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Gaining an understanding of the growth mechanism from single atoms to clusters and bulk materials
continues to present a challenge. Thus, it is important to explore the evolving trends of clusters in the
structure and properties during the size evolution. In this work, we report the synthesis and charac-
terization of two medium-sized chain-like polyarsenic anions. [Asy; |~ represents a trimeric example of
polyarsenic anion assembled through oxidative coupling of As;3~ anions. The anion Asg*" included in

Keywords: [As1gMo,(CO)g]* is regarded as formed by two realgar-type Asg subunits connected by a dinuclear As-
Polyarsenide As dumbbell. The Assg cluster was previously predicted by theory, and this is the first time successfully
Zintl anions synthesized using wet chemistry method. Besides, small-sized polyarsenides As,2- and As;o2~ were found

Chain-like cluster
DFT calculations
AdNDP

in compound [K(18-crown-6)]3[As10]o5[As4{Mo(CO)3},]o5-2en. Among these, the former exhibits coordi-
nation with metal atoms. Single-crystal X-ray diffraction combined with quantum chemical calculations
revealed the formation of double bonded As,2- stabilized by metal carbonyl groups. This work demon-
strates a novel synthetic approach for the preparation of new polyarsenides and highlights their intriguing
bonding characteristics, laying the foundation for the synthesis of such compounds and paving the way
for their potential applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

A fundamental challenge in cluster research is to compre-
hend the process through which clusters form from atoms and
molecules, ultimately transforming into bulk solid-state allotropes
[1]. The investigations of the evolving trends in the structure and
properties during the size evolution of clusters assumes signifi-
cance in understanding the growth mechanism from single atoms
to bulk materials. Phosphorus and arsenic, isoelectronic to CH [2],
have the tendency to form multinuclear, trivalent, anionic clus-
ters with chain or cage architectures, namely polypnictides [3,4].
A series of naked polyarsenides have been synthesized as sol-
vated molecular systems and characterized crystallographically [5].
Among these, the repertoire of small-sized polyarsenic anions en-
compasses cyclic structures As,2 [6,7] and Asg* [8] as well as
cage-like As;3~ [9,10], Asig2~ [11], Asy;3~ (Scheme 1) [12] and
AS124_ [11]

As the intermediate between small-sized clusters and bulk ma-
terials, the isolation of medium-sized arsenic clusters is of im-
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portance to understand the structural transition occurs as clus-
ter size increases. Until now, the synthesized medium-sized pol-
yarsenides have been limited to Asi4*~ [13] and As,,*~ [14], which
are invariably formed by dimerization of small clusters As;3~ or
As{13~. Notably, these polyarsenides are structurally identical to
their polyphosphides counterparts, Pi4% [13,15] and Py% [16].
Furthermore, over the past years, medium-sized polyphosphides
featuring chain-like geometries such as P1g2~ [17,18], Py;3~ [19] and
P,6*™ [20,21] were observed, the synthetic routes of which involve
nucleophilic cleavage of white phosphorus.

In contrast, in the case of arsenic, medium-sized chain-like ho-
moatomic anions are rarely reported due to the light-sensitivity,
instability and poor solubility of yellow arsenic [22]. Theoretical
calculations confirm that chain-like homoatomic cluster As;g built
by realgar-type Asg units and an As, bridge prevail in energy,
suggesting the feasibility of isolation [23,24]. The predicted Asqg
cluster show structural similarity with violet phosphorus and fi-
brous red phosphorus, as well as one of the predicted structures
of amorphous red phosphorus, exhibiting the association with bulk
solid-state allotropes [25-28]. However, attempts to isolate such
polyarsenide species in the condensed phase have failed so far.
The application of Zintl ions as precursors presents a promising
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Scheme 1. The structures of selected examples of (a) small-sized polyarsenides
Asy?", Asy37, Asy>~ and (b) medium-sized polyarsemdes Asy4*, Asy?; (c) theo-
retically predicted structure of Asyg; (d) the subunit of violet phosphorus.

alternative route for synthesizing anionic clusters [29-33]. This ap-
proach is anticipated to address existing shortcomings and facili-
tate the synthesis of polyarsenide species. Here we report the syn-
thesis of cluster anions [Asy; 3~ (1) and [As;gMo,(CO)g]*~ (2) via a
Zintl ion strategy, the former is formed through oxidative coupling
of three As;3~ anions, representing the first naked trimeric exam-
ple of polyarsenic anion. And the chain-like polyarsenide Asig*
was found in [AsigMo,(CO)g]*", being stabilized by metal carbonyl
groups.

Reactions of Zintl phase K;As; with 0.5 equiv. Ru(COD)nap
(COD = 1,5-cyclooctadiene) in the presence of BuyPBr yielded com-
pound [BuyP]3[Asy1] (1’), where Ru(COD)nap played a crucial role
in the formation of the large chain-like polyarsenide. The com-
pound 1’ was isolated as black plate-like crystals with yield of ap-
proximately 10%. Single-crystal X-ray diffraction revealed that clus-
ter [Asy,1]>~ (1) crystallizes in the monoclinic space group P2;/c
with three [BuygP]* cations in the asymmetric unit. Moreover, the
structure of 1 suffers from disorder and the disordered sites are
divided into two equivalent groups, one with 57.4% occupancy and
another 42.6%. Cluster [Asy;|3>~ represents a trimeric example of
polyarsenic anion assembled through oxidative coupling of As;3-
anions, two of which remained nortricyclane-like geometry and
the other has evolved into a norbornadiene-like cage (Fig. 1a). The
three As; units connected with each other via two exo-bonds. The
cluster [As,1]3>~ can be interpreted as a nanorod-like cluster with
a length of approximately 1.37 nm (Fig. 1b), which is isostructural
with lighter polyphosphides analogues [P,;]3~ [19] and the polycy-
cloalkane Cy1Hy4 [34]. The As-As bond lengths among cluster an-
ion [Asy; |3~ fall in the range of 2.336-2.460 A, which is comparable
to those in other homoatomic polyarsenic clusters (Table 1). And
the As-As distances are comparable to the sum of As atom radii
(2.42A) [35], indicative of 2-center, 2-electron single bonds. Elec-
trospray ionization mass spectrometry (ESI-MS) on compound 1/
was carried out but all attempts to get related characteristics failed
due to the fact that compound 1’ may decompose rapidly in DMF
or acetonitrile.

The compound [K([2.2.2]crypt)]4[As1gMo,(CO)g] (2') was ob-
tained by reacting Zintl precursor K3As; with Mo(CO)g in ethylene-

Chinese Chemical Letters 35 (2024) 108907

Fig. 1. (a) ORTEP representation of the cluster anion [Asy;]>~ (thermal ellipsoids
are drawn at 50% probability). (b) Space-filling structure of the [Asy ]*~ with van
der Waals length of 1.37 nm.

Fig. 2. (a) ORTEP representation of the cluster anion [As;gMo;(CO)g]*~ (thermal el-
lipsoids are drawn at 50% probability). (b) The fragment of realgar-type Asg in clus-
ter anion 2 and selected bond distances are displayed. (c) Space-filling structure of
the Asqg fragment with van der Waals length of 1.04 nm.

diamine (en) at 75 °C in the presence of [2.2.2]crypt. The com-
pound was isolated as small rhombus-like crystals and single-
crystal X-ray diffraction revealed that cluster [AsigMo,(CO)g]*"
(2) crystallizes in the monoclinic space group P2;/n with four
[K([2.2.2]crypt)]" cations in the asymmetric unit. Cluster anion 2
can be interpreted as an 18-atom polyarsenic cluster coordinated
by two Mo(CO), fragments (Fig. 2a). The Asig unit can be viewed
as two realgar-type Asg (Fig. 2b) subunits connected by a dinuclear
As-As dumbbell, which is in good accordance with the chain-like
Asqg structure predicted by theoretical calculations before [23]. The
dinuclear bridged Asqg cluster is “bent” at the two central bridging
arsenic atoms (As9 and As10), and the two As8 units are oriented
in the same direction (“up-up”), namely, atoms As2 and As17 point
at the same direction. It is worth noting that the arrangement is

Table 1

As-As bond lengths in polyarsenic anions (A).
As, Asg*[8] As73[9] Asy37[12] Asi*[13] Asy4[14] Asy 3™ Asig*
As-As 2.395-2.420 2.356-2.541 2.357-2.481 2.355-2.505 2.375-2.494 2.336-2.460 2.400-2.515
A(range) 0.025 0.150 0.124 0.150 0.119 0.124 0.175
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Fig. 3. (a) ORTEP representation of the cluster anion [Asg]%". (b) ORTEP represen-
tation of the cluster anion [As;{Mo(CO)3},]*" (Thermal ellipsoids are drawn at 50%
probability).

similar to that of dinuclear bridged clusters such as P12~ [17] and
[MAs5]3- (M=Zn, Hg) [36,37]. The four-fold negative charge of
cluster [As;gMo5(CO)g]*~ can be rationalized by viewing As1, As3,
As16 and As18 as pseudo-chalcogen atoms, each of which adopts
a formal -1 charge. In this case, the polyarsenic cluster As;g carry
a charge of —4. The polyarsenide As;g*" formed a nanorod with a
length of approximately 1.04 nm (Fig. 2c¢). From another perspec-
tive, each of the two Mo(CO), is coordinated to the As;g moiety in
an n? mode via two formal As~ atoms respectively and the coordi-
nation environment of each Mo atom is a distorted octahedron.

The As-As bond lengths in cluster 2 span a range of
2.399-2.515A, comparable to those of realgar-type compound
[(Cp*,Sm)4Asg] (2.404-2.503A) [38], [{Cp*Cr(CO);3)4Asg] (2.422-
2.460A) [39] and binary Mo/As cluster anion [As;Mo,(CO)g]3"
(2.563-2.569 A) [40], indicative of single bonds. Notably, the dis-
tances of As2-As7 (2.511A) and As12-As17 (2.515A) are slightly
longer than other As-As bonds in the cluster. Mo-As contacts fall
in the range of 2.720-2.739A, close to those in [As;Mo,(CO)s]3-
(2.745A, av) [40] but longer than Mo-As single bonds found in
[Mo@Asg ]~ (2.564-2.569 A) [41].

When reacting K3As; with Mo(CO)gs or W(CO)s by em-
ploying 18-crown-6 instead of [2.2.2]crypt with other re-
action  conditions  unchanged, @ compound  [K(18-crown-
6)13[As10lo5[As4{M(CO)3}2]05-2en (M=Mo, 3'; M=W, 4') were
afforded. Given very similar structural characteristics of com-
pound 3’ and 4', the following discussion will mainly focus
on 3. Single-crystal X-ray diffraction analysis revealed the
presence of three [K(18-crown-6)]" cations in the asymmet-
ric unit. Close inspection of the heavily disordered cluster
site further revealed the co-crystallization of cluster anions
[Asip]> (3a) and [Ass{Mo(CO);},]* (3b) in the compound
(Fig. 3). The characteristics of the compound closely resemble
those of the previously reported Mo/Sb compound [K(18-crown-
6)]s[Sb1g][Sb4{Mo0(CO)3},]-2en [42]. The isolated small-sized
polyarsenide [Asio]> can be viewed as the fusion of two
norbornadiene-like As; units via four shared As atoms, ex-
hibiting a pseudo-D,;, symmetry. The polyarsenide [Asio]® (3a)
was synthesized earlier by using AsCO as the source of arsenic,
thus the bonding lengths will not be described in detail here [11].
The cluster anion [Ass{Mo(CO)3;}»]*" (3b) shows centrosymmetry,
with a rectangular As,; plane being capped by two Mo(CO);
fragments positioned above and below the plane. Notably, the
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Fig. 4. The calculated HOMO-LUMO gap and molecular orbitals in cluster anion 1.

Twenty-Two lone pairs on As atoms Ten lone pairs on As atoms
ON=1.82-1.96 |¢| ON = 1.95-1.96 |e|

Fourteen 2c¢-2e As-As ¢ bonds
ON = 1.97-1.98 |¢|

Thirty 2¢c-2e As-As o bonds
ON=1.95-1.97 le|

Two 3c-2¢ As-As-As o bonds
ON=1.85 e]

Two 3c¢-2e As-As-As o bonds
ON = 1.87 |e|

Fig. 5. Chemical bonding pictures and occupation numbers obtained for cluster an-
ions (a) [Asy;]*~ and (b) [Asyo]*".

longer side length (3.468 A) of the rectangular As, plane surpasses
the sum of the atomic radii, indicating a non-bonding interac-
tion. Thus, the [Asy4{Mo(CO)3},]* is virtually two As,2~ motifs
capped by two metal carbonyl groups. The bond length of As1-As2
is 2.319A, shorter than the As-As bonds of cyclo-Ass2~ (2.39A,
av) [6] and the As-As single bonds found in [As;Mo,(CO)g]3~
(2.563-2.569A) [40] and cluster 2 (2.399-2.515A). The As1-As2
contact is comparable to the described As-As double bonds in
[CPMo(CO); 1o (jt,n%2-As,) (2.312A) [43], and slightly longer than
those found in [(Cp*,Sm),As,(CptMo(CO);),] (Cpt represents the
'Bu substituted cyclopentadienyl) (2.238A) [44], thus exhibiting
the characteristics of a double bond. In addition, the Mo-As bonds
in cluster 3b range from 2.747 to 2.766A, comparable to the
Mo-As contracts in cluster 2 (2.720-2.739A) and [As;Mo,(CO)g]3-
(2.745A, av) [40]. ESI-MS of an acetonitrile solution of the crystals
of [K(18-crown-6)]3[As1g]o.5[As4{M0(CO)3},]05-2en (3’) was per-
formed in negative-ion mode, where signal of [Ass]~ was found.
The discovery of the ion peaks may come from the fragmentation
of the parent anion [Asig]?~. In addition, ion peaks containing
metal carbonyl ligands such as [AssMo(CO),]~ and [AssMo(CO)s3]~
were found, presumably due to the rearrangement process in
solution. The elemental compositions of compound 1'-4’ were
confirmed by means of energy dispersive X-ray (EDX) analyses
(Figs. S12-S15 in Supporting information).

To understand the chemical bonding patterns and stability of
the synthesized clusters, DFT calculations on clusters 1-3b were
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a
Twenty-five 2¢c-2¢ As-As ¢ bonds
ON=2.00 |e|
b
Two 3c-2e Mo-As-As ¢ bonds
ON=1.77-1.81 |e|
Cc

Two 3c¢-2e Mo-As-As ¢ bonds
ON=1.81 |e|

Fig. 6. (a-c) Chemical bonding pictures and occupation numbers obtained for clus-
ter anion [As;gMo,(CO)g]*.

performed. The details of theoretical calculations are given in
the Supporting Information. For cluster 1, the optimized structure
show C,, symmetry, and it can be seen that the HOMO orbitals
of [Asy1]>~ are mainly composed of the p-orbitals of the atom
As10 (Fig. 4). The As-As bond lengths for the optimized cluster are
overestimated by ~0.1 A. It is typical in calculations for highly an-
ionic Zintl clusters, which is probably attributed to the absence of
an explicit cationic environment in the computational model [45].
The optimized As-As bonds in 2 are comparable with those in
the crystallographically determined structure, the optimized Mo-
As bond lengths are slightly longer than the corresponding dis-
tances up to 0.03A. Despite the discrepancy, it is clear that the
computational models capture the essential geometric features of
these clusters. In addition, the optimized geometry of [As;o]?~ (3a)
and [As4{Mo(CO)3},]* (3b) obtained through DFT calculations ex-
hibited D,;, and G; symmetry, respectively. The large HOMO-LUMO

4 xs-type lone pairs on As atoms
ON= 1.94|e|

2x3c-2e Mo-As-As o bonds
ON=1.93e|

2x2c-2e As-As o bonds
ON=1.97|¢|

1x5¢-2e ¢ bonds
ON=1.82 |e|
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gap of [Asy; 13~ (2.84¢eV), [As1o]? (2.82eV) and [Asy{Mo(CO)3},]*
(3.51eV) indicated the electronic stability of these clusters.

To investigate the chemical bonding of cluster anions, adap-
tive natural density partitioning (AANDP) analysis was performed
on clusters 1-3b by employing Multiwfn 3.8 program [46,47]. For
cluster anion [Asy;]*~ (1), it is revealed that the 108 cluster va-
lence electrons can be partitioned into twenty-two s-type lone
pairs on As atoms with ONs=1.82-1.96 |e|, thirty 2c-2e As-As
o-bonds with ONs=1.95-1.97 |e|, and two 3c-2e As-As-As bonds
with ONs=1.85 |e| (Fig. 5a). The 3c-2e bond is formed by the
linear combination of 4p orbitals from the As2 (As18) atom with
4p orbitals from the adjacent As atoms, As1 and As5 (As16 and
As19). The As2 atom makes the predominant contribution to this
bond (91.82%), with minor contributions from As1 (3.88%) and As5
(4.29%). Similar to [As,;]?~, the bonding pattern of cluster 3a con-
sists of ten s-type lone pairs on As atoms, fourteen 2c-2e As-As
o-bonds and two 3c-2e bonds (Fig. 5b). The bonding patterns indi-
cate that clusters 1 and 3a were mainly composed of As-As single
bonds.

The cluster model of cluster 2 contains 186 valence electrons,
which can be partitioned into 93 two-electron bonding elements.
The chemical bonding was found to possess features: eighteen s-
type lone pairs on As atoms with occupation numbers (ONs) of
1.93-1.95 |e|, classically bonded As;g framework with twenty-five
2c-2e As-As o-bonds with ONs=2.00 |e| and As atoms coordi-
nate to Mo atoms to form four 3c-2e Mo-As-As o-bonds with
ONs=1.77-1.81 |e| and 1.81 |e|, respectively (Fig. 6). The remain-
ing d-electrons on Mo atoms participate in a back donation to
CO ligands, the detailed AANDP analysis of the Mo(CO), fragments
could be seen in Fig. S16 (Supporting information). In cluster anion
3b, AANDP analysis revealed the following bonding characteristics
on Mo,As, fragment: two classically bonded 2c-2e As-As o-bonds
with ONs = 1.97 |e|, four 3c-2e Mo-As-As o -bonds with ONs = 1.93-
194 |e| and two delocalized 5c-2e o-bonds with ONs=1.82 |e|
(Fig. 7). Furthermore, by employing Wiberg bond indices (WBIs)
analysis, the bond order of the As1-As2 link was determined to be
1.27, which exhibit a correlation with AANDP results and the exper-
imentally observed As-As bond lengths, indicative of the existence
of As-As double bond in the cluster.

2x3c-2e Mo-As-As ¢ bonds
ON= 1.94[¢|

1x5¢c-2e 6 bonds
ON=1.82 |¢|

Fig. 7. Chemical bonding pictures and occupation numbers obtained for Mo,As, fragments in cluster anion [As4{Mo(CO)3};]*".
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In summary, two medium-sized chain-like members of pol-
yarsenic anions, Asi;g%~ and As,;3-, have been isolated and char-
acterized. The As;g* can be viewed as formed by two realgar-
type Asg subunits connected by an As-As dumbbell, realizing the
transformation from theory to experiment. The Asy;3~ represents
the first naked trimeric example of polyarsenic anion. As;g*~ and
As;;3~ both show nano-scale characteristics and we anticipate that
these polyarsenides may pave the way for experimentally synthe-
sizing arsenic nanostructures.
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