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Abstract: The fifteen-membered NNNNN macrocycle
Me5PACP (Me5PACP = 1,4,7,10,13-pentamethyl-1,4,7,10,13-

pentaazacyclopentadecane) stabilized the [CaH]+ frag-
ment as a dimer with a distorted pentagonal bipyramidal

coordination geometry at calcium. The hydride complex
was prepared by protonolysis of calcium dibenzyl with the

conjugate acid of Me5PACP followed by hydrogenolysis or
treating with nOctSiH3 of the intermediate calcium benzyl
cation. The calcium hydride catalyzed the hydrogenation

and hydrosilylation of unactivated olefins faster than the
analogous calcium complex stabilized by the twelve-mem-

bered NNNN macrocycle Me4TACD (Me4TACD = 1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclododecane). Kinetic inves-
tigations indicate that higher catalytic efficiency for the

Me5PACP stabilized calcium hydride is due to easier disso-
ciation of the dimer in solution when compared to the

Me4TACD analogue.

Calcium dihydride [CaH2]n forms an ionic lattice with calcium
ions of coordination number nine (PbCl2-type, DH(lattice) =

2410 kJ mol@1).[1] Heating in vacuum activates its surface so

that ethylene is hydrogenated using dihydrogen possibly by
cationic calcium sites at the surface.[2] Since the isolation of the

first molecular calcium hydride complex [(BDI)Ca(thf)2(m-H)]2 (A ;
BDI = CH[C(CH3)NDipp]2, Dipp = 2,6-diisopropylphenyl), molecu-

lar calcium hydrides containing a variety of ancillary ligands[3]

have shown activity in olefin hydrogenation and in a number
of related catalytic reactions, previously thought to be reserved

for transition metal and lanthanide complexes (Figure 1).[4] It

can be assumed that the combination of electrophilic calcium
center with a nucleophilic hydride ligand enables these catalyt-

ic reactions. In addition to colloidal [CaH2]n, calcium hydride
clusters have been reported to catalyze olefin hydrogenation[5]

and a variety of hydride clusters of up to ten calcium atoms

have been isolated.[6] As an example of a mononuclear calcium
hydride with a terminal Ca@H bond, [(TpAd,iPr)Ca(H)(thp)]

(TpAd,iPr = hydrotris(3-adamantyl-5-isopropyl-pyrazolyl)borate)
(B) has been reported more recently to catalyze olefin hydro-

genation.[3f] Such reactive mononuclear calcium hydrides can
generally be conceived as the active species in catalytic reac-

tions involving olefinic substrates.

Compared to transition-metal and lanthanide-based systems,
alkaline earth metal catalysts for hydrofunctionalization are still

underdeveloped and understanding structure–activity/selectivi-
ty relationships in these systems appears crucial for their im-

provement. Previously we have introduced the NNNN
macrocycle Me4TACD (Me4TACD = 1,4,7,10-tetramethyl-1,4,7,10-
tetraazacyclododecane) derived from the twelve-membered

cyclen to support [CaH]+ as dinuclear hydride cations
[(Me4TACD)2Ca2(m-H)2(thf)][BAr4]2 (C, Ar = C6H3-3,5-Me2) and

shown their reactivity toward inactivated olefins.[7b, c] Evidently,
this macrocycle is capable of kinetically stabilizing highly elec-
trophilic fragments such as [CaH]+ , although the mononuclear
species [(Me4TACD)CaH(thf)x]

+ remains elusive. We show here

how the ring-size of the supporting macrocycle affects
the catalytic activity of the catalyst. The fifteen-membered
NNNNN ligand Me5PACP (Me5PACP = 1,4,7,10,13-pentamethyl-
1,4,7,10,13-pentaazacyclopentadecane) supports [CaH]+ and
precludes the coordination of THF at the cationic calcium

center. The resulting hydride cation, isolated as a dimer
[(Me5PACP)2Ca2(m-H)2]2 + , catalyzed the H/D isotopic exchange

as well as olefin hydrogenation and hydrosilylation significantly
more efficiently than [(Me4TACD)2Ca2(m-H)2(thf)x]

2 + due to
easier dissociation into the monomer in solution.

When a solution of [Ca(CH2Ph)2][8] in THF was treated with
Me5PACP, an immediate color change from orange to dark red

was observed. NMR spectra of the reaction mixture showed
decomposition of the ligand backbone and formation of tolu-
ene. Compared with the analogous Me4TACD complex,[7b] the

putative neutral benzyl complex [(Me5PACP)Ca(CH2Ph)2] ap-
pears to be unstable, presumably due to deprotonation of the

ligand backbone by the benzyl anion. To circumvent this de-
composition pathway, we reacted the conjugated acid of the
ligand [(Me5PACP)H][BAr4] (1 a, Ar = C6H3-3,5-Me2 ; 1 b, Ar =

C6H4-4-nBu), conveniently prepared by protonation of Me5PACP
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with [NEt3H][BAr4] , with one equivalent of [Ca(CH2Ph)2] to give

the cationic calcium benzyl complexes [(Me5PACP)Ca(CH2Ph)]

[BAr4] (2 a, Ar = C6H3-3,5-Me2 ; 2 b, Ar = C6H4-4-nBu) in moderate
yields.

Hydrogenolysis of 2 a and 2 b with H2 (1 bar) gave the hy-
dride complexes [(Me5PACP)2Ca2(m-H)2][BAr4]2 (3 a, Ar = C6H3-

3,5-Me2 ; 3 b, Ar = C6H4-4-nBu). More conveniently, 3 a and 3 b
were prepared in a one-pot synthesis starting from

[Ca(CH2Ph)2] and 1 a,b followed by either hydrogenolysis with

H2 (1 bar) or by reaction with noctylsilane and isolated in yields
of up to 82 %. 3 a crystallized from THF and remained insoluble

in THF as well as aliphatic or aromatic solvents even at elevat-
ed temperatures up to 70 8C. Using the anion [B(C6H4-4-nBu)4]@

increased solubility of the calcium complexes and allowed the

one-pot synthesis to be carried out in benzene, from which

THF-soluble 3 b precipitated in 80 % yield (Scheme 1).

Complex 3 b crystallizes from THF/n-pentane as a centrosym-
metric dimer with the calcium seven-coordinate with a distort-

ed pentagonal bipyramidal geometry (Figure 2). The apical po-
sitions are occupied by the nitrogen donor N1/N1’ and the hy-

dride ligands. Characteristically the methyl group at the apical
position points away from the calcium center as opposed to

the methyl groups at the equatorial nitrogen donors N2-N5.

Ca-N distances range from 2.619(3) to 2.754(2) a and are slight-
ly longer when compared to those in [(Me4TACD)2Ca2(m-

H)2(thf)]2 + (C) (2.544(3) to 2.586(3) a). The Ca···Ca distance is
3.7178(10) a in 3 b and longer than that in the Me4TACD ana-

logue (3.6306(11) a). The Ca-H distances of 2.24(2) and

Figure 1. Examples of calcium hydride complexes for olefin hydrogenation.[3a, 3f, 7c] .

Scheme 1. Synthesis of cationic dinuclear Me5PACP-stabilized hydride complexes.
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2.27(2) a in 3 b are in the same range as for C (2.22(3) to
2.34(3) a).[7c] A folded coordination pattern in Me4TACD stabi-

lized complexes has been observed only in the solid state
for [(Me4TACD)2Mg2(m-O2CH)2][B(C6H3-3,5-Me2)4][9] but is more

common for larger macrocyclic ligands.[10] For the complex

[(H5PACP)CdCl2] , the coordination of the macrocycle depends
on the solvent and both the planar and the folded coordina-

tion are maintained in solution.[11] A study regarding the de-
pendency of alkali metal ion size and folding of the macrocycle

was carried out for the eighteen-membered NNNNNN
macrocycle Me6HACO (Me6HACO = 1,4,7,10,13,16-hexamethyl-

1,4,7,10,13,16-hexaazacyclooctadecane).[12]

In line with the molecular structure in the solid state, the
NMR spectra of 3 b in solution show three distinct resonances

for the methyl groups in a 2:2:1 ratio. The 1H NMR spectrum
shows sharp multiplets for the methylene groups at room tem-

perature which indicates a rigid coordination. Above 50 8C,
broader signals for the methylene groups indicate conforma-

tional fluxionality of the CH2CH2 linkers. Complex 3 b decom-

poses at 50 8C within 6 h. In the 1H NMR spectrum of 3 b, the
hydride resonance appears at d= 4.63 ppm which is in the ex-
pected region for molecular calcium hydrides.[3a, 7b, c] The reso-
nance is shifted downfield when compared to the hydride

resonance at d = 4.46 ppm in C and slightly upfield shifted
compared to [(Me4TACD)2Ca2(m-H)3][B(C6H3-3,5-Me2)4] at d=

4.71 ppm.[7b, c] A solution of 3 b in [D8]THF reacted with D2

(1 bar) to give 3 b-d2 and HD within 3 h. This reaction is faster
than that observed for C (8 h). In the 2H NMR spectrum the

deuteride resonance of 3 b-d2 appears at d= 4.72 ppm. The
isotopomer 3 b–d1 was not observed in this reaction.

When a solution of 3 b in [D8]THF was charged with ethylene
(1 bar) at 0 8C, the olefin was smoothly inserted into the Ca@H

bond to form an ethyl complex [(Me5PACP)Ca(C2H5)(thf)]+ (4 b)

immediately. Contrary to the slow formation of the Me4TACD
containing calcium ethyl species,[7c] complete conversion of 3 b
to the cationic ethyl complex was observed, as suggested by
the complete disappearance of the hydride resonance of 3 b in

the 1H NMR spectrum. The characteristic resonances of the
ethyl ligand at d=@0.87 (q) and d 1.29 (t) ppm are shifted

when compared to the Me4TACD stabilized analogue (d=

@1.02 (q), d 1.26 (t) ppm).[7c] The ethyl complex is stable in so-

lution at @20 8C, allowing also 13C NMR spectroscopic charac-
terization (d = 17.2 and 14.0 ppm). It decomposed at room

temperature within 30 min, presumably by deprotonation of

the ligand backbone with formation of ethane. Ethylene oligo-
merization in solution by 4 b was not observed in contrast to

the Me4TACD ethyl intermediate [(Me4TACD)Ca(C2H5)(thf)x]
+

which quickly oligomerized ethylene to give n-butyl and

n-hexyl species [(Me4TACD)Ca{(C2H4)nH}(thf)x]
+ (n = 2, 3) in

[D8]THF.[7c] Characterization of 4 b was mostly limited to in situ

NMR spectroscopy due to the low stability of the compound

but single crystals of 4 b grew on a single occasion from a
THF/n-pentane mixture at @40 8C. The crystal structure of 4 b
revealed a mononuclear terminal ethyl complex with one THF
molecule coordinated (Scheme 1). Crystallographic details are

not discussed due to a possible modulation of the structure
(see Supporting Information, Figure S57). When 3 b was treated

with 1-octene, the formation of an n-octyl complex was ob-

served by a characteristic triplet at d=@0.76 ppm in the
1H NMR spectrum. Such an intermediate was not observed for
the reaction with C. These findings indicate that the insertion
of alkenes is faster and that the n-alkyl intermediates formed

are more stable for [(Me5PACP)2Ca2(m-H)2]2 + when compared
to C.

Based on the observation that 1-alkenes readily insert into
the Ca@H bond, we assessed the catalytic activity of 3 b in hy-
drogenation and hydrosilylation catalysis. In both cases 3 b
showed improved catalytic efficiency compared to C under
comparable conditions and allowed the catalysis to be carried

out even at room temperature (Table 1). 1-Octene was hydro-
genated by 1 bar of H2 within 36 h at 25 8C (compared to 24 h

at 60 8C).[7b] At elevated temperatures, 1-octene was hydrogen-

ated within 12 h (40 8C) or 6 h (50 8C). Contrary to C and re-
ports on other calcium hydride-catalyzed hydrogenation, no

formation of 2-octene was observed in this reaction.[5b, 7b] When
1,4-hexadiene was used as a substrate, the internal double

bond was not hydrogenated as in the case of C. Above 50 8C,
the catalytic performance of 3 b dropped, attributable to the

Figure 2. Left : Molecular structure of the dication of 3 b. Thermal ellipsoids are set at 30 % probability; the anions and the hydrogen atoms except for the hy-
dride ligands are omitted for clarity. Selected interatomic distances [a]: Ca1···Ca1’ 3.7178(10), Ca1@H1 2.24(2), Ca1@H1’ 2.27(2), Ca1@N1 2.689(2), Ca1@N2
2.694(2), Ca1@N3 2.633(3), Ca1@N4 2.619(3), Ca1@N5 2.754(2) a. Right : Top view on the distorted bipyramidal coordination of Ca1.
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relatively low thermal stability of the hydride complex when

compared to C.
Hydrosilylation of ethylene with nOctMeSiH2 proceeded rap-

idly at ambient conditions (25 8C, 1 bar ethylene) within 10 min
as compared to 15 min at 70 8C with C. Hydrosilylation of 1-

octene with nOctMeSiH2 was readily achieved within 36 h at
25 8C. Apart from the main product nOct2MeSiH, traces of
nOctMe2SiH were detected as a side product. The formation of

this hydrosilane can be explained by methyl group transfer. Re-
distribution of alkyl substituents is not as common as redistrib-

ution of aryl substituents in hydrosilanes but has been report-
ed to be catalyzed by transition metal complexes[13] as well as

by strong Lewis acids such as silylium ions.[14] In the kinetic ex-
periments using excess hydrosilane (see below), we observed
amounts up to 25 % of nOctMe2SiH in the product mixture,

whereas in the presence of excess 1-alkene, nOct2MeSiH was
formed exclusively.

To assess the origin of the improved catalytic efficiency
of [(Me5PACP)2Ca2(m-H)2]2 + compared to [(Me4TACD)2Ca2(m-

H)2(thf)]2+ we monitored the hydrosilylation of 1-octene with
nOctMeSiH2 at room temperature over the course of 24 h

(for [(Me5PACP)2Ca2(m-H)2]2 +) or 576 h (for [(Me4TACD)2Ca2(m-
H)2(thf)]2+) with varying catalyst and substrate concentrations.
As a suitable tool to derive kinetic data from the concentration

profiles observed in the NMR spectra we used the Variable
Time Normalization Analysis (VTNA) method as described

by Bur8s (see Supporting Information).[15] In order to obtain
comparable results for [(Me5PACP)2Ca2(m-H)2]2 + and

[(Me4TACD)2Ca2(m-H)2(thf)]2+ , we synthesized a Me4TACD-stabi-

lized calcium hydride cation with the more soluble borate
anion [B(C6H4-4-nBu)4]@ . [(Me4TACD)2Ca2(m-H)2(thf)][B(C6H4-4-
nBu)4]2 (6) was prepared in analogy to 3 b in a one-pot synthe-
sis or starting from the isolated benzyl intermediate

[(Me4TACD)Ca(CH2Ph)][B(C6H4-4-nBu)4] (5) (see Supporting Infor-
mation).

The partial reaction orders derived from the VTNA for cata-
lyst, alkene and hydrosilane gave the same values for 3 b and
6 (Figure 3, see Supporting Information). This indicates that
the same reaction mechanism is operative for both cases and
rules out the possibility that the higher efficiency of 3 b is de-
rived from a deviant mechanistic pathway. The partial reaction

order in the catalyst is 0.5 which agrees with a monomer-
dimer equilibrium in solution that was previously proposed for

the [(Me4TACD)2Ca2(m-H)2(thf)]2 + catalyzed hydrogenation and
hydrosilylation.[7b, c, 16] The partial reaction order of the alkene is
1 which indicates that the alkene is involved in the rate deter-
mining step. This fits the observation that the insertion of al-
kenes is facilitated for [(Me5PACP)2Ca2(m-H)2]2 + compared to

[(Me4TACD)2Ca2(m-H)2(thf)]2+ . The observed kinetic isotope
effect for the reaction is &1 (Supporting Information, Fig-

ure S49). This observation shows that while the alkene is in-

volved in the rate determining step, the insertion proceeds
equally fast into the Ca-H and Ca-D bond. This can be ex-

plained if the insertion depends on the concentration of the
active catalyst rather than on the nature of the metal-hydride

bond, indicating the importance of the preceding monomer-
dimer equilibrium in the catalytic cycle. In the case of

[(Me5PACP)2Ca2(m-H)2]2+ this equilibrium appears to be shifted

to the side of the reactive monomer when compared to
[(Me4TACD)2Ca2(m-H)2(thf)]2+ . This corresponds to a higher con-

centration of catalytically active species in solution. The partial
reaction order for hydrosilane is pseudo 0th order, suggesting

that the s-bond metathesis of the calcium n-alkyl intermediate
with the hydrosilane is faster than the insertion of the alkene.

A comparison of the observed reaction rate constants kobs de-

rived from the VTNA gave a ratio of kobs(3 b)/kobs(6)&32.8 (see
Supporting Information).

DFT calculations (B3PW91) were applied to analyze the
bonding in complex 3. The Ca@H bond distances are fairly well

reproduced (2.31 and 2.27 a vs. 2.27 and 2.24 a experimental-
ly), indicating the validity of the computational method. Natu-

ral Bonding Orbital (NBO) and Molecular Orbitals analysis are

consistent with two 3 center-2 electron Ca-H-Ca bonds which
are strongly polarized (82 %) toward H (see Supporting Infor-

mation). Calculations also confirmed the significant exother-
micity (@34.1 kcal mol@1) of dimer-monomer dissociation in the

presence of THF. This is in stark contrast to the 1-alkene inser-
tion into the Ca@H bond in [(BDI)Ca(m-H]2 (A’) which forms the

n-alkyl dimer from the hydride dimer without dissociation.[7a, 17]

In conclusion, the fifteen-membered NNNNN macrocycle
Me5PACP stabilizes the reactive fragment [CaH]+ as a dinuclear

complex with a characteristic pentagonal bipyramidal coordi-
nation geometry at the calcium center. This hydride complex

shows higher activity in catalytic hydrogenation and hydrosily-
lation of unactivated alkenes than the previously reported di-

nuclear hydride complex supported by the twelve-membered

macrocycle Me4TACD.[7b,c] Kinetic investigations show that an
insertion mechanism is operative in hydrosilylation catalysis.

This is further supported by the direct observation of a termi-
nal ethyl complex.[7a, 17b] The increased catalytic performance

may be explained by easier dissociation of the dinuclear hy-
dride into the reactive monomeric calcium hydride cation

Table 1. Hydrogenation and hydrosilylation of unactivated 1-alkenes cat-
alyzed by complex 3 b.[a]

Entry Substrate T
[8C]

T
[h][b]

Product TOF
[h@1]

TOF
[h@1] of C[c]

1[d] 25 36 0.5 0.8

2[d] 40 12 1.6 0.8

3[d] 50 6 3.3 0.8

4[d] 40 12 1.6 0.8

5[e] 25 0.16 250 160

6[f] 25 36 0.5 0.8

[a] 5 mol % of catalyst, 0.1 m of substrate in 0.6 mL of [D8]THF, 1,4-
(SiMe3)2C6H4 as internal standard. [b] Conversion >95 % as analyzed by
1H NMR spectroscopy. [c] TOFs for C are given for catalytic runs at 60 8C
(hydrogenation) or 70 8C (hydrosilylation).[7b, c] [d] 1 bar of H2. [e] 1 bar of
ethylene, 2.5 mol % of catalyst [f]<5 % of nOctMe2SiH observed as a side
product.
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[(Me5PACP)CaH]+ in solution when compared to the previously
reported cationic calcium hydride complexes.

Acknowledgements

The research was funded by the Deutsche Forschungsgemein-

schaft. A.M thanks the Erasmus program. We thank F. Ritter for
X-ray crystallography measurements and Dr. G. Fink for NMR

spectroscopic measurements. L.M. is a senior member of the
Institut Universitaire de France. CalMip is gratefully acknowl-

edged for a generous grant of computing time. Chinese Schol-

arship Council (CSC) is acknowledged for financial support
(Y.Y.). Open access funding enabled and organized by Projekt

DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: calcium hydride · hydrogenation · hydrosilylation ·
kinetic analysis · macrocycles

[1] a) J. Bergsma, B. O. Loopstra, Acta Crystallogr. 1962, 15, 92 – 93; b) W. M.
Haynes, Handbook of Chemistry and Physics, 95 ed. , CRC Press, Boca
Raton, 2014.

[2] a) L. Wright, S. Weller, J. Am. Chem. Soc. 1954, 76, 5305 – 5308; b) S.
Weller, L. Wright, J. Am. Chem. Soc. 1954, 76, 5302 – 5305; c) L. Wright, S.

Weller, J. Am. Chem. Soc. 1954, 76, 5948 – 5950.
[3] a) S. Harder, J. Brettar, Angew. Chem. Int. Ed. 2006, 45, 3474 – 3478;

Angew. Chem. 2006, 118, 3554 – 3558; b) P. Jochmann, J. P. Davin, T. P.
Spaniol, L. Maron, J. Okuda, Angew. Chem. Int. Ed. 2012, 51, 4452 – 4455;

Angew. Chem. 2012, 124, 4528 – 4531; c) A. Causero, G. Ballmann, J. Pahl,
H. Zijlstra, C. F-rber, S. Harder, Organometallics 2016, 35, 3350 – 3360;
d) V. Leich, T. P. Spaniol, L. Maron, J. Okuda, Angew. Chem. Int. Ed. 2016,
55, 4794 – 4797; Angew. Chem. 2016, 128, 4872 – 4876; e) X. Shi, G. Qin,

Y. Wang, L. Zhao, Z. Liu, J. Cheng, Angew. Chem. Int. Ed. 2019, 58, 4356 –
4360; Angew. Chem. 2019, 131, 4400 – 4404; f) X. Shi, C. Hou, L. Zhao, P.
Deng, J. Cheng, Chem. Commun. 2020, 56, 5162 – 5165.

[4] a) S. Harder, Chem. Rev. 2010, 110, 3852 – 3876; b) M. S. Hill, D. J. Liptrot,

C. Weetman, Chem. Soc. Rev. 2016, 45, 972 – 988; c) D. Mukherjee, D.
Schuhknecht, J. Okuda, Angew. Chem. Int. Ed. 2018, 57, 9590 – 9602;
Angew. Chem. 2018, 130, 9736 – 9749.

[5] a) H. Bauer, M. Alonso, C. F-rber, H. Elsen, J. Pahl, A. Causero, G. Ball-

mann, F. De Proft, S. Harder, Nat. Catal. 2018, 1, 40 – 47; b) H. Bauer, M.
Alonso, C. Fischer, B. Rçsch, H. Elsen, S. Harder, Angew. Chem. Int. Ed.
2018, 57, 15177 – 15182; Angew. Chem. 2018, 130, 15397 – 15402; c) J.

Martin, C. Knepfer, J. Eyselein, C. F-rber, S. Grams, J. Langer, K. Thum, M.
Wiesinger, S. Harder, Angew. Chem. Int. Ed. 2020, 59, 9102 – 9112; Angew.
Chem. 2020, 132, 9187 – 9197; d) H. Bauer, K. Thum, M. Alonso, C. Fisch-
er, S. Harder, Angew. Chem. Int. Ed. 2019, 58, 4248 – 4253; Angew. Chem.

2019, 131, 4292 – 4297.
[6] a) B. Maitland, M. Wiesinger, J. Langer, G. Ballmann, J. Pahl, H. Elsen, C.

F-rber, S. Harder, Angew. Chem. Int. Ed. 2017, 56, 11880 – 11884; Angew.
Chem. 2017, 129, 12042 – 12046; b) D. Schuhknecht, T. P. Spaniol, I.

Douair, L. Maron, J. Okuda, Chem. Commun. 2019, 55, 14837 – 14839;
c) J. Martin, J. Eyselein, J. Langer, H. Elsen, S. Harder, Chem. Commun.
2020, 56, 9178 – 9181.

Figure 3. Selected Variable Time Normalization (VTNA) plots demonstrating the partial reaction orders of catalyst and alkenes for the hydrosilylation of 1-
octene mediated by 3 b (top) and 6 (bottom). Left : VTNA plot for catalyst, Right: VTNA plot for octene.

Chem. Eur. J. 2021, 27, 3002 – 3007 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH3006

Chemistry—A European Journal
Communication
doi.org/10.1002/chem.202004931

https://doi.org/10.1107/S0365110X62000225
https://doi.org/10.1107/S0365110X62000225
https://doi.org/10.1107/S0365110X62000225
https://doi.org/10.1021/ja01650a013
https://doi.org/10.1021/ja01650a013
https://doi.org/10.1021/ja01650a013
https://doi.org/10.1021/ja01650a012
https://doi.org/10.1021/ja01650a012
https://doi.org/10.1021/ja01650a012
https://doi.org/10.1021/ja01652a015
https://doi.org/10.1021/ja01652a015
https://doi.org/10.1021/ja01652a015
https://doi.org/10.1002/anie.200601013
https://doi.org/10.1002/anie.200601013
https://doi.org/10.1002/anie.200601013
https://doi.org/10.1002/ange.200601013
https://doi.org/10.1002/ange.200601013
https://doi.org/10.1002/ange.200601013
https://doi.org/10.1002/anie.201200690
https://doi.org/10.1002/anie.201200690
https://doi.org/10.1002/anie.201200690
https://doi.org/10.1002/ange.201200690
https://doi.org/10.1002/ange.201200690
https://doi.org/10.1002/ange.201200690
https://doi.org/10.1021/acs.organomet.6b00566
https://doi.org/10.1021/acs.organomet.6b00566
https://doi.org/10.1021/acs.organomet.6b00566
https://doi.org/10.1002/anie.201600552
https://doi.org/10.1002/anie.201600552
https://doi.org/10.1002/anie.201600552
https://doi.org/10.1002/anie.201600552
https://doi.org/10.1002/ange.201600552
https://doi.org/10.1002/ange.201600552
https://doi.org/10.1002/ange.201600552
https://doi.org/10.1002/anie.201814733
https://doi.org/10.1002/anie.201814733
https://doi.org/10.1002/anie.201814733
https://doi.org/10.1002/ange.201814733
https://doi.org/10.1002/ange.201814733
https://doi.org/10.1002/ange.201814733
https://doi.org/10.1039/D0CC01745K
https://doi.org/10.1039/D0CC01745K
https://doi.org/10.1039/D0CC01745K
https://doi.org/10.1021/cr9003659
https://doi.org/10.1021/cr9003659
https://doi.org/10.1021/cr9003659
https://doi.org/10.1039/C5CS00880H
https://doi.org/10.1039/C5CS00880H
https://doi.org/10.1039/C5CS00880H
https://doi.org/10.1002/anie.201801869
https://doi.org/10.1002/anie.201801869
https://doi.org/10.1002/anie.201801869
https://doi.org/10.1002/ange.201801869
https://doi.org/10.1002/ange.201801869
https://doi.org/10.1002/ange.201801869
https://doi.org/10.1038/s41929-017-0006-0
https://doi.org/10.1038/s41929-017-0006-0
https://doi.org/10.1038/s41929-017-0006-0
https://doi.org/10.1002/anie.201810026
https://doi.org/10.1002/anie.201810026
https://doi.org/10.1002/anie.201810026
https://doi.org/10.1002/anie.201810026
https://doi.org/10.1002/ange.201810026
https://doi.org/10.1002/ange.201810026
https://doi.org/10.1002/ange.201810026
https://doi.org/10.1002/anie.202001160
https://doi.org/10.1002/anie.202001160
https://doi.org/10.1002/anie.202001160
https://doi.org/10.1002/ange.202001160
https://doi.org/10.1002/ange.202001160
https://doi.org/10.1002/ange.202001160
https://doi.org/10.1002/ange.202001160
https://doi.org/10.1002/anie.201813910
https://doi.org/10.1002/anie.201813910
https://doi.org/10.1002/anie.201813910
https://doi.org/10.1002/ange.201813910
https://doi.org/10.1002/ange.201813910
https://doi.org/10.1002/ange.201813910
https://doi.org/10.1002/ange.201813910
https://doi.org/10.1002/anie.201706786
https://doi.org/10.1002/anie.201706786
https://doi.org/10.1002/anie.201706786
https://doi.org/10.1002/ange.201706786
https://doi.org/10.1002/ange.201706786
https://doi.org/10.1002/ange.201706786
https://doi.org/10.1002/ange.201706786
https://doi.org/10.1039/C9CC08540H
https://doi.org/10.1039/C9CC08540H
https://doi.org/10.1039/C9CC08540H
https://doi.org/10.1039/D0CC04330C
https://doi.org/10.1039/D0CC04330C
https://doi.org/10.1039/D0CC04330C
https://doi.org/10.1039/D0CC04330C
http://www.chemeurj.org


[7] a) A. S. S. Wilson, M. S. Hill, M. F. Mahon, C. Dinoi, L. Maron, Science
2017, 358, 1168; b) D. Schuhknecht, C. Lhotzky, T. P. Spaniol, L. Maron, J.
Okuda, Angew. Chem. Int. Ed. 2017, 56, 12367 – 12371; Angew. Chem.
2017, 129, 12539 – 12543; c) D. Schuhknecht, T. P. Spaniol, L. Maron, J.
Okuda, Angew. Chem. Int. Ed. 2020, 59, 310 – 314; Angew. Chem. 2020,
132, 317 – 322.

[8] a) S. Harder, S. Meller, E. Hebner, Organometallics 2004, 23, 178 – 183;
b) B. M. Wolf, C. Maichle-Mçssmer, R. Anwander, Angew. Chem. Int. Ed.
2016, 55, 13893 – 13897; Angew. Chem. 2016, 128, 14097 – 14101.

[9] L. E. Lemmerz, A. Wong, G. M8nard, T. P. Spaniol, J. Okuda, Polyhedron
2020, 178, 114331.

[10] a) F. Zhang, J.-R. Zhang, D.-L. Deng, R. Hage, Acta Crystallogr. Sect. E
2003, 59, m1099 – m1101; b) D. P. Riley, P. J. Lennon, W. L. Neumann,
R. H. Weiss, J. Am. Chem. Soc. 1997, 119, 6522 – 6528.

[11] G. W. Franklin, D. P. Riley, W. L. Neumann, Coord. Chem. Rev. 1998, 174,
133 – 146.

[12] J. Dyke, W. Levason, M. E. Light, D. Pugh, G. Reid, H. Bhakhoa, P. Rama-
sami, L. Rhyman, Dalton Trans. 2015, 44, 13853 – 13866.

[13] a) S. Park, B. G. Kim, I. Gçttker-Schnetmann, M. Brookhart, ACS Catal.
2012, 2, 307 – 316; b) L. Rosenberg, C. W. Davis, J. Yao, J. Am. Chem. Soc.
2001, 123, 5120 – 5121.

[14] a) R. Labbow, F. Reiß, A. Schulz, A. Villinger, Organometallics 2014, 33,
3223 – 3226; b) K. Bl-sing, R. Labbow, D. Michalik, F. Reiß, A. Schulz, A.
Villinger, S. Walker, Chem. Eur. J. 2020, 26, 1640 – 1652; c) S. J. Connelly,
W. Kaminsky, D. M. Heinekey, Organometallics 2013, 32, 7478 – 7481.

[15] a) J. Bur8s, Angew. Chem. Int. Ed. 2016, 55, 16084 – 16087; Angew. Chem.
2016, 128, 16318 – 16321; b) J. Bur8s, Angew. Chem. Int. Ed. 2016, 55,
2028 – 2031; Angew. Chem. 2016, 128, 2068 – 2071; c) C. D. T. Nielsen, J.
Bur8s, Chem. Sci. 2019, 10, 348 – 353.

[16] D. Schuhknecht, T. P. Spaniol, Y. Yang, L. Maron, J. Okuda, Inorg. Chem.
2020, 59, 9406 – 9415.

[17] a) A. S. S. Wilson, C. Dinoi, M. S. Hill, M. F. Mahon, L. Maron, Angew.
Chem. Int. Ed. 2018, 57, 15500 – 15504; Angew. Chem. 2018, 130, 15726 –
15730; b) A. S. S. Wilson, M. S. Hill, M. F. Mahon, Organometallics 2019,
38, 351 – 360; c) B. Rçsch, T. X. Gentner, H. Elsen, C. A. Fischer, J. Langer,
M. Wiesinger, S. Harder, Angew. Chem. Int. Ed. 2019, 58, 5396 – 5401;
Angew. Chem. 2019, 131, 5450 – 5455.

Manuscript received: November 12, 2020

Accepted manuscript online: November 13, 2020

Version of record online: January 18, 2021

Chem. Eur. J. 2021, 27, 3002 – 3007 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH3007

Chemistry—A European Journal
Communication
doi.org/10.1002/chem.202004931

https://doi.org/10.1126/science.aao5923
https://doi.org/10.1126/science.aao5923
https://doi.org/10.1002/anie.201706848
https://doi.org/10.1002/anie.201706848
https://doi.org/10.1002/anie.201706848
https://doi.org/10.1002/ange.201706848
https://doi.org/10.1002/ange.201706848
https://doi.org/10.1002/ange.201706848
https://doi.org/10.1002/ange.201706848
https://doi.org/10.1002/anie.201909585
https://doi.org/10.1002/anie.201909585
https://doi.org/10.1002/anie.201909585
https://doi.org/10.1002/ange.201909585
https://doi.org/10.1002/ange.201909585
https://doi.org/10.1002/ange.201909585
https://doi.org/10.1002/ange.201909585
https://doi.org/10.1021/om0341350
https://doi.org/10.1021/om0341350
https://doi.org/10.1021/om0341350
https://doi.org/10.1002/anie.201607608
https://doi.org/10.1002/anie.201607608
https://doi.org/10.1002/anie.201607608
https://doi.org/10.1002/anie.201607608
https://doi.org/10.1002/ange.201607608
https://doi.org/10.1002/ange.201607608
https://doi.org/10.1002/ange.201607608
https://doi.org/10.1016/j.poly.2019.114331
https://doi.org/10.1016/j.poly.2019.114331
https://doi.org/10.1107/S1600536803025030
https://doi.org/10.1107/S1600536803025030
https://doi.org/10.1107/S1600536803025030
https://doi.org/10.1107/S1600536803025030
https://doi.org/10.1021/ja964271e
https://doi.org/10.1021/ja964271e
https://doi.org/10.1021/ja964271e
https://doi.org/10.1016/S0010-8545(97)00083-0
https://doi.org/10.1016/S0010-8545(97)00083-0
https://doi.org/10.1016/S0010-8545(97)00083-0
https://doi.org/10.1016/S0010-8545(97)00083-0
https://doi.org/10.1039/C5DT01865J
https://doi.org/10.1039/C5DT01865J
https://doi.org/10.1039/C5DT01865J
https://doi.org/10.1021/cs200629t
https://doi.org/10.1021/cs200629t
https://doi.org/10.1021/cs200629t
https://doi.org/10.1021/cs200629t
https://doi.org/10.1021/ja015697i
https://doi.org/10.1021/ja015697i
https://doi.org/10.1021/ja015697i
https://doi.org/10.1021/ja015697i
https://doi.org/10.1021/om500519j
https://doi.org/10.1021/om500519j
https://doi.org/10.1021/om500519j
https://doi.org/10.1021/om500519j
https://doi.org/10.1002/chem.201904403
https://doi.org/10.1002/chem.201904403
https://doi.org/10.1002/chem.201904403
https://doi.org/10.1021/om400970j
https://doi.org/10.1021/om400970j
https://doi.org/10.1021/om400970j
https://doi.org/10.1002/anie.201609757
https://doi.org/10.1002/anie.201609757
https://doi.org/10.1002/anie.201609757
https://doi.org/10.1002/ange.201609757
https://doi.org/10.1002/ange.201609757
https://doi.org/10.1002/ange.201609757
https://doi.org/10.1002/ange.201609757
https://doi.org/10.1002/anie.201508983
https://doi.org/10.1002/anie.201508983
https://doi.org/10.1002/anie.201508983
https://doi.org/10.1002/anie.201508983
https://doi.org/10.1002/ange.201508983
https://doi.org/10.1002/ange.201508983
https://doi.org/10.1002/ange.201508983
https://doi.org/10.1039/C8SC04698K
https://doi.org/10.1039/C8SC04698K
https://doi.org/10.1039/C8SC04698K
https://doi.org/10.1021/acs.inorgchem.0c01289
https://doi.org/10.1021/acs.inorgchem.0c01289
https://doi.org/10.1021/acs.inorgchem.0c01289
https://doi.org/10.1021/acs.inorgchem.0c01289
https://doi.org/10.1002/anie.201809833
https://doi.org/10.1002/anie.201809833
https://doi.org/10.1002/anie.201809833
https://doi.org/10.1002/anie.201809833
https://doi.org/10.1002/ange.201809833
https://doi.org/10.1002/ange.201809833
https://doi.org/10.1002/ange.201809833
https://doi.org/10.1021/acs.organomet.8b00743
https://doi.org/10.1021/acs.organomet.8b00743
https://doi.org/10.1021/acs.organomet.8b00743
https://doi.org/10.1021/acs.organomet.8b00743
https://doi.org/10.1002/anie.201901548
https://doi.org/10.1002/anie.201901548
https://doi.org/10.1002/anie.201901548
https://doi.org/10.1002/ange.201901548
https://doi.org/10.1002/ange.201901548
https://doi.org/10.1002/ange.201901548
http://www.chemeurj.org

