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CONSPECTUS:

Titanium is an attractive metal for catalytic reaction development: it is earth abundant,
inexpensive, and generally nontoxic. However—Iike most early transition metals—catalytic redox
reactions with Ti are difficult, owing to the stability of the high-valent Ti'V state. Understanding
the fundamental mechanisms behind Ti redox processes is key for making progress toward
potential catalytic applications. This Accountwill detail recent progress in Ti-catalyzed (and
mediated) oxidative amination reactions that proceed through formally Ti'//Ti'V catalytic cycles.

This class of reactions is built off of our initial discovery into Ti-catalyzed [2+2+1] pyrrole
synthesis from alkynes and azobenzene, where detailed mechanistic studies have revealed
important factors that allow for catalytic turnover despite the inherent difficulty of Ti redox.
Two important conclusions from mechanistic studies are that (1) low valent Ti intermediates
in catalysis can be stabilized through coordination of r-acceptor substrates or products, where
they can act as “redox-noninnocent” ligands through metal-to-ligand r-backdonation; and (2)
reductive elimination processes with Ti proceed through m-type electrocyclic (or pericyclic)
reaction mechanisms rather than direct o-bond coupling.

The key reactive species in Ti-catalyzed oxidative amination reactions is a Ti imido (Ti=NR),
which can be generated from either aryl diazenes (RN=NR), or organic azides (RN3). These Ti
imidos can then undergo [2+2] cycloadditions with alkynes, resulting in intermediates that can
be coupled to an array of other unsaturated functional groups including alkynes, alkenes, nitriles,
and nitrosos. This basic reactivity pattern has been extended into a broad range of catalytic and
stoichiometric oxidative multicomponent coupling reactions of alkynes and other reactive small
molecules, leading to multicomponent syntheses of various heterocycles and aminated building
blocks.

For example, catalytic oxidative coupling of Ti imidos with two different alkynes leads to
pyrroles, while stoichiometric oxidative coupling with alkynes and nitriles leads to pyrazoles.
These heterocycle syntheses often yield substitution patterns that are complementary to classical
condensation routes, and provide access to new electron-rich, highly substituted heteroaromatic
scaffolds. Further, catalytic oxidative alkyne carboamination reactions can be accomplished

via reaction of Ti imidos with alkynes and alkenes, yielding a,p-unsaturated imine or
cyclopropylimine building blocks. New catalytic and toichiometric oxidative amination methods
such as alkyne a-diimination, isocyanide imination, and ring-opening oxidative amination of
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strained alkenes are continuously emerging as a result of better mechanistic understanding of Ti
redox catalysis.

Ultimately, these Ti-catalyzed and -mediated oxidative amination methods demonstrate the
importance of examining often-overlooked elements like the early transition metals through the
lens of modern catalysis: rather than a lack of utility, these elements frequently have undiscovered
potential for new transformations with orthogonal or complementary selectivity to their late
transition metal counterparts.
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INTRODUCTION

Nitrogen-based functional groups are ubiquitous in bioactive molecules.>8 Recently,
powerful methods have evolved around new ways of constructing C-N bonds, including
alkene hydroamination,’-8 aziridination,® oxidative C-H amination,1? and multicomponent
cycloadditions.1! To a large extent, this impressive development has been the domain of late
transition metals (LTMs), raising the question of the role that early transition metals (ETMs)
such as Ti can have in engendering new amination reactions.

ETMs have the potential to access different structures (e.g. metal-ligand multiple bonds) and
elementary reaction steps than LTMs, potentially enabling new, orthogonal bond-forming
strategies.12 ETMs are also earth abundant: the crustal concentration of Ti is greater than

all other transition metals combined, Fe excluded.1® There is significant opportunity to
reinvestigate this often-overlooked part of the transition series through the lens of modern
catalysis.14 In fact, catalysis with Ti'!l-based reagents has experienced a renaissance owing
to increased interest in/understanding of selective radical-based strategies.15-18

While there are myriad examples of Ti-catalyzed!® or stoichiometricl® reduction reactions,
Ti-catalyzed oxidation reactions involving metal-centered 2-electron redox are rare, owing to
the difficulty in reduction of Ti'V to Ti''.20 Nonetheless, developments in redox noninnocent
ligands?! over the past 20 years have made ETM redox catalysis an attractive target.
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This Accountwill explore recent developments in Ti-catalyzed and -mediated oxidative
amination reactions, using mechanistic insight to explain fundamental principles of catalysis
and motivate selective reaction development. These oxidative aminations are built off of

the (1) reactivity of Ti=NR imido complexes, which undergo [2+2] cycloaddition® with
alkynes; and (2) facile bimolecular cleavage of N=N bonds in aryl diazenes by Ti'!.

Based on this chemistry, diverse multicomponent reactions have been developed that yield
important heterocycles and aminated building blocks (Figure 1).

CATALYTIC [2+2+1] SYNTHESIS OF PYRROLES

In 2016, we reported the formal [2+2+1] synthesis of pyrroles (1) from alkynes and
azobenzene, catalyzed by pysTiCl,(NPh) (Figure 2A).1 This reaction was significant as the
first example of catalytic oxidative C-N bond formation with Ti. Tethered diynes (1a, 1b)
and simple alkynes (1c) undergo reactions with equal efficiency (Figure 2B). Unsymmetric
internal alkynes (1e, 1f) yield regioisomeric mixtures, where the product distribution is often
statistical. Terminal alkynes (1g, 1h) also yield regioisomeric mixtures but have a strong
preference for formation of 2,4-disubstituted product 1. Qualitatively, the effect of alkyne
structure on reaction rate is terminal (1g, 1h) > polarized (1f) > internal dialkyl (1c) >
internal diaryl (1d). In the case of highly reactive terminal and polarized alkynes, an excess
of aryl diazene is sometimes needed to suppress unwanted alkyne cyclotrimerization.

This catalytic [2+2+1] pyrrole synthesis has formed the underpinnings for a large array of
oxidative nitrene transfer reactions that have been developed in our labs, and mechanistic
studies have been a key driver in their development. As a foundation for later work, details
of each step of the mechanism will be discussed first along with historical context and
computational studies, before returning to new reaction discovery.

[2+2+1] pyrrole synthesis is an extension of ETM imido-catalyzed alkyne hydroamination.8
In Ti-catalyzed alkyne hydroamination, [2+2] Ti=NR (IM1) + alkyne cycloaddition (TS1)
leads to an azatitanacyclobutene (IM2), which undergoes protonolysis by a primary amine
to liberate enamine (imine) 3 (Figure 3B). Inspiration for [2+2+1] pyrrole synthesis was
borne out of a study of (ONO)TiBn, (2) catalyzed 2-butyne hydroamination (Figure 3A).23
Reactions with excess 2-butyne catalyzed by 2 resulted in trace amounts of pyrrole 1i

and CgMeg 4. We speculated that these sideproducts were generated through 2" alkyne
insertion into IM2, leading to an azatitanacyclohexadiene (IM3) that underwent reductive
elimination to form 1i and a Ti'! species which cyclotrimerized remaining 2-butyne to 4.
This hypothesis led to the discovery of simple Ti complexes (e.g. py3TiCly(NPh)) and
oxidants (aryl diazenes,! later organic azides?4) capable of closing the catalytic cycle for
pyrrole production.

[2+2+1] Mechanism — Overview.

A summary of the mechanism of Ti-catalyzed formal [2+2+1] pyrrole synthesis? is
presented in Figure 4, along with rate laws derived from variable time normalization
analysis?® (VTNA). Computational studies?26 indicate that the active species has 1
coordinated pyridine (IM4), although there may be complex/changing speciation resulting
from reversible pyridine coordination to various intermediates along the cycle.
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First, Ti'VY imido M4 undergoes [2+2] cycloaddition with an alkyne to form
azatitanacyclobutene IM5. Next, a second alkyne inserts into IM5 to form
azatitanacyclohexadiene IM6 in the rate-determining step. Reductive elimination from
IM6 next yields a Ti!l intermediate, either free or as “masked” Ti'! backdonating to the
bound pyrrole (IM7). IM7 can then either unproductively trimerize alkyne or be trapped
by azobenzene to form Ti'! n2-azobenzene adduct IM8, which disproportionates into a
Ti'V imido (IM4 and IM4-Dimer) to close the cycle. Reoxidation of IM?7 is facile, and
examples of Ti imido synthesis by Ti!' azobenzene disproportionation/oxidation go back
several decades.27-28 Disproportionation is likely bimetallic although the exact mechanism
(homodimerization of M8 as drawn, or reaction?® of IM8 with free Ti') remains unclear.
Disproportionation is irreversible (no diazene crossover has been observed), likely owing
to the formation of strong Ti=NR bonds. Half order dependence on [Ti] indicates an
equilibrium between the precatalyst, IM4, and IM4-Dimer, consistent with Kinetic analyses
of Ti-catalyzed alkyne hydroamination30:31 where Ti imidos are well-known to dimerize.®

Second Alkyne Insertion.

Despite many studies of [2+2] cycloaddition of Ti imidos, there are only two examples of
alkyne insertion into group 4 azametallacyclobutenes like IM5 (Figure 5). First, Walsh and
Bergman32 reported that reaction of Zr bis(amide) 5 with excess MeCCMe resulted in [2+2]
cycloaddition and 2" alkyne insertion to 6. Mountford33 isolated 8 from reaction of 7 with
excess arylacetylene. Similarly, Odom reported that Mo and W 6/5(imido)s undergo double
reaction with cyclooctyne to form azametallacycloehexadienes which liberate pyrrole upon
heating.34

Insertions of other unsaturated species (e.g. nitriles,3® aldehydes,36 and imines.37) into
azatitanacyclobutenes have also been reported. Notably, Odom has reported a versatile
class of catalytic iminoamination reactions via isocyanide insertion.38:3% Cloke reported
a stoichiometric [2+2+1] synthesis of 1,2,4-azadiphosphole via double phosphaalkyne
reaction with pysTiClo(N‘Bu).40

In [2+2+1] pyrrole synthesis, a second alkyne inserts into IM5 since (unlike in
hydroamination) there is no amine for protonolysis. The 2" alkyne insertion is

more kinetically challenging than [2+2] cycloaddition (or protonolysis), owing to
sterically-encumbered 6-coordinate TS3. For reactions of dialkylacetylenes catalyzed by
pysTiCly(NPh), kinetic (2" order [EtCCEt]) and computational analysis (Figure 4, TS3
AG* = 29.6 kcal/mol vs. TS2 AG* = 22.0 kcal/mol; MeCCMe) indicate 2"d insertion is
rate-determining.

C-N Reductive Elimination.

Ti organometallics are more likely to undergo H-abstraction! or radical reaction2 than
o-bond reductive elimination. Thus, it is surprising that IM6 undergoes facife C-N reductive
elimination (Figure 4, TS4).

Since reductive elimination occurs after rate-limiting TS3, this step has only been examined
computationally. Comparative free energy profiles for reductive elimination from two
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major computational studies?26 are presented in Figure 6. Although significant free

energy differences arise between these models (resulting from different levels of theory

and computational approaches: gas-phase geometry optimizations followed by single-point
calculations?® vs. initial geometry optimization in solvent?) it is clear that C-N reductive
elimination is a low barrier process (TS4 AG* = 20.1 or 10.6 kcal/mol). There is debate on
whether the reoxidation of IM7 occurs through associative interchange with PANNPh (TS5
AG* = 17.5 or 14.9 kcal/mol) or through pyrrole dissociation to free/solvated Ti'l (IM10
AG =32.1 or 9.9 kcal/mol). Given the abundance of potential rt-acceptors in these reactions
(alkyne, azobenzene, solvent), an associative interchange mechanism with some stabilizing
ligand is certainly plausible.

Why is reductive elimination so facile? First, backbonding of the resultant low valent

Ti'l species into the pyrrole product we* orbitals stabilizes IM7. This backbonding can

be seen in the elongation (~1.45 A vs~1.38 A in N-Ph pyrrole*3) of the C-N bonds

of the calculated structure of IM7 (Figure 7A), as well as in NICS and NBO analysis.
Synergistic backbonding with r-acceptor products provides a thermodynamic rationale

for why reductive elimination is favorable, similar to how redox noninnocent ligands
cooperatively attenuate metal electron density. Formation of 2-electron rt-backbonded
species may also help attenuate competitive radical Ti'!! processes; indeed, significant work
on the reactivity of rt-backbonded “masked” Ti'! fragments has been reported.28.44.45

The second factor contributing to facile reductive elimination is that C-N coupling

proceeds through a m electrocyclic mechanism rather than Ti-N/Ti-C o-bond coupling. This
hypothesis emerged from intrinsic bond orbital (IBO) analysis* of reductive elimination
(Figure 7, B and C), where one can observe the r-to-o transformation seen in electrocyclic
reactions: the N-Ti = bond in IM6 (blue) rotates and attacks C4 to form the new C-N

bond, while the = bonds on the metallacycle (orange and green) shift to localize on C1, C2,
and C3. Concurrent with C-N bond formation, the Ti-C and Ti-N a-bonding orbitals rotate
perpendicular to the forming pyrrole plane and form a r-backbond with Ti. The overall
transformation®” is similar to an aza-Nazarov cyclization.#8:49

Electrocyclic reductive elimination kinetically enables much of the Ti redox catalysis
herein; further, it may play an important role in reactions across the periodic table.

For example, pericyclic redox mechanisms have been demonstrated in asymmetric Tsuji
allylic alkylation,3® P'"l/PV reductive transposition,! and lanthanide-promoted pyrimidine
formation.52

Studies into well-behaved examples of electrocyclic reductive elimination will be important
for better understanding the requirements for these transformations. Fortier recently reported
a reversible thiophene C-S oxidative addition/reductive elimination sequence from arene-
masked Ti'' complex 9 (Figure 8).53 DFT calculations of oxidative addition show Ti
backdonation into the thiophene w* orbital prior to bond torsion and C-S bond cleavage,
similar to the reverse C-N bond formation (Figure 7). Photoexcitation of 10 results in a
ligand-to-metal charge transfer, which triggers electrocyclic ring-closure and regeneration

of thiophene and 9. Unlike pyrrole/py3TiClo(NPh) catalysis where reductive elimination is
thermodynamically favored, thiophene oxidative addition is favored with 9. This difference
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could be a result of ligand effects (electron-rich and bulky in 9, electron-deficient in
pysTiClo(NPh)), or a reflection of the aromatic stabilization of pyrrole relative to thiophene.

CATALYST DEVELOPMENT

Discovery of Catalysts.

Given the initial substoichiometric reactions with 2 (Figure 3) and the relationship of the
[2+2+1] reaction with alkyne hydroamination, we tested many highly active hydroamination
catalysts for [2+2+1] reactivity. Disappointingly, most complexes exhibited little or no
catalytic activity, although several stoichiometrically generate pyrrole and cyclotrimerize
alkynes.>*

Instead, simple electron-deficient Ti halides®® remain the most effective catalysts (Figure
9A), with more electron-deficient>® 13 catalyzing the formation of 1j the fastest compared
to 12 and 11 (this trend holds across most alkynes, although 13 competitively trimerizes
terminal alkynes). The rationale for this activity is that rate-determining alkyne binding and
insertion into TS3 (Figure 4) relies on dative donation of the alkyne w-bond to Ti, which
will be stronger for electron-deficient complexes. Further, TS3 is sterically encumbered
(forming IM6 from IM4 requires 3 fac-binding sites), so lower-coordinate complexes insert
more readily—for example, removal of excess pyridine (14 vs 11) significantly increases
reaction rate, indicating strong pyridine inhibition.

ETM complexes are often unfairly disregarded as impractical owing to their purported

air sensitivity. However, Ti halide imido catalysts can easily be made /n situ from the
air-stable precursor TiCls(THF), through reduction by Zn powder (Figure 9B).57 Here,
single-electron reduction to Ti'!" is enough to generate a Ti imido through disproportionation
with azobenzene. This /n situ protocol can be used to carry out virtually all of the reactions
reported in this Account on the benchtop, typically with only mild impacts on yield.

Regioselective Catalyst Design.

A limitation of initial [2+2+1] pyrrole syntheses was that reactions with unsymmetrical
alkynes (e.g. le-1h, Figure 2B) were not regioselective. Thus, regiocontrol was an initial
goal of catalyst development. Early challenges in rational design led us to attempt higher-
throughput reaction screens from /n situ reaction of [TiClo(NPh)],%8 with L donors, forming
“Ln TiClo(NPh)” (Figure 10A). From these /n situ studies and follow-ups with pre-formed
“L,TiClx(NPh),” it appeared that substituted pyridine ligands could have subtle effects on
the regioselectivity of phenylpropyne homocoupling—for example, 2,6-lutidine (17) was
moderately selective (~2:1 against other regioisomers) for 2,5-Me,-1,3,4-Ph3-1H-pyrrole 1f”
(Figure 10B).

Using a new computational/statistical prediction tool, iterative supervised principal
component analysis (ISPCA),% led to the prediction (and experimental confirmation)
that complexes of sterically encumbered electron-rich pyridines (18) would be highly
selective for 1f”. This selectivity was rationalized as a result of (1) steric control of 2
alkyne insertion (AAG* (TS3-TS3”) = 3.4-3.8 kcal/mol) imparted by the pyridine ligand;
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and (2) strongly donating pyridines disfavoring the dissociation equilibria to non-ligated
(nonselective) species (Figure 10C).

Other Catalysts.

Tsurugi and Mashima found that V-based precatalysts, in combination with PhN(SiMes), 19
(used to make M=NPh /n siti) are competent for [2+2+1] coupling (Figure 11A).50 Other
metals (NbCls, TaCls, MoCls, WClg) in combination with 19 also yielded pyrrole with
lower yields. These observations indicate that catalytic oxidative amination manifolds may
be broadly accessible with ETMs.51

The VCI3(THF)3/PhN(SiMe3), scope (Figure 11B) is similar to that catalyzed by
[py,TiCly(NPh)],, although unsymmetrical alkynes (1f) had different selectivities (notably,
no formation of 1f’). Additionally, there were several mechanistic differences (Figure
11C): first, the active species is a bis(imido) IM12.52 Second, the rate law is 2" order

in [VCI3(THF)3] and 15t order in [5-decyne] and [azobenzene], indicating that bimetallic
reoxidation of IM11 (V') to IM12 (VV) is kinetically relevant and that IM11 may be the
resting state, consistent with the higher oxidation potential of V! compared to Ti'l,

MULTICOMPONENT REACTIONS WITH ALKYNES

A key observation from mechanistic studies of Ti-catalyzed pyrrole synthesis? was

that alkyne engagement occurred in 2 distinct steps, opening the door for potential
multicomponent reactions through selective reactivity at each step. Accordingly, significant
progress has been made in multicomponent oxidative aminofunctionalization of alkynes,
where the azatitanacyclobutene [2+2] cycloadduct can be intercepted by a variety of other
substrates.

[2+2+1] Alkyne Heterocouplings: Functionalized Pyrrole Synthesis.

In an effort to further exert regiocontrol over [2+2+1] pyrrole synthesis, we envisioned
that heterocoupling of two stereoelectronically differentiated alkynes may lead to better
regioselectivity, assuming the chemoselectivity of alkyne coupling could be controlled.

We had earlier found that 1-phenyl-2-trimethylsilylacetylene (20a) was unreactive

in [2+2+1] pyrrole synthesis, as it is incapable of facile [2+2] cycloaddition with
pysTiClo(NPh). Thus, TMS-substituted alkynes were targeted as selective 2" insertion
partners in a [2+2+1] heterocoupling manifold—and found to be remarkably efficient

and selective alkynes for cross-selective pyrrole formation (Figure 12A).3 This reaction
was demonstrated with many TMS-substituted alkynes, including aryl (e.g. 21a, 21b),
conjugated (21c), alkyl (21d), coupled to PhCCMe and other internal alkynes (e.g. 21e-g)
(Figure 12B). This modularity allows for direct synthesis of regioisomeric pyrroles such

as 21b and 21f. Additional selective heterocouplings have subsequently been reported with
boryl and stannyl alkynes, yielding 2-boryl- or 2-stannyl-substituted pyrroles.53

Regiocontrol for both the TMS-substituted alkyne and the partner alkyne is a function of
electronic demands. In [2+2] cycloaddition, TS2/IM5 better stabilize building a* on the
C-CHg rather than on C-Ph in TS2’/IM5’ (AAG* = 1.5 kcal/mol, AG = -4.7 kcal/mol)

Acc Chem Res. Author manuscript; available in PMC 2022 April 21.
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(Figure 12C). For 2" alkyne insertion, the silyl group can hyperconjugate to stabilize partial
positive charge buildup®4 on Cp during TS6, and the resultant Ti-C,-SiMeg bond is stronger
than the alternative Ti-C,-R bond. Similar effects have been observed in other group 4
insertions®°:66 and have been used to affect regioselective reductive couplings.8’

The chemoselectivity of 2" alkyne insertion is driven by alkyne coordination. Here,
electron-rich alkynes such as TMS-protected alkynes will bind more strongly to Ti'V, since
there is no possibility for backdonation from Ti'V. A bonus effect is that TMS-alkyne
reactions are significantly faster (t < 1.5 h), and run at lower temperatures (< 90 °C)
compared to homocoupling? of alkynes. These advantages are also an effect of the electron-
rich TMS-protected alkyne: since 2" insertion is rate-limiting, facile alkyne coordination
likely leads to faster insertion.

During investigation of the alkyne heterocoupling scope, 2-pyridyl pyrrole 21h” was found
to be the major product from 20h, rather than the expected 3-substituted 21h. This is a
result of pyridine coordination (Figure 13, TS6’), which directs the TMS-alkyne insertion
to occur with opposite regioselectivity. We next developed methods to exploit this directing
effect, demonstrating directed insertion with 9 functional groups.58 The directing effect can
be tuned by changing the catalyst: while 2-py-substituted 20h results in high 21h’ selectivity
with [py, TiClo(NPh)],, the weaker Lewis base o-OMe 20i is completely unselective.
However, moving to the more Lewis acidic catalyst (THF)3Tilo(NPh) results in highly
2-selective coupling of 20i owing to the stronger Lewis acid-base interaction. On the other
hand, more Lewis basic 20h results in no catalysis with (THF)3Tilo(NPh) due to inhibition
by pyridine coordination.

Installation of silyl, boryl, and stannyl groups onto the pyrrole provides a platform for
post-functionalizations such as electrophilic aromatic substitutions (22) or cross-coupling
reactions (25) (Figure 14A/B). 21 and 24 are hydrolytically unstable and must be further
transformed /n situ, while stable stannyl pyrroles can be isolated. These methods can be
telescoped into multistep syntheses, as demonstrated in a formal synthesis of Lamellarin
R3,69 (26) and the synthesis of a 1,5-biaryl pyrrole EP; receptor antagonist68.70 27 (Figure
14C).

Ultimately, Ti-catalyzed [2+2+1] protocols are extremely modular/flexible strategies for the
synthesis of highly substituted and/or electron-rich A-aryl pyrroles. They are complementary
to condensation (Paal-Knorr, Lewis acid-catalyzed, efc.) or cycloisomerization strategies,
each of which typically perform best for electron-deficient pyrroles (e.g. acyl-substituted)
and often have specific regiochemical limitations.”t A current limitation of Ti-catalyzed
protocols is the inability to access A-protected or A-H pyrroles arising from several factors:
(1) incompatibility of the Ti complexes with oxygenated functional groups (Ts, CO2R,
etc.); (2) thermally-triggered radical decomposition of R-NN-R (R # Ar) diazenes; and

(3) substitution reactivity of Ti-X with R3SiN3 that generates Ti-N3 complexes. However,
with intentional catalyst and methods development it should be possible to overcome these
challenges in the future.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tonks

Page 9

Alkyne + Alkene Coupling: Oxidative Alkyne Carboamination.

Unlike alkynes, most alkenes do not readily undergo [2+2] cycloaddition with Ti imidos.
Thus, alkenes can also potentially be incorporated into multicomponent oxidative amination
reactions through selective 2" insertion of the alkene. Reactions of tethered enynes (28)
catalyzed by [py,TiClo(NPh)], resulted in the formation of either a,3-unsaturated imines
(29) or cyclopropylimines (30), the products of oxidative alkyne carboamination (Figure
15A).72 Both products are formed from azatitanacyclohexadiene 1M15 (Figure 15C) which
then undergoes either (1) pericyclic C,-C, reductive coupling (TS7) to form IM16 (then 30)
or (2) B-H elimination to IM17, followed by reductive elimination to form 29. C-N reductive
elimination to 2,3-dihydropyrroles is not observed, presumably because C-Cg saturation in
IM15 prevents electrocyclic ring closure.

Product selectivity (29:30) is very sensitive to the starting enyne structure (Figure 15B).

For example, propylene-linked 28a is selective for a,-unsaturated imine 29a (85:15), while
butylene-linked 28d is unselective (49:51). B-deuterated 28b is less selective than 28a
(53:47) as the Kkinetic isotope effect makes p-D elimination less favorable. f-Me substituted
28e, which cannot undergo B-H elimination, yields exclusively 30e. Internal tethered enynes
28c and 28f yield exclusively a,p-unsaturated 29c and 29f.

The mechanism for IM15 formation is similar to previous examples.2 However, the
mechanism for p-H elimination and reductive elimination from IM17 reveals interesting
new reactivity. Computational analysis by Wang’? indicates that reductive elimination from
IM17 likely occurs via reinsertion of Ti-H into either C, (IM18) followed by associative
interchange with azobenzene to liberate 29 and regenerate IM4.

Evidence for a Ti-H reinsertion mechanism can be seen in /ntermolecular reactions

(Figure 16A). Oxidative carboamination of 3-hexyne or 2-butyne with allylanisole (31) and
azobenzene results in the formation of unconjugated B,y-unsaturated imine 32. Since 14

is no longer bicyclic and thus has more rotational degrees of freedom, Ti-H insertion into
the remote C,, position can occur, leading to IM18 (Figure 16B). Unfortunately, product
selectivity in Ti-catalyzed oxidative carboamination remains under subtle substrate control
and the specific control elements remain unclear—for example, switching from 2-butyne to
3-hexyne completely inverts the selectivity (15:85 to 71:29) in reactions with 31.

Related redox-neutral group 4-catalyzed alkyne carboaminations were reported by
Bergman’# and Mindiola’® (Figure 17). In these examples, insertion of diaryl aldimines
(33) into Ti/Zr azametallacyclobutenes (IM19) led to diazametallacyclohexenes (IM20),
which undergo retro-[4+2] sequences to liberate a,B-unsaturated imines 34 and regenerate
the Ti/Zr imido. Although limited to aryl aldimines and alkynes, further investigation of this
reaction class is warranted given increased interest in carboamination catalysis across the
periodic table.”6-78

Alkyne + Nitrile Coupling: Pyrazole Synthesis.

Pyrazoles are pharmaceutically important heterocycles that are commonly made via Knorr-
like condensation of hydrazines onto 1,3-diketones, or via 1,3-dipolar cycloaddition of
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hydrazones with alkynes. Regioselectivity issues in these reactions, along with potential
safety concerns around hydrazines, provide a compelling rationale to develop alternative
synthetic routes.

Nitriles were explored as potential 2" insertion partners in an effort to extend Ti redox
catalysis to pyrazole synthesis. Livinghouse previously demonstrated intermolecular capture
of an azatitanacyclobutene (generated by intramolecular [2+2] cycloaddition of 37) by
isobutyronitrile, leading to diazatitanacyclohexadiene IM21 (Figure 18A).3% Thus, the basic
coupling framework for [2+2+1] pyrazole synthesis was already in place, although this
reaction would require N-N reductive elimination from the diazatitanacycle. Examples

of organometallic N-N bond-forming methods are extremely limited: 7980 however, since
C-N reductive elimination in the related pyrrole synthesis occurs via electrocyclization, we
hypothesized that a similar mechanism could allow access to this unusual N-N coupling.

Unfortunately, attempts at Ti-imido-catalyzed [2+2+1] pyrazole synthesis have mostly
failed. Diazatitanacycle IM22 (Figure 18B) is too stable to undergo facile reductive
elimination; compared to IM6, the introduction of a 279 strong Ti-N bond in 1M22 results in
significant stabilization.

However, the stability of diazatitanacycle IM22 meant that they could be synthesized /in situ
(or isolated) from alkynes, nitriles, and imidos and subjected to further reactivity. Although
IM22 is Ti'V, we hypothesized that /igand-based oxidation may promote electrocyclic

N-N bond formation. Several oxidants provide facile N-N coupling of IM22, with 2

equiv. TEMPO performing best. This protocol was then developed into a 1-pot, 2-step
multicomponent cyclization/oxidation sequence for the synthesis of a diverse array of
pyrazoles (39) (Figure 18B).4

Pyrazole formation requires 2 oxidation equivalents for full conversion, although N-N
coupling could occur through three oxidation states: the “default” oxidation state 1M22,
1-electron oxidized 1M23, or 2-electron oxidized 1M24 (Figure 19A) Previously, we had
shown that Ti!! synthons could ring-open 2 H-azirines,8 and thus hypothesized that ring-
opening of 2-imino-2H4-azirine 40 (isomer of pyrazole 41) by Ti'!, Ti'"", or Ti'Y would lead
to diazatitanacycles with oxidation states analogous to IM22, IM23, or 1M24, respectively,
such that we could probe the oxidation state coupling question. Reaction of 40 with
Cp,Ti(BTMSA) led to stable IM22, reaction with TiCly led to full conversion to 40, and
reaction with TiCl3(THF)3 led to a 50:50 mixture of 40 and IM22 (Figure 19B).% These
stoichiometric reactions indicate that N-N coupling occurs via IM24, which can be accessed
either through direct 2-electron oxidation or via redox disproportionation of IM23 (likely
the case for TEMPO).

Alkyne Diimination.

Since IM22 underwent electrocyclic N-N coupling upon oxidation, we next aimed to
explore the potential for IM22 to undergo other cycloaddition reactions. We envisioned
that IM22 could serve as an electron-rich diene in [4+2] cycloaddition reactions with
polar dienophiles.82 Reactions of C-nitrosos (43) with preformed diazatitanacycle 42 were
explored, resulting in rapid, near-quantitative formation of a-diimines 44, along with
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expulsion of p-tolunitrile (Figure 20A). Interestingly, the yields of a-diimines are consistent
irrespective of C-nitroso substitution—perhaps a reflection of the strong driving force of
Ti-O formation.

Based on these results, a 2-step, 1-pot oxidative alkyne diimination method was developed
(Figure 20B).82 As in the multicomponent pyrazole syntheses, the a-diimine yields

are determined by the efficiency of forming diazatitanacycle IM25 and use of excess

MeCN as the nitrile component significantly improves metallacycle formation. This alkyne
diimination provides facile and modular access to fully unsymmetric a-diimines (45), which
are often impossible to make v7a stepwise condensation (which is reversible). Regioisomeric
series of a-diimines can be easily constructed by swapping substituents on the various
components, for example in 45a-45c¢ (Figure 20C).

Computational analysis indicates that this reaction proceeds via [4+2] cycloaddition of
the C-nitroso across IM25 to form 1M26, followed by a retro-[4+2] cycloaddition that
expels nitrile and produces IM27 (Figure 20B). From IM27, N-O bond cleavage via a-N
elimination (IM28) generates a diimine-coordinated Ti oxo species which liberates 45.

This two-step reaction sequence is required for productive a-diimine formation because
C-nitrosos undergo direct [2+2] cycloaddition with Ti=NR to produce Ti=0 and RN=NR.
Thus, the nitrile component serves as a promoter in the reaction, first forming the key
intermediate 1M25 and then being expelled prior to product formation.

OTHER OXIDATIVE AMINATION REACTIONS

Although group 4-catalyzed oxidative amination reactions have primarily been explored
with alkynes, other types of reactive functional groups are also capable of undergoing
catalytic oxidation. There is a wealth of examples of stoichiometric reactions of unsaturated
functional groups with group 4 metal imido complexes, which serve as the inspiration for
development of new catalytic protocols.

Ring-Opening Oxidative Amination of Methylenecyclopropanes.

Strained exocyclic double bonds, like those in methylenecyclopropanes (MCPs), undergo
[2+2] cycloadditions with Ti imidos. Eisen demonstrated ring-opening hydroamination83.84
of 2-aryl MCPs (46), suggesting that ring strain confers “sp-like” character onto the alkene
(Figure 21A) and promotes cycloaddition. After [2+2] cycloaddition, B-C elimination and
aminolysis generates 47.

Ti-catalyzed ring-opening oxidative aminations of MCPs (48) with PANNPh are also
possible (Figure 21B), yielding unusual a-methylene imines (49) or cyclic a.,p-unsaturated
imines (50).85 These reactions follow a similar mechanism to MCP hydroamination,
however here IM30 undergoes p-H elimination to IM31 (Figure 21C). From IM31, hydride
re-insertion (similar in catalytic alkyne carboamination, Figure 16B) results in formation of
the backbonded a,B-unsaturated imine intermediate IM32, which can undergo associative
exchange with azobenzene to close the catalytic cycle. The regioselectivity of ring-opening
is opposite that observed in Eisen’s hydroamination83:84 and is a substituent effect: aryl
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MCPs undergo scission between Cqryj and C=CHp, while alkyl MCPs undergo scission
between Cynsupst and C=CHo.

Nitrene Isocyanation and Carbonylation.

In a seminal example from Heyduk, redox-noninnocent6 Zr complex 51 catalyzed transfer
of nitrenes from alkyl azides to isocyanides, forming unsymmetrical carbodiimides (52)
(Figure 22A).87 Isocyanide insertion into group 4 metal imidos is well-known, but the
resultant n2-carbodiimides are often unreactive due to strong backbonding. With 51,
catalytic turnover can be achieved because the NNN ligand in IM35 can accept the pair

of electrons that were previously backbonding into the n2-carbodiimide and render the
carbodiimide labile. Similarly, Wolczanski reported catalytic nitrene carbonylation using a
Ti complex of a redox noninnocent diamide, diimine ligand.88

We hypothesized isocyanide imination with simple Ti imidos using azobenzene or
organoazides as the nitrene source may be possible (Figure 22B), since azobenzene

is a strong rt-acceptor and could serve the same role as Heyduk’s/Wolczanski’s redox-
noninnocent ligands. A small screen of Ti imido halides showed that Cl, Br, and | derivatives
(11-14, from Figure 9) were competent catalysts for imination of ZBuNC with PhNNPh,8°
with Br complex 53 deemed the best balance between reactivity and catalyst cost. Reactions
proceeded effectively with BuNC yielding unsymmetric 54, while 2,6-Me,-PhNC and
CyNC were poorly reactive owing to product inhibition. Catalysis with these latter substrates
could be accomplished by switching to a bulkier nitrene source such as AdN3. DFT
calculations support an azobenzene-bound mechanism, wherein the carbodiimide product
release (IM38) is triggered by electron transfer from the n2-carbodiimide to azobenzene.

CONCLUSION

In summary, this Account discusses the surprisingly versatile 2-electron redox chemistry

of Ti imido complexes, driven by substrates and products that can rt-backbond effectively

at key states during catalysis. Fundamental mechanistic studies of Ti redox catalysis in the
context of [2+2+1] pyrrole synthesis have led to new strategies for the synthesis of important
5-membered aromatic heterocycles, as well as other aminated products.

Looking forward, there still remains significant opportunity to exploit the fundamental
reactivity of early transition metal complexes for redox catalysis—which, importantly, will
likely have orthogonal selectivity and functional group tolerance when compared to late
transition metal-catalyzed methods. A significant ongoing challenge will be in uncovering
new strategies for catalytic turnover for cases where m-backbonding does not provide
enough thermodynamic stabilization for metal reduction, or in cases where pericyclic
reactivity may not be possible. Here, drawing inspiration from modern catalytic methods
(electrochemistry, photoredox catalysis, efc.) that have not been employed frequently with
early transition metals will be critical for opening new doors in catalytic oxidative reactions.
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Summary of oxidative amination reactions catalyzed or mediated by Ti imido (Ti=NR)

complexes.
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— A ——————————— [2+2+1] pyrrole synthesis
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Figure 2.
Initial demonstration of Ti'l/Ti'V-catalyzed synthesis of pyrroles along with representative

examples. Regioisomeric ratios (1 : 1’ : 1”) in parentheses.
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Earlier studies of 2-butyne hydroamination led to the observation of minor byproducts

resulting from 2"d alkyne insertion into IM2.
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Mechanism of py3TiClo(NPh)-catalyzed [2+2+1] pyrrole synthesis. Computed free energies
(M06/6-311G(d,p)/SMD, PhCF3, 115 °C) for R = Me. Reaction energy span reads from

IM4-Dimer to IMS8.
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Examples of group 4 imidos that undergo reaction with 2 equivalents of alkyne.
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Figure 6.

Cgmputational free energies of reductive elimination and pyrrole displacement/reoxidation
by PhANNPh. Black lines (M06/6-311G(d,p)/SMD, PhCF3, 115 °C) from ref 20. Red lines
(gas-phase B3LYP/6-311G(d,p) followed by SPE at M06-L/6-311++G(d,p)/PCM, PhCF3,
25 °C) from ref 22. Solid lines follow associative exchange of pyrrole by PANNPh (TS5);
dotted lines follow dissociative exchange (IM10).
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Figure 7.
(A) Calculated bond lengths (A) and 1BOs (B and C) for reductive elimination from IM6

(left) through TS4 (middle) to IM7 (right). Figure adapted from ref 2.
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Reversible oxidative addition/reductive elimination of thiophene to a masked Ti!! complex.
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Halide and pyridine effects on the rate of [2+2+1] pyrrole formation. Bottom: /n situ
catalysts from air-stable TiCl4(THF), provide a convenient entrypoint into catalysis.
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Figure 10.

Design of regioselective catalysts for [2+2+1] pyrrole synthesis from phenylpropyne.
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Figure 11.
V-catalyzed [2+2+1] pyrrole synthesis from alkynes and azobenzene.
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Chemoselective [2+2+1] alkyne heterocouplings with TMS-substituted alkynes. L, = pyCl,.
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Figure 13.
Directing group effects can invert regioselectivity in [2+2+1] alkyne heterocoupling

reactions. Structure of 21 shown in Figure 12.

Acc Chem Res. Author manuscript; available in PMC 2022 April 21.

Page 31



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Tonks
A electrophilic aromatic substitution of 2-TMS pyrroles
1.) 0.45 PhN=NPh
5% via:  pp Ph

TMS  Me [PY2TiClo(NPh)l | |
N N

O
// . // PhCF3,115°C, 3 h ™S Me B Me
o M W
Ph Ph 2.)2.2eq.NBS
(one-pot, in situ) Ph Ph Ph Ph
20a 21a 22
then, electrophilic 56% yield

aromatic substitution

B Suzuki coupling of 2-(9-BBN) pyrroles

1.) 0.40 PhN=NPh
10%

ontl e [PY2TICINPhY, Ve ph Ph
PhCH3,115°C, 20 h N N
/ . // 9-BBN Me| _ Ar Me
2.)2eq. Ar-l W \
R! Ph 10% Pd(PPh
. Rl Ph R Ph
23 o 24 25
R = alkyl, aryl 115°C, _20 h then, Suzuki 5-62% yield
(one-pot, in situ) coupling 9 examples
(o3 [2+2+1] protocols in synthesis
Lamellarin R OH 1,5-biaryl pyrrole
formal synthesis via EP; receptor antagonist
SiRz-alkyne [2+2+1] synthesis via
see Figure lirecte -alkyne [2+2+
Fig 12, directed TMS-alk) 2+2+1

(see Figure 13) B

;
H N o) Br
26 |, 27
B OMe
| N
HO 7 F /Q\/o ‘ / Me
: H
OH Ph

Figure 14.
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Heteroatom-substituted pyrroles provide convenient handles for further functionalization and

can be used in synthesis.
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~— A —————— Ti-catalyzed alkyne carb
0.45 PhN=NPh
VZ 5% [py2T|CI2 NPh)],

/ R2 ,\[/k
" / PhCF3 115 c j>)\

R! = alkyl, aryl, H 29-92% yleld
R? = alkyl, aryl 16 examples

— B ———— repr tative scope
28a = 28d

X 92%yield /\/\/\ 54% yield

H nBy (85:15) By (49:51)

28b 28e
M 92% yield Yﬁl/\ 29% yield
D

mBu (53 :47) Me Bn Et (0:100)

Me
X 28c 28f
K/\/\ 86% yield MEW 91% yield

ngy (100 : 0) ngy (100 : 0)

o h i ;@ h

— C prop car

R2
iative displ " Ph
& redoxidation (see Fig 4) % C_-C, coupling

an ) . \ "y
N’ph T __ onlyobserved for R" = H

| py H
2 R2 t
H™ ) PhN=NPh

R2

PR L P
. cl, Ph Ph -
R / '.l.._N’ SN

c=T — ¢,

py,, W

PR [2+2] wa\ P alkene a” T'
c1” ya Cl cycloaddition " \ms R? insertion g py ¢ H

| \
py
IM17

Ph f-H elimination &
= 2
+0.5 PAN=NPh \ R C«~Cp reinsertion

oo dgaemers 0% 7
& redoxidation (see Fig 4) py” Ti ~

Figure 15.

Ti-catalyzed oxidative carboamination of alkynes with alkenes and azobenzene, along with
mechanism showing divergent pathways to 29 and 30. Regioisomeric ratios (29:30) reported

in parentheses. Purple B-H in 28 tracked throughout for clarity.
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— A ——— intermolecular alkyne carboamination
PMP.
X PhN=NPh
31 5% [py2T|CI2 (NPh)],
10 equiv.
" PhCF3, 115 °C
16 h
R‘l —_— R‘l
5 equiv. R' = Me, 63% yield R'=Et, 70% yield
15:85 71:29
— B —— mechanisms of f,y- or a,-unsaturated imine formation
+Ph Ph img
N C. N
na | Clal. ¢ R
B r-unsaturated imine  R? - —Tiv
= R ) R
Al
R1 H R2 H
CrCé
reinsertion
R! R?

Py IM17 R!
Cl, Ph X ~H Ph 1
., |'IV=N/ R2/\,\P‘ \N \ R Ph\N P —
—_—

cr= T c, |l
_ j . TV i cl., /
2,1-insertion CI/ H p-H elim. -|-|v
R1 R? | CI | \H .
IM5 P R2 1m1s py R
CaCp |
reinsertion ;
e Ph
29 X |
a,f-unsaturated imine R e S
(not observed in = R
intermolecular reactions) H R1

Figure 16.
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Intermolecular carboamination leads to B,y-unsaturated imine 32 instead of a,p-unsaturated

29 resulting from differential Ti-H reinsertion in IM17. PMP = para-methoxyl-phenyl.
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via:

M]=N"

Figure 17.

_Ar
Ph N
[CAT] |
_ 71 L Ph
+ // » Ph
conditions |
Ph 34
Ar
Ph
Ar Ar Ph
33 SN
—= =5
o W | e
Im20 | - [MI=NAr

- 1+
CAT Ar N\\ ,FCSHS
Ar Ti_ _Ar
NN
=
Bu Bu
35, 5 mol%
CeHg, 130-140 °C
66-74% yield, 6 examples
/Ar
CpoZr=N

Ar Ar

36, 10 mol%
CeHe, 145 °C
58-85% yield, 7 examples

Examples of group 4 imido-catalyzed alkyne carboamination via a redox-neutral

mechanism.
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— A — nitrile insertion into azatitanacyclobutenes (Livinghouse)

via

(1) CpTiCIMe;

N
Ph
— s N
= (2) 'PrCN N Ph

i
37 m21 "
63% yield
B pyrazole synthesis via oxidative N-N coupling
Py Py Ph
R3 0.5 equiv. C|,,>Ti/,‘C|Ph then, /
[py2TiCla(NPh)]2 N7 N7 2 equiv. TEMPO  —N
RICN + | | —_— | | R3
CeDsBr, 115°C, 4 h R1/S/kR3 CgDsBr, 50 °C »
o 2h
R R2 R2
R' = alkyl, aryl in situ generated 39
2_pR3- IM22 28-79% vyield
R =K =yl jaryl 11 examples

R2 = aryl, R® = alkyl
Xe oxidation l T v
disproportionation -TivXy

A\
'\ \1,.‘ \// X3 X0
— e _Ti_ _Ph _Ti__ _Ph
2 " N N N N
Vi I-/f/ [ [

®
o
e /’\I <& R R R’ R®
> 2
P g 7 e R RZ
IM23 IM24
isolable, stable 1 e oxidized 2 e~ oxidized
intermediates (XRD) X = Cl, TEMPO rapid N-N coupling

Figure 18.
A: precedent for stoichiometric isobutyronitrile insertion into [2+2] cycloadducts. B:

multicomponent pyrazole synthesis v7a oxidation-induced N-N coupling.
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A which species undergo N-N coupling?
py py X PY xXo X
cin\ /gl Clin. Y aCl i M ac
ST Ph qe <RSP o g Tl -Ph
N °N i N N~ " .
S | o & /“ . H\ + X | ) I
p-tol Ph p-tol ~ [ Ph p-tol Ph
Me Me Me
IM22 IM23 bom2a
“default” 1 e” oxidized | 2 € oxidized |
B azirine ring-opening as a hanistic probe
~N
L\I l ~— isomers —> N[ Ph
| Ph Y
-to -tol
P Me p-lo Me
40 41
~ X3 - Ph Cly
2ally P / ] Ph
TiICI3(THF)g NT N n-N N N7
40 ——— \ — ]| p)—Ph+ \
CeDg, 40 min | p-tol Y Ph X
6Ue ol I p-tol p-tol Ph
- Me - Me Me
IM23 41 (from IM24) IM22
50% 50%
r X3 B /Ph
Ti Ph
TiVCI,(THF), N7 N7 NN
40 ——— | | — | Ph ¥ TiVCly
CeDe, 50 °C | ptol Ph p-tol not
Sh L X Me J Me characterized
IM24 41
quantitative

Figure 19.
2 H-azirine ring-opening with various oxidation states of Ti reveals that N-N coupling

occurs through a 2e-oxidized species IM24, although 1-electron oxidized IM23 can also
disproportionate into IM24.
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A PhNO re i with di i ycles
Py, /Py
Ph
Cli. ! aCl CeHg -
N Ti Ph rt, 30 min Nl
| + RINO ——— RT N £
N -p-tolCN
p-tol )\Kk Et 2 eLTie0) Me
Me R = alkyl, aryl
42 44
70-85% yield
15 examples
B 1-pot a-diimination of alkynes and mechanism
0.5 equi PPy R
2 -0 equiv. Clui.. 2 aCl
R [pyoTiCLINRI, R |
N N _N
// | R R2
{ 10 equiv. MeCN Me A R? rt, 30 min ;
R PhBr, 115°C, 4 h - MeCN R
Ry = Ry = alkyl, aryl R! HCLTi=0] 45
R4 =aryl, R, = alkyl, H IM25 10-70% yield
Rj3 = alkyl, aryl >15 examples
R? = alkyl, aryl ‘
| #+2 cycloaddition
Cl
= Cl
py = = Cl
retro- N /Cl R3 Py T/ R
[ wer
R2 [4+2] o7 N o / \‘\\N
—_— ] —_— 4_N o
- MeCN N N
Rt %RZ R4 \%Rz
R! R!
IM27 IM28

modular syntheses of a-diimine isomers

p-tol Ph ‘Bu
Ph? p-tol ? Ph?

45a 45b 45¢
41% yield 44% yield 46% yield

Figure 20.

Development of stoichiometric Ti- and nitrile-mediated alkyne a-diimination.
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A MCP hydroamination via [2+2] cycloaddition (Eisen)
2-5%
Ph,PNpy),Ti(NEt:
ph o (PhaPNpy)>Ti(NEt;), R

or Ti(NMey)4 N~

£ ___ + RNH, |
' PhCHj, 110 °C -

4 h to 2.5 months

46 63-97% vyield 47
B MCP oxidative amination via [2+2] cycloaddition
_Ar _Ar
R 10% N N
e pysTICIx(N'Bu) s I
- j>; + ArNNAr 2 or
Sor” PhCF3, 115 °C )
nWm 62h R ¥y
2.2 equiv
48 35-77% vyield 49 50
R' = alkyl, cyclic 8 examples

Wl
I

|N/Ph N/Ph N/F’h
\(k j/K @/]K !
"hex
PMP

49a 49b 50a 50b
77% yield 59% yield 67% yield 35% yield
Cc proposed mechanism of MCP oxidative amination
[2+2] BC
cycloaddition elimination
(TS8 = 23.3 kcal/mol) Ar  (TS9 =255 kcal/mol)
R! LTiv=N"
[: 1
— l_‘7/R\‘ JAr
f V=N
48 2 \ma2s ol
14.8 kcal/mol B
" IM30
LaTiY=NAr 3.3 keal/mol R!
Ar Im4 eIim[i;l-gtion
- -0.1 kcal/mol .D.S.
]N R (TS10 =
Ar 30.9 kcal/mol)
i n H N2  (imetalic
R LnTi'V’ LnTi'V\ possible)
49 or 50 0.5 >Z
AN=NAr  _\_ — TR
IM31
IM32 1 C=C;
-14.2 keal/mol reinsertion 210 kealmol
(bimetallic possible)

Figure 21.
Hydroamination and oxidative amination of methylene cyclopropanes (MCPs). Isolated

yields. PMP = para-methoxyl-phenyl.
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— A — RNC imination w/ redox noninnocent ligands (Heyduk)

10%
(NNN)3ZrCI(CN'Bu); (51)

BUNC + RNj3 _— BuN=C=NR
) CgDg, 55 °C 52
R=Ad, Bu 2h
proposed mechanism:
(NNN)3ZrCI(CNBu),
MeQ / 51
/iPI' /
t}
\ \ \\C,//N Bu
'BuUN=C=NR —zr, RN3
— Cl
reductive ’ RDS.
elimination \ / \ -N,
Pr
MeO MeO
iPr IM33 MeO
N NBu /Pr )
| S —N NBu
\ N o’
N—Zr—NR \ \
|‘C| N—Zr=NR
N \_/ l Cl
\
T "
'Pr
MeO  m3s Mag, (NNN)™
IM34
— B RNC imination with Ti halide imido Pl
5% TiBry(N'BI
D[PY25|3 rNBUl2 , A N=c=NBU .
~ . 54 42-79% yield
AN=NAr + 3 BUNC —— > 9 examples
0
(also with RNa) CeDsgz :115 C *
BuN=C=NBu
55
(trace)
proposed mechanism:
Ar *
disproportionation Ar |
(see Fig. 4) ! N..
m Ln,_-:ll—l- ..\.C?'NtBu
05AN=NAr Lo My 'BUNC R
/TI\ Br/ \Br
B’ mae B \g 1,1 insertion
TS11 = 20.7 kcal/mol
Ar RD.S. ( cal/mol)
\ /I\r
retro-
Ar—N \T L w\C’N[B” 1,1 insertion
e v V=N —
Ti L,TiV=N-1Bu
B’ﬁnss\Br B VBr -ANC "
IM37 u BuNC
Ar\ Ar ArN=NA
| rN=| r
—C=NIi
{BUN=C=NAr NN “Nmy 'BUN=C=N'Bu
54 Ar—N"™ v -C = ArN= 55
! L = ArN=NAr
B/ \B lowest energy (trace)
" im3s °F

Figure 22.
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Examples of catalytic carbodiimide formation via isocyanide imination redox noninnocent

Zr complexes (A) and Ti halide complexes (B).
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