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1. Introduction

High-valent transition-metal nitrides have garnered significant
interest as versatile reagents in stoichiometric and catalytic
N-atom transfer, a reactivity space that, unlike their oxo
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High-valent transition-metal nitrides have recently emerged as versatile platforms for N-atom transfer,
and their reactivity remains sensitive to subtle electronic perturbations. Cr salen (where “salen” represents
N,O, bis-phenolate bis-Schiff-base ligands) nitrides offer a rare platform in which both the metal center
and the redox-active salen ligand are both susceptible to one-electron oxidation, enabling systematic
evaluation of how salen ligand substituent effects can change the electronic structure, and ultimately
nitride reactivity. Herein, we evaluate a series of CrNSal® complexes to better understand how changing
the ancillary ligand donating ability via the para-phenolate substituent (R = NO,, CFs, H, tBu, OMe, OiPr,
NMe,) dictates overall electronic structure. For electron-donating R = OMe and R = OiPr, designed to
probe the threshold for switching the oxidation locus from metal to ligand, one-electron oxidation results
in a metal-centered Cr(vi) nitride, extending the window for metal-based oxidation beyond the previously
established R = tBu derivative. In contrast, the R = NO,-substituted analogue, while not promoting bimo-
lecular nitride coupling as observed in Mn congeners, nonetheless renders the Cr=N unit more electro-
philic than previously reported R = CFs-substituted systems. Together, these results expand the electronic
landscape of Cr-salen-nitrides and demonstrate how fine-tuning the donating ability of the ancillary salen
ligand can be used to systematically manipulate the electronic structure at the nitride.

intrinsic synthetic value, nitrides have been used to understand
the hydrogen atom bond dissociation free energy of associated
imido complexes,” as key intermediates in ammonia
oxidation,>** and proton-coupled electron transfer pathways
leading to ammonia production.**™* In this broader context,

counterparts, remains comparatively underdeveloped."™” The
reactivity of high valent metal nitrides is governed by a
number of parameters, including metal identity, oxidation state,
coordination geometry, and ancillary ligand electronics.®™"
From a molecular orbital perspective, electrophilic reactivity is
typically associated with population of M=N =z* antibonding
orbitals,">™*® whereas nucleophilic pathways arise from filled
M=N = orbitals or the nitride lone pair.>**>* Importantly,
several discrete metal nitride complexes have demonstrated
ambiphilic reactivity, underscoring how subtle changes in elec-
tronic structure can invert reactivity profiles.>*>® Beyond their
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discrete and tunable transition metal nitrides serve as powerful
models for mapping how local electronic structure dictates
nitride reactivity.

Similarly to their Mn congeners, Cr salen complexes have
been widely applied in catalysis, including olefin epoxi-
dation,*® copolymerization,®” and oxidative cross-coupling,®
underscoring the versatility of the salen platform. Stable Cr(v)
and Cr(vi) nitrides supported by salen ligands are now well
documented, with the former generally exhibiting nucleophilic
character.>*™** Additionally, high-valent Cr salen nitrides are
markedly more stable than their Mn counterparts, as Mn
nitrides are used as nitrogen atom transfer agents in prepa-
ration of Cr nitrides.?>*>*> The stability of the Cr analogues
provides a unique opportunity to interrogate how subtle per-
turbations to the electronic structure, particularly the locus of
oxidation between metal and ligand, govern the reactivity of
high-valent nitrides.

Dalton Trans., 2026, 55, 6863-6875 | 6863


http://rsc.li/dalton
http://orcid.org/0000-0002-1350-2494
http://orcid.org/0000-0002-5004-8892
http://orcid.org/0000-0002-6977-5192
http://orcid.org/0000-0003-3194-8227
http://orcid.org/0000-0003-4680-2001
http://orcid.org/0000-0002-3163-6218
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt02506k&domain=pdf&date_stamp=2026-04-29
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02506k
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT055017

Open Access Article. Published on 07 April 2026. Downloaded on 6/18/2026 7:58:38 PM.

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

(cc)

Paper

Our previous studies established that mono-oxidation of
CrNSal® complexes can be either metal- or ligand-centered
depending on the para substituent (R).>* Electron-withdrawing
substituents such as CF; (o, = +0.54) and moderately donating
tBu (o, = —0.20) result in metal-based oxidation to generate Cr
(v1), yielding electrophilic nitrides, whereas strongly donating
NMe, (o, = —0.83) resulted in ligand-based oxidation,
affording Cr(v)-ligand radical species that retain nucleophilic
character at the nitride.>**® This divergence in oxidation locus
directly translates into distinct nitride reactivity profiles, high-
lighting the potential to tune electrophilic vs. nucleophilic
N-atom transfer by modulating ligand electronics. On this
basis, we hypothesized that within the Hammett window
defined by tBu and NMe, (-0.20 < o, > —0.83),"° there may
exist para-ring substituents capable of supporting valence
tautomerism,*” > which in other systems has been shown via
temperature modulation and exogenous donor coordination.
Accordingly, R = OMe (o, = —0.27) and R = OiPr (6, = —0.45)
substituents were targeted to probe this threshold region
where the oxidation locus is predicted to switch. In parallel, a
strongly electron-withdrawing derivative, R = NO, (o), = +0.78),
was synthesized to test whether increase electron-withdrawing
R-groups could promote bimolecular nitride coupling,**?**3
a facile reaction pathway for [Mn""'NSal“**]* but much slower
for the Cr analogue. Finally, the unsubstituted parent (R = H)
was included to complete the series and provide a reference
point for future Hammett-based reactivity correlations. This
expanded CrNSal® series thus enables a systematic interrog-
ation of how incremental electronic perturbations, that are
remote to the metal coordination site, govern oxidation locus
and, by extension, nitride reactivity (Scheme 1).
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2. Results and discussion

2.1. Synthesis

Salen ligands were prepared by condensing two equiv. of sub-
stituted 3-tert-butyl-2-hydroxybenzaldehydes with one equiv. of
(x)-trans-1,2-diaminocyclohexane, following literature
procedures.'"'7>® Substituents were selected to expand the
range of Hammett o, values and systematically probe elec-
tronic effects on structure and reactivity. Two general synthetic
strategies were employed to access the CrNSal® complexes.
Both methods utilize MnNSal” as a nitride donor, leveraging
the thermodynamic favourability of nitride transfer and the
low solubility of the MnClSal" byproduct to simplify purifi-
cation. In the first approach, CrCl;-3THF was treated with
MnNSal” to generate a reactive [CtN]** intermediate that was
subsequently ligated with H,Sal® (Scheme 2A).*> In the second
approach, CrClSal™ was prepared and reacted with MnNSal™
following a protocol developed by Neely and Bottomley
(Scheme 2B).>* The first route was required for R = NO, and H
due to the poor solubility of the corresponding CrClSal® inter-
mediates. Where feasible, products were purified by silica gel
chromatography. All complexes were characterized by ESI-MS
and elemental analysis and are consistent with the
proposed formulations. Additionally, Evans method NMR con-
firmed the presence of a single unpaired electron per complex,
in line with a Cr(v), d' configuration. We have recently
reported limited characterization and reactivity data for the
OiPr derivative,> and in the present work, we report the full
synthesis, comprehensive spectroscopic characterization, and
detailed electronic-structure of the CrNSal®™
derivative.
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Scheme 1 Electronic effects of para-phenolate substitution in an extended series of neutral and oxidized chromium salen nitrides.
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Scheme 2 Synthetic routes to target CrNSal® complexes. Either a [CrN]>* fragment can be generated in situ and reacted with substituted salen
ligand (A), or the CrClSal® intermediate can be synthesized and reacted with the nitride transfer reagent (B).

2.2. Solid state structures

Crystals suitable for single-crystal X-ray diffraction (SC-XRD)
were obtained by slow evaporation or solvent layering tech-
niques using appropriate solvent systems (Fig. 1). CrNSal°®*
was crystallized by layering hexane over THF, while CrNSal®™¢
formed crystals upon slow evaporation from hot CH3;CN.
Crystals of CrNSal¥®? and CrNSal" were obtained by layering
CH;CN over CH,Cl, solutions. X-ray crystallographic analysis
of CrNSal® complexes (R = NO,, H, OMe, OiPr) confirms the
expected distorted square pyramidal geometry with the nitrido
ligand occupying the apical position and the Cr center situated
approximately 0.50 A above the mean plane defined by the
four salen donor atoms (Fig. 1 and Table S2). The most signifi-
cant distortion is observed for CrNSal". The Cr=N bond
lengths are 1.560(4) A for R = NO,, 1.549(2) A for R = H, 1.556
(5) A for R = OMe, and 1.538(1) A for R = OiPr. These short dis-
tances are indicative of strong Cr=N triple bond character and
closely match those reported for CrNSal™ at 1.553(3) A,
CrNsal™¢? at 1.546(7) A, and other structurally characterized
Cr(v) nitride species.>*?%*° Additionally, the Cr-Ngen (1.944
(1)-1.966(2) A), Cr-Ogaen (1.878(2)-1.899(2) A) distances, as
well as the N-Cr-N and O-Cr-O angles, show minimal vari-
ation across the series reaffirming that para-substitution does
not significantly perturb the geometry at the metal center
(Table S2).

2.3. Electrochemistry

Cyclic voltammetry (CV) experiments on four CrNSal® deriva-
tives (R = NO,, H, OMe, OiPr) revealed a quasi-reversible oxi-
dation process tunable by nearly 1 V, underscoring the strong
influence of para-substitution on the redox properties of these
Cr(v)-nitrides (Fig. 2, Table 1 and Fig. S1, S2). CrNSal¥®? exhi-
bits a single redox process at E;,, = 0.91 V, consistent with the
strongly electron-withdrawing nature of the R = NO, substitu-
ent (Fig. 2A). Notably, it is the only complex to display a
reduction wave within the accessible electrochemical window,
observed at ca. —1.8 V vs. Fc'/Fe, likely corresponding to
reduction of the ligand NO, groups based on comparison with
the CV of the H,Sal¥® ligand and the similar reduction poten-
tial for 4-nitroanisole (Fig. S3, $4).°° Similarly, CrNSal" dis-

This journal is © The Royal Society of Chemistry 2026

Fig. 1 POV-ray representation of CrNSal® with R = NO, (A), H (B), OMe
(C), and OiPr (D). Thermal ellipsoids shown at 50% probability; H atoms
and counteranions omitted for clarity (Cr, green; O, red; N, blue; C,
grey). Selected bond lengths (A): (A) Cr—=N(3) = 1.560(4); (B) Cr—N(3) =
1.549(2); (C) Cr=N(3) = 1.556(5); (D) Cr—N(3) = 1.538(1) (see Tables S1
and S2 for more details).

plays a quasi-reversible redox process at E;;, = 0.62 V and no
other oxidation event was observed in the potential window
(Fig. 2A). In contrast, the more electron-rich CrNSal®™® and

Dalton Trans., 2026, 55, 6863-6875 | 6865
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Fig. 2 Cyclic voltammograms of (A) CrNSal‘®¥, CrNSal", CrNSal®F® and CrNSalN°2, (B) for CrNSalMe2, CrNSal®® and CrNSal®Me. Conditions: 0.1 M

TBAP; CH,Cly; 1 mM complex; T = 298 K; scan rate = 100 mV s~

Table 1 Tabulated redox potentials for CrNSal® vs. Fc*/Fc? in volts.” Peak-to-peak separation in parentheses. Only the first two redox events (as

applicable) are included

Compound o Epat Byt Eypnt Epa Epe” E1>
CrNsalV°? 0.78 0.83 0.99 0.91 (0.16) — — —
CrNsal“? 0.54 0.75 0.98 0.87 (0.23) — — —
CrNsal* 0.00 0.54 0.69 0.62 (0.15) — — —
CrNsal®? -0.20 0.51 0.70 0.61 (0.19) — — —
CrNSal®™ -0.27 0.34 0.46 0.40 (0.12) 0.53 0.65 0.59 (0.12)
CrNsal®®" -0.45° 0.31 0.45 0.38 (0.14) 0.48 0.62 0.55 (0.14)
CrNsal"Me>? -0.83 0.12 0.05 -0.04 (0.17) 0.03 0.20 0.12 (0.17)

“ peak-to-peak separation for the Fc'/Fc couple at 298 K in CH,Cl, is 0.13 V. ? Ref. 24. “ The op, value for R = OiPr is suspected of being inaccurate
(ref. 46), and in this case the o, offers a better comparison: 6,” = —0.83 (R = OMe); 5, = —0.85 (R = OiPr).

CrNSal®™ derivatives show two closely-spaced redox events
(Fig. 2B and Table 1). Differential pulse voltammetry (DPV)
was used to resolve these features, affording first and second
redox potentials of E;,, = 0.40 and 0.59 V for CrNsal®™¢, and
Eyj, = 0.38 and 0.55 V for CrNSal®™", respectively (Fig. S5).

The CV data for the H,Sal®™*¢ and H,Sal°”*" ligands (Fig. S4)
show two irreversible features upon oxidation. While the CV
data supports that the R = OiPr substituent is slightly more
donating in comparison to R = OMe, the difference is smaller
than expected based on the published o, values.*® In this case,
it is better to compare the corresponding o," values, which
account for substituents conjugated to the reaction center that
can delocalize a positive charge.’® The corresponding values
(6p" = —0.83 for R = OMe); (5," = —0.85 for R = OiPr) better
align with the electrochemistry data. Overall, the redox poten-

6866 | Dalton Trans., 2026, 55, 6863-6875

tials reported for CrNSal®™® and CrNSal®®* fall in between the
redox potentials previously reported for CrNSal™® (Ey,, = 0.61
V) and CrNSal™* (E;,, = —0.04, 0.12 V),** and collectively
illustrate the systematic modulation of the electronic structure
enabled by the donating ability of the para-substituent on the
salen scaffold. For both CrNSal®® and CrNSal°®", the two
quasi-reversible one-electron oxidation events are separated by
AE,, values of 0.20 V and 0.18 V as measured by DPV, respect-
ively. These are slightly larger than that reported for
CrNSal™*€ (AE,, = 0.16 V),>* but overall the electrochemical
data does not discern if the first oxidation is ligand-based or
metal-based for either CrNSal®™® or CrNSal®*".*’*° Further
spectroscopic studies are therefore necessary to resolve the elec-
tronic structure of these oxidized species. In contrast, CrNSal~°>
and CrNSal" each display a single oxidation event at E;, = 0.91

This journal is © The Royal Society of Chemistry 2026
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V and 0.62 V vs. Fc'/Fc, respectively, with no additional redox
processes observed in the accessible potential window. Notably,
the CV features for both complexes parallel those of previously
reported CrNSal®®® and CrNSal™', as well as their Mn-ana-
logues,'" consistent with metal-based oxidation to form Cr(v)
complex for both R = H and NO, substituents.

2.4. UV-vis-NIR absorption spectroscopy

The UV-vis-NIR absorption spectra of the neutral CrNSal® (R =
NO,, H, OMe, OiPr) complexes are characteristic of square pyr-
amidal Cr(v) d* species.***° The four new derivatives exhibit a
weak, low-energy band centered between 17 700-18 300 cm™*
(e = 300-500 M~" ecm™"), which is assigned to a metal centered
d-d transition (Fig. 3 and Table 2).*>*° In contrast, a more
intense n—r* transition is observed at higher energies, the posi-
tion of which shows a clear dependence on the electronic
nature of the substituent (energy of n-n* transition NO, > H >
OMe > OiPr). Specifically, CrNSal"®> displays the highest
energy n-m* transition at 26 500 cm™*, while CrNSal®”* exhibits
the lowest at 24 700 cm™'. These observations are consistent

-
o
|

¢/10° mol™ cm™

aa
=)
1

View Article Online
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Table 2 Key UV-Vis-NIR data for neutral and oxidized complexes.
Conditions: 0.45 mM complex; T = 233 K; CH,Cl,

Amax/10° em™ (e/10° M™' em™)

Complex Neutral Mono-oxidized

CrNSsal¥?* 26.5(27.3),18.3 (0.4)  23.0(9.3), 11.4 (4.3)
CrNSal®™ ¢ 27.5(8.1),18.0 (0.3)  23.0(5.8), 11.0 (2.2)

CrNsal' 26.3 (6.4),18.0 (0.3)  22.2(6.6), 9.9 (2.5)

CrNsal®" ¢ 25.5 (7.8), 18.0 (0.3) 21.9 (5.0), 8.1 (4.2)

CrNsal°Me 24.6 (8.7), 17.9 (0.5) 24.2 (8.0), 7.0 (3.9)

CINSal®®* 24.7 (8.2),17.7 (0.3) 23.9 (8.2), 7.3 (2.9)
CrNSal™¢*“  23.3 (6.4) 21.3 (6.8), 18.8 (6.8), 11.5 (1.0)
“Ref. 24.

with the trend established in previously reported CF3, tBu, and
NMe, analogues.”*

Next, based on the high oxidation potential of CrNSal¥°>
(Ey, = 0.91 V vs. Fc'/Fc), chemical oxidation was carried out
using tris(2,4-dibromophenyl)aminium hexafluoroantimonate
(magic green; Ey, = 1.1 V vs. Fc'/Fc in CH,Cl,), which was an

£/10° mol” cm™

12

o T T LI | | - T T T T T T T
25 20 15 10 5 25 20 15 10 5
Energylm3 cm'1 Energy / 10° cm™
12
C R=0Me D RrR=o0iPr e
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¢/10° mol” cm™
o
1

P ——
0 T T T =L T lJ

£/10° mol” cm™

25 20 15 10 5
Energy / 10° cm™

Energy / 10°cm™

Fig. 3 Oxidation titrations monitored by UV-vis-NIR spectroscopy for (A) CrNSalN®?, (B) CrNSal", (C) CrNSal®™e and (D) CrNSal®™". Black = neutral;
grey = intermediate aliquots of oxidant; red = one equiv. of oxidant. Conditions: 0.45 mM complex; T = 233 K; CH,Cl,. For (D), the vertical blue lines
indicate the most intense TD-DFT predicted bands for the singlet Cr(vi) electronic structure. In addition, the donor and acceptor orbitals for the pre-

dicted LMCT transition at 6700 cm™ are shown.

This journal is © The Royal Society of Chemistry 2026
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effective chemical oxidant for all four derivatives (R = NO,, H,
OMe, OiPr).”’” Titration of one equiv. of oxidant into CH,Cl,
solutions of each neutral CrNSal® complex at 233 K resulted in
clean conversion to the oxidized species, as indicated by dis-
tinct isosbestic points (Fig. 3). For [CINSalV®?]" and
[CrNSal”]", new absorptions are observed in the NIR and
visible regions upon oxidation. Specifically, [CrNSal¥®?]" exhi-
bits transitions at 23000 cm™" (¢ = 9.3 x 10> M~' em™") and
11400 cm™" (¢ = 4.3 x 10> M~" em ™), while [CrNSal”']* displays
bands at 22200 cm™" (¢ = 6.6 x 10> M~ em™") and 9900 cm ™"
(e = 2.5 x 10> M~ em™) (Fig. 3A, B and Table 2). The lower
energy spectral features are fully consistent with ligand-to-
metal charge transfer (LMCT) transitions,"”"”** and their
energies align with those previously reported for [Cr"'NSal®**]*
(11000 cm™) and [Cr''NSal®™“]* (8100 cm™) (Table 2). The
observed red-shift of LMCT bands across the NO, > CF; > H >
tBu series reflects the expected modulation of the ligand
donor orbital energy in response to para-substituent effects. In
combination with the electrochemical data, the UV-vis-NIR
spectra support the assignment of metal-centered oxidation in
[CrNSalN©?]" and [CrNSal"']", affording Cr(vi) nitrido species.

We next turned to the alkoxy-substituted derivatives
CrNSal®™¢ and CrNSal®™ to assess whether their spectro-
scopic signatures might provide further insight into the elec-
tronic structure upon oxidation, given that their para-Hammett
parameters lie intermediate between those of R = {Bu and R =
NMe,, which are known to promote metal-based and ligand-
based oxidation, respectively. Upon one-electron oxidation of
CrNSal®™¢ and CrNSal®™, clean isosbestic behavior was again
observed, and broad transitions in the visible and NIR regions
were evident (Fig. 3C and D).

[CrNSal®™]" displays new bands at 24 200 cm™" (¢ = 8.0 x
10°* M~ em™) and 7000 ecm ™" (¢ = 3.9 x 10° M~! ecm ™), while
[CrNSal®®]" exhibits transitions at 23900 cm™ (e = 8.2 x 10°
M em™) and 7300 ecm™* (¢ = 2.9 x 10> M™! em™") (Table 2).
The lower energy bands follow the trend in LMCT energies dis-
cussed for [Cr''NSal®™®]" and [Cr''NSal®"]*, and contrast
sharply with the UV-vis-NIR spectra of the ligand-radical
species [Cr'NSal™¢*]"*** which exhibits an envelope of tran-
sitions between 21000-15000 cm™' and a broader, lower-
intensity NIR band at 11500 cm™ (¢ = 1.0 x 10* M~* ecm™).
Overall, the UV-vis-NIR spectral features for [CrNSal®™]* and
[CrNSal®®T*, supports metal-centered oxidation in both cases.
The possibility of a temperature-dependent change in the
locus of oxidation (valence tautomerism) was examined for the
oxidized R = OiPr derivative using UV-vis-NIR spectroscopy.
Any shift in the locus of oxidation would be evident from dis-
tinct spectral signatures; however, across the temperature
range studied (193-293 K), only minimal spectral variations
were observed, indicating that the oxidation likely remains
metal-centered (Fig. $6)."*®°%3% These results suggest that,
despite the moderate electron-donating character of the R =
OMe and R = OiPr substituents, the locus of oxidation remains
metal-centred, affording Cr(vi) nitrides with no significant
electronic signatures characteristic of localized or delocalized
ligand radicals observed.

6868 | Dalton Trans., 2026, 55, 6863-6875
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2.5. Electronic paramagnetic resonance (EPR)

The X-band frozen solution EPR spectra of CrNSal® (R = NO,,
H, OMe, OiPr) are consistent with a Cr(v) 3d* (S = ) ground
state.*® The spectra are well-resolved, showing distinct **Cr
hyperfine coupling in both the parallel and perpendicular
directions (Fig. 4). Simulation parameters reveal similar
gvalues across the series: g, = 1.994 and g, = 1.951 for
CiNSal¥®® and CiNsal; g, = 1.992 and g; = 1.950 for
CrNSal®™® and CrNSal®®". The **Cr hyperfine coupling con-
stants (4,/4;) also remain largely invariant, with A, ranging
from 50-55 MHz and A, held constant at 130 MHz across all
four derivatives (Table 3).

To further probe the electronic structure of the oxidized
CrNsal® species, X-band EPR spectroscopy was performed on
frozen CH,CI, solutions of [CrNSal®]" (R = NO,, H, OMe, OiPr)
at 77 K. The neutral Cr(v) complexes exhibit uniaxial spectra
consistent with an S = 1 d* configuration, and therefore loss of
EPR signal upon oxidation can be diagnostic of conversion to
EPR-silent Cr(vi) (d° S = 0) or formation of strongly coupled
ligand radical species.’®>® Upon oxidation with 1 equiv. of
magic green, both [CrNSal¥®?]" and [CrNSal"']" exhibited sig-
nificant loss of EPR signal intensity, retaining ca. 4% and ca.
18% of the original spin integration, respectively. Spectral
simulations and inspection of the oxidized spectra confirmed
that the residual signals in both cases are consistent with an
axially symmetric Cr(v) species and most likely arise from
unreacted Cr(v) complex. These data, in combination with the
high redox potentials, absence of a second redox feature, and
the UV-vis-NIR spectra, support metal-based oxidation to dia-
magnetic Cr(vi) species. Notably, the EPR behavior of these
derivatives closely parallels that of previously reported
[CrNSal®®*]" and [CrNSal®"]*, reinforcing the assignment of
metal-centered oxidation for the R = NO, and R = H deriva-
tives.>* Extending this analysis to the alkoxy-substituted deriva-
tives, oxidation of CrNSal®™® and CrNSal®®" also resulted in
substantial attenuation of the Cr(v) EPR signal, with residual
spin integrations of ca. 27% and ca. 15%, respectively. The
residual signal is again consistent with an axially symmetric Cr
(v) complex. While a 20% spin integration was reported for
[CrNSal™¢*]*, the oxidized EPR spectrum was consistent with
comproportionation resulting in both a Cr(v) signal and a bis-
ligand radical signal associated with [CrNSal"™¢*]**.>* The UV-
vis-NIR spectra of [CrNSal®™]" and [CrNSal®™]" lack the
envelope of transitions between 24 000 cm™" and 15 000 cm ™,
indicative of a localized phenoxyl radical species for
[CrNSal™€]*. Taken together, these results support metal-
centered oxidation to Cr(vi) for the alkoxy analogues. We
attempted to further investigate the electronic structure of the
[CrNSal®®*]" complex using 'H NMR, however, bulk oxidation
at 0.1 M at 298 K resulted in a colour change and sample
decomposition.

2.6. Solution infrared (IR) spectroscopy

To further investigate the locus of oxidation for [CrNSal®™°]*
and [CrNSal®®]’, solution IR was employed to monitor

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Frozen solution EPR spectra for concentration-matched neutral CrNSal® (black = experimental, grey = simulation) and mono-oxidized
[CrNSal’]* (red = experimental). Conditions: T = 77 K; 0.45 mM complex; 0.1 M TBAP; Freq. = 9.4 GHz; Power = 2.0 mW; Mod. Amp. =1 G (R =
OMe), 3G (R = NO,, H), 6 G (R = OiPr). Insets are the expanded view of the residual oxidized signal for mono-oxidized [CrNSal®]*.

Table 3 EPR simulation parameters for the four neutral complexes

Complex o A>T (MHz) 2 A%CT (MHz)
CrNSalV°? 1.994 53 1.951 130
CrNsal” 1.994 53 1.951 130
CrNSal°M® 1.992 50 1.950 130
CrNSal®™* 1.992 55 1.950 130

changes in the Cr=N stretching frequency. For the neutral
CrNSal®?", a well-resolved band at 1014 cm™! was attributed to
y(Cr=N) (Fig. 5), consistent with the neutral Cr(v) state and
comparable to the reported Cr=N stretches for CrNSal®**
(1029 cm™), CrNsal®® (1020 cm™), and CrNSsal™™¢
(1020 cm™").2**° Upon oxidation to [CrNSal®®"]*, the original
Cr=N band disappears, and two new bands emerge at 1041
and 1096 cm ™. Although a definitive assignment of the Cr=N
stretch to one of these two bands cannot be made based on
the current data, the clear shift to higher frequency upon oxi-
dation strongly supports an increase in Cr=N bond strength,
consistent with conversion to a Cr(vi) (d°) species. This can be
attributed to a decrease in energy of the Cr d-orbitals upon oxi-
dation from Cr(v) to Cr(vi) resulting in improved overlap with
the nitride p-orbitals, and stronger bonding. For example, a ca.
80 cm™" shift to 1096 cm™" is similar to that observed for
[CrY™NSal™®"]" (Av = +90 em™),>* and agrees with the DFT-cal-
culated frequency shift (Av = +79 cm™" for OiPr, vide infra). In
contrast, ligand-based oxidation to [Cr'NSal™™¢*]™* resulted in
a negligible shift (Av = 1 em™"),>* as expected for an oxidation

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Solution IR spectra for neutral (black) and chemically oxidized
with magic green (red) for CrNSal®™. *n(Cr=N). Conditions: 5 mM
complex; T = 298 K; CH,Cl,.

event that does not perturb the metal-nitride core. For the
CrNSal®™¢ derivative, the Cr=N stretch is less clearly resolved,
likely manifest as a shoulder near 1020 cm™"; however, follow-
ing oxidation, new bands at 1041 and 1081 cm™" are present,
consistent with a shift to higher energy and again supportive
of metal-based oxidation (Fig. S7). Taken together, the IR
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spectra for the alkoxy-substituted derivatives, particularly of
the R = OiPr analogue, align with the electrochemical, UV-vis-
NIR, and EPR data in supporting the assignment of
[CrNSal®™¢]" and [CrNSal®®]" as Cr(vi) species.

2.7. Theoretical analysis

Density functional theory (DFT) calculations were employed to
further understand the geometry and electronic structure of
the neutral CrNSal® (R = NO,, H, OMe, OiPr) complexes.
Geometry optimizations were performed using the UB3LYP/6-
31G* level of theory with a polarizable continuum model
(PCM) for CH,Cl,, a combination previously shown to yield
good agreement with experimental metrical parameters.> The
predicted bond lengths closely match the experimentally deter-
mined values, with all Cr-O, Cr-N(salen), and Cr=N distances
within +0.04 A of crystallographic data. The calculated Cr-N
(nitride) distances range from 1.519-1.525 A with the Cr center
~0.52 A above the plane defined by the four donor atoms of
the salen ligand, consistent with structural parameters
obtained from X-ray crystallography. Spin density analysis on
the neutral complexes reveals that the unpaired electron
resides primarily on the Cr center with the singly occupied
molecular orbital (SOMO) corresponding to the Cr d,, orbital,
which lies in the equatorial plane and is nonbonding with
respect to the nitride ligand (Fig. 6, Fig. S8, and Table S3).
This electronic structure is consistent with the experimentally
confirmed Cr(v) (d") formulation.

To probe the electronic structures of the oxidized complexes
[crNSal®]" (R = NO,, H, OMe, OiPr), geometry optimizations
were performed for the singlet (Cr(vi), S = 0), broken-symmetry
singlet (BSS, antiferromagnetically coupled Cr(v)-ligand
radical, S = 0), and triplet (ferromagnetically coupled Cr(v)-
ligand radical, S = 1) spin states. The computed relative ener-
gies are compiled in Table 4 (Tables S4-S6). The Cr(vi) singlet
state is calculated to be the ground state for all four new
derivatives. While electron-withdrawing (NO,) and weakly
donating (H) substituents predictably stabilize the Cr(vi)
singlet, the same lowest-energy assignment persists even for
electron-donating groups such as OMe and OiPr. Notably, the
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Fig. 6 Representative spin density (top) and SOMO (bottom) plots for
(A) CrNSalN®2 and (B) CrNSal®®. R = H and R = OMe substituents
exhibit similar plots (see Fig. S5).
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Table 4 Predicted relative energies of different spin states for
[CrNSal®l*  (kcal mol™). Computed using UBLYP/def2-TZVP/PCM
(CH,Cl,) single-point calculations on geometries optimized at the
UB3LYP/6-31G*/PCM(CH,CL,) level

Complex Singlet BSS Triplet
[CrNSal¥ T 0 4.1 10.4
[CrNSal®F*T* 0 4.4 9.9
[CrNsal?T* 0 3.6 8.5
[CrNSal‘B;]J' 0 2.8 6.4
[CrNSaI®™eT 0 1.9 2.3
[CrNSalo’P‘]; 0 0.3 2.5
[CrNsal™<*T* 2.3 0 0.6

energy gap between spin states narrows along the series NO, >
H > OMe > OiPr, consistent with increasing salen ligand elec-
tron-donating ability. The Cr(vi) singlet remains energetically
favored over the BSS and triplet states even for [CrNSal®™T]",
however, the BSS state lies only 0.3 kcal mol™" higher in
energy. Analysis of the computed Cr=N stretching frequencies
for the Cr(vi) singlet state solution for [CrNSal®®"]", obtained
using the PCM(CH,Cl,) solvent model, predicts a shift to
higher energy by 79 cm™ relative to the neutral precursor,
which aligns with the experimental solution IR data and
further corroborates metal-based oxidation. In addition, time-
dependent DFT (TD-DFT) calculations on the singlet Cr(vi)
electronic structure affords the best match to the experimental
UV-vis-NIR spectrum, with a predicted LMCT transition at
6700 cm™" (Fig. 3D). Neither of the triplet or BSS Cr(v)-ligand
radical electronic structures exhibit predicted bands below
16000 cm™"* (see SI). Overall, the DFT-predicted metal-based
oxidation for [CrNSal®]" (R = NO,, H, OMe, OiPr) is consistent
with experimental observations from CV, UV-vis-NIR spec-
troscopy, EPR, and solution-phase IR measurements.

2.8. Bis-oxidized [CrNSal®* >

Based on the presence of the second reversible redox process
at relatively low potential (E;,, = 0.55 V vs. Fc'/Fc) in the CV of
CrNSal®™* (Fig. 2B), we endeavoured to characterize the bis-
oxidized complex [CrNSal®®]**. We previously reported the
bulk electrolysis of CrNSal"™** to form [CINSal"™*]**, which
was characterized as a bis-radical species based on the obser-
vation of an isotropic EPR signal as a result of antiferro-
magnetic coupling of d* Cr(v) with one phenoxyl radical.>*
Unfortunately, bulk electrolysis of CrNSal®® resulted in
sample decomposition, even for the mono-oxidized
[CrNSal®™T". We next investigated chemical oxidation using
magic green (E;,, = 1.1 V vs. F¢'/Fc in CH,Cl,), which afforded
clean conversion from mono- to -bis-oxidized complex (Fig. 7).
Spectral changes include loss of the low energy ligand-to-metal
charge transfer (LMCT) transition at 7300 cm™" (& = 2.9 x 103
M~ em™), and the presence of a new band at 21 000 cm™" (e =
12.2 x 10° M~" em™"); the new species is stable over a period of
hours at 233 K. The spectrum for [CrNSal®®]** is similar to
that previously reported for the doubly-oxidized Mn derivative
[MnNSal®®**, which was characterized as a Mn(v) bis-ligand

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Oxidation titration of [CrNSal®®']* to [CrNSal®P"1?* monitored
by UV-vis-NIR spectroscopy. Red = mono-oxidized; grey = intermediate
aliquots of oxidant; blue = bis-oxidized. Conditions: 0.45 mM complex;
T = 233 K; CH,Cl,. Vertical lines indicate the most intense TD-DFT pre-
dicted transitions for the doublet Cr(v) bis-phenoxyl complex electronic
structure with the donor and acceptor orbitals corresponding to the
predicted transition at 21700 cm™.

radical species, resulting from reduction of Mn(vi) via the con-
version of phenolate to phenoxyl upon bis-oxidation.>® A
similar metal-centered reduction upon one-electron oxidation
has been observed for a Ni(u) bis(phenoxyl) radical species.®*
Herein, the loss of the LMCT transition at 7300 cm™, and
presence of the new band at 21 000 cm™", previously assigned
as m—n* transition of coordinated phenoxyl radical,®” are con-
sistent with a Cr(v) bis(phenoxyl) radical species for
[CKNSal®™]**. An EPR spectrum of a sample of bis-oxidized
[CrNSal®®?* in frozen CH,Cl, (100 K) showed two essentially
isotropic features (Fig. S9) at g = 2.006 and g = 1.971, with the
latter broader signal consistent with a d* Cr(v) bis-phenoxyl
radical electronic structure, in which one phenoxyl radical is
antiferromagnetically-coupled with the d' Cr(v) center. The
sharper signal at g = 2.006 is consistent with a free phenoxyl
radical,®>®* likely indicating partial decomposition of
[CrNSal®®?* during sample transfer to an EPR tube for ana-
lysis. This result further reinforces the limited stability of
[CrNSal®®?* in comparison to [CrNSal™2]**, in line with the
electrolysis ~ experiment.  Theoretical calculations on
[CENSal®™]** predict the doublet state (spin density, Fig. S10),
a result of antiferromagnetic coupling of d* Cr(v) with one phe-
noxyl radical, to be of lowest energy, with the quartet state
~1.5 keal mol™ higher in energy. An initial guess for the Cr(vi)
phenoxyl radical electronic structure results in collapse back to
the predicted doublet state described above. This supports
that the second oxidation results in reduction of Cr(vi) via the
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conversion of phenolate to phenoxyl, affording a d* Cr(v) bis-
phenoxyl radical electronic structure for [CrNSal®®]**.
TD-DFT calculations on the antiferromagnetically coupled Cr
(v) doublet electronic structure predict an intense transition at
21700 cm™" in line with the experimental spectrum, as well as
the loss of the LMCT transition at low energy. While further
characterization is needed, our current data supports that bis-
oxidation of CrNSal®* results in a Cr(v) bis-phenoxyl complex.

3. Conclusion

This study expands the CrNSal® platform to now include NO,,
CF;, H, tBu, OMe, OiPr and NMe, derivatives, enabling sys-
tematic investigation of how salen para-substituent electronics
govern the oxidation locus in high-valent Cr complexes. While
we hypothesized that alkoxy substituents might approach the
redox threshold necessary for valence tautomerism, all experi-
mental and computational data, including CV, UV-vis-NIR,
EPR, solution IR, and DFT, consistently support metal-cen-
tered oxidation to Cr(vi) across the series. Despite narrowing
singlet-BSS energy gaps for R = OMe and R = OiPr, no evidence
of ligand radical character or redox delocalization was
observed in the temperature range of 193-293 K, indicating
that the locus of oxidation remains metal-based even for mod-
erately donating substituents. Interestingly, bis-oxidation of
CiNSal®® to form [CrNSal®®** suggests metal-based
reduction from Cr(vi) to afford a Cr(v) bis-phenoxyl radical
species, such redox-induced electron rearrangement has been
reported in other systems.**®>®” Additionally, the R = NO,-
substituted complex did not undergo Mn-like bimolecular
nitride coupling at 233 K; however, spectroscopic and electro-
chemical signatures indicate enhanced nitride electrophilicity
relative to the R = CF; analogue. Together, we find that the
window for metal-based oxidation in Cr salen nitride com-
plexes stretches further than expected, moving past R = ¢tBu to
the more donating R = OiPr and can be used to establish a
foundation for designing tunable nitride transfer agents based
on ancillary ligand electronic control.

4. Experimental

4.1. Materials and methods

All chemicals used were obtained from commercial suppliers
and used without any further purification unless noted other-
wise. All ligands and MnNSal" were synthesized according to
literature procedures.'™'”** Dry tetrahydrofuran was obtained
by refluxing over sodium in the presence of benzophenone
under N,. Dry CH;CN was obtained by refluxing over calcium
hydride under N,. UV-vis-NIR data was collected on a Cary
5000 spectrophotometer equipped with custom designed
immersion fiber-optic probes with a 1 mm path length.
Constant temperatures were maintained with an FTS Multi-
Cool Low Temperature Bath. ESI-MS was performed using an
Agilent 6210 TOF ESI-MS system. Elemental analysis (C, H, N)
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was performed at Simon Fraser University on a Carlo Erba
EA1110 CHN elemental analyser. Evan’s method 'H NMR
spectra was collected on a Bruker AVANCE III 500 MHz instru-
ment. EPR spectra were collected on a Bruker EMXplus
spectrometer operating with a premium X-band microwave
bridge and HS resonator. Electrochemistry experiments were
performed on PAR-263A potentiometer equipped with a silver
wire reference electrode, a platinum disk counter electrode
and glassy carbon working electrode under N, atmosphere.
Electrolysis was performed with a Biologic SP300 potentiostat
by using a carbon foam working electrode and was monitored
by coulometry and rotating-disk electrode voltammetry.
Solution IR spectra were collected on a PerkinElmer UTAR Two
FT-IR spectrometer using a 1 mm Specac transmission cell.

4.2. Synthesis

4.2.1. Synthesis of CrNSal¥°>. Under a nitrogen atmo-
sphere, 0.214 g (0.571 mmol) of CrCl;-THF and 0.192 ¢
(0.572 mmol) of MnNSal" were dissolved in 2 mL of CH;CN
and stirred for 1 hour. 0.200 g (0.381 mmol) of H,Sal"°* was
dissolved in 2 mL of 1:1 CH,Cl,/CH;CN and 8 drops of NEt;
and added dropwise to the [CrN] solution. After refluxing
1 hour, a precipitate formed, and the suspension was placed in
a —20 °C freezer. The precipitate was collected by vacuum fil-
tration and washed with 2 x 10 mL cold CH;CN. CrNSal™°? was
isolated as a purple-brown solid. Yield 0.085 g (0.144 mmol,
38%). ESI-MS m/z: {M + H,O + CH3;CN}~ 647.23 100%. Anal.
Cald (%) C,sH34CrN504-0.5H,0: C 56.28, H 5.90, N 11.72; Found
(%): C 56.23, H 5.82, N 11.76. pie = 1.86 (Evans method).

4.2.2. Synthesis of CrNSal". Under a nitrogen atmosphere,
0.259 g (0.691 mmol) of CrCl;-THF and 0.231 g (0.689 mmol)
of MnNSal" were dissolved in 2 mL of CH,CN and stirred for
1 hour. 0.200 g (0.460 mmol) of H,Sal" was dissolved in 2 mL
of 1:1 CH,Cl,/CH3;CN and added dropwise to the [CrN] solu-
tion. After stirring 1 hour, a precipitate formed and 0.128 mL
of NEt; was added. The suspension was stirred overnight, then
concentrated in vacuo. The crude product was purified by
column chromatography using CH,Cl, as eluent (R¢ = 0.7).
CrNSal™ was isolated as a tan solid. Yield 0.050 g (0.100 mmol,
22%). ESI-MS m/z: 499.22 {M + H}" 100%. Anal. Caled (%)
C,5H36CrN;0,: C 67.45, H 7.28, N 8.43; Found (%): C 67.32, H
7.35, N 8.21. pegr = 1.98 (Evans method).

4.2.3. Synthesis of CrNSal®™¢. To a yellow solution of
0.500 g H,8al°™¢ (1.01 mmol) in 10 mL tetrahydrofuran was
added 0.149 g CrCl, (1.212 mmol) and the reaction was stirred
overnight under inert atmosphere. 30 mL of saturated
ammonium chloride was added and stirred for 2 hours in air,
followed by the addition of 25 mL of brine. The organic layer
was dried over sodium sulfate, filtered and removed in vacuo to
yield 0.500 g (0.862 mmol) of crude CrClSal®™® intermediate.
The intermediate was dissolved in 30 mL CH,Cl, and 0.347 g
of MnNSal" (1.035 mmol) was added, refluxed for 1 hour, and
the solvent was removed in vacuo. The crude product was puri-
fied by silica gel column chromatography using CH,Cl, as the
eluent (R = 0.4). CrNSal®™® was isolated as a yellow-brown
powder. Yield 0.209 g (0.374 mmol, 37%). ESI-MS m/z: 559.23
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{M + H}' 100%. Anal. Caled (%) C3oH4oCrN;O4: C 64.50, H
7.22, N 7.52; Found (%): 64.43, H 7.32, N 7.20. pegr = 1.71
(Evans method).

4.2.4. Synthesis of CrNsal®®. To a yellow solution of
1.000 g H,Sal®®" (1.82 mmol) in 20 mL tetrahydrofuran was
added 0.268 g CrCl, (1.82 mmol) and the reaction was stirred
overnight under inert atmosphere. 30 mL of saturated
ammonium chloride was then added and stirred for 2 hours in
air, followed by the addition of 25 mL of brine. The organic
layer was dried over sodium sulfate, filtered, and removed in
vacuo to yield 0.670 g (1.05 mmol) of crude CrClISal®® inter-
mediate. The intermediate was dissolved in 30 mL CH,Cl, and
0.359 g of MnNSal” (1.07 mmol) was added, refluxed for
1 hour, and the solvent was removed in vacuo. The crude
product was purified by silica gel column chromatography
using CH,Cl, as the eluent (R¢ = 0.3). CNSal®™* was isolated
as a yellow-brown powder. Yield 0.430 g (0.70 mmol, 38%).
ESI-MS m/z: 61531 {M + H}' 100%. Anal. Caled (%)
C34H,5CrN;0,-0.5H,0: C 65.47, H 7.92, N 6.74; Found (%):C
65.59, H 7.53, N 6.24. jieg = 2.04 (Evans method).

4.2.5. Synthesis of [CrNSal®]'. Oxidation titrations were
performed by titration of 3.5 mL of 0.45 mM CrNSal® with one
equiv. of magic green oxidant in 20 pL additions at 253 K
under a N, atmosphere. A solution of magic green was first
standardized by titration with 3.5 mL of 0.45 mM NiSal®", in
which oxidant was slowly added until no further increase or a
decrease in absorbance of the 4700 cm ™' band was observed.
Excess oxidant will also manifest as a strong absorbance at
11260 cm™. Frozen samples for EPR analysis were prepared
as above in the presence of 0.1 M TBAP supporting electrolyte
and stored in liquid N, for analysis.

4.3. X-Ray crystallography

All crystals were mounted on a 150 mm MiTeGen Dual-
Thickness MicroMount using Paratone oil and measurements
were made on a Bruker Photon II diffractometer with
TRIUMPH-monochromated Mo Ka radiation (sealed tube) or Cu
Ko radiation (Cu-micro source). The data were collected at a
temperature of 298 K in a series of scans in 0.50° oscillations.
Data were collected and integrated using the Bruker SAINT soft-
ware package and were corrected for absorption effects using
the multi-scan technique (SADABS) or (TWINABS).®*7* All struc-
tures were solved by direct methods and refined using SIR97
and SIR92.”>7? All non-hydrogen atoms were refined anisotropi-
cally. All hydrogen atoms were placed in calculated positions
but not refined. All refinements were performed using the
SHELXTL crystallographic software package of Bruker-AXS.”*
The molecular drawings were generated using POV and
ORTEP.”” CCDC 2496012-2496013, 2496015, and 2525742
contain the supplementary crystallographic data for this paper.

4.4. Theoretical analysis

All calculations were carried out using the Gaussian 16
program package (Revision A.03).”® Geometry optimizations
were performed with the UB3LYP functional and the 6-31G*
basis set for all atoms.””””® This level of theory is shown to
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provide good agreement with experimentally determined
metrical parameters for Cr-salen systems.>* Solvent effects
were included through the polarizable continuum model
(PCM) using CH,Cl, (& = 8.93) for all atoms.***" Frequency cal-
culations at the same level of theory confirmed that the opti-
mized geometries correspond to minima on the potential
energy surface. Single-point energy calculations were sub-
sequently performed on the optimized geometries using the
UBLYP functional and the TZVP basis set.*>®® This local func-
tional, which does not incorporate Hartree-Fock exchange,
was shown to reproduce the experimentally observed Cr(vi)
singlet ground state for the oxidized [CrNSal®]" complexes in
our previous study. Additional single-point calculations using
UMO6L3* and UMN15L% were conducted to assess the func-
tional dependence of the spin-state energetics (Table S3).
Geometry optimizations were also repeated at the
UB3LYP-GD3/6-31G*/PCM(CH,Cl,) level to assess the influence
of dispersion corrections;*® however, for the present systems,
inclusion or omission of dispersion does not produce any sig-
nificant difference in the computed geometries or relative
spin-state energies (Tables S4 and S5). TD-DFT calculations
were performed on the optimized ground-state geometries of
the mono- and bis-oxidized derivatives, considering all rele-
vant spin states, using the ®B97X-D functional with the def2-
TZVP basis set. The lowest 25 excited states were computed,
and solvent effects of CH,Cl, were included using the polariz-
able continuum model (PCM).
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