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Abstract 

The advent of C–N bond formation by catalytic C–H amination had a huge impact on the 

synthesis of nitrogen-containing compounds, in academia as well as industry. In contrast 

to nitrogen-group transfer, complementary nitrogen-atom transfer is heavily underdevel-

oped. This can be attributed to the high stability of most reported (early) transition metal 

nitrides, while the more reactive late transition metal nitrides are too reactive for isolation 

or even characterization. In this work, rare group 10 transition metal nitrides (metallo-

nitrenes) are synthesized and their electronic nature is analyzed by spectroscopic and 

computational methods. The reactivity of Pd and Pt metallonitrene complexes towards 

C–H and C=C bonds is investigated, revealing a unique nucleophilic behavior of the 

transient nitrene. The Pd metallonitrene is capable of catalytic C-H bond amidation, being 

the first example for catalytic nitrogen-atom transfer. Reactivity of the Pt metallonitrene 

with styrene leads to a rare case of C=C bond cleavage, leading to C=N bond formation 

by imination. Mechanistic studies, most importantly EPR, suggest a radical mechanism, 

which is initiated by catalytic amounts of PtI. 

Transition metal nitrides are an important class of compounds, especially with regard to 

fundamental structure and bonding. They can be synthesized readily by photoinduced 

N2 loss from the parent azide complex, however, the elementary primary events that 

facilitate N2 elimination after electronic excitation remain largely unknown. The here re-

ported pincer complex of a Pt azide serves as an ideal probe for transient absorption IR 

spectroscopy, revealing the individual steps from electronic excitation to N2 loss. A triplet 

azide, produced by triplet sensitization from the strongly absorbing pincer backbone, 

seems to be the key species leading to N2 loss. These findings might serve as a design 

principle, which allows highly efficient photoinduced N2 loss of organic or inorganic az-

ides on the triplet surface. 
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1. Introduction 

Nitrogen is one of the most crucial elements on earth, being found in almost every mol-

ecule. In nature, DNA, proteins, and more specifically amide bonds heavily depend on 

nitrogen as a building block, and life, if possible at all, would certainly look a lot different 

without it.[1] Therefore, development of methodologies for C–N bond forming reactions 

are of paramount importance. In the following chapters, a short introduction regarding 

species that are active in C–N bond formation will be given: The first part deals with 

organic nitrenes, while the second part focusses on their heavier analogues, transition 

metal nitrides. Lastly, transition metal imido complexes will be briefly discussed. 

The focus will lie on the electronic structure of these species, as well as the mechanism 

of further reactivity with respect to nucleophilicity/electrophilicity.  

1.1. Nitrenes 

Nitrenes, i.e. neutral, monovalent N–R species with six valence electrons, as shown in 

Scheme 1, are an important class of reactants allowing selective introduction of nitrogen 

into molecules.[2] Proposed by TIEMANN, CURTIUS and STIEGLITZ in the 1890’s as transi-

ent species in the LOSSEN and CURTIUS rearrangements,[3] they were later identified as 

key species for C–H insertion reactivity (amination) and addition to C=C bonds (aziridi-

nation).[4] Furthermore, a wider reactivity including insertion into diverse X–H (X = O, N, 

S, Si) bonds has been reported in recent years.[2] Still, analogous carbene chemistry is 

still better understood and further developed.[5] 

 

Scheme 1: Nitrenes can exist either in the triplet state, or in the singlet state. For most nitrenes, the triplet 
state is favoured according to HUND’S rule. 

Early spectroscopic evidence for the existence of nitrenes was reported in 1962 by SMO-

LINSKY, WASSERMAN and coworkers.[6] Irradiation of different phenylazides in the frozen 

state lead to the detection of paramagnetic species by electron paramagnetic resonance 

(EPR) spectroscopy. Observed half-field transitions allowed assignment of the detected 

species as a triplet nitrene with a zero-field splitting (ZFS) of around 1.5 cm–1. In general, 

the triplet configuration should be preferred over the singlet configuration according to 
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Hund’s rule, when the non-bonding nitrogen p orbitals are similar in energy and therefore 

the exchange energy outweighs the orbital energy difference, as shown in Scheme 2. 

The energy difference between exchange energy and orbital energy determines the 

ground state of the nitrene and therefore the singlet-triplet energy gap, ΔEST. Due to their 

subvalent character, nitrenes are considered electron-poor and are therefore stabilized 

by electron-donating groups, while being destabilized by electron-withdrawing groups.[7] 

 

Scheme 2: Orbital energy difference between the py and the pz orbital of nitrogen for a range of differently 
substituted nitrenes. The singlet-triplet energy gap ΔEST is being lowered when lifting the degeneracy of both 
orbitals, ultimately leading to a singlet ground state configuration (S) when the exchange energy between 
the unpaired electrons is lower than the orbital splitting. Figure adapted from [8]. 

Alkyl nitrenes can be obtained by thermolysis or photolysis of organic azides, as shown 

in Scheme 3.[4] However, they tend to decompose easily by intramolecular hydrogen 

transfer towards imine formation. The reactive state for imine formation has been pro-

posed to be the singlet state, which, so far, has not been observed spectroscopically due 

to its extremely short lifetime.[7] 

 

Scheme 3: Insertion of nitrogen in singlet alkyl nitrenes. The singlet state has not been spectroscopically 
detected so far. Figure adapted from [7]. 
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In some cases, the triplet nitrene could be detected, although the rate of imine formation 

from the singlet state usually outcompetes relaxation to the triplet ground state. This 

problem can be overcome by triplet sensitization of the parent azide, leading to direct 

formation of a triplet nitrene and bypassing the unstable singlet intermediate.[9,10] This 

technique allowed observation of bimolecular reactivity,[10] e.g. dimerization, intramolec-

ular C–H abstraction/insertion, C–N bond formation, and reactivity with O2.[11] Still, appli-

cation of free alkyl nitrene transfer in organic chemistry remains scarce. 

After seminal work on copper catalyzed nitrene transfer by KWART and KAHN,[12] transition 

metal catalysis has evolved as a powerful strategy for selective nitrene transfer at ambi-

ent conditions towards a variety of substrates (Scheme 4).[13,14,15] A variety of metals has 

been used as catalysts, including most prominently Cu, Rh, Ru, Mn, Fe, Ag, and Co.[2,14] 

As nitrene precursors, [N-(p-toluenesulfonyl)imino]phenyliodinanes (PhI=NTs) and other 

aryl-derivatives have widely been used, however suffer from production of stoichiometric 

waste. They can be synthesized beforehand or in situ, ultimately leading to a metal imido 

adduct (M–N–R) as reactive species.[16,17] These adducts and their electronic structure 

will be discussed in detail in chapter 1.4. 

 

Scheme 4: Cu catalyzed nitrene transfer from [N-(p-toluenesulfonyl)imino]phenyliodinanes (PhI=NTs) lead-
ing to aziridine formation, with typical experimental conditions.[16] 

ZHANG, DE BRUIN and coworkers have pioneered in metal porphyrin-catalyzed amination 

reactions starting from organic azides, thereby introducing a wider variety of nitrene pre-

cursors.[18] In the last years, organic azides have also been used as precursors in an 

increasing number of protocols that are based on (metal) catalyst-free nitrene trans-

fer.[15,19] Still, mostly metal-based photocatalysts are needed for generation of the nitrene 

species, as they allow irradiation with visible light and with decent quantum yields in 

addition to circumvention of unstable singlet species.[20] 

Arylnitrenes are some of the best studied organic nitrenes. For phenylazide as a model 

system, the photoinduced formation of the nitrene has been extensively studied,[21,22–24] 

mainly by PLATZ and later on by SOTO, and is summarized in Figure 1. After photolysis 

with UV light, an open-shell singlet is obtained.[24] This can then insert into the C=C bond 

of the phenyl substituent, yielding a transient cyclic ketenimine, which then dimerizes or 
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forms even higher oligomers. On the other hand, inter system crossing (ISC) towards 

the triplet surface (ΔEST = 18 kcal mol–1)[25] and subsequent dimerization of two triplet 

nitrenes produces azobenzene. Both products are observed, highlighting the importance 

of excited state dynamics on chemical reactivity. Recently, computational investigations 

additionally proposed spin-orbit allowed ISC prior to N2 loss, meaning that the triplet 

nitrene can directly form from a triplet azide.[22,23,26]  

 

Figure 1: Irradiation of phenylazide leads to two different products, resulting from singlet and triplet reactivity, 
respectively. Figure adapted from [24,27]. 

Earlier experimental reports confirm the feasibility of this pathway, as irradiation in the 

presence of triplet sensitizers lead to azobenzene as the sole product.[28] This shows that 

even for simple organic molecules, all possible photochemical pathways must be con-

sidered.  

In organic synthesis, nitrene reactivity follows largely analogous carbene reactivity. Most 

prominent are C–H amination and aziridination reactions.[2] However, as shown above, 

the reactivity can be very different depending on the multiplicity of the nitrene. For C–H 

amination, triplet nitrenes typically follow a radical-rebound mechanism.[29] Reactivity 

with olefins can occur from both, the triplet and the singlet state. The reactive state can 

be determined upon examination of the stereochemistry, which has been introduced by 

WOODWORTH and SKELL for cyclopropanation reactions of carbenes[30] and introduced to 

nitrene chemistry by LWOWSKI[31]: While full retention of configuration is obtained from 

the singlet surface, reactivity on the triplet surface leads to formation of two isomers 
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(Scheme 5). LWOWSKI was able to show by kinetic studies that both reaction pathways 

can be active in aziridination reactivity. Additionally, singlet phenylnitrenes can undergo 

ring expansion to benzazirines, and form nitrenium ions in acidic solution.[32] 

 

Scheme 5: Presence of singlet or triplet nitrenes can be derived from the distribution of obtained cis and 

trans aziridine isomers. Figure adapted from [31]. 

Due to their high reactivity, non-metal stabilized nitrenes were mostly spectroscopically 

characterized at low temperature, usually in matrix studies. However, there are two ex-

ceptions where isolation of the nitrene was successful (Scheme 6): A phosphorus-sub-

stituted nitrene by BERTRAND’S group (I),[33] and a bulky arylnitrene from BECKMANN’S 

group (II).[34] The phosphinonitrene has a singlet ground state, in which the nitrene is 

stabilized by π-donation of the phosphorus atom into an empty p orbital of the singlet 

nitrene, and σ*-backdonation from the nitrene’s lone pair to the phosphorus. Electronic 

structure calculations suggest a double bond, with a Wiberg bond index (WBI) of 2.09. 

The arylnitrene, on the other hand, has a triplet ground state, which is rather delocalized: 

25% spin-density is found on the aromatic ring, thereby stabilizing the nitrene. Again, 

significant multiple bonding character is observed by interaction of the nitrene’s and ad-

jacent ipso-carbon’s pz orbitals, resulting in a WBI of 1.53. 
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Scheme 6: a) Phosphinonitrene, reported by BERTRAND’S group.[33] b) Arylnitrene from BECKMANN’S group.[34]  

In contrast to mostly unstable N–R nitrenes, where R is a non-metal residue (C, P, N, H), 

a large number of mainly early and mid-transition metal complexes with atomic nitrogen 

ligands (N–M) have been isolated and characterized, which feature significant N–M mul-

tiple bonding character.[35–37] These metal nitrido complexes will be discussed in the fol-

lowing chapter. 
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1.2. Terminal Transition Metal Nitrides 

Most isolable transition metal nitrido complexes feature metal-ligand multiple bonding as 

a result of increased stability. In general, early transition metals form the most stable 

nitrido complexes with high bond orders (M≡N), while late transition metals feature re-

duced metal-nitrogen bond orders, which explains their higher chemical reactivity with 

respect to nitrogen atom transfer (NAT).[36] The latter have been proposed as key species 

in oxidation reactions of organic substrates, including C–H insertion (amination) and 

aziridination reactivity. 

To understand the stability of metal nitrido complexes with respect to d-electron count 

and coordination geometry, a detailed analysis of the metal nitrogen bonding situation is 

needed. Pioneering work by BALLHAUSEN and GRAY considered relevant orbital interac-

tions for an octahedral (Oh) vanadyl-oxo complex, [VO(OH2)5]2+,[38] which can be trans-

ferred to octahedral nitrido complexes.[36,37,39,40] By aligning the z-axis along M≡N, the σ-

bond is formed through linear combination of the metal dz
2 and nitrogen pz orbitals. Fur-

ther π-bonds are a result of interaction between dxz and dyz with nitrogen px and py orbit-

als, respectively. The remaining d orbitals, dxy and dx
2
–y

2, are non-bonding with respect to 

the M–N moiety and can therefore be occupied without a decrease in bond order. Due 

to its strong σ- and π-donor properties, a strong trans influence of the nitride ligand is 

observed; therefore, many five-coordinate nitrido complexes without a trans axial ligand 

are known.[36] 

When filling all bonding and non-bonding orbitals of the M–N moiety in Oh geometry, d2 

is the highest electron count that can be reached for the metal before anti-bonding orbit-

als are populated, which would destabilize the M≡N triple bond (Scheme 7). Additionally, 

for late, low-valent transition metals, Pauli repulsion in metal-ligand π interactions further 

destabilize the bond.[41] This explains the large number of octahedral nitrido complexes 

with high metal oxidation states, e.g. ReV, OsVI and RuVI, while a dramatic decrease in 

the number of stable complexes beyond group 8 is observed.[36] In analogy to the “oxo 

wall” between group 8 and 9 as the border for stable terminal metal-oxo compounds, the 

term “nitrido wall” has been coined for this observed decrease in stability for metal nitrido 

complexes[42]  
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Scheme 7: Top: M≡N orbital interactions in L5MN assuming Oh symmetry and qualitative energy levels of 
relevant MOs. Bottom: Frontier MO scheme of metal nitrido complexes in different (ideal) coordination ge-
ometries. For D4h symmetry, the order of dyz and dz

2 depends on the individual system.[36,38,43,44] 

For higher d-electron counts, different coordination geometries have to be realized. As 

shown in Scheme 7, tetrahedral (Td) and square-planar (D4h) geometries can accommo-

date up to four electrons in their non-bonding orbitals. This was used by PETERS and 

coworkers to isolate the first FeIV nitride (III), a diamagnetic d4 pseudo-tetrahedral com-

plex as shown in Scheme 8.[43] Only a year later, CAULTON’S group could synthesize the 

first pseudo-square-planar nitride, a RuIV complex (IV).[45] Interestingly, the nitrido ligand 

is not located in the plane of the tridentate ligand, but is bent by roughly 25° out of the 

plane, reducing the symmetry from C2v to Cs. This can be explained by the orbital splitting 

shown in Scheme 7. Assuming C2v symmetry, the Ru≡N anti-bonding dyz (π*) orbital is 

located just below the non-bonding dz2 orbital, leading to a destabilization of the Ru≡N 

bond for a d4 electron configuration. By reducing the symmetry to Cs, the dyz orbital is 

lowered in energy and becomes non-bonding, while the dz2 orbital can now overlap with 

the N py orbital, leading to a new π interaction. 
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Scheme 8: Isolated FeIV nitride in tetrahedral geometry from Peters,[43] pseudo-square-planar RuIV nitride 
from CAULTON,[45] and square-planar IrIII nitride from BURGER with PDI ligand;[46] dipp = 2,6-diisopropylphenyl. 

Not only the metal and its coordination geometry dictate the nitride’s stability; ancillary 

ligands also play an important role in its stability. BURGER and coworkers obtained the 

square-planar [IrIIIN(dippPDI)] (dippPDI = 1,1′-(pyridine-2,6-diyl)bis(N-(2,6-diisopropyl-phe-

nyl)ethan-1-imine)) complex V by thermolysis of parent IrI azide.[46] By orbital mixing from 

the supporting PDI ligand, localization of relevant σ- and π-bonding orbitals on the M–N 

moiety is not valid anymore. This leads to a stable metal nitrido complex with d6 electron 

configuration, which, according to Scheme 7, would be highly unstable in square-planar 

geometry. 

 

Scheme 9: Simplified MO diagram for M–N π-interactions. Adapted from [47]. 

The description of the nitride as N3– is not always accurate. For early transition metals, 

the metal d orbitals are higher in energy than the nitrogen p orbitals, resulting in bonding 

orbitals which are mostly nitrogen-centered and a description of the nitrogen ligand as a 

nucleophilic N3– anion (Scheme 9).[37] While moving to the later transition metals, how-

ever, the d orbitals decrease in energy and a more covalent bonding picture is obtained. 

When the d orbitals are lower in energy than the nitrogen atomic orbitals, a so-called 

inverted ligand field is obtained,[48,49] where the unoccupied anti-bonding orbitals are ni-

trogen-centered, resulting in electrophilic nitrides and a better description as N–. This 

E

dM

π

π*

pN dM

pN

Nucleophilic –

Normal Ligand Field

Electrophilic –
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π
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redox activity of the nitrido ligand complicates the assignment of oxidation states. An 

early example of nitride redox-activity was reported for [CrVN(salen)] and [CrVN(dbm)2] 

(dbm=dibenzoylmethanolate) nitrido complexes and their Lewis acid adducts.[50] By us-

ing EPR spectroscopy to probe the nitride’s 14N hyperfine interaction (HFI) and accom-

panying DFT calculations for the d1 system, it could be shown that the HFI unexpectedly 

increases with elongation of the Cr–N bond length, which was attributed to an increasing 

contribution of the nitrogen triplet Cr3+–N– resonance structure besides expected 

Cr5+≡N3–. 

In another example, SCHNEIDER and coworkers were able to isolate a square-planar 

[IrVN(PNP)]PF6 (VIII; PNP={N(CHCHPtBu2)2}–) complex by oxidation of parent azide VI 

and subsequent N2 loss (Scheme 10).[51] The formal description as Ir5+≡N3– was shown 

to be not sufficient, as DFT calculations revealed highly covalent metal-nitride multiple 

bonding and a better description as Ir3+=N–. This further explains its electrophilicity upon 

reaction with Me3NO to form the corresponding nitrosyl complex. Upon reduction to VII, 

an antibonding Ir≡N π* orbital is populated. DFT calculations show almost even deloca-

lization of the spin density between Ir (~40%) and N (~50%), underlining the covalent 

nature of the Ir–N bond and leading to the dominant resonance structures Ir4+≡N3–↔ 

Ir3+=N2– •. 

 

Scheme 10: Oxidation of parent azide VI leads to N2 loss and formation of VIII. Reduction of VIII yields VII, 

which can be directly generated from thermolysis or irradiation of VI. Scheme adapted from [51]. 
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A third example highlighting the ambiguity of oxidation states was reported by 

WIEGHARDT et al.[52] Comparison of [ReVN(CN)4(OH2)]2– and [MnVN(CN)5]3– nitrides with 

the respective NO complexes did not show any significant change in M–(CN) bond 

length, although a formal difference in metal oxidation state between nitride (+V) and 

nitrosyl (+I) complexes is expected, assuming (NO)+ is a two-electron σ-donor. To ap-

proach this ambiguity, a notation similar to the one introduced by ENEMARK and 

FELTHAM[53] for M–NO complexes was proposed. Instead of assigning electrons to either 

metal or nitride, they are assigned to the M≡N moiety as {M–N}n, where n gives the 

number of d electrons if the nitrido ligand is formally counted as N3–.[52] However, this 

notation is only scarcely used. 

For more than a decade, Iridium was at the edge of isolable nitrido complexes. Recently, 

SUN could push this limit towards group 10 by characterization of square-planar 

[PtIIN(PNP)] nitrido complex 2-Pt, obtained from photolysis of parent azide 1-Pt as shown 

in Scheme 11.[54] 

 

Scheme 11: Preparation of metallonitrene 2-Pt from parent azide pincer complex 1-Pt, as reported by Sun, 
SCHNEIDER et al.[54] 

Its synthesis, characterization and reactivity will be discussed in detail in chapter 2. With 

most of its spin density located on the atomic nitrogen ligand (90%), and almost no mul-

tiple bonding character, it is reminiscent of alkyl nitrenes, and will therefore be defined 

as a metallonitrene, i.e. M–N instead of R–N. However, this term is also commonly used 

for more or less well-defined organic nitrene adducts to metals.[55] Therefore, throughout 

this thesis, a metallonitrene will be strictly defined as M–N, while M–N–R will be defined 

as a metal-nitrene adduct or an imido species, depending on the electronic structure.  

In the next chapter, reactivity of metal nitrido complexes will be discussed. 
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1.3. Nitride Reactivity 

As discussed before, the electronic nature of the M–N fragment depends heavily on the 

transition metal ion as well as the ancillary ligands.[56] Early transition metal nitrides are 

usually more inert and undergo nucleophilic reactivity, such as displacement of halides 

from alkyl, silyl or benzyl halides or acylation chemistry with carboxy derivatives. Mid-to-

late transition metal nitrido complexes are more reactive and undergo ambiphilic or elec-

trophilic reactivity, such as C–H insertion and olefin aziridination reactions.[57,58] In be-

tween, metal nitridyl species are found, where the orbital energies of the metal and ni-

trogen fragments are similar in energy. These N-centered radicals can react by radical 

addition and hydrogen atom transfer (HAT) chemistry. Besides substrate reactivity, the 

M–N moiety can also undergo dimerization or intramolecular ligand activation, showing 

that the right choice of metal ion and ligand is paramount for selective reactivity. An over-

view over typical nitride reactions is shown in Scheme 12. Since the work presented in 

this thesis deals with group 10 nitrides, an emphasis will be put on reactivity of mid-to-

late transition metal nitrido complexes, especially regarding electrophilic C–H and C=C 

bond activation. 

 

Scheme 12: Typical reactivity of terminal metal nitrido complex supported by ancillary ligand(s) Ln. Figure 
adapted from [56]. 
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1.3.1. Reactivity with C=C Bonds 

 

Scheme 13: Aziridination reactivity of metal nitrides can follow different mechanisms.[56] 

Reactivity with olefins can follow different mechanisms, as shown in Scheme 13. Exper-

imentally, these mechanisms can be distinguished by performing a Hammett analysis. 

By measuring the relative rate constants for differently substituted substrates X and the 

unsubstituted substrate H (log(kX/kH)), they can be plotted vs. the substituent constant σ 

to obtain a linear slope ρ, the reaction constant, according to equation 1. The classic σp 

and σm constant are derived from the ionization constant K of para- or meta-substituted 

benzoic acid derivatives in water, according to equation 2:[59] 

log(kX/kH) = σ • ρ (1) 

σx = log(KX) – log(KH) (2) 

 

The reaction parameter ρ is defined as the sensitivity towards substitution effects and 

affects the stabilization of charge buildup in the transition state, thereby lowering the 

barrier. For ρ > 1, a negative charge buildup is present in the selectivity-determining step, 

which favours electron-withdrawing substituents. A slope of ρ < –1 is expected for an 

electron deficient transition state, in favour of electron-donating substituents, while shal-

low slopes around 0 are usually found for radical or concerted reactions. A different sub-

stituent constant, σC•, was proposed by CREARY, which looks at stabilization of radicals 

by substituents. The model reaction is the thermal isomerization of methylenecyclopro-

pane, shown in Scheme 14. The rate for this isomerization is strongly dependent on the 

substituents of the phenyl residue attached to the cyclopropane, which either stabilize or 

destabilize the proposed biradical transition state.[60] 

For the further discussion, examples for cationic and radical addition of nitrides to olefins 

will be shown, as these are the most relevant mechanisms for electrophilic nitrides. 
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Scheme 14: Isomerization of methylenecyclopropane to isopropylidenecyclopropane and biradical transition 

state. Figure adapted from [60]. 

The first bona fide example for nitrogen atom transfer (NAT) towards olefins was reported 

by HENNIG’S group in 1997, as shown in Scheme 15.[61] Photolysis of a nickel bisphos-

phine diazido complex (IX) leads to N2 loss and the observance of an intermediate spe-

cies by transient absorption spectroscopy (TAS). This transient species was assigned to 

a nickel metallonitrene complex (X), which reacts with cyclohexene to form the aziridine 

product after aqueous work-up. In the presence of cyclohexane, C–H amination leading 

to cyclohexylamine is observed. Both reactivities strongly resemble classical reactivity of 

organic nitrenes and are anticipated to follow a stepwise radical mechanism. 

 

Scheme 15: Reactivities observed by HENNIG et al. upon irradiation of nickel diazide IX. The aziridine is 
formed after aqueous workup.[61] 

In 2004, LAU et al. reported a RuVI cationic nitrido complex (XI, Scheme 16a), supported 

by a salen-type ligand.[62] While the complex itself is unreactive towards olefins (2,3-di-

methyl-2-butene), addition of pyridine leads to coordination of the Lewis base in axial 

position and trans to the nitride. The trans-influence of the pyridine weakens the M≡N 

bond, thereby allowing aziridination reactivity. In 2015, SMITH and coworkers showed 
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aziridination reactivity of an FeIV nitrido complex with styrene (XII, Scheme 16b).[63] By 

Hammett analysis with para-substituted styrene derivatives, they obtained a slightly pos-

itive slope of ρ = 1.2 vs. σ, indicating a rather nucleophilic nitride.[64] Computations sup-

port a radical addition mechanisms. 

 

Scheme 16: a) Olefin aziridination from a salen-based RuVI nitrido from LAU and coworkers.[62] b) Styrene 
aziridination from an FeIV nitrido complex, reported by SMITH and coworkers.[63] 

Another example for reactivity with a variety of styrene derivatives was reported by 

BROWN in 1999 and 2004.[65,66] By using an OsVI terpyridine (terpy)-based nitrido complex 

(XIII), he could insert the nitrido ligand into the conjugated C=C bond, leading to a η2-

azaallenium species (Scheme 17a). Interestingly, similar reactivity was proposed by LAU 

and coworkers for their Ru nitrido XI: When using styrene instead of an aliphatic olefin, 

they obtained not only the aziridination product, but also benzonitrile in 25% yield (GC). 

While no intermediates could be detected, they postulated a η2-azaallenium complex, 

similar to BROWN’S case, being responsible for benzonitrile formation.[62] 

By using XIII as a precursor for nitrogen atom transfer, the group of LEVIN achieved a 

synthetic cycle for 1-phenylisoquinoline formation from 3-phenyl-1H-indene (Scheme 

17b).[67] The product of N-atom insertion is an azaallenium complex, which could be iso-

lated and characterized. Hammett analysis for this insertion step showed a negative re-

action constant ρ (–1.5 vs. σ+) when substituting the phenyl group, meaning a preference 

for electron rich olefins. Computations support initial aziridine formation by a cationic 

mechanism. 
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Scheme 17: a) C=C bond cleavage of styrene derivatives by an OsVI nitride affords an azaallenium species, 
as reported by BROWN.[65,66] b) The same nitrido complex was used by LEVIN and coworkers for stoichiometric 

N-atom insertion to yield isoquinoline from an indene derivative.[67] 

 

1.3.2. Reactivity with C–H Bonds 

Concerning amination reactivity, examples for C(sp2)–H and C(sp3)–H amination have 

been reported. For aryl C–H bonds, typically an electrophilic aromatic substitution (SEAr) 

mechanism via Wheland-type intermediates is proposed.[56] BERRY and coworkers could 

show the first example for (intramolecular) electrophilic nitride insertion from a form-

amidinate-bridged paddlewheel Ru2 azide complex.[68] The nitride is generated in situ, 

either thermally or photochemically, and could be characterized by photocrystallo-

graphy.[69] Intermolecular aryl C–H insertion was later reported by LAU’S group. 
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By using Ru nitride XI in the presence of pyridine, phenolic substrates could be converted 

to the respective p-benzoquinone.[70] Electron-rich phenols showed faster reaction rates, 

consistent with electrophilic nitride reactivity. In another example from LAU’S group, OsVI 

nitride XIV (Scheme 18) was used for C–H insertion at the 9-position of anthracene. 

Importantly, the reaction proceeds from an electronically excited state of the nitride (vide 

infra). 

C(sp3)–H amination typically proceeds via HAT, followed by a radical-rebound step.[56] 

The first reported example for NAT from a transient Ni nitrene by HENNIG and coworkers 

has been discussed earlier (Scheme 15). LAU et al. later proposed that Ru nitride XI 

reacts with xanthene and dihydroanthracene to form a transient Ru imine complex. Pres-

ence of pyridine accelerated the reaction, and allowed reaction with cyclohexane to yield 

a mixture of cyclohexylamine and cyclohexene.[71] OsVI nitride XIV, upon irradiation, ac-

tivates a range of benzylic and aliphatic substrates (Scheme 18).[72] By TAS and DFT 

computations, it was proposed that electronic excitation leads to a very electrophilic ni-

tridyl radical, which can then activate substrates with C–H BDEs up to 95 kcal mol–1 (cy-

clohexane)[73]. The direct product of C–H insertion, a transient amide, is then converted 

to the corresponding imine by HAT to a second nitride, resulting in formation of an OsIII 

ammonia complex. KIE measurements by competition experiments gave values of 4.1 

for cyclohexane/cyclohexane-D12 and 7.7 for ethylbenzene/ ethylbenzene-D10, indicating 

that C–H bond cleavage occurs in the rate-determining step. Interestingly, in the absence 

of substrate, nitride XIV is completely stable upon irradiation, showing that nitrido cou-

pling from the excited nitridyl state is not feasible. 

 

Scheme 18: LAU and coworkers reported that OsVI nitride XIV reacts with a variety of aliphatic and benzylic 
C–H bonds upon irradiation to yield the imide complex and an osmium ammonia complex as terminal H 

atom acceptor.[72] 
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In contrast, other nitrides with significant spin density on the nitrido ligand are prone to 

dimerization. Ir nitridyl complex VII dimerizes to form an N2-bridged complex with a driv-

ing force of ΔG0
298K = –108 kcal mol–1.[51] Despite this large driving force, coupling is rel-

atively slow at 298 K with a second-order rate constant of k = 1.1 M–1min–1. Other Os 

nitrido complexes have been reported that also undergo N–N coupling when inducing 

spin density on the nitrido ligand.[74] 

1.3.3. Reactivity of 2-Pt 

Compared to all other nitrido complexes shown above, metallonitrene 2-Pt is special in 

a way that due to diminishing M–N multiple bonding character and its N-centered S = 1 

ground state, it should rather be compared to an organic nitrene than to a metal nitride.[54] 

Accordingly, its reactivity is similar to triplet organic nitrenes: SUN reported reactivity of 

2-Pt with CO to form isocyanate [PtII(NCO)(PNP)] in around 60% isolated yield, while 

with PMe3, reaction towards phosphoraneiminate [PtII(NPMe3)(PNP)] in 75% spectro-

scopic yield is observed. With electrophiles such as aldehydes and boranes, insertion of 

2-Pt into the C–H, B–H or B–C bonds is observed, with high yields in most cases. Reac-

tivities are summarized in Scheme 19. Further reactivity and analyses of the reaction 

mechanisms will be topic of this thesis and therefore discussed later in chapter 2.3. 

 

Scheme 19: Chemical reactivity of metallonitrene 2-Pt. Figure adapted from [54]. 
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1.4. Transition Metal Imido Complexes 

Addition of a substituent R to the nitrido ligand leads to an M≡N–R complex. Instead of 

the formal N3– description for nitrido ligands, the imido ligand is generally understood as 

RN2–. Late transition metal imido complexes, mostly from group 9 and 11, are active 

species in nitrene transfer catalysis, and therefore of particular interest for synthetic 

chemists.[14,75] Imido complexes of late transition metals are more common than their 

nitrido counterparts and have been analyzed in some recent reviews by RAY and 

MUNZ.[55,76] A few examples will be discussed here, which are relevant to this work. 

Assuming an M–N–R angle of 180°, the M–N moiety consists of one σ and two π inter-

actions, therefore being very similar to the formerly described metal nitrido interaction. 

The σ-bond can be viewed as a dative donation of the nitrogen’s lone pair (s or sp hy-

bridized) to the metal, while the π interactions result from the nitrogen’s p orbitals. In 

some examples, a bond order close to three has been described, however, the best 

representation usually is in-between a double and a triple bond.[77] When the M–N–R 

angle differs significantly from axial symmetry (180°), the description of the imido as 

M=N–R is best suited, since poor overlap between suitable metal d and nitrogen p orbi-

tals results in localization of one lone pair at the nitrogen.[55] 

Similar to nitrido complexes, the bonding situation is further complicated when moving 

to later transition metals. Higher covalent bonding leads to a more even distribution of 

electron density between metal and nitrogen, complicating assignment of redox states. 

When the d electron count is increased, the number of resonance structures contributing 

to the imido complexes can be enormous, requiring multireference calculations for accu-

rate description of the bonding.[77] Assignment of imido reactivity as electrophilic, nucle-

ophilic or radical is not trivial and depends strongly on the exact electronic configuration 

of the MN bonding. In general, reported nucleophilic nitrenes usually possess an elec-

tron-withdrawing group, e.g. acyl or sulfonyl, to stabilize the negative charge.[55] A de-

scription of the most commonly found resonance structures is given in Scheme 20. For 

simplicity throughout this work, all MN–R complexes will be termed imido complexes, 

and the exact nature of bonding will be discussed in more detail wherever necessary. 
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Scheme 20: Most relevant resonance structures for metal imido complexes and nomenclature. Scheme 
adapted from [55]. 

SCHNEIDER et al. reported a redox series of [Ir(NtBu)(PNP)]n+ with n = 0–2 (XVn+).[78] 

Since this system is stable over a range of different oxidation states, it allows probing the 

frontier orbitals, i.e. the MN moiety. While XV2+ and XV+ are isoelectronic to IrV (VIII) and 

IrIV nitride (VII), respectively, XV is isoelectronic to metallonitrene 2-Pt. The frontier MO 

scheme is depicted in Figure 2. Besides the σ-bond, the M–N moiety consists of a 

(π1)2(π2)2(dyz)2(dz)2(π*1)x(π*2)y (x+y = 2–n) electronic configuration, where the antibond-

ing π* orbitals are polarized towards the nitrogen. For XV2+ (n = 2), only bonding and 

non-bonding orbitals are occupied, resulting in a true M≡N triple bond. Reduction to XV+ 

(n = 1) leads to population of π*1. The spin density is computed to be 80% located on 

the nitrogen (nitridyl), which is much higher than for the isoelectronic nitrido complex VII 

(50%). An experimental Ir–N–C(tBu) bonding angle close to linearity (171°) suggests 

strong SOC-induced mixing between SOMO (π*1)1 and LUMO (π*2)0, which are almost 

degenerate in energy. This was also confirmed by EPR measurements, showing distinct 

rhombicity and g-values well below 2, which are typically observed for strong mixing of 

the unpaired electron with unoccupied orbitals. Further reduction (XV) leads to occupa-

tion of the π*2 orbital and a S = 1 state. Only a small energy difference between triplet 

and singlet state was computed (ΔEST = 2 kcal mol–1), however, only the triplet state was 

computed to be close to the experimental Ir–N–C(tBu) angle of 157°. In conclusion, con-

sidering the strong polarization of the π* orbitals towards the N–tBu ligand, the electronic 

structure within the M–N moiety can provocatively be described as a redox-inert d8 metal, 

with the locus of oxidation from XV to XV2+ being the N(tBu). 
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Figure 2: Redox series of a [Ir(NtBu)(PNP)] complex, reported by SCHNEIDER et al.[78] The MO diagram of XV 
is shown. Upon oxidation, the electrons from the π* orbitals are removed subsequently, as indicated in color. 

Figure adapted from [78]. 

While XV2+ is thermally labile and converts to cationic IrV nitride VIII and isobutene over 

time, imidyl XV+ is remarkably inert. By population of a second antibonding π* orbital 

(XV), nucleophilic reactivity with CO2 can be observed. After attack of the nitrene at the 

carbon atom of CO2, a bidentate (N,O)-carbamyldiide is obtained. 

The only isolated example of a group 11 imido complex was reported by BETLEY and 

coworkers in 2019 (XVI, Scheme 21).[58] Although copper-catalyzed nitrene transfer is 

used frequently for C–N bond formation, and copper imido complexes as reactive inter-

mediates have long been postulated, they could hardly be detected spectroscopically, let 

alone isolated, due to their high reactivity. By using a bulky pyrrol-based bidentate ligand, 

which leaves only one coordination site available on the copper, they were able to obtain 

a trigonal planar copper imido complex upon reaction with para-substituted aryl azides. 

The exact electronic structure was analyzed by using X-ray absorption spectroscopy 

(XAS) and computational methods, showing significant multireference character.  
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The dominant configuration was found to be a CuI nitrene adduct [LCuI←(3NR)] (58%), 

where one unpaired electron is mostly occupying the N py orbital, while the other electron 

in the px orbital is additionally delocalized over the aromatic ring. The 2nd important con-

figuration is of iminyl character, [LCuII←(2NR• –)] (25%), where copper is oxidized to CuII 

and a fully occupied N py orbital is obtained. Reactivity studies showed that in the pres-

ence of the precursor Cu complex [LCuI(N2)], electron-poor aryl azides readily undergo 

C–H abstraction to the aniline, C–H insertion and aziridination reactivity, underlining elec-

trophilic nitrene transfer. 

 

Scheme 21: Formation of trigonal planar Cu nitrene XVI from parent N2 complex, reported by BETLEY and 
coworkers.[58] 
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1.5. Motivation 

Late transition metal nitrido complexes with dn (n ≥ 4) valence electron configuration are 

rare, due to the population of antibonding M–N orbitals. For group 9, only a handful of 

examples with Rh and Ir are known, which are limited to a d6 configuration.[46,51,79] Char-

acterization of triplet PtII metallonitrene 2-Pt by SUN showed that formation of late transi-

tion metal formal nitrido complexes with d8 configuration is feasible.[54] It’s analogy to free 

alkyl nitrenes and its unique nucleophilicity opens a new window for nitrogen atom trans-

fer reactivity. The focus of this work deals with the follow questions: 

2-Pt shows C–H insertion reactivity with aldehydes. A more detailed screening of sub-

strates with different C–H BDE’s and degrees of C hybridization (sp2 vs. sp3) will be per-

formed. Analogous to organic nitrenes, reactivity with olefins for aziridination-type chem-

istry will be probed. In addition, the reaction type (concerted, radical, electrophilic, nucle-

ophilic) is to be determined. 

A synthesis route for analogous 1-Pd is to be developed, and the photoproduct to be 

investigated. The obtained experimental and computational data for 2-Pd will be com-

pared to reported 2-Pt and computed 2-Ni to check for trends within group 10 metallo-

nitrenes. 

So far, only stoichiometric nitrogen atom transfer has been reported, as often no suitable 

precursors to regenerate the nitrido/nitrene are available. Due to faster ligand exchange 

with 4d transition metals, catalysis for nitrogen atom transfer reactivity with 1-Pd will be 

attempted. By variation of the ligand’s steric bulk (iPr/tBu/Ad), the catalytic activity can 

additionally be optimized. 

Finally, the photochemical formation of the metallonitrene from the parent azide will be 

investigated, in collaboration with the group of VÖHRINGER at the University of Bonn. 1 is 

an ideal probe for transient IR spectroscopy, due to strong absorption of the pincer  

ligand’s C=C and the azides N3
– stretching vibrations, allowing time-resolved UV-

pump/mid IR-probe experiments. 
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2. Group 10 Metallonitrenes 

The unsaturated PNP pincer system proofed to be a robust platform for the isolation of 

nitrido, imido and oxo species of late transition metals including iridium and rhodium.[51,78–

82] In addition, the corresponding metal azide complexes were shown to be excellent 

precursors for the Ir and Rh nitrido complexes. Therefore, this strategy was used by 

SCHNECK and SUN to synthesize [Ni(N3)(PNP)] (1-Ni) and [Pt(N3)(PNP)] (1-Pt) com-

plexes, respectively, which upon irradiation form the respective formal nitrido complexes 

(2-Ni) and (2-Pt).[54,83] Most characterization of 1-Ni/Pt and 2-Ni/Pt has been reported 

before and is discussed here with a focus on comparison with the Pd analogues. For 

computational details, refer to chapter 4. 

2.1. Synthesis and Characterization 

Parts of this chapter have been published, and they are reprinted with permission from 

the publisher. 

“Nitrogen Atom Transfer Catalysis by Metallonitrene C−H Insertion: Photocatalytic Ami-

dation of Aldehydes”. 

T. Schmidt-Räntsch, H. Verplancke, J. N. Lienert, S. Demeshko, M. Otte, G. P. Van Trie-

ste III, K. A. Reid, J. H. Reibenspies, D. C. Powers, M. C. Holthausen, S. Schneider, 

Angew. Chem. Int. Ed. 2022, 61, e202115626. Copyright 2021 Wiley-VCH. 

 

“C=C Dissociative Imination of Styrenes by a Photogenerated Metallonitrene”. 

T. Schmidt-Räntsch, H. Verplancke, A. Kehl, J. Sun, M. Bennati, M. C. Holthausen, S. 

Schneider, JACS Au 2024, 4, 3421-3426. Copyright 2024 American Chemical Society. 
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2.1.1. Synthesis 

Synthesis of (1-Ni) is achieved by complexation of [NiBr2(dme)] (dme = dimethoxy-

ethane) with HN(CH2CH2P
tBu2)2, leading to intermediate [NiBr{HN(CH2CH2P

tBu2)2}]Br 

(3-Ni). Subsequent addition of KOtBu allows isolation of [NiBr{N(CH2CH2P
tBu2)2}] (4-Ni) 

in over 80% yield. Reactivity with stoichiometric 2,4,6-tert-butylphenoxy radical (TBP) 

leads to [NiBr(PNP)] (5-Ni) by dehydrogenation of the pincer backbone.[84] Finally, sub-

stitution of the bromide by excess sodium azide and stoichiometric amounts of [PPN]N3 

(PPN = µ-nitrido-bis(triphenylphosphan)) leads to formation of the desired product, 1-

Ni.[83] 

Analogous synthesis of 1-Pt starts from [Pt(COD)2Cl2].[54] However, chloride substitution 

from [PtCl(PNP)] (5-Pt) is extremely slow, therefore a different route had to be taken. 

Addition of LiAlH4 and stirring under refluxing conditions leads to formation of [PtH(PNP)] 

(6-Pt), which can then be reacted with MeOTf (methyltriflate, OTf– = (F3C–SO3
–)) to form 

[Pt(OTf)(PNP)] (7-Pt). 7-Pt is a superb precursor to many other complexes since substi-

tution of the triflate ligand is facile. Synthesis of 1-Pt proceeds by addition of excess 

sodium azide and stirring overnight.[54] 

After isolation of the 3d and 5d group 10 azides, the 4d analogue, 1-Pd, was to be syn-

thesized. The most suitable precursor for complexation turned out to be [PdCl2(MeCN)2], 

which can be obtained from readily available PdCl2 by stirring under refluxing conditions 

in acetonitrile.[85] The acetonitrile complex has the advantage that it is well soluble in 

organic solvents, compared to the highly insoluble chloride salt. Complexation with 

HN(CH2CH2P
tBu2)2 in THF leads to precipitation of the cationic, square-planar chloride 

pincer complex [PdCl{HN(CH2CH2P
tBu2)2}]Cl (3-Pd), which can be purified by washing 

with benzene and pentane to remove excess metal precursor and free pincer ligand. 

Although insoluble in most organic solvents, DCM allowed characterization in solution 

(NMR, UV/Vis). Interesting to note is the much higher chemical shift (downfield) of the 

NH proton resonance for Pd compared to Ni (δ (ppm, in CD2Cl2) = 9.14 (Pd), 6.95 (Ni)).  

Deprotonation with KOtBu leads to bright orange, neutral [PdCl{N(CH2CH2P
tBu2)2]  

(4-Pd). By deprotonation, the symmetry increases from Cs in 3-Pd to C2v in 4-Pd on the 

NMR timescale (~μs), which is observed as a decrease of different proton resonances 

by a factor of 2. The combined yield after complexation and deprotonation reaches more 

than 80% and could be scaled up to an isolated yield of 1.0 g. 
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Enhancement of the pincer ligand’s stability towards oxidation can be achieved by dehy-

drogenation with TBP. Addition of a slight excess of TBP (4.5-5 equivalents) in benzene 

leads to fast formation of [PdCl(PNP)] (5-Pd), which has a linear Pd‒N‒Cl axis of 180° 

and a 4͡ value[86] of 0.096, showing an almost perfect square-planar geometry. Similar to 

5-Pt, substitution of the chloride ligand by addition of excess sodium azide (up to 100 eq.) 

does not lead to full conversion, and separation of chloride and azide complex is not 

possible due to their very similar solubility. Therefore, ligand exchange towards 

[PdH(PNP)] (6-Pd) was necessary. 5-Pd reacts with superhydride K[BEt3H] at room tem-

perature and selectively yields 6-Pd, at much milder conditions compared to the platinum 

system, where reflux conditions with LiAlH4 are needed. This can be explained by faster 

ligand exchange kinetics in 4d transition metals compared to 5d metals.[87] Treatment of 

6-Pd with MeOTf leads to an immediate color change from yellow to purple upon for-

mation of [Pd(OTf)(PNP)] (7-Pd), which then reacts with excess sodium azide (10 eq.) 

by stirring overnight in THF to yield the desired product, [Pd(N3)(PNP)] (1-Pd). Overall 

yield in this 6-step synthesis starting from complexation to 1-Pd is around 45-50%, and 

the reaction could be scaled up to isolation of ca. 800 mg of PdII azide. 

The IR spectra of 1-Ni/Pd/Pt azide complexes are shown in Figure 11 (vide infra) and 

feature asymmetric azide stretching vibrations around 2050cm–1. Besides, they all exhibit 

chemical reactivity upon photolysis at wavelengths below 500 nm. The molecular and 

electronic structure of the direct chemical photoproduct will be discussed in the following 

chapter. 

2.1.2. Characterization of the Photoproduct of 1-M 

 

Scheme 22: Irradiation of azide 1 leads to formation of photoproduct 2 after N2 loss. 

For 1-Ni, SCHNECK observed the formation of [NiPh{κ3P,N,N-

N(CHCHPtBu2)(CHCHP(NH)tBu2)}] as the photoproduct in benzene.[83] Similar behavior 

has been observed before by VAN DER VLUGT et al. with a related system, XVII (Scheme 

23).[88] The proposed reaction mechanism consists of initial N2 loss towards a transient 
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nitrido complex, which undergoes oxidative insertion into the metal-phosphine bond and 

is followed by benzene activation. At low temperatures (toluene) or in pentane, a para-

magnetic intermediate could be observed. This was identified as dinuclear [Ni{κ3P,N,N-

N(CHCHPtBu2N)(CHCHPtBu2)}]2 (XIX), which seems to be formed by dimerization of the 

active species undergoing benzene activation, yielding phosphorimidato XVIII. Further 

studies concerning the formation of the intermediate nitrido complex, prior to dimeriza-

tion, were performed in collaboration with SCHWARZER. The results will be discussed in 

chapter 2.2. In summary, transient pump-probe spectroscopy revealed a photoproduct 

at ps timescales, whose UV/Vis spectrum resembles the time-dependent DFT (TDDFT) 

computed spectrum for the NiII metallonitrene. However, fast decay (<500fs) of this spe-

cies was observed. 

 

Scheme 23: Irradiation of different Ni azide systems (blue: iPr-ditolylamine[88], black: tBu-diethyleneamine) 
in benzene leads to insertion of nitrogen into the metal-phosphine bond and C‒H activation of benzene. For 
the tBu system, a dinuclear species can be observed in some solvents. Figure adapted from [83]. 

For 1-Pt, SUN was able to fully characterize the direct photoproduct. Irradiation of a solid 

sample of 1-Pt (λ > 305 nm) leads to gradual bleaching of the azide band in the IR spec-

trum at 2052 cm–1, which is attributed to N2 loss. To gain structural information on the 

photoproduct, a photocrystallography experiment was carried out. Irradiation at 100 K 

with a 390 nm LED led to 76% conversion after several hours. After irradiation, a deple-

tion of electron density at the position of former azide Nβ and Nγ was observed, accom-

panied by an increase in electron density in a pocket between the phosphine’s tBu sub-

stituents. The crystallographic data could be refined as a metallonitrene, 2-Pt, and gas-

eous N2 could be located in the crystal lattice. The atomic nitrogen ligand sits at a dis-

tance of 1.874(11) Å, which, according to PYYKKÖ’S covalent radii, is in between a single 

and a double bond (1.94 vs. 1.64 Å), but closer to the single bond (Table 1).[89]  

The photoproduct after irradiation of 1-Pd was crystallographically characterized similar 

to Pt. However, conversion upon photolysis is much slower compared to Pt, which is 

attributed to a reduced quantum yield. In solution, the quantum yield for N2 loss was 
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found to be around 40% for 2-Pt, while it is only 0.1% for 2-Pd. For this reason, photo-

crystallography was carried out by POWERS at the Argonne National Laboratory synchro-

tron, where irradiation with a much higher intensity is possible. Prolonged irradiation 

(λexc = 365 nm) of a single crystal at 100 K while collecting X-ray diffraction data (syn-

chrotron radiation; λ = 0.41328 Å) resulted in the conversion of 1-Pd to 2-Pd and N2 (i.e., 

2-Pd·N2), as depicted in Figure 3. The structure of 2-Pd·N2 was refined from a crystal 

with 40% conversion; sample degradation and loss of crystallinity was observed upon 

further irradiation. N2-elimination is accompanied by a significant contraction of the 

Pd−N2 distance from 2.050(2) Å (1-Pd) to 1.92(2) Å (2-Pd·N2), which is very close to the 

sum of covalent radii for a single bond (1.91 Å; Table 1). The evolved N2 occupies a void 

space in the crystal lattice that is generated by Van der Waals packing of the tBu substit-

uents and was refined at 28% occupancy, consistent with partial loss N2 from the lattice 

during the experiment. Similar to previous reports,[90] N2 extrusion can be promoted by 

sustained exposure to synchrotron radiation; about 10 % conversion of 1-Pd to 2-Pd·N2 

is observed during simple structure determination of 1-Pd prior to photolysis. 

Table 1: Experimental and computed values for 1-M and triplet 2-M as well as the values expected from the 
sum of covalent radii according to PYKKÖ. Computations for 2-Pd/Pt by VERPLANCKE.  

 Experimental Computed Sum of Covalent Radii[89] 

Bond / Å M–N3 M–N2 M–N2 M–N 

Ni 1.883(3) / 1.883 1.81 (Ni–N), 1.61 (Ni=N) 

Pd 2.050(2) 1.92(2) 1.891 1.91 (Pd–N), 1.77 (Pd=N) 

Pt 2.031(5) 1.874(11) 1.893 1.94 (Pt–N), 1.72 (Pt=N) 

 

Figure 3: Solid state structure of 2-Pd·N2 (left) and 2-Pt·N2 (right), determined by SC-XRD after in crystallo 
irradiation of 1-Pd (40% conversion) and 1-Pt (76% conversion), respectively. Thermal ellipsoids are drawn 
at the 50% probability level. Starting material 1-Pd/Pt and hydrogen atoms are omitted for clarity. 
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Characterization of the photoproduct in solution was performed by irradiation at low tem-

perature. In toluene-D8 or THF-D8, a paramagnetic intermediate can be observed by 1H-

NMR spectroscopy during and after irradiation. At –80 °C, a large, broad resonance can 

be observed at around 20 ppm, while smaller broad signals are seen at –8 ppm and  

–140 ppm, respectively (Figure 4). A temperature-dependent shift of the proton reso-

nances, which follows Curie behaviour, was observed. This is indicative for a strong in-

fluence of the paramagnetic shielding tensor, which is expected for an S ≠ 0 ground 

state.[91] Albeit exact integration of these broad paramagnetic resonances is not very ac-

curate, the number of resonances and a rough estimate of their integral closely resem-

bles the 36:2:2 pattern observed for the C2v symmetric compounds 1 and 5 to 7. There-

fore, insertion of a nitrogen atom into the metal-phosphine bond in analogy to Ni can be 

excluded for this compound. The resonances’ intensities decrease at temperatures 

above –50°C, however, they can still be observed at –20°C, showing a certain thermal 

stability of this intermediate.  

 

Figure 4: a) Paramagnetic photolysis product observed after irradiation (λexc = 365 nm) of 1-Pt at 188 K.       
b) Temperature-dependant shift and Curie-plot of the photolysis product between 188 and 233 K in THF-D8. 
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Additionally, Evan’s method was used to determine the effective magnet moment μeff for 

the low-temperature intermediate. By using an internal standard, the concentration of the 

paramagnetic species after irradiation could be determined, and the difference in chem-

ical shift (Δν) of the deuterated solvent in solution with respect to the shift of the solvent 

in the capillary allowed determination of μeff at –80 °C to be around 2.9. This is close to 

the spin-only value for an S = 1 state (2.83), which is in line with the absence of an EPR 

signal after freeze-quenching the reaction solution in liquid nitrogen, as can be expected 

for triplet ground states with significant ZFS.  

The photoproduct could also be characterized by UV/Vis spectroscopy (Figure 5), where 

photolysis in frozen solution (2-MeTHF, –185 °C) leads to formation of several distinct 

bands in the visible region (λmax = 380, 390, 430, 520 and 554 nm). Upon thawing  

(–135 °C), the bands remain and only gradually vanish at temperatures above –70 °C, 

showing a certain thermal stability of the photoproduct in solution. In summary, NMR, 

UV/Vis and EPR spectroscopy hint towards the formation of a paramagnetic species in 

solution with an S = 1 ground state, which might be attributed to  

2-Pt. 

 

Figure 5: UV/Vis spectroscopic monitoring of the photolysis of 1-Pt in 2-MeTHF in frozen solution and sub-
sequent thawing. The final spectrum at room temperature is similar to the spectrum measured before irradi-
ation. 
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Assuming a bond order of 1, metallonitrene 2 can have a singlet or triplet electronic 

ground state. By Evan’s method, the triplet state could be determined as the ground 

state. For evaluation of further magnetic properties, such as the ZFS, a photo-SQUID 

experiment was carried out.1 The diamagnetic precursor, 1-Pd/Pt, is filled into a sample 

holder and inserted into the magnetometer. Via a fibre-optical cable, the sample is irra-

diated (λ = 390 nm) at 10 K, and the reaction is monitored by measuring the direct cur-

rent (DC) induced by a magnetic flux, as exemplary shown in Figure 6 for Pd. After suf-

ficient increase of the DC moment, the irradiation is stopped, and the magnetic moment 

of the sample is measured. 

 

Figure 6: Increase of the DC moment after irradiation of 1-Pd at 390 nm and 10 K under applied magnetic 
field of 5000 Oe. Figure reprinted from [92] with permission of the publisher. 

For 2-Pt, at temperatures below 50 K, a linear increase of the molar paramagnetic sus-

ceptibility temperature product (χmT) is observed, which peaks in an almost constant 

value above 100 K, as shown in Figure 7. At temperatures higher than 170 K, the mag-

netic moment drops rapidly, which might originate from thermal decomposition of the 

photoproduct. A much steeper rise at low temperatures is observed in case of Pd, reach-

ing a plateau at temperatures below 20 K. The rise of the magnetic moment above 200 K 

is attributed to decomposition of 2-Pd. The maximum magnetic moment of 2-Pd is 

 
1 Measurements and analyses performed by Dr. SERHIY DEMESHKO, Institut für Anorganische 
Chemie, Georg-August Universität Göttingen. 
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obtained at considerably lower temperatures compared to 2-Pt, which indicates signifi-

cantly smaller splitting of the spin microstates. 

 

Figure 7: Experimental data measured by SQUID, simulation, and computed magnetization after irradiation 
of a sample of 1-Pt (left) and 1-Pd (right) at 10 K. Fixed simulation parameters: g = 2, S = 1. Figures adapted 
from [54,92]. 

Fitting of the magnetic data is possible with a ZFS spin-Hamiltonian, assuming an iso-

tropic g factor (g = 2) and S = 1 state, leading to a rough estimation of the amount of 

formed photoproduct. Extraction of the ZFS parameters (D: axial and E: rhombic) from 

the fit leads to values of D = 85 cm–1 and E = 0.08 D for 2-Pt and D = 9.3 cm–1 for 2-Pd. 

The microstate splitting is strongly reduced compared to isoelectronic complexes 

[Ir(NtBu)(PNP)] (XV) (D = 466 cm–1)[78] and [IrO(PNP)] (XX) (D = 647 cm–1)[81]. In the lat-

ter complexes, the unpaired electrons occupy Ir–N and Ir–O antibonding π*-orbitals, re-

spectively, therefore more spin density is located on the metal (Scheme 24). One reso-

nance form alone is not sufficient anymore for an accurate description, as significant spin 

density on metal as well as ligand leads to a rather ambiguous assignment of oxidation 

states. As the lifting of degeneracy of the three possible spin states (ms = –1, 0, +1) is 

dominated by spin-orbit coupling (SOC), which scales with nuclear charge Z, an in-

creased ligand (nitrido) radical character has to be assumed as the main reason for re-

duced ZFS.[93,94] This is also supported by multi-reference NEVPT2 SO-computations 

from VERPLANCKE, which confirm the triplet ground state and a mainly nitrogen-centred 

biradical. The computed ZFS parameters (2-Pt: D = 73 cm–1, E = 0.06 D; 2-Pd: 

D = 8.0 cm–1) also agree perfectly with the experimental data. 
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Scheme 24: Dominant resonance structures for complexes XV and XX.[78,81] 

In addition to experimental characterization, electronic structure calculations of 2 were 

carried out for Ni (SCHMIDT-RÄNTSCH) and Pd, Pt (VERPLANCKE). They show that the 

triplet state is the ground state and well separated from the closed-shell or broken-sym-

metry singlet state by around 20 kcal mol–1 (Table 2). 

Table 2: Computed spin density ρSpin on nitrido, axial ZFS parameter D and singlet-triplet energy gap ΔEST 

to the closed-shell singlet state, for 2-M. D for Ni has not been calculated. 

 ρSpin (Nitrido) D (ZFS) / cm−1 ΔEST / kcal mol–1 

Ni 79 / 17 

Pd 96 9.3 (exp.) / 8 (comp.) 18 

Pt 91 85 (exp.) / 73 (comp.) 15 

 

The calculated longer Pt−N bond length of the triplet state (d = 1.893 Å) is in much better 

agreement with experiment (1.874 Å) than the closed-shell singlet state (1.790 Å) (vide 

supra, Table 1). The spin-density is mostly located on the atomic nitrogen ligand, in the 

case of Pd (96%) (Figure 8, right) even more than Pt (91%) and Ni (79%), with the re-

maining spin density being mostly on the metal. Consistently, relativistic 

CASSCF/NEVPT2/QDPT calculations for 2-Pd/Pt disclose substantially reduced spin-

orbit coupling effects on the spin-state energetics and almost negligible splitting of the 

microstates (D = 8 cm−1; Figure 8, left), which is in excellent agreement with experiment. 

For small aliphatic nitrenes, where the spin density is almost completely on the nitrogen, 

a maximal D of 1.8 cm–1 is measured by EPR spectroscopy or calculated,[6,95,96] 
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highlighting the minimal impact of the metal on the spin state energetics of 2-Pd. It should 

be noted that for organic nitrenes, SOC is not the dominant factor for ZFS anymore, but 

instead electronic spin-spin interaction is responsible for lifted degeneracy of the mi-

crostates.[94,95] 

 

Figure 8: Left: ZORA-CASSCF(16,10)/NEVPT2/QDPT state correlation diagram for 2-Pd with scalar relativ-
istic energies, E(rel), and energies including spin-orbit coupling, E(SOC). Right: Computed spin-density plot 
and NPA atomic spin-populations (isosurface at ±0.01 a0

–3, PBE0/def2-TZVPP results), methyl groups and 
hydrogen atoms are omitted for clarity. Figure reprinted from [92] with permission of the publisher. 

The characteristic natural localized molecular orbitals (NLMOs) resulting from a natural 

bond orbital (NBO) analysis of the ground-state wave function for Pd and Pt do not differ 

significantly and are exemplary shown for Pd (Figure 9). They consist of a M−N σ-bond, 

a lone-pair and two singly occupied p orbitals at the nitrogen, and four non-bonding metal 

d orbitals, giving for 2-Pt a total Pt−N Wiberg bond order of 0.94. 

 

Figure 9: 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. Figure reprinted from [92] with permission of the publisher. 
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There are multiple features that should be highlighted here: Firstly, the nitrogen’s s and 

p orbitals are almost unhybridized, which can be easily seen by the isotropic electron 

density of the 2s orbital. For Pt, a sp0.2 hybridization is calculated, which is even lower 

for Pd with sp0.1. In contrast, the simplest nitrene, imidogen N–H, is sp hybridized, with 

the unpaired electrons each occupying a p orbital.[97] Secondly, a very covalent M−N σ-

bond is formed, which is in both cases polarized around 2:1 towards the nitrogen and 

consists of the linear combination of the metal’s dx2–y2 orbital with the nitrogen’s px orbital. 

Thirdly, almost no multiple bonding character is observed for the M–N moiety. This can 

be explained by the MO diagram of 2-Pd shown in Figure 10, which qualitatively also 

holds true for 2-Pt: As expected for late transition metals, the metal d orbitals largely are 

of lower energy than the nitrogen’s valence 2p orbitals, which is characteristic for an 

inverted ligand field.[48,49] Only the dx2–y2 orbital, due to the square-planar coordination 

geometry, is high enough in energy to overlap efficiently with the nitrogen’s px orbital. 

The remaining d orbitals are barely affected by orbital mixing with the ligand atoms. This 

also holds true for the interaction with the PNP amide: Besides a covalent σ-bond, almost 

no multiple bonding character is observed. From 1-Pd to 2-Pd, the amido N−Pd bond 

length remains essentially constant (2.009 Å vs. 2.016 Å), which is in stark contrast to 

the reported increase in bond length for isostructural Ir complexes, from 1.985(2) Å for 

[IrIICl(PNP)] and 1.922(2) Å for [IrIIICl(PNP)][98] to around 2.03 Å for [IrV≡N(PNP)] (VIII) 

due to a strong nitrido trans-influence.[51] 

Comparison with isoelectronic, triplet XV Ir–NtBu and XX Ir–O fits into this picture of an 

inverted ligand field. For Ir, the metal d orbitals are higher in energy compared to Pt and 

Pd, and the oxo ligand’s orbitals are lower in energy compared to nitrogen. Both leads 

to increased orbital overlap of metal d and ligand p orbitals and thereby to the formation 

of π-bonds (vide supra, Figure 2). The two unpaired electrons are less localized on the 

nitrogen, compared to 2-Pd and 2-Pt, but occupy Ir–N/O π*-bonds, experimentally ob-

served by the already discussed higher ZFS due to increased spin-density on the metal. 

The effect on the bond length is only marginal though, with an Ir–N bond length of 

1.868(2) Å in XV and an Ir–O bond length of 1.988(3) Å in XX, compared to 2 with 

1.874(11) Å for Pt and 1.92(2) Å for Pd. Still, a significantly lower bond length is observed 

for IrV nitride VIII, which features triple-bond character. 
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The bonding picture in 2, with an emphasis on spin localization on the nitrogen, closely 

resembles that of an organic nitrene (N–R), and the order of states, where the triplet 

ground state is followed by a closed-shell singlet state and as second excited state the 

open-shell singlet, is in analogy to methoxy nitrene N–OCH3.[32] This highlights that in 

contrast to all other previous reported metal-nitrido complexes, 2-Pd and 2-Pt consist of 

a redox-inert metal, which, besides the first σ-bond, barely undergoes orbital mixing with 

the nitrogen’s p orbitals. However, this also means that in analogy to organic nitrenes, 2 

with its nitrogen biradical nature is highly reactive. In absence of substrate, decomposi-

tion of 2 is observed, which will be discussed in the following chapter. 

 

Figure 10: MO correlation diagram computed for 2-Pd in a CAS(16,10) expansion, state averaged over 50 
singlet, 45 triplet and 5 quintet states. Orbital isosurfaces at ±0.05 a0

–3/2, only tertiary carbon atoms of tBu 
groups are shown and hydrogen atoms bound to carbon are omitted for clarity. Figure reprinted from [92] with 
permission of the publisher.  
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2.1.3. Decomposition Pathways of 2-M 

The instability of 2-Ni towards insertion of the nitrene into the M–P bond, which is not 

observed for Pd and Pt, can be rationalized by DFT calculations. As shown in  

Scheme 25, the thermodynamic driving force for intramolecular insertion in 2-Ni is the 

highest (ΔΔG = –37 kcal mol–1), in comparison to Pd with –20 kcal mol–1 and Pt with only  

–6 kcal mol–1. Although these reactions are all exergonic, the difference in driving force 

has a direct impact on the reaction barrier, as can be expected from the Bell-(Brønsted)-

Evans-Polanyi (BEP) principle.[99] The calculated transition states are lowest for Ni 

(ΔG‡ = 9 kcal mol–1), while for Pd and Pt, they are much higher (25 and 31 kcal mol–1), 

and therefore hardly accessible at 298 K. The large driving force for Ni can be explained 

by a weak metal-phosphine bond, caused by more contracted d orbitals of Ni compared 

to Pd and Pt, and therefore less overlap. 

 

Scheme 25: Possible intramolecular deactivation pathways for 2. Calculations at PBE0-D/def2-
TZVPP//PBE0-D/def2-SVP level of theory. Energies ΔG298 in kcal mol–1. Calculations for Ni, Pd by 
LIENERT,[100] calculations for Pt by VERPLANCKE.[101] T = Triplet, S = Singlet. MECP have been calculated but 

are not shown in the scheme. 
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For Pt and Pd, a second intramolecular deactivation mechanism has been investigated 

by VERPLANCKE. Instead of insertion, hydrogen atom abstraction from a close-by methyl 

group of the tBu phosphine can occur, with a barrier of 23 kcal mol–1. Subsequent cross-

ing to the singlet surface and recombination of the imidyl radical with the methyl radical 

leads to formation of the final intramolecular C–H insertion product with a driving force 

of –39 kcal mol–1. This path is active when no suitable substrates or weak C–H bonds 

are present. When irradiating a sample of 1-Pt in THF-D8, the only observed diamagnetic 

products are hydride 6-Pt in 32% yield vs. internal standard and isobutene, suggesting 

intramolecular reactivity rather than solvent activation, which should lead to the deuteride 

isotopologue. Still, the computed barrier for this radical-rebound mechanism is rather 

large and therefore, intramolecular deactivation will be slow in presence of suitable sub-

strates. However, regarding the exact height of the barrier, one has to keep in mind that 

using a hybrid functional such as PBE0 can be problematic for reactions involving spin-

changes, since hybrid functionals often favour high-spin states and broken-symmetry 

singlets require corrections considering the involvement of states with higher multiplic-

ity.[102] Therefore, the calculated energies, especially of transition states, might differ sig-

nificantly from the real energies, although relative energies between the group 10 metals 

should still be comparable. 

As has been shown for terminal iridium and rhodium nitrido complexes, radical character 

on the nitrogen atom can lead to bimolecular coupling of two nitrido ligands towards the 

formation of an N2-bridged species.[51,79] Nitrene coupling also is a viable pathway for 

deactivation in this case and computed to be highly exergonic (Scheme 26). In contrast 

to Ir and Rh, N2 release at room temperature is favored in the case of Pd and Pt. Since 

radical coupling of two metallonitrenes is computed to be barrierless, the reaction should 

be diffusion controlled with the respective rate constant kD. However, this contradicts the 

experimental results obtained from NMR and UV/Vis spectroscopy, which suggest ther-

mal stability of 2-Pt in solution below –80 °C. The heavier homologue of 2-Pt, phos-

phinidene [PtP(PNP)] (XXI), cannot be spectroscopically detected in solution, as imme-

diate coupling to the diphosphene complex [(μ-P2){Pt(PNP)}2] is observed (Scheme 

26).[103] Since the diffusion coefficient should be similar for both pnictinidene complexes, 

a (higher) barrier for coupling reactivity has to be present in the case of 2-Pt. For com-

parison, coupling of IrIV nitride VII at 298 K has a computed barrier of 14 kcal mol–1 with 

a total driving force of –108 kcal mol–1 towards formation of the N2-bridged dinuclear 

complex (Scheme 26).[51] The experimental second-order rate constant at 298 K was 
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determined as k = 1.1 M−1 min−1, hence coupling at room temperature only proceeds 

very slowly. 

 

Scheme 26: a) Proposed deactivation pathway for 2. ΔG298 in kcal mol–1 at PBE0-D/def2-TZVPP level of 
theory, calculated by VERPLANCKE.[101] b) Experimentally observed coupling of analogous phosphinidene XXI 
and IrIV nitride VII.[51,104] 

The coupling product of 2 is not stable, but loses N2 to form a radical MI species, 8. As 

has been shown by seminal work of OZEROV and CHAPLIN, PdI and PtI radicals are highly 

reactive.[105] This suggests that 8 is not stable, but rather undergoes further reactivity. 

Calculations for 8-Pt suggest reactivity with toluene as potential hydrogen atom donor, 

with a low barrier of 16 kcal mol–1 to produce hydride 6-Pt and a benzylic radical, which 

would then undergo further radical reactivity itself. Formation of 6-Pt in toluene is exper-

imentally observed, however, 2-Pt also reacts with toluene itself to form other products, 

which will be discussed in chapter 2.3.1.  

At high metallonitrene concentrations, 8-Pt can combine with 2-Pt to produce a nitrogen-

atom bridged, dinuclear PtII complex, 9-Pt. Although the reaction is about thermoneutral 

at 298 K, it becomes more favourable at lower temperatures for entropic reasons, there-

fore the bridged nitride can act as a storage species for the otherwise highly reactive 

mononuclear radicals at temperatures of 243 K and below. However, no EPR signature 

could be obtained for 8-Pt or 9-Pt, which both feature a doublet ground state. An analo-

gous, dinuclear nitrido bridged Rh compound with dominant nitrogen radical character 

showed an extremely broadened EPR signal with g values between 0.8 and 1.2.[106] The 

large broadening might be a result of a small rotational barrier of one pincer fragment 
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([M(PNP)] around the M–N bond of the other fragment. In the frozen state, this can lead 

to a distribution of molecules with different dihedral angles (P–M–N–M), which all have 

slightly different g-anisotropy and thereby cause a large range of transitions observed by 

EPR spectroscopy. Therefore, the formation of 9-Pt cannot be excluded, as large broad-

ening of the signal can lead to its disappearance in the baseline. 

 

Scheme 27: Dimerization of 2-Pt and 8-Pt leads to 9-Pt. The equilibrium is strongly temperature dependent 
for entropic reasons. ΔG in kcal mol–1 at ONIOM(F12b:PBE0-D) level of theory, calculated by VERPLANCKE. 
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2.1.4. Conclusions 

In summary, metallonitrene 2-Pd could be obtained by photolysis of respective azide 

complex 1-Pd, for which a synthetic route was established. 2-Pd exhibits a triplet elec-

tronic ground state with low microstate splitting as a result of dominant ligand radical 

character, as could be verified by SQUID measurements. This can be explained with an 

inverted ligand field, leading to the picture of a [MII(PNP)] fragment and a single covalent 

σ-bond to the atomic nitrogen ligand. This bonding situation is reminiscent to organic 

nitrenes, and in contrast to the multiple bonding character of most metal nitride species. 

Electronic structure calculations support this picture and show even higher spin density 

on the atomic nitrogen ligand for 2-Pd (96%) than for 2-Pt (91%), accompanied by a 

smaller splitting of the spin triplet microstates. Photocrystallography allowed to gain 

structural information on both systems, further supporting the notion of a M–N single 

bond, which is longer for Pd (1.92 Å) than for Pt (1.87 Å). Characterization of 2-Pt by 

NMR and UV/Vis in solution showed stability up to –80°C, suggesting a barrier for nitrene 

coupling and N2 loss. 

The relative stability of 2-Pd/Pt, in contrast to 2-Ni, can be explained with the help of DFT 

calculations: A much higher barrier is predicted for nitrene insertion into the M–P bond 

for Pd and Pt (>24 kcal mol–1), while for Ni, a small activation barrier of only 7 kcal mol–1 

leads to direct insertion instead of bimolecular reactivity. For successful isolation of the 

3d homologue, a different ligand L with a stronger L–Ni bond and less driving force for 

L–N bond formation can be used. The PDI ligand, used by BURGER to isolate IrIII nitride 

V, features only M–N bonds and might therefore be a reasonable choice. 
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2.2. Photophysics and Transient Spectroscopy 

Parts of this chapter have been published, and they are reprinted with permission from 

the publisher. 

“Photoinduced Metallonitrene Formation by N2 Elimination from Azide Diradical Ligands”. 

L. I. Domenianni, M. Bauer, T. Schmidt-Räntsch, J. Lindner, S. Schneider, P. Vöhringer, 

Angew. Chem. Int. Ed. 2023, 62, e202309618. Copyright 2023 Wiley-VCH. 

 

The generation of metallonitrenes 2 (Ni, Pd and Pt) from their azide precursors 1 is an 

endergonic process, in contrast to many examples of thermal N2 expulsion. Light- 

induced dissociation overcomes this obstacle, which is well established for azide com-

plexes.[36,37,39] However, surprisingly little is known about the elementary primary events 

that facilitate N2 elimination after electronic excitation, particularly when compared to or-

ganic azides. A rare exception is the N2 loss from Fe(III)-azide precursors for high-valent 

iron nitrides, which was examined previously with femtosecond (fs) ultraviolet-pump/mid 

infrared-probe (UV/MIR) spectroscopy.[107] In these cases, N2 elimination was found to 

proceed as an adiabatic, spin-allowed process on the vibrationally excited doublet 

ground-state surface following an initial ultrafast internal conversion (IC). In contrast, the 

generation of metallonitrenes in their triplet ground state from the diamagnetic precursors 

strictly demands a change of spin multiplicity. For 1, fs-UV/MIR-spectroscopy is ex-

tremely useful for understanding the mechanism of N2 loss, as the very characteristic 

and strongly absorbing C=C stretching vibration of the pincer ligand and the anti-sym-

metric stretching vibration of the azide ligand are ideal IR-probes (Figure 11a). While the 

C=C vibration remains at the same position in 1-Ni/Pd/Pt (1533 cm–1), the azide vibration 

slightly shifts for all metals (Ni: 2059, Pd: 2042, Pt: 2054). 

The first step in understanding the photochemistry of these systems was to identify pro-

ductive UV/Vis excitations. Fast photochemical reactivity was observed in all cases at 

excitation wavelengths λexc > 305 nm. Even irradiation in the visible region, i.e. around 

400 nm, lead to conversion, albeit slower. Considering the broadness of the LED’s emis-

sion (FWHM ≈ 20 nm), it can be assumed that the productive excitations should be lo-

cated at the low-energy edge of the main absorption features, with a maximum around 

320 nm (Figure 11b). The lower energy band of Ni (~500 nm) corresponds to a d-d 
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transition and is not productive. Transient spectroscopy on the 1-Ni system has been 

performed by SCHWARZER et al. and has been repeated by VÖHRINGER et al., together 

with the measurements of 1-Pd and 1-Pt. 

 

Figure 11: a) Selected IR region of 1, showing characteristic pincer C=C stretching and N3 anti-symmetric 
stretching vibrations; measurements in THF solution. b) Experimental UV/Vis spectra of 1 in THF solution. 

For 1-Ni, fs-UV-pump/UV-Vis-probe (UV/UV-Vis) and UV/MIR show a quantum yield Φ260 

of ca. 15% for formation of a photoproduct, indicated by a permanent ground state bleach 

(GSB) after fs-UV-pump. On the fast timescale, two time constants in the ps range 

( 1͡ ≈ 3 ps, 2͡ ≈ 12 ps) can be attributed to vibrational cooling in the electronic ground-

state. The broad, induced absorption (IA) in the MIR region at 2051 cm–1, so slightly 

lower in energy than the GSB of the anti-symmetric azide stretching vibration of 1-Ni 

(2066 cm–1), indicates that no electronically excited state is present, but rather a vibra-

tionally hot ground state. This means that relaxation of the optically prepared electronic 

excited states by UV-pump is faster than the experimental resolution of around 500 fs. 

By UV/UV-Vis, a third time constant with 3͡ > 1 ns can be observed. This long-lived spe-

cies with ns lifetime is tentatively assigned to 2-Ni, as its UV/Vis signature is in decent 

agreement with the TDDFT calculated spectrum of triplet 2-Ni.2 

Further spectroscopic analysis by fs-UV/MIR will focus on the Pt system since its quan-

tum yield of around 50% is much higher compared to Pd (0.1%), allowing for higher 

resolution spectra. The following measurements, analyses and DFT calculations were 

performed by DOMENIANNI, BAUER, LINDNER, and VÖHRINGER at the University of Bonn. 

 
2 TDDFT calculations were performed by FINGER. 
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2.2.1. Linear Spectroscopy 

The low-energy absorptions of 1-Pt can be understood qualitatively by the help of TDDFT 

calculations. The best agreement with the experimental UV/Vis spectrum was obtained 

with B3LYP, as shown in Figure 12a, which was therefore used throughout the remainder 

of this study. 

 

Figure 12: a) Comparison of experimental UV/Vis spectrum (gray) of 1-Pt with TDDFT-calculated absorption 
spectra using different functionals. The purple, vertical arrow specifies the spectral location of the 320 nm 
pump-pulse. b)-d) Natural transition orbitals (NTOs, holes on the left and particles on the right) associated 

with the S5, S2, and S1-states, respectively. All H-atoms hidden for clarity. Figure adapted from [27]. 

According to TDDFT, the strong 312 nm-band arises primarily from the S5-state due to a 

ππ* excitation within the pincer backbone (Figure 12b). Lower-lying excited singlet-

states are either charge-transfer (CT) or metal-centered (MC) states. The shoulder near 

370 nm can be assigned to the S2-state arising from an azide-to-platinum CT, namely 

N3(π2y)Pt(dx2─y2) (Figure 12c). The lowest excited singlet state, S1, has 

PNP(π3)Pt(dx2─y2) CT character (Figure 12d) and nearly vanishing oscillator strength. 

The FTIR-spectrum of 1-Pt in THF (Figure 13a) features two characteristic bands at 

1533 cm─1 and 2054 cm─1, respectively. The former originates from the out-of-phase 

C=C-stretching motion, which couples to the C─H in-plane bending motion (species A” 

in Cs-symmetry, Figure 13b). The latter is due to the anti-symmetric stretching vibration 

(A’) of the N3-ligand (Figure 13c). Importantly, these two modes are perfectly ligand spe-

cific (i.e., fully localized either on the pincer or on the azide moiety) and are thus ideal 

IR-probes for the UV-induced elementary processes. Additionally, they give information 

about the nature of the electronically excited state (Scheme 28). 
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Figure 13: a) Selected regions of the FTIR spectrum of 1-Pt in THF at 293 K (shaded gray). b) and c) Atomic 
displacement (red) and dipole derivative vectors (green) of the C=C/C─H and N3-modes, respectively. The 
molecular structure is viewed in (b) along the z-axis and in (c) along the y-axis. tBu-protons hidden for clarity. 
d) UV/MIR-spectra of 1 in THF for various time delays. Numbers indicate spectral peak positions of GSB 
(blue) and IA-bands (red). The gray spectrum is the scaled FTIR-spectrum convoluted with the spectral 
instrument response function of the UV/MIR-setup. Figures reprinted and adapted from [27] with permission 
of the publisher. 

2.2.2. UV-Pump/MIR-Probe Spectral Evolution 

Fs-UV/MIR-spectroscopy of 1-Pt in THF at room temperature was conducted with 

320 nm-excitation pulses, i.e. resonant with the PNP-ππ*-state (S5; Scheme 28d). At a 

delay of 700 fs, a negative band at 2054 cm─1 is observed, which results from the pump-

induced depletion of 11-Pt:S0 (GSB; Figure 13d). In addition, a positive IA band at 

1983 cm─1 is detected, which, due to the very short time delay, originates most likely from 

an excited electronic state. From the UV/MIR-spectrum at 700 fs, an IA-to-GSB band 

area-ratio of ~0.7 is derived. The IA-deficit indicates that within 700 fs after the initial 

PNP-ππ*-excitation (S5), about 30% of the photo-excited molecules lost their anionic 

azido absorber either upon occupying an N3Pt CT-state, N3–Pt homolysis, or loss of 

N2. At the same time, the major fraction (70%) of 1-Pt occupies an excited state with an 

N3-stretching transition dipole that is similar to that of S0. 

Complementary information about the nature of the occupied excited states is obtained 

from the UV/MIR-spectrum in the pincer C=C/C─H-region. At the shortest delay of 

700 fs, the expected GSB (1533 cm─1) is detected alongside a weak IA-band peaking at 

1515 cm─1 with a broad tail to lower wavenumbers. 
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Scheme 28: Possible electronic transitions of 1-Pt and respective active IR modes. 

The UV/MIR-data suggest that within 700 fs after excitation of the lowest PNP-ππ*-state, 

complex 1-Pt relaxes electronically to occupy primarily (70%) a PNPPt CT-state, which 

absorb in the azide region at 1983 cm─1 but is IR-silent in the C=C/C─H-region. In turn, 

the weak IA in the C=C/C─H-region at 1515 cm─1 can be attributed to a minor fraction 

(~30%) populating an excited state having azidyl radical and pincer anion character 

(Scheme 28b). 

When increasing the time delay, the azide IA-band (1983 cm─1) spectrally narrows during 

the first 10 ps and subsequently vanishes within 100 ps. Concurrently, the azide GSB 

partially recovers to about 50% after ~1 ns, while the same holds true for the pincer GSB. 

The most striking feature in the UV/MIR-spectra, however, is the distinct buildup of an 

induced C=C/C─H-absorption at 1518 cm─1 on a time scale of about 50 ps. The photo-

chemical product P responsible for this IA-band is stable at least on the 100 μs-time 

scale. 

2.2.3. UV-Pump/MIR-Probe Kinetic Evolution 

Mechanistic information can be obtained from UV/MIR-kinetic traces at selected probe 

wavenumbers. The GSB-recovery kinetics in the azide region (Figure 14a, 2054 cm─1) 

consists of an early induction period during the first 5 ps, followed by a partial recovery 

within ~100 ps. A slow signal decrease on a time scale of tens of nanoseconds is ob-

served to produce an asymptotic GSB after 0.1 μs of ~50% relative to the maximal 

bleach. The corresponding IA-trace (1983 cm─1) is composed of an initial rise within the 

first 5 ps and a subsequent decay to zero within ~100 ps. 
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Figure 14: Kinetic traces recorded in the a) azide stretching and b) C=C/C−H-region. GSB-traces in blue and 
IA-traces in red. The numbers on the right indicate relative bleaching amplitudes. c) Time constants, i͡, and 

associated amplitudes, Ai (∆mOD, in parentheses), obtained from multi-exponential fitting of the temporal 
traces in a) and b). Figure adapted from [27]. 

The dominant kinetic component in the N3-region has a time constant of ~35 ps. It is 

identified in absorption and bleach with opposite sign and hence, reflects the non-radia-

tive decay of the excited state into the ground state. Note that a faster component de-

scribes both, the induction period of the GSB-trace and the initial IA-rise, with the same 

time constant of 3.5 ps. The correlation between GSB-induction and IA-spectral narrow-

ing suggests that non-radiative relaxation of the optically prepared PNP-ππ*-state does 

not directly repopulate 11-Pt:S0, but instead an electronically excited state with azide 

character, denoted B, which is energetically located below the PNP-ππ*-state. 

The GSB-kinetics in the C=C/C─H-region (Figure 14b, 1533 cm─1) match perfectly those 

of the azide region, including the induction period with † = 3.5 ps and a recovery of 

~50% of the initial bleach with † = 36 ps. Together with the IA-to-GSB band area ratio 

of ~1 after 100 ps, it can be concluded that 50% of the photoexcited complex transforms 

into the stable product, P. The temporal buildup of its IA-band (Figure 14b, 1518 cm─1) 

also ensues in three phases, i.e. (i) ultrafast rise within the experimental time resolution 

(<500 fs), (ii) intermediate rise with a time constant of 12 ps, and (iii) delayed minor in-

crease with a time constant of 7 ns. The time constant of the principal component with 

† = 12 ps is a factor of three faster than the dominant exponential of all other traces. 

Thus, the product absorbing at 1518 cm─1 is generated from a precursor (here denoted 

C) that must be IR-silent in the azide region and that features very broad C=C/C─H  

absorption reaching out all the way to 1475 cm─1. The mechanistic findings are summa-

rized in the preliminary kinetic scheme (Figure 15a). 

A4
3͡ / ns

(A3)
2͡ / ps

(A2)
1͡ / ps

(A1)
ṽ / cm–1

─14.07 (+2.0)35 (─12.7)3.5 (+2.5)2054

36 (+27.8)3.5 (─16.0)1983

─13.57 (+1.0)36 (─15.5)3.5 (+ 1.5)1533

+31.57 (─5.0)12 (─22.3)0.4 (─19.0)1518

c)
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Figure 15: Kinetic models for the spectro-temporal evolution: a) Minimalistic model with ground-state recov-
ery and product formation after initial branching. b) Rectified model with cross flow between the two chan-
nels. Figure reprinted from [27] with permission of the publisher. 

Starting from the initially prepared S5(PNP-ππ*) state, ground-state recovery (blue path, 

azide-active and PNP-silent) and product formation (red, azide-silent and PNP-active) 

proceed via the intermediates, B and C, respectively, and with a branching ratio of 

0.7 : 0.3 as evidenced by the IA-to-GSB-band areas at early delays. However, if B were 

populated directly from S5, a similar induction phase should also appear in the growth 

kinetics of P, quite in contrast to the 1518 cm─1-trace. Therefore, branching into the two 

competing channels must already occur within the time-resolution through the decay of 

S5(PNP-ππ*). Another intermediate A is therefore proposed, which ultimately decays to 

S0 via B in consecutive first-order reactions. 

However, this preliminary model is flawed because it transfers the initial branching ratio 

into a product yield of 30%, clearly in contrast with a value of 50% derived from the 

asymptotic IA-to-GSB ratio in the C=C/C─H region. This can be corrected by allowing 

for some population flow from the ground-state recovery path to the product path via an 

additional decay of A to intermediate C and readjusting the rates (Figure 15b). 

2.2.4. Ground-state recovery path: Assignment of Intermediates A, B 

For assigning the two intermediates A and B, geometry optimizations were carried out 

within the framework of TDDFT for the most prominent singlet and triplet roots, including 

the PNPPt and N3Pt CT-states. In the singlet manifold (Figure 16a, left), the lowest 

excited state after geometry optimization is the PNPPt CT-state (S1). According to 

TDDFT, the relaxed S1 state is azide-active, but PNP-silent, as expected from its PNP-

radical character (Scheme 28c). The frequency of its azide stretching mode is 75 cm─1 



Chapter 2.2 Photophysics and Transient Spectroscopy 

 

 
50 

lower than that of the ground-state, which compares well with the experimentally ob-

served downshift of 71 cm─1 of the azide IA-band relative to the corresponding GSB  

(cf. Figure 14a). Thus, the IR-absorption at 1983 cm─1 can at least partly be attributed to 

the relaxed 11-Pt:S1(PNPPt) state. 

 

Figure 16: a) Comparison of the adiabatic energetics obtained from state-specific structure optimizations 
together with the vertical energetics at the relaxed geometry of S0 (gray area). Singlet and triplet states are 
separated by the dashed vertical line. IR pincer-active/azide-silent states are colored in red and pincer-
silent/azide-active states in blue. b) Scans of the potential energy surfaces of the S0 (black curve), T3 (red), 
and S2 states (in CS-symmetry, blue). The horizontal lines on the right represent the combined energies of 
separated fragments N2 and 2, the latter from spin-restricted (S = 0), or spin-unrestricted (S = 1) calculations, 
respectively. Figure adapted from [27]. 

The S2(N3Pt) CT evolves into a nearly pure azide-ππ*-state upon geometry optimiza-

tion (Figure 16a). During relaxation, the structure retains its Cs-symmetry, but the N3-

moiety experiences a significant bending. Thus, this structure is best described by an 

anionic singlet N3
─-diradical ligand bound to a PtII-ion, as represented by the simple 

Lewis structure in Scheme 28b. Accordingly, the relaxed 11-Pt:S2(N3-ππ*)-state is pincer- 

active, but azide-silent in the probed MIR-region, and therefore cannot play a major role 

in ground-state recovery. 

In the triplet manifold, the energetic ordering of T1 and T2 inverses upon structural relax-

ation (Figure 16a, right). Both states are found to be PNP-silent and azide-active. The 

antisymmetric azide-stretching mode of the relaxed 31-Pt:T2(PNPPt)-state is predicted 

to be downshifted relative to that of the singlet ground-state by 81 cm─1, which also com-

pares favorably with the experimentally observed value of 71 cm─1. Thus, the relaxed 

singlet (S1) and triplet (T2) PNPPt CT-states are structurally very similar, nearly 

b)
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isoenergetic, and cannot be distinguished in the UV/MIR-data. It is quite likely that both 

contribute to the IA-band at 1983 cm─1.  

It is therefore anticipated that the relaxed S1 state converts into the energetically lower 

lying T2-state by ISC (Figure 16a dashed blue arrow), presumably via mixing with the 

nearby T1-state. It appears that the system obeys Kasha’s rule and relaxes within time 

resolution towards its lowest excited singlet state, 11-Pt:S1(PNPPt), which is associ-

ated with species 1A (Figure 15), and which gives rise to the prompt induced azide ab-

sorption. This then decays within only 5 ps to its triplet analogue, 31-Pt:T2(PNPPt), 

which is assigned to species 3B. Thus, the kinetic growth of the induced  

absorption at 1983 cm─1 (Figure 14) is attributed to this primary ISC, 

11- Pt:S1(PNPPt)  31- Pt:T2(PNPPt), promoted by the spin-orbit-allowed and 

nearly isoenergetic 31-Pt:T1(PNP-ππ*)-state. Intersystem re-crossing with a time con-

stant of 36 ps brings the system finally back to the singlet ground state, 11-Pt:S0. Thus, 

the GSB recovers on a tens of picoseconds time scale, but only after a 3.5 ps-induction 

period and with a probability of 50%. Importantly, the primary S1T1/T2 ISC competes 

with another non-radiative decay that guides the system into the product channel (AC) 

with a time constant of 12 ps (Figure 15b). 

2.2.5. Product Path: Assignment of Species C and P 

The photoproduct P is stable on a time scale of up to 10 ns, during which only a very 

small increase of the C=C/C─H-absorption and extra bleach are recorded. The PtII-

nitrene complex, 32-Pt, is azide-silent, but still PNP-active in the IR-window probed here. 

A downshift of the C=C/C─H-mode of P with respect to 11-Pt:S0 of 15 cm─1 is found, 

which agrees well with the DFT-prediction for 32-Pt (11 cm─1). Furthermore, the com-

puted C=C/C─H-transition dipoles of the 32-Pt and 11-Pt:S0 are nearly equal (1.1) and 

are thus in full agreement with the observed IA-to-GSB band-area ratio for delays beyond 

100 ps. These findings support the assignment of P to nitrene 32-Pt. Additionally, a subtle 

increase of the IA and GSB amplitudes after 10 ns suggests that 32-Pt can react with the 

parent 11-Pt:S0. 

Next, the identity of the azide-IR-silent intermediate, C, was to be clarified. The vertical 

T3(N3Pt)-state evolves into an azide-ππ*-state upon geometry optimization, where the 

triplet N3-moiety bends out of the mirror plane (Scheme 28b). This state is azido-silent 

and pincer active in the IR-window of interest and represents the global triplet ground 



Chapter 2.2 Photophysics and Transient Spectroscopy 

 

 
52 

state of 1-Pt (Figure 16a). The DFT-predicted adiabatic singlet-triplet gap,  

11-Pt:S031-Pt:T3(N3ππ*), amounts to ca. 265 kJ mol─1, which agrees remarkably well 

with the adiabatic gap, 1Σg
+  3B2, of free N3

– of 247 kJ mol–1 derived from photoioniza-

tion experiments and coupled-cluster calculations.[108] 

To determine if the singlet or triplet azide-ππ*-state is responsible for N2 loss, a potential 

energy surface (PES) along the relevant Nα─Nβ bond length was computed (Figure 16b). 

The electronic ground state, 11-Pt:S0, correlates seamlessly with the closed-shell nitrene, 

12-Pt. In contrast, the singlet azide-ππ*-state, 11-Pt:S2, extrapolates to the open-shell 

singlet nitrene, os-12-Pt, which features two singly occupied orthogonal p orbitals at the 

terminal N-atom. Finally, the asymptote of the triplet azide-ππ*-state, 31-Pt:T3 is the tri-

plet nitrene, 32-Pt, which has the same orbital occupancy as os-12-Pt, but with a total spin 

of S = 1. These calculations define an upper limit of the energy barrier for NN-cleavage 

on the S2-PES of 8.6 kcal mol─1. On the other hand, on the T3-PES, the barrier amounts 

to only 1.4 kcal mol–1, which is comparable to the thermal energy (kBT) at room temper-

ature. Notably, a similarly small barrier was computed for N2 dissociation from triplet 

sensitized alkoxycarbonylazide, 3(MeOC(O)N3).[109] 

It is tempting to assign 31-Pt:T3(N3-ππ*) to the nitrene precursor, C. A harmonic normal 

mode analysis of the relaxed T3 state returns a wavenumber ṽ0 of 784 cm─1 for the 

PtNα─NβNγ stretching vibration, which translates to an estimated lifetime  

31-Pt:T3(N3-ππ*) at 298 K of only 600 fs. This is 20 times faster than the experimentally 

observed formation time of 32-Pt (12 ps). A complementary analysis for the S2-PES  

(ṽ0 = 840 cm─1) yields a lifetime of 11-Pt:S2(N3-ππ*) of ~100 ns, which is almost four or-

ders of magnitude too slow. 

2.2.6. Harmonized model of the photoinduced dynamics. 

As the lifetime of S2 is too long and that of T3 too short to be compatible with the experi-

mentally observed Pt-nitrene growth, the non-adiabatic transition between these two 

azide-ππ*-states is assumed to be a kinetic bottleneck within the product channel  

(Figure 16a, dashed red arrow). A model that is in full harmony with the fs-UV/MIR-data 

in both, the spectral domain as well as in the time domain, is given in Figure 17. 

Since 31-Pt:T3 cleaves N2 much faster than it is formed from its singlet precursor, it cannot 

acquire an appreciable population at any time, and as a result, it evades a spectroscopic 

detection (Figure 16b). In contrast, its precursor, 11-Pt:S2, gains intensity both by the 
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optically prepared 11-Pt:S5–state as well as gradually within 13 ps by 11-Pt:S1.  It lives 

just long enough (10.5 ps) to be detected at early delays as a broad IA-band peaking in 

the C=C/C─H region at 1515 cm─1. Importantly, the electronic structures of the geomet-

rically relaxed 11-Pt:S2(N3-ππ*) and 31-Pt:T3(N3-ππ*) states differ not only in their multi-

plicity but also in their azide orbital occupancy. The nonradiative transition between them 

is exclusively azide-centered and corresponds specifically to the El-Sayed-allowed 

ISC,[110] N3
─ (1A2) N3

─ (3B2) of the triatomic anion.[111] Note also that in the ground-state 

recovery path, the ISC from 11-Pt:S1(PNPPt) to 31-Pt:T2(PNPPt) appears at first 

glance to be El-Sayed-forbidden; however, the spin-crossover is very likely facilitated by 

the energetically degenerate, spin-orbit allowed 31:T2(PNP-ππ*)-state. 

 

Figure 17: Kinetic scheme that results from the experimental spectro-temporal evolution and the computed 
lifetime estimates for the N3-π-π* states. Figure reprinted from [27] with permission of the publisher. 
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2.2.7. Conclusion 

In summary, investigation of the primary elementary dynamics responsible for the for-

mation of 2 from 1 have been identified. 2-Ni is produced from 1-Ni on a timescale faster 

than experimental resolution (500 fs) with a quantum yield Φ260 of 25%. 1-Pd has a much 

lower quantum yield (Φ427 = 0.1%), therefore further analyses were performed with 1-Pt. 

UV/MIR-data combined with insight from quantum-chemical calculations suggest that the 

productive dinitrogen-releasing state is the global triplet ground-state 31-Pt:T3(N3-ππ*) 

having azide-ππ* character. The triplet azide diradical anion ejects an N2-molecule on 

the near-barrierless, adiabatic triplet surface. The productive state is accessed from the 

11-Pt:S2(N3-ππ*) state through an El-Sayed-allowed ISC. Photo-excited complexes that 

relaxed to the lowest singlet state, 11-Pt:S1(PNPPt), can either return to the electronic 

ground-state, 11-Pt:S0, or are funneled into the productive triplet state for N2 loss, circum-

venting the singlet surface of 2-Pt. 

Within this mechanism, the pincer ligand serves predominantly as a chromophore for 

light-harvesting, while the metal ion mediates the transfer of energy required to prepare 

the bent azide diradical, the critical structural and electronic motif that allows for N2-elim-

ination with high quantum yield (~50%). These findings therefore offer an intriguing de-

sign principle for transition metal azide complexes as precursors for nitride complexes: 

The global triplet ground state should have azide-ππ*-character for N2 loss with high 

quantum yields. The mechanism is reminiscent of recent conclusions drawn from high-

level quantum-chemical calculations[22] on the purely photo-organic transformation from 

phenylazide to phenylnitrene. The analogy with organic azides can disclose future strat-

egies for the photochemistry of closed-shell azido complexes: Triplet sensitization via 

energy transfer might offer a high quantum yield approach to obtain nitrido/nitrene com-

plexes from parent azides.[109] In contrast to unsensitized N2 loss, no singlet nitrene spe-

cies are present in this case.  
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2.3. Chemical Reactivity 

An overview of a broader substrate scope for 2-Pt was given in chapter 1.3.3. The fol-

lowing chapters will focus on reactivity of 2-Pd/Pt towards C–H and C=C bonds, with an 

emphasis on the reaction mechanism. 

2.3.1. C–H amination reactivity 

SUN has tested the reactivity of 2-Pt towards a variety of different C–H bond dissociation 

energies (BDE),[73] ranging from toluene (90 kcal mol–1) to 1,4-cyclohexadiene 

(76 kcal mol–1). Irradiation of 1-Pt in the presence of 1,4-cyclohexadiene in toluene-D8 at 

–30 °C leads to amide [Pt(NH2)(PNP)] (12-Pt) as the major product with ca. 70% yield, 

together with a small amount of hydride 6-Pt. The organic product, benzene, is the result 

of double HAT (Scheme 29). With other substrates (fluorene, indene), different reactivity 

is observed: 12-Pt is still formed as a major product, however large amounts (30-40%) 

of a new diamagnetic species are visible in 1H and 31P-NMR spectra. Combination with 

LIFDI-MS allowed assignment of these species as ketimido complexes  

[Pt(N=CR2)(PNP)], resulting from formal double HAT from the same carbon atom. This 

would result in a 1:1 stoichiometry of 12-Pt and [Pt(N=CR2)(PNP)] and requires two Pt 

complexes per substrate. This reactivity is reminiscent to C=N bond formation from OsVI 

nitrido complex XIV, yielding an Os ammonia complex as terminal H atom acceptor (vide 

supra, Scheme 18).[72] In absence of substrate, the deuterated amide 12-Pt (ND2) and 

[Pt(NC(D)Ph)(PNP)] (15-Pt) are being formed in a combined yield of roughly 40%, which 

are the products of solvent (toluene-D8) activation. The BDE of toluene is at the upper 

end of typical hydrogen atom donor hydrocarbons, showing that the nitrene is a potent 

hydrogen atom acceptor. Similar reactivity with toluene has been observed by GUD-

MUNDSDOTTIR and coworkers with triplet 1-nitreneadamantane, although the main prod-

uct was found to be the coupling product of two nitrenes.[10] 

To get a better understanding of the reaction mechanism, mechanistic and computational 

studies were carried out. Because the combined yield of 12-Pt and ketimido product are 

highest with indene (>80%), this substrate was used for further analyses. 

 



Chapter 2.3 Chemical Reactivity 

 

 
56 

 

Scheme 29: Reactivity of 1-Pt with activated C–H bonds upon irradiation. Spectroscopic yields are given as 
combined yields of shown products in % vs. initial 1-Pt, and the C–H BDE is reported for the first HAT of the 
weakest C–H bond. a) Reactivity of 1-Pt in presence of hydrogen atom donor 1,4-cyclohexadiene 
(76 kcal mol–1). b): Reactivity in presence of fluorene (82 kcal mol– 1), indene (83 kcal mol–1), or pure solvent 

(toluene; 90 kcal mol–1). 

 

2.3.2. C–H Imidation Reactivity with Indene 

Initial studies and product characterization was carried out by SUN, while PAVLIDIS syn-

thesized the 3-Ph-5-substituted indenes and performed the Hammett-analyses as well 

as determination of the KIE for indene and 3-Ph-indene.[112] Computational investigations 

were carried out by VERPLANCKE.  

Highest yields (83%) for C=N imidation reactivity are obtained when irradiating 1-Pt with 

an excess of indene (10 eq.) at –30 °C for 1 h at 390 nm. Amide complex 12-Pt, which 

has been characterized before,[54] can be separated from the ketimido complex by filtra-

tion over silanized silica with Et2O. The pure, violet ketimido complex could be charac-

terized by NMR and IR spectroscopy, as well as SC-XRD by PAVLIDIS (Figure 18). The 

presence of only one peak (excluding the Pt satellites) in the 31P{1H}-NMR suggests 

chemical equivalence of both P atoms, while two proton resonances for the tBu groups 

at 1.26 and 1.20 ppm, respectively, suggest reduced symmetry and Cs symmetry, com-

pared to 1-Pt with C2v symmetry. Apparently, rotation of the ketimido ligand around the 



 Chapter 2 Group 10 Metallonitrenes 

 

 
57 

Pt–N bond is hindered by the large steric bulk of the indene unit interacting with the 

ligand’s tBu groups, thereby making the tBu groups above and below the PNP pincer 

plane inequivalent. The symmetry is confirmed by the solid-state structure: The planar, 

aromatic indene moiety is perfectly aligned with the N–Pt–N axis, while the imido nitrogen 

is slightly above the square-planar PNP pincer plane (5.9°). ATR-IR spectroscopy shows 

an intense, but rather broad absorption at 1524 cm–1. Its position is close to the C=C 

stretching vibration of the backbone reported for other pincer complexes, but also where 

one would expect the C=N stretching vibration. 15N labelling of the azide should show a 

distinct redshift of the latter vibration, however this experiment has not been performed. 

 

Figure 18: a) 1H{31P}-NMR spectrum of 14-Pt in CD2Cl2 at 400 MHz. Two aromatic protons and the pincer’s 
NCH protons are overlapping, resulting in a multiplet with integral 4 at 7.22-7.14 ppm. b) 31P{1H}-NMR spec-
trum. c) ATR-IR spectrum of 14-Pt. d) Solid state structure of 14-Pt determined by SC-XRD. Thermal ellip-
soids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. 
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2.3.2.1. Mechanistic Studies 

Since hydrogen atoms are being transferred from indene to metallonitrene 2-Pt, it can 

be anticipated that exchanging hydrogen by deuterium in the substrate’s methylene po-

sition has an influence on the relative reaction rates of H vs. D. While measurement of 

absolute rates is not suitable due to rate-determining photolysis, relative rates could be 

measured in a competition experiment with equimolar amounts of indene and indene-

1,1,3-D3. The deuterated indene is easily obtained by stirring indene in deuterated chlo-

roform in the presence of catalytic amounts of triazabicyclodecene (TBD) base 

(10 mol%).[113] The 1H{31P}-NMR spectrum after irradiation of 1-Pt with the mixture of 

protonated and deuterated indene shows, besides product formation, H/D scrambling of 

free indene (Figure 19). This is verified by the 2H-NMR spectrum, which shows a ratio of 

1:1 for indene-1-D1 and indene-1,1-D2, translating to a 2:1 molar stoichiometry for the 

HD isomer. This H/D scrambling of free indene prevents determination of a meaningful 

KIE. 

 

Figure 19: Reactivity of 1-Pt with equimolar amounts of indene and indene-1,1,3-D3 (5 eq. each) upon irra-
diation in toluene-D8. a) 1H{31P}-NMR spectrum before (top, green) and after (bottom, red) irradiation, show-
ing H/D scrambling of free indene at the methylene position (3.15 ppm). b) 2H spectrum after irradiation, 
removing of solvent in vacuum and addition of C6H6. Line fitting allowed integration of the indene methylene 
resonances (HD/D2) to a 1:1 ratio. 

To check for the nature (electrophilic/nucleophilic) of the selectivity-determining transition 

state, a Hammett analysis was to be performed with different 5-substituted indene deriv-

atives. Although classic Hammett σ parameters are derived from para- or meta-

a)

b)
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substituted benzoic acid derivatives, a certain correlation between the substituent at the 

5-position and the methylene group can be expected. 5-substituted indenes cannot be 

bought commercially, however, straight-forward synthesis from readily available 6-sub-

stituted indanones is possible by elimination of H2O (Scheme 30).[114] 

 

Scheme 30: Synthesis of 5-substituted indenes from 6-substituted indanones by initial reduction and subse-
quent elimination of H2O with catalytic p-toluene sulfonic acid (p-TSA). 

When performing a competition experiment with 5-Cl-indene, instead of two possible 

imido compounds (5–Cl and 5–H substituted 14-Pt), three compounds were observed 

(Figure 20). The 3rd compound could be identified as the isomer of 5–Cl 14-Pt, which is 

substituted in the 6-position. This observation suggests that an allylic intermediate is 

present in the reaction mechanism, formed by initial PCET from indene towards nitrene 

2-Pt, as shown in Scheme 31. This seems reasonable, since the allyl radical allows de-

localization of the radical over the whole aromatic system, leading to stabilization of the 

radical.[115]  

 

Figure 20: 31P{1H}-NMR spectrum after irradiation of 1-Pt in presence of equimolar amounts of indene and 
5-chloroindene in toluene-D8. Assignment of the formed 5- and 6-chloride-substituted indene derivatives to 

the respective 31P resonance was not possible. 
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To prevent this scrambling, the 3-position of indene should be blocked by an additional 

substituent. This could be realized by reaction of the 6-substituted indanones with phe-

nylmagnesiumbromide (PhMgBr) and subsequent elimination of H2O, as reported in lit-

erature (Scheme 30).[114] The isolated yields of 3-Ph-5-substituted indenes are signifi-

cantly higher compared to the non-phenyl substitution, which can be explained by typical 

E1 behaviour, where a higher degree of substitution stabilizes the intermediate carbo-

cation.[115]  

 

Scheme 31: Irradiation of 1-Pt with equimolar amounts of indene and 1,1,3-D3-indene (top) or equimolar 
amounts of indene and 5-substituted indenes (bottom) leads to the depicted products. The proposed inter-

mediate is a Pt-iminyl radical and an organic allyl radical resulting from HAT. 

Deuteration towards the 1,1-D2-3-phenylindene was achieved analogous to unsubsti-

tuted indene. Still, scrambling leading to 1-D1-3-phenylindene was observed when trying 

to determine a KIE by a competition experiment. In contrast, Hammett analysis, per-

formed by PAVLIDIS, now produced only one isomer. The results are shown in Figure 21. 

Since the reaction might feature radical reactivity, relative reaction rates were plotted vs. 

σp as well as σC•. Upon comparison, a much better correlation is found for σp, as shown 

in Figure 21. The obtained slope ρ from a linear regression has a value of 2.6. This is 

remarkable in a way that it reminds of the large slope obtained for nucleophilic attack of 

the nitrene at benzaldehyde (ρ = 4.4) and is not expected for HAT from indene to the 

nitrene. 
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Figure 21: Hammett analysis of reaction of 1-Pt with equimolar amounts of 3-phenyl and 3-Ph-5-substituted 
indenes (5 eq. each). Left: Plot of relative reaction rate (–30°C) vs. classical Hammett substitution constant 
σp and Creary radical stabilization constant σc. Right: Linear fit with σp and resulting reaction constant ρ. 

2.3.2.2. Computational Studies 

To get a full picture of the reaction mechanism, DFT calculations were performed by 

VERPLANCKE. The calculated reaction mechanism is shown in Figure 22. The first ele-

mental step, a HAT from indene to 2-Pt, which was proposed experimentally by the ex-

istence of the allyl radical, is confirmed by calculations. The reaction is slightly downhill 

by 4.5 kcal mol–1 and has a low barrier of roughly 15 kcal mol–1. The presence of an allylic 

intermediate explains the product formation during Hammett analysis, since the allylic 

radical can undergo equivalent reactivity at the original 1 and 3-positions. After the amine 

is formed, this can then react with a second nitrene with a higher barrier (20 kcal mol–1) 

and undergo a second HAT. Lastly, the resulting imidyl radical abstracts a second hydro-

gen atom, resulting in the observed products 12-Pt and 14-Pt. 

When comparing the computed barriers for first HAT (Δ‡G = 14.6 kcal mol–1) and second 

HAT (Δ‡G = 19.6 kcal mol–1), formation of the amide [Pt(NHR)(PNP)] should be observed 

experimentally when using an excess amount of indene. However, even with large ex-

cess of indene (20 eq.), this intermediate cannot be detected. Additionally, the barrier for 

the second HAT seems rather large, considering a driving force of 26.5 kcal mol–1 and a 
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similar transition state as in the first HAT (TS1). To explain the experimental data, the 

barrier for the second HAT should be lower than for the first HAT. Since tunnelling should 

play an important role in this mechanism, a proper tunnelling correction to “classical” 

DFT-computed barriers might have an impact on the relative barrier heights. 

 

Figure 22: Proposed reaction mechanism and calculated ground state and transition state energies (ΔG298 

in kcal mol–1), calculated by VERPLANCKE. Level of Theory: SMD-PBE0-D/def2-TZVPP//PBE0-D/def2-SVP 
(solvent: toluene). Purple: HAT. Orange: concerted PCET. 

2.3.2.3. Base-Assisted Scrambling of Indene 

The question still remains, which mechanism is responsible for H/D scrambling. The allyl 

radical obtained after first HAT and before the radical-rebound step might be a plausible 

candidate, when HAT between the allyl radical and free indene is viable. However, inter-

molecular HAT reactivity between aliphatic C–H bonds is considered to be very slow: For 

an aromatic toluene/benzyl radical system, a transition state of 17-22 kcal mol–1 has 

been found experimentally and computationally by JACKSON and MAYER,[116] which is a 

much higher barrier compared to aliphatic HAT reactivity in a methane/methane radical 

system (14 kcal mol–1).[117] A second mechanism which might lead to H/D scrambling, is 

deprotonation/protonation reactivity, as shown in Figure 23. Synthesis of indene-1,1,3-

D3 is achieved by base catalysis (TBD; pKaH = 15.3 in DMSO)[118] from CDCl3, showing 

the rather acidic nature of the methylene C–H group (pKa = 20.1 in DMSO).[119] On the 

other side, amide 12-Pt should be a very strong base. In a control experiment, 12-Pt was 

added to a mixture of indene and indene-1,1,3-D3 in THF-D8. The 1H-NMR spectrum 

directly after addition of 12-Pt, depicted in Figure 23, showed full scrambling between 

both isotopologues, proving that 12-Pt is a capable catalyst for H/D scrambling of indene. 

12-Pt14-Pt

2-Pt + Indene

+ 2-Pt
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Figure 23: a) 1H-NMR spectrum before (top, green) and after (red, bottom) addition of 12-Pt to an equimolar 
mixture of indene and indene-1,1,3-D3 in C6D6, indicating scrambling at the methylene position.  b) Proposed 
base-mediated mechanism of scrambling. 

To further quantify the basicity of 12-Pt, several protonated superbases with known pKaH 

values in THF[120] were used to determine the pKaH of 12-Pt. While protonated TBD 

(pKaH = 21.0 in THF) was too strong, protonated phosphazene base tBu-N=P2(dma)5 

(dma = N,N-dimethylamino; pKaH = 25.0 in THF) was too weak for an equilibrium. Finally, 

protonated Verkade’s base [HP(N(Me)CH2CH2)3N]BArF (pKaH = 24.1 in THF) led to an 

equilibrium between 12-Pt (δ 31P{1H} = 60.3 ppm) and 13-Pt (δ 31P{1H} = 67.6 ppm). As-

suming a fast equilibrium between both species, the averaged chemical shift δav is com-

posed of the individual chemical shifts and the molar fraction χ of the respective species, 

according to: 

δav = χ(12-Pt)·δ(12-Pt) + χ(13-Pt)·δ(13-Pt) (3) 

 

When adding equimolar amounts of 12-Pt and [HP(N(Me)CH2CH2)3N]BArF, a δav of 

61.1 ppm is obtained, yielding a 90:10 ratio of (12:13)-Pt. For accurate pKaH determina-

tion, a titration with addition of multiple equivalents of acid as well as solvent correction 

accounting for ion pairing[121] should be performed. However, as a crude estimate, a pKaH 

value of 23 ± 1 can be assumed. 

a)

b)
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2.3.2.4. KIE Measurements 

C–H bonds which are less acidic should therefore not undergo this scrambling mecha-

nism. Accordingly, when using xanthene/xanthene-9,9-D2 in equimolar amounts (5 eq. 

respectively) as substrate, no scrambling was observed. 1H-NMR spectroscopy showed 

conversion of only the H-isomer by following the conversion of organic substrate, how-

ever, the large error by NMR integration prevented determination of a meaningful KIE. 

When using toluene/toluene-D8 in equimolar amounts as solvent/substrate at –45 °C 

(0.25 mL respectively), comparison of the ratios of formed H vs. D aldimido complexes 

by ESI-MS lead to a KIE of ~14, which could also be confirmed by 1H-NMR spectroscopy. 

The maximum classical KIE (i.e. without tunnelling) for this HAT, assuming a linear tran-

sition state, can be approximated by the following equation:[122] 

+)%
Ὧ

Ὧ
ÅØÐ

Ὤὧ

ςὯὝ
ὺ ὺ  (4) 

 

Inserting Planck constant h, speed of light c, Boltzmann constant kB, and the aliphatic 

C–H and C–D stretching vibrations ṽ for toluene[123] and toluene-D8
[124], respectively, 

gives a maximum KIE of 9.7 at –45 °C. Since a temperature dependence of the KIE is 

expected, the KIE was also determined at 25 °C analogous to described above. As ex-

pected, a smaller KIE of ~11 was observed. However, it should be noted that both ex-

periments were only carried out once. 

A large KIE is expected for concerted PCET reactions, i.e. CPET.[125] Assuming a mech-

anism for toluene activation that is similar to the mechanism calculated for indene  

(Figure 22), the selectivity-determining step is the first HAT, which explains the observed 

KIE. The higher experimental KIE compared to the theoretical maximum can be at-

tributed to tunnelling effects. For comparison, the isoelectronic iridium oxo complex XX 

has an extrapolated KIE of 95 at –30 °C for dehydrogenation of 9,10-dihydroanthracene 

to anthracene, while the oxidized XX+ has a much smaller KIE of 13 ± 6.[82] 

In summary, 2-Pt undergoes formal double HAT towards indene, leading to formation of 

amido 12-Pt and ketimido 14-Pt complexes in more than 80% yield. Experimental evi-

dence points towards formation of an allyl intermediate, and H/D scrambling is observed 

at the 1 and 3-positions of indene. By using 3-phenylindenes, substituted at the 5-posi-

tion, a Hammett analysis could be performed, suggesting nucleophilic reactivity with a 
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reaction constant of ρ = 2.6. DFT calculations support this picture and propose an amide 

intermediate [Pt(NHR)(PNP)] after first HAT and a radical rebound step, which is further 

confirmed by the existence of a large KIE (14) when using toluene as substrate. How-

ever, since the driving force for C=N double bond formation is large, the reaction does 

not stop here. This is a big difference to typical organic nitrene reactivity, where the re-

action stops after the first HAT and yields the C–H insertion product.[14] Instead, the ob-

served reactivity resembles what has been observed spectroscopically for OsVI nitride 

XIV upon irradiation in the presence of activated hydrocarbons (vide supra; Scheme 

18).[72] 

In the next chapter, reactivity with benzaldehyde is investigated, which has a much higher 

C–H BDE of 90 kcal mol–1 but gives even higher yields. 
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2.3.3. Stoichiometric C–H Amidation 

Parts of this chapter have been published, and they are reprinted with permission from 

the publisher. 

“Nitrogen Atom Transfer Catalysis by Metallonitrene C−H Insertion: Photocatalytic Ami-

dation of Aldehydes”. 

T. Schmidt-Räntsch, H. Verplancke, J. N. Lienert, S. Demeshko, M. Otte, G. P. Van Trie-

ste III, K. A. Reid, J. H. Reibenspies, D. C. Powers, M. C. Holthausen, S. Schneider, 

Angew. Chem. Int. Ed. 2022, 61, e202115626. Copyright 2021 Wiley-VCH. 

 

The aldehydic C–H bond of benzaldehyde has a BDE that is very similar to the one of 

toluene, both being around 90 kcal mol–1. However, irradiation of 1-Pd or 1-Pt in the pres-

ence of benzaldehyde surprisingly furnishes only one complex with almost quantitative 

yield (>90%), compared to a combined yield of 40% for amido 12-Pt and aldimido 15-Pt 

complexes from toluene. For Pd, 1H-NMR spectroscopy shows a distinct, broad proton 

resonance at 3.79 ppm with an integral of one vs. the pincer’s backbone resonances  

(Figure 24). The 1H–15N HSQC spectrum shows clear correlation of the proton signal 

with a 15N resonance at –315 ppm, hinting towards an N–H bond. Additionally, aromatic 

proton resonances with a total integral of 5 are observed. IR spectroscopy revealed a 

characteristic vibration at 1608 cm–1, indicative for a C=O stretching vibration, besides 

the pincer backbone’s C=C stretch at 1525 cm–1. HR-ESI-MS and SC-XRD allowed char-

acterization of the new species as a metal-benzamido complex, 10. Naturally, the ques-

tion arises why the yield for C–H bond amidation with benzaldehyde is much higher than 

for the other substrates undergoing amination reactivity, although its BDE is at the upper 

end of tested substrates. For this reason, extensive mechanistic investigations were car-

ried out, combined with computational studies. 

2.3.3.1. Mechanistic Studies 

Since the phenyl ring allows for modulation of the substrate’s electronic properties, a 

Hammett analysis with a variety of para-substituted benzaldehyde derivatives was con-

ducted. For this, equimolar amounts of benzaldehyde (H) and the para-substituted benz-

aldehyde (X) were used as competitive substrates, and the product concentrations used 

for determination of relative reaction rates (kX/kH). Measuring the absolute rates is not 
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feasible, since photolysis likely is the rate-determining step. Besides, large errors are 

introduced by differing light intensity due to the experimental setup, e.g. distance and 

angle between lamp and sample. For both, 1-Pd and 1-Pt, a good linear correlation with 

a significant positive slope is observed: The Hammett reaction constant ρ for Pt (4.4) and 

Pd (3.0) indicates significant negative charge buildup in the selectivity-determining tran-

sition state, which is not expected for HAT. In fact, typical ρ values for C–H insertion by 

organic nitrenes (N–R; R = Ts, aryl, alkyl, SiMe3), either concerted or in a radical-rebound 

fashion,[126] are moderately negative (0 to –1), highlighting their electrophilic na-

ture.[127,128] 

 

Figure 24: Characterization of 10-Pd. a) 1H NMR spectrum. b) 1H–15N HSQC spectrum. c) ATR-IR spectrum 
with indicative C=O (1608 cm–1) and pincer backbone C=C (1525 cm–1) stretching vibrations. d) Solid state 
structure, determined by SC-XRD. Thermal ellipsoids are drawn at the 50% probability level. Selected hy-
drogen atoms are omitted for clarity. 

The large positive ρ observed here is in a similar range found for hydroxide addition to 

benzaldehyde (ρ = 2.8),[129] supporting nucleophilic attack of the metallonitrene as selec-

tivity-determining step and an inverted selectivity with respect to typical electrophilic 
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nitrenes. Additionally, at –30°C, a KIE near unity was obtained for 1-Pd and 1-Pt when 

using equimolar amounts of PhC(O)–H/D as substrates in an intermolecular competition 

experiment. This again is in contrast to large KIEs typically observed for electrophilic 

nitrene insertion. Notably, a small KIE (kH/kD = 1.30 ± 0.05) was found at higher temper-

atures (+60°C). This is in line with contribution from the homolytic aldehyde C–H cleav-

age step at higher temperatures, but a secondary isotope effect from initial adduct for-

mation cannot be excluded.[130] 

 

 

Figure 25: Hammett analyses for stoichiometric reaction of 1 with equimolar amounts of benzaldehyde and 
para-substituted benzaldehyde. Relative reaction rates log(kX/kH) were determined by an intermolecular 
competition experiment. 

The quantum yields for consumption of 1-Pd in the presence and absence of benzalde-

hyde were identical within error (around 0.1%), which excluded a photoinitiated, thermal 

radical chain mechanism for the formation of 10-Pd. The decay rate (kobs) of 1-Pd scales 

linearly with the photon flux but is independent from benzaldehyde concentration  

(Figure 26). Furthermore, the photolysis of 1-Pd/PhCHO (1:10) in frozen THF (10 h, 82% 

conversion) and subsequent thawing gave 10-Pd in 32 % yield. These observations are 

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

-1.5

-1.0

-0.5

0.0

0.5

1.0

 Pt

 Pd

lo
g

(k
X
/k

H
)

sp

R2 = 0.996

  r = 2.98

R2 = 0.98

  r = 4.4

Br

F

H

Me
tBu

OMe



 Chapter 2 Group 10 Metallonitrenes 

 

 
69 

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. 

 

Figure 26: Plot of concentration of starting material 1-Pd vs. time under different conditions. Conversion of 
1-Pd is only dependant on light intensity, not benzaldehyde concentration. 

2.3.3.2. Computational Studies 

Computations by VERPLANCKE revealed the reason for the high selectivity: While radical 

HAT from benzaldehyde towards triplet 2-Pt, producing a metal-iminyl radical, has a bar-

rier of around 21 kcal mol–1 and therefore competes with intramolecular tBu C–H activa-

tion, nucleophilic attack of the nitrene at the carbonyl group has a lower barrier of 

17 kcal mol–1. When calculating analogous reactivity for 2-Pd, however, the used ONIOM 

approach based on CCSD(T*)-F12b as high-level method produced large T* contribu-

tions exceeding 70 kcal mol–1, a sign that the single-reference coupled-cluster theory 

fails in this case.[131] Therefore, more advanced equation-of-motion coupled-cluster the-

ory including spin-flip (EOM-SF-CCSD(T)(a)*), was used in combination with broken-

symmetry theory. The results are summarized in Scheme 32. For both, Pd and Pt, a 

transition state of 16 kcal mol–1 was found for nucleophilic attack, resulting in a triplet 

biradical adduct. Subsequent H-transfer is accompanied by a spin change, with barrier-

less to near-barrierless minimum energy crossing points (MECP) leading to the benz-

amido product 10. Therefore, the selectivity-determining step for benzaldehyde activa-

tion is initial nucleophilic attack of 2, explaining the good correlation in the Hammett anal-

yses with large, positive ρ values and the absence of a KIE. The high yield combined 

with mild reaction conditions let the question arise if catalytic benzamidation can be 
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realized when a procedure for liberation of the organic product from 10 can be achieved. 

This will be discussed in the next chapter. 

 

Scheme 32: Computed reaction scheme for benzaldehyde C–H insertion by 2-M. Triplet ground states noted 
as T, singlet states as S, transition states as TS and minimum energy crossing points as MECP. Level of 
theory: ONIOM(KS-CCSD(T*)-F12:PBE0-D), ΔG in kcal mol−1. Figure adapted from [131]. 

 

2.3.4. Catalytic C–H Amidation with PdII Azide 

Parts of this chapter have been published, and they are reprinted with permission from 

the publisher. 

“Nitrogen Atom Transfer Catalysis by Metallonitrene C−H Insertion: Photocatalytic Ami-

dation of Aldehydes”. 

T. Schmidt-Räntsch, H. Verplancke, J. N. Lienert, S. Demeshko, M. Otte, G. P. Van Trie-

ste III, K. A. Reid, J. H. Reibenspies, D. C. Powers, M. C. Holthausen, S. Schneider, 

Angew. Chem. Int. Ed. 2022, 61, e202115626. Copyright 2021 Wiley-VCH. 

 

Addition of different azide sources, i.e. NaN3 or [PPN]N3, to benzamide 10-Pd did not 

show any reactivity, even when used in large excess. However, in the presence of 

Me3SiN3, quantitative conversion of 10-Pd towards the organic benzamide and recovery 

of azide 1-Pd was observed after 16 h at 40 °C. For the analogous platinum system, no 

reactivity was observed altogether, which can be explained by an inherently higher 
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barrier (Pd: 29.9 kcal mol– 1; Pt: 38.3 kcal mol–1)[131] for ligand exchange with 5d met-

als.[132] The advantage of liquid Me3SiN3 as azide source lies in its good miscibility with 

organic solvents and the possible dissociation into Me3Si+ and N3
–, caused by high sta-

bility of Me3Si+ in solution.[133] Accordingly, DFT computations indicated that the lowest 

energy pathway for transamidation commences with carboxyl silylation (Figure 27). The 

H–bonded ion pair I1 then undergoes rate-determining substitution at the metal via TS2 

for full silylamide release. The Me3Si-substituted benzamide can easily be converted to 

the primary benzamide by stirring in methanol for a few minutes, as is common proce-

dure for this protecting group. 

 

Figure 27: Computed pathway for transamidation with ΔG333K in kcal mol–1 in parentheses and transition-
state imaginary frequencies in cm–1; methyl groups and hydrogen atoms are omitted for clarity. Computations 

were performed by VERPLANCKE. Figure reprinted from [92] with permission of the publisher. 

With a 2-step synthetic cycle towards the formation of benzamide in hand, the next step 

was to achieve catalytic turnover. First, thermal and photochemical stability of the organic 

substrates were tested. Me3SiN3 shows full thermal stability in benzene up to the sol-

vent’s boiling point at 80 °C and additionally full stability towards irradiation between 

390 nm and 450 nm within 24 hours. For benzaldehyde, the thermal stability could be 

proven in the same temperature range. However, photochemical reactivity upon irradia-

tion at 390 nm was observed, leading to decomposition of the aldehyde. Literature prec-

edence confirms the photoactivity of benzaldehyde, which has a long-lived triplet excited 

Me3SiN3

+ PhC(O)NHSiMe3
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state ( 1͡/2 ≈ ms)[134] that can undergo bimolecular reactivity, ultimately leading to for-

mation of benzoin.[135] Irradiation at 427 nm and above does not lead to any photochem-

ical reactivity of benzaldehyde, setting 427 nm as a high energy limit for catalysis. 

2.3.4.1. Optimization of Reaction Conditions 

As initial conditions for catalysis, 1-Pd, benzaldehyde and Me3SiN3 (0.05 : 1 : 2.5) were 

irradiated (λ = 427 nm) at 30 °C in C6D6 (0.45 mL) with 1,3,5-trimethoxybenzene as in-

ternal standard inside a J-Young NMR tube. After 24 h, 28% conversion was observed 

by 31P{1H}-NMR spectroscopy (Table 3), with a spectroscopic yield of 21% and corre-

sponding to a turnover number (TON) of 4. Increasing the temperature to 60 °C led to 

higher conversion (81%; yield: 71%), while a further increase in temperature did not show 

a significant change in conversion. 

Table 3: Optimization of reaction conditions. 

 

Entry 
λexc 

(nm) 

T 

(°C) 
solvent 

[1-Pd] 

(mol%) 

[Me3SiN3] 

(eq.) 

Yield[a] 

(conv.) (%) 

1 427 30 C6D6 5 2.5 21 (28) 

2 427 50 C6D6 5 2.5 46 (52) 

3 427 60 C6D6 5 2.5 71 (81) 

4 427 70 C6D6 5 2.5 74 (86) 

5 427 60 C6D6 5 2.5 89 (98)[b] 

6 427 60 C6D6 10 2.5 87 (98) 

7 427 60 C6D6 5 1 51 (53) 

8 427[c] 60 C6D6 5 2.5 62 (60) 

9 427 60 C6D6 5[d] 2.5 77 (81) 

10 427 60 C6D6 5[e] 2.5 3 (7) 

11 456 60 C6D6 5 2.5 29 (32) 

12 390 60 C6D6 5 2.5 78 (100) 

13 427 60 THF-D8 5 2.5 76 (90) 

14 427 60 Tol-D 8 5 2.5 68 (76) 

15 427 60 CD3CN 5 2.5 21 (45) 

[a] 1H-NMR yield/conversion after 24 h. [b] 48 h. [c] 50% photon flux. [d] catalyst: 10-Pd. [e] cat-
alyst: 5-Pd. 
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Lowering the catalyst loading from 5 to 2 mol% led to 78% conversion after 48 h, corre-

sponding to a TON of 43. Increasing the loading to 10 mol% allowed quantitative con-

version and 87% yield already after 24 h. A significant change in reaction rate was ob-

served when changing the concentration of Me3SiN3, which confirms transamidation as 

the turnover-limiting step. Using stoichiometric amounts of reactants (1:1) led to a de-

creased conversion of only 50%, while increasing the silylazide concentration to a five-

fold excess with respect to benzaldehyde allowed full conversion and 90% yield after 

24 h. Reduced conversion is also observed at 50% photon flux, suggesting that photo-

chemical N2 elimination also contributes to the overall rate under these conditions, which 

can be reasoned by the low quantum yield (0.1%). In contrast, variation of benzaldehyde 

concentration did not change the reaction rate. This is confirmed by 31P{1H}-NMR spec-

troscopy, as both, 1-Pd and 10-Pd, were observed during catalysis, albeit the latter in 

larger amounts (Figure 28). 

The use of 10-Pd as catalyst gave similar yields, while chloride 5-Pd as catalyst only led 

to minor conversion, which can be attributed to slow formation of 1-Pd from 5-Pd and 

Me3SiN3. At higher wavelengths (456 nm), slower amidation rates were obtained, defin-

ing a low energy limit for productive photolysis. In contrast, a black precipitate is formed 

at λ ≤ 390 nm accompanied by lower selectivity. This observation is attributed to uncat-

alyzed photoreactivity of benzaldehyde, as already discussed before. Other weakly co-

ordinating solvents, like THF or toluene, gave similar results, while the use of acetonitrile 

strongly reduced both yield and selectivity. 

2.3.4.2. Mechanistic Studies 

Hammett analysis of the catalytic transformation at 60 °C gave similar relative rates as 

stoichiometric amidation (Figure 29). Both the reaction parameter (ρ = +2.3) and the KIE 

(kH/kD = 1.15 ± 0.03) are slightly lower than for the stoichiometric reaction (ρ = +3.0,  

kH/kD = 1.30 ± 0.05 at 60 °C), which is tentatively attributed to a kinetic contribution from 

the electrophilic transamidation step. However, it should be noted that ρ is also temper-

ature dependent, obscuring the comparability of the obtained values at different temper-

atures.[136,137] These observations support that catalytic nitrogen atom transfer proceeds 

via the same active species with inverted, nucleophilic selectivity. 
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Figure 28: 31P{1H}-NMR spectra before and during catalysis of 1-Pd under standard conditions. 

 

Figure 29: Left: Catalytic cycle with observed KIEs. Right: Hammett plots for stoichiometric and catalytic 
amidation of para-substituted benzaldehydes. Figure adapted from [92]. 

In 2021, WERLÉ and co-workers reported an iron-catalyzed photocatalytic protocol for 

silylamidation of aromatic and aliphatic aldehydes with Me3SiN3.[128] However, in that 

case, more electron-rich aldehydes gave higher yields, which led to the proposal of a 

nitrenoid {Fe–N–SiMe3} intermediate that undergoes electrophilic C–H activation. In or-

der to probe direct trimethylsilylnitrene transfer for the current case, an isotopic cross-

labelling experiment was designed. For this, simultaneously deuterated and 15N labelled 

Me3SiN3 was synthesized, which could be achieved by reaction of (CD3)3SiCl with 

1-Pd

10-Pd

Before Catalysis

During Catalysis

KIE(1→10):

1.00 (−30 °C)

1.30 (+60 °C)

KIE(cat.):

1.15 (+60 °C)

-0.3 -0.2 -0.1 0.0 0.1 0.2

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

 Pd (stoichiometric)

 Pd (catalytic)

lo
g
(k

X
/k

H
)

sp

R2 = 0.97

  r = 2.3

R2 = 0.996

  r = 3.0
Br

F

H

Me

tBu

OMe



 Chapter 2 Group 10 Metallonitrenes 

 

 
75 

Na(15N14N2). Two isotopologues, (CD3)3Si(14N2
15N) (50%) and (CD3)3Si(15N14N2) (50%), 

are obtained, as commercially available 15N-labelled sodium azide is only partially la-

belled. The use of a mixture of (CH3)3Si(14N3) (50%) and both 15N isotopologues (25% 

each) as amidation reagents and subsequent analysis by HR-ESI-MS gave the four pos-

sible 14/15N and H/D isotopologues of trimethylsilylbenzamide in a ratio that is close to the 

statistical distribution expected for Si–N cleavage (Scheme 33). In contrast, for nitrene 

transfer (NSiMe3), the product distribution should be identical to the distribution of the 

starting materials. Therefore, the observed product ratio corroborates nitrogen atom 

transfer by Si–N cleavage. 

 

Scheme 33: Isotopic cross-labelling experiment. Since the 15N label can be in the α or γ position to Si, a 
complex statistical distribution of products is obtained. 

2.3.4.3. Substrate Scope 

The substrate scope of photocatalytic aldehyde amidation was examined using standard 

conditions (Table 4). Spectroscopic yields around 60–90% were obtained for a wide 

range of donor and acceptor substituted (hetero-)aromatic aldehydes. Some substrates 

gave poor amidation yields, such as p-bromobenzaldehyde due to rapid formation of 

inactive [PdBr(PNP)], 11. Notably, 2-methylbenzaldehyde gave even higher yields than 

the meta- and para-isomers, which might be attributed to decreased stability of the ben-

zamide-coordinated compound, thereby enhancing transamidation rates. Rapid conver-

sion, yet poor selectivities were obtained with aliphatic butanal and phenylacetaldehyde. 

Control experiments for butanal showed unselective photochemical conversion in the 

absence of catalyst. Since a catalyst loading of 2 mol% led to the highest TON observed 

(43) but did not lead to full conversion even after longer reaction times, catalyst deacti-

vation had to be considered. 
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Table 4: Substrate scope, with spectroscopic yields (conversion) given in % vs. internal standard. [a] 24 h. 
[b] in THF-D8. 

 

 

2.3.4.4. Deactivation Pathways 

For a better understanding of the deactivation mechanism, NMR spectra were recorded 

during catalysis under standard conditions. When plotting the sum of catalyst concentra-

tions (1-Pd and 10-Pd) vs. time, a typical decay curve can be observed, as shown in 

Figure 30. Linearization was achieved when using the reciprocal sum of concentrations. 

To check for a possible dependence on benzaldehyde concentration, catalysis was re-

peated with half the benzaldehyde concentration under otherwise identical conditions. 

The obtained slope of 6.2 x 10–3 M–1s–1 does not deviate heavily from the one earlier 

obtained (Figure 26); however, it should be noted that both experiments were only carried 

out once. 
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Figure 30: a) Sum of catalytically active species plotted vs. time, showing a typical decay behaviour. b) Plot 

of inverse concentrations vs. time, resulting in a linear correlation. 

A second-order dependence of deactivation rate on catalyst concentration and the indif-

ference towards substrate (benzaldehyde) concentration hints at bimolecular deactiva-

tion involving two Pd complexes. Since the radical nitrene coupling, as shown in  

Scheme 26, is extremely exergonic and should barely have any barrier, it can be antici-

pated that there is no significant temperature-dependence of the deactivation rate. On 

the other hand, transamidation is highly temperature dependent due to its high barrier. 

Therefore, higher temperatures should increase the relative rates of catalysis vs. catalyst 

deactivation. Furthermore, deactivation is second order in catalyst, while substrate con-

version is first order, meaning that low concentrations of the metallonitrene are needed 

for high TONs. This can be realized by either lowering the relative catalyst concentration 

(mol%), or by using lower overall concentrations. In the optimization process of reaction 

conditions, this has already been considered. A second way of slowing down deactivation 

is by tuning the steric bulk of the phosphine-substituents, which will be discussed in the 

next chapter. 

2.3.4.5. Effect of Ligand Sterics 

To increase maximal TON and reduce catalyst deactivation rates, two strategies con-

cerning ligand sterics were tested: Increasing ligand sterics by changing from tBu to ad-

amantyl (Ad) residues should decrease the rate of bimolecular deactivation (kdeac; 

Scheme 34), while decreasing steric bulk with iPr residues might increase transamidation 

rates (k3), thereby enhancing the relative catalytic rate vs. deactivation rate. 
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Scheme 34: Proposed catalytic cycle with respective rate constants of the elemental steps. Deactivation by 
radical coupling is second order in 2-Pd. 

The first strategy with increasing steric bulk was tested in the bachelor thesis of MATZ 

under the author’s supervision.[138] The synthesis of [Pd(N3)(AdPNP)] (Ad1-Pd) was anal-

ogous to already discussed synthesis of the tBu-substituted compound 1-Pd. Due to 

worse solubility of the adamantyl complex, purification of the hydride complex by pentane 

extraction did not prove to be suitable. Extraction with benzene or Et2O, however, did not 

lead to successful separation from excess K[HBEt3] and other byproducts. Subsequent 

reaction of not pure hydride Ad6-Pd with MeOTf led to formation of [Pd(OTf)(AdPNP)]  

(Ad7-Pd) together with minor amounts of side products, which could not be separated by 

purification. Reactivity of Ad7-Pd with excess sodium azide (10 eq.), followed by extrac-

tion with pentane and washing with HMDSO, gave Ad1-Pd in low yield, together with two 

major byproducts. Since further purification was not possible, another route was tested 

for synthesis of Ad1-Pd. Direct reactivity of Ad5-Pd with a higher excess of sodium azide 

(50 eq.) under refluxing conditions in THF led to a yield in Ad1-Pd of 52% after workup, 

together with residual 6% Ad5-Pd vs. Ad1-Pd. 

Irradiation of Ad1-Pd with stoichiometric benzaldehyde under identical conditions com-

pared to reactivity of 1-Pd gave an overall lower yield of 74% in Ad10-Pd, together with 

small amounts of hydride Ad6-Pd. This might be explained by an increased barrier for 
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nucleophilic attack of the nitrene at the benzaldehyde due to increased steric bulk of the 

adamantyl groups, while bimolecular nitrene coupling and subsequent N2 loss still seems 

to have a negligible barrier, therefore the relative rate of the latter reaction increases. 

A Hammett analysis of the stoichiometric reaction at 25 °C (Figure 31) shows a reaction 

constant of ρ = 3.3 ± 0.2, which is within error to the value obtained for the tBu system 

(ρ = 3.2 ± 0.2). This shows that the electronic structure of both metallonitrenes is very 

similar, and different obtained yields are a result of varied steric bulk of the substituents 

and therefore a kinetic effect, rather than an electronic effect. 

 

Figure 31: Hammett analyses for stoichiometric reaction of (Ad/tBu)1-Pd with benzaldehyde derivatives at 
25 °C. 

Catalytic reactivity of Ad1-Pd using standard conditions gave a conversion of 89% and a 

yield of 64% after 20 h, compared to 81% conversion and 71% yield with tBu1-Pd. A higher 

conversion could be explained by decreased deactivation rate from N2 loss, however the 

reason for lower selectivity remains unknown, since other organic products could not be 

identified. A definite confirmation for reduced deactivation rate might be obtained by in-

situ irradiation inside an NMR spectrometer, which would allow for determination of cat-

alyst concentration over time. However, this experiment has not been performed. 

The second strategy, a reduction of steric bulk with iPr-substituted phosphines, was 

tested during an internship of WINKLER under the author’s supervision. The synthesis is 

analogous to the tBu system, with similar yields. Upon catalysis, the sterically less 
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demanding catalyst shows high activity already at room temperature, where 42% con-

version (37% yield) is obtained after 17 h under otherwise standard conditions (Figure 

32). In contrast, the tBu system shows only minimal conversion at room temperature, 

which can be rationalized by a lower barrier for transamidation due to reduced steric bulk 

of the isopropyl groups. Interestingly, the catalytic rate does not increase significantly at 

higher temperature, indicating that transamidation is not contributing to the rate in this 

case. 

 

Figure 32: Conversion and yield with respect to initial benzaldehyde vs. time at different temperatures. 

This is in line with the observation that for the tBu system, both, azide 1-Pd and benz-

amide 10-Pd complexes are present during catalysis, suggesting that both contribute to 

the rate, while for the iPr system, photolysis, i.e. generation of the metallonitrene, takes 

over as turnover-limiting step. Indeed, iPr1-Pd is the dominant species according to 31P-

NMR spectroscopy in Figure 33. However, conversion and yield are lower with the iPr-

substituted catalyst compared to the tBu system. At 60 °C, a saturation can be observed 

at approximately 60% conversion after 60 h (Figure 32). 31P and 1H-NMR indicate that 

almost no catalytically active species is remaining, which might be explained by other 

deactivation pathways. At the end of catalysis, an additional peak can be observed in the 

1H{31P}-NMR spectrum at 4.36 ppm, which is assigned to formation of isobutene from 

catalyst degradation.  
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Figure 33: 31P{1H}-NMR spectra before, during, and after catalysis. 

In summary, the tBu system seems to be at the sweet spot between reactivity and stabil-

ity. Although transamidation is possible already at room temperature with reduced steric 

bulk of the iPr-ligand, catalyst deactivation seems to be increased, leading to only partial 

conversion. With increased steric bulk of the Ad substituents, the selectivity decreases 

and small amounts of hydride Ad6-Pd are formed, which might be attributed to a higher 

barrier for transamidation, while the barrier for bimolecular deactivation pathways via N2 

loss remains similar. 

In the next chapter, reactivity of 2-Pt towards olefins will be presented. 
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2.3.5. Reactivity towards olefins 

Parts of this chapter have been published, and they are reprinted with permission from 

the publisher. 

“C=C Dissociative Imination of Styrenes by a Photogenerated Metallonitrene”. 

T. Schmidt-Räntsch, H. Verplancke, A. Kehl, J. Sun, M. Bennati, M. C. Holthausen, S. 

Schneider, JACS Au 2024, 4, 3421-3426. Copyright 2024 American Chemical Society. 

Organic nitrenes are known to react with olefins to form aziridines, in analogy to well-

known epoxidation chemistry. Usually, this reactivity is transition metal-catalyzed and 

proceeds via a metal imido complex.[58] Analogous reactivity was also observed for mid-

to-late transition metal nitrides.[62,63] On the other side, BROWN reported insertion of an 

osmium nitride into styrene derivatives, leading to cleavage of the C=C double bond.[65] 

Recently, cobalt-catalyzed C=C bond cleavage of 1,2-diarylalkenes to oxime ethers was 

also reported,[139] reflecting the more frequently observed dissociative oxygenation of 

styrenes by high-valent oxo species.[140] 

Photolysis of 1-Pt (LED, λ = 390 nm, 15 min) and styrene (1.5 eq) in toluene-D8 at –30 °C 

gave two major products with 31P shifts around 60 ppm and distinct sharp 1H resonances 

at 9.7 and 10.4 ppm, respectively (Figure 34). Using non-activated olefins, i.e. ethylene 

or 3,3-dimethylbutene, or other substrates, such as phenylacetylene or stilbene (E/Z), 

only lead to unselective reactivity with formation of major amounts of hydride 6-Pt and 

amide 12-Pt. 

SC-XRD, HR-ESI-MS and two-dimensional NMR spectroscopy allowed identification of 

the major compounds of styrene activation to be aldimido and formimido complexes  

15-Pt and 16-Pt with 39% and 14% yield vs. initial 1-Pt, respectively (Figure 35). The 

crystal structure of the para-methoxy-substituted styrene derivative (15-OMe-Pt) and  

16-Pt are shown in Figure 34, as well as the NMR spectra of the reaction mixture after 

irradiation. The Pt–N(imido) bond lengths are slightly shorter compared to 1-Pt  

(15-OMe-Pt: 1.989 Å; 16-Pt: 2.001 Å vs. Pt–N3: 2.031 Å), while the imido C=N bond 

(1.253 Å; 1.208 Å) is in the typical range for an imine (C=N) double bond (1.27 Å)[141]. 

Selective deuterium labelling of styrene confirmed C=C double bond fission as origin of 

the CHPh and CH2 fragments (Figure 36). 
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Figure 34: a) Solid state structure of 15-OMe-Pt (left) and 16-Pt (right), determined by SC-XRD. Thermal 
ellipsoids are drawn at the 50% probability level. Selected hydrogen atoms are omitted for clarity. b-c) NMR 
spectra after irradiation of 1-Pt with styrene (1.5 eq.) in tol-D8 at –30 °C and λ = 390nm. b) 31P{1H}-NMR 195Pt 
satellites are labelled below their respective peak. c) 1H{31P}-NMR spectrum with main compounds labelled. 
TMB: 1,3,5-trimethoxybenzene.  
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Besides these main products, minor amounts of hydride 6-Pt and amide 12-Pt were de-

tected. Another product could be identified as cyanido complex 17-Pt, which was inde-

pendently synthesized by reaction of triflate 7-Pt with NaCN.[142] The significantly lower 

yield in 16-Pt (14%) can be attributed to the formation of 17-Pt and 12-Pt complexes as 

follow-up products (Scheme 35). Accordingly, photolysis of a mixture of 1-Pt and 16-Pt 

gives equal amounts of 12-Pt and 17-Pt, and DFT computations confirmed a low effective 

barrier for the double hydrogen atom transfer. 

 

Figure 35: Products from photolysis of 1-Pt and styrene at 25 °C, –30 °C and –75 °C, respectively, with 

respect to consumed styrene (blue) and Pt (red). Figure adapted from [143]. 

 

Scheme 35: Follow-up reactivity of 16-Pt with 2-Pt was shown by independent synthesis of 16-Pt and irradi-
ation of 1-Pt in its presence. 
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Figure 36: a) Reaction scheme and observed products after irradiation of 1-Pt with α-D1 (top) and β-D2 
(bottom) labelled styrene. b) Corresponding 1H{31P}-NMR spectra after irradiation for 15 min, in presence of 
styrene (top), α-D1-styrene (middle) and β-D2-styrene (bottom). Indicated are the imido 1H resonances 

around 10 ppm. 

2.3.5.1. Mechanistic studies 

Excess styrene (1.5–100 eq) did not affect the product distribution and was not con-

sumed. Varying the wavelength by using different light sources (Xe: λ > 305 nm/395 nm; 

LED: 370 nm/390 nm) and changing the light intensity also did not change the production 

distribution. The selectivity, however, significantly depends on temperature. At room tem-

perature (25 °C), only slightly lower overall yields were obtained. In contrast, initial pho-

tolysis at –75 °C and subsequent warming gave all products in similar yields, except 16-

Pt. Instead, a methylene bridged diplatinum complex 18-Pt was obtained, which was 
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characterized in situ by NMR spectroscopy (Figure 37). Isolation from the reaction mix-

ture or independent synthesis was not successful, while mass spectrometry (LIFDI/ESI) 

did not give any signal besides 15-Pt. 

DOSY-NMR spectroscopy is in line with a dinuclear species, as can be seen by the lower 

diffusion coefficient (4.93 x 10–10 m2 s–1) compared to 16-Pt (7.62 x 10–10 m2 s–1) or  

15-Pt (6.13 x 10–10 m2 s–1). The integral of the 1H-NMR resonance at 3.03 ppm as well 

as the 13C–1H HSQC and 31P–1H HMBC spectra support a bridging methylene group with 

quintet multiplicity due to coupling with four magnetically equivalent 31P nuclei. The 195Pt 

satellites (2JPtH = 100 Hz) are in the typical range for Pt alkyl complexes (2JPtH = 

80 Hz).[144] Azide 15N labelling of 1-Pt did not perturb the NMR spectrum. With β-D2-sty-

rene, the bridging methylene group at 3.00 ppm was not visible, confirming the origin of 

the CH2 bridge. 

 

Figure 37: a) 31P{1H}-NMR spectrum of reaction of 1-Pt with styrene after photolysis at −75 °C in toluene-D8 

(internal standard OPPh3 at Pɻ = 24.7 ppm). b)  1H{³1P}-NMR spectra of reaction of 1 with α-D1-(bottom) and 

β-D2-styrene (top) after photolysis at −75 °C in toluene-D8. The peak at 3.0 ppm is not visible when using β-

D2-styrene. c) Simulation (green) of the 1H-NMR signal (red) of the bridging CH2 group. Three spin systems 
have been used for the simulation (X = 31P; Y = 195Pt considering 34% natural abundancy), i.e. AX2X’2 (46%), 
AX2X’2Y (47%), and AX2X’2YY’ (7%). Coupling constants: 3JHP = 2.5 Hz, 2JHPt = 100 Hz, linewidth: 2.2 Hz 
(main peak) and 30 Hz (Pt satellites). d) 1H−13C-HSQC spectrum (500/126 MHz) after evaporating all vola-

tiles and redissolving in C6D6. The red circle marks the bridging CH2 group. 
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The selectivity determining step(s) were examined by photolysis in the presence of sty-

rene and para-substituted derivatives. In all cases, the yields in total aldimides and other 

products varied only marginally. The aldimido product distributions (log(kX/kH)) linearly 

correlate with Hammett’s substitution constant σp with a small, positive reaction constant 

(ρ = 1.02 ± 0.06), as shown in Figure 38. Notably, this value is close to that reported by 

SMITH for the stepwise radical aziridination of FeIV nitride XII (T = 65°C, ρ = 1.2 ± 0.2)[64], 

while electrophilic C=C cleavage by high-valent OsVI nitride XIII exhibited a negative 

slope (T = 25°C, ρ = –1.5 vs. σ+)[67]. However, as already discussed, comparison of ρ 

values at different temperatures is not straightforward.[136,137] For comparison, C–H ami-

dation of aromatic aldehydes by 2-Pt exhibits distinct nucleophilicity (ρ = 4.4).[54] Finally, 

reaction with styrene/styrene-D8 (1:1) indicated a small, presumably secondary kinetic 

isotope effect (KIE = 1.16 ± 0.02). 

 

Figure 38: a) Hammett analysis of reactivity of 1-Pt with styrene derivatives at –30 °C. b) Observed Hammett 
reaction constant compared to related reactivity, as shown in Scheme 16 and Scheme 17.[64,67]  

As comparison of the reaction constant ρ with SMITHôS work suggested N-centered rad-

ical reactivity, triplet metallonitrene 2 was suspected as key intermediate for styrene ac-

tivation. In fact, the quantum yield for styrene (ϕ = 36 ± 5%) is of similar magnitude as 

the primary quantum yield for formation of 2-Pt from 1-Pt (ϕ = 50 ± 5%) obtained by 

transient spectroscopy.[27] Furthermore, initial photoconversion of azide 1-Pt in frozen 

solution and subsequent thawing in the presence of styrene gave the same product dis-

tribution as solution photolysis at –75 °C. Thus, styrene activation is a thermal process 

that starts with photoproduct formation. Surprisingly, DFT computations for the direct re-

action of styrene with 2-Pt via CïN radical coupling produced a sizable kinetic barrier 

(Ў‡Ὃ  = 17.1 kcal molï1), which seems too high in energy in light of the low thermal 
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stability. In search of a different route, styrene activation was examined by in situ EPR 

spectroscopy. 

2.3.5.2. EPR Spectroscopy of Reactive Intermediates 

For this purpose, photolysis was carried out in 2-MeTHF, since it forms a transparent 

glass in the frozen state. This is necessary for high conversion upon irradiation in the 

solid state and reduced microwave absorption/dispersion, leading to a high signal-to-

noise (S/N) ratio in the EPR spectrum. Irradiation at –75 °C or in the frozen state  

(–196 °C) at a concentration of 8 mM in the presence of olefin (5 eq.) with subsequent 

thawing and rapid freeze-quench at –196 °C reproducibly afforded a complex signal of 

an S = ½ species. In the absence of substrate, no signal is obtained under otherwise 

identical conditions. Samples for the further EPR analyses were irradiated (3 h, 

λ = 390 nm) in the frozen state in the presence of olefin, then thawed for 1 min at –90 °C, 

followed by rapid freeze-quench. 

X- and Q-band EPR spectra were measured of the reaction solution.3 X-band (9 GHz) 

spectra usually have the highest S/N ratio, since samples tubes have a larger diameter 

and can therefore hold more substance. Q-band (34 GHz) measurements are performed 

in thinner tubes, however, allow for a more accurate determination of the g-values. This 

is due to a larger splitting of the ± ½ states at higher magnetic fields and is especially 

important in case of small g-anisotropy and large HFI, leading to overlap of the individual 

g-values at low fields, as is the case here. 

Q-band measurements at 80 K showed an almost axial spectrum (g = 2.125, 2.004, 

1.992), with gx and gy (g┴) being close to the value of a free electron (g = 2.002), therefore 

hinting towards a non-metal radical. Because hyperfine interactions (HFI) were barely 

resolved at 34 GHz, X-band spectra were used for further analyses. The observed Pt 

satellites with a HFI of about 500 MHz originate from the HFI of the electron spin to one 

{Pt(PNP)} fragment. The isotope 195Pt (I = ½) has a natural abundance of 34% and there-

fore the coupling can be detected. The corresponding two 31P nuclei from this fragment 

with 100% I = ½ seem to be chemically or magnetically inequivalent, as they show 

slightly different couplings in the order of 60-100 MHz. HFI to one 14N nucleus (100% 

I = 1) is highly anisotropic and clearly resolved on the high field side of the spectrum. It 

 
3 Q-band measurements in collaboration with Dr. ANNEMARIE KEHL at the Max Planck Institute for 
Multidisciplinary Sciences, Göttingen. X-band measurements in collaboration with Dr. A. CLAUDIA 

STÜCKL at the Institute of Inorganic Chemistry, Göttingen. 
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could be identified by comparing labelled 15N (I = ½) and unlabelled 14N spectra. Simpli-

fication of the spectrum was obtained with α-D1-labelled styrene as substrate, yet not 

with the β-D2 isotopologue, proving significant HFI with a 1H nucleus. The gyromagnetic 

ratio γ of 2D (I = 1) is 6.5 MHz T–1, compared to 42.6 MHz T–1 for 1H (I = ½). Since the 

HFI is directly proportional to γ, a reduced interaction by a factor of 6.6 is expected for 

2D, rendering it effectively silent for EPR. 

The 195Pt and 31P HFI are significantly smaller than for a reported PtI bisphosphine com-

plex (APt = 1900 MHz, AP = 700 MHz),[145] yet close to that of the dinuclear (CN2
–) radical 

bridged complex [{(PNP)PtII}(CNN•){PtII(PNP)}]+,[142] as shown in Figure 39. A dinuclear 

complex would also be in agreement with the observed large anisotropic 14N HFI, while 

the reduced HFI with α-D1-styrene shows close proximity of the spin center to the ben-

zylic α-position of styrene. In summary, the EPR data indicates that styrene activation 

produces a dinuclear complex with an N-centered π-radical that originates from the 

nitrene moiety, suggesting the structure of 19-Pt as shown in Figure 40a. 

 

[Pt]–NNC–[Pt] [Pt]• 

g 2.260 2.016 1.986 g 2.127 2.070 1.968 

A(Pt1) 433 440 550 Aiso(Pt) 1910 

A(Pt2) 253 103 101 Aiso(P) 701 

A(N1) 14 16 75 / / 

A(N2) 34 24 74 / / 

 

Figure 39: EPR Data for selected complexes with respective spin density ρ. HF coupling constants A are 
given in MHz. For the Pt(I) complex, the spectrum in frozen solution was too complex for determination of 
the anisotropic HFI, therefore the isotropic values from the measurement in solution are given. 
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Figure 40: a) DFT-computed spin density plot of 19-Pt. b-f) Experimental and simulated EPR spectra of the 
frozen reaction mixtures after photolysis of 1-Pt with styrene, in 2-MeTHF. b) Experimental and simulated Q-
band spectrum; asterisk denotes glass peak. c-d) Experimental and simulated X-Band spectra with styrene 
and α-D1-labelled styrene. e-f) Experimental X-Band spectra with differently labelled styrene and 15N labelled 
azide 1-Pt (50%). Figure adapted from [143].  
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Table 5: Comparison of computed (SO-ZORA-PBE0/TZ2P-J) and simulated EPR parameters. Hyperfine 
couplings A are given in MHz. 

 DFT  Simulation 

g 2.106 2.000 1.985  2.126 2.003 1.992 

A(Pt1) –473 –724 –494  –565 –530 –500 

A(Pt2) 37 21 24  / / / 

A(P1) 61 60 80  60 60 80 

A(P2) 76 76 99  75 75 100 

A(N) 12 6 109  12 6 109 

A(H) 142 125 128  140 125 130 

 

EPR computations by VERPLANCKE with the PBE0 functional and different treatment of 

SO-effects, calculated with different programs (AMS, ORCA, Gaussian), all gave very 

similar g-values and HFI, showing reliability of the computed values (Table 5). Since 

computed and experimental g-values as well as the 195Pt HFI are in good agreement, all 

other computed HFI were also included in the fit of the experimental spectrum. For the 

1H HFI, the value can also be estimated from the modified MCCONELL equation. For a  

C–H bond in β-position to a carbon radical Cα (or in this case nitrogen radical) with spin 

density ρ, at a certain dihedral angle θ towards the p-orbital carrying the spin density, the 

following isotropic 1H HFI (Aiso) is obtained :[146] 

Aiso (H–Cβ) ≈ 162 MHz • ρ(Cα) • cos2(θ) (5) 

 

For a DFT-calculated θ of 20° and a ρ(N) of 90% in a p orbital, an Aiso of 130 MHz is 

obtained, which is in excellent agreement with experimental and computed HFI. 

Because the nitrogen HFI is highly anisotropic, computed Euler angles have to be in-

cluded in the simulation. These describe the relative orientation of the coordinate system 

of the HFI towards the coordinate-system of the g-tensor and are used in the zyz con-

vention. By rotating the HFI frame first with angle α about the z axis, yielding the frame 

x’y’z’, then by β about the y’ axis, yielding the frame x’’y’’z’’, and last by γ about the z’’ 

axis, the final frame is obtained. Positive angles refer to clockwise rotation. By minimal 

manual fitting of g values and A values, a good simulation of X- and Q-band spectra 

using the same set of parameters could be obtained. Exclusion of the 1H HFI in the sim-

ulation also nicely reproduces the spectrum with α-deuterated styrene.  
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2.3.5.3. Control Experiments for a Radical Mechanism 

The generation of 19-Pt implies formation of a PtïC bond and, thus, partial loss of nitro-

gen. As already discussed in chapter 2.1.3 (Scheme 26), dimerization of 2-Pt leads to 

formation of a PtI species, 8-Pt. Since the temperature for styrene activation coincides 

with the decay of 2-Pt, olefin activation by 8-Pt was considered as potential path. As 

control reaction, α-methylstyrene was used, which carries an activated methyl group for 

trapping via HAT (Scheme 36). In that case, neither the analogue of 15-Pt, nor any other 

C–N coupling product was observed. Instead, the η1-2-phenylallyl complex 

[PtII(CH2C(Ph)CH2)(PNP)] (20-Pt) and amide 12-Pt are obtained in 2:1 ratio, besides 

small amounts of hydride 6-Pt. Deuterium labelling confirmed selective Pt–C bond for-

mation at the vinylic terminus of methylstyrene, disfavoring free allyl radical intermedi-

ates. Thus, the control experiment supports styrene activation by PtI complex 8-Pt and 

subsequent product formation by HAT to nitrene 2-Pt. When the methyl group is replaced 

by a second phenyl group (1,1-diphenylethylene), large amounts of PtII hydride and deu-

teride (6-Pt) are being formed, suggesting that substrate reactivity competes with tolu-

ene-D8 activation. This shows that the benzylic position has to be sterically accessible 

for 2-Pt to lead to C=C bond cleavage.  

 

Scheme 36: Reactivity of 1-Pt with α-methylstyrene leads to Pt-C bond formation at the vinylic site, and HAT 
from the methylgroup to 2-Pt. Deuterium labelling suggests attack of 8-Pt at the vinylic position, and no H/D 
scrambling was observed. [Pt] = [Pt(PNP)]. 

Since radical species are involved in the reaction mechanism, the addition of persistent 

organic radicals might allow isolation of intermediates by radical recombination or lead 

to different selectivity. Therefore, irradiation of 1-Pt and styrene in the presence of excess 



Chapter 2.3 Chemical Reactivity 

 

 
94 

TEMPO or 2,4,6-tritertbutylphenoxy radical (10 eq.) was performed. 31P{1H}-NMR spec-

troscopy in both cases showed unselective reactivity, suggesting that these persistent 

radicals interfere with intermediates during styrene C=C bond cleavage reactivity. 

2.3.5.4. Propopsed Mechanism 

Based on these results, the mechanism shown in Scheme 37 is proposed. Styrene acti-

vation by PtI (8-Pt) was computed to exhibit a low activation barrier (5.2 kcal mol–1) and 

give a PtII alkyl complex with remote, benzylic radical, [Pt(CH2C•HPh)(PNP)]. The redox-

activity of the olefin reflects results by DE BRUIN for ethylene activation by IrII, and is a 

rare example of olefin activation by a metal radical.[147] Formation of the key intermediate 

19-Pt is completed by barrierless and highly exergonic recombination with free nitrene 

2-Pt. The moderately positive Hammett slope is attributed to the charge flow that is as-

sociated with selectivity determining olefin addition to the PtI radical. The preference for 

olefin activation by PtI over the triplet metallonitrene is attributed to its distinct nucleo-

philicity. Subsequent dissociation of 19-Pt into aldimide 15-Pt and the methylene com-

plex [Pt(CH2)(PNP)] exhibits the highest overall kinetic barrier (17.0 kcal mol–1 at 

T = 243 K), in line with the spectroscopic detection of 19-Pt. Notably, the methyl complex 

exhibits predominant PtII alkyl radical, rather than PtIII alkylidene character. Thus, recom-

bination with triplet nitrene 2 is barrierless and highly exergonic. The dinuclear amidyl 

radical [(CH2N){Pt(PNP)}2] is a direct precursor to the formimido product 16-Pt and 8-Pt, 

closing the cycle with a minute kinetic barrier (6.0 kcal mol–1). 

Formation of 18-Pt instead of 16-Pt after initial photolysis at –75°C indicates trapping of 

[Pt(CH2)(PNP)] by 8-Pt instead of 2-Pt. This path requires high PtI steady state concen-

trations, as a consequence of rapid, bimolecular N2 loss at high metallonitrene concen-

trations. At low temperatures, PtI can accumulate within the dinuclear nitrogen-bridged 

species 9-Pt, which dissociates upon warming.  
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Scheme 37: Computed catalytic cycle for dissociative olefin photoimination ([Pt] = {Pt(PNP)}; ɝG243 in  

kcal molï1). Computations were performed by VERPLANCKE at PBE0-D/def2-TZVPP level of theory. 
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2.3.6. Conclusions 

In summary, reactivity of 2 towards activated C–H and C=C bonds could be shown. 2-Pt 

undergoes formal double HAT towards indene, leading to formation of amido 12-Pt and 

ketimido 14-Pt complexes in more than 80% combined yield. Experimental evidence 

points towards formation of an allyl intermediate, and H/D scrambling is observed at the 

1 and 3-positions of indene. By using 3-phenylindenes, substituted at the 5-position, a 

Hammett analysis could be performed, suggesting nucleophilic reactivity with a reaction 

constant of ρ = 2.6. DFT calculations support this picture and propose an amide inter-

mediate [Pt(NHR)(PNP)] after first HAT and a radical rebound step, which is further con-

firmed by the existence of a large KIE (14) when using toluene as substrate However, 

since the driving force for C=N double bond formation is large, the reaction does not stop 

here. This is a significant difference between metallonitrene 2-Pt and typical organic 

nitrenes, where the reaction stops after the first HAT and yields the C–H insertion prod-

uct.[14] 

With aldehydes as substrates, the subvalent nitrogen ligand undergoes facile C−H inser-

tion via nucleophilic, rather than electrophilic attack. The faster amide transfer kinetics of 

Pd compared to Pt allowed for the development of a photocatalytic protocol for the oxi-

dative silylamidation of aromatic aldehydes with Me3SiN3. Product deprotection offers a 

facile catalytic strategy towards primary amides. Mechanistic analysis by linear free en-

ergy relationship, KIE, and isotopic cross-labelling analyses suggest that stoichiometric 

and catalytic C−H amidation follow the same nucleophilic pathway. When tuning the lig-

and sterics by changing the phosphine’s substituents, it becomes evident that the tBu  

(1-Pd) system seems to be at the sweet spot between reactivity and stability. Although 

transamidation is possible already at room temperature with reduced steric bulk of the 

iPr-ligand, catalyst deactivation seems to be increased, leading to only partial conver-

sion. With increased steric bulk of the Ad substituents, the selectivity decreases and 

small amounts of Ad6-Pd are formed, which might be attributed to a higher barrier for 

transamidation, while the barrier for bimolecular deactivation pathways via N2 loss re-

mains similar. 

Photolysis of 1-Pt in the presence of styrenes results not in formation of the aziridine, as 

expected from classical nitrene transfer, but instead in dissociative imination of the olefin 

into aldimido 15-Pt and formimido 16-Pt. The immediate photoproduct, 2-Pt, does not 

directly activate the alkene under these conditions, but instead relies on a PtI mediated 
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radical chain that is initiated by nitrene decay via bimolecular N–N coupling. This mech-

anism is supported by a moderate positive Hammett reaction constant (ρ = 1.0), detec-

tion of a key dinuclear intermediate by EPR spectroscopy, labelling and trapping experi-

ments, as well as computational evaluation. This path complements previous reports on 

radical C=C bond cleavage. In turn, the radical activation of styrene by 2-Pt cannot ki-

netically compete, explaining the absence of aziridination products. 

 

Scheme 38: Overview over observed reactivity of 2. 

For all the reported reactions, the nucleophilicity of 2 is key for the observed selectivity. 

This nucleophilicity is in stark contrast to typical electrophilic late transition metal ni-

trides,[37] and also different to electrophilic, subvalent organic nitrenes.[7] Therefore, the 

reported group 10 pincer complexes can serve as a design principle for activation of 

electrophilic C–H bonds by C–N formation, as well as a potential starting point for disso-

ciative oxidation and imination of olefins by radical activation. 
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2.4. Final Conclusion and Outlook 

By establishing a synthetic route for azide 1-Pd, metallonitrene 2-Pd could be obtained 

by photolysis of this parent complex. 2-Pd exhibits a triplet electronic ground state with 

high spin density on the atomic nitrogen ligand (96%). Photocrystallography and compu-

tational studies further support the notion of a M–N single bond. Characterization of 2-Pt 

by NMR and UV/Vis in solution showed stability up to –80°C, suggesting a barrier for 

nitrene coupling and N2 loss. The relative stability of 2-Pd/Pt in contrast to elusive 2-Ni 

was rationalized by a much higher computed barrier for nitrene insertion into the M–P 

bond for Pd and Pt (>24 kcal mol–1) than for Ni (7 kcal mol–1). 

For the future, isolation of the first Ni metallonitrene might be possible when replacing 

the phosphine ligands by imine ligands to form stronger L–Ni bonds, for example with 

the PDI ligand. This would allow characterization of the whole range of 3d, 4d and 5d 

metallonitrenes to determine the influence of the metal on the electronic structure of the 

nitrene. Besides, it might enable 3d-based nitrogen atom transfer catalysis. 

Transient absorption spectroscopy was able to show that the reactive state leading to 

photochemically-induced N2 loss is an azide-ππ* triplet state, which is populated by tri-

plet-sensitization from the highly absorbing pincer backbone. This is in analogy to re-

cently reported formation of organic nitrenes by triplet sensitization. The findings offer an 

approach for high quantum-yield, i.e. energy-efficient nitrene formation and circumvent-

ing the formation of unwanted singlet nitrene intermediates. 

The nucleophilicity of 2 seems to be key for the observed reactivity regarding C–H inser-

tion with aldehydes and hydrocarbons as well as C=C bond cleavage with styrene deriv-

atives. This nucleophilicity is in stark contrast to typical electrophilic late transition metal 

nitrides, and also different to electrophilic, subvalent organic nitrenes. The mechanism 

of activation of these substrates by 2 switches between a radical type for activated hy-

drocarbons to nucleophilic reactivity with aldehydes. The distinct nucleophilicity also 

means that classic aziridination chemistry with typically electron-rich olefins cannot be 

observed. Instead, C=C bond cleavage, initated by formation of PtI due to N2 loss from 

nitrene coupling, and subsequent C=N bond formation is obtained. 
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This rare characterization of nucleophilic nitrenes and the observed reactivity might serve 

as a design principle for highly relevant C–N bond formation by activation of electrophilic 

C–H bonds, as well as a potential starting point for dissociative oxidation and imination 

of olefins by radical activation, which has so far only been known with oxygen. 
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3. Experimental Part 

All experiments were carried out under inert conditions (Argon, LINDE 5.0) using standard 

Schlenk and glove-box techniques (argon atmosphere). Glassware was oven dried at 

120 °C for at least 2 hours prior to use and allowed to cool under vacuum. For filtration 

via canula transfer, PTFE cannulas were used in combination with glass fibre filters 

(WHATMANN GF/B, 25 mm). THF, Et2O, benzene, toluene and DCM were purchased in 

HPLC quality (Sigma Aldrich) and dried using an MBRAUN Solvent Purification System, 

while 2-MeTHF was dried over Na/K alloy. Deuterated solvents were obtained from 

EURISOTOP GmbH, dried over Na/K alloy (THF-D8, Tol-D8, C6D6), CaH2 (CD2Cl2),  

distilled by trap-to-trap transfer in vacuo, and degassed by three freeze-pump- 

thaw cycles, respectively. [PdCl2(CH3CN)2][85], [PtCl2(COD)][148] , [PtN3(PNP)][54] and 

HN(CH2CH2P
tBu2)2

[149]
 were synthesized according to published procedures. Synthesis 

of indene-derivatives has been performed by PAVLIDIS.[112] Other chemicals were pur-

chased from chemical vendors and used as received unless otherwise stated. 

3.1. Analytical Methods 

3.1.1. NMR 

NMR spectra were recorded in J-Young tubes on BRUKER Avance III HD 300, Avance III 

HD 400, Avance Neo 400, Avance III HD 500, or Avance Neo 600 NMR spectrometers 

at a temperature of 298 K, unless stated otherwise. 1H NMR spectra were referenced to 

the residual solvent signal (C6D6: δH = 7.16 ppm; d8-THF: δH = 3.58 ppm; d8-Tol: δH = 

2.09 ppm; CD2Cl2: δH = 5.32 ppm) as internal standard. Chemical shifts for 13C, 15N, 19F, 

31P, and 195Pt are given vs. Me4Si, H3PO4, MeNO2, CFCl3, and Na2PtCl6, respectively. All 

heteronuclei were referenced via the proton spectrum by using the Ξ value, as recom-

mended by IUPAC.[150] Signal multiplicities are abbreviated as s (singlet), d (doublet), t 

(triplet), q (quartet), quint (quintet), m (multiplet), dd (doublet of doublets), dt (doublet of 

triplets), td (triplet of doublets), vt (virtual triplet), or br (broad). Brackets were used for 

195Pt satellites (33.8 % abundance). MestReNova 14.3 (MESTRELAB RESEARCH S.L., 

Santiago de Compostela, ESP) was used for analysis of NMR spectra. 
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3.1.2. Elemental Analyses 

Elemental analyses were obtained from the Analytisches Labor, Georg-August-Universi-

tät Göttingen, using an Elementar Vario EL 3 analyzer. 

3.1.3. Mass Spectrometry 

HR-ESI-MS (Bruker maXis QTOF), LIFDI-MS (JEOL AccuTOF JMS-T100GCV; inert 

conditions) and GC-HR-MS (ThermoFisher Scientific Exactive GC) spectra were mea-

sured by the Zentrale Massenabteilung, Fakultät für Chemie, Georg-August-Universität, 

Göttingen. 

3.1.4. IR Spectroscopy 

IR spectra were recorded using a BRUKER ALPHA FT-IR spectrometer with Platinum ATR 

module (solid state) or a ThermoFisher Scientific Nicolet iS10 FT-IR spectrometer with 

liquid sampleholder (1 mm pathlength). 

3.1.5. UV/Vis Spectroscopy 

UV/Vis spectra were recorded on a VARIAN CARY300 Scan or an AGILENT Cary 8454 

spectrometer with VT unit (+100 to –195 °C; USP-203 Series, UNISOKU, Osaka, JPN) 

using quartz cuvettes with airtight caps, or for measurements below –100 °C reinforced 

quartz cuvettes (HELLMA, Müllheim, GER) capped with a rubber septum. 

3.1.6. Photolysis Setup 

Photolysis experiments were performed using KESSIL Lighting PR160L LEDs with the 

following wavelengths: 370 nm, 390 nm, 427 nm, 456 nm, or a 150 W Hg(Xe) arc lamp 

with a lamp housing and arc lamp power supply from QUANTUM DESIGN GmbH 

(Pfungstadt, GER). In the case of the Hg(Xe) arc lamp, a white-glass filter with a cutoff 

wavelength of 305 nm was used.  

Samples were irradiated in NMR tubes, which were hold in place by a self-made Teflon 

lid placed on top of a beaker. A magnetic stirrer with heating function was used to control 

the temperature of the water bath inside the beaker, and the Teflon lid reduced water 

evaporation over longer times at elevated temperatures. For reproducibility, the samples 

were placed at a distance of 3 cm away from the lamp. 
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Irradiation inside the NMR spectrometer was carried out by using a commercial setup 

from MOUNTAIN PHOTONICS (Landsberg am Lech, GER), consisting of a 380 nm LED and 

a fiber optic, both from PRIZMATIX (Holon, IL). The fiber optic was sanded at the lower 

40 mm, allowing irradiation of the sample around the fiber optic. Instead of a J-Young 

NMR tube, a combination of inner tube (3 mm), surrounding the fiber optic, and outer 

tube (5 mm), containing the sample solution, was used. The inner tube is inserted into 

the outer tube through a screw-cap septum, which is further air-tightened by parafilm. 

3.1.7. X-Ray Crystallography 

Suitable single crystals for X-ray structure determination were selected from the mother 

liquor under an inert gas atmosphere and transferred in protective perfluoro polyether oil 

on a microscope slide. The selected and mounted crystals were transferred to the cold 

gas stream on the diffractometer. The diffraction data were obtained at 100 K on a 

BRUKER D8 three-circle diffractometer, equipped with a PHOTON III detector or a PHO-

TON 100 CMOS detector and an INCOATEC microfocus source with Quazar mirror op-

tics (Mo-Kα radiation, λ= 0.71073 Å). 

The data were integrated with SAINT and a semi-empirical absorption correction from 

equivalents with SADABS was applied. The structure was solved and refined using the 

BRUKER SHELX 2014 software package.[151] All non-hydrogen atoms were refined with 

anisotropic displacement parameters. All C–H hydrogen atoms were refined isotropically 

on calculated positions by using a riding model with their Uiso values constrained to 

1.5 Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other at-

oms. 

3.1.8. Magnetic Measurements 

Evans’ method was employed to determine the effective magnetic moment (μeff) in solu-

tion. A capillary with pure deuterated solvent was inserted into an NMR tube, and the 

sample solution in the same deuterated solvent was added. Three independent meas-

urements were performed for determination of μeff according to Sur’s equation and cor-

rected for diamagnetic contributions.[152] 

SQUID measurements on 2-Pd were carried out using a QUANTUM DESIGN MPMS3 

SQUID magnetometer. The photoproduct 2-Pd was formed in situ via the irradiation of 

1-Pd with a TLS120Xe xenon light source (390 nm), using the fiber optical sample holder 
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(FOSH) to get optical access to the sample. For this, a small amount of 1-Pd (0.79 mg) 

was placed in the FOSH. After insertion of the FOSH in the magnetometer, the sample 

was centered in the magnetometer coils and the sample was cooled down to 2 K. In 

order to obtain a background measurement of the set-up before the reaction, the mag-

netic moment of 1-Pd in the FOSH was measured from 2 K to 295 K at a magnetic field 

of 5000 Oe. Afterwards, the sample was cooled down to 10 K, followed by a temperature 

stabilization period of 30 minutes. Subsequently, the reaction from 1-Pd to 2-Pd was 

carried out by photolysis at 390 nm over the course of 190 min. The reaction was moni-

tored, by measuring the DC moment of the sample over the whole period of irradiation 

at a magnetic field of 5000 Oe. A clear increase of the DC moment was observed, indi-

cating the formation of 2-Pd. 

The reaction was followed by a temperature dependent measurement of the reaction 

product from 2 K to 295 K at a magnetic field of 5000 Oe. The signal that can be at-

tributed to 2-Pd was extracted from the data by subtracting the raw response function of 

the measured background from the raw response function of the reaction product[153] 

using the mpView.1.4.1 program.[154] From the resulting magnetic moment, the molar 

susceptibility of 2-Pd was calculated. As the photolysis yield in 2-Pd is not known, the 

amount of 2-Pd was varied until the measured χMT product reached the theoretical max-

imum for an S = 1 system with g = 2 of 1 cm3mol–1K. From this result, formation of 

0.0082 mg of 2-Pd was calculated, which equals to ca. 1 % conversion. The data was 

fitted with a spin Hamiltonian approach, using the julX program according to Ὄ Ὣ‘ὄᴆὛᴆ

ὈὛ ὛὛ ρ ὉὛ Ὓ .[155] Temperature-independent paramagnetism (TIP) was in-

cluded according to χcalc = χ + TIP (TIP = 2850∙10–6 cm3 mol–1). 

3.1.9. EPR Spectroscopy 

X-Band spectra were recorded with a BRUKER ElexSys-II E500 CW-EPR spectrometer 

with frozen-solution samples in J-Young quartz glass EPR tubes, at temperatures be-

tween 130 and 150 K. Q-Band EPR measurements were performed on a BRUKER 

ElexSys E580 EPR spectrometer equipped with a BRUKER 3 mm cylindrical resonator in 

TE012 mode (QT-II) in a CF935 helium gas flow cryostat (OXFORD INSTRUMENTS, Abing-

don, UK) at 80 K. EPR simulations were conducted using EASYSPIN’S pepper function 

(6.0.0-dev.53).[156] The Euler angles are used in the zyz convention and describe a sub-

sequent rotation of the frame: First by α about the z axis, yielding the frame x’y’z’, then 
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by β about the y’ axis, yielding the frame x’’y’’z’’, and last by γ about the z’’ axis yielding 

the final frame. Positive angles refer to clockwise rotation. The following measurement 

parameters were used: 

Table 6: Experimental parameters for EPR measurements. 

Freq. T / K 
MW Freq / 

GHz 

Mod Freq / 

kHz 

Mod Amp / 

G 

MW power / 

mW 
Scans 

Q-Band 80 34.01 100 3 0.39 100 

X-Band 133 9.43 100 2 9.9 1 
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3.2. Synthesis Procedures 

3.2.1. 2,4,6-Tri-tert-butylphenoxy radical 

This synthesis is slightly modified from literature.[157] In a Schlenk flask equipped with a 

large stirring bar, 2,4,6-tri-tert-butylphenol (5.00 g, 19.1 mmol, 1.00 eq.) was dissolved in 

benzene (80 mL) and 15 mL of aqueous 1M NaOH is added. The solution was degassed 

by two freeze-pump-thaw cycles. K3[Fe(CN)6] (15.7 g, 47.6 mmol, 2.50 eq.) was added 

and the solution was stirred under argon atmosphere for two hours at room temperature. 

The benzene fraction was extracted via canula transfer through a filter, and the residual 

benzene/water fraction further extracted with pentane (80 mL). To the combined organic 

fraction, vacuum was applied, and all volatiles were removed under reduced pressure. 

The resulting blue powder was used without further purification. 

3.2.2. Me3SiNHBz 

This synthesis is slightly modified from literature.[158] Benzoyl chloride (0.25 mL, 

2.1 mmol, 1.0 eq) and bis(trimethylsilyl)amine (0.44 mL, 2.1 mmol, 1.0 eq) were com-

bined in a small vial under air. The capped vial was then stirred for 24 hours. To the 

resulting white solid, vacuum was applied, and all volatiles were removed. The final prod-

uct was obtained by extraction with diethyl ether, and could be further purified by extrac-

tion with pentane, although the solubility is quite low. 

1H-NMR (C6D6, 500 MHz, [ppm]): δ = 7.69-7.66 (m, 2H, o-H), 7.12-7.08 (m, 1H, p-H), 

7.05-7.00 (m, 2H, m-H), 5.30 (br s, 1H, NH), 0.29 (s, 9H, CH3). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 171.5 (CO), 135.7 (i-C), 131.4 (p-C), 128.5 

(m-C), 127.8 (o-C), –0.6 (CH3). 

29Si{1H}-NMR (C6D6, 99 MHz, [ppm]): δ = 6.0 (s). 

HR-ESI-MS m/z found (calc) [C10H15NOSi+H]+: 194.0997 (194.0996). 

 

3.2.3. (CD3)3Si(15NN2) 

This synthesis is adapted from literature.[159] Na(15NN2) (0.157 g, 2.42 mmol, 1.05 eq.) 

was dissolved in triglyme (1.5 mL) and the solution cooled to 0 °C. (CD3)3SiCl (0.29 mL, 

2.3 mmol, 1.0 eq.) was added dropwise via syringe and the resulting solution stirred at 



 Chapter 3 Experimental Part 

 

 
107 

70 °C for 5 days. After cooling to room temperature, the product was transferred to a 

small young flask by trap-to-trap condensation, resulting in a total yield of 205 mg  

(77% yield) of colorless liquid. Since sodium azide is only 50% 15N labelled, two isomers 

are obtained: (CD3)3Si–N2
15N and (CD3)3Si–15NN2. 

29Si{1H}-NMR (C6D6, 15.8 MHz, [ppm]): δ = 6.0 (s). 

15N{1H}-NMR (C6D6, 50.7 MHz, [ppm]): δ = –208 (s, γ–N3), –320 (s, α–N3). 

3.2.4. α-CD3-styrene 

Acetophenone-D3: 

The synthetic protocol is adapted from literature.[160] A mixture of acetophenone (2.9 g, 

24 mmol), KOH (0.10 g, 2.0 mmol), and D2O (99.95% D, 16 mL) was stirred at room 

temperature for 24 h under Ar. Afterwards, the mixture was diluted with dry diethyl ether 

(20 mL). After phase separation, the combined organic layers were dried with anhydrous 

MgSO4, filtered, and concentrated. The crude product was purified by column chroma-

tography using hexane/ethylacetate (95/5). Acetophenone-D3 was obtained with 97 % 

deuteration as calculated by the ratio of residual CH3 1H NMR signal vs. aromatic pro-

tons. 

1H-NMR: (CDCl3, 400 MHz, [ppm]): δ = 7.96 (ABB’A’, 3JHH = 7.5 Hz, 2H, o-H), 7.57 (ABB’, 

3JHH = 7.5 Hz, 1H, p-H), 7.47 (ABCC’B’A’, 3JHH = 7.5 Hz, 1H, m-H), 2.57 (s, 0.1H, CH3). 

α-CD3-styrene: 

The synthetic protocol is adapted from literature.[161] n-butyllithium in hexane (4.1 ml, 

10.1 mmol, 1.0 eq.) was added dropwise to a solution of methyltriphenylphosphonium 

bromide (3.65 g, 10.1 mmol, 1.00 eq.) in THF (10 ml) in a round bottom flask at –40°C. 

After addition, the mixture was stirred for 30 min at –40°C. After that, acetophenone-D3 

(1.26 g, 10.2 mmol, 1.05 eq.) in THF (1.0 mL) was added dropwise via syringe at –40°C. 

The mixture was warmed to room temperature and stirred for 16 h. The reaction was 

quenched by the addition of water (10 mL). After filtration, the organic layer was sepa-

rated, washed with brine, dried over MgSO4, and concentrated by rotary evaporation 

(crude yield: 0.95 g). Column chromatography with hexane/diethyl ether (98:2) gave the 

product as a colorless oil (0.27 g, 22%) with 97 % deuteration as calculated by the ratio 

of residual CH3 1H NMR signal vs. aromatic protons. 
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1H-NMR: (CDCl3, 400 MHz, [ppm]): δ = 7.52-7.48 (m, 2H, o-H), 7.39-7.33 (m, 2H, m-H), 

7.32-7.27 (m, 1H, p-H), 5.40 (AB, 2JHH = 1.5 Hz, 1H, CHH), 5.11 (AB, 2JHH = 1.5 Hz, 1H, 

CHH), 2.16 (s, 0.1H, CH3). 

13C{1H}-NMR: (CDCl3, 101 MHz, [ppm]): δ = 143.2 (C=CH2), 141.3 (i-C), 128.3 (m-C), 

127.4 (p-C), 125.5 (o-C), 112.4 (C=CH2). The multiplet of the CD3 group was not ob-

served. 

3.2.5. [HP(N(Me)CH2CH2)3N]BArF 

[HP(N(Me)CH2CH2)3N]Cl (20.0 mg, 0.0791 mmol, 1.00 eq) was dissolved in DCM 

(5 mL), and NaBArF (66.6 mg, 0.0752 mmol, 0.950 eq) was added. The mixture was 

stirred for 1 h. After removing of all volatiles, the residue was extracted with Et2O 

(3x2 mL), and all volatiles removed in vacuo. 

1H-NMR (THF-D8, 400 MHz, [ppm]): δ = 7.78 (s, 8H, BArF), 7.57 (s, 4H, BArF), 5.37 (AX, 

2JHP = 493 Hz, 1H, HP), 3.20 (A6B6X, 3JHH = 6.2 Hz, 4JHP = 4.1 Hz, 6H, PNCH2), 3.06 

(A6B6X, 3JHH = 6.2 Hz, 3JHP = 12.0 Hz, 6H, PNCCH2), 2.67 (A9X, 3JHP = 17.4 Hz, 9H, 

PNCH3). 

31P{1H}-NMR (THF-D8, 162 MHz, [ppm]): δ = –11.0 (s). 

3.2.6. [Pd(N3)(PNP)] (1-Pd) 

[Pd(OTf)(PNP)] (350 mg, 0.572 mmol, 1.00 eq.) and NaN3 (372 mg, 5.72 mmol, 

10.0 eq.) were dissolved in THF (10 mL) and stirred for 16 hours. After removing all vol-

atiles in vacuo, the residue was extracted with diethylether (20 mL) and from the extract, 

all volatiles were removed in vacuo. The residue was extracted with benzene (20 mL) 

and the extract lyophilized overnight to give 1 as a yellow to orange powder (269 mg, 

93 %). For purification, 1 can be crystallized from a concentrated solution in pentane at 

–70 °C. Crystals suitable for SC-XRD were obtained from a saturated pentane solution 

at –30 °C. 

1H-NMR (C6D6, 500 MHz, [ppm]): δ = 6.55 (ABXX’B’A‘, N = |3JHP+4JHP
‘| = 44.3 Hz, 

3JHH = 5.4 Hz, 2H, NCH), 3.72 (ABXX’B’A‘, N = |2JHP+4JHP
‘| = 6.9 Hz, 3JHH = 5.4 Hz, 2H, 

PCH), 1.32 (A18XX’A‘18, N = |3JHP+5JHP‘| = 14.4 Hz, 36H, tBu). 
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13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 161.8 (AXX’A’, N = |2JCP+3JCP
‘| = 9.0 Hz, 

NCH), 81.4 (AXX’A’, N = |1JCP+3JCP
‘| = 18.1 Hz, PCH), 35.9 (A2XX’A’2, N = |1JCP+3JCP

‘| 

 = 9.7 Hz, C(CH3)3), 29.0 (A6XX’A’6, N = |2JCP+4JCP
‘ | = 3.3 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 75.3 (s). 

15N{1H}-NMR (C6D6, 50.7 MHz, [ppm]): δ = –244.2 (s, γ -N3), –350.2 (s, α-N3). 

HR-ESI-MS m/z found (calc) [C20H40N4P2Pd+H]+: 505.1844 (505.1844). 

UV/Vis (THF): λmax (ε [M-1cm-1]) = 392 (1290), 327 (10200), 243 (20700) nm. 

IR (ATR-IR, cm-1): 2041 (N3), 1529 (C=C). 

Elem. Anal. found (calc) for C20H40N4P2Pd: C 47.58 (47.57); H 8.14 (7.99); N 11.07 

(11.10). 

3.2.7. [PdCl{HN(CH2CH2PtBu2)2}]Cl (3-Pd) 

PdCl2(MeCN)2 (100 mg, 0.385 mmol, 1.00 eq.) was suspended in THF (10mL) and 

HN(CH2CH2P
tBu2)2 (139 mg, 0.385 mmol, 1.00 eq.) in THF (2 mL) was added, resulting 

in a color change to yellow and the formation of a pale-yellow precipitate after 5 minutes. 

After stirring for 3 h, the solvent was decanted off and the residue was washed with pen-

tane (3x3 mL) and benzene (3x3 mL). The yellow powder was dried overnight in vacuo. 

Yield: 185 mg, 89%. Crystals suitable for SC-XRD could be grown from gas-phase diffu-

sion of diethyl ether to a saturated solution in dichloromethane.  

1H{31P}-NMR: (CD2Cl2, 400 MHz, [ppm]): δ = 9.14 (br s, 1H, NH), 3.32-3.24 (m, 2H, 

NCHH), 2.69-2.58 (m, 2H, NCHH), 2.48 (ABC, JHH = 14.7 Hz, 6.5 Hz, 2H, PCHH), 2.03 

(ABC, JHH = 14.7 Hz, 4.2 Hz, 2H, PCHH), 1.51 (s, 18H, tBu), 1.46 (s, 18H, tBu). 

13C{1H}-NMR: (CD2Cl2, 101 MHz, [ppm]): δ = 56.9 (m, NCH2), 37.6 (AXX’A’, N = 

|1JCP+3JCP
‘| = 7.3 Hz, C(CH3)3), 36.9 (AXX’A’, N = |1JCP+3JCP

‘| = 8.8 Hz, C(CH3)3), 29.5 

(A3XX’A’3, N = |2JCP+4JCP
‘| = 2.6 Hz, C(CH3)3), 29.4 (A3XX’A’3, N = |2JCP+4JCP

‘| = 2.8 Hz, 

C(CH3)3), 24.3 (AXX’A’, N = |1JCP+3JCP
‘| = 8.0 Hz, PCH2). 

31P{1H}-NMR (162 MHz, CD2Cl2, [ppm]): δ = 74.0 (s). 

HR-ESI-MS m/z found (calc) [C20H45ClNP2Pd]+: 504.1744 (504.1748). 
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Elem. Anal. found (calc) for C20H45Cl2NP2Pd: C 44.42 (44.58); H 8.42 (8.42); N 2.55 

(2.60). 

3.2.8. [PdCl{N(CH2CH2PtBu2)2}] (4-Pd) 

[PdCl{HN(CH2CH2P
tBu2)2}]Cl (580 mg, 1.08 mmol, 1.00 eq.) and KOtBu (145 mg, 

1.29 mmol, 1.20 eq.) were combined in a Schlenk flask and THF (20 mL) was added 

while stirring, resulting in an immediate color change from yellow to orange-red. After 

stirring for one hour, the solvent was removed in vacuo and the residue extracted with 

benzene. Lyophilization gave the product as an orange solid (490 mg, 90 %). Crystals 

suitable for SC-XRD could be obtained from a saturated pentane solution at –30°C as 

yellow blocs. 

1H-NMR (C6D6, 400 MHz, [ppm]): δ = 2.82 (AB2XX’B2’A‘, N = |3JHP+4JHP‘| = 18.1 Hz, 3JHH 

= 6.2 Hz, 4H, NCH2), 1.67 (m, 4H, PCH2), 1.38 (A18XX’A‘18, N = |3JHP+5JHP‘| = 13.2 Hz, 

36H, tBu). 

13C{1H}-NMR (C6D6, 101 MHz, [ppm]): δ = 63.8 (m, NCH2), 35.9 (AXX’A’, N = 

|1JCP+3JCP
‘| = 7.0 Hz, PCH2), 29.4 (A6XX’A’6, N = |2JCP+4JCP

‘| = 2.9 Hz, C(CH3)3), 25.0 

(A2XX’A’2, N = |1JCP+3JCP
‘| = 8.1 Hz, C(CH3)3). 

31P{1H}-NMR (162 MHz, C6D6, [ppm]): δ = 81.2 (s). 

HR-ESI-MS m/z found (calc) [C20H44ClNP2Pd+H]+: 504.1742 (504.1748). 

UV/Vis (THF): λmax (ε [M-1cm-1]) = 443 (1100), 322 (5900), 252 (12760) nm. 

Elem. Anal. found (calc) for C20H44ClNP2Pd: C 48.01 (47.81); H 8.81 (8.83); N 2.74 

(2.79). 

3.2.9. [PdCl(PNP)] (5-Pd) 

[PdCl{N(CH2CH2P
tBu2)2}] (100 mg, 0.200 mmol, 1.00 eq.) was dissolved in benzene 

(10 mL) and 2,4,6-tri-tertbutylphenoxy radical (286 mg, 1.09 mmol, 5.50 eq.) was added 

as a solid. The solution was stirred for two hours and the conversion checked by 

31P{1H} NMR. When there was not full conversion, another equivalent of phenoxy radical 

was added and the solution stirred for another hour. After lyophilization, excess phenoxy 

radical was sublimed at 70 °C. The air-stable product was obtained as a pale yellow solid 

(70 mg, 70 %). Crystals suitable for SC-XRD could be obtained from a saturated pentane 



 Chapter 3 Experimental Part 

 

 
111 

solution at –30°C as yellow plates, or from a saturated ethereal solution at –30°C as 

orange cubes. 

1H-NMR (C6D6, 500 MHz, [ppm]): δ = 6.61 (ABXX’B’A‘, N = |3JHP+4JHP‘| = 44.9 Hz, 3JHH = 

5.3 Hz, 2H, NCH), 3.79 (ABXX’B’A‘, N = |2JHP+4JHP‘| = 6.9 Hz, 3JAB = 5.3 Hz, 2H, PCH), 

1.40 (A18XX’A‘18, N = |3JHP+5JHP‘| = 14.3 Hz, 36H, tBu). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 161.4 (AXX’A’, N = |2JCP+3JCP
‘| = 9.3 Hz, 

NCH), 81.9 (AXX’A’, N = |1JCP+3JCP
‘| = 17.4 Hz, PCH), 36.3 (A2XX’A’2, N = |1JCP+3JCP

‘| 

= 9.8 Hz, C(CH3)3), 29.3 (A6XX’A’6, N = |2JCP+4JCP
‘| = 3.2 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 73.6 (s). 

HR-ESI-MS m/z found (calc) [C20H40ClNP2Pd+H]+: 498.1436 (498.1437). 

UV/Vis (THF): λmax (ε [M-1cm-1]) = 441 (52), 359 (shoulder, 552), 314 (10200), 254 (9740) 

nm. 

IR (ATR-IR, cm-1): 1525 (C=C). 

Elem. Anal. found (calc) for C20H40ClNP2Pd: C 48.22 (48.20); H 8.19 (8.09); N 2.80 

(2.81). 

3.2.10. [PdH(PNP)] (6-Pd) 

[PdCl(PNP)] (447 mg, 0.897 mmol, 1.00 eq.) was dissolved in benzene (20 mL) and po-

tassium triethylborohydride solution in THF (1.0 M, 3.59 mL, 3.59 mmol, 4.00 eq.) was 

added to the solution, resulting in an immediate color change to orange. The solution 

was stirred for 24 hours at 55 °C and another 24 hours at room temperature. Conversion 

was checked by 31P{1H} NMR spectroscopy. If full conversion was not yet achieved, the 

solution was stirred for another 24 hours. After lyophilization, the brown residue was ex-

tracted with pentane (50 mL), and the product was obtained after evaporation of the sol-

vent as a slight brown solid (372 mg, 90 %). Crystals suitable for SC-XRD could be ob-

tained from a saturated solution in pentane at –70 °C. 

1H-NMR (C6D6, 500 MHz, [ppm]): δ = 7.27 (ABXCX’B’A‘, N = |3JHP+4JHP‘| = 39.1 Hz, 3JAB 

= 5.1 Hz, 4JHH = 3.7 Hz, 2H, NCH), 4.07-4.04 (m, 2H, PCH), 1.29 (A18XX’A‘18, N = 

|3JHP+5JHP‘| = 14.1 Hz, 36H, tBu), –9.63 (AB2X2, 2JHP = 4.2 Hz, 4JHH = 3.7 Hz, 1H, PdH). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 159.8 (AXX’A’, N = |2JCP+3JCP
‘| = 9.3 Hz, 
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NCH), 82.9 (AXX’A’, N = |1JCP+3JCP
‘| = 17.5 Hz, PCH), 34.2 (A2XX’A’2, N = |1JCP+3JCP

‘| 

= 10.5 Hz, C(CH3)3), 29.7 (A6XX’A’6, N = |2JCP+4JCP
‘| = 4.1 Hz, C(CH3)3).  

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 86.6 (s). 

HR-ESI-MS m/z found (calc) [C20H41NP2Pd+H]+: 464.1834 (464.1830). 

UV/Vis (THF): λmax (ε [M-1cm-1]) = 326 (14300), 243 (16600) nm. 

IR (ATR-IR, cm-1): 1900 (Pd-H), 1509 (C=C). 

Elem. Anal. found (calc) for C20H41NP2Pd: C 51.48 (51.78); H 8.81 (8.91); N 3.00 (3.02). 

3.2.11. [Pd(OTf)(PNP)] (7-Pd) 

MeOTf (0.30 mL, 2.8 mmol, 3.50 eq.) was added to a stirring solution of [PdH(PNP)] 

(370 mg, 0.798 mmol, 1.00 eq.) in benzene (10 mL). The initially slight brown solution 

turned red-purple after some minutes and after one hour, all volatiles were removed in 

vacuo. After extraction with benzene (2x3 mL), the solvent was evaporated in vacuo and 

the purple solid washed with pentane (5x1 mL) until the initial brown washing solution 

was only slightly pink. Yield: 350 mg, 72%. Crystals suitable for SC-XRD were obtained 

by diffusion of pentane into a saturated diethylether solution. 

1H-NMR (C6D6, 500 MHz, [ppm]): δ = 6.05 (ABXX’B’A‘, N = |3JHP+4JHP‘| = 46.3 Hz, 3JHH = 

5.5 Hz, 2H, NCH), 3.59 (ABXX’B’A‘, N = |2JHP+4JHP‘| = 7.1 Hz, 3JHH = 5.4 Hz, 2H, PCH), 

1.32 (A18XX’A‘18, N = |3JHP+5JHP‘| = 14.8 Hz, 36H, tBu). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 161.8 (AXX’A’, N = |2JCP+3JCP
‘| = 8.4 Hz, 

NCH), 120.1 (AX3, 1JCF = 319 Hz, CF3), 82.1 (AXX’A’, N = |1JCP+3JCP
‘| = 1JCP = 19.0 Hz, 

PCH), 36.6 (A2XX’A’2, N = |1JCP+3JCP
‘| = 9.2 Hz, C(CH3)3), 29.1 (A6XX’A’6, N = |2JCP+4JCP

‘| 

= 3.2 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 82.4 (s). 

19F{1H}-NMR (C6D6, 471 MHz, [ppm]): δ = –76.0 (s). 

LIFDI-MS m/z found (calc) [C21H40F3NO3P2PdS]+: 611.2 (611.1). 

UV/Vis (THF): λmax (ε [M-1cm-1]) = 519 (broad, 189), 354 (shoulder, 2920), 299 (23300), 

273 (30790) nm. 

IR (ATR-IR, cm-1): 1551 (C=C). 
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Elem. Anal. found (calc) for C21H40F3NO3P2PdS: C 41.47 (41.22); H 6.76 (6.59); N 2.28 

(2.29); S 5.28 (5.24). 

3.2.12. [Pd(NHBz)(PNP)] (10-Pd) 

1-Pd (10.0 mg, 19.8 µmol, 1.00 eq.) and PhCHO (2.53 µL, 24.8 µmol, 1.25 eq.) were 

dissolved in C6D6 (0.4 mL) and irradiated with a 427 nm LED for 1 h at room temperature. 

After removing all volatiles in vacuo, the residue was dissolved in pentane and crystal-

lized at –70 °C with a yield of 9.2 mg (80 %). 

1H-NMR (C6D6, 500 MHz, [ppm]): δ = 8.14-8.12 (m, 2H, o-H), 7.25-7.21 (m, 2H, m-H), 

7.14-7.11 (m, 1H, p-H), 6.72 (ABXX’B’A‘, N = |3JHP+4JHP
‘| = 43.6 Hz, 3JHH = 5.3 Hz, 2H, 

NCH), 3.82 (ABXX’B’A‘, N = |2JHP+4JHP
‘| = 6.5 Hz, 3JHH = 5.3 Hz, 2H, PCH), 3.79 (br s, 

1H, NH), 1.34 (A18XX’A‘18, N = |3JHP+5JHP‘| = 14.1 Hz, 36H, tBu). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 171.9 (CO), 161.5 (AXX’A’, N = |2JCP+3JCP
‘| 

= 9.2 Hz, NCH), 141.4 (i-C), 128.8 (m-C, p-C), 127.3 (o-C), 81.9 (AXX’A’, N = 

|1JCP+3JCP
‘| = 17.9 Hz, PCH), 35.9 (A2XX’A’2, N = |1JCP+3JCP

‘| = 9.4 Hz, C(CH3)3), 29.2 

(A6XX’A’6, N = |2JCP+4JCP
‘| = 3.5 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 70.4 (s). 

HR-ESI-MS m/z found (calc) [C27H46N2OP2Pd+H]+: 583.2211 (583.2203). 

UV/Vis (THF): λmax (ε [M-1cm-1]) = 363 (shoulder, 1020), 315 (21140), 240 (35540) nm. 

IR (ATR-IR, cm-1): 1608 (C=O), 1525 (C=C). 

Elem. Anal. found (calc) for C27H46N2OP2Pd: C 55.66 (55.62); H 8.06 (7.95); N 4.79 

(4.80). 

3.2.13. [PdBr(PNP)] (11-Pd) 

[Pd(OTf)(PNP)] (4.0 mg, 6.5 µmol, 1.0 eq.) and NaBr (6.7 mg, 65 µmol, 10 eq.) were dis-

solved in THF (2 mL) and stirred for 24 hours. After removing all volatiles in vacuo, the 

residue was extracted with diethylether (5 mL) and from the extract, all volatiles were 

removed in vacuo. 

1H{31P}-NMR (C6D6, 300 MHz, [ppm]): δ = 6.61 (AB, 3JHH = 5.3 Hz, 2H, NCH), 3.81 (AB, 

3JHH = 5.3 Hz, 2H, PCH), 1.40 (s, 36H, tBu). 
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31P{1H}-NMR (C6D6, 121 MHz, [ppm]): δ = 74.6 (s). 

HR-ESI-MS m/z found (calc) [C20H40BrNP2Pd+H]+: 544.0914 (544.0910). 

3.2.14. [Pt(NC(H)(C6H5))(PNP)] (15-Pt) 

[Pt(OTf)(PNP)] (26.7 mg, 0.0380 mmol, 1.00 eq.) and PhCN (5.6 μL, 0.054 mmol, 

1.4 eq.) were dissolved in THF (2 mL). The mixture was stirred at 25 °C for 16 hours, 

leading to formation of a yellow suspension. After removal of the solvent, the residue was 

suspended in THF (1 mL) and a solution of KBHEt3 in THF (1 M, 41 μL, 0.041 mmol, 

1.1 eq.) was added at –36 °C. The mixture was warmed to 25 °C and stirred for additional 

20 minutes. Removal of the solvent and extraction with Et2O gave a pale yellow residue 

after solvent evaporation. Extraction with pentane and recrystallization from pentane at 

–36 °C yielded the product as crystalline solid (11.4 mg, 46%). 

1H{31P}-NMR (C6D6, 500 MHz, [ppm]): δ = 10.49 (A(X), 3JHPt = 88.5 Hz, 1H, NC(H)Ph), 

7.91 (AB, 3JHH = 7.8 Hz, 2H, o-H), 7.32 (ABC, 3JHH = 7.8 Hz, 2H, m-H), 7.14 (AB2, 3JHH = 

7.8 Hz, 1H, p-H), 6.98 (AB(X), 3JHH = 5.4 Hz, 3JHPt = 49.4 Hz, 2H, NCH), 4.07 (AB(X), 

3JHH = 5.4 Hz, 3JHPt = 35.6 Hz, 2H, PCH), 1.31 (s, 36H, tBu). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 161.9 (AXX’A’, N = |2JCP+3JCP
‘| = 7.6 Hz, 2JCPt 

= 63.7 Hz, NCH), 160.6 (AX2, 3JCP = 2.1 Hz, NC(H)Ph), 142.9 (br s, i-C), 128.4 (s, m-C), 

127.3 (s, p-C), 126.1 (s, o-C), 82.1 (AXX’A’, N = |1JCP+3JCP
‘| = 23.1 Hz, PCH), 36.1 

(A2XX’A’2, N = |1JCP+3JCP
‘| = 13.1 Hz, C(CH3)3), 28.9 (A6XX’A’6, N = |2JCP+4JCP

‘| = 2.9 Hz, 

C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 60.5 (A2(X), 1JPPt = 2940 Hz). 

195Pt{1H}-NMR (C6D6, 108 MHz, [ppm]): δ = −3723 (AX2, 1JPtP = 2940 Hz). 

ESI-HR-MS m/z found (calc) [C27H46N2P2Pt+H]+: 656.2870 (656.2862).  

Elem. Anal. found (calc) for C27H46N2P2Pt: C 49.09 (49.46); H 7.49 (7.07); N 4.16 (4.27).  

3.2.15. [Pt(NC(H)(C6H4-OMe))(PNP)] (15-OMe-Pt) 

[Pt(OTf)(PNP)] (23.0 mg, 0.0330 mmol, 1.00 eq.) and 4-methoxybenzonitrile (4.9 mg, 

0.037 mmol, 1.1 eq.) were dissolved in THF (2 mL). The mixture was stirred at 25 °C for 

24 hours, followed by addition of a solution of KBEt3H in THF (1 M, 41 μL, 0.041 mmol, 

1.1 eq.) at –36 °C. The mixture was warmed to 25 °C and stirred for another 4 hours. 
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Removal of the solvent and extraction with Et2O and pentane gave a pale yellow solid 

after solvent evaporation. The product was washed with cold pentane and diethylether 

and dried in vacuo. (5.6 mg, 52%). 

1H{31P}-NMR (C6D6, 500 MHz, [ppm]): δ = 10.42 (A(X), 3JHPt = 88.9 Hz, 1H, NC(H)Ar), 

7.85 (AB, 3JHH = 8.8 Hz, 2H, o-H), 7.00 (AB(X), 3JHH = 5.4 Hz, 2H, NCH), 6.92 (AB, 2JHH 

= 8.8 Hz, 2H, m-H), 4.09 (AB(X), 3JHH = 5.4 Hz, 3JHPt = 35 Hz, 2H, PCH), 3.29 (s, 3H, 

OCH3), 1.34 (s, 36H, tBu). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 162.2 (AXX’A’, N = |2JCP+3JCP
‘| = 7.6 Hz, 2JCPt 

= 62 Hz, NCH), 160.0 (AX2, 3JCP = 1.9 Hz, NC(H)Ar), 159.9 (s, p-C), 137.1 (s, i-C), 127.4 

(s, o-C), 114.3 (s, m-C), 82.5 (AXX’A’, N = |1JCP+3JCP
‘| = 23.1 Hz, PCH), 54.8 (s, OCH3), 

36.4 (A2XX’A’2, N = |1JCP+3JCP
‘| = 13.0 Hz, C(CH3)3), 29.2 (A6XX’A’6, N = |2JCP+4JCP

‘| 

= 2.9 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 60.2 (A2(X), 1JPPt = 2940 Hz). 

195Pt{1H}-NMR (C6D6, 108 MHz, [ppm]): δ = –3715 (AX2, 1JPtP = 2940 Hz). 

LIFDI-MS m/z found (calc) [C27H46N2P2Pt]+: 685.2 (685.3).  

Elem. Anal. found (calc) for C28H48N2OP2Pt: C 48.86 (49.04); H 7.04 (7.06); N 3.99 

(4.06).  

3.2.16. [Pt(NC(H)(C6H4-tBu))(PNP)] (15-tBu-Pt) 

[Pt(OTf)(PNP)] (17.0 mg, 0.0240 mmol, 1.00 eq.) and 4-tert-butylbenzonitrile (5.0 μL, 

0.030 mmol, 1.2 eq.) were dissolved in THF (1.5 mL). The mixture was stirred at 25 °C 

for 24 hours, followed by addition of a solution of KBEt3H in THF (1 M, 25.5 μL, 

0.026 mmol, 1.1 eq.) at –36 °C. The mixture was warmed to 25 °C and stirred for another 

40 minutes. Removal of the solvent and extraction with pentane (2 mL) gave a pale yel-

low solid after solvent evaporation. Crystallization from pentane at –36°C gave a crystal-

line, yellow solid (11.1 mg, 64%). 

1H{31P}-NMR (C6D6, 500 MHz, [ppm]): δ = 10.52 (A(X), 3JHPt = 88.8 Hz, 1H, NC(H)Ar), 

7.91 (AB, 3JHH = 8.5 Hz, 2H, o-H), 7.42 (AB, 2JHH = 8.5 Hz, 2H, m-H), 6.99 (AB(X), 3JHH 

= 5.6 Hz, 3JHPt = 50 Hz, 2H, NCH), 4.08 (AB(X), 3JHH = 5.6 Hz, 3JHPt = 35 Hz, 2H, PCH), 

1.33 (s, 36H, tBu), 1.20 (s, 9H, tBu). 
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13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 162.2 (AXX’A’, N = |2JCP+3JCP
‘| = 7.6 Hz, 2JCPt 

= 66 Hz, NCH), 160.8 (AX2, 3JCP = 1.9 Hz, NC(H)Ph), 150.1 (p-C), 141.0 (i-C), 126.1(s, 

o-C), 125.7 (s, m-C), 82.5 (AXX’A’, N = |1JCP+3JCP
‘| = 23.1 Hz, PCH), 36.4 (A2XX’A’2, N = 

|1JCP+3JCP
‘| = 13.1 Hz, C(CH3)3), 34.6 (s, Ph-C(CH3)3), 31.5 (s, Ph-C(CH3)3), 29.2 

(A6XX’A’6, N = |2JCP+4JCP
‘| = 3.0 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 60.3 (A2(X), 1JPPt = 2940 Hz). 

195Pt{1H}-NMR (C6D6, 108 MHz, [ppm]): δ = –3714 (AX2, 1JPtP = 2940 Hz). 

LIFDI-MS m/z found (calc) [C31H54N2P2Pt]+: 711.3 (711.3). 

Elem. Anal. found (calc) for C31H54N2P2Pt: C 52.42 (52.31); H 7.68 (7.65); N 3.89 (3.94).  

3.2.17. [Pt(NC(H)(C6H4-Cl))(PNP)] (15-Cl-Pt) 

[Pt(OTf)(PNP)] (20.5 mg, 0.0290 mmol, 1.00 eq.) and 4-chlorobenzonitrile (4.6 mg, 

0.033 mmol, 1.1 eq.) were dissolved in THF (1.5 mL). The mixture was stirred at 25 °C 

for 24 hours, followed by addition of a solution of KBEt3H in THF (1 M, 30 μL, 

0.030 mmol, 1.0 eq.) at –36 °C. The mixture was warmed to 25 °C and stirred for another 

2 hours. Removal of the solvent and extraction with pentane (2 mL) gave a yellow solid 

after solvent evaporation. Crystallization from pentane at – 36°C gave a crystalline, yel-

low solid (13.8 mg, 68%). 

1H{31P}-NMR (C6D6, 500 MHz, [ppm]): δ = 10.33 (A(X), 3JHPt = 88.2 Hz, 1H, NC(H)Ar), 

7.63 (AB, 3JHH = 8.5 Hz, 2H, o-H), 7.26 (AB, 2JHH = 8.5 Hz, 2H, m-H), 6.96 (AB(X), 3JHH 

= 5.4 Hz, 3JHPt = 49 Hz, 2H, NCH), , 4.06 (AB(X), 3JHH = 5.6 Hz, 3JHPt = 35 Hz, 2H, PCH), 

1.29 (s, 36H, tBu). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 162.2 (AXX’A’, N = |2JCP+3JCP
‘| = 7.6 Hz, 2JCPt 

= 65 Hz, NCH), 159.3 (AX2, 3JCP = 2.1 Hz, NC(H)Ar), 141.4 (A(X), 3JCPt = 116 Hz), i-C), 

133.4 (s, p-C), 129.0 (s, m-C), 127.4 (s, o-C), 82.4 (AXX’A’, N = |1JCP+3JCP
‘| = 23.3 Hz, 

PCH), 36.4 (A2XX’A’2, N = |1JCP+3JCP
‘| = 13.1 Hz, C(CH3)3), 29.2 (A6XX’A’6, N = |2JCP+4JCP

‘| 

= 2.9 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 60.8 (A2(X), 1JPPt = 2920 Hz). 

195Pt{1H}-NMR (C6D6, 108 MHz, [ppm]): δ = –3707 (AX2, 1JPtP = 2920 Hz). 

LIFDI-MS m/z found (calc) [C27H45ClN2P2Pt]+: 689.2 (689.2). 
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Elem. Anal. found (calc) for C27H45ClN2P2Pt: C 47.11 (46.99); H 6.26 (6.57); N 3.94 

(4.06).  

3.2.18. [Pt(NC(H)(C6H4-CF3))(PNP)] (15-CF3-Pt) 

[Pt(OTf)(PNP)] (17.6 mg, 0.0250 mmol, 1.00 eq.) and 4-trifluoromethylbenzonitrile 

(4.9 mg, 0.029 mmol, 1.1 eq.) were dissolved in THF (1.5 mL). The mixture was stirred 

at 25 °C for 24 hours, followed by addition of a solution of KBEt3H in THF (1 M, 26 μL, 

0.026 mmol, 1.0 eq.) at –36 °C. The mixture was warmed to 25 °C and stirred for another 

2 hours. Removal of the solvent and extraction with pentane (2 mL) gave a pale orange 

solid after solvent evaporation. Crystallization from pentane at –36°C gave a crystalline, 

yellow solid (10.9 mg, 60%). 

1H{31P}-NMR (C6D6, 500 MHz, [ppm]): δ = 10.43 (A(X), 3JHPt = 88.1 Hz, 1H, NC(H)Ar), 

7.73 (AB, 3JHH = 7.9 Hz, 2H, o-H), 7.51 (AB, 2JHH = 7.9 Hz, 2H, m-H), 6.95 (AB(X), 3JHH 

= 5.5 Hz, 3JHPt = 50 Hz, 2H, NCH), , 4.06 (AB(X), 3JHH = 5.5 Hz, 3JHPt = 35 Hz, 2H, PCH), 

1.28 (s, 36H, tBu). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 162.3 (AXX’A’, N = |2JCP+3JCP
‘| = 7.5 Hz, 2JCPt 

= 66 Hz, NCH), 159.5 (AX2, 3JCP = 2.3 Hz, NC(H)Ar), 145.3 (A(X), 3JCPt = 116 Hz, i-C), 

129.2 (AX3, 2JCF = 31.9 Hz, p-C), 126.3 (s, o-C), 125.8 (AX3, m-C, 3JCF = 3.7 Hz), 125.4 

(AX3, 1JCF = 272 Hz, CF3), 82.3 (AXX’A’, N = |1JCP+3JCP
‘| = 23.2 Hz, PCH), 36.4 (A2XX’A’2, 

N = |1JCP+3JCP
‘| = 13.1 Hz, C(CH3)3), 29.1 (A6XX’A’6, N = |2JCP+4JCP

‘| = 3.0 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 61.2 (A2(X), 1JPPt = 2910 Hz). 

19F{1H}-NMR (C6D6, 471 MHz, [ppm]): δ = −61.9 (s). 

195Pt{1H}-NMR (C6D6, 108 MHz, [ppm]): δ = −3698 (AX2, 1JPtP = 2910 Hz). 

LIFDI-MS m/z found (calc) [C28H45F3N2P2Pt]+: 723.2 (723.3). 

Elem. Anal. found (calc) for C28H45F3N2P2Pt: C 46.10 (46.47); H 6.21 (6.27); N 3.71 

(3.87).  

3.2.19. [Pt(NC(H)(C6H4-F))(PNP)] (15-F-Pt) 

[Pt(OTf)(PNP)] (18.7 mg, 0.0270 mmol, 1.00 eq.) and 4-fluorobenzonitrile (3.6 mg, 

0.030 mmol, 1.1 eq.) were dissolved in THF (1.5 mL). The mixture was stirred at 25 °C 

for 24 hours, followed by addition of a solution of KBEt3H in THF (1 M, 27.5 μL, 
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0.028 mmol, 1.0 eq.) at –36 °C. The mixture was warmed to 25 °C and stirred for another 

6 hours. Removal of the solvent and extraction with pentane (3 mL) gave a pale yellow 

solid after solvent evaporation. Crystallization from pentane at –36°C gave a crystalline, 

yellow solid (9.1 mg, 51%). 

1H{31P}-NMR (C6D6, 500 MHz, [ppm]): δ = 10.34 (A(X), 3JHPt = 88.7 Hz, 1H, NC(H)Ar), 

7.70 (ABX, 3JHH = 8.6 Hz, 4JHF = 8.6 Hz, 2H, o-H), 6.97 (AB(X), 3JHH = 5.5 Hz, 3JHPt = 

50 Hz, 2H, NCH), 6.95 (AB, 2JHH = 8.6 Hz, 2H, m-H), 4.07 (AB(X), 3JHH = 5.5 Hz, 3JHPt = 

35 Hz, 2H, PCH), 1.30 (s, 36H, tBu). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 163.0 (AX, 1JCF = 245 Hz, p-C), 162.2 (AXX’A’, 

N = |2JCP+3JCP
‘| = 7.6 Hz, 2JCPt = 66 Hz, NCH), 159.1 (AX2, 3JCP = 1.8 Hz, NC(H)Ar), 139.6 

(AX(Y), 3JCPt = 116 Hz, 4JCF = 2.7 Hz, i-C), 127.6 (AX, 3JCF = 7.9 Hz, o-C), 115.5 (AX, 

2JCF = 21.5 Hz, m-C), 82.4 (AXX’A’, N = |1JCP+3JCP
‘| 23.2 Hz, PCH), 36.4 (A2XX’A’2,  

N = |1JCP+3JCP
‘| = 13.1 Hz, C(CH3)3), 29.2 (A6XX’A’6, N = |2JCP+4JCP

‘| = 3.0 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 60.6 (A2(X), 1JPPt = 2930 Hz). 

19F{1H}-NMR (C6D6, 471 MHz, [ppm]): δ = −115.6 (s). 

195Pt{1H}-NMR (C6D6, 108 MHz, [ppm]): δ = −3711 (AX2, 1JPtP = 2930 Hz). 

LIFDI-MS m/z found (calc) [C27H45FN2P2Pt]+: 673.3 (673.3). 

Elem. Anal. found (calc) for C27H45FN2P2Pt: C 47.99 (48.14); H 6.77 (6.73); N 3.99 

(4.16).  

3.2.20. [Pt(NCH2)(PNP)] (16-Pt) 

[Pt(NH2)(PNP)] (10.0 mg, 0.0176 mmol, 1.00 eq.) was dissolved in 1 mL 1,4-dioxane. 

Paraformaldehyde (0.8 mg, 0.03 mmol, 1.5 eq.) was added and after stirring for one hour 

all volatiles were removed in vacuo. The residue was extracted with pentane (3 mL). 

After removal of solvent in vacuo, the product was obtained as a colourless solid (9.5 mg, 

93%). 

1H{31P}-NMR (C6D6, 400 MHz, [ppm]): δ = 9.76 (A(X), 3JHPt = 128 Hz, 2H, NCH2), 6.95 

(AB(X), 3JHH = 5.5 Hz, 3JHPt = 49 Hz, 2H, NCH), 4.06 (AB(X), 3JHH = 5.5 Hz, 3JHPt = 

36.5 Hz, 2H, PCH), 1.34 (s, 36H, tBu). 
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13C{1H}-NMR (C6D6, 101 MHz, [ppm]): δ = 161.7 (AX(Y)X’A’, N = |2JCP+3JCP
‘| = 7.6 Hz, 

2JCPt = 64 Hz, NCH), 154.3 (A2X2, 4JCP = 1.9 Hz, NCH2), 82.1 (AXX’A’, N = |1JCP+3JCP
‘| 

= 23.3 Hz, PCH), 36.4 (A2XX’A’2, N = |1JCP+3JCP
‘| = 13.1 Hz, C(CH3)3), 28.9 (A6XX’A’6, 

N = |2JCP+4JCP
‘| = 3.1 Hz, C(CH3)3). 

31P{1H}-NMR (C6D6, 121 MHz, [ppm]): δ = 59.2 (A2(X), 1JPPt = 2980 Hz). 

195Pt{1H}-NMR (C6D6, 162 MHz, [ppm]): δ = –4668 (AX2, 1JPtP = 2980 Hz). 

HR-ESI-MS m/z found (calc) [C21H42N2P2Pt+H]+: 580.2546 (580.2546). 
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3.3. Characterization of 1-Pt: Photolysis in Absence of Sub-

strate 

3.3.1. UV/Vis Spectroscopy 

1-Pt was dissolved in 2-MeTHF (1.3 mM) in a reinforced quartz cuvette and sealed with 

a rubber septum. After freezing the cuvette in liquid nitrogen, the sample was irradiated 

at 370 nm for 30 minutes. The cuvette was then transferred into the precooled UV/Vis 

spectrometer (–185°C). After measuring the frozen solution, the sample is warmed up to 

–130°C and a spectrum is measured after 2 minutes of thermal equilibration. Further 

spectra were measured at –30°C and room temperature. The spectra before irradiation, 

and after irradiation and warming to room temperature are identical with no absorption 

maxima in the visible range. 

3.3.2. NMR and EPR Spectroscopy 

A solution of 1-Pt (17 mM) in toluene-D8 was transferred into an NMR tube suitable for 

in-situ photolysis. After cooling the sample to −80°C, a reference spectrum was meas-

ured. Irradiation at 385 nm inside the spectrometer for 1 h (ca. 50% conversion) gives a 

paramagnetic species, which has been observed before by SUN.[54] The thermal stability 

of the paramagnetic product was monitored by NMR spectroscopy upon stepwise in-

creasing the temperature in intervals of 10 K. The chemical shift of the photoproduct 

follows Curie behaviour. In absence of substrate, thermal stability is observed up to  

–40 °C, however residual paramagnetic signals are still observed at –10 °C. Higher tem-

peratures lead to solvent activation. The same paramagnetic resonances are present 

when using THF-D8 or 2-MeTHF as solvent. 

When preparing a solution according to the above-mentioned procedure in 2-MeTHF in 

an EPR tube at −80°C, followed by rapid freeze-quench, no EPR signal was observed. 

Upon irradiation of 1-Pt at 390 nm in a J-Young NMR tube at –30°C in THF-D8 (17 mM) 

with OPPh3 as internal standard, NMR spectroscopic characterization showed the for-

mation of Pt–H (no Pt–D) as the main product in 32% spectroscopic yield, besides sev-

eral other unidentified phosphorous compounds. Furthermore, isobutene (5%) is ob-

served in the 1H{31P}-NMR spectrum, indicating partial photodegradation of the pincer 

ligand. 
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Evans’ method was employed to determine the effective magnetic moment (μeff) of the 

photoproduct. THF-D8 was used as solvent and a capillary with PPh3 in THF-D8 as inter-

nal standard was added to the NMR tube. For 1H integration, 1,3,5-trimethoxybenzene 

(TMB) was added as an additional internal standard. The NMR tube was photolyzed at 

−85°C (acetone/LN2) with a 370 nm KESSIL LED for 10 min, inserted into the spectrom-

eter and measured at −80°C to determine Δν. The broad signal at −10 ppm with an inte-

gral of 2 was integrated vs. the TMB signal to determine the concentration of paramag-

netic species. Three independent measurements were performed for determination of 

μeff according to SUR’S equation and corrected for diamagnetic contributions.[152] For S=1, 

a μeff (spin-only) of 2.83 is expected. 

Table 7: Parameters for determination of μeff from Evans’ NMR method. Spectrometer frequency 

ν0 = 400 MHz, T = 193K. 

Measurement Δν / Hz c / mM μeff 

1 21 2.5 2.8 

2 14 1.7 2.8 

3 29 2.8 3.1 

average   2.9 

 

3.4. Reactivity of 1-Pd 

3.4.1. Mechanistic Studies on C–H Amidation with 1-Pd 

3.4.1.1. Hammett Analyses 

Hammett analyses were performed by competition experiments of PhCHO and p-X-

PhCHO. σp constants were taken from HANSCH and LEO.[59] The concentration of formed 

10-Pd was determined by integration of the aromatic peaks in the 1H{31P}-NMR spectrum 

and checked by inverse gated-decoupled 31P{1H}-NMR, while the concentration of 

formed organic benzamide was only checked by 1H{31P}-NMR. The obtained value of 

c(X)/c(H) was then divided by the ratio of the initial concentrations c0(X)/c0(H) to obtain 

k(X)/k(H). 

Procedure: To a solution of 1-Pd in C6D6 (0.45 mL), benzaldehyde (10 eq.) and the re-

spective para-substituted benzaldehyde (10 eq.) were added, and the mixture 
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photolyzed (427 nm LED) at 60 °C. Product concentrations were derived by NMR spec-

troscopy after 5 min in the stoichiometric reaction and after 5 h in the catalytic reaction. 

Table 8: Initial concentrations of substituted aldehydes with respect to benzaldehyde for stoichiometric pal-
ladium benzamide formation. 

Substituent 

(p-X) 

Ratio before reaction 

c0(X)/ c0(H) 

Ratio after reaction 

c(X)/ c(H) 
k(X)/k(H) 

OMe 1.18 0.164 0.139 

tBu 2.20 0.588 0.267 

Me 1.07 0.370 0.346 

F 1.06 1.46 1.38 

Br 1.14 5.63 4.94 

 

Table 9: Initial concentrations of substituted aldehydes with respect to benzaldehyde for catalytic benzamide 
formation. 

Substituent 

(p-X) 

Ratio before reaction 

c0(X)/ c0(H) 

Ratio after reaction 

c(X)/ c(H) 
k(X)/k(H) 

OMe 1.11 0.20 0.180 

tBu 1.05 0.45 0.429 

Me 1.06 0.49 0.462 

F 1.14 1.73 1.52 

Br 1.08 3.30 3.06 

 

3.4.1.2. Photolysis without Catalyst 

As control experiments, benzaldehyde was irradiated at 60 °C in the presence of 

Me3SiN3 at 390 and 427 nm, respectively. At 427 nm, even after prolonged irradiation 

over 3 days, no significant reaction was observed. However, at 390 nm a reaction of 

benzaldehyde to a small amount of the primary benzamide, as confirmed by HR-ESI-

MS, and to other unknown species was observed, which can be attributed to radical 

reactivity of benzaldehyde.[135] Photolysis of TMSN3 in C6D6 at 390 nm did not show any 

reactivity. 

3.4.1.3. KIE Determination 

Stoichiometric: To a solution of 1-Pd in toluene-D8 (0.45 mL), PhCHO (5 eq.) and PhCDO 

(5 eq.) were added. After photolysis (427 nm LED) for 10 min at 60 °C or 15 min at 
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−30 °C, respectively, concentrations of the products were obtained by inverse gated-

decoupled 31P{1H}-NMR spectroscopy. 

Catalytic: To a solution of 1-Pd in C6D6 (0.45 mL), PhCHO (10 eq.) and PhCDO (10 eq.) 

were added. After photolysis (427 nm LED) for 6 h at 60 °C, substrate consumption was 

measured by 1H-NMR spectroscopy. The KIE was derived from the decrease of the in-

tegrals of the aldehyde proton signal (ΔI(PhCHO)) and the two aromatic ortho-protons 

(ΔI(o−Ph)), which account for both substrate isotopologues, according to: 

+)%
ɝὍ0È#(/

ρ
ς
ɝὍέ 0È ɝὍ0È#(/

 (6) 

 

3.4.1.4. Photolysis with PhCHO in frozen solution 

1-Pd (1 mg, 2.0 μmol) was dissolved in THF-D8, (0.1 mL) and PhCHO (10 eq., 20 μmol) 

were added. The frozen solution was irradiated for 10 h with two 390 nm LEDs. 

3.4.1.5. Kinetic Analyses 

1-Pd (2 mg, 4.0 μmol) was dissolved in C6D6 (0.45 mL), and the respective amount (5 or 

25 eq.) of benzaldehyde was added. The solution was irradiated at 427 nm with either 

full or half intensity. The progress of the reaction was monitored via 1H NMR spectros-

copy. 

3.4.1.6. Quantum Yield Determination 

The photon flux of the 427 nm LED was determined using a Thorlabs S120VC, 200-

1100 nm photodiode. The emitted light from the LED was focused and transmitted 

through an optical fiber to obtain the the absolute irradiance E of the light source that 

irradiates the sample. The photon flux I was then calculated by equation 5, using Planck’s 

constant h, the frequency ν of the emitted light and Avogadro’s number NA. 

Ὅ
Ὁ

ÈϽ’Ͻὔ
ρȢψωρπ ÍÏÌ Ó  (7) 

For the measurement, a solution of 1-Pd and 1,3,5-trimethoxybenzene as internal stand-

ard in C6D6 (1.0 mL, 1.1 μmol) was placed in a fluorescence cuvette equipped with a 

stirring bar. After photolysis for 3 h at room temperature, the solution was transferred into 

an NMR tube to determine the residual amount of 1-Pd by 1H NMR spectroscopy, giving 
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a conversion of 17.2% (Δn = 0.189 μmol). The quantum yield (‰ ) was determined us-

ing the absorbance of 1-Pd at 427 nm (A427) from the following equation: 

‰
ɝὲ

ὍϽὸϽρ ρπ
πȢπωπȢπσϷ (8) 

 

In the presence of benzaldehyde (10 eq.), a quantum yield of (0.12 ± 0.03)% was deter-

mined. 

3.4.1.7. Isotopic Cross-Labelling Experiment 

 

Scheme 39: Isotopic cross labelling photocatalysis experiment. 

The proposed mechanism was evaluated by an isotopic cross labelling experiment. For 

this purpose, a mixture of unlabelled Me3SiN3 (50%), (CD3)3Si-15N14N14N (25%), and 

(CD3)3Si-14N14N15N (25%) were employed as substrates in catalysis (substrate benzal-

dehyde) under standard conditions. The relative yields of the four possible isotopomers, 

i.e., PhC(O)14NHSi(CH3)3, PhC(O)14NHSi(CD3)3, PhC(O)15NHSi(CH3)3 and 

PhC(O)15NHSi(CD3)3, were obtained by HR-ESI-MS (Table 10), under the assumption 

that their respective ionization cross-section is identical. All four isotopomers, including 

PhC(O)15NHSi(CH3)3, were obtained close to a statistical distribution of 14/15N and 

Si(CH3)3/Si(CD3)3 present in the experiment, supporting statistical scrambling by Si–N 

bond cleavage during catalysis. 

Table 10: Observed and calculated relative peak intensities from HR-ESI-MS. 

Ion peak Mass (m/z) 
Measured rel. Int. 

(%) 

Statistical rel. Int. 

(%) 

C10H15
14NOSi+H+ 194.1001 34 37.5 

C10H15
15NOSi+H+ 195.0972 10 12.5 

C10H6D9
14NOSi+H+ 203.1566 43 37.5 

C10H6D9
15NOSi+H+ 204.1536 13 12.5 
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3.4.2. Substrate and Condition Screening for Catalytic C–H Amidation 

3.4.2.1. Optimization of Reaction Parameters 

For optimization of the reaction parameters, samples were prepared in a J-Young NMR 

tube according to the conditions given in Table 11 and irradiated using the setup de-

scribed in 3.1.6. Yield and conversion were determined spectroscopically using 1,3,5-

trimethoxybenzene as an internal standard.  

Table 11. Optimization of the reaction conditions. Catalyst loading and equivalents of Me3SiN3 are given 
with respect to benzaldehyde. a: 1H NMR yield/conversion after 24 h. b: 48h. c: 50% photon flux. d: catalyst: 
10-Pd. e catalyst: 5-Pd 

 

Entry λexc / nm T / °C solvent [1-Pd] / 

mol% 

[Me3SiN3] / 

eq. 

Yield a 

(conv.) / % 

1 427 30 C6D6 5 2.5 21 (28) 

2 427 50 C6D6 5 2.5 46 (52) 

3 427 60 C6D6 5 2.5 71 (81) 

4 427 70 C6D6 5 2.5 74 (86) 

5 427 60 C6D6 2 2 68 (78) b 

6 427 60 C6D6 5 2.5 89 (98) b 

7 427 60 C6D6 10 2.5 87 (98) 

8 427 60 C6D6 5 5 90 (97) 

9 427 60 C6D6 5 1 51 (53) 

10 427 60 C6D6 5 1 72 (82) b 

11 427 60 C6D6 2 2.5 55 (64) 

12 427 60 C6D6 2 2.5 68 (78) b 

13 427 c 60 C6D6 5 2.5 62 (60) 

14 456 60 C6D6 5 2.5 29 (32) 

15 390 60 C6D6 5 2.5 78 (100) 

16 427 60 C6D6 5d 2.5 77 (81) 

17 427 60 C6D6 5e 2.5 3(7) 

18 427 60 THF-D8 5 2.5 76 (90) 

19 427 60 Tol-D8 5 2.5 68 (76) 

20 427 60 CD3CN 5 2.5 21 (45) 
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3.4.2.2. General Procedure for Catalytic Amidation with Optimized Parameters 

1-Pd (2.0 mg, 4.0 µmol, 1.0 eq.) was dissolved in C6D6 (0.45 mL) in a vial, and benzal-

dehyde (8.0 µL, 80 µmol, 20 eq) and TMSN3 (26.3 µL, 198 µmol, 50.0 eq) were added. 

For the determination of yield, 1,3,5-trimethoxybenzene (1.3 mg, 7.9 µmol, 2.0 eq) was 

added to the vial as internal standard. The solution was transferred to a J-Young NMR 

tube and irradiated for 24 h or 48 h at 427 nm and 60 °C in a water bath. The yield was 

determined spectroscopically by 1H-NMR spectroscopy. At least two and in most cases 

three experiments were performed for determination of the average yield. 

3.4.2.3. Determination of Catalytic Yield 

The aromatic signal of 1,3,5-trimethoxybenzene (6.22 ppm) was used as internal stand-

ard. Besides the aromatic signals of the benzamide product, the characteristic N−SiMe3 

signal around 0.25 ppm was used for integration to determine the spectroscopic yield. 

Product assignment was based on HR-ESI-MS as well as the characteristic N−SiMe3 

and broad N−H peak. The shift and multiplicity of the aromatic protons was also com-

pared to the previously reported primary amides.[162,163] 

3.4.2.4. Isolation of Benzamide after Catalysis 

1-Pd (10.0 mg, 19.8 µmol, 1.0 eq.) was dissolved in C6D6 (1.0 mL) in a vial, and benzal-

dehyde (40.0 µL, 396 µmol, 20 eq) and TMSN3 (131 µL, 990 µmol, 50.0 eq) were added. 

The solution was transferred to a small Schlenk flask and photolyzed (427 nm) for 48 h 

at 60 °C in an oil bath. To the crude reaction mixture, methanol (0.5 mL) was added and 

the mixture stirred for 1 hour. After evaporation of all volatiles, the brown residue was 

washed with benzene (3x1 mL) until the washing solution is almost colorless. The off-

white benzamide product is obtained after evaporation of all volatiles, and the NMR spec-

tra are in accordance with literature data.[163] Yield: 34.5 mg, 71.9%. 

1H-NMR (CD3OD, 400 MHz, [ppm]): δ = 7.93-7.81 (m, 2H, o-H), 7.58-7.50 (m, 1H, p-H), 

7.50-7.40 (m, 2H, m-H). 

13C{1H}-NMR (CD3OD, 101 MHz, [ppm]): δ = 172.4 (CO), 135.0 (i-C), 132.9 (p-C), 129.5 

(m-C), 128.6 (o-C). 
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3.5. Reactivity of 1-Pt 

3.5.1. Photolysis of 1-Pt and Styrene at Different Temperatures 

3.5.1.1. Photolysis at –30°C 

1-Pt (4.0 mg, 6.7 µmol, 1.0 eq.) and styrene (1.1 µL, 10 µmol, 1.5 eq.) were dissolved in 

toluene-D8 (0.45 mL) with 1,3,5-trimethoxybenzene (0.5 eq.) as internal standard in a J-

Young NMR tube. The mixture was photolyzed at –30 °C (390 nm) for 15 minutes. 

3.5.1.2. Photolysis at 25°C 

1-Pt (4.0 mg, 6.7 µmol, 1.0 eq.) and styrene (1.1 µL, 10 µmol, 1.5 eq.) were dissolved in 

toluene-D8 (0.45 mL) with 1,3,5-trimethoxybenzene (0.5 eq.) as internal standard in a J-

Young NMR tube. The mixture was photolyzed at 25 °C (390 nm) for 15 minutes. 

3.5.1.3. Photolysis at –75°C 

1-Pt (4.0 mg, 6.7 µmol, 1.0 eq.) and styrene (1.1 µL, 10 µmol, 1.5 eq.) were dissolved in 

toluene-D8 (0.45 mL) with 1,3,5-trimethoxybenzene as internal standard. The mixture 

was photolyzed at –75 °C (380 nm) inside the NMR spectrometer until full conversion of 

1-Pt is observed, which typically takes between 1-2 hours. The sample was then warmed 

to room temperature. The product distribution is invariant to the excess of styrene  

(1–10 eq). Separation of the two main products, 15-Pt and 18-Pt was not successful. In 

LIFDI or ESI-MS, only 15-Pt was observed. 

3.5.1.4. NMR Characterization of 18-Pt 

1H{31P}-NMR (tol-D8, 500 MHz, [ppm]): δ = 7.18 (2H, NCH, overlapping with 15-Pt), 4.16 

(AB(X), 3JHH = 5.4 Hz, 3JHPt = 46 Hz, 2H, PCH), 3.00 (A(X2), 2JHPt = 100 Hz, CH2), 1.41 

(s, 36H, tBu). 

13C{1H}-NMR (tol-D8, 126 MHz, [ppm]): δ = 160.5 (AX(Y)X’A’, N = |2JCP+3JCP
‘| = 7.3 Hz, 

NCH), 82.9 (AXX’A’, N = |1JCP+3JCP
‘| = 24.0 Hz, PCH), 29.8 (A6XX’A’6, N = |2JCP+4JCP

‘| 

 = 3.1 Hz, C(CH3)3), 0.9 (s, CH2). 

31P{1H}-NMR (tol-D8, 203 MHz, [ppm]): δ = 56.1 (A2(X), 1JPPt = 3210 Hz). 

3.5.1.5. Photolysis in Frozen Solution 

1-Pt (4.0 mg, 6.7 µmol, 1.0 eq.) and styrene (1.1 µL, 10 µmol, 1.5 eq.) were dissolved in 

toluene-D8 (0.45 mL) with OPPh3 as internal standard in a J-Young NMR tube. The mix-

ture was frozen in a transparent dewar filled with liquid nitrogen and photolyzed with an 
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LED (390 nm) for 3 h. After that, the mixture was thawed to –75°C in a cold bath and 

then warmed to room temperature. NMR spectra were identical with those obtained from 

photolysis at –75 °C. 

3.5.2. Mechanistic Studies for Styrene Reactivity 

3.5.2.1. Variation of Light Source 

Different light sources were tested for the photolysis of 1-Pt with 4-methoxystyrene. The 

use of monochromatic LED lamps (λ = 370 or 390 nm; FWHM = 20 nm) gave the same 

yields as a Xenon lamp with different high-energy cut off filters (λ > 305 nm or 

λ > 395 nm). Reaction times significantly vary due to different photon fluxes. 

Protocol: 1-Pt (4.0 mg, 6.7 µmol, 1.0 eq.) and 4-methoxystyrene (1.5 µL, 14 µmol, 

2.0 eq.) were dissolved in toluene-D8 (0.45 mL) and photolyzed in a J-Young NMR tube 

at –30°C. 

3.5.2.2. Quantum Yield 

The photon flux of the 405 nm LED (I = 2.0×10–8 mol s-1) was determined via actinometry, 

using the photoisomerization of 2-nitrobenzaldehyde, which has a constant quantum 

yield of ‰  0.5 over wavelengths between 300 and 410 nm.[164]
 

Quantum yield determination: 1-Pt (0.19 mg, 0.32 µM, 1.0 eq) and styrene (0.38 µL, 

3.5 µmol, 11 eq) were dissolved in toluene-D8 (0.35 mL) with 1,3,5-trimethoxybenzene 

as internal standard and the mixture is photolyzed at −30 °C (405 nm) inside an NMR 

spectrometer for 60 s, giving a conversion of 16% (Δn = 0.72 µmol). The absorbance 

(A405) is determined by UV/Vis spectroscopy from a sample with the same concentration. 

The quantum yield was calculated from the following equation: 

‰
ɝὲ

ὍϽὸϽρ ρπ
σφυϷ (9) 

 

The experiment was performed twice with and without styrene, respectively, showing no 

significant difference in quantum yield. 

3.5.2.3. Hammett Analysis 

Hammett analysis was carried out by competition experiments upon photolysis of 1-Pt in 

the presence of equimolar amounts of styrene and para-substituted styrenes. 
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Substituent constants (σp) were taken from HANSCH et al.[59] The selectivity was derived 

by integration of the NCHAr 1H{31P}-NMR signals of the aldimido products using MestRe-

Nova’s line fitting tool and cross-checked with the 31P NMR intensities from an inverse 

gated-decoupled 31P{1H} experiment. The relative rate constants k(X)/k(H) were obtained 

from the product ratios c(X)/c(H), corrected by the ratio of the initial concentrations 

c0(X)/c0(H): 

Ὧ8

Ὧ(
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ὧ 8
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The experimental error was estimated from the standard deviation σN for three runs, 

taking in to account the student t-factor for N = 3 (t = 4.303, 95% confidence interval).  

Protocol: Styrene (1.5 eq.) and the respective para-substituted styrene (1.5 eq.) were 

added to a solution of 1-Pt (4.0 mg, 6.7 µmol, 1.0 eq) and OPPh3 (0.5 eq) in toluene-D8 

(0.5 mL). The mixture was photolyzed (390 nm) at −30 °C for 15 seconds (conversion 

ca. 10%). 

Table 12: Hammett σp values, mean of log( ), and error. 

Substituent (p-X) σp mean log( ) σN·t 

OMe −0.27 −0.268 0.06 

tBu −0.20 −0.161 0.015 

F 0.06 0.020 0.06 

Cl 0.23 0.294 0.03 

CF3 0.54 0.558 0.05 

 

3.5.2.4. Variation of Styrene Concentration 

The photolysis (390 nm, 15 min) of 1-Pt (4.0 mg, 6.7 μmol) and varying concentrations 

of styrene in toluene-D8 (0.45 mL, −30 °C) was examined. Yields vs. parent 1-Pt were 

derived by inverse-gated decoupled 31P{1H}-NMR spectroscopy. Experimental errors 

were derived from three runs using the student t-factor for a 95 % confidence interval. 
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Table 13: Spectroscopic yields vs. parent 1-Pt. 

Eq. Styrene 15-Pt 16-Pt 17-Pt 12-Pt 6-Pt 

0.5 (39±2)% (15±2)% (6±2)% (5±2)% (8±2)% 

1 (38±2)% (14±2)% (5±2)% (5±2)% (7±2)% 

10 (36±2)% (12±2)% (6±2)% (6±2)% (8±2)% 

100 (38±2)% (10±2)% (5±2)% (5±2)% (6±2)% 

 

3.5.2.5. Labelling of Styrene Substrate 

Hydrogen transfer was probed by use of selectively deuterated styrene isotopologues as 

a substrate. After irradiation, full retention of the deuteration was observed in the prod-

ucts. At low temperature (−75 °C), full deuteration of the bridging methylene group of 18-

Pt was observed with β-D2-labelled styrene. 

Protocol: 1-Pt (4.0 mg, 6.7 µmol, 1.0 eq.) and α-D1 or β-D2-labelled styrene (1.1 µL, 

10 µmol, 1.5 eq.), respectively, were dissolved in toluene-D8 (0.45 mL) with 1,3,5-tri-

methoxybenzene as internal standard in a J-Young NMR. The mixture was photolyzed 

at −30 °C or −75 °C (390 nm) for 15 minutes and examined by NMR spectroscopy. 

3.5.2.6. KIE Determination 

Protocol: Styrene (2 eq.) and styrene-D8 (2 eq.) were added to a solution of 1-Pt (4.0 mg, 

6.7 µmol, 1.0 eq) in toluene-D8 (0.5 mL). The mixture was photolyzed (390 nm) at −30 °C 

for 1 minute. 

The ratios of deuterated vs. hydrogenated aldimido (15-Pt) and formimido (16-Pt) prod-

ucts were obtained from integration of the respective signals in the inverse gated-decou-

pled 31P{1H}-NMR spectrum. Besides, relative peak intensities of 15-Pt and deuterated 

15-Pt were obtained from ESI-MS, assuming equal ionization cross sections of the 

isotopologues. The slightly higher KIE obtained for 16-Pt might be caused by the decay 

reaction of 16-Pt, i.e., hydrogen atom transfer to form cyanide 17-Pt and amide 12-Pt. 

The KIE obtained from 15-Pt is therefore considered as more reliable. 

3.5.2.7. NMR Spectroscopy at low Temperature 

Photolysis in liquid solution: A solution of 1-Pt (17 mM) and styrene (1.5 eq) in  

toluene-D8 was transferred into an NMR tube suitable for in-situ photolysis. After cooling 
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the sample to −80°C, a reference spectrum was measured. Irradiation at 385 nm inside 

the spectrometer for 1 h (ca. 50% conversion) gives a paramagnetic species, which was 

also observed in the absence of styrene up to temperatures of –10°C.[54] The thermal 

stability of the paramagnetic product was monitored by NMR spectroscopy upon step-

wise increasing the temperature in intervals of 10 K. The chemical shift of the photoprod-

uct follows Curie behavior, as was previously reported.[54] Beyond −50 °C, reactivity with 

styrene is observed with concomitant formation of 15-Pt and 18-Pt as main products. 

Longer irradiation times, leading to full conversion of 1-Pt, are accompanied by hydride 

(6-Pt) formation already at –80 °C. 

3.5.2.8. EPR Spectroscopy at low Temperature 

(a) Irradiation in frozen solution: Styrene (2 eq.) was added to a solution of 1-Pt in  

2-MeTHF (1.5mg, 0.2mL, 13 mM). After transferring the mixture into a J-Young quartz 

EPR tube, the sample was frozen in liquid nitrogen to obtain a transparent glass. The 

sample was photolyzed for 3 h (390 nm LED) in a transparent dewar filled with liquid 

nitrogen. The frozen solution was then allowed to thaw at −90 °C in a cold bath (ace-

tone/liquid nitrogen) for one minute before being frozen again. A reproducible spectrum 

with resolved HF coupling is observed. 

(b) Irradiation in solution: Styrene (2 eq.) was added to a solution of 1-Pt in 2-MeTHF 

(1.5mg, 0.2mL, 13 mM). After transferring the mixture into a J-Young quartz EPR tube, 

the sample was photolyzed for 15 min (390 nm LED) in a transparent dewar at −75 °C 

(dry ice/iPrOH). The solution was then frozen in liquid nitrogen. A reproducible spectrum 

with resolved HF coupling is observed. 

3.5.2.9. Reactivity of 1-Pt and 16-Pt 

1-Pt (4.0 mg, 6.7 µmol, 1.0 eq.) and 16-Pt (4.0 mg, 6.7 µmol, 1.0 eq.) were dissolved in 

toluene-D8 (0.45 mL) in a J-Young NMR tube. The mixture was photolyzed at −30 °C 

(390 nm) for 5 minutes and examined by NMR spectroscopy. 

3.5.2.10. Reactivity of 1-Pt and α-Methylstyrene 

1-Pt (6.0 mg, 10 µmol, 1.0 eq.) and α-methylstyrene (2.6 µL, 20 µmol, 2.0 eq.) were dis-

solved in toluene-D8 (0.50 mL) in a thin Schlenk tube with 1,3,5-trimethoxybenzene as 

internal standard and the mixture was photolyzed (390 nm) at −30°C for 1 hour. For pu-

rification, amine 12-Pt was protonated by addition of 2,6-lutidinium chloride (1.5 mg, 
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11 µmol, 1.0 eq.) in THF (0.50 mL) and stirring for 15 min. After removal of solvent in 

vacuo, the residue was extracted with pentane, filtered, and all volatiles are removed. 

3.5.2.11. NMR Characterization of 20-Pt 

1H{31P}-NMR (C6D6, 500 MHz, [ppm]): δ = 7.77 (ABCB’A’, 3JHH = 7.5 Hz, 2H, o-H), 7.26 

(ABCB’A’, 3JHH = 7.5 Hz, 4JHH = 1.2 Hz, 2H, m-H), 7.17 (m, 2H, NCH, overlap with C6D6 

peak, identified by 1H–1H COSY), 7.12 (ABB’CC’, 3JHH = 7.5 Hz, 4JH-H = 1.2 Hz, 1H, p-H), 

6.09–6.05 (m, 1H, C=CHH), 5.59–5.57 (m, 1H, C=CHH), 4.14 (AB(X), 3JHH = 5.5 Hz, 3JHPt 

= 30.6 Hz, 2H, PCH), 3.58 (ABC(X), 4JHH = 1.6 Hz, 2JHPt = 89 Hz, Pt-CH2), 1.32 (s, 36H, 

tBu). 

13C{1H}-NMR (C6D6, 126 MHz, [ppm]): δ = 161.1(AX(Y)X’A’, N = |2JCP+3JCP
‘| = 7.3 Hz, 

2JCPt = 55 Hz, NCH), 156.8 (A(X), 2JC-Pt = 18.7 Hz, α−C), 146.9 (A(X), 3JC-Pt = 46 Hz, i−C), 

128.0 (s, m-C), 126.4 (2 x s, o-C, p-C), 117.1 (A(X), 3JC-Pt = 68.6 Hz, C-CH2), 83.5 

(AXX’A’, N = |1JCP+3JCP
‘|= 23.1 Hz, PCH), 36.1 (A2XX’A’2, N = |1JCP+3JCP

‘| = 12.6 Hz, 

C(CH3)3), 29.4 (A6XX’A’6, N = |2JCP+4JCP
‘| = 2.9 Hz, C(CH3)3), −6.1 (AX2(Y),  

1JPt-C = 668 Hz, 2JP-C = 6.5 Hz, Pt-CH2). 

31P{1H}-NMR (C6D6, 203 MHz, [ppm]): δ = 57.0 (A2(X), 1JCP = 2900 Hz). 

195Pt{1H}-NMR (Tol-d8, 107 MHz, [ppm]): δ = −3806 (AX2, Pt−NH2), −4418 (AX2,  

1JCP = 2920 Hz, Pt−CH2−C(CH2)−Ph). 

ESI-HR-MS m/z found (calc) [C29H49NP2Pt+H]+: 669.3064 (669.3064). 

3.5.2.12. Reactivity of 1-Pt and α-CD3-styrene 

1-Pt (4.0 mg, 6.7 µmol, 1.0 eq.) and α-CD3-styrene (1.6 mg, 13 µmol, 2.0 eq) were dis-

solved in toluene-D8 (0.45 mL) in a J-Young NMR tube and the mixture was photolyzed 

(390 nm) at −30°C for 15 minutes. For 2H-NMR spectroscopy, all volatiles were removed 

in vacuo and the residue was dissolved in toluene. 
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3.5.3. Mechanistic Studies for C–H Activation of Indene 

3.5.3.1. Synthesis of 5-chloroindene 

6-chloro-1-indanone (1.00 g, 6.00 mmol, 1.00 eq.)) was dissolved in methanol (10 mL) 

in a round bottom flask on air and cooled to 0 °C. NaBH4 (227 mg, 6.00 mmol, 1.00 eq.) 

was freshly weighed and directly added, and the mixture was stirred for 5 minutes at 

0 °C. The reaction mixture was then stirred for another hour at RT. The organic layer was 

extracted with DCM (3 x 10 mL), and the organic layer subsequently washed with brine 

(10 mL). Evaporation of solvent yielded the pure alcohol, which was used without further 

purification. The residue was dissolved in ethyleneglycol (10 mL), and H2SO4 (10 mL, 

20% in H2O) was added. The mixture was stirred at 75 °C for 16 h. After cooling, the 

organic phase was extracted with DCM (3 x 10 mL), washed with water (10 mL), brine 

(10 mL), dried over Na2SO4, and concentrated to a yellow liqiuid. Column chromatog-

raphy with hexane/DCM (95:5) yielded the product in the first fraction with a total yield of 

110 mg (12.2%). 

3.5.3.2. Competition experiment between 5-Cl-indene and indene. 

Indene (5.0 eq.) and the respective 5-substituted indene (5.0 eq.) were added to a solu-

tion of 1-Pt (3.0 mg, 5.1 µmol, 1.0 eq) and 1,3,5-trimethoxybenzene (0.5 eq) in toluene-

D8 (0.5 mL). The mixture was photolyzed (390 nm) at RT for 3 minutes (conversion ca. 

20%). 

3.5.3.3. Scrambling of indene and indene-1,1,3-D3 in the presence of 12-Pt 

Indene (5.0 eq.) and the respective indene-1,1,3-D3 (5.0 eq.) were added to a solution 

of 1-Pt (2.0 mg, 3.4 µmol, 1.0 eq) in C6D6 (0.5 mL). Immediate full scrambling is observed 

by 1H-NMR spectroscopy. 

3.5.3.4. KIE determination with xanthene and xanthene-9,9-D2 as substrate 

Xanthene (1.5 eq.) and xanthene-9,9-D2 (1.5 eq.) were added to a solution of 1-Pt 

(4.0 mg, 6.8 µmol, 1.0 eq) in toluene-D8 (0.5 mL). The reaction was monitored by in situ 

irradiation (λ = 365 nm) inside the NMR spectrometer via 1H-NMR at –45 °C. 
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3.5.3.5. KIE determination with toluene and toluene-D8 as substrate 

1-Pt (4.0 mg, 6.8 µmol) was dissolved in toluene/toluene-D8 (0.25 mL each). The solution 

was irradiated (λ = 390 nm) at –45 °C and 25 °C, and the product distribution determined 

by ESI-MS. 1H-NMR spectroscopy after evaporation of solvent and redissolving in tol-D8 

confirmed the 1H isomer as the main species. 

3.5.3.6. pKa determination of 12-Pt 

Amide 12-Pt (2.0 mg, 3.4 µmol, 1.0 eq.) and the respective protonated base (3.4 µmol, 

1.0 eq.) were dissolved in THF-D8. The equilibrium between 12-Pt and ammonia com-

plex 13-Pt can be determined by the 31P{1H} chemical shift, which is the weighted aver-

age of the respective chemical shift and the molar fraction. 
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4. Computational Details 

All calculations for Pd and Pt, besides the photophysical part, were carried out by VER-

PLANCKE and LIENERT. Calculations for the photopysical part were performed by 

VÖHRINGER. Calculations for Ni were performed by FINGER and SCHMIDT-RÄNTSCH. 

If not stated otherwise, DFT calculations were carried out with the PBE0 hybrid density 

functional.[165] Optimization of molecular geometries and Hessian calculations are based 

on the Karlsruhe def2-SVP basis set[166] using quasi-relativistic n-electron pseudopoten-

tials[167] (ECPnMWB; n = 28 (Pd), 60 (Pt)) and Grimme’s dispersion correction (D3)[168]. 

Single-point energy and spin density calculations were performed with the def2-TZVPP 

basis set. 

ΔS-T of 2-Pd/Pt was calculated employing a two-layer ONIOM(QM:QM)[169] approach, in 

which highly accurate explicitly correlated F12 coupled-cluster[170] (high level) energies 

for smaller H-truncated model systems are combined with PBE0-D/def2-TZVPP (low 

level) energies for the full molecular system. 

Scalar relativistic and spin-orbit eigenstates for 2-Pd/Pt were calculated at the DFT 

ground-state geometry within the Orca program in state averaged CASSCF/NEVPT2 

calculations.[171] 

TDDFT calculations were performed with the B3LYP[172] functional on a def2-TZVP basis 

set and a conductor polarizable continuum model[173] for THF. 

EPR parameters were calculated using the PBE0 hybrid functional as implemented in 

the AMS 2022.1[174] program and the triple-zeta Slater-type basis set TZ2P-J[175] in com-

bination with the ZORA Hamiltonian[176] and a perturbative or self-consistent inclusion of 

spin-orbit coupling effects. 
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6. Appendix 

6.1. List of Compounds 
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6.2. Abbreviations 

Abbreviation Full Form 

BArF Tetrakis{3,5-bis(trifluoromethyl)phenyl}borate 

BDE Bond Dissociation Energy 

BDFE Bond Dissociation Free Energy 

BuLi Butyllithium 

COD Cyclooctadiene 

CPET Concerted Proton-Coupled Electron-Transfer 

CT Charge Transfer 

CV Cyclic Voltammetry 

DC Direct Current 

DCM Dichloromethane 

dme dimethoxyethane 

DFT Density Functional Theory 

DMSO Dimethylsulfoxide 

dppe 1,2-Bis(diphenylphosphino)ethane 

e.g. Exempli Gratia, for example 

EPR Electron Paramagnetic Resonance 

ESI Electrospray Ionization 

eq. Equivalents 

ET Electron Transfer 

FWHM Full Width at Half Maximum 

GC Gas Chromatography 
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GSB Ground-State Bleach 

HAT Hydrogen Atom Transfer 

HFI Hyperfine Interaction 

HOMO Highest Occupied Molecular Orbital 

HR High-Resolution 

IA Induced-Absorption 

i.e. Id est, that is 

IR Infrared 

iPr 2-Propyl 

KIE Kinetic Isotope Effect 

LIFDI Liquid Injection Field Desorption Ionization 

LUMO Lowest Unoccupied Molecular Orbital 

MECP Minimum Energy Crossing Point 

MLCT Metal-to-Ligand Charge-Transfer 

MO Molecular Orbital 

MS Mass Spectrometry 

NAT Nitrogen Atom Transfer 

NBO Natural Bond Orbital 

NIR Near Infrared 

NLMO Natural Localized Molecular Orbital 

NMR Nuclear Magnetic Resonance 

OTf Triflate, F3C–SO3
– 

PCET Proton-Coupled Electron Transfer 
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Ph Phenyl 

PNP N(CHCHPtBu2)2 

PPN Bis(triphenylphosphine)iminium chloride 

PT Proton Transfer 

Salen N,N’-Bis(salicyliden)ethylendiamine 

SC-XRD Single-Crystal XRD 

SET Single Electron Transfer 

SO Spin-Orbit 

SOMO Singly Occupied Molecular Orbital 

SQUID Superconducting Quantum Interference Device 

TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene 

TBP 2,4,6-Tri-tert-butylphenoxy Radical 

tBu tert-Butyl 

TDDFT Time-Dependant DFT 

THF Tetrahydrofuran 

Tol Toluene 

UV Ultraviolet 

Vis Visible 

Vs. Versus 

VT-NMR Variable-Temperature NMR 

WBI Wiberg Bond Index 

XRD X-Ray Diffraction 

 

  



 Chapter 6 Appendix 

 

 
153 

6.3. Crystallographic Data 

6.3.1. [Pd(N3)(PNP)] (1-Pd) 

CCDC 2105751 

Identification code  MO_TSR_2020_2_0m_a (TSR 1-045) 

Empirical formula  C20H40N4P2Pd 

Formula weight  504.90 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  Pρ 

Unit cell dimensions a = 8.4162(2) Å α = 102.301(2)° 

 b = 12.3439(3) Å β = 96.808(2)° 

 c = 12.6996(4) Å γ = 106.834(2)° 

Volume 1210.68(6) Å3 

Z 2 

Density (calculated) 1.385 Mg/m3 

Absorption coefficient 0.911 mm-1 

F(000) 528 

Crystal size 0.178 x 0.157 x 0.088 mm3 

Crystal shape and color Plate, clear intense yellow 

Theta range for data collection 2.577 to 28.341° 

Index ranges -11<=h<=11, -16<=k<=16, -16<=l<=16 

Reflections collected 30796 

Independent reflections 6032 [R(int) = 0.0691] 

Completeness to theta = 25.242° 99.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6032 / 0 / 256 

Goodness-of-fit on F2 1.062 

Final R indices [I>2sigma(I)] R1 = 0.0350, wR2 = 0.0726 

R indices (all data) R1 = 0.0495, wR2 = 0.0771 

Largest diff. peak and hole 1.098 and -0.808 eÅ-3  
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6.3.2. [PdN(PNP)] (2-Pd•N2) 

CCDC 2105764 

Identification code  photo_structure 

Empirical formula  C20H40N3.76P2Pd 

Formula weight  502.07 

Temperature  100 K 

Wavelength  0.41328 Å 

Crystal system  Triclinic 

Space group  Pρ 

Unit cell dimensions a = 8.4686(6) Å α = 102.469(2)° 

 b = 12.3821(10) Å β = 96.757(2)° 

 c = 12.7670(10) Å γ = 106.726(2)° 

Volume 1228.50(16) Å3 

Z 2 

Density (calculated) 1.357 Mg/m3 

Absorption coefficient 1.034 mm-1 

F(000) 525.0 

Crystal size 0.5 x 0.5 x 0.1 mm3 

Crystal shape and color block, yellow 

Theta range for data collection 0.968 to 15.105° 

Index ranges -10<=h<=10, -15<=k<=15, -16<=l<=16 

Reflections collected 32423 

Independent reflections 4810 [R(int) = 0.0688] 

Completeness to theta = 14.357° 94.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7439 and 0.5758 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4810 / 12 / 285 

Goodness-of-fit on F2 1.135 

Final R indices [I>2sigma(I)] R1 = 0.0423, wR2 = 0.1163 

R indices (all data) R1 = 0.0472, wR2 = 0.1240 

Largest diff. peak and hole 1.607 and -0.410 eÅ–3 
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6.3.3. [PdCl{HN(CH2CH2PtBu2)2}]Cl (3-Pd) 

CCDC 2105746 

Identification code  TSR_260121_MO (TSR 2-220) 

Empirical formula  C20H45Cl2NP2Pd 

Formula weight  538.81 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 15.0079(4) Å α = 90° 

 b = 12.6558(3) Å β = 90° 

 c = 26.9601(7) Å γ = 90° 

Volume 5120.7(2) Å3 

Z 8 

Density (calculated) 1.398 Mg/m3 

Absorption coefficient 1.064 mm-1 

F(000) 2256 

Crystal size 0.635 x 0.324 x 0.256 mm3 

Crystal shape and color Plate, clear light yellow 

Theta range for data collection 2.031 to 41.196° 

Index ranges -27<=h<=25, -23<=k<=23, -49<=l<=49 

Reflections collected 260272 

Independent reflections 17066 [R(int) = 0.0827] 

Completeness to theta = 25.242° 100.0 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 17066 / 0 / 251 

Goodness-of-fit on F2 1.066 

Final R indices [I>2sigma(I)] R1 = 0.0382, wR2 = 0.0695 

R indices (all data) R1 = 0.0765, wR2 = 0.0824 

Largest diff. peak and hole 1.306 and -1.468 eÅ-3 
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6.3.4. [PdCl{N(CH2CH2PtBu2)2}] (4-Pd) 

CCDC 2105747 

Identification code  TSR_210121_MO (TSR 2-222) 

Empirical formula  C20H44ClNP2Pd 

Formula weight  502.35 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 8.3912(5) Å α = 90° 

 b = 21.3873(14) Å β = 104.047(2)° 

 c = 13.9463(9) Å γ = 90° 

Volume 2428.0(3) Å3 

Z 4 

Density (calculated) 1.374 Mg/m3 

Absorption coefficient 1.011 mm-1 

F(000) 1056 

Crystal size 0.434 x 0.180 x 0.178 mm3 

Crystal shape and color Bloc, clear intense yellow 

Theta range for data collection 1.904 to 44.416° 

Index ranges -16<=h<=16, -41<=k<=41, -27<=l<=27 

Reflections collected 319637 

Independent reflections 19218 [R(int) = 0.0791] 

Completeness to theta = 25.242° 100.0 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 19218 / 0 / 238 

Goodness-of-fit on F2 1.077 

Final R indices [I>2sigma(I)] R1 = 0.0336, wR2 = 0.0747 

R indices (all data) R1 = 0.0488, wR2 = 0.0825 

Largest diff. peak and hole 1.518 and -2.441 eÅ-3 
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6.3.5. [PdCl(PNP)] (5-Pd) 

CCDC 2105748 

Identification code  MO_TSR_070120_0m_a (TSR 1-027) 

Empirical formula  C20H40ClNP2Pd 

Formula weight  498.32 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2/c 

Unit cell dimensions a = 11.4222(3) Å α = 90° 

 b = 8.4811(3) Å β = 113.7230(10)° 

 c = 13.3981(4) Å γ = 90° 

Volume 1188.24(6) Å3 

Z 2 

Density (calculated) 1.393 Mg/m3 

Absorption coefficient 1.032 mm-1 

F(000) 520 

Crystal size 0.294 x 0.205 x 0.134 mm3 

Crystal shape and color Plate, clear intense yellow 

Theta range for data collection 2.401 to 27.979° 

Index ranges -15<=h<=15, -11<=k<=11, -17<=l<=17 

Reflections collected 25648 

Independent reflections 2856 [R(int) = 0.0816] 

Completeness to theta = 25.242° 99.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2856 / 0 / 121 

Goodness-of-fit on F2 1.049 

Final R indices [I>2sigma(I)] R1 = 0.0288, wR2 = 0.0667 

R indices (all data) R1 = 0.0370, wR2 = 0.0706 

Largest diff. peak and hole 1.323 and -0.943 eÅ-3 
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6.3.6. [PdH(PNP)] (6-Pd) 

CCDC 2105749 

Identification code  MO_TSR_210920_2 (TSR-1-147) 

Empirical formula  C20H41NP2Pd 

Formula weight  463.88 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 21.9139(16) Å α = 90° 

 b = 7.6105(5) Å β = 103.168(3)° 

 c = 14.0772(10) Å γ = 90° 

Volume 2286.0(3) Å3 

Z 4 

Density (calculated) 1.348 Mg/m3 

Absorption coefficient 0.955 mm-1 

F(000) 976 

Crystal size 0.172 x 0.057 x 0.041 mm3 

Crystal shape and color Needle, clear colourless 

Theta range for data collection 2.842 to 25.456°. 

Index ranges -26<=h<=26, -9<=k<=9, -17<=l<=16 

Reflections collected 22618 

Independent reflections 2113 [R(int) = 0.0266] 

Completeness to theta = 25.242° 99.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2113 / 0 / 121 

Goodness-of-fit on F2 1.160 

Final R indices [I>2sigma(I)] R1 = 0.0238, wR2 = 0.0639 

R indices (all data) R1 = 0.0255, wR2 = 0.0649 

Largest diff. peak and hole 1.474 and -0.465 eÅ
-3
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6.3.7. [Pd(OTf)(PNP)] (7-Pd) 

CCDC 2105750 

Identification code  MO_TSR_200720 (TSR-1-123) 

Empirical formula  C21H40F3NO3P2PdS 

Formula weight  611.94 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 8.4854(4) Å α = 90° 

 b = 19.1617(9) Å β = 98.715(2)° 

 c = 16.8443(8) Å γ = 90° 

Volume 2707.2(2) Å3 

Z 4 

Density (calculated) 1.501 Mg/m3 

Absorption coefficient 0.923 mm-1 

F(000) 1264 

Crystal size 0.802 x 0.534 x 0.205 mm3 

Crystal shape and color Block, clear intense violet 

Theta range for data collection 2.447 to 45.476°. 

Index ranges -16<=h<=17, -38<=k<=38, -33<=l<=33 

Reflections collected 184157 

Independent reflections 22852 [R(int) = 0.0514] 

Completeness to theta = 25.242° 100.0 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 22852 / 0 / 301 

Goodness-of-fit on F2 1.048 

Final R indices [I>2sigma(I)] R1 = 0.0387, wR2 = 0.0728 

R indices (all data) R1 = 0.0607, wR2 = 0.0806 

Largest diff. peak and hole 1.965 and -1.764 eÅ-3 
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6.3.8. [Pd(NHBz)(PNP)] (8-Pd) 

CCDC 2105752 

Identification code  MO_TSR_140220_0m_a (TSR 1-053) 

Empirical formula  C27H46N2OP2Pd 

Formula weight  583.00 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 12.3937(11) Å α = 90° 

 b = 18.3868(14) Å β = 92.831(3)° 

 c = 25.761(2) Å γ = 90° 

Volume 5863.2(8) Å3 

Z 8 

Density (calculated) 1.321 Mg/m3 

Absorption coefficient 0.763 mm-1 

F(000) 2448 

Crystal size 0.209 x 0.170 x 0.135 mm3 

Crystal shape and color Block, clear intense yellow 

Theta range for data collection 2.215 to 26.442°. 

Index ranges -15<=h<=15, -22<=k<=23, -32<=l<=32 

Reflections collected 142899 

Independent reflections 12018 [R(int) = 0.0551] 

Completeness to theta = 25.242° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12018 / 2 / 627 

Goodness-of-fit on F2 1.295 

Final R indices [I>2sigma(I)] R1 = 0.0554, wR2 = 0.1288 

R indices (all data) R1 = 0.0632, wR2 = 0.1327 

Largest diff. peak and hole 0.890 and -1.467 eÅ-3 
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6.5. Research Data Availability 

Research data including raw data, spectra, coordinate files etc. are available at GRO 

data under https://doi.org/10.25625/BG1JRF. 
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