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ABSTRACT: With the advent of the Haber-Bosch process over a century ago, the world’s population experienced tremendous 
growth due to the million tons of fixed nitrogen used in fertilizer each year. However, the majority of the fixed nitrogen is 
metabolized to various nitrogen oxyanions by soil organisms and find themselves lost in waterways, leading to eutrophication 
and hypoxia. Therefore, there is a need to convert the anthropogenic nitrogen content to more useful forms. In this work, the 
synthesis and characterization of an iron nitrate (PhB(iPr2Im)3FeNO3) complex (2) is reported. Subsequent stepwise deoxy-
genation via a bis(boryl) reduced N-heterocycle (BPin2pz) to their downstream counterparts was shown to be thermodynam-
ically favorable by DFT. Reaction of iron nitrate with (BPin2)pz led to the formation of an iron (pinacolato)boralanolate com-
plex (3) and a diiron dinitrosyl with bridged hydroxide ligands ([PhB(iPr2Im)3Fe(NO)(OH)]2) (4). The formation of these com-
plexes demonstrates the oxophilicity of both iron and boron. Overall, this remarkable reactivity of iron nitrate showed that 
this is a viable method for converting the environmentally harmful nitrate anion into a more interesting form of nitrogen. 

INTRODUCTION 
Over the last few decades, anthropogenic activities have 

dramatically increased the concentration of reactive nitro-
gen in the environment, notably in the form of nitrate and 
nitrite. This meteoric rise is in part a consequence of indus-
trial agriculture1 that uses industrially produced Haber-
Bosch ammonia to deliver nitrogen-based fertilizers. While 
this ammonia fertilizer is critical for maintaining the 
world’s population, most of this applied nitrogen fertilizer 
is not absorbed by crops. In fact, over 80 % is lost to the en-
vironment through runoff, leaching, volatilization, and de-
nitrification processes.2, 3 This microbial oxidation of ammo-
nia produces a surfeit of nitrogen oxyanions that accumu-
late in the environment and overwhelm natural denitrifica-
tion processes, ultimately leading to the eutrophication of 
waterways,4 which is most noticeable in coastal waters.5 
These aquatic dead zones have deleterious effects on 
aquatic species through habitat loss or the compression and 
reduction of biomass. For example, hypoxia hinders the 
spawning of cod in the Baltic Sea at the depths where the 
water salinity provides buoyancy for their eggs.6  
Artificial denitrification processes represent one strategy to 
combat a plethora of looming environmental problems. For 
example, both heterogeneous and molecular electrocata-
lysts have been demonstrated to reduce aqueous nitrate to 
species with lower nitrogen oxidation states, including am-
monia and hydroxylamine. Despite extensive mechanistic 
investigations, insight into the factors that control product 
selectivity in electrocatalysis is often limited by the fact that 
the rate limiting step is associated with cleavage of the first 

N-O bond of nitrate. We anticipate that stoichiometric in-
vestigations of N-O bond cleavage in well-defined molecular 
complexes will provide insight into this question by deline-
ating mechanistic pathways, in particular insight into prod-
uct selectivity. In this regard, investigations into the stoichi-
ometric reduction of nitrate ligands have revealed a diver-
sity of products, as determined by both the nature of the 
metal complex and reducing agent.7-16 

Reagents for the deoxygenation of ligands by oxygen 
atom abstraction are especially rare. However, homogene-
ous reagents based on either silicon (“reductive silylation”) 
or boron (“reductive borylation”) can deoxygenate both 
metal oxides and nitroarenes, and have also been used for 
reduction and even deoxygenation of metal oxide sur-
faces.17-21 An example of this class of reagent is (BPin)2pz, a 
boron derivative of Mashima’s reagent first introduced by 
Suginome (Figure 1), for which the calculated bond disso-
ciation free energies (BDFEs) of the first and second B–N 
bonds are 87.4 kcal/mol and 61.7 kcal/mol, respectively. It 
was reported previously that these reagents are capable of 
reduction without generating salts.22-25 These relatively 
weak and polar bonds are easily cleaved in favor of stronger 
bonds, notably B–O bonds (e.g., BDE = 212 kcal/mol in pi-
nacolborane).26 Additional thermodynamic driving force for 
substrate deoxygenation is provided by the energy gain for 
pyrazine rearomatization. The volatility and solubility of 
the O(Bpin)2 and pyrazine products also have practical ben-
efits for synthetic chemistry by facilitating product separa-
tion.  
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Together with reductive silylation using Mashima’s rea-
gent, we have used the Mashima-Suginome reagent 
(BPin)2pz for the reductive borylation of selected transition 
metal complexes containing coordinated nitrogen oxyan-
ions.7, 9, 10 It is notable that NOx- ligand deoxygenation with 
these reagents generally stops at the nitrosyl/NO oxidation 
level. For example, reaction of (DIM)Fe(MeCN)(NO3)2 (DIM 
= N,N′-bis(2,4,6-trimethylphenyl)-1,4-diaza-2,3-dimethyl-
1,3-butadiene) with (BPin)2pz provides the dinitrosyl iron 
complex (DNIC) (DIM)Fe(NO)2 as the terminal product of 
the reaction.  

 

 

Figure 1. Attractive attributes of the Mashima-Suginome 
reagent, which is a reduced bis(boryl) N-heterocycle 
(BPin)2pz compound. 

In light of these results, we hypothesized that a transition 
metal system known to stabilize lower oxidation states of 
nitrogen would enable nitrate reduction beyond the NO ox-
idation level. For this reason, we decided to investigate ni-
trate reduction with an iron tris(carbene)borate fragment. 
This metal fragment is known to support terminal nitrides, 
leading us to anticipate the conversion of nitrate ligand to 
nitride.27 The diverse nitrogen atom transfer reactivity of 
tris(carbene)borate iron nitride complexes is promising for 
the synthesis of new organic compounds using the nitrogen 
atom of nitrate. Beyond the details of this specific system, 
iron offers multiple metal oxidation states which may help 
stabilize deoxygenation intermediates, including unantici-
pated high or low metal oxidation states, thus augmenting 
the reducing power of the borylation reagent.  

We report here the synthesis of the tris(carbene)borate 
iron(II) nitrate complex PhB(iPr2Im)3FeNO3, where the low 
steric profile of tris(carbene)borate is expected to allow 
bulky (BPin)2pz to access the nitrate ligand. Synthetic inves-
tigations reveal that the bis(boryl)pyrazine reagent 
smoothly deoxygenates the nitrate ligand, sometimes with 
complementary redox changes at the metal. Interestingly, at 
least two products are formed, one of which has oxygen 
shared by iron and boron. This reaction pathway differs 
from all other reports of nitrate deoxygenation by 
(BPin)2pz. 

 

RESULTS AND DISCUSSION 
Nitrate Ligand Installation  

Attempts to prepare a nitrate complex by simple salt me-
tathesis between the known tris(carbene)borate iron chlo-
ride complex and various nitrate salts were unsuccessful, 
with no reaction observed. We therefore devised a different 
synthetic route in which we anticipated that the reaction of 
a basic iron complex with an acidic nitrate compound would 
enable nitrate coordination to iron.  

To this end, we prepared and structurally characterized 
the amido complex PhB(iPr2Im)3FeNH(tBu) (1) as the basic 
iron source (Figure 2a, b). In addition, we devised a new 
synthesis of anhydrous lutidinium nitrate. Gratifyingly, 
these compounds reacted cleanly to afford the purple ni-
trate complex PhB(iPr2Im)3FeNO3 (2) in 77 % isolated yield 
(Figure 2a).  

The solid-state molecular structure of 2 has been deter-
mined by single-crystal X-ray diffraction (Figure 2c). Inter-
estingly, despite the potential for being a multidentate lig-
and, the nitrate ligand in 2 is monodentate. This binding 
mode is consistent with high spin (S = 2) iron(II) due to the 
fact that a vacant orbital required for bidentate binding is 
not available. The nitrate ligand is planar (Σ angles around 
N = 360°). The Fe-coordinated oxygen is further from nitro-
gen (N-O 1.316(8) Å) than the other two oxygen atoms of 
the nitrate ligand (1.257(9) Å and 1.218(8) Å), consistent 
with localization of N/O π bonds to the terminal oxygens. 
The Fe-O distance is comparable to that in 
PhB(iPr2Im)3FeOSO2CF3 (see SI) while the Fe-C bonds are 
comparable to those observed in other high spin iron(II) 
tris(carbene)borate complexes.28, 29 

Complex 2 has also been spectroscopically characterized. 
The most notable feature of the high resolution XPS spec-
trum is the 1s binding energy of the nitrate nitrogen (BE = 
406.8 eV), which is comparable to other metal nitrate com-
plexes.30 The nitrate ligand is further characterized by spec-
troscopy (νN-O = 1667 cm-1 in KBr). The Fe XPS spectrum is 
consistent with high spin iron(II), with the binding energies 
for the 2p3/2 (710.4 eV) and shake-up satellite (713.35 eV) 
similar to those observed for other iron(II) tris(carbene)bo-
rate complexes. The complex has also been characterized by 
1H NMR spectroscopy.31-33 



 

 

 

Figure 2. (a) Synthesis of complexes 1 and 2; single crystal structures of (b) complex 1; and (c) complex 2. Thermal ellipsoids 
shown at 50% probability, most hydrogen atoms omitted, and tris(carbene)borate ligand represented in wireframe for clar-
ity. Color scheme: C, black; N, blue; B, pink; Fe, orange; O, red. 

Scheme 1. Deoxygenation of 2 with (BPin)2pz provides 3 and the proposed complex 4. 

 

 

Nitrate Deoxygenation 
With complex 2 in hand, we were interested in determin-

ing the fate of the nitrate ligand in deoxygenation reactions. 
Here, we observe that 2 reacts to completion with equimo-
lar (BPin)2pz within 1 h, providing two major paramagnetic 
products, 3 and 4, formed in spectral yields of approxi-
mately 70 % and 20 %, respectively (Scheme 1). We were 
also able to identify pyrazine and the boryl ether (BPin)2O, 
which are formed in a molar ratio of pyrazine: (BPin)2O = 
10:8. Neither NO nor N2O were detected in the headspace of 
the reaction as determined by FT-IR spectroscopy. Im-
portantly, a control experiment reveals that (BPin)2pz does 
not react with NaNO3.  

Complex 3 has been structurally and spectroscopically 
characterized. The solid-state molecular structure of 3, as 
determined by single-crystal X-ray diffraction, reveals a 

four-coordinate iron center bound to the tris(carbene)bo-
rate ligand and a boralanolate ligand (Figure 3), The Fe‒O 
bond distance (1.889(2) Å,) is considerably shorter than 
that in complex 2.  

The 1H NMR spectrum of 3 is consistent with the solid-
state structure. The paramagnetically shifted resonances 
are consistent with a three-fold symmetric complex and the 
resonance corresponding to the methyl groups on the 
OBPin ligand can be assigned by integration. Complex 3 can 
be independently prepared by the reaction of 1 with 
equimolar HOBPin in 70 % isolated yield. Importantly, no 
changes are observed by 1H NMR spectroscopy when com-
plex 3 is treated with excess Bpin2pz. This complex is there-
fore the terminal reductive borylation product of NOx deox-
ygenation. 



 

The formation of complex 3, which features monoanionic 
-OBPin as a ligand, shows that the oxophilicity of iron be-
comes competitive with that of boron in the later stages of 
the NOx- reduction reaction. This also shows that deoxygen-
ation does not necessarily involve the concerted transfer of 
two boryl groups, as might have been concluded from 
O(BPin)2, which is a commonly seen reaction product. A 
product with a single boryl ligand also implicates the inter-
mediacy of mono-boryl pyrazinyl radicals.34 

 
Figure 3. Crystal structure of PhB(iPr2Im)3FeOBPin (3) 
with thermal ellipsoids at 50% probability. Hydrogen atoms 
omitted, and tris(carbene)borate ligand is represented in 
wireframe for clarity. Color scheme: C, black; N, blue; B, light 
pink; Fe, orange. 

We propose complex 4 to be the dinuclear complex 
[PhB(iPr2Im)3Fe(NO)(µ-OH)]2 on the basis of spectroscopic 
and spectrometry data. Multiple attempts to obtain crystals 
for single crystal X-ray diffraction have been unsuccessful. 
Characterization of this complex is also complicated by its 
thermal instability, which decomposes in room tempera-
ture solution overnight and a week in the solid state at -35 
°C. 

The ESI-MS of 4 reveals a mass at m/Z = 1288.7 with an 
isotopic mass pattern that matches that expected for 
[PhB(iPr2Im)3Fe(NO)(µ-OH)]2. This is the formula for the di-
mer of [PhB(iPr2Im)3Fe(NO2)] (i.e., the monodeoxygenation 
product of 2) plus two hydrogen atoms. The mass spectrum 
does not depend on whether the compound is synthesized 
and/or analyzed in THF or THF-d8. In addition, the same 
mass spectrum is obtained when the reaction of 2 with 
(BPin)2pz is conducted in a silylated reaction vessel. This 
suggests that hydrogen atoms are scavenged from sacrifi-
cial tris(carbene)borate ligand in the synthetic reaction.  

The X-ray photoelectron spectrum of 4 is consistent with 
the proposed structure (Figure 1). The survey scan pro-
vides the Fe:B:N atom ratio (1:1:7), consistent with the em-
pirical formula of 4. The high-resolution nitrogen 1s region 
can be deconvoluted into three different nitrogen environ-
ments in the ratio 1:3:3. The peak with the highest binding 
energy (BE = 401.5 eV) is assigned to the nitrosyl nitrogen, 
where similar binding energies are observed in other com-
plexes.10 The remaining two peaks (BE = 400.2 eV and 399.6 
eV) are assigned to the nitrogen atoms of the NHC donor, as 
has been observed for other tris(carbene)borate com-
plexes.32, 35  

The iron 2p spectrum reveals a broad 2p3/2 signal at 709.7 
eV and a 2p1/2 signal at 723.2 eV, consistent with high spin 
iron(III). The zero-field 57Fe Mössbauer spectrum of com-

plex 4 provides better insight into the nature of the iron cen-
ters. At 80 K, the isomer shift (δ = 0.19 mm/s) and quadru-
polar splitting (∆EQ = 1.26 mm/s) are indicative of a  high 
spin iron(III) complex (Figure S18). 

Finally, the solution 1H NMR spectrum reveals that the 
complex is threefold symmetric in solution, with the num-
ber and relative integration of the observed resonances 
consistent with the proposed structure. Consistent with the 
mass spectrometry results (above), there is no change in the 
1H NMR spectrum when the compound is synthesized 
and/or analyzed in THF or THF-d8. 

A broad band in the solution IR spectrum of 4 provides 
evidence for a nitrosyl ligand (νNO = 1680 cm-1 in THF)  

Experimental and computational mechanistic insight 
We propose that the first step of the reaction of 2 with 

(BPin)2pz involves oxygen atom transfer from the nitrate 
ligand to yield the nitrite complex PhB(iPr2Im)3FeNO2 5. 
This reaction is calculated by density functional theory 
(B3LYP/def-TZVP) to be thermodynamically favorable (∆G 
= -44.6 kcal/mol in THF). At this level of theory, the calcula-
tions favor a high spin (S = 2) configuration for 5 with a κ1-
ONO ligand, however the low spin (S = 0) κ2-O2N isomer is 
only 2.8 kcal/mol higher in energy. In addition, the κ1-NO2 
(S = 2) and κ2-ONO (S = 0) linkage isomers are slightly 
higher in energy at 3.1 kcal/mol and 5.3 kcal/mol, respec-
tively (Table S7).  

To experimentally probe the role of 5 in nitrate ligand de-
oxygenation, we attempted to prepare this complex so that 
we could investigate its reactivity towards (Bpin)2pz. How-
ever, multiple synthetic routes to make this complex all re-
sult in the formation of complex 4, indicating that iron plays 
a direct role in the deoxygenation of nitrate. For example, 
attempted ligand metathesis between PhB(iPr2Im)3FeOTf 
with equimolar AgNO2 provides complex 4 as the major 
product of the reaction, as determined by 1H NMR spectros-
copy. Other attempted metathesis reactions (e.g., with 
PPNNO2 and NaNO2) proceed similarly, as does oxidation of 
the iron(I) synthon [PhB(iPr2Im)3Fe]2N2 with AgNO2. While 
we have been unable to structurally characterize 4 by single 
crystal X-ray diffraction, we have been able to obtain crys-
tals of [PhB(iPr2Im)3Fe(NO)(iPr2ImH)]OTf and κ2-
PhB(iPr2Im)2(iPr2Im=O)Fe(NO)2 (Figures S21 and S22) 
from these reactions. The formation of these complexes, 
which involve degradation and/or oxidation of the tris(car-
bene)borate ligand, is likely a result of the thermal instabil-
ity of 4, but they prove the presence of nitrosyl ligands. 



 

Scheme 2. Reaction coordinate for the reaction of 2 with (BPin)2pz in THF, as computed by DFT (B3LYP/def2-TZVP).  

 
 
Together, these results suggest that the reaction of 2 with 

(BPin)2pz initially provides the nitrite complex 5, but this 
species is inherently unstable. In the absence of other rea-
gents 5 decomposes to provide 4, whereas under the condi-
tions of the nitrate ligand deoxygenation reaction, excess 
(BPin)2pz can divert this decomposition to provide complex 
3.  

We have computed a pathway for the reaction of 2 with 
(BPin)2pz (Scheme 2). Following nitrate ligand deoxygena-
tion to afford 5, we suggest this complex isomerizes to af-
ford the oxo complex PhB(iPr2Im)3Fe(NO)(O). Here, we 
were able to locate a transition state on the S = 2 surface. 
Based on the computed energetics (∆G‡ = 25.8 kcal/mol, ∆G 
= 20.1 kcal/mol), this species is likely to be formed in very 

low concentration. However, there are strong thermody-
namic driving forces for the formation of 3 and 4, as deter-
mined by DFT.  

We suggest that the formation of 3 involves the reaction 
of PhB(iPr2Im)3Fe(NO)(O) with (BPin)2pz along with the 
loss of NO. Here, we find that the overall reaction is thermo-
dynamically favorable (∆G = -35.6 kcal/mol). Importantly, a 
control experiment reveals that complex 3 does not react 
with NO gas.  

To account for the formation of 4, we suggest that I 
PhB(iPr2Im)3Fe(NO)(O) is active in hydrogen atom abstrac-
tion reactions, similarly to other iron oxo complexes.36, 37 
The formation of 4 can therefore be rationalized by a se-
quence of reactions involving hydrogen atom transfer to the 
oxo ligand (e.g., from sacrificial tris(carbene)borate ligand 



 

or from adventitious water) and dimerization. This path-
way is also computed to be at thermodynamically favorable, 
with ∆G ≤ 98 kcal/mol (Scheme 2).  

Isotopic labeling has been used to elucidate the fate of the 
nitrate nitrogen atom in the reaction of 2 with (BPin)2pz. 
Here, the 15N-labeled complex 15N-2 was synthesized from 
the reaction of Lut15NO3 and 1. Treating this complex with 
(BPin)2pz leads to the appearance of two equally intense 
resonances in the 15N{1H} NMR spectrum of the crude reac-
tion mixture (δ = 372.9 and 371.8 ppm vs Me15NO2). While 
we are unable to unambiguously assign these resonances, 
these chemical shifts are consistent with those observed for 
nitrosyl ligands.30, 38 Importantly, there is no evidence for 
the formation of 15N2 (δ = -452 ppm vs Me15NO2) within the 
detection limits of the method. This result rules out reaction 
pathways in which nitrosyl ligand deoxygenation by 
(BPin)2pz provides a nitride ligand that subsequently un-
dergoes N-N coupling to generate N2. In addition, there is no 
evidence for the formation of N2O by 15N NMR (δ = -231/-
143 ppm vs Me15NO2)39 or FT-IR of the reaction headspace. 
Similarly, there is no evidence for the formation of free NO 
by FT-IR.  

Whereas complex 4 accounts for 40 % the nitrate-derived 
nitrogen, we recognize the fate of the remainder (that asso-
ciated with the formation of 3) is unknown. We suggest that 
this nitrogen ends up in unidentified nitrate-derived prod-
ucts (see the results of the 15N isotope labeling experiment) 
and/or products that are below our detection limits.  

The proposed mechanism reveals that 
PhB(iPr2Im)3Fe(NO)(O) represents a bifurcation point in 
the reaction pathway. Consequently, we expect that the 
product ratio will be influenced by the relative concentra-
tion of (BPin)2pz. Indeed, the mole fraction of complex 3 to 
complex 4 increases as the ratio of (BPin)2pz to complex 2 
employed is increased (Table 1).  

Conclusions 
We have successfully synthesized and characterized the 

target PhB(iPr2Im)3FeNO3 complex, demonstrating that the 
strategy where a nitrate source with a sacrificial proton is 
able to install the weak ligand nitrate via the liberation of 
tert-butyl amine. The benefit of this strategy includes the 
formation of volatile organic byproducts which may be eas-
ily removed in vacuo, rather than the would-be insoluble 
salt that arises from a salt metathesis reaction.  

With the iron nitrate complex, we have shown deoxygen-
ation of nitrate oxygen by reaction with (BPin)2pz. Reaction 
of iron nitrate with (BPin)2pz resulted in the formation of 
two major paramagnetic products, which are identified to 
be PhB(iPr2Im)3FeOBPin (3) and [PhB(iPr2Im)3Fe(NO)(µ-
OH)]2 (4). Both complexes have been well characterized by 
various spectroscopic techniques such as 1H NMR, MS, and 
XPS. The formation of PhB(iPr2Im)3FeOBPin demonstrates 
the competitive oxophilicity of both iron and boron. Sur-
prisingly however, numerous attempts at generating 
PhB(iPr2Im)3FeNO2 are  met with the formation of complex 
4, illustrating the transient nature of the iron nitrite and 
highlighting the ease of which this iron nitrite intramolecu-
larly rearranged and abstracts hydrogen atoms to form a 
bridging di-iron complex bearing nitrosyl and bridging hy-
droxide ligands. Overall, this remarkable reactivity of iron 

nitrate showed that this is a viable method for converting 
the environmentally harmful nitrate anion into a more in-
teresting form of nitrogen. 

Collectively, these results show that, in contrast to our 
published results with nickel, the metal choice of iron here 
redirects oxygen removal in part from boron to metal. This 
can be viewed as decreased stoichiometric demand for bo-
ron reductant, and any future effort towards catalytic turn-
over would then demand the development of methods for 
deoxygenation of iron. 

EXPERIMENTAL 
General Considerations. 
No uncommon hazards are noted. All manipulations were 

performed under a nitrogen atmosphere by standard 
Schlenk techniques or in an MBraun Labmaster glove box 
maintained at or below 1 ppm of O2 and H2O. Glassware was 
dried at 150°C overnight. Acetonitrile, diethyl ether, pen-
tane, tetrahydrofuran, and toluene were purified by the 
Glass Contour solvent purification system. Before use, an al-
iquot of each solvent was tested with a drop of sodium ben-
zophenone ketyl in THF solution. Celite was dried overnight 
at 200°C under vacuum. PhB(iPr2Im)3FeCl was prepared ac-
cording to literature procedures.40 All other chemicals were 
obtained commercially and used as received. Deuterated 
solvents were purchased from Cambridge Isotope labs. 1H 
NMR spectroscopic measurements of air and moisture sen-
sitive compounds were made in J-Young NMR tubes, with 
the spectroscopic data recorded on Varian 400 MHz NMR 
spectrometer at 25°C. Spectra of paramagnetic complexes 
started with 1000 transients stored in block size of 2. Col-
lection was terminated when sufficient signal-to-noise is 
observed, typically when block size = 50.  

For XPS measurement of air sensitive complexes, the 
sample was loaded on an adhesive surface on a circular 
plate, which was placed in an air-tight vessel and sealed in-
side the glovebox before being taken outside and inserted 
into the instrument. Inside the instrument, the sample is 
kept at 1x10-9 torr pressure for measurement. PHI Ver-
saProbe II instrument was used for XPS experiments with a 
focused monochromatic AlKα source. The X-ray power of 25 
W at 15 kV employed for XPS spectra acquisition mode with 
100 μm beam size at the take-off angles of 45°and normal X-
ray incidence. The instrument work function was tuned to 
obtain a binding energy (BE) of 83.96.0 eV for Au 4f7/2 line 
for metallic gold and the spectrometer dispersion was ad-
justed to give a BE’s of 284.8 eV, 932.62 eV and of 368.2 eV 
for the C 1s line of adventitious (aliphatic) carbon presented 
on the non-sputtered samples, Cu 2p3/2 and Ag 3d5/2 photo-
emission lines, respectively. The PHI dual charge neutrali-
zation system was used on all samples. The high resolution 
N1s, B1s, P2p, Fe2p, and C1s spectra were taken with a min-
imum of 10-60 s scans using 0.1 eV steps and pass energy of 
46.95 eV for N1s, 93.9 eV for B1s, N1s, Fe2p, and 23.5 eV for 
C1s. All XPS spectra were recorded using PHI software 
SmartSoft –XPS v2.10.2.13 and processed using PHI Multi-
Pack v9.9.0.8 and/or CasaXPS v.2.3.14 using Shirley back-
ground. The relative sensitivity factors from MultiPack li-
brary were used to determine atomic percentages. Peaks 
were fitted using GL line shapes, which are a combination of 
Gaussians and Lorentzians. Wherever possible, conclusions 



 

were drawn from the number of resolved transitions for a 
given element, to minimize reliance on absolute binding en-
ergies for the nonconductive molecular materials. A given 
sample was examined at 5-6 different spots on the mounted 
specimen to assure that consistent, reproducible results 
were obtained. 

Mass spectra were recorded using electrospray ioniza-
tion on a Thermo Electron Corp MAT-95XP spectrometer.  

Single crystals for X-ray diffraction were grown by re-
verse vapor diffusion of diethyl ether from an inner vial con-
taining a solution of the product into a larger vial charged 
with toluene.  

Synthesis of Compounds 
Lutidinium nitrate. A 125 mL Erlenmeyer flask was 

loaded with dry 2,6-lutidine (1.00 g, 9.33 mmol, 1 equiv.) 
and dry pentane (50 mL). The solution was cooled in an ice 
water bath. A stir bar was added to the flask, and concen-
trated HNO3 (0.65 mL, 10.3 mmol, 1.1 equiv.) was combined 
dropwise while stirring. The bath was removed and the 
mixture was allowed to come to room temperature. After 1 
h, the pentane was decanted, the white slurry was redis-
solved in acetonitrile and transferred to a vial. The acetoni-
trile was removed in vacuo to afford pale yellow solids that 
were purified via vacuum sublimation under reduced pres-
sure at 100°C (0.690 g, 43 % yield). 1H NMR (400 MHz, 
CD3OD): 𝛿𝛿 (ppm) 8.35 (t, JHH = 8 Hz,1 H, p-CH), 7.73 (d, 2 H, 
JHH = 8 Hz, m-CH), 2.77 (s, 6 H, o-CH3). FTMS (ESI/Q-TOF) 
m/z [Lut]+[NO3]–  Calcd. for [Lut]+ C7H10N: 108.0808; Found: 
108.0808. Calcd. for [NO3]–: 61.9884. Found: 61.9885. XPS 
(eV, % area) N 1s: 401.00, 49.87% (lutidinium nitrogen), 
406.38, 50.13% (nitrate nitrogen).  

PhB(iPr2Im)3FeNHtBu (1). Lithium tert-butylamide (37 
mg, 475 mmol) was added to a yellow solution of 
PhB(iPr2Im)3FeCl (200 mg, 316 mmol) in THF (5 mL). The 
solution stirred overnight with the color of the solution 
turning deep yellow. The volatiles were removed under vac-
uum and the resulting yellow solids extracted with pentane 
and was filtered through Celite. The pentane was removed 
under vacuum, leaving flaky yellow solid (190 mg, 89 % 
yield). Crystals suitable for X-ray diffraction were grown by 
slow diffusion of ether into toluene at -35 °C. 1H NMR (400 
MHz, THF-d8): 𝛿𝛿 (ppm) 76.0 (s, 9H, N-(CH3)3, 71.8 (s, 3H, Im-
H), 44.6 (s, 2H, B(C6H5) o/m-H), 22.2 (s, 2H, B(C6H5) o/m-
H), 19.2 (s, 1H, B(C6H5) p-H), 1.07 (s, 18H, CH(CH3)2), 0.67 
(s, 3H, CH(CH3)2), -3.38 (s, 3H, CH(CH3)2), -34.1 (s, 18H, 
CH(CH3)2). 

PhB(iPr2Im)3FeNO3 (2). Lutidinium nitrate (25.4 mg, 
0.143 mmol) was added to a yellow solution of 
PhB(iPr2Im)3FeNHtBu (100 mg, 0.143 mmol) in THF (10 
mL). The solution was allowed to stir for one hour with the 
color of the solution changing to deep purple. The volatiles 
were removed under vacuum, the resulting purple solids 
washed with pentane and dried (45 mg, 46 % yield). Crys-
tals suitable for X-ray diffraction were grown by slow diffu-
sion of ether into toluene at -35 °C. 1H NMR (400 MHz, THF-
d8): 𝛿𝛿 (ppm) 46.8 (s, 3H, Im-H), 31.7 (s, 2H, B(C6H5) o/m-H), 
17.0 (s, 2H, B(C6H5) o/m-H), 14.9 (s, 1H, B(C6H5) p-H), 1.17 
(s, 18H, CH(CH3)2), 1.02 (s, 3H, CH(CH3)2), -9.41 (s, 3H, 
CH(CH3)2), -13.8 (s, 18H, CH(CH3)2). FTMS (ESI/Q-TOF) m/z 

[M+H]+ Calcd. for C33H51O3N7BFe: 660.3490; Found: 
660.3471. 

PhB(iPr2Im)3FeOBPin (3). 4,4,5,5-Tetramethyl-1,3,2-di-
oxaborolan-2-ol (21.5 mg, 0.149 mmol) was added to a yel-
low toluene solution of PhB(iPr2Im)3FeNHtBu (100 mg, 
0.149 mmol) in toluene (10 mL). The solution was allowed 
to stir for three hours, during which time the yellow color of 
the solution faded. The volatiles were removed in vacuo, 
leaving behind a white solid that was washed with pentane 
and dried under vacuum (60 mg, 55 % yield). Crystals suit-
able for X-ray diffraction were grown by slow diffusion of 
ether into toluene at -35 °C. 1H NMR (400 MHz, THF-d8): 𝛿𝛿 
(ppm) 72.1 (s, 3H, Im-H), 49.3 (s, 2H, B(C6H5) o/m-H), 24.5 
(s, 12H, B(C4)(CH3)4), 24.3 (s, 2H, B(C6H5) o/m-H), 20.7 (s, 
1H, B(C6H5) p-H), -0.51 (s, 18H, CH(CH3)2), -3.91 (s, 3H, 
CH(CH3)2), -21.8 (s, 3H, CH(CH3)2), -33.4 (s, 18H, CH(CH3)2). 
FTMS (ESI/Q-TOF) m/z [M+H]+ Calcd. for C39H63O3N6B2Fe: 
741.44917; Found: 741.4495.  

Deoxygenation of 2. A solution of 2 (13 mg, 0.020 mmol) 
in 0.5 mL THF-d8 was added to a 0.5 mL THF solution of  
(BPin)2pz (6.6 mg, 0.020 mmol) in a J-Young NMR tube. The 
tube was inverted and allowed to mix, resulting in an imme-
diate change in color from purple to brown. The reaction 
was monitored by 1H NMR spectroscopy. Complete con-
sumption of 2 occurs within 1 h, with concomitant for-
mation of 3 and 4. The mole ratio between 4 and 3 was 
found to be 0.35 to 1.  

The reaction was repeated with different mole ratios of 2 
and (BPin)2pz ratio. In all cases, 3 and 4 were formed, but in 
different ratios (Table 1) with the mole ratio between 4 and 
3 decreasing from 0.35 to 1 and 0.2 to 1 as the concentration 
of reducing agent increases. This indicates that as (BPin)2pz 
concentration is higher, the formation of product 4 de-
creases.  

Table 1. Effect of reaction stoichiometry (moles) on the 
product distribution. 

Trial 2: (BPin)2pz 3:4 
1 1:1 1:0.35 
2 1:2 1:0.35 
3 1:3 1:0.20 

 
[PhB(iPr2Im)3Fe(NO)(OH)]2 (4).  
Reduction of PhB(iPr2Im)3FeCl: A yellow solution of 

PhB(iPr2Im)3FeCl (200 mg, 316 mmol) in toluene (50 mL) 
was cooled at -78°C for 30 min. Solid KC8 (128 mg, 948 
mmol) was added to the solution with vigorous stirring. The 
flask was closed and the reaction stirred for 3 d. The black 
graphite was removed by filtration to afford a red solution. 
The solvent was removed in vacuo to provide brown solid 
that was washed with pentane (3 × 10 mL) that we propose 
to be the iron(I) complex PhB(iPr2Im)3Fe-N=N-
Fe(iPr2Im)3BPh. No band that can be attributed to νNN is ob-
served in the IR spectrum.41 1H NMR (400 MHz, C6D6): 𝛿𝛿 
(ppm) 92.7 (s, 3H, Im-H), 51.4 (s, 2H, B(C6H5) o/m-H), 25.7 
(s, 2H, B(C6H5) o/m-H), 22.0 (s, 1H, B(C6H5) p-H), 1.42 (s, 
18H, CH(CH3)2), -0.85 (s, 3H, CH(CH3)2), -1.22 (s, 3H, 
CH(CH3)2), -9.06 (s, 18H, CH(CH3)2). We have been unable to 
obtain X-ray quality crystals of this complex.  



 

Synthesis of [PhB(iPr2Im)3Fe(NO)(OH)]2: Solid AgNO2 
(9 mg, 0.056 mmol) was added to a solution of 
PhB(iPr2Im)3Fe-N=N-Fe(iPr2Im)3BPh (35 mg, 0.028 mmol) 
in THF (10 mL). The mixture was vigorously stirred for 2 h, 
with the solution changing in color from dark red to brown 
along with the formation of a black precipitate. The solution 
was filtered through Celite and the volatiles removed in 
vacuo, leaving a brown solid. 1H NMR (400 MHz, C6D6): 𝛿𝛿 
(ppm) 45.3 (s, 6H, Im-H), 20.9 (s, 4H, B(C6H5) o/m-H), 16.5 
(s, 2H, OH), 12.5 (s, 4H, B(C6H5) o/m-H), 11.4 (s, 2H, B(C6H5) 
p-H), -0.08 (s, 36H, CH(CH3)2), -0.5 (s, 6H, CH(CH3)2), -1.25 
(s, 6H, CH(CH3)2), -6.48 (s, 36H, CH(CH3)2). FTMS (ESI/Q-
TOF) m/z [M]+ Calcd. for C66H102O4N14B2Fe2: 1288.70879; 
Found: 1288.7105. 

PhB(iPr2Im)3FeOTf (6). Thallium triflate (170 mg, 475 
mmol) was added to a yellow solution of PhB(iPr2Im)3FeCl 
(200 mg, 316 mmol) in THF (10 mL). White precipitate was 
observed immediately. The solution was stirred overnight, 
the reaction filtered and dried under vacuum to provide an 
off-white solid. The solid was washed with pentane and 
dried under vacuum (200 mg, 85 % yield). Crystals suitable 
for X-ray diffraction were grown by slow diffusion of ether 
into toluene at -35°C. 1H NMR (400 MHz, C6D6): 𝛿𝛿 (ppm) 46.9 
(s, 3H, Im-H), 33.3 (s, 2H, B(C6H5) o/m-H), 18.0 (s, 2H, 
B(C6H5) o/m-H), 15.7 (s, 1H, B(C6H5) p-H), 0.94 (s, 18H, 
CH(CH3)2), -0.19 (s, 3H, CH(CH3)2), -4.50 (s, 3H, CH(CH3)2), -
14. (s, 18H, CH(CH3)2). 19F NMR (400 MHz, d8-Toluene): 𝛿𝛿 
(ppm) 46.4. 

Control Reactions 
Reactions with (BPin)2pz 
(BPin)2pz and NaNO3: Solid NaNO3 (2 mg, 0.030 mmol) 

was added to J-Young NMR tube charged with a solution of 
(BPin)2pz (10 mg, 0.030 mmol) in THF-d8. No color change 
was observed upon mixing. No reaction is observed after 24 
h at 50 °C, as determined by 1H NMR spectroscopy. 

(BPin)2pz and NaNO2: Solid NaNO2 (2 mg, 0.030 mmol) 
was added to a tube charged with a solution of (BPin)2pz 
(10 mg, 0.030 mmol) in THF-d8. No color change was ob-
served upon mixing. No reaction is observed after 24 h at 50 
°C, as determined by 1H NMR spectroscopy. 

(BPin)2pz and AgNO2: Solid AgNO2 (5 mg, 0.030 mmol) 
was added to a J-Young NMR tube charged with a solution 
of (BPin)2pz (10 mg, 0.030 mmol) in THF-d8. No color 
change was observed upon mixing, however a black precip-
itate formed over 3 h, presumed to be metallic silver. The 1H 
NMR spectrum reveals the complete consumption of 
(BPin)2pz with concomitant formation of (BPin)2O (d = 1.21 
ppm) and pyrazine (d = 8.53 ppm), indicative of deoxygen-
ation. We did not investigate the fate of the remaining nitro-
gen and oxygen atoms. 

(BPin)2pz and AgOTf: A solution of AgOTf (4 mg, 0.0155 
mmol) was added in THF-d8 to a J-Young NMR tube. A pale-
yellow solution of (BPin)2pz (2.6 mg, 0.008 mmol) in THF-
d8 was added, resulting in an immediate color change from 
pale yellow to dark brown. In addition, a black precipitate 
that stained the glass was observed, which is presumed to 
be metallic silver. The 1H NMR spectrum reveals that all the 
(BPin)2pz had been consumed. Based on the spectral data, 
we tentatively suggest that the reaction products are 
equimolar TfOBPin and pz(BPin)OTf , as shown below. 1H 

NMR (400 MHz, THF-d8): 𝛿𝛿 (ppm) 1.2 (s, 12H, Pinacol me-
thyl), 1.21(s, 12H, Pinacol methyl), 9.44 (s, 2H, 
N(CH=CH)2N), 9.22 (s, 2H, N(CH=CH)2N). 19F NMR (400 
MHz, THF-d8): 𝛿𝛿 (ppm) 136.4, -151. 
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Reactions with NO  
Generation and storage of NO. Finely ground 

Fe(SO4)2•7H2O (1.50 g, 0.01 mmol) was added to a 500 mL 
Schlenk flask equipped with a Teflon stopper and sidearm 
adapter connected to a gas manifold. The flask was laid on 
its side before solid NaNO2 (0.75 g, 0.01 mmol) was carefully 
layered on the iron sulfate, ensuring that the two reagents 
do not mix. The Teflon stopper was closed and the flask 
evacuated under vacuum. The flask was returned to the ver-
tical position to allow the two reagents to mix. Darkening of 
the solids is observed within minutes. The reaction was left 
overnight to ensure complete consumption of NaNO2. No 
red nitrogen dioxide was observed throughout the course of 
the nitric oxide synthesis, indicating an oxygen free envi-
ronment. The nitric oxide was stored in the flask and vac-
uum transferred to reaction vessels as needed.  

Reaction with (BPin)2pz. Dissolved gas was removed 
from J-Young NMR tube containing a solution of (BPin)2pz 
(8 mg, 0.024 mmol) in THF-d8 via three freeze-pump-thaw 
rounds. The tube was charged with NO (200 Torr, 0.024 
mmol) that was condensed from a calibrated volumetric 
bulb (1 mL) attached to the gas line. Blue NO was observed 
to condense on the inside of the NMR tube. The NMR tube 
was sealed, allowed to warm to room temperature, and in-
verted to facilitate gas mixing. No color change was ob-
served. No reaction was observed after 2 h at room temper-
ature, as determined by 1H NMR spectroscopy. 

Reaction of complex 3. Dissolved gas was removed from 
J-Young NMR tube containing a solution of 3 (12 mg, 0.016 
mmol) in THF-d8 via three freeze-pump-thaw rounds. The 
solution was charged with 300 Torr (0.016 mmol) of NO gas 
that was condensed from a calibrated volumetric bulb at-
tached to the gas line. Blue NO was observed to condense 
inside the NMR tube. The NMR tube was sealed, allowed to 
warm to room temperature, and inverted to facilitate gas 
mixing. The reaction was monitored with 1H NMR every 
hour. No color change was observed. No reaction was ob-
served after 24 h at room temperature, as determined by 1H 
NMR spectroscopy. 

Attempted Detection of N2O . 
We attempted to detect the formation of N2O by gas phase 

infrared spectroscopy. A 15 cm pathlength transmission cell 
with ZnSe windows was evacuated to a pressure of 10 mm 
Hg and 2 mL of the head space of the vial containing the re-
action mixture of 2 and (BPin)2pz was injected into the cell. 
Infrared spectra were collected with a Bruker Optics Vertex 
70 Fourier transformed infrared spectrometer. The spectra 
are reported at 0.5 cm-1 resolution and as an average of 128 
scans. The limit of detection of detection (3 s) with a 2 mL 



 

injection is 6.0 ppm. The method was first tested and cali-
brated using authentic samples of nitrous oxide generated 
from hydroxyl ammonium chloride and sodium nitrite at 
the same scale as the target reaction. Then, 2 mL of head-
space of the reaction between 2 and (BPin)2pz was injected 
into the IR cell. No N2O was observed. 

Computational Details.  
All calculations were performed using density functional 

theory as implemented in the ORCA 5.0.1 computational 
software package.42, 43 Structures were optimized in the gas 
phase using the def2-SVP44  basis set, B3LYP functional, 
D3BJ dispersion corrections45, 46  and confirmed to be min-
ima by frequency calculations. Subsequent single point en-
ergies were evaluated using the def2-TZVP basis set and the 
B3LYP functional.  

Transition state geometries were determined by the 
nudged elastic band (NEB) method as implemented in 
ORCA.47  Transition states were found to possess only one 
imaginary frequency and were confirmed by intrinsic reac-
tion coordinate (IRC) calculations.48  

In the absence of suitable experimental benchmarks, we 
decided to use the B3LYP functional for our calculations. 
Previous work from our group has found the B3LYP func-
tional to give reasonable results for related systems,28, 49, 50  
although we appreciate this functional tends to overstabi-
lize high spin states due to the large degree of Hartree-Fock 
exchange. Since the ground spin state of the structure pro-
posed for complex 4 is not known, all calculations assumed 
strong ferromagnetic coupling of the two iron centers for an 
S = 1 ground spin state. While the mechanistically-related 
discussion generally focuses on complexes on the lowest 
energy high spin (S = 2) surface, lower spin states may be 
relevant. However, the results for these spin states are qual-
itatively similar as for the high spin state. 
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Synopsis: The oxophilicity of iron alters the course of nitrate reduction when PhB(iPr2Im)3FeNO3 
is treated with a reducing borane reagent.  

 

 


