Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

Special
Collection

DOI: 10.1002/zaac.202300137

www.zaac.wiley-vch.de

'-) Check for updates

RESEARCH ARTICLE

Chromium Metal Nanoparticles, Their Reactivity and

Reactions

Andreas ReiB3,”” Maximilian Kai Reimann,® Radian Popescu,

Rainer P6ttgen,” and Claus Feldmann*®

I Dagmar Gerthsen,

Dedicated to Professor Michael Ruck on the occasion of his 60" birthday.

Zerovalent chromium nanoparticles (2.24+0.2 nm in size) are
prepared in the liquid phase (THF) by reduction of CrCl, with
lithium naphthalenide ([LiNaphl). The deep black Cr(0) nano-
particle suspensions in THF are colloidally and chemically highly
stable. On the other hand, the Cr(0) nanoparticles are highly
reactive, e.g., when in contact to O,, H,O, or other oxidizing
agents. To probe the reactivity of the Cr(0) nanoparticles in the
liquid phase near room temperature (50-80°C), they are reacted
with different coordinatively demanding, N-H, S—H or O-H
acidic reactants. This includes the amines 2,2'-dipyridylamine

1. Introduction

Chromium is less reactive as a bulk metal. On the one hand, its
electrochemical potential (—0.74eV) is only moderately
negative." On the other hand, chromium metal is usually
passivated by a thin and dense oxide layer, which is highly
relevant to chromium-based steel as it efficiently prevents
corrosion.”” The passivation layer not only hampers reactions
with chromium metal but also often leads to oxide impurities.
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(HDPA), 2-(1H-imidazol-2-yl)pyridine (HImPy) and carbazole
(HCbz), the thiol 2-mercaptopyridine (HMPy), and benzoic acid
(HBz) as a carboxylate. As a result, the five novel compounds
[Cr(DPA),], [Cr(ImPy);]1-HImPy, [Cr(MPy);]-0.5 Tol (Tol: toluene),
[Na,Cr(Cbz),(THF),], and [Cr,(Bz),(THF),] are obtained. [Cr(DPA)]
and [Cr(ImPy);]-HImPy show Cr(lll) coordinated by nitrogen
only; [Cr(MPy);]-0.5 Tol shows a coordination of Cr(lll) by both N
and S atoms. [Na,Cr(Cbz),(THF);] and [Cr,(Bz),(THF),] contain
Cr(ll) and exhibit an infinite chain-like structure and pairs of
chromium atoms with fourfold binding.

To increase the reactivity of chromium, an option is to use
nanoparticles instead of the bulk metal. For nanoparticles the
reactivity can be expected to be significantly increased due to
the great surface and the high number of insufficiently
coordinated surface atoms as well as due to the absence of any
metal-oxide passivation layer.”’ Another advantage of small-
sized Cr(0) nanoparticles (<5 nm) relates to their high colloidal
stability, which allows reactions in a quasi-homogeneous liquid
phase. This guarantees a good mixing of all reactants and a low
activation energy for reactions.”

Surprisingly, the knowledge on chromium (Cr(0)) nano-
particles is rather limited until now. First of all, so-called
activated chromium was reported by Rieke et al. but without
any particle-specific characterization.” Cr(0) particles are yet
mainly available with large particle diameters and agglomer-
ation, with chromium-oxide layers for passivation and with
elaborate synthesis conditions (e.g. liquid helium droplets).”
High-quality Cr(0) nanoparticles with small size (<10 nm) are
yet only available via gas-phase methods (e.g., cluster-beam
deposition),” thermolysis of Fischer carbenes,” or in the liquid
phase by thermal decomposition of Cr(CO), in ionic liquids as
shown by Janiak et al.® Ligands like alkyls or CO in carbenes or
carbonyls as the starting materials, however, can strongly
influence the behavior and reactivity of the metal. Finally,
publications sometimes claim a synthesis of “Cr nanopatrticles”
but, in fact, refer to chromium oxide nanoparticles."”

In the following, we present the synthesis of chromium
metal (Cr(0)) nanoparticles via lithium naphthalenide ([LiNaph])
driven reduction of CrCl, in THF. The reactivity of the Cr(0)
nanoparticles was exemplarily probed in the liquid phase near
room temperature (50-80°C) with different coordinatively
demanding ligands, including the amines 2,2’-dipyridylamine
(HDPA), 2-(1H-imidazol-2-yl)pyridine (HImPy), and carbazole
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(HCbz) as well as the thiol 2-mercaptopyridine (HMPy) and
benzoic acid (HBz) as a carboxylate. As a result, the new
compounds [Cr(DPA);] (1), [Cr(ImPy);]-HImPy (2), [Na,Cr-
(Cbz),(THF);] (3), [Cr(MPy);]-0.5 Tol (4, Tol: toluene), and
[Cr,(Bz),(THF),] (5) were obtained and characterized by single-
crystal structure analysis and FT-IR spectroscopy. Exemplarily,
specific properties such as color and magnetism of 1 and 2
were examined in detail.

2. Results and discussion
2.1 Chromium metal nanoparticles

In principle, the synthesis of Cr(0) nanoparticles follows our
recently developed strategy for obtaining base-metal
nanoparticles."" Specifically, CrCl, was reduced by lithium
naphthalenide ([LiNaph]) in tetrahydrofurane (THF) (Figure 1a).
A specific difficulty of the synthesis relates to the very low
solubility of CrCl, or CrCl; in ethers. In contrast to other base-
metal nanoparticles (e.g. rare-earth metals),"" a reduction of
the metal halide by injection of [LiNaph] in an homogeneous
solution was not possible. To our surprise, we realized that the
formation of Cr(0) nanoparticles can be performed as a one-pot
reaction nevertheless by simultaneous addition of lithium,
naphthalene, and CrCl, in THF. Whereas [LiNaph] was instanta-
neously formed and dissolved, CrCl, remained as an insoluble
solid. Due to the very slow dissolution of CrCl, (over several
hours) but the very fast reduction after dissolution, Cr(0)
nanoparticles with small and uniform size were obtained
nevertheless. After 12 hours with intense stirring, the dissolu-
tion of CrCl, and the reduction were completed, resulting in a
deep-black suspension of Cr(0) nanoparticles (Figure 1b).

Tol
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For purification, the as-prepared Cr(0) nanoparticles were
centrifugated/redispersed in/from a 1:1 mixture of toluene and
THF to remove remaining starting materials, naphthalene and
LiCl. Finally, the Cr(0) nanoparticles were redispersed in THF or
toluene to obtain colloidally stable suspensions. Alternatively,
the nanoparticles can be dried at room temperature in vacuum
to obtain powder samples with a yield of about 80% (losses
mainly due to incomplete centrifugation). Suspensions and
powder samples are chemically stable under inert conditions
(argon, nitrogen), whereas they show violent reactions when in
contact with air or water. In regard of a well-reproducible one-
pot synthesis, the high yield, and the high stability under inert
conditions, the Cr(0) nanoparticles can be considered as a
suitable starting material, which is much more reactive than
bulk chromium.

Particle size and particle size distribution of the as-prepared
Cr(0) nanoparticles were examined by transmission electron
microscopy (TEM). Accordingly, TEM images show spherical
particles with a uniform size of 2-3 nm and a low degree of
agglomeration (Figure 2a). A statistical evaluation of >150
nanoparticles on TEM images reveals a mean diameter of 2.2 +
0.2 nm (Figure 2b). High-resolution (HR)TEM images confirm the
size of the nanoparticles and show the crystallinity of the as-
prepared Cr(0) with lattice fringes extending through the whole
particle (Figures 2c). The average fringe distance of 2.04+0.1 A is
in agreement with the (011) lattice-plane distance of cubic bulk
a-Cr (dy;;=2.04 A)."? This finding is also confirmed by Fourier-
transform (FT) analysis, which is in accordance with the
calculated diffraction pattern of body-centered cubic chromium
metal in the [001] zone axis (space group Im3m, a=2.8849 A,
Figure 2d).'”” The intensity of the Bragg reflections is of course
low due to the small size and limited scattering power of the
Cr(0) nanoparticles.

c) 7 d, 50-80 °C
[Cr(DPA),]

HDPA /

N NN
R P
CrCl,
: 25°C
i > By

[Cr(ImPy).]-HImPy

=

[Na,Cr(Cbz),(THF),]

HMPy
(o
[Cr(MPy)]

[Cr,(B2),(THF),]

Figure 1. Scheme illustrating the liquid-phase synthesis of Cr(0) nanoparticles and exemplary follow-up reactions with quasi-homogeneous
conditions: a) starting materials prior to mixing and formation of [LiNaph], b) as-prepared suspension of Cr(0) nanoparticles in THF, c)
reaction of the Cr(0) nanoparticles near room temperature with HDPA, HimPy, HMPy, HCbz, and HBz to obtain single crystals (up to 0.5 mm

in size) of 1-5.
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Figure 2. Size and size distribution of the as-prepared Cr(0) nanoparticles with a) TEM overview image (single Cr(0) nanoparticle exemplarily
marked by red dots), b) size distribution based on a statistical evaluation of > 150 nanoparticles on TEM images, ¢) HRTEM image of Cr(0)
nanoparticle with lattice fringes, d) FT analysis of a single nanoparticle with reflections compared to calculated diffraction pattern of bulk
body-centered cubic a-Cr (yellow circles) in the [001]-zone axis (zero-order beam marked by white circle).

In regard of a use of the as-prepared Cr(0) nanoparticles for
follow-up reactions, their surface functionalization is important.
Generally, nanoparticles made via liquid-phase syntheses as a
matter of course have at least the solvent adhered on the
surface (designated as “quasi-naked” nanoparticle)."™ To this
concern, Fourier-transformed infrared (FT-IR) spectroscopy only
shows the vibrations of THF (Figure 3a), whereas naphthalene
and toluene are not observed. Furthermore, elemental analysis
(EA) shows C/H contents of 0.8 and 2.0 mol%, which reflects
the C/H ratio in THF. The instantaneous reaction of Cr(0)
nanoparticle powders when in contact to air already indicates
their high reactivity and the absence of strongly coordinating
ligands or oxide layers passivating the surface (Figure 3b). The
absence of any strong binding and/or high-molecular-weight
surface functionalization offers the option for reactions with
other reactants and without the ingredients of the initial
nanoparticle synthesis dominating or even deteriorating the
follow-up reactions and products.

2.2 Follow-up reactions

Reactions with the as-prepared Cr(0) nanoparticles were
performed with quasi-homogenous conditions in toluene (Tol)
near room temperature (<100°C). To probe the reactivity of
the metal nanoparticles, they were reacted with the amines

2,2'-dipyridylamine (HDPA), 2-(1H-imidazol-2-yl)pyridine (HIm-
Py), carbazole (HCbz) as well as the thiol 2-mercaptopyridine
(HMPy) and the carboxylate benzoic acid (HBz). On the one
hand, these N—H, S—H or O—H acidic reactants have certain size
and are coordinatively demanding. On the other hand, they
offer different options for deprotonation and coordination via
different heteroatoms. The compounds [Cr(DPA);] (1) and
[Cr(ImPy);] - HImPy (2) were characterized in detail.

To perform follow-up reactions with HDPA and HImPy, the
as-prepared Cr(0) nanoparticles were washed (i.e. twice centri-
fuged/redispersed from/in a 1:1 mixture of THF and toluene) to
remove all dissolved salts and excess starting materials. Then,
the Cr(0) nanoparticles were centrifuged and dried in vacuum
to remove the liquid phase. Drying was performed at room
temperature to avoid any temperature-induced agglomeration
of the nanoparticles and/or reaction with surface-adhered THF.
Thereafter, the N—H acidic reactants HDPA or HImPy were
added to the dried Cr(0) nanoparticles. Moreover, few drops of
Tol were added. After heating to 80°C for 7 days, deep-red and
orange crystals of pure [Cr(DPA);] (1) and [Cr(ImPy);]-HImPy (2)
were formed according to the following reactions (Figure 1¢):

2 Cr+6 HDPA < 2 [Cr(DPA),] + 3 H,

2 Cr 4 8 HImPy < 2 [Cr(ImPy);] - HImPy + 3 H,
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Figure 3. Surface conditioning and reactivity of the as-prepared Cr(0) nanoparticles: a) FT-IR spectrum with THF, toluene, and naphthalene
as references; b) Photo showing the reaction of powder samples (20 mg) in air.

1 and 2 were obtained with a yields of about 50 and 90%
based on the amount of obtained crystals, which is limited by
the fact that the title compounds partially remain dissolved in
toluene. Finally, it needs to be noticed that all reactions need to
be performed with inert conditions (i.e., dried solvent, Ar
atmosphere, Schlenk tubes) due to the sensitivity of the Cr(0)
nanoparticles, whereas the resulting Cr(lll) compounds were
stable in air for several hours.

According to single-crystal structure analysis (SI: Table S1;
Figures $1,52), 1 and 2 crystallize in the orthorhombic space
group Pbca and the triclinic space group P1, respectively. Both
compounds exhibit a distorted octahedral coordination of the
Cr(lll) center with nitrogen of three n’-coordinating ligands
(Figure 4). Thus, the N—H acidic reactants were deprotonated to

I
o

a) [Cr(DPA),]

L

>

[DPA]™ and [ImPy]". Moreover, an additional non-coordinating
HImPy molecule is present in 2. The Cr—N distances range from
204.0(2)-207.1(2) pm in 1 to 199.6(3)-210.2(2) pm in 2. These
distances are in good agreement with, for instance, Cr(ll)N
(207 pm)™ or [Cr(ll(NH)s** (224 pm)."! The N—Cr—N angles
range from 64.8(1)-178.0(1)° in 1 and 79.7(1)-175.1(1)° in 2,
indicating the distorted octahedral arrangement. The octahe-
dral coordination with three sterically demanding ligands also
explains the good stability and the slow hydrolysis of both title
compounds.

Beside single-crystal structure analysis, composition and
purity of 1 and 2 were confirmed by Fourier-transform infrared
(FT-IR) spectroscopy and elemental analysis (EA). To this
concern, FT-IR spectra of [Cr(DPA);] and [Cr(ImPy);]- HImPy show

b) [Cr(ImPy).]-HImPy

Figure 4. Structure of the nitrogen-coordinated title compounds 1 (a) and 2 (b).
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Figure 5. FT-IR (a) and UV-Vis (b) spectra of the title compounds 1 and 2 (with the free ligands HImPy and HDPA as references).
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Figure 6. Magnetic properties of a) [Cr(DPA);] and b) [Cr(ImPy);]-HImPy with temperature dependence of the magnetic susceptibility and
its inverse (x and %' data) recorded with an external field of 10 kOe (insets show the magnetic magnetization isotherms at 3, 10, 50 K).

the expected characteristic vibrations of the respective ligands,
which are shown as a reference in addition (Figure 5a). Most
interestingly, the N-H vibrations at 3250-2800 cm™' vanish
completely for [Cr(DPA);] and are significantly reduced in
intensity for [Cr(ImPy);]-HImPy, which confirms the deprotona-
tion of the ligand. EA shows 21.0 wt% N, 60.7 wt% C, 4.1 wt%
H for 1 and 25.9 wt% N, 60.7 wt% C, 4.0 wt% H for 2, which is
in accordance with the calculated values (1: 22.4wt% N,
64.1 wt% C, 4.3 wt% H; 2: 26.7 wt% N, 61.0 wt% C, 4.0 wt% H).
In both cases, the remaining difference can be attributed to
chromium. Furthermore, the color of 1 and 2 was quantified by
optical spectroscopy (UV-Vis) (Figure 5b). Accordingly, a strong
absorption below 600 nm is observed and reflects the deep-red
or orange color of 1 and 2. Shape and intensity of the
absorption are in accordance with a d—d transition.

Crystal structure, bond distances and electroneutrality al-
ready suggest an oxidation state of +IIl for chromium for the
title compounds 1 and 2. To validate the oxidation state, the
temperature dependence of the magnetic susceptibility of

[Cr(DPA);] and [Cr(ImPy);]-HImPy (x and yx ' data) were
exemplarily examined (Figure 6). Both compounds show Curie-
Weiss behavior within the entire temperature range. The
experimental data derived from the fits according to the Curie-
Weiss law are summarized in Table 1. The experimental
magnetic moments of 3.68(1) pg/Cr atom for 1 and 3.66(1) pe/Cr
atom for 2 are close to the free ion value of 3.87 g for CP** (S=
3/2) according to 2[S(S+1)]"2"® indicating stable trivalent

Table 1. Magnetic properties of [Cr(DPA);] and [Cr(ImPy);] - HImPy,
with u. effective magnetic moment, x.,, calculated magnetic
moment, 6, paramagnetic Curie temperature, ., saturation
moment and calculated saturation magnetization according to g,
X J.

Compound rueff/“’B :ueff,theo/ eP/K /'tsat/HJB 9 xJ/
M He
[Cr(DPA),] 3.68(1) 3.87 —0.78(3) 253(1) 3

[CrImPy),]-HImPy 3.66(1) 3.87  094(3) 261(1) 3
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chromium. The Weiss constants derived from the fits are
negligible, indicating almost Curie-like behavior. The inserts
show the magnetization isotherms at 3, 10 and 50 K (Figure 6).
Both 50 K isotherms show a strictly linear increase with low
absolute values, as expected for a paramagnetic compound.
Slightly higher values along with slight curvature are observed
at 10 K. Finally, a tendency towards Brillouin type behavior was
observed for the 3 K isotherms. They exhibit much stronger
curvature and tend towards saturation. The magnetic moments
at 3 K and 80 kOe of 2.53(1) ug/Cr atom for 1 and 2.61(1) pg/Cr
atom for 2 almost reach the theoretical saturation magnet-
ization of Cr** (g,=2 and J=3/2) of 3 pg/Cr atom according to
HUsmicai) =9y X she

In addition to the reactions with HDPA or HImPy, the Cr(0)
nanoparticles were reacted with carbazole (HCbz), 2-mercapto-
pyridine (HMPy), and benzoic acid (HBz), using similar con-
ditions as for the compounds 1 and 2. After 7 days of heating at
50-80°C, the compounds [Cr(MPy),] (3), [Na,Cr(Cbz),(THF);] (4),
and [Cr,(Bz),(THF),] (5) were obtained as red, deep green and
yellow-brown crystals (Figure 1¢). Composition and structure of
these compounds were characterized by single-crystal structure
analysis and FT-IR spectroscopy (SI: Table S1, Figures S3-S8).
Similar to [Cr(DPA);], the N—H vibrations (3250-2800 cm™") of
HCbz and HMPy as well as the COO—H vibrations of HBz (3200~
2600 cm™') vanish completely for the compounds 3-5, respec-
tively, which similar to 2 confirms the deprotonation of the
ligands. The formation of 3-5 can be again rationalized based
on a liquid-phase oxidation of chromium and a reduction of the
respective N—H, S—H or O—H acidic reactants with the formation
of hydrogen:

2 Cr+ 4 HCbz + 2 NaCl + 3 THF — [Na,Cr(Cbz),(THF);]+
CrCl, +2 H,

2 Cr+ 6 HMPy + 0.5 Tol < 2 [Cr(MPy),] - 0.5 Tol + 3 H,

2 Cr+ 4 HBz + 2 THF « [Cr,(Bz),(THF),] + 2 H,

[Na,Cr(Cbz),(THF);] (3) crystallizes in the monoclinic space
group P2,/c (SI: Table S1, Figure S3). Surprisingly, each Cr atom is
coordinated by four of the voluminous Cbz ligands in a square-
planar arrangement (Figure 7a). Such coordination was ob-
served for Cr(ll) with other voluminous ligands (e.g., bis(trimeth-
ylsilyl)amide, 1,2-bis(diisopropylphosphino)ethane, 3,6-
bis(trimethylsilyl)benzene-1,2-dithiolate)"” but is here first ob-
served with the Cbz ligand. Furthermore, sodium is present in
the crystal structure of 3 and interlinks the Cr(Cbz), units to
infinite zigzag chains. It needs to be noted that 3 can be
obtained only if [NaNaph] was applied for the formation of the
Cr(0) nanoparticles instead of [LiNaph]. Thus, Na® in 3
originates from the reducing agent to prepare the Cr(0)
nanoparticles. Na* shows non-covalent interactions with Cbz,
comprising n’-interaction with one Cbz ligand and n’-inter-
action with two additional Cbz ligands (Figure 7a). Furthermore,
one or two THF molecules are coordinated to the two crystallo-
graphically different Na™ cations. Based on four negatively
charged Cbz ligands and two Na* cations per formula unit,

RESEARCH ARTICLE

finally, chromium can be concluded to exhibit an oxidation
state of +II. The Cr—N distances in 3 are 204.6(1)-207.2(2) pm.
These distances match well with few already known carbazole-
containing Cr(ll) complexes (Table 2). Here, it needs to be
noticed that known Cr(ll) complexes contain either sterically
demanding carbazole ligands or carbazole derivatives as pincer-
type ligands."® The Na—O distances range from 227.0(2) to
232.2(2) pm; the Na—C distances range from 280.5(2)-
308.2(2) pm. Finally, the N—Cr—N angles are 88.2(1)-91.7(1)°,
again indicating a distorted square-planar arrangement.

According to single-crystal structure analysis, [Cr(MPy);]-0.5
Tol (4) crystallizes in the triclinic space group P1 (SI: Table ST,
Figure S4). Herein, a Cr(lll) center is n’-coordinated by three MPy
ligands via both the N and the S heteroatom to result in a
distorted octahedron (Figure 7b). In addition, Tol is located as
an isolated, non-coordinating molecule between the [Cr(MPy);]
building units. Although 4 is firstly observed as a compound,
octahedral coordination of Cr(lll) by three MPy ligands was
already described in the literature.”® The Cr—N distances in 4
range from 203.2(2) to 205.4(2) pm and the Cr-S distances from
239.4(1) to 240.6(1) pm, which is in good agreement with
literature data (Cr—N: 203.7(4)-204.2(4) pm, Cr—S: 239.68(12)-
240.77(13) pm)." N-Cr-N and S—Cr-S angles of 93.7(1)-
99.2(1)° and 97.7(1)-98.5(1)° point to the distorted octahedral
arrangement.

[Cr,(Bz)4(THF),] (5) crystallizes in the monoclinic space group
P2.,/n (SI: Table S1, Figure S5). Herein, pairs of Cr(ll) atoms with
fourfold metal-metal binding are observed (Figure 7c). The
Cr=Cr couple is bridged by four p,-binding Bz ligands. Finally,
the coordination is completed by terminal binding of THF to
each of the Cr(ll) atoms. Such Cr=Cr couples with paddlewheel-
type ligand coordination are well-known in the literature,
comprising differently substituted acetate- and benzoate-based
ligands.”™ The composition of 4 was already suggested but
only examined by infrared spectroscopy.?” The crystal structure
of 4 is reported here for the first time. The Cr=Cr distance in 5 is
232.6(1) pm, which matches with other compounds containing
Cr(ll) pairs with fourfold binding (231.9(2)-236.6(1) pm).?® The
Cr—O distances range from of 200.3(1)-201.8(1) pm for the Bz
ligands and 227.1(1) pm for the THF ligand.

In sum, the follow-up reactions and the formation and
crystallization of the compounds 1-5, first of all, indicate the
suitability of Cr(0) nanoparticles as a starting material in the
liquid phase at moderate temperatures. Although THF and Na*
are present in 3 and 5, which originate from the synthesis of
the Cr(0) nanoparticles (i.e. THF as solvent, Na* from [NaNaph]),
the ingredients of the original Cr(0) nanoparticle synthesis

Table 2. Cr—N distances (pm) of 3 in comparison to literature-
known compounds.

Compound Cr—N distance

3 204.6(2)-207.1(2)
[(1,8-Ph,-3,6-Me,C,,H,N),Cr]["® 207 (calculated value)
["(PN P)Cr(u—H)]ZHSb] 205.5(1)
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a) [Na,Cr(Cbz),(THF),]
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Figure 7. Structure of the title compounds 3 (a), 4 (b) and 5 (c).

neither occur in all compounds nor do they dominate the
reactions and products.

3. Conclusions

Zerovalent chromium nanoparticles are prepared for the first
time in the liquid phase (THF) by reduction of CrCl, with lithium
naphthalenide ([LiNaph]). The as-prepared suspensions are
colloidally highly stable and contain uniform, small-sized and
crystalline Cr(0) nanoparticles with a diameter of 2.2+0.2 nm.
Due to the small size, the great number of surface atoms and
the absence of oxide passivation layers, the Cr(0) nanoparticles
are highly reactive even at room temperature as indicated by

the violent reaction with O, (air). To probe the reactivity of the
Cr(0) nanoparticles in the liquid phase (Tol) near room temper-
ature (50-80°C), they were exemplarily reacted with coordina-
tively demanding N—H, S—H or O—H acidic reactants, including
2,2'-dipyridylamine (HDPA), 2-(1H-imidazol-2-yl)pyridine (HImPy)
and carbazole (HCbz) as amines, the thiol 2-mercaptopyridine
(HMPy), and the carboxylate benzoic acid (HBz). These reactions
lead to [Cr(DPA)], [Cr(ImPy);]- HImPy, [Cr(MPy);]-0.5 Tol, [Na,Cr-
(Cbz),(THF),], and [Cr,(Bz),(THF),] as new compounds. In regard
of the use of Cr(0) nanoparticles as a starting material, it needs
to be noticed that the ingredients of the original Cr(0) nano-
particle synthesis neither occur in all compounds nor do they
dominate the reaction and product. In regard of the obtained
products, different coordinative scenarios are obtained with
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different multidentate ligands and different heteroatoms. Cr(lll)
as well as Cr(ll) are realized as metal centers as well as fourfold
binding of chromium pairs. Altogether, reactivity and reactions
of the Cr(0) nanoparticles offer the option to prepare many
more new compounds with quasi-homogeneous conditions
near room temperature.

Experimental

General aspects. All sample handling and reactions were per-
formed under argon atmosphere using standard Schlenk techni-
ques and gloveboxes (MBraun Unilab, O,/H,0 <1 ppm). Prior to
use, all glassware was evacuated (p<10°mbar), heated, and
flushed with argon three times to remove all moisture.

Chemicals. Tetrahydrofurane (THF, Seulberger, 99%) and toluene
(Seulberger, 99%) were refluxed over sodium with benzophenone
and distilled prior to use. Lithium metal (Alfa Aesar, 99%) as well as
sodium metal (Riedel-de-Haén, 99 %) were freshly cut under argon
atmosphere prior to use. 2,2’-Dipyridylamine (HDPA, Sigma-Aldrich,
98%), 2-(1H-imidazol-2-yl)pyridine (HImPy, Sigma-Aldrich, 97 %),
carbazole (HCbz, Sigma-Aldrich, >95%), 2-mercaptopyridine
(HMPy, Sigma-Aldrich, 99%), benzoic acid (HBz, Sigma-Aldrich,
99%), chromium(ll) chloride (Alfa Aesar, 99.9%) and naphthalene
(Alfa Aesar, >99%) were used as purchased.

Cr(0) nanoparticles. 9.3 mg of lithium or 30.8 mg of sodium
(1.34 mmol) and 180 mg of naphthalene (1.40 mmol) were dis-
solved in 15 mL of THF. 82.3 mg of CrCl, (0.67 mmol) were added
and stirred for 12 h. The resulting deep black suspension was
centrifuged to separate the Cr(0) nanoparticles. To remove excess
starting materials, naphthalene and LiCl, the nanoparticles were
redispersed/centrifuged in/from 15 mL of a 1:1 mixture of toluene
and THF. Finally, the Cr(0) nanoparticles were redispersed in THF or
toluene or dried in vacuum (20 min) to obtain powder samples
with a yield of about 80%. Certain loss of nanoparticles can be
ascribed to the purification process and predominately nano-
particles sticking on the wall of the centrifuge tubes.

[Cr(DPA);] (1). 37.5mg of HDPA (0.22 mmol) and 0.15mL of
toluene were added to 22.7mg of the Cr(0) nanoparticles
(0.44 mmol) in an argon-filled Schlenk tube (20 mL). This Schlenk
tube was heated to 80°C for 7 days. After cooling to room
temperature, deep red crystals of 1 were obtained with a yield of
about 50 %.

[Cr(ImPy);]-HImPy (2). 63.4 mg of HImPy (0.44 mmol) and 0.15 mL
of toluene were added to 22.7 mg of the Cr(0) nanoparticles
(0.44 mmol) in an argon-filled Schlenk tube (20 mL). This Schlenk
tube was heated to 80°C for 7 days. After cooling to room
temperature, orange crystals of 2 were obtained with a yield of
about 90 %.

[Na,Cr(Cbz),(THF);] (3). 36.6 mg of carbazole (HCbz, 0.22 mmol)
and 0.15mL of toluene were added to 22.7 mg of the Cr(0)
nanoparticles (0.44 mmol) in an argon-filled Schlenk tube (20 mL).
This Schlenk tube was heated to 80°C for 7 days. After cooling to
room temperature, yellow-brown crystals of 4 were obtained with a
yield of about 50%. Here, the yield seems to be limited due to the
amount of THF adsorbed on the Cr(0) nanoparticles.

[Cr(MPy);]-0.5 Tol (4). 97.2mg of 2-mercaptopyridine (HMPy,
0.88 mmol) and 0.2 mL of toluene were added to 22.7 mg of the
Cr(0) nanoparticles (0.44 mmol) in an argon-filled Schlenk tube
(20 mL). This Schlenk tube was heated to 50°C for 7 days. After
cooling to room temperature, deep-green crystals of 3 were
obtained with a yield of about 90 %.

RESEARCH ARTICLE

[Cr,(Bz),(THF),] (5). 80.1 mg of benzoic acid (HBz, 0.66 mmol) and
0.2 mL of toluene were added to 22.7 mg of the Cr(0) nanoparticles
(0.44 mmol) in an argon-filled Schlenk tube (20 mL). This Schlenk
tube was heated to 80°C for 7 days. After cooling to room
temperature, red crystals of 5 were obtained with a yield of about
80 %.

Analytical techniques. Further details related to the analytical
equipment and single-crystal structure analysis are summarized in
the Supporting Information. Further details of the crystal structure
investigations may be obtained from the joint CCDC/FIZ Karlsruhe
deposition service on quoting the depository numbers 2269548-
2269552.
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