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Tuning electronic structure through halide modulation of 
mesoionic carbene cobalt complexes 

Alex J. Mantanona, Daniel R. Tolentino, Kristine S. Cay, Milan Gembicky, Rodolphe Jazzar, Guy 
Bertrand, and Jeffrey D. Rinehart* 

The first examples of Co(II) mesoionic carbene complexes 

(CoX2
DippMIC2 ; X = Cl⁻, Br⁻, I⁻) demonstrate a new electronic 

perturbation on tetrahedral Co(II) complexes. Using absorption 

spectroscopy and magnetometry, the consequences of the MIC’s 

strong σ-donating / minimal π-accepting nature are analyzed and 

shown to be further tunable by the nature of the coordinated 

halide. 

Using ligand coordination to fine-tune the electronic structure 
of transition metals is a mature area of both organometallic and 
inorganic coordination chemistry.1 The discovery of distinctly 
new properties and reactivity, therefore, is often contingent 
upon the use of ligands that induce non-standard perturbations 
upon the metal center. An iconic example was the introduction 
of N-heterocyclic carbene (NHC) ligands where strong σ-
donation and wide steric tunability led to an explosion of newly 
accessible organometallic reactivity. NHC-ligated complexes 
with nearly every transition metal have been isolated to target 
luminescent, magnetic, catalytic, and a wide range of other 
properties.2 In addition to NHCs, the electronic versatility of 
carbenes has diversified to include systems such as the strong 
σ- and π-accepting cyclic alkyl-amino carbenes (CAACs)3 and the 
more purely σ-donating mesoionic carbenes (MICs) (Figure 1).4-

6 These variable electronic properties offer an intriguing and 
less explored contrast to the NHCs, especially for first-row 
transition metal complexes where only 36 such MIC complexes 
have been reported in the Cambridge Structural Database.  

Amongst the transition metals, complexes of Co(II) provide 
some of the most diverse and interesting electronic structure 
behavior due to an inherent ground-state bistability from 
Kramer’s degeneracy and relatively large spin-orbit coupling.7 
Tetrahedrally-coordinated high-spin Co(II) is particularly 
intriguing from an electronic structure standpoint. While its 4A2 

ground state has no first order orbital moment, it does have a 
wide variability in ligand-field strength, distortions in symmetry, 

and spin-orbit coupling that all contribute to a rich manifold of 
low-lying excited states. These provide a source of electronic 
structure tunability, opening up diverse applications from olefin 
oligomerization,8 electrocatalytic C-C bond formation,9 
quantum sensing and computing,10 as well as molecular 
spintronics,11 and single-molecule magnetism (SMM).12-18  

Despite intense interest in both Co(II) and MICs, there are 
no examples of structurally-characterized complexes combining 
this metal-ligand pair. In fact, only two MIC complexes with any 
Co oxidation state have been previously characterized, both 
being Co(III).19 Additionally, while there have been a small 
number of reported SMMs containing carbenes in the 
literature,20-28 no comprehensive magnetic study on a series of 
simple metal halide carbenes of any type is available, nor have 
the magnetic properties of any MIC-containing compound been 
explored, leaving an invaluable characterization method for 
complex electronic structures untapped. To this end we 
synthesized and used a combination of optical absorbance 
spectroscopy and magnetometry to characterize a series of 
tetrahedral complexes comprising CoX2

DippMIC2 (X = Cl⁻, 1; Br⁻, 
2; and I⁻, 3) (Figure 2). In addition to the new information 
garnered about the Co(II)-MIC interaction, we demonstrate the 
further control over the magnetic anisotropy through the halide 
ligand, with an approximate doubling of the axial zero field 
splitting (ZFS) anisotropy constant |D| between 1 and 3. 

Figure 1: Cobalt complexes bearing carbenes with different donor and acceptor 

properties. Shown here are complexes containing (left) CAACs, (middle) NHCs, and 

(right) MICs. 
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 Compounds 1–3 were obtained in good yield by treatment 
of a THF solution of the free MIC with the corresponding 
divalent cobalt halogen precursors (CoX2, X = Cl⁻, Br⁻, I⁻; Figure 
2, S1-S2). The structures of 1–3 were confirmed by X-ray 
crystallography and elemental analysis. As expected, in the 
solid-state, all three complexes have similar coordination 
environments although they crystallized in distinct space groups 

(P𝟏̅, P21/n, and Pccn respectively). Select bond angles and 
distances between the cobalt center and ligands are tabulated 
in Table S1. The Co coordination environment in all three 
complexes are distorted tetrahedra with approximate C2v 
symmetry. The phenyl substituents are arranged with parallel 
faces, which can be attributed to π-stacking interactions. 
Cobalt–carbene distances are comparable to bis-NHC bis-halide 
Co(II) complexes.29-30 The angular distortion from ideal 
tetrahedral geometry was calculated using an angular distortion 
parameter: 
  

  𝝉𝜹 =  
𝟑𝟔𝟎−(𝜶+ 𝜷)

𝟏𝟒𝟏
𝜹                               (Eq. 1) 

  

𝜹 =  
𝜷

𝜶
                             (Eq. 2) 

 
where α and β define the largest and second largest L-Co-L 
angles.31 All three structures are remarkably similar in terms of 
total distortion from ideal tetrahedral geometry, with τδ values 
of 0.89 being found for all three structures. 

Variable temperature magnetic susceptibility (T = 1.8–300 K, 
Figure 3) and variable field (H = −7–7 T, Figures S3-S5) DC 
magnetometry data were collected and fit globally using an 
effective spin Hamiltonian with axial zero-field splitting (ZFS) 
and Zeeman contributions (Equation 3) using the PHI software 
package.32 To reduce correlation between the effective g value 
and our phenomenological anisotropy term, an isotropic g value 
was used. Parameter error bars were determined through the 
PHI software, as were the residual values used to locate minima 
within the parameter space (Equation S1).  

 

              𝑯̂ = 𝑫𝑺̂𝒛
𝟐 +  𝒈𝒊𝒔𝒐𝝁𝑩𝑺 ∙ 𝑩                         (Eq. 3) 

 

Best fit values of D = −6.54 ± 0.02, −8.27 ± 0.01, and −9.67 ± 
0.01 cm−1, and g = 2.24, 2.25, and 2.36, were obtained for 1, 2 
and 3 respectively. Errors in the g value were negligible 
compared to the quoted number of significant figures. A two-
dimensional analysis of the parameter space was used to locate 
additional minima in the residuals with positive D values 
(Figures S6-S8). Best-fits constrained within these local minima 
yield D = 8.04 ± 0.02 (1), 10.47 ± 0.03 (2), and 9.68 ± 0.02 (3) 
cm−1 and g = 2.24 (1), 2.26 (2), and 2.36 (3). Based on a residual 
analysis (Equation S1), the global minima (negative D values) 
were reduced by factors of 22% (1), 83% (2), and 96% (3) (Table 
S2). Samples 2 and 3 displayed obvious signs of temperature 
independent paramagnetism (TIP) consistent with a 
susceptibility contribution unaffected by the Boltzmann 
population. To account for this, empirical values of χTIP = 0.0001, 
0.0008, and 0.0007 cm3mol-1 were employed for 1, 2 and 3, 
respectively, similar in magnitude to other four-coordinate Co 
complexes reported in the literature.33    

Although there are no direct comparisons for the ZFS values 
available in the literature for bis-carbene bis-halide Co(II) 
complexes, these values are within the range of reported values 
for bis-carbene two coordinate Co(I) complexes (D = −8.2, −0.11, 
and 33.4 cm-1), and two and three coordinate isoelectronic Fe(I) 
complexes (D = 19.8, −13.6 cm-1).20, 24 It is interesting that axial 
D-values for 1-3 approach the magnitude of lower-coordinate 
systems, as typically lower-coordination of similar complexes 
leads to higher D-values due to smaller crystal fields. 

Complexes 1, 2 and 3 display room temperature χMT values 
of 2.37, 2.63 and 2.79 cm3mol−1K, respectively (Figure 3). The 
value of χMT down to ~25 K is largely independent of 
temperature, especially for 1 while 2 and 3 show large 
contributions from TIP. At lower temperatures, the drop 
accelerates to reach χMT ≈ 1.6 cm3mol−1K for each compound. 
The room-temperature values are significantly larger than the 
spin-only value for a tetrahedrally coordinated d7 metal with S 
= 3/2, suggesting a large second-order orbital contribution. This 
contribution is a manifestation of mixing excited states into 
ground states, with lower-field ligands (i.e. Cl⁻ > Br⁻ > I⁻) 
bringing excited states closer in energy to the ground state. The 
room-temperature magnetic susceptibilities of these 
compounds are larger than their bis-NHC, bis-halide Co 
counterparts,34 while being slightly less than previously 

Figure 2: (Top) Reaction scheme for compounds 1-3. (Bottom) Crystal structure of 1 with 

spheres representing C (gray), Co (dark blue), N (light blue), and Cl (green). Hydrogen 

atoms have been omitted for clarity 

Fig 3: Product of susceptibility and temperature vs temperature of 1-3 as well as 

their fits using the effective spin Hamiltonian defined in Eq. 3. 
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reported two- and three-coordinate Co(II) and isoelectronic 
Fe(I) carbene-based SMMs.22, 24  

The tuning effect induced by the halide series was also 
apparent in spectroscopic data. Normalized to max intensity, 
UV/Vis/near-IR absorption data (Figure 4) show two distinct 
regions of excited energy states ranging from roughly 18,000–
13,000 and 11,000–5,500 cm−1, in close agreement with 
reported bis-NHC bis-halide Co(II) complexes.29 These regions 
correspond to the transitions of the tetrahedral 4A2 (4F) ground 
state to the excited 4T1 (4F) and 4T1 (4P) states, with the 4A2 (4F) 
 4T2 (4F) transition outside of our measurement window.35 The 
spectra of the complexes show a clear red-shift with increasing 
halide size for both regions, which can be attributed to the 
lower ligand-field strength of the heavier halides. Both regions 
for all three complexes contain multiple features resulting from 
spin-orbit coupling and splitting of the parent tetrahedral 
geometry to C2v symmetry, which splits the 4T1 states into their 
4A1, 

4B2, and 4B1 components.36 To quantify the ligand field, 
Tanabe-Sugano diagrams were used to calculate Dq values.37 
Using the median energy value from the two excitation ranges 
in the absorption data to approximate a non-distorted 
tetrahedral excitation, Dq and B were calculated as Dq = 394, 
387, and 367 cm-1 and B = 635, 615, and 571 cm-1 for  complexes 
1-3, respectively. These values are slightly larger than their 
phosphine-halide analogs, indicative of stronger σ-donation of 
the MIC ligands.38 

The ligand field of the complex plays a critical role in the low-
lying energy states caused by ZFS. The two components 
contributing to ZFS are the minor direct spin-spin interactions 
and the dominant second-order spin-orbit coupling (SOC) 
introduced by mixing of ground and excited states.39 
Computational33,40 and experimental41-45 works have shown 
how anisotropy can be influenced via heavy atom coordination 
with further corroboration for ligand influence on ZFS in 
tetrahedral Co halide complexes emerging over the past five 
years.15, 42-47 Complexes 1–3 show a clear trend in their |D| 
values consistent with the expected electronic-structure effect. 
Specifically, we can attribute this trend to three effects: (1) 
Ligand-field strength correlates inversely with halide size, 
bringing the Co excited-states lower in energy for larger halides 
(Figure 4). This decreased ligand-field strength allows more 
mixing between Co states, which incorporates more SOC into 
the ground state. (2) Covalency in halides increases with halide 

size, yielding a larger contribution of ligand character to the 
molecular orbitals. (3) Relativistic effects in the larger halides 
allow for greater SOC, an effect that is enhanced due to the 
increased covalency and mixed states.  

In summary, we present the first synthesis and electronic-
structure analysis of Co(II)–MIC complexes. These compounds 
show clear correlations between halide size, excited-state 
energies, and ZFS. Analysis of magnetic and spectroscopic data 
revealed the ability of ligands to incorporate varying levels of 
second-order SOC into the metal center itself. The synthesis of 
these complexes paves the way for further studies on Co–MIC 
complexes to probe carbene effects on low-coordination 
environments. Now that a baseline for understanding changes 
in axial anisotropy in carbene-containing compounds has been 
set, future work will focus on making direct comparisons 
between MIC complexes and their NHC/CAAC counterparts. 
Expanding upon these trends will allow targeted development 
of systems that exploit the unique nature of the MIC ligand to 
control electronic and magnetic structure. 
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