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Zerovalent Rh and Ir Silatranes Featuring 2-center, 3-electron 

Polar Sigma Bonds 

Patricia J. Nance, Niklas B. Thompson, Paul H. Oyala, and Jonas C. Peters* 

Dedication 

Abstract: Species with 2-center, 3-electron (2c/3e-) σ-bonds are of 
interest owing to their fascinating electronic structures and potential 
for interesting reactivity patterns. Herein we report the synthesis and 
characterization of a pair of zerovalent (d9) trigonal pyramidal Rh and 
Ir complexes that feature 2c/3e- σ-bonds to the Si atom of a tripodal 
tris(phosphine)silatrane ligand. X-ray diffraction, continuous wave and 
pulse electron paramagnetic resonance, density functional theory 
calculations, and reactivity studies have been used to characterize 
these electronically distinctive compounds. The data available 
highlight a 2c/3e- bonding framework with a σ*-SOMO of metal 4- or 
5dz

2 parentage that is partially stabilized by significant mixing with Si 
(3pz) and metal (5- or 6pz) orbitals. Metal-ligand covalency thus 
buffers the expected destabilization of transition metal (TM)-silyl σ*-
orbitals via d–p mixing, affording well-characterized examples of TM-
to-main group, and hence polar, 2c/3e- σ “half-bonds”. 

First proposed by Linus Pauling almost a century ago, two-center, 
three-electron (2c/3e-) σ-bonds are still rarely observed. The 
classic example of these weak “half-bonds” is found in the 
metastable He2

+ ion, which houses two electrons in a σ-bonding 
orbital and a third electron in a σ*-antibonding orbital.1 Over the 
years, a limited number of other examples of 2c/3e- bonds have 
arisen. For example, unsupported diatomic noble gas 
monocations and halogen monoanions have been 
spectroscopically characterized, and structurally characterized in 
the solid state in the case of Xe2

+.2,3 Supported 2c/3e- bonds have 
also been the subject of many experimental and theoretical 
studies, leading to the expansion of this bonding scheme to the 
pnictogen and chalcogen families (Figure 1a).4,5,6,7,8 With respect 
to 2c/3e- bonds featuring a transition metal (TM), bona fide 
examples of these bonds have been reported in a fascinating 
class of homobimetallic, mixed valence Ni2(II,III) and Pd2(II,III) 
paddlewheel complexes, as well as several Fe and Co piano stool 
dimers.9,10,11 

Following the spectroscopic characterization of a boron-boron 
one-electron σ-bond (Figure 1b),12 our group later reported on a 
copper-boratrane complex featuring a polar Cu–B 2c/1e- σ-bond, 
the first of its type with a TM center (Figure 1b).13,14 Herein, we 
describe the extension of this approach towards well-defined 
2c/3e- TM–E σ-half-bonded complexes featuring a TM (Rh or Ir) 
and a main group element E (Si).15 Specifically, we report the 
thorough characterization of zerovalent, d9 Rh and Ir complexes 
[K(THF)3][P3

SiM] (M = Rh, Ir; P3
Si = tris(o-

diisopropylphosphinophenyl)silylide) (Scheme 1). Electron 
paramagnetic resonance (EPR), density functional theory (DFT) 
calculations and X-ray structural characterization data highlight 

their fascinating electronic structures. In particular, the highest-
lying σ* SOMO of the 2c/3e- bond framework is partially stabilized 
by significant mixing of the 3pz orbital on the silicon atom of the 
silatrane ligand with a lobe of metal 4- or 5dz

2 parentage. This 
mixing is manifest via pulse EPR studies.  

 

Figure 1. Select examples of supported a) 2-center, 3-electron (N = N-(p-

methoxyphenyl)) and b) 2-center, 1-electron σ-bonds. See text. 

One-electron reduction of the previously reported precursors 
P3

SiM(N2) (M = Rh (1), Ir (2)) (Scheme 1)16,17 at −78 °C afforded 
access to the zerovalent [K(THF)3][P3

SiRh] (3) and 
[K(THF)3][P3

SiIr] (4) complexes of interest.  The cyclic 
voltammograms of 1 and 2 show quasireversible reduction waves 
at −3.1 and −3.0 V vs. Fc/Fc+, respectively, necessitating the use 
of potassium graphite or potassium naphthalenide as the 
reductant (see SI). Perhaps unsurprisingly, addition of an electron 
into the 18-electron precursors 1 and 2 causes dissociation of the 
N2 ligand. Zerovalent Rh and Ir complexes are rather rare, 
especially for isolable examples.18,19,20,21  

 

Scheme 1. Synthesis of Rh and Ir complexes 3-6. 

Samples of 3 and 4 suitable for X-ray diffraction (XRD) were 
prepared via recrystallization from a concentrated THF solution 
layered with chilled pentane, stored at −30 °C. Their solid-state 
structures, which are shown in Figure 2, were solved in a trigonal 
crystal system that imposes three equivalent M–P bond 
distances along with C3 symmetry about the Si–M–K axis. This 
symmetry agrees with the symmetry observed in solution via 
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spectroscopy (vide infra). The trigonal pyramidal geometry of 3 
and 4 is distinctive among the limited number of known zerovalent 
Rh and Ir complexes, most of which have D2d symmetry.18,19,20,21,22 
For both 3 and 4, the dihedral angle between the planes formed 
by P1–M–P2 and P3–M–Si is 90° and the τ4 value is 86.7, thus 
showing only minor deviations from an ideal trigonal pyramidal 
geometry.23 While the location of the K+ cations in the solid-state 
is interesting to consider with respect to possible M–K 
interactions, such interactions can be easily ruled out in solution 
(see SI).  

 

Figure 2. Solid state structures of Rh complex 3 (a) and Ir complex 4 (b). 

Thermal ellipsoids are depicted at 50% occupancy. 

The 77 K X-band continuous wave (CW) EPR spectra of [P3
SiRh]- 

3 and [P3
SiIr]- 4 each give rise to axial signals with g⊥ > g∥ (g⊥ is 

the more intense signal that corresponds to the xy plane of the 
molecule; g∥ corresponds to the unique axis, z, oriented parallel 
to the M-Si bond vector) (Figure 3). Both complexes exhibit 
anisotropic hyperfine coupling to their corresponding metal 
nucleus, 29Si, and three equivalent 31P nuclei, implying that the C3 
symmetry observed by XRD is maintained in solution. 
Metalloradical character is evidenced in the g anisotropy (Δg) 
observed for 3 and 4, which is larger in the case of the Ir analogue. 
An increase in metalloradical character is to be expected when 
moving to a third-row transition metal, as the ligand orbitals mix 
less with the metal d-orbitals due to poorer energetic overlap that 
is not sufficiently compensated by increased orbital overlap. In 
this case, the reduced metal-ligand covalency of 4 should 
translate to greater localization of the SOMO on the metal center. 
The large magnitude of the increase in Δg can also be attributed 
to the greater spin-orbit coupling of Ir.24 
 

 
 
Figure 3. CW X-band EPR spectra at 77 K and corresponding simulations of 
(a) Rh complex 3 and (b) Ir complex 4. Insets show (a) satellite peaks and (b) 
shoulders resulting from 29Si hyperfine coupling. 
 
 

 

Table 1. EPR Parameters for Complexes 3 and 4a 

 Complex gx gy gz 

Value Rh 2.075 2.075 2.000 

 Ir 2.208 2.214 1.957 

Δg Rh 0.075 – – 

 Ir 0.25 – – 

A(31P)b Rh 52 52 28.5 

 Ir 60 60 40 

A(29Si) Rh 140 140 170 

 Ir 114 114 136 

A(103Rh) – 7 7 53 

A(191/193Ir) – 20 20 130.5 

aHyperfine coupling constants are in MHz. bAll three 31P nuclei are equivalent. 

 

As an additional tool to probe their electronic structures, Davies 
electron-nuclear double resonance (ENDOR) spectra were 
acquired at X-band frequencies (~9.7 GHz) for 3 at 20 K and 4 at 
12 K. These data enabled the determination of the 31P, 103Rh, and 
191/193Ir hyperfine tensors (Table 1). Furthermore, we find that 29Si 
hyperfine coupling values can be extracted from the ENDOR 
spectra, which to our knowledge is the first example of such 
characterization applied to a TM-silyl complex (Figure 4). 
Corresponding simulations were constrained by fitting the CW X-
band spectra of each complex. For both complexes, all coupled 
nuclei show doublets that are centered at A/2 and split by twice 
their nuclear Larmor frequency (~6 MHz for Si, ~12 MHz for P, <1 
MHz for Rh and Ir at X band frequencies), indicative of hyperfine 
couplings in the strong coupling limit (A > 2*𝜈𝐼).

25 The large shift 
of the Rh and Ir ENDOR signals to higher frequencies as the g-
value decreases from g⊥ to g∥ is suggestive of strong coupling 
along the principal axis due to the orientation of the spin density 
relative to the molecular frame. Additionally, hyperfine sublevel 
correlation (HYSCORE) spectroscopy shows weak coupling to 
natural abundance 13C that indicates some delocalization of spin 
density onto the broader ligand platform through noncovalent spin 
polarization mechanisms (Figure 4, see SI for full data set). The 
hyperfine tensor associated with this natural abundance 13C 
coupling was determined to be [3.2, 3.2, 5.8] MHz for 3 and [1.0, 
1.0, 5.0] MHz for 4. 

The fact that hyperfine coupling to 29Si (4.7% natural abundance) 
is sufficiently strong to observe satellite peaks and shoulders in 
the CW spectra (Figure 3, insets) and 29Si signals in the ENDOR 
spectra suggests significant contribution of Si orbitals to the 
SOMOs of 3 and 4. Decomposition of the 29Si hyperfine tensor of 
3 into its isotropic (aiso = 1/3 (Ax + Ay + Az) = 150 MHz) and 
anisotropic components (T = [(Ax − aiso), (Ay − aiso), (Az − aiso)]) 
can be used to estimate the spin density residing in the Si 3s and 
3pz orbitals. This process reveals a fully axial anisotropic silicon 
hyperfine interaction with T = [−10, −10, 20] MHz. Defining the 
anisotropic tensor for an electron fully localized in a Si 3pz orbital 
as T0 = [114, 114, −228] MHz,26 spin density in the Si 3pz orbital 
of 3 is found to be ρ ~ 0.09 (or ~9% of an electron). Using aiso

0 = 
4594 MHz, the Si 3s character in the SOMO is found to be 
~3.3%.26 This analysis was carried out for 29Si, 31P, and the 
isotropic component of the metal hyperfine coupling and is  
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reported in Table 2. As this method cannot differentiate between 
spin density in pz and dz

2 orbitals, which possess the same axial 
symmetry, the spin density estimate from the anisotropic 
component of the metal hyperfine tensor was not calculated. 

DFT calculations (TPSSh, second-order DKH scalar relativistic 
treatment, cc-pVDZ-DK for all atoms except Ir, Si, and P, for which 
cc-pVTZ-DK was used; single-point calculation performed using 
nuclear coordinates from crystal structure) were employed to 
predict hyperfine tensors for the 29Si and 31P atoms of complex 4. 
The total 29Si tensor, A (29Si), was calculated to be [137, 137, 159] 
MHz and A (31P) was found to be [67, 64, 50] MHz. These values 
can be compared with those obtained from the CW EPR and 
ENDOR simulations (A (29Si) = [114 114 136]; A (31P) = [60 60 
40]). The DFT-computed SOMO of 3 (Figure 5) has a1 symmetry 
and nicely illustrates the mixing between the axially oriented Si 
and metal orbitals, as well as the antibonding nature of the 
interaction.27 Calculated Löwdin spin populations (Table 2) show 
that the spin densities of 3 and 4 are primarily metal based (~50% 
of the unpaired spin on the metal atoms), but with significant 
delocalization onto the silicon and three equivalent phosphorus 
atoms. Löwdin reduced orbital spin population analysis quantifies 
the spin populations of participating orbitals; this shows that 
metal-based spin is primarily localized within axial orbitals (e.g. 4- 
or 5dz

2 and 5- or 6pz) with small isotropic components. The Si 3pz 
orbitals accommodate most of the spin on Si, while the Si s orbital 
houses ~2% in both cases. The reduced orbital spin population 

calculations for Si agree with the spin populations estimated from 
the breakdown of the experimental hyperfine tensors. As 
demonstrated experimentally by the Δg values from the CW EPR, 
DFT calculations predict more metalloradical character for Ir 
complex 4 than 3. The remaining ~20% of the spin density for both 
complexes is delocalized over the rest of the ligand, consistent 
with the observation of natural abundance 13C signals in the 
HYSCORE data.  

Table 2. Calculated Löwdin Spin Populations and Experimental Spin 

Density Estimations 

 Rh DFT Rh EPRb Ir DFT Ir EPRb 

Metal 48 NCc 52 NC 

s 5.4 1.8 3.6 1.6 

pz 25 NC 31 NC 

dz
2 18 NC 17 NC 

29Si 11 12 8.8 9.0 

s 1.7 3.3 1.4 2.6 

pz 7.1 8.8 5.5 6.4 

31P1
d 6.7 2.5 4.3 2.2 

s −0.057 0.33 0.0035 0.40 

Figure 4. Field-dependent X-band Davies ENDOR and corresponding simulations of (a) complex 3 and (b) complex 4 in the 31P and 
transition metal coupling region; (c) complex 3 and (d) complex 4 in the 29Si coupling region. (e) X-band HYSCORE spectrum of 3 at g 
= 2.021 (top)  and and corresponding simulations (bottom, 31P in green, 13C in red). (f) X-band HYSCORE spectrum of 4 at g = 2.201 
(top) and corresponding simulations (bottom, 13C in red). See SI for experimental parameters 
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pz
 2.9 2.1 2.4 1.8 

aSpin densities are given as percentages. bTotal spin density estimated from 
experimental EPR hyperfine coupling is calculated assuming all spin is located 
in the orbitals included in the Table.  cNC = not calculated.  dAll 31P nuclei are 
equivalent. 

 

Figure 5. (left) DFT calculated SOMO of [P3
SiRh]- (3) (isovalue = 0.06 a.u.). 

(right) Qualitative molecular orbital diagram derived from DFT calculated 
orbital energies and Löwdin reduced orbital spin population analysis. Parent 
orbitals involved in M–Si bonding shown on either side. 

 

The occupation of an antibonding orbital with significant silicon 
character represents a particularly unusual case of a 2c/3e- σ-
bond, as silyl ligands are usually regarded as strongly donating.28 
Such strongly donating ligands might be expected to result in σ* 
orbitals too destabilized to be populated. The Löwdin reduced 
orbital spin populations (vide supra) give insight into the unusual 
stability of 3 and 4. For both complexes, the metal contribution to 
the SOMO is higher in pz character than dz

2 character. This results 
from symmetry-allowed orbital mixing of the σ* with the (n + 1) s 
and pz orbitals of the transition metal. The effect of this mixing has 
been well-described for both the 2-center, 4-electron case29 and 
the 2-center, 3-electron case,9 as well as in a theoretical study on 
axial bonding in square planar d8 ML4 complexes.30 Here, such 
mixing results in decreased destabilization of the σ* orbital (due 
to increased nonbonding character), and we suggest that the P3

Si 
ligand platform engenders stability in these unusual zerovalent, 
2c/3e- Rh and Ir complexes by striking a balance between 
covalency and accessibility of the σ* orbital. The energy of the 
singly-occupied “antibonding orbital” is significantly buffered by 
strong metal dz

2–pz orbital mixing, thus making the M–Si bond 
more covalent and allowing the electron density to be shared 
between the two atoms. 

As an additional gauge of the importance of covalency in 
stabilizing complexes 3 and 4, the electrochemistry of the 
corresponding P3

SiCo(N2) complex was investigated via cyclic 
voltammetry (see SI). We expected this first-row complex to have 
the least covalent metal-ligand interactions due to decreased 
spatial orbital overlap.31 Indeed, this trend in covalency is 
observed in a related cationic series [P3

SiM(PMe3)][BArF
4] (M = 

Co, Rh, Ir; BArF
4 = tetrakis[3,5-bis-(trifluoromethyl)phenyl]borate)) 

of divalent metalloradicals we studied previously.16 For these, the 
Δg value of the Co complex (0.61) is significantly larger than that 
of the Rh and Ir complexes, and the Δg of the Ir complex (0.33) is 
slightly larger than that of the Rh complex (0.18), presumably due 
to the decreased energetic overlap of the metal and ligand orbitals 
and a larger spin-orbit coupling constant. As mentioned above, 
this same decrease in covalency moving from Rh to Ir is seen in 
the present system. Because of the irreversibility of the Co(I/0) 
redox couple, the Ep,c of each complex must be compared, rather 
than the E1/2. While the Ep,c of the Rh and Ir complexes appear at 
approximately −3.2 V, the Ep,c of the Co analogue shifts 
cathodically to −3.5 V (scan rate = 100 mV/s). This shift to a 
significantly more negative potential is consistent with the 

suggested role of metal-ligand covalency in the stabilization of the 
present zerovalent Rh and Ir complexes.  

The metalloradical character of 3 and 4 observed via EPR and 
corroborated by DFT calculations is manifest in their reactivity 
with hydrogen; each reacts cleanly with H2 to quantitatively 
generate the corresponding diamagnetic M(I)-hydride 
[K(THF)3][P3

SiM(H)] (M = Rh (5), Ir (6)) (Scheme 1) as products of 
formal H-atom transfer. These complexes were characterized by 
1H and 31P nuclear magnetic resonance (NMR) spectroscopy and, 
in the Rh case, XRD analysis (Figure 6). Despite having a similar 
structure to 3, the hydride position of 5 was located in the 
difference map, and the Rh–K distance increases by over 0.5 Å 
(see SI for bond metrics). The 1H NMR hydride resonance shown 
for 5 resembles a quintet, resulting from overlap of a doublet of 
quartets via coupling of one Rh center and three equivalent P 
nuclei. This was confirmed by a 1H{31P} NMR spectrum, in which 
the hydride peak is a doublet. The reactivity of 3 and 4 with H2 is 
reminiscent of R-H (R = H, alkyl) activations by classic Rh(II) 
porphyrin metalloradicals.32 

 

Figure 6. (a) Solid state structure of Rh(I)–H 5 derived from H-atom abstraction 
reactions. Thermal ellipsoids are shown at 50% probability. H atoms (other than 
the hydride ligand) are omitted for clarity. (b) 1H NMR (top) and 1H{31P} NMR 
(bottom) of the hydride signal for Rh–H 5. 

To close, the synthesis, isolation, and characterization of 
zerovalent Rh and Ir complexes bearing 2c/3e- M–Si bonds has 
been described. The proposed electronic structure of these 
complexes, supported by CW and pulse EPR measurements, as 
well as DFT calculations, are defined by SOMOs that are primarily 
metal based and considerably stabilized by strong TM dz

2–pz 
orbital mixing. This mixing places substantial spin density on the 
silicon atom of the silatrane ligand, evinced by 29Si ENDOR 
spectroscopy. The degree of silicon character in the σ*-SOMOs 
is unusual for TM-silyl complexes, as silyl ligands are strong σ-
donors that lead to highly destabilized antibonding orbitals. 
Herein, the metal-ligand covalency and buffered destabilization of 
the σ*-orbitals from d–p mixing lead to a rarely observed bonding 
scheme for a TM-silyl complex. 
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Herein we report on a pair of zerovalent (d9) trigonal pyramidal Rh and Ir silatranes featuring 2c/3e- σ-bonds. Structural, spectroscopic, 
and theoretical data indicate that metal-ligand covalency buffers the expected destabilization of their transition metal (TM)-silyl σ*-
orbitals via d-p mixing, thereby affording distinct examples of polar TM-main group 2c/3e- σ “half bonds”. 
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