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Previous studies have hinted at the similarities of Mn(i1) and Mg alkyl
complexes. Advancing this field, here we present a comparative
study of tetra(n-butyl)lithium manganate(in) and magnesiate. Com-
bining X-ray crystallographic studies, NMR characterisation and
DFT calculations we disclose structural similarities and different
nature of bonding which is ultimately reflected in enhanced reac-
tivity of Mn(i) in hydroamination of styrenes.

Since the earliest reports on reactivity’ and constitution® of
organomanganese() complexes, these species displayed unique
behaviour with their predominantly ionic Mn(u)-C bonds and
disregard for the 18-electron rule. Despite displaying chemistry
more comparable to organomagnesium reagents than to their
neighbouring transition metals,®> organomanganese(n) reagents
suffer from reduced reactivity, tendency to undergo B-hydride
elimination, and uncertain solution state characterisation due to
their paramagnetic nature. Formation of bimetallic, synergic
systems such as lithium manganates can enhance the reactivity
and stability of these species. Thus, early studies by Girolami have
shown alkyl complexes such as [[TMEDA),Li,MnR,] (TMEDA =
N,N,N'N'-tetramethylethylenediamine, R = ethyl, n-butyl) are stable
towards B-hydride elimination at room temperature.* With regards
to reactivity, Mulvey demonstrated the ability of [[TMEDA)-
LiMn(TMP)(CH,SiMej3),] (TMP = 2,2,6,6-tetramethylpiperidide) to
two-fold deprotonate ferrocene whereas Mn(CH,SiMe;), is com-
pletely inert towards this substrate.> More recently, we have shown
that tetraalkyl manganate [(TMEDA),Li,Mn(CH,SiMe;),] can
enable direct and efficient Mn-I exchange of aryliodides, furnish-
ing tetra(aryl) manganate intermediate that undergo spontaneous
oxidative homocoupling at room temperature affording symme-
trical bis(aryls).® Recently we have also shown how Girolami’s butyl
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reagent [(TMEDA),Li,Mn"Bu,] can effectively be used as a precur-
sor for the synthesis of amidomanganates via direct amine
deprotonation.”

Inspired by these precedents and with the aim of advancing
the understanding on the similarities and differences between Mn(u)
and Mg organometallics, here we report the synthesis and structural
characterisation of tetra(n-butyl)lithium manganate and magnesiate
as well as exploring their reactivity to act as pre-catalysts for
hydroamination of styrenes. This synthetically valuable, atom effi-
cient approach allows access to a wide range of amines. Various
organometallic complexes across periodic table have been reported
as efficient pre-catalysts in these transformations. Several magne-
sium catalysts showed activity in promoting intramolecular hydro-
amination, including bimetallic potassium magnesiate which
efficiently catalyses intermolecular hydroamination of styrene.*’
While the use of Mn(1) complexes in catalytic hydroamination has
been reported,'® Mn(i1) complexes remain virtually unexplored with
only one study reporting the use of stoichiometric amounts of
MnBr, in intramolecular hydroamination."*

Following Girolami’s modified report,* salt-metathesis of
MnCl, and "BuLi (1:4) in diethyl ether in the presence of 4
equivalents of TMEDA at 0 °C afforded a yellow suspension.”
After solvent exchange and filtration of [{LiCI(TMEDA)},], highly
concentrated pentane solution was stored at —30 °C affording
light yellow, X-ray quality crystals of [(TMEDA),Li,Mn"Buy] (1)
(Fig. 1). To access the Mg analogue of 1, we devised an alternative
co-complexation approach’® by reacting commercially available
homoalkyls "BuLi, "Bu,Mg and TMEDA in a 2:1:2 ratio in
hexanes. After stirring for 2 h at room temperature, and removal
of volatiles, obtained white solid was recrystallised from pentane
at —30 °C affording colourless, X-ray quality crystals of
[(TMEDA),Li,Mg"Bu,] (2).

The SC XRD study revealed 1 and 2 to be isomorphous
adopting a lithium-rich, contacted ion-pair structure, known as
“Weiss motif”’ (Fig. 1), isostructural with previously reported
[(TMEDA),Li,MnR,] (R = Me, Et, CH,CH,Bu, CH,SiMe;)*® and
[(TMEDA),Li,MgR,] (R = Me, CH,SiMe;)'>"'* species. Centrally
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Fig. 1 Synthesis of isomorphous 1 and 2 (left) and molecular structure of 1
with thermal ellipsoids at 30% probability level and hydrogen atoms
omitted for clarity (right).

positioned M(u)-centre adopts marginally distorted tetrahedral
geometry with a narrow range of angles [103.41(6)° to 113.87(6)°
for Mn (1) and 104.26(5)° to 114.66(6)° for Mg (2)]. With only a
slight difference in the covalent radii of Mg and Mn,"” there is
also very little variation in the M(u)-C bond lengths: 2.2358(14)-
2.2671(14) A in 1 and 2.2419(15)-2.2731(43) A in 2.

The four butyl groups form bridges to the outer, TMEDA-
capped Li cations with the average Li-C bond distance of 2.254 A
and 2.234 A for 1 and 2 respectively, consistent with Li-C(sp?)
contacts. Observed structural features support the existence of
[{MBu,}*"] framework and Li-cations which engage in electro-
static interactions with a-carbanions of butyl ligands.

The Mn- - -Li distances of 2.582(2) and 2.575(2) A are iden-
tical with those previously reported for other lithium manga-
nates (Table S4) and indicate that there are no significant
interactions between Li and Mn atoms. It is interesting to note
however, that for all-carbon alkyl groups (Me, Et, "Bu,
CH,CH,'Bu) these distances are significantly shorter (approxi-
mately 10%) than the one found in the CH,SiMe; version (see
Table S4). The arrangement between the metals, determined by
the Li---Mn- - -Li angle 166.67(7)° deviates from linearity, but fits
the trend between the more bent structures containing smaller
alkyls (Me, Et) and more linear structures with sterically more
demanding alkyl groups (CH,SiMe;, CH,CH,'Bu). The intermetal-
lic arrangements of 1 are mirrored in 2 (see SI for full details).
Methylene protons of bridging butyl ligands were located and
independently refined however no M- - -HCg, contacts seem to be
present, a picture further suggested by QTAIM analysis. With
strikingly similar solid-state structures it is perhaps unsurprising
that the solid-state IR spectra of 1 and 2 are also near identical (see
SI for more details). Combination of C-C and C-H stretching, and
C-H bending modes are visible in the 3050-2700 ecm ™" region and
are in good agreement with those reported by Girolami."®

The electronic structures of 1 and 2 were investigated by
means of DFT calculations. The primary interaction found in
the NBO analysis of 2 involves donation from the bridging
carbanion lone pairs into the 3s acceptor orbital of Mg>* (E? =
32.4 keal mol ') combined with weaker donation into the 2s Li*
orbital (E® = 5.9 kcal mol™'). Topological analysis of the
electron density using QTAIM places charges of +0.9¢, +1.7e
and -0.6e on Li, Mg and bridging carbon centres, respectively,
in line with the ionic character of the Mg-C and Li-C interac-
tions. Slightly bent bond paths and associated bond critical
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Fig. 2 Molecular graph for 1 (left) and 2 (right). BCPs (green dots) and
RCPs (red dots) shown along with bond paths.

points (BCPs) for these interactions can be readily identified,
along with corresponding ring critical points (RCPs) located
within each of the four-membered ring motifs enclosed by the
Mg-C and Li-C bond paths (Fig. 2). The BCPs are located closer
to the positively charged Mg”" and Li" centres, correlating with
their smaller bonding radius compared to that of the carbanion
centres. The descriptors associated with each BCP also support
a closed-shell ionic bonding regime, reflected in the small
electron density p(r) of ~0.04 a.u. and small positive Laplacian
V?p(r) of ~0.17 a.u. The Cremer/Kraka local energy density
H(r) = G(r) + V(r)"” at the BCP and the ratio G(r)/p(r)"® (see SI) are
also consistent with this assignment.

In 1, the QTAIM charges on Li(TMEDA) fragments remain
unchanged, while Mn(u) has an assigned charge (+1.1e) well
below its formal oxidation state. In combination with those
associated with the carbon centres (-0.42¢), this indicates more
dative bonding in 1. This is also borne out in the associated
parameters of the Mn—C BCPs (p(r) = 0.07 a.u., V>p(r) ~0.14 a.u.),
with the energy density (H(r) = -0.02 a.u.) now being slightly
negative. It is also noteworthy that the BCPs are located closer to
the midpoint of the Mn-C bond path. NBO analysis of the donor/
acceptor interactions confirms donations from the bridging
C-donor into the vacant B-spin 3d and 4s acceptor orbitals on
Mn, with corresponding E® of 8.3, 13.9 and 18.4 kcal mol .
Combined with the LP(C) — Mn(4s) interaction within the
o-manifold (E® = 15.5 kcal mol "), this results in an overall
stronger donation towards the Mn centre than in the Mg con-
gener and correlates with stronger C — Mn dative character. On
the other hand, the donation into the Li" is only marginally larger
than found in 1, attributable to shorter Li- - -C distances.

Complementing solid state studies, solution state studies of
1 and 2 offered further insights. The most notable feature in
'H NMR spectrum of 2 in C¢Dj is the M-CH, resonance observed
at —0.53 ppm upfield shifted relative to "Bu,Mg, while the "Li
NMR spectrum displays a single sharp resonance at 1.21 ppm.

Resonances belonging to the TMEDA donor suggest that the
ligand stays coordinated on the Li centres, which is in line with
closely related [[TMEDA),Li,Mg(CH,SiMe;),]."* This is further
supported by "H NMR DOSY study. Employing method devel-
oped by Stalke,'® in C¢Dg 2 has an estimated molecular weight
of 459 g mol " which is in good agreement with the structure
observed in the solid state (+8% error). 'H NMR spectrum of 1
in C¢Dg displays three highly broadened, and paramagnetically
shifted resonances centred at —4.15, 2.81 and 9.90 ppm.

This journal is © The Royal Society of Chemistry 2025
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Evans method analysis®® of 1 in C¢Dg reveals pieg = 5.93 15 which
is in excellent agreement with the theoretical value for high-
spin (S = 5/2) Mn(u) and in good agreement with the one
reported by Girolami.* Paramagnetic Li NMR spectrum?®!
shows two broad signals in C¢Dg at 2.1 and 0.8 ppm, while in
THF a single broad resonance is observed at 1.8 ppm.

Both 1 and 2 show limited stability in solutions. For 1 this
was first observed with a steady decrease in the value of fics,
accompanied with gradual appearance of new diamagnetic reso-
nances. Spectra of 2, revealed formation of butane evidenced by
two multiplets at 1.22 and 0.85 ppm in a 2: 3 ratio, accompanied
with the loss of sharp singlet resonances of TMEDA and appear-
ance of multiple resonances in the region around —0.5 ppm.
Despite not being able to accurately identify any of the newly
formed decomposition products ("Li NMR spectrum shows four
resonances implying presence of multiple species), we propose
that the anionic ate activation enhances the reactivity of "Bu
groups which due to the proximity constraint a-metalate TMEDA
ligand(s). Metalation of TMEDA is known to happen with Li bases
or bimetallic mixtures.>> By comparison, although B-hydride
elimination in 1 cannot be ruled out, 'H spectra of 1 also show
resonances attributed to butane formation consistent with the
manganate acting as a base.

With a good understanding of the constitution of 1 and 2, we
next decided to compare their catalytic ability in hydroamination of
styrene using piperidine as a model substrate. With 10 mol% of 1
in C¢H, at room temperature (Scheme 1), anti-Markovnikov hydro-
amination product 1-(phenylethyl)piperidine (3a) was obtained in
69% yield after only 15 min, which increased to 84% after 18 h
reaction time (Scheme 1). However, using the Mg congener 2, the
same product 3a was obtained in lower yields of 52% and 73% after
15 min and 18 h, respectively. Performing the reaction in coordi-
nating THF solvent had a detrimental effect, but again 1 out-
performed 2 (see SI for details). Focusing solely on 1, heating the
reaction had no effect on the yield, while decreasing the catalyst
loading slowed down the reaction with 5 mol% and 1 mol% of 1
affording only 40% and 17% of 3a, respectively after 15 min, which
would reach completion after prolonged reaction times.

Previous studies in s-block catalysed hydroamination have
suggested that these reactions proceed through formation of
nucleophilic metal amide, followed by the substrate insertion
into the M-N bond.® To probe this pathway we conducted a
series of stoichiometric studies. NMR studies revealed that
both 1 and 2 rapidly deprotonate piperidine affording amido
species accompanied by liberation of butane (Scheme 2(i)).
Cooling pentane solutions to —30 °C deposited colourless
crystals of [(TMEDA),Li,M(NCsH;4),] (M = Mn (4); Mg (5)).
SCXRD studies revealed that 4 and 5 adopt the classical “Weiss
motif’ comparable to 1 and 2, with centrally positioned M(u)

10 mol% cat
tort: CGHG

69 %
84 %

52 %
73 %

18 h:

o G e oy

Scheme 1 Hydroamination of styrene with piperidine using 1 and 2 as
catalysts. NMR yield determined using ferrocene as the internal standard.
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Scheme 2 (i) Synthesis of 4 and 5. (ii) Proposed equilibrium of 5 and 5’ in
CgDg solution.

connected to outer TMEDA-solvated Li cations by four piper-
idide bridges. Closely related structures have been previously
found in sodium magnesiate [[TMEDA),Na,Mg(NCsH,),]’ and
lithium manganate [(TMEDA),Li,Mn{N(H)Mes},].”

While rapid decomposition of 4 under vacuum precluded its
isolation, full NMR spectroscopic characterisation of 5 was con-
ducted. Most notably the Li NMR spectrum shows two reso-
nances in CgDg at 0.49 and 1.37 ppm, while '"H and *C NMR
spectra showed only one set of broadened resonances for piper-
idide, and TMEDA ligands. However, in dg-THF a single resonance
in 7Li NMR spectrum was observed at 0.55 ppm, while the
resonances in 'H and *C NMR spectra revealed free TMEDA.>?
We propose that in benzene solution 5 is in equilibrium with
[{(TMEDA)Li,Mg(NCsH;()4} ] (5') where the TMEDA acts as a
bridging ligand between neighbouring {Li,MgBu,} cores
(Scheme 2(ii)). Supporting this interpretation, deprotonation of
diethylamine with 2 led to isolation and structural characterisa-
tion of [{(TMEDA)Li,Mg(NEt,),}..] (6') with dy; = 1.38 ppm.

Considering immediate formatlon and analogous structures
of 4 and 5, we expected that the following insertion of vinylarene in
the bimetallic amide to form alkyl manganate and magnesiate
would explain the better efficiency of 1. Unfortunately, we were
not able to isolate or even observe such species, and under
stoichiometric conditions only metal amide and the final product
were identified. Based on the bonding analysis of 1 and 2, we would
tentatively speculate that the greater ability of Mn(u) centre to accept
electron density in its orbitals can help with the insertion step.

We finished our study by exploring the substrate scope of
intermolecular hydroamination catalysed by 1 and found that
both with electron withdrawing (Br, Cl, F) and donating (‘Bu,
OMe) substituted styrenes good yields (46-77%, Fig. 3) can be
achieved, however electron rich systems require longer reaction
times. Interestingly, sodium ferrates showed the opposite trend,
with electron rich substituents affording better outcomes.**
Greater steric hindrance has a detrimental effect, with dipheny-
lethylene affording 55% of hydroaminated product after 18 h,
and o-styrene only 11%. Different amines were also probed, and
we observed that further enhancing nucleophilicity of amine has
a detrimental effect with morpholine and diethylamine affording
61% and 21% of hydroaminated product after 18 h, respectively,
while diisopropylamine and dicyclohexylamine afforded no pro-
duct under tested conditions. However, significant decrease in
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Fig. 3 Hydroamination of styrene derivatives with selected amines. Con-
ditions: vinylarene (0.2 mmol), amine (0.25 mmol), 1 (0.02 mmol), CgHg
(0.5 mL), rt, 15 min. NMR yield determined using ferrocene as the internal
standard. (a) Reaction performed for 18 h.

the nucleophilicity of amine is also unfavourable, with primary
amine such as 2,4,6-trimethylaniline affording only 7% of hydro-
aminated product.

In conclusion, we successfully isolated and structurally char-
acterised previously elusive lithium tetra(n-butyl) manganate(u)
and magnesiate. Solid state characterisation shows the two com-
pounds to be isomorphous, while the DFT calculations indicate
that there is a greater covalent character contribution in C-Mn
than in the C-Mg bond. Powered by anionic ate activation both
complexes can serve as pre-catalysts for hydroamination of styrene
via nucleophilic bimetallic amides. Under the tested conditions,
manganate shows slightly better activity possibly due to Mn centre
contributing to activation of the olefin. However, it is possible that
manganate allows other type of activation accessible to transition
metals. Further studies are under way in our laboratory.
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