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Abstract: C� H amination and amidation by catalytic nitrene
transfer are well-established and typically proceed via electro-
philic attack of nitrenoid intermediates. In contrast, the
insertion of (formal) terminal nitride ligands into C� H bonds
is much less developed and catalytic nitrogen atom transfer
remains unknown. We here report the synthesis of a formal
terminal nitride complex of palladium. Photocrystallographic,
magnetic, and computational characterization support the
assignment as an authentic metallonitrene (Pd� N) with a
diradical nitrogen ligand that is singly bonded to PdII. Despite
the subvalent nitrene character, selective C� H insertion with
aldehydes follows nucleophilic selectivity. Transamidation of
the benzamide product is enabled by reaction with N3SiMe3.
Based on these results, a photocatalytic protocol for aldehyde
C� H trimethylsilylamidation was developed that exhibits
inverted, nucleophilic selectivity as compared to typical
nitrene transfer catalysis. This first example of catalytic C� H
nitrogen atom transfer offers facile access to primary amides
after deprotection.

Introduction

Catalytic nitrene insertion into C� H bonds has emerged as a
versatile synthetic methodology for secondary amines and
amides.[1] Organic azides are attractive N� R sources to
generate the reactive key intermediates with significant
nitrenoid character, M !N� R.[2,3] Mechanistic studies sup-
port generally electrophilic reactivity of the subvalent nitro-
gen ligands either via concerted or radical rebound C� H
insertion pathways.[4,5] The use of metal nitride complexes in
principle offers a complementary strategy to generate
primary nitrogenous products. However, such nitrogen atom
transfer is far less developed. Stoichiometric N-atom transfer
of nitride complexes to olefins has been applied in
synthesis,[6] and reported in solution for some electrophilic
nitrides or upon nitride activation with Lewis acids.[7,8]

Likewise, direct nitride insertion into C� H bonds is rare,
particularly intermolecular examples (Scheme 1).[9, 10,11] Fur-
thermore, radical rebound mechanisms can suffer from the
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Scheme 1. Stochiometric, intermolecular C� H nitrogen atom insertion
reactions by (formal) terminal nitride complexes reported in the
literature (top), and aldehyde amidation via catalytic C� H nitrogen
atom transfer reported here (bottom).
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competition of insertion and dehydrogenation pathways, as
was observed, e.g., for the reaction of a ruthenium(VI)
nitride with cycloalkanes.[11b] New strategies for selective,
intermolecular C� H insertion of nitrides are therefore
required to develop hitherto elusive nitrogen atom transfer
catalysis.

In recent years, we examined (formal) terminal nitride
complexes with nitrenoid character and their nitrogen atom
transfer reactivity.[11d, 12] In the case of the platinum complex
[Pt(N)(PNP)] (PNP =N(CHCHPtBu2)2), photocrystallo-
graphic, magnetic, and computational characterization sup-
ported the description as authentic {PtII� N} metallonitrene
with a monovalent, diradical, atomic nitrogen ligand.[11d]

This transient species undergoes facile nitride insertion into
H� B, C� B, and C� H bonds. Notably, stoichiometric alde-
hyde amidation (Scheme 1) exhibited a large, positive
Hammett reaction parameter and a PhC(O)� H/D kinetic
isotope effect (KIE) of unity was found. These observations
are consistent with rate-determining, nucleophilic attack of
the metallonitrene at the carbonyl group and subsequent
intramolecular hydrogen shift over a radical rebound
mechanism, despite the moderate C� H bond strength of
aldehydes (BDEgas(PhC(O)� H)=89 kcalmol� 1).[13] Compu-
tational analysis supported this interpretation. This nucleo-
philic nitrogen atom transfer mechanism for aldehyde
amidation exhibits inverted selectivity with respect to the
electrophilic nitrene transfer (N� R; R=Ts, aryl, alkyl,
SiMe3) pathways via radical or concerted C� H insertion,
which generally feature moderate to large, negative ρ-values
and sizable KIEs.[14]

Amide syntheses are the most frequent reactions in
pharmaceutical chemistry, and atom economic strategies
have been acknowledged as a priority area for synthetic
method development.[15] N-atom transfer could be an
attractive approach towards primary amides. We therefore
considered oxidative aldehyde amidation via (formal) termi-
nal nitride C� H insertion as an interesting case to develop
catalytic nitrogen atom transfer with inverted selectivity. In
this contribution, a photocatalytic protocol for silylamida-
tion of aldehydes is reported as a facile route towards
primary amides. This first example for catalytic nitrogen
atom transfer relies on inverted, nucleophilic C� H insertion
of a transient palladium(II) metallonitrene and transsilyla-
tion as an efficient strategy for product release.

Results and Discussion

While our previously reported platinum metallonitrene
undergoes facile C� H insertion with aldehydes, the resulting
amide complex proved inert to product release, which
prevented catalytic turnover. For this reason, we moved to
palladium, which generally exhibits more rapid substitution
kinetics.[16] The air-stable palladium(II) azide complex [Pd-
(N3)(PNP)] (1) can be synthesized in three steps from the
respective chloride with 63 % yield. The structures of 1 and
all precursors were confirmed by NMR spectroscopy and
single-crystal X-ray diffraction[17] and closely resemble those
of the analogous platinum complexes. The UV/Vis spectra

of 1 and [Pt(N3)(PNP)] in THF (Figure 1b) have similar low-
energy edges of the strong near-UV bands, yet with an
additional, weaker band for 1 at 393 nm, suggesting azide
photolysis with blue light.

In crystallo extrusion of N2 from 1 enabled the observa-
tion and X-ray crystallographic characterization of the
formal terminal nitride complex [Pd(N)(PNP)] (2, Figure 1a)
(see Supporting Information section 5.7).[18] Prolonged
irradiation (λexc =365 nm) of a single crystal at 100 K while
collecting X-ray diffraction data (synchrotron radiation; λ=

0.41328 Å) resulted in the conversion of 1 to 2 and N2 (i.e.,
2N2). The structure of 2N2 was refined from a crystal with
40 % conversion; sample degradation and ultimately loss of
crystallinity was observed upon further conversion. N2-
elimination is accompanied by a significant contraction of
the Pd(1)� N(1) distance from 2.050(2) Å (1) to 1.92(2) Å
(2N2), which is in agreement with the computed model of 2
(dPd� N =1.891 Å, see below). Similar observations were
obtained for the platinum analogue (exp: ΔdPt� N =0.16 Å).
The evolved N2 occupies a void space in the crystal lattice
that is generated by Van der Waals packing of the tert-butyl
substituents and was refined at 28 % occupancy, which is
consistent with partial loss from the lattice during the
experiment. Similar to previous in crystallo syntheses of
metal nitrenoids,[19, 20] N2 extrusion can be promoted by
sustained exposure to synchrotron radiation; about 10%
conversion of 1 to 2N2 is observed during simple structure
determination of 1 prior to photolysis.

The electronic structure of 2 was examined by magnetic
characterization upon in situ photolysis (λexc =390 nm) of a
microcrystalline sample of 1 inside a superconducting
quantum interference device (SQUID) magnetometer at
10 K (Figure 1c) (see Supporting Information section 4).
The χmT product of the photoproduct shows a steep rise at

Figure 1. a) Displacement ellipsoid plots of 1 and 2N2 from in crystallo
N2-extrusion. 2N2 was refined from a sample with 40% conversion of
1. Selected bond lengths [Å]: 1 Pd� N1, 2.050(2); 2N2 Pd� N1 A,
1.92(2). b) Solution UV/Vis spectra of 1 and the analogous Pt complex
in THF. c) χMT vs. T data (circles) from in situ photolysis
(λexc=390 nm) of 1 obtained by SQUID magnetometry with simulated
(red) and ab initio computed (blue) values.
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low temperatures and reaches a plateau at temperatures
below 20 K. The rise of the magnetic moment above 200 K
is attributed to the decomposition of the metallonitrene
photoproduct. Notably, the maximum magnetic moment of
2 is obtained at considerably lower temperatures, as
compared with [Pt(N)(PNP)] (>120 K), which indicates
significantly smaller splitting of the spin microstates. Ac-
cordingly, the conversion-normalized magnetic data could
be well fitted to a zero-field splitting (ZFS) spin-Hamilto-
nian for a spin triplet ground state with fixed isotropic g
factor (g=2) by using an axial ZFS parameter of D=

9.3 cm� 1, which is about an order of magnitude smaller as
compared with [Pt(N)(PNP)] (D=85 cm� 1).

Quantum-chemical assessment (ONIOM(CC� F12:
DFT)) confirmed the triplet ground-state of 2 with a singlet/
triplet gap of ΔES–T =18 kcalmol� 1. Notably, the spin-density
is even more nitrogen-centered (96%) as compared to
[Pt(N)(PNP)] (91 %).[11d] Consistently, relativistic CASSCF/
NEVPT2/QDPT calculations (see Supporting Information
section 6.1) disclose substantially reduced spin-orbit cou-
pling effects on the spin-state energetics and almost negli-
gible splitting of the triplet-microstates (D=8 cm� 1), which
is in excellent agreement with experiment. The characteristic
natural localized molecular orbitals (NLMOs) resulting
from a natural bond orbital (NBO) analysis of the ground-
state wave function closely resemble the qualitative picture
obtained for [Pt(N)(PNP)] with a Pd� N σ-bond, a lone-pair
and two singly occupied p-orbitals at the nitrogen, and four
non-bonding Pd d-orbitals (Figure 2).

Having confirmed the photochemical metallonitrene
formation, C� H amidation of the model substrate benzalde-
hyde was examined by photolysis (LED, 390 or 427�20 nm)
of 1 and PhCHO (1.2 equiv.) at room temperature in
benzene. The insertion product [Pd(NHC(O)Ph)(PNP)] (3)
was obtained after 1 h in quantitative yield (Scheme 2). The
quantum yields for the consumption of 1 in the presence and
absence of benzaldehyde were identical within error (around
0.1%), which excludes a photoinitiated, thermal radical
chain mechanism for the formation of 3. The decay rate of 1
scales linearly with the photon flux but is independent from

benzaldehyde concentration. Furthermore, the photolysis of
1/PhCHO (1 : 10) in frozen THF (10 h, 82% conversion) and
subsequent thawing gave 3 in 32 % yield (see Supporting
Information section 2.4). These observations are in line with
initial, rate-determining photoconversion of 1 to 2 and
subsequent reaction of the photoproduct by thermal C� H
insertion with the aldehyde. Frozen solution photolysis also
gave [PdH(PNP)] (12 %). This might originate from PdI

radical chemistry due to bimolecular nitrene coupling and
N2 elimination at high steady state concentration of 2,[12]

followed by hydrogen atom abstraction from PhCHO or
solvent.

Hammett analysis by competition experiments with a
range of para-substituted benzaldehydes gave a good linear
correlation of log(kX/kH) with substituent parameter σp

(Scheme 2).[21] The reaction parameter (ρ= +3.0 at 60 °C) is
close to that of hydroxide addition to benzaldehydes
(ρ= +2.8),[22] which supports nucleophilic attack of the
photoproduct at the carbonyl group instead of radical C� H
activation or electrophilic insertion via the singlet
metallonitrene.[4,14] An even steeper slope (ρ= +4.4) was
obtained for the platinanitrene and attributed to irreversible
adduct formation, followed by H-transfer to the nitrogen
atom with slightly lower barrier (ΔΔG� =3.8 kcalmol� 1).[11d]

As in that case, an H/D kinetic isotope effect (KIE) near
unity was observed upon photolysis of 1 with PhC(O)H/D

Figure 2. Characteristic NLMOs derived by NBO analysis for the Pd� N
σ-bond (a), the N-centered singly occupied py and pz orbitals and s-type
lone pair (b), and the doubly occupied Pd d-orbitals (c); isosurfaces at
�0.05 a0

� 3/2; doubly occupied orbitals obtained by spatial averaging
over α and β spin orbitals; methyl groups and hydrogen atoms are
omitted for clarity.

Scheme 2. a) Proposed catalytic cycle. b) Hammett plots for stochio-
metric (1!3, black; [ArCHO]0:[PhCHO]0:[1]=10 :10 :1, 5 min) and
catalytic (red; [ArCHO]0:[PhCHO]0:[1]:[TMSN3]0=10 :10 :1 :50, 5 h) ami-
dation of para-substituted benzaldehydes (60 °C, C6D6, 427 nm).

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202115626 (3 of 7) © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



(1 : 1) at � 30 °C. Notably, a small normal KIE (kH/kD =

1.30�0.05) was found at higher temperatures (+60 °C) (see
Supporting Information section 2.3). This is in line with a
contribution from the C� H cleavage step at higher temper-
atures, but a secondary isotope effect from initial adduct
formation cannot be excluded.[23]

Next, transamidation was evaluated to enable catalysis.
Among several inorganic azide sources, Me3SiN3 proved
most effective. Reaction with 3 at 40 °C quantitatively
regenerated 1 and free PhC(O)NHSiMe3 within 16 h
(Scheme 2). DFT computations indicated that the lowest
energy pathway for transamidation commences with
carboxyl silylation (Figure 3).[24] The H-bonded ion pair
intermediate I1 then undergoes rate-determining substitu-
tion at the metal for full silylamide release.[25] For compar-
ison, the effective free-energy barrier for transamidation of
the Pt analogue was computed 8 kcalmol� 1 higher, which
renders this reaction inaccessible at synthetically useful
temperatures.[17]

Motivated by this two-step sequence for aldehyde
amidation, a photocatalytic protocol was developed (Ta-
ble 1). Photolysis (427 nm) of a mixture of 1, benzaldehyde
and Me3SiN3 (0.05 :1 :2.5) at 30 °C gave low substrate
conversion after 24 h. Raising the temperature resulted in
increasing benzaldehyde conversion. Total benzamide yields
over 70 % were obtained at T�60 °C. Quantitative substrate
conversion was obtained within 48 h or by raising the
catalyst loading to 10 mol%. With a lower catalyst loading
of 2 mol%, 78 % conversion was achieved after 48 h,
corresponding to a turnover number of 43. Significant rate
retardation was observed with lower Me3SiN3 loadings
(1 equiv), confirming turn-over limiting transamidation.
However, reduced yields at 50% photon flux suggest that N2

elimination also contributes to the rate under these con-
ditions. Accordingly, during catalysis at standard conditions
(427 nm, 5 mol% 1, 2.5 equiv Me3SiN3, 60 °C, C6D6), both 1
and 3 were observed by NMR spectroscopy, and 3 as
catalyst afforded comparable yields. In contrast, the use of
[PdCl(PNP)] gave insignificant conversion.

At higher wavelengths (456 nm), slower amidation rates
are obtained, defining a low energy limit for the productive
photolysis. In contrast, a black precipitate is formed at λ�
390 nm accompanied by lower selectivity. This observation
is attributed to uncatalyzed photoreactivity of
benzaldehyde,[26] as confirmed by a control experiment in

the absence of catalyst. Other weakly coordinating solvents,
like THF or toluene, give similar results, while the use of
acetonitrile strongly reduced both yield and selectivity.

Hammett analysis gave similar relative rates as stoichio-
metric amidation (Scheme 2). Both the reaction parameter
(ρ= +2.3) and the KIE (kH/kD =1.15�0.03; see Supporting
Information section 2.3) are slightly lower than for the
stoichiometric reaction, which is tentatively attributed to a
kinetic contribution from the electrophilic transamidation
step. These observations support that catalytic nitrogen
atom transfer proceeds via the same active species with
inverted, nucleophilic selectivity.

Werlé and co-workers recently reported an iron-cata-
lyzed photocatalytic protocol for silylamidation of aromatic
and aliphatic aldehydes with Me3SiN3.

[14f] However, in that
case more electron-rich aldehydes gave higher yields, which
led to the proposal of a nitrenoid {Fe� N� SiMe3} intermedi-
ate that undergoes electrophilic C� H activation. In order to
probe direct trimethylsilylnitrene transfer for the current
case, an isotopic cross-labelling experiment was carried out.

Figure 3. Computed pathway for transamidation with ΔG333K in kcalmol� 1 in parentheses and transition-state imaginary frequencies in cm� 1; methyl
groups and hydrogen atoms are omitted for clarity.

Table 1: Optimization of the reaction conditions.

λexc [nm] T [°C] Solvent [1]
[mol%]

[Me3SiN3]
[equiv]

Yield[a]

(conv.) [%]

427 30 C6D6 5.0 2.5 21 (28)
427 50 C6D6 5.0 2.5 46 (52)
427 60 C6D6 5.0 2.5 71 (81)
427 70 C6D6 5.0 2.5 74 (86)
427 60 C6D6 2.0 2.0 68 (78)[b]

427 60 C6D6 5.0 2.5 89 (98)[b]

427 60 C6D6 10.0 2.5 87 (98)
427 60 C6D6 5.0 1.0 51 (53)
427[c] 60 C6D6 5.0 2.5 62 (60)
427 60 C6D6 5.0[d] 2.5 77 (81)
427 60 C6D6 5.0[e] 2.5 3 (7)
456 60 C6D6 5.0 2.5 29 (32)
390 60 C6D6 5.0 2.5 78 (100)
427 60 THF-d8 5.0 2.5 76 (90)
427 60 Tol-d8 5.0 2.5 68 (76)
427 60 CD3CN 5.0 2.5 21 (45)

[a] 1H NMR yield/conversion after 24 h. [b] 48 h. [c] 50% photon flux.
[d] catalyst: 3. [e] catalyst: [PdCl(PNP)]. Full table in Supporting
Information 3.1.
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The use of a mixture of (CH3)3Si(14N3) (50 %), (CD3)3Si-
(14N2

15N) (25%), and (CD3)3Si(15N14N2) (25%) as amidation
reagent and subsequent analysis by HR-ESI-MS, gave the
four possible 14/15N and 1/2H isotopologues of trimeth-
ylsilylbenzamide in a ratio that is close to the statistical
distribution (Scheme 3 and Supporting Information sec-
tion 2.7). This observation is in line with Si� N cleavage
during catalysis, as is inherently the case in a nitride-based
but not a nitrene mechanism.

The scope of photocatalytic aldehyde amidation was
examined using standard conditions (Table 2). Spectroscopic
yields around 60–90 % were obtained for a wide range of
donor and acceptor substituted (hetero-)aromatic aldehydes.

Deprotection with methanol provides facile access to the
respective primary amides. Some substrates gave poor
amidation yields, such as p-bromobenzaldehyde due to rapid
formation of inactive [PdBr(PNP)]. Notably, 2-meth-
ylbenzaldehyde gave even higher yields than the meta-and
para-isomers, which might be attributed to sterically en-
hanced transamidation rates. Rapid conversion, yet poor
selectivities were obtained with aliphatic butanal and
phenylacetaldehyde. Control experiments for butanal
showed unselective photochemical conversion in the absence
of catalyst.

Conclusion

In summary, the synthesis of the first palladium complex
with a formal terminal nitride ligand was reported. Photo-
crystallographic, magnetic and quantum-chemical character-
ization supports the formulation as an authentic metal-
lonitrene. The nitrogen-centered biradical character is even
more pronounced than in case of the analogous platinum
complex, as expressed by much smaller splitting of the spin
triplet microstates. Nevertheless, the subvalent nitrogen
ligand undergoes facile C� H insertion with aldehydes via
nucleophilic, rather than electrophilic or radical attack.

The faster amide transfer kinetics of palladium allowed
for the development of a photocatalytic protocol for the
oxidative silylamidation of aromatic aldehydes with
Me3SiN3. Product deprotection offers a facile catalytic
strategy towards primary amides. Mechanistic analysis by
linear free energy relationship, KIE, and isotopic cross-
labelling analyses suggest that stoichiometric and catalytic
C� H amidation follow the same nucleophilic pathway. Our
results emphasize that the use of (formal) nitrides in
nitrogen atom transfer catalysis allows for an inversion of
the selectivity with respect to typical nitrene transfer
catalysis via nitrenoid {M� N� R} species.
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