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Abstract: More than 80 years after PanethÏs report of dimethyl
bismuth, the first monomeric BiII radical that is stable in the
solid state has been isolated and characterized. Reduction of
the diamidobismuth(III) chloride Bi(NONAr)Cl (NONAr =

[O(SiMe2NAr)2]
2¢ ; Ar = 2,6-iPr2C6H3) with magnesium

affords the BiII radical CBi(NONAr). X-ray crystallographic
measurements are consistent with a two-coordinate bismuth in
the + 2 oxidation state with no short intermolecular contacts,
and solid-state SQUID magnetic measurements indicate a para-
magnetic compound with a single unpaired electron. EPR and
density functional calculations show a metal-centered radical
with > 90 % spin density in a p-type orbital on bismuth.

The first reported example of a Group 15 metalloid in the
divalent oxidation state was the cacodyl dimer Me2AsAsMe2,
a compound intimately linked with the origins of organome-
tallic chemistry.[1] Despite this seminal discovery, it was not
until 170 years later that SbII [2] and BiII [3] compounds were
synthesized, reflecting an increased tendency for the heavier
elements to undergo disproportionation to MIII and M0.
Examples of dibismuthanes {BiR2}2 (R = Me, Et, SiMe3) were
first reported in 1982,[4] with a structural report the following
year (R = Ph) that confirmed formation of a molecular dimer
containing a Bi¢Bi single bond.[5] These studies led to a family
of reduced diorganobismuth(II) {BiR2}n, (n = 2) and
monoorganobismuth(I) {BiR}n (n = 2–5) compounds
(Figure 1).[6] However, with the exception of a unique
organobismuth(I) compound,[7] all isolated examples contain
homonuclear Bi¢Bi bonds, which for divalent BiII compounds
renders the compounds diamagnetic.

The limited number of energetically accessible valence
orbitals in main-group elements has led to far fewer examples
of stable or persistent metal-centered radicals compared with

the transition metals.[8] Notwithstanding this restriction,
significant advances continue to be made in Group 15
chemistry, with isolable monomeric phosphorus radicals,[9]

and biradicals[10] recently reported. For the heavier elements,
an antimony radical has been observed in solution by EPR
spectroscopy (aC, Figure 1),[11] whereas for bismuth reports
remain limited[12] to a tantalizing glimpse of a persistent BiII

radical (bC, Figure 1), formed in situ from the dissociation of
the corresponding diorganobismuthane.[13] The lack of an
observable EPR signal for bC, and the inability to characterize
aC or bC in the solid state, demonstrate that neither system is
suitable for the isolation of stable radical species.

The novel diamido bismuth(III) chloride, Bi(NONAr)Cl
(1, NONAr = [O(SiMe2NAr)2]

2¢, Ar = 2,6-diisopropyl-
phenyl)[14] was synthesized in a straightforward metathesis
reaction using Li2(NONAr) and BiCl3. X-ray crystallography
showed a monomeric, three-coordinate bismuth supported by
k2-N,N’-coordination of the [NONAr] ligand and a terminal
chloride (Supporting Information, Figure S1). Hirshfield sur-
face (HS) analysis[15] indicated that the only intermolecular
contacts involving bismuth are weak Bi···H (1.3 % of HS) and
Bi···p(arene)[16] (1.2 % of HS) interactions (Supporting Infor-
mation, Figure S2, Table S1), with the shortest interaction
between Bi···C19’ at a distance of 3.715(4) è. This contrasts
with the molecular structure of Bi(Me2Si{NAr}2)Cl,[17] in
which Bi···Cl and Bi···p(arene) interactions generate a tri-
meric aggregate, leading us to conclude that the [NONAr]
ligand provides effective steric protection of the bismuth
center.

Reduction of 1 with excess Mg proceeded with a color
change from pale yellow to red over 12–24 h, affording
crystalline CBi(NONAr) (2C) as a dark red crystalline solid
(yields > 80 %).[14] If left for extended (ca. 48 h) periods of
time before workup, the reaction mixture decolorizes with

Figure 1. Structural types of reduced bismuth compounds: {BiR}n

(n = 1–5) and {BiR2}n (n = 1, 2). Inset: Group 15 radicals recently
identified in solution.
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concomitant formation of an insoluble black precipitate,
which is presumed to be Bi0. Work-up afforded colorless
crystals of Mg(NONAr)(THF)2 (3), the product of over-
reduction of the bismuth(II) center and ligand transfer to
magnesium.[14] The viability of this reaction pathway was
verified by independent synthesis of 3 from the reaction of an
isolated 2C and Mg. An X-ray diffraction analysis of 3 showed
a molecular MgII species with the [NONAr]2¢ ligand in
a tridentate k3-N,O,N’-coordination mode at a five-coordinate
magnesium center (Supporting Information, Figure S3).

Compound 2C is a thermally stable, crystalline material
with a sharp melting point (range 135–137 88C, decomp.
190 88C). Solid samples stored at room temperature under
a dry nitrogen atmosphere retain their color and crystallinity
for approximately two weeks. A C6D6 solution of 2C under the
same conditions shows the onset of decomposition within
24 h, indicated by gradual decolorizing of the solution and
concomitant formation of a solid precipitate; the major
diamagnetic species formed in solution during this decom-
position was the neutral ligand (NONAr)H2.

[18]

The X-ray crystal structure of 2C confirms a two-coordi-
nate bismuth with retention of a bidentate k2-N,N’-coordina-
tion of the diamide (Figure 2).[14] The Bi¢N distances of
2.173(4) and 2.172(4) è are longer than in the BiIII chloride
precursor 1 (2.136(2) and 2.149(2) è) despite the reduced
coordination number. The Bi and O atoms are located on
a glide plane (Supporting Information, Figure S4), generating

chains of molecules parallel to the b-axis of the unit cell. HS
analysis shows a weak intermolecular Bi···O’ interaction at
3.4476(1) è, corresponding to 1.4% of the surface area
(Supporting Information, Figure S5). Although this distance
is within the sum of the van der Waals radii (�vdW (Bi,O) =

3.80 è),[19] it is considerably longer than the sum of the
covalent radii (�cov (Bi,O) = 2.16 è), and is comparable to the
Bi···O distance of 3.455(2) è in the charge-separated com-
pound [BiAr’2][OAr’’] (Ar’ = 2,6-(Me2NCH2)2C6H3, Ar’’ =
2,6-(tBu)2C6H3).[20]

The room-temperature 1H NMR spectrum of 2C showed
broadened and shifted ligand resonances (dH + 10.75 to
¢1.56), suggestive of a paramagnetic substance in solution
(Supporting Information, Figure S6). The peaks did not
sharpen upon cooling the sample to 193 K, which is evidence
that aggregation to diamagnetic species containing Bi¢Bi
bonds was not occurring.[13] The magnetic moment meff (293 K)
determined by a variation of EvansÏ method adapted for
large, weakly paramagnetic molecules (Supporting Informa-
tion, Eqs. (S1) and (S2)),[21] was 1.8(� 0.1) mB, consistent with
the presence of a single unpaired electron. These calculations
include a diamagnetic correction obtained from the new two-
coordinate lead(II) compound, Pb(NONAr) (4 ; Supporting
Information, Figure S7).[14]

The room temperature UV/Vis spectrum of 2C shows
absorption bands at lmax 417 and 482 nm (Figure 3), assigned

to electronic transitions involving the singly occupied molec-
ular orbital (SOMO; Supporting Information, Figure S9), as
determined by TD-DFT (Figure S8, Tables S2–S4). The more
intense absorption at 482 nm involves a predominantly n-
(N)!6p(Bi) ligand-to-metal transfer whilst the weaker
absorption at 417 nm involves a metal-to-ligand transfer
from the SOMO to the aromatic system of nitrogen sub-
stituents (6p(Bi)!p(C¢C)). For radical bC (Figure 1), a single
absorption band at 543 nm was assigned to the n(Bi)!6p(Bi)
transition.[13]

The paramagnetism of 2C was unambiguously confirmed
by EPR spectroscopy.[14] X- and Q-band field-sweep EPR

Figure 2. Molecular structure of CBi(NONAr), 2C (ellipsoids set at 30 %
probability, H-atoms omitted for clarity). Selected bond lengths [ç] and
angles [88]: Bi–N1 2.173(4), Bi–N2 2.172(4), Bi···O 3.6687(1), N1–Si1
1.732(5), N2–Si2 1.720(5), Si1–O 1.628(4), Si2–O 1.644(4); N1-Bi-N2
94.70(16), Bi-N1-Si1 123.1(2), Bi-N2-Si2 124.3(2), N1-Si1-O 107.9(2),
N2-Si2-O 107.6(2), Si1-O-Si2 138.3(2).

Figure 3. Electronic absorption spectrum of 2C (1.0 mmol, Et2O).
Transition (*), l = 417 nm; e =946 mol¢1 dm3 cm¢1. Transition (�),
l = 482 nm, e =1000 mol¢1 dm3 cm¢1. Inset: the orbitals associated
with the absorptions, from time-dependent density functional theory
(TD-DFT).
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spectra are shown in Figure 4, along with corresponding
simulations (Supporting Information, Table S5) computed
from a spin Hamiltonian model including a g-matrix with
principle values (g1, g2, g3) = (1.676, 1.832, 1.621) and a bis-
muth hyperfine interaction A(209Bi) = (¢2804, ¢3830,
¢4764) MHz (209Bi, 100 % abundant, I = 9/2). The large g-
value anisotropy and Bi hyperfine couplings demonstrate
unequivocally that the radical is metal centered. At both X-
band and Q-band, signals are observed over nearly the full
sweep range of the magnet, 0–1.5 T. The characteristics of the
spectra are interpreted with reference to the energy level
diagram computed along the g1 axis (Supporting Information,
Figure S10). As a result of the large Bi hyperfine couplings,
only two of the ten EPR transitions can be excited at X-band
(for I = 9/2 there are 2I + 1 = 10 allowed EPR transitions at
high field), which correspond to the two separated regions of
signal intensity in the EPR spectrum of Figure 4A. The
spectral width of these two features is a combination of the g-
value and large Bi hyperfine anisotropy. The higher energy
microwave quanta of the Q band is able to excite all ten EPR

transitions, but only the lowest six are represented in Fig-
ure 4B, up to the maximum field of 1.5 T. The spectrum shape,
as for the X-band spectrum, is a complicated combination of
the g-value and hyperfine anisotropy.

An experimental estimate of the bismuth spin population,
1(Bi), can be made by splitting the hyperfine couplings into
isotropic aiso =¢3799 MHz and anisotropic AT = (995, ¢31,
¢964) MHz contributions (with a mean T= (¢31–964)/2 =

¢498 MHz) and scaling with tabulated Bi hyperfine couplings
for s (¢66 195 MHz) and p (¢567 MHz) atomic orbitals,
respectively:[22] 1� (¢3799/¢66 195) + (¢498/¢567) = 0.94.
This estimate uses the average values for the anisotropic
hyperfine coupling parameter T as the Bi hyperfine coupling
is rhombic. The DFT computed g- and hyperfine values are
listed in Figure 4 and are in reasonable agreement with the
experimental values. The DFT model features 1DFT(Bi) =

0.92.
The extent of spin population delocalization over the

ligands was characterized using the high-resolution pulse
technique, hyperfine sublevel correlation spectroscopy (HYS-
CORE),[23] to measure couplings not resolved in the field-
sweep EPR spectra. Q-band HYSCORE data revealed small
14N and 29Si hyperfine couplings (Supporting Information,
Figure S11). The 14N hyperfine couplings, circa 15–21 MHz,
estimated from the spectra amounts to a small 1(N)< 0.05 on
each nitrogen. Similarly the very small 29Si hyperfine coupling
of about ¢2 to + 4 MHz amount to 1(Si)< 0.01. These
experimental values support the DFT model of electronic
structure where ADFT(14N) = (¢1.7, ¢2.7, 12.0) MHz, 1DFT-
(N) = 0.024 and ADFT(29Si) = (1.4, 2.1, 2.7) MHz, 1DFT(Si) =

0.007.
The magnetization of 2C as a function of field (M–H) at 2 K

(Supporting Information, Figure S12A) and as a function of
temperature (M–T) in a field of 100 Oe (Supporting Infor-
mation, Figure S12B) show the characteristics of paramag-
netism.[14] The M–H data is fit well by the Brillouin function
for paramagnetic ions (Supporting Information, Eqs. (S3) and
(S4)),[24] using an average of the three g-factor values
determined by EPR spectroscopy (gave = 1.79053) and net
angular momentum J = 0.5, corresponding to a single
unpaired electron per CBi(NONAr) unit. The number of
paramagnetic ions, determined from fits to M–H data taken
at 2 and 10 K, is N = 8.2� 1.0 × 1017, which indicates all of the
CBi(NONAr) units in the sample have unpaired electrons that
contribute to the magnetism. The M–T data fit CurieÏs law
(Supporting Information, Eq. (S5)) with a meff of 1.46�
0.03 mB, close to the value for a J = 0.5 paramagnetic ion of
meff of 1.73 mB.[25] These data support the EPR measurements,
confirming that 2C is paramagnetic resulting from a single
unpaired electron per unit.

Although the possibility exists that 2C is the BiIII hydride
Bi(NONAr)(H),[26] we rule this out based on the following
data: 1) the demonstrable paramagnetic character of 2C in the
solution and solid states; 2) the isomorphous X-ray diffraction
data for 2C and the lead(II) analogue 4 (monoclinic, P21/c ;
Supporting Information, Figure S8); 3) the increased Bi¢N
bond lengths compared with 1 and the lack of any regions of
residual electron density in a sensible position for a trigonal
pyramidal bismuth hydride.[26a] Further evidence derives from

Figure 4. Field-sweep EPR spectra for 2C measured in frozen 1:1
hexane/toluene solution (black), with the corresponding simulations
(gray). A) X-band (9.7462 GHz) echo-detected EPR spectrum; B) Q-
band (34.2113 GHz) FID-detected EPR spectrum. The first-derivative
spectra (der.) are calculated numerically from the absorption (abs.)
spectra. The principal g-values and metal hyperfine couplings A are
(corresponding DFT values are italicized and in parentheses): g1, g2,
g3 =1.621, 1.676, 1.832 (1.714, 1.944, 2.025); A(209Bi) =¢2804, ¢3830,
¢4764 =¢3799+ (995, ¢31, ¢965) MHz, (¢6090 + (1613, ¢801,
¢812) MHz. The negative sign of the experimental hyperfine couplings
were assigned to give positive spin population.
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the attempted synthesis of the BiIII hydride from the reaction
of 1 with lithium triethylborohydride in a sealed NMR tube at
room temperature. Analysis of the reaction mixture by
1H NMR spectroscopy showed the presence of H2 (singlet at
dH 4.47 in C6D6) and formation of the radical 2C, suggesting
instability of the postulated hydride; this pathway has
previously been used to synthesize dibismuthanes R2BiBiR2

(R = CH(SiMe3)2, mesityl).[26b, 27]

Keywords: bismuth · EPR · main-group elements ·
paramagnetism · stable radicals
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