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The ability of (PNNH)CoCl, (where PNNH is a phosphino and pyrazole substituted pyridine pincer) to serve as a
precursor to coordinate the weak anion nitrate is investigated, giving a product with two coordinated nitrates,
which demonstrate remarkable variability of nitrate binding in an overall six coordinate divalent cobalt complex.
A synthetic variant with only one chloride per Co(Il) is characterized, and retains coordination number 5.

Comparison is made to rhodium, initially in oxidation state +1, including a carbonyl reporter ligand. The tri-
dentate pincer displaces chloride and PPhs from Rh(PPh3)2(CO)Cl to form the salt [(PNNH)Rh(CO)]CL. That
compound reacts with N-chloro succinimide with oxidation to trivalent rhodium, loss of carbon monoxide, but
also with inadvertent chlorine substitution of pyrazole ring CH bond. As a comparison standard for PNNH ligand
with a redox inert metal, (PNNH)ZnCl; is characterized; bond lengths within the ligand allow the conclusion that
the iron and cobalt analogs show no major back donation into the pincer ligand.

1. Introduction.

A pincer ligand [1,2] bearing pyridine, pyrazole and phosphine arm
(Scheme 1) has been shown to support iron [3] and cobalt [4,5]
chemistry in several different oxidation states between 2+ and 0. It has
also been deprotonated at the pyrazole p nitrogen without the pyrazolate
adopting a bridging role and forming aggregated species that has been
seen with similar ligand scaffolds [6,7]. We were interested here in
coordination of weak ligands such as nitrate, as a preliminary to
establishing redox reactivity within that ligand. The study of nitrate
chemistry is particularly important due to the rise of aquatic dead zones
as a result of excessive nitrate production derived from agricultural
fertilizer, demanding routes to sequester and transform this anion into
value-added products [8-11]. These transformations have been
accomplished by a variety of methods, including photochemical, elec-
trochemical, and with the use of chemical reductants [12-18]. Com-
parison to monovalent rhodium, a more spectroscopically informative
metal, allowed us to focus on metal oxidation state change, and was
designed to learn about redox chemistry combined with increased
Brgnsted acidity of pyrazole as metal is oxidized [19-21]. This work also
installs PNNH onto a redox inert metal, Zn?*, which has relevance to the
emerging field of catalysts based on main group metals [22-25].
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2. Results
2.1. Divalent cobalt

Nitrate was installed on (PNNH)CoCl, via salt metathesis with two
equivalents of AgNOs in acetonitrile solvent according to Scheme 1. This
proceeds rapidly, indicated by a color change from violet to lavender in
fewer than 5 min and is accompanied by the precipitation of silver
chloride. In this work, we employ both a tBu and Ph substituent on the
C5 position of the pyrazole arm for their differences in solubility and
crystallinity, but the reactivity of both is the same.

Characterization by 'H NMR of the crude material shows a single
paramagnetic product, distinct from (PNNPhH)CoClz. Interestingly, Ag™*
does not oxidize the divalent cobalt here. Despite the paramagnetism of
Co(II), the 'H NMR chemical shifts are sharp and integrate to the ex-
pected values for a single pincer, with one signal for the two tBu and one
for two methylene protons, indicating retention of mirror plane sym-
metry (see SI Fig. S3). The infrared spectrum showed the presence of
strong N—O stretches (1284 and 1471 cm’l, Fig. S4) [26,27] which are
absent in (PNNPMH)CoCl,. Single crystal X-ray diffraction studies
establish the composition (PNNPhH)Co(N03)2 (Fig. 1). Despite the weak
binding affinity of nitrate, even in the presence of coordinating solvent,
we observe only the molecular species rather than any nitrate salt.
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Scheme 1. Synthesis of (PNNH)Co(NO3), from (PNNH)CoCl,.

Fig. 1. Molecular structure (50% probability ellipsoids) of one molecule of
(PNNH)Co(NO3),, showing select atom labeling. Gray atoms are carbons and all
hydrogens except the pyrazole proton are omitted. Col-P1, 2.4838(11);
Col-01, 2.122(3); Col-02, 2.317(3); Col-04, 2.047(3); Col-N2, 2.076(3);
Col-N3, 2.180(3).

Table 1
Bond distances (f\) within the Co(NO3), subunit of four crystallographically
independent molecules. For labels, see Fig. 1.

Molecule Col-01 Col-02 Col-04 Col-05
A 2.122(3) 2.317(3) 2.047(3) 2.940(3)
B 2.084(3) 2.388(3) 2.047(3) 2.787(3)
C 2.083(3) 2.376(3) 2.073(3) 2.607(3)
D 2.208(3) 2.254(3) 2.250(4) 2.313(4)

The compound crystallizes with four molecules in the asymmetric
unit (Z' = 4) and in every case, the rotational conformation of mono-
dentate nitrate shows no evidence for intramolecular hydrogen bonding.
Instead, every -NH functionality hydrogen bonds to a different THF
guest molecule in the lattice. The presence of protons on the pyrazole
nitrogen is further supported by large N—N—C angles of
111.30-112.19° [28]. The Co(NOs3), subunit (Table 1) shows remark-
able variation among the four crystallographically unique molecules,
which are labelled with letters from A to D.

The Co-O distance variability within the four individual molecules
speaks to the flexibility of the nitrate anion; this ligand can bind mono-
or bidentate, and since there is no preference for coordination of one
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Fig. 2. Molecular structure (50% probability ellipsoids) of [(PNNBYH)Co(Cl)
(THE)1" showing selected atom labeling. Gray atoms are carbon. The BPhy
counterion and all protons except the pyrazole proton have been removed for
clarity. Selected structural parameters: Col-P1, 2.4061(6); Col-N1, 2.0541
(15); Col-N3, 2.1560(15); Col-Cl1, 2.2808(6); Col-01, 2.0559(14).

oxygen over another, we expect that these are rapidly exchanging in
solution. This dynamic process suggests that molecules A-D are best
described as conformers, and explains why we observe only one tert-
butyl signal in the 'H NMR. Molecule D is distinct from A-C in having
four similar (0.1 A) Co-O distances. The ' and k 2 nitrate linkage
implies inequivalent tert-butyl protons on the phosphorus atom, but due
to the rapid conversion between mono- and bidentate binding modes,
only one signal is observed on the NMR timescale. Overall, this suggests
the potential energy surface of this moiety is very soft, with numerous
local minima. This claim is supported by single point energy calculations
(B3LYP/6-311G(d) level of theory, see SI for details) of the four crys-
tallographically independent molecules. We found that the energetic
difference between all four molecules was less than 3 kcal/mol.

We were also interested in studying complexes with only one coor-
dinated anion, for simplicity in subsequent deoxygenation reactivity
[17,18]. We sought a cobalt mono-chloride (Scheme 2) as a precursor to
a mono-nitrate species.

The 1:1 chloride abstraction reaction in THF occurs rapidly, indi-
cated by a color change from violet to brown in <5 min upon addition of

—|+

BPh,~

Scheme 2. Proposed route to a mono-chloro cobalt complex.
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Scheme 3. Synthetic scheme anticipated for installing PNNH onto Rh(I).
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Fig. 3. Molecular structure (50% probability ellipsoids) of [(PNNth)Rh
(CO)I*CI, with selected atom labeling and showing the hydrogen bond.
Selected structural parameters: Rh1-C24, 1.811(6); Rh1-N3, 2.064(4); Rh1-N1,
2.107(3); Rh1-P1, 2.2429(12); 01-C24, 1.159(6); C24-Rh1-N3, 177.68(17).

NaBPhy4. Removal of volatile material after 12 h yields a green powder.
Characterization by 'H NMR shows the presence of a single para-
magnetic product, distinct from (PNN®'H)CoCl,. Crystals suitable for X-
ray diffraction were grown by slow vapor diffusion of pentane vapors
into a concentrated THF solution, establishing the composition of
[(PNNH)Co(Cl)(THF)] "BPhg (Fig. 2), where a THF molecule coordinates
to satisfy the Lewis acidity of cobalt; four coordinate Co' is not formed.
The presence of a proton on the pyrazole arm is confirmed by a large
N—N—C angle of 111.3°, and the BPhy anion is completely non-
interacting.

The Co1-0O1 distance (2.0559(14) f\) is similar to the Col-N1 dis-
tance for pyrazole nitrogen, indicating that THF is not loosely bound.
Despite coordination of a THF molecule, the chloride abstraction was
successful, and therefore [(PNNH)Co(Cl)(THF)]*BPh; is a promising
precursor for mononitrate species in future studies.

2.2. Comparison to rhodium

The above cobalt chemistry has not utilized the weak Brgnsted acid
character of the pyrazole proton. In addition, the metal oxidation state
has remained unchanged. We now move to consider doing redox
chemistry at the metal, and with a potentially more Brgnsted basic re-
agent. To broaden the scope of this PNNH chemistry, we also moved to a
4d transition metal, and one whose nuclear spin can be informative of
metal oxidation state, via NMR coupling constant [29,30]. Finally, we
wanted to include a carbonyl ligand as a reporter of donor power. These
are the motivations behind attempting to install the PNN""H pincer
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Fig. 4. Molecular structure (50% probability ellipsoids) of (PNNPhH)RhC13,
with selected atom labeling. Selected structural parameters (A): Rh1-N2, 2.137
(7); Rh1-N3, 2.035(6); Rh1-P1, 2.308(2); Rh1-Cl1, 2.355(2); Rh1-CI3, 2.349(2);
Rh1-Cl3, 2.341(2).

ligand on a monovalent rhodium carbonyl complex. Reaction of equi-
molar PNN*PH with RhCI(CO)(PPh3), at 25 °C in dichloromethane
(Scheme 3) shows complete conversion to a new product in less than 12
h, and 3'P NMR shows the formation of free PPhs and a product doublet
(ZJRh_p = 157 Hz) for the coordinated pincer.

Byproduct PPh; was removed with copious ether washings. The
molecule shows by 'H NMR spectroscopy mirror symmetry (two
equivalent CHy protons and 18 equivalent tBu protons), consistent with
a planar four coordinate structure as opposed to the anticipated 5 co-
ordinate species. The compound was determined to retain the carbonyl
ligand by IR spectroscopy (vco = 1983 cm™1) and single crystal X-ray
diffraction study (Fig. 3) establishes a chemical formula [(PNNH)Rh
(CO)I"CI". The hydrogen on the pyrazole moiety hydrogen bonds to the
chloride anion, with N2-Cl1 distance of 3.025(4) A.

Oxidation of [(PNNPhH)Rh(CO)FCl' was accomplished with reagent
N-chloro succinimide [31-33] to form (PNN hH)RhClg (Scheme 4) in
1,2-dichloroethane solvent at —35 °C. While we did not establish the
source of the NH hydrogens, solvent is a likely source.

The 1:2 reaction proceeds with a color change from yellow to red in
10 min. Characterization of the diamagnetic product by 'H NMR shows
equivalent tBu and methylene signals, consistent with retention of a
mirror plane. The 3!P NMR shows a single new doublet, distinct from the
starting material (2JRh_p = 86 Hz) confirming that only one new
phosphorus-containing product was formed. This smaller J value is
consistent with Rh(III). The infrared spectrum (no CO stretch present)
indicates loss of the carbonyl ligand. Single crystal X-ray diffraction of
crystals grown by vapor diffusion of pentane vapors into a concentrated
1,2-DCE solution confirms the anticipated product formula, (PNNPhH)
RhCl;3 (Fig. 4).

The geometry about the Rh is octahedral, and the large N—N—C
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Scheme 4. Synthetic scheme for oxidation of [(PNNPhH)Rh(CO)]+C1’ with N-chlorosuccinimide.
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Scheme 5. Synthesis of (PNNH)ZnCl,.
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Fig. 5. Molecular structure (50% probability ellipsoids) of (PNNPhH)ZnClz
showing selected atom labelling. Gray atoms are carbon. Hydrogen atoms have
been omitted for clarity, except for the pyrazole proton. Selected structural
parameters: Zn1A-P1A, 2.503(5); Zn1A-Cl1A, 2.272(5); Zn1A-CI2A, 2.338(5);
Zn1A-N1A, 2.153(8); Zn1A-N11A, 2.284(8).

angle (109.5°) confirms the presence of a proton on N1. The presence of
this proton is further confirmed by a hydrogen bonding interaction with
a water molecule that co-crystalizes. If the reaction is repeated at room
temperature and in the more oxidizing dichloromethane solvent, over-
oxidation occurs on the ligand pyrazole arm. Crystal structure deter-
mination of this reaction product shows the unit cell to contain a 53:47
mixture of (PNNPhH)RhC13 and its analog where one pyrazole ring car-
bon has been chlorinated [31-34] to form (CIPNNPhH)RhClg (see SI for
more details).

2.3. (PNN""EDZnCl,

Finally, we were interested in synthesizing a complex with PNN"'H
on a redox inert metal to serve as a comparison standard to those con-
taining redox active metals. We have previously reported the synthesis
of the analogous (PNNH)FeCl, and (PNNH)CoCly [3-5], and therefore
this (PNNH)Zn species will allow comparing intra-ligand bond lengths
to gauge whether there is population of the ligand n* of PNN""H in the
case of divalent metals. To this end, PNN""H was reacted with equimolar
ZnCly in THF (Scheme 5).

Upon addition of ligand to metal, no observable color change was
noted. The reaction was stirred at room temperature for 12 h with a
persistent yellow color. Subsequent NMR monitoring indicates reaction
completion (based on depletion of ligand 3'P NMR signals) within 2 h.
The resulting (PNN""H)ZnCl, was isolated as the only product, and was
characterized by lH, 31P, and '3C NMR (Figs. S13 and S14), and all these
data are consistent with a single, diamagnetic product distinct from free
ligand. Finally, this compound was characterized by X-ray diffraction.
Single crystals were grown via vapor diffusion of pentane vapors into a
concentrated THF solution, and the structure unambiguously identifies
the compound as (PNNPhH)ZnClz (Fig. 5).

This compound now exists as a reference compound to the previously
synthesized (PNNH)FeCl, and (PNNH)CoCly, both of which contain
potentially redox active metals. We compared intra-ligand bond lengths
between these two species and this Zn compound, and we found minimal
differences between the three (see SI Fig. S17 and Table S7) and
therefore we can conclude that there is no evidence for population of
ligand n* orbitals, and thus no evidence of redox noninnocence in the

case of divalent iron and cobalt.

3. Conclusions

These results show that the PNNH ligand can be a constant factor on
divalent cobalt, leaving up to three coordination sites available for
variable ligand manipulation. The d’ configuration leaves the metal
indifferent between coordination number five or six because nitrate li-
gands are shown to be either monodentate or bidentate. The ligand
protons are readily observable, and structurally diagnostic, by 'H NMR
even in the paramagnetic divalent cobalt setting. PNNH can also be
installed on a later metal, Rh, and can support this metal in two different
oxidation states. Finally, a redox-inert example was synthesized and
used to show that with M2+ examples (M = Co, Fe), PNNH is a redox-
innocent ligand.
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