 427 nm 6 9
7 MeO-Mes-Acr-BF4 456 nm 0 0

[a] For the general protocol, see section 5.4.2. Ar = 4-OMe—CsHa—. The general protocol (section 5.4.2)
was modified to use the photocatalyst indicated. [b] All reactions were carried out at 40 W electrical
power.
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Table S5. Photocatalytic functionalization of P4 to [Ar4sP]Br and ArsP: concentration screening.l2]

10 mol% Mes-Acr-BF 4 Ar —JBr
|

Br NEt; (9.0 equiv. Ar___Ar
1/4 /I\ + 110 3 (9.0 equiv.) _ 5 . e
N . - 7 \'Ar A
— MeO LED-light (390 nm, 40 W), AW r

MeCN (XX mL)/CgHg, 55 °C, 20 h

Entry ‘Slggi?é Full conv. of P4? [ Al:f;]r%.ro/f% i:ll,n / 2/5
1 0.05 mL 47 7
2 0.1 mL 47
3 0.25 mL 34 12
4 0.5 mL 30 15
5 1.0 mL 24 17
6 2.0 mL 9 14

[a] For the general protocol, see section 5.4.2. Ar = 4-OMe—CsH4—. The general protocol (section
5.4.2) was modified to use the indicated amount of MeCN.

Table S6. Photocatalytic functionalization of P4 to [ArsP]Br and ArsP: screening of catalyst loading.[!
XX mol% Mes-Acr-BF,, ?r —Br

Br NEt; (9.0 equiv. Ar___Ar
1/4 /I\ + 110 3 (9.0 equiv.) _ 5 . e
— ; ' 7 \"Ar A
MeO LED-light (390 nm, 40 W), AW r

MeCN/CgHg, 55 °C, 20 h

S pemoree fomol oo
1 1.0 mol% 7 7
2 5.0 mol% 32 10
3 7.5 mol% 36 13
4 10 mol% 47 9
5 20 mol% 43 8
6 2 x 10 mol %! 48 0
7 50 mol% 40 0

[a] For the general protocol, see section 5.4.2. Ar = 4-OMe—CsH4—. The general protocol (section
5.4.2) was modified to use the indicated amount of the photocatalyst Mes-Acr-BF4. [b] Addition of
the second photocatalyst portion (2.3 mg, 10 mol%, 4.0 pmol; in 0.1 mL MeCN) after 20 h
irradiation time and then additional 20 h irradiation.
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Table S7. Photocatalytic functionalization of P4 to [Ar4sP]Br and ArsP: screening of reductants.?]

10 mol% Mes-Acr-BF, Ar —JBr
I

Br ;
reductant (9.0 equiv. Ar___Ar
1/4 /I\ + 110 O (90 equiv) - R, + F
— MeO LED-light (390 nm, 40 W), Ar \ArA’ Ar

MeCN/CgHg, 55 °C, 20 h

Entry Reductant Full conv. of P4? [ Aff;]rgro/f% i?g)n / ‘3/5
1 NEt; 47 9
2 DIPEA 31 9
3 NnBugs 29 10
4 Hantzsch esterlb! 0 0
5 DABCO 0 0
6 HNiPrslcl 12 3
7 NMe,"Pr 23 12
8 NaHCO,lP! / /

[a] For the general protocol, see section 5.4.2. Ar = 4-OMe—CsH4—. The general protocol (section
5.4.2) was modified to use the indicated reducing agent (identical stoichiometry). [b] 0.5 mL MeCN.
[c] Additional unidentified signals between 5.0 and 32.0 ppm observed.

Table S8. Photocatalytic functionalization of P4 to [ArsP]Br and ArsP: screening of reductant and
substrate stoichiometry.[2]
10 mol% Mes-Acr-BF,
Br NEt, (XX equiv.) Ar—1Br Ar___Ar
1/4 /I\ + 110 > ” + |
AN . 7 \'Ar A
— MeO LED-light (390 nm, 40 W), Ar r

Ar
MeCN/CgHg, 55 °C, 20 h

Entry Stoichiometry[.b] Full conv. of Form. of Form. of

NEts:4-Bromoanisole P,? [ArsP]Br/ % ArsP / %
1 4:44 / /
2 18:44 26 8
3 24:44 38 9
4 30:44 41 9
5 36:44 45 9
6 42:44 35 9
7 56:44 31 11
8 72:44 25 15
9 36:20 19 12
10 36:32 30 15
11 36:44 47 9
12 36:60 42 i
13 36:80 40 8

[a] For the general protocol, see section 5.4.2. Ar = 4-OMe—C¢Has—. [b] Listed equivalents are defined
per P4 molecule.
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Table S9. Photocatalytic functionalization of P4 to [Ar4P]Br and ArsP: re-charge experiments.[2]
10 mol% Mes-Acr-BF,

Br NEt; (9.0 equiv.) Ar—1Br Are__Ar
114 /I\ + 110 > P, + |
— MeO LED-light (390 nm, 40 W), Ar” VAT Ar

Ar
MeCN/CgHg, 55°C, 20 h
after 20 h: re-charge with selected
reagents and irradiation for 20 h

Entry Re-charge Full (I:)ogv. of Form. of . Form. E))f
4" [ArsP]Br/ % ArsP / %
1 No re-charge but irradiation 52 6
2 P . ¥
3 ArBr + NEt3 + Mes-Acr-BF4 58 0
4 ArBr + NEt3!! 58 7

[a] For the general protocol, see section 5.4.2. Ar = 4-OMe—CsH4—. After the reaction was completed
following the general protocol, the reaction tube was transferred to a glovebox, re-charged with the
indicated reagents and irradiated for an additional 20 h. The reagents were added in equivalent
amounts as described in the general protocol; P4 (1.2 mg, 0.01 mmol, as a stock solution in 65.5 pL.
benzene); ArBr (55.1 uL, 11.0equiv., 0.44 mmol); NEt3 (50.2 uL, 9.0 equiv., 0.36 mmol);
Mes-Acr-BFs (2.3 mg, 10 mol%, 4.0 umol; in 0.1 mL MeCN). [b] MeCN (0.1 mL) and benzene
(65.5 uL) were added.

Table S10. Photocatalytic functionalization of P4 to [Ph4P]Br and PhsP: kinetic investigations.[2]

10 mol% Mes-Acr-BF,, Ar T|Br
|

Br NEt, (9.0 equiv.) Are__Ar
1/4 /I\ + 11.0 > e + |
— MeO LED-light (390 nm, 40 W), Ar \ArA' Ar

MeCN/C¢Hg, 55 °C, XX h

) Full conv. Form. of Form. of Form.[b] Form.[b! Form.[b!
Entry  Time oipp  [PRPIBr LBl O  of PhsPH  of PAPH:  of PhiP,
/% /% /% /%
1 10 min X 0 0 X %
2 30 min 0 1
3 1h 6 9
4 2 hle 21 15 %
5 4 hlel 38 13 X X
6 6 hid 50 3 % X X
7 14 hlc 53 6 X X x
8 20 hlc 63 0 % % x
9 441 64 0 X X 9

[a] For the general protocol, see section 5.4.2. [b] The formation of PhoPH, PhPH> and Ph4P> was
assessed in the 3!P{!H} NMR spectrum (NS 512). [c] The formation of [PhsP(NEt2)]Br can be
observed in the 3'P{!H} NMR spectrum (NS 512).[
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5.4.4 Characterization of Photocatalytic Arylation Reactions at 0.04 mmol Scale

The conversions were determined by quantitative 31P{!H} (zgig) NMR experiments
(161.98 MHz, 298 K, CsDs capillary) from the reaction solution as described in section 5.4.2
(PhsPO [0.02 mmol] was used as internal standard, see section 5.4.1 for further
information). The 31P{'H} NMR spectroscopic data for aryl bromides is provided after 20 h
reaction time, with additional data available for selected substrates after 44 h reaction time
(Table S11). The 31P{!H} NMR spectroscopic data for aryl chlorides is provided after 44 h
reaction time, with additional data available for selected substrates after 68 h reaction time
(Table S11). The spectroscopic data was assigned to the stated products based on the
chemical shifts reported in the literature.®!

5.4.4.131P{*H} NMR Spectroscopic Data for Aryl Bromides After 20 h and Aryl Chlorides
After 44 h Reaction Time

Aryl bromides — 20 h reaction time:

Tetraphenylphosphonium bromide

—28.8
—24.0

Q N

Niyas

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
60 50 40 30 20 10 0 10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130
f1 (ppm)

Figure S3. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using bromobenzene.
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Tetrakis(4-methoxyphenyl)phosphonium bromide and tris(4-methoxyphenyl)phosphine

—28.8
—21.4

“
[
d
I

~o ~Br

"N /g

I
7

60 50 40 30 20 10 0 -10 -20

T T T T T T T T T T T
30 40 -50 -60 -70 -80 -90 -100 -110 -120 -130
f1 (ppm)

Figure S4. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-bromoanisole.

Tetrakis(3-methoxyphenyl)phosphonium bromide and tris(3-methoxyphenyl)phosphine
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Figure S5. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-bromoanisole.
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Tris(2-meth
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Figure S6. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 2-bromoanisole.

Tetrakis(3,5-dimethoxyphenyl)phosphonium bromide and tris(3,5-dimethoxyphenyl)-
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Figure S7. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-bromo-3,5-dimethoxybenzene.
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Tetra(p-tolyl)phosphonium bromide and tris(p-tolyl)phosphine
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Figure S8. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-bromotoluene.

Tetra(m-tolyl)phosphonium bromide and tris(m-tolyl)phosphine
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Figure S9. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-bromotoluene.
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Tris(o-tolyl)phosphine
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Figure S10. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 2-bromotoluene.

Tetrakis(4-ethylphenyl)phosphonium bromide and tris(4-ethylphenyl)phosphine
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Figure S11. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-bromo-4-ethylbenzene.

241



Chapter 5 — Photocatalytic Functionalization of White Phosphorus with Aryl Bromides and Chlorides

Tetrakis(3-ethylphenyl)phosphonium bromide and tris(3-ethylphenyl)phosphinel2]
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Figure S12. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-bromo-3-ethylbenzene.
Tetrakis[(4-methylthio)phenyl]phosphonium bromide and tris[(4-methylthio)phenyl]-
phosphinef21]
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Figure S13. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-bromothioanisole.
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Tetrakis(4-phenoxyphenyl)phosphonium bromide and tris(4-phenoxyphenyl)phosphine!??]
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Figure S14. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic

functionalization of P4 using 1-bromo-4-phenoxybenzene.

Tetrakis[(4-tert-butyl)phenyl]phosphonium  bromide and
phosphine
°r
~]Br
Ph;PO > < > <:> <
# /
g ¢ g

tris[(4-tert-butyl)phenyl]-

-90

-60

-50

-20

T T
-30 -40 -70 -80

f1 (ppm)

Figure S15. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for
functionalization of P4 using 1-bromo-4-tert-butylbenzene. #: unidentified signal.
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Tetrakis(4-methyl benzoate)phosphonium bromide
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Figure S16. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using methyl 4-bromobenzoate.

Tetrakis(3-methyl benzoate)phosphonium bromide and tris(3-methyl benzoate)phosphine
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Figure S17. Quantitative single scan 3!P{H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using methyl 3-bromobenzoate.
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Tetrakis[(4-cyano)phenyl]phosphonium bromide and tris[(4-cyano)phenyl]phosphinel23]

N
[N

28.4
—24.8

CN ~1Br

Ph,PO
NS

60 50 40 30 20 10 0 -10 20 -30 40 -50 -60 -70 -80 -90 -100 -110 -120 -130
f1 (ppm)

Figure S18. Quantitative single scan 3'P{1H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-bromobenzonitrile.

Tetrakis[(3-cyano)phenyl]phosphonium bromide and tris[(3-cyano)phenyl]phosphinel24]
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Figure S19. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-bromobenzonitrile.
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Tetrakis[(4-trifluoromethyl)phenyl]phosphonium bromide and tris[(4-trifluoromethyl)-

phenyl]phosphine
1 i
CF, ~lBr
PhsPO
N | OO
CF,

/ Fa

Cc

T T T T T T T T T T T T T T T T T T T T
60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 90 -100 -110 -120 -130
f1 (ppm)

Figure S20. Quantitative single scan 3'P{1H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-bromobenzotrifluoride.

Tetrakis(pyridine-3-yl)phosphonium bromide and tris(pyridine-3-yl)phosphine
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Figure S21. Quantitative single scan 3!P{H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-bromopyridine. #: unidentified signal.
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Aryl chlorides — 44 h reaction time:

Tetraphenylphosphonium chloride and triphenylphosphine
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Figure S22. Quantitative single scan 3'P{1H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using chlorobenzene. #: formation of HPPh> (assigned by 3P NMR analysis,
1Jpu = 188.9 Hz; shift of signal likely due to coordinative interactions).

Tetra(4-methoxyphenyl)phosphonium chloride and tris(4-methoxyphenyl)phosphine
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Figure S23. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-chloroanisole. #: di(p-methoxyphenyl)phosphine.
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Tetra(3-methoxyphenyl)phosphonium chloride and tris(3-methoxyphenyl)phosphine
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Figure S24. Quantitative single scan 3'P{1H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-chloroanisole.
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Figure S25. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 2-chloroanisole.
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Tetra(p-tolyl)phosphonium chloride and tris(p-tolyl)phosphine
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Figure S26. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-chlorotoluene. #: di(p-tolyl)phosphine.

Tetra(m-tolyl)phosphonium chloride and tris(m-tolyl)phosphine
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Figure S27. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-chlorotoluene.
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Tris(o-tolyl)phosphine
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Figure S28. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 2-chlorotoluene. #: di(o-tolyl)phosphine.

Tetrakis[(4-methylthio)phenyl]phosphonium chloride and tris[(4-methylthio)phenyl]-
phosphinef21]
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Figure S29. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-chlorothioanisole.
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Tetrakis(4-phenoxyphenyl)phosphonium chloride and tris(4-phenoxyphenyl)phosphinel22]
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Figure S30. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-chloro-4-phenoxybenzene.

Tetrakis(3,5-dimethoxyphenyl)phosphonium chloride and tris(3,5-dimethoxyphenyl)-
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Figure S31. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-chloro-3,5-dimethoxybenzene.
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Tetrakis[(4-tert-butyl)phenyl]phosphonium chloride and tris[(4-tert-butyl)phenyl]-
phosphine
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Figure S32. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-chloro-4-tert-butylbenzene.

Tetrakis(4-ethylphenyl)phosphonium chloride and tris(4-ethylphenyl)phosphine
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Figure S33. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-chloro-4-ethylbenzene.

252



Chapter 5 — Photocatalytic Functionalization of White Phosphorus with Aryl Bromides and Chlorides

Tetrakis(3-ethylphenyl)phosphonium chloride and tris(3-ethylphenyl)phosphinel20]
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Figure S34. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-chloro-3-ethylbenzene.
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Figure S35. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-chlorobenzonitrile.
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Tetrakis[(3-cyano)phenyl]phosphonium chloride and tris[(3-cyano)phenyl]phosphinef?4]
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Figure S36. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-chlorobenzonitrile.
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Figure S37. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using methyl 4-chlorobenzoate. #: Ar2PH. Ar = 4-methylcarboxyphenyl.
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Tetrakis(3-methyl benzoate)phosphonium chloride and tris(3-methyl benzoate)phosphine
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Figure S38. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using methyl 3-chlorobenzoate.
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Figure S39. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-chlorobenzotrifluoride.
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Tetraphenylphosphonium halide (X = Br, Cl) from 1-bromo-4-chlorobenzene
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Figure S40. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-bromo-4-chlorobenzene. The cutout shows the exclusive formation of

[Ph4P]X (X = Br, Cl).

Tetrakis(pyridine-3-yl)phosphonium chloride and tris(pyridine-3-yl)phosphine
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Figure S41. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-chloropyridine.
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5.4.4.2 31P{*H} NMR Spectroscopic Data for Aryl Bromides After 44 h and Aryl Chlorides After
68 h Reaction Time

Table S11. Photocatalytic functionalization of P4 to [ArsP]X (X = Br, Cl) and ArsP: extended reaction
times.[a]

10 mol% Mes-Acr-BF 4,

o X NEt; (9.0 equiv.) ArTIX Are__Ar
114 /l\ + 1.0 |/ - R + ,
— e LED-light (390 nm, 40 W), A LA Ar

MeCN/CgHg, 55 °C,
(X =Br, Cl) 44 h for ArBr and 68 h for ArCl

©,Br /@Br Br C[Br Br Br /@Br
MeO ; Me ; ; ‘Bu
OMe Me Et

/©Br /@Bri cl C[CI cl /©0| /©/CIE
FsC MeO,C : ; Me ; MeO,C FsC i

E OMe Et :

Entry - SubstrateR Full conv. of Pa? Form. c}f(})AmP]X Form/. (g/f ArsP
1 Br R=H 64 0
2 Br R =4-OMe 54 7
3 Br R = 3-OMe 51 20
4 Br R =2-Me 0 50
5 Br R =3-Me 60 15
6 Br R = 3-Et 62 8
7 Br R =4-Bu 53 9
8 Br R =4-CF3 32 12
9 Br R = 4-CO:2Me 47 0
10 Cl R =3-OMe 62 11
11 Cl R =2-Me 0 44
12 Cl R =3-Et 59 13
13 Cl R =4-CO:Me 0 29
14 Cl R =4-CF; 0 16

[a] For the general protocol, see section 5.4.2. The reaction time was extended to 44 h for aryl bromides and
to 68 h for aryl chlorides.
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The screening of different aryl bromides and chlorides for extended reaction times (for X =
Br: 44 h and X = Cl: 68 h) shows that the product formation ([Ar4P]X/ArsP) can be noticeably
improved (e.g., combined 71% [Ar4P]Br/ArsP starting from 3-bromoansiole or combined
73% [ArsP]Cl/ArsP starting from 3-chloroanisole instead of 60% [ArsP]Br/ArsP or 61%
[ArsP]Cl/ArsP, respectively; see Table S11). Yet, prolonged reaction times were not found to
be beneficial for all haloarenes, as indicated by the similar NMR yields for bromobenzene
(63% vs. 64%) or 2-chlorotoluene (39% vs. 44%). A general correlation between extended

reaction times and improved yields was not observed.
Aryl bromides — 44 h reaction time:

Tetraphenylphosphonium bromide
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Figure S42. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using bromobenzene after 44 h reaction time.
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Tetrakis(4-methoxyphenyl)phosphonium bromide and tris(4-methoxyphenyl)phosphine
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Figure S43. Quantitative single scan 3'P{1H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-bromoanisole after 44 h reaction time.

Tetrakis(3-methoxyphenyl)phosphonium bromide and tris(4-methoxyphenyl)phosphine
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Figure S44. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-bromoanisole after 44 h reaction time.
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Tris(o-tolyl)phosphine
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Figure S45. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 2-bromotoluene after 44 h reaction time.

Tetra(m-tolyl)phosphonium bromide and tris(m-tolyl)phosphine
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Figure S46. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-bromotoluene after 44 h reaction time.
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Tetrakis(3-ethylphenyl)phosphonium bromide and tris(3-ethylphenyl)phosphinel2]
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Figure S47. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic

functionalization of P4 using 1-bromo-3-ethylbenzene after 44 h reaction time.

Tetrakis[(4-tert-butyl)phenyl]phosphonium  bromide and tris[(4-tert-butyl)phenyl]-
phosphine
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Figure S48. Quantitative single scan 3!P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-bromo-tert-butylbenzene after 44 h reaction time. #: unidentified
signal.
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Tetrakis[(4-trifluoromethyl)phenyl]phosphonium bromide and tris[(4-trifluoromethyl)-

phenylphosphine
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Figure S49. Quantitative single scan 3'P{1H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-bromobenzotrifluoride after 44 h reaction time.

Tetrakis(4-methyl benzoate)phosphonium bromide and tris(4-methyl benzoate)phosphine
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Figure S50. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using methyl 4-bromobenzoate after 44 h reaction time.

262



Chapter 5 — Photocatalytic Functionalization of White Phosphorus with Aryl Bromides and Chlorides

Aryl chlorides — 68 h reaction time:

Tetrakis(3-methoxyphenyl)phosphonium chloride and tris(3-methoxyphenyl)-phosphine
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Figure S51. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 3-chloroanisole after 68 h reaction time.
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Figure S52. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 2-chlorotoluene after 68 h reaction time.
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Tetrakis(3-ethylphenyl)phosphonium chloride and tris(3-ethylphenyl)phosphinel20]
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Figure S53. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 1-chloro-3-ethylbenzene after 68 h reaction time.
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Figure S54. Quantitative single scan 3!P{H} (zgig) NMR spectrum for the photocatalytic
functionalization of P4 using 4-chlorobenzotrifluoride after 68 h reaction time.
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Tris(4-methyl benzoate)phosphine
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Figure S55. Quantitative single scan 3'P{!H} (zgig) NMR spectrum for the photocatalytic

functionalization of P4 using methyl 4-chlorobenzoate after 68 h reaction time. #: Ar.PH. Ar =
4-methylcarboxyphenyl.
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5.4.4.3 Reaction Data for Additional and Unsuccessful Substrates (X = Br, Cl)
Table S12. Photocatalytic functionalization of P4 to [ArsP]X (X = Br, Cl) and ArsP: additional and
unsuccessful substrates.lal

10 mol% Mes-Acr-BF,,

e X NEt; (9.0 equiv.) ArX Ar___Ar
1/4 /l\ + 1.0 |/ - P, + :
— RZ LED-light (390 nm, 40 W), A LA Ar

MeCN/C¢Hg, 55 °C,

(X =Br, Cl) 20 h for ArBr and 44 h for ArCl
X
OBr Br Ox “ @[X FsC Br Me Br
Me,N Y©, F E E CO,Me ; ;
o CF, Me
Ent Substrate Full conv. of Form. of [Ar4P]X Form. of ArsP
vy X R P4? / % / %
1 Br R = 4-NMe, 0 0
2 Br R =4-C(O)Me 0 0
3 Br R=4-F 2500] 10
4 Cl R =4-F 0 10
5 Br R = 1-Napht. 0 24
6 Cl R = 1-Napht. 0 7
7 Br R =2-CO:Me 0 0
8 Cl R =2-CO:Me 0 4
9 Br 3,5-(CF3)2 0 9
10 Br 3,5-Me» 14 28

[a] For the general protocol, see section 5.4.2. [b] Additional unidentified signal with a similar
chemical shift as the phosphonium salt signal.

5.4.5 Synthesis of [Ph4P]Br and (o-tol)sP on a Preparative Scale
5.4.5.1 Tetraphenylphosphonium Bromide, [Ph4P]Br:

To a 100 mL stoppered Schlenk tube equipped with a stirring bar were added bromobenzene
(926.7 uL, 8.8 mmol, 11.0 equiv. based on the phosphorus atom), NEt3 (1004 uL, 7.2 mmol,
9.0 equiv. based on the phosphorus atom), 9-mesityl-3,6-di-tert-butyl-10-phenylacridinium
tetrafluoroborate (Mes-Acr-BF4; 45.9 mg, 0.08 mmol, 10 mol% based on the phosphorus
atom) and P4 (24.8 mg, 0.2 mmol, 0.25 equiv., as a stock solution in 1306 uL benzene). The
mixture was dissolved in acetonitrile (2.0 mL). The tube was sealed, fixed with a clamp
(Figure S56), and irradiated with nUV light (390 nm, 40 W, Kessil PR160L in a PR160 Rig
with Fan Kit) for 48 h. Ph3PO (0.4 mmol, 111.2 mg; added as solid) was subsequently added

to act as an internal standard.
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The resulting mixture was subjected to quantitative 31P{IH} NMR analysis, which showed

formation of 66% tetraphenylphosphonium bromide and 2% triphenylphosphine (Figure
S57).

Figure S56. Setup used for photocatalytic reactions at 0.8 mmol scale of Pa.
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Figure S57. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the 20-fold scale-up
photocatalytic functionalization of P4 using bromobenzene.
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Work-up (without addition of internal standard PhsPO):

The suspension was evaporated to dryness in vacuo at 100 °C, and the resulting orange
wax-like residue was dispensed in EtoO (2 x 20 mL), manually scratched, sonicated for
30 min, and filtered to give a pale yellow solid. The solid was dried again in vacuo, dissolved
in CH2Cl> (10 mL) and extracted with aqueous HBr (3 x 20 mL; 1 mL HBr 47%wt in 50 mL
H-0, pH = 1) to remove NEts-HBr. The combined aqueous phases were re-extracted with
CH>Cl> (1 x 10 mL). The combined organic phase was added to H»-O (300 mL). The emulsion
was concentrated to ca. 200 mL using a rotary evaporator at 50 °C, after which the separation
of an orange wax-like precipitate was observed (precipitation of an orange waxy solid at glass
wall was already observed during the extraction step). The concentrated solution was filtered
(Sartorius, filter paper grade 1289), and the clear pale-yellow filtrate was evaporated to
dryness. The residue was dissolved in CH»>Cl> (10 mL) and the resulting pale-yellow solution
was added dropwise to a solution of EtoO (100 mL) while stirring. An off-white solid
precipitated, which was isolated by filtration and dried under reduced pressure. The obtained
solid was dissolved in CH2Cl> (30 mL) and charcoal (3.0 g) was added to the solution. The
suspension was stirred for 30 min at ambient temperature and filtered (sartorius, filter paper
grade 1289) to obtain a clear, pale-yellow filtrate. The solvent was removed in vacuo.
Recrystallization of the solid residue from CH>Clo/Et20O (1:3, 5:15 mL) yielded an off-white,
NMR-spectroscopically clean solid, which was dried at 100 °C under reduced pressure for
1 day (130.1 mg, 39%). The NMR spectroscopic data are consistent with the data reported in

the literature.[25!

TH NMR (400.13 MHz, CDCls, 298 K): 6 = 7.95-7.86 (m, 1H), 7.83-7.73 (m, 2H), 7.68-7.57
(m, 2H).

13C{IH} NMR (100.61 MHz, CDCl3, 298 K): § = 136.0 (d, J = 3.1 Hz), 134.6 (d, J = 10.2
Hz),131.0(d, J=12.9 Hz), 117.6 (d, J = 89.4 Hz).

31P{1H} NMR (161.98 MHz, CDCls, 298 K): § = 23.8 (s).
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Figure S58. 'H NMR spectrum (400.13 MHz, CDCls, 298 K) of tetraphenylphosphonium bromide
prepared from Pson a 0.8 mmol scale. *: residual CH2Clo. x: residual Et20. #: residual water from
CDCls.

e}
(9]
a
cawvnoa o N
CUT T O BN N
MnMmmMmMNnMmem — - ~
o o o o o ~
—\ = N/ |

T T T T T T . T T T
200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0
f1 (ppm)

Figure S59. B3C{!H} NMR spectrum (100.61 MHz, CDCls, 298 K) of tetraphenylphosphonium
bromide prepared from P4son a 0.8 mmol scale.
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Figure S60. 3'P{1H} NMR spectrum (161.98 MHz, CDCIls, 298 K) of tetraphenylphosphonium
bromide prepared from P4on a 0.8 mmol scale.

5.4.5.2 Tris(o-tolyl)phosphine, (o-tol)sP:

To a 100 mL stoppered Schlenk tube equipped with a stirring bar were added
2-bromotoluene (1058 pL, 8.8 mmol, 11.0 equiv. based on the phosphorus atom), NEt3
(1004 uL, 7.2 mmol, 9.0 equiv. based on the phosphorus atom), 9-mesityl-3,6-di-tert-butyl-
10-phenylacridinium tetrafluoroborate (Mes-Acr-BF4; 45.9 mg, 0.08 mmol, 10 mol% based
on the phosphorus atom) and P4 (24.8 mg, 0.2 mmol, 0.25 equiv., as a stock solution in
1306 uL benzene). The mixture was dissolved in acetonitrile (2.0 mL). The tube was sealed,
fixed with a clamp (Figure S56), and irradiated with nUV light (390 nm, 40 W, Kessil PR160L
in a PR160 Rig with Fan Kit) for 48 h. PhsPO (0.4 mmol, 111.2 mg; added as solid) was
subsequently added to act as an internal standard. The resulting mixture was subjected to
quantitative 31P{!H} NMR analysis and showed formation of 42% tris(o-tolyl)phosphine and
minor formation of di(o-tolyl)phosphine (Figure S61).
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Figure S61. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the 20-fold scale-up

photocatalytic functionalization of P4 using 2-bromotoluene. #: di(o-tolyl)phosphine.

Work-up (without addition of internal standard PhsPO):

The suspension was evaporated to dryness in vacuo at 100 °C, and the resulting orange
wax-like residue was treated with n-hexane (30 mL). The mixture was stirred for 2 h, and the
clear, pale-yellow supernatant filtered into a sublimation flask. The solvent was removed in
vacuo and the residual orange wax-like solid was sublimed twice (ca. 1.0 x 10-2 mbar to ca.
6.0 x 10-3 mbar, 100 °C) to give an off-white solid (67 mg, 28%). The NMR spectroscopic data

are consistent with the data reported in the literature.[26]

TH NMR (400.13 MHz, CDCl3, 298 K): § = 7.29-7.20 (m, 6H), 7.10-7.03 (m, 3H), 6.76-6.67
(m, 3H), 2.39 (s, 9H).

I3C{IH} NMR (100.61 MHz, CDCl3, 298 K): § = 142.9 (d, J = 26.1 Hz), 134.7 (d, J = 11.0
Hz), 133.2 (s), 130.2 (d, J = 4.8 Hz), 128.8 (s), 126.3 (s), 21.3 (d, J = 21.4 Hz).

31IP{1H} NMR (161.98 MHz, CDCl3, 298 K): 6 = —28.9 (s).
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Figure S62. 'H NMR spectrum (400.13 MHz, CDCls, 298 K) of tris(o-tolyl)phosphine prepared from
Pson a 0.8 mmol scale. #: residual water from CDCls. *: residual n-hexane.
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Figure S63. 13C{'H} NMR spectrum (100.61 MHz, CDCls, 298 K) of tris(o-tolyl)phosphine prepared
from P4on a 0.8 mmol scale.
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Figure S64. 3'P{'H} NMR spectrum (161.98 MHz, CDCls, 298 K) of tris(o-tolyl)phosphine prepared
from Pson a 0.8 mmol scale. #: tris(o-tolyl)phosphine oxide. *: bis(o-tolyl)phosphine oxide.

5.4.6 NMR Spectroscopic Investigations

5.4.6.1 Reaction Monitoring and Intermediate Identification

The reaction mixture was prepared according to the general protocol (see section 5.4.2) using
bromobenzene as the substrate. The individual reactions were stopped after the indicated
reaction time (see Table S10), internal standard (PhsPO; 0.02 mmol, stock solution in
benzene) was added, and the mixture subjected to quantitative 3'P{1H} NMR analysis. The
NMR spectroscopic reaction monitoring is depicted in Figure S65. In the 3!P{1H} NMR
spectrum (NS 512) after 1h reaction time, the formation of mono- and diphosphorus

intermediates can be observed (Figure S66).
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Figure S65. 3'P{'H} NMR spectroscopic reaction monitoring (t < 44 h) of the photocatalytic
phenylation of P4 using standard conditions (see section 5.4.2).
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Figure S66. 3'P{'H} NMR spectroscopic reaction monitoring (t < 44 h) of the photocatalytic
phenylation of P4 using standard conditions (see section 5.4.2). 3'P{1H} NMR spectrum (NS 512) after
1h reaction time. #: unidentified signal. *: Formation of [PhoP(NEt2)(CH=CHCH=CHNEt.)]Br
(37.7 ppm).l9I
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5.4.6.2 Assessment of PHs Formation and Identification of Additional Reaction
Intermediates

A) The reaction mixture was prepared according to the general protocol (see section 5.4.2),
but in absence of aryl substrate and on a threefold scale up. The reaction mixture was
transferred into a J. Young NMR tube and irradiated with nUV light (390 nm, 40 W, Kessil
PR160L in a PR160 Rig with Fan Kit, Figure S2, right) for 20 h. After that, the mixture was
subjected to 31P{!H} NMR analysis. In the 3!P{1H} NMR spectrum (NS 20480), a major signal
for residual P4 at —523.1 ppm can be observed. Next to this, a series of unidentified signals
residing between 4.0 and —8.0 ppm can be observed. The formation of PHs only appears in a
negligible amount as indicated by the quartet signal at —241.4 ppm, which can only be
observed with adequate resolution after 20480 scans. Thus, in the absence of aryl substrate,

P—H bond formation ultimately resulting in PH3 does not seem to be a significant process.

10 mol% Mes-Acr-BF 4,
NEt; (9.0 equiv.)
14 /I\ s o HH o
— LED-light (390 nm, 40 W), A )
MeCN/CgHg, 55 °C, 20 h
J. Young NMR tube - 3-fold scale up
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Figure S67. 3P NMR spectrum (161.98 MHz, CsDs, 298 K, NS 20480) of the attempted PHs
formation using photocatalytic conditions in the absence of substrate.

B) The reaction mixture was prepared according to the general protocol (see section 5.4.2),
with bromobenzene as the aryl substrate and on a threefold scale-up. The reaction mixture
was transferred into a J. Young NMR tube and irradiated with nUV light (390 nm, 40 W,
Kessil PR160L in a PR160 Rig with Fan Kit, Figure S2, right) for 20 h (formation of 53%
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[Ph4P]Br and 3% PhsP). The mixture was subjected to 31P{1H} NMR analysis after 20 min,
1h, 3h, 9h and 20 h. The progress of product formation was assessed with a standard
capillary bearing PhsPO (0.02 mmol in MeCN-d3). The NMR spectroscopic reaction
monitoring is depicted in Figure S68. During the monitoring, no formation of PH3 was
observed at any time (Figure S68, see absence of signal between —236 and —250 ppm). In
addition, while not all P4 was consumed after 3 h irradiation, the formation of PhPH, and
PhoPH next to other monophosphorus intermediates (Figure S68, see a-f) could be
observed.[® This is a strong indication, that the breakdown of P4 does not primarily result in
the formation of PHs but likely proceeds through other intermediates, e.g., linear or cyclic
polyphosphorus species, “P,R” with n = 2-4, which could not be identified (apart from the
diphosphine Ph4P» and the divinyldiphosphine [PhP(CHCH>)]>). Accordingly, the arylation
of NaPH> as a PHs-surrogate did not furnish comparable results to the P4 system based on
the use of Mes-Acr-BF4 as a photocatalyst (see below, S8). The aminophosphine
intermediates and side products, which are primarily observed at 3 h and 9 h reaction time
do not appear in significant quantities; however, the sum of all species can account for a
substantial portion of the overall arylation reaction and thus may present an additional factor
limiting the (quantitative) formation of ArsP and [Ar4P]X (X = Br, CI).

10 mol% Mes-Acr-BF
: PhT|Br
PhT Ph.__Ph

Br NEt; (9.0 equiv.
14 /I\ + 11.0 @ s (9.9 equiv) R + :
— LED-light (390 nm, 40 W), PH \p,f'h Ph

MeCN/CgHg, 55 °C, xx h
J. Young NMR tube — 3-fold scale up

20h l 20h
b
[Ph,P]Br
Ph, 9h
9h \‘ Y P
L 3h
3h
3h l 1h
. b 1h
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1h N —
l -238 -242 -246 -250
1 (ppm) ;
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_ Ph;PO N
20 min \ 480 520 -560
| | 1 (ppm)
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Figure S68. 3'P{'H} NMR reaction monitoring (161.98 MHz, CsDs, 298 K, NS 512) of the
phenylation of P4 in a J. Young NMR tube and identification of additional reaction intermediates and
side products in agreement with the literature.l!’ No observation of PH3s formation throughout the
whole reaction monitoring.
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C) The reaction mixture was prepared according to the general protocol (see section 5.4.2),
with bromobenzene as the aryl substrate and PhsPs as P-atom source (instead of P4) on a
threefold scale-up (0.12 mmol P-atom). The reaction mixture was transferred into a J. Young
NMR tube and irradiated with nUV light (390 nm, 40 W, Kessil PR160L in a PR160 Rig with
Fan Kit, Figure S2, right) for 20 h (formation of 62% [Ph4P]Br, Figure S69).
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Figure S69. Quantitative single scan 3'P{'H} (zgig) NMR spectrum for the photocatalytic
functionalization of PhsPs using bromobenzene in a J. Young NMR tube after 20 h reaction time.

In addition, the mixture was subjected to 3!P{1H} NMR analysis after 20 min, 1 h and 3 h.
The progress of product formation was assessed with a standard capillary bearing Ph3sPO
(0.03 mmol in MeCN-d3). The NMR spectroscopic reaction monitoring is depicted in Figure
S70. The phenylation of PhsPs with PhBr showed that the smaller cyclophosphine PhsP3 is
formed after irradiation for 20 min and can still be observed after irradiation for 1 h.[18] The
cyclophosphane Ph4P4 is already present as a minor impurity in the starting material PhsPs
but notably accumulates during initial irradiation for 20 min, after which it is almost
completely consumed after 1 h reaction time. During this period, PhsPs is fully consumed,
which is in alignment with the rapid consumption of P4 in the NMR monitoring study (Figure
S65 and Figure S68). After irradiation for 1 h (20 min), the Pi-intermediates PhPH> and
PhoPH can be observed and are subsequently converted to PhsP and [Ph4P]Br, which are the
dominant reaction products after irradiation for 3 h. This indicates that the photocatalytic
phenylation starting from a cyclopolyphosphine follows an analogous stepwise sequence as
observed for P4. Moreover, smaller cyclophosphines (or linear polyphosphorus species)

should be accessible starting from P4 and are eventually converted into Pi-species — however,
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their concentrations might be very low and their consumption fast, which prevents

observation by 31P NMR spectroscopy.

Ph 10 mol% Mes-Acr-BF,,

Pho ¢ Br NEt, (9.0 equiv.) Ph™1Br Ph.__Ph
115 it P—Ph + 11.0 - R + A
PH R LED-light (390 nm, 40 W), Ph \phPh Ph
Ph MeCN/CgHg, 55 °C, xx h
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3h
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Figure S70. 3!P NMR reaction monitoring (161.98 MHz, MeCN-ds, 298 K, NS 512 or NS 1024) of the
phenylation of PhsPs in a J. Young NMR tube. Identification of cyclic polyphosphorus intermediates
and side products in agreement with the literature.[®>[18] a: PhP(NEt2)2. b: PhoP(NEt2).

5.4.6.3 Stability of P4 Under Irradiation

A solution of P4 (0.02 mmol) was irradiated either in a mixture of MeCN/C¢Hs (3/2 v/v,
525.2 uL) or in a standard reaction mixture in the absence of photocatalyst (0.1 mL of MeCN
was added instead; twofold scale up). Both initially clear, colorless solutions turn turbid after
20 h (only P4: orange precipitation; with reagents: brown precipitation). 3'P{1H} NMR
spectroscopic analysis using the same pulse sequence (zgpg30, NS 256) as for the calibration
shows only a resonance for residual P4 (and internal standard Ph3PO; Table S13 and Figure
S71). 68% of the white phosphorus signal remained when only P4 was irradiated and 74% of
the P4 signal intensity remained in the standard reaction mixture in the absence of
photocatalyst. While P4 partially decomposes when irradiated with nUV light, the formation
of polyphosphorus species “PnRy” (with n = 2-4) or any other degradation product was not
observed. Instead, it is likely that P4 polymerizes to high(er)-molecular weight
polyphosphorus species.
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Table S13. Stability study of Psunder irradiation with nUV light.

Condition 1 (Entry 1):

/,\ only P, in MeCN/CgHg /,\
— Condition 2 (Entry 2): —
0.02 mmol standard conditions w/o Recovered?
Mes-Acr-BF,
X . 9
1 Remaining P4 68%
Entry Full conv. of P4? ) ) )
9 X signal intensity 749%
25 - y=79.246x
R?=0.9985 .
- 2
=]
S,
=]
o
£
z 15 4 n
B
=
B
k)
E 1]
Q
2
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L
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Figure S71. Plot showing the relative integral of a solution of P4 vs. internal standard PhsPO
(0.04 mmol) against the expected (based on mass added) molar quantities of P4 (0.001 to 0.03 mmol)
in a MeCN/CsHs (3:2) solution using a 3!P{!H} NMR experiment (zgpg30, NS 256).

5.4.7 Photocatalytic Phenylation of PhPH,, Ph;PH, PhsP; and PhsP and Stability Study
with [Ph4P]Br

To a 10 mL stoppered tube equipped with a stirring bar was added bromobenzene (0.0 to
0.44 mmol, 0.0 to 11.0 equiv. based on the phosphorus atom), NEt3 (0.0 to 0.36 mmol, 0.0 to
9.0 equiv. based on the phosphorus atom), 9-mesityl-3,6-di-tert-butyl-10-phenylacridinium
tetrafluoroborate (Mes-Acr-BF4; 2.3 mg, 4.0 umol, 10 mol% based on the phosphorus atom)
and the P-atom source (Phs.,PH, [n = 0-2], 0.04 mmol, 1.0 equiv. or Ph4P>, 0.02 mmol,
7.4 mg, 0.5 equiv. or [Ph4P]Br, 16.8 mg, 0.04 mmol, 1.0 equiv.). The mixture was dissolved
in acetonitrile/benzene (0.1 + 0.0655 mL). The tube was sealed, placed in a custom-made
flask holder (Figure S2, left), and irradiated with nUV light (390 nm, 40 W, Kessil PR160L in
a PR160 Rig with Fan Kit, Figure S2, right) for 20 h (unless stated otherwise). PhsPO
(0.02 mmol, stock solution in benzene) was subsequently added to act as an internal

standard. The resulting mixture was subjected to NMR analysis.
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Table S14. Photochemical functionalization of PhsP to [Ph4P]Br.[2]
10 mol% Mes-Acr-BF 4,

o ph Br NEt; (xs.) Ph1Br . PhPh
> & |
Ph o @ LED-light (390 nm, 40 W), P \PhPh Ph
MeCN/C¢Hg, 55 °C, 20 h
Conditions(b] Form. of Form. of . Consumption
BNty NEt:PhBr  [PhP]Br/%  PhsP /% Intermediates of PhsP / %
1 9:11 86 0 / >99
2 3:5 97 0 / >99
3 2:3 89 0 / >99
4 9:0 0 0 PhoPH, PhPH,lcl 70

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4 with PhsP (10.5 mg, 0.04 mmol). [b] Listed equivalents are defined per P atom. [c] A minor signal
for PhPH> can be observed in the 3!P{'H} NMR spectrum (NS 64).
Table S15. Photochemical functionalization of PhoPH to [Ph4P]Br.[2]
10 mol% Mes-Acr-BF,,

Ph. _Ph Br NEt; (xs.) Ph™1Br , PheoPh
' o 1y |
Looh e O LED-light (390 nm, 40 W), pr L Ph Ph
MeCN/CgHg, 55 °C, 20 h
Conditions(®! Form. of Form. of . Consumption
Entty  NEt;:PhBr  [PhsPIBr/%  PhsP /% Intermediates o) by /o
1 9:11 89 Qtel / >99
2 3:5 85 0lcl / >99
3 2:3 39 40 / >99[d]
4 9:0 0 0 PhPH> 68lel

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4 with PhoPH (6.96 uL, 0.04 mmol). [b] Listed equivalents are defined per P atom. [c] A minor
signal for PhsP can be observed in the 3!P{*H} NMR spectrum (NS 64). [d] A minor signal for PhsP
can be observed in the 3!P{!H} NMR spectrum (NS 64). [e] Non-calibrated value assessed by
integration of the signal in the single scan 3!P{*H} NMR spectrum.

Table S16. Photochemical functionalization of PhPH> to [Ph4P]Br.[2]
10 mol% Mes-Acr-BF 4,

Ph. _H Br NEt; (xs.) Ph™1Br . PhPh
b o @ LED-light (390 nm, 40 W), g P \',;'hph Ph
MeCN/C¢Hg, 55 °C, 20 h
Entry Cg%%;gfﬁgib] [PE?IE?IIB}O/f % 15}?;? / (3/: Intermediates S?gi%rﬁgt/lgz
1 9:11 71 0 PhsPlel >99
2 6:8 64 6 / >99
3 3:5 21 35 Ph4P,, PhyPHId] >99
4 9:0 0 0 / 371l

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4 with PhPH:2 (4.40 uL, 0.04 mmol). [b] Listed equivalents are defined per P atom. [c] A minor
signal for Ph3P can be observed in the 3!P{*H} NMR spectrum (NS 64). [d] A minor signal for Pho2PH
can be observed in the 3!P{!H} NMR spectrum (NS 64). [e] Non-calibrated value assessed by
integration of the signal in the single scan 3!P{*H} NMR spectrum.
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Table S17. Photochemical functionalization of Ph4P> to [Ph4P]Br.[2]
10 mol% Mes-Acr-BF

Ph.__Ph Br NEt; (xs.) Ph™1Br . Pho_Ph
> '’y |
Ph I\Ph v O LED-light (390 nm, 40 W), e \P,fh Ph
MeCN/CgHg, 55 °C, 20 h
Conditions(b] Form. of Form. of . Consumption
BNty NEt:PhBr  [PhPIBr/%  PhsP /% Intermediates " 5"/ o
1 9:11 91 0 / >99
2 3:5 82 0Ole] / >99
3 2:3 72 19 / >99
4 9:0 0 0 Pho,PH, PhPH> >99

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing P4
with Ph4P2 (7.4 mg, 0.02 mmol). [b] Listed equivalents are defined per P atom. [c] A minor signal for
PhsP can be observed in the 3!1P{*H} NMR spectrum (NS 64).

Table S18. Stability test of tetraphenylphosphonium bromide [Ph4P]Br toward photocatalytic
conditions.?]

10 mol% Mes-Acr-BF,,

I|°h—|Br Br NEt; (xs.) I;-‘h—|Br
pr/ \Ph xS @ LED-light (390 nm, 40w),  PK %Ph
MeCN/CgHg, 55 °C, 20 h
0.04 mmol
100% spectroscopic yield
Entry Conditions(®! Recovered Formation of
NEts:PhBr [Ph4P]Br/ % PhsP / %

1 9:11 81 /Ll

2 3:5 78 /il

3 9:0 41 52

4 0:0 97 /

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4+ with [Ph4P]Br (16.8 mg, 0.04 mmol; 100% spectroscopic yield) for a stability check of the
phosphonium salt under the photocatalytic reaction conditions. The phosphonium salt was fully
dissolved in the reaction mixture. [b] Listed equivalents are defined per P atom. [¢] No formation of
PhsP or other phosphorus species was observed.

5.4.8 Photocatalytic Arylation of NaPH>

To a 10 mL stoppered tube equipped with a stirring bar were added the appropriate aryl
bromide (0.44 mmol, 11.0 equiv. based on the phosphorus atom), NEt3(50.2 pL, 0.36 mmol,
9.0 equiv. based on the phosphorus atom), 9-mesityl-3,6-di-tert-butyl-10-phenylacridinium
tetrafluoroborate (Mes-Acr-BF4; 2.3 mg, 4.0 umol, 10 mol% based on the phosphorus atom)
and NaPH» (0.04 mmol, 2.2 mg, 1.0 equiv.). The mixture was dissolved in acetonitrile
(0.1 mL). The tube was sealed, placed in a custom-made flask holder (Figure S2, left), and
irradiated with nUV light (390 nm, 40 W, Kessil PR160L in a PR160 Rig with Fan Kit, Figure
S2, right) for 20 h (unless stated otherwise). PhsPO (0.02 mmol, stock solution in benzene)
was subsequently added to act as an internal standard. The resulting mixture was subjected
to NMR analysis.
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Table S19. Photocatalytic functionalization of NaPH2 to [ArsP]Br and ArsP: screening of control
experiments.[a]

10 mol% Mes-Acr-BF;, Ar—Br
|

Br NEt; (9.0 equiv.) Ar___Ar
NaPH, + 11.0 -k, + :
MeO LED-light (390 nm, 40 W), Ar }ArAr Ar

MeCN/C¢Hg, 55 °C, 20 h

-, Full conv. of Form. of Form. of
Entry Conditions NaPH.,? [ArsP]Br / % ArsP /%
1 Standard 32 4
2 No photocatalyst 0 2
3 No lightlb! 0 0
4 No NEt3; 0 4

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4 with NaPH: (2.2 mg, 0.04 mmol). Ar = 4-OMe—CsH4—. [b] The reaction flask was heated to 55 °C.

Table S20. Photocatalytic functionalization of NaPH2 to [Ar4P]Br and ArsP: screening of solvents.[2]

10 mol% Mes-Acr-BF, ArT|Br
|

Br NEt, (9.0 equiv.) Are__Ar
NaPH, + 11.0 - P, + ,
MeO LED-light (390 nm, 40 W), Ar \ArAr Ar

solvent, 55 °C, 20 h

Entry Solvent Full conv. of NaPH»? [ Aff;irfl;.ro/f% ig;lr)n/ g/f
1 Acetonitrile 32 4
2 DMF 5 6
3 DMSO 13 0
4 Benzene 8 0
5 Acetone 14 0
6 THF 6 2

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4 with NaPH: (2.2 mg, 0.04 mmol). Ar = 4-OMe—CsHs—. The general protocol (section 5.4.2) was
modified to use the solvent system indicated (identical solvent volume).

Table S21. Photocatalytic functionalization of NaPH: to [ArsP]Br and ArsP: concentration
screening.[]
10 mol% Mes-Acr-BF
Br NEt; (9.0 equiv.) »?«r—|Br Are__Ar
NaPH, + 11.0 - R, + :
MeO LED-light (390 nm, 40 W), A" VAT Ar

Ar
MeCN (XX mL), 55 °C, 20 h

Entry ggllzfrf;et Full conv. of NaPH.? ! Affﬁ]“é'r O/f o gg;’lgn}g
1 0.1 mL 32 4
2 0.5 mL 10 6
3 1.0 mL 0 6
4 2.0 mL 1 0

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4 with NaPH> (2.2 mg, 0.04 mmol). Ar = 4-OMe—CsH4—. The general protocol (section 5.4.2) was
modified to use the indicated amount of MeCN
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Table S22. Photocatalytic functionalization of NaPH2 to [Ar4P]Br and ArsP: screening of reductants.[?]
10 mol% Mes-Acr-BF, ?r —Br

Br reductant (9.0 equiv.) Ar__Ar
NaPH, + 11.0 - R, * ,
MeO LED-light (390 nm, 40 W), Ar \ArA' Ar

MeCN/C¢Hg, 55 °C, 20 h

Entry Reductant Full conv. of NaPH,? [ Afflgﬁ}(}f% i(r);‘lr)n / ‘3/5
1 NEts 32 4
2 DIPEA 24 5
3 NnBus 29 8
4 NMe,"Pr 9 5

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4 with NaPH> (2.2 mg, 0.04 mmol). Ar = 4-OMe—CsHs—. The general protocol (section 5.4.2) was
modified to use the indicated reducing agent (identical stoichiometry).

Table S23. Photocatalytic functionalization of NaPH: to [Ar4P]Br and ArsP: screening of reductant
and substrate stoichiometry.l?!
10 mol% Mes-Acr-BF;,
Br NEt; (XX equiv.) Ar—1Br Are__Ar
NaPH, + xs. > R + A
MeO LED-light (390 nm, 40 W), Ar }of\r Ar

MeCN/C¢Hg, 55 °C, 20 h

Entry Stoichiometry Full conv. of Form. of Form. of

NEts:4-Bromoanisole NaPH,? [ArsP]Br / % ArsP / %
1 9:5 11 6
2 9:7 20 3
3 9:9 30 5
4 9:11 32 4
5 9:13 21 3
6 9:15 22 4
7 9:17 27 3
8 3:11 26 2
9 5:11 30 2
10 7:11 33 5
11 11:11 20 5
12 13:11 12 10
13 15:11 7 6

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4 with NaPH2 (2.2 mg, 0.04 mmol). Ar = 4-OMe—CsHs—.
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Table S24. Photocatalytic functionalization of NaPH2 to [Ar4P]Br and ArsP: screening of substrates.!?]

10 mol% Mes-Acr-BF

L NEt; (9.0 equiv.) ;?r 1Br Are__Ar
NaPH, + 11.0 |// - MNar + |
R LED-light (390 nm, 40 W), A Wr Ar

MeCN/C¢Hg, 55 °C, 20 h

/@Br Br Br ©,Br /@Br /@Br
MeO ; OMe Me NC

OMe
Entry Substrate Full conv. of NaPH>? [ Al;“f;]r%'ro/f% i?;;n/ g/f
1 R =4-OMe 32 4
2 R = 3-OMe 21 4
3 R =2-OMe 12 0
4 R=H 19 0
5 R =4-Me 19 7
6 R=4-CN 7 0

[a] The general protocol for reactions at 0.04 mmol scale (section 5.4.2) was modified by replacing
P4 with NaPH> (2.2 mg, 0.04 mmol). The general protocol (section 5.4.2) was modified to use the
indicated substrate (identical stoichiometry).
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Chapter 6 Summary and Conclusion

Chapter 1. Synergistic Effects in Bimetallic s-Block and d-Block Metal Compounds: Small
Molecule Activation and Catalysis

Bimetallic s-block and d-block metal compounds represent a growing class of catalysts with
distinct modes of reactivity. These systems exploit the combined effects of a transition metal
— typically serving as the catalytic center — and an s-block metal cation, which tunes the
reactivity through non-covalent interactions, electronic effects and auxiliary substrate
coordination.

The introductory chapter reviews recent advances in fundamental chemical transformations
promoted by s- and d-block heterobimetallic complexes (Figure 1). Following a brief
classification of their properties and cooperative reactivity modes, the applications of these
complexes in small molecule activation and catalysis are outlined. Examples cover a wide
range of transformations where bimetallic effects are not only beneficial but often essential.
Hydrogenation, bond activation (e.g., C—H), isomerization, and polymerization reactions
demonstrate clear dependence on the cooperative role of both metals. Structural and
mechanistic studies support cooperative activation modes, such as multisite substrate
binding or parallel activation at separate metal centers. Intimate ion pairing is essential in
many systems, facilitating close proximity and communication between the metal centers.

Strikingly, cation-dependent reactivity may significantly influence catalytic behavior.
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Dipp qoh Dipp Hl( O. \@ _OR
N, TN/ AN /N ©0--H ’|\\ _H
o 3 S

~ - N r ~
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bimetallic activation multisite reactivity cation-sensitive mechanisms

Figure 1. Selected examples of cooperative reactivity in s-block and d-block bimetallic compounds.
Chapter 2. Counterion Effect in Cobaltate-Catalyzed Alkene Hydrogenation

Low-valent metalates are increasingly employed in homogeneous catalysis; however, the
crucial influence of the counterion on their reactivity is often neglected. In chapter 2, a
systematic investigation of alkene hydrogenation using a series of cobaltate complexes is
reported. The pre-catalysts of the general structure [Cation][Co(n*-cod)2] (where Cation =
K(thf)o.25 (2-1), Na(thf)1.5 (2-2), Li(thf)2 (2-3), (P®Pnacnac)Mg (2-4), and N("Bu)4 (2-5); cod
= 1,5-cyclooctadiene, PePnacnac = {2,6-Et2C¢H3sNC(CH3)}2CH) were employed in

comparative hydrogenation reactions of unfunctionalized alkenes in THF (Figure 2).
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With increasing steric demand, the lithium salt 2-3 and magnesium salt 2-4 significantly
outperform the other catalysts, resulting in the reactivity trend: K+ (2-1) < Na* (2-2) < Li*
(2-3) < (Pernacnac)Mg* (2-4). The lack of reactivity observed for the tetra-n-butyl-
ammonium cobaltate 2-5 further indicates that a metal containing cation is essential for
hydrogenation activity. Consistent with the catalytic investigations, reaction progress
analyses and pre-catalyst hydrogenation experiments revealed differing reaction rates for the
cobaltate salts 2-1 to 2-5. The most active pre-catalyst [(PePnacnac)Mg][Co(n*-cod)-] (2-4)
efficiently hydrogenated tri- and tetra-substituted alkenes under mild conditions. Poisoning
studies and NMR spectroscopic monitoring experiments support the homotopic nature of
the reaction mechanism.

Combined molecular dynamics (MD) simulations and density functional theory (DFT)
calculations of the styrene hydrogenation reaction suggest that the s-block metal cation
coordinates to the hydride ligand ([Co—H]---M*) during the turnover-limiting migratory
insertion step. Compared to the anion-only model system, this interaction has a beneficial,
energy-lowering effect, with the lowest activation barriers calculated for M = Li (2-3) and M
= (Pepnacnac)Mg (2-4). Non-covalent interaction (NCI) analysis of the migratory insertion
transition states for 2-1 to 2-4 reveal progressively stronger attractive interactions of the
metal cations with one of the hydrido ligands, following the trend: K* (2-1) < Na* (2-2) <
Li+ (2-3) < (Pepnacnac)Mg* (2-4). This induces a stronger Co—H bond polarization, which is
proposed to improve the catalytic activity.

This study shows that countercation coordination can significantly modulate the reactivity of
metalate anions in hydrogenation and possibly other hydride-mediated reactions. More
broadly, it highlights the critical influence of countercation identity on reactivity,

emphasizing the importance of detailed studies on ion pairing interactions in future work.
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Figure 2. Alkene hydrogenation using s-block metal cobaltates 2-1 to 2-5. Comparative reactivity
study showing the countercation effect and proposed [Co—H]---M+* interaction in the migratory
insertion transition state of styrene hydrogenation.
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Chapter 3. A Highly Reduced Magnesium Dicobalt Complex for the Hydrogenation of Tri-
and Tetra-Substituted Alkenes

The exceptional reactivity of [(PePnacnac)Mg][Co(n*-cod)2] in alkene hydrogenation
(chapter 2) raised the question of whether the f-diketiminate ligand in the [(PePnacnac)Mg]*
countercation influences catalytic activity. While preliminary studies suggested no direct
involvement of the p-diketiminate ligand, a definitive answer to this question required a
ligand-free magnesium cobaltate complex.

This chapter reports the synthesis and characterization of an unsupported magnesium
dicobalt complex Mg[Co(n*-cod)2]2 (3-1) through the reaction of [K(thf)o 33][Co(n*-cod)-]
with 0.5 equivalents of MgClo. The solid-state molecular structure of 3-1 features a trinuclear
contact ion pair, in which a Mg2+ cation is sandwiched by two [Co(n*-cod)-]- units. The two
[Co(n*-cod)2]~ anions are rotated towards each other at 50.42(6)° along the Co—Mg—Co axis,
which is effectively linear with an angle of 179.36(4)° (Col1-Mgl—Co2). NMR spectroscopic
studies, including DOSY NMR investigations, suggest that the ion triple remains intact in
toluene solution, while further coordination experiments show that the intimate ion pair
structure cannot be broken by Lewis donors such as THF. Quantum chemical studies indicate
the presence of an ionic magnesium-cobalt interaction and weak dative bonds between the
1,5-cyclooctadiene ligands and Mg2+, which were experimentally verified by 1*C{H} NMR
chemical shift analysis.

Complex 3-1 efficiently catalyzes the hydrogenation of sterically challenging tri- and
tetra-substituted alkenes, outperforming the related alkali metal salts and the magnesium
B-diketiminate salt (see chapter 2). These results highlight a pronounced counterion effect,
inherent to the Mg2+ cation and independent of the supporting p-diketiminate ligand.
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Figure 3. Synthesis of Mg[Co(n*-cod):2]> (3-1) from [K(thf)o.33][Co(n*-cod)2] and hydrogenation
catalysis using 3-1.
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Chapter 4. Synthesis, Characterization and Reactivity of Phosphine-Stabilized Cobalt
Hydrides

Bimetallic cobalt hydride intermediates with direct cation-hydride interactions were
proposed in the hydrogenation reactions using alkali and alkaline earth metal cobaltates as
pre-catalysts (chapter 2). While the intimate ion pair structures were computationally
modeled and the influence of the s-block metal cation linked to the observed reactivity, the
isolation of any bimetallic hydride species was unsuccessful.

Chapter 4 reports on the stabilization of f-diketiminate magnesium tetrahydride cobaltates
by diphosphines. The complexes [(A'nacnac)Mg][CoH4(dcpe)] (Ar = 2,6-diethylphenyl [ Dep],
4-1; Ar = 2,4,6-mesityl [Mes], 4-2) were obtained by hydrogenating [(4'nacnac)Mg]-
[Co(n*-cod)2] (Ar = Dep, Mes) in the presence of 1,2-bis(dicyclohexylphosphino)ethane
(dcpe). Structural and spectroscopic analysis of the hydride 4-1 reveals an intimate ion pair
character in non-coordinating and coordinating solvents (toluene vs. THF). Computational
studies suggest strong magnesium-hydride and cobalt-hydride interactions, with no
metal-metal bonding observed. Complex 4-1 is a suitable pre-catalyst for alkene
hydrogenation reactions. Notably, an experimental monitoring of the catalytic cycle shows
that 4-1 can be converted into an alkene complex by reaction with styrene, which is fully
recovered upon exposure to Ho. These results suggest the function of 4-1 as a reversible
reservoir for the active catalyst and support the direct involvement of the countercation in
the hydrogenation reaction, which was initially proposed only in silico for the related alkene
pre-catalysts (Figure 2, chapter 2). Moreover, complexes 4-1 and 4-2 readily react with white
phosphorus (P4) to form cyclo-P4 complexes [(A'nacnac)Mg][(u,n*:n*P4)Co(dcpe)] (Ar =
Dep, 4-5; Ar = Mes, 4-6), which were structurally characterized and display promising

reactivity toward small molecules in a preliminary study.
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Figure 4. Synthesis of [(“rnacnac)Mg][CoH4(dcpe)] (Ar = Dep, 4-1; Ar = Mes, 4-2) from
[(Arnacnac)Mg][Co(n*-cod)2]. Hydrogenation catalysis using 4-1, and reaction of 4-1 and 4-2 with P4
to cyclo-P4 complexes [(Arnacnac)Mg][(u,n*n*-P4)Co(dcpe)] (Ar = Dep, 4-5; Ar = Mes, 4-6).
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Chapter 5. Photocatalytic Functionalization of White Phosphorus with Aryl Bromides and
Chlorides

In a distinct project, chapter 5 describes the direct synthesis of arylated phosphines and
phosphonium salts from P4 using an efficient photocatalytic approach. By employing the
organic photocatalyst Mes-Acr-BFs (9-mesityl-3,6-di-tert-butyl-10-phenylacridinium
tetrafluoroborate) and NEts under near-UV light irradiation, this method enables the direct
arylation of P4 with inexpensive and readily available aryl bromides and chlorides, affording
triarylphosphines and tetraarylphosphonium salts in up to 75% combined yield of ArsP and
[ArsP]X (X = Br, Cl) (Figure 5). This method represents a significant advancement over
previous photocatalytic protocols, which were limited to aryl iodides and/or relied on a
precious metal photocatalyst.

Mechanistic studies, including 3'P NMR spectroscopic monitoring and model reactions,
support a stepwise arylation of P4 via the sequential formation of polyphosphorus and
monophosphorus intermediates. While it remains difficult to identify early reaction
intermediates (i.e., Pp-species with n > 2), the formation of PhPH>, PhoPH, and Ph4Ps is
confirmed by 3'P{!H} NMR spectroscopic monitoring of the phenylation of P4. In addition,
the phenylation of the cyclopentaphosphine PhsPs showed that smaller cyclophosphines such
as Ph4P4 and PhsPs can be detected at an early stage, suggesting that related oligophosphines
are conceivable reaction intermediates. Further studies on product stability showed that both
the phosphonium salts (e.g., [Ph4P]Br) and earlier reaction intermediates (e.g., PhsP, PhoPH,
PhPH>, and Ph4P>) are unstable under the photocatalytic conditions employed. These
findings suggest the possibility of an unproductive de-arylation reaction, limiting the

catalytic efficiency.

Mes-Acr-BF, (cat.)
2N @ _® ® ™ ]
/I\ % and/or @ :
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Figure 5. Photocatalytic synthesis of arylated phosphines (ArsP) and phosphonium salts ([Ar4P]X;
X = Br, Cl) directly from P4, employing cheap and abundant aryl bromides and chlorides.
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Conclusion

In summary, this doctoral thesis highlights the potential of countercation-sensitive
mechanisms in reductive catalysis with cobaltate anions. Hydrogenations of
unfunctionalized alkenes employing a series of cobaltate pre-catalysts (2-1 to 2-5 and 3-1)
containing the same anion but different organic and s-block metal cations demonstrated a
marked effect of the counterion on the catalytic performance. Computational investigations
attributed these reactivity changes to the formation of intimate ion pair structures, in which
direct interactions between the cobalt hydride and the s-block metal cation play a pivotal
role. Targeted synthesis enabled the isolation of bimetallic cobalt hydride complexes (4-1
and 4-2) featuring direct s-block metal-cobalt hydride interactions. Bimetallic hydride 4-1
was demonstrated to act as a potent pre-catalyst in alkene hydrogenation, and mechanistic
experiments suggest its function as a reversible reservoir for the active catalytic species.
These results establish a foundation for countercation-sensitive hydrogenation catalysis
employing anionic metalate pre-catalysts. The identity of the countercation and ion pairing
effects can crucially influence the reactivity. Based on these insights, it should become
possible to deliberately tune the reactivity of metalates by modulation of their countercations.
The final part of this thesis covered a distinct project on the photocatalytic
functionalization of white phosphorus (P4) using inexpensive and abundant aryl bromides
and chlorides. This work expands the limited set of catalytic methods currently available for
the functionalization of P4. Although still at an early stage, the methodology provides a
promising foundation for the future development of practical methods for the efficient

functionalization of P4.
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