
A Theoretical Search for Stable Terminal Carbides
Abhik Ghosh* and Jeanet Conradie*

Cite This: Organometallics 2023, 42, 3366−3369 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Exploratory scalar-relativistic density functional theory
(B3LYP*-D3/ZORA-STO-TZ2P) calculations have been used to examine
the stability and bonding of pseudotetrahedral Group 8 (Fe, Ru, and Os) and
Group 9 (Co, Rh, and Ir) terminal carbide complexes with dδ

4 ground states
and tripodal tris(N-heterocyclic-carbene) supporting ligands. The calcu-
lations predict relatively low adiabatic ionization potentials of 4.3−5.9 eV for
the charge-neutral species and sizable adiabatic singlet−triplet gaps in the
0.9−1.6 eV range. Furthermore, the complexes exhibit near-zero or negative
electron affinities, indicating at least moderate reductive stability. The
calculated results suggest that, once successfully synthesized, the majority of
the complexes examined should be isolable and moderately stable. As far as the bonding in the metal−carbido moiety is concerned,
natural bond orbital (NBO) analyses suggest a triple bond, with a 2s-like lone pair on the carbido carbon.

■ INTRODUCTION
Terminal transition metal carbides are exceedingly rare.1,2 The
handful of examples known to date hail from Groups 6 and 8,
including [{N(R)Ar}3Mo(�C:)]−, [Tp*(CO)2M(�CLi)]
(M = W, Mo; Tp* = 3,5-dimethyltris(pyrazolyl)borate),3−6

[M(�C:)(L)2(X)2] (M = Ru and Os),7−10 and [P2Mo(�
C:)(CO)]+,0,− (P2 = a terphenyl-diphosphine ligand).

11,12 For
square-pyramidal and octahedral complexes, a “carbido wall”
(analogous to the oxo wall) appears to apply at a d-electron
count of 2, corresponding to a dδ

2 electronic configuration.
Thus, Group 8 (Fe, Ru, and Os) M(VI)-carbido porphyrins13

and an Ir(VII)-carbido corrole14 have been postulated as
potentially synthesizable. Higher d-electron counts of up to 4 are
conceivable for pseudotetrahedral complexes, corresponding to
a dδ

4 electronic configuration.15,16 Little, however, is known
about the actual stability of such complexes or their excited-state
energetics. To shed light on the question, we examined a series
of d4 pseudotetrahedral tris(N-heterocyclic-carbene) transition
metal carbides and nitrides with density functional theory
(DFT) calculations. The nitrido complexes examined are
simplified analogs of stable, experimentally well-characterized
systems17−20 and have been included here as calibration for our
calculations on the speculative carbido systems. Based on their
singlet−triplet gaps and electron affinities (EAs), several of the
terminal carbides examined are indeed expected to be
thermodynamically stable and hence worthwhile synthetic
targets.21,22

■ RESULTS AND DISCUSSION
Two different tripodal tris(carbene) ligands were investigated:
an anionic ligand L1 with a BH anchor (tris-NHCborate) and a
neutral ligand L2 with a CH anchor (tris-NHCmethane).
Scheme 1 depicts the molecules studied, and Table 1 presents

key DFT (B3LYP*-D3/ZORA-STO-TZ2P) results. The results
encompass five four experimentally observable quantities,
namely, bond distances and angles, adiabatic ionization
potentials (IPs), EAs, and singlet−triplet gaps. None of the
species examined evinced unduly small HOMO−LUMO gaps
(or singlet−triplet gaps) so no pressing need was apparent for
the deployment of multiconfigurational methods.
As expected for terminal carbides, our calculations predict

short axial M−Ccarbido bonds, which hover around 1.5 Å for Fe
and Co, around 1.64 Å for Ru and Rh, and around 1.68Å for Os
and Ir. These distances are only slightly longer (by 0.01−0.02 Å)
than the axial M−Nnitrido complexes calculated for the
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Scheme 1. Terminal Carbides Studied in This Work
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M(L1)(N) series (for M = Fe, the optimized Fe−N distance of
1.498 Å is in near-perfect agreement with a crystallographic
value of 1.499(5) Å observed for a closely related compound,
PhB(MesIm)3Fe � N19). In an interesting reversal, the M−C
single bonds involving ligands L1 and L2 are slightly longer for
Ru and Rh than their 5d congeners, Os and Ir, respectively. We
have not examined the origin of this reversal, but Pyykkö’s
covalent radii23−25 echo a similar effect. Thus, while the double-
and triple-bond covalent radii of Ir (1.15 and 1.07, respectively)
are longer than those of Rh (1.10 and 1.06, respectively), the
single bond covalent radius of Ir (1.22) is shorter than that of Rh
(1.25 Å).
The complexes in theM(L1)(C) andM(L1)(N) series (M =

Co, Rh, and Ir) exhibit “healthy” (i.e., not unduly low) IPs in the
5−6 eV range that are consistent with their existence as stable
compounds. The M(L2)(C) series (M = Fe, Ru, and Os) does
exhibit lower IPs in the 4−5 eV range, indicating a certain
sensitivity to oxidation. By way of perspective, many electron-
rich but air-stable porphyrin-type molecules such as tetrabenzo-
porphyrin exhibit IPs in the 5−6 eV range.26−29

Interestingly, none of the compounds examined exhibit a
significant adiabatic EA. In fact, the majority of them exhibit
negative EAs, and the molecules in the M(L2)(C) series exhibit
exceptionally large, negative EAs for neutral molecules. In other
words, these complexes are not expected to give rise to stable
gas-phase anions and in solution are expected to exhibit
unusually low reduction potentials. The compounds thus, are
all predicted to be stable under moderately reductive conditions.
In light of the frontier orbital theory,30,31 HOMO−LUMO

gaps and singlet−triplet gaps provide a popular and well-justified
measure of a molecule’s reactivity. The low calculated singlet−
triplet gap of around 0.5 eV for Fe(L1)(N) is consistent with the
relatively reactive nature of analogous compounds with
stabilized carbene-type species such as CO and isocyanides.
Notably, an S−T gap of almost 0.9 eV is predicted for
Co(L1)(C), while even higher S−T gaps >1 eV are predicted for
the other carbido complexes examined, strongly suggesting that
these complexes should exist as stable compounds.
Finally, we examined the affinity of the complexes for the

Lewis acid BF3. In terms of electronic energy, the affinities
proved small, on the order of a couple of tenths of an eV.
However, it proved surprisingly difficult to confirm the adducts
as minima, in that they were found to exhibit multiple imaginary
frequencies. We were thus led to conclude that the terminal
carbides studied are not particularly Lewis-basic, indicating that
they should be isolable and stable under relatively ordinary
conditions.
As for the question of metal−carbon quadruple bonding32,33

in the terminal carbides examined, four canonical MOs indeed

exhibit a significant M−Ccarbido bonding: the two M(dπ)−C(pπ)
π-bonding MOs, a predominantly dz2-pz-based σ-bonding MO,
and a predominantly dz2-2s-based σ-bonding MO (Figure 1).

The NBO analysis, however, indicates only three MOs with a
predominant M−Ccarbido bonding character, namely, two π and
one σNBO, along with a 2s-like lone pair on the carbide carbon.
This result stands in sharp contrast to the scenario found for
diatomics such as RhB,34−37 for which the NBO analysis clearly
indicates a quadruple bond (including two σ NBOs). Evidently,
the second σ NBO does not survive in the presence of the
strongly σ-donating triscarbene supporting ligands employed in
this study. Given our preoccupation with the question of
stability and isolability (as opposed to bonding), an additional
analysis of the bonding was not undertaken at this point. We
hope to return to the question following the successful synthesis
of some of the complexes studied.

■ CONCLUSIONS
In conclusion, DFT calculations predict stable, pseudotetrahe-
dral, d4 terminal carbide complexes with tripodal tris(N-
heterocyclic-carbene) supporting ligands. All of the complexes
examined exhibit sizable singlet−triplet gaps and very small or
negative EAs. They also do not appear to exhibit a significant
affinity for the Lewis acid BF3. A few of the complexes are

Table 1. Selected B3LYP*-D3/ZORA-STO-TZ2P Results for the Molecules Studieda

d(M-Lax) (Å) d(M-Ccarbene) (Å) θ(Lax-M-Ccarbene) (deg) IP (eV) EA (eV) ES‑T (eV) BO

Co(L1)(C) 1.516 1.920 121.5 5.623 −0.185 0.892 2.686
Rh(L1)(C) 1.627 2.104 126.0 5.849 −0.393 1.444 2.751
Ir(L1)(C) 1.672 2.067 124.9 5.698 −0.031 1.210 2.755
Fe(L1)(N) 1.498 1.915 122.2 5.406 0.013 0.479 2.738
Ru(L1)(N) 1.619 2.064 126.3 5.666 −0.177 1.161 2.729
Os(L1)(N) 1.655 2.038 125.0 5.566 0.133 1.020 2.696
Fe(L2)(C) 1.527 1.876 122.0 4.343 −0.976 1.305 2.835
Os(L2)(C) 1.691 2.015 124.8 4.843 −0.818 1.459 2.822
Ru(L2)(C) 1.649 2.047 126.0 4.706 −0.888 1.650 2.871

aLax = C or N; Ccarbene refers to the carbene center in the tris(carbene) ligand; and BO refers to the Mayer bond order.

Figure 1. Selected occupied Kohn−Sham MOs for the Al−H bond for
Os(L2)(C).
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predicted to exhibit low IPs in the order of 4.5 eV, indicating that
they should be susceptible to oxidation. Finally, unlike in
diatomics such as RhB, NBO analyses afforded no indication of a
quadruple bond for the metal carbide moiety in any of the
complexes studied.

■ COMPUTATIONAL METHODS
All structures were optimized in gas phase with the scalar-relativistic
ZORA38 Hamiltonian, the B3LYP*39,40 exchange-correlation func-
tional, Grimme’s D341 dispersion corrections, and all-electron ZORA
Slater-type TZ2P basis sets, all as implemented in the ADF program
system.42 The tightest practicable criteria were used for both SCF and
geometry cycles, as well as for frequency analyses; the latter established
the optimized structures as true minima. All energies, including IPs,
EAs, and ES‑T’s, are adiabatic values, obtained via a ΔSCF method, i.e.,
as differences in total electronic energy between the two states of
interest. In general, the neutral complexes were all found to conform to
C3v symmetry, but the ionized and triplet states conformed only toCs, as
a result of Jahn−Teller distortions. Several of the systems were also
examined with OLYP43,44-D3 calculations, and agreement with
B3LYP*-D3 was generally found to be excellent (as also observed
elsewhere.45,46 None of the species examined evinced unduly small
HOMO−LUMO gaps (or singlet−triplet gaps), hence no compelling
need was apparent for the deployment ofmulticonfigurational methods.
NBO analyses were performed based on the single-point OLYP-D3
calculations on the B3LYP*-D3 optimized geometries.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00363.

Optimized DFT coordinates (XYZ)

■ AUTHOR INFORMATION
Corresponding Authors

Abhik Ghosh − Department of Chemistry, UiT�The Arctic
University of Norway, Tromsø N-9037, Norway;
orcid.org/0000-0003-1161-6364; Email: abhik.ghosh@

uit.no
Jeanet Conradie − Department of Chemistry, UiT�The Arctic
University of Norway, Tromsø N-9037, Norway; Department
of Chemistry, University of the Free State, Bloemfontein 9300,
Republic of South Africa; orcid.org/0000-0002-8120-
6830; Email: conradj@ufs.ac.za

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.organomet.3c00363

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by grant no. 324139 of the Research
Council of Norway (A.G.) and grant nos. 129270 and 132504 of
South African National Research Foundation (J.C.).

■ REFERENCES
(1) For an earlier version of this paper, see Ghosh, A.; Conradie, J.. A
Theoretical Search for Terminal Carbides and d-Block−p-Block Quadruple
Bonds; ChemRxiv, 2023; DOI: 10.26434/chemrxiv-2023-jvk2x.
(2) Reinholdt, A.; Bendix, J. Transition Metal Carbide Complexes.
Chem. Rev. 2022, 122, 830−902.
(3) Peters, J. C.; Odom, A. L.; Cummins, C. C. A terminal
molybdenum carbide prepared by methylidyne deprotonation. Chem.
Commun. 1997, 20, 1995−1996.

(4) Enriquez, A. E.; White, P. S.; Templeton, J. L. Reactions of an
Amphoteric Terminal Tungsten Methylidyne Complex. J. Am. Chem.
Soc. 2001, 123, 4992−5002.
(5) Agapie, T.; Diaconescu, P. L.; Cummins, C. C. Methine (CH)
Transfer via a Chlorine Atom Abstraction/Benzene-Elimination
Strategy: Molybdenum Methylidyne Synthesis and Elaboration to a
Phosphaisocyanide Complex. J. Am. Chem. Soc. 2002, 124, 2412−2413.
(6) Greco, J. B.; Peters, J. C.; Baker, T. A.; Davis, W. M.; Cummins, C.
C.; Wu, G. Atomic Carbon as a Terminal Ligand: Studies of a
Carbidomolybdenum Anion Featuring Solid-State 13C NMR Data and
Proton-Transfer Self-Exchange Kinetics. J. Am. Chem. Soc. 2001, 123,
5003−5013.
(7) Hejl, A.; Trnka, T. M.; Day, M. W.; Grubbs, R. H. Terminal
ruthenium carbido complexes as σ-donor ligands. Chem. Commun.
2002, 21, 2524−2525.
(8) Carlson, R. G.; Gile, M. A.; Heppert, J. A.; Mason, M. H.; Powell,
D. R.; Velde, D. V.; Vilain, J. M. TheMetathesis-Facilitated Synthesis of
Terminal Ruthenium Carbide Complexes: A Unique Carbon Atom
Transfer Reaction. J. Am. Chem. Soc. 2002, 124, 1580−1581.
(9) Stewart, M. H.; Johnson, M. J. A.; Kampf, J. W. Terminal Carbido
Complexes of Osmium: Synthesis, Structure, and Reactivity Compar-
ison to the Ruthenium Analogues. Organometallics 2007, 26, 5102−
5110.
(10) Caskey, S. R.; Stewart, M. H.; Kivela, J. E.; Sootsman, J. R.;
Johnson, M. J. A.; Kampf, J. W. Two Generalizable Routes to Terminal
Carbido Complexes. J. Am. Chem. Soc. 2005, 127, 16750−16751.
(11) Buss, J. A.; Bailey, G. A.; Oppenheim, J.; VanderVelde, D. G.;
Goddard, W. A.; Agapie, T. CO Coupling Chemistry of a Terminal Mo
Carbide: Sequential Addition of Proton, Hydride, and CO Releases
Ethenone. J. Am. Chem. Soc. 2019, 141, 15664−15674.
(12) Bailey, G. A.; Buss, J. A.; Oyala, P. H.; Agapie, T. Terminal, Open-
Shell Mo Carbide and Carbyne Complexes: Spin Delocalization and
Ligand Noninnocence. J. Am. Chem. Soc. 2021, 143, 13091−13102.
(13) Krapp, A.; Frenking, G. Carbon Complexes as Electronically and
Sterically Tunable Analogues of Carbon Monoxide in Coordination
Chemistry. J. Am. Chem. Soc. 2008, 130, 16646−16658.
(14) Conradie, J.; Alemayehu, A. B.; Ghosh, A. Iridium (VII)−
Corrole Terminal Carbides Should Exist as Stable Compounds. ACS
Org. Inorg. Au 2022, 2, 159−163.
(15) Krapp, A.; Pandey, K. K.; Frenking, G. TransitionMetal−Carbon
Complexes. A Theoretical Study. J. Am. Chem. Soc. 2007, 129, 7596−
7610.
(16) Gary, J. B.; Buda, C.; Johnson, M. J. A.; Dunietz, B. D. Accessing
Metal−Carbide Chemistry. A Computational Analysis of Thermody-
namic Considerations. Organometallics 2008, 27, 814−826.
(17) Betley, T. A.; Peters, J. C. A Tetrahedrally Coordinated L3Fe−Nx
Platform that Accommodates Terminal Nitride (FeIVN) and
Dinitrogen (FeI−N2−FeI) Ligands. J. Am. Chem. Soc. 2004, 126,
6252−6254.
(18) Vogel, C.; Heinemann, F. W.; Sutter, J.; Anthon, C.; Meyer, K.
An iron nitride complex. Angew. Chem., Int. Ed. 2008, 47, 2681−2684.
(19) Scepaniak, J. J.; Vogel, C. S.; Khusniyarov, M. M.; Heinemann, F.
W.; Meyer, K.; Smith, J. M. Synthesis, structure, and reactivity of an
iron(V) nitride. Science 2011, 331, 1049−1052.
(20) Smith, J. M.; Subedi, D. The structure and reactivity of iron
nitride complexes. Dalton Trans 2012, 41, 1423−1429.
(21) For an early discussion of nonexistent molecules, focusing on
compounds of low stability, see Dasent, W. E.. Nonexistent Compounds:
Compounds of Low stability; Marcel Dekker: New York, 1965; 185 pp.
(22) For a more recent discussion on nonexistent compounds that
should exist, see Hoffmann, R. Why Think UpNewMolecules? Am. Sci.
2008, 96, 373−374.
(23) Pyykkö, P.; Riedel, S.; Patzschke,M. Triple-BondCovalent Radii.
Chem. Eur. J. 2005, 11, 3511−3520.
(24) Pyykkö, P.; Atsumi,M.Molecular Single BondCovalent Radii for
Elements 1−118. Chem. Eur. J. 2009, 15, 186−197.
(25) Pyykkö, P.; Atsumi, M. Molecular Double Bond Covalent Radii
for Elements Li−E112. Chem. Eur. J. 2009, 15, 12770−12779.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.3c00363
Organometallics 2023, 42, 3366−3369

3368

https://pubs.acs.org/doi/10.1021/acs.organomet.3c00363?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00363/suppl_file/om3c00363_si_001.xyz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhik+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1161-6364
https://orcid.org/0000-0003-1161-6364
mailto:abhik.ghosh@uit.no
mailto:abhik.ghosh@uit.no
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeanet+Conradie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8120-6830
https://orcid.org/0000-0002-8120-6830
mailto:conradj@ufs.ac.za
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00363?ref=pdf
https://doi.org/10.26434/chemrxiv-2023-jvk2x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/a704251e
https://doi.org/10.1039/a704251e
https://doi.org/10.1021/ja0035001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0035001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017278r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017278r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017278r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017278r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja003548e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja003548e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja003548e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B207903H
https://doi.org/10.1039/B207903H
https://doi.org/10.1021/ja017088g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017088g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja017088g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om070208u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om070208u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om070208u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0453735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0453735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8047915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8047915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8047915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsorginorgau.1c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsorginorgau.1c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0691324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0691324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0702072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0702072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0702072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja048713v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja048713v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja048713v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200800600
https://doi.org/10.1126/science.1198315
https://doi.org/10.1126/science.1198315
https://doi.org/10.1039/C1DT11674F
https://doi.org/10.1039/C1DT11674F
https://doi.org/10.1002/chem.200401299
https://doi.org/10.1002/chem.200800987
https://doi.org/10.1002/chem.200800987
https://doi.org/10.1002/chem.200901472
https://doi.org/10.1002/chem.200901472
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(26) Ghosh, A. Substituent effects on valence ionization potentials of
free base porphyrins: A local density functional study. J. Am. Chem. Soc.
1995, 117, 4691−4699.
(27) Ghosh, A.; Vangberg, T. Valence ionization potentials and cation
radicals of prototype porphyrins. The remarkable performance of
nonlocal density functional theory. Theor. Chem. Acc. 1997, 97, 143−
149.
(28) Ryeng, H.; Gonzalez, E.; Ghosh, A. DFT at Its Best:Metal- versus
Ligand-Centered Reduction in Nickel Hydroporphyrins. J. Phys. Chem.
B 2008, 112, 15158−15173.
(29) Ghosh, A.; Gassman, P. G.; Almlöf, J. Substituent Effects in
Porphyrazines and Phthalocyanines. J. Am. Chem. Soc. 1994, 116,
1932−1940.
(30) Fleming, I.. Molecular orbitals and organic chemical reactions;
Wiley: New York, 2010; 515 pp.
(31) Albright, T. A.; Burdett, J. K.; Whangbo, M.-H.. Orbital
Interactions in Chemistry; Wiley; New York, 2013; 819 pp.
(32) Cotton, F. A. Discovering and Understanding Multiple Metal-to-
Metal Bonds. Acc. Chem. Res. 1978, 11, 225−232.
(33) The vast majority of quadruple bonds involve two transition
metal atoms: Cotton, F. A.; Murillo, C. A.; Walton, R. A., Eds.Multiple
bonds between metal atoms; Springer: New York, 2005; 818 pp.
(34) Cheung, L. F.; Chen, T. T.; Kocheril, G. S.; Chen,W.-J.; Czekner,
J.; Wang, L. S. Observation of Four-Fold Boron−Metal Bonds in
RhB(BO−) and RhB. J. Phys. Chem. Lett. 2020, 11, 659−663.
(35) Schoendorff, G.; Ruedenberg, K.; Gordon, M. S. Multiple
Bonding in Rhodium Monoboride. Quasi-Atomic Analyses of the
Ground and Low-Lying Excited States. J. Phys. Chem. A 2021, 125,
4836−4846.
(36) Tzeli, D.; Karapetsas, I. Quadruple Bonding in the Ground and
Low-Lying Excited States of the Diatomic Molecules TcN, RuC, RhB,
and PdBe. J. Phys. Chem. A 2020, 124, 6667−6681.
(37) Mason, J. L.; Folluo, C. N.; Jarrold, C. C. More than little
fragments of matter: Electronic and molecular structures of clusters. J.
Chem. Phys. 2021, 154, 200901.
(38) van Lenthe, E.; Ehlers, A.; Baerends, E. J. Geometry
optimizations in the zero order regular approximation for relativistic
effects. J. Chem. Phys. 1999, 110, 8943−8953 and references therein.
(39) Reiher, M.; Salomon, O.; Hess, B. A. Reparameterization of
hybrid functionals based on energy differences of states of different
multiplicity. Theor. Chem. Acc. 2001, 107, 48−55.
(40) Salomon, O.; Reiher, M.; Hess, B. A. Assertion and validation of
the performance of the B3LYP* functional for the first transition metal
row and the G2 test set. J. Chem. Phys. 2002, 117, 4729−4737.
(41) Grimme, S.; Anthony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, No. 154104.
(42) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra,
C.; van Gisbergen, S. J. A.; Snijders, J. G.; Ziegler, T. Chemistry with
ADF. J. Comput. Chem. 2001, 22, 931−967.
(43) Handy, N. C.; Cohen, A. Left-Right Correlation Energy. J. Mol.
Phys. 2001, 99, 403−412.
(44) Lee, C; Yang, W; Parr, R. G. Development of the Colle-Salvetti
Correlation-Energy Formula into a Functional of the Electron-Density.
Phys. Rev. B 1988, 37, 785−789.
(45) Conradie, J.; Ghosh, A. DFT Calculations on the Spin-Crossover
Complex Fe(salen)(NO): A Quest for the Best Functional. J. Phys.
Chem. B 2007, 111, 12621−12624.
(46) Ghosh, A.; Conradie, J. B12 and F430Models:Metal-versus ligand-
centered redox in cobalt and nickel tetradehydrocorrin derivatives. J.
Inorg. Biochem. 2023, 243, 112199.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.3c00363
Organometallics 2023, 42, 3366−3369

3369

https://doi.org/10.1021/ja00121a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00121a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s002140050247
https://doi.org/10.1007/s002140050247
https://doi.org/10.1007/s002140050247
https://doi.org/10.1021/jp805486b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805486b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00084a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00084a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50126a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50126a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b03484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b03484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c02860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c02860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c02860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c03208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c03208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c03208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0054222
https://doi.org/10.1063/5.0054222
https://doi.org/10.1063/1.478813
https://doi.org/10.1063/1.478813
https://doi.org/10.1063/1.478813
https://doi.org/10.1007/s00214-001-0300-3
https://doi.org/10.1007/s00214-001-0300-3
https://doi.org/10.1007/s00214-001-0300-3
https://doi.org/10.1063/1.1493179
https://doi.org/10.1063/1.1493179
https://doi.org/10.1063/1.1493179
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1080/00268970010018431
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1021/jp074480t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074480t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jinorgbio.2023.112199
https://doi.org/10.1016/j.jinorgbio.2023.112199
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

