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Abstract: Searching for a connection between the two-electron redox 

behavior of group 14 elements and their possible use as platforms for 

the photoreductive elimination of chlorine, we have studied the 

photochemistry of [(o-(Ph2P)C6H4)2GeIVCl2]PtIICl2 and [(o-

(Ph2P)C6H4)2ClGeIII]PtIIICl3, two newly isolated isomeric complexes. 

These studies show that, in the presence of a chlorine trap, both 

isomers convert cleanly into the platinum germyl complex [(o-

(Ph2P)C6H4)2ClGeIII]PtICl with quantum yields of 1.7% and 3.2% for 

the GeIV-PtII and GeIII-PtIII isomers, respectively.  Conversion of the 

GeIV-PtII isomer into the platinum germyl complex is a rare example of 

a light induced transition metal-main group element bond forming 

process.  Finally, transient absorption spectroscopy studies carried 

out on the GeIII-PtIII isomer point to a ligand arene-Cl• charge-transfer 

complex as an intermediate. 

Introduction 

The photo-oxidation of halide anions (X-) has been the subject of 

intense investigation because of its connection to light-driven HX 

splitting processes as well as for the inherent thermodynamic 

challenges it presents.[1]  The past few years have witnessed the 

emergence of different approaches that rest either on the use of 

metal-based photocatalysts,[2] or photolabile late transition metal 

complexes.[3]  High-valent platinum halide complexes are some of 

the most thoroughly explored examples of such platforms.[4]  

Owing to their electronic structure predisposition and the 

accessible light-induced population of Pt-X antibonding orbitals, 

these complexes undergo halogen photoreductive elimination 

with quantum yields exceeding 20% in a number of platinum 

chlorides,[4d-f] and peaking at 58% in the case of [(p-

CF3C6H4)(PEt3)2PtCl3].[4b] 

Bearing in mind that high valent p-block elements are prone to 

spontaneous reduction as in the case of PbCl4 and AsCl5,[5] 

several groups including ours have launched a fundamental effort 

aimed at the identification of main group-containing platforms that 

support the controlled photoreductive elimination of halogens.  

Some of the best-studied systems include tellurophenedihalides 

A (Figure 1) which were shown by Seferos to undergo clean 

photolysis into the parent tellurophenes.[6]  More recently, 

antimony has also emerged as a suitable element for halogen 

photoreduction chemistry.  We reported that [(o-dppp)2 

Cl3SbV]PdIICl (B, o-dppp = o-(Ph2P)C6H4) (Figure 1) undergoes a 

clean photoreductive chlorine elimination reaction, which 

produces [(o-dppp)2ClSbIII]PdICl, thus suggesting that antimony 

can support the photoreductive elimination of chlorine.[7]  Nocera 

confirmed this possibility by describing an antimony(V)-corrole 

dihalide C (Figure 1), which can also be reduced into the 

corresponding antimony(III)-corrole by irradiation.[8]  With the view 

of broadening the type of elements that support this 

photoreductive chemistry, we put forth the hypothesis that group 

14 elements with accessible II/IV oxidation states may also be 

prone to photoreduction via halogen evolution.  To explore this 

possibility and elaborating on our prior investigation of complexes 

of type B,[7] we have now decided to investigate platinum-

germanium complexes with a dinuclear core designed to support 

the coveted light-driven elimination process. 

 

Figure 1. Examples of photoreductive elimination of chlorine supported by main 

group elements, and the approach employed in the current study. 

Results and Discussion 

As an entry point, we decided to coordinate the known (o-

dppp)2GeCl2 ligand[9] to a divalent platinum fragment.  Reaction of 
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Figure 2.  A) Synthesis of 1.  B) X-ray crystallographic geometry of 1.  Thermal ellipsoids are drawn at the 50% probability level.  Phenyl groups are drawn in 

wireframe.  Hydrogen atoms are omitted for clarity.  C) NBO plot of lp(Pt)-σ*(Ge–Cl1), E2 = 2.44 kcal.mol-1 plotted at an isovalue of 0.05.  D) Experimental (solid) 

and predicted (dashed) UV−vis spectra of 1.  Calculated vertical electronic transitions are represented by blue bars. The inset shows the LUMO and LUMO+1 

orbitals of 1 plotted at an isovalue of 0.05. 

this ligand with (Me2S)2PtCl2 in CH2Cl2 afforded [(o-

dppp)2GeCl2]PtCl2 (1) as an air stable complex (Figure 2A). This 

new complex has been characterized by NMR spectroscopy and 

X-ray diffraction.  Complex 1 displays a broad 31P NMR resonance 

at  21.7 ppm flanked by platinum satellites (1JPt P=3.5×103 Hz).  

Comparison of this coupling constant with that of cis-(Ph3P)2PtCl2 

(JPt-P=3673 Hz) and trans-(Ph3P)2PtCl2 (1JPt-P = 2630 Hz) 

suggests the cis-coordination of the two phosphine arms of the 

ligand to the platinum center of 1.[10]  Single crystal X-ray 

diffraction confirms this conclusion (Figure 2B).[11]  A salient 

feature of this structure is the Pt–Ge–Cl1 angle, which 

approaches linearity.  Hence, despite the long Ge-Pt distance of 

3.1951 (6) Å, the platinum atom appears to be positioned to 

engage the germanium center into a Pt→Ge interaction.  In 

agreement with this view, we note that the Ge−Cl1 bond 

(2.2074(10) Å) is distinctly longer than the Ge−Cl2 bond 

(2.0787(12) Å).  The -accepting properties or Z-type ligand 

behavior[12] of halogermanes have been previously documented 

in the case of coinage metal complexes, in which a fluorogermane 

moiety acts as the acceptor.[13]  The formation of a dative PtGe 

interaction in 1 is readily visualized through a Natural Bond Orbital 

analysis carried out on the optimized geometry of the complex.  

This analysis indicates that three distinct donor-acceptor 

interactions contribute to the PtGe dative linkage (Figure S12), 

and the strongest interaction is shown in Figure 2C.  These three 

interactions involve donation of platinum lone pairs of d-orbital 

parentage into Ge–Cl * orbitals.  A deletion calculation, carried 

out by zeroing the Kohn-Sham matrix elements contributing to 

these three donor-acceptor interactions, indicate a weak dative 

bond of 6.0 kcal mol-1. 

This complex has also been characterized by UV-vis 

spectroscopy (Figure 2D).  It exhibits a broad absorption band 

below 290 nm and a shoulder in the near-UV region.  The origin 

of this lower energy band has been investigated using time-

dependent density functional theory (TD-DFT).  This analysis 

identifies five vertical excitations as the main contributors to this 

feature (Figure 2D, Ea-Ee).  It is also interesting to note that these 

five vertical excitations have partial ligand-to-metal charge 

transfer character (Figure S11) with the antibonding Pt–Cl/P 

orbitals of dx2-y2 parentage (LUMO and LUMO+1, Figure 2D, inset) 

as the accepting orbital.  Such electronic structure features are 

reminiscent of those encountered in B. It can thus be proposed 

that irradiation of this complex will promote de-coordination of the 

platinum moiety or Pt–Cl bond cleavage.  Stimulated by this 

possibility, we decided to study the behavior of 1 under irradiation. 

Although 1 is thermally stable, we observed that it is indeed light 

sensitive.  Irradiation of this complex with UV light results in the 

gradual disappearance of the 31P NMR resonance of 1 and the 

emergence of a new product (2, Figure 3) characterized by a 

resonance at  57.8 ppm (JPt-P= 2885 Hz).  When carried out in 

CH2Cl2, this reaction was accompanied by formation of several 

unidentified minor species, presumably due to oxidative 

decomposition of the complex.  Addition of a chlorine trap such as 

dimethylbutadiene or SMe2 (1.0 M) led to a cleaner transformation 

and the preponderant formation of 2 (Figure 3).  We also noted 

the intermediate appearance of a new species (3, vide infra) 

detected at  37.4 ppm in the 31P NMR spectrum.  The intensity 

of this intermediate resonance remained low throughout the 

photolysis to ultimately vanish when the starting material 1 was 

fully consumed. 

 

Figure 3. Photolysis of 1 into 2 in the presence of SMe2 monitored by 31P NMR 

(light source: 100 W Hg lamp, unfiltered).  H3PO4 in a sealed capillary was used 

as an internal standard. The asterisk indicates steady-state formation of 3.
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Figure 4. A) Synthesis of complexes 2 and 3.  B) Solid-state structure of 2.  Thermal ellipsoids are drawn at the 50% probability level.  Phenyl groups are drawn in 

wireframe.  Hydrogen atoms are omitted for clarity.  Selected bond distances and angles: Ge–Pt: 2.3338(4) Å, Ge–Cl1: 2.2088(10) Å, Pt–Cl2: 2.3891(8) Å; ∠Ge–

Pt–Cl2: 177.53(2)°, ∠Cl1–Ge–Pt: 118.45(3)°.  C) NBO plot of the d(Pt)-p(Ge) bond plotted at an isovalue of 0.05.  D) Solid state structure of 3.  Thermal ellipsoids 

are drawn at the 50% probability level.  Phenyl groups are drawn in wireframe.  Hydrogen atoms are omitted for clarity. Selected bonds and angles: Ge–Pt: 2.3892(6) 

Å , Ge–Cl1: 2.1573(16) Å , Pt–Cl2: 2.3075(11) Å, Pt–Cl3: 2.3472 (11) Å, Pt–Cl4: 2.4849(12) Å; ∠Ge–Pt–Cl4: 176.40(3)°, ∠Cl1–Ge–Pt: 115.15(5)°.  E) donor -

acceptor interaction between Pt and Ge plotted at an isovalue of 0.05, E2 = 83.11 kcal.mol-1.  F) relevant resonance forms of 3. 

Speculating that 2 was the product of light-induced elimination of 

a Cl2 equivalent, we decided to attempt its synthesis via an 

independent route.  To this end, the ligand (o-dppp)2GeCl2 was 

allowed to react with (Ph3P)2Pt(C2H4) in THF (Figure 4A). This 

reaction proceeded to afford compound 2, as indicated by 31P 

NMR spectroscopy.  A single crystal X-ray diffraction analysis 

(vide infra) confirmed that 2 is a divalent platinum-chlorogermyl 

complex (Figure 4B),[11] thus demonstrating that 1 is indeed a 

viable platform for light-induced chlorine evolution.  It is also worth 

pointing out that complex B[7] (Figure 1) is the only other reported 

example of a light-assisted bond formation between a main group 

element and a transition metal.  The Ge-Pt bond distance of 

2.3338(4) Å in 2 is comparable to that found in [(o-dppp)3Ge]PtCl 

(2.3545(2) Å), a complex that has recently been described.[14]  

The Pt–Cl (2.3891(8) Å) and Ge–Cl (2.2088(10) Å) bonds are also 

notably longer than the corresponding linkages in 1 (average Pt–

Cl = 2.34 Å; average Ge–Cl = 2.14 Å), in agreement with the more 

reduced nature of the dinuclear core of 2.  While platinum 

complexes such as 2, with a PGeP pincer ligand, are absent from 

the literature, we will note that related palladium complexes have 

been previously described and used as catalysts.[15] 

Given that recyclability is a desirable feature of light-driven 

catalytic schemes, we became eager to test whether 2 could be 

re-oxidized into 1.  We first attempted to carry out this oxidation 

using HCl.  When carried out in THF under an inert atmosphere, 

no sign of oxidation was detected, which led us to consider the 

use of PhICl2.  Addition of this reagent to a solution of 2 in CH2Cl2 

did not afford the expected complex 1 (Figure 4A).  Instead, the 

reaction was accompanied by the appearance of a signal at  37.4 

ppm in the 31P-NMR with JPt-P=1819 Hz, consistent with a 

tetravalent Pt species.  In fact, this chemical shift corresponds to 

the intermediate (3) observed during the photolysis of 1.  Single 

crystal X-ray diffraction shows that 3 is a structural isomer of 1, 

with the platinum atom in a tetravalent state and -bonded to the 

chlorogermyl ligand (Figure 4D).[11]  In agreement with the more 

oxidized nature of the complex, the Ge-Cl bond distance in 3 

(2.1573(16) Å) is distinctly shorter than that in 1 (2.2074(10) Å).  

This bond distance is however comparable to that found in [(o-

dppp)2ClGe]Ir(CO)Cl2 (2.182(3) Å),[9] a complex featuring a 

trivalent iridium center.  The -donating properties of the germyl 

ligand in 3 leads to a relative elongation of the Pt-Cl4 bond 

involving the chlorine atom trans to the germyl ligand (2.4849(12) 

Å vs. 2.3075(11) Å for Pt–Cl2 and 2.3472 (11) Å for Pt–Cl3).  NBO 

analysis of 2 and 3 shows that the Pt–Ge σ-bond is largely 

covalent for both complexes (Figure 4C and 4E).  In the case of 

2, the NLMO corresponding to the Pt-Ge σ-bond shows little 

polarization, and the parentage from germanium (47.63%) and 

platinum (52.37%) are nearly identical.  A different bonding picture 

emerges in the case of 3, since the Pt-Ge bond is now described 

as a donor-acceptor interaction involving donation of a lone pair 

from the dx2-y2 platinum orbital into the germanium py orbital 

(Figure 4E).  This bonding description indicates a shift of the Ge-

Pt bonding density toward platinum as a result of oxidation.  This 

shift can be rationalized by the increased valence and thus 

electronegativity of the platinum center in 3.[16]  Somewhat 

paradoxically, the extreme resonance formula that emerges for 

this complex involves a divalent platinate acting as a metallobase 

and forming a dative bond with an adjacent germyl cation 

(resonance form b, Figure 4F).  The changes observed upon 

conversion of 2 into 3 bear a parallel in the chemistry of related 

platinum antimony complexes, which show a comparable change 

in the polarity of the Pt–Sb bond upon oxidation of the platinum 

center.[17]  A parallel can also be drawn with 

(THF)Al(NPhCH2PiPr2)2Ni(Mes), a nickel-aluminyl pincer complex 

with a charge distribution approaching that of a Ni0→AlIII 

complex.[18] 

The steady-state concentration of 3 observed while monitoring 

the photolysis of 1 by 31P NMR prompted us to question whether 

3 itself can independently undergo photoreductive elimination of 

chlorine and yield 2.  Therefore, we decided to irradiate 3 and 

observed a clean and fast photoreduction.  Indeed, monitoring of 

the photolysis reaction in the presence of SMe2 (50 equivalents) 

by 31P-NMR spectroscopy shows that 3 gradually converts into 2  

This article is protected by copyright. All rights reserved 
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Figure 5. A) UV-Vis spectral monitoring of the photo-induced reductive elimination of Cl2 from 3 (3.5 × 10-4 M) yielding 2 when irradiated at 340 nm in the presence 

of 50 equivalents of SMe2 in CH2Cl2.  The black, navy, blue, purple, red, olive, and green traces correspond to t = 0, 10, 20, 33, 46, 60, and 80 minutes respectively.  

A 75 W Xenon arc lamp was used for this experiment.  Inset: Photolysis of a 0.01 M solution of 3 in CH2Cl2 in the presence of 1.0 M SMe2, using a 100 W Hg lamp, 

monitored by 31P NMR.  A sealed capillary containing H3PO4 was used as an internal standard.  B) Experimental (solid) and predicted (dashed) UV−vis spectra of 

3.  Calculated vertical electronic transitions are represented by blue bars.  C) Transient absorption spectrum generated by subtracting the difference spectrum of a 

solution of 3 in CH2Cl2 acquired at a 50 μs time delay from that acquired at a 50 ns time delay (λex = 355 nm, 4 mJ/pulse, OD = 0.50).  The inset shows the possible 

structures for the transient intermediate in the photolysis of 3.  D) LUMO and LUMO+1 of 3 calculated at the MPW1PW91 level of theory and plotted at an isovalue 

of 0.05.

(Figure 5A, inset).  We will note in passing that TEMPO also 

proved to be an efficient reductant under irradiation.  Integration 

of the resonances of 2 and 3 against that of phosphoric acid in a 

sealed capillary showed negligible loss of material.  Additionally, 

1 appears as an intermediate species during the photolysis, 

mirroring the trend observed in the photolysis of 1 (vide supra).  

Encouraged by these results, we also decided to study the 

photolysis by UV-Vis spectroscopy in CH2Cl2 using a solution 

containing freshly prepared 3 (1.5 × 10-4 M) and 50 equiv. of SMe2.  

This solution was irradiated at ex = 340 nm (ex = excitation 

wavelength) which was selected based on the UV-vis spectrum of 

3.  As presented in Figure 5A, the characteristic absorption band 

of 3 progressively decreases with time, consistent with the 

proposed photochemistry of this platinum compound.  

Quantitative analysis of the time-dependent absorption data 

obtained under these conditions against potassium ferrioxalate as 

an actinometry standard[19] afforded a quantum yield of 3.2%.  The 

quantum yield increased to 4.2% when the photolysis was 

repeated using ex = 270 nm.  These quantum yield values are 

comparable to that obtained for tetravalent platinum complexes 

supported by main-group-containing ligands (Figure 6, D, E).[17, 20]  

The quantum yield of the photolysis of 1 into 2 proved more 

cumbersome to measure using UV-Vis spectroscopy, because 

the spectra of the two species do not exhibit distinct differences.  

Moreover, as noted earlier, the photolysis also affords 3 as a 

transient intermediate.  For these reasons, rather than relying on 

UV-Vis spectroscopy, we irradiated a solution (3 mL) of 1 (3.4 × 

10-4 M) and 50 equiv. of SMe2 using exc = 270 nm.  This 

wavelength was selected because of the absorption profile of this 

derivative which shows a distinct band at this wavelength.  After 

6 hours, the solution was concentrated to 0.5 mL, transferred to 

an NMR tube, and analyzed by 31P NMR spectroscopy.  

Conversion was thus determined and compared to that of the 

standard ferrioxalate actinometer irradiated at the same 

wavelength, affording an aggregate quantum yield of 1.7% for the 

conversion of 1 into 2 and 3. 

 

Figure 6. Complexes of relevance to this study 
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The direct light induced elimination of chlorine from 1 cannot be 

ruled out when using 270 nm light.  However, the higher 

photoreduction quantum yield of 3 (4.2% at ex = 270 nm), as well 

as the appearance of 3 in irradiated solutions of 1, suggests that 

the photoreduction of 1 into 2 most likely occurs via isomerization 

into 3, which eliminates chlorine from the high-valent platinum 

center (Figure 7).  The isomerization of 1 into 3 or vice versa could 

not be selectively observed when the compounds were irradiated 

at longer wavelength (340 nm for 1 and 380 nm for 3).  In both 

cases slow production of 2 was observed, without any evidence 

for isomerization.  The isomerization of 1 into 3, which is induced 

when the sample is irradiated at 270 nm, can be described as a 

chlorine atom switch from germanium to platinum.  As suggested 

by NBO calculations (vide supra), this process is accompanied by 

a notable strengthening of the Pt→Ge interaction which increases 

from E2 = 2.44 kcal.mol-1 in 1 to E2 = 83.11 kcal.mol-1 in 3.  In turn, 

this isomerization reaction may provide the first example of a Z-

type ligand whose strength can be manipulated using irradiation.  

TD-DFT calculations suggest that irradiation of 1 can generate an 

excited state with a notably shortened Pt-Ge distance of 3.056 Å 

(Figure S17).  Identification of this excited state leads us to 

speculate that isomerization of 1 into 3 occurs via a strengthening 

in Pt-Ge bonding followed by chlorine migration from germanium 

to platinum.  It is also interesting to note that chlorine atom 

migration has been previously characterized in dinuclear 

transition metal complexes prior to the reductive elimination 

step.[3b]  Here, the isomerization produces a tetravalent platinum 

trichloride motif (resonance form a in Figure 4F) which, as 

explained in the case of (p-CF3C6H4)(PEt3)2PtCl3,[4b] D, and E, is 

prone to reduction.  To build on this idea and better assert the role 

of 3 in the chlorine elimination step, we first carried out TD-DFT 

calculations to confirm that photoexcitation of 3 populates states 

with weakened Pt-Cl bonds.  These TD-DFT calculations indicate 

that the two experimentally observed bands at 300 and 340 nm 

are LMCT bands.  Indeed, all intense vertical excitations (Ea, Eb, 

Ec, and Ed) identified in this spectral region involve electronic 

excitations from chlorine lone pair orbitals (Figure S13) into the 

Pt-Cl antibonding LUMO and LUMO+1 (Figure 5B, 5D).  

 

Figure 7.  A summary of the photochemical reactions explored in this study. 

These spectral characteristics suggests that irradiation of 3 could 

result in dissociation of Cl●, eventually leading to formal reductive 

elimination of a Cl2 equivalent.  Such electronic excitations have 

been previously invoked as the origin of photoreductive behavior 

of late transition metal complexes that eliminate Cl2 equivalents.[17, 

20]  Some of these precedents also show that the nascent Cl● may 

form a transient charge-transfer complex with the ligand arene 

groups.[21]  For example, Nocera et al. demonstrated that Ni(III) 

and Fe(III) chloride complexes such as F and G (Figure 6) 

undergo chlorine elimination photoreactions in which the 

generated Cl● forms a transient adduct with aromatic rings on the 

ligand.[22]  The transient charge transfer complexes observed in 

these studies give rise to two major absorption features in the UV-

visible region whose peak wavelengths are strongly dependent 

on the electronic structure of the phosphine ligand in the case of 

the nickel complexes.  In an attempt to explore whether 3 is also 

capable of forming such an intermediate, we decided to study 3 

using nanosecond transient absorption (TA) spectroscopy 

echoing the approach of Nocera et al.[22a, 22b]  The TA spectrum 

calculated using the prompt (50 ns) and post photoreaction (50 

μs) difference signals measured using 355 nm pulsed laser 

excitation displays absorption maxima at 325 and 410 nm (Figure 

5C).  The spectral features are in reasonable agreement with 

those reported for the intermediate generated from the above 

mentioned mononuclear Ni and Fe complexes F and G, 

respectively.[22]  We note that the peak observed at 410 nm is 

blue-shifted with respect to that reported for F (530 nm) but very 

similar to the value of 430 nm reported for G.[22c]  We have also 

measured the photochemical quantum yield of 3 in the presence 

of benzene, a solvent known to limit any recombination by 

drawing the chlorine atom away from the original charge transfer 

complex.  The results of this experiment show that the quantum 

yield of 3 increases from 3.2% to 8.9% in the presence of 75% 

benzene, thus corroborating the involvement of such a charge-

transfer complex.  Altogether, these experimental results suggest 

that the nascent Cl● generated by irradiation of 3 forms a transient 

charge-transfer complex with the aromatic groups present in the 

ligand.  Finally, the TA spectra of 1 showed no distinct signals, 

which may suggest that this compound does not directly photo-

eliminate Cl●. 

Conclusion 

Altogether, the results that we have obtained suggest that the rare 

light-induced Ge-Pt bond-forming reaction observed upon 

photolysis of 1 occurs in two separate steps that involve the 

isomerization of 1 into 3, followed by the subsequent elimination 

of Cl●.  The isomerization of 1 into 3 can be described as a 

chloride shift from germanium to platinum or as the oxidative 

insertion of the divalent platinum center of 1 into a Ge-Cl bond. 

This isomerization, which leads to an intensification of the Pt→Ge 

dative interaction connecting the two central atoms, produces a 

tetravalent platinum trichloride center prone to chlorine 

photoelimination, as confirmed by the detection of a Cl●-arene 

charge-transfer complex as the key intermediate in the photolysis.  

These results highlight a unique light-driven bond-forming 

process between a main group element and a late transition metal 

while also defining a new strategy for the photoelimination of 

halogens. 
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A novel platinum dichloride complex supported by an ambiphilic bisphosphinodichlorogermane ligand readily photo-isomerizes into a 

tetravalent platinum trichloride germyl complex. Further irradiation of this new complex triggers the elimination of chlorine and the 

formation of a covalent Pt-Ge bond. Transient absorption spectroscopy points to the intermediacy of a charge transfer complex 

involving the nascent chlorine atom and the aromatic ligand. 
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