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The pincer ligand PNNH contains pyridine with its ortho carbons bearing one tBu2PCH2 donor and one
pyrazole donor. A DFT study of the energies and structures of (PNNH)Mn(CO)n(NOx) (n = 0–2, x = 0–3)
reveals thermodynamic preferences over the suite of compounds. In every NOx case, the cis positioning
of two carbonyls gives a more stable isomer than does the trans, which is understood as avoiding the
trans conflict of two strong p acid ligands. The calculations also reveal a preference for nitrito (AONO)
linkage isomers over the nitro (ANO2) alternative. Additionally, the calculations predict loss of one CO
when the nitrosyl oxidation level is reached, forming the five-coordinate (PNNH)Mn(CO)(NO). Nitrosyl
ligand bending is evaluated with changing manganese coordination number, and diagnostic infrared fre-
quencies are also discussed. We also investigate the thermodynamics of deoxygenation of the original
coordinated nitrate. It is shown that reductive deoxygenations among these species are thermodynami-
cally favored using a bis silyl dihydropyridazine reagent (oxygen removed as O(SiMe3)2).

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Highly oxidized elements, regardless of whether they are gases
or highly water soluble, represent important anthropogenic pollu-
tants [1–4]. One remedial strategy for carbon dioxide is deoxy-
genation and CAC bond formation to produce multi-carbon
products. The highest oxidation state of nitrogen is found in
nitrate, which is a metabolite from agricultural ammonia fertilizer
and whose water solubility leads to accumulation of this nutrient
in poorly drained bodies of water [5–8]. This triggers excessive
algal growth, then oxygen depletion which results in aquatic ‘‘dead
zones” [9]. Deoxygenation of nitrate is currently not as advanced as
is deoxygenation of carbon dioxide [10–15], although some suc-
cesses have been discovered in the last decade [16–23]. We
address here the process of deoxygenation of nitrate into various
reduced nitrogen oxidation states, ultimately to the terminal
nitride stage. This total deoxygenation, followed by protonation,
accomplishes the return of N resource to a value-added product,
NH3. We envision the fate of the oxygen to be abstracted by oxo-
philic silicon, which is delivered by an antiaromatic silyl amine
reagent (Scheme 1a) proven to have this capability, 1,4-bis
(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (TMS2Pz) [24–29].
This reagent formally delivers two uncharged SiMe3 equivalents
based on the pyrazine aromaticity regained following silyl transfer.
Relevant goals considered here include the choice of a transition
metal as an electrophilic activator and a carrier of an ancillary
ligand which can additionally promote activation of nitrate. While
electrophilic activation dictates high metal oxidation state, we
probe here whether a low metal oxidation state can also con-
tribute. This study focuses on design of complexes for systematic
study of nitrate deoxygenations, incorporating several specific
design characteristics illustrated in Scheme 1b.

With the choice of manganese, there is the benefit of earth
abundant character of a generally underutilized transition metal.
We chose a tridentate pincer ligand (Scheme 1b, PNNH), which
must be robust against degradation by the deoxygenating agent.
It has three distinctly different donors: a phosphorus carrying ster-
ically bulky substituents to avoid potentially destructive aggrega-
tion to multi metal species, a pyridine, known to be redox active
[30–32], and a pyrazole, chosen in part to position a reactive NH
hydrogen nearby the coordinated substrate. By choice of Mn(+1),
we are in a region of coordination chemistry where the 18 valence
electron rule can be a useful predictive guide, and we use here
Density Functional Theory (DFT) calculations to test how useful
that predictive principle is. The remaining ligand incorporated at
our reactive metal center is carbon monoxide, whose spectroscopic
properties could be useful in experimental tests of these calcula-
tions. Additionally, CO is diagnostic of relatively electron rich or
electron poor character of the metal to which they are attached:
high mCO indicates the metal donates less well to the p* orbitals
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Scheme 1. a) Deoxygenation with TMS2Pz b) complexes studied in this report with highlighted key features.

A.C. Cabelof, A.M. Erny, D.M. Beagan et al. Polyhedron 200 (2021) 115119
of CO vs. the low mCO values expected when the metal is electron
rich. Part of this study seeks to track the changing electron donor
or withdrawing character of nitrogen oxyanions as they are
reduced. Ultimately, at the nitride stage, questions arise as to the
accuracy of an M„N triple bond representation and also whether
higher spin states are relevant to these final deoxygenation prod-
ucts. In summary, the goals of this DFT study are to establish struc-
ture, bonding, and thermodynamics of isomeric products and
deoxygenation steps, as well as to identify possible unanticipated
degradative reactions, and unanticipated characteristics of the cho-
sen pincer ligand. Given the limited access to nitride as a ligand
(normally from high energy azide or from very refractory N2), does
the envisioned reductive silylation reagent TMS2Pz have the ther-
modynamic capacity to produce nitride?

We analyze first the structures of the various nitrogen oxyanion
complexes involved, followed by a general survey of the energetics
of their interconversion by reductive silylation with TMS2Pz.
2. Results

2.1. Structures of nitrogen oxyanion complexes

2.1.1. NO3
� Complexes

We began our study with geometry optimization (B3LYP/6-
311G(d) level of theory with implicit solvent corrections for THF
solvent; see SI for more details) of (PNNH)Mn(CO)2(NO3) for both
the cis and trans isomer, based on the carbonyl positions. Calcula-
tions reveal that the cis isomer (Fig. 1a) is more stable than the
trans isomer by 12.5 kcal/mol in spite of the fact that only the trans
isomer shows an intramolecular hydrogen bond from NH to pen-
dant j1-nitrate oxygen (Fig. 1b). The cis isomer is experimentally
Fig. 1. Geometry optimized structures of (PNNH)M
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observed for manganese pincer complexes with a variety of X-type
ligands [33–37].

Due to the cis being the more stable of the two isomers, discus-
sion focuses on that isomer here, but more information on the
trans isomer is available in the SI. DFT frequency calculations of
the cis isomer reveal two strong CO stretches at 1871 cm�1 (asym)
and 1940 cm�1 (sym). In addition to the CO as a spectroscopic
reporter, nitrogen oxyanions are also excellent chromophores
due to their distinct NAO stretches. These calculations predict that
the NAO stretches for nitrate are at 1270 and 1448 cm�1. These
computed IR stretches are particularly useful to aid future syn-
thetic efforts towards (PNNH)Mn(CO)2(NO3) and for isomer identi-
fication vs. the experimental IR spectrum. It is noteworthy to
mention that we envision the synthesis of this (PNNH)Mn(CO)2(-
NO3) complex to be straightforward. Our group has installed PNNH
onto multiple metals [24,38–40], and we therefore imagine that
addition of PNNH to Mn(CO)5X will form (PNNH)Mn(CO)2X
(X = Cl or Br) [36,37,41], which can subsequently undergo salt
metathesis[37] with silver nitrate to form the desired (PNNH)Mn
(CO)2(NO3).

2.1.2. NO2
� Complexes

In the case of nitrite, the first downstream product of nitrate
deoxygenation, there are four possible isomers due to the ability
of nitrite to be N-bound (nitro) or O-bound (nitrito), along with
cis and trans (CO)2 configuration. Geometry optimization of all four
isomers was completed and shows that the cis CO with nitrito
coordination is the most stable isomer. The relative energy of each
isomer is shown in Fig. 2a, with the optimized structure of the
most stable shown in Fig. 2b.

Similarly to the case of (PNNH)Mn(CO)2(NO3), these calcula-
tions show that the cis isomer is more stable, despite a hydrogen
n(CO)2(NO3) as a) cis isomer b) trans isomer.



Fig. 2. a) Relative energies of all possible (PNNH)Mn(CO)2(nitrite) isomers and b) Geometry optimized structure of cis-(PNNH)Mn(CO)2(ONO).
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bond between the nitrogen oxyanion and the pyrazoleANH proton
only in the trans isomer. In all of these cases avoiding twomutually
trans carbon monoxides dominates thermodynamic isomer prefer-
ence in spite of hydrogen bonding opposing that preference. In
general, hydrogen bonding only occurs when the nitrogen oxyan-
ion is located in the plane of the pyrazole. For all isomers, the
NAO stretches of nitrite are strongly mixed with pincer intra-
ligand motions, and thus of limited diagnostic utility (see SI for
more details). The carbonyl stretching modes on the other hand
are the most intense in each spectrum and very useful; the sym-
metric stretch of the trans isomer is of low intensity, while the
cis isomer has two of comparable intensity. These data are all
included in the SI (Table S2).

2.1.3. Nitrosyl complexes
Upon reaching the nitrosyl state, we were interested in probing

both (PNNH)Mn(CO)2(NO) and (PNNH)Mn(CO)(NO), hypothesizing
that upon formation the more strongly donating NO ligand, one CO
might dissociate to give the five-coordinate alternative. We first
focused on the dicarbonyl compounds, and then considered the
thermodynamics for loss of carbonyl from the lowest energy dicar-
bonyl species. For the dicarbonyl species (PNNH)Mn(CO)2(NO), we
optimized both the cis and trans isomers and in line with the
nitrate and nitrite results, the cis CO isomer is lower in energy,
by 6.9 kcal/mol. For the cis isomer, the MnANAO angle is bent at
121.8�, consistent with sp2 hybridization at N (Fig. 3a). Because
we were interested in the monocarbonyl, we considered the ther-
modynamics to form (PNNH)Mn(CO)(NO) and free CO from cis-
(PNNH)Mn(CO)2(NO) and found that this process is favorable by
11.7 kcal/mol. The optimized structure of (PNNH)Mn(CO)(NO) is
shown in Fig. 3b.
Fig. 3. a) Geometry optimized structure of cis-(PNNH)Mn(CO)2(N
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Due to the thermodynamics being downhill for formation of
(PNNH)Mn(CO)(NO), unless there is an unanticipated barrier for
this reaction, deoxygenation of (PNNH)Mn(CO)2(NO2) should spon-
taneously form the five-coordinate (PNNH)Mn(CO)(NO). The
monocarbonyl has an essentially linear MnANAO angle of 168.2�
and a square pyramidal geometry around five- coordinate man-
ganese with an apical CO. The computed IR spectra of these two
molecules suggests that differentiating these two species in a syn-
thetic execution should be simple; if the dicarbonyl forms, the IR
spectrum is dominated by the two CO stretches which are pre-
dicted to be much more intense than the nitrosyl. However, if CO
loss occurs, DFT predicts that the nitrosyl stretch will be nearly
as intense as the CO stretch (see SI for more details).

The linear (in (PNNH)Mn(CO)(NO)) vs. bent (119 – 122� in
(PNNH)Mn(CO)2(NO)) structural preferences (Fig. 3) are wholly
consistent with the 18 electron rule and the demand for the metal
here to remain saturated upon loss of one carbonyl ligand. The
manganese nitrogen distance to bent nitrosyl is distinctly longer
(by > 0.3 Å) than to linear nitrosyl. However, the bent nitrosyl
exerts a trans lengthening on Mn-C(O) in the examples here. It is
perhaps surprising that the five-coordinate species locates car-
bonyl, not nitrosyl, trans to the empty site in its square pyramidal
structure. There are no known bent MnANAO complexes. There is
one complex, cationic with a monoanionic pincer ligand L, with
formula LMn(CO)2(NO)+; it has a linear MnNO unit [42].

2.1.4. Nitride complexes
We discuss first the five-coordinate (PNNH)Mn(CO)(N), predict-

ing that this 18 electron species is preferred over the 20 valence
electron dicarbonyl alternative. Additionally, our nitrosyl calcula-
tions suggest that CO loss from dicarbonyl will occur at that step.
O) b) geometry optimized structure of (PNNH)Mn(CO)(NO).



Fig. 4. Geometry optimized structure of (PNNH)Mn(CO)(N). mCO is 1843 cm�1.
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We considered all three possible spin states, and found the singlet
to be lowest in energy by > 16 kcal/mol. The nitride is equatorial
(Fig. 4) and shows a large trans influence, with Mn-N(pyridine)
2.208 Å, vs ~ 2.0 for the other NOx species calculated here. The
MnAC(O) distance, 1.797 Å is short and the long CO distance,
1.158 Å, is consistent with back donation to CO, so this 18 valence
electron S = 0 species has good bonding parameters. Consistent
with that, the MnACO bond dissociation free energy (forming
(PNNH)MnN) is >20 kcal/mol, considering all three spin states of
(PNNH)MnN calculated here (see SI for more details).

There are numerous nitride complexes of Mn but all in oxida-
tion state 5+, and commonly have the nitride ligand in the apical
site [43–47]. There are also rhenium nitrides, including numerous
with pincer ligands, but these also have primarily oxidation state 5
+ [48–51]. There are no known M(N)(CO) complexes of manganese
or rhenium.
Fig. 5. Geometry optimized structure of (PNN)Mn(CO)2(ONH).
2.2. Reductive silylation thermodynamics

We considered the reaction thermodynamics for stepwise and
complete deoxygenation by TMS2Pz, focusing on the lowest energy
isomers determined above. The thermodynamics are summarized
Scheme 2. Thermodynamics (energies in kcal/mo
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in Scheme 2 and reveal that deoxygenations are highly exergonic,
even at the final deoxygenation step. These thermodynamic data
support our initial hypothesis that the driving force for formation
of free pyrazine and hexamethyldisiloxane help make these pro-
cesses very favorable, and reveal the potency of TMS2Pz as a deoxy-
genating agent. Here, we focus on nitrogen oxyanions, but we
envision that these principles can be transferred to other oxyan-
ions EOn

q� (E = S, P, C, etc.).

2.3. Unanticipated reactions

2.3.1. From isonitrosyl
Because isomerization from nitrito to nitro is uphill thermody-

namically (Scheme 2), we considered another route: deoxygena-
tion of the nitrito species to form (PNNH)Mn(CO)2(ON), which
contains an isonitrosyl, and its subsequent isomerization to form
(PNNH)Mn(CO)2(NO). Attempted geometry optimization starting
from (PNNH)Mn(CO)2(ON) connectivity yielded an unexpected
structure (Fig. 5), which reveals hydrogen transfer of pyrazole NH
to the pendant isonitrosyl N. This gives the O-bound ligand HNO as
a two electron donor, yielding a deprotonated and thus monoan-
ionic pincer ligand of overall formula (PNN)Mn(CO)2(ONH).
l) of stepwise deoxygenations using TMS2Pz.



Fig. 6. Optimized structure of (PNNH)Mn(CO)(NCO). mCO is 1815 cm�1 mNCO is
2212 cm�1.

Fig. 7. Optimized structure of (j1-PNNH)MnN(CO)2.
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2.3.2. From dicarbonyl nitride
We were interested in attempted geometry optimization of

these 20 valence electron species, (PNNH)Mn(CO)2(N), both cis
and trans, for comparison to the 18 valence electron (PNNH)Mn
(CO)(N). The DFT geometry optimization revealed several unex-
pected products. Optimization starting from trans-(PNNH)Mn
(CO)2(N) led to coupling of one CO with the nitride ligand, forming
five-coordinate (PNNH)Mn(CO)(NCO). (Fig. 6) Isocyanate forma-
tion from transition metal nitride reactivity with CO has been
observed for several different metals [52–57]. This conversion to
a 16 electron isomer shows that unsaturated is better than super-
saturated, and also that the nitride is spontaneously (i.e. kinetically
and thermodynamically) reactive towards functionalization (C/N
bond formation) of nitrate-derived nitrogen. We find that (PNNH)
Mn(CO)(NCO) is 51.3 kcal/mol more stable than (PNNH)Mn(CO)
(N) + free CO, suggesting that this product is preferential to simple
loss of CO.

Attempted optimization starting from cis-(PNNH)MnN(CO)2
leads to dissociation of pincer arm(s). Specifically, manganese
rejects donation from the pyridine and pyrazole donor arms,
instead heading towards a four-coordinate structure of formula
(j1-PNNH)MnN(CO)2 with only the phosphine arm, both carbonyl
and the nitride remaining in bonding distance of Mn (Fig. 7), and
approximately tetrahedral structure around Mn. This molecule
shows characteristic CO stretches at 1957 and 2016 cm�1 for the
asymmetric and symmetric stretches respectively. The single
precedent for a four-coordinate manganese nitride species is the
tripodal (tris-NHC)MnN [58].

These optimizations both emphasize the predictive properties
of the 18 valence electron rule; in both cases, significant geometry
rearrangements occur to circumvent the high energy 20 valence
electron species.
5

3. Conclusions

In every NOx case, the cis positioning of two carbonyls gives a
more stable isomer than does the trans, which is understood as
avoiding the trans conflict of two strong p acid ligands. The nitrito
isomer is more stable than the nitro isomer, which is surprising
given that an O-bound ligand experiences filled/filled repulsions
between d6 manganese and the oxygen lone pairs. This suggests
dominant influence of push/pull interaction, from O ligand lone
pair into the p* of CO which is absent in the nitro isomer. When
the nitrosyl state is reached, satisfying its electronic demands
dominate, and the increased valence electron count of linear nitro-
syl vs. bent can be used to predict the favorable thermodynamics
for loss of one carbonyl ligand: it is at the nitrosyl stage where
coordination number five is first encountered. Similarly the nitride
complex is favored to retain one carbonyl ligand, yielding an 18
valence electron species, (PNNH)Mn(CO)(N).

Knowing the energy landscape among isomers, as well as
among redox partners, is essential to effective setting of goals in
synthetic chemistry. Until the advent of DFT, thermodynamic data
were only available following experimental evaluation of pure
compounds which had already been synthesized, thus not useful
in a predictive capacity. The energy landscape among NOx ligands
established here, together with nitrosyl and ultimately the diffi-
cultly accessible nitride ligand, is exceptionally challenging simply
because of the many alternatives. DFT also delivers the experimen-
tally useful vibrational frequencies of NO stretching, as well as
those of the carbonyl ligands we intentionally include here as spec-
troscopic reporters; this is exceptionally useful in identifying com-
pounds prior to single crystal diffraction structure determination.
In addition, geometry search of the energy landscape is unbiased
and thus can find unanticipated low barrier rearrangement prod-
ucts from a chosen starting geometry. Finally spin states present
another parameter that can amplify the challenge of characterizing
products in the NOx deoxygenation landscape, yet are accessible by
DFT. In conclusion, the study offered here can provide assistance to
an experimental search for reducing the oxidation level of nitrogen
oxyanions.
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