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lary ligand donation versus locus
of oxidation effects on metal nitride reactivity†

Samyadeb Mahato, Warren VandeVen, Gregory A. MacNeil, Jason M. Pulfer
and Tim Storr *

We detail the relative role of ancillary ligand electron-donating ability in comparison to the locus of

oxidation (either metal or ligand) on the electrophilic reactivity of a series of oxidized Mn salen nitride

complexes. The electron-donating ability of the ancillary salen ligand was tuned via the para-phenolate

substituent (R = CF3, H, tBu, OiPr, NMe2, NEt2) in order to have minimal effect on the geometry at the

metal center. Through a suite of experimental (electrochemistry, electron paramagnetic resonance

spectroscopy, UV-vis-NIR spectroscopy) and theoretical (density functional theory) techniques, we have

demonstrated that metal-based oxidation to [MnVI(SalR)N]+ occurs for R = CF3, H, tBu, O
iPr, while ligand

radical formation to [MnV(SalR)N]+c occurs with the more electron-donating substituents R = NMe2,

NEt2. We next investigated the reactivity of the electrophilic nitride with triarylphosphines to form a MnIV

phosphoraneiminato adduct and determined that the rate of reaction decreases as the electron-

donating ability of the salen para-phenolate substituent is increased. Using a Hammett plot, we find

a break in the Hammett relation between R = OiPr and R = NMe2, without a change in mechanism,

consistent with the locus of oxidation exhibiting a dominant effect on nitride reactivity, and not the

overall donating ability of the ancillary salen ligand. This work differentiates between the subtle and

interconnected effects of ancillary ligand electron-donating ability, and locus of oxidation, on

electrophilic nitride reactivity.
Introduction

Transition metal complexes featuring terminal nitride (N3−)
ligands have attracted signicant interest due to their potential
role in nitrogen xation,1–4 stoichiometric nitrene transfer
reactions,5–7 catalytic applications,8,9 and their utility in mate-
rials chemistry.10–12 In the context of nitrogen xation, the
electronic structure and reactivity of bioinspired Fe nitride
complexes have been extensively studied,13–27 along with recent
investigations of synthetic FeMo cofactors that have provided
insight on the stability and reactivity of activated Fe–N
species.28,29 The reactivity of terminal nitride complexes is oen
rationalized based on the nucleophilic or electrophilic nature of
the nitride ligand, which is inuenced by the specic metal,
oxidation state, and the nature of the ancillary ligands.30–32
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Notably, late transition-metal nitrides can exist as isolated or
transient intermediates, exhibiting electrophilic reactivity
through low energy M^N p* antibonding orbitals.33–45

Conversely, early transition-metal nitrides are generally more
stable46–48 and in some cases demonstrate nucleophilic reac-
tivity via lled M^N p orbitals or the nitride lone pair.49–53

Certain metal nitride complexes have been reported to exhibit
ambiphilic reactivity, highlighting that subtle modications to
the coordination environment and/or redox changes can enable
diverse reactivity.35,54–56 Previous studies by Mayer et al.57,58 and
Lau et al.59 have elucidated how changes in ancillary ligands can
impact nitride reactivity, work by Holland et al. demonstrated
that oxidation of both the metal and ancillary ligand (from
amide to nitroxide) led to a change from nucleophilic to elec-
trophilic nitride reactivity,60 and a recent study by Burger and
co-workers showed that oxidation of an Ir nitride complex
resulted in insertion of the nitride into an aromatic C–C bond of
ferrocene.61 Further investigation into the effects of subtle
changes in electronic structure on nitride reactivity will yield
valuable insight for new reactivity applications.

We have shown that the electronic structure of oxidized
nitridomanganese(V) salen complexes (where “salen” represents
N2O2 bis-phenolate bis-Schiff-base ligands) can be tuned
through the adjustment of the electron-donating ability of the
para-R phenolate substituents, while preserving the geometry at
Chem. Sci., 2024, 15, 2211–2220 | 2211
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themetal center.62,63 Salen ligands exhibit redox-active behavior,
enabling oxidation or reduction at the ligand in competition
with the metal.64–70 Upon oxidation, we and others observed the
formation of a MnVI salen nitride, leading to the activation of
the Mn^N bond, and rapid nitride homocoupling to generate
N2, even at low temperatures.62,71,72 Intriguingly, the introduc-
tion of electron-donating substituents (R = NMe2) at the para
position of the salen ligand leads to the formation of a ligand
radical, which is stable in solution at 298 K.62 Additionally,
a separate study has reported an isolable MnVI nitride complex
with a tetraamido macrocyclic ligand (TAML), which exhibits
relatively slow nitride homocoupling at 298 K.54 Recent reports
have utilized Mn salen nitrides to explore the hydrogen atom
bond dissociation free energy of associated imido complexes,73

the generation of ammonia through proton-coupled electron
transfer10,74,75 and their application as catalysts for ammonia
oxidation.76 Intrigued by the difference in behaviour of the Mn
salen nitride complexes upon oxidation, we endeavoured to
probe the reactivity difference for an expanded series of
oxidized nitridomanganese(V)salen complexes with phosphines
and to characterize the resulting phosphoraneiminato adduct.
In our previous work with a smaller series of oxidized Cr
analogues, we found that while the Cr(VI) nitride complexes
reacted with phosphine, a ligand radical derivative did not, and
it was unclear whether the locus of oxidation or the electron-
donating ability of the salen ligand was primarily responsible
for this abrupt reactivity change.77 Factors such as the nature of
the ancillary ligands, steric effects, metal oxidation state and
overall charge of the complex can inuence the analogous
oxygen atom transfer reaction efficiency of oxo ligands with
triaryl phosphines.78–83 Two-electron nitrogen transfer reactions
of metal nitride complexes with phosphines to form the phos-
phoraneiminato moiety (–N]PR3) are well known,30 and in the
majority of cases the phosphine acts as a nucleophile;25,55,84–86 in
some exceptional instances nitride lone pair donation into the
phosphine LUMO (generally, a P–C s*) gives rise to a dual
nature transition state.87 Herein, we questioned whether the
locus of oxidation, or alternatively the electron-donating ability
of the salen ligand, is the major driving factor in the reactivity
Scheme 1 Locus of oxidation dependent electrophilic reactivity of a se
para-ring substituents. [MG]+c = magic green chemical oxidant.

2212 | Chem. Sci., 2024, 15, 2211–2220
differences for a series of [Mn(SalR)N]+ complexes with triar-
ylphosphines (Scheme 1), and how the change in locus of
oxidation, from metal to ligand, would map against the ligand
Hammett parameter, and thus donating ability, of the salen
ligand.
Results and discussion
Synthesis and characterization

To investigate the role of the ligand electronics and locus of
oxidation on nitride reactivity, six nitridomagnanese(V) salen
complexes were prepared with a range of ancillary ligand
electron-donating ability. Mn(SalCF3)N, Mn(SaltBu)N, Mn(Sa-
lOiPr)N and Mn(SalNMe2)N have been previously synthesized.62,63

For the two new complexes, unsubstituted Mn(SalH)N was
prepared by the reaction of corresponding manganese chloride
salt with NH4OH as reported by Carreira and coworkers
(Scheme S1 and Fig. S1†).7 On the other hand,Mn(SalNEt2)N was
prepared by the photolysis of the precursor manganese–azido
complex to avoid a difficult purication procedure (Schemes S2,
S3 and Fig. S2†). X-ray quality crystals of Mn(SalH)N were ob-
tained by layering hexanes over a concentrated dichloro-
methane (CH2Cl2) solution (Fig. S3 and Table S1†). The
expected pseudo square pyramidal geometry with a nitride Mn–
N bond distance of 1.517 Å was observed, analogous to other
reported Mn salen nitrides.62,63
Electrochemistry

The redox properties of the two new complexes were analyzed by
cyclic voltammetry (CV) experiments at 298 K under a N2

atmosphere. The voltammogram of Mn(SalH)N displayed
a partially reversible redox process with an E1/2 = 0.28 V (vs. Fc+/
Fc), attributed to metal-based oxidation (vide infra) (Fig. 1A and
S4A†). The partial reversibility at 298 K is indicative of nitride
homocoupling observed in analogous Mn(VI) complexes.62,71 In
contrast,Mn(SalNEt2)N showed two overlapping quasi-reversible
redox processes which were resolved by differential pulse vol-
tammetry (DPV) to afford redox potentials at E1/2

1=−0.15 V and
ries of oxidized Mn-Salen-Nitrides incorporating different salen ligand

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Cyclic Voltammogram of Mn(SalH)N and (B) Mn(SalNEt2)N.
Conditions: 1.0mM complex; 0.1 M nBu4NClO4; scan rate: 100mV s−1;
T = 298 K; CH2Cl2. DPV curve in red.

Table 1 E1/2 of the Mn(SalR)N complexes (vs. Fc+/Fc) and correlation
with Hammett parameter (sp). Peak-to-peak separation given in
parenthesis [a = ref. 62. b = ref. 63. c = ref. 90]

Compound E1/2
1 (V) E1/2

2 (V) scp

Mn(SalCF3)N 0.42 0.54
Mn(SalH)N 0.28 (0.16) 0.00
Mn(SaltBu)N 0.23a −0.20
Mn(SalOiPr)N 0.21b −0.45
Mn(SalNMe2)N −0.10a 0.05 −0.83
Mn(SalNEt2)N −0.15 (0.14) −0.01 (0.14) −0.93
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E1/2
2 = −0.01 V respectively (Fig. 2B and S4B†). The electro-

chemistry data is consistent with two successive oxidations of
the phenolate moieties at low potentials for the most electron-
donating substituents, as observed for both Mn(SalNMe2)N and
Cr(SalNMe2)N.62,77 A small DEox (E1/2

2 − E1/2
1) value of 140 mV

indicates minimal electronic coupling between the redox-active
phenolates, supporting a localized ligand radical for [MnV(Sal-
NEt2)N]c+ upon one-electron oxidation (Table 1).62 We investi-
gated the degree of disproportionation of the mono-oxidized
form at 193 K (conditions relevant to the reactivity studies, see
Fig. 2 Oxidation titration data for (A) Mn(SalH)N and (B) Mn(SalNEt2)N
monitored by UV-vis-NIR spectroscopy. Black: neutral; red: oxidized;
intermediate grey lines were measured during the oxidation titrations
with [N(C6H3Br2)3]

+c[SbF6]−, insets: spin density plot of the oxidized
complexes. Conditions: CH2Cl2, 0.1 mM, 193 K (see Experimental
section for calculation details) X-band EPR spectra of frozen (C)
[Mn(SalH)N]+ and (D) [Mn(SalNEt2)N]+ samples respectively. Simulated
spectra are represented by grey lines. Conditions: frequency = 9.38
GHz; power = 2.0 mW; modulation frequency = 100 kHz; modulation
amplitude = 0.6 mT; CH2Cl2, T = 20 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
ESI† for details), calculating that only ca. 1.5% [MnV(SalNEt2)
N]2+ and 1.5%MnV(SalNEt2)N would be present. In addition, the
change in E1/2 values for the full series of Mn(SalR)N complexes
correlates with the Hammett parameter of the para-ring
substituents (Table 1). We note that the Hammett parameter for
the R = NEt2 substituent was estimated to be sp = −0.93 on the
basis of previous reports directly comparing this substituent to
R = NMe2 (ref. 88 and 89) and the consensus value for the latter
of sp = −0.83.90 The more negative sp for R = NEt2 in
comparison to R = NMe2 is in agreement with our electro-
chemistry data.
Spectroscopic characterization

The absorption spectra of the neutral Mn(SalR)N complexes are
typical of a low spin d2 square pyramidal complex.62,63 Upon one-
electron oxidation using an equivalent of the [N(C5H3Br2)3][SbF6]
oxidant (Magic Green) at 193 K, a broad low intensity near
infrared (NIR) band is observed at 11 000 cm−1 (3 =

∼1200 M−1 cm−1) for [Mn(SalH)N]+, similar to the observed
ligand to metal charge transfer (LMCT) transition for [Mn(SaltBu)
N]+ and [Mn(SalCF3)N]+, indicatingmetal-based oxidation (Fig. 2A
and S5†).62 [Mn(SalH)N]+ was analyzed by electron paramagnetic
resonance (EPR) spectroscopy at 20 K, and the EPR spectrum
shows a characteristic axial splitting pattern for a d1 metal ion
(d1xy) with hyperne coupling to the 55Mn (I = 5/2) nucleus (gzz =
1.986, gxx = gyy = 1.997; Azz = 528 MHz, Axx = Ayy = 179 MHz),
conrming that one-electron oxidation of Mn(SalH)N is metal-
based (Fig. 2C). In contrast, for Mn(SalNEt2)N, low temperature
oxidation affords a unique visible-NIR feature when compared to
[Mn(SalH)N]+, closely resembling that of [Mn(SalNMe2)N]+, indi-
cating ligand-based oxidation (Fig. 2B). The intense envelope of
transitions between 15 000 cm−1 and 22 000 cm−1 are in agree-
ment with ligand radical formation.62,77,91 The EPR spectrum of
a frozen solution of [Mn(SalNEt2)N]+ exhibits an isotropic signal
centered at 2.003, in agreement with ligand-based oxidation
(Fig. 2D). Theoretical calculations on the oxidized complexes
match the experimental results, predicting a MnVI (d1xy) ground
state for [Mn(SalH)N]+ (Fig. S6B†) and a localized ligand radical
for [MnV(SalNEt2)N]c+ as evident by the spin density plots (Fig. 2A
and B insets).
Electrophilic reactivity

We next investigated the change in electrophilic reactivity of the
full [Mn(SalR)N]+ series (R ]CF3, H, tBu, OiPr, NMe2, NEt2) via
Chem. Sci., 2024, 15, 2211–2220 | 2213
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reaction with triarylphosphines. Triphenylphosphine (PPh3)
was initially chosen to probe potential changes in electrophilic
reactivity at the nitride. As expected, the neutral Mn(SalR)N
complexes did not react with PPh3, as shown by UV-vis-NIR, ESI-
MS, and 31P{H} NMR (Fig. S7–S9†). However, the oxidized
[MnVI(SalR)N]+ complexes (R]CF3, tBu) react immediately with
PPh3 to form a new species as shown in the low temperature UV-
vis-NIR spectroscopy. In contrast, when one equiv. of PPh3 was
added to the ligand radical species (R = NMe2) at 193 K, a very
slow reaction is observed (Fig. S10 and S11†). Unfortunately, the
reaction was too fast (completion <1 s) for the MnVI derivatives
to obtain reliable reaction rates under our conditions
(Fig. S12†). We therefore investigated the less nucleophilic tris-
(triuoromethylphenyl)phosphine (p-CF3Ph)3P to ascertain
reactivity differences in this system (Fig. S13†). In addition, we
included the full series of Mn salen nitrides with para-ring
substituents of varying electron-donating ability to provide
a more robust Hammett analysis. As expected, the neutral
complexes do not react with (p-CF3Ph)3P with no change
observed in the UV-vis-NIR spectra (Fig. S14†) and 31P NMR
(Fig. S15†). However, similarly to the reactivity with PPh3, the
oxidized [MnVI(SalR)N]+ complexes (R]CF3, H, tBu, OiPr) react
quickly with (p-CF3Ph)3P to form a new species as monitored by
UV-vis-NIR measurements at 193 K. Spectral changes, including
isosbestic points, indicate clean conversion to a new species for
all MnVI derivatives upon (p-CF3Ph)3P addition (Fig. 3A, B and
S16†).

The new species (R = tBu) shows minimal decomposition at
193 K over two hours, but decays to a new species upon warming
Fig. 3 UV-vis-NIR spectroscopic monitoring of the reaction of (A)
[Mn(SalCF3)N]+; (B) [Mn(SaltBu)N]+; (C) [Mn(SalNMe2)N]+ with (p-
CF3Ph)3P. Black: neutral; red: oxidized; blue: one equivalent of (p-
CF3Ph)3P added to oxidized complexes. Intermediate grey lines
measured during aliquot addition of (p-CF3Ph)3P. For (C) the pink
spectrum is 2 h after (p-CF3Ph)3P addition, intermediate opaque blue
lines are scans taken within two hours. Conditions: CH2Cl2, 0.1 mM
complex, 193 K. See Fig. S16† for other derivatives.

2214 | Chem. Sci., 2024, 15, 2211–2220
to 298 K (Fig. S17B and S18†). Analysis of the solution at 298 K
indicated complete N-atom transfer to form the free imino-
phosphorane, characterized by the presence of free imino-
phosphorane [(p-CF3Ph)3PNH] at ∼37 ppm by 31P{H} NMR with
no peak corresponding to unreacted phosphine (Fig. S15 and
S19A†). The characterization data is in accord with an inde-
pendently made sample of the iminophosphorane (Fig. S20†).
When 50% 15N labelled nitride complex (R = tBu) was used,
a small N–P coupling (1JN–P = 2.8 Hz) was observed, with similar
1JN–P constants reported for related compounds
(Fig. S20A†).77,92,93 A peak at m/z = 482 in positive mode ESI-MS
was observed for all derivatives, corresponding to the proton-
ated iminophosphorane [(p-CF3Ph)3PNH2]

+ (Fig. S19B†). Using
50% 15N labelled nitride complex results in a change in the
isotopic pattern consistent with incorporation of the nitride
nitrogen (Fig. S19C and D†). In contrast, the reaction of the
ligand radical derivatives (R = NMe2 and NEt2) with one
equivalent of (p-CF3Ph)3P is much slower in comparison to the
MnVI analogues (Fig. 3C and S16B†). However, clean conversion
to a new species is evident by the presence of the same iso-
sbestic point over a two-hour period. 31P{H} NMR and ESI-MS
analysis aer warming to 298 K affords the same iminophos-
phorane product (d = 37.1 ppm, m/z = 482) (Fig. S21†) as the
MnVI analogues, indicating complete N-atom transfer even for
the ligand radical derivatives. Similar results were also observed
for the reaction with PPh3 (Fig. S22 and S23†). We hypothesize
that upon warming the solution to 298 K the rate of adduct
formation is increased, and in addition, complete N-atom
transfer occurs. While complete N-atom transfer was observed
for both PPh3 and (p-CF3Ph)3P, unlike PPh3, the reaction rates
with (p-CF3Ph)3P were amenable to kinetic analysis.
Kinetic analysis

The Hammett parameter (sp) quanties the electron-donating
ability of a para-ring substituent and is commonly compared
to a rate constant to gain a mechanistic understanding of
a particular reaction.13,87,94 Herein, if the electron-donating
capacity of the para-ring substituents in [Mn(SalR)N]+ is the
main contributor to the nitride reactivity with (p-CF3Ph)3P,
a linear correlation will be expected for all derivatives (R]CF3,
H, tBu, OiPr, NMe2, NEt2), assuming the reaction mechanism
remains unchanged.95,96 However, a substantial deviation from
linearity could indicate that the locus of oxidation (metal or
ligand), and not the electron-donating ability of a para-ring
substituent, plays a more signicant role in the reaction, in the
absence of a change in reaction mechanism. Kinetic measure-
ments under pseudo-rst order conditions of p-(CF3Ph)3P were
conducted at 193 K and a substantial difference in reaction rate
is observed across all para-ring substituents (Fig. S24–S29†),
with the R]CF3 substituted complex reacting fastest, and R =

NEt2 slowest, in line with the relative electron-donating ability
of the para-ring substituents, and thus suggesting that the
nitride is acting as an electrophile (Fig. S30†). Interestingly,
a clear reaction rate difference was observed for the high-valent
MnVI complexes (R]CF3, H, tBu, OiPr) in comparison to the
ligand radical derivatives (R = NMe2, NEt2), with the MnVI
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Hammett plot using kobs for the reaction between oxidized
[Mn(SalR)N]+ and (p-CF3Ph)3P (R = CF3, H, tBu, O

iPr, NMe2, NEt2). The
x-axis uses 2 sp due to the presence of two R groups in the complex.
Note: linear correlation was observed among high-valent MnVI

complexes (R2 = 0.95, r = 0.31).

Fig. 5 X-band EPR spectra of frozen samples of [Mn(SalR)N]+ + (p-
CF3Ph)3P. (‡ MnIII feature: g = 7.3; * MnIV features: g = 5.2 and 3.7)
Conditions: frequency = 9.38 GHz; power = 2.0 mW; modulation
frequency = 100 kHz; modulation amplitude = 0.6 mT; T = 4 K.
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complexes reacting much faster (Fig. S30†). A Hammett plot was
obtained by graphing ln(k/kH) versus sp (Fig. 4) where k is the
observed pseudo rst-order rate constant for eachMn-derivative
and kH is the observed pseudo rst-order rate constant for
[Mn(SalH)N]+.87 A clear break in the plot is observed between the
high-valent [MnVI(SalR)N]+ (R]CF3, H, tBu, OiPr) complexes
and ligand radical [MnV(SalR)N]c+ (R = NMe2, NEt2) derivatives.
For the MnVI derivatives, the reaction rates show a linear
correlation (R2= 0.95) with the Hammett parameter (2sp)87 with
a modest reaction constant of r = 0.31, indicating that the
[MnVI(SalR)N]+ complexes exhibit electrophilic reactivity, and in
addition, that the electron-donating ability of the para-R
substituent plays a relatively minor role in inuencing the rate
of the reaction.87 A linear relationship between phosphine
concentration and reaction rate was observed for [MnVI(SaltBu)
N]+ (Fig. S31 and 32†), indicating that phosphine is involved in
the rate law.

Although only two ligand radical derivatives are included in
the Hammett plot, the general trend in reactivity suggests that
the nitride still exhibits electrophilic reactivity, however the rate
is signicantly reduced (Fig. S30†). Indeed, further analysis of
the reaction rate for [Mn(SalNMe2)N]+c and (p-RPh)3P, where the
donating ability of the phosphine was varied (R = OMe, H, F,
and CF3), shows a negative slope consistent with nucleophilic
attack of phosphine at the electrophilic nitride (Fig. S33†). The
possibility that the reaction of the oxidized MnVI/MnVLc+

derivatives could occur via outer-sphere single electron transfer
(SET) oxidation of PR3 followed by radical recombination was
considered. However, the redox potential required for the rst
oxidation of both the phosphines are signicantly higher in
comparison to the Mn complexes indicating that initial SET is
unlikely (Fig. S34†). Overall, the Hammett plot shows that the
locus of oxidation (metal or ligand) is the dominant factor that
determines the rate of reaction between the nitride and phos-
phine, with the electron-donating ability of the salen para-R
substituent playing a secondary role.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Adduct characterization

Motivated by stability of the adduct formed between [Mn(SaltBu)
N]+ and (p-CF3Ph)3P at low temperature in solution (vide supra),
we endeavored to characterize this species by low temperature
EPR spectroscopy. A sample of the reactionmixture at 193 K was
transferred to a pre-cooled EPR tube and immediately frozen for
further analysis. EPR spectra (R = CF3, tBu, O

iPr, H, NMe2) of
the reaction mixture for each of the oxidized complexes and (p-
CF3Ph)3P shows features in the low eld region at g∼5.2 and 3.7
consistent with the expected MnIV phosphoraneiminato adduct
(Fig. 5).97,98 For the R = NMe2 derivative, the relatively weak
MnIV features in comparison to the strong signal at g = 2.003 is
consistent with the slow reactivity for the ligand radical complex
as measured by UV-vis-NIR spectroscopy (Fig. 3C). For R = tBu,
additional features indicating unreacted oxidized Mn nitride
complex (g ∼2.0) and a minor MnIII species at g ∼7.3,97,99

highlight the instability of the adduct, and possible background
nitride homocoupling reaction.62

We suspect these additional species are a result of the EPR
sample preparation, and due to the presence of multiple Mn
species we did not attempt to simulate the spectra. However,
when the MnVI and MnIII EPR spectra were subtracted from the
adduct spectrum for the tBu derivative, the resultant spectrum
(Fig. S35†) closely resembles EPR data reported by Fujii et al. for
MnIV(Sal)–Cl and MnIV(Sal)–OH.97,98 This is in agreement with
the UV-vis-NIR data (Fig. 3A and B), with new features for the
MnIV phosphoraneiminato adducts consistent with previously
reported MnIV complexes.97,98 To further evaluate the decay
Chem. Sci., 2024, 15, 2211–2220 | 2215
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process of the adduct we analyzed the EPR spectrum of the
reaction mixture for [Mn(SaltBu)N]+ and (p-CF3Ph)3P aer
warming to 298 K. We observe an increase in the MnIII signal at
g ∼7.3, and a decrease in the signals associated with the MnIV

adduct at ∼5.2 and 3.7 (Fig. S36†). EPR analysis of indepen-
dently prepared [MnIII(SaltBu)Cl] at 4 K shows a signicant
feature at g ∼7.3, further corroborating the assignment of
a similar species in the adduct and decay spectra. The eventual
formation of the MnIII complex is consistent with N-atom
transfer from the metal complex to (p-CF3Ph)3P, in accord
with the NMR and MS analysis (vide supra), and subsequent
reduction of the resulting MnIV complex by either impurities or
excess phosphine.77
Theoretical calculations

Theoretical calculations were used to further understand the
electronic structure of the oxidized Mn complexes and observed
reactivity differences with phosphine. In accord with experi-
mental data, calculations on the one-electron oxidized
complexes predict a MnVI electronic ground state for R = CF3,
tBu, OiPr, H, while a MnV ligand radical ground state was pre-
dicted for R=NMe2, NEt2 (vide supra).62,63We next evaluated the
difference in nitride NPA charge between the neutral and
oxidized forms, with the MnVI derivatives exhibiting a much
more signicant increase in nitride NPA charge and therefore
electrophilicity upon oxidation in comparison to theMnV ligand
radical derivatives (Fig. 6). In addition, we observe an expected
decrease in energy of the Mn^N p* orbitals upon oxidation.
However, the relative decrease in energy for the MnVI derivatives
is larger (ca. −68 kcal mol−1) in comparison to the MnV ligand
Fig. 6 Change in predicted Mn^N p* orbital energies upon oxidation
for Mn(SalR)N complexes from natural bond order (NBO) analysis.
Green (R = CF3), black (R = H), red (R = tBu), purple (R = OiPr), blue (R
= NMe2), orange (R = NEt2). The Mn^N p* orbital energies are lower
by −68.5 kcal mol−1 (CF3, MnVI), by −68.7 kcal mol−1 (H, MnVI),
−69.0 kcal mol−1 (tBu, MnVI), −68.0 kcal mol−1 (OiPr, MnVI),
−36.8 kcal mol−1 (NMe2, MnVLc+), −37.0 kcal mol−1 (NEt2, MnVLc+) in
comparison to the neutral analogues. NPA charge on nitride N in
brackets, indicating degree of electrophilic character.

2216 | Chem. Sci., 2024, 15, 2211–2220
radical analogues (ca. −38 kcal mol−1), implying that the empty
Mn^N p* orbitals for the MnVI derivatives are energetically
more accessible to reaction with a nucleophile (Fig. 6).

We next investigated the reaction prole of the neutral and
oxidized Mn complexes with (p-CF3Ph)3P. As expected, the
neutral complexes exhibit high transition state energies for
adduct formation and the resulting bent triplet phosphor-
aneiminato products are de-stabilized by ca. 16–21 kcal mol−1

in comparison to the reactants (Table S2, Fig. S37 and S38†).
This data is in agreement with the lack of reaction observed
experimentally. In contrast, calculations predict that bent MnIV

phosphoraneiminato adducts formed for all six [Mn(SalR)N]+

complexes with (p-CF3Ph)3P are stabilized in comparison to the
isolated reactants, with the trend in stability following the
electron-donating ability of the para-ring substituents (Fig. 7
and Table S3†). Calculations predict the high spin quartet state
to be of lowest energy (Table S3†), with unpaired electrons in
dxy, dxz, and dyz orbitals (Fig. S39 and S40†). This is in agreement
with the EPR data for the adducts. Analysis of both the doublet
and quartet reaction proles supports that the transition state
(TS) is located on the doublet surface with spin-crossover to the
quartet state occurring aer the TS (Fig. S41†). Indeed,
a minimum energy crossing potential (MECP)100–102 calculation
for the [Mn(SalCF3)N]+ derivative predicts the spin-crossover to
occur at 2.16 Å, with the TS at 2.34 Å, in agreement with the
relaxed potential energy surface scan. The calculated TS ener-
gies for the [Mn(SalR)N]+ complexes are signicantly lower in
energy in comparison to the neutral complexes (Fig. 7).
However, the high-valent MnVI derivatives exhibit TS of lower
energy (11.9–14.4) kcal mol−1 when compared to theMnV ligand
radical analogues (20.7–21.2 kcal mol−1) (Fig. 7 and Table S2†).
Analysis of the adduct geometry at the TS for all the oxidized
derivatives predicts a bent approach of the phosphine nucleo-
phile with a Mn–N–P bond angle of ca. 135° (Fig. S42†). Two
different orbital interactions are possible, including phospho-
rous (P) lone pair (lp) donation into a vacant Mn^N p* orbital,
or alternatively donation by a lled nitride N lp orbital into
a P–C s* orbital (Fig. S43†).87 Further analysis of adduct
formation at constrained P–N distances for both [Mn(SaltBu)N]+

and [Mn(SalNMe2)N]c+ predicts a decrease in P lp occupancy and
a concomitant increase in Mn^N p* occupancy as the reac-
tants approach the TS (Tables S5 and S6†). In contrast, the
nitride N lp and P–C s* orbital occupancies remain unchanged,
thereby supporting nucleophilic attack of the phosphine on an
electrophilic nitride (Tables S5 and S6†). Additional examina-
tion of the adduct formation at xed P–N distances predicts
a rise in the NPA charge on the phosphine coupled with a cor-
responding reduction in the NPA charge on [Mn(SalR)N]+ (R =

CF3 and NMe2) as the distance between the reactants is
decreased. This observation is consistent with the empirical
ndings, which demonstrate a nucleophilic interaction of the
phosphine with an electrophilic nitride (Tables S5 and S6†).55

Moreover, a similar trend for both the MnVI and the MnV ligand
radical derivatives indicates a similar reaction mechanism. For
the high-valent MnVI complexes, the lowest energy transition
state is predicted for the least donating para-ring substituent (R
= CF3), with a trend in increasing TS energy with increasing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Predicted reaction profiles for [Mn(SalR)N]+ and (p-CF3Ph)3P to form a bent MnIV phosphoraneiminato adduct. The initial doublet spin
state (2R) proceeds through the transition state (2TS) before crossing to the quartet surface and forming the bent MnIV adduct (4P). Note the
predicted product on the doublet surface (2P) is considerably higher in energy. Insets: top left, DFT-computed TS for [Mn(SalCF3)N]+ and (p-
CF3Ph)3P, including overlap of Mn^Np* and P lone pair orbitals; bottom right, bent quartet adduct for [Mn(SalCF3)N]+ and (p-CF3Ph)3P, including
spin density. Refer to the experimental section for calculation details.
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electron-donating ability of the para-ring substituent (Fig. 7).
The trend in predicted TS energies matches the experimentally
observed trend in reaction rates. In addition, the relatively small
difference in predicted TS energies for the MnVI complexes, and
the signicantly larger TS energies for the MnV ligand radical
analogues, suggests that the locus of oxidation is the major
determinant of the observed reactivity. Theoretical k/kH values
were obtained by imputing DFT-calculated activation energies
into the Eyring equation (see ESI† for details), and the resulting
predicted Hammett plot presents a clear difference in reactivity
between the high-valent [MnVI(SalR)N]+ (R = CF3, H, tBu, OiPr)
complexes and ligand radical [MnV(SalR)N]c+ (R = NMe2, NEt2)
derivatives. Additionally, among the MnVI derivatives, the
reaction rates show a linear correlation (R2 = 0.93) with the
Hammett parameter (2sp) as observed experimentally
(Fig. S44†).

Summary

In this study we investigated how electronic structure inuences
electrophilic nitride reactivity in a series of oxidized Mn salen
© 2024 The Author(s). Published by the Royal Society of Chemistry
nitrides. More specically, we explored if the locus of oxidation
(metal or ligand) was the major factor dictating reactivity at the
nitride, or whether this was secondary to the overall electron-
donating ability of the ancillary salen ligands. Changing the
para-ring substituent of the ancillary salen ligand provided
a means to change the electronic structure without signicantly
altering the geometry at the metal center. In addition to previ-
ously synthesized complexes, two new Mn(SalR)N (R = H and
NEt2) complexes were synthesized and thoroughly character-
ized. One-electron oxidation ofMn(SalH)N affords a high-valent
MnVI species whereas oxidation ofMn(SalNEt2)N affords a ligand
radical, as shown by spectroscopic experiments and supported
by DFT calculations. Reactivity of the extended series of neutral
Mn(SalR)N and mono-oxidized [Mn(SalR)N]+ (R = CF3, H, tBu,
OiPr, NMe2, NEt2) complexes with PPh3 and (p-CF3Ph)3P was
then investigated to probe for differences in electrophilic
nitride reactivity. While the neutral complexes are unreactive
towards PPh3 and (p-CF3Ph)3P, the oxidized complexes react at
the nitride to form a bent MnIV phosphoraneiminato adduct.
The adduct was identied by low temperature EPR measure-
ments, however, upon warming to 298 K complete N-atom
Chem. Sci., 2024, 15, 2211–2220 | 2217
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transfer occurs to form the free iminophosphorane and a MnIII

complex. Kinetic analysis of the reaction of the full series of
[Mn(SalR)N]+ complexes with triarylphosphines proves that the
locus of oxidation is the most signicant factor in determining
the electrophilic reactivity at the nitride, as established by
a break in the Hammett plot between high-valent MnVI andMnV

ligand radical complexes. Experimental observations are further
supported by theoretical calculations in terms of the electronic
structure reactivity prole. This work has motivated us to
investigate the possibility of C–H bond activation by the more
electrophilic nitrides of the [Mn(SalR)N]+ series.
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F. W. Heinemann, L. Maron, M. van Gastel, E. Bill and
K. Meyer, J. Am. Chem. Soc., 2014, 136, 15072–15078.

41 M. G. Scheibel, Y. L. Wu, A. C. Stuckl, L. Krause, E. Carl,
D. Stalke, B. de Bruin and S. Schneider, J. Am. Chem. Soc.,
2013, 135(47), 17719–17722.

42 J. Schoffel, A. Y. Rogachev, S. DeBeer George and P. Burger,
Angew. Chem., 2009, 48(26), 4734–4738.

43 T. Schmidt-Räntsch, H. Verplancke, J. N. Lienert,
S. Demeschko, M. Otte, G. P. Van Trieste III, K. A. Reid,
J. H. Reibenspies, D. C. Powers, M. C. Holthausen and
S. Schneider, Angew. Chem., Int. Ed., 2022, 61, e2021156.

44 V. Vreeken, M. A. Siegler, B. de Bruin, J. N. Reek, M. Lutz
and J. I. van der Vlugt, Angew. Chem., 2015, 54(24), 7055–
7059.

45 M. G. Scheibel, B. Askevold, F. W. Heinemann,
E. J. Reijerse, B. de Bruin and S. Schneider, Nat. Chem.,
2012, 4(7), 552–558.

46 C. E. Laplaza and C. C. Cummins, Science, 1995, 268(5212),
861–863.

47 C. E. Laplaza, M. J. A. Johnson, J. C. Peters, A. L. Odom,
E. Kim, C. C. Cummins, G. N. George and I. J. Pickering,
J. Am. Chem. Soc., 1996, 118(36), 8623–8638.

48 J. J. Curley, T. R. Cook, S. Y. Reece, P. Muller and
C. C. Cummins, J. Am. Chem. Soc., 2008, 130(29), 9394–9405.

49 R. Thompson, B. L. Tran, S. Ghosh, C. H. Chen, M. Pink,
X. Gao, P. J. Carroll, M. H. Baik and D. Mindiola, J. Inorg.
Chem., 2015, 54(6), 3068–3077.

50 L. N. Grant, M. Bhunia, B. Pinter, C. Rebreyend,
M. E. Carroll, P. J. Carroll, B. de Bruin and D. Mindiola, J.
Inorg. Chem., 2021, 60(8), 5635–5646.

51 L. N. Grant, B. Pinter, T. Kurogi, M. E. Carroll, G. Wu,
B. C. Manor, P. J. Carroll and D. J. Mindiola, Chem. Sci.,
2017, 8(2), 1209–1224.

52 L. N. Grant, B. Pinter, J. Gu and D. J. Mindiola, J. Am. Chem.
Soc., 2018, 140(50), 17399–17403.
© 2024 The Author(s). Published by the Royal Society of Chemistry
53 T. Kurogi, P. J. Carroll and D. J. Mindiola, J. Am. Chem. Soc.,
2016, 138(13), 4306–4309.

54 H. Shi, H. K. Lee, Y. Pan, K.-C. Lau, S.-M. Yiu, W. W. Y. Lam,
W.-L. Man and T.-C. Lau, J. Am. Chem. Soc., 2021, 143(38),
15863–15872.

55 F. S. Schendzielorz, M. Finger, C. Volkmann, C. Würtele
and S. Schneider, Angew. Chem., Int. Ed., 2016, 55(38),
11417–11420.

56 D. Sieh and P. Burger, J. Am. Chem. Soc., 2013, 135(10),
3971–3982.

57 T. J. Crevier and J. M. Mayer, J. Am. Chem. Soc., 1998, 120,
5595–5596.

58 A. Dehestani, W. Kaminsky and J. M. Mayer, Inorg. Chem.,
2003, 42(2), 605–611.

59 T.-W. Wong, T.-C. Lau and W.-T. O. Wong, Inorg. Chem.,
1999, 38(26), 6181–6186.

60 G. P. Connor, B. Q. Mercado, H. M. C. Lant, J. M. Mayer and
P. L. Holland, Inorg. Chem., 2019, 58(16), 10791–10801.

61 C. Schiller, D. Sieh, N. Lindenmaier, M. Stephan, N. Junker,
E. Reijerse, A. A. Granovsky and P. Burger, J. Am. Chem. Soc.,
2023, 145(20), 11392–11401.

62 R. M. Clarke and T. Storr, J. Am. Chem. Soc., 2016, 138(47),
15299–15302.

63 N. M. Hein, G. A. MacNeil and T. Storr, Inorg. Chem., 2021,
60(22), 16895–16905.

64 Y. Shimazaki, F. Tani, K. Fukui, Y. Naruta and O. Yamauchi,
J. Am. Chem. Soc., 2003, 125, 10512–10513.

65 T. Kurahashi and H. Fujii, J. Am. Chem. Soc., 2011, 133(21),
8307–8316, DOI: 10.1021/ja2016813.

66 L. Chiang, K. Herasymchuk, F. Thomas and T. Storr, Inorg.
Chem., 2015, 54(12), 5970–5980.

67 R. M. Clarke, K. Herasymchuk and T. Storr, Coord. Chem.
Rev., 2017, 352, 67–82.

68 J. Andrez, V. Guidal, R. Scopelliti, J. Pécaut, S. Gambarelli
and M. Mazzanti, J. Am. Chem. Soc., 2017, 139, 8628–8638.

69 T. Storr, E. C. Wasinger, R. C. Pratt and T. D. P. Stack,
Angew. Chem., Int. Ed., 2007, 46, 5198–5201.

70 M. Orio, O. Jarjayes, H. Kanso, C. Philouze, F. Neese and
F. Thomas, Angew. Chem., Int. Ed., 2010, 49, 4989–4992.

71 M. Keener, M. Peterson, R. Hernández Sánchez,
V. F. Oswald, G. Wu and G. Ménard, Chem.–Eur. J., 2017,
23(48), 11479–11484.

72 T. Chantarojsiri, A. H. Reath and J. Y. Yang, Angew. Chem.,
Int. Ed., 2018, 57(43), 14037–14042.
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