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Redox Non-Innocent Behavior of a Terminal Iridium Hydrazido(2—)

Triple Bond

Adam J. Pearce, Alyssa A. Cassabaum, Grace E. Gast, Renee R. Frontiera, and Ian A. Tonks*

Abstract: The synthesis of the first terminal Group 9
hydrazido(2-) complex, Cp*IrN(TMP) (6) (TMP =2,2,6,6-
tetramethylpiperidine) is reported. Electronic structure and X-
ray diffraction analysis indicate that this complex contains an
Ir—N triple bond, similar to Bergman’s seminal Cp*Ir(N'Bu)
imido complex. However, in sharp contrast to Bergman’s
imido, 6 displays remarkable redox non-innocent reactivity
owing to the presence of the Ny lone pair. Treatment of 6 with
Mel results in electron transfer from Ny to Ir prior to oxidative
addition of Mel to the iridium center. This behavior opens the
possibility of carrying out facile oxidative reactions at a for-
mally Ir'" metal center through a hydrazido(2—)/isodiazene
valence tautomerization.

Late transition metal-ligand multiple bonding plays a sig-
nificant role in many organic transformations, such as C—H
bond functionalization!'® and group transfer reactions.!
Consequently, the field has experienced substantial growth
in the past 25 years: several imido and oxo complexes of the
late transition metals (Groups 8-10) have been synthe-
sized,” " but examples of heteroatom-functionalized multi-
ply bound ligands, such as terminal hydrazido(2—) and
alkoxyimidos, are extremely limited." Such terminal moi-
eties are attractive synthetic targets because they are impor-
tant intermediates along N, reduction cycles and in other
catalytic reactions, in which they can serve as built-in oxidants
through cleavage of the N-heteroatom bond.'*'*! Further-
more, terminal hydrazidos have the potential to access redox
non-innocent!"”! manifolds through a contribution from the p-
N lone pair (hydrazido(2—)/1,1-isodiazene resonance),!'®!
which may allow for redox reactions that would be otherwise
inaccessible without such metal-ligand cooperativity.
Several early and mid-transition metal hydrazido(2—)
complexes! ! have been synthesized through salt meta-
thesis, protonolysis, or activation of N,.'*?! However, there
are no isolated examples of terminal late transition metal
(Groups 9 and 10) hydrazido(2—) complexes, and only
a single example has been proposed as an intermediate in
catalysis. In this reported example, Lu implicates a Co
hydrazido(2—) as an intermediate in N, functionalization.””
The closest isolated analogue to a Group 9 hydrazido(2—) was
reported by Hartwig, who isolated the isomeric 1,1-isodiazene
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complex (PCP)IrNNCsH,,.*! In this case, the neutral 1,1-
isodiazene electronic structure must dominate because the
hydrazido(2—) form would violate the oxo wall of the square-
planar ligand field. This is borne out in the structural
parameters and reactivity of the complex, which has a short
N—N bond (1.244(16) A), long Ir—N bond (2.008(11) A), and
reactivity that mirrors that of free aminonitrenes. As a result
of the dearth of Group 9 examples, we sought to synthesize
iridium hydrazido(2—) complexes and investigate their elec-
tronic structure and reactivity. Herein, we report the first
example of a terminal hydrazido(2—) complex of a late
transition metal and report preliminary reactivity that dem-
onstrates the unique redox non-innocent behavior of the
terminal moiety, as well as the synthesis and differential
reactivity of related hydrazido dimers.

The synthesis for Cp*-based iridium hydrazidos is
reported in Scheme 1. Following Glueck and Bergman’s
synthesis of Cp*IrN'Bu,® initial attempts to synthesize
a monomeric hydrazido using lithium 1,1-diphenylhydrazide
or lithium 1,1-dimethylhydrazide resulted in dimeric products
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Scheme 1. Synthesis of compounds 1-6.

Cl

[Cp*Ir(w,-N,Ph,)], (1) and [Cp*Ir(u,-N,Me,)], (2). Similarly,
treatment of [Cp*IrCl,], with N-aminopiperidine followed by
a double dehydrohalogenation of the resulting Ir hydrazine
adduct 3 with two equivalents of KO'Bu affords a third
dimeric product [Cp*Ir (u,-NNCsH,,)], (4). Dimerization of
analogous imido complexes with small N-substituents is well
established.’™*") To increase the steric profile of the B-N
substituent, reactions were attempted with 1-amino-2,2,6,6-
tetramethylpiperidine (NH,TMP). Treatment of [Cp*IrCl,],
with two equivalents of LINHTMP yielded a deep red
solution of Cp*IrCI(NHTMP) (5). Interestingly, unlike the
other hydrazides, 5 was unable to be dehydrohalogenated by
addition of further equivalents of LINHTMP under standard
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reaction conditions. However, the addition of KO'Bu resulted
in the formation of the monomeric terminal hydrazido(2—)
Cp*IrNTMP (6) as a gold-colored solid in high yield.

The crystal structures of compounds 1, 2, 4, and 6 are
shown in Figure 1. The structure of 6 contains two independ-
ent molecules within the asymmetric unit. The bonding
metrics confirm 6 as a terminally bound hydrazido(2—) that
contains an Ir—N triple bond. The Ir-N bond distances

Figure 1. ORTEP of a) [Cp*Ir(N,Phy)], (1)), b) [Cp*Ir(N,Me,)],LiCl (2),
c) [Cp*Ir(NPip)], (4), and d) Cp*IrNTMP (6). Thermal ellipsoids are
drawn at 50% probability. Hydrogen atoms, solvent molecules, half

a tetrameric unit of 2, and a crystallographically independent molecule
of 6 have been omitted for clarity. For complete crystallographic data,
see Ref. [35].

(1.714(3) and 1.721(3) A) are similar to the Ir—N distance
observed in Bergman’s Ir—N triple-bonded Cp*IrN‘Bu com-
plex (1.712(7) A). The N,~N; distances (1.340(5) A and
1.342(4) A) are significantly shorter than in the dimeric
structures 1, 2, and 4 (1.384, 1.43, and 1.413 A, respectively;
see Table 1). This is consistent with strong n-donation to Ir
from N, in 6, which reduces N,—Ng lone pair repulsion. A
significant difference in the Ir-N,~Ng bond angles exists
between the two independent molecules of 6 (178.3(3)° and
166.8(3)°); however, Parkin and Bercaw have argued that
steric/crystal packing factors contribute more to the crystalo-
graphic bond angles in metal-N multiple bonds than the

Table 1: Selected bond distances (A) and angles [°] for compounds 1, 2,
4, and 6.

Bond 16 20 4 6l

I—Na 1.982 1.99 1.983 1.718
No—Np 1.384 1.43 1.413 1.341
Ir—CPeentroid 1.836 1.837 1.846 1.842
Ir—No—Nf 129.8 126.1 127.1 172.3

[a] Average values for both Ir centers. [b] Average values for two
crystallographically independent monomers.
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hybridization at N.*? In contrast, the bonding metrics of 6 are
significantly different from Hartwig’s 1,1-isodiazene complex
(PCP)I'NNCH,,, which contains a long Ir—N distance,
2.008(11) A; a short N,—Nj distance, 1.244(16) A; and an
Ir-N,—N; bond angle of 135.1(12)°.*

A qualitative MO description of the relevant it orbitals of
6 is shown in Figure 2. In contrast to normal metal imidos, the
Ng lone pair mixes with one of the Ir—N st-bonds, which results
in a bonding and antibonding combination.'®! This removes
the degeneracy of the Ir—N n-bonds and yields a HOMO

Figure 2. Qualitative MO diagram of compound 6 showing relevant -
bonding and antibonding combinations of Ir d-orbitals and diazene -
orbitals, as well as the DFT-calculated HOMO and LUMO.

comprised of Ir—N, m-bonding and N,—Ny m-antibonding
interactions. This antibonding contribution raises the energy
of the HOMO relative to the LUMO, which is the Ir—N,, nt-
antibonding orbital that is out of plane with the B-nitrogen
lone pair. DFT calculations (M06-L/MWBG60 on Ir; 6-31G(d)
on C and H; 6-311+ G(2df,p) on N) provide a HOMO-
LUMO energy gap of 409 nm, which is in good agreement
with the experimental UV/Vis spectrum of 6, which shows an
absorbance shoulder at 400 nm. The resonance Raman
spectrum (514.5 nm excitation) shown in Figure 3 also
agrees with the DFT calculations, enhancing N—N, Ir—N;,
and C—C stretching frequencies predicted for the HOMO,
and the N—N and Ir—N frequencies are in excellent agreement
with related third row metal hydrazidos."™

With terminal and bridged Ir hydrazides in hand, we were
interested in exploring the differential reactivity of the series
in comparison to Bergman’s terminal Ir imido. A summary of
[Cp*IrNR], reactivity with CO is shown in Scheme 2.
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Figure 3. Resonance Raman spectrum of Cp*IrNTMP (6), showing
features attributed to N—N (811, 1315cm™), Ir-N (1157 cm™), and
C—C (1365 cm™') bond stretching frequencies.
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Scheme 2. Reactions of CO with Cp*IrNTMP (6) (top), Bergman'’s
Cp*IrN'Bu (middle), and [Cp*Ir(N,Ph,)], (1) (bottom).

other diazene
radical
decomposition
products

Exposure of a C¢Dg solution of 6 to an atmosphere of CO
yields a deep red solution, which over time results in the
formation of Cp*Ir(CO), and several organic byproducts,
which were identified as decomposition products of free N-
(2,2,6,6-tetramethylpiperidyl)nitrene.[! In this case, we pro-
pose that coordination of CO leads to charge transfer from
the hydrazido Ng lone pair to the Ir, formally reducing it from
Ir'"" to Ir'. Then, the resulting 1,1-isodiazene can be displaced
by CO, forming Cp*Ir(CO), and the free nitrene, which
decomposes in solution. In comparison, Cp*IrN7Bu and other
related imido complexes react with CO to form n*bound
organoisocyanates,[“] Thus, unlike normal terminal imidos,
the nitrogen ligand of 6 undergoes CO-induced tautomeriza-
tion rather than reacting directly with CO. Reactions of 6 with
other L donors such as PMe; or outer-sphere oxidants such as
[Fc]"[PF¢]~ also generate product mixtures from diazene
decomposition, and traces of the analogous reduced product
Cp*Ir(PMe,), were detectable by NMR. In contrast, the Ir—N
bond in the dimeric hydrazidos behaves similarly to the
bridging imidos of Group 9.°” For example, 1 reacts with an
atmosphere of CO to give the eventual generation of CO-
inserted product 7, which contains two inequivalent Ir centers.
The crystal structure of 7 is shown in Figure 4.
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Figure 4. ORTEP of compound 7.%%! Thermal ellipsoids are drawn at
50% probability. Hydrogen atoms have been omitted and two phenyl
rings have been reduced to ipso carbons for clarity. Selected bond
lengths [A] and angles [°]: Ir=N1 2.020(3), Ir1-N3 2.022(3), N1-N2
1.429(4), N3-N4 1.418(4), 1r2-C21 1.842(4), 1r2-C22 2.044(4), 1r2-C23
2.046(4), C21-01 1.143(5), C22-02 1.222(4), C23-03 1.225(5); Ir2-
C21-01 170.3(4).

Reaction of terminal hydrazidos with electrophiles also
yields differential and remarkable reactivity. In the case of 6,
one could envision an electrophile such as Mel reacting in one
of three ways: 1) Direct reaction with the HOMO (predom-
inantly Ny lone pair), 2) attack of the electrophile by the Ir
metal center in an Sy2-like fashion, or 3) reaction across the
Ir—N bond in analogy to Cp*IrN/Bu, which ultimately gives
[BuNMe;]'T™ and [Cp*Irl,],. Remarkably, the reaction of 6
with stoichiometric Mel produces complex 8, the apparent
product of a nucleophilic attack by an Ir'"" center on Mel
(Scheme 3). 8 is isolated as a mixture of diastereomers, both
of which can be crystallized. Their solid-state structures are
reported in Figure 5.
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Scheme 3. Reaction of Cp*IrNTMP (6) with methyl iodide to produce
compound 8 with the loss of methane. The proposed mechanism for
the formation of 8 is also shown, showing the concerted nucleophilic
attack and hydrazido(2—) oxidation to form intermediate A. When
using ethyl iodide, competitive 3-H elimination allows for the forma-
tion of ethylene as well as compound 8.

www.angewandte.de

An dte

Chemie

13365


http://www.angewandte.de

13366

Figure 5. ORTEP of both diasteromers of compound 8.°* Thermal
ellipsoids are drawn at 50% probability. Hydrogen atoms and one
crystallographically independent molecule in 8b have been omitted for
clarity. Selected bond lengths [A] and angles [°] for 8a: Ir1-N1
1.936(6), N1-N2 1.249(8), Ir1-C11 2.107(7), Ir1-I1 2.6881(8); Ir1-N1-
N2 121.5(5), C12-N2-C16 122.7(4).

The structure of 8 shows an elongated Ir—N bond distance
of 1.939(6) A as well as a shortened N,—N; distance of
1.249(8) A, indicating double bond character between the
nitrogens. Thus, the structural parameters of 8 demonstrate
a formal oxidation of the hydrazido(2—) moiety to the neutral
isodiazene ligand, similar to Hartwig’s isolated isodiazene
complex. This is the first instance of reagent-induced redox
isomerism in a hydrazido(2—) moiety, in which the N;; lone
pair ultimately provides an electron reservoir for reactivity at
Ir.

The proposed mechanism for the formation of 8 is shown
in Scheme 3. Mel undergoes a nucleophilic attack by Ir with
concurrent electron transfer from the N to Ir. This redox non-
innocent electron transfer from hydrazide(2—) to isodiazene
helps to avoid the intermediacy of the Ir¥ oxidation state. The
resulting Ir'™" methyl isodiazene structure A can then undergo
o-bond metathesis with a proximal piperidine methyl group to
form the cyclometallated product 8, with concomitant loss of
methane. The reaction of 6 with CDsl in C;,D, carried out in
a sealed J-Young tube shows a peak for CD;H, confirming the
production of methane. At this stage, the exact nature of the
tautomerization mechanism and its degree of concertedness
remain ambiguous: the arrow-pushing designation in
Scheme 3 is used simply to indicate that tautomerization
occurs while the complex is undergoing reaction.

Complex 8 can also be formed from the reaction of 6 with
ethyl iodide. The kinetics of the reaction are slower, as would
be expected for an Sy2-type nucleophilic attack by Ir.** In
addition to the expected ethane byproduct, ethylene is also
observed in the reaction mixture by using 'H NMR spectros-
copy. The generation of ethylene presumably occurs through
a competitive 3-H elimination from the ethyl intermediate A
followed by an intramolecular o-bond metathesis of the
resulting iridium hydride with the piperidine methyl group.

In summary, monomeric iridium terminal hydrazido(2—)
complexes can be synthesized using bulky, alkyl 1,1-organo-
hydrazines. Cp*IrNTMP displays a short, linear Ir—N linkage
indicative of triple bonding. The Ir—N,—Ng moiety displays
remarkable redox non-innocent behavior in all characterized
cases; reactions with neutral CO result in the formally
reduced Cp*Ir(CO),, while reactions with electrophiles
result in a net oxidation of the ligand rather than the metal
center. We are currently exploring redox catalytic applica-
tions of this new moiety on Ir and related late transition metal
centers.
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