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ABSTRACT: There has been an increasing interest in chemistry involving
nitrogen oxyanions, largely due to the environmental hazards associated with | ... .. -
increased concentrations of these anions leading to eutrophication and
aquatic “dead zones”. Herein, we report the synthesis and characterization of
complexes (M = Co, Zn: x = 2, 3). Reductive
deoxygenation of cobalt bis(nitrite) complexes with bis(boryl)pyrazine is
faster for cobalt than previously reported nickel, and pendant O-bound 7 oS ECT
nitrito ligand is still readily deoxygenated, despite potential implication of an RS
isonitrosyl primary product. Deoxygenation of zinc oxyanion complexes is
also facile, despite zinc being unable to stabilize a nitrosyl ligand, with
liberation of nitric oxide and nitrous oxide, indicating N—N bond formation.
X-ray photoelectron spectroscopy is effective for discriminating the types of
nitrogen in these molecules. ESI mass spectrometry of a suite of M(NO, ) (x

a suite of MNO,

[M + *N(nBu)gJ*
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=2,3 and y = 1, 2) shows that the primary form of ionization is loss of an

oxyanion ligand, which can be alleviated via the addition of tetrabutylammonium (TBA) as a nonintuitive cation pair for the neutral
oxyanion complexes. We have shown these complexes to be subject to deoxygenation, and there is evidence for nitrogen oxyanion
reduction in several cases in the ESI plume. The attractive force between cation and neutral is explored experimentally and
computationally and attributed to hydrogen bonding of the nitrogen oxyanion ligands with ammonium a-CH, protons. One
example of ESI-induced reductive dimerization is mimicked by bulk solution synthesis, and that product is characterized by X-ray
diffraction to contain two Co(NO),"* groups linked by a highly conjugated diazapolyene.

Bl INTRODUCTION

The increase in anthropogenically derived nitrogen oxyanions
has led to a variety of economic and environmental problems,
including large algal blooms in eutrophic bodies of water,
inducing hypoxia and often leading to dead zones.'™®
Mitigation of th1s eutrophlcatlon has been approached through
photochemical,” ™" electrochemical,"' =" and chemical reduc-
tion of nitrogen oxyanions.'°">* One approach involves
reductive borylation (Scheme 1) where equimolar bis(boryl)-

Scheme 1. Generic Reductive Borylation of a Metal Nitrate
Complex to Afford a Metal Nitrite, along with Boryl Ether
and Pyrazine

Bpm
N\ NS o]
E j Q o E /] * Bpin” “Bpin
,» N
Bpm

(0)
. 4
Bpin = B\O:t

WACS Publications

© 2021 American Chemical Society

pyrazine reagent removes oxygen, as (Bpin),0, because of the
affinity of boron for oxygen. Our group has recently shown
several examples of reductive deoxygenation using reduced N-
heterocycles,”*" including deoxygenation of a nickel complex
to induce N—N bond formation.””

To gain a better understanding of molecular nitrogen
oxyanion chemistry, we have synthesized a suite of (DIM)M-
(NO,), complexes (DIM = N,N’-bis(2,4,6-trimethylphenyl)-
1,4-diaza-2,3-dimethyl-1,3-butadiene) M = Co, Zn; x = 2, 3) to
probe structural and spectroscopic similarities, which we also
compare to previously reported (DIM)Fe(NO,), (x = 1, 3)
and (DIM)Ni(NO,), (x = 2, 3).”%* DIM is a redox-active
bidentate ligand with desirable steric bulk in its mesityl
arms.’’~** Although IR, NMR, and X-ray photoelectron
spectroscopy (XPS) can all be useful in distinguishing between
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complexes of different metals and oxidation states of the
coordinated nitrogen oxides, mass spectrometry of these
compounds often favors loss of an oxyanion ligand, which
precludes identification of the molecular species. Loss of an X-
type ligand must be avoided when other characterization
techniques are insensitive to those: for example, "N NMR-
silent paramagnetic complexes. The ability to see an intact
molecular ion with a complex that has nitrogen oxyanion
ligands is increasingly important for characterizing subsequent
reactivity and was a hindrance in a previous study with a nickel
nitrogen oxyanion complex (see the Supporting Information).
We report here a useful advance in such detection of the intact
molecule using ESI mass spectrometry via the nonintuitive
pairing of neutral oxyanion complexes with a tetrabutyl-
ammonium cation. Furthermore, we study the impact of the
metal center on the reduced nitrogen containing products
following deoxygenation of the bis(nitrate) and bis(nitrite)
complexes reported here.

Bl RESULTS AND DISCUSSION

The (DIM)MCI, (M = Zn, Co) complexes were synthesized
via addition of DIM to a stirring solution of the corresponding
metal halide salt in THF for 12 h. Starting with these
dichloride complexes, the bis(nitrite) and bis(nitrate) com-
plexes were synthesized by using the appropriate silver salt. For
Zn, the addition of silver nitrate or nitrite to a stirring solution
of the dichloride starting material at room temperature resulted
in the immediate precipitation of silver chloride, and work-up
gave the bis(nitrate) and bis(nitrite) complexes in high yields.
For Co, room temperature addition of AgNO, or AgNO; to
(DIM)CoCl, results in partial salt metathesis, along with
partial oxidation to Co(III), as established by 'H NMR
spectroscopy. The reducing power of Co" makes it vulnerable
in the presence of Ag*. However, when repeated at —35 °C,
(DIM)Co(NO;), and (DIM)Co(NO,), can be synthesized
and isolated in high yields. The synthesis of the (DIM)M-
(NO,), complexes (M = Co, Zn; x = 2, 3) is summarized in
Scheme 2.

Scheme 2. Synthetic Route to Varied DIM Metal Nitrate
and Nitrite Complexes
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All of the complexes shown in Scheme 2 were characterized
by NMR and IR spectroscopy (Figures S3—S6 and S12—S17)
and are fully consistent with the bis(nitrate) or bis(nitrite)
identity. Further characterization was completed by single
crystal X-ray diffraction, and the molecular structures are
shown in Figure 1.

(DIM)Co(NO;), and (DIM)Co(NO,), are paramagnetic
complexes with idealized 2-fold symmetry based on four 'H
NMR resonances, with appropriate intensities and a chemical
shift range from +31 to +10 ppm. Each is pseudo-octahedral,
with one long (2.17—2.20 A) and one short (2.05—2.09 A)
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Figure 1. ORTEP representation of the molecular structures (50%
probabilities) of the non-hydrogen atoms of (DIM)M(NO,), for M =
Co and Zn and x = 2 or 3. Selected structural parameters (A): For (a)
Col-N1, 2.0694(18); Col—N2, 2.0640(17); Col—02, 2.1706(16);
Col—04, 2.1740(15); Col—05 2.085315); Col—01, 2.0968(15);
O1-N3, 1.273(2); 02—N3, 1.264(2); 05—N4, 1.286(2); O6—N4,
1.216(2); O3—N3, 1.225(2); 04—N4, 1.267(2). For (b) Col-01,
2.1925(11); Col1—03, 2.2052(11); Col—N3, 2.0996(11); Col—N4,
2.0904(11); Col—02, 2.0531(12); Col—04, 2.0592(11); O1-N1,
1.257(2); 0O3—-N2, 1.246(2); 0O2—-NI1, 1.274(2); 0O2—N4,
1.2688(19). For (c) Znl—-Nl1, 2.070(2); Zn1—-N2, 2.0635(19);
Zn1-02, 2.0910(18); Zn1—04, 2.1277(19); Zn1—0S5 2.202(2);
Zn1-01, 2.2171(19); O1-N3, 1.264(3); 02—N3, 1.277(3); 05—
N4, 1.260(3); 06—N4, 1.220(3); O3-N3, 1.220(3); 04—N4,
1.279(3). For (d) Znl1-02, 2.0471(17); Znl1—04, 2.0606(19);
Znl1—N1, 2.0887(18); Zn1—N2, 2.0939(18); Zn1—03, 2.3004(18);
Zn1-01, 2.3243(19); N3—01, 1.240(3); N3-02, 1.286(3); N4—
03, 1.249(3); N4—04, 1.268(3).

Co—O distance. The long Co—O contacts are well within the
sum of the van der Waals radii (3.44 A). The bis(nitrate) is
comparable to other cobalt bis(nitrate) complexes with two
other ancillary donors.”>™*> Cobalt bls(mtrlte) complexes are
usually N-bound and six-coordinate,”* ™’ and we hypothesize
the nitrite ligands are O-bound in (DIM)Co(NO,), to
accommodate bidentate binding and provide a six-coordinate
environment about the cobalt center. The structure of the zinc
bis(nitrate) has two bidentate nitrates, each with one long
(2.22 A) and one short (2.09 A) Zn—O distance. The zinc
bis(nitrite) is O-bound and bidentate, again each with one long
(2.32 A) and one short (2.05 A) Zn—0O distance per nitrite.
These zinc complexes might be described as four-coordinate,
tetrahedral zinc, with weak donation from the pendant oxygen
nucleophile, but the weak interactions are stronger in the
bis(nitrate) complex. Each long Zn—O distance is within the
sum of the van der Waals radii (2.91 A). In all four molecules,
the longer M—O distances are in the DIM NCCN plane, trans
to the DIM nitrogens.

Deoxygenation Reactivity Studies. Cobalt. After
reporting different reduced products for bis(oxyanion)
complexes coordinated to iron and nickel, we were interested
in the reductive deoxygenation of a cobalt complex bearing two
nitrogen oxyanion ligands. We hypothesized that the formation
of a cobalt dinitrosyl complex was possible; however, most
reported Co(NO), complexes with neutral ancillary donors are
monocationic to invoke {Co(NO),}'® in the Enemark—
Feltham notation.**™**

Reaction of equimolar (Bpin),Pz with (DIM)Co(NO,), in
THF proceeds (Scheme 3) in time of mixing at 25 °C, with a
color change from brown to purple. Complete consumption of
the cobalt starting material and of the boryl reagent is
observed, as well as the formation of (Bpin),0, to yield a
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Scheme 3. Synthesis of (DIM)Co(NO)(ONO)
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paramagnetic product (Figure S7) which shows g at 1723
cm™ (Figure S8), similar to other cobalt nitrosyl complexes
with a linear NO ligand.*> 0 After removal of organic
byproducts by rinsing with pentane, crystals suitable for X-
ray diffraction were obtained, and the molecular structure
confirms (Figure 2) the formation of (DIM)Co(NO)(ONO),
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Figure 2. ORTEP representation of the molecular structure (50%
probabilities) of the non-hydrogen atoms of (DIM)Co(NO)(ONO),
showing selected atom labeling. Selected structural parameters (A):
Col—N3, 1.665(2); Col—N1, 2.0125(19); Col—-N2, 2.0417(18);

Col—02, 2.0942(17); Col—03, 2.2072(17); O1-N3, 1.180(3);
02—N4, 1.263(3); 03—N4, 1.259(3).

which has no crystallographic symmetry but is pseudo-square-
pyramidal about the cobalt metal center. The nitrito ligand is
bidentate, albeit with the Co—O3 distance longer by 0.11 A.
The kinetically facile deoxygenation of (DIM)Co(NO,),
contrasts the nickel analogue, which requires 12 h at room
temperature to completely deoxygenate. Furthermore, while
N,O was observed for subsequent deoxygenations using nickel,
no N,O was observed for the cobalt deoxygenations.
Ignoring donation from the more distant oxygen, (DIM)-
Co(NO)(ONO) would have 17 valence electrons, which
justifies additional donation from another oxygen but not a
truly bidentate (equal Co—O distances) nitrito ligand, which
would be a 19 valence electron species. The Co—N—O nitrosyl
bond angle is linear (174.26°), 1nd1cat1ng NO?*, and Enemark—
Feltham designation {CoNO}.? The bond lengths within the
a-diimine backbone indicate increased electron density,
evidenced by contraction of the C—C bond and lengthening
of the C—N bonds as compared to other DIM containing
species reported. The C—C bond in (DIM)Co(NO)(ONO) is
0.037 and 0.041 A shorter than in the cobalt bis(nitrite) and
bis(nitrate) analogues and is 0.043 A shorter than the C—C
bond in both zinc structures (zinc should be most indicative of
completely unreduced DIM). While there is a smaller change
in the C—N bonds compared to (DIM)Zn(NO,),, the
(DIM)Co(NO)(ONO) C-N distances are lengthened by
0.014 and 0.019 A. These bond lengths indicate participation
of (CoNO)** with a reduced DIM ligand backbone, as
opposed to purely (CoNO)* with neutral DIM (Table S1).
Cobalt here is more reducing than in the (DIM)Ni(NO)-
(ONO) analogue, as judged by bond lengths within DIM.
Zinc. With zinc lacking the ability to coordinate the z-acidic
nitrosyl ligand, we were interested in single deoxygenation of
(DIM)Zn(NO,),. The reaction of an equimolar solution of
(DIM)Zn(NO,), with (Bpin),Pz shows only partial con-

sumption of (DIM)Zn(NO,), by '"H NMR, along with the
formation of pyrazine, (Bpin),0, and free DIM ligand. When
executed in a 2:5 molar ratio of (DIM)Zn(NO,), to
(Bpin),Pz, complete consumption of both starting materials
is observed as well as formation of pyrazine, (Bpin),0, and free
ligand with appropriate intensities (Scheme 4) as judged by "H

Scheme 4. Deoxygenation of (DIM)Zn(ONO), with
(Bpin)sz

CchN

ﬁr \b\w[j

-5 (BPm) 0
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NMR (Figure S19). Transfer of the headspace volatiles, after
12 h of reacting in MeCN, into a gas IR cell shows formation
of N,0 and NO in the IR spectrum (Figure 3). The N,O

NO

N,O

2300 2200 2100 2000 1900 1800 1700
wavenumber / cm™

Figure 3. Gas-phase IR spectrum of the headspace after the reaction
of (DIM)Zn(ONO), and (Bpin),Pz showing the formation of N,O
(2224 cm™) and NO (1864 cm™).

absorption at 2224 cm™' is greater in intensity than the NO
absorption at 1872 cm™', despite the balanced reaction
producing 2 mol of NO and only 1 mol of N,O. This is
con51stent with the molar absorptivity of the vibration at 2224

! for N,O being about 8 tlmes greater than that of the
absorptlon at 1872 cm™ for NO."

The loss of NO and N,O from this reaction can be
attributed to the inability of zinc to coordinate a nitrosyl
ligand, and the N—N bond formation most likely happens after
formation of a high-energy Zn-NO intermediate, formed via
single deoxygenation of (DIM)Zn(NO,),. The zinc metal
product has been confirmed by XPS (Figure $22). Importantly,
the 2 NO, 2 DIM, and 2 Zn are the same constituent parts of
the previously reported nickel dimer [(DIM)Ni(NO)],;*°
however, replacing nickel with zinc drastically changes the
arrangement of these constituent parts. Instead of being held
together in a M—M dimer, the reactivity with zinc shows free
nitric oxide, uncoordinated DIM ligand, and zinc metal.

The analogous reactivity can be accomplished starting from
(DIM)Zn(NO;),, although heating at 80 °C in MeCN is
required (Figure S20). The room temperature reactivity of
(DIM)Zn(NO,), and heat required for reactivity with
(DIM)Zn(NO3)2 is analogous to the trend for nickel
complexes.”” The heating required for the bis(nitrate)
complexes indicates kinetic barriers associated with nitrate
reduction, despite favorable reduction potentials.*®

X-ray Photoelectron Spectroscopy (XPS). XPS can be a
valuable technique for distinguishing between different nitro-
gen oxyanions, and we were interested in looking at our NO,~
complexes to see if XPS could resolve nitrogens of varied
oxidation states. The data for the bis(nitrate) and bis(nitrite)

https://doi.org/10.1021/acs.inorgchem.1c02591
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complexes show clear resolution of both nitrate/nitrite
nitrogen from the DIM imine nitrogens (400 eV) in the N
Is region (Figure S21). Each bis(nitrate) complex has a
binding energy (BE) of 407 eV, while the bis(nitrite)
complexes have a BE of 403.5 eV, consistent with easier
ionization in trivalent nitrite. In general, the experimental atom
ratios for nitrate or nitrite nitrogens compared to DIM ligand
nitrogens is 1:1, consistent with expectations. The XPS data for
these compounds also suggest that slight changes in denticity
of the oxyanion ligand are undetectable by XPS.

Mass Spectrometry of DIM Nitrogen Oxyanion Com-
plexes. We found that the electrospray ionization, ESI(+),
mass spectrum of (DIM)Ni(NO)(ONO) in THF shows
mainly ions involvin§ loss of the nitrito ligand; there is no
intact molecular ion.”” However, upon addition of tetrabutyl-
ammonium ion (TBA) to a THF solution of (DIM)Ni(NO)-
(ONO), species [(DIM)Ni(NO)(ONO)-TBA]"* is the most
intense signal (Figure S$25). With TBA generally being
considered a noncoordinating cation, we were interested in
the nature of this nonintuitive (cation with neutral) interaction
between TBA and (DIM)Ni(NO)(ONO). Furthermore, to
understand if two NO,” ligands were necessary to form a
molecular TBA adduct, we synthesized an analogue of
(DIM)Ni(NO)(ONO) bearing only one oxyanion ligand.
The nitrosyl complex (DIM)Ni(NO)(Br) was synthesized via
nitrosylation of the Ni(I) dimer, [(DIM)NiBr], (Scheme 5).

Scheme §. Synthesis of (DIM)Ni(NO)(Br) from
[(DIM)NiBr], and NO Gas

NN B Et,0 ) \<
*Br

\Br < +NO(g) —2> 2 /&N‘ _’N

“NND-N 5 min /N',%

vy Br “No

Addition of excess NO to a stirring solution of [(DIM)NiBr],,
which was synthesized according to the literature procedures,
in ether resulted in an immediate color change from deep
purple to green, along with precipitation of a green solid. After
workup, 'H NMR spectroscopy (Figure S18) indicates clean
conversion to the diamagnetic (DIM)Ni(NO)(Br), assigned as
{NiNO},"" which was confirmed by single-crystal X-ray
diffraction (Figure 4). We also obtained ESI+ mass
spectrometry data on (DIM)NiBr, as a control with no
nitrogen oxyanion ligands.

Mass Spectrometry in the Absence of TBA. Before
attempting to form TBA adducts with the various DIM
complexes, we obtained ESI+ mass spectral data on each of the
complexes in THF in the absence of added TBA. For the
nickel complexes (DIM)Ni(NO,), (Figure S28), (DIM)Ni-
(NO,), (Figure $26), (DIM)Ni(NO)(Br) (Figure S37), and
(DIM)NiBr, (Figure S39), the most intense signals in the ESI
+ mass spectra are the resultant cation after loss of nitrite,
nitrate, or bromide, with no detectable intensity of the intact
molecular ion. For simplicity across samples, we have chosen
to denote the intact molecule as “Q”. For example, the loss of a
nitrite ligand from (DIM)Ni(NO,), would be denoted as [Q
— NO,]* (molecule minus nitrite). The (DIM)NiX" cation
formed after ligand loss is Lewis acidic, which leads to
dimerization in the spectrometer with a neutral complex to
give the observed m/z for [2Q — NO,]*. This type of

Figure 4. ORTEP representation of the molecular structure (50%
probabilities) of (DIM)Ni(NO)(Br) showing selected atom labeling.
Selected structural parameters (A, deg): Nil—Brl, 2.4120(6); Nil—
N1, 2.004(3); Nil—N2, 2.017(3); Nil-N3, 1.639(3); N3-01,
1.152(4); O1-N3, 1.180(3); Nil—-N3—-01, 175.7(4).

monocation dimer has been reported with nitrite as the
bridging ligand between two nickel centers.”” DIM transfer is
also a common occurrence, producing [(DIM),MNO,]*, a
product of DIM ligand redistribution.

In contrast to these nonredox processes, redox at nitrogen
accounts for the other ions detected; such processes are thus
relevant to the general goal here of NO,” deoxygenation.
These processes are inevitably reduction of nitrogen and
attributed to hydrogen atom transfer (HAT) from the
electrospray plume, with the THF solvent as the HAT
reductant. For example, the [2Q — NO,]* ions for (DIM)-
M(ONO), with M = Co, Ni, and Zn also show loss of mass 29,
followed by a second loss of 29 (Figures S28, S32, and $35).
Isotope multiplet simulation clearly rules out loss of mass 30
(nitric oxide) in these two steps. We attribute these to loss of
NO accompanied by addition of a hydrogen atom (the
hydrogen originating from reducing agent THF in the
electrospray environment). The loss of NO was confirmed
by the expected mass shift observed when sampling (DIM)-
Ni(O'"*NO),. The —29 process is predictably absent for
(DIM)NiBr,. In brief, this process replaces NO in ON™O~ by
H, forming OH™. These two steps of reductive elimination of
neutral NO and H atom addition do not involve redox
chemistry at the metal center (ONO~ + H — OH™ + NO);
this overall redox-neutral character makes this an energetically
viable source of monocations. The reduction of nitrite to nitric
oxide, followed by H atom transfer to form a hydroxide ligand,
has been observed for copper,51 and nitric oxide liberation
liberation from nitrite upon deoxygenation has also been
reported.”">%?

Zinc provides key information about processes favored when
the metal offers no redox change. From (DIM)Zn(NO;),, only
ions carrying nitrite are observed (Figure S34), suggesting
nitrate deoxygenation in the spectrometer aided by the Lewis
acidic Zn®" metal center. After deoxygenation, the traditional
Zn*" ion, [(DIM),Zn,(NO,);]*, is seen together with
[(DIM),Zn,(NO,),(OH)]*, similar to the bis(nitrite) com-
plexes above.

The molecule (DIM)Co(NO)(ONO) behaves very differ-
ently from its nickel analogue, and the ESI chemistry is best
understood as producing an energetically preferred cobalt
dinitrosyl. The molecular ion Q" is absent, and the dominant
species is [Q — O]*, which is the 18-electron [(DIM)Co-
(NO),]* (Figure S38). An equally dominant species is [2Q —
2H,0]*. This dicobalt species [(DIM-2H)Co(NO),]," is
suggested to have lost two hydrogens per DIM, together with
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carbon—carbon bond coupling (Scheme 6), yielding two of the
18-electron Co(NO)," species linked by a now-tetradentate

Scheme 6. Proposed C—C Coupling of Dehydrogenated
DIM in Observed [(DIM-2H)Co(NO),],"
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dianionic diimine ligand. In summary, it is the 18-valence-
electron Co(NO)," species that gives the highest yield of ions.
The ion corresponding to loss of a nitrite ligand to yield [Q —
NO,]* is also present, but with much lower intensity.
Solution Deoxygenation Chemistry Mimics ESI
Reactivity. This tendency of DIM methyl groups to function
as H atom donors is also detected by reaction chemistry. In an
effort to synthesize a cobalt dinitrosyl complex, the addition of
(Bpin),Pz to (DIM)Co(ONO), in a 2:1 mole ratio results in
an immediate color change from brown to purple, which
persists after 12 h of stirring at room temperature. All
(Bpin),Pz and the paramagnetic (DIM)Co(ONO), starting
reagent have been completely consumed. After removal of the
THE in vacuo, the purple solid was redissolved in a minimal
amount of ether and held at —35 °C, giving black needles after
12 h. The molecular structure (Figure S) corresponds to

e s
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Figure 5. (a) ORTEP representation (50% probabilities) of the
molecular structure of the non-hydrogen atoms of [(DIM —
2H)Co(NO),],, showing selected atom labeling. Selected structural
parameters (A, deg): Col—N1, 1.660; Col—N2, 1.637; N1-01,
1.147; N2—02, 1.149; Col—N23—01, 154.95; Col—-N24—02,
172.82. (b) Side view showing planarity due to complete conjugation
across the dimer. (c) Top-down view showing bond lengths in the
Co(DIM) fragment (unlabeled bond lengths are symmetry equivalent
by an inversion center). (d) Dominant resonance structure based on

bond lengths.

dimeric [(DIM-2H)Co(NO),],, where two (DIM-2H)Co-
(NO), units couple through the doubly H atom abstracted
—CHj; group on the DIM backbone. In the isolated [(DIM-
2H)Co(NO),], complex, since the (2DIM — 4H) ligand is
now a conjugated dianion (Figure Sd), each cobalt has
achieved an 18-electron configuration in its Co(NO)," unit.
The anticipated neutral (DIM)Co(NO), would have 19
valence electrons, and charge leakage into the DIM backbone
would help rationalize the observed allylic radical reactivity at
the DIM —CHj; group. The C—-C couphng observed has
literature precedence with similar systems.”*>° Because the
uncharged moiety Co(NO), is unknown, but its cation is
known, double dehydrogenation of a DIM methyl, then

dimerization, achieves conjugation over eight atoms, in
addition to achieving the preferred even electron Co(NO),".
Reductive borylation replicates what is seen in the ESI mass
spectrum.

Impact of N(N-Bu),* on ESI lon Production. Before
surveying the nitrogen oxyanion complexes for their ability
to form TBA adducts in the mass spectrometer, we sought an
appropriate ratio of metal complex to TBA, as its iodide salt.
We found that TBA in the 10—20 uM range with metal
complex in the 1—5 mM range allowed for the highest intensity
of TBA-adduct formation. With higher concentrations of TBAI
present, the spectra were dominated by (TBA),I,_,; clusters.

The addition of [TBA]I to (DIM)Ni(NO,), results in the
[Q + TBA]" as the most intense species in the mass spectrum
(Figure S29). All species seen without the TBA additive are
still present, but at much lower intensities. Similarly, additions
of [TBA]I to (DIM)Ni(NO;),, (DIM)Ni(NO)(Br), (DIM)-
Co(NO;),, (DIM)Co(NO,),, and (DIM)Zn(NO,), all result
in the formation of [Q + TBA]* (Figures S27, S37, S31, $33,
and S25). Interestingly, when comparing the bis(nitrate) and
bis(nitrite) complexes for nickel, cobalt, and zinc, the TBA
adduct has greater intensity for the bis(nitrite) in each case.
We hypothesize that the poor o-basicity of nitrate compared to
nitrite leads to ligand loss before a TBA adduct can be formed
in the spectrometer. Because nitrite is a better ligand, the TBA
adduct is more likely to form instead of nitrito loss.

In contrast to the oxyanion complexes, the addition of
[TBA]I to (DIM)NiBr, shows only a trace amount of TBA
adduct by mass spectrometry, despite showing a large signal for
TBA" (Figure S40). This indicates that the nitrogen oxyanions
have an integral role in the formation of the TBA adducts, and
cation pairing with TBA" may not be universal to all
(DIM)MX, species. We hypothesize that the ability of the
nitrogen oxyanions to engage in H-bonding with the TBA*
cation helps facilitate the adduct formation.

Origin of “lon Tagging” of Neutrals by N(N-Bu),*.
“Noncovalent pairing” is known in ESI°™* and can have
diverse causes, including Bronsted or Lewis acid/base
attraction and alkylammonium shape complementarity. To
identify the cause of the noncovalent interaction between
uncharged oxyanion complexes and TBA, we employed DFT
calculations of the TBA adduct of (DIM)Ni(NO,),.

Geometry optimization of [(DIM)Ni(k*-ONO),- TBA]*
showed the triplet spin state to be more stable than the
singlet by 9.6 kcal/mol. The optimized structure (Figure 6)
shows several close hydrogen-bonding contacts to nitrito O
and N. The shortest (H—N at 2.28 A) is between one butyl a-
H and a nitrito nitrogen lone pair. Three other contacts are
between hydrogen and oxygen, with two involving the same a-
H and the last involving a #-H (2.57 A). The a-H are the most
acidic,*>*® which is highlighted by the three short H-bonds.
The formation of [(DIM)Ni(ONO),-TBA]" from (DIM)Ni-
(ONO), and TBA" has a AG® of —14 kcal/mol, showing the
collective impact of multiple weak H-bonds. There are no
significant changes in N—O or C—H distances consequent
from this H-bonding, and the TBA N—C—C and C-C-C
angles are all conventional (109.7°—119.4°)

In an attempt to search for an alternative minimum with a
different TBA interaction, geometry optimization was
performed beginning with triplet (DIM)Ni(ONO), where
one nitrito ligand was monodentate and the TBA was
interacting with the pendant oxygen with pseudo-C; symmetry
with respect to three a-H protons. This adduct underwent a
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Figure 6. Optimized structure of triplet [(DIM)Ni(x’-
ONO),*TBA]", showing four closest contacts to TBA hydrogens.

large structural rearrangement to yield an x*-O,N-nitrite
isomer, with short Ni—N and Ni—O distances, showing
numerous TBA H—O or N contacts <2.9 A. Importantly, this
adduct lies only 4 kcal/mol higher in energy than the above,
indicating that the PES for interaction between (DIM)Ni(x’-
ONO), and TBA is “soft”, with many competing nearly
isoenergetic minima. Overall, this study explains the driving
force behind this surprising N(n-butyl),"/neutral pairing when
nitrito anions are present, even if there is no pendant oxygen.

Bl CONCLUSIONS

This work helps provide a more holistic view of deoxygenation
of bis(oxyanion) complexes of mid-to-late first row transition
metals supported by a redox-active bidentate ligand. With iron,
a dinitrosyl complex is formed. With cobalt and nickel,
mononitrosyl complexes are isolated, and N,O is formed in the
deoxygenation of nickel NO,” complexes. With zinc, no
nitrosyl complexes are isolated, and NO and N,O are observed
in the headspace after the reductive deoxygenations. There is a
direct correlation between placement in the d-block with
gaseous byproducts, and moving later in the first row (Ni, Zn)
encourages N—N bond formation. We have shown that
addition of NO gas to the Ni(I) bromide bridged dimer
results in the formation of the mixed halogen/oxyanion
complex (DIM)Ni(NO)(Br), which we use as a control in
our mass spectrometry studies. The nitrogen oxyanion
complexes ionize in the mass spectrometer primarily via loss
of an X-type ligand, and we have observed redox chemistry at
the nitrogen atom in a variety of samples. We have also shown
the formation of a unique cobalt dinitrosyl dimer, which is
coupled through the doubly H atom abstracted DIM ligand.
The m/z for this dimer is also observed in the ESI mass
spectrum of (DIM)Co(NO)(ONO), indicating its favorability
over the neutral dinitrosyl monomer originally targeted. The
addition of TBA allows for the observance of the intact
molecular ion in most nitrogen oxyanion complexes,
representing a promising synthetic procedure for character-
ization of the molecular complexes. Lastly, we show via DFT
that H-bonding between the TBA and the nitrogen oxyanions
is a crucial stabilizing factor in the adduct formation.
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