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Reduction of [Cp*Sb]4 with subvalent main group metal reduct-
ants - syntheses and structures of [(L'Mg)4(Sba4)] and
[(L2Ga)2(Sbas)] containing edge-missing Sbs units

Chelladurai Ganesamoorthy,' Julia Kriiger,!” Christoph Wélper,! Anton S. Nizovtsev,!"“ and Stephan

Schulz*

Abstract: [Cp*Sb], (Cp* = CsMes) reacts with [L'Mg], and L?Ga with
formation of [(L'Mg)a(s, 77"%%2-Sby)] {L' = i-ProNC[N(2,6-i-ProCeHs)]2,
1} and [(L?Ga)y(u,77%Sbs)] {L?> = HC[C(Me)N(2,6-i-ProCeHs)]», 2}.
The cleavage of the Sb-Sb and Sb-C bonds in [Cp*Sb]s are the
crucial steps in both reactions. The formation of 1 occurred via
elimination of the Cp* anion and formation of Cp*MgL’, while 2 was
formed by reductive elimination of Cp*, and oxidative addition of
L2Ga to the Sb, unit. 1 and 2 were characterized by heteronuclear
NMR spectroscopy and single crystal X-ray diffraction and their
bonding situation was studied by quantum chemical calculations.

Introduction

Salt-like Zintl ions AE, (x < y) consisting of p-block polyanions
(Ey™) and s-block cations (As™) have been intensively studied
since their first discovery in the early 1900.I' They were initially
prepared by reactions of the bulk metals and intermetallic alloys
with Na in liquid NH3;, while more stable solutions were formed in
polar aprotic solvents, i.e. ethylenediamine, dimethylformamide,
or by use of cryptands, i.e. [2,2,2]crypt, [18]crown-6. Many Zintl
ions have been prepared from the elements in typical solid state
reaction, but bottom-up strategies using molecular precursors
also allowed the synthesis of discrete atom clusters by reduction
or reductive elimination reactions.?! For example, thermolysis of
{[Sb(PCy)s].Lis'6HNMey} in toluene at 40 °C gave the Zintl com-
pound [SbsLi;:6HNMe;] via reductive elimination of (CyP),?al
while ligand-stabilized polyanions were obtained by activation
reactions of white phosphorus Ps and yellow arsenic Ass with
organometallic compounds. The resulting complexes include Sc-
and Sm-substituted realgar-type Pg polyphosphides [(L2M)a(Ps)]
(L = Cp*, 1,1'-fc(NSi'BuMe,).),! transition metal-coordinated E,.s
cages, i.e. [{Cp"9Fe(CO)}a(1,n"'-cage)] (Cp®? = Cs(4-n-
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BUC6H4)5; cage = P4, AS4, P4S3, P4Se3),[4] [{Cp'Fe(CO)z}z((y, 7]1:1-
E4)] (Cp' = 1,2,4-t-BusCsHy), [{Cp*Cr(CO)s}a((1,7''-E4)] (E = P,
As), {[Cp*IrCOL.Ps[Cr(CO)s]},>! as well as Lewis acid- and base-
stabilized P, and Ps clusters such as [(L?Mg)z(n-Bu):Pa],
[(L2Mg)2(n-Bu)2Pg],B1 [(Ar)P4(LiB(CeFs)3)] (Ar = 2,6-dimesityl-
phenyl, 2,4,6-t-BusCsHy)"! and [Ps{Si(SiMes)s}.-K([18]crown-6)],
respectively.®l In addition, neutral E4 (E = P, As) tetrahedra have
recently been shown to be stable in the coordination sphere of
different transition metals such as Cu', Ag', Au' and Ru".®!

Burford and Weigand et. al. developed a versatile reductive
catenation reaction for the synthesis of group 15 polycations
using phosphine (or arsine) as ligand and reductant.'” For
instance, reductive elimination of fluorophosphonium cations
from [(Ph3sP).SbF(OTf),] or from the mixture of PR3 (R = Me, Et,
Pr, Bu or Ph) and Sb" salts {FSb(OTf), or Sb(OTf)s} yielded
cations such as [(R3P)sSb4](OTf)s and [(PhsP)sSbe](OTf),.[100l
Similarly, the dication [(PhsAs).P4]?* and trication [(PhsAs)sP7]%*
were obtained from one-pot reduction reactions of PCl; with
PhsAs or PhzAs(OTf), in the presence of AICI;.['%7 We recently
showed that the reaction of Sb(NMey); with L?Ga yielded the
distibene L2Ga(Me:N)Sb=SbGa(Me,N)L?, which upon heating
gave [{L%(MezN)Ga},Sb4], the first Sb analogue of Dbicy-
clo[1,1,0]butane formally containing a [Sb4]* dianion.l'""! In addi-
tion, the reaction of distibines RsSb, (R = Me, Et) containing
divalent Sb atoms with [L?>*Mg]. yielded the Zintl-type ions
[(L2'3Mg)4(;14,T‘|2:2:2:2-Sb8)] {L3 = HC[C(MG)N(2,4,6-M6306H2)]2},[12]
while the analogous reaction with LM (M = Al, Ga) proceeded
with insertion of L?M into the Sb-Sb bond and subsequent for-
mation of L2M(SbEt),."¥ We now focused on reduction reac-
tions of cyclo-tetrastibine [Cp*Sb]s, which formally contains
monovalent Sb atoms, and report herein on the synthesis of
[(L'™™MQ@)a(114,77"%%2-Shy)] 1 (L' = i~Pro,NC[N(2,6-i-Pr,CeH3)]2) and
[(LGa)z(u, 1772-Sba)] 2 (L? = HC[C(Me)N(2,6-i-Pr,CeHs)]2). 1 and
2 both have formally tetraanionic [Sbs]* polyanions as central
structural motif, but both their connectivity as well as bonding
nature clearly differs.

Results and Discussion

[Cp*Sbls reacts at room temperature with [L'Mg], with elimina-
tion of L'MgCp* and formation of [(L'Mg)s(us, 7"2%2-Sby)] 1,
whereas the reaction with L2Ga proceeded only at higher reac-
tion temperature (71 °C) with elimination of Cp*, and formation
of [(L2Ga)z(u, 77?-Sba)] 2. The molar ratio for both reactions were
optimized via in situ '"H NMR experiments by varying the con-
centration of [L'Mg], and L?Ga versus [Cp*Sbls. The 'H NMR
spectra of 4:1 (for 1) and 2:1 (for 2) molar ratio reaction mixtures
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almost exclusively showed the formation of 1 and 2 together with
the elimination products L'MgCp* and decamethyl-1,1’-
dihydrofulvalene Cp*, (Fig. S5, Fig. S11). Addition of an excess
of [L'"Mg]. or L?Ga also only yielded 1 and 2. The key steps in
both reactions are the cleavage of the Sb-C bonds, which oc-
curred either by heterolytic bond breakage and formation of the
Cp* monoanion, which then reacts with formation of L'MgCp*, or
by homolytic bond breakage and formation of Cp*,.

1 dissolved partially in benzene and toluene but was insoluble in
hexane and pentane. In contrast, 2 dissolved well in benzene
and toluene, while its partial solubility in hexane allowed the
isolation of pure 2 by slowly cooling a warm hexane solution to 8
°C. 1 and 2 are unstable toward air and moisture but can be
stored at room temperature for months under argon. 1 is ther-
mally stable in a solution of toluene-ds up to 120 °C, while 2 was
found to readily decompose into L?Ga and elemental Sb under
these conditions (Fig. S10, Fig. S14).
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Scheme 1. Synthesis of 1 and 2.

The 'H NMR spectrum of 1 in toluene-ds showed characteristic
resonances of the L' ligand. The ®C NMR spectrum of 1

showed totally 17 signals, which were addressed to 10 isopropyl,

one N3;C (167.6 ppm) and 6 aromatic carbon atoms. Although "H
NMR signals split into several broad multiplets at -80 °C, a dis-
tinct multiplicity for all four chemically inequivalent L' ligand was
not observed. Temperature-dependent '"H NMR spectra in the
temperature range from 40 to 100 °C showed no specific change
of the spectral pattern (Fig. S4). 'H and '*C NMR spectra of 2 in
CsDs showed a Czv symmetric spectral pattern similar to that of
L?Ga and L?Ga-M(CsFs); (M = B, Al, Ga).l'¥ The 'H NMR spec-
trum of 2 showed two doublets at 1.10 and 1.54 ppm and one
septet at 3.72 ppm for the isopropyl groups as well as two sin-
glets for the »CH (4.75 ppm) and phenyl groups (7.11 ppm).
The *C NMR spectrum shows 11 signals, which are consistent
with the Czv symmetric p-diketiminate group.

The molecular structures of 1 and 2 were determined by sin-
gle crystal X-ray diffraction. Single crystals of 1 and 2 were
obtained from saturated benzene and hexane solutions, respec-
tively. 1 crystallizes in the monoclinic space group P24 and 2 in
the orthorhombic space group P21212+.'5 The core structure of 1
shows a Mg,Sb, moiety, in which the Sb4* unit is substituted by
a terminal and three bridging L'Mg* fragments. The Sb atoms
within the Sb,** unit adopt different formal oxidation states since
Sb1 is only bonded to three Sb atoms, while Sb3 and Sb4 are
each coordinated to two Sb and two Mg atoms. In contrast, Sb2
only binds to one Sb atom but three Mg atoms. The Mg atoms
are threefold- (Mg1) and fourfold-coordinated (Mg2, Mg3, Mg4).
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Despite the presence of different coordination modes, the Mg-N
bond distances (2.009(4)-2.066(4) A) and N-Mg-N bite angles
(65.25(15)-67.10(17)°) of the L'Mg* units do not differ very much
and are comparable to those reported for [L'Mgl, (Mg1-N1
2.0736(10) A, N1-Mg1-N1 65.54(5)°) and [L'Mg(u-1)2Mg(OEt,)L"]
(av. Mg-N 2.066 A, N1-Mg1-N2 66.47(8), N4-Mg2-N5
64.33(8)°).l" The Mg1-Sb2 distance (2.7019(17) A) is slightly
shorter than the Mg4-Sb3 (2.7600(17) A) and Mg4-Sb4 distanc-
es (2.7576 (16) A), whereas the Mg3-Sb2 (2.8444(16) A) and
Mg3-Sb4 distances (2.7999(16) A) are significantly elongated. It
should be noted that the Mg1-Sb2 bond distance (2.7019(17) A)
is shorter than the sum of the covalent radii (Mg = 1.39 A; Sb =
1.40 A),I'"1 but considering the disorder of Sb-core, these values
should not be overrated.

Figure 1. Molecular structure of [(L'Mg)4Sba] 1. H-atoms, lattice solvent and
disordered Sb atoms have been omitted for clarity. Displacement ellipsoids of
Sb and Mg are drawn at the 50% probability level and L' ligands are drawn in
a wireframe format. Selected bond lengths (A) and angles (°): Sb1-Sb2
2.8410(5), Sb1-Sb3 2.8352(5), Sb1-Sb4 2.8248(5), Sb3-Sb4 2.8847(5), Mg1-
Sb2 2.7019(17), Mg2-Sb2 2.8050(16), Mg2-Sb3 2.8234(17), Mg3-Sb2
2.8444(16), Mg3-Sb4 2.7999(16), Mg4-Sb3 2.7600(17), Mg4-Sb4 2.7576(16);
Sb2-Sb1-Sb3 89.959(13), Sb2-Sb1-Sb4 90.223(13), Sb1-Sb3-Sb4 59.181(12),
Sb3-Sb4-Sb1 59.535(13), Sb4-Sb1-Sb3 61.284(13), Sb2-Mg2-Sb3 90.94(5),
Sb2-Mg3-Sb4 90.66(4), Sb3-Mg4-Sb4 63.04(4), Mg1-Sb2-Sb1 99.22(4), Mg1-
Sb2-Mg2 128.53(5), Mg1-Sb2-Mg3 128.87(5), Mg2-Sb3-Mg4 164.28(5), Mg2-
Sb3-Sb1 84.63(3), Mg2-Sb3-Sb4 106.84(3), Mg2-Sb2-Sb1 84.86(3), Mg2-
Sb2-Mg3 102.55(5), Mg3-Sb2-Sb1 85.85(3), Mg3-Sb4-Mg4 160.31(5), Mg3-
Sb4-Sb1 87.00(4), Mg3-Sb4-Sb3 104.46(3), Mg4-Sb4-Sb3 58.52(4), Mg4-
Sb3-Sb4 58.44(4), Mg4-Sb4-Sb1 91.41(4), Mg4-Sb3-Sb1 91.14(4).

The values of the bonding parameters of the minor (~15%)
component of the disorder show - in some cases significant —
differences and can be found in the SI. The only structurally
characterized magnesium polystibides [(L?3Mg)a(u, 77%%2-Sbs)]
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(2.882(3)-3.007(3) A for L% 2.8459(10)-2.9007(10) A for L3)'2
showed significantly elongated Mg-Sb bond lengths, whereas
the Mg-Sb bond length in [{Me;SiSi(SiMes).},.SbMgBr(OEt);]
(2.7806(13) A) is comparable to those observed in 1.1'® The
bridging Sb-Mg-Sb angles in 1 vary significantly between
63.04(4)° (Sb3-Mg4-Sb4) and 90.94(5)° (Sb2-Mg2-Sb3). The
Sb3-Sb4 bond (2.8847(5) A) in the Sbs ring (Sb1-Sb3-Sb4) is
slightly longer than the Sb1-Sb3 (2.8352(5) A) and Sb1-Sb4
(2.8248(5) A) bonds. The Sb2 atom adopts a position above the
Sb; triangle and the Sb1-Sb2 (2.8410(5) A) bond is perpendicu-
lar to the plane of the triangle (Sb2-Sb1-Sb3 89.96(2)°, Sb2-
Sb1-Sb4 90.22(2)°). The endocyclic bond angles of the Sbs
triangle are close to 60° (Sb1-Sb3-Sb4 59.18(2)°, Sb1-Sb4-Sb3
59.54(2)°, Sb3-Sb1-Sb4 61.28(2)°). Even though the arrange-
ment of the four Sb atoms in 1 is without precedence for Sb
clusters, it has been previously observed in analogous P4 and
Ass; complexes such as [(CAAC)P4((CH3)CH2C=CCHy(CHs))]
(CAAC = alkyl(amino)carbene),l'®a [(Cp2Zr)P4(PRz)2] (R =
SiMe3),['%¢l  (Ter),Cl,P4 (Ter = 2,6-dimesitylphenyl)'® and
[(Mes;Si-SiMes;)2(As4)],[%! respectively.

Figure 2. Molecular structure of [(L?Ga)2Sba] 2. H-atoms have been omitted
for clarity and displacement ellipsoids are drawn at the 30% probability level.
2,6-i-Pr2-CsHs groups are drawn in wireframe format for simplicity. Selected
bond lengths (A) and angles (°): Sb1-Sb3 2.8500(9), Sb1-Sb4 2.8675(7), Sb2-

Sb3 2.8683(8), Sb2-Sb4 2.8722(8), Gal-Sb1 2.6637(11), Ga1-Sb2 2.6748(11),

Ga2-Sb3 2.6676(11), Ga2-Sb4 2.6779(11); Sb1-Sb3-Sb2 81.86(2), Sb1-Sb4-
Sb2 81.49(2), Sb3-Sb2-Sb4 80.79(2), Sb3-Sb1-Sb4 81.19(2), Sb1-Ga1-Sb2

89.13(3), Sb3-Ga2-Sb4 88.21(3), Gal-Sb1-Sb3 79.08(3), Gal-Sb1-Sb4
80.30(3), Ga1-Sb2-Sb4 80.03(3), Gal-Sb2-Sb3 78.57(3), Ga2-Sb3-Sb1
79.84(3), Ga2-Sb3-Sb2 80.58(3), Ga2-Sb4-Sb1 79.35(3), Ga2-Sb4-Sb2
80.33(3).

The solid-state structure of 2, which contains a folded Sb. cyclic
unit with opposite ends bridged by two L2Ga moieties, is similar
to those of [(L2Al)2(x,772-P4)]?% and [(L*Si)2(u, 777%-Ps)] (L* =
CH[(C=CH,)CMe][N(2,6-i-Pr,C¢H3)]2),2" which were synthesized
by oxidative addition reactions of Al' and Si" species with white
phosphorous (P4), as well as [(L?Ga)a(x, 772-Ge,)],?2 respective-
ly. The Ga atoms in 2 adopt distorted tetrahedral geometry,
whereas the Sb atoms show a pyramidal coordination sphere.
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The C3N2Ga rings of 2 are almost planar (rms deviation from the
best planes 0.0603 and 0.0548 A) as was observed for L2Ga. In
contrast, the bite angles (93.9(3)° N1-Ga1-N2, 94.1(3)° N3-Ga2-
N4) of the chelating pdiketiminate ligands are larger and the
Ga-N bond lengths (1.974(7)-2.004(7) A) in 2 are shorter than
those in the starting reagent L2Ga (87.53(5)°, 2.0528(14) A,
2.0560(13) A)."#al Shortening of the Ga-N bond usually occurs
when the electron lone pair of L2Ga' is oxidatively added or
inserted into any organic and inorganic derivatives.?¥ The four
independent Ga-Sb bond distances are virtually the same (Ga1-
Sb1 2.6637(11), Ga1-Sb2 2.6748(11), Ga2-Sb3 2.6676(11),
Ga2-Sb4 2.6779(11) A) and comparable to those observed in
the Ga-stabilized distibene L2%(Me;N)GaSb=SbGa(NMe;)L?
(2.6200(4) A), the Sb-analogue bicyclo[1.1.0]butane,
[{LA(Me2N)Ga)a(u, 77" '-Sba)] (2.5975(5) A)'! and in Ga-Sb o-
bonded compounds such as [(dmap)Et,GaSb(SiMes),] (2.648(1)
A; dmap = 4-dimethylamino pyridine)?* and [Me,GaSbR';]; (R' =
SiMes, 2.6773(5)-2.7144(5) A; Me, 2.666(1)-2.682(1) A; i-Pr,
2.669(1)-2.694(1) A).[25.201

Table 1. Comparison of bond lengths (A) and angles (°) in the Sba units of
[{L?(Me2N)Ga}2(Sba)],l'" 1 and 2.19

KL2(Me2N)Ga}x(Sba)] 1 2
sy 2.8139(4) 2.8847(5) 2.8500(9)
o2 (Sb1a-Sb3) (Sb3-Sb4) (Sb1-Sb3)
SbeSh 2.8298(4) 2.8352(5) 2.8675(7)
o8 (Sb1a-Sb2) (Sb3-Sb1) (Sb1-Sb4)
2.7920(5) 2.8248(5)
Sba-Sbs (Sb3-Sb2) (Sb1-Sb4)
2.8139(4) 2.8683(8)
Sbyfbs (Sb3-Sb1) ) (Sb3-Sb2)
2.8298(4) 2.8410(5) 2.8722(8)
Sbs-Sbs
(Sb2-Sb1) (Sb1-Sb2) (Sb4-Sb2)
59.300(13) 59.181(12) 81.19(2)
Sbe-Sb1-Sbs (Sb3-Sb1a-Sb2) (Sb4-Sb3-Sb1)  (Sb3-Sb1-Sb4)
60.636(11) 59.535(13)
Sb1-Sbx-5bs (Sb1a-Sb3-Sb2) (Sb3-Sb4-Sb1)
60.065(11) 61.284(13)
Sbr-Sba-Sbe (Sb1a-Sb2-Sb3) (Sb3-Sb1-Sb4)  ~
75.084(14) 89.959(13) 81.49(2)
Sb1-Sb-Sbs (Sb1a-Sb2-Sb1) (Sb3-Sb1-Sb2)  (Sb1-Sb4-Sb2)
60.065(11) 90.223(13)
Sbe-Sba-Sbe (Sb3-Sb2-Sb1) (Sb4-Sb1-Sb2)  ~
60.635(11)
Sbs-Sbo-Sba - 5pp Sb3-sb1) ) )
59.300(13) 80.79(2)
Sbe-Sbs-Sbs (Sb3-Sb1-Sb2) (Sb3-Sb2-Sb4)
Sby-Sba-Sbe 75.585(14) 81.86(2)

(Sb1a-Sb3-Sb1) (Sb1-Sb3-Sb2)

[a] Ideal Sby tetrahedron: Sb-Sb 2.80 A, Sb-Sb-Sb 60°.17]
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The Sb-Sb-Sb angles (table 1) within the Sby ring in 2 vary from
80.79(2) to 81.86(2)°. The transannular Sb-Sb distances (Sb1-
Sb2 3.7461(8) A, Sb3-Sb4 3.7203(8) A) in 2 indicate no signifi-
cant bonding interactions. The dihedral angle (fold angle) be-
tween the two three-membered Sb rings is 61.40(2)°
(Sb1/Sb3/Sb4, Sb2/Sb3/Sb4). The Sb-Sb bond lengths are
similar for 1 (2.8248(5)-2.8847(5) A) and 2 (2.8500(9)-2.8722(8)
A) and their values are comparable to those found in the cationic
Sby clusters, [(R3P)sSba][OTfls (2.8354(6)-2.8797(5) A, R = Me;
2.838(2)-2 .884(2) A, R = Et), [(MesP);SbsR? (2.8209(5)-
2.8612(5) A)'®d neutral RsSby rings (2.814-2-887 A, mean
2.85(2) A)? anionic Sb chalcogenides [SbeSe]* (2.829(2)-
2.871(2) A), [SbsSel* (2.8597(9) A)?8l [Sb,Tes* (2.836(4)-
2.883(4) A) and [SbeTes]* (2.756(5)-2.871(5) A)?% as well as the
homopolyatomic anions Sb4% (av. 2.750 A) and Sb7* (av. 2.797
A),B% respectively.
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4 Sh{NMe.); 45baR, [Cp*Sbly [Cp*Sbly

8 L% l -4 LEGaiNMe 101 igl, | - 10 L ugR 2 L»‘an-.N:.fz 41LNgl, | -4 Lagcp
v
Nide; 4
2 Sb L
2 1F Ga\B(/ ) Mg

. sh

Sb., P
SN, Umg” L gLt

" LiGH \ /'GaL‘ ‘ &

‘G‘a L2
Hile,

. |-rea
T |- L2gaimes),
o o
L ~. /S

Mg
L

7 Nile,
]

Sb.
Mo, Sy
og 74 S
Sb

Polyanion [Sba? [Sbg]* [Sbyl* Isb]*

L' = -P;NCING.6--PrCsHally: L = HOIC(Me)N{2 B--Pr,CaHalls: L7 = HCIC(MeIN{Z.4.6-Me CHoll: R = Me. Et

Scheme 2. Reactions of Sb(lll), Sb(Il) and Sb(l) compounds with one-electron
(LMg) and two-electron reductants (LGa). Sbas units in [{L?(Me2N)Ga}2(Sba)], 1
and 2 and Sbsg units observed in [{L23Mg}4(Sbs)].

The structure of the Sby units in 1 and 2 can be derived from the
neutral Sby tetrahedron, in which either the L'Mg* (1) or the
L2Ga?* (2) fragments are inserted into two adjacent [1, 2] or two
opposite [1, 4] edges of the tetrahedral Sbs unit, respectively
(Fig. 3). In contrast, the previously reported Sb analogue of
bicyclo[1,1,0]butane, [{L?(Me2N)Ga},Shy], contains a [Sbs]*
dianion,'""l which originates formally from the bond breakage of
only one Sb-Sb bond of an Sb4 tetrahedron. These type of ho-
mopolyatomic anions have also been reported for phosphorus
and arsenic, but these complexes were typically obtained from
activation reaction of either P4 or As4. In contrast, the Sb com-
plexes are formed by reduction of a molecular metal organic Sb
compounds and their formation strongly relies on the starting Sb
compound, i.e. its formal oxidation state, and the reducing po-
tential of the one- or two-electron reductant (scheme 2). This
can clearly be seen when comparing the reactions of distibines
SbyR4 with L2Ga, which proceeded with insertion of the Ga(l)
compound in the Sb-Sb bond and subsequent formation of
L2Ga(SbR:),,[" whereas the reaction of Sb,R, with the stronger
reductant LMg yielded the [Sbg]* tetraanion.!'?
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Sb2 Sb2
Sb1

Sb2
Sbla b3 Sb1 Sb4

Sb4 Sb1
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a b
Sb,
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Figure 3. Sbs units in a) [{L%(Me2N)Ga}2(Sb4)], b) 1 and c) 2, displacement
ellipsoids are drawn at the 30% probability level. Bottom: Models of [1], [1, 2]
and [1, 4] edge-missing ideal tetrahedra.

The bonding situations in the Mg4Sb4 and Ga,Sb4 skeletons of 1
and 2 were further analyzed by using a number of quantum
chemical techniques to gain further insight into their bonding
situation and also compared to that of [{L?%(Me2N)Ga}2(Shy)].l""!
For 1, two isomers [(L'Mg)sSb4] (I) and [(L'Mg)sSbg] (II) were
found, from which isomer (1) is lower in energy by 6.7 kcal/mol at
the ZORA-B3LYP-D3/TZP//BP86-D3/def2-SVP + AZPE level of
theory (Fig. S15).51-3%1 All calculated bond lengths within the
MgsSb, (isomer I) and Ga,Sbs skeletons (Tables S2,S3) agree
well with the corresponding experimental values (Ar = 0.02—
0.09 A). The Sb—Sb bonds in 1 and 2 are covalent according to
AIM, ELF, and NBO analyses (Tables S2,S3, Figures 4,5),3%42
which agrees with previous computational results.['243 However,
Co-symmetrical 2 contains almost equivalent Sb—Sb bonds
(2.925-2.959 A\), while the Sb—Sb bonds in 1 range from 2.852
to 2.974 A. The elongated Sb3-Sb4 bond has smaller occupa-
tion number (ON; 1.89|e|) and ELF basin population (ﬁ
[V(Sb3,Sb4)] = 0.7 e) compared to other Sb—Sb bonds
(ON=1.91-1.94 |e|;]V[V(Sb,Sb)]=1.2—1 4 e). The Mg—Sb bonds
have a mixed ionic/covalent character with a dominant ionic
contribution as was found for the Mg-Sb bonds in
[(LMQ)4Sbg].l'¥ Indeed, AIM parameters (Table S2) indicate an
intermediate character of the Mg-Sb bonds ( VZp(r,) >0;
1<|V(r,)|/G(1p)<2, H(r,)<0), while NBO analysis finds no cova-
lent Mg—Sb bonds. Although ELF distribution (Fig. 4) reveals
eight valence disynaptic V(Mg,Sb) basins implying some extent
of covalent bonding, they are mainly formed by Sb lone pairs
with a small contribution of the Mg atoms into populations of
these ELF basins according to ELF/AIM intersection procedure
(]\7 [V(Mg,Sb)Mg] = 0.1 e; V(Mg,Sb)=V(Sb); Table S4).44 In
addition, NPA partial charges indicate strongly polarized Mg—Sb
bonds with Sb atoms in three different formal oxidation states.
The Mg1-Sb2 bond includes both the most positive
(g(Mg1)=+1.34 |e|]) and the most negative (q(Sb2)=-1.16 |e|)
atoms within the MgsSbs core, whereas the remaining Mg
(+1.15/+1.16/+1.17 |e]) and Sb atoms (+0.19/-0.44/-0.51 |e|)
carry less positive (Mg) and negative (Sb) charges. Although the
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NBO analysis predicts eight lone pairs on Sb atoms in total with
ON ranging between 1.6 and 2.0 |e|, ELF discloses the only one
pure V(Sb) valence monosynaptic basin populated by 3.1 e,
which is associated with the lone pair localized on Sb1 (Fig. 4d).

Figure 4. Atomic labeling for the MgsSbas skeleton (a) and ELF distribution in
[(L"Mg)4Sba4] (I) complex in the Mg2-Sb3-Sb4 (b), Mg1-Mg2-Mg3 (c), Mg1-
Sb2-Sb1 (d), and Sb1-Sb3-Sb4 (e) planes. V(Mg,Sb), V(Sb), and V(Sb,Sb)
basins are indicated by white (b, ¢, d), yellow (d), and black (b, d, e) arrows.

The Ga—Sb bonds are covalent, which is supported by the high
contribution of Ga’s electrons into the V(Ga,Sb) basins (ﬁ
[V(Ga,Sb)|Ga] = 1.0 e), the presence of two-center two-electron
Oca-sb bonds (ON=1.93 |e|) with noticeable values of polarization
coefficients  (|cx|>=38-39%), shared-type Ga-Sb interactions
(V2p(ry) <0; |V(1p)]|/G(r,) 22, H(r,) <0), and NPA charges
(q9(Ga)=+0.77 |e|, q(Sb)=-0.13/-0.14 |e|). These findings are in
contrast to those reported for [(L2AI),P4],2% in which the Al-P
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bonds were described as highly polar (ionic), resulting from the
higher electronegativity difference between Al and P compared
to Ga and Sb. In addition, each Sb atom in 2 carries one elec-
tron lone pair as shown by NBO analysis (ON=2.0 |e|; Table S3)
and ELF (]V [V(Sb)]=1.4 e; Fig. 5).

Figure 5. Atomic labeling for the Ga>Sba4 skeleton (a) and ELF distribution in
[(L2Ga)2Sb4] complex in the Sb1-Sb2-Sb4 (b), Ga1-Sb1-Sb2 (c), and Ga2—
Sb3-Sb4 (d) planes. V(Ga,Sb), V(Sb), and V(Sb,Sb) basins are indicated by
white (c, d), yellow (b, ¢, d), and black (b) arrows.

Finally, the chemical bonding picture was analyzed in the
GaySbs core of previously reported [{L?(Me;N)Ga},Sbs] com-
pound,['" which contains slightly shorter Ga—Sb (2.647/2.652 A)
and Sb—Sb distances (2.837-2.908 A) compared to 2 (Table S4).
According to our computational results, the bonding situation
within the Ga,Sb, unit is similar to that of 2 and is characterized
by the covalent osp-sp and Oga-s» bonds and four Sb lone pairs.
However, in contrast to 2, the Ga-Sb bonds are less polar
(N[V(Ga,Sb)|Gal=1.2 e; [cx[*=41%). In addition, the skeleton
includes five Sb—Sb bonds and two Sb atoms are positively
charged (q(Sb2)=+0.06 |e|, q(Sb3)=+0.03 |e|).

Conclusions

In summary, the anionic and neutral Sb, clusters 1 and 2 were
obtained from the reactions of [Cp*Sb]s4 with two electron reduct-
ants, [L'Mg]. and L2Ga. Both reactions follow distinct pathways
and formation of 1 and 2 occurs through the elimination of
L'MgCp* and Cp*,. The structure of the Sby units in 1 and 2 can
be derived from the neutral Sby tetrahedron, in which either the
L'Mg* (1) or the L2Ga?* (2) fragments are inserted into two adja-
cent [1, 2] or two opposite [1, 4] edges of the tetrahedral Sb4 unit,
respectively. 1, 2 and [{LA(Me2N)Ga}(u, "*'-Sby)]'"! are promis-
ing candidates for the synthesis of the neutral Sb, tetrahedron,
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which was only structurally characterized using scanning tunnel-
ing microscope (STM) in vapor phase deposited Sb thin films.“!

Experimental Section

General Procedures. The reactions were carried out in purified argon
atmosphere using standard Schlenk and glove-box techniques. Benzene
was carefully dried over sodium and hexane was collected from m-Braun
solvent purification system. Deuterated solvents were stored over acti-
vated molecular sieves (4 A) and degassed prior to use. Karl Fischer
titration of the dry solvents showed values below 3 ppm. The compounds
[L'™Mg]2 {L" = i-PraNC[N(2,6-i-ProCeH3)]2l"®, L?Ga {L? = HC[C(Me)N(2,6-i-
Pr2CeHa)J2}*8 and [Cp*Sb]s*®! were prepared by following literature
methods. [Cp*Sb]s was crystallized from benzene at 8 °C and the 'H
NMR spectrum shows a single peak at 1.92 ppm in benzene-ds (Fig.
S13). Other chemicals were obtained from commercial sources and
purified prior to use. While drying the compound at high vacuum (1 x 10
mmHg), 1 decomposed significantly into black precipitate. In order to
avoid the decomposition, the reaction work-up was carried out in argon
filled glove-box.

Instrumentation. The "H (300 MHz) and "*C{'H} (75.5 MHz or 150 MHz)
NMR (6 in ppm) spectra were recorded using a Bruker Avance DPX-300
or Bruker Avance Il HD spectrometers and the spectra were referenced
to internal CeDsH ('H: & = 7.154; 13C: 6 = 128.39) and Ce¢DsCHD2 ('H: 6 =
2.09; ¥C: & = 20.40). The microanalyses were performed at the ele-
mental analysis laboratory of University of Duisburg-Essen. IR spectra
were measured in an ALPHA-T FT-IR spectrometer equipped with a
single reflection ATR sampling module. The spectrometer was placed in
a glovebox so as to perform the FT-IR measurements in inert gas atmos-
phere. SEM and EDX was measured using a Jeol JSM 6510 equipped
with a Bruker Quantax 400 device.

Synthesis of 1. In an J-Young NMR tube, a mixture of [L'Mg]2 (68 mg,
0.070 mmol) and [Cp*Sb]s (18 mg, 0.0175 mmol) was taken in 0.5 mL of
benzene-ds. The solution was stirred at room temperature for 3 days and
kept at 8 °C. The reaction mixture afforded a mixture of red (1) and
colorless (L'MgCp*) crystals after 3 days. The solution was decanted and
the colorless crystals are washed-out with benzene (3 x 0.5 mL) to afford
pure form of 1. Yield: 24 mg (0.0197 mmol, 56 %). Anal. Calcd. for
C124H192N12MgaSba: C, 61.16; H, 7.95; N, 6.90. Found: C, 61.70; H, 7.87;
N, 6.81 %. IR (neat): v 2963, 2872, 1616, 1580, 1458, 1427, 1372, 1323,
1281, 1244, 1177, 1116, 1049, 946, 928, 873, 800, 751, 721, 660, 598,
519, 416 cm™". '"H NMR (CeDs, 300 MHz): § 7.14-7.06 (m, 6 H, CeH3(Pr)2),
3.97 (sept, 2 H, J = 6.9 Hz, -NCH(CHs)2), 3.56 (two sept, 4 H, -
ArCH(CHs)2), 1.35 (d, 3 H, J = 6.6 Hz, -ArCH(CH3)2), 1.34 (d,3H, J=6.6
Hz, -ArCH(CH3)2), 1.30 (d, 9 H, J = 6.9 Hz, -ArCH(CH3)2), 0.98 (d, 9 H, J
= 6.6 Hz, -ArCH(CH?3)2), 0.77 (d, 12 H, J = 6.9 Hz, -NCH(CH3)2). °C
NMR (CeDs, 150 MHz): 5 167.59 (N3C), 144.18 (CeHs), 143.41 (CeHs),
143.03 (CeHs), 123.80 (CeHs), 123.46 (CsHs), 123.39 (CeHs), 50.06 &
49.97 (NCH(CHs)z2), 28.26 (-ArCH(CHs)z2), 28.15 (-ArCH(CHa)2), 27.89 (-
ArCH(CHa)2), 27.29 (-ArCH(CHas)2), 24.02 (-NCH(CHs).), 23.98 (-
NCH(CHa)z), 22.77 (-ArCH(CH3)z2), 22.68 (-ArCH(CHs)2).

Synthesis of 2. In an J-Young NMR tube, a mixture of L?Ga (28 mg,
0.0584 mmol) and [Cp*Sb]s (30 mg, 0.0292 mmol) was taken in 0.5 mL of
benzene-ds. The solution was heated at 71 °C and the reaction progress
was monitored periodically using 'H NMR spectroscopy. Within 3 days
the resonances corresponding to L?Ga and [Cp*Sb]s vanished and a red
solution was formed, which was then cooled to room temperature and
transferred to 25 mL Schlenk tube. The solvents were removed under
reduced pressure and the residue was dissolved in 2 mL of warm hexane.
Storage of the red solution at 8 °C for 2 days leads to red crystals of 2.
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Yield: 17 mg (0.0116 mmol, 40 %). Anal. Calcd. for CssHs2N4GazSba: C,
47.66; H, 5.65; N, 3.83. Found: C, 47.90; H, 5.73; N, 3.97 %. IR (neat): v
3064, 2959, 2924, 2866, 1552, 1529, 1465, 1436, 1395, 1314, 1256,
1174, 1098, 1017, 930, 849, 796, 755, 628, 523, 447 cm'. "H NMR (CeDs,
500 MHz): § 7.11 (s, 6 H, CeH3(Pr)2), 4.75 (s, 1 H, <CH-), 3.72 (sept, 4 H,
-CH(CHs)2), 1.64 (s, 6 H, ArNCCHs), 1.54 (d, 12 H, J = 6.5 Hz, -
CH(CH3)2), 1.10 (d, 12 H, J = 6.5 Hz, -CH(CH?3)2). '*C NMR (CeDs, 150
MHz): § 167.59 (ArNCCH3), 144.47 (CesHs), 144.67 (CeHs), 128.68 (CeHs),
127.71 (CeHs), 125.00 (CeHs), 95.15 ()~CH-), 30.01 (-CH(CHa)2), 25.83 (-
CH(CHs)2), 24.59 (-CH(CHs)2), 24.49 (ArNCCHz).

Single Crystal X-ray diffraction. The crystals were mounted on nylon
loops in inert oil. Data were collected on a Bruker AXS D8 Kappa diffrac-
tometer with APEX2 detector (monochromated Mok, radiation, 1 =
0.71073 A). The structures were solved by Direct Methods (SHELXS-97)
and refined anisotropically by full-matrix least-squares on F? (SHELXL-
2014).471 Absorption corrections were performed semi-empirically from
equivalent reflections on basis of multi-scans (1) and numerical from
indexed faces (2) (Bruker AXS APEX2). Hydrogen atoms were refined
using a riding model or rigid methyl groups. In 1 the Sb core of the com-
plex is disordered over two positions. The rather high values of the ADP
of the benzene molecules suggest minor disorders which could not be
resolved to two components. The bond lengths and angles of the solvent
molecules should be considered meaningless and the ones of the Sb
core carefully assessed. The absolute structure could be determined
reliably. Parsons quotient method was used to determine the absolute
structure parameter x.[4l

Computational details. The geometric parameters of the species under
study were fully optimized in the gas phase at the BP86-D3/def2-SVP
theoretical levell®'-34 with a corresponding small-core relativistic effective
core potential for Sbi®® employing ultrafine grid. The stationary points
were characterized as minima on the potential energy surface by vibra-
tional analysis (the number of imaginary frequencies (NImag) was equal
to zero) and the structures obtained were used for the subsequent calcu-
lations. Zero-point vibrational energies (ZPEs) were computed from the
BP86-D3/def2-SVP harmonic vibrational frequencies without scaling
factors. The thermal corrections to the enthalpy and to the Gibbs free
energy were calculated within the rigid-rotor—harmonic-oscillator approx-
imation and used for obtaining 4H2,; and AGY%g values. To obtain more
accurate relative energies of isomers, single-point scalar relativistic (SR)
ZORA-B3LYP-D3/TZP computations(®¢-38 were additionally carried out.
Atoms in molecules (AIM)! and electron localization function (ELF)X#041]
computations were performed with DGrid programi*d using densities from
the all-electron SR-ZORA-BP86-D3/TZP computations. ELF basin popu-
lations were calculated for a rectangular parallelepipedic grid with a mesh
size of 0.1 bohr. The natural bond orbital analysis (NBO)“% was per-
formed at the BP86-D3/def2-SVP theoretical level as implemented in
Gaussian09. SR-ZORA-BP86-D3/TZP and SR-ZORA-B3LYP-D3/TZP
computations were performed using ADF2013 suite of programs (core
potentials were not used, and quality of the Becke numerical integration
grid was set to the keyword good),[5°-52 while the remaining computa-
tions were carried out in Gaussian09 code.53 Detailed information about
AIM, ELF, and NBO can be found elsewhere.[3%-42],
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Go four Antimony: [(L'Mg)a(u4, 7%%2-
Sba)] { L' = (N-i-Pr2)C[N(2,6-Pr.CsHs)]2, 1},
[(L2Ga)a(u, 772-Sby)] {L? = HC[C(Me)N(2,6-
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terized by single crystal X-ray diffraction
and their bonding situation investigated by
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