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Redox Reactions with Calcium-Metal Nanoparticles

Christian Ritschel, Anja Appenzeller, Radian Popescu, Carsten Donsbach, Ralf Köppe,
Jonas O. Wenzel, Frank Breher, Yolita M. Eggeler, Wim Klopper,* and Claus Feldmann*

Abstract: Calcium is generally a highly reactive alkaline-earth metal, but as bulk metal, it exhibits only low reactivity
at ambient conditions due to small surface area, low solubility, and/or passivation. The reactivity can be significantly
enhanced when using small-sized calcium nanoparticles. In this regard, we describe the first synthesis of Ca(0) nanoparticles,
5.4 ± 1.2 nm in size, by TMEDA-supported reduction of CaI2 with lithium naphthalenide in toluene (TMEDA: N,N,N′,N′-
tetramethylethylenediamine). We also show Ca(0) nanoparticles to be substantially different from so-called “Rieke
calcium”. The high reactivity can be used for redox reactions, for instance, with [Cp2MoCl2] and the sterically demanding
β-diketiminate ligand HDippNacNac (Dipp: 2,6-iPr2C6H3) or with [(Ph3P)AuCl] as a derivative of a ligand-stabilized noble
metal. The Ca(0)-nanoparticle-driven reactions result in the novel compounds [{(DippNacNac)(thf)Ca}2(naph)] (1) with a
rare naphthalenide dianion, [{(DippNacNac)(thf)CaMo(Cp)H}2(fulvalene)] (2) with unusual MoH → Ca dative bonding,
and [Au9(PPh3)8](naph)(tmeda)0.5 (3) with a non-charged body-centered cubic Au9 cluster core of zerovalent gold. Ca(0)
nanoparticles and the compounds 1–3 are characterized by electron microscopy, X-ray diffraction (single crystals, powders),
spectroscopy (IR, UV-Vis, NMR, EPR), and computation. Exemplarily, the formation of 1–3 points to the potential of
nanosized alkaline-earth metals for chemical syntheses and the different reactivity of nanosized and bulk metals.

Introduction

In principle, the alkaline-earth metal calcium is highly
reactive.[1] Qualitatively, the high reactivity is indicated
by exothermal reactions with water, oxygen or halogen-
containing organic solvents.[2] The high reactivity of calcium
can be quantified based on its low electronegativity (1.0
on Pauling scale)[3] or its low electrochemical potential
[E0

bulk(Ca/Ca2+) = −2.84 V].[4] In contrast to the expectation,
bulk calcium shows only low reactivity at ambient conditions,
which can be attributed to its low solubility, limited surface
area, and surface passivation (e.g., by hydroxides, oxides,
carbonates).[5] Activation of bulk calcium is possible, for
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instance, by dissolution in liquid ammonia, which, however,
has the drawback of ammonia possibly reacting as base,
ligand and/or oxidizing agent.[6] Recently, also ball-milling has
proven to be efficient for activation and to obtain reactive
Grignard reagents of the heavy alkali and alkaline-earth
metals.[1,7,8]

The reactivity of calcium metal could be dramatically
increased when using small-sized nanoparticles (< 10 nm)
because of a significantly increased surface area and a great
number of insufficiently coordinated surface atoms. More-
over, a passivation layer (usually 4–10 nm in thickness) cannot
be formed for small-sized Ca(0) nanoparticles (≤ 5 nm).[9]

Small-sized Ca(0) nanoparticles can also be considered to
range at the border of heterogeneous and homogeneous
conditions, which further promotes reactivity and reactions. In
view of potential application, calcium particles were already
discussed for high-voltage batteries, hydrogen storage or
catalysis.[10–12] Furthermore, alkaline-earth compounds with
low-valent oxidation states such as Mg(0) and Ca(I) were
recently reported in basic science as unique pieces of the
chemical cabinet.[13–15] The knowledge on Ca(0) nanoparti-
cles, however, is very limited until now. Most often, Ca(0)
particles with large size (> 100 nm), broad size distribution,
and/or significant agglomeration were obtained via physical
methods[16,17] or metal vaporization followed by deposition
into inert liquid media (e.g., THF/hexadecylamine).[18] More-
over, deposition of calcium from liquid ammonia on glass
spheres was described.[15,19] Finally, so-called “Rieke calcium”
is known and obtainable by reaction of CaI2 and lithium
naphthalenide or lithium biphenylide in THF.[20–24] Although
the specific composition of “Rieke calcium” is unclear, the
deep black compounds are considered to consist of Ca(II)
and naphthalenide or biphenylide radical anions.[24,25] Ca(0)
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Figure 1. Ca(0) nanoparticles and their reactions: a) scheme of synthesis with b) photo of suspension and c) powder of Ca(0) nanoparticles, d)
reaction of Ca(0) nanoparticle powder in air, e) compounds 1–3 after reaction of Ca(0) nanoparticles with HDippNacNac, [Cp2MoCl2]/HDippNacNac,
and [(Ph3P)AuCl].

nanoparticles with uniform, small size (< 50 nm) as well as a
liquid-phase synthesis, to the best of our knowledge, have not
been described until now.

In the following, we first present a liquid-phase synthe-
sis of crystalline Ca(0) nanoparticles with a diameter of
5.4 ± 1.2 nm. The high reactivity of the Ca(0) nanoparti-
cles can be utilized in the liquid phase to perform redox
reactions at the border of homogeneous and heterogeneous
conditions, for instance, with [Cp2MoCl2] in the presence of
the sterically demanding β-diketiminate ligand HDippNacNac
or with [(Ph3P)AuCl] as a derivative of a ligand-stabilized
noble metal and results in three novel compounds.

Results and Discussion

Synthesis of Ca(0) Nanoparticles

Base-metal nanoparticles have generally attracted our
interest.[26–28] In particular, the reduction of metal halides
by alkali-metal naphthalenides ([LiNaph], [NaNaph]) in THF
has been proven to be a versatile synthesis strategy to obtain
the group 3-to-group 6 transition metals and all lanthanide
metals (La to Lu) with a size of 1–5 nm.[29,30] Whereas
this strategy was also successful for Mg(0) nanoparticles
(i.e., reduction of MgBr2 with [LiNaph] in THF),[31] it
failed for calcium. Thus, a reduction of CaI2 with [LiNaph]
in THF only led to deep black calcium naphthalenide
(SI: Section 3), which compares to “Rieke calcium”.[20–25]

Infrared spectroscopy (FT-IR), elemental analysis (C/H/N
analysis), and total organics combustion indicate a com-
position [Ca2+(naph)2−(thf)2] (SI: Table S1, Figures S1–S7)
with a coordination of Ca2+ by THF and (naph)2−

being obviously preferred over the reduction to zerovalent
calcium.

Aiming at Ca(0) nanoparticles, we have selected toluene
as solvent, wherein, however, CaI2 and [LiNaph] are both
insoluble. Therefore, [LiNaph] was first coordinated by
N,N,N′,N′-tetramethylethylenediamine (TMEDA) to become
soluble in toluene (Figure 1a). Thereafter, CaI2 can be
added either with or without prior coordination by TMEDA.
Here, the addition of pure CaI2 is preferred to limit
the total TMEDA concentration. The nucleation of Ca(0)

nanoparticles was successful with these specific conditions
since the dissolution of CaI2 is very slow, while its reduction
after dissolution by [LiNaph] is very fast. Calcium metal
is insoluble in toluene, which causes a high supersaturation
and, thus, promotes the formation of small-sized particles.[32]

Successful reduction and nucleation of Ca(0) nanoparticles is
indicated by the formation of a deep-black suspension with
slightly bluish appearance (Figure 1b). These as-prepared
Ca(0) nanoparticles are very small (1–3 nm) and extremely
reactive but difficult to separate via centrifugation (SI:
Figures S8–S11). Therefore, we also applied certain heating
(100 °C) to slightly increase the size of the Ca(0) nanoparticles
(5.4 ± 1.2 nm). This also decreases the amount of organics
(toluene, naphthalene, THF, TMEDA) adsorbed on the
particle surface (SI: Figures S12–S16).

Finally, the Ca(0) nanoparticles were purified by centrifu-
gation and repeated redispersion/centrifugation in/from THF
and toluene to remove remaining starting materials, naph-
thalene, TMEDA and LiI (SI: Figures S14–S18). Thereafter,
they were either dried in vacuum at room temperature to
obtain powder samples (Figure 1c), or they were redispersed
in toluene or TMEDA to obtain suspensions for further
reactions. It should be noticed that handling of the Ca(0)
nanoparticles requires specific attention as they show instan-
taneous combustion in air and even explosion when in contact
to water or other oxidizing agents (Figure 1d).

Characterization of Ca(0) Nanoparticles

The as-prepared Ca(0) nanoparticles exhibit a uniform spher-
ical shape with a size in the 5 nm-range and a low degree
of agglomeration (Figure 2a). Statistical evaluation of > 60
Ca(0) nanoparticles on TEM images resulted in a mean parti-
cle diameter of 5.4 ± 1.2 nm (Figure 2b; for more images, see
SI: Figure S12). High-resolution (HR)TEM images confirm
the presence and crystallinity of the Ca(0) nanoparticles,
which show lattice fringes extending through the whole
particle (Figure 2c). The observed average lattice-fringe
distance of 2.8 ± 0.1 Å is in agreement with face-centred
cubic (fcc) bulk calcium (d020 = 2.8 Å) (SI: Figures S12,
S13).[33] The two-dimensional Fourier transform (FT) pattern
of the nanoparticle on the HRTEM image (Figure 2c) is also
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Figure 2. Electron microscopy of the as-prepared Ca(0) nanoparticles: a) HRTEM overview image with single nanoparticle indicated by red dots (for
more images see SI: Figure S12), b) size distribution (according to a statistical evaluation of > 60 nanoparticles on HRTEM images), c) HRTEM image
of a single nanoparticle with lattice fringes, d) FT pattern of single nanoparticle shown in (c) agrees with the calculated diffraction pattern of the
fcc-bulk Ca (red circles and Miller indices) in the [101] zone axis (zero-order beam, ZB, marked by white circle).

in agreement with the calculated diffraction pattern of fcc-
bulk calcium within the [101]-zone axis (Figure 2d).[33] It
should also be noticed that HRTEM images did not show
any calcium-oxide species. The crystallinity of the Ca(0)
nanoparticles is further confirmed by calculating the FT of
a Ca(0) nanoparticle ensemble with different orientations
on HRTEM images recorded at low magnification (SI:
Figure S13).

The crystallinity of the Ca(0) nanoparticles was also
examined by X-ray powder diffraction (XRD). However,
no Bragg reflexes are observed, which can be ascribed
to the small particle size (5.4 ± 1.2 nm) and the result-
ing low scattering power (SI: Figure S14).[29,30] Moreover,
it should be noticed that no impurities occur (e.g., LiI,
CaI2, CaO, Ca(OH)2). Fourier-transform infrared (FT-IR)
spectroscopy, elemental analysis (C/H/N analysis), and total
organics combustion were applied to elucidate the surface
functionalization of the Ca(0) nanoparticles. FT-IR spectra
show only weak vibrations of toluene and naphthalene (1575,
1238, 734 cm−1); vibrations of TMEDA are absent (SI:
Figures S15–S18). Most importantly, the vibrations observed
for the Ca(0) nanoparticles are significantly different from
calcium naphthalenide/“Rieke calcium” (SI: Figures S5, S6).
C/H/N analysis and total organics combustion confirm the
surface functionalization with toluene and naphthalene in the

range of a monolayer (SI: Sections 4,5) and, again, prove the
Ca(0) nanoparticles to be substantially different from calcium
naphthalenide/“Rieke calcium” (SI: Sections 4,5).

Reactivity and Reactions of Ca(0) Nanoparticles

The reactivity of the Ca(0) nanoparticles is already indi-
cated when in contact to air or water, which leads to
immediate combustion and/or explosion (Figure 1d; SI:
Figure S19). Strong reactions are specifically observed
for powder samples, whereas the Ca(0) nanoparticles are
chemically and colloidally stable under inert conditions as
suspension in toluene or TMEDA. The fact that long-chained
or high-molecular-weight stabilizers (such as oleylamine,
oleic acid, polyethylene glycol) are absent is a specific
advantage of the Ca(0) nanoparticles for syntheses. To
probe their reactivity, the Ca(0) nanoparticles were here
exemplarily reacted with [Cp2MoCl2] and the sterically
demanding β-diketiminate ligand HDippNacNac as well as
with [(Ph3P)AuCl] as a derivative of a ligand-stabilized noble
metal.

[{(DippNacNac)(thf)Ca}2(naph)] (1). DippNacNac (i.e.,
HC[C(Me)N(2,6-iPr-C6H3)]2, N-{(2Z,4E)-4-[(2,6-diisopro-
pylphenyl)imino]-2-penten-2-yl}-2,6-diisopropylaniline)
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Figure 3. [{(DippNacNac)(thf)Ca}2(naph)] (1) with: a) photo of single crystals, b) molecular structure, c + d) tilted (naph)2− ligand with top-view and
C─C distances in pm (c) as well as side-view (d).

is well-known as a sterically demanding, chelating β-
diketiminate ligand that allows to prepare unique compounds
with extraordinary bonding situations.[34] Prominent
examples include [{(DippNacNac)Mg(I)}2], [DippNacNacAl(I)],
or {[(BDI*)Mgˉ][Na+]}2 (BDI*: HC{C(tBu)N[2,6-(3-pentyl)-
phenyl]}2).[14,35,36] These specific features motivated us
to probe the reactivity of the Ca(0) nanoparticles with
DippNacNac with comparable conditions. By reaction
of Ca(0) nanoparticles, HDippNacNac and few drops of
TMEDA in a glass ampoule for one week at 25 °C,
red block-shaped crystals were obtained (Figure 3a).
Single-crystal structure analysis revealed a composition
[{(DippNacNac)(thf)Ca}2(naph)] (1) with a (naph)2−

ligand sandwiched by two {(DippNacNac)(thf)Ca}+ units
(Figures 1e,3b; SI: Figure S20). The tendency of calcium to
form anionic naphthalenide compounds was already observed
with [Ca2+(naph)2−(thf)2] nanoparticles from the THF-based
synthesis (SI: Section 3). Here, it should be noticed that 1
was only obtained when using the as-prepared, non-heated
Ca(0) nanoparticles, which might be due to their even smaller
particle size and the, therefore, higher amount of naphthalene
adsorbed on the particle surface (SI: Section 4).

1 crystallizes in the monoclinic space group P21 (SI:
Table S2, Figure S21). Even though the structure of
1 looks centrosymmetric at first sight, the position of
several light atoms leads to symmetry reduction. The
Ca–C distances to the (naph)2− ligand show significant
variation, which can be ascribed to its tilted structure
with angles of 15.7(1)° and 16.9(2)° between the planes
(Figure 3c; SI: Figure S20). For each of the two 6-membered
rings, four shorter Ca–C distances [260.7(2)-275.4(2) pm]
and two longer Ca–C distances [308.1(2)-313.8(2) pm]
are observed (Figure 3d; SI: Table S3), resulting in a
η4 + 2 coordination to calcium. FT-IR spectra confirm the
presence of dianionic naphthalenide, DippNacNac, and THF

in 1 (SI: Figure S22). UV-Vis spectra are in agreement
with the red color of 1 (Figure 3a; SI: Figure S23). With
(DIPePBDI)Ca(μ4,μ4-naphthalene)Ca(DIPePBDI) and the
heterobimetallic inverse Mg/Ca sandwich compounds
[(DIPePBDI*)Mg(μ2,μ4-naphthalene)Ca(DIPePBDI)]
(DIPePBDI: HC[C(Me)N-DIPeP]2; DIPePBDI*: HC[C(tBu)N-
DIPeP]2; DIPeP: 2,6-CH(Et)2-phenyl), recently, two
comparable compound were realized by Harder et al. by
reduction of [(DIPePBDI)CaI]2 with KC8.[37,38] With DIPePBDI,
however, a sterically even more demanding NacNac ligand
was used. Beside these compounds, 1 is the only compound
with calcium coordinated by a (naph)2− ligand until now. A
(naph)2− dianion is rare, in general, and yet only known for
few metals (i.e., alkali metals, rare-earth metals).[39–43]

[{(DippNacNac)(thf)CaMo(Cp)H}2(fulvalene)] (2). As
a next example, we reacted the Ca(0) nanoparticles
and HDippNacNac with few drops of TMEDA in the
presence of [Cp2MoCl2]. After 2 weeks at 80 °C,
red-orange crystals (Figure 4a; SI: Table S2) of
[{(DippNacNac)(thf)CaMo(Cp)H}2(fulvalene)] (2) were
obtained that consist of a {Mo2(fulvalene)Cp2H2}
unit, sandwiched by two {Ca(DippNacNac)(thf)} units
(Figures 1e,4b; SI: Tables S4, S5, Figures S24–S31).

Fulvalen is an intensely studied ligand in transition-
metal chemistry[44] and, in particular, the chemistry
of molybdenum.[45] Thus, [Mo2(fulvalen)Cp2H2][46] and
[Mo2(fulvalen)Cp2H4][47] exhibit comparable building units
as 2 (SI: Figure S27). [Mo2(fulvalen)Cp2H2] shows Mo–
Mo bonding,[46] whereas [Mo2(fulvalen)Cp2H4] exhibits an
unusual anti-conformation without Mo–Mo bonding.[47] Such
anti-conformation is also observed for 2. This raises the
question if the Mo atoms in 2 are also coordinated by hydride
ligands as in [Mo2(fulvalen)Cp2H2] or [Mo2(fulvalen)Cp2H4]
(SI: Table S5), which can be hardly answered by single-crystal
structure analysis. Residual electron density at the Mo site,
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Figure 4. [{(DippNacNac)(thf)CaMo(Cp)H}2(fulvalene)] (2) with: a) photo of single crystals, b) molecular structure with MoH → Ca dative bonding
(distances in pm), c) cutout of FT-IR spectrum with ν(Mo–H) vibration (see SI: Figure S28 for complete FT-IR spectrum); d) two localized orbitals
obtained with the PBE0 functional and shown as red and transparent red isosurfaces at values of ± 0.02 a0−3/2.

however, already points to the presence of hydride ligands.
Synthetically, hydride ligands can originate from a reduction
of HDippNacNac or Cp as well as, most probably, from the
formation of fulvalene. In the literature, Mo–Cp distances
of MoCp2 units without and with hydride ligands were
reported to be > 197 pm and < 195 pm,[48–50] respectively,
which suggests the presence of hydride ligands in 2 (Mo–Cp:
191.1(1) pm). FT-IR spectra of 2 clearly indicate a ν(Mo–
H) vibration (1817 cm−1) similar to [Mo2(fulvalen)Cp2H2]
(1829 cm−1) (Figure 4c; SI: Figure S28).[46,47] Moreover,
the 1H NMR spectrum of 2 in C7D8 shows a characteristic
hydride signal at δ = −9.3 ppm (SI: Figures S29, S30).[46,47]

The absence of any coupling to other hydrogen atoms
confirms each Mo atom to be coordinated by a single hydride
ligand. Density functional theory (DFT) calculations further
support the presence of one hydride ligand per Mo atom
(Figure 4d; SI: Figures S38–S43).

An even more interesting feature of 2 relates to the
remarkably short Mo─Ca distance of 309.1(1) pm (Figure 4b;
SI: Table S4), which – to the best of our knowledge –
is the shortest Mo─Ca distance observed until now. The
short distance is also reflected by computation (301.0 pm
based on PBE-D3(BJ) level; SI: Table S8). The Mo─Ca
distance in 2 is shorter than the summed covalent radii
of Mo and Ca (reported with 309 and 330 pm)[51,52]

and, thus, in the range of a covalent bond. Comparable

findings were reported for short Mo─Mg distances (summed
covalent radii Mg/Mo reported with 277 and 295 pm),[51,52]

including [Cp2Mo(H)MgBr(thf)2] (Mo─Mg: 273.2 pm)[48] or
[(Cp2MoH)Mg(Et2O)(iPrMg)Br2]2 (Mo─Mg: 273.7 pm)[53]

(SI: Figure S27). In the case of Mg, an ionic interaction is
suggested as a contribution of d orbitals is less probable.[54–57]

In recent studies, d─d dative bonding between transition
metals and the heavier alkaline-earth metals Ca, Sr, and Ba
with electron density of d orbitals of the transition metal
transferred to empty d orbitals of the heavier alkaline-earth
metal was discussed.[58–60] In this regard, quantum-chemical
calculations suggested Fe→Ca d–d dative bonding in the
[CaFe(CO)10]+ cation[33a,b] (d(Ca─Fe): 309.6 pm; sum of
covalent radii: 287 and 308 pm)[51,52] or in a substituted
ferrocene complex (d(Ca–Fe): 311.3 pm; sum of covalent
radii: 287 and 308 pm)[51,52] (SI: Figure S27).[60] For 2,
the orbitals were localized by means of the Pipek-Mezey
approach,[61] and the two most interesting localized molecular
orbitals (LMOs) are shown in Figure 4d (SI: Figure S39).
These two LMOs may be considered as two-electron-two-
center bonds built mainly from the 1s atomic orbital of H and
a 4d atomic orbital of Mo, with a small contribution of the 4s
atomic orbital of Ca, as can be concluded from the Mulliken
populations of the LMO, which are 0.89 for Mo, 0.97 for H,
and 0.14 for Ca. In view of the Ca population, therefore, we
interpret the LMO as a MoH─Ca dative bond, as a charge of
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Figure 5. [Au9(PPh3)8](naph)(tmeda)0.5 (3) with: a + b) photos of single crystals, c + d) Au9 cluster core with Aucorner–Aucorner distances in pm (c)
and with Aucenter–Aucorner distances in pm (d); e) molecular structure; f) spin density computed at the TPSSh/def2-SV(P) level and plotted with an
isovalue of 0.001 a0−3.

–0.14 e was transferred from the MoH σ -bond to the Ca2+ ion,
which is comparable to the interaction observed for ZnH─TM
bonding (TM: transition metal).[62]

[Au9(PPh3)8](naph)(tmeda)0.5 (3). As a third example,
we have reacted the Ca(0) nanoparticles with [(Ph3P)AuCl]
as a derivative of a ligand-stabilized noble metal. This was
performed with Ca(0) nanoparticles and [(Ph3P)AuCl] in
few drops of TMEDA, which, after 3 weeks at 80 °C,
resulted in tiny deep-red, block-shaped crystals (Figure 5a,b).
According to single-crystal structure analysis, 3 crystallizes in
the monoclinic space group C2/c and consists of [Au9(PPh3)8]
cluster units with naphthalene and TMEDA in between (SI:
Table S2, Figures S32–S35). The [Au9(PPh3)8] unit contains
a body-centred cubic (bcc) arrangement of gold atoms
with Aucenter–Aucorner of 260.2(1)-262.0(1) pm and Aucorner–
Aucorner distances of 296.9(1)-306.6(1) pm (Figures 1e,5c-e;
SI: Table S6). The Aucorner–Aucorner–Aucorner angles (86.4(1)-
93.6(1)°) indicate slight deviation from an ideal cube (SI:
Table S7).

The reduction of [(PPh3)AuCl] (e.g., with
(PPh3)BH3, NaBH4, GaCp)[63–65] to obtain gold
clusters such as [Au9(PPh3)8]Cl, [Au11(PPh3)7]Cl3, and
[(PPh3)8Au9GaCl2][GaCl4][GaCpCl3] is well-known, in

principle, and motivated us to probe comparable conditions
with Ca(0) nanoparticles. This approach – using metal
nanoparticles as a starting material – is here applied for the
first time. At first sight, [Au9(PPh3)8]Cl (Aucenter–Aucorner:
260.6(1)-261.8(1) pm; Aucorner–Aucorner: 300.0(1)-304.2(1) pm;
Aucorner–Aucorner–Aucorner 88.8(1)-90.4(1) °)[63] is similar to 3
(SI: Tables S6, S7). [Au9(PPh3)8]Cl was described as ionic
compound with [Au9(PPh3)8]+ cations and Cl− anions but
with weak evidence for the presence of chlorine (SI: Section
6).[63] Interestingly, the [Au9(PPh3)8]+ cation was reported
for low stability with fast conversion to [Au11(PPh3)8Cl2]+.[63]

Based on the aforementioned literature data, 3 could
be denoted as saline [Au9(PPh3)8]+(naph)−(tmeda)0.5 or
non-charged [Au9(PPh3)8](naph)(tmeda)0.5. To differentiate
both, the red color of 3 is already indicative (Figure 5a,b;
SI: Figure S36). Such color is often observed for gold
clusters[63–65] and in accordance with colorless naphthalene,
whereas a (naph)− radical anion would add a deep green
color, which – due to additive color mixing – would result
in a dark/black color of 3. This view is supported by
continuous-wave electron paramagnetic resonance (cw-EPR)
spectroscopy at X-band (∼9 GHz), which does not show any
signal around the g value of 2 as indicative for an organic
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radicals like the (naph)− radical anion (SI: Figure S37).[66,67]

The Au9 cluster core itself should also exhibit an unpaired
electron but the corresponding EPR signals are well-known
to be broad and often undetectable in conventional isotropic
X-band EPR spectroscopic measurements.[68,69] Moreover,
the characteristic and intense out-of-plane bending vibration
is suitable to differentiate non-charged naphthalene and a
(naph)− radical anion (SI: Section 6). For 3, this vibration is
observed at 787 cm−1 (SI: Figure S34) and in good agreement
with non-charged naphthalene (experimental: 783 cm−1, SI:
Figure S34; theory: 789 cm−1, SI: Figure S35; literature:
789 cm−1),[70,71] whereas the out-of-plane bending vibration
of the (naph)− radical anion is at 692 cm−1 (SI: Figure S34)
(theory: 662 cm−1, SI: Figure S35; literature: 715 cm−1).[70,71]

Finally, DFT calculations consistently show that 3 has one
unpaired electron (Figure 5e; SI: Table S9, Figure S44).
Clearly, the spin density is located on the [Au9(PPh3)8] cluster,
and within the cluster mainly on the Au centers. A natural
population analysis[72] yielded a population of about 0.05
majority-spin electrons in a 5d orbital of the central Au
atom and populations of about 0.08 majority-spin electrons
in 5p orbitals of the other eight Au atoms. According to
DFT calculations, 3 is also more stable with non-charged
naphthalene in terms of reaction energy (−76 kJ mol−1) and
electron affinity (−161 kJ mol−1) than with a (naph)− radical
anion (SI: Section 7).

With the results of crystal-structure analysis, UV-
Vis/EPR/FT-IR spectroscopy, and DFT calculations (SI:
Section 6), 3 can be consistently summarized to contain a
non-charged [Au9(PPh3)8] molecule with a bcc Au9 cluster
core. Thus, 3 adds to the still small group of compounds
containing zerovalent gold, including the dimer PPh3Au2PPh3

as well as the cluster compounds [Au20(tBu3P)8] and
[Au22(Ph2P(CH2)8PPh2)6].[73–75]

Conclusion

Calcium, Ca(0), nanoparticles are obtained by reduction
of CaI2 with [LiNaph] in toluene. In contrast to other
reactive base-metal nanoparticles (i.e., group 3-to-group 6
transition metals, lanthanide metals), a reduction of Ca2+

in THF is not possible, which can be ascribed to the
even more negative electrochemical potential of calcium
[E0

bulk(Ca/Ca2+) = −2.84 V]. As CaI2 and [LiNaph] are
insoluble in toluene, coordination of at least one of them
by N,N,N′,N′-tetramethylethylenediamine (TMEDA) is nec-
essary. Thus, the realization of Ca(0) nanoparticles requires
an advanced strategy in comparison to our already reported
synthesis of base-metal nanoparticles. As a result, monocrys-
talline Ca(0) nanoparticles with a size of 5.4 ± 1.2 nm are
obtained in the liquid phase. We can also clearly differentiate
the as-prepared Ca(0) nanoparticles from so-called “Rieke
calcium” made from [LiNaph], which – as indicated by
spectroscopy and chemical composition – represents the cal-
cium naphthalenide [Ca(naph)(thf)2] without any zerovalent
calcium.

The reactivity of the Ca(0) nanoparticles is signifi-
cantly higher than for bulk calcium and allows to perform

redox reactions at moderate temperature (20°C–80 °C).
Exemplarily, the Ca(0) nanoparticles are reacted with
[Cp2MoCl2] and the sterically demanding β-diketiminate
ligand HDippNacNac as well as with [(Ph3P)AuCl] as a
derivative of a ligand-stabilized noble metal. These reactions
result in the formation of [{(DippNacNac)(thf)Ca}2(naph)]
(1), [{(DippNacNac)(thf)CaMo(Cp)H}2(fulvalene)] (2) and
[Au9(PPh3)8](naph)(tmeda)0.5 (3). 1 is a rare example of a
compound containing a tilted dianionic (naph)2− ligand. 2
exhibits an unusual MoH → Ca dative bond with electrons of
the Mo─H bond shifted to the empty 4s orbital of Ca. Finally,
3 contains a non-charged body-centred cubic Au9 cluster core
with zerovalent gold. Besides the liquid-phase synthesis and
characterization of small-sized Ca(0) nanoparticles (< 10 nm),
generally, the potential of Ca(0) nanoparticles is shown to
perform redox reactions at moderate temperature in the
liquid phase.
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the characterization of the compounds 1–3 can be found in
the Supporting Information. Further details related to the
crystal structures of 1–3 may be also obtained from the
joint CCDC/FIZ Karlsruhe deposition service on quoting the
depository numbers 2467344 (1), 2467343 (2), and 2467345
(3).
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