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Abstract

Sections

Conversion of C-Hbonds to C-Nbonds via C-H amination promises to
streamline the synthesis of nitrogen-containing compounds. Nitrogen-
group transfer (NGT) from metal nitrenes ((M]-NR complexes) has been
the focus of intense research and development. By contrast, potentially
complementary nitrogen-atom transfer (NAT) chemistry, inwhich a
terminal metal nitride (an [M]-N complex) engages witha C-Hbond,
isunderdeveloped. Although the earliest examples of stoichiometric
NAT chemistry were reported 25 years ago, catalytic protocols are only
now beginning to emerge. Here, we summarize the current state of

the artin NAT chemistry and discuss opportunities and challenges for
its development. We highlight the synthetic complementarity of NGT
and NAT and discuss critical aspects of nitride electronic structure

that dictate the philicity of the metal-supported nitrogen atom. We

also examine the characteristic reactivity of metal nitrides and present
emerging strategies and remaining obstacles to harnessing NAT for
selective, catalytic nitrogenation of unfunctionalized organic small
molecules.
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Introduction

Nitrogen-containing small molecules are ubiquitous across the
organic chemistry value chain, from commodity chemical feed-
stocks and synthetic intermediates’ to agrochemicals, pharmaceu-
ticals and natural products®®. The ubiquity of nitrogen-containing
small molecules has stimulated broad interest in developing effi-
cient amination technologies. Classical amination methods such as
reductive amination®, nucleophilic substitution and metal-catalysed
Buchwald-Hartwig® and Chan-Lam® cross-couplings rely on the
inherent nucleophilicity of trivalent nitrogen in combination with
pre-oxidized substrates to forge new C-N bonds. A complementary
set of synthetic methods has emerged around electrophilic and radi-
cal sources of nitrogen (that is, subvalent nitrogen species), in which
N-centred oxidation enables umpolung reactivity to be accessed.
Reagents that provide subvalent nitrogen equivalents, such as iminoio-
dinanes, hydroxylamine derivatives and N-aminopyridinium salts,
have been applied in the amination of organometallic nucleophilies
(for example, Grignard and organolithium reagents)’, C-C m-bonds
and C-H bonds®™.

Reaction of C-H and C-C nt-bonds with subvalent nitrogen frag-
ments provides astrategy to streamline access to nitrogen-containing
small molecules by obviating the need for substrate pre-oxidation.
This canbe accomplished by nitrogen-group transfer (NGT) chemistry,
whichinvolves addition of anitrene equivalent (thatis, the monovalent
nitrogen fragment (NR)) to asubstrate of interest (Fig. 1). Theinherent
instability of free nitrenes (when not stabilized by coordinationto a
transition metal), towards unimolecular decomposition or rearrange-
ment pathways, often prevents bimolecular substrate functionaliza-
tion. For this reason, N-alkyl, N-aryl, N-sulfanyl and N-acyl nitrenes find
limited application in amination chemistry"2,

To overcome challenges inherent to intermolecular amination
reactions with unstabilized nitrenes, transition metal-catalysed nitrene
transfer chemistry represents an attractive conceptual framework™™".
Inmetal-catalysed NGT catalysis, the choice of transition metal, ancil-
lary ligand and N-substituent of the nitrene fragment provide the
opportunity to modulate the N-centred reactivity by controlling
the (electronic) structure of the transient metal nitrene intermediate.
Stabilization of the nitrene fragment can even allow for the transfer of
imidogen fragments (thatis, NH transfer) in limited cases'". Critically,
because the C-H functionalizationstep in NGT chemistry proceeds at
an M-NR fragment, one of the N-substituentsin the ultimate amination
product depends on the structure of the nitrene precursor, and the
identity of the N-substituent impacts the N-centred reactivity during
the C-H cleavage event.

/R,
i
ML, Ro-H
|
Nitrogen-group transfer R’
_H
R™ —
ITI
ML, R\N/H E* R\N/H
Nitrogen-atom ML, Electrophilic E

transfer M-N cleavage

Fig.1|NGT versus NAT. A comparison of the synthetic disconnections char-
acteristic of nitrogen-group transfer (NGT) and nitrogen-atom transfer (NAT)
chemistry.

Although often referred to as nitrogen-atom transfer (NAT) inthe lit-
erature, because the N-atomisintrinsically linked to the N-substituent,
thesereactions should be described as NGT reactions.

Inconcept, NAT chemistry represents a synthetically complemen-
taryamination strategy based on the formal addition of atomic nitrogen
toorganic small molecules. Free nitrogen atoms canbe generated within
plasmas and have been used to functionalize polyethylene and polysty-
renesurfaces; however, these methods are harsh, unselective and result
in low nitrogen incorporation®. Simple diatomic and triatomic metal
nitrides (thatis, MN and MXN species) have been generated by ablation
of rhenium?, tantalum**and cerium® targetsinan N, atmosphere. These
unligated species canengage in NAT chemistry with strong C-Hbonds,
including those of methane; however, these reactions suffer from low
selectivity and harsh conditions (Supplementary Fig. 1). In similarity
with the metal nitrenes discussed earlier, ligand-supported metal
nitrides are ofinterest owing to the ability to use the metalion and ancil-
lary ligand structure to tune the reactivity of the supported nitrogen
atom. Accordingly, ligand-supported metal nitrides exhibit a reactiv-
ity continuum from nucleophilic to electrophilic and thus enable NAT
chemistry with a diverse array of substrate classes.

NAT differs from NGT chemistry in that it decouples the substrate
bondactivationstep fromtheidentity of the N-substituentand thus the
same insertion step could potentially be applied to the preparation of
awide variety of N-functionalized products without re-optimization
of the amination reaction (Fig. 1). The primary product of NAT from a
metal nitride toa C-Hbond is ametal amide (thatis, M—-N(H)R), and sub-
sequentelectrophilic cleavage introduces the ultimate N-substituent:
protonolysis of the incipient metal amide provides access to the same
products as NGT of imidogen fragments; electrophilic cleavage with
hydrocarbyl electrophiles, such as alkyl halides, provides entry into
the products of unstabilized nitrene transfer that are unavailable by
intermolecular nitrene addition owing to the inherent reactivity of
these species. NAT catalysisis still rapidly developing, and as such broad
syntheticdiversification viaNAT chemistry has yet to be demonstrated.
Finally, whereas M-N complexes can be accessed from a diverse array
of N-atom precursors*?, including dinitrogen, M-NR complexes
typically require the use of energetic, bespoke nitrene transfer reagents.

This Review seeks to present opportunities and discuss extant
barriers to the catalytic application of NAT processes for functional-
izing simple organic molecules. This Review does not cover the rich
inorganic NAT chemistry of nitride complexes with CO, CO, or hydro-
genation reactivity relevant to ammonia synthesis. Previous reviews
have discussed aspects of nitride structure and reactivity before 2014
(refs.24,29-32).Inthe years since, novel reactivity modes (for example,
activation of metal nitrides with light) and catalytic application of metal
nitride intermediates have been reported. We begin with a discussion
of the relationship between structure and reactivity in terminal M-N
complexes. The stoichiometric reaction chemistry of bothisolated and
transient metal nitride complexes provides the basis to examine the
diverse array of substrate functionalization mechanisms available to
these complexes. We draw comparison between the synthetic opportu-
nities available to NAT and NGT catalysis and give particular attention
to discussing the emerging examples of, and ongoing challenges to,
catalytic NAT chemistry.

Reactivity modes of terminal M-N complexes

Coordination of nitrogen atoms to transition metal complexes provides
the opportunity to use synthetic chemistry to control the lifetime and
reactivity of the supported N-atom****, Depending on the identity of
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a Electronic structure-dependent nitride philicity
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the transition metalion and the structure of the ancillary ligand set, the
M-N fragment can display electrophilic, nucleophilic or ambiphilic
character, as well as engage in one-electron elementary steps®>*¢,
Owing to the low electronegativity and attendant high-energy
d-orbitals of the early transition metals, terminal M-N bonds of these
metals are polarized towards the nitrogen. The resulting complexes
are characterized as metal nitrido complexes and tend to react as
N-centred nucleophiles (Fig. 2a). Typical reactions of early metal nitride
complexes include nucleophilic displacement of halides from alkyl,
silyl or benzyl halides and acylation chemistry with carboxylic acid
derivatives. Late-transition metals, which are more electronegative
and thus have lower energy d-orbital manifold, can display electro-
philic nitride behaviour. In the limit of M-N polarization towards the
metal, nitrenido®*” (recently termed metallonitrene) character — in
which two electron holes are localized on the nitrogen atom — is pos-
sible. Some nitrides such as 38 (ref. 38) and 50 (ref. 39) (vide infra)
retain metal-nitrogen multiple bond character while still displaying
electrophilic reactivity. Electrophilic nitrides engage in chemistry
suchas C-Hinsertion and olefin aziridination reactions. Between the
nitrido and metallonitrene extrema, metal nitridyl species arise when
the orbital energies of the metal and nitrogen fragments are similar.

These complexes display N-centred radical character and often
participate inradical addition and H-atom transfer chemistry.

One-electron oxidation and reduction of M-N complexes provides
anadditional opportunity to control the activation of metal-supported
N-atoms®*** (Fig. 2b). Schrock-type nitridyls result from one-electron
oxidation of complexes with low-lying nitrogen p-orbitals, and Fischer-
type nitridyls are one-electron-reduced complexes with high-lying
nitrogen p-orbitals. One-electron oxidation and reduction of M-N
fragments with similar nitrogen p-orbital and metal d-orbital energies
givesriseto covalent-type reduced and oxidized compounds. Although
complexes of this type have beenreported, they have not yet been used
for the synthesis of organic small molecules.

Inaddition to the reaction pathways described earlier, including
nucleophilic substitution, electrophilic activation of olefin and C-H
bonds and H-atom transfer chemistry, metal nitrides can also engage
in cycloadditions and oxidative olefin cleavage reactions (Fig. 2c).
The high degree of reactivity of some M-N fragments means that
intermolecular NAT chemistry must compete with potential nitride
dimerization to generate N,, intramolecular ligand functionalization
chemistry and sequential H-atom abstraction (HAA) processes that
generate metal amido species®*°,
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Inthe following sections, we examine the stoichiometricreaction
chemistry of metal nitrides with afocus on functionalization of organic
small molecules. This discussionis organized by nitride philicity, with
nucleophilic reactions discussed first followed by electrophilic and
radical transformations. Finally, reactions that incorporate the metal
centre in the NAT step (that is, cycloadditions) and olefin cleavage
reactions are discussed.

Nucleophilic reactivity of M-N complexes

Many metal nitride complexes, and in particular those of the early
transition metals, display nitrogen-centred nucleophilicity. These
complexes are particularly sought after in the context of N, splitting and
additionally have found application in the synthesis of amides
and nitriles (vide infra)*. Nucleophilic substitution of alkyl** or

a Nucleophilicity at metal nitrido

M=N + E¥ —— [M=N—E
Nucleophilic substitution of halides
[MI=N + R—-X—>[M]=N—R

Addition to acyl derivatives
o (0]

M=N + )I\ — R
R X M]=N
C Schneider, 2016
// IILPR2
Na/Hg Re~C| EtOTF
’Bu
T I PR, ot
- RE‘C' I/III,PRZ
R2 CI N Re~C|
%MDS
f II PR,
Re~C|
€ Pickett, 1992
MeO,C MeO,C

h

7

silyl halides and acylation with carboxylic acid derivatives are typical
transformations that highlight the N-nucleophilicity of these nitrides
(Fig. 3a). The chemistry of anionic terminal Mo nitride [[[{BuOCO]
MoN(NMe,)INa(DMF)], (1) isa particularly well-characterized example
of this reactivity pattern® (Fig. 3b): treatment of complex1with various
acid chlorides affected nitride acylation to afford the corresponding
imido complexes (confirmed by single-crystal X-ray diffraction). This
imido canbe further transformed to the nitrile through deoxygenation
of the imido (Fig. 3b); similar reactivity has been demonstrated from
related Mo species® as well as from Ti (ref. 55), Nb (refs. 56,57) and W
(ref. 58) (Supplementary Fig. 2).

Nitrides of the mid-transition metal series can also display
N-centred nucleophilicity as exemplified by the reaction of (PNP)
Re(N)(CI) (2) with ethyl triflate (Fig. 3¢), which results in the
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Fig. 3 |Nucleophilic nitrides. a, Characteristic reactivity of nucleophilic nitrides.
Nucleophilic nitrides tend to react with electrophiles through either nucleophilic
substitution of halides or addition to acyl derivatives. b, Reaction of 1with acyl
chlorides terminates in the formation of Mo oxo and nitrile*. ¢, A synthetic

cycle for nitrogen-atom transfer (NAT) to EtOTf to form acetonitrile®.

d, Asynthetic cycle for NAT to benzyl bromide to form benzonitrile under

photoelectrochemical conditions®. e, Electrosynthesis of amino acid ester

13 through NAT from Mo nitride 8 (ref. 61). f, Nucleophilic vanadium nitride
14 reacts with CO to form sodium isocyanate®. g, Nucleophilic vanadium
nitride 16 reacts with diphenylsilane to afford the Si-H inserted 18 (ref. 63).
DMF, N,N-dimethylformamide; EtOTf, ethyl triflate; KHMDS, potassium
hexamethyldisilazide; NCS, N-chlorosuccinimide.
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formation of the corresponding ethylimido complex 3 (ref. 59).Imide 3
serves as an intermediate in a synthetic cycle for the formation of
acetonitrile. Deprotonation of 3 with KHMDS results in the formation
of the azavinylidene (PNP)Re" fragment 4. Treatment of ketimido 4
with N-chlorosuccinimide results in acetonitrile and (PNP)Re(Cl) 5.
Subsequent reduction of 5 with sodium amalgam under an N,
atmosphere regenerates 2, which can perform NAT to ethyl triflate to
reform 3. Aclosely related (PNP)Re(N)(Br), (Fig. 3d) was demonstrated
toreactwithbenzyl bromide to form benzonitrile under electrochemi-
cal conditions®. Complex 6 can be regenerated from 7 and N, under
photoelectrochemical conditions.

Potential applications of nucleophilic nitrides in the synthesis
are highlighted by the synthesis of amino acids from nucleophilic
Mo nitride 8 (ref. 61). Complex 8 reacts with methyl iodoacetate to
form cationicimide 9, which can be deprotonated (10) and alkylated
to form 11. Cathodic activation of the Mo=N bond of 11 results in the
formation of the corresponding amino acid ester 12 and Mo acetate
hydride 13 (Fig. 3e).

In the case of a metal nitride with a redox-active centre, some may
find the kinetic terms of nucleophile and electrophile less appropriate to
describereactivity and rather describe the nitride as thermodynamically
areductantoroxidant. Forexample, vanadium (V) nitride 14 reacts with
COtoformsodiumisocyanate and areduced vanadium(lIll) complex15
(ref. 62) (Fig. 3f). Theapparent electrophilic reactivity has been proposed
toresultfrominitial nucleophilic attack of the nitride on CO followed by
metal-centred reductionto afford the observed V(III) product, with the
redox-active vanadium centre serving as anelectron reservoir. Similarly,
vanadiumnitride16 reactswith diphenylsilane and pinacolborane togive
the products of E-H insertion® (Fig. 3g). The proposed mechanism for
this formally electrophilic insertion involves attack of the nucleophilic
nitride on the accessible o*-orbital of the silane to generate a nitride-
silane adduct 17. The redox-active vanadium centre can then accept
electrons from the nitride, and a [1,2]-H migration would lead to prod-
uct 18. A similar pathway is proposed for the addition to the B-H bond
of pinacolborane through coordination through the boron p-orbital.
Similar oxidizing behaviour from nucleophilic nitride complexes has
been observed for nitrides of mid-row transition metals®.

Finally, although early metal nitrides typically display N-centred
nucleophilicity by virtue of polar M-N linkages, N-centred nucleo-
philicity can also be observed in later metal nitrides. Even complexes
that may be more appropriately described as nitridyl radicals and
metallonitrenes frequently display nucleophilic character inaddition
toreactivity modes made available by nitrogen subvalence (videinfra,
‘Ambiphilic reactivity of M-N complexes’).

Electrophilic reactivity of M-N complexes

Late metal nitride complexes can display electrophilic reactivity at nitro-
gen. Characteristic reactions of electrophilic nitridesinclude reactions
with classical nucleophiles such as Grignard reagents®, phosphines®®*,
CO (refs. 62,68) and isonitriles®® 2. NAT from electrophilic metal nitrides
can also affect olefin aziridination via the formation of metal azirido
intermediates and C-H amination via metal amido intermediates
(Fig. 4a). These reactions may take place through a stepwise cationic
or concerted process (Fig. 4b) or radical process (vide infra).

Olefin aziridination. Although Groves and Takahashi” reported the
aziridination of olefins from an Mn salen nitride via in situ genera-
tion of a nitrene, the first bona fide example of NAT from a transition
metal nitride to an olefin was reported from transient metal nitrides

generated through photolysis of bis-phosphine-supported Nidiazido
complexes (19)” (Fig. 4c). Photolysis of 19 in the presence of cyclohex-
ene, followed by an aqueous work-up, afforded 7-azabicyclo[4.1.0]
heptane in 23% yield. The reaction was proposed to proceed via sin-
glet nitrene monoazide complex 20 generated by photochemically
promoted N, extrusion from19.

Early work by Lau and co-workers focused on utilization of metal
salen nitrido complexes for NAT” and, in 1999, they reported that
isolable Mn nitrides complex 21 engages in Lewis-acid-promoted ole-
fin aziridination” (Fig. 4d). BF; and trifluoroacetic acid were found
to efficiently promote aziridination, presumably via Mn=NH and
Mn=N-BF; intermediates, respectively. Weak Lewis acids, such as
ZnCl, and Cu(OTf),, and sterically demanding Lewis acids, such
as Al(OTf);and Fe(OTf),, were not efficient activators. Asymmetric NAT
was realized from Mn nitrides supported by chiral salen ligands. Similar
Lewis acid activation of nitrides has been used in the context of N-group
transfer viain situ formation of imides® as well as oxo transfer’””°,

In a similar fashion, cationic Ru(VI) nitrido complex 22, which
is supported by a cyclohexylene-bridged salen ligand, participates
in Lewis-base-promoted olefin aziridination®® (Fig. 4e). At ambient
temperature, a CH,Cl, solution of 22 was unreactive towards olefins;
however, binding of pyridine to the axial position trans to the nitride
ligand activates the complex for NAT by weakening the Ru=N bond.
Theligand acceleration effect may be due to geometric changes upon
binding of pyridine, which may result in a lowering of re-organization
energy needed for NAT**#°%!, Similar increases in reactivity upon ligation
canbe observed inanumber of oxo transfer reactions®*,

Reactions of 22 with alkenes proceed via Ru(lV) azirido inter-
mediates (23), which, in some cases, can be isolated. These azirido
intermediates ultimately deliver Ru(lll)-bound NH aziridine 24 via
HAA. Aryl-substituted alkenes were found to proceed directly to the
NH-bound Ru(lll) species, suggesting that the Ru(IV) azirido complex
may be unstablein these cases. Whenreacted with alkynes, Ru(N)(salen)
(L)* 22 forms Ru imidazole 26 in CH,Cl, with pyridine or Ruimide 27
in MeOH (Fig. 4f). The formation of these complexes is proposed to
proceed via an Ru aziro intermediate 25, which is then opened by
nucleophilic attack to afford imidazole or imine®*.

The electrophilicity of metal nitrides canalso be greatly enhanced
upon oxidation of the metal complex (Fig. 4g). Forinstance, although
anionicMn(TTPPC)(N) is stable and unreactive towards styrene, upon
one-electronoxidation, the neutral complex 28 is formed, whichreacts
withstyrene toformthe Mn azirido product 29 (ref. 85). Upon further
oxidation of 28 to cationic 30, the reactivity towards styrene further
increased to be >10° times faster than 28, forming cationic azirido 31.
It should be noted that the oxidation of the metal complexesis corrole-
based, with28 and 30 being best described as Mn(V) complexes bearing
aT-cation (28) and t-dication corrole (30) ligand, respectively.

In addition to electrophilic cleavage of the M-N bonds in azirido
intermediates to liberate N-substituted aziridines, nucleophilic open-
ings of the azirido can afford 1,2-difunctionalization products. For
example, Ru(F,,TPP)(CO) catalyses the amino oxyarylation of alkenes
with O-(2,4-dinitro-phenyl)hydroxylamine as the nitrogen source
under mild conditions®® (F, TPP is tetrakis(pentafluorophenyl)por-
phyrin) (Fig. 4h). This reaction was proposed to proceed through
the intermediacy of nitride complex Ru(Por)(N)X (32), which was
detected by MS, although further investigations are needed to establish
whether 32is on path. Nucleophilic opening of the azirido by phenolate
affords the observed amino oxyarylation products. Consistent with
electrophilic NAT from the intermediate nitride, amino oxyarylation
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Fig. 4| Aziridinationreactions. a, General reactivity of electrophilic nitrides.
b, Mechanism of stepwise and concerted aziridination from a generic metal
nitride and diversification from a generic metal azirido. ¢, Aziridination of
cyclohexene from19 (ref. 74).d, Aziridination enabled by Lewis acid activation
of stable nitride 21 (ref. 76). e, Aziridination of alkenes upon activation of 22
by pyridine®. f, Aziridination of alkynes with 22 (ref. 84). g, Reactivity of Mn

nitride corroleis enhanced upon one-electron and two-electron oxidation®.
h, Catalytic aminohydroxylation of olefins via 32 (ref. 86). i, Formation of
dihydropyrrole radical via aziridination and ring opening®. CID, collision-
induced dissociation; F,,TPP, tetrakis(pentafluorophenyl)porphyrin;
HAA, H-atom abstraction; TFA, trifluoroacetic acid.

proceedsin high yields with electron-rich substrates and lower yields
with electron-poor substrates.

Aziridointermediates may also engage in electrocyclic rearrange-
mentto afford ring-expanded products such as dihydropyrrole. Azirido
intermediacy hasalsobeeninvokedinthe NAT reaction fromcomplex33
to 1,3-butadiene, which results in the formation of dihydropyrrole
radical® (Fig. 4i). Upon collisional activation in the gas phase, 33 is
converted to 34, which engages with 1,3-butadiene via the putative
intermediacy of azirido intermediate 35. Electrocyclic rearrangement
delivers 36, which then undergoes homolytic cleavage of the Fe-Nbond
toliberate dihydropyrrole radical (detected by MS).

C(sp*)-H amination. C(sp*)-H amination at electrophilic metal nitrides
istypically proposed to proceed viaan electrophilic aromatic substitu-
tion (SgAr) mechanism via classical Wheland-type intermediates that
subsequently rearrange to the observed metalamido products (Fig. 5a).

Berry and co-workers®***° disclosed the first example of electro-
philic nitride insertion into an aryl C-H bond in 2011 (Fig. 5b). Either
thermal or photochemical activation of formamidinate-bridged Ru,
azide 37 delivers amido complex 39, the product of intramolecular
C-H amination of a pendant ligand-based arene. Experimental and
computational data indicate that C-H functionalization proceeds
via an electrophilic aromatic substitution mechanism?®. Powers and
co-workers’® subsequently established the structure of transient Ru,
nitride intermediate 38 by in crystallo synthesis.

Intermolecular C(sp*-H amination has also been demonstrated
viaNAT. Treatment of isolable Ru(VI) nitride 22 with phenolic substrates
inthe presence of pyridine delivers p-benzoquinone imine Ru(Il) com-
plex40 (ref.91) (Fig. 5c). This transformationis proposed to proceed via
electrophilic C(sp?)-Hamination at the electron-rich arene substrate to
generate transient Ru(IV) anilide 40, followed by intramolecular redox
chemistry and O-H deprotonation to afford imine complex 41. Phenols
withelectron-donating substituents display faster reactionrates, which
are consistent with electrophilic activation by the Ru nitride.

Although the previous examples rely on NAT from the nitride
ground state, photochemically promoted NAT has alsobeen observed.
Irradiation of Os nitride complex 42 promotes NAT to aromatic sub-
strates such as anthracene to afford the amido 43 (ref. 27) (Fig. 5d).
Amajorside productinthesereactionsistheiminato complex, which
results from addition of water to the Os amide formed from NAT
(Supplementary Fig. 3). Related photochemical activation of isolated
U nitrides has also been demonstrated® (Supplementary Fig. 4).

C(sp*)-H amination. In contrast to NAT to C(sp*)-Hbonds, which typi-
cally proceeds viam-activation and S;Ar mechanisms, NAT to C(sp*)-H
bondstypically proceeds viasequential HAA and radical rebound. The
resulting metal amide can be functionalized viaelectrophilicM-Nbond
cleavage to afford N-H and N-functionalized products (Fig. 5a).
Many metal nitride complexes participate inintramolecular NAT
to C(sp®)-Hbonds presentintheancillary ligands****** (Supplementary
Fig. 5). From a synthetic perspective, intramolecular NAT is of more

limitedimpact than the correspondingintermolecular C-H amination
owingto therequirement for multidentate binding of the substrate to
the transition metal. In1997, Henning et al.”* described the first inter-
molecular NAT to aliphatic C-H bonds: photolysis of bis-phosphine Ni
diazido complexes (19) (Fig. 4b) followed by aqueous work-up resulted
in cyclohexylaminein <5%yield.

In 2012, Lau and co-workers® described NAT to benzylic and
aliphatic C-H bonds from Ru(N)(salen)* (22) (Fig. 5e). At room tem-
perature, MeCN solutions of nitride 22 react with xanthene to afford
cationicsix-coordinate Ruimine complex 45. This product presumably
forms via NAT to form 44 followed by HAA from the a-carbon (possibly
by a second equivalent of 22). Similar NAT chemistry was observed
from 22 to dihydroanthracene. Exogenous pyridine was required to
accomplish NAT to substrates with higher C-Hbond dissociation ener-
gies (BDEs) than dihydroanthracene (DHA) (78.0 kcal mol™); addition
of pyridine accelerates NAT to DHA by more than two orders of mag-
nitude and enables NAT to aliphatic substrates such as cyclohexane
(C-HBDE 100.0 kcal mol™)* to afford a mixture of cyclohexylamine
and cyclohexene. In this case, formation of cyclohexylamine (rather
thanthe amide orimine) was proposed to occur viaasecond HAA from
anadditional equivalent of substrate.

Efficient NAT to aliphatic substrates requires efficient radical
rebound following HAA. If the rebound step is slow, desaturation and
dimerization of the intermediate carbon-centred radical will be com-
petitive with NAT. For example, whereas a mixture of amination and
desaturationis observed for the reaction of 22 with cyclohexane, when
cyclooctaneis used as substrate, only desaturationis observed. By con-
trast, osmium nitride 42, which engages in photochemically promoted
NAT to benzylic and aliphatic substrates, affords cyclooctylimine
47 (ref. 27) (Fig. 5f). The observation of NAT products suggests that
reboundis fasterinthe Os system than the related Ru system. Similarly,
reactions withethylbenzene, cyclohexane, xanthene and DHA all result
in the formation of the corresponding imines, presumably through
HAA of the amido 46 by another equivalent of Os nitride.

In an effort to translate the intramolecular C(sp*)-H amination
of formamidinate-bridged Ru, complexes to intermolecular NAT
chemistry, Powers and co-workers’ examined the nitride chemistry of
carboxylate-bridged Ru,sites (thatis, 48) (Fig. 5g). Facile nitride dimeri-
zation prevented NAT from molecular species, suchas Ru,(benzoate),N,,
butlattice confinement withina microporous metal-organic framework
enabled intermolecular NAT to the benzylic C-H bond of toluene via
thermally generated nitride 49. Following acidification, which presum-
ably protonates theincipient benzylamide intermediate, benzylamine
isobtained.Kineticisotope effects measured for the toluene amination
wereinterpreted in the light of an HAA/rebound mechanism for NAT”.

Ambiphilic reactivity of M-N complexes

Atomic nitrogen ligands supported by late-transition metals often
display ambiphilicity, which arises owing to the electrophilicity
derived from the polarization of the M-N linkage towards the more
electronegative metal centre (Fig. 2a) or low-lying t*-orbitals, which
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22 engages with C(sp®)-H bonds of xanthene and cyclohexane to form imines
and amines®.. f, Os nitride 42 engages with ethylbenzene and cyclohexane to
formimines”. g, Thermolysis of lattice-confined 48 results in benzylamine
formation upon work-up”. HAA, H-atom abstraction; SCXRD, single-crystal
X-ray diffraction.

canacceptelectrons and the nucleophilicity derived from the presence
of N-centred non-bonding electrons.

Early examples by Meyer demonstrated the ambiphilicity of trans-
[Os(tpy)(CI),(N)]* (50) (Fig. 6a). Complex 50 reacts as an electrophile
with triphenylphosphine to afford phosphoraniminato complex 51
and asanucleophile with trimethylamine N-oxide to generate nitrosyl
complex 52 (refs. 39,98,99). The ambiphilic reactivity of complex 50
canbeunderstood from analysis of the relevant molecular orbitals. In
complex 50, nucleophilicity arises from a non-bonding, sp lone pair
localized on the N-atom; the electrophilic reactivity of complex 50
arises from accessible i* LUMOs associated with the metal-nitrogen
bond that canaccept electrons.

Holthausen, Schneider and co-workers described the synthesis and
characterization of Pt—-N complex 53in 2020 (ref. 66) (Fig. 6b). Onthe
basis of acombination of magnetic data, computational results andin
crystallo characterization, they described the structure of 53 as a Pt(ll)
metallonitrene adduct with two nitrogen-centred electron holes. This

bonding picture canbe understood using asimilar bonding manifold to
that of 50, wherein the Pt metallonitrene system 53 has four more elec-
tronsthan 50 that populate the t*-orbitals, leading to the singly occu-
pied N-centred orbitals. Reaction of 53 with benzaldehyde afforded the
corresponding amide complex 54. The Hammett analysis with para-
substituted benzaldehydes indicated that this amidation reaction pro-
ceeded by nucleophilicaddition of the nitrogen ligand to the Tt-system
rather than electrophilic activation of the aldehydic C-H bond.
Incontrast to the nucleophilic reactivity of 53 with aldehydes, reaction
with trimethylphosphineresultsin 55, which arises from electrophilic
reactivity (owing to two singly occupied p-orbitals located on the
N-atom) of the Pt-N intermediate with the added phosphine.

Group 10 metallonitrene chemistry was subsequently extended
to catalytic C-Hamidation with Pd metallonitrene 56 (ref. 37) (Fig. 6¢).
Photolysis of azide complexin the presence of aldehydes and Me;SiN;
affords the corresponding trimethylsilyl-protected amides. The
intermediate Pd metallonitrene 56 was also characterized by in
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crystallo photochemistry. Density-functional theory (DFT) studies
onthetransamidation step with trimethylsilyl azide, which allows for
catalysis, show that this step is 8 kcal mol™ higher for the Pt analogue,
which s consistent with the lack of catalysis with 53. DFT studies also
support the origin of electrophilicity in this complex to arise from
singly occupied p-orbitals on the N-atom.

Nitride ambiphilicity has also been invoked in the reactions of
Mn(VI) nitride 57 with variously substituted styrene derivatives'
(Fig. 6d). Mn(VI) nitride 57 engages in aziridination chemistry with
styrene; the resulting Mn(IV) azirido 58 is rapidly oxidized in solution
to afford free N-H aziridine (protonated by H,0 in the solvent) and an
Mn(V) oxo complex. The Hammett analysis with various p-substituted
styrenes results in a V-shaped plot, with the nitride displaying elec-
trophilic character in the presence of electron-rich styrenes and
nucleophilic characterinthe presence of electron-deficient styrenes.

Radical reactivity of M-N complexes

Although more rarely encountered, metal nitrides can also engage
in one-electron elementary steps to accomplish substrate function-
alization via radical pathways (Fig. 6e).In 2015, Smith and co-workers
described NAT from Fe(IV) nitride 60-R (R = ‘Bu, Mes), supported by

atri(carbene)borate ligand (Fig. 6f), to styrene to afford the corre-
sponding aziridine®. The authors interpreted solvent-independent
NAT reaction rates and Hammett analysis as consistent with a radical
addition reaction via a nucleophilic nitridyl radical. These results are
supported by calculations that indicate a small energy gap between
the singlet ground state and a low-lying triplet excited state, in which
there is a-spin density that is localized on the nitride. The resulting
metal azirido complex 59 can be opened through electrophilic cleav-
age of the M-N bond with trimethylsilyl chloride or methyl iodide.
Treatment of 59 with trimethylsilyl chloride results in therelease of the
trimethylsilyl-protected aziridine and generation of the corresponding
Fe(ll) chloride.

Theaziridinationreaction from 60-‘Buwas found to be reversible
as thermolysis of a 1:1 mixture of the nitride and styrene leads to an
equilibrium mixture of corresponding azido complex 59 and nitride 60
(ref.101). Aziridine cross-metathesis is also observed as upon heating
complex59inthepresence of electron-poor styrenes, formation of 61is
observed (Fig. 6f). Thermolysis of 60-‘Bu withmono-f-deuterostyrenes
resultsinstyreneisomerization as well as aziridinated product; assuch,
NAT is proposed to proceed through a stepwise rather than concerted
pathway.

a Meyer, 1991 + b Holthausen, Schneider, 2020 / P'Bu,
PPh = N«o?l‘N;pphs Nucleophilic  PhC(O)H ¢ | H
. —T = N-Os ™5 reactivity l—b N—Pt—N Ph
TN I: 7 Tf*h%‘:#" pigy, Kilko = 10 | \Ir
G _ + v 2N 2
" d‘ﬂ - ¢ 51 YN </ | P, o
i 05N N WM N—Pn
S — X \ R
W = NS i / P'Bu,
VN = 7 + VN 53 { PMe
50 ! = Cl _| |//3
lEk VTR cl = _N.| =0 el ) PBu, o
# M MegNO o5 N® oy ™ PMes N T N
== Electrophilic
s L — » =
pNﬂ_ —NMej3 = SPN% reactivity PBu, 55
Cl 52
C Powers, Holthausen and Schneider, 2022 d Lau, 2021 MnV'=N
[ - T
o) _  forX=Cl,CF Ph _
¢ o T <7 o
P'Bu
4 : N N N NN N
o 55 (5 mol %) o N N
- s . N—Pd—N Mn Mn
. _-SiMe; PN VRN
Ar H Me;SiNg Ar |I\| <\ | N N N N
hv H P'Bu, H o H o
57 O ) 58
56 MnV=N T
_ \—< >—X
for X=F, H, Me, OMe
€@ Characteristic radical reactivity f smith, 2015, 2018 X
R

R
M=N + — 3 M=N  » M_N<r
1 \r

Fig. 6 | Ambiphilic and radical nitrides. a, Ambiphilic nitride 50 reacts

with both triphenylphospine and trimethylamine N-oxide. b, NAT from 41
for catalytic amidation of aldehydes*****°. Ambiphilic nitride 53 reacts with
both electrophiles and nucleophiles®. ¢, NAT from 56 for catalytic amidation

oh (\Nz R
Ph N

AT
[Fe]-N o — Ph_B/\ Je=N = [FelN
N
/‘k 61
59 %N\
N—\ R

o V%

of aldehydes™”. d, Mn-based 57 participates through both electrophilic and
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reactivity of radical nitrides. f, Aziridination of styrenes by 60 (refs. 26,101).
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Cycloaddition reactivity of M-N complexes
Cycloadditionreactions provide additional mechanisms for NAT from
metal nitrides to unsaturated organic small molecules, and both [2 + 2]
and [4 + 1] cycloaddition reactions are well documented (Fig. 7a,b).

[4+1] Cycloadditions. [4 +1] Cycloaddition reactions between M-N
fragmentsand 1,3-dienesresultinthe construction of two C-Nbonds
and a five-membered azacycle. Os(VI) nitride 62 reacts with
1,3-cyclohexadienes to afford a bicyclic amido complex 63 as a result
of a [4 + 1] addition of the nitride to the diene'* (Fig. 7c). Reaction
with electron-rich 1-methoxy-1,3-cyclohexadiene is more rapid than
1,3-cyclohexadiene, whichis consistent withamechanismin which the
LUMO ofthe M-N fragment and the HOMO of the diene are the frontier
orbital combination that dictates reactivity. Replacing the anionic
tris(1-pyrazolyl)borate ligand with either tris(1-pyrazolyl)methane
or terpyridine (affording cis-dichloro and trans-dichloro complexes)
affords cationic osmium nitrides that undergo cycloaddition with
cyclohexadienes at enhanced reaction rate, which is ascribed to the
greater electrophilicity of the nitride in these complexes. The cycload-
ditionreactionwith 62isreversible: dissolution of the pure Os(IV) cyclic

-
<7

a [4+1] Cycloaddition

[4+1]

C Brown, 2001

amide 63 inacetonitrileresultsin anequilibriummixture of complex 62,
diene and cyclic amide. No osmium cycloadducts are observed in
reactions with other cyclic or acyclic dienes.

Four-coordinate Fe nitride 60-Mes participatesinanalogous[4 +1]
cycloaddition chemistry with cyclohexadienes to afford azabicyclic
intermediate 64 (Fig. 7d). In contrast to the Os chemistry described
earlier, subsequentretro-[4 + 2] chemistry ensues to ultimately deliver
pyrrolide complex 65 and ethylene'®. The disparate fates of the
Os-azabicyclic and Fe-azabicyclic intermediates (compounds 63 and
64, respectively) are ascribed to the electronic and coordinative satu-
ration of Os complex 63, which may prevent further retro-Diels-Alder
to afford the pyrrolide.

[2+2] Cycloadditions. [2 + 2] Cycloadditions involve construction of
both C-Nand M-Cbondsinthe key NAT step and thus do not have ana-
loguesinthe chemistry of free nitrogenradicals; [2 + 2] and retro-[2 + 2]
sequences canaffect the conversionofalkynes tonitriles via stoichiomet-
ric nitrile-alkyne cross-metathesis (NACM). As an example, oxidation
of Mo(IV)-alkyne adduct 67 leads to the formation of nitriles at room
temperature'** (Fig. 7e). To confirm the origin of the N-atom, “N-labelled
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67 was prepared and treated under the same reaction conditions to
afford the ®N-labelled nitrile. The DFT analysis of the potential energy
surface supports a pathway consisting of a [2 + 2] addition to form 68
followed by a retro-[2 + 2] to liberate the observed nitrile. A reaction
pathway including 67 —inwhichthe C-Cbond is nearly coplanar with the
M-Nbond — was calculated to be the lowest energy pathway for nitrile
formation; a similar pathway from the Mo(IV) centre 66 was calculated
to be endergonic, consistent with the lack of observed reactivity.

Stoichiometric NACM has also been demonstrated from com-
plexes 69-R of form Mo(N)(OR), (R = C(CF5),Me, C(CF,);) whenreacted
with alkynes to irreversibly form alkylidyne complex 70 (ref. 105)
(Fig. 7f). This contrasts with W analogue 71, which showed a prefer-
ence for the nitride form over the alkylidine form, presumably owing
to the lower electronegativity of the W centre'**'?”, Though active
for alkyne cross-metathesis, treatment of the Mo complexes with
excess alkyne and excess nitrile does not resultinincorporation of the
N-atom from the nitrile into the alkyne.

CatalyticNACM was first reported from tungsten nitrides bearing
fluorinated alkoxide ligands (71)'°*'”’ (Fig. 7g). Combination of W(N)
(0 =C(CF;),Me), (71) with 3-hexyne in toluene led to the formation of
the tungsten-alkylidyne complex along with propionitrile. Applica-
tion of a catalyticamount of W(N)(O = C(CF;),Me), (5 mol %) in the pres-
ence of anisonitrile and 3-hexyne leads to the formation of propionitrile
via NACM. Calculated transition states for the reaction show, similar
to 65, approach of the alkyne so that the C-C bond is coplanar to the
W-N bond followed by a [2 + 2] reaction to form the metallocycloaz-
abutaneandretro-[2 + 2] toliberate the nitrile product. Similar NACM
was reported from N=Mo(OSiPh;),, although the reaction requires high
temperatures and achieves only slightly more than two turnovers'®,

The ability for metal nitrides to perform [2 + 2] cycloadditions
has also been leveraged as a method to N enrich samples through
nitrile-nitrile cross-metathesis (NNCM) with commercially available
BN-acetonitrile. The first example of NNCM was reported in 2003 from
complex 72, which was found to catalyse degenerate N-atom exchange
between “N-enriched acetonitrile and benzonitrile'® (Fig. 7h);
BC enrichment of the C-atom on the cyano group on acetonitrile was
used to exclude the possibility of cyano group cross-metathesis. This
reaction was proposed to proceed through the same metallocyclo-
butane intermediate as NACM (Fig. 7b; E=N). NNCM has since been
reported fromazide-derived 69-R (R = C(CF,),Me, C(CF,),)"° and chiral
73 (ref.™), which has provided access to ®*N-enriched enantiomerically
pure small molecules by enantiospecific N-atom exchange (Fig. 7i).

Oxidative cleavage reactivity of M-N complexes

Oxidative cleavage of C-C double bonds has been explored for biomass
valorization?. More challenging than cleavage of C-C multiple bonds
is C-C o-bond cleavage owing to strength of the C-C o-bond and the
lack of polarity of the linkage, which makes other C-X bonds more
likely to be activated. Metal nitride complexes have found application
inboth oxidative C-C t-bond and o-bond cleavage reactions (Fig. 8).

Oxidative cleavage of C-C m-bonds. Intermolecular C-C doublebond
cleavageviaNAT wasfirst reportedin1999 fromcis-Os(N)(terpy)(Cl)," (74).
Reaction with aryl-substituted alkenes results in the formation of
n’-azaallenium complexes 75 (ref. 113). Consistent with typical trends for
electrophilic olefin activation, the reaction proceeds more quickly with
cis-olefins than trans-configurations. Furthermore, electron-rich olefins
display enhanced reaction rates, whereas electron-poor olefins do not
react*, Theresulting azaallenium complex 75 retains significant reactivity

Glossary

Metallonitrene

Arecently introduced term, also called
ametal nitrenido. A possible electronic
formulation of the [M]-N fragment in
which two electron holes are localized
on the nitrogen atom.

Metal nitrides
An [M]-N fragment.

Nitrogen-atom transfer
(NAT). A reaction in which the substrate
is engaged by a metal nitride.

Metal nitrene
An [M]-NR fragment.

Nitrogen-group transfer
(NGT). A reaction in which the substrate

is engaged by a metal nitrenoid.

and can be further treated with trimethylamine N-oxide to afford the
nitrile complex 76 or reduced with NaBH, to form the neutral imine com-
plex77 asthe major product aswell asthe doubly reduced amine complex
78asthe minor product. Analogous reactivity is also available from trans-
Os(N)(terpy)(Cl)," (50) and (Tpm)Os(N)(CI)," (Tmp = tris(1-pyrazolyl)
methane), although the scopeis restricted to dienes.

Complex 74 has also been used in the synthesis of isoquinolines via
direct NAT toindenes™ (Fig. 8c). Computational analysis of the N-atom
insertion step indicates that the reaction proceeds via a stepwise cati-
onicaziridination (Fig. 4b). Electrocyclic ring opening of the aziridine
through C-Cbond cleavage of the three-memberedring resultsin the
formation of the azaallenium 79, which can then be deprotonated to
form free isoquinoline and reduced Os(lIl) complex 80.

Relatedly, oxidative cleavage of C-C t bonds has been demon-
strated from Ru nitride 22 (Fig. 8d). Reaction of Ru(N)(salen)* (22)
with excess styrene or trans-f3-methylstyrene results in the formation
of benzonitrile (25%) in addition to the Ru(lll) aziridine (Fig. 8d). The
presence of nitrile was interpreted as potential evidence of the forma-
tion ofann?-azaalleniumintermediate 81 similar to those observed for
Os terpy complexes (that is, 75)°.

Althoughinsertioninto C-Cmtbondsisrelatively common, there
is far less precedent for insertion into the 1t systems of aromatic mol-
ecules. The singular example of intramolecular NAT into an aromatic
Ti-system was demonstrated from a tin nitride (Fig. 8e). Thermolysis
of Sn complex 82 results in ring expansion of the pendant dipp on
the terphenyl to form a seven-membered ring 83 through insertion
of the Sn nitride into the C-C bond"®. Treatment of complex 82 with
tris(pentafluorophenyl)borane (BCF) resultsin binding of the borane to
the a-nitrogen of the Sn complex; thermolysis of the resultant complex
leadsto B-Cinsertion. Electron paramagnetic resonance (EPR) studies
ofthe thermolysis reaction suggest anSn nitride as the reactive species.

Oxidative cleavage of C-C o-bonds. Insertions into C-C o bonds
have also been demonstrated from metal nitrides. Iron nitride 34 can
be generated through collisional activation in the gas phase from the
azide precursor 33 (ref. 87) (Fig. 8f). This nitride can then undergo
further fragmentation to eliminate species consistent with insertion
ofthe nitride into the C-C o bond of the ligand scaffold 84.

Conclusions and outlook

Theforegoing discussion highlighted the diversity of electronic struc-
tures and associated reactivity patterns available to metal nitride com-
plexes and NAT chemistry. Atomic nitrogen ligands of transition metals
candisplay nucleophilic, electrophilic and ambiphilic reactivity as well

Nature Reviews Chemistry | Volume 7 | June 2023 | 424-438

434


http://www.nature.com/natrevchem

Review article

a Oxidative cleavage by metal nitrides

Fig. 8| Oxidative cleavage by metal nitrides. a, General oxidative
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as participate in one-electron elementary steps. In addition, cycload-
dition and multi-electron oxidative cleavage reactions of C-C t-bonds
are available to formally nitride complexes of transition metals. The
availability of adiverse array of substrate functionalization mechanisms
providesarich opportunity to develop NAT chemistry asacomplemen-
tary platform to NGT chemistry for the elaboration of simple organic
molecules. Although the wealth of reactivity modes for the activation of
organicsmall molecules hasbeendeveloped, anumber of key challenges

remain for the deployment of NAT chemistry in routine synthetic strat-
egy. Areas that are poised for significant growth include catalytic NAT,
stimuli-responsive nitride philicity and C-C bond activation.

Catalytic NAT

In contrast to the rich stoichiometric chemistry of metal nitride
complexes, the catalytic application of NAT in organic chemistry
is almost entirely undeveloped, with the sole examples being the
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amino-oxyarylation of alkenes from Ru porphyrin 32 (Fig. 4h) (for which
definitive evidence of an on-cycle nitride is sparce), oxidative amidation
of aldehydes mediated by Pd metallonitrene 56 (Fig. 6¢c) and NACM
from tungsten complex 71 (Fig. 7g). The need for stoichiometric metal
reagents or multiple step reactions to ‘turn over’ synthetic cyclesis akey
obstacle for the implementation of NAT for organic synthesis. One of
the challengesis the need for nucleophilic azide and electrophilic cleav-
ing source toexistinthe potat the sametime. Silyl azide reagents such
astrimethylsilyl azide can deliver both parts of the reaction; however,
if N-alkyl products are desired (typically through treatment of M-NR,
with alkyl halide), conditions may lead to simple substitution reactions
to generate the alkyl azide. Additionally, the reaction of nucleophilic
azideswith electrophilic nitrides' offers further challenges to catalytic
NAT with nucleophilic nitrogen sources.

Stimulus-responsive nitride philicity

The majority of metal nitride complexes (and allthose derived fromN,)
display nucleophilicreactivity at nitrogen. Substrate functionalization
via these mechanisms requires substrate pre-oxidation. Opportuni-
ties to utilize redox or photochemical stimuli to elicit electrophilic or
radical reactivity at the metal-supported nitrogen atom would signifi-
cantly expand the family of nitride complexes that participate in NAT
with unfunctionalized organic small molecules. Although photolysis
has been used to generate reactive nitrides from azide precursors, the
use of photolysis to access excited state nitrides is more limited. It has
been shown that stable nitrides such as Os nitride 42 and a U nitride
(Supplementary Fig.4) can become reactive when photolysed, although
this type of reaction is underexplored in the field of NAT. This offers
an exciting opportunity to explore previously reported metal nitride
complexes, which may be inert under non-photochemical conditions.
Progress in stimuli-responsive nitride reactivity has been made in the
context of nitride hydrogenation to release ammonia"®""’, but applica-
tion of similar strategies to organic functionalization reactions is less
developed.

Activation of C-Cbonds
Like C-Hbonds, C-C o-bonds are ubiquitousin organic small molecules,
although they tend tobe thermodynamically strong and kineticallyinert,
making their activation challenging'®. Activation of the C-C o-bond by
formation of strained rings'* has been demonstrated as a method to pro-
mote thisunfavourable reaction. Although only one reported example
of gas-phase C-C o-bond cleavage from a metal nitride exists (Fig. 8f),
this reactivity does present an opportunity to develop C-Cinsertion
reactions from metal nitrides. For example, substituted piperidines,
one of the most popular N-heterocycles in pharmaceuticals, could
formed through nitride insertion into the C-C bond of substituted
cyclopentanes and would open new avenuesin retrosynthetic schemes.
NAT chemistry has undergone significant developmentinrecent
years, but significant additional progressis needed if NAT chemistry is
toachieve the broad synthetic utility that characterizes NGT chemistry
and catalysis.

Published online: 13 April 2023
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