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ABSTRACT: Treatment of [Ni23Se12Cl3(PEt3)10] (1-Cl) with excess Me3SiX (X = Br, I) results in formation of
[Ni23Se12X3(PEt3)10] (X = Br, 1-Br; X = I, 1-I) in good yields. 1-Br and 1-I are exceptionally rare examples of atomically
precise nickel nanoclusters (APNCs). Both 1-Br and 1-I were characterized by X-ray crystallography, NMR spectroscopy, and ESI-
mass spectrometry. Both clusters feature a compact [Ni13]

7+ kernel capped by a [Ni10(μ-Se)9X3]
− shell. Cluster 1-Br could also be

isolated cleanly using a bottom-up synthetic approach, via reaction of [Ni(1,5-cod)2] and PEt3 with SePEt3 and [NiBr2(PEt3)2].
Under these conditions, it could be isolated in 43% yield. In contrast, reaction of [Ni(1,5-cod)2] and PEt3 with SePEt3 and
[NiI2(PEt3)2] results in formation of [Ni3(μ3-Se)2I2(PEt3)4] (2-I) as the only isolable product. These results highlight the challenges
inherent in the bottom-up synthesis of Ni nanoclusters, and demonstrate the value of postsynthetic modification in the synthesis of
3d metal APNCs.

■ INTRODUCTION

Transition metal APNCs are of interest for a variety of
applications, spanning catalysis, electronics, magnetic data
storage, and quantum computing.1−7 Clusters featuring Fe, Co,
and Ni are particularly appealing for magnetic applications
because these elements are ferromagnetic in bulk form.
However, little headway has been made on isolating nano-
clusters of these elements.8 Indeed, a search of the Cambridge
Crystallographic Database reveals only four reported Fe
nanoclusters,9 four reported Co nanoclusters,10−12 and ten
reported Ni nanoclusters;13−22 defined here as a cluster that
contains at least one central metal atom coordinated to at least
eight other metal atoms and no nonmetal atoms. In contrast,
there are approximately 190 and 370 APNC nanoclusters
structures reported for Ag and Au, respectively.23 Their paucity
is due to a number of factors, including their high air
sensitivity, paramagnetism, unfavorable redox properties,
relatively low M−M bond enthalpies, and lack of suitable
starting materials.8,24−28

Given the challenge of generating APNCs of Fe, Co, and Ni
via the traditional bottom-up approaches, the use of
postsynthetic modification could be a valuable strategy for
making new nanoclusters of these elements. In fact,
postsynthetic ligand exchange is emerging as an important
tool in nanocluster synthesis.29−34 For example, reaction of

[IrAu12(dppe)5Cl2]
+ with KX (X = Br, I) yielded

[IrAu12(dppe)5X2]
+ (dppe = 1,2-bis(diphenylphosphino)-

ethane; X = Br, I) via halide exchange. The modified clusters
exhibited improved photoredox properties, highlighting the
utility of post synthetic modification in tuning APNC
properties.35 Similarly, reaction of [Au11(dppf)4Cl2]Cl with
KX (X = Br, I, SCN) yielded the isostructural APNCs,
[Au11(dppf)4X2]X (dppf = 1,1′-bis(diphenylphosphino)-
ferrocene).36 Of greater relevance to the current work, reaction
of the rare Fe APNC, [(Tp*WS3)4Fe13], with Me3SiN3 or
PhN3 leads to formation of the oxidized clusters,
[(Tp*WS3)4Fe13(μ3-N)4] and [(Tp*WS3)4Fe13(μ3-NPh)3],
respectively, demonstrating the ability to tune oxidation state
for potential magnetic applications.9

In each of the above-mentioned cases, the APNC nuclearity
and core structure did not change. In contrast, many attempts
at postsynthetic modification lead to large, and potentially
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undesirable, structural and/or nuclearity changes.30,34,37−42 For
example, addition of Ph2phen to [Cu25H22(PPh3)12]Cl results
in isolation of a Cu29 cluster, [Cu29Cl4H22(Ph2phen)12]Cl
(Ph2phen = 4,7-diphenyl-1,10-phenanthroline) via sacrificial
disassembly of the Cu25 starting material.

43 Similarly, reaction
of [Ag32S3(CC

tBu)23]
3+ with 3-bromophenylacetylene results

in isolation of the larger Ag45 APNC, [Ag45S6(CCC6H4-3-
Br)32]

+,44 whereas reaction of [Au23(S-cyclo-C6H11)16]
− with 1-

adamantanethiol leads to formation of the smaller Au16 APNC,
[Au16(S-1-Ad)12].

42 In these cases, the changes in nuclearity
can be ascribed to the diGerent donor abilities, denticities, and
steric properties of the incoming ligand.42−44

Recently, we reported the synthesis of a rare Ni-containing
nanocluster, [Ni23Se12Cl3(PEt3)10] (1-Cl).14 This cluster was
synthesized by treatment of [Ni(1,5-cod)2] with PEt3, SePEt3,
and [NiCl2(PEt3)2] (Scheme 1). The reaction to form 1-Cl is
highly reproducible and the crystallization is well behaved,
allowing isolation of the cluster in good yields as analytically
pure material. Also formed in the reaction, as a minor product,
is the Ni3 cluster, [Ni3(μ3-Se)2Cl2(PEt3)4] (2-Cl), which was
also structurally characterized. Cluster 2-Cl is easily separated
from 1-Cl. Interestingly, 1-Cl was first reported in 1992, but it
was originally formulated as [Ni23Se12(PEt3)13] on the basis of
low quality X-ray diGraction data.17

Given the relatively high yield of 1-Cl, coupled with its ease
of preparation, and the presence of potentially exchangeable
chloride ligands, we hypothesize that it would be a good
candidate for postsynthetic modification. Herein, we describe
the synthesis of [Ni23Se12X3(PEt3)10] (X = Br, I), which were

formed by postsynthetic halide metathesis. The bromide
analogue was also synthesized via a bottom-up approach,
whereas the iodide analog could not be isolated in this manner,
conclusively demonstrating that postsynthetic modification is a
valuable strategy for the synthesis of new 3d metal nano-
clusters.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of [Ni23Se12X3(PEt3)10]
(X = Br, I).We hypothesized that we could access clusters 1-Br
and 1-I via halide metathesis from 1-Cl, using Me3SiX (X = Br,
I) as the halide source. While halide metathesis with Me3SiX is
not well established in nanocluster synthesis, this protocol is
well-known in organometallic chemistry.45,46 Previous exam-
ples of APNC halide exchange used alkali metal salts,35,36

which are not as easy to remove as the volatile silicon reagent.
Thus, treatment of 1-Cl with 3 equiv of Me3SiBr in
tetrahydrofuran (THF) at room temperature results in
formation of [Ni23Se12Br3(PEt3)10] (1-Br), which can be
isolated in 64% yield upon workup (Scheme 2A). Similarly,
reaction of 1-Cl with 6 equiv of Me3SiI in THF results in
formation of [Ni23Se12I3(PEt3)10] (1-I), which can be isolated
in 67% after workup. Cluster 1-I could also be made by
reaction of 1-Cl with excess NaI, but the yield was not as good
(see Supporting Information for more details). Interestingly,
reaction of 1-Br with Me3SiI did not result in formation of 1-I.
Instead, we observe the formation of [Ni23Se12Br3‑nIn(PEt3)10]
(n = 1, 2) as the major products, along with the presence of
unreacted starting material, according to ESI-MS (Figure S40),

Scheme 1. Synthesis of [Ni23Se12Cl3(PEt3)10] (1-Cl) and [Ni3(μ3-Se)2Cl2(PEt3)4] (2-Cl)

Scheme 2. Syntheses of 1-Br and 1-I via Post-synthetic Modification and Bottom-Up Synthesis
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presumably due to the lack of strong thermodynamic driving
force. Finally, reaction of 1-Cl with 3 equiv of Me3SiN3 did not
result in any reaction after 24 h, whereas reaction of 1-Cl with
3 equiv of Me3SiOTf resulted in cluster decomposition.
Cluster 1-Br is soluble in THF, sparingly soluble in benzene

and toluene, and insoluble in diethyl ether, pentane, hexanes,
and acetonitrile. Cluster 1-I is soluble in THF, toluene, and
benzene, sparingly soluble in diethyl ether, and insoluble in
pentane and hexanes. The 1H NMR spectrum of 1-Br in
benzene-d6 (25 °C) features resonances at 7.11, 1.83, and 1.15
ppm, in a 9:54:27 ratio, respectively. These resonances are
assignable to the three unique methyl environments of the 10
PEt3 ligands, and are consistent with the C3 symmetry
observed in the solid state (see below for more discussion).
The 1H NMR spectrum also features a resonance at 43.45
ppm, which corresponds to the methylene environment of the
apical PEt3 ligand, resonances at 5.51 and 5.36 ppm, which
correspond to the diastereotopic methylene environments of
the six equatorial PEt3 ligands, and a multiplet at 3.38 ppm,
which corresponds to the remaining methylene environment.
The 31P{1H} spectrum of the same benzene-d6 solution
features resonances at 434 and 1035 ppm in a 3:6 ratio (Figure
1a). These resonances account for the three PEt3 ligands at the
base of the cluster, and the six PEt3 ligands bound to the
equatorial belt. The resonance for the apical PEt3 was not
observed, presumably because of paramagnetic broadening.
The 1H and 31P{1H} NMR spectral properties of 1-I are
similar, suggesting a comparable structure. In particular, its
31P{1H} NMR spectrum consists of two extremely downfield

shifted resonances at 362 and 942 ppm in a 3:6 ratio (Figure
1a).
The ESI-MS spectra of isolated 1-Br and 1-I confirm the

new formulations and successful halide exchange. The
spectrum of 1-Br in THF (3.00 kV capillary voltage, positive
ion mode) displays a major peak at 3719.3301 m/z assignable
to [Ni23Se12Br3(PEt3)10]

+ ([1-Br]+, calcd 3719.1492 m/z)
(Figure 1b). Excellent agreement is observed between the
experimental and simulated isotope patterns for this ion
(Figure S32), providing further support for its formulation. We
also observe a minor peak at 3675.3684 m/z, which is
assignable to [Ni23Se12Br2Cl(PEt3)10]

+ ([1-Br − Br + Cl]+,
calcd 3673.1997 m/z). We suggest that formation of [1-Br −

Br + Cl]+ is due to halide exchange with adventitious chloride
in the ESI-MS injection line, and not due to partial halide
exchange during the reaction. Adventitious chloride incorpo-
ration into APNCs has been observed previously by several
diGerent groups.47−49 We also observed adventitious halide
exchange in the ESI-MS of 1-Cl.14 The ESI-MS of 1-I in THF
(3.00 kV capillary voltage, positive ion mode) displays a major
peak at 3859.6699 m/z, assignable to [Ni23Se12I3(PEt3)10]

+

([1-I]+, calcd 3859.1121 m/z). As with [1-Br]+, we observe
excellent agreement between experimental and simulated
isotope patterns for [1-I]+ (Figure S39). We also observe
smaller peaks at 3813.2541 and 3766.6753 m/z, which are
assignable to [Ni23Se12I2Br(PEt3)10]

+ ([1-I − I + Br]+, calcd
3813.1443 m/z) and [Ni23Se12I2Cl(PEt3)10]

+ ([1-I − I + Cl]+,
calcd 3766.1980 m/z), respectively. We hypothesize that their

Figure 1. (a) Room temperature 31P{1H} NMR spectra of 1-Cl, 1-Br and 1-I recorded in C6D6.
31P{1H} NMR data for 1-Cl taken from ref 14. (b)

ESI-MS of [1-Br]+, recorded in THF (3.00 kV capillary voltage, positive ion mode). (c) UV−vis absorption spectra of 1-Cl, 1-Br, and 1-I in THF
at 298 K. d. Variable-temperature magnetic susceptibility (χT) data for 1-Br collected under an applied magnetic field of H = 1000 Oe (0.1 T)
from T = 2 to T = 300 K.
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presence is also due to halide exchange in the ESI-MS injection
line.
UV−vis spectra were also collected for 1-Cl, 1-Br, and 1-I in

THF at room temperature (Figure 1c). The spectra for all
three complexes are very similar. Each displays a shoulder at ca.
325 nm, in addition to intense, broad absorption bands at ca.
400 and 600 nm. The spectra are broadly similar to those
reported for other transition metal nanoclusters.50 Addition-
ally, the similarity of all three spectra suggests that the
observed absorptions are likely electronic transitions within the
Ni23 core. Accordingly, it appears that halide exchange does
not cause a large perturbation of the cluster electronic
structure. Similar spectral behavior has been observed
previously. For example, [Au10(

MesCH2Bimy)6X3]
+ (X = Cl,

Br) exhibit nearly identical UV−vis spectra,51 as do
[Au13(dppe)5X2]

3+ (X = Cl, Br, I).32

To further probe the electronic structure of the Ni23 clusters,
temperature-dependent dc magnetization data were collected
for a crystalline sample of 1-Br at H = 1000 Oe (Figure 1d). It
features a room-temperature moment of χMT = 1.39 cm3 K
mol−1 (μeff = 3.34 μB), which drops to χMT = 0.43 cm

3 K mol−1

(μeff = 1.85 μB) at T = 2 K. For comparison, the spin only
moment for an S = 1/2 system is 0.37 cm3 K mol−1. Overall,
these data are consistent with an S = 1/2 ground state at low
temperatures, with thermal population of low-lying S = 3/2 or
5/2 excited states on warming, suggesting that there is a dense
manifold of orbitals near the HOMO−LUMO gap. Similar
behavior is observed for [Ni30S16(PEt3)11],

15 likely for the
same reason. The room temperature moment recorded for 1-
Br in the solid state is similar to that found for 1-Cl in CD2Cl2
(Evans’ method: 1.58 cm3 K mol−1 at 298 K),14 suggesting that
the two clusters have similar ground states. However, its
magnetic moment is much higher than that reported by
Steigerwald and co-workers reported for [Ni23Se12(PEt3)13]
(ca. 0.36 cm3 K mol−1 at 150 K).52 The origin of this
discrepancy is currently unclear.

X-ray Crystallography. X-ray structural data were
collected for clusters 1-Br and I-I. In addition, we
recharacterized 1-Cl using synchrotron radiation at the
advanced photon source (APS). The new data collected for
1-Cl using synchrotron radiation was of higher quality (R1 =
0.0404) than the data previously reported for 1-Cl (R1 =
0.0884),14 which helps solidify our revised formulation of this
cluster.
As previously reported,14 1-Cl crystallizes in the trigonal

space group R3c as the THF solvate, 1-Cl·2THF (Figure S1).
Cluster 1-Br similarly crystallizes in the trigonal space group
R3c as the THF solvate, [Ni23Se12Br3(PEt3)10]·2THF (1-Br·
2THF) (Figure 2). Cluster 1-I crystallizes in the monoclinic
space group P21/m as the diethyl ether solvate,
[Ni23Se12I3(PEt3)10]·Et2O (1-I·Et2O). All three clusters are
isostructural. Each features a [Ni13]

7+ anticuboctahedral kernel,
where one hemisphere of the kernel is capped by a [Ni10(μ-
Se)9X3]

− shell. Seven PEt3 ligands are attached to the [Ni10(μ-
Se)9X3]

− shell: six PEt3 ligands are located along the equatorial
belt, and one PEt3 ligand is located at the apex. The other
hemisphere of the [Ni13]

7+ kernel is bound to three PEt3
ligands and three (μ4-Se)

2− ligands, which are arranged to form
a C3-symmetric [cyclo-Ni3(μ-Se)3(PEt3)3] terrace. Similar
terrace features are found in the related Ni APNCs,
[Ni30S16(PEt3)11] and [Ni26S14(PEt3)10].

15 [Ni30S16(PEt3)11]
and [Ni26S14(PEt3)10] also feature “metal-like” cores charac-
terized by interpenetrating Ni13 kernels and a high degree of
Ni−Ni bonding. The recently reported Fe APNC,
[(Tp*WS3)4Fe13], also features a M13 kernel.

9 As mentioned
above, Ni APNCs are exceptionally rare. Only a handful are
known, including the aforementioned [Ni30S16(PEt3)11] and
[Ni26S14(PEt3)10], as well as [Ni21Se14(PEt2Ph)12],
[Ni9Te6(PEt3)8]

n+ (n = 0, 1, 2), and [Ni9Te6(PMe3)8]
n+ (n

= 0, 1, 2).8,14−22

As expected, the Ni−X distances increase with the increasing
halide ionic radii (1-Cl: 2.270(3) Å; 1-Br: 2.3894(15) Å; 1-I:

Figure 2. Ball and stick structure of [Ni23Se12Br3(PEt3)10]·2THF (1-Br·2THF). Ni atoms are shown in green, and the blue polyhedron represents
the coordination sphere of the central Ni atom. P, Se, and Br atoms are shown in orange, maroon, and brown, respectively. C atoms are depicted in
gray wireframe. Hydrogen atoms and THF solvate atoms are omitted for clarity. (a) 1-Br·2THF shown perpendicular to the C3 axis. (b) [Ni13]

7+

anticuboctahedral kernel. (c) [Ni10(μ-Se)9Br3]
− shell attached to the [Ni13]

7+ kernel.

Table 1. Bond Length (Å) Comparison between 1-Cl, 1-Br, and 1-I

cluster Ni−Ni Ni−P Ni−Se Ni-X

1-Cl average 2.56 2.21 2.38 2.270(3)

range 2.345(3)−2.796(3) 2.199(4)−2.227(6) 2.296(2)−2.4688(19)

1-Br average 2.56 2.21 2.384 2.3894(15)

range 2.3494(19)−2.829(2) 2.201(3)−2.249(5) 2.2963(15)−2.4737(14)

1-I average 2.57 2.22 2.386 2.5880(14), 2.617(2)

range 2.348(2)−2.8536(19) 2.198(3)−2.281(4) 2.2915(10)−2.4802(16)
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2.5880(14), 2.617(2) Å).53 Otherwise, the metrical parameters
between the three clusters are very similar, consistent with
their nearly identical NMR and UV−vis spectral data. For
example, the average Ni−Ni distances are nearly identical (1-
Cl: 2.56 Å, 1-Br: 2.56 Å, 1-I: 2.57 Å, Table 1), as are the
average Ni−Se distances (1-Cl: 2.38 Å, 1-Br: 2.38 Å, 1-I: 2.39
Å). The Ni−Papical distances are also nearly identical (1-Cl:
2.227(6) Å, 1-Br: 2.249(5) Å, 1-I: 2.281(4) Å), which is
notable since the apical PEt3 ligand interacts the most with the
three halide ligands, further confirming the minimal disruption
to the cluster structure upon halide exchange.
The average formal Ni-oxidation state in 1-X is +1.17. While

this value is indicative of a highly reduced cluster, the low
symmetry of the cluster suggests that the redox load is not
evenly supported by all 23 Ni centers. Indeed, given the
number of Se2− and X− ligands within the [Ni10(μ-Se)9X3]

−

shell, it is likely that all 10 of these Ni centers are in the formal
+2 oxidation state. Moreover, given the presence of many
strong field PEt3 and Se

2− ligands within the [Ni10(μ-Se)9X3]
−

shell, these 10 Ni2+ centers are likely low spin and diamagnetic.
Accordingly, the average formal oxidation state of the nickel
atoms within the [Ni13]

7+ kernel is +0.54. The redox load
across these 13 Ni centers is probably more evenly distributed,
given the similar coordination environments among these
metal atoms. However, the proposed 7+ charge of the kernel
implies an odd-numbered electronic configuration, with
minimum and maximum spin states of S = 1/2 and S = 7/2,
respectively. The former value is consistent with observed low
temperature moment of 1-Br (Figure 1d).
A t t e m p t e d B o t t om - U p S y n t h e s e s o f

[Ni23Se12X3(PEt3)10]. The reported bottom-up synthesis for
1-Cl is potentially modular (Scheme 1), since a variety of X-
type ligands could be introduced into the cluster by changing
the identity of the NiX2 salt used in the reaction. To test this
hypothesis, we attempted to prepare the 1-Br by substitution
of [NiCl2(PEt3)2] with [NiBr2(PEt3)2]. Thus, treatment of a
THF solution of [Ni(1,5-cod)2] (23 equiv) and PEt3 (1 equiv)
with SePEt3 (17 equiv), followed by addition of
[NiBr2(PEt3)2] (4 equiv) resulted in formation of a dark
brown solution after 4 d (Scheme 2B). Workup of the reaction
mixture aGorded the isolation of 1-Br as a black crystalline
solid in 43% yield from the THF fraction. We were also able to
isolate the Ni3 cluster, [Ni3(μ3-Se)2Br2(PEt3)4] (2-Br), from
the toluene fraction of the reaction mixture, in 26% yield. A
similar byproduct was reported for the synthesis of 1-Cl,
namely, [Ni3(μ3-Se)2Cl2(PEt3)4] (2-Cl).14 The formation of 2-
Br during the reaction partially explains the low isolated yield
of 1-Br by this route, since it sequesters equivalents of both Br
and Ni. Additionally, we found the purity of 1-Br was
improved by addition of 4 equiv of [NiBr2(PEt3)2], instead of
the 1.5 equiv suggested by the idealized reaction stoichiometry.
While this change likely increases the yield of 2-Br, it reduced
the amount of adventitious chloride observed in isolated
samples of 1-Br.
We also attempted the bottom-up synthesis of 1-I, using the

same conditions employed to make I-Cl and I-Br. Thus,
treatment of a THF solution of [Ni(1,5-cod)2] (23 equiv) and
PEt3 (1 equiv) with SePEt3 (17 equiv) and then [NiI2(PEt3)2]
(4 equiv) resulted in formation of a dark brown solution after 4
d. An ESI-mass spectrum of the crude reaction mixture
(recorded in positive ion mode) reveals a complex reaction
mixture (Figure S41). The mass spectrum features major peaks
at 1051.20 m/z and 2241.29 m/z, which are assignable to

[Ni3Se2I(PEt3)5]
+ ([2-I − I + PEt3]

+) (calcd = 1051.00 m/z)
and [Ni14Se9(PEt3)6]

+ (calcd = 2240.88 m/z). Additionally, we
observe minor peaks at 2365.4021, 3380.7861, and 3498.8943
m/z. These peaks correspond to Ni-containing clusters, but
they remain unassigned. Finally, a very minor peak is observed
at 3859.8368 m/z, which is assignable to [Ni23Se12I3(PEt3)10]

+

([1-I]+) (calcd m/z = 3859.1121), but given its intensity, 1-I is
clearly a minor product in the reaction mixture. The 1H NMR
spectrum of the crude reaction mixture in C6D6 reveals that 2-I
is the major reaction product (Figure S19), consistent with the
ESI-MS results. However, a number of other species are also
present in the reaction mixture, as indicated by additional
resonances between 33.8 and 40.7 ppm. Given the apparent
paramagnetism of these products, we suggest they correspond
to the unidentified Ni-containing clusters observed in the ESI-
MS spectrum. We also observe minor peaks at 38.19, 8.19,
5.15, and 3.07 ppm, which are assignable to 1-I. Complexes 2-I
and 1-I are present in a 20:1 ratio in this sample, according to
integration of the 1H NMR spectrum. Given the trace
formation of 1-I in the reaction mixture, this approach is
clearly not synthetically useful.
To explain the diGerent bottom-up reaction outcome in the

case of iodide, we hypothesize that the relative stability of 1-I is
much lower than that of 2-I and the other observed cluster
products. As a result, these unwanted products are favored in
the cluster assembly process, resulting in lower yields of 1-I in
comparison to the analogous chloride and bromide reactions.
Attempts to favor formation of 1-I, and suppress formation of
2-I, also failed. For example, reducing the amount of SePEt3 in
the reaction mixture still resulted in formation of 2-I as the
major product, while 1-I is no longer observed in the reaction
mixture. These failed eGorts to suppress the formation of 2-I
demonstrate its inherent stability, and further emphasize the
importance of postsynthetic modification in the isolation of 1-
I.

■ CONCLUSIONS

We have synthes i zed two new nicke l APNCs ,
[Ni23Se12X3(PEt3)10] (X = Br, I). While the bromide analogue
could be made by two routes: postsynthetic ligand exchange
and bottom-up synthesis; the iodide analogue could only be
made by postsynthetic ligand exchange. Attempts to make
[Ni23Se12I3(PEt3)10] via bottom-up synthesis instead resulted
in formation of [Ni3(μ3-Se)2I2(PEt3)4] as the major product,
suggesting that the Ni3 cluster features enhanced stability
relative to the target APNC. This work highlights the
challenges inherent in the bottom-up synthesis of Ni
APNCs: while [Ni23Se12I3(PEt3)10] is thermodynamically
stable, as evidenced by its isolation and characterization, it is
clearly kinetically inaccessible via the bottom-up reaction
pathway. Overall, our findings demonstrate the value of
postsynthetic modification toward the synthesis of Ni
APNCs, which have proven diRcult to synthesize by
bottom-up methods. Easier access to new Ni APNCs will
enable new technological uses for these materials, including for
catalysis and magnetism applications.

■ EXPERIMENTAL SECTION

General Procedures. All operations were performed in a
glovebox under an atmosphere of N2, unless otherwise noted.
Hexanes, diethyl ether, and toluene were dried by passage over
activated molecular sieves using a Vacuum Atmospheres DRI-SOLV
solvent purification system, and stored over activated 3 Å molecular
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sieves for 24 h prior to use. Pentane was dried on an MBraun solvent
purification system and stored over activated 3 Å molecular sieves for
24 h prior to use. THF was first distilled from calcium hydride, then
distilled from Na/benzophenone and stored over activated 3 Å
molecular sieves for 24 h prior to use. C6D6 was dried over activated 3
Å molecular sieves for 48 h prior to use. [Ni23Cl3Se12(PEt3)10] (1-Cl)
was prepared according to published literature procedures.14 Bis(1,5-
cyclooctadiene)nickel(0) (98+%) was purchased from Strem
chemicals and used as received. Triethylphosphine, 99%, was
purchased from Sigma-Aldrich and used as received. Selenium
powder, −200 mesh, 99.999% (metals basis) was purchased from
Alfa Aesar and used as received. Triethylphosphine selenide was
prepared by reaction of PEt3 with Se powder in toluene.17,54 The
resulting solution was filtered, layered with hexanes, and stored at −25
°C for 24 h, which resulted in the deposition of colorless needles.
These needles had 31P{1H} NMR spectroscopic parameters that
matched those previously described for this material.54,55

[NiX2(PEt3)2] (X = Br, I) were prepared by heating a mixture of
anhydrous NiX2 and PEt3 (2 equiv) in THF at 65 °C in a Cajon flask
for 17 h. The resulting solutions were filtered through a Celite column
supported on glass wool (0.5 cm × 5 cm) to aGord purple (X = Br) or
green (X = I) filtrates. The filtrates were concentrated in vacuo,
layered with hexanes, and stored at −25 °C for 2 d, which resulted in
the deposition of red-purple blocks of [NiBr2(PEt3)2] or dark green
blocks of [NiI2(PEt3)2]. These solids matched the descriptions
previously reported for these materials.56,57 All other reagents were
purchased from commercial suppliers and used as received.
Caution! Triethylphosphine is air-sensitive and potentially pyrophoric.

It must be handled under an inert atmosphere.
All NMR spectra were collected at room temperature unless

otherwise specified. 1H, 13C{1H}, and 31P{1H} NMR spectra were
recorded on a Bruker AVANCE NEO 500 MHz spectrometer or a
Bruker AVANCE III HD 400 MHz spectrometer. 1H and 13C{1H}
NMR spectra were referenced to external SiMe4 using residual protio
solvent resonances as internal standards. 31P{1H} NMR spectra were
referenced indirectly to the 1H chemical shifts of SiMe4 at 0 ppm. IR
spectra were recorded on a Nicolet 6700 FT-IR spectrometer. Mass
spectra were collected at the Materials Research Laboratory Shared
Experimental Facilities at UCSB, using an electrospray ionization
(ESI) source in positive ion mode with a Waters Xevo G2-XS TOF
Time-of-Flight mass spectrometer. Model mass spectra were
generated in MassLynx V4.1 software with the isotope clusters
displayed with a minimum abundance of 0.1%. Elemental analyses
were performed by the Microanalytical Laboratory at the University of
California, Berkeley, using a PerkinElmer 2400 Series II combustion
analyzer. UV−vis spectra were recorded on a Shimadzu UV3600
Spectrometer.
Magnetism Measurements. Magnetic properties were recorded

using a Quantum Design Magnetic Property Measurement System
SQUID vibrating sample magnetometer (MPMS3 SQUID-VSM).
10−13 mg samples of polycrystalline 1-Br were loaded into a
polypropylene capsule under inert atmosphere. Melted eicosane wax
(3−6 mg) was subsequently added onto the sample to minimize
particle torquing during measurements, whereupon the polypropylene
capsule was sealed with vacuum grease to prevent exposure to air. DC
magnetic measurements were performed in VSM mode while
sweeping the temperature at controlled rates. For the magnetic
susceptibility measurements, diamagnetic corrections for 1-Br (χdia =
−20.18 × 10−4 cm3/mol) and eicosane (χdia = −2.43 × 10−4 cm3/
mol) were made using Pascal’s constants. The data were not corrected
for the contribution from the sample holder and vacuum grease.
Synthesis of [Ni23Se12Br3(PEt3)10] (1-Br) via Halide Meta-

thesis. A 20 mL scintillation vial equipped with a magnetic stir bar
was charged with [Ni23Se12Cl3(PEt3)10] (1-Cl) (0.023 g, 0.006 mmol)
and THF (4 mL). Me3SiBr (2.5 μL, 0.019 mmol) was added via
microsyringe to the stirring solution. This solution was stirred for 30
min at room temperature, whereupon the volatiles were removed in
vacuo. The resulting black solid was triturated with pentane (1 mL ×

2). The dark brown product was then rinsed with toluene (3 mL) and
the rinsings were discarded. The remaining solid was dissolved in

THF (3 mL), and filtered through the Celite column supported on
glass wool (0.5 cm × 5 cm). The dark brown filtrate was layered with
hexanes (6 mL) and stored at −25 °C for 48 h, which resulted in the
deposition of black blocks. The blocks were isolated by decanting the
supernatant, rinsing with hexanes (2 mL), and drying in vacuo (15.3
mg, 64% yield). 1H NMR (400 MHz, 25 °C, C6D6): δ 43.45 (br s,
CH2CH3, 6H), 7.11 (br s, CH2CH3, 9H), 5.51 (m, JHH = 7.2 Hz,
CH2CH3, 18H, diastereotopic), 5.36 (m, JHH = 7.2 Hz, CH2CH3,
18H, diastereotopic), 3.38 (m, JHH = 7.3 Hz, CH2CH3, 18H), 1.83
(m, CH2CH3, 54H), 1.15 (m, CH2CH3, 27H). ESI-MS (THF,
positive ion mode, 3.00 kV): 3719.33 m/z ([Ni23Se12Br3(PEt3)10]

+

([1-Br]+), calcd 3719.15 m/z), 3675.37 m/z ([Ni23Se12Br2Cl-
(PEt3)10]

+ ([1-Br − Br + Cl]+), calcd 3673.20 m/z), 3638.41 m/z
([Ni23Se12Br2(PEt3)10]

+ ([1-Br − Br]+), calcd 3638.25 m/z).
Bottom-Up Synthesis of [Ni23Se12Br3(PEt3)10] (1-Br). A 20 mL

scintillation vial equipped with a magnetic stir bar was charged with
[Ni(1,5-cod)2] (0.152 g, 0.554 mmol), THF (10 mL) and PEt3 (3.5
μL, 0.024 mmol). Crystalline SePEt3 (0.081 g, 0.412 mmol) was then
added as a solid to the stirring solution. This solution was stirred at
room temperature for 15 min, whereupon the pale-yellow solution
turned brown. [NiBr2(PEt3)2] (0.043 g, 0.095 mmol) and THF (2
mL) were then added separately to this solution. The solution was
allowed to stir for 4 d at room temperature, whereupon all volatiles
were removed in vacuo. The resulting brown waxy solid was triturated
with pentane (1 mL × 2), and then rinsed with pentane (4 mL),
diethyl ether (4 mL), toluene (8 mL), and THF (10 mL). Each of
these rinsings were filtered through a Celite column supported on
glass wool (0.5 cm × 5 cm), furnishing dark brown filtrates in each
case. The pentane and diethyl ether filtrates were discarded. The
toluene filtrate was layered with hexanes (8 mL) and stored at −25 °C
for 72 h, which resulted in the deposition of [Ni3(μ3-Se)2(PEt3)4] (2-
Br) as a black crystalline solid (0.047 g, 26% yield by [Ni(1,5-cod)2]).
The solid was isolated by decanting the supernatant and rinsing the
crystalline material with hexanes (2 mL). The crystals were then dried
in vacuo and their identity was confirmed via 1H and 31P{1H} NMR
spectroscopy (Figures S24 and S25). 1H NMR (400 MHz, 25 °C,
C6D6): δ 1.80−1.62 (m, CH2CH3, 12H), 1.60−1.44 (m, CH2CH3,
12H), 1.33 (m, JHP = 15.2 Hz, JHH = 7.5 Hz, CH2CH3, 18H), 1.12 (m,
JHP = 15.9 Hz, JHH = 7.5 Hz, CH2CH3, 18H).

31P{1H} NMR (162
MHz, 25 °C, C6D6): δ 14.63 (m, JPP = 10.5 Hz, 2P), 13.72 (m, JPP =
10.5 Hz, 2P).
The above-mentioned THF filtrate was layered with hexanes (10

mL) and stored at −25 °C for 72 h, which resulted in the deposition
of 1-Br as a black crystalline solid (0.039 g, 43% yield by [Ni(1,5-
cod)2]). The solid was collected by decanting the pale brown
supernatant and rinsing the crystalline solids with hexanes (1 mL ×

3). Crystals grown in this manner were suitable for single crystal X-ray
diGraction. Anal. Calcd for C68H166O2Br3Ni23P10Se12: C, 21.14; H,
4.33. Found: C, 20.97; H, 4.50. 1H NMR (500 MHz, 25 °C, C6D6): δ

43.50 (br s, CH2CH3, 6H), 7.12 (br s, CH2CH3, 9H), 5.53 (m, JHH =
6.9 Hz, CH2CH3, 18H, diastereotopic), 5.37 (m, JHH = 6.9 Hz,
CH2CH3, 18H, diastereotopic), 3.40 (m, JHH = 7.0 Hz, CH2CH3,
18H), 1.83 (m, CH2CH3, 54H), 1.15 (m, CH2CH3, 27H).

1H{31P}
NMR (500 MHz, 25 °C, C6D6): δ 43.47 (br s, CH2CH3, 6H), 7.12
(br s, CH2CH3, 9H), 5.51 (m, JHH = 6.9 Hz, CH2CH3, 18H,
diastereotopic), 5.36 (m, JHH = 6.9 Hz, CH2CH3, 18H,
diastereotopic), 3.38 (m, JHH = 7.0 Hz, CH2CH3, 18H), 1.83 (m,
CH2CH3, 54H), 1.15 (m, CH2CH3, 27H).

31P{1H} NMR (203 MHz,
25 °C, C6D6): δ 434 (br s, 3P), 1035 (br s, 6P). ESI-MS (THF,
positive ion mode, 2.50 kV): 3720.67 m/z ([Ni23Se12Br3(PEt3)10]

+

([1-Br]+), calcd 3719.15 m/z), 3674.65 m/z ([Ni23Se12Br2Cl-
(PEt3)10]

+ ([1-Br − Br + Cl+), calcd 3673.20 m/z). FT-IR (cm−1):
449 (w), 619 (m), 711 (s), 732 (s), 768 (s), 997 (m), 1031 (s), 1126
(s), 1247 (m), 1274 (w), 1377 (w), 1411 (m), 1457 (m), 2875 (m),
2930 (m), 2968 (m). UV−vis (THF, 0.038 mM, 25 °C, L mol −1

cm−1): 325 nm (sh, ε = 47,000), 401 nm (ε = 51,000), 616 nm (ε =
12,000).
Synthesis of [Ni3(μ3-Se)2Br2(PEt3)4] (2-Br). A 20 mL scintillation

vial equipped with a magnetic stir bar was charged with [Ni(1,5-
cod)2] (0.093 g, 0.337 mmol), SePEt3 (0.090 g, 0.457 mmol), and
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THF (4 mL). This solution was stirred for 20 min, whereupon the
pale-yellow solution turned brown. To this solution, [NiBr2(PEt3)2]
(0.076 g, 0.167 mmol) was added as a solid. Upon the addition of
[NiBr2(PEt3)2], the solution became deep brown. The solution was
allowed to stir for 2 d at room temperature, whereupon the volatiles
were removed in vacuo. The resulting black solid was triturated with
pentane (1 mL × 2), suspended in diethyl ether (4 mL), and filtered
through a Celite column supported on glass wool (0.5 cm × 5 cm),
furnishing a brown filtrate. The remaining solids were dissolved in
toluene (4 mL) and filtered through the same Celite column,
furnishing a brown filtrate. The Et2O fraction was discarded. The
toluene fraction was layered with hexanes (15 mL), and stored at −25
°C which resulted in the deposition of black blocks. The crystals were
isolated by decanting the supernatant, rinsing with hexanes (3 mL),
and drying in vacuo to give 2-Br (0.085 g, 78% yield). Anal. Calcd for
C24H60Br2Ni3P4Se2: C, 29.83; H, 6.26. Found: C, 30.06; H, 6.28.

1H
NMR (500 MHz, 25 °C, C6D6): δ 1.81−1.62 (m, CH2CH3, 12H),
1.60−1.45 (m, CH2CH3, 12H), 1.33 (m, JHP = 15.2 Hz, JHH = 7.5 Hz,
CH2CH3, 18H), 1.12 (m, JHP = 15.9 Hz, JHH = 7.5 Hz, CH2CH3,
18H). 31P{1H} NMR (202 MHz, 25 °C, C6D6): δ 14.63 (m, JPP =
10.1 Hz, 2P), 13.74 (m, JPP = 10.1 Hz, 2P). 13C{1H} NMR (126
MHz, 25 °C, C6D6): δ 18.38−18.18 (m, JCP = 25.8 Hz, CH2CH3),
16.81−16.61 (m, JCP = 25.0 Hz, CH2CH3), 8.84 (s, CH2CH3), 8.62
(s, CH2CH3). FT-IR (cm−1): 417 (m), 625 (m), 719 (s), 766 (s), 998
(m), 1034 (s), 1125 (w), 1244 (m), 1375 (w), 1412 (m), 1454 (m),
2355 (w), 2876 (m), 2904 (m), 2931 (m), 2957 (m).
Synthesis of [Ni23Se12I3(PEt3)10] (1-I) via Halide Metathesis.

A 20 mL scintillation vial equipped with a magnetic stir bar was
charged with [Ni23Se12Cl3(PEt3)10] (1-Cl) (0.050 g, 0.014 mmol) and
THF (4 mL). Me3SiI (16 μL, 0.084 mmol) was then added via
microsyringe to the stirring solution. This solution was stirred for 1.5
h at room temperature, whereupon the volatiles were removed in
vacuo. The resulting black solid was triturated with pentane (1 mL ×

2) and then rinsed with diethyl ether (2 mL). The rinsings were
filtered through a Celite column supported on glass wool (0.5 cm × 5
cm), furnishing a brown filtrate, which was discarded. The remaining
solids were dissolved in toluene (3 mL), and filtered through the same
Celite column, furnishing a brown filtrate. The toluene fraction was
layered with hexanes (8 mL) and stored at −25 °C for 48 h, which
resulted in the deposition of black blocks. The crystals were isolated
by decanting the supernatant. The crystals were then rinsed with
hexanes (2 mL) and dried in vacuo to give 1-I (36 mg, 67% yield). X-
ray quality crystals were grown from concentrated diethyl ether. Anal.
Calcd for C60H150I3Ni23P10Se12: C, 18.67; H, 3.92. Found: C, 19.00;
H, 3.83. 1H NMR (500 MHz, 25 °C, C6D6): δ 38.2 (br s, CH2CH3,
6H), 8.19 (br s, CH2CH3, 9H), 5.15 (m, CH2CH3, 36H), 3.09 (m,
CH2CH3, 18H), 1.85 (m, CH2CH3, 54H), 1.11 (m, CH2CH3, 27H).
31P{1H} NMR (202 MHz, 25 °C, C6D6): δ 362 (br s, 3P), 942 (br s,
6P). ESI-MS (THF, positive ion mode, 3.00 kV): 3859.67 m/z
([Ni23Se12I3(PEt3)10]

+ ([1-I]+), calcd 3859.11 m/z), 3813.66 m/z
([Ni23Se12I2Br(PEt3)10]

+ ([1-I − I + Br]+), calcd 3813.10 m/z),
3767.68 m/z ([Ni23Se12I2Cl(PEt3)10]

+ ([1-I − I + Cl]+), calcd
3769.20 m/z). FT-IR (cm−1): 418 (w), 450 (w), 618(w), 668 (m),
711 (s), 732 (s), 735 (s), 766 (s), 998 (m), 1032 (s), 1129 (s), 1248
(w), 1280 (w), 1376 (w), 1409 (m), 1457 (m), 2333 (w), 2364 (w),
2876 (m), 2900 (m), 2929 (m), 2963 (m). UV−vis (THF, 0.050
mM, 25 °C, L mol −1 cm−1): 325 nm (sh, ε = 50,000), 399 nm (ε =
53,000), 619 nm (ε = 13,000).
Attempted Bottom-Up Synthesis of [Ni23Se12I3(PEt3)10] (1-I).

A 20 mL scintillation vial equipped with a magnetic stir bar was
charged with [Ni(1,5-cod)2] (0.134 g, 0.487 mmol) and THF (10
mL). To this suspension was added PEt3 (3.1 μL, 0.021 mmol) via
microsyringe. Crystalline SePEt3 (0.070 g, 0.355 mmol) was then
added as a solid to the stirring solution. This solution was stirred at
room temperature for 15 min, whereupon the pale-yellow solution
turned brown. [NiI2(PEt3)2] (0.048 g, 0.087 mmol) and THF (2 mL)
were then added separately to this solution. The solution was allowed
to stir for 4 d at room temperature, whereupon an aliquot was
removed and dried in vacuo, redissolved in C6D6 (0.75 mL), and
filtered through a Celite column supported on glass wool (0.5 cm × 4

cm) into an NMR tube for NMR analysis. An additional aliquot was
taken for ESI-MS analysis. The 1H and 31P NMR spectra (Figures S19
and S20) and ESI-mass spectrum (in positive ion mode) (Figure S41)
reveal a mixture of products. The 1H and 31P NMR spectra contain
peaks assignable to 2-I, 1-I, and other unidentified paramagnetic
products. The ESI-mass spectrum features peaks assignable to [2-I − I
+ PEt3]

+ and [Ni14Se9(PEt3)6]
+ as major products, and a peak

assignable to [1-I]+ as a minor product. 1H NMR (400 MHz, 25 °C,
C6D6): δ 40.7 (br s, unassigned), 38.2 (br s, 1-I), 33.8 (br s,
unassigned), 8.19 (br s, 1-I), 5.58 (s, cyclooctadiene), 5.15 (br s, 1-I),
3.58 (s, THF), 3.07 (s, 1-I), 2.21 (s, cyclooctadiene), 1.91−1.71 (m,
2-I), 1.57−1.41 (m, 2-I), 1.30 (m, 2-I), 1.08 (m, 2-I), 0.86 (m,
SePEt3).

31P{1H} NMR (162 MHz, 25 °C, C6D6): δ 939 (br s, 1-I),
360 (br s, 1-I), 42.90 (s, SePEt3), 17.23 (br s, 2-I), 16.31 (br s, 2-I).
ESI-MS (THF, positive ion mode, 2.00 kV): 3861.98 m/z
([Ni23Se12I3(PEt3)10]

+ ([1-I]+), calcd 3859.11 m/z), 3498.89 m/z
(unassigned), 3380.78 m/z (unassigned), 2365.40 m/z (unassigned),
2241.29 m/z ([Ni14Se9(PEt3)6]

+, calcd 2240.90 m/z), 1051.20 m/z
([Ni3Se2I(PEt3)5]

+ ([2-I − I + PEt3]
+), calcd 1052.99 m/z).

The remaining reaction mixture was dried in vacuo. The resulting
brown waxy solid was triturated with pentane (1 mL × 2), and then
rinsed with pentane (4 mL). The pentane filtrate was discarded. The
remaining solid were then rinsed with diethyl ether (4 mL) and
toluene (6 mL), and each fraction was filtered through a Celite
column supported on glass wool (0.5 cm × 5 cm), furnishing dark
brown filtrates. The diethyl ether filtrate was discarded. The toluene
filtrate was layered with hexanes (8 mL) and stored at −25 °C for 48
h, which resulted in the deposition of black solid. The solid was
isolated by decanting the supernatant. The crystals were then rinsed
with hexanes (2 mL) and dried in vacuo to give [Ni3(μ3-
Se)2I2(PEt3)4] (2-I) (0.028 g, 16% yield by [Ni(1,5-cod)2]).

1H
NMR (400 MHz, 25 °C, C6D6): δ 1.92−1.71 (m, CH2CH3, 12H),
1.57−1.41 (m, CH2CH3, 12H), 1.30 (m, JHP = 14.8 Hz, JHH = 7.5 Hz,
CH2CH3, 18H), 1.08 (m, JHP = 14.8 Hz, JHH = 7.5 Hz, CH2CH3,
18H). 31P{1H} NMR (162 MHz, 25 °C, C6D6): δ 17.23 (br s, 2P),
16.30 (br s, 2P).
Synthesis of [Ni3(μ3-Se)2I3(PEt3)4] (2-I). A 20 mL scintillation

vial equipped with a magnetic stir bar was charged with [Ni(1,5-
cod)2] (0.075 g, 0.273 mmol) and THF (5 mL). A THF (2 mL)
solution of SePEt3 (0.073 g, 0.370 mmol) was then added to the
stirring solution. This solution was stirred for 20 min, whereupon the
pale-yellow solution turned brown. To this solution, [NiI2(PEt3)2]
(0.076 g, 0.138 mmol) was added as a solid, which resulted in a color
change to deep brown. The solution was allowed to stir for 2 d at
room temperature, whereupon the volatiles were removed in vacuo.
The resulting black solid was triturated with pentane (1 mL × 2). The
dark brown product was suspended in diethyl ether (2 mL) and
filtered through a Celite column supported on glass wool (0.5 cm × 5
cm), furnishing a brown filtrate. The diethyl ether rinsings were
discarded. The remaining solids were dissolved in toluene (4 mL) and
filtered through the same Celite column, furnishing a brown filtrate.
The toluene fraction was layered with hexanes (10 mL), and stored at
−25 °C for 48 h, which resulted in the deposition of black blocks. The
solid was isolated by decanting the supernatant, rinsing with hexanes
(3 mL), and drying in vacuo to give 2-I (0.049 g, 51% yield). Anal.
Calcd for C24H60I2Ni3P4Se2: C, 27.18; H, 5.70. Found: C, 27.47; H,
5.71. 1H NMR (500 MHz, 25 °C, C6D6): δ 1.93−1.69 (m, CH2CH3,
12H), 1.59−1.40 (m, CH2CH3, 12H), 1.30 (m, JHP = 15.0 Hz, JHH =
7.6 Hz, CH2CH3, 18H), 1.09 (m, JHP = 15.3 Hz, JHH = 7.7 Hz,
CH2CH3, 18H).

31P{1H} NMR (202 MHz, 25 °C, C6D6): δ 17.22
(m, JPP = 12.1 Hz, 2P), 16.31 (m, JPP = 12.1 Hz, 2P). 13C{1H} NMR
(126 MHz, 25 °C, C6D6): δ 18.30−17.96 (m, overlapping CH2CH3),
9.00 (s, CH2CH3), 8.64 (s, CH2CH3). FT-IR (cm−1): 419 (m), 628
(m), 715 (s), 763 (s), 996 (m), 1033 (s), 1114 (w), 1244 (m), 1374
(m), 1409 (m), 1448 (m), 2334 (w),2360 (w), 2869 (m), 2903 (m),
2925(m), 2954 (m).
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