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Abstract 

Photolytic activation of palladium(II) and platinum(II) complexes [M(BPI)(R)] (R= alkyl, 

aryl) featuring the 1,3-bis(2-pyridylimino)isoindole (BPI) ligand has been investigated in 

various solvents.  In the absence of oxygen, the formation of chloro complexes [M(BPI)Cl] is 

observed in chlorinated solvents, most likely due to photolytic degradation of the solvent and 

formation of HCl.  The reactivity of the complexes towards oxygen has been studied both 

experimentally and computationally.  Excitation by UV irradiation (365 nm) of the metal 

complexes [Pt(BPI)Me] and [Pd(BPI)Me] leads to distortion of the square planar coordination 

geometry in the excited triplet state and a change in the electronic structure of the complexes 

that allows the interaction with oxygen. TD-DFT computational studies suggest that in the case 

of palladium, a Pd(III) superoxide intermediate [Pd(BPI)(k1-O2)Me] is formed and, in the case 

of platinum, a Pt(IV) peroxide intermediate [Pt(BPI)(k2-O2)Me].  For alkyl complexes where 

metal carbon bonds are sufficiently weak, the photo-activation leads to the insertion of oxygen 

into the metal carbon bond to generate alkylperoxo complexes, for example [Pd(BPI)OOMe], 

which has been isolated and structurally characterised.  For stronger M–C(aryl) bonds, the 

reaction of [Pt(BPI)Ph] with O2 and light results in a Pt(IV) complex, tentatively assigned as 

the peroxo complex [Pt(BPI)(k2-O2)Ph], which in chlorinated solvents reacts further to give 

[Pt(BPI)Cl2Ph], which has been isolated and characterised by scXRD.  Besides facilitating 

oxygen insertion reactions, UV irradiation can also affect the reactivity of other components in 

the reaction mixture, such as the solvent or other reaction products, which can result in further 

reactions. Labelling studies using [Pt(BPI)(CD3)] in chloroform have shown that photolytic 

reactions with oxygen involve degradation of the solvent. 
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Introduction 

The selective functionalisation of alkanes remains one of the great challenges in catalysis 

research.  The abundant availability of methane and light alkanes from shale gas has led to an 

increase in natural gas conversion in recent years.1-2  Methane conversion is carried out 

predominantly via steam reforming to syngas, whereas higher alkanes are generally converted 

to alkenes, for example via ethane cracking or propane dehydrogenation.3-4  Considerable 

progress has been made during the last three decades regarding the organometallic activation 

of alkanes in solution, in particular through electrophilic activation with late transition metals.5-

9  Once C-H bond cleavage has been achieved at a metal centre, a functionalisation of the metal 

carbon bond is required, followed by release of the product and regeneration of the catalyst.  In 

the case of oxidation reactions, this functionalisation of metal alkyl complexes should be 

carried out ideally with environmentally benign oxidants such as O2 or H2O2, an area of 

research that has seen a great deal of interest and tremendous advances have been made in 

recent years.10-13   

The air-sensitive nature of many organometallic compounds often results in uncontrollable 

reactions upon exposure to oxygen.  The insertion of oxygen into metal carbon bonds (M–R) 

to give stable peroxo metal complexes (M–OOR) is an intriguing departure from this general 

reactivity.  In the context of catalytic alkane oxidations, oxygen insertions could become 

particularly important for metals with a track record in C-H activation such as palladium and 

platinum.11   

Oxygen insertion reactions have been reported for a number of transition metal alkyl or aryl 

complexes, in particular for first row metals like chromium,14 iron,15-16 cobalt,17-19 nickel,20 and 

zinc.21-22  During the past decade, several oxygen insertions with palladium(II) and platinum(II) 

methyl complexes have been reported. In 2009, Goldberg reported the reaction of [(PN)PtMe2] 

(PN = 2-(di-tert-butylphosphino)methylpyridine) with oxygen to give a platinum(II) 

methylperoxo complex [(PN)PtMe(OOMe)],23 and the formation of a palladium(II) 

methylperoxo complex [(bipy)PdMe(OOMe)] (bipy = 2,2’-bipyridine) via the reaction of 

[(bipy)PdMe2] (bipy = 2,2’-bipyridine) with oxygen (Figure 1).24 A radical initiator (AIBN) 

was used in these oxygen insertions to activate the metal complexes and kinetic analyses 

indicated a radical chain mechanism for the oxygen insertion process.  Around the same time, 

we reported the insertion of oxygen with terpyridine platinum and palladium methyl complexes 

such as [Pt(diaminoterpy)Me]+ (diaminoterpy = 6,6”-diaminoterpyridine) to give 

[Pt((diaminoterpy)OOMe]+.25-26 The insertion reaction proceeds at room temperature in 
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various solvents within minutes in the presence of UV light.  Steric repulsion between the 

substituents at the 6,6”-positions on the terpyridine ligand and the methyl ligand causes a 

bending of the N(pyr)–Pt–C angle to approximately 167˚,27 which weakens the M–C bond for 

oxygen insertion.  The formation of dinuclear triplet M(III)-M(III) intermediates was proposed 

upon excitation of the square planar M(II) complexes, which subsequently react with oxygen.  

Similar oxygen insertion reactions have been reported by Martín and co-workers with dinuclear 

half-lantern Pt(III) methyl complexes,28 and other dinuclear Pd(III) complexes have also been 

implicated in reactions with oxygen.29-32  

 

Figure 1.  Examples of Group 10 methylperoxo complexes prepared via oxygen insertion 

reactions. 

In search of a monoanionic ligand, similar to terpyridine, that would allow the use of less 

polar solvents, ideally alkanes, we turned to 1,3-bis(2-pyridylimino)isoindole (BPI). This 

ligand, first reported in 1952,33 has a highly delocalised electronic structure, akin to porphyrin 

and terpyridine ligands. Indeed, the electronic and photophysical properties of Pt(II) and Pd(II) 

BPI complexes with a range of additional ligands, have been investigated in great detail.34-37 

Goldberg recently reported the oxygen insertion of Pt(II) and Pd(II) methyl complexes with 

BPI-type ligands to give methylperoxo complexes (see Figure 1).38 Kinetic studies with AIBN 

as an initiator indicated a radical chain mechanism for the oxygen insertion process. 

Noteworthy in this context are also the earlier studies on cobalt(III) alkylperoxy complexes 

with BPI ligands that have been applied in the photo-induced oxidation of hydrocarbons.39-41 
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The oxygen insertion with a related nickel(II) methyl complex to give a methylperoxo complex, 

as shown in Figure 1, is also relevant in this context.42 

Here we present an extensive investigation on Pd(II) and Pt(II) BPI complexes with alkyl 

and aryl ligands and their reactivity towards light and oxygen (see Figure 1).  For certain 

complexes, oxygen insertion is strongly accelerated by light.  Electronic excitation through 

light absorption modifies the electronic and chemical properties of the metal BPI complexes,43 

which affects their reactivity towards oxygen.  These findings are important for the 

development of electrophilic late transition metal catalysts for alkane oxidations, and also in 

the context of the photoluminescent stability of BPI and related metal complexes.  During light 

irradiation, the metal complex is however not the only species affected and other components 

in the reaction mixture, such as the reaction products and the solvent, can also be affected by 

light.  

 

Results and discussion 

BPI metal complexes 

The 1H NMR spectrum of [Pt(BPI)Me] in CDCl3 shows a diagnostic doublet signal for the 

protons in 6-position of the pyridine at 9.19 ppm (3JPt-H = 52 Hz), in addition to a singlet at 

1.04 ppm (2JPt-H = 72 Hz) for the Pt-Me protons (see Supporting Information for synthetic 

details).  The ethyl complex [Pt(BPI)Et] has spectroscopic signals for the pyridyl 6-position at 

9.21 ppm (3JPtH = 56 Hz) together with the CH2 protons at 1.69 ppm (2JPtH = 76 Hz) and CH3 at 

1.06 ppm (3JPtH = 36 Hz).  In the previously reported phenyl complex [Pt(BPI)Ph]44, the pyridyl 

protons at the 6-position appear at 8.64 ppm, approximately 0.5 ppm lower than for the methyl 

and ethyl complexes, with 195Pt satellites of 3JPt-H = 55 Hz. All spectroscopic data are consistent 

with previously reported data, and complexes [Pt(BPI)Me] and [Pt(BPI)Ph] were further 

characterised by scXRD analysis (see Figure 2 and Supporting Information).  The palladium 

complex [Pd(BPI)Me] shows the protons at the 6-position of the pyridine moieties at 8.79 ppm 

as a doublet and the Pd-Me protons as a singlet at 0.77 ppm and this complex was also 

characterised by scXRD (see Figure 2).  Common to all structures [Pt(BPI)Me], [Pd(BPI)Me] 

and [Pt(BPI)Ph] is that the methyl and phenyl ligands are pushed out of the square coordination 

plane, with a N-M-C bond angle of 167.3(13)˚ for complex [Pt(BPI)Me], 165.3(4)˚ for 

complex [Pd(BPI)Me] and 168.82(11)˚ for [Pt(BPI)Ph] (see Figure 2).  This distortion is likely 

due to steric repulsion with the hydrogen atoms at the ortho position of the pyridine rings.  
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Similar distortions were seen in the recently reported related BPI Pt(II) and Pd(II) methyl 

complexes by Goldberg.38  Noteworthy, out of plane distortions with N-M-C angles of 

approximately 167˚ have been seen previously in our studies on oxygen insertion reactions 

with 6,6”-disubstituted terpyridine Pt(II) and Pd(II) methyl complexes.26   

 

Figure 2. Molecular structures determined by scXRD analysis of complexes [Pd(BPI)Me] and 

[Pt(BPI)Ph] showing N1-M-C24 bond angles <180˚. 

 

Reactivity under UV light irradiation 

The stability of the palladium and platinum BPI complexes during irradiation with UV light 

(365 nm) was investigated first in the absence of oxygen.  The electronic spectrum of 

[Pt(BPI)Me] in CDCl3 shows absorptions between 420 nm to 530 nm, suggesting [5d(Pt) 

→p*(BPI)] MLCT transitions and the bands around 304 nm and 351 nm are assigned to 

[p→p*(BPI)] IL transitions (Figure S39).45  After this solution (under nitrogen) was exposed 

to UV light for 38 hours at room temperature, most starting complex [Pt(BPI)Me] remained 

unreacted according to 1H NMR spectroscopy, but with 10% (relative to the starting complex) 

of the chloro complex [Pt(BPI)Cl], together with small amounts of CH4, CH3D and CH3Cl (see 

Figure S1).  The characteristic protons at the 6-position of the pyridine for [Pt(BPI)Cl] are at 

10.31 ppm (3JPt-H = 56 Hz) in CDCl3, cf. 9.19 ppm (3JPt-H = 52 Hz) for [Pt(BPI)Me].  When a 

CDCl3 solution of [Pt(BPI)Me] is kept in the dark for 24 hours, very little (~1%) of the chloro 

complex is detected, probably due to small amounts of DCl present in CDCl3.  In THF-d8, 

[Pt(BPI)Me] is stable in the dark and towards exposure to UV light for 24 hours.   

The ethyl complex [Pt(BPI)Et] (6-H at 9.22 ppm, 3JPtH = 52 Hz) converts after several hours 

irradiation in CDCl3 initially to an intermediate with a new set of aromatic signals and the 
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pyridine 6-H signal at 9.66 ppm (3JPt-H = 44 Hz), together with ethane (C2H5D with some C2H6) 

and small amounts of ethyl chloride, as shown in Figure 3.  There are no other new signals, 

neither in the 1H nor in the 2H NMR spectrum. The intermediate could not be isolated and 

identified so far, but it is suspected to be a T-shaped cationic [Pt(BPI)]+ or solvent-stabilised 

[Pt(BPI)(solv)]+ complex,46 formed upon reaction with DCl, which slowly reacts further to 

give the chloro complex [Pt(BPI)Cl].   An alternative possibility is homolytic M-C bond 

cleavage and formation of a dinuclear Pt(I) complex [Pt(BPI)]2, analogous to the dinuclear 

Pd(I) dimer reported by Ozerov and co-workers, which was obtained upon irradiation of a Pd(II) 

ethyl complex with a monoanionic PNP ligand.47  Further irradiation for 20 hours in CDCl3 at 

room temperature results in complete conversion to [Pt(BPI)Cl] (see Figure 3). 

 

Figure 3. The reaction of [Pt(BPI)Et] in CDCl3 upon irradiation (365 nm) at room 

temperature. 

 

The palladium complex [Pd(BPI)Me] is more reactive than the platinum analogue and 

shows after 4 hours irradiation with UV light in CDCl3 complete conversion to the chloro 

complex [Pd(BPI)Cl] (see Figure S2).  The phenyl complex [Pt(BPI)Ph] is remarkably stable 
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in CDCl3 upon exposure to UV light for 27 hours at room temperature (See Figure S4).   These 

differences in reactivity for methyl and ethyl versus phenyl complexes are likely related to the 

M–C bond strengths. The Pt−C bond strength for platinum(II) phenyl complexes is 

approximately 50 kcal/mol, whereas the BDE for platinum(II)−methyl bonds is significantly 

smaller, approximately 36 kcal/mol, and approximately 28 kcal/mol for a palladium(II)−methyl 

bond.48-51  Transition metal methyl bonds are generally stronger than ethyl or higher alkyl 

bonds,52-54 in line with the different reactivity of [Pt(BPI)Et] vs. [Pt(BPI)Me] seen here.  The 

formation of methyl chloride and ethyl chloride hints at the involvement of radicals.  However, 

the presence of CH3D and C2H5D suggests protonation of the alkyl complexes could also be 

involved.  

Conversion of platinum(II) and palladium(II) alkyl complexes to chloro complexes upon 

photolysis in chlorinated solvents is a well-known phenomenon.55-59  These reactions are 

generally thought to proceed via photoexcitation of the starting complex, followed by 

homolytic M–C bond cleavage to generate a solvent-caged pair, comprising a methyl radical 

and an M(I) species.  Both radical species can abstract a chlorine radical from the solvent to 

give methyl chloride and a M(II)–Cl complex, respectively.  Oxidative addition of chloroform 

at Pt(II) centres is also a possibility, but often leads to mixtures of complexes.60 The clean 

formation of the chloro complexes seen here, together with methyl chloride (or ethyl chloride) 

suggests that homolytic M–C bond cleavage also proceeds with these complexes.  There is 

however, a possible alternative pathway that needs to be considered.   

Chloroform decomposes under UV irradiation to generate HCl, together with CCl2 or 

phosgene if oxygen is present.61-63  Cleavage of the C-Cl bond requires high energy hard UV-

C light with l<190 nm.61 While chloroform is normally stable towards soft UV-A light of l = 

365 nm (used here), photo-catalysts such as porphyrins or bis(triazole)phenyl compounds, can 

lower the energy required for the photo-decomposition of chloroform.63-64  The formation of 

chloro complexes [Pt(BPI)Cl] and [Pd(BPI)Cl], as well as CH3D under soft UV-A irradiation 

seen here could be due to a reaction of the alkyl complexes with DCl, generated in situ from 

CDCl3. The photo-decomposition of CDCl3 at 365 nm could also be catalysed by the BPI 

complexes used here, although we have not investigated this aspect in any detail.  Protonation 

reactions of platinum(II) alkyl complexes with HCl have been studied extensively and proceed 

via oxidative addition to form Pt(IV) hydrido alkyl chloro intermediates.  These Pt(IV) 

complexes generally show fast reductive elimination and formation of the Pt(II) chloro 

complex, although in some cases, the Pt(IV) intermediates can be observed and isolated.65   
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In a separate experiment, [Pt(BPI)Me] was reacted with excess DCl (in D2O) at room 

temperature.  This resulted in quantitative formation of a new complex, which was 

characterised as the protonated chloro complex [Pt(BPI-D)Cl]Cl (see Figure S6). Similarly, 

addition of HCl to the chloro complex [Pt(BPI)Cl] in CDCl3 resulted in protonation of one of 

the imine groups to give the analogous complex [Pt(BPI-H)Cl]Cl. This complex was 

characterised by NMR spectroscopy and scXRD analysis (see Supporting Information). A fast 

proton exchange reaction makes both sides of the ligand appear equivalent (Scheme 1) at room 

temperature.  VT-NMR studies of [Pt(BPI-H)Cl]Cl in CDCl3 have shown that the complex 

becomes asymmetric at lower temperatures, with a coalescence temperature of approximately 

Tc = 260 K in CDCl3 (see Figure S83). Similar behaviour was seen by Wicholas for a related 

cadmium complex.66  In summary, these studies in the absence of O2 have shown that both 

photolysis and protonolysis of the metal carbon bond can take place. 

 

Scheme 1. Reactivity pathways for [Pt(BPI)Me] and [Pd(BPI)Me] complexes. 

Reactivity towards oxygen 

 The reactivity of the alkyl and aryl BPI complexes towards oxygen (1 atm) was investigated, 

both with UV light exposure (365 nm) and without. A solution of [Pt(BPI)Me] in CDCl3, 

saturated with oxygen (1 atm) was exposed to UV light at room temperature.  After 20 minutes, 

the Pt-Me signal at 1.04 ppm disappeared and a new singlet peak was seen at 3.94 ppm, which 

corresponds to the methylperoxo complex [Pt(BPI)OOMe] (see Figure S11 and Scheme 1).  
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methylperoxo BPI complexes reported by Goldberg.67  The protons at the 6-position of the 

pyridines are strongly deshielded at 10.44 ppm (c.f. 9.19 ppm for [Pt(BPI)Me]), indicating 

possible hydrogen bonding interactions between these protons and the methylperoxo moiety.  

Oxygen insertion into the Pt–Me bond at room temperature is also observed when air is used 

instead of pure oxygen, but the reaction is significantly slower.  The oxygen insertion reaction 

also proceeds in other solvents such as CHCl3, CD2Cl2, CH2Cl2, THF-d8 and C6D6, albeit with 

different reaction times (see Figures S12-14, 19 and 20). Reaction times are most affected by 

light irradiation however.  Oxygen insertion proceeds fastest in CDCl3 or CHCl3 within 

approximately 20 minutes upon UV irradiation and 2 days in the dark for full conversion (see 

Figures S11/S13). In the absence of oxygen, very little (~1%) chloro complex [Pt(BPI)Cl] is 

formed after one day in the dark in CDCl3.  In all chlorinated solvents, regardless whether the 

reaction with oxygen was performed in the dark or under UV light, the chloro complex 

[Pt(BPI)Cl] is formed in variable amounts together with [Pt(BPI)OOMe]. The methylperoxo 

complex also converts to the chloro complex [Pt(BPI)Cl] under these reaction conditions, 

either due to a photolytic reaction, or due to reaction with DCl generated in situ from 

chloroform (see Scheme 1).  DCl reacts with [Pt(BPI)Me] to form [Pt(BPI)Cl] or with the 

methylperoxo complex [Pd(BPI)OOMe] to give [Pd(BPI)Cl], together with CH3D and 

CH3OOD, respectively (Figures S6-S7).  A similar conversion of a methylperoxo platinum 

complex to the corresponding chloro complex was observed by Goldberg in CD2Cl2.23  A clean 

conversion of [Pt(BPI)Me] with oxygen to the methylperoxo complex [Pt(BPI)OOMe] can be 

achieved in THF-d8, when the reaction is kept in the dark for approximately 2 weeks (Figure 

S14a). Irradiation accelerates the insertion reaction also in THF, but decomposition of the 

methylperoxo complex takes place before full conversion of the starting methyl complex has 

been achieved, resulting in complex mixtures of products (Figure S14b). It is thus clear that 

the oxygen insertion reaction proceeds in various solvents, with or without UV light, but the 

presence of light strongly accelerates the oxygen insertion reaction.  

 The palladium methyl complex [Pd(BPI)Me] reacts with oxygen (1 bar) in CDCl3 upon 

exposure to UV light (365 nm) within 20 minutes to give [Pd(BPI)OOMe], together with small 

amounts of the chloro complex [Pd(BPI)Cl] (see Figure S15). The 1H NMR spectrum features 

a Pd-OOMe signal at 3.90 ppm and the protons at the 6-position of the pyridine rings at 9.79 

ppm.  [Pd(BPI)OOMe] could be crystallised and the molecular structure was confirmed by X-

ray crystallography (see Figure 4).  This is the first reported X-ray structure of a palladium(II) 

methylperoxo complex.  A square planar geometry is observed whereby the bond angle of 
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N(1)-Pd(1)-O(24) is nearly linear with 178.05˚ and is significantly less distorted than the N(1)-

Pd(1)-C(24) angle of 165.3(4)˚ in [Pd(BPI)Me].  The O(24)-O(25) bond length of 1.475(4) Å 

is slightly longer than the one in the related BPI platinum complex (1.419(10) Å), but 

comparable to those in other PdOOX complexes (X = H, tBu),68 and PtOOMe complexes,23, 25 

and shorter than in a related NiOOMe complex (1.513(2) Å) (see Figure 1).20  The short 

distances between O(24) and the protons in 6-position of the pyridines (2.1-2.2 Å) are  

indicative of a hydrogen bonding interaction, as indicated by the downfield chemical shift of 

these protons from 8.70 ppm to 9.79 ppm.  

 

Figure 4. Molecular structure determined by scXRD analysis of [Pd(BPI)OOMe]. 

 

 The formation of [Pd(BPI)OOMe] is also observed in other solvents, including CHCl3, 

CD2Cl2 and THF-d8, both upon irradiation and in the dark.  The reactivity of [Pd(BPI)Me] with 

oxygen is thus very similar to the platinum analogue, whereby complete conversion to 

[Pd(BPI)OOMe] requires approximately 20 minutes of irradiation in CDCl3, compared to 

several weeks in the dark (see Figure S16).  The palladium chloro complex [Pd(BPI)Cl] is only 

observed in chlorinated solvents after irradiation with UV light and no chloro complex was 

detected in the dark after one day.  Extensive reactivity studies in various solvents have shown 

that oxygen insertion for both methyl complexes [Pt(BPI)Me] and [Pd(BPI)Me] are fastest in 

CDCl3.   

The possible involvement of singlet oxygen 1O2 in the insertion reactions was considered. 

The addition of 2,2,6,6-tetramethylpiperidine (TEMP) and 1,4-diazabicyclo[2,2,2]-octane 

(DABCO), which are both known singlet oxygen quenchers, was investigated.69-71  The 

addition of TEMP (8 equivalents) or DABCO (8 equivalents) to a CDCl3 solution of 
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[Pt(BPI)Me] followed by the addition of oxygen and exposure to UV light (365 nm) did not 

show any noticeable difference in the oxygen insertion reactivity (see Figures S23 and S24). 

The methyl peroxo complex [Pt(BPI)OOMe] and the chloro complex [Pt(BPI)Cl] were 

observed after irradiation for 20 minutes. We therefore conclude that involvement of singlet 

oxygen in the oxygen insertion reactions is unlikely. 

 Addition of oxygen to the ethyl complex [Pt(BPI)Et] in CDCl3 at room temperature leads 

to an immediate colour change from red to orange and clean formation of the ethylperoxo 

complex [Pt(BPI)OOEt]. The characteristic 6-pyridine signal shifts from 9.22 ppm (3JPtH = 52 

Hz) for [Pt(BPI)Et] to 10.46 ppm (3JPtH = 44 Hz) for [Pt(BPI)OOEt], whereas the diagnostic 

ethylperoxo signals appear at 4.16 and 1.29 ppm.  Importantly, the insertion reaction proceeds 

instantly in the absence of light, compared to 2 days for [Pt(BPI)Me].  Fast oxygen insertion 

occurs also in other solvents such as CD2Cl2 and d8-THF and again no light is required.  The 

weaker M–C bond for the ethyl complex compared to the methyl complex could be responsible 

for this difference in reactivity. The different behaviour for methyl versus ethyl bonds in these 

oxygen insertions is reminiscent of the different rates seen for CO migratory insertion reactions 

in molybdenum alkyl bonds.72 

 The platinum phenyl complex [Pt(BPI)Ph] reacts with oxygen on exposure to UV light at 

room temperature, but a different product is obtained in this case.  The 1H NMR spectrum of 

the starting material features the characteristic 6-pyridine signal at 8.64 ppm (3JPtH = 56 Hz), 

which disappears after 3 hours irradiation at room temperature to give a new signal downfield 

at 10.25 ppm with a much smaller coupling constant 3JPtH = 32 Hz (see Figure S21a).  The 

strong downfield shift indicates H-bonding to an O donor ligand.  The phenyl signals shift and 

the ortho-protons move from 7.66 ppm to 6.71 ppm with a Pt-H coupling of 3JPtH = 33 Hz.  The 

phenyl ligand is still directly attached to the Pt centre and the smaller coupling constants 

indicate the formation of a Pt(IV) complex. We propose that this new complex is the peroxo 

complex [Pt(BPI)(O2)Ph], as shown in Scheme 2.  Analysis by ESI mass spectrometry showed 

a molecular ion [M]+ at m/z = 603.1138 (calc. 603.1108 for [Pt(BPI)(O2)PhH]+), although 

several other species are obtained due to protonation under the MS conditions (Figure S21e).  

The IR spectrum showed a signal for n(OO) = 773 cm-1 (Figures S21b-d).  Side-on peroxo 

complexes are well known for Pt(II) and n(OO) stretches are typically around 800-900 cm-1, 

but there are no reported values for Pt(IV) complexes.73-75    
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Scheme 2. Reaction of [Pt(BPI)Ph] with O2 under UV irradiation in CDCl3.  

 

The formation of stable side-on peroxo M(III) complexes from the reaction of square planar 

d8 metal complexes with oxygen is well known for Group 9.76-79 Noteworthy in particular, are 

the iridium(III) phenyl complexes with a side-on peroxo ligand, very similar to the Pt(IV) 

complex seen here, that were reported by Wendt and Milstein.80-81  For Pd(II) and Pt(II) 

complexes, the reaction with oxygen has resulted in a number of products (see Scheme 3).82 In 

addition to side-on peroxo complexes, the formation of a Pd(III) superoxide complex has been 

observed,29 or in the presence of protic solvents, a hydroperoxo Pt(IV) complex was 

obtained.83-84 The formation of a dinuclear Pt(IV) complex with two bridging peroxide ligands 

is also possible.82, 85.  The latter has shown an IR stretch v(OO) = 807 cm-1 for the bridging 

peroxide moieties.85  The possible formation of a bridging bis(peroxide) dinuclear complex 

[Pt(BPI)(µ-O2)Ph]2 was considered, but the lower n(OO) = 773 cm-1 and the MS data suggest 

a mononuclear [Pt(BPI)(µ-O2)Ph] complex.  The peroxo complex [Pt(BPI)(O2)Ph] showed no 

reaction towards PPh3 at room temperature over several days.  A similar lack of reactivity was 

reported for the iridium(III) phenyl peroxide complex.80 

 

Scheme 3. Possible reactions seen for Group 10 MII complexes with O2. 
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 Further irradiation of the proposed peroxo complex [Pt(BPI)(O2)Ph] in CDCl3 results in the 

formation of a new Pt(IV) complex, with 1H NMR signals for the 6-pyridine protons at 9.95 

ppm (3JPtH = 36 Hz) and the ortho-phenyl protons at 6.32 ppm (3JPtH = 32 Hz).  This complex 

was crystallised form a chloroform solution and X-ray analysis (see Figure 5) confirmed the 

structure as the Pt(IV) complex [Pt(BPI)(Cl)2Ph].  This complex [Pt(BPI)(Cl)2Ph] is a rare 

example of a Pt(IV) complex containing the BPI ligand.  The formation presumably occurs via 

protonation with DCl and in situ generation of D2O2, as seen previously for other metal 

peroxide complexes,75 but this was not further investigated. The proposed side-on peroxo 

complex [Pt(BPI)(O2)Ph] would be structurally similar to this dichloro complex.  

 

Figure 5. Molecular structures determined by scXRD analysis for Pt(IV) complexes 

[Pt(BPI)(Cl)2Ph] and [Pt(BPI)(CD3)3]. 

 

Reactivity of the methylperoxo complexes 

While the methylperoxo complexes [Pt(BPI)OOMe] and [Pd(BPI)OOMe] can be isolated 

and characterised, they do undergo further reaction upon UV irradiation in CDCl3 solution.  In 

the case of platinum, a new complex with a signal at 10.66 ppm (3JPt-H = 40 Hz) together with 

a sharp singlet at 9.74 ppm is observed, in addition to the chloro complex [Pt(BPI)Cl].  These 

signals are assigned to the hydroxo complex [Pt(BPI)OH] and formaldehyde, respectively (see 

Figure S9/S10 and Scheme 4). Methyl hydroperoxide and other alkyl hydroperoxides are 

known to decompose to the corresponding aldehyde and water, especially under basic 

conditions.86-87  During the course of approximately 20 minutes at room temperature, the 

signals for [Pt(BPI)OOMe] and [Pt(BPI)OH] disappear in favour of the chloro complex 

[Pt(BPI)Cl] at 10.31 ppm, likely due to reaction with DCl generated from CDCl3.  The hydroxo 
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complex [Pt(BPI)OH] was prepared independently by reacting the chloro complex with excess 

KOH in THF under reflux and the NMR spectrum confirmed the assignments (see Supporting 

Information).  Similar hydroxo complexes of platinum(II) with BPI ligands were recently 

reported by Goldberg and their spectroscopic features correspond to those seen here.38   

 

Scheme 4. Reactivity of methylperoxo complexes. 
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S15).  

The fate of the ethylperoxo complex [Pt(BPI)OOEt] upon UV irradiation was monitored in 

several solvents and appears to be very similar to the methylperoxo complex.  In CDCl3, the 

N

N

N

N

N

M OOMe N

N

N

N

N

M X

M = Pd: [Pd(BPI)OOMe]
M = Pt: [Pt(BPI)OOMe]

M = Pd: [Pd(BPI)X]
M = Pt: [Pt(BPI)X]

HX (or DX)

X = Cl or OH
+   CH3OOH

CH2O  +  H2O

CH3OH  +  1/2 O2

H2C(OH)2



 15 

characteristic downfield signal for the 6-pyridine protons at 10.46 ppm (3JPtH = 44 Hz) 

disappears during the course of 15 minutes UV exposure and the formation of [Pt(BPI)Cl] is 

observed together with new signals at 9.8 ppm corresponding to acetaldehyde and at 3.72 and 

1.25 ppm for ethanol (see Figure S17).  

 

Deuterium labelling studies 

In order to trace the methyl ligand in [Pt(BPI)Me] and the fate of the methyl protons after 

reaction with oxygen, we prepared the deuterated complex [Pt(BPI)CD3].  During the synthesis 

of [Pd(BPI)CD3], the formation of a minor by-product was noticed, which was isolated and 

characterised as the platinum(IV) complex [Pt(BPI)(CD3)3] by X-ray crystallography (see 

Figure 5 and Supporting information). The formation of this Pt(IV) complex is likely due to 

some decomposition of the starting complex [PtI(CD3)(SMe2)2]. Formation of CD3I together 

with methyl exchange reactions can result in the known Pt(IV) complexes [PtI(CD3)3(SMe2)2] 

or [Pt2I2(CD3)6(SMe2)2],91 and their reaction with BPI-K would lead to [Pt(BPI)(CD3)3].  The 

non-deuterated complex [Pt(BPI)(CH3)3] was prepared independently from BPI-K and 

[Pt(CH3)3(OTf)]4 and was fully characterised (see Supporting Information).  A structurally 

interesting feature of this complex is that the BPI ligand adopts a rather strained and unusual 

facial coordination mode, which hitherto has not been reported for this ligand.  This is most 

likely due to the reluctance of methyl ligands with their strong trans influence to coordinate 

trans to each other.  [Pt(BPI)(CH3)3] was found to be stable in CDCl3 and 1,2-C2D2Cl4 over 

the temperature range from 213 K to 373 K (see Figures S80/S81) and did not react with oxygen 

upon exposure to UV light for 4 hours.  For comparison, other Pt(IV) complexes have shown 

reactivity towards light and oxygen, but no oxygen insertion into Pt-CH3 bonds.  For example, 

[Pt(bipy)(CH3)4] reacts in chlorinated solvent under UV irradiation to give 

[PtCl(bipy)(CH3)3].92  A five-coordinate Pt(IV) trimethyl complex [Pt(L)(CH3)3], featuring a 

bidentate diketiminate ligand L, was reported to react with oxygen,93 but in this case the 

diketiminate ligand reacts with oxygen, rather than oxygen insertion into the metal methyl bond.  

Furthermore, the six-coordinate Pt(IV) complexes [PtTp*HR2], where R = Me or Ph and Tp* 

is the anionic facially-coordinating tris(pyrazolyl)borate ligand, was found to react with O2 to 

result in insertion into the Pt-H bond to give a hydroperoxide complex [PtTp*(OOH)R2].94  

A CHCl3 solution of [Pt(BPI)CD3] was saturated with oxygen and exposed to UV light. 

After irradiation for 8 minutes, the 2H NMR signal of the methyl peroxo species 
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[Pt(BPI)(OOCD3)] was observed at 3.87 ppm as shown in Figure 6. This complex undergoes 

further reaction over time, leading initially to CD3OH and CD3OOH at 3.4 ppm and 3.8 ppm, 

respectively.  Over the course of an hour under UV irradiation, methanol reacts with phosgene 

from CHCl3 decomposition to give methyl chloroformate and dimethyl carbonate.  The amount 

of water (D2O/HDO) at 1.5 ppm increases over time, which supports the notion that water is 

being generated during the decomposition of CD3OOH to formaldehyde. Formaldehyde is 

however not seen in the 2H NMR spectra (at 9.7 ppm) but multiple signals are observed at 4.6-

5 ppm after exposure to UV light, which can be assigned to methanediol (d(CD2) = 4.94 ppm) 

from the reaction of formaldehyde with water,88 as well as methoxymethanol (d(CD2) = 4.67 

ppm and d(CD3) = 3.37 ppm)95 which originates from the reaction of formaldehyde with 

methanol. Overall, we can conclude that the original methyl ligand in [Pt(BPI)(OOCD3)] 

eventually ends up either as methanol (or a methanol derivative), or as formaldehyde (or 

formaldehyde derivative) and the ratio between these products will depend on the reaction 

conditions. 

 

Figure 6. 2H NMR spectra for the reaction of [Pt(BPI)CD3] with oxygen in CHCl3 solution at 298 K 

upon exposure to UV light (365 nm). 
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An equimolar mixture of [Pt(BPI)CD3] and [Pd(BPI)CH3] was mixed in CDCl3 and reacted 

with O2.  The reaction mixture was exposed to UV light (365 nm) and the reaction was 

monitored by 1H NMR spectroscopy (Figure S25). Prior to UV irradiation and exposure to 

oxygen, only the Pd-CH3 proton signal is observed. After the reaction mixture was saturated 

with oxygen and exposed to UV light for 3 minutes, the Pd-OOMe signal and the Pt-OOMe 

signal appear at 3.89 ppm and 3.94 ppm, respectively. These methylperoxo complexes 

decompose over time to methyl hydroperoxide and the corresponding chloro complexes, as 

seen previously above.  The reaction was repeated in CHCl3 and monitored by 2H NMR 

spectroscopy (Figure S26). Before exposure to UV light, only one singlet was observed at 1.01 

ppm, assigned to [Pt(BPI)CD3]. The reaction mixture was exposed to UV light for 15 minutes 

in the absence of oxygen. Interestingly, no methyl exchange between [Pt(BPI)CD3] and 

[Pd(BPI)CH3] was observed within this time. The reaction mixture was then saturated with 

oxygen and exposed to UV light. After 11 minutes of UV irradiation, the Pt-CD3 signal 

disappeared and a broad signal appeared at 3.79 – 4.01 ppm with a small splitting. The broad 

signal consists of the Pt-OOCD3 signal at 3.90 ppm and the Pd-OOCD3 signal at 3.87 ppm. In 

a separate experiment, [Pt(BPI)OOCD3] and [Pd(BPI)OOCH3] were prepared independently 

in CDCl3, then mixed and exposed to UV light for 10 minutes, revealing both [Pt(BPI)OOCH3] 

and [Pd(BPI)OOCH3] in the 1H NMR spectrum, along with the formation of the chloro 

complexes.  These experiments confirm that exchange occurs between the methylperoxo 

ligands, but not between the methyl ligands. The possibility that exchange occurs during the 

oxygen insertion reaction between methylperoxo and methyl ligands cannot be excluded at this 

stage. Upon prolonged exposure to UV light, all methylperoxo complexes decompose to 

generate the chloro complexes as well as methanol and the usual products dimethylcarbonate 

(3.77 ppm), methyl chloroformate (3.91 ppm) and methanediol (4.73 ppm).  A small amount 

of methyl chloride (2.98 ppm) was also observed.  To conclude, methyl exchange between 

[Pt(BPI)CD3] and [Pd(BPI)CH3] did not occur in the absence of oxygen upon exposure to UV 

light for 15 minutes. Once the reaction mixture was saturated with oxygen, a mixture of 

[Pt(BPI)OOCD3], [Pt(BPI)OOCH3], [Pd(BPI)OOCD3] and [Pd(BPI)OOCH3] was formed 

upon UV irradiation due to the exchange between methylperoxo ligands. It is likely that the Pt-

O bond is weaker than the Pt-C bond,96 which allows ligand exchange to occur between the 

methylperoxo complexes but not between the methyl complexes.  
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Computational studies 

Various mechanisms have been proposed for the oxygen insertion reaction into metal-

carbon,11, 24, 97-98 and metal-hydride bonds.99-103 A radical chain mechanism is generally 

proposed for main group metal alkyls such as magnesium,104 boron and aluminium alkyl 

compounds, and also for certain transition metal alkyl complexes, in particular where oxidation 

of the metal is not possible, for example zinc alkyls.21  For [LnM]n+ complexes where an (n+2) 

oxidation state is easily accessible, the formation of side-on peroxide complexes [LnM(k2-

O2)](n+2)+ is frequently observed, notably for Rh(III) and Ir(III).76-79  

Goldberg and co-workers have previously reported that for palladium(II) and platinum(II) 

methyl complexes with BPI-type ligands, oxygen insertion proceeds via a radical chain 

mechanism based on kinetic studies.67  In order to obtain reproducible kinetic results, AIBN 

was used as a radical initiator in their experiments.  The oxygen insertion reactions seen here 

do proceed in the absence of light, albeit very slowly over the course of several days or weeks 

depending on the reaction conditions.  These insertion reactions in the dark may well proceed 

via a slow radical chain reaction, but how do we account for the tremendous rate acceleration 

in the presence of light?  The acceleration by light of the reaction with oxygen in these 

palladium and platinum alkyl complexes suggests the involvement of excited state 

intermediates.  Is it possible that radical chain reactions proceed within the coordination sphere 

of the metal centre?  The coordination behaviour of triplet state intermediates and their 

chemical reactivity is largely unknown, not least because these reactions are difficult to study 

experimentally.  Computational studies using density functional theory (DFT) can be used to 

scan potential energy surfaces and determine the energy of the minimum energy crossing points 

(mecp) between different spin states.105  Previous DFT studies on oxygen insertion reactions 

of terpyridine platinum(II) methyl complexes have shown that Pt(IV) side-on peroxide 

complexes [(terpy)M(k2-O2)]+ as reaction intermediates are a distinct possibility.  Subsequent 

reductive coupling results in C–O bond formation to give the Pt(II) methyl peroxo 

complexes.106  We have carried out computational studies on the BPI complexes studied here 

to establish whether a similar pathway also applies for the oxygen insertion reactions seen here. 

Computational studies have been carried out using the same method that we used in our 

previous calculations on oxygen insertions with terpyridine Pt(II) complexes, except that a 

different solvent (CHCl3) was used here.106  The method, fully outlined in the Supporting 

Information, involves the use of the M06 functional, and all results reported below correspond 
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to Gibbs free energies.  The validity of the functional and the basis set were benchmarked in 

our previous work on a similar system.106  All computational results are collected in the 

ioChem-BD repository.107   

Good agreement was generally observed between the calculated bond distances and angles 

and the experimental values determined by XRD analysis for the complexes [Pt(BPI)Me], 

[Pd(BPI)Me] and [Pd(BPI)OOMe] (see Table S2). TD-DFT studies on the oxygen insertion 

reaction with [Pt(BPI)Me] have shown that the formation of the Pt(IV) peroxide intermediate 

is indeed energetically feasible.  Initial excitation of the square planar starting complex 

[Pt(BPI)Me] (A) involves an electron transfer from a metal d orbital to a ligand p* orbital 

(MLCT) (see Scheme 5).  After intersystem crossing this leads to a metastable triplet complex 
3[Pt(BPI)Me]  (3A), where the methyl ligand is severely bent out of the coordination plane (N–

Pt–C angle: 148.9˚, cf. 167.8˚ in complex A) and with considerable spin density on the BPI 

ligand (1.34) and the metal (0.54), with some residual spin density residing on the methyl 

ligand.  The Pt-C bond distances are very similar, with 2.06 Å for 3A compare to 2.07 Å in A.  

This triplet intermediate 3A may dimerise, as we have previously suggested for the terpyridine 

complexes,26 but according to computational studies, this did not affect the subsequent 

reactivity with oxygen.106   We have therefore not considered the formation of excited state 

dimeric intermediates for these BPI complexes.  The high energy photo-initiated triplet 

complex 3A at 38.9 kcal/mol rapidly reacts with triplet oxygen to give the side-on M(IV) 

peroxide complex [Pt(BPI)(O2)Me] (B) in the singlet spin state, which is 23.3 kcal/mol lower 

in energy and 15.6 kcal/mol above the starting complex A (all subsequent energies are relative 

to complex B).  The reaction with oxygen has no enthalpic barrier, but a small entropic barrier 

can be estimated of approximately 8 kcal/mol, similar to the value determined previously for 

the terpyridine complex.106  From this intermediate [Pt(BPI)(O2)Me] (B), reductive coupling 

with C–O bond formation is in principle possible on the singlet surface, either via a stepwise 

process involving intermediate D, or via a direct conversion to E.  In both cases however, the 

transition states TS(B-D) and TS(B-E) are rather high at 30.2 and 35.9 kcal/mol, respectively 

(see Figure S28 for more information on transition states).  Further computational studies on 

intermediate B have shown that for this BPI Pt(IV) complex, an alternative energetically much 

lower pathway exists via thermally induced spin-crossing from B to a triplet state 3B at 10.7 

kcal/mol, accessible via MECP(B-3B) at 17.2 kcal/mol.  This 3B intermediate has a weakened 

Pt-C bond and spin densities are located predominantly on the methyl ligand (0.90) and the 

end-on O2 (1.00) ligand, best described as 3[Pt(BPI)(CH3·)(O2·)].  Single electron metal ligand 
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bonds are less common in the ground state,108-109 but are commonplace in excited-state 

complexes due to charge transfer.  An alternative isomeric complex 3Bbis, where the spin 

density is located on the end-on O2 ligand (1.01) and the BPI ligand (1.02), rather than on the 

methyl ligand, i.e. 3[Pt(BPI·)(CH3)(O2·)], was discarded because of its higher free energy (18.8 

kcal/mol).  The triplet intermediate 3B can rearrange via rotation around the Pt–O bond 

((TS(3B-3C) at 16.0 kcal/mol), to give initially 3C at 12.6 kcal/mol with spin densities on 

methyl (0.94) and the end-on O2 (0.98) ligands.  The triplet structure 3C, with clear spacial 

separation between the two unpaired electrons, is very close in energy to the corresponding 

open-shell singlet complex osC at 13.1 kcal/mol, which can be reached via a MECP at 12.1 

kcal/mol.  This osC species, with spin densities on methyl (0.93) and the end-on O2 ligand (–

0.98), is best described as an open shell Pt(II) superoxide complex with a coordinated methyl 

radical.  Final conversion to the methylperoxo complex E from osC was found to be barrierless.  

Instead of going forward, the triplet intermediate 3B can also eliminate O2 and revert to the 

starting material A.  This process has a barrier via transition state TS(3B-A) of 14.9 kcal/mol, 

which is similar in magnitude to TS(3B-3C) of 16.0 kcal/mol, suggesting that there is likely to 

be a competition between oxygen coordination/insertion (A via 3B to E) and oxygen 

coordination/de-coordination (A via 3B back to A).  

 

Scheme 5. Reaction profile with Gibbs free energies (kcal/mol) for the reaction of 

[Pt(BPI)Me] with O2. Numbers in parentheses are spin densities. 
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For palladium, the excited state complex 3[Pd(BPI)Me] (3A’), which is 43.5 kcal/mol above 

the ground state complex [Pd(BPI)Me] (A’), is readily quenched by O2 to give in this case an 

open shell Pd(III) superoxide complex osB’bis as the most stable singlet state intermediate (see 

Scheme 6 and Figure S30).  This key Pd(III) intermediate has spin densities mostly on the metal 

(-0.50) and the O2– ligand (1.09) and is slightly more stable by 3.4 kcal/mol compared to the 

Pd(IV) peroxo complex [Pd(BPI)(O2)Me] (B’), in line with the general lower stability of Pd(IV) 

versus Pt(IV) complexes.110-111 Upon excitation, the Pd(III) superoxide complex osB’bis 

undergoes several transformations via a series of triplet intermediates 3B’bis, 3B’ and 3C’, all 

with similar energies, to convert eventually to the open shell Pd(II) superoxide complex (osC’) 

with a coordinated methyl radical, with spin densities on methyl (0.94) and superoxide ligand 

(-1.06).  The final conversion of the singlet intermediate osC’ to the methylperoxo product 

[Pd(BPI)(OOMe)] (E’) is essentially barrierless.  Alternative pathways from the stable Pd(III) 

intermediate osB’bis, either via methyl migration to give intermediate D’, or directly to the 

product E’ were found to be energetically non-competitive.  As in the case of Pt, the triplet 

intermediate 3B’ at -7.9 kcal/mol can eliminate O2 and revert to the starting complex A’, with 

a very modest barrier TS(3B’-A’) at -3.7 kcal/mol and there is likely to be a competition 

between forward and reverse reactions for this intermediate. Alternative pathways via TS(B’-

D’) and TS(B’-E’) were also considered but were found to be non-competitive (see Figure S31 

for all Pd transition states). 
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Scheme 6. Reaction profile with Gibbs free energies (kcal/mol) for the reaction of 

[Pd(BPI)Me] with O2. Numbers in parentheses are spin densities. 
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Scheme 7. Overall reactivity of [M(BPI)Me] complexes with O2. 
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The reactivity of the palladium and platinum BPI complexes with oxygen and light seen 

experimentally is reproduced in all cases by DFT calculations.  The reaction of both complexes 

towards light involves the absorption of a photon by the starting BPI complex [M(BPI)R], 

which evolves to a triplet intermediate that is able to react with oxygen.  The two metals differ 

on the rather complicated multistep mechanisms in that for platinum, the reaction proceeds via 

a Pt(IV) side-on peroxide intermediate, whereas for palladium an open shell Pd(III) end-on 

superoxide intermediate is involved. Both reactions eventually result in an oxygen insertion 

reaction to give the metal alkylperoxide complexes [M(BPI)OOR], but always in competition 

with a non-productive reversion to separate reactants. The complexity itself of the mechanism 

confirms the need of a subtle combination of electronic and steric factors in ligands and metal 

for this reactivity to take place.  

The numerous intermediates and transition states in various spin states encountered here by 

TD-DFT analysis, several of which contain alkyl, superoxyl or peroxyl ligands coordinated by 

one-electron bonds, suggests that these oxygen insertions proceed via radical reactions that 

take place within the coordination sphere of the metal. The alkylperoxo complexes generated 

under the influence of light may also generate alkylperoxo radicals upon irradiation which 

could react with the starting alkyl complex to induce further O2 insertion reactions, resulting in 

an overall metal-mediated radical chain reaction.  We are continuing our efforts to unravel the 

finer details of these intriguing insertion reactions. 
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