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A Reagent for Heteroatom Borylation, Including Iron Mediated 
Reductive Deoxygenation of Nitrate yielding a Dinitrosyl Complex 
Daniel M. Beagan, Veronica Carta and Kenneth G. Caulton* 

4,4’ bipyridyl is shown to be a catalyst for transfer of pinacolboryl groups from (Bpin)2 to nitrogen heterocycles and to 
Me3SiN3. Using stoichiometric (Bpin)2(pyrazine) or (Bpin)2(bipyridine) in an analogous manner, an aromatic nitro group is 
deoxygenated and subsequently borylated, and four-fold deoxygenation of (DIM)Fe(NO3)2(MeCN) to yield the dinitrosyl 
complex (DIM)Fe(NO)2 is facile. The co-product O(Bpin)2 is the quantitative fate of the removed oxo groups. With borylation 
of both nitrogen heterocycles and doubly deoxygenating two nitrates coordinated to a single metal center, broad spectrum 
methodology is demonstrated.  

Introduction
Transfer of divalent groups, particularly O and NR hold a fascination 
because they involve a two electron redox step and because of the 
limited number of sources of these high energy, six valence electron 
neutral fragments. We explore here such a transfer, but in the 
opposite direction: removal of O from a substrate. Strategies 
addressing this goal in general employ reducing agents which can be 
collectively called oxophilic: elemental magnesium and silicon or 
boron compounds.1-4 Disilane and diboryl compounds certainly have 
the thermodynamic potential for deoxygenation, but the non-polar 
character of these element-element bonds is used to explain the 
kinetic limitations that make them generally unsuccessful in the 
absence of a catalyst.5, 6 Our group has recently shown double 
deoxygenation of a chromium nitrate complex to a chromium 
nitrosyl using the bis-silyl substituted dihydropyrazine 2 (Scheme 1), 
which incorporates polar Si-N bonds7, a motif extensively explored 
by Mashima for various reductive applications.8 We explore here 
extension of early work by Suginome in the use of boryl substituents 
attached to unusual nitrogen in an eight π electron system which 
favors boryl transfer by aromatization of the nitrogen heterocycle 
(Scheme 1).9 

Ease of preparation makes (Bpin)2Pz 1 an attractive alternative 
to 2, with (Bpin)2 (pin = pinacolate) undergoing a facile reaction with 
pyrazine to form 1, without the need of K or Na reductant necessary 
for the synthesis of 2 from pyrazine and Me3SiCl.10 Suginome has 
shown organocatalytic borylation of substituted pyrazines using 
(Bpin)2 and catalytic 4,4’-bipyridine, bpy (Scheme 2), as well as 
stereoselective borylation of electron poor alkynes.11, 12 We describe 
here progress on boryl transfer, both stoichiometric and 
organocatalytic, to sp2 nitrogen, and also aromatic NO2 groups, but 
then move to deoxygenation of nitrate, activated by coordination to

an iron electrophile, yielding a dinitrosyl iron complex (DNIC), a
conversion which is rare, and also relevant to remediation of nitrate 
pollution, which is the cause of eutrophication of poorly circulating 
bays and lakes, and the cause of aquatic “dead zones”.13-20 Overall, 
this report promotes these bis-boryl reagents as potent tools for 
reductive transformations, pertinent to our goals of nitrogen 
oxyanion reduction21-25, as well as broadening the scope and 
applicability of reduced N-heterocycles.26 

Results and Discussion
Heteroatom borylation
N=N borylation
We anticipate a mechanistic benefit with 1, absent in 2, from the 
available boron p orbital on the Bpin moieties, which is evidenced in 
the LUMO + 1 of 1 shown in Figure 1. We expect this π orbital to 
accept electron density from lone pairs, and thus see 1 as attractive 
to react with heteroatoms. Importantly, the Lewis acidity of the 
empty π orbital is not quenched by π donation from the pyrazine 
nitrogen or Bpin oxygens, as shown in LUMO + 1 of this reagent (Fig 
1).
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Scheme 1. Reduced pyrazine reagents of interest in deoxygenation
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Scheme 2. Organocatalytic borylation of substituted pyrazines using (Bpin)2 and 4,4’-
bipyridine reported by Suginome
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Fig 1. LUMO + 1  (E = +0.2 eV) of geometry-optimized 1 (isovalue 0.05 au)
To this end, we sought to borylate azobenzene; azobenzene is not 
silylated by 2. Reaction of equimolar 1 and azobenzene in d8-toluene 
shows complete conversion to borylated azobenzene (Scheme 3) in 
36 hours at 110 °C. Interestingly, the 1H NMR spectrum (Fig S1) of 
borylated azobenzene shows two Bpin methyl chemical shifts in a 1:1 
intensity, consistent with hindered rotation about the N-B bonds. 
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Scheme 3. Borylation of azobenzene using 1

Azobenzene has previously been borylated catalytically by 
Braunschweig using a Pd catalyst and (Bpin)2

27, and given Suginome’s 
success using 4,4’-bpy to deliver two BPin fragments to substituted 
pyrazine, we sought catalytic borylation of azobenzene using (Bpin)2 
and 4,4’-bpy. With 30 mol % catalyst loading of 4,4’-bpy, azobenzene 
is cleanly borylated by (Bpin)2 at 110 °C in d8-toluene in 12 hours, 
representing the first organocatalytic borylation of an N-N bond 
using (Bpin)2. A high catalyst loading was chosen to enhance the rate 
of the reaction, and the 4,4’-bpy catalyst can be recovered from the 
reaction mixture during purification. The success of 1 in this 
transformation (in comparison to 2) corroborates our expectation 
that 1 has a mechanistic benefit in the form of an empty p orbital on 
the boron, which most likely accepts electron density from the lone 
pairs on the nitrogens of azobenzene. In acetonitrile solvent the 
catalytic reaction proceeds analogously, with clean formation of the 
borylated azobenzene after 12 hours of heating; however, using 
excess (Bpin)2, 3 is observed by 1H NMR after the reaction is 
complete. The borylated bipyridine 3 (Scheme 2) has low solubility in 
acetonitrile, and X-ray quality crystals form in the reaction mixture. 
The crystal structure of 3 (Fig 2), shows the two Bpin fragments are 
coplanar with the reduced bipyridine, consistent with formation of a 
double bond between C4 and C4’.

We next sought to generalize this catalytic borylation to other 
N=N double bond fragments. Benzo(c)cinnoline (bcc) can also be 
catalytically borylated (Scheme 4) in 30 hours in C6D6 at 100 °C.

N N
(Bpin)2+

4,4'-bpy (30 mol %) N N
BpinBpin

C6D6
30 hrs, 100 oC

Scheme 4. Organocatalytic borylation of Benzo(c)cinnoline.

We were interested in establishing if there were detectable 
differences in the borylation rate between azobenzene and bcc 
based on the trans vs. cis geometry about their N=N bonds. This was 

done by an internal competition between azobenzene, bcc, and 
(Bpin)2 in a 1:1:1 mole ratio with 30 mol % 4,4’-bpy in d8-toluene at 
110 °C. Periodic 1H NMR monitoring (Fig S4) of the reaction progress 
under these boron-deficient conditions showed a high selectivity for 
borylation of bcc, with only small amounts of borylated azobenzene 
formed. Although bcc has a more negative reduction potential (more 
difficult outer sphere 1e reduction)28, we rationalize the selectivity 
for bcc via a mechanistic benefit of having the nitrogen lone pairs cis, 
thus minimizing reorganization energy to reveal the initially trans 
N=N bond in azobenzene.

We were also interested in the borylation of azides to form 
amines with subsequent loss of N2; analogous silylation is computed 
to be highly (-74 kcal/mol) exergonic by 2, yet does not occur. 
Reaction of TMSN3 and (Bpin)2 in a 1:1 mole ratio with 30 mol % 4,4’-
bpy results in compete consumption of TMSN3 and formation of 
N(TMS)(Bpin)2 after 12 hours in C6D6 at 100 °C (Scheme 5). 

(Bpin)2+
4,4'-bpy (30 mol %)

N
TMS

Bpin Bpin
TMSN3 C6D6

12 hrs, 100 oC
- N2

Scheme 5. Organocatalytic borylation of Me3SiN3 to form an amine

This provides a facile synthesis of mixed boryl/silyl amines, which 
have previously been synthesized via (TMS)3N and boryl halides.29 

The silyl transfer reagent 2 reacts with tetrazines at room 
temperature to give the reduced, silylated tetrazines.30 With this in 
mind, we sought analogous reactivity with (Bpin)2 and catalytic 4,4’-
bpy. Reaction of Ph2Tz with (Bpin)2 and 30 mol % 4,4’-bpy results in 
quantitative conversion to the reduced tetrazine after 12 hours in d8-
THF at 80 °C (Scheme 6). 
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Scheme 6. Organocatalytic borylation of Ph2Tz

Interestingly, despite tetrazines having more positive reduction 
potentials than pyrazines, Ph2Tz and (Bpin)2 do not react without 
4,4’-bpy acting as a Bpin shuttle, which can be explained by 
Suginome’s proposed mechanism for the borylation of pyrazine with 
(Bpin)2.9, 31

RNOx Deoxygenation

We wanted to further exploit the affinity of boryl groups for 
heteroatoms, and thus sought borylation and reductive removal of 
oxygen. Deoxygenation of nitrobenzene with bis-silyl 4,4’-bipyridine 
has been studied in some detail, with Mashima reporting complete 
deoxygenation of PhNO2 with excess (TMS)2bpy to give PhN(TMS)2, 
as well as single deoxygenation followed by N/O silylation.32 Due to 
the silylated 4,4’-bipyridine being more effective than silylated 
pyrazines for deoxygenation of PhNO2, we also sought stoichiometric 
PhNO2  deoxygenation with the reduced 4,4’-bipyridine analogue 3, 
which was synthesized following the established procedure.11 The 
addition of 2.5 equivalents of 3 to PhNO2 at 25 °C in C6D6 affords a 
yellow solution, and despite the poor solubility of 3, full consumption 
of PhNO2 is complete within 30 minutes. The 1H NMR spectrum (Fig 
S7) indicates complete conversion to a single new product, as judged 

Fig 2. Molecular structure of 3 showing selected atom labelling. Ellipsoids are plotted 
at the 50% probability level. Hydrogen atoms are omitted for clarity.  An inversion 
center is present on the C4-C4’ bond, resulting in half the molecule being the 
asymmetric unit. Selected structural parameters (Å): N1-C7, 1.399(2); N1-C8, 
1.395(3); N1-B9, 1.430(3); C4-C4’, 1.375(4); C4-C5, 1.440(3); C4-C6, 1.457(3); C5-C8, 
1.329(3); C6-C7, 1.331(3).
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by the three aromatic resonances of appropriate intensities. The 
methyl region contains three signals with intensities of 1:1:2, 
corresponding to the N/O borylated product (Scheme 7) as well as 
the boryl ether, (Bpin)2O.  While this manuscript was in revision, a 
paper was published showing this same result.33

NO2
+

C6D6

30 min

N
O

Bpin

Bpin

+ (Bpin)2O

N

N

Bpin

Bpin

2.5

Scheme 7. Partial deoxygenation of PhNO2 using 3

DFT calculations of reaction thermodynamics (see SI) show 
consistently that silylation is uniformly more exergonic than 
borylation by 20-26 Kcal/mol, and that the 4,4’-bipyridine reagent 
(Bpin)2Bpy is uniformly more powerful than (Bpin)2Pz by   ̴9 Kcal/mol, 
which is consistent with Mashima’s and Suginome’s experimental 
observations. Despite the thermodynamic favorability of silylation, 
borylation proceeds in several instances where silylation does not 
(vide supra), which supports our hypothesis of lower kinetic barriers 
using borylated heterocycles compared to their silylated 
counterparts. The reactivity of 3 with PhNO2 shows that reduced 
borylated heterocycles are capable of deoxygenation; therefore, we 
turned our attention to reductive deoxygenation of a coordinated 
metal nitrate.

Nitrate Deoxygenation

We targeted reduction of pentavalent nitrogen in NO3ˉ in order 
to test how many deoxygenation steps are possible, with anticipated 
products being NO2ˉ, NOq (q = -1, 0, +1), or even N3-. We chose 
Fe(NO3)2 as our target unit, to add the alternatives of reducing one 
nitrate multiple times vs. both nitrates fewer times, along with the 
variable of a redox active metal. Iron was chosen with the 
anticipation of DNICs (dinitrosyl iron complexes), LnFe(NO)2, being a 
thermodynamic sink, given the number of such compounds, as well 
as their selection by evolution for biological applications.34 An α-
diimine ancillary ligand was chosen for its ability to incorporate steric 
bulk in N substituents, more than for its redox non-innocence.35, 36 

Reaction of FeCl2 in THF with DIM (DIM = N,N’-bis(2,4,6-
trimethylphenyl)-1,4-diaza-2,3-dimethyl-1,3-butadiene) (1:1 mole 
ratio) in THF occurs with immediate color change to dark blue. 
Workup yields a violet solid whose 1H NMR chemical shifts (Fig S8) 
and intensities are indicative of a paramagnetic species with C2v 
symmetry (Scheme 8), consistent with formation of (DIM)FeCl2. 

N NMes MesFe

NO3
NO3N

C

N NMes MesFe

Cl Cl

2 AgNO3

MeCN
30 min
-2 AgCl

N NMes Mes
FeCl2 +

THF

12 hr

4
Scheme 8. Synthesis of 4 from (DIM)FeCl2

AgNO3 in CD3CN was added (2:1 mole ratio) to (DIM)FeCl2, and 
upon addition, there was a slight color change to a deeper purple, as 
well as the formation of a white precipitate. A 1H NMR spectrum (Fig 
S9) of the product solution reveals complete consumption of 

(DIM)FeCl2 and conversion to a single paramagnetic product with 
chemical shifts and intensities indicative of C2v symmetry.  An IR 
spectrum of the product (Fig S12) shows strong absorptions, absent 
in (DIM)FeCl2, at 1506 and 1270 cm-1, attributed to nitrate. A single 
crystal suitable for X-ray diffraction was grown by layering ether on 
a concentrated MeCN solution of the product 4. The molecular 
structure obtained (Fig 3) shows bidentate diimine ligand and two 
nitrates, together with one coordinated acetonitrile. Additional 
acetonitrile fills the packing voids. Each nitrate coordinates iron in a 
bidentate fashion, but with one FeO distance longer than the other 
by ~0.14 Å.  The NO distances become longer as the O is closer to Fe, 
with the terminal NO shortest of all, at 1.22 Å.  This species changes 
color from purple in acetonitrile to yellow in THF, suggesting that the 
acetonitrile ligand is labile towards replacement by other 
nucleophiles.

Fig 3. Molecular structure of 4 showing selected atom labelling. Ellipsoids are plotted 
at the 50% probability level. Unlabelled atoms are carbons. Hydrogen atoms are 
omitted for clarity. Selected structural parameters (Å): Fe1-O2, 2.179(2); Fe1-O1, 
2.321(2); Fe1-O4, 2.362(2); Fe1-O3, 2.183(2); Fe1-N1, 2.193(2); Fe1-N2, 2.163(2); 
Fe1-N3, 2.168(3).   

Deoxygenation of nitrate was next attempted (Scheme 9) by reaction 
of  (DIM)Fe(NO3)2(MeCN) with (Bpin)2Pz at a 1:4 mole ratio in d8-THF, 
giving a color change from light purple to dark purple; all 
(DIM)Fe(NO3)2(MeCN) was consumed after 36 hours of mixing at 
room temperature, as judged by 1H NMR.  The 1H NMR spectrum (Fig 
S10) of the resulting solution shows a single diamagnetic product, 
with ligand resonances consistent with C2v symmetry and with 
appropriate intensities.  Also seen at appropriate intensities for the 
balanced reaction are signals of pyrazine and (Bpin)2O. Because of 
the simplicity of its 1H NMR spectrum, the O(Bpin)2 can be a valuable 
asset for establishing reaction stoichiometry, as well as time 
evolution of a reaction and detection of intermediates. The IR 
spectrum of this solution (Fig S13) shows strong absorptions at 1697 
and 1645 cm-1, consistent with other observed four coordinate 
DNICs.37  Compared to free NO at 1843 cm-1,38 these values show 
strong back donation in the product.

N N
Fe

NO3
NO3N

C
N

N

Bpin

Bpin

+ 4
THF N N

Fe

ON NO
2 hr

80 oC

+
N

N
4 + 4

O
BpinBpinMes MesMesMes

1 54
Scheme 9. Synthesis of 5 from 4 using four equivalents of 1

The spectroscopic properties are confirmed by single crystal X-ray 
diffraction (Fig 4) as containing the bidentate diimine ligand and two 
linear nitrosyls, in a distorted tetrahedral structure, 5. The 
Fe/N(diimine) distances here are shorter by 0.15 Å, than in the 
paramagnetic nitrate complex, consistent with occupancy of 
antibonding Fe/N orbitals in (DIM)Fe(NO3)2(MeCN).  In both Fe/DIM 
compounds, the DIM C-N distances, ~1.28 Å, are shorter than the 
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diazabutadiene C-C distances, 1.48–1.51 Å, indicating that this ligand 
is neutral, not reduced by the metal.39-41

The conversion of 4 to 5 is complete in 2 hours at 80 °C in d8-THF, and 
this is the first example of DNIC formation from an iron bis-nitrate 
starting material, although deoxygenation of nitrite to NO using PPh3 
has been shown,42 as well as ligand based reduction of a nitrate salt 
to form a DNIC, assisted by a pendant ligand ammonium proton.17 

The overall redox transformation accomplished in Equation 1 is 
complicated by the redox non-innocence of the nitrosyl ligands. 
Despite having nearly linear nitrosyl ligands (here FeNO is 174.29° ∠
and 167.58°), previous work has best described {Fe(NO)2}10 
complexes as {FeII(NOˉ)2}, where the S = 2 iron center is 
antiferromagnetically coupled to the two NOˉ triplets.34, 43, 44 This 
antiferromagnetic coupling then contributes to the nitrosyl linearity, 
rehybridizing the sp2 nitrogen (expected for NOˉ singlet) to have 
more sp character. The redox innocence of the DIM ligand in 5 
suggests that the nitrosyl ligands are more oxidizing than DIM. With 
this electronic structure picture in mind, all eight electrons delivered 
in this process go to the nitrogen oxyanion ligand, taking pentavalent 
nitrogen to monovalent nitrogen, a successful four electron 
reduction of each nitrate. 

Fe2+ + 2 NO3 + 8e Fe(NO)2 + 4 O2 Eq. 1

We evaluated Mössbauer spectroscopy of both 4 and 5 for 
insight into electronic structure and comparison to known 
analogues. The Mössbauer spectrum of (DIM)Fe(NO3)2(MeCN), 4, 

shows (Fig. 5) two doublets of equal intensity, indicating two (very 
similar) iron environments with isomer shifts of 1.20 and 1.14 mm s-

1, and quadrupole splittings of 3.04 and 2.15 mm s-1. Since the crystal 
structure has only one molecule in the asymmetric unit, we attribute 
this feature to either the presence of two different solvation isomers 
(different MeCN content, consistent with slight color change on 
grinding sample for MB measurement) or species differing in the 
quasi bidentate character of nitrate already established in the crystal 
structure determination. The Mössbauer parameters are consistent 
with high spin Fe(II) for both species with a high coordination 
number. The large isomer shifts are comparable to other 7-
coordinate species reported,45, 46 supporting the observed denticity 
of nitrate in the crystal structure, and 1H NMR assay of the 
Mössbauer sample after analysis is consistent with 4, ruling out one 
of the doublets being due to impurities or oxidation product. The 
Mössbauer spectrum of 5 (Fig. 5) shows a doublet with an isomer 
shift of 0.25 and quadrupole splitting of 0.65, similar to other 
reported neutral DNICs.47, 48 {Fe(NO)2}10 complexes tend to have 

surprisingly small isomer shifts due to a high degree of π-
backdonation into the nitrosyl ligands, which is supported by the low 
NO stretching frequencies of 5.44, 47, 49

Fig 5. Mossbauer spectra of (a) 4 and (b) 5 at 77 K. 

The redox properties of DNICs have been well studied, and DNICs 
can be classified as either the S = ½ {Fe(NO)2}9 or the diamagnetic 
{Fe(NO)2}10 using Enemark-Feltham notation.50 With 5 being of the 
type {Fe(NO)2}10, we were interested in oxidation to form 
[(DIM)Fe(NO)2]+. Given that DIM is in an oxidized state, any oxidation 
is predicted to occur within the Fe(NO)2 unit.   The reaction of 5 with 
equimolar [FeCp2](OTf) results in a color change from dark purple to 
maroon, and within 15 minutes in d8-THF all 1H NMR signals for 5 
were gone. A solid state IR of the oxidized {Fe(NO)2}9 product (Fig 
S14) shows strong N-O stretches at 1782 and 1705 cm-1, shifted 
higher by 85 and 60 cm-1 compared to 5, which can be attributed to 
decreased electron density at the iron center and thus less 
backdonation to the nitrosyl ligands, consistent with other {Fe(NO)2}9 
complexes.17, 37, 47, 48, 51, 52 Room temperature EPR spectroscopy of 
the oxidized product gives a 13 line pattern with a g value of 2.023, 
consistent with an iron based radical (Fig. 6), explained by coupling 
to two inequivalent pairs of nitrogens, two nitrosyl nitrogens and two 
DIM nitrogens, with coupling constants of aN1 = 3.4 G and aN2 = 5.4 G, 
similar to coupling constants observed for other DNICs with ancillary 
N donors (see supporting information for simulation).42, 53-55 

Fig 6. EPR spectrum of [DIMFe(NO)2]+ in THF with gav = 2.023 (aN1 = 3.4 G; aN2 = 5.4 G) 
at 298 K

Computations were done at the TPSSH/def2TZVP level of theory 
to gain insight into the electronic structure of the oxidized species; 
the TPSSH functional has been shown to best represent the 
electronic structure of DNICs.44 The HOMO of 5 (Fig. 7a) is comprised 
of an iron d orbital backdonating into the nitrosyl ligands, as well as 
a small amount of DIM nitrogen character. Thus, oxidation should 
leave a single electron in this orbital allowing it to couple to each of 
the nitrogens coordinated to iron. The spin density plot (Fig. 7b) of 

Fig 4. Molecular structure of 5 showing selected atom labelling. Ellipsoids are plotted 
at the 50% probability level. Unlabelled atoms are carbons.  Hydrogen atoms are 
omitted for clarity. Selected structural parameters (Å): Fe1-N3, 2.038(2); Fe1-N4, 
2.014(3); Fe1-N2, 1.654(3); Fe1-N1, 1.648(3); O2-N2, 1.201(3); N1-O1, 1.192(3); O2-
N2-Fe1, 167.6(3); O1-N1-Fe1, 174.3(3).
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[(DIM)Fe(NO)2]+ corroborates the coupling to all four nitrogens, 
showing spin density on iron, the nitrosyl ligands, and the DIM 
nitrogens. Furthermore, the unrestricted corresponding orbital 
diagram (SI Figures S16-17) shows the unpaired spin to lie primarily 
in dx2-y2, with spin density on all four nitrogens. The calculated NO 
stretching frequencies of the neutral and cation are within 50 cm-1 of 
those observed, an error consistent with that observed previously, 
where the conclusion was that this unit is highly covalent, and 
integral oxidation states and a single electron configuration 
inadequately describes reality.44 

a b

Fig 7. a) HOMO of 5 (isovalue 0.05) b) Spin density plot of [(DIM)Fe(NO)2]+ (isovalue 
0.002)

The fact that the reduced nitrosyl nitrogen is attached to a redox 
active metal adds to the value of this conversion, particularly for 
subsequent functionalization of that reduced nitrogen. For example, 
we expect increased electrophilicity on the nitrosyl nitrogens owing 
to a more oxidized metal center, and thus less backdonation; 
consequently, nucleophilic attack on nitrogen in the DNIC cation 
should be enhanced, with possible products of RNO, R2NNO and 
RSNO.56-59  In addition it may be possible to use the capture of two 
nitrogens at a single metal center in either the neutral or the cation 
as a useful organizational step in making an N/N bond from the 
reduced species.60  Given the spin density on both nitrogens in Figure 
7b, radical coupling could be favored.  Several nitrogen reductases 
form N2O from nitrosyl ligands attached to iron or copper, and a 
recent example of a DNIC converting nitric oxide to N2O has been 
reported, but the mechanism is bimolecular in iron.61-63 Hayton has 
shown bimolecular coupling of two nickel nitrosyls to form N2O via 
an isolable hyponitrite intermediate.64, 65 With our interest in the 
potential for N=N bond formation from a DNIC, computations were 
done on the isomeric hyponitrite structure, with a starting geometry 
of tetrahedral Fe(II), DIMFe(κ2-ON=NO). Of exceptional importance, 
this S = 2 hyponitrite structure optimizes to a square planar complex, 
and is 4.6 kcal/mol more stable than the DNIC isomer. What remains 
for the future is to find excitation conditions which can cause the 
major rearrangements needed to break two Fe-N(nitrosyl) bonds in 
preparation for forming the NN bond of hyponitrite, but the 
thermodynamic viability of such isomerization of DNICs demands 
inquiry. Furthermore, given the demonstrated ability of 
(DIM)Fe(NO)2 to also undergo one electron reduction,66 this sets 
three oxidation levels, {Fe(NO)2}9, {Fe(NO)2}10, and {Fe(NO)2}10-
reduced, available for future manipulation of nitrogen oxidation 
state, starting from either electron rich (DNIC anion) or electron poor 
(DNIC cation) surrounding of monovalent nitrosyl nitrogen.  

Conclusions
Overall, these results show the broad potential of using these several 
Bpin transfer reagents incorporating polar B-N bonds for reduction 
of double bonds between N and other heteroatoms. Possible 
extensions of this method to deoxygenation of other oxyanions such 
as carbonate, phosphate, perchlorate, or sulfate remain to be 
explored, as well as deoxygenation of small molecules, including CO2 

and CO. Nonetheless, these reagents provide a new capability for 
N=N bond reduction and N-deoxygenation generally, beyond the 
already powerful bis-silyl pyrazine/bipyridine reductants. 
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Borylated heterocycles are shown to be potent reductants towards organic substrates, as well as 
capable of nitrate deoxygenation,
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