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We describe here delivery of hydrazine to a reducing, low oxidation
state chromium bound to a proton responsive ligand which has
already been deprotonated. Reaction of PAHNNH; at a 4:1 mole
ratio with the bis-(pyrazolate)pyridyl pincer ligated reducing agent
[Cr'L], gives prompt conversion to [Cr',L,(PhNH,),(n—PhHNN)],
with release of NH; and CgHg, a new disproportionation of the
hydrazine, with trapping of PhHNN as its dianion, bridging the two
chromium centers. The redox balance of the reaction is discussed,
and participation by Bronsted basic sites on the bis-
(pyrazolate)pyridyl pincer ligand L?" is suggested, but no hydrazine
protons remain on the pincer in the product.

Reported here is an effort to better understand the reactivity of
hydrazines under reducing conditions, and also in the presence
of a proton responsive ligand. Hydrazines are candidate
intermediates in nitrogen fixation, based on the expectation
that there will come a stage where the initial N=N triple bond
becomes a N-N single bond.! The next step in nitrogen fixation
is qualitatively different from the proton coupled electronic
transfer which delivers the hydrazine redox level, because it
involves full cleavage of a N-N single bond. Besides its reductive
conversion to ammonia and amide ligands, one can also
envision another important hydrazine:
disproportionation. This N-N scission is redox neutral (i.e. no

conversion of

external electron source) and thus involves hydrogen transfer
between Disproportionation
considerable research, both in stoichiometric as well as catalytic
conversions.? is an especially versatile ligand,
because it can bind monodentate, bidentate or bridging, and

two hydrazines. has seen

Hydrazine

each of these forms is subject to deprotonation to make anionic
hydrazides (Figure 1, a). Much of the precedent work has used
ancillary ligands without pendant Bronsted basic sites or
available Bronsted acidic functionality, so the topic of proton
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responsive ligands offers new opportunities.3 Finally, synthesis
of hydrazine and hydrazide complexes has generally involved
deprotonated hydrazide with metal halide, or silyl hydrazine
with metal halides, and we report here a reductive approach.*
We have developed a molecule containing two divalent
chromium centers in a compact package composed of a proton
responsive pincer ligand, bis-(pyrazolate)pyridine (Figure 1, b).
We have shown earlier that this complex is both a Lewis acid
and a Bronsted base.® We now attempt to exploit the two
functionalities to direct its reductive character towards the
hydrazine N-N bond. We sought two-electron reducing power
and Bronsted basicity, in some bond cleavage transformations.
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Figure 1. (a) Coordination modes of hydrazido(2-) ligand to transition metals. (b)

Ligand and chromium reagent used in this work. (c)

An example of
benzolc]cinnoline substrate binding between two Cr''L units.
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Figure 2. (a) Solid-state structure (50% probability) of [Cr"'sz(PhNHz)f(PhHNNH.
e

molecules are omitted for clarity; ‘Bu and phenyl are shown as a wireframe. T

N12-Cr2:115.5(2). (b) Line drawing of [Cr',L,(PhNHS),

(d)

Ligand carbon atoms (unlabeled) are shown in gren. H&/
p h aniline aryl ring on N14 is nearly edge-on and thus hard to see. Selected structural
parameters (A, °): Cr1-N11: 1.963(5); Cr1-N12: 1.996{52‘; Cr2-N12: 1.842(5); N11-N12: 1.303(6); Cr
PhHNN)]. (c) Bond lengths in [Cr'",L,(PhNH,),(PhHNN)]; (d) bond lengths in comparison Ti, Zr, and Mo compounds

Journal Name

drogen atoms and solvent
2-N13, 2.135(5); Cr2-N14, 2.147(5); N13-Cr2-N14, 178.02(19), Cr1-

We have shown earlier that [CrL], has the reducing power
to convert ArN=NAr bonds to hydrazide, found bridging two CrL
units in the product (Figure 1, c); subsequent delivery of KCg
effects full cleavage of the N-N bond.® In pursuing NN bond
transformations, we were drawn next to disproportionation
since this has the simplicity of not needing any external
reagents, neither electrophiles (e.g. H*) nor electrons. In
addition, our metal complex offers product stabilization by the
availability of two metal centers if the dimeric character is
retained. While 3d metals often undergo one-electron redox
change, a dimetal 3d species can accommodate the two-
electron changes generally preferred by small molecule redox
products. Due to the hazards associated with anhydrous
hydrazine, we explore a substituted hydrazine,
phenylhydrazine, and we value the possibility that N-C bonds
will be kinetically persistent, and thus enable detection of
relevant intermediates, in addition to the crystal growth benefit
of the phenyl ring. The electronic character of phenyl
substituents may also play a significant role.

The paramagnetic, generally Cr" character of the products
reported here, together with the absence of symmetry which

2| J. Name., 2012, 00, 1-3

might simplify establishing product structure, means that
crystallographic structure determination is the only way to
definitively establish product identity, so characterization here
will rely mainly on that technique. As will be seen, protons of
the tBu substituents, because of their relative insulation from
spin transmission, are the most diagnostic spectral features.

A 1:2 [CrL],.PhHNNH; mole ratio was chosen in anticipation
of the disproportionation in eq 1, but anticipating that the [CrL],
would trap some of the products shown.

2 PhHN-NH,; = PhN=NH + PhNH; + NHj; (1)

The reaction of [CrL], with PhAHNNH, in a 1:2 mole ratio in THF
proceeds in time of mixing with color change to brown-yellow.
Assay of the reaction mixture after 5 minutes of reaction time
shows a paramagnetic product with low symmetry and 26
resonances ranging from +37 to — 104 ppm with four tBu
resonances in the 3 to O ppm range.

Single crystal X-ray diffraction of a sample grown by pentane
diffusion into a concentrated THF solution revealed (Figure 2) a
composition [Cr,L,(PhNH,),(PhHNN)] containing two 6-

This journal is © The Royal Society of Chemistry 20xx
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coordinate octahedral Cr linked by two bridges, pyrazolate and
PhHNN. One L?" ligand is tridentate to Crl, and the second L%~
is tridentate to Cr2 but bridges also to Crl using one Nf3; the two
pincers are mutually perpendicular. The molecule might have a
mirror plane containing the Cr,NNHPh unit, except for the H and
phenyl substituents on four coordinate N11, which render that
N chiral, and destroys mirror symmetry. Since the molecule has
no symmetry, four tBu chemical shifts are anticipated and
observed. None of the hydrazine protons are on pyrazolate
nitrogen atoms: the absence of protons on L2~ BN is established
by the small angles CNN, 105.8 - 107.2°, compressed due to
repulsion by the nitrogen lone pairs.> 7 Lattice guest THF forms
one hydrogen bond with one aniline proton, and two BN (N2
and N4) on L2~ bound to Crl form hydrogen bonds (2.929 and

185 780 775 770 765 760 TS5 750 745 740 735 730 725 720 75 TA0 705 70 64

R
Figure 3. 'H NMR spectrum of acid-quenched volatile products from
[Cr, f(PhNH

)2(PhHNN)] synthesis, showing NH,* triplet, and benzene singlet (7.31
ppm); BArF,, signals at 7.62 ppm.

3.152 A) to different aniline protons on Cr2. Cr-N(pincer)
distances fall in the narrow range 2.019 — 2.034 A and are
normal, and Cr-N(aniline) distances are longest, at 2.135 and
2.147 A, these being much longer than to the other hydrazine-
derived nitrogen atoms.

The PhHNN ligand (2-) forms two comparable interactions
with Crl (1.996 and 1.963), and a shorter bond to Cr2, 1.842 A.
Overall this gives charge balance based on two Cr'"'. Consistent
with this, chromium shows no “long bond axis,” as typically
shown by Jahn-Teller distorted Cr'", and four Cr/Na(pyrazolate)
distances range only from 2.015 to 2.029 A. The Cr2N12N11
angle is 165.6 °; that NN distance is 1.303 A, thus between a
single and a double bond. N12 is essentially coplanar with Cr1,
Cr2 and N11 (out of plane distance 0.17 A, sum of angles
350.6°). The bond lengths in the bridging hydrazide unit (Figure
2, b) mimic those found in other examples, involving Ti, Zr or
Mo (Figure 2, c), but are to be compared to the N-N distance
(there 1.380 — 1.424 A) with the N12 to Cr2 distance being
among the shortest (vs. 1.808 — 1.996 A).8 For comparison, the
N=N distance in the very different substituent placement in
M(k!-HN=NPh) examples are 1.218 — 1.330 A for M = Ru, Os, Re
and Fe.3?

The composition of this product establishes the minimum
number of N-phenyl groups needed for a balanced reaction 2a,
which however lacks two H on the reactant side. If this is

This journal is © The Royal Society of Chemistry 20xx
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supplied by removal of the geminal hydrogens from one
additional PhHNNH,, we arrive at eq 2b to explain this
disproportionation reaction.

3 PhHNNH, # PhHNN + 2 PhNH, + 2 NH; (2a)
4 PhHNNH, = PhHNN + 2 PhNH, + 2 NH; + PhN=NH (2b)
..then PAN=NH > CgHs + N, (2¢)

The decay of PhN=NH (eq. 2c) has been characterized,'® and
has a half-life of only minutes at room temperature. Whether
free PhN=NH is a mechanistic participant is beyond what our
observations establish. The two reducing equivalents supplied
by the [Cr'], reagent convert PhHNN to its dianion, the
aminoimide (PhHN)NZ2". With the exception of
[(CsHs)Mo(NO)I(N,HPh)],, g2:n?,Nn*-hydrazido(2-) (Figure 1, C) is
unknown for group 6 metals.1? While [Cr,L,(PhNH,),(PhHNN)]
has no protons on pyrazolate nitrogens, but instead on aniline,
proton transfer mediated by those nitrogen atoms can be
hypothesized in the N/N bond scission reported here. Overall,
this material balance suggests the liberated products NHs,
benzene, and N,. The first two of these have been identified by
IH NMR of volatile material vacuum transferred away from
[CroL,(PhNH,),(PhHNN)] (See ESI for details). The complete
reaction (eq. 3) is appropriately termed reductively promoted
hydrazine disproportionation. The observed reaction is
noteworthy for cleaving some but not all of the NN bonds
present in the available hydrazine reagent (eq. 3). The two
electrons in [CrL], trap the product where the NN bond is not
cleaved, as the aminoimide, [PhRHN]N?2".

[CrL], + 4 PhAHNNH, = [Cr,L,(PhNH;),(PhHNN)] + 2 NH; +
CeHs + N, (3)

Repeating the reaction with an optimized 4:1 mole ratio of
PhHNNH, to [CrL], (eq. 3) to quantify the amount of NH3 and
benzene liberated by *H NMR against an internal standard,
NaBArF,4, gives an NMR vyield of 60% for NH; and 20% for
benzene (Figure 3; See ESI for additional details). At this

stoichiometry, all [CrL], is consumed and
[Cr>L,(PhNH,),(PhHNN)] yield is 60%.
Some mechanistic speculation is appropriate. The key

event, NN bond scission, has been illustrated previously3?
(Scheme 1) to involve proton transfer from ligand to the
pendant hydrazine nitrogen lone pair and NN bond scission, the
latter a 2-electron oxidation step at M. If there are two Cr
involved, this would be the redox event which produces two
Cr'", as in the characterized product. Also noteworthy is that
ammonia is liberated in the chromium example reported here;
because Cr'" is kinetically inert, this suggests N-N bond scission
occurs from a Cr-k!:-NHPh-NH, connectivity, with NN bond
scission never involving coordinated NH;, but instead via
pendant NH,.

In summary, [CrL], offers two attractive features in a
compact molecule: two low-valent chromium and two proton-
responsive pincer ligands. In particular, [CrL], can facilitate the
N-N bond cleavage of phenylhydrazine under mild conditions
and, due to the persistence of the N-C bond, an uncommon

J. Name., 2013, 00, 1-3 | 3
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isomer of phenyldiazene, PhHNN, is captured at chromium.
Previous examples of RHNN complexes are mainly
monometallic, and were made either by insertion of PhN,* into
MH bonds or by proton transfer to Bronsted basic MR or MNR,
from phenylhydrazine; another approach is reaction of MCl with
a silylhydrazine.®> 12 Our advances involve using an earth-
abundant dimetal reagent, and a redox process, in addition to
the availability of a proton responsive ligand for
intramolecular proton transfer. While our work was in review,
N,H,; disproportionation was shown to be efficiently catalyzed
by a V'"'Fe'" species, but mechanistic detail of substrate bond
scission, and catalyst speciation were not discussed; it is
interesting that this unit contains eight d electrons as do two
Crll_13

©
EH E
( /NHZ —_— + NH3
M+ NH, M2 NH,
Scheme 1.

Overall, the reactivity of phenylhydrazine shown here is best
described as reductively promoted hydrazine
disproportionation. This process is distinguished from many
other transformations of hydrazine in that it avoids loss of H,
and it is retention of those reducing equivalents which is
responsible for maximal cleavage of NN bonds here. By the
isolobal analogy, replacement of one hydrazine -NH, by -OH
yields hydroxylamine which is a key molecule along the nitrate-
to-ammonia nitrogen cycle. Here, N-O bond scission may be
favorable due to the m/m repulsion, as it is in hydrazine. The
ideas described here may, therefore, advance hydroxylamine
chemistry.
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[C']; + 4PhN;H; — =  [Cr'"3(PhNH3)2(PhHNN)] + 2NH; + CgHg + N3

Overcoming net single-electron transfer with [CrL],, a dimeric reagent that packages two one-electron
reductants, for PhHNNH, disproportionation.



