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Constrained Geometry ansa-Half-Sandwich Complexes of
Magnesium - Versatile s-Block Catalysts

Lisa Wirtz,” Kinza Yasmin Ghulam,” Bernd Morgenstern,” and André Schafer*®

The synthesis, characterization and catalytic application of a
series of constrained geometry ansa-half-sandwich complexes
of magnesium is reported. These versatile s-block catalysts were

Introduction

ansa-Half-sandwich ligands are quite popular in transition metal
chemistry."™ For example, complexes of group 3 and 4 metals
have been known since the early 1990s and are often used in
homogenous catalysis, such as olefin polymerization, and are
even applied in industrial processes.?> Different types of these
so-called constrained geometry catalysts (CGCs) are known,
which exhibit different ansa bridging motifs and various cyclo-
pentadienyl, indenyl or fluorenyl groups.®” In contrast, such
ansa-half-sandwich ligands have only rarely found application
in main-group chemistry.®'” In 2001 and 2003, Cowley and
coworkers reported constrained geometry ansa-half-sandwich
complexes of group 13 and group 15 compounds, followed by
a report from our group about related heavy group 14 N-
heterocyclic half-sandwich complexes.®®' The first constrained
geometry alkaline earth metal complex of this type, containing
calcium as the central atom, was reported by Tamm and
coworkers in 2008."? Subsequently, magnesium complexes of
this type have also been described, but — until now - have not
been structurally authenticated, and in general, such con-
strained geometry ansa-half-sandwich complexes of main
group elements have seen only little application in homoge-
nous catalysis."%'

In general, the interest in s-block based catalysts has grown
tremendously over the past decades,'*'® due to the attractive
properties of these metals for catalytic applications, which are
their high natural abundances in the earth’s crust, their
associated low carbon footprint and their low toxicity, high
biocompatibility respectively."’'® Thus, there is considerable
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applied in different dehydrocoupling and hydroelementation
reactions, demonstrating a broad applicability with particularly
remarkable performance in dehydrocoupling reactions.

interest in magnesium based catalysts with a broad applicability
spectrum, and since magnesium can be considered a “green”
metal in catalysis for the afore mentioned reasons, trans-
formations with no or minimal by-product are of particular
interest. One such reaction type for the formation of new E—E
bonds (E=p-block element) with a particularly high atom
economy is dehydrocoupling, which generates dihydrogen as
the only by-product, while providing easy and straight forward
access to a number of inorganic p-block compounds."**! There
are several examples of such reactions catalyzed by magnesium.
For instance, magnesium compounds have been employed in
dehydrocoupling reactions of amine-boranes,*** and in cross-
dehydrocoupling reactions of amines with silanes.>*3? Fur-
thermore, magnesium-based catalysts have also been employed
in hydroelementation reactions, pioneered by the groups of
Hill, Harder, Sadow and others."**¥ For example, magnesium-
catalyzed hydroborations are a well-established area***¥ as is
the important reaction type of hydroamination, such as intra-
molecular ring-closing hydroamination for the preparation of N-
heterocycles.****” Furthermore, interest in atom-economical
C—C bond formation in organic chemistry has increased. The
field was formerly dominated by transition metal catalysts, but
more recently, main group and in particular s-block based
catalysts are now being established.”®*"!

Inspired by these aspects and our continued interest in
main-group Cp complexes and their application in homogenous
catalysis, we were intrigued to develop a magnesium-based
catalyst system that could be employed in a wide variety of
reaction types. Herein, we report the syntheses and character-
ization of four constrained geometry ansa-half-sandwich com-
plexes of magnesium and their versatile applications as
catalysts in different dehydrocoupling and hydroelementation
reactions.

Results and Discussion

Synthesis and Characterization of ansa-Half-Sandwich
Magnesium Complexes

Literature known ansa-half-sandwich ligands®*** were reacted
with dibutylmagnesium to obtain the corresponding ansa-half-

sandwich magnesium complexes 1a-d (Scheme 1). Similar to
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Scheme 1. Synthesis of magnesium complexes 1a-d.

magnesocenophanes,?*?****% 1a-d possess Lewis acidic mag-
nesium atoms and crystalized as solvent adducts from donor
solvent (Figure 1, S14-518). In case of 1a-c, mono dme adducts
are observed in the solid state, with the dme molecule
coordinated to the magnesium atom via both oxygen atoms
and the magnesium atom exhibiting an n* coordination mode
to the Cp group. In case of N-phenyl complex 1d, two dme
molecules are coordinated to the magnesium atom in the solid
state, with one bonded via both and one only via one oxygen
atom. Consequently, the magnesium atom exhibits an 7'
coordination to the Cp ligand. Although this solid-state
structure does not necessarily reflect the situation in solution, it
highlights the coordinative flexibility of this Cp-based ligand
system, which can adopt to and compensate for the electronic
and steric situation at the central atom. Noteworthy, similar '

Figure 1. Molecular structures of a) 1a-dme, b) 1b-dme, ) 1c-dme, and d)
1d-(dme), in the crystal (displacement ellipsoids for 50 % probability level;
hydrogen atoms omitted for clarity; dme molecules drawn as ball-and-stick
models).

ChemCatChem 2022, 14, 202201007 (2 of 9)

ring slippage structures were observed for
[1Imagnesocenophane thf and amine complexes in the
paSt.[24’25’57]

The Mg—0™ bonds are 203.98(41) to 210.66(11) pm, which
is slightly longer than the Mg—O™ bonds in 1a-(thf),
(202.67(31) to 204.98(33) pm; Table S1) and in line with what
was previously observed in dme and thf adducts of
[1lmagnesocenophanes.***! Corresponding to this, DFT calcu-
lations indicate stronger binding of thf than dme
(Table 52).2%%>*" The Mg—Cp“™ bond distances in 1a-c-(dme)
are 215.05(6) to 220.36(7) pm (Table S1), which is again similar
to the distances in dme complexes of [1lmagnesocenophanes.
Regarding electronic properties, DFT calculations predict
fluoride ion affinities (FIA)®® and global electrophilicity indices
(GEN,"  slightly below those for previously reported
[1Imagnesocenophanes, but still indicate a pronounced Lewis
acidic character of the magnesium center.?*¢%!

Dehydrocoupling Catalysis
Amine-Borane Dehydrocoupling

Recently, we demonstrated that [1]Jmagnesocenophanes are
potent catalysts in the dehydrocoupling of amine-boranes.?**
While many magnesium based catalysts require elevated
temperatures to operate,”** [1]lmagnesocenophanes were
able to catalyze the dehydrocoupling reactions of different
dialkylamine-boranes at room temperature.”** We therefore
started our investigations into the catalytic abilities of ansa-half-
sandwich magnesium complexes 1a-d by testing their perform-
ance in the dehydrocoupling of amine-boranes. The dehydro-
coupling of dimethylamine-borane to cyclic tetrameth-
yldiborazane takes place at room temperature with 5 mol% of
1a-d, giving up to 87 % conversion after just 8 h. Analogously,
the dehydrocoupling of piperidine-borane, morpholine-borane
and diisopropylamine-borane gave quantitative or near quanti-
tative conversions with 5mol% of 1a-d after 8 h at room
temperature (Scheme 2; Table 1).

This is significantly faster than the previously reported
[1Imagnesocenophane-catalyzed reactions, which required ap-
prox. twice the reaction time to attain similar conversions, and
by far the best performance for a magnesium catalyst.?>* After
these promising results, we choose to expand the substrate
scope and investigate the intermolecular dehydrocoupling of
amines with pinacolborane, for which only few metal catalysts
have been reported so far.*'® Since it is well known that such
reaction can also occur without any catalyst in some cases,”
we carried out control experiments with pinacolborane and the
corresponding amines in the absence of any metal catalyst.
Pinacolborane and tert-butylamine respectively pyrrolidine were
stirred in dme at room temperature for 1 h, whereupon ~20%
of the respective dehydrocoupling products were observed by
"B NMR spectroscopy. The corresponding control experiment
between p-toluidine and pinacolborane gave a conversion of
~50%. Following these blank experiments, tert-butylamine,
pyrrolidine and p-toluidine were reacted with pinacolborane in

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

35U9D17 SUOWLLIOD 3AIERID 3|qedtdde ay) Aq pauienob ale sa e YO ‘8sN JO SN U0} AJelq1TaulUO AB]IAA UO (SUONIPUCI-pUE-SLLLIBYLID" A3 | 1w ATe1q 1jpu1 [UO//:SANL) SUONIPUOD PUe SWwS 18U 38S *[£202/20/20] Uo A1 aullu AS|IM ‘Sspue|ies saq 1elsIoAIun Ag 200T02Z02 9199/200T OT/I0p/wodAa 1M Aleigpuljuo ado.ne-Ans iweyo//:sdny woij papeojumoq ‘zz ‘Z§0z ‘668€298T



Research Article

Chemistry
Europe

European Chemical

boranes and amines with pinacolborane, indicating no strong
effects of the different substitution patterns on the catalytic
performance. Mechanistically we assume that the amine-borane
dehydrogenation/dehydrocoupling reactions catalyzed by 1a-d
follow a similar pathway as with the related magnesoceno-
phane systems, previously reported.?**’

Amine Silane Cross-Dehydrocoupling

Recently, we reported the
[1Imagnesocenophanes in amine
dehydrocoupling.” Therefore, following the successful applica-
tion of the title compounds 1a-d in amine-borane dehydrocou-
pling, we expanded the substrate scope to silanes and
investigate the possibility for catalytic Si—-N bond formations.
Remarkably, the cross-dehydrocoupling between diphenylsilane
and methylphenylsilane with different primary and secondary
amines with 5 mol% of catalyst loading, gave quantitative or
near quantitative conversions in most cases after just 1 h at
room temperature (Scheme 3, Table 2). Only the cross-dehydro-
coupling of tert-butylamine and dibenzylamine with diphenylsi-
lane yielded lower conversions, or required longer reaction
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5 mo[‘;;; 1a-d Table 1. Summary of catalysts, substrates, formed coupling products and
RR'NH-BHR", R—R=Ms R"cH RR'N=BH, conversions of the amine-borane dehydrocoupling reactions catalyzed by
=R'=Me, R"= ~ ; fa)
ﬂ R=R'=Pr, R" = H 1a-d, corresponding to Scheme 2.
RRINH + BHR", R/R' = Pip, R" = catalyst substrate(s) product conversion
R/R' = Mor, R" = R=R'=M
2+2] IR = Pi e 1a 'Pr,NH-BH, BN1 >95%
rt. R =Bu, R = H, R = pin RIR = Mor 1b-dme 1Pr,NH- BH, BN1 >95%
5 mol% 1a-d |R = p-Tol; R' = H, R", = pin 1c-dme 'Pr,NH-BH, BN1 >95%
R/R' = Pyr, R", = pin 1d-dme 'Pr,NH-BH, BN1 >95%
’ T1a Me,NH-BH, BN2 82%
RR'N—EBpin 15 RRNTBH, 1b-dme Me,NH-BH, BN2 87%
HzB-NRR 1c-dme Me,NH-BH, BN2 80%
- 1d-dme Me,NH-BH, BN2 78%
coupling products :
) . 1a PipNH-BH, BN3 >95%
pTol, -~ Bu Pre Me,N—BH, 1b-dme PipNH-BH; BN3 91%
N—Bpin N—Bpin N=BH, N . o
H H ipy H,B—NMe, 1c-dme PipNH-BH, BN3 87%
. i . > 950
BNS BN6 BN1 BN2 1d-dme PipNH - BH, BN3 >95%
1a MorNH-BH; BN4 >95%
O O’} 1b-dme MorNH-BH; BN4 >95%
CN_Bpin N-BH, K/’}‘_E,;Hz Tc-dme MorNH-BH, BN4 91%
HoB—N HZB*N/} 1d-dme MorNH - BH; BN4 92%
BN7 K/
0] - p-TolNH +HBpin BN5 50%
BN3 BN4 1a p-TolNH+HBpin BN5 >95%
1b-dme p-ToINH +HBpin BN5 >95%
Scheme 2. Amine-borane dehydrocoupling catalyzed by 1a-d. 1c-dme p-TolNH +HBp!n BN5 295%
1d-dme p-ToINH +HBpin BN5 >95%
- "BuNH, + HBpin BN6 19%
1a ‘BuNH, + HBpin BN6 67 %
. o _ . -,
dme for 1 h in the presence of 5 mol% of 1a-d. This addition of 1b-dme BUNH, + HBpin BNG 70%
5 mol% catalyst resulted in the doubling to quadrupling of the 1c-dme ‘BuNH, + HBpin BN6 76%
conversions under identical reaction conditions, thus a strong | 1d-dme BuNH, +HBpin BN6 48%
catalytic effect could be observed (Scheme 2; Table 1). _ PyrNH -+ HBpin BN7 20%
Overall, this is roughly on a par with a p-diketiminato 1a PyrNH -+ HBpin BN7 94%
magnesium system reported by Hill and coworkers® and | 1k-dme PyrNH +HBpin BN7 95%
hat f h Ikali | id | db 1c-dme PyrNH + HBpin BN7 >95%
somewhat faster than alkali-metal amide cata yStS, reporte Yy 1d-dme PyrNH + HBpin BN7 72%
Panda and coworkers.®™ Interestingly, 1a-d all performed
lativel imilarly in the dehvd I £ dialkvlami [a] Conditions: BN1-BN4: dme; room temperature; 8 h; 5 mol% catalyst
relatively similarly in € dehydrocoupling o lalkylamine- loading; BN5-BN7: dme; room temperature; 1 h; 5 mol% catalyst loading.

r.t.

R Ph R Ph
\ | V. - \ /
N-H + H-giR' Smol%1a-d_ N-si-R"
R H -H R H

coupling products:

Bu.  Ph Ph ,—\ Ph Ph
N-Si~Ph CN—Si\—Ph O  N-Si-Ph  {  N-Si-Ph
H H H " H H

o SiN1 SiN2 SiN3 SiN4
utilization of C-
silane Cross- Bn  Ph Bn  Ph S\ Ph Ph
N—g . O N-Si-Me ( N-Si-Me
N-si~Ph N-Si=Ph NIVARS 4
H H Bi H
SiN5 SiN6 SiN7 SiN8

Scheme 3. Amine silane cross-dehydrocoupling catalyzed by 1a-d.

times respectively, presumable due to the higher steric demand
of those amines. Furthermore, catalysts 1a-d performed
relatively equally in case of SiN2,3,4,5,7,8, while 1a and 1d
showed lower catalytic performance in the afore mentioned
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Table 2. Summary of catalysts, substrates, formed coupling products and
conversions of the amine silane cross-dehydrocoupling reactions catalyzed
by 1a-d, corresponding to Scheme 3.’

catalyst substrates product conversion
1a ‘BuNH,/Ph,SiH, SiN1 50%
1b-dme ‘BuNH,/Ph,SiH, SiN1 65 %
1c-dme ‘BuNH,/Ph,SiH, SiN1 66 %
1d-dme ‘BuNH,/Ph,SiH, SiN1 31%
1a PyrNH/Ph,SiH, SiN2 >95%
1b-dme PyrNH/Ph,SiH, SiN2 >95%
1c-dme PyrNH/Ph,SiH, SiN2 >95%
1d-dme PyrNH/Ph,SiH, SiN2 >95%
1a MorNH/Ph,SiH, SiN3 >95%
1b-dme MorNH/Ph,SiH, SiN3 >95%
1c-dme MorNH/Ph,SiH, SiN3 >95%
1d-dme MorNH/Ph,SiH, SiN3 >95%
1a PipNH/Ph,SiH, SiN4 >95%
1b-dme PipNH/Ph,SiH, SiN4 >95%
1c-dme PipNH/Ph,SiH, SiN4 >95%
1d-dme PipNH/Ph,SiH, SiN4 >95%
1a BnNH,/Ph,SiH, SiN5 89%
1b-dme BnNH,/Ph,SiH, SiN5 92%
1c-dme BnNH,/Ph,SiH, SiN5 89%
1d-dme BnNH,/Ph,SiH, SiN5 >95%
1a Bn,NH/Ph,SiH, SiN6 51%
1b-dme Bn,NH/Ph,SiH, SiN6 87%
1c-dme Bn,NH/Ph,SiH, SiN6 88%
1d-dme Bn,NH/Ph,SiH, SiN6 0%

1a MorNH/MePhSiH, SiN7 >95%
1b-dme MorNH/MePhSiH, SiN7 >95%
1c-dme MorNH/MePhSiH, SiN7 >95%
1d-dme MorNH/MePhSiH, SiN7 >95%
1a PipNH/MePhSiH, SiN8 >95%
1b-dme PipNH/MePhSiH, SiN8 >95%
1c-dme PipNH/MePhSiH, SiN8 >95%
1d-dme PipNH/MePhSiH, SiN8 >95%

[a] Conditions: SiN1-SiN5,SiN7,SiN8: C,D,; room temperature; 1 h; 5 mol%
catalyst loading; SiN6: C,Ds; room temperature; 16 h; 5 mol% catalyst

loading.

coupling reaction yielding SiN1 and SiN6. Particularly surprise is
the fact that 1d repeatedly and reproducibly gave almost no
coupling product SiN6 in the reaction of dibenzylamine with
diphenylsilane. To preclude that this originates from poor
solubility of 1d-dme, we repeated the reaction in thf under
otherwise identical conditions, but still only observed 10%
conversion. Increased reaction times of up to 24h and
increased catalyst loadings of 10 mol% did not yield signifi-
cantly higher conversions. The reason for this remains unclear,
but it might be more related to electronic that steric reasons. In
all cases, catalysts 1a-d gave selectively the mono coupling
products, but no diaminosilanes and/or disilylamines.

While several magnesium-based systems are known to
catalyze amine silane cross-dehydrocoupling reactions at room
temperature, they typically require reaction times of 15h to
24 h.B32 Thus, the performance of 1a-d is quite remarkable, as
they give near quantitative conversions after just 1 h in many
cases. Although, some heavier alkaline earth metal compounds

ChemCatChem 2022, 14, 202201007 (4 of 9)

do catalyze the cross-dehydrocoupling of amines and silanes
more efficiently,”*”" ansa-half-sandwich magnesium complexes
1a-d, in particular 1b and 1¢, are among the most potent
magnesium-based catalysts for amine silane cross-dehydrocou-
pling.

As the ansa-half-sandwich complexes 1a-d are structural
related to [1lmagnesocenophanes, we assume that the mecha-
nism is similar to what we suggested before, based on
experimental and theoretical investigations.”” Most likely, the
initial step involves the formation of a bis(amine) complex of
the type 1a-d-(amine),. Such a complex could be observed
spectroscopically, when 1a was treated with two equivalents of
pyrrolidine, giving 1a-(pyrrolidine),.*® Most importantly, no
formation of free ligand was detected by "H/"*C{'"H}/**Si{'"H} NMR
spectroscopy in this experiment, indicating that no metal-
ligands cleavage takes place and that 1a, 1a-(pyrrolidine),
respectively, is most likely involved in the catalysis and that 1a
is not just a precatalyst. Furthermore, addition of two equiv-
alents of diphenylsilane to this magnesium amine complex,
resulted in dehydrocoupling and formation of coupling product
SiN2, while magnesium complex 1a remained intact.

Hydroelementation Catalysis
Hydroboration

In general, hydroelementation reactions are of great interest for
a variety of reasons, including the synthetically straight forward
possibility to incorporate functional group across different
unsaturated chemical bonds, combined with their high atom
economy. One of the most popular hydroelementation reac-
tions are hydroborations, for which different magnesium-based
catalysts have been reported in the past.'***¥ Accordingly, we
probed the possibility of using ansa-half-sandwich complexes
1a-d as catalysts for hydroboration reactions of alkynes, nitriles
and imines with pinacolborane (Scheme 4; Table 3).

A catalyst loading of 5mol% is commonly reported in
literature™**7>’¥ and has also been used successfully for
dehydrocoupling reactions with 1a-d, which is why we
performed our investigation with this loading. The hydro-

H 333K
B o " .
R—— . oo 5 mol% 1a-d R/\/Bpm
HB1 (R = Ph)
HB2 (R = Bu)
'T' rt.
B o - .
R=N + 2 o0 5 mol% 1a-d R/\N/Bpm
E|3pin
HB3 (R = p-F-Ph)
HB4 (R ='Pr
'ﬁ rt. ( )
B 5 mol% 1a-d
proSNR e Qo SRR R
Bpin
HB5 (R = Ph)
HB6 (R = Me)

Scheme 4. Hydroboration of alkynes, nitriles and imines catalyzed by 1a-d.
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boration of phenyl and tert-butyl alkyne with equimolar
amounts of pinacolborane was carried out at 333 K for 24 h.
The reactions gave conversions of 62% to 88%, under selective
formation of the anti-Markovnikov syn-product. For comparison,
Ma and coworkers reported the application of a -diketiminate
magnesium complex in the catalytic hydroboration of terminal
alkynes. The authors used 5 mol% of catalyst loading and
temperatures above 373 K to obtain 99% conversion after six
hours,”? and Cavallo, Rueping and coworkers utilize 7 mol% of
dibutylmagnesium as a precatalyst and obtained 83% con-

ChemCatChem dOi.OI'g/lO.lOOZ/CCtC.ZOZZO1007 Societies Publishing
Table 3. Summary of catalysts, substrates, formed hydroboration products catalyst. Noteworthy, magnesium complex 1a, carrying the
and conversions of the hydroboration reactions catalyzed by 1a-d, non-methylated Cp ring, performed significantly poorer in some
corresponding to Scheme 4. of these reactions, possibly due to lower stability and
catalyst substrate +n HBpin product conversion corresponding catalyst degradation. Overall, the catalytic per-
_ PhC=CH (n=1) HEB1 0% formance in these hydroboration reactions is remarkable for a
MgBr, PhC=CH (n=1) HB1 0% magnesium-based system, as some other systems use higher
:Z g EECECC: E”ZR :g: 2;2;0 catalyst loadings of 10 mol%,72” while also requiring elevated
1c:dr:1n: PhC—CH (:;) e a0 temperatures of 333K to 343 KFB3338727578 However, an
1d-dme PhC=CH (n=1) HB1 75% exception worth mentioning is a magnesium-based system

reported by Hill and coworkers, which operates in a temper-
- ‘BUC=CH (n=1) HB2 4% . .
MgBr, ‘BuC=CH (n—1) HB2 20% ature range between 298K and 343K and gives high
1a BuC=CH (n=1) HB2 81% conversions within under 1h in some cases.”” Noteworthy,
1b-dme BUC=CH (n=1) HB2 76% control experiments under identical conditions but without any
1c-dme ‘BUC=CH (n=1) HB2 88% . .
1d.dme ‘BuC=CH (n—1) HB2 79% metal compound or using 5 mol% of MgBr, showed little to no
conversions (Table 3).
o P‘E‘Eﬂim En:g s:: 83’ Different mechanisms for metal catalyzed hydroborations
13 2 z:F:PhL;N (:;2) HB3 63‘:% have been proposed in the literature. These often involve B—H
1b-dme p-F-PhC=N (n=2) HB3 >95% oxidative addition to the metal center of the catalyst. However,
:;‘féme P-E-Eﬂim En:g Eg: iggz//" in case of a magnesium(ll) compound, this is not plausible.
ame pr=rn— =7 More likely, 1a-d act as Lewis acids, activating the B—H
- PrC=N (n=2) HB4 0% moiety.”>”*”"" The Lewis acidic magnesium center may coor-
MgBr, PreeN (n=2) HB4 0% dinate the pinacolborane via one of the oxygen atoms, while
Ta Prc=N (n=2) HB4 39% . . . . .
1b-dme PYC=N (n=2) HB4 > 95% formation of a Mg—H-B multicenter bonding interaction
1c-dme Prc=N (n=2) HB4 >95% activates the B—H bond and enables the transfer to the
1d-dme Pr&N (n=2) HB4 295% unsaturated C=C/C=N/C=N moieties (Scheme 5).
- PhHC=NPh (n=1) HB5 0%
MgBr, PhHC=NPh (n=1) HB5 0%
1a PhHC=NPh (n=1) HB5 66% Hydroamination
1b-dme PhHC=NPh (n=1) HB5 76%
1c-dme PhHC=NPh (n=1) HB5 66 %
1d-dme PhHC=NPh (n=1) HB5 60% Following these promising results in hydroboration catalysis, we
expanded our investigations of hydroelementation catalysis to
- PhHC=NMe (n=1) HB6 19% . -
Mg, PhHC=NMe (n=1) HB6 19% other p-block element hydrides and targeted hydroaminations.
1a PhHC=NMe (n=1) HB6 79% The well-known intramolecular hydroamination of a-w-amino-
Tb-dme PhHC=NMe (n=1) HB6 70% alkenes is of great importance for the synthesis of N-hetero-
1c-dme PhHC=NMe (n=1) HB6 72% . . . .
1d-dme PhHC=NMe (n=1) HB6 54% cycles and has therefore been investigated extensively in the
past decades, but still represents a challenge for metal catalysis,
[a] Conditions: C,Ds (MgBr, in thf); room temperature or 333 K; 24 h; . (78-80]
5 mol% catalyst loading. especially for s-block-based catalyst systems.

When 2,2-diphenyl-4-penten-1-amine is treated with
10 mol% of 1a-d at 323 K for 24 h, full conversion (>95%) to

R—=(F)

—+ e \<
O\B,O [Mg]””H
i
-+

version after 18 hours at 353 K in the hydroboration of terminal '/O\EI;’O /o\ﬁ,o
alkynes.” Thus, ansa-half-sandwich magnesium complexes 1a- [Mg] (E)YH [Mg]--—H
d operate at comparable temperatures. Subsequently, the R R—==(E)
hydroboration of nitriles and imines were investigated and ~_

found to be feasible at room temperature. With a catalyst
loading of 5 mol%, conversions of up to 76% to >95% were
achievable after 24 h at room temperature, depending on the

ChemCatChem 2022, 14, 202201007 (5 of 9)

Scheme 5. Proposed mechanism for the hydroboration of alkynes and
nitriles catalyzed by 1a-d ((E)=CH, N).

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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the intramolecular hydroamination product is observed
(Scheme 6).

Higher catalyst loading of 10 mol% and elevated temper-
atures are not unusual for this reaction and are commonly
reported in the literature. For instance, Sadow and coworkers
used loading of 10 mol% of magnesium-based catalysts, which
gave quantitative conversion in the intramolecular hydroamina-
tion of 2,2-diphenyl-4-penten-1-amine after Th to 24h at
temperatures of room temperature and 323 K to 333 KM
Cano and coworkers had reported a related ansa-half-sandwich
magnesium complex, that catalyzed the ring-closing hydro-
amination of 2,2-diphenyl-4-penten-1-amine at 333 K and
Hultzsch and coworkers reported this hydroamination at room
temperature using different magnesium based catalysts.***?
Furthermore, it must also be mentioned that Harder and
coworkers have reported some highly active magnesium
catalysts for this reaction, giving quantitative conversions after
45min to 12h at room temperature**” Their reported
calcium-complex is even more efficient, as it needs only five
minutes to reach full conversions.” Never the less, 1a-d
performed quite competitively for a magnesium-based system.

Interestingly, the higher catalyst loading of 10 mol% enables
an NMR characterization of the magnesium complexes in the
catalytic reaction mixture. Most significantly, after the catalytic
transformation is complete, the ansa-half-sandwich complexes
la-d are intact, as for instance indicated by the typical
resonances for the Si—CH;, N—C(CH,); and Cp—H groups in case
of 1a (Figure S13). This is an important finding, as it clearly
indicates that 1a-d are most likely catalysts and not just
precatalysts. Mechanistically, we assume that a bis(amine)
complex - as discussed before (vide infra) - forms and that by
dissociation of one of the amines and coordination/activation
of the C=C double bond moiety, the N-H transfer can occur in

Ph_Ph 323K

g 10 mol% 1a-d «Ph

HN ” HN Ph
HN1

Scheme 6. Ring-closing hydroamination of 2,2-diphenyl-4-penten-1-amine to
2-methyl-4,4-diphenylpyrrolidine catalyzed by 1a-d.

Ph_Ph

N S

Ph Ph Mg] Ph Ph
NH2 =
\
Ph Ph
U w?
H

‘\/

Scheme 7. Proposed mechanism for the cyclic hydroamination of 2,2-
diphenyl-4-penten-1-amine to 2-methyl-4,4-diphenylpyrrolidine catalyzed by
Ta-d.

[Mg]=-

ChemCatChem 2022, 14, 202201007 (6 of 9)

the coordination sphere of the magnesium atom (Scheme 7).
Such a mechanism was proposed for the intramolecular hydro-
amination by alkaline-earth metal complexes by Tobisch,
backed up by DFT calculations.®"

Hydroacetylenation

Following the promising results of 1a-d in different dehydro-
coupling and hydroelementation scenarios, we also investi-
gated their catalytic abilities in the addition of terminal alkynes
to carbodiimides, as this C—H activation/C—C bond formation
reaction could in principle also be regarded as a type of
hydroelementation (hydrocarboration). A catalyst loading of
5 mol% of 1a-d yielded 54% to 62% conversion after 24 h at
333K, for the reaction of phenylacetylene with N,N"-dicyclohex-
ylcarbodiimide. Changing the carbodiimide to N,N-diisopropyl-
carbodiimide gave 60% to 80% at the same reaction conditions
(Scheme 8; Table 4). 1a-d all performed relatively equally in
these transformations.

For comparison, Coles and coworkers reported of a
magnesium compound, that promoted the catalytic addition of
phenylacetylene to N,N’-diisopropylcarbodiimide, giving con-
versions of ca. 50% after 24 h at 323 K" This is somewhat
comparable to the catalytic performance of 1a-d. Noteworthy
however, Hill and coworkers reported a magnesium compound
that was able to catalyze this reaction at room temperature,
with conversions in the range of 60% after 24 h. Furthermore,
some heavier alkaline earth metal compounds have been
shown to possess an even higher catalytic activity.”"!

Ph
Ph 333K
o, g
|+ Rnecen-R 5 mol% 1a-d Il
RS R

H

CH1 (R =Pr)

CH2 (R=Cy)

Scheme 8. Hydroacetylenation of phenylacetylene and carbodiimides cata-
lyzed by 1a-d.

Table 4. Summary of catalysts, substrates, formed products and conver-
sions of the hydroacetylenation reactions catalyzed by 1a-d, correspond-
ing to Scheme 8.

catalyst substrate + PhC=CH product Conversion
1a 'PrN=C=N'Pr CH1 79%
1b-dme PrN=C=N'Pr CH1 73%
1c-dme 'PrN=C=N'Pr CH1 78%
1d-dme 'PrN=C=N'Pr CH1 63 %
1a CyN=C=NCy CH2 62 %
1b-dme CyN=C=NCy CH2 54%
1c-dme CyN=C=NCy CH2 61%
1d-dme CyN=C=NCy CH2 56 %

[a] Conditions: C¢Dg; 333 K; 24 h; 5 mol% catalyst loading.

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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We assume that a similar mechanism is in operation for 1a-
d as was previously described by Coles et al. and Hill et al. for
their systems (Scheme 9).184952

Following coordination of the carbodiimide to the electro-
philic magnesium center, the phenylacetylene may coordinate
to the magnesium center as well and then undergo the
addition reaction upon C—H activation in the coordination
sphere of the magnesium center. Noteworthy, the stoichiomet-
ric reaction of 1b-(dme) with N,N-diisopropylcarbodiimide
resulted in the formation of the postulated complex, along
uncoordinated dme, as indicated by 'H/"C{'"H}/*Si{'H} NMR
spectroscopy and importantly, no free ligand was detected,”®”
suggesting that 1a-d are catalysts for this reaction and not just
precatalysts.

Conclusion

In this work, we reported the syntheses and characterization of
four constrained geometry ansa-half-sandwich complexes of
magnesium, 1a-d. We used these compounds as homogenous
catalysts in different high atom economy scenarios, more
specifically dehydrocoupling and hydroelementation transfor-
mations, including B—N and Si—N (cross-) dehydrocoupling,
hydroborations, hydroaminations and hydroacetylenations. In
amine-borane dehydrocoupling, as well as in amine silane
cross-dehydrocoupling, 1a-d are among the best magnesium-
based systems, as they operate at room temperature and
generally give high conversions after short reaction times. In
hydroboration reactions, these compounds have also been
found to be useful catalysts that can readily catalyze the
hydroboration of multiple substrates, such as alkynes, nitriles
and imines. Furthermore, we could also successfully use 1a-d
in the ring-closing hydroamination of an a-w-aminoalkene.
Finally, their catalytic capabilities in the addition of a terminal
alkyne to carbodiimides was demonstrated.

Thus, this work significantly expands the field of application
of cyclopentadienyl magnesium compounds in homogenous
catalysis, reporting a new kind of magnesium catalyst that
possesses a broad application scope in different catalytic
transformations.

R
/N
Ph—X
I}JH R
R [Mg]«r\!\ Ph——=
G
—~—N_ N\
R-N=C=N-R R
R R
[Mg]=—N, [Mg]=—nN,
C~NH : C
: Ph———H
/ R N
Ph R

Scheme 9. Proposed mechanism for the hydroacetylenation of phenylacety-
lene and carbodiimides catalyzed by 1a-d.
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Experimental Section

General Details

All manipulations were carried out under an argon inert gas
atmosphere (argon 5.0), using either Schlenk line techniques or a
glovebox. NMR spectra were recorded on Bruker Avance Il 300 and
Bruker Avance Ill 400 spectrometers. 'H and "*C NMR spectra were
referenced using the solvent signals (8'H (CHCl;)=7.26, &'H
(CeHD,)=7.16, 8'H (thf-d7) =3.58; §"C (C,Dy) = 128.06, §°C (CDCl,)-
=77.16, 8"C (thf-d8)=67.57). "B and *Si NMR spectra were
referenced using external standards (8''B (BF;-OEt,)=0, &8%Si
(SiMe,)=0). Crystal structures have been deposited with the
Cambridge Crystallographic Data Centre (CCDC) and are available
free of charge from the Cambridge Structural Database (reference
numbers: 2193652, 2193656, 2193657, 2193660, 2193661).

Synthesis and Characterization of Magnesium Complexes 1a-
d

Ta

To a solution of (CsHs)SiMe,NHtBu (4.19 g, 21.4 mmol) in hexane (~
125 mL) precooled to 273 K was added a solution of n-butyl-sec-
butylmagnesium (0.7 M in hexane, 30.1 mL, 21.1 mmol). The cool-
ing bath was removed, and the mixture was heated to 333 K for
20 h. The precipitated product was isolated by filtration and dried
in vacuo to obtain 1a as colorless solid. Yield: 4.04 g/88 %.

'H NMR (400.13 MHz, thf-dg): § (in ppm): 6.13 (t, *Jyu=2.3 Hz, 2 H;
Cp-H), 5.99 (t, *Jyy=2.3 Hz, 2 H; Cp-H), 1.04 (s, 9 H; C(CH5)s), 0.25 (s,
6 H; Si-CHs); "*C{'H} NMR (100.62 MHz, thf-dg): § (in ppm): 117.5 (Cp),
111.4 (Cp), 108.8 (Cp), 51.6 (C(CH5)s), 37.9 (C(CH,)3), 4.7 (Si-CH,); »*Si
{"H} NMR (79.49 MHz, thf-dy): & (in ppm): —22.6.

1b-dme

To a solution of (C;Me,H)SiMe,NHtBu (4.42 g, 17.6 mmol) in hexane
(~125mL) was added a solution of n-butyl-sec-butylmagnesium
(0.7 M in hexane, 25.1 mL, 17.6 mmol). The mixture was stirred for
two days at 333 K and subsequently 2 days at room temperature.
The solvent was removed in vacuo to give a yellow oil. The oil was
diluted with dme and stored at 248 K to obtained 1b-dme as
colorless crystals. Yield: 1.96 g/31%.

'H NMR (400.13 MHz, thf-dg): & (in ppm): 3.42 (dme), 3.27 (dme),
2.13 (s, 6 H, Cp-CH,), 1.94 (s, 6 H, Cp-CH,), 1.09 (s, 9 H, C(CH,)s), 0.32
(s, 6 H, Si-CH,); C{'H} NMR (100.62 MHz, thf-dy): 8 (in ppm): 116.6
(Cp), 114.4 (Cp), 108.3 (Cp), 72.8 (dme), 59.0 (dme), 51.5 (C(CH,),),
38.0 (C(CH5);), 15.0 (Cp-CH3), 12.2 (Cp-CH;), 8.9 (Si-CHs); **Si{'"H} NMR
(79.49 MHz, thf-dg): 8 (in ppm): —22.1.

1c-dme

To a solution of (C;Me,H)SiPh,NHtBu (7.89 g, 21.0 mmol) in hexane
(~125 mL) and dme (~5 mL) was added a solution of n-butyl-sec-
butylmagnesium (0.7 M in hexane, 30.0 mL, 21.0 mmol). The
mixture was stirred for one day at 333 K. The precipitated product
was isolated by filtration as a pale-yellow solid and dried in vacuo.
Yield: 3.06 g/30%.

'H NMR (400.13 MHz, thf-dg): & (in ppm): 7.78-7.71 (m, 4 H, Ph-H),
7.17-7.07 (m, 6 H, Ph-H), 3.42 (dme), 3.27 (dme), 1.93 (s, 6 H, Cp-
CH,), 167 (s, 6 H, Cp-CH,), 130 (s, 9 H, C(CHs);); “C{'H} NMR
(100.62 MHz, thf-dg): 0 (in ppm): 148.1 (Ph), 137.6 (Ph), 136.4 (Ph),
127.4 (Ph), 127.1 (Ph), 118.4 (Cp), 115.0 (Cp), 105.3 (Cp), 72.8 (dme),

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

35U9D17 SUOWLLIOD 3AIERID 3|qedtdde ay) Aq pauienob ale sa e YO ‘8sN JO SN U0} AJelq1TaulUO AB]IAA UO (SUONIPUCI-pUE-SLLLIBYLID" A3 | 1w ATe1q 1jpu1 [UO//:SANL) SUONIPUOD PUe SWwS 18U 38S *[£202/20/20] Uo A1 aullu AS|IM ‘Sspue|ies saq 1elsIoAIun Ag 200T02Z02 9199/200T OT/I0p/wodAa 1M Aleigpuljuo ado.ne-Ans iweyo//:sdny woij papeojumoq ‘zz ‘Z§0z ‘668€298T



ChemCatChem

Research Article

doi.org/10.1002/cctc.202201007

Chemistry
Europe

European Chemical
Societies Publishing

59.0 (dme), 51.5 (C(CH,);), 385 (C(CH,)), 15.2 (Cp-CHy), 12.3 (Cp-
CH,); ZSi{'H} NMR (79.49 MHz, thf-dy): & (in ppm): —30.8.

1d-dme

To a solution of (C;Me,H)SiMe,NHPh (4.37 g, 20.3 mmol) in toluene
(~100 mL) and dme (~5 mL) was added a solution of n-butyl-sec-
butylmagnesium (0.7 M in hexane, 29.0 mL, 20.3 mmol). The
mixture was stirred for one day at 333 K. The precipitated crude
product was isolated by filtration and dried in vacuo. The crude
product was diluted with dme and the solution was stored at 248 K
to obtain the product as colorless crystals. Yield: 1.05 g/16 %.

'H NMR (400.13 MHz, thf-dy): & (in ppm): 6.74-6.68 (m, 2 H, Ph-H),
6.20-6.16 (m, 2 H, Ph-H), 6.09-6.04 (m, 1 H, Ph-H), 3.42 (dme), 3.27
(dme), 2.14 (s, 6 H, Cp-CHs), 2.01 (s, 6 H, Cp-CH,), 0.52 (s, 6 H, Si-
CHs); C{'"H} NMR (100.62 MHz, thf-dy): & (in ppm): 159.4 (Ph), 129.1
(Ph), 116.4 (Ph), 116.2 (Cp), 111.7 (Cp), 109.1 (Cp), 72.8 (dme), 59.1
(dme), 14.6 (Cp-CH;), 12.0 (Cp-CH,), 4.0 (Si-CH5); *Si{'H} NMR
(79.49 MHz, thf-dg): & (in ppm): —17.7.
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