Open Access Article. Published on 10 June 2026. Downloaded on 6/10/2026 8:33:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton

Transactions

¥ ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal

‘ '.) Check for updates

Cite this: DOI: 10.1039/d6dt00813e

Received 8th April 2026,
Accepted 8th May 2026

DOI: 10.1039/d6dt00813e

rsc.li/dalton

Introduction

Investigation of metal identity on the structure and
electronic properties of dinuclear Mn and Co
complexes with triaryl tetradentate ligands

Darby H. Duffy,® Dunya Sembukuttiarachchige,7® Athrry K. Yaddehige, (=)@
Soumen Sinhababu, (< Megan M. Wilson,? Alexander Goodrich,?

Daniel K. Unruh, ©2° Matthew P. Shores, (2 € Scott K. Shaw, (92

Bess Vlaisavljevich 2 *® and Scott R. Daly = *@

We report dinuclear Mn(i) and Co(i) complexes supported by triaryl tetradentate ligands derived from
o-phenylenediamide that are flanked by different metal-donor substituents (X = NMe, vs. SMe). Single-
crystal XRD data revealed that the Mn complexes (Mn-1 and Mn-2) both possess Mn,N, diamond cores
with relatively similar bond distances, electronic structures, and magnetic properties regardless of the
ligand identity. The Co complexes, by contrast, revealed dramatic substituent-dependent differences. Like
Mn, the Co complexes were dinuclear, but their core structures varied from open (X = NMe;; no p-N brid-
ging; Co-1a) to closed (X = SMe; intact Co,N, diamond core; Co-2), with a second structure isolated with
X = NMe; in between (semi-open core; Co-1b). Of the three structures, Co-2 had the shortest metal-
metal distance of 2.4540(8) A, just at the onset of that expected for Co—Co bonding. Evidence of an
appreciable metal-metal interaction in Co-2 was revealed with a unique UV-vis absorption at 516 nm that
was assigned to metal-metal charge transfer (MMCT). Moreover, magnetic measurements conducted on
Co-2 revealed a magnetic moment of 1.2ug at room temperature, which was much lower than that of
other Co and Mn complexes. Active space calculations corroborated the experimental observations and
suggested that Co-2 possesses a weak metal-metal bond with a low effective bond order of 0.24. These
findings, which are compared to those previously reported for Fe(i) and Cr(i) complexes with the same
ligands, reveal the marked influence that metal identity has on the structures, magnetic properties, and
metal-metal bonding within this family of triaryl tetradentate ligands.

magnetic exchange that is often facilitated by bridging ligands
in the dinuclear core (i.e. superexchange).” The metals may

Dinuclear (or binuclear) first-row transition metal complexes
exhibit rich electronic properties and reactivities that are
exquisitely sensitive to the surrounding ligand framework,
metal identity, and local coordination environment." Unlike
dinuclear complexes with 4d and 5d transition metals that
tend to be low-spin, the prevalence of high-spin configurations
with 3d metals (especially in the presence of weak-field
ligands) can yield variable coupling of unpaired electrons and
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also exhibit through-space interactions, with the strongest of
these giving rise to formal metal-metal bonds.'” The unique
electronic and bonding configurations afforded in these com-
plexes can promote reactions that are otherwise inaccessible
using a single metal center.*”® In this context, nature exploits
bimetallic active sites to perform important reactions in
metalloproteins,” " which continues to inspire the intentional
design of dinucleating ligands and complexes capable of lever-
aging two first-row metals for small molecule transformations
and catalysis.">>*

Chelating ligands containing o-phenylenediamide and
related subunits are effective in forming multinuclear first-row
transition metal complexes. The arene confers rigidity in
ligand scaffolds, and amido ligands are known to readily
bridge 3d metals and form M-N-M linkages. Betley and co-
workers, for example, have conducted extensive work with tri-
podal ligands decorated with o-phenylenediamide-derived
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Fig. 1 Summary of the results reported previously with ligands L1 (X = NMe;) and L2 (X = SMe) with divalent Cr, Fe, and Ni.

arms and shown how they can form Mn, Fe, and Co clusters
containing up to six metals.”>** Rigid NNN pincer and related
ligands derived from bis(2-aminophenyl)amine have been
used by several groups to prepare dinuclear complexes with
Co, Ni, and Cu.**™*® More recently, Herndndez Sanchez and co-
workers demonstrated how dinuclear complexes with most of
the first-row metals can be prepared by appending similar
2-aminophenyl groups to 1,4,7,10-tetraazacyclododecane
(cyclen).*® Related dinucleating ligands have been employed
with first-row metals, including macrocycles comprised of two
pyridine dialdimine (PDI) subunits reported by Tomson,>*"%°
and a flexible tetraamidodiamide scaffold described by
Desnoyer.®"

In 2024, we reported that triaryl tetradentate ligands
derived from o-phenylenediamide are capable of forming
diiron complexes, with significant differences in structure and
electronic properties depending on the identity of the flanking
donor group (Fig. 1).°® For example, the Fe-Fe distance with L1
(X = NMe,) in [Fe,(L1),] (Fe-1) was 2.5072(5) A whereas this dis-
tance in [Fe,(L2),] (X = SMe; Fe-2) was 2.7666(6) A. More
recently, we showed that the structural differences are even
more dramatic with Cr(u) analogs, so much so that the change
in donor groups induced a change in nuclearity.”* The X =
NMe, donor groups in L1 yielded the mononuclear square
planar complex Cr(L1) (Cr-1), similar to those described by
some of us with Ni(u),’> whereas the dinuclear complex
[Cr,(L2),] (Cr-2) was formed with X = SMe. The Cr-Cr distance
in Cr-2 was remarkably short at 2.3356(6) A, and active-space
calculations indicated that the short distance could be
ascribed to Cr-Cr bonding. Temperature-dependent magnet-
ism studies conducted on the dinuclear Fe and Cr complexes
revealed significant differences in antiferromagnetic coupling
due to metal- and substituent-driven changes in the dinuclear
structure.®*°

The differing structures and associated electronic pro-
perties observed previously with Cr and Fe naturally led to
questions as to how they might vary with other 3d metals,
especially with Mn and Co. Continuing to build on our prior
work, herein we report the syntheses, structures, and magnetic
properties of Mn(u) and Co(u) complexes with L1 and L2. The
results show that dinuclear complexes are formed with both
metals, albeit with metal- and ligand-dependent structure vari-
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 Different nuclearities depending on
substituents and metal

¢ Metal-Metal bonding with Cr, but not Fe
o Significant substituent-dependent
differences in magnetic properties

How do the structures and properties
compare with Mn(ll) and Co(ll)?

62-64

ations that differ significantly compared to those with Fe(u)
and Cr(u).

Results and discussion
Synthesis of dinuclear complexes

In our preliminary communication,®® we found that treating
Fe[N(SiMej3),], with H,(L1) and H,(L2) in benzene afforded
clean aminolysis reactions to yield Fe-1 and Fe-2, which could
be isolated as single crystals in yields of 67% and 85%, respect-
ively. We found that similar reactions can be used to prepare
dinuclear complexes with Mn(u) and Co(u) (Scheme 1). The
reaction of Co[N(SiMe;),],(THF)®**” with H,(L1) and H,(L2) in
THF yielded Co-1 and Co-2, respectively. Both complexes were
confirmed to be dinuclear based on single-crystal X-ray diffrac-
tion (XRD) studies (see below). Similarly, the reaction of H,(L2)
with in situ prepared Mn,[N(SiMe,),], **®° afforded Mn-2,
which was isolated as green crystals in 67% yield from concen-
trated benzene and pentane solutions. Attempts to prepare
Mn-1 using the same route with H,(L1) and Mn,[N(SiMe;),]s
were unsuccessful in our hands; only incomplete reaction pro-
ducts like Mn[H(L1)], were crystallized from the reaction mix-
tures (Fig. S1; SI). However, swapping out the Mn,[N(SiMe3),],
starting material for Mn,(Mes),(THF),”® (Mes = mesityl)
afforded green Mn-1, which could be isolated as single crystals
in a moderate yield (48%).

Structural comparisons

Single-crystal XRD analysis of Mn-1 and Mn-2 revealed that
both complexes are dinuclear in the solid state (Fig. 2), as
observed previously with Fe-1 and Fe-2. In contrast to the Fe
complexes, which showed a 0.26 A difference in Fe-Fe dis-
tances depending on the identity of the flanking ligand substi-
tuents (NMe, vs. SMe),*® the Mn-Mn distances in Mn-1 and
Mn-2 are similar at 2.7584(5) and 2.7984(8) A, respectively
(Table 1). The coordination geometry around each metal in
both complexes is best described as distorted square pyrami-
dal (z5 = 0.05-0.29;""7> Table 1). The bridging metal-amido
distances (Nprigging) in the Mn,N, core are asymmetric like
those in the Fe complexes (more so in Mn-1) with each brid-
ging ligand forming an X-type Mn-Nyqging bond to one metal

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Left — molecular structures of Mn-1 and Mn-2. Ellipsoids are
drawn at 50% probability. Hydrogen atoms and co-crystallized solvent
molecules were omitted, and carbon atoms are shown as capped sticks.
Right — comparison of atomic distances (A) in the Mn,N, cores.

and an L-type Mn <« Npyiqging bond to the other, as shown in
Fig. 2. The terminal metal-amido (Niermina) distances are
shorter in Mn-1 at 2.031(2) and 2.038(1) A and increase slightly
to 2.083(6) and 2.102(6) A in Mn-2. The Mn-S distances in Mn-
2 range from 2.564(1) to 2.644(1) A, which are comparable to
those reported for other Mn(u) complexes containing chelating
thioether ligands.”>™”°

The structures of Mn-1 and Mn-2 reveal that the Mn,N,
cores are significantly puckered, as observed for dinuclear Fe
and Cr complexes with the same ligands. The relatively rigid

This journal is © The Royal Society of Chemistry 2026
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Synthesis of dinuclear Mn(i1) and Co(i1) complexes with Hy(L1) and Hy(L2).

and chelating nature of L1 and L2 causes the M,N, cores to
fold to accommodate both the bridging amido ligands and
coordination of the remaining ligand donors at sites around
the metal. The extent of folding can be quantified using the
hinge angle,** which we have defined as the M-N.,.~M angle,
where Neene iS the calculated centroid between the two brid-
ging N atoms. The Mn-N..,—~Mn angle is 123.4° for Mn-1 and
119.1° for Mn-2, which is larger than that reported previously
for Cr-2 at 111.7°.°* We showed previously that the more acute
hinge angle in Cr-2 correlates with the presence of significant
Cr-Cr bonding; the decreased angle brings the metals closer
together and facilitates increased overlap of the 3d-orbitals.
Betley and coworkers have described similar phenomena in
triiron clusters supported by bridging o-phenylenediamido
units.®

Single-crystal XRD studies of Co-1 and Co-2 also revealed
them to be dinuclear complexes in the solid state, albeit with
more dramatic substituent-driven differences in the dinuclear
core compared to the Mn complexes (Fig. 3 and 4). The structure
of Co-2 with X = SMe possesses a dinuclear core with a relatively
short Co—Co distance of 2.4539(4) A and nearly symmetric brid-
ging Co-Npriaging distances of 1.961(2)-1.983(2) A (Fig. 3). For
comparison, most Co(u) complexes containing dinuclear Co,N,
cores bridged by secondary amido ligands have Co—Co distances
that range from 2.55 to 2.68 A,*****17#* although examples with
shorter distances similar to Co-2 have been reported recently by
the groups of Hevia and Power.**®” The Co,N, diamond core of
Co-2 shows a puckered hinge angle of 118.7°, similar to that of
Mn-2. The Co-S distances range from 2.2214(6) to 2.3165(7) A.
These distances are significantly shorter than those observed for
Mn-2, but they are consistent with the differences reported for
other isomorphous Co(n) and Mn(u) complexes containing
metal-thioether bonds.”®

In contrast to Co-2, two structures were identified in crystal-
line samples of Co-1 (X = NMe,), neither possessing a fully
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Table 1 Comparison of distances (A), angles (°), and geometry indices (z) from XRD structures of M-1 and M-2 complexes with M = Mn, Fe, and Co.
Bridging and non-bridging amido ligands are distinguished as Ny, and N, respectively

Complex Mn-1 Mn-2 Fe-1° Fe-1a % Fe-2 * Co-1a Co-1b Co-2

X= NMe, SMe NMe, NMe, SMe NMe, NMe, SMe

M-M 2.7584(5) 2.7984(8) 2.5072(5) 2.627(2) 2.7666(6) 2.880(1) 2.6364(6) 2.4540(8)

M-Nj, 2.095(2) 2.136(2) 2.082(1) 2.051(2) 2.428(2) 1.961(2)
2.112(1) 2.167(2) 2.097(1) 2.056(2) 1.9741(2) 1.977(2)
2.377(1) 2.225(3) 2.290(1) 2.236(2) 1.983(2)
2.381(2) 2.262(3) 2.305(1) 2.286(2) 1.972(2)

M-N; 2.031(2) 2.083(6) 1.969(1) 1.964(5) 1.989(2) 1.951(2) 1.924(2) 1.906(2)
2.038(1) 2.102(2) 1.980(1) 1.969(6) 1.997(2) 1.976(2) 1.915(2)

2.012(6) 1.943(2)
2.030(5)

M-X 2.192(1) 2.564(1) 2.179(1) 2.148(6) 2.4243(7) 2.149(3) 2.222(2) 2.316(1)
2.196(2) 2.566(1) 2.180(1) 2.165(8) 2.4265(7) 2.097(2) 2.2214(7)
2.389(2) 2.606(8) 2.383(1) 2.241(8) 2.5631(7) 2.095(2) 2.3150(9)
2.403(1) 2.644(1) 2.409(1) 2.289(6) 2.5769(8) 2.264(2) 2.226(1)

M-Np,-M 75.56(5) 78.33(8) 69.25(4) 78.97(6) 72.76(7) 77.08(8)
75.58(5) 79.90(8) 69.80(4) 80.26(7) 76.71(6)

Np-M-Nj, 91.28(5) 88.87(9) 95.90(5) 94.83(7) 87.38(8)
91.81(5) 89.05(9) 95.96(5) 96.19(7) 87.52(7)

M-NeeneM 123.4 119.1 116.9 144.5 118.7

75 (745 74) 0.29/0.07 0.20/0.05 0.34/0.14 (0.62;0.46) 0.06/0.00 (0.69; 0.60) 0.20 (0.65; 0.50) 0.01/0.00

Co-Co = 2.4540(8)
N4

1.961(2) 1.977(2)
Co2

1.972(1)

N2

Co1 v Co2
N2

CO-Ne-Co = 118.7(1)°

Fig. 3 Molecular structure of Co-2. Ellipsoids are drawn at 50% prob-
ability. Hydrogen atoms and co-crystallized solvent molecules were
omitted, and carbon atoms are shown as capped sticks.

(open core)

Co-1a \/\\ /\

N2

intact Co,N, core. The first product, distinguished here as Co-
1a, contains an “open” dinuclear core with no bridging Co-
amido bonds (Fig. 4). The structure has approximate D, point
group symmetry, and the coordination environment around
each Co is four-coordinate and best described as distorted
tetrahedral (z; = 0.69;7} = 0.60).*®®° The Co-Co distance in
Co-1a is 2.8805(9) A, which is approximately 0.43 A longer than
that observed in Co-2. The second species, designated as Co-
1b, has a half-open dinuclear core. This structure has a single
bridging amido ligand with asymmetric Co-Nprigging distances
of 1.974(2) and 2.438(2) A. Reflecting its intermediate nature
between Co-2 and Co-l1a, the Co-Co distance in Co-1b is
2.6365(6) A. The isolation of both Co-1a and Co-1b likely arises
due to differences in crystal packing, suggesting small energy

Co-1b fi
(half-open) | / |

Fig. 4 Comparison of the molecular structures of Co-1a and Co-1b. Ellipsoids are drawn at 50% probability. Hydrogen atoms and co-crystallized
solvent molecules were omitted, and carbon atoms are shown as capped sticks.
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differences between the two structures. Similar observations
were made previously in studies of Fe-1. Though the major
structure isolated experimentally contained an intact Fe,N,
core, a second open structure was also identified similar to Co-
1a (Fe-1a).®* DFT calculations revealed an electronic energy
difference of ca. 3 kcal mol™ between Fe-1 and Fe-1a, thereby
accounting for the ability to isolate both structures.

The formal shortness ratio (FSR), a quantitative assessment
of M-M interactions based on single-crystal XRD data,” was
calculated for each of the complexes by dividing the experi-
mentally determined M-M distance by the sum of the two
metal atomic radii.”® The FSRs for Co-1 and Co-2 were deter-
mined to be 1.25 and 1.06, respectively, which is opposite of
what was observed previously for Fe-1 (1.08) and Fe-2 (1.19). In
contrast to both Fe and Co, Mn-1 and Mn-2 show smaller sub-
stituent-dependent differences in M-M distances, as reflected
by similar FSR values of 1.15 and 1.20. These values suggest
little evidence of metal-metal bonding. In contrast, the shorter
FSR value of 1.06 for Co-2 suggests the possibility of a metal-
metal bond, which is corroborated by the electronic structure
analysis described in the following sections.

A final observation from the structural studies concerns the
stability of Co-2. Crystals of a second species isolated from
some of the reaction mixtures revealed decomposition of L2
and formation of a dinuclear species supported by bridging
thiolate ligands (Co-3; Fig. 5). The structure of Co-3 revealed
oxidation of both Co>* metal ions to Co** with S-C cleavage
and the loss of a methyl group from each ligand. Interestingly,
this type of C-S reactivity was observed previously by us in
attempts to prepare other Group 9 complexes with Rh and Ir
and H,(L2).”" The coordination geometry around each metal
in Co-3 is distorted square pyramidal (z; = 0.11/0.30) with
planar N,S, ligands occupying the equatorial sites and a brid-
ging thiolate occupying the axial site. The Co-Co distance
elongates from 2.4540(8) A in Co-2 to 3.2172(4) A in Co-3. The
Co-S distances associated with the bridging thiolates in the

Fig. 5 Molecular structure of Co-3. Ellipsoids are drawn at 50% prob-
ability. Hydrogen atoms and co-crystallized THF are not shown. Select
distances and angles: Col-Co2 = 3.2172(4) A, Col1-N1 = 1.900(2) A,
Col-N2 = 1.851(2) A, Co2—-N3 = 1.883(2) A, Co2-N4 = 1.860(1) A, Col-
S1 = 2.1906(5) A, Co2-S3 = 2.2858(5) A, Co1-S2 = 2.2100(6) A, Co2-S2
= 2.2858(5) A, Co1-54 = 2.2719(5) A, Co2-54 = 2.2161(6) A, S2-Co1-54
= 87.49(2)°, S2-Co2-54 = 87.00(2)°.

This journal is © The Royal Society of Chemistry 2026
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Co,S, core range from 2.2100(6) to 2.2858(5) A, which are con-
sistent with those reported for Co** complexes with Co,S,
diamond cores bridged by thiolate-containing N,S, and N,S;
ligands.”*®® The bridging Co-thiolate distances in Co-3 are
notably similar to the Co-SMe distances at 2.1906(5) and
2.2234(5) A. The Co-N distances range from 1.851(2) to 1.900
(2) A.

Spectroscopic measurements

UV-vis spectra were recorded for all four complexes to assess
differences that arise due to changes in the ligands, metal
identity, and structures (Fig. 6). The UV region for each of the
complexes shows intense, broad features assigned to charge
transfer transitions. Mn-1 and Co-1 have a more defined tran-
sition around 337 nm, matching well with the UV-vis data
reported for the dinuclear Fe complexes.®® Co-2 exhibits an
additional transition at 516 nm that is not observed for the
other complexes. A similar feature was observed in the UV-vis
spectrum of Cr-2 at 455 nm. As in our prior study with Cr, this
feature may be assigned to metal-metal charge transfer
(MMCT). Similar absorptions were reported by Lu and co-
workers for a series of metal-metal bonded Co complexes, and
this included a dicobalt complex with an absorption at 450 nm
that was assigned as either MMCT or metal-to-ligand charge
transfer (MLCT).>°

Nuclear magnetic resonance (NMR) spectra of Mn-1 and
Mn-2 revealed these complexes to be paramagnetic; consistent
with high-spin configurations, no 'H resonances were
observed even when the window was extended to 6y =+
200 ppm. The '"H NMR spectrum of Co-1 also revealed this
complex to be paramagnetic, and several paramagnetically
shifted resonances were observed in the "H NMR spectrum at
Sy 61.72, 25.51, 18.01, and —13.34 ppm in Ce¢Dg (Fig. S10 and
S11; SI). In contrast, the 'H NMR data collected for Co-2
revealed resolved signals in the typical 6y 0-12 ppm window,
suggesting that the complex is relatively diamagnetic (Fig. 7).
Moreover, these results are consistent with prior observations;

e Cot
Co-2
———- Mn-1
"T" 30 — Mn-2
£
kS
o L
o
8 |
< [
“ 10F
0 e e e e —————n
300 400 500 600 700 800

wavelength (nm)

Fig. 6 UV-vis comparison of Mn and Co complexes in C¢Hg.

Dalton Trans.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00813e

Open Access Article. Published on 10 June 2026. Downloaded on 6/10/2026 8:33:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Il |

U u’J L,lll

Co-2 & ’
.V WA WLV Y .

T T T T T T T T T T
82 80 78 76 74 72 70 68 66 64

Hy(L2) H

ppm

Fig. 7 'H NMR comparison (aromatic region) of H(L2) (top; blue) and
Co-2 (bottom; black) in C¢Dg. Asterisk (*) denotes trace toluene impurity
in the sample.

Matsuzaka and coworkers reported a dinuclear Co(u) complex
containing a similar butterfly-shaped Co,N, core with a Co-Co
distance of 2.4276(8) A,%” which is slightly shorter than that
observed in Co-2. This complex also appeared to be diamag-
netic by "H NMR spectroscopy.

Magnetism studies

The magnetic properties of the Mn(u) and Co(u) complexes
were assessed using the Evans method®®°® and compared to
previous results obtained for Fe(u) (Table 2). We first compare
the Co complexes given the obvious differences in paramagnet-
ism observed during their characterization by "H NMR spec-
troscopy. The effective magnetic moment of Co-1 at room
temperature was determined to be p.¢ = 4.5u, consistent with
the significant paramagnetism observed in NMR studies. This
magnetic moment indicates a spin-only value close to S = 2,
which suggests approximately two unpaired electrons per Co.
Though the "H NMR spectrum of Co-2 suggests that it is dia-
magnetic, the magnetic moment does indicate a small amount
of unquenched spin. The Evans method data collected for Co-
2 revealed an effective magnetic moment of ¢ = 1.2up, which
is less than the spin-only magnetic moment for an S =1 system
(1.73ugp). This relatively low value indicates significant spin
pairing between the two d” metals. We attribute this to weak
Co-Co bonding, which is corroborated by quantum chemical
calculations described in the following section (see below).

Table 2 Comparison of formal shortness ratio (FSR), d-electron counts,
room-temperature magnetic moments (Evans method), and approxi-
mate S values for Mn, Fe, and Co complexes

Complex FSR d-Count Hesr (4B) S
Mn-1 1.15 10 4.6 2
Fe-1% 1.08 12 7.6 3.5
Co-1a 1.25 14 4.5 2
Co-1b 1.14 14 4.5 2
Mn-2 1.20 10 5.6 3
Fe-2 % 1.19 12 6.2 3
Co-2 1.06 14 1.2 0.5
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Compared to the Co complexes, Mn-1 and Mn-2 yielded
effective magnetic moments that were more similar at 4.6 and
5.6ug, respectively. Interestingly, the values show the opposite
ordering compared to the Fe complexes with the same ligands.
While Mn-2 had the larger magnetic moment compared to
Mn-1, Fe-1 had a higher magnetic moment (7.6u3) compared
to Fe-2 (6.2up). It is also clear from Table 2 that the magnetic
moments do not correlate with M-M distances or their corres-
ponding formal shortness ratios. This suggests that magnetic
moments in dinuclear complexes containing L1 and L2 are pri-
marily influenced by superexchange via the bridging amido
ligands. It is well known that superexchange is governed by
structural changes to M-N-M and M-N.,—M angles that alter
overlap between 3d-orbitals on the metal and orbitals on the
bridging ligand.'° Orbital overlap is also affected by the brid-
ging M-Npiqging distances, which are asymmetric in some
complexes and are distinguished by L- and X-type bonding.
The competing influences of the M-N-M angles and M-
Npridging distances, combined with the differing d-counts and
metal-dependent differences in electronic structure, ultimately
make it challenging to model the structural influence on the
magnetic moments.

As a final assessment of magnetic properties, variable-
temperature SQUID data were collected on Mn-1 and Mn-2 to
quantify the extent of superexchange in these complexes
(Fig. 8). Similar data were not collected on Co-1 and Co-2 due
to concerns about the stability of Co-2 (and the associated
presence of Co-3) and because of the differing open and closed
structures of Co-1 that co-crystallize in the solid state.

Variable-temperature  magnetic  susceptibility  (ymT)
measurements were conducted under an applied dc field of
0.1 T. The behaviors of both Mn-1 and Mn-2 are very similar,
so we focus here on Mn-2, which has data extending down to

g i w
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Fig. 8 Solid-state variable-temperature zero-field-cooled (zfc) dc mag-
netic susceptibility data for Mn-2 collected under a 0.1 T applied dc
field. The solid line represents best fit to the data. Mn-2: S; = S, = 2.5, g4
=g, =21,J=-50(0.3) cm™, TIP = 265 x 10~> cm® mol™": monomeric
Mn() S = 2.5 “impurity” set at 2%.
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2.5 K (Fig. 8; data for Mn-1 are shown in Fig. S4; SI). The room
temperature (300 K) yyT value of Mn-2 is 2.98 cm® K mol ™.
The y\T value declines linearly with decreasing temperature,
resulting in a near zero value at the lowest temperatures
probed (0.09 cm® K mol™ at 2.5 K for Mn-2). Significant intra-
molecular antiferromagnetic exchange coupling is observed,
which was modeled with a J value (using the —2] formalism) of
—50 cm ™" for Mn-2. Similarly, J was found to be —45 cm™" for
Mn-1. These J values are somewhat higher than, but compar-
able to, the Fe analogues reported previously at —0.22(3) cm™*
(Fe-1) and -37(1) cm™* (Fe-2).”* They show substantially
weaker coupling than the Cr analogues disclosed recently.®*

Quantum chemical calculations

Density functional theory (DFT) calculations were performed
to explore the bonding within the M,N, cores of Mn-1, Mn-2,
Co-1a, Co-1b, and Co-2. Upon performing full geometry
optimizations for Mn-1, significant deviations were noted in
the bond distances in the Mn,N, core (Tables S5 to S6). First,
the percent deviation for the metal-metal distance varied
across the functionals tested, from 2.68% with TPSS-D3 to
6.45% with B3LYP-D3. Moreover, within the Mn,N, core, the
Mn-N,, distances had a percent deviation ranging from 4.87 +
7.80% with B3LYP-D3 to 1.46 + 1.61% with PBEO-D3 (Fig. S21).
Similar structural deviations from experiment were obtained
for Mn-2 (Tables S7 to S8), where the metal-metal bond varied
across the functionals tested, from 1.75% with TPSS-D3 to
3.82% with BLYP-D3. Though still large, the deviations within
the Mn,N, core in the Mn-N,, distances are slightly smaller
compared to Mn-1 ranging from 3.42 + 4.73% with B3LYP-D3
to 1.62 + 3.40% with TPSSh-D3 (Fig. $22).

In prior work, small energy differences were noted between
Fe-1 and Fe-1a; however, the B3LYP optimized geometries for
the more stable of the two, Fe-1a, and the complex with the sulfur-
based ligand, Fe-2, were in sufficiently good agreement with diffr-
action data.® Since the Mn and Fe complexes are expected to
behave similarly and functional sensitivity was not tested in the
prior work, it was undertaken here for Fe-1a and Fe-2 (Tables S9 to
S12). Upon revisiting this system, the average percent deviation
from experiment across the eight functionals in Fe-2 ranges from
—14.96% with M06-L to 1.88% with CAM-B3LYP-D3 in the metal-
metal distance, though we note that a large underestimation of the
bond distance is obtained for PBE-D3 and BLYP-D3 as well at
—14.56% and —14.38%, respectively. The deviation in the Fe-Nj
bonds is less pronounced, but not negligible, ranging from 0.49 +
1.00% with M06-L to 1.89 + 2.61% with B3LYP-D3. Structural devi-
ations were also reported for analogous chromium complexes,
where differences were attributed to a very flat potential energy
surface along the metal-ligand bond. Since DFT optimized geome-
tries had large deviations from experiment, a constrained geometry
optimization was performed using the TPSS-D3 functional in
which the positions of the atoms in the Mn,N, core and the first
coordination sphere were fixed at the positions from the solid-state
diffraction experiments, which are referred to as experimentally-
derived structures herein. The constrained and fully optimized
DFT structures were within 3.3 kcal mol™* for both Mn and Co
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complexes with the exception of Co-2 where a multiconfigurational
electronic structure is obtained (Table S16), supporting the con-
clusion that the differences between DFT arise from small changes
in energy that can be influenced by solid state packing. This is also
supported by the presence of multiple structures in the solid state
(Fe-1/Fe-1a and Co-1a/Co-1b). The energy difference between the
experimentally derived structures of Co-la and Co-1b is only
2.5 keal mol™. An alternative explanation is that intramolecular
non-covalent interactions between methyl and phenyl C-H bonds
with neighboring aryl groups stabilizes particular ligand wrapping
modes.'*"'%* Indeed, such short contacts are noted in the resulting
structures (Fig. 526 to S29). Finally, the DFT spin splitting energies
(S=0to S =5 for Mn-1 and Mn-2) are reported (Table S17).

Turning towards the complexes with Co, DFT geometry
optimizations were performed with the TPSS-D3 functional for
Co-1a, Co-1b, and Co-2. With the exception of the long Co-Co
distance, the open Co-1a structure gave geometries in reason-
able agreement with experiment (Table S13 and Fig. S25); the
half-bridged Co-1b structure showed —12.75% in the high spin
septet state for the metal-metal distance and —4.87 + 6.40%
for the Co-Nj, distances (Table S14). Likewise, the “closed” Co-
2 structure in the singlet state had the percent deviations from
experiment using TPSS-D3 with —5.75% in the metal-metal
distance and 7.01 + 0.51% for the Co-Ny, distances (Table S15).
Given that large deviations from experiment were also
observed for the Mn and Fe complexes, further functional
testing was not expected to result in improved structures for
Co; therefore, this was not undertaken herein. Once again, an
experimentally derived structure was obtained for all three
cobalt complexes. On this structure, DFT spin-splitting ener-
gies were computed for the S = 0 to S = 3 states (Table S17).
Significant functional dependence was observed, and the
ground state could not be assigned from DFT. Moreover, the
short Co-Co distance in Co-2 suggests that a metal-metal
interaction could be present, which could lead to multiconfi-
gurational character that would explain the inability of DFT to
describe the ground state electronic structure.

To understand the bonding in Co-2, restricted active space
(RASSCF) calculations were performed. Note that for first row
transition metals in which the d-shell is more than half filled,
a so-called “double-shell effect” has been reported. To obtain
reliable spin-splitting energies with the second-order multire-
ference method (RASPT2), one should include not only the 3d
but also the 4d orbitals in the active space. Taking this into
account, including 20 orbitals in the active space of a CASSCF
calculation for first-row dinuclear transition metal complexes
would lead to prohibitively large number of determinants for
lower spin states requiring the use of RASSCF (see the
Computational details section). The RASPT2 spin splitting
energies of Co-2 (Table 3) result in a ground state singlet with
higher spin states increasing in energy step-wise through the
septet, which falls at 6.2 kcal mol™.

Specifically, a direct Co-Co interaction is observed that
leads to a highly multiconfigurational singlet ground state
dominated by two determinants (the 6°c*° configuration con-
tributing 57.1% and the o%** configuration contributing
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Table 3 RASPT2 relative energies in kcal mol™ for Mn-1, Mn-2, Co-1a,
Co-1b, and Co-2. An active space of (10e,0h,4e;00,100,100) is used for
the Mn species, using the notation defined by Sauri et al.'® For the Co
species, an active space of (14e,0h,2e;00,100,100) is used. All possible
spin states accessible within the 3d shell are computed

Spin, S Mn-1 Mn-2 Co-1a Co-1b Co-2
0 0.0 0.0 0.0 0.0 0.0

1 0.4 0.2 0.2 0.4 3.5
2 1.0 0.6 0.5 1.0 5.7

3 1.8 1.1 0.6 1.4 6.2
4 2.8 1.3 — — —

5 3.8 2.3 — — —

“ RASSCF orbitals are fixed as those from the single spin state.

34.5% to the total wavefunction). In both configurations, the
remaining 12 active electrons are in six doubly occupied 3d
orbitals. These types of electron configurations are associated
with significant radical character. The active natural orbitals
involved in the bond (Fig. 9) have occupation numbers of 1.24
and 0.76, resulting in an effective bond order of 0.24. The
effective bond order is related to the percent radical character
(% rad) using the following equation:

%rad = (1 — EBO) x 100

In Co-2, this means the o-system results in 76% radical
character. This can be compared to recent work on Cr-2 where
an effective bond order of 0.73 or 27% radical character was
reported.®! In the Cr complex, three bonding orbitals contrib-
ute to this effective single bond; however, it is not only the
presence of other orbital interactions that lead to this increase
in bond order. The occupation numbers of the ¢ and ¢* orbi-
tals in Cr-2 are also larger compared to Co-2 resulting in an
EBO of 0.39 or 61% radical character in the o-system.
Returning to Co-2, this weak bonding interaction remains
present in the triplet state but further weakened to an effective
bond order of 0.13 or 87% radical character. On the other

o* (0.76)

Fig. 9 RASSCF natural orbitals involved in c-type interactions and their
corresponding occupation humbers for the S = 0 state of Co-2. 3d orbi-
tals with occupations 1.97 or larger were assigned as doubly occupied.
Those with occupation numbers of 0.04 or smaller were assigned as
empty. See Fig. S40 for the image of all active orbitals.

o (1.24)
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hand, no o-type interactions are obtained in the quintet or
septet states.

Analogous computations were performed for the other com-
plexes: Mn-1, Mn-2, Co-1a, and Co-1b. The RASPT2 relative
energies (Table 3) support weak coupling between the two
metal centers with the lowest energy state being the singlet
state and the high spin state being the largest. The difference
between the two is only 3.8, 2.3, 0.6, and 1.4 kcal mol™" for
Mn-1, Mn-2, Co-1a, and Co-1b, respectively. This is consistent
with the prior results for the Fe complexes and with the afore-
mentioned magnetic measurements.®® We note in passing that
the use of a limited active space will lead to the overstabiliza-
tion of the low spin state compared to high spin. Supporting
this expectation, tests on these systems of smaller active
spaces lead to a larger gap in energy (Table S21), though we
note that overstabilization of the low-spin state could remain
given the use of an RAS space. Active natural orbitals and occu-
pation numbers are given for all computations in the SI
(Fig. S26 to S36). RASSCF wavefunctions are also reported
(Tables S22 to S45).

Conclusions

In summary, we have presented the syntheses and characteriz-
ation studies of dinuclear Mn(u) and Co(u) complexes with
triaryl N, and N,S, ligands derived from o-phenylenediamide.
In contrast to previous studies with Fe(n) and Cr(u),**** Mn-1
and Mn-2 revealed only relatively modest differences in struc-
tures and magnetic properties, but the studies with Co(u)
again revealed how relatively modest changes in the ligand
flanking groups can give rise to significant differences in mole-
cular structure and the corresponding magnetic properties.
Two different dinuclear isomers of Co-1 with X = NMe, were
isolated with open (Co-l1a) and semi-open cores (Co-1b),
whereas Co-2 with X = SMe formed a complex with a closed
Co,N, diamond core and a relatively short Co-Co distance of
2.4540(8) A. The changes in structure corresponded to marked
differences in magnetic and spectroscopic properties: Co-2
revealed a low magnetic moment of 1.2y at room tempera-
ture, consistent with significant electronic coupling between
the metals, whereas the other complexes had significantly
higher spin values. Quantum chemical calculations corrobo-
rated these experimental observations and suggested a weak
Co-Co bond for Co-2 with an effective bond order of 0.24 or
76% radical character. This is notably similar to the 0.22
effective bond order calculated by Lu, Gagliardi, and coworkers
for Co,(pystren)CL'** a complex with a Co™-Co" bond distance
of 2.4986(4) A and a diagnostic charge transfer feature like that
observed in the UV-vis spectrum of Co-2.

Collectively, these studies help to further illuminate the
combined influence of metal and ligand donor substituents
on the structure of dinuclear complexes with triaryl ligands
like L1 and L2. Future efforts are aimed at investigating the
reactivity of these and related complexes with first-row tran-
sition metals.

This journal is © The Royal Society of Chemistry 2026
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Experimental
General considerations

All reactions were performed under nitrogen or argon using a
glovebox and standard Schlenk techniques unless stated other-
wise. Pentane, Et,0, and THF were dried and degassed using a
Pure Process Technologies solvent purification system and
stored over 3 A molecular sieves. Protio and deuterated
benzene were dried over 3 A molecular sieves and deoxyge-
nated by three freeze-pump-thaw cycles. The ligand precur-
sors H,(L1) (X = NMe,) and H,(L2) (X = SMe) were synthesized
as described previously.®'> Mn,(Mes),(THF),,”® Mn,[N
(SiMe3),]4,"*® and Co[N(SiMes),],(THF)"*° were synthesized fol-
lowing literature methods. All other chemicals were purchased
from commercial vendors and used as received.

"H NMR spectra were recorded using a Bruker Avance-300
instrument operating at 300 MHz or a Bruker Avance-500
instrument operating at 500 MHz. Chemical shifts are reported
relative to residual solvent peaks in y units.'®” Combustion
elemental analysis (CHN) was performed using a CE440 com-
bustion CHN analyzer from Exter Analytical at the University
of Towa MATFab Facility. IR spectra were recorded using a
Thermo Scientific Nicolet iS5 instrument with an attenuated
total reflectance (ATR) attachment.

Mn-1. To a suspension of Mny(Mes),(THF), (0.290 g,
0.398 mmol) in THF (15 mL) was added H,(L1) (0.275 g,
0.795 mmol). The mixture was stirred overnight during which
time the suspension turned dark green. The mixture was evapor-
ated to dryness under vacuum to afford a dark green solid. The
solid was extracted with benzene (5 mL) and filtered through a
pad of Celite. Vapor diffusion of the benzene filtrate with pentane
resulted in green crystals. Yield: 0.157 g (48%). Anal. caled for
C,aHagMn,Ng: C, 66.16; H, 6.06; N, 14.03. Found: C, 64.81; H,
6.08; N, 13.24. Evans method (C¢D): 4.645. IR (ATR, cm™): 3049,
2909, 1566, 1546, 1477, 1455, 1438, 1428, 1419, 1409, 1363, 1355,
1296, 1246, 1222, 1169, 1152, 1123, 1045, 1027, 962, 950, 914,
869, 859, 829, 752, 742, 735, 683, 595, 587, 568, 558, 549, 529. UV
vis (CeHe) Amax, NM (£): 285 nm (¢ = 34500 M~* cm ™).

Mn-2. To a suspension of MnCl, (0.100 g, 0.795 mmol) in
Et,O (15 mL) was added Li[N(SiMe;),] (0.266 g, 1.59 mmol)
dissolved in Et,O (5 mL). The mixture was stirred overnight
and evaporated to dryness under vacuum to yield a tan solid.
To the solid was added H,(L2) (0.280 g, 0.795 mmol) dissolved
in THF (15 mL). The mixture was stirred overnight during
which time the color changed from tan to green. The next day,
the volatiles were removed under vacuum to afford a green
solid that was extracted with benzene (5 mL) and filtered
through a pad of Celite. Vapor diffusion of the green filtrate
with pentane yielded green crystals. Yield: 0.216 g (67%). Anal.
caled for C,oHz6Mn,N,S,: C, 59.25; H, 4.48; N, 6.91. Found: C,
58.45; H, 4.39; N, 6.92. Evans method (C¢Ds): 5.645. IR (ATR,
em™): 3050, 2909, 1567, 1546, 1477, 1456, 1438, 1428, 1418,
1409, 1364, 1355, 1297, 1246, 1223, 1169, 1152, 1123, 1045,
1027, 962, 950, 914, 869, 859, 829, 752, 742, 735, 683, 595, 587,
568, 558, 549, 529. UV vis (CgHg) Amax, NM (£): 290 nm (¢ =
25000 M~ ecm™).

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

Co-1. Co[N(SiMe;),],(THF) (0.198 g, 0.439 mmol) was added
to a Schlenk tube and dissolved in THF (15 mL) with stirring.
To the green solution was added H,(L1) (0.152 g, 0.439 mmol)
in THF (5 mL). The color immediately changed to dark brown.
After stirring overnight, the mixture was evaporated to dryness
under vacuum. The dark red brown solid formed was extracted
with benzene and filtered through Celite, and the filtrate was
evaporated to dryness under vacuum. The material was crystal-
lized in concentrated THF at —30 °C. Yield: 0.131 g (77%).
Anal. caled for Co,Cy4H4gNg(CeHg)o7: C, 67.20; H, 6.11; N,
13.01. Found: C, 67.98; H, 6.21; N, 13.46. 'H NMR (300 MHz,
CeDg): 6y —13.34 (s), 18.01 (s), 25.51 (s), 61.72 (s). Evans
method (CgDg): 4.545. IR (ATR, cm™"): 3087, 3062, 3031, 2913,
2863, 2828, 2795, 2783, 2358, 2340, 1588, 1564, 1475, 1445,
1434, 1398, 1314, 1281, 1259, 1241, 1202, 1182, 1155, 1110,
1094, 1047, 1004, 919, 870, 846, 836, 752, 733, 680, 645, 604,
582. UV vis (C¢Hg) Amax, NM (£): 337 nm (£ =33220 M~ cm™).

Co-2. The preparation was the same as that described for Co-
1 with Co[N(SiMe;),],(THF) (0.256 g, 0.567 mmol) and H,(L2)
(0.200 g, 0.567 mmol) in THF. Upon mixing, the color immedi-
ately changed from green to dark brown. After stirring over-
night, the volatiles were removed under vacuum. The dark
brown solid was dissolved in benzene, filtered through Celite,
and crystallized out of concentrated benzene at RT or concen-
trated THF at —30 °C. Yield: 0.115 g (49%). Anal. caled for
C0,C4oH36N,S,: C, 58.62; H, 4.43; N, 6.84. Found: C, 58.66; H,
4.68; N, 6.50. "H NMR (500 MHz, CeDg): 6y 0.91 (s), 1.47 (s),
6.29 (m), 6.72 (m), 7.61 (m), 8.19 (s). Evans method (C¢Ds):
1.2u5. IR (em™): 3049, 1566, 1546, 1476, 1426, 1353, 1325,
1297, 1263, 1244, 1216, 1189, 1169, 1147, 1123, 1044, 1027,
962, 949, 915, 869, 858, 846, 827, 733, 719, 683, 668, 650, 594,
556. UV vis (CeHg) Amax, M (€): 325 (31000 M~' cm™), 388
(22000 M " em™), 516 (4600 M~ " cm ™).

Dark green crystals of Co-3 sometimes co-crystallize with
dark brown Co-2 when repeating the reaction described above
using nearly identical quantities and conditions. We suspect
that Co-3 is always formed in the reaction in low concen-
trations, and it appears to be a minor product. It is not clear
why crystals of Co-3 are observed in some of these reactions
and not others. A possible explanation is that the relative con-
centration and subtle differences in the rate of crystallization
dictate whether it co-crystallizes from the reaction mixture.

Single-crystal X-ray diffraction studies

Data were collected using a Bruker D8 VENTURE DUO diffract-
ometer equipped with an IuS 3.0 microfocus source operated
at 75 W (50 kV, 1.5 mA) to generate Mo Ka radiation (4 =
0.71073 A) and a PHOTON III detector. Crystals were trans-
ferred from the vial and placed on a glass slide in type NVH
immersion oil from Cargille. A Zeiss Stemi 305 microscope
was used to identify a suitable specimen for X-ray diffraction
from a representative sample of the material. The crystal and a
small amount of the oil were obtained using an MiTeGen
100 micron MicroLoop and transferred to the instrument
where it was placed under a cold nitrogen stream (Oxford 800
series) maintained at 100 K throughout the duration of the
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experiment. The sample was optically centered with the aid of
a video camera to ensure that no translations were observed as
the crystal was rotated through all positions.

A unit cell collection was then carried out. After it was
determined that the unit cell was not present in the CCDC
database, a data collection strategy was calculated using
APEX6. The crystal was measured for size, morphology, and
color. After data collection, the unit cell was re-determined
using a subset of the full data collection. Intensity data were
corrected for Lorentz, polarization, and background effects
using APEX6. A semi-empirical correction for absorption was
applied using SADABS.'*® The program SHELXT was used for
the initial structure solution and SHELXL was used for the
refinement of the structure.'®*'° Both of these programs were
utilized within the OLEX2 software package.''’ Hydrogen
atoms bound to carbon atoms were located in the difference
Fourier map and were geometrically constrained using the
appropriate AFIX commands.

The structure of Mn-2 was twinned. A twin law was applied
with BASF = 0.4. One of the L2 ligands was partially disordered
over two positions.'*? Solvent masks were used for 0.5 and 2.5
co-crystallized benzene molecules for Co-1 and Co-2, respect-
ively, using the SQUEEZE tool in OLEX2.'"?

UV-vis absorption spectroscopy

UV-vis absorption spectra were recorded from 280 nm to
800 nm using an Avantes AvaSpec-ULS2048L StarLine Versatile
fiber-optic spectrometer with an AvaLight-DHc light source
equipped with deuterium and halogen lamps. The samples
were prepared and analyzed under an N, atmosphere in a glo-
vebox. Stock solutions were prepared by dissolving ca. 2-5 mg
of sample in benzene. Stock solutions were then diluted with
either 5- or 10 mL volumetric flasks and then transferred to a
1 cm path length quartz cuvette for data collection.

Magnetism studies

Magnetic data for Mn-1 and Mn-2 were collected using a
Quantum Design MPMS3 magnetometer. Polycrystalline
samples were used as received, without further grinding or
processing. Samples were prepared in a dinitrogen-filled
MBraun glovebox, where polycrystalline materials were sealed
in polyethylene bags and mounted in plastic straws. To verify
sample purity, variable-field magnetization measurements
were performed at 100 K (0-20 kOe); the resulting linear fits of
the M vs. H data confirmed the absence of ferromagnetic
impurities (Fig. S2 and S3; SI). Magnetic susceptibility data for
both compounds were collected between 2.5 K (Mn-1) or 10 K
(Mn-2) and 300 K. Data were corrected for the magnetization
of the sample holder (plastic bags) by subtracting the suscepti-
bility of an empty plastic bag, and for the diamagnetic contri-
butions of the sample by using Pascal’s constants.

Fits of magnetic susceptibility data to spin Hamiltonian
models were conducted using the PHI software package.'** In
both cases, we found negative correlations between the
exchange coupling (/) and temperature-independent paramag-
netism (TIP) parameters. We gave less weight to stronger anti-
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ferromagnetic coupling parameters (more negative J values) as
TIP values became less realisticc. We also noticed that fits
giving g values larger than 2.1 resulted in residual values that
were lower than the values quoted below, nominally indicating
higher quality fits. However, the temperatures for the maxima
of yv ' vs. T plots matched best for the fits that gave g = 2.1.
These appear to be examples where the eye determines fit
agreement better than the algorithm. In addition, for other
Mn(u) complexes with dinuclear species, g ranges from 2.0 to
2.05.32,115,116

For Mn-1, the best fit obtained from PHI for a symmetric
dinuclear species (S; = S, = 2.5) gave g; = g, = 2.1, antiferro-
magnetic exchange coupling J = —45(0.3) cm ™", and a tempera-
ture-independent paramagnetism (TIP) of 292 x 107° cm?
mol . The residual value of the fit was 0.08042.

For Mn-2, the best fit obtained from PHI for a symmetric
dinuclear species (S; = S, = 2.5) gave g; = g, = 2.1, antiferro-
magnetic exchange coupling J = —=50(0.3) cm ™", and a tempera-
ture-independent paramagnetism (TIP) of 265 x 10~°> cm®
mol ™. The residual value of the fit was 0.03474.

Computational details

DFT calculations were performed using a range of functionals
including PBE,""” PBE0,''®* TPSS,'*® TPSSh,'*° Mo6-L,"*!
B3LYP,'*> and CAM-B3LYP,'** each evaluated with D3 dis-
persion corrections.'*® The def2-TZVP basis set was employed
for all atoms.'*® The resolution-of-identity (RI) approximation
was employed for the Coulomb integrals and an SCF conver-
gence criterion of 1.0 x 1077 a.u. was used.*® Geometry
optimizations and harmonic vibrational frequency calculations
were carried out for the high spin states (S = 4 for Fe-1 and Fe-
2, S =5 for Mn-1 and Mn-2, and S = 3 for Co-1a), since the
presence of a metal-metal bond was less likely and later sup-
ported by CASSCF. However, the assignment of ground state
spin was more challenging for Co-1b and Co-2; therefore, geo-
metry optimizations were performed in the S = 0 to 3 states for
these complexes using only the TPSS-D3 and TPSSh-D3 func-
tionals. The Cartesian gradient was converged to 1.0 x 10~%.
Given the structural flexibility in the M,N, core, the full geo-
metry optimizations were in poor agreement with solid-state
measurements; therefore, a second set of geometry optimi-
zations were performed with the TPSSh-D3 functional in
which the metal centers and the atoms in the first coordi-
nation sphere were kept fixed at the positions determined
from diffraction. This approach was recently used successfully
in work on a related complex with a Cr,N, core.® These struc-
tures are referred to as “experimentally-derived” structures and
are used for all subsequent analysis. All DFT calculations were
performed using the Turbomole 7.8.1 program package.">”'*®
To assess the interaction between the two metal centers, or
lack thereof, restricted active space (RASSCF) calculations were
performed on the aforementioned experimentally derived
structure.'*® The active space included the 3d and 4d orbitals
on each of the metal centers, along with their corresponding
electrons. The ten 3d orbitals were placed in RAS2 while the
ten 4d orbitals were placed in RAS3. No orbitals were placed in

This journal is © The Royal Society of Chemistry 2026
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the RAS1 space. Within RAS2, all excitations were included
and two excitations were allowed into RAS3. This can be
expressed using the notation proposed by Sauri et al. as an
(ne,0h,2€;00,100,100) active space where n = 10 for complexes
with Mn and 14 for those with Co.'®® The all-electron
ANO-RCC basis sets of triple-{ quality were used on the metal
centers and atoms in the first coordination sphere but a
smaller contraction was used in peripheral atoms.?%'3!
Specifically, the following contractions were used: 6s5p3d2flg
for Mn and Co, 5s4p2dif for S, 4s3p2d1if for N, 2s1p for C, and
1s for H. In addition to the basis set choice, scalar relativistic
effects were included via the second-order Douglas-Kroll-Hess
Hamiltonian. The RASSCF energy was converged to a threshold
of 1.0 x 1077 a.u.

To assign a ground state, second-order perturbation theory
was applied to the RASSCF reference wavefunction
(RASPT2).'* The S = 0 to S = 5 spin states were computed for
Mn-1 and Mn-2, while the S = 0 to S = 3 states were computed
for Co-1a, Co-1b, and Co-2. Note that while the Fe-1 and Fe-2
complexes were revisited with respect to the DFT molecular
geometries, their electronic structure has already been
reported with multireference methods.”® The zeroth order
Hamiltonian was computed using an imaginary shift of 0.2 a.
u., and a default value of the IPEA shift of 0.25 was
employed."** The RASPT2 energy was converged to a threshold
of 1.0 x 1077 a.u. RASSCF and RASPT2 calculations were per-
formed as implemented in the OpenMolcas software package
v24.10."%
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