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The synthesis of Mn" and Cr" nitride complexes of a pro-radical tetradentate bis-phenol bis-N-hetero-
cyclic carbene ligand H,L®?©? was investigated. Employing either azide photolysis of the Mn'" precursor
complex MnL“2°?(N3) or a nitride exchange reaction between MnL“?°?(Br) and the nitride exchange
reagent Mnsalen(N) failed to provide a useful route to the target nitride MnLS2©%(N). Experimental results
support initial formation of the target nitride MnLS?©2(N), however, the nitride rapidly inserts into a Mn—
CnHe bond. A second insertion reaction results in the isolation of the doubly inserted ligand product
[H,LS292(N)I* in good vyield. In contrast, the Cr analogue CrL2°3(N) was readily prepared and character-
ized by a number of experimental methods, including X-ray crystallography. Theoretical calculations
predict a lower transition state energy for nitride insertion into the M—Cypc bond for Mn in comparison to
Cr, and in addition the N-inserted product is stabilized for Mn while destabilized for Cr. Natural bond
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order (NBO) analysis predicts that the major bonding interaction (t M=N - ¢* M-Cync) promotes
nucleophilic attack of the nitride on the carbene as the major reaction pathway. Finally, one-electron oxi-
dation of CrL°?°?(N) affords a relatively stable cation that is characterized by experimental and theoretical
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1. Introduction

High valent metal nitrido (N°*~) species are of significant inter-
est as proposed intermediates in biological and industrial
processes,”™ as well as N-atom transfer chemistry.* ™ A
number of bioinspired Fe nitride complexes have been studied
in the context of nitrogen fixation,"*° and recent advances
understanding synthetic FeS clusters have provided important
information on the identity of activated Fe-N species.”’ > The
stability and reactivity of discrete transition metal nitrides
depends on factors such as metal identity and oxidation state,
ligand identity, and overall geometry.**®® Early transition
metal nitrides are generally stabilized,>*° and exhibit nucleo-
philic reactivity from either filled M=N = orbitals or the
nitride lone pair.””'* In contrast, late transition metal
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analysis to be a metal-oxidized d° Cr"' species.

nitrides can be either isolated or described as transient inter-
mediates, exhibiting electrophilic reactivity via M=N x*
orbitals.>®***? Interestingly, a number of metal nitride com-
plexes display ambiphilic reactivity,*>*> and subtle changes to
the coordination environment can result in tunable reactivity
at the nitride.***>4674°

We have reported that oxidation of nitrido metal salen com-
plexes (see Scheme 1 for example salen H,Sal®) results in an
electronic structure that can be modulated via alteration of the
electron-donating ability of para-R phenolate substituents,
without changing the geometry at the metal center.’*”°>2
Salen ligands are redox-active and have been documented to
undergo oxidation or reduction at the ligand in place of the
metal.>®™>® In certain exceptional cases both metal and ligand
oxidation can occur.””*® We, and others, have also reported
that the formation of a Mn"" salen nitride results in rapid
homocoupling of the nitride to form N,,>>°*®' however for-
mation of a ligand radical (employing strongly electron-donat-
ing para-R substituents such as R = NMe,) precludes this
homocoupling.®* Recent work with Ru®* and Mo®*®* nitrides
has explored the homocoupling pathway and documented the
formation of p-nitrido products. In addition to homocoupling,
Mn salen nitrides have been investigated in the context of the
hydrogen atom bond dissociation free energy of the associated

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Representative Salen (H,Sal®) and N-heterocyclic carbene
arylphenoxide ligands (HLC, H,L°%C, H,L?°?) and target metal nitride
complexes of a tetradentate bis-carbene bis-phenolate ligand
ML®293(N) M = Mn, Cr.

imido complexes,®® generation of ammonia by proton-coupled
electron transfer,”*®® and as a catalyst for ammonia
oxidation.®®

In the current work we investigate the formation and stabi-
lity of Mn and Cr nitride complexes using a tetradentate bis-
phenol bis-N-heterocyclic carbene ligand H,L®*°?7° and
compare to our recently published work using salen ligands
(Scheme 1).**°°> The strong o-donating capability (and
potential for n-backbonding) of NHC ligands results in facile
binding to electron-rich metals for catalytic applications.”"”* A
number of high oxidation state metal complexes employing
NHC ligands have also been characterized, including those of
VV,73 COIV,38,74 Cu111,75 NiIII,70,76,77 MnIV/V,78 FeIV—VII,14,16,19,20
Mo"",”® and Nb".%° Of particular relevance to the work herein
is the use of tripodal carbene ligand frameworks by Smith and
Meyer to stabilize high oxidation state Mn, Fe, and Co

nitrides."**®*®?%7% In certain cases the nitride ligand has
been shown to insert into the M-Cyyc bond to form an
imine.16,20,38

This journal is © The Royal Society of Chemistry 2025
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Redox-active NHC ligands have been described,®'®® and
the presence of arylphenoxide units results in a significant
lowering of the oxidation potential of the ligand. Indeed, a
series of Ni"' ligand radical complexes of the HL®®, H,L°%,
and H,L®?°> (Scheme 1) ligands have been characterized in
the solid state.”%”®”” The different bonding properties of the
imine and NHC donors in the salen and H,L®°? ligands
(Scheme 1) juxtaposed with the similar metal binding geome-
try and capacity for ligand-based oxidation presents an inter-
esting opportunity to compare the formation and stability of
the respective Cr and Mn nitride complexes.

2. Results and discussion
2.1. Synthesis of Mn precursors

Reaction of the bromide salt of the tetradentate bis-carbene
bis-phenolate ligand H,L®*°>-2HBr with Mn(OAc), and NEt; in
CH;CN solvent afforded the Mn"™ complex MnL®*°*(Br)
(Scheme 2). The synthesis of MnL“*®*(Br) using CH;OH as the
solvent was recently reported,®* and a Mn™ complex of the
H,L%C ligand (Scheme 1) was previously studied by Bellemin-
Laponnaz and co-workers.”® The complex was characterized by
ESI-MS and EA. Dark brown crystals suitable for X-ray crystallo-
graphy were obtained by slow evaporation of a concentrated
CH,Cl, solution. The solid-state structure of MnL®**(Br) was
recently reported,®® however, certain metrical parameters
differ due to the crystallization solvent. Thus, we will briefly
describe the metrical parameters (Fig. S1 and Table S1t) in
order to compare with the other solid-state structures herein.
The Mn ion lies in a distorted square pyramidal geometry with
the Mn center coordinated by two phenolate oxygen atoms
(01/02) and two carbons of the NHC units (C7/C17) in equa-
torial positions. The anionic bromide ligand occupies the
apical position, with the Mn atom 0.417 A above the C,O,
ligand plane. The angle between the NHC and phenolate rings
are 25° and 28° in the structure, and in addition the ligand
backbone adopts an umbrella shape with an angle between
the two NHC units of 32°. This is in contrast to the neutral Ni"
complex of the same ligand reported by us, in which the angle
between the two NHC units is only 3°, the angle between the
NHC and phenolate rings are ~9° and the complex is essen-
tially flat.”® In addition, the Ni-Cyyc bonds are significantly
shorter (1.843 A) in comparison to the Mn-Cypc bonds in
MnL®?°*(Br) (2.03 A). The ligand structural changes demon-
strate significant binding flexibility, thereby accommodating
different metal cations and different geometries.

The azido complex MnL®>°*(N;) was synthesized from a
concentrated CH;CN solution of MnL®>®*(Br) in the presence
of 1.5 equiv. of NaN; (Scheme 2). Solvent removal, addition of
CH,Cl, and filtration removed the excess NaN; affording
MnL®?°*(N;) as a brown solid. IR (¢(N;) = 2040 cm™"), ESI-MS,
and EA analysis confirmed product formation. Red/brown crys-
tals suitable for X-ray diffraction were obtained via slow evap-
oration of a concentrated CH;CN solution of MnL“*®*(N;). The
solid-state structure of MnL*®?(Nj,) is presented in Fig. 1 (see
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Scheme 2 Synthesis of Mn"' precursor complexes MnL“?°?(Br) and MnL“?°?(Ns). Conditions: (X =

MnL®2°2(Br), NaN3, 93% yield.

Fig. 1 POV-ray representation of MnL“?°%(N;). Thermal ellipsoids
shown at 50% probability level. Hydrogen atoms were omitted for
clarity. Mn, pink; C, gray; O, red; N, blue. Select interatomic distances
[Al: Mn(1)-0O(1): 1.889(2), Mn(1)-O(2): 1.885(2), Mn(1)-C(7): 2.026(2), Mn
(1)-C(17): 2.022(2), Mn(1)-N(1): 2.110(4).

Table 1 UV-vis-NIR data for the indicated complexes?

Complex Jmax [em ] (e [M™! em™))

MnL*°%(Br) 34200 (11 660, sh), 29 200 (7550), 22 600 (2510, sh)
MnL%%*(N;) 28400 (3830, sh), 21 900 (1270, sh)

CrL®*°*(N) 30 770 (6200), 28 000 (270)

[CrLe2O3(N)]*? 26 500 (7900, sh), 11 200 (2800)

“In CH,CI, solution. sh: shoulder. ? 250 K.
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X =Br, N3

Br) Mn(OAc),, NEts;, 95% yield; (X = Ns)

ESI, Table S17 for selected crystallographic data). The distorted
square pyramidal structure is similar to MnL®*®?(Br), with the
azide ligand in the apical position, and an angle between the
two NHC units of 33°. When dissolved in CH,Cl, both
MnL%*°*(Br) and MnL®?°*(N;) display a brownish color and
broad absorptions in their UV-vis-NIR spectra (Table 1 and

Fig. S2).

2.2. Attempted synthesis of Mn nitride complex MnL“*°*(N)

With the two Mn™ complexes in hand, we next investigated
two different synthetic methods to prepare the same Mn
nitride product MnL®*®*(N) (Scheme 1). Due to the suscepti-
bility of nucleophilic attack at the methylene position between
the two NHC rings of the ligand, we did not attempt to use
NH,OH/bleach as described by Carreira and co-workers.”
Initially, we employed azide photolysis of MnL“*®*(Nj;) as this
is a common method to produce nitrides (Scheme 3). Using
the same protocol as one we had successfully used for Mn
salen variants (4 = 312 nm, benzene solvent)’” resulted in solu-
tion color changes, however, the Mn nitride complex
MnL%*®?(N) could not be isolated. Evans method analysis of
the crude reaction mixture afforded a magnetic susceptibility of
Uee ~ 4 (or ~3 unpaired electrons) consistent with the presence

AN N
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Scheme 3 Attempted synthesis of MnL“2°3(N) from either MnL“2°3(N;) (1 = 312 nm, benzene solvent) or MnL“?°%(Br) with a nitride exchange
reagent Mnsalen(N) resulted in a mixture of products including the nitride inserted ligand [HoL<?°?(N)]* (ESI-MS = 570.38 m/z).
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of a paramagnetic Mn species, and an absence of the expected
diamagnetic d*> Mn" nitride complex. While ESI-MS analysis of
the crude reaction mixture showed the expected MnL“°*(N)
peak at 624.3 m/z, attempted purification via chromatography
and/or recrystallization was unsuccessful (vide infra). Irradiation
at lower energy (4 > 350 nm), or low temperature (4 = 312 nm,
CH;CN, 235 K), resulted in no reaction.

We thus turned to a nitride exchange reaction, using a Mn"
salen nitride (Mnsalen(N)) complex as the nitride exchange
reagent, which has been used to synthesize a variety of metal
nitrides,”™®* including nitride exchange to other Mn™ com-
plexes (Scheme 3).°* Mixing of 1 equiv. of the nitride exchange
reagent with MnL®*°*(Br) in CH;CN resulted in the formation
of a brown precipitate identified as Mn™salen(Br) (ESI-MS,
321.04 m/z) which was removed via filtration. ESI-MS analysis
of the filtrate exhibited the expected MnL“®°*(N) peak at 624.3
mj/z (Fig. S31), however, we were again unable to isolate the
desired nitride complex via chromatography and/or recrystalli-
zation. Attempting the nitride insertion reaction at low temp-
erature (198 K, CH,Cl,) afforded the same result. Intriguingly,
in these reactions a peak in the ESI-MS at 570.38 m/z indicated
N-insertion into the ligand framework (Fig. S37), pointing to a
possible decomposition pathway for the initially formed
MnL®?*(N) complex. Nitrido ligands have been reported to
undergo intramolecular N-insertion into the ligand backbone
of Fe,'®?° Co0,®?® U,”° and Ni*' complexes. In the majority of
cases, population of antibonding n* M=N orbitals destabilizes
the nitride, and thus intramolecular nitride insertion was
unexpected for the putative d> Mn" complex in this work.
Meyer in a series of elegant studies has demonstrated intra-
molecular nitride insertion at a carbenic center in a series of
Co®® and Fe'®?° complexes employing tripodal carbene-based
ligands. Interestingly, the analogous Mn" nitride complexes
did not undergo the same insertion chemistry.”®

2.3 Isolation of nitride insertion product

To further investigate the potential nitride insertion product,
we solubilized the crude reaction mixture from a representative
nitride exchange reaction in diethyl ether and washed with
aqueous 10% HCI and then EDTA. Analysis by ESI-MS showed
the loss of the Mn complex peak at 624.3 m/z (Fig. S4%).
Further washing of a CH3;CN solution with hexane, and recrys-
tallization by slow evaporation of CH3;CN/CH,Cl, solution
afforded pure ligand insertion product in 47% isolated yield.
The same product can be isolated from the azide photolysis
reaction, however in lower (~15%) yield. "H NMR of the
product (Fig. S51) showed the compound to be symmetric in
solution (Fig. 2A), with the expected mass of 570.38 mj/z
(Fig. S61). Further NMR analysis (**C, "*C DEPT and 'H-"*C
gHSQC NMR) provides confirmation of the structure in solu-
tion (Fig. S7-S91). Interestingly, '"H NMR in CDCI; results in
broadened resonances indicative of hindered rotation of the
phenol due to dynamics in the fast-exchange regime
(Fig. S10t). Analysis of the product by X-ray crystallography
showed that the nitride insertion product is a cation
[H,L®*°*(N)]* with chloride as the counterion (Fig. 2B). In

This journal is © The Royal Society of Chemistry 2025
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addition, nitride insertion into both carbenic carbons has
occurred, resulting in three fused rings including two imid-
azoles and a central triazone core. The nitride nitrogen (N1)
exhibits similar short bond lengths to both carbenic carbons
(N1-C7 and N1-C17: 1.335 and 1.334 A respectively) and the
three fused rings are essentially flat, with an 11° angle
between the planes of the two imidazole rings. These struc-
tural features indicate the presence of a conjugated n system
located across the N2-C7-N1-C17-N5 atoms (Fig. 2C). The
hydrogen bond network involving the two phenols, a lattice
water, and the chloride counterion ensures the secondary
structure of the crystal (Fig. S111). Interestingly, Bullock and
co-workers have reported that H-atom abstraction from a
bound NH; in [Mn(dmpe),(CO)(NH;)]" (dmpe = 1,2-bis(di-
methylphosphino)ethane) results in double insertion of the
N-atom into the diphosphine ligand to form a cyclophosphaze-
nium cation,”” with theoretical calculations supporting inser-
tion of an NH species rather than the nitride herein.

>N isotopic labeling was employed to further investigate
the N-atom insertion into the carbene ligand backbone. We
used the °N-labeled nitride exchange reagent Mnsalen(*’N) in a
reaction with MnL“°*(Br) and subsequent ESI-MS analysis
showed a one Dalton m/z shift for the two ions at 571.4 (100%)
and 625.3 (20%) (Fig. S121) in comparison to the unlabeled reac-
tion (Fig. $31). The N-inserted product [H,L“*°*(**N)]Cl was iso-
lated in a similar manner to the unlabeled analogue in a com-
parative yield (56%). To further confirm that the N-insertion is a
result of intramolecular N-insertion from a transient MnL>*(N)
nitride complex, and not for example from an intermolecular
process, we synthesized the '°N-labeled azide complex
MnL®*("1°N;) using 50% terminally '°N-labeled NaN;.
Photolysis of MnL“®°*(**°N;) (1 = 312 nm) afforded a
1:1 mixture of N-inserted ligand products [H,L®***(**N)]Cl and
[H,L®*?*(**N)]Cl by ESI-MS as well as an additional peak at 573.4
m/z likely corresponding to an O-inserted ligand product
(Fig. S137). The O-inserted product was not investigated further
in this work. Overall, the two different isotopic labeling experi-
ments provide further evidence that intramolecular N-atom inser-
tion from an unstable MnL®*°*(N) nitride complex results in for-
mation of the [H,L“*°*(N)]CI product.

2.4. Synthesis of the Cr nitride complex

Based on our previous work exploring the electronic structure
and reactivity of the analogous Mn and Cr nitride complexes
with salen ancillary ligands,**>"** and the increased stability
of the Cr derivatives more generally,>>”* we investigated the
preparation of the Cr nitride complex CrL°*°*(N). Following
our previous work with salen ligands,*® and the general prepa-
ration outlined by Bendix,”> we added a solution of the
H,L*%%.2HBr ligand to an easily complexed [Cr=N]** synthon
with labile auxillary ligands (CH;CN and C17) (Scheme 4).

A bright orange powder was isolated and confirmed to be
the CrL°>®*(N) complex based on IR (y(N=Cr) = 1025 cm ),
ESI-MS (621.32 m/z, [CrL + H]", 100%; Fig. S147), and X-ray crys-
tallography. The UV-vis absorption spectrum of CrL°°*(N) dis-
played typical features of a d* Cr¥ species in a square pyramidal

Dalton Trans., 2025, 54, 616-630 | 619
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Fig. 2 (A) Structure of the nitride insertion product and charge delocalization. (B) POV-ray representation of [H,L“??(N)ICL. Thermal ellipsoids
shown at 50% probability level. Hydrogen atoms were omitted for clarity. (C) Selected bond lengths demonstrating the symmetric nature (and delo-

calization) of the product.
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Scheme 4 Synthesis of the Cr nitride complex CrL°29%(N) using the in situ generated [Cr=N]?* synthon. See experimental section for details.

geometry, including an intense LMCT transition at 30 770 cm ™,

and a weak transition (e < 300 M~ cm™) at 20 800 cm™*
ponding to a transition from the non-bonding d',;, into empty d,,
or d,, n* orbitals (Fig. S15). In addition, frozen solution X-band
EPR measurements displayed an axial pattern, with simulation
parameters (g, = 1.990, A" = 49; g), = 1.949, A" = 125) indica-
tive of a d' Cr complex (Fig. 3).”

Single crystals suitable for X-ray diffraction were obtained
by slow evaporation of a concentrated CH,Cl,/CH;CN solution
of CrL®?°*(N) (Fig. 4 and Table S21). The Cr ion is in a dis-
torted square pyramidal environment with the Cr center co-
ordinated to two phenolate oxygens (01/02), two NHC carbons
(C7/C17), and the nitride ligand (N1). The Cr-nitride bond
length of 1.558 A is similar to that reported for other Cr”

corres-

620 | Dalton Trans., 2025, 54, 616-630

nitrides.*>°® The Cr center is shifted out of the ligand C,0,
plane by ca. 0.56 A, which is slightly more than that reported
for the salen analogues.*®® Similarly to the X-ray structures
for both MnL®?>°*(Br) and MnL“®°*(N;) the ligand backbone
for CrL“®°*(N) adopts an umbrella shape with an angle
between the two NHC units of 25°. Based on the marked differ-
ence in stability of the MnL®>°*(N) and CrL®*°*(N) complexes
investigated herein we turned to theoretical calculations to
further investigate their predicted electronic structure and
reactivity differences.

2.5. Theoretical calculations on CrL°>*°*(N) and MnL“*®*(N)

The predicted metrical parameters for CrL°*°*(N) were deter-
mined to be within +0.03 A of the experimental X-ray data

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Frozen solution EPR spectra of concentration-matched
CrL°2°2(N) (black) and oxidized [CrL?°3(N)]* (red). Grey line indicates
simulation of the experimental data for the neutral complex. Inset is a
maghnification of the oxidized complex signal. Conditions: 0.5 mM
complex in CH,Cl,; 0.1 M TBAP; freq. = 9.64 GHz; power = 2.0 mW; T =
11 K.
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Fig. 4 POV-ray representation of CrL°2°%(N). Thermal ellipsoids shown
at the 50% probability level. Hydrogen atoms were omitted for clarity.
Cr, pink; C, gray; O, red; N, blue. Select interatomic distances [A]: Cr(1)—
O(1): 1.935(1), Cr(1)-0O(2): 1.919(1), Cr(1)-C(7): 2.058(1), Cr(1)-C(17):
2.062(1), Cr(1)-N(1): 1.558(1).

(Table 2). Similarly to the X-ray structure, a square pyramidal
shape is predicted with the Cr atom out of plane towards the
nitride (Fig. S167). The Cr=N bond length is predicted to be
ca. 0.02 A shorter in comparison to the X-ray data. Overall, the
predicted structure for MnL®*®?(N) (Fig. $171) is similar to the
Cr analogue, however, certain key differences are noted. For
example, the computed Mn=N bond length is ca. 0.03 A
shorter in comparison to Cr=N, however the Mayer bond
order for the Mn derivative is slightly lower (2.72 vs. 2.79). In
addition, the Mn center is closer to the C,0, plane, by ca.
0.05 A (Table 2). By moving closer to the C,0, plane the Mn
center interacts more strongly with the carbene ligands, and

This journal is © The Royal Society of Chemistry 2025
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Table 2 X-ray metrical parameters (and predicted values in brackets)
for ML292(N) in A?

Complex CrL%°(N) MnL®%°%(N)
M-O1 1.937 (1.921) (1.924)
M-02 1.919 (1.918) (1.925)
M-C7 2.058 (2.063) (1.979)
M-C17 2.065 (2.048) (1.974)
M-N1 1.558 (1.536) (1.505)

(0.

M out of plane” 0.556 (0.543)

“Opt: B3LYP-D3, 6-31g*, PCM(CH,Cl,). ? Distance from M to 01-02-
C7-C17 plane.

the predicted M-C(7/17) carbene bond lengths are ca. 0.08 A
shorter for the Mn complex in comparison to Cr. The shorter
metal-carbene bond lengths in MnL®*®*(N) likely facilitates
the observed nitride insertion reactivity.

We compared the relative stability of MnL“*°*(N) and
CrL°*°%(N) by investigating the initial insertion of the nitride
into one of the M—Cyyc bonds. We considered this as the first
step in the reaction pathway to eventually form the doubly
inserted product [H,L“*°*(N)]" (Scheme 3). The reaction
pathway is shown in Fig. 5 with the triplet transition state
(°TS) calculated to be 24.17 kcal mol™" higher in energy than
the singlet MnL®>*(N) starting material. Note that by analyz-
ing the potential energy surface (PES) for the reaction
(Fig. S18%), it is apparent that the triplet energy surface
(unpaired electrons in d'y, and d'yy, rather than d?;) is
slightly lower in energy at the TS, with the 'TS slightly higher
in energy at 26.12 kcal mol™". Further analysis of the relative
energies of the 'TS versus the *TS using different DFT func-
tionals/basis sets also predicts the *TS to be of lower energy
(Table S31), however such comparisons should be viewed with
caution.'® The nitride N is bridging the Mn-Cyyc bond at the
TS (Fig. 5) supporting a N-migratory insertion pathway. The
quintet nitride inserted Mn"" imido reaction product MnL®°>
is stabilized by 9.72 kcal mol™ relative to the MnL®*°*(N)
starting material (Fig. 5). In contrast, for the doublet
CrL°*°%(N) complex the TS is calculated to be significantly
higher at 35.22 kcal mol™", with the resulting quartet nitride
inserted Cr'" imido reaction product CrL°¥°* de-stabilized by
3.03 kcal mol™ relative to the CrL“®°*(N) starting material
(Fig. 5). Spin crossover to the quartet manifold is calculated to
occur after the *TS (Fig. S18t). These calculations highlight the
greater susceptibility of MnL®*°*(N) to nitride insertion rela-
tive to CrL°>°*(N), as observed experimentally. We note that
Meyer et al. isolated a protonated imine reaction product in
their studies,'®*°! however, we did not further evaluate this
possibility as we have no experimental verification for either
the imido or imine species herein. Further, we did not investi-
gate the second N-carbene insertion to form the [H,L®*°*(N)]*
product due to the uncertainty in the identity of the final Mn
product(s).

We next investigated the orbitals involved in the nitride
insertion reaction to gain further insight. We analyzed the
stabilization energy (E®)) in the equilibrium structures of
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Fig. 5 Predicted reaction profile for nitride insertion from ML2°3(N) into the M—Cyyc bond to form the inserted product MLN92 (M = Mn (blue),
Cr (red)). In the TS for MnL“29%(N) (top left) the nitride N is bridging the Mn—Cyyc bond. Note the TS is slightly higher in energy and spin crossover
is predicted to occur before the TS (see Fig. $18 and Table S37). The 1 M=N — ¢* M—Cyyc orbital interaction approaching the *TS is shown (top
right). Predicted mono-inserted product MnLEN®2 bottom right. See Experimental section for calculation details.

ML®*??(N) (M = Mn, Cr) between different donating (filled)
and accepting (empty) orbitals associated with the M=N and
M-Cypc bonds using second-order perturbation theory (SOPT)
from natural bond order (NBO) calculations.'®>'%* This ana-
lysis predicts that while a donor-acceptor interaction occurs
from filled NHC orbitals to the =¥ M=N orbitals, the most sig-
nificant interaction is in the opposite direction, and in particu-
lar 1t M=N — o* M-Cyyc (Table 3 and Fig. 5). It is interesting
to note that the predicted donor-acceptor interactions are signifi-
cantly increased for the Mn derivative in comparison to Cr
(Table 3), which is in line with the shorter predicted M—-Cyyic
bond distance for the Mn derivative, and the observed reactivity.
Further, we investigated the change in predicted orbital occu-
pancy via NBO analysis for MnL“*®*(N) as the N-Mn-Cyyc bond
angle is decreased from the equilibrium structure (ca. 90°) to the
TS (ca. 60°) along the reaction coordinate, and in line with the
SOPT analysis, the most significant decrease occurs for the n
M=N orbitals, with a concomitant increase in occupancy for
both 6* Mn-Cyyyc and n* NHC (Fig. S19%). Overall, these calcu-
lations support the observed nitride insertion reactivity for the
MnL“%*(N) complex, and lack thereof for CrL“*°*(N), and that
the reactivity is primarily driven by nitride donation into ¢*/n*
orbitals associated with the NHC ligand.

Table 3 Second-order perturbation theory (SOPT) analysis of orbital
interactions relevant to nitride insertion for ML2°2(N) (M = Mn, Cr)?

E® (kcal mol™?)

Donor — acceptor

Reactivity interaction MnL®*(N) CrL®*°%(N)
Nitride — © M=N” - 6* M-Cnuc 21.4 9.6

NHC © M=N? - n* NHC 6.0 —

NHC — 6 M-Cppe — ©* M=N 9.3 3.7

Nitride

“From NBO calculations (BP86-GD3/TZVP/PCM(CH,Cl,)) ” Total of two
1 M=N orbitals.
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2.6. Oxidation of Cr nitride complex

Upon isolation and characterization of the neutral nitride
complex CrL°>°*(N) we next investigated its oxidation chem-
istry to better understand the stability and electronic structure
of the one-electron oxidized form. Cyclic voltammetry experi-
ments exhibited a quasi-reversible one-electron redox process
at 0.14 V vs. Fc'/Fc (Fig. 6), with no other redox processes
observed in the electrochemical window (Fig. S20t). Based on
previous work, additional redox processes would be expected

—)
———

Lalassalooaalonnalossslassnloasalosnalog
-1.0 -08 -06 -04 -02 00 02 04

Potential / V vs FC/F:

Fig. 6 Cyclic voltammogram of CrL°?°?(N) showing a quasi-reversible
redox process at 0.14 V vs. Fc*/Fc. Peak to peak difference (Ep, — Epc =
0.093 V). Ega — Egc = 0.070 V for Fc*/Fc. Conditions: 0.5 mM complex,
CH,Cl,, 0.1 M tetrabutylammonium perchlorate (TBAP), scan rate =
100 mV s, 298 K.
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in the case of ligand-based oxidation.>®’° Interestingly, this
redox potential is between that reported for CrNSal®™* (£,,, =
0.38 V vs. Fc'/Fc) and CrNSal™¢* (E,,, = —0.04 V vs. Fc'/Fc)
with the former characterized as a Cr'" species and the latter
as a Cr” ligand radical, upon oxidation.>?

Based on the quasi-reversible oxidation process, and the
relatively low redox potential, we further investigated the bulk

HOMO-1

e/10°M' em™

25 20 15 10 5
E/10° em?

Fig. 7 Chemical oxidation of CrL?°%(N) using [N(CgHzBr.)sl"*ISbFsl™
monitored by UV-vis-NIR spectroscopy. Black: neutral; red: oxidized.
Intermediate grey lines represent increasing aliquots of oxidant added
until one equiv. was reached. Conditions: 0.45 mM complex, CH,Cl,,
253 K. Blue bar represents most intense TD-DFT predicted low energy
transition at 12 098 cm™, and donor/acceptor orbitals indicating LMCT
character for the Cr¥' electronic structure. See Experimental section for
calculation details.
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oxidation of CrL*°*(N) to [CrL“*°*(N)]" with tris(2,4-dibromo-
phenyl)aminium hexafluoroantiminoate (IN
(CeH3Br,)3] *[SbFe]; E1jn = 1.1 V vs. Fc'/Fc)."®* Upon sequential
addition of a solution of the oxidant to CrL“*°*(N) at 253 K in
CH,Cl, a new band is observed at 26 500 cm™" along with a
lower energy transition at 11200 cm™' (2800 M™' c¢cm™)
(Fig. 7). The oxidized complex is stable for at least one hr at
253 K (Fig. S211). The UV-vis-NIR spectrum of [CrL®*®*(N)]" is
similar to that reported for the Cr'' nitride complexes with
salen ancillary ligands, in which a comparable low energy
feature was assigned as a ligand-to-metal charge transfer
(LMCT) band.? It is unlikely that the 11200 cm™" transition is
a ligand radical intervalence charge transfer (IVCT) band as
the single one-electron redox feature discounts a Class II
regime, and analysis of the band properties (Avy, =
6500 cm™', £ = 2800 M~ " cm ') are not in line with a Class III
ligand radical (Avq, < 2000 cm™, ¢ > 5000 M em™1).1%°

EPR analysis of [CrL°*®*(N)]* shows ca. 5% signal intensity
in comparison to a concentration-matched sample of
CrL°*°?(N), with the remaining signal mostly due to unoxi-
dized CrL°>°*(N) (Fig. 3). Loss of the EPR signal can be attribu-
ted to (1) formation of a d° Cr'" complex, (2) an antiferromag-
netically coupled Cr" ligand radical species (S = 0, open-shell
singlet), or (3) a ferromagnetically coupled Cr" ligand radical
species (S = 1, triplet) exhibiting large zero-field splitting."*>*"”
We further investigated the predicted change in metrical para-
meters upon oxidation and relative energy of the different
plausible electronic structures using theoretical calculations.
The metal oxidized Cr'" species was predicted to be lowest in
energy, with the antiferromagnetically coupled Cr' ligand
radical species (broken-symmetry, BS) higher in energy by
+6.03 kcal mol™', and the ferromagnetically coupled Cr"
ligand radical species (triplet, T) highest in energy by
+13.95 keal mol ™" (Table 4). The ligand radical is predicted to

Table 4 Predicted relative energies for possible electronic structures of [CrL?®%(N)]* and associated time-dependent density functional theory

(TD-DFT) predicted low energy transitions®

Electronic structure Relative energy (kcal mol™)

Predicted low energy transition

[CILE22(N)] (S) 0.00
[CrLe*2(N)]* (BS) +6.03
[CrLe2°(N)]* (T) +13.95

“Single point: BP86-GD3/TZVP/PCM(CH,CL,).

HOMO/HOMO-1 — LUMO (12 098 cm™, f= 0.0870)
HOMO/HOMO-1 - LUMO (4727 ecm™, f= 0.0521)
HOMO/HOMO-1 — LUMO (3957 cm™, f= 0.0949)

Table 5 Predicted metrical parameters for CrL293(N) and [CrL°2°2(N)]* in A?

Complex CrL%?°%(N) [CrLe*O2(N)] (S) [CrL*O2(N)]* (T) [CrL?22(N)]* (BS)
Cr-01 (1.921) (1.819) (1.988) (1.960)
Cr-02 (1.918) (1.802) (1.886) (1.876)
Cr-C7 (2.063) (2.044) (2.059) (2.062)
Cr-C17 (2.048) (2.072) (2.024) (2.028)
Cr-N1 (1.536) (1.516) (1.531) (1.532)
Cr out of plane” (0.543) (0.472) (0.505) (0.491)

4 Opt: B3LYP-D3, 6-31g*, PCM(CH,Cl,). ” Distance from Cr to 01-02-C7-C17 plane.

This journal is © The Royal Society of Chemistry 2025
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be localized to form a phenoxyl/phenolate species for the BS
and T solutions (Fig. S227), with the expected difference in Cr-
01/Cr-02 bond lengths (Table 5). We further investigated the
predicted low energy transitions for the three possible elec-
tronic structures based on the experimentally observed UV-vis-
NIR feature at 11200 cm™" (Fig. 7). Both ligand radical elec-
tronic structures (BS, T) predict low energy transitions in the
NIR (Table 4), and no transitions of appreciable intensity are
observed experimentally in this energy region (Fig. 7).
However, the Cr"" singlet solution correctly predicts a ligand to
metal charge transfer (LMCT) transition at 12 098 cm ™" (Fig. 7
and Table 4), providing further support that this is the correct
electronic structure of [CrL®*°*(N)]".

3. Summary

In this work we studied the synthesis and properties of the Mn
and Cr nitrides of a tetradentate bis-phenol bis-N-heterocyclic
carbene ligand H,L%*%%, The tetradentate platform of H,L°*??
exhibits similarities to the common salen analogue H,Sal®
(Scheme 1), however the different donating/accepting pro-
perties of the NHC units in comparison to imine functional-
ities of the salen framework provide for an interesting com-
parison. Indeed, while the Mn" nitride salen complexes have
been reported extensively,'°®'% the Mn" nitride MnL“*°*(N)
could not be isolated herein. Our results suggest that
MnL%??(N) forms, yet is unstable, and the nitride rapidly
inserts into a Mn-Cyyc bond. A second insertion reaction
results in the isolation of the doubly inserted ligand product
[H,L®?°*(N)]". Interestingly, the Cr analogue CrL°>*°*(N) can be
readily prepared and does not exhibit nitride N-insertion reac-
tivity. Theoretical investigations predict that the transition
state for the first N-insertion is ca. 10 kcal mol™" lower in
energy for the Mn derivative, and the reactivity is primarily
driven by nucleophilic attack of the terminal nitride on the
carbene (1t M=N — o6* M-Cypuc). Theoretical calculations
predict the Mn—-Cyyc bond lengths to be ~0.08 A shorter in
comparison to the Cr-Cyyc bonds for ML®?*(N) (M = Mn, Cr)
(Table 2), providing rationale for the facile N-insertion reactiv-
ity observed for MnL®*°*(N). In addition, the observed
N-insertion reactivity is in accord with the general lower stabi-
lity and more extensive reactivity of Mn nitrides in comparison
to Cr nitrides.***>°'"® Finally, we investigated the one-elec-
tron oxidation of the CrL°*°*(N) complex, and determined that
metal-based oxidation occurs to form the d° Cr'" product
[CrVILCZOZ(N)]+.

4. Experimental section
4.1. Materials and methods

All chemicals were of the highest quality grade and purified
whenever necessary. The ligand H,L“>*°*Br, was synthesized
following a literature procedure.”” The atom-transfer reagents
Mnsalen(N) and CrCl;(THF); were also prepared according to
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published protocols.’”> Dichloromethane and acetonitrile
were dried by refluxing over calcium hydride and distilled
prior to use. The tris(2,4-dibromophenyl)aminium hexafluor-
oantimonate radical oxidant [N(CsH;Br,);][SbFs] was syn-
thesized according to published protocols."'® Electronic
spectra were obtained using a Cary 5000 spectrophotometer.
Mass spectrometry (ESI positive mode) was performed on an
Agilent 6210 TOF ESI-MS system. 'H nuclear magnetic reso-
nance (NMR) spectroscopy as well as magnetic susceptibility
via Evans Method were carried out on a Bruker AVANCE III
500 MHz instrument. Elemental analysis (C, H, N) were per-
formed at Simon Fraser University on a Carlo Erba EA1110
CHN elemental analyser. All electron paramagnetic resonance
(EPR) were recorded on a Bruker EMXplus spectrometer oper-
ating with a premium X-band microwave bridge and an HS
resonator. EPR spectra were simulated using the EasySpin
package in Matlab.""" Solid state infrared spectra (IR) were
measured on a Thermo Nicolet Nexus 670 FT-IR spectrometer
equipped with a Pike MIRacle attenuated total reflection (ATR)
sampling accessory. Cyclic voltammetry (CV) was performed
on a PAR-263A potentiometer equipped with a silver wire refer-
ence electrode, a platinum disk counter electrode and glassy
carbon working electrode. Tetrabutylammonium perchlorate
(0.1 M) was used as the supporting electrolyte, and deca-
methylferrocene was used as an internal standard in
CH,Cl,."** One-electron processes were confirmed via com-
parison of the electrochemical response of one equiv. of the Cr
complex versus decamethylferrocene.

4.2. Synthesis

4.2.1 Synthesis of MnL®*°?*(Br). This procedure differs
slightly from that recently reported.®® The pro-ligand
H,L%°?Br, (152 mg, 212 pmol) was suspended in a solution of
manganese(u) acetate tetrahydrate (52.1 mg, 213 pmol) in dry
acetonitrile (25 mL). Triethylamine (120 pL, 0.86 mmol) was
added and the resulting mixture was stirred at 80 °C for 3 h.
The solution gradually homogenized as it turned a brown
color. It was then evaporated and the crude product was solu-
bilized in toluene, then filtered over Celite. The filtrate was
evaporated and dried under high vacuum overnight to afford
MnL®*®*(Br) as a brown solid (147 mg, 95%). MS (HRMS): m/z
= 60929 [MnL - Br]. Anal. caled (%)
C35H46MnBrN,0,-0.5H,0: C 60.17, H 6.78, N 8.02; found (%):
C 60.19, H 7.25, N 7.68. Dark brown crystals suitable for X-Ray
diffraction were obtained by slow evaporation of a concen-
trated dichloromethane solution of MnL®**(Br).

4.2.2 Synthesis of MnL“%*(N;). MnL®*°*(Br) (135 myg,
196 pmol) was solubilized in a solution acetonitrile (8 mL) and
H,O (1.5 mL). A solution of sodium azide 1 M in H,O (215 pL,
215 pmol) was added dropwise and the mixture was stirred at
room temperature for 1 h. A large spatula of sodium sulfate was
added and the volatiles were removed under vacuum. The crude
product was solubilized in dichloromethane and filtered over
Celite. The filtrate was evaporated to afford MnL®®*(N;) as a
brown solid (122 mg, 93%). IR: 1(N3) = 2040 cm™". ESI-MS: m/z =
609.30 [MnL — N;]". Anal. caled (%) Cs5H4eMnBIN;O,: C 64.50,
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H 7.11, N 15.04; found (%): C 64.11, H 7.23, N 14.75. Red/brown
crystals suitable for X-Ray diffraction were obtained by slow evap-
oration of a concentrated acetonitrile solution of MnL“°*(Nj).

4.2.3 Synthesis of inserted ligand [H,L°>°*(N)|Cl. A solu-
tion of MnL®*°?(Br) (102.8 mg, 149 pymol) in dichloromethane
(8 mL) was added dropwise to Mnsalen(N) (50.4 mg, 150 pmol)
suspended in dichloromethane (5 mL). A brown precipitate
formed instantly and the solution was stirred under air for 2 h.
The precipitate was removed by filtration and the brown filtrate
was evaporated. The crude mixture was solubilized in 20 mL of
diethyl ether. The organic phase was washed three times with
a 10% HCI solution, then three times by a saturated H,O solu-
tion of tetrasodium EDTA, followed by two times with H,O and
one final time with brine. The organic phase was dried over
Na,SO, and evaporated. The resulting pale brown solid was
solubilized in acetonitrile and washed 5 times with hexanes.
Finally, the acetonitrile solution was evaporated and dried
under high vacuum overnight, affording [H,L°*°*(N)]CI as a
beige powder (42.3 mg, 47%). '"H NMR (500 MHz, CD;0OD) &
1.28 (s, 18H, t-Bu), 1.34 (s, 18H, t-Bu), 6.30 (s, 2H, CH,), 7.11
(s, 2H, aryl-H), 7.29 (s, 2H, aryl-H), 7.32 (s, 2H, aryl-H), 7.41
(s, 2H, aryl-H). *C (375 MHz) § 31.04 (CH3), 32.64 (CHj),
36.14 (Cquat)s 37-27 (Cquat), 61.65 (CHy), 115.70 (CH), 121.35
(CH), 123.37 (CH), 125.40 (Cquat.), 127.19 (CH), 141.91 (Cquat)s
145.18 (Cquat.); 148.26 (Cquat.), 149.96 (Cquar.)- MS (HRMS): m/z
=570.38 [M - CI]".

4.2.4 Synthesis of inserted ligand [H,L°*°*(**N)]CL. A solu-
tion of MnL®*®*(Br) (101.7 mg, 147 pmol) in dichloromethane
(7 mL) was added dropwise to Mnsalen(**N) (50.0 mg,
149 pmol) suspended in dichloromethane (4 mL). A brown pre-
cipitate formed instantly and the solution was stirred under air
for 3 h. The precipitate was removed by filtration and the fil-
trate was evaporated. The crude mixture was solubilized in
diethyl ether. The organic phase was washed three times by a
10% HCI solution, then three times by a saturated H,O solu-
tion of tetrasodium EDTA, followed by two times with H,0 and
one final time with brine. The organic phase is dried over
Na,SO, and evaporated. The resulting pale brown solid was
solubilized in acetonitrile and washed 5 times with hexanes.
Finally, the acetonitrile solution was evaporated and dried
under high vacuum overnight, affording [H,L°*?*(*>N)]Cl as a
beige powder (50.0 mg, 56%). MS (HRMS): m/z = 571.38 [M —
CI]". Colorless crystals suitable for X-Ray diffraction were
obtained by slow evaporation of a CH,Cl,/CH;CN (1:1 v/v)
solution of [H,L*°*(**N)]CL.

4.2.5 Synthesis of CrL°>°*(N). The procedure was adapted
from a previous report by Bendix.”> A solution of CrCl;(THF),
(219.1 mg, 585 pmol) was prepared in dry acetonitrile (5 mL)
under N, atmosphere in a glovebox. To this solution Mnsalen
(N) was then added (193.4 mg, 577 pmol) while stirring. The
purple solution immediately turned brown and a brown pre-
cipitate formed. The mixture was stirred under air at room
temperature for 1 h then was filtered over Celite to afford a
yellow-brown solution of [N=Cr]** complex. The solution con-
taining the [N=Cr]** complex was then added dropwise to an
ethanol solution (40 mL) of H,L°>*°?Br, (376.0 mg, 523 pmol)

This journal is © The Royal Society of Chemistry 2025
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and Et;N (300 pL, 2.15 mmol) stirred at 60 °C. The resulting
mixture was stirred under reflux under air overnight then evap-
orated. The orange brown crude solid was suspended in cold
methanol, collected and washed with cold methanol to afford
CrL°*°%(N) as a bright orange powder (127.6 mg, 39%). IR:
Y(N=Cr) = 1025 cm~". MS (HRMS): m/z = 621.32 [CrL + HJ".
Orange crystals suitable for X-Ray diffraction were obtained by
slow evaporation of a concentrated solution of CtrL“*°*(N) in a
dichloromethane/acetonitrile solvent system.

4.2.6 Synthesis of CrL°*°*(*N). Identical procedure to 2.5
except Mnsalen(*’N) used. Yield 57.5 mg, 35%. IR: v(*’N=Cr)
=998 cm™'. MS (HRMS): m/z = 622.31 [CrL + HJ".

4.3. X-ray crystallography

Diffraction data for brown needle single crystals of MnL*°*Br,
red blade crystals of MnL“®°?(N;), and orange prism crystals of
CrL°*°?(N) were collected at the University of British Columbia
(Canada) by Dr Brian Patrick on a Bruker X8 Apex II diffract-
ometer with graphite monochromated Mo-Ka radiation (4 =
0.71073 A) at 296 K. Data were integrated using the Bruker
SAINT software package (Bruker, V8.40B, 2016) and absorption
corrections were performed using the multiscan technique
SADABS-2016/2 (Bruker, 2016/2). The structures were solved by
Dr Nicholas Hein and Jason Pulfer using the SHELX soft-
ware'"® implemented by Olex2.''* All non-hydrogen atoms
were anisotropically refined and hydrogen atoms were placed
at calculated positions and refined as riding atoms with isotro-
pic displacement parameters. It is noted that for MnL“*°*(N;)
a residual peak was modeled at 2.55 A as a Br from the starting
material. The refined occupancies are azide (0.967(3)) and Br
(0.033(3)). Further data is shown in Tables S1 and S2.
Diffraction data for the yellow prism single crystal of solvated
[H,L®**(N)]CI were collected at Université de Grenoble Alpes
(France) by Dr Christian Philouze on a Bruker-AXS-Enraf-
Nonius Kappa Apex II diffractometer with multilayer mirrors
monochromated Mo-Ka radiation (4 = 0.71073 A) from an
Incoatec high brilliance micro-source at 210 K. Data were inte-
grated using the Bruker EvalCCD software package and absorp-
tion corrections were performed using the multiscan tech-
nique SADABS-2004/1. The structure was solved by using the
SHELX software'"® implemented by Olex2.'** All non-hydrogen
atoms were anisotropically refined and hydrogen atoms were
placed at calculated positions and refined as riding atoms with
isotropic displacement parameters. The structure displays a
solvation site which may be modeled with two dichloro-
methane and one acetonitrile molecules spread over 3
different positions and with respective partial occupancy:
0.3968, 0.35167 and 0.25 Further data is shown in Table S1
and Fig. S11.1 The crystallographic data for the new structures
have been deposited with Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC 2359452,
2359453, 2359455, and 2359456.F

4.4. Theoretical calculations

Geometry optimizations were all performed using the
Gaussian 16 program (Revision A.03)'"® employing the B3LYP
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functional, the D3 dispersion correction''® in combination
with the 6-31g* basis set. Frequency calculations performed on
the same functional/basis set confirmed optimized structures
were at a global minimum. Single-point calculations as well as
time-dependant DFT calculations were performed using the
BP86-GD3 functional and the TZVP basis set of Ahlrichs.'*”*®
Natural bond order (NBO) calculations were completed using
the single-point calculations in the Gaussian 16 program.'’
For reaction profile calculations single-point energies were
converted to Gibbs free energies using corrections from the
frequency calculations on the optimized coordinates.
Calculated transition states were confirmed to have one nega-
tive frequency associated with N-C bond formation. All calcu-
lations employed a polarizable continuum model (PCM) for
CH,Cl, (& = 8.93) for all atoms."*°

Data availability

Compound characterization, "H NMR and ESI-MS data, as well
as X-ray crystallography details are available in the ESLf
Calculation data is compiled in a zip folder.
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