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ABSTRACT: A convenient synthetic route to Ga-stabilized pnictogen-centered radicals and gallapnictenes by manipulation of 
pnictogen-carbon bond strengths is presented. Two equivalents of LGa (L = HC[C(Me)N(Dip)]2, Dip = 2,6-i-Pr2C6H3) react with 
CpArAsCl2 (CpAr = C5(4-t-BuC6H4)5) with formation of the arsenic-centered radical [L(Cl)Ga]2As· 1. In contrast, the analogous 
reaction with TerSbCl2 (Ter = 2,6-Mes2C6H3; Mes = 2,4,6-Me3C6H2) yields the gallastibene LGa=SbTer 2 containing a Ga-Sb 
double bond, whereas reactions of DipSbCl2 with one and two equivalents of LGa give the monoinsertion and bisinsertion 
products L(Cl)GaSb(ClDip 3 and [L(Cl]Ga]2SbDip 4, respectively. 1 - 4 were structurally characterized by single crystal X-ray 
diffraction. The description of 1 as arsenic-centered radical is consistent with results of EPR and DFT studies. The π-bonding 
in LGa=SbTer 2 is estimated to 10.68 kcal mol-1 by variable-temperature (VT) NMR spectroscopy, and DFT studies reveal a 
significant π-bonding interaction between Sb and Ga. 

INTRODUCTION 

Main-group element radicals are typically transient spe-
cies, which are formed as highly reactive intermediates in 
many transformation reactions and chemical processes.[1] 
Persistent carbon-centered radicals such as the triphenyl 
methyl radical Ph3C· (Gomberg radical),[2] which was ini-
tially reported more than 100 years ago, are still intensely 
studied and the structure-directing role of dispersion inter-
actions in triaryl methyl radicals was only recently demon-
strated.[3,4] In addition, main group element radicals con-
taining the lighter elements, i.e. boron, silicon, and nitro-
gen,[5] have also been studied to some extent, whereas the 
number of persistent or stable radicals of heavier main 
group elements is still limited,[6,7] even though new strate-
gies to stabilize these highly reactive species including co-
ordination of σ-donating carbenes have been developed in 
the last decade.[8-12] 

Pnictogen-based radicals are well known in case of phos-
phinyl radicals and their structures and electronic proper-
ties were studied,[5,13-18] whereas stable radicals of the heav-
ier group 15 elements are still rare. A few stable arsenic-
based radicals have been reported (Scheme 1), which are 
typically stabilized by coordination of strong σ-donors (A, 
B), by use of sterically-demanding organic substituents (C), 
and/or by incorporation the radical center into a heterocy-
clic system (D, E, F). The cationic diarsene radical A, which 
represents the first structurally characterized arsenic-cen-
tered radical, was prepared by Robinson et al. by one-elec-
tron oxidation reaction of carbene-stabilized diarsenic.[19] A 

carbene-supported PAsP radical B was reported by 
Grützmacher et al. in 2014,[20] and the triarylarsinyl radical 
cation C[21] and the neutral arsinyl radical D,[22] respectively, 
which were shown by EPR spectroscopy to possess high 
spin densities on the arsenic atom, were reported very re-
cently. The class of four-membered heterocyclic singlet bi-
radicaloids E and their cationic congeners F was developed 
by Schulz and coworkers.[5,23,24] In addition, one-electron re-
duction reactions of arsaalkenes and diarsaalkenes were re-
ported, resulting in the formation of arsenic-centered radi-
cal anions.[25] Aside from arsenic-centered radicals, a hand-
ful of stable antimony-, and bismuth-centered radicals have 
also been structurally characterized.[26-31] These species are 
usually obtained by one electron reduction or oxidation of 
suitable starting materials. 

Scheme 1. Structurally characterized arsenic-centered 
radicals.
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Most of the stable radicals reported to date contain rather 
electronegative substituents. In order to stabilize a high 
electron/spin density on the group 15 element, we became 
interested in the synthesis of metal-coordinated radicals 
with two-fold coordinated group 15 elements. Very re-
cently, we succeeded in the synthesis of Ga-substituted 
stibinyl and bismuthinyl radicals of the general type 
[L(X)Ga]2E· (E = Sb, X = Cl; E = Bi, X = I; L = 
HC[C(Me)N(Dip)]2, Dip = 2,6-i-Pr2C6H3) by reactions of 
Cp*EX2 (E = Sb, Bi, X = Cl, I) with two equivalents of LGa.[32] 
The reactions most likely proceeded with insertion of gal-
lanediyl LGa into the E-X bonds, which can be also described 
as oxidative addition of the E-X bond to gallanediyl LGa as 
was shown for reactions of Pt(0) complexes with ECl3 (E = 
As, Sb, Bi),[33-36] followed by homolytic E-Cp* bond cleavage 
and elimination of decamethyl-1,1'-dihydrofulvalene 
(Cp*2). In remarkable contrast, the reaction of Cp*AsCl2 
with two equivalents of LGa occurred with elimination of 
LGaCl2 to yield the gallaarsene LGa=AsCp* (G) with a Ga-As 
double bond rather than with formation of the expected 
arsinyl radical ([L(Cl)Ga]2As·.[37]  

As is the case for heavy group 15 element radicals, multi-
ple bonded compounds of heavier group 13 (Al, Ga, In, Tl) 
and group 15 elements (As, Sb, Bi) are also very rare, which 
is in remarkable contrast to well-known iminoboranes con-
taining B-N multiple bonds. To the best of our knowledge, 
only two structurally characterized compounds containing 
Ga-As double bonds (G, H) have been reported.[37,38] The 
first examples of gallastibenes containing a Ga-Sb double 
bond (I) were prepared by the reduction of antimony hal-
ides by LGa and were shown to exhibit a π-bonding contri-
bution of about 10 kcal mol-1.[39] Aside from this very spe-
cific reaction pathway, no general and convenient method-
ology for their preparation has been established, to date. 

Scheme 2. Structurally characterized gallapnictenes of 
the heavy group group 15 elements. 

 

Since the different outcomes of the reactions of LGa with 
Cp*EX2 (E = As vs. Sb, Bi) were explained by the different E-
C bond strength, we became interested in adjusting the 
pnictogen-carbon bond strength in order to control the re-
action mechanism. The Cp* substituent in Cp*AsCl2 was 
therefore replaced by a less-strongly bound substituent in 
order to force the homolytic As-C bond cleavage reaction, 
whereas the weakly bound Cp* substituent in Cp*SbCl2 was 
replaced by a stronger bound substituent in order to cir-
cumvent the homolytic Sb-C bond cleavage. Herein, we re-
port the synthesis and structural characterization of the 
first gallium-stabilized arsinyl-radical [L(Cl)Ga]2As· 1 and a 
very rare example of a gallastibene LGa=SbTer 2 (Ter = 2,6-
Mes2C6H3; Mes = 2,4,6-Me3C6H2) with Ga=Sb double bond 
(Scheme 3). 

RESULTS AND DISCUSSION 

Synthesis and Characterization of [L(Cl)Ga]2As. To 
force the homolytic As-C bond cleavage, a ligand with a 

strong tendency to form (stable) radicals with an appropri-
ate steric bulk was required. Therefore, the Cp* ligand in 
Cp*AsCl2 was substituted by a CpAr ligand (CpAr = C5(4-t-
BuC6H4)5) containing sterically demanding 4-t-Bu-phenyl-
groups at the central cyclopentadienyl moiety. The larger 
steric demand of the CpAr ligand compared to the Cp* ligand 
as well as the higher stability of the CpAr radical compared 
to the Cp* radical results in a weaker As-C bond strength, 
hence favoring a homolytic As-C bond cleavage. Moreover, 
the five Ar groups are expected to electronically stabilize 
the resulting CpAr radical as was recently reported by Scheer 
et al. for comparable stable radicals of the type CpAr'· (Ar' = 
4-EtC6H4, 4-n-BuC6H4).[40,41] Thus, the reaction of two equiv-
alents of LGa with CpArAsCl2[42] proceeded with elimination 
of the CpAr· radical as is indicated by a drastic color change 
from yellow to dark blue (see SI for EPR characterization of 
CpAr·), and subsequent formation of the As-centered radical 
[L(Cl)Ga]2As· 1 which was isolated as orange crystals 
(scheme 3). 

Scheme 3. Synthesis of 1. 

 

The 1H NMR spectrum of 1 (Fig. S1) only shows broad res-
onances as is typical for paramagnetic species, and a varia-
ble temperature 1H NMR study indicates no dimerization of 
the arsinyl radical to the corresponding diamagnetic diar-
sine in solution even at -80 °C. IR spectroscopy also proved 
the absence of an As-H moiety. The paramagnetic character 
of 1 was confirmed by determining the effective magnetic 
moment μeff (1.64 μB) by use of the Evans method,[43] which 
is close to the expected value of 1.73 μB and consistent with 
the presence of a single unpaired electron, as well as by elec-
tron paramagnetic resonance (EPR) spectroscopy. The con-
tinuous-wave (CW) X-band (9.6268 GHz) EPR spectrum of 
1 (dissolved in toluene and frozen), exhibits a broad, com-
plex spectrum centered approximately at g ~ 2.05 and span-
ning greater than 1 kG of magnetic field (Figure 1). The EPR 
spectrum of the frozen solution is similar to that of the solid 
sample (Figure S8), however, the frozen solution spectrum 
has significantly less line broadening. This is consistent with 
S = 1/2 signal with considerable g-anisotropy attributed to 
an As-centered radical. Interestingly, the EPR spectrum of 1 
is only observable at low temperatures (<100 K), indicating 
fast relaxation behavior of the As centered radical. The ob-
served super-hyperfine splitting of the S = 1/2 signal arises 
from the natural abundance nuclear active isotopes of both 
arsenic and gallium (100% 75As, I = 3/2; 60.11% 69Ga, I = 
3/2; 39.89% 71Ga I = 3/2).[44] The high-field region of the 
EPR spectrum allows for the precise determination of g3 
component of the g-tensor (g = [g1, g2, g3]) and the corre-
sponding hyperfine splitting, A3, of the single As atom and 
two Ga atoms. For the two natural abundance isotopes of Ga, 
resolved hyperfine splittings from all possible isotopo-
logues are observed. Given that the 69Ga isotope occurs at 
the highest natural abundance, hyperfine splittings are re-
ported for this isotope, whereas the hyperfine couplings for 
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71Ga isotope are simply obtained by scaling for the nuclear 
gyromagnetic ratios of the two isotopes: A(71Ga) = 
A(69Ga)gn(71Ga)/gn(69Ga) = A(69Ga)*1.2706.[44] The unique 
pattern of the high-field region is only reproduced by simu-
lation with a g3-value of 1.9975, a large As hyperfine split-
ting, A3(As) = 582 MHz, and two equivalent Ga hyperfine 
couplings, A3(69Ga) = 145 MHz, from the gallium ligands. 
While the pattern is complicated by the two differing iso-
topes of Ga, the field positions and intensities of each iso-
topic combination matches the experimental spectrum 
markedly well (Figure 1 inset). While the values for g3 and 
A3 for each nuclei is found by inspection and simple simula-
tion of the EPR spectrum, fitting of all the numerous transi-
tions is not feasible by simple ‘guess and check’ methods. 
The parallel simulations of the absorption-like Q-band 
(34.0045 GHz) echo-detected EPR spectrum and the inte-
gral of the CW X-band spectrum (Figure S9) places addi-
tional bounds on the g- and A-tensor values for possible 
least-squares fitting to be performed. The refined EPR sim-
ulation parameters for 1 obtained by least-squares fitting[45] 
are reported in the caption of Figure 1. 

Figure 1. CW X-band (9.6268 GHz) EPR of 1 frozen in toluene, 
black, and its simulated spectrum, red. The high-field region of 
the spectrum is expanded in the inset with separate isotope 
combination contributions to the simulation plotted as filled 
lines. Simulation parameters: g = [g1, g2, g3] = [2.1490, 2.0533, 
1.9975]; A = [A1, A2, A3], A(As) = [–149.6, –201.3, 582.0] MHz, 2 
x A(69Ga) = [159.2, 155.9, 145.0] MHz; linewidth (peak-to-
peak), 0.7 G. Conditions: Temperature, 25 K; field modulation 
frequency, 100 kHz; modulation amplitude, 4 G; time constant, 
40.69 ms; conversion time, 81.25 ms; 4096 points; single scan. 

The simulation of the powder-like EPR spectrum does not 
allow for the determination of neither absolute or relative 
hyperfine signs, which are needed for accurate spin popula-
tion analyses. However, hyperfine signs may be applied by 
consideration of the expected radical behavior and bonding 
behavior (see SI for further discussion). The determined hy-
perfine tensor for the As center is A(As) = [–149.6, –201.3, 
582.0] MHz with small positive isotropic hyperfine compo-
nent of aiso(As) = +77 MHz. An estimate of the s-orbital spin-
population is given by ρ(s) = aiso/a0, where a0 is the isotropic 
hyperfine coupling constant. There is minimal s-orbital 
spin-population, ρ(As, s) = 0.005 (a0 = 14,660 MHz).[44] The 
dipolar coupling tensor, T, is found by T = A – aiso and takes 
an approximate axial form of [-t, -t, 2t] consistent with a p-
orbital centered unpaired electron.[46] Here, t ~ +253 MHz, 

yielding an estimation of the unpaired p-orbital spin-popu-
lation by the ratio of ρ(As, p) = t/b0, where b0 is the uniaxial 
hyperfine coupling constant (b0(As) = 333.6 MHz).[44] It is 
observed that 1 possesses a  large p-orbital spin-population 
on the As atom, ρ(As, p) = 0.757.  

The EPR experiment also exhibits hyperfine splitting 
from the Ga atoms, indicating significant unpaired spin-
population on these atoms. The same analyses procedures 
reveal |aiso| = 155 MHz and |t| = 4.8 MHz values correspond-
ing to ρ(Ga, p) = 0.013 and ρ(Ga, p) = 0.024 for each Ga atom. 
The hyperfine constants for 69Ga are a0 = 12,209 MHz and b0 
= 203.85 MHz.[44]  

The sum of the s and p-orbital spin populations of the As 
and each Ga atom amounts to a total spin-population of 
~0.84, close to expected value of 1, within reasonable error 
of this formal approach. This analysis decidedly reveals that 
the unpaired electron is predominately of As p-orbital char-
acter. 

The observed g-tensor for 1 has a considerable amount of 
anisotropic character but is smaller than what we have pre-
viously characterized for the analogous Sb radical.[32] The 
magnitude of the measured g-value and its deviation from 
the free electron, ge = 2.0023, is dependent on the excited-
state contributions to the SOMO. For 1, observed g-values of 
g1 ≥ g2 > ge ≈ g3 indicate an SOMO coupled to a p-orbital ex-
cited state. The expected g-values shifted from ge are given 
by: 

 
where λ is the spin-orbit coupling of the p-orbital and ΔE 

is the LUMO-SOMO energy gap. There is a two-fold reduc-
tion for Δg of 1 compared to the previously characterized 
Sb radical.[32] One factor is the ~2.8 fold decrease of p-or-
bital spin-orbit coupling of the two different atoms (λ(As 
4p2) = 1550 cm-1; λ(Sb 5p2) = 4280 cm-1).[47] However, as Δg 
does not simply scale with λ for the two radicals, they pos-
sess differing ΔE that slightly counter balances λ. Therefore, 
the ratios of the ΔE between the Sb radical and 1 is approx-
imately 1.3, estimating ΔE(1) ~ 31,000 cm-1 and ΔE(Sb) ~ 
41,500 cm-1. 
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Figure 2. Molecular structure of [L(Cl)Ga]2As· 1. H-atoms, the 
minor component of disorder, and one molecule of n-hexane 
were omitted for clarity. Displacement ellipsoids are drawn at 
the 50% probability level. Selected bond lengths [Å] and angles 
[°]: As1-Ga1 2.3983(11), As1-Ga2 2.4085(14), Ga1-N1 
1.963(3), Ga1-N2 1.973(3), Ga1-Cl1 2.1967(10), Ga2-N3 
1.957(3), Ga2-N4 1.960(3), Ga2-Cl2 2.2069(10); Ga1-As1-Ga2 
109.43(6), N1-Ga1-N2 96.14(12), Cl1-Ga1-As1 102.96(9), N1-
Ga1-As1 120.18(11), N2-Ga1-As1 107.45(9), N3-Ga2-N4 
95.89(12), Cl2-Ga2-As1 122.40(4), N3-Ga2-As1 120.85(10), 
N4-Ga2-As1 106.68(10). 

Radical 1 crystallizes together with half of an equivalent 
of n-hexane in the monoclinic space group P21/n with four 
molecules in the unit cell.[48] The crystal structure of 1 ex-
hibits a V-shaped coordination geometry at the central ar-
senic atom as was observed for the heavier congeners 
[L(Cl)Ga]2Sb· and [L(I)Ga]2Bi·, respectively (Figure 2).[10] 
The Ga1-As1-Ga2 bond angle of 109.43(6)° is slightly wider 
compared to those of [L(Cl)Ga]2Sb· (104.89(1)°) and 
[L(I)Ga]2Bi· (106.68(3)°),[32] respectively, which is most 
likely caused by the shorter Ga-As distances and hence in-
creased repulsive interactions between the sterically de-
manding substituents. The Ga-As-Ga bond angle in 1 is also 
much wider than those reported for As-centered radicals B 
(86.53(4)°)[20] and cyclic D (92.97(7)°).[22] The [L(Cl)Ga] lig-
ands possess a twisted syn,syn configuration with respect to 
the chlorine atoms. The Ga-As (2.3983(11) Å, 2.4085(14) Å) 
and Ga-Cl (2.1967(10) Å, 2.2069(10) Å) bond lengths in 1 
are comparable to those observed in L(X)Ga-substituted As 
compounds such as [L(Cl)Ga]2As2 (Ga-As 2.3957(5) Å, Ga-Cl 
2.2247(8) Å), L(Cl)GaAsAsGa(NMe2)L (Ga-As 2.4217(6) Å, 
Ga-Cl 2.190(9) Å),[49] and bicyclic LGaAs3Ga(Cp*)L (Ga-As 
2.4183(3) Å, 2.4224(3) Å 2.5197(3) Å),[37] as well as the sum 
of the calculated covalent radii (∑rcov(Ga-As) = 2.45 Å, 
∑rcov(Ga-Cl) = 2.23 Å).[50] 

To gain a deeper understanding of the electronic nature 
of 1, DFT calculations were performed. The optimized ge-
ometry reproduces the structure as-determined by single 
crystal X-ray analysis very well, with only slightly elongated 
Ga-As bonds (2.423 Å) and a more acute Ga-As-Ga angle 
(106.42°). The SOMO is essentially the As p-orbital (Figure 

4), while the spin densities at As (0.80) and Ga (0.08) ob-
tained by Löwdin spin population analysis are in accord-
ance to those calculated for the heavier analogues 
[L(Cl)Ga]2Sb· (Sb 0.80, Ga 0.08) and [L(I)Ga]2Bi· (Bi 0.81, Ga 
0.07), respectively.[32] Natural bond orbital (NBO) analysis 
revealed a lone pair orbital of high s-character (1.90e occ., 
66.6 % s, 33.1% p) and a SOMO of full p character (0.95e 
occ., 99.7 % p) at the As center (Figure 3). The Ga-As bonds 
(1.97e occ.) exhibit high p-character at As (16.7 % s, 82.6 % 
p) and rather s-character at Ga (67.1 % s, 32.7 % p) and are 
polarized towards As (66.5 % As, 34.5 % Ga). 

 

Figure 3. SOMO (a) and spin density plot (b) of 1. 

The DFT predicted spin density at the As of 0.80 is in very 
good agreement with the measured spin-population of 
ρ(As, s+p) ~ 0.76, with > 99% p-orbital character of the 
SOMO. The measured spin-population for the Ga atoms, 
ρ(Ga, s+p) ~ 0.04, is slightly lower than the predicted DFT 
spin density of 0.08. DFT predicts a larger p/s-orbital spin 
density ratio 4:1, compared to the measured ratio of 2:1. 
The precise determination of the small dipolar contribu-
tions of each Ga center is complicated due to the measure-
ment’s lack of relative orientation information for the two 
independent tensors. For the given resolution of the pow-
der-like spectra, the DFT and experimental determined val-
ues for Ga are in qualitative agreement. Most critically, the 
dominant As hyperfine interaction clearly demonstrates its 
p-orbital centered radical character, with a spin-population 
consistent with others characterized. 

Synthesis and Characterization of LGaSbTer. Since the 
successful synthesis of the As-centered radical 1 proved our 
concept, that adjusting the pnictogen-carbon bond strength 
may force the reaction to proceed either with homolytic E-
C bond cleavage or elimination of LGaCl2, we became inter-
ested in expanding this concept to the synthesis of a gal-
lastibene containing a Ga-Sb double bond. To circumvent 
the homolytic Sb-C bond cleavage as was observed in the re-
action with Cp*SbCl2 and favor the elimination of LGaCl2, we 
replaced the rather weakly π-bound Cp* substituent by a 
sterically more demanding, stronger σ-bound terphenyl 
substituent. Indeed, the reaction of TerSbCl2 with two 
equivalents of LGa proceeded with a drastic color change 
from yellow to dark red, elimination of LGaCl2, which was 
clearly identified by in situ 1H NMR spectroscopy, and sub-
sequent formation of the gallastibene LGa=SbTer 2 (scheme 
4).  

Scheme 4. Synthesis of 2. 
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The 1H and 13C NMR spectra of 2 (Fig. S4, Fig. S5) show 
resonances of the organic substituents in the expected rela-
tive equimolar intensity. The presence of only one septet 
and two doublets for the four i-Pr groups of the two Dip sub-
stituents indicates a C2v symmetry of the β-diketiminate lig-
and, which is caused by the fast rotation around the Ga=Sb 
bond. A variable-temperature (VT) 1H NMR study (Fig. S6) 
was conducted to determine the rotational barrier. A sepa-
ration into two CHMe2 and four o-CH3 resonances is ob-
served at temperatures below –50 °C, from which a rota-
tional barrier of about 10.68 kcal mol-1 was estimated. This 
value can be correlated to the Ga-Sb π-bonding contribution 
and is comparable to those observed in I (X = Cl 9.56 kcal 
mol-1, Br 9.35 kcal mol-1),[32,39] albeit the effect of repulsion 
of the sterically demanding organic substituents has to be 
considered as well. 

Single crystals of 2 were obtained from a saturated solu-
tion in n-hexane upon storage at -30 °C for 12 h (Figure 4). 
2 crystallizes in the monoclinic space group P21/n with four 
molecules in the unit cell.[48]. The central structural unit in 2 
is the Ga1-Sb1 double bond (2.4640(4) Å), which compares 
very well to the known gallastibenes LGaSbGa(X)L (X = F 
2.4601(3) Å, Cl 2.4629(2) Å, Br 2.4502(3) Å, I 2.4496(8) 
Å)[32,39] and is also well below the sum of the calculated dou-
ble bond radii (∑rcov(Ga=Sb) = 2.50 Å),[50] thus clearly prov-
ing the double bond character in 2. The Sb1-C30 bond 
length (2.180(3) Å) is slightly elongated compared to the 
average value of known Sb-Caryl bonds (2.130 Å),[51] whereas 
the Ga1-Sb1-C30 bond angle (106.89(7)°), which is far be-
low the value expected for a sp2-hybridized Sb atom, dis-
plays the low hybridization tendency of Sb and suggests a 
rather high p-orbital contribution of the Sb-C bond. The Ga-
Sb-C bond angle is even smaller than the Ga-As-C bond an-
gles (110.92(5)°, 111.00(4)°) reported for LGa=AsCp*. The 
planar coordination sphere at the Ga center (sum of bond 
angles (∑φ(Ga) = 360.0°) and the Sb1-C30 bond, which lies 
almost within the N2GaSb plane (torsion angles: N1-Ga1-
Sb1-C30 9.7(3)°, N2-Ga1-Sb1-C30 171.40(12)°) further em-
phasize the Ga-Sb π-contribution. The observed distortion 
from planarity and the elongated Sb1-C30 distance most 
likely derive from steric repulsion of the bulky organic lig-
ands. The bond lengths and angles within the almost planar 
GaN2C3 cycle (rms deviation from best plane 0.0845) are 
comparable to those previously reported for this type of lig-
and. 

Figure 4. Molecular structure of LGaSbTer 2. H-atoms and mi-
nor components of the disordered i-Pr groups were omitted for 
clarity. Displacement ellipsoids are drawn at the 50% probabil-
ity level. Selected bond lengths [Å] and angles [°]: Ga1-Sb1 
2.4640(4), Ga1-N1 1.935(2), Ga1-N2 1.970(2), Sb1-C30 
2.180(3); Ga1-Sb1-C30 106.89(7), N1-Ga1-N2 96.14(9), N1-
Ga1-Sb1 158.75(7), N2-Ga1-Sb1 105.117. 

The structural parameters of the optimized geometry of 
2 resemble very well the values as-determined by single 
crystal X-ray crystallography. The Ga=Sb double bond 
length (2.481 Å) and Ga-Sb-C bond angle (102.44°), as well 
as the different N-Ga-Sb bond angles (106.35°, 159.22°) are 
nicely reproduced. A careful analysis of the bonding nature 
of 2 shows that the HOMO of 2 represents the Ga-Sb π-bond-
ing interaction (Figure 5), whereas the HOMO-1 has LPSb 
character and the LUMO is exclusively localized in the β-
diketiminate ligand backbone.  

 

Figure 5. HOMO (a) and LUMO (b) of 2. 

The NBO analysis of 2 reveals a Ga-Sb σ bond (1.96e occ., 
47.3 % Sb, 52.7 % Ga) of high p character at Sb (9.4 % s, 90.0 
% p) and high s character at Ga (83.0 % s, 17.0 % p). The 
highly polarized Ga-Sb π bond (1.91e occ., 78.4 % Sb, 21.6 
% Ga) is mainly localized at the Sb center and exhibits full 
p-orbital character (Sb 99.6 % p, Ga 99.3 % p). The Wiberg 
bond index (WBI, 1.61) and the bond order obtained from 
Natural Localized Molecular Orbital (NLMO, 1.43) analysis 
of the Ga-Sb bond further indicating the multiple bonding 
character in 2. Furthermore, a lone pair of electrons (1.90e 
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occ.) with high s character (80.9 % s, 19.1 % p) localized at 
the Sb center was found. 

Reaction mechanism. Two different reaction pathways 
were reported for the reactions of two equivalents of LGa 
with monosubstituted group 15 compounds Cp*ECl2 (E = 
As, Sb, Bi), which either occurred with formation of the Sb- 
and Bi-centered radicals radical [L(Cl)Ga]2E· or formation 
of gallaarsene LGa=AsCp* containing a Ga-As double 
bond.[32,37] Based on previous studies on reactions of differ-
ent amounts of LGa with ECl3, which were shown to proceed 
stepwise with insertion of LGa into the E-Cl bond and sub-
sequent formation of monosubstituted (L(Cl)GaECl2) and 
disubstituted complexes ([L(Cl)Ga]2ECl), which further re-
act under LGaCl2 elimination and formation of stibinidenes 
L(Cl)GaSb,[52] we propose an analogous mechanism for re-
actions of RECl2 with two equivalents of LGa, yielding mono-
substituted (type I) or disubstituted complexes (type II) as 
depicted in scheme 5. 

Scheme 5. Proposed stepwise reaction pathway of RECl2 
with LGa. 

 

Depending on the specific steric and electronic properties 
of the ligand R, these complexes can react with different re-
action pathways. In case of sterically very demanding sub-
stituents, which effectively shield the pnictogen center, the 
type I complex can undergo a reductive elimination of 
LGaCl2, yielding pnictinidenes RE which typically dimerize 
to the corresponding dipnictenes RE=ER. In case of steri-
cally less shielded pnictogen centers, the second insertion 
reaction of LGa and formation of type II complexes can be 
favored, which can either undergo a homolytic E-R bond 
breakage reaction with formation of E-centered radicals or 
eliminate one equivalent of LGaCl2, resulting in the for-
mation of gallapnictenes LGa=ER. These reactions are ex-
pected to be mainly controlled by the energetics of the for-
mation of the Ga-E double bond, of the radical R· and of 
LGaCl2, respectively. 

Based on these assumptions, the role of the steric demand 
of the R substituents as well as of the E-C bond strength on 
the reaction outcome was investigated. Calculated E-C bond 
dissociation energies of RECl2 (R = Cp, Cp*, C5Ph5, Ph, Ter; E 

= As, Sb) are summarized in Table S8. The phenyl substitu-
ents are found to be stronger bound to the group 15 element 
E (E = As, Sb) compared to η1-Cp-substituents and the E-C 
bond dissociation energies for both group 15 element com-
pounds steadily decrease with increasing steric demand (Cp 
< Cp* < C5Ph5 as well as Ph < Ter). Replacement of the Cp* 
substituent in Cp*AsCl2 by a sterically more demanding CpAr 
substituent was therefore expected to result in an As-C 
bond weakening, hence favoring the homolytic As-C bond 
breakage. Indeed, the As-centered radical [L(Cl)Ga]2As· 1 
was selectively formed, whereas the reaction with Cp*AsCl2 
occurred with elimination of LGaCl2 and subsequent for-
mation of the gallaarsene LGa=AsCp*.[37] Thus, the As-C 
bond strength in cyclopentadienyl-substituted arsenic di-
chlorides C5R5AsCl2 (R = Me, 4-t-Bu-C6H4) can be tailored to 
some extent by the steric demand of the R group. Moreover, 
the ability of the substituents R to stabilize unpaired elec-
tron density is expected to also have an influence on the re-
action pathway. This was further underlined by the out-
come of an analogous reaction of two equivalents of LGa 
with TerAsCl2. While the terphenyl ligand is also a sterically 
very demanding substituent, the As-C bond is far stronger 
compared to that of CpArAsCl2, hence a homolytic As-C bond 
breakage is disfavored. In situ 1H NMR spectroscopy studies 
clearly revealed that the reaction proceeds with consump-
tion of only one equivalent of LGa, whereas the second 
equivalent of LGa remained unreacted. Moreover, the for-
mation of LGaCl2 and diarsene TerAs=AsTer, which were 
both unequivocally identified by 1H NMR spectroscopy (Fig-
ure S8), was observed. Obviously, the Ter substituent ham-
pers the insertion of the second equivalent of LGa into ini-
tially formed L(Cl)GaAs(Cl)Ter (type I complex) as a result 
of its very high steric demand, while the homolytic As-C 
bond breakage is hampered by the relatively strong As-C 
bond. Therefore, the reaction proceeds with elimination of 
LGaCl2, which is the energetic driving force, and formation 
of the diarsene TerAs=AsTer. 

In remarkable contrast, two equivalents of LGa selec-
tively react with TerSbCl2 to the gallastibene LGa=SbTer 2. 
Compared to the reaction with Cp*SbCl2, which gave the Ga-
substituted stibinyl radical [L(Cl)Ga]2Sb·, the formation of 2 
can be explained by the stronger Sb-C bond in TerSbCl2 vs. 
Cp*SbCl2, respectively. In addition, the subtle influence of 
steric demand is reflected by the different outcome com-
pared to the reaction with TerAsCl2. According to the large 
Sb atom compared to the As atom, the Ga-Sb bond is longer 
than the Ga-As bond, which reduces the steric shielding of 
the Sb atom in the monosubstituted complex 
L(Cl)GaSb(Cl)Ter (type I) compared to the As atom in 
L(Cl)GaAs(Cl)Ter. Therefore, the second insertion of LGa 
can occur and the resulting overcrowded disubstituted 
complex [L(Cl]Ga]2SbTer (type II) undergoes a reductive 
elimination of LGaCl2 with formation of gallastibene 
LGa=SbTer 2 rather than a homolytic Sb-C bond breakage 
reaction with formation of the stibinyl radical [L(Cl)Ga]2Sb· 
as well as the terphenyl radical, which is expected to be ra-
ther unstable. Therefore, the reaction is controlled by the 
Sb-C bond strength and the energetically preferred for-
mation of LGaCl2 rather than the unfavorable terphenyl rad-
ical. 
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The proposed reaction mechanism is further supported 
by the outcome of analogous reactions of LGa with DipSbCl2, 
carrying a sterically less pronounced aryl substituent 
(scheme 6). The equimolar reaction occurs with insertion of 
LGa into the Sb-Cl bond and formation of L(Cl)GaSb(Cl)Dip 
(3, type I), whereas twofold insertion of LGa into two Sb-Cl 
bonds was observed in the reaction of two equivalents of 
LGa with DipSbCl2, exclusively yielding [L(Cl)Ga]2SbDip (4, 
type II). Both compounds were isolated and spectroscopi-
cally characterized (1H, 13C NMR, IR) as well as by elemental 
analyses and single crystal X-ray diffraction (see Supporting 
Information for further details).  

Scheme 6. Synthesis of 3 and 4. 

  
The formation of compound 4 strongly supports the un-

derlying mechanism of Ga-substituted radical and gal-
lapnictene formation (scheme 5). Remarkably, compound 4 
is stable at ambient temperature in the solid state and in so-
lution, whereas rapid decomposition into LGa, LGaCl2, and 
other products, which have not been identified so far, oc-
curs upon thermal treatment. The intermediate formation 
of gallastibene LGa=SbDip was not observed, again empha-
sizing the crucial role of the steric steric properties of the 
substituent R on the reaction pathway. 

CONCLUSION 

In reactions of two equivalents of LGa with RECl2 (E = As, 
Sb) the crucial role of the pnictogen-carbon bond strength 
as well as of the steric demand of the R substituent on the 
resulting reaction mechanism was demonstrated. Weakly 
bound ligands such as sterically demanding cyclopentadi-
enyl-based ligands, which are furthermore able to stabilize 
unpaired electron density, are preferentially eliminated by 
homolytic E-C bond cleavage, resulting in the formation of 
Ga-substituted radicals of the type [L(Cl)Ga]2E· (E = As, Sb, 
Bi), whereas stronger bound substituents, i.e. aryl substitu-
ents, typically favor the elimination of LGaCl2. Moreover, the 
distinct influence of steric demand was demonstrated in re-
actions of LGa with TerECl2, either yielding the diarsene 
TerAs=AsTer or the gallastibene LGa=SbTer. Thus, the for-
mation of Ga-substituted pnictinyl radicals or gallapnic-
tenes can be controlled to some extent by tailoring the E-C 
bond strength and the steric demand of the R substituents 
in RECl2 (scheme 7). This synthesis concept now not only 
gives access to these types of group 13/15 compounds, 

which are still rarely investigated, but may also open a syn-
thetic approach to comparable main group metal-centered 
radicals and multiple bonded compounds of other groups, 
for instance group 14 metals, in the near future. 

Scheme 7. Selective formation of Ga-stabilized pnictinyl 
radicals and gallapnictenes by tailoring E-C bond 
strength.

 

EXPERIMENTAL SECTION 
General Procedures. Argon gas was purified by passing the 
gas through pre-heated Cu2O pellets and molecular sieves col-
umns. Toluene and hexane were dried using a MBraun Solvent 
Purification System, degassed and stored under argon atmos-
phere. Deuterated solvents were dried over activated molecu-
lar sieves (4 Å) and degassed prior to use. LGa[53] and TerECl2 
(E = As, Sb)[54] were prepared according to literature methods. 
1H (300 MHz) and 13C{1H} (75.5 MHz) NMR spectra were rec-
orded using a Bruker Avance DPX-300 spectrometer and refer-
enced to internal C6D5H (1H:  = 7.16; 13C:  = 128.06) or tolu-
ene-d8 (1H:  = 2.08; 13C:  = 20.43). IR spectra were recorded 
in a glovebox using an ALPHA-T FT-IR spectrometer equipped 
with a single reflection ATR sampling module. Continuous-
wave (CW) X-band (9.6268 GHz) EPR was a collected on frozen 
solution of 1 in toluene with a Bruker E500 spectrometer 
equipped with an Oxford liquid helium flow cryostat operated 
at 15 K. The spectrum was collected with 100 kHz field modu-
lation at 4 G amplitude, a 40.96 time constant and 81.92 con-
version time for the 4.096 point spectrum. Microanalyses were 
performed at the elemental analysis laboratory of University of 
Duisburg-Essen.  
Synthesis of CpArAsCl2.[55] A solution of CpArK (0.80 g, 1.05 
mmol) in THF (15 mL) was added to a solution of AsCl3 (0.19 g, 
0.09 mL, 1.05 mmol) in THF (5 mL) and the resulting green sus-
pension was stirred for 2 h at ambient temperature. Volatiles 
were removed in vacuo and the residue was extracted with n-
hexane (50 ml). The volume of solvent was removed until in-
cipient crystallization and stored at -30 °C for 12 h to yield yel-
low crystals. The volume of the mother liquor was further re-
duced and stored at -30 °C to yield a second crop of yellow crys-
tals. Yield: 0.78 g (0.89 mmol, 85 %). Mp. 154 °C (dec.). 1H NMR 
(600 MHz, THF-d8, 25 C):  7.14 (d, 3JHH = 8.7 Hz, 10 H, C6H4), 
7.00 (d, 3JHH = 8.7 Hz, 10 H, C6H4), 1.26 (s, 45 H, C(CH3)3). 13C 
NMR (151 MHz, THF-d8, 25 C):  150.0 (C6H4), 132.8 (C5), 
131.3 (C6H4), 130.3 (C6H4), 124.2 (C6H4), 34.1 (C(CH3)3), 30.6 
(C(CH3)3). ATR-IR:  3031, 2961, 2903, 2868, 1495, 1462, 1363, 
1268, 1118, 1016, 852, 833, 686, 567 cm-1.  
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Synthesis of [L(Cl)Ga]2As· (1). Solutions of LGa (100 mg, 
0.205 mmol) and CpArAsCl2 (89 mg, 0.103 mmol) in toluene (2 
mL) were combined at ambient temperature, yielding a dark 
blue solution, which was stirred for 1 h. The solvent was re-
moved in vacuo and the resulting residue extracted with n-hex-
ane (5 mL). The solution was stored at -30 °C for 12 h, yielding 
colorless crystals of LGaCl2, which were separated by filtration. 
The filtrate was concentrated (2.5 mL) and stored at ambient 
temperature for 12 h, yielding orange crystals of 1. Yield: 22 mg 
(0.020 mmol, 19 %). M.p. 249 C. Anal. Calcd. for 
C58H82AsCl2Ga2N4·C6H14: C, 63.76; H, 8.02; N, 4.61. Found: C, 
64.0; H, 7.81; N, 4.46 %. ATR-IR:  3058, 2961, 2923, 2866, 
1524, 1460, 1438, 1383, 1317, 1257, 1178, 1099, 1018, 937, 
865, 796, 757, 721, 638, 533, 441 cm-1.  
Synthesis of LGaSbTer (2). LGa (100 mg, 0.205 mmol) and 
TerSbCl2 (52 mg, 0.103 mmol) were dissolved in toluene (2 mL) 
at ambient temperature and the dark red solution was stirred 
for 5 minutes. The solvent was removed in vacuo, the resulting 
residue was dissolved in n-hexane (2.2 mL) and stored at -30 
°C for 10 h to yield colorless crystals of the by-product LGaCl2, 
which were separated by filtration. The filtrate was slightly 
concentrated and stored at -30 °C for 12 h to yield extremely 
dark red crystals of 2. Yield: 45 mg (0.049 mmol, 48 %). M.p. 
114 °C (dec.). Anal. Calcd. for C53H76GaN2Sb·C6H14: C, 70.25; H, 
7.99; N, 2.78. Found: C, 70.50; H, 7.78; N, 2.88 %. 1H NMR (300 
MHz, C6D6, 25 C):  7.09 – 6.97 (m, 7 H, C6H3), 6.90 (d, 3JHH = 
7.3 Hz, 2 H, Mes2C6H3), 6.85 (s, 4 H, Me3C6H2), 4.81 (s, 1 H, -
CH), 3.03 (sept, 3JHH = 6.8 Hz, 4 H, CH(CH3)2), 2.37 (s, 6 H, p-CH3), 
1.92 (s, 12 H, o-CH3), 1.31 (s, 6 H, NCCH3), 1.18 (d, 3JHH = 6.8 Hz, 
12 H, CH(CH3)2), 1.06 (d, 3JHH = 6.8 Hz, 12 H, CH(CH3)2). 13C NMR 
(75.5 MHz, C6D6, 25 C):  168.0 (NCCH3), 153.7, 145.1, 143.9, 
141.0, 135.5, 134.9, 126.1, 125.0 (C6H3 & C6H2), 100.1 (-CH), 
28.9 (CH(CH3)2), 25.9, 24.4 (CH(CH3)2), 24.0 (NCCH3), 21.6 (o-
CH3), 21.4 (p-CH3). ATR-IR:  2958, 2920, 2866, 1550, 1517, 
1437, 1373, 1317, 1251, 1175, 1099, 1018, 934, 848, 797, 735, 
606, 529, 438 cm-1.  
Reaction of LGa with TerAsCl2. Toluene (1.5 mL) was added 
to a mixture of LGa (20 mg, 0.041 mmol) and TerAsCl2 (9.4 mg, 
0.021 mmol) at -40 °C. The solution was allowed to slowly come 
to ambient temperature to yield an orange solution. Volatiles 
were removed in vacuo and the residue was dissolved in C6D6. 
The 1H NMR spectrum of this residue clearly revealed for-
mation of LGa, LGaCl2, and [TerAs]2, whereas no signals due to 
the formation of the expected gallaarsene LGaAsTer were ob-
served.  
Synthesis of DipSbCl2. A freshly prepared solution of DipMgI, 
from DipI (1.15 g, 4.00 mmol) and Mg turnings (0.10 g, 4.00 
mmol) in THF (30 mL), was added to a suspension of CuCl (0.40 
g, 4.00 mmol) in THF (10 mL) at -78 °C. The grey suspension 
was stirred for 30 minutes at this temperature and further 6 
hours at ambient temperature. Subsequently, the suspension of 
DipCu was transferred into a vigorously stirred solution of 
SbCl3 (0.91 g, 4.00 mmol) in THF (20 mL) at -78 °C and the re-
sulting suspension was allowed to come to ambient tempera-
ture overnight. Volatiles were removed in vacuo and the resi-
due was extracted with n-hexane (60 mL). The volume of sol-
vent was removed until incipient crystallization and stored at -
30 °C for 12 h to yield colorless crystals. Yield: 0.48 g (1.35 
mmol, 34 %). Mp. 83 °C. Anal. Calcd. for C12H17Cl2Sb: C, 40.72; 
H, 4.84. Found: C, 41.80; H, 4.90 %. 1H NMR (300 MHz, C6D6, 25 
C):  7.15 – 7.01 (m, 3 H, C6H4), 3.63 (sept, 3JHH = 6.7 Hz, 2 H, 
CH(CH3)2), 1.13 (d, 3JHH = 6.7 Hz, 12 H, CH(CH3)2). 13C NMR (75.5 
MHz, C6D6, 25 C):  156.1, 151.1, 132.3, 125.4 (C6H3), 34.3 
(CH(CH3)2), 25.4 (CH(CH3)2). ATR-IR:  3055, 2962, 2863, 

1569, 1457, 1382, 1360, 1231, 1044, 925, 796, 730, 599, 500, 
394 cm-1.  
Synthesis of L(Cl)GaSb(Cl)Dip (3). LGa (40 mg, 0.082 mmol) 
and DipSbCl2 (29 mg, 0.082 mmol) were dissolved in benzene 
(1.5 mL) at ambient temperature and the resulting yellow so-
lution was stirred for 10 minutes. Volatiles were removed in 
vacuo and the residue was dissolved in n-hexane (1.2 mL). Stor-
age of the resulting solution at ambient temperature for 12 
hours yielded yellow crystals of 3. Yield: 56 mg (0.067 mmol, 
81 %). M.p. 205 °C (dec.). Anal. Calcd. for C41H58Cl2GaN2Sb: C, 
58.53; H, 6.95; N, 3.33. Found: C, 59.10; H, 7.02; N, 3.25 %. 1H 
NMR (300 MHz, C6D6, 25 C):  7.24 (m, 2 H, C6H3), 7.12 (m, 2 H, 
C6H3), 7.01 (m, 4 H, C6H3), 6.87 (dd, JHH = 6.8, 2.5 Hz, 1 H, C6H3), 
4.97 (s, 1 H, -CH), 3.96 (sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 3.77 
(sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 3.53 (sept, 3JHH = 6.8 Hz, 1 H, 
CH(CH3)2), 3.47 (sept, 3JHH = 6.9 Hz, 1 H, CH(CH3)2), 2.96 (sept, 
3JHH = 6.6 Hz, 2 H, CH(CH3)2), 1.61 (d, 3JHH = 6.6 Hz, 3 H, 
CH(CH3)2), 1.60 (s, 3 H, NCCH3), 1.56 (d, 3JHH = 6.9 Hz, 3 H, 
CH(CH3)2), 1.45 (d, 3JHH = 6.9 Hz, 3 H, CH(CH3)2), 1.43 (s, 3 H, 
NCCH3), 1.37 (d, 3JHH = 6.6 Hz, 6 H, CH(CH3)2), 1.28 (d, 3JHH = 6.8 
Hz, 3 H, CH(CH3)2), 1.10 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.06 
(m, 12 H, CH(CH3)2), 0.72 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2). 13C 
NMR (75.5 MHz, C6D6, 25 C):  170.4, 169.5 (NCCH3), 156.1, 
146.7, 145.6, 143.2, 142.7, 141.4, 140.6, 137.8, 130.6, 125.6, 
125.3, 124.4, 124.3, 124.0 (C6H3), 99.2 (-CH), 37.5, 30.1, 29.6, 
28.3, 27.9 (CH(CH3)2), 26.5, 26.4, 26.3, 26.1, 25.1, 25.0, 24.7, 
24.3, 24.2, 23.8 (CH(CH3)2), 23.7, 23.5 (NCCH3). ATR-IR:  3057, 
2961, 2923, 2866, 1547, 1520, 1438, 1379, 1359, 1316, 1258, 
1177, 1099, 1018, 932, 866, 794, 757, 730, 631, 530, 438 cm-1.  
Synthesis of [L(Cl)Ga]2SbDip (4). LGa (100 mg, 0.205 mmol) 
and DipSbCl2 (36 mg, 0.103 mmol) were dissolved in benzene 
(1.5 mL) at ambient temperature and the resulting yellow so-
lution was stirred for 12 h, yielding an orange solution. Vola-
tiles were removed in vacuo and the residue was dissolved in 
n-hexane (1.6 mL). Storage of the resulting solution at ambient 
temperature for 8 h yielded yellow crystals of 4. Yield: 46 mg 
(0.035 mmol, 34 %). M.p. 151 °C (dec.). Anal. Calcd. for 
C70H99Cl2Ga2N4Sb: C, 63.28; H, 7.51; N, 4.22. Found: C, 62.40; H, 
7.41; N, 4.14 %. 1H NMR (300 MHz, C6D6, 25 C):  7.23 (m, 7 H, 
C6H3), 7.09 (m, 6 H, C6H3), 7.00 (dd, JHH = 6.7, 2.5 Hz, 2 H, C6H3), 
4.69 (s, 2 H, -CH), 3.49 (m, 8 H, CH(CH3)2), 2.87 (sept, 3JHH = 6.7 
Hz, 2 H, CH(CH3)2),  1.51 (s, 12 H, NCCH3), 1.50 (d, 3JHH = 6.6 Hz, 
6 H, CH(CH3)2), 1.46 (d, 3JHH = 6.6 Hz, 6 H, CH(CH3)2), 1.45 (d, 
3JHH = 6.6 Hz, 6 H, CH(CH3)2), 1.38 (d, 3JHH = 6.6 Hz, 6 H, 
CH(CH3)2), 1.13 (d, 3JHH = 6.7 Hz, 6 H, CH(CH3)2), 1.04 (d, 3JHH = 
6.7 Hz, 6 H, CH(CH3)2), 1.01 (d, 3JHH = 6.7 Hz, 12 H, CH(CH3)2), 
0.93 (d, 3JHH = 6.7 Hz, 6 H, CH(CH3)2), 0.83 (d, 3JHH = 6.7 Hz, 6 H, 
CH(CH3)2). 13C NMR (75.5 MHz, C6D6, 25 C):  169.5, 169.1 
(NCCH3), 154.3, 145.8, 145.2, 145.0, 144.3, 141.4, 139.5, 127.3, 
124.9, 124.8, 124.5, 124.1, 123.2 (C6H3), 97.0 (-CH), 40.6, 29.6, 
29.3, 28.4, 28.2 (CH(CH3)2), 26.7, 26.3, 26.3 (CH(CH3)2), 26.1, 
25.6 (NCCH3), 25.2, 24.9, 24.6 (CH(CH3)2). ATR-IR:  3061, 
2962, 2926, 2866, 1550, 1521, 1437, 1395, 1312, 1256, 1170, 
1108, 1021, 937, 858, 794, 757, 730, 628, 527, 497, 442 cm-1. 
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The selective syntheses of a unique metal-stabilized, neutral arsinyl radical [L(Cl)Ga]2As· 1 and a rare gallastibene 
LGa=SbTer 2 containing a Ga-Sb double bond by careful manipulation of E-C bond strengths (E = As, Sb) is reported. 
Both compounds were characterized by multinuclear NMR, IR, and EPR (1) spectroscopy and single crystal X-ray anal-
ysis and their electronic nature was analyzed by quantum chemical calculation. 
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