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ABSTRACT: As part of our interest in the photochemistry of platinum/p-block element complexes, we now report on the 
synthesis and photoreduction of [(Ph)((o-Ph2P)C6H4)2GePtCl3] (2-Ph), a complex featuring a tetravalent platinum center 
connected to a germyl ligand. When in the presence of a chlorine trap, 2-Ph undergoes a clean photolysis that affords 
[(Ph)((o-Ph2P)C6H4)2GePtCl] (1-Ph) and [(Cl)((o-Ph2P)C6H4)2GePtCl] (1-Cl) as confirmed by NMR spectroscopy.  While the 
formation of 1-Ph results from the elimination of a chlorine equivalent from 2-Ph, the formation of 1-Cl indicates chloro-
benzene elimination, which was confirmed and quantified using GC-MS.  These results provide a unique example of a ger-
manium-centered light-induced reduction process resulting in the ipso-chlorination of a phenyl-germanium species.  

Introduction 

In recent years, the HX (X=halogen) splitting reaction has 
been heavily investigated as a viable pathway towards 
solar energy conversion and storage.1 When mediated by 
transition metals, the HX splitting reaction involves an 
energetically unfavorable halogen photoreductive 
elimination step that limits the efficiency of the splitting 
process.1a, 1c  To better understand the factors that govern 
this chemistry and identify platforms that support the 
facile light-induced elimination of halogens, high valent 
transition metal complexes based on PtIV, NiIII, and AuIII 
have been investigated.2  More recently, this field has 
witnessed the advent of high-valent main group complexes 
such as the TeIV system A and the SbV system B (Figure 1)3  
Additionally, with the view that dinuclear transition metal 
complexes with multiple available oxidation states could 
better accommodate the reaction intermediates involved 
in X• dissociation,1a a number of dinuclear transition metal 
complexes featuring PtIII-PtIII, PtIII-RhII, RhI-RhIII, IrII-AuII, 
and PtIII-AuII cores4 have been synthesized and 
demonstrated to undergo photoreductive elimination of 
Cl2 equivalents.  This strategy has also been extended to 
hybrid transition metal/main group complexes,5 such as C 
which eliminates a chlorine equivalent across the 
dinuclear PdII-SbV core.6  A similar observation was made 
in the case of the PtII-GeIV system D which can be 
photoreduced into 1-Cl, presumably through the 
intermediacy of 2-Cl (Figure 1).7  To better understand the 
role played by the germanium substituents in these 
complexes, we have now decided to synthesize and 
investigate the properties 2-Ph, an analog of 2-Cl in which 
the germanium-bound chlorine atom is replaced by a 
phenyl group. 

 

Figure 1. Examples of photoreductive elimination of chlorine 
supported by main group elements, and the objective of the 
current study. 

Results and discussion 

As an entry point, we targeted complex 1-Ph. (Figure 1).  
Reaction of the known ligand (Ph)(Cl)(o-dppp)2Ge (o-dppp 
= o-(Ph2P)C6H4)8 with [(Ph3P)2Pt(C2H4)] proceeds with 
oxidative addition of the Ge–Cl bond on Pt, affording com-
plex 1-Ph (Scheme 1). This complex, which is reminiscent 



 

of the known palladium catalysts of general formula [(o-
(R2P)C6H4)2GeMe]PdCl (R = alkyl or aryl group),9 gives rise 
to a single peak at 56.2 ppm in the 31P NMR spectrum, 
flanked by 195Pt satellites.  The 31P NMR chemical shift and 
the 1JPt-P coupling constant of 3003 Hz are comparable to 
that of [(o-dppp)2GeCl]PtCl (2-Cl),7 which shows a single 
peak at 57.8 ppm (1JPt-P = 2885 Hz), as well as the PGeP 
pincer complex [PtCl{κ3P,Ge,P-GeCl(NCH2PtBu2)2C6H4}c) (E, 
Figure 2) (1JPt-P = 2836.0 Hz).10 This bench-stable complex 
was also characterized by X-ray crystallography.  Because 
of the constraints imposed by the pincer ligand, the diva-
lent platinum adopts a distorted square planar coordina-
tion geometry characterized by a notable departure of the 
P-Pt-P angle (165.41(2)°) from linearity (Figure 3a).  The 
same geometrical constraints affect the tetrahedral coor-
dination geometry of the germanium atom as indicated by 
the larger than expected C6-Ge-C20 angle of 118.08(7)°.  
The Pt–Ge and Pt–Cl bond distances of 2.3572(5) Å and 
2.3915(7) Å are similar to those of the previously reported 
complex 1-Cl (2.3338(4) Å and 2.3891(8) Å respectively),7 
as well as the PGeP pincer complexes E and F (Figure 2) 
reported by Cabeza (Pt–Ge distances 2.3017(5) Å and 
2.3140(8) Å),10-11 as well as that seen in [ClPtGe(o-dppp)3] 
(G, Figure 2) described by Braun (Ge–Pt distance: 
2.3545(2) Å).12   

 

 

Scheme 1. Synthesis of complexes 1-Ph and 2-Ph. 

 

 

Figure 2. Pt/Ge complexes of relevance to this study. 

Oxidation of 1-Ph with one equivalent of PhICl2 in CH2Cl2 
affords the target complex 2-Ph quantitatively.  This com-
pound is characterized by a single resonance in the 31P 
NMR spectrum at 33.5 ppm with 195Pt satellites (1JPt-P = 
1888 Hz), pointing to a formal oxidation state of +4 at the 
Pt center.  Crystals suitable for X-ray analysis were readily 
obtained by diffusion of Et2O into a CHCl3 solution of 2-Ph, 
and its structure is displayed in Figure 3b.  The tetravalent 
platinum adopts an octahedral coordination geometry with 
Cl1-Pt-Cl3 (176.32(6°) and Ge-Pt-Cl2 (176.32(4)°) angles 
close to linearity.  However, as in 1-Ph, a notable departure 
from the ideal value of 180° is observed for the P-Pt-P an-
gle (166.60(6)°).  The tetrahedral coordination geometry 

of the germanium atom in 2-Ph also remains distorted as 
indicated by the large C6-Ge-C20 angle of 117.6(3)°.  The 
Pt–Ge bond length of 2.4135(8) Å in this complex is slightly 
longer than that in 2-Cl (2.3892(6) Å), and the Pt–Cl1 and 
Pt–Cl3 bond lengths of 2.3213(17) Å and 2.3353(16) Å are 
similar to the corresponding distances in 2-Cl (2.3472(11) 
Å and 2.3075(11) Å, respectively.7 The stronger trans in-
fluence of the germyl moiety, however, results in the Pt–
Cl2 linkage (2.4718(16) Å) being longer than the other Pt-
Cl bonds, similar to the effect observed in its analog 2-Cl.7  

 

 

Figure 3. Solid-state structures of 1-Ph (a) and 2-Ph (b).  El-
lipsoids are drawn at the 50% probability level.  H atoms and 
lattice solvent molecules are omitted for clarity, and the phe-
nyl groups on the phosphines are drawn in wireframe.  (c) 
NBO plot of the Pt–Ge bond in 1-Ph, plotted at an isovalue of 
0.05.  (d) NBO plot of the Pt–Ge donor-acceptor interaction in 
2-Ph, plotted at an isovalue of 0.05.  E2 = 58.52 kcal mol-1.  (e) 
Relevant resonance forms of 2-Ph. 

Analysis of the electronic structure of 1-Ph by NBO shows 
that the Pt–Ge σ-bond is mainly covalent (Figure 3c).  In 
fact, an NLMO analysis indicates that contributions from 
Ge (46.02%) and Pt (53.98%) are close to one another, 
further supporting the covalent nature of this bond.  A dif-
ferent bonding picture arises for 2-Ph, where the Pt–Ge σ-
bond is described as a dative bond involving donation of a 
lone pair from a d orbital on platinum to the empty p or-
bital on germanium (Figure 3d).  Such interactions are 
well-known in the adducts of Lewis basic platinum com-
plexes with Lewis acidic main group elements, such as 
[(Cy3P)2Pt→GeCl2] (H, Figure 2).13  The Ge-Pt bonding in 2-
Ph can be best explained by involving two resonance forms 
including one in which the divalent anionic platinate do-
nates two electrons to the Lewis acidic germylium cation 



 

(Figure 3e).  In agreement with this description, the sec-
ond-order perturbation energy of the Pt→Ge interaction in 
2-Ph E2 = 58.52 kcal mol-1 is much lower than the E2 = 
83.11 kcal mol-1 reported for 2-Cl at the same level of theo-
ry,7 consistent with the lower Lewis acidity of a phenyl-
germylium versus that of a chlorogermylium. 

 

 

Figure 4. a) Experimental (solid) and predicted (dashed) 
UV−Vis spectra of 2-Ph.  Calculated vertical electronic transi-
tions are represented by blue bars.  The inset shows the calcu-
lated LUMO (left) and LUMO+1 (right) plotted at an isovalue 
of 0.05.  b) UV-Vis monitoring of the photolysis of 2-Ph (5.0 × 
10-4 M) irradiated at 334 nm in the presence of 50 equivalents 
of SMe2 in CH2Cl2.  The black, navy, blue, purple, red, orange, 
dark green, and light green traces correspond to t=0, 10, 20, 
33, 46, 60, 75, and 100 minutes respectively.  A 75 W Xenon 
arc lamp was used for this experiment. 

This compound displays absorption maxima at 270 and 
334 nm in the UV-Vis spectrum (Figure 4a), with the bands 
blue-shifted by 30 and 16 nm with respect to those of 2-
Cl.7  The origins of these bands were investigated by Time-
Dependent Density Functional Theory (TD-DFT) at the 
MPW1PW91 level of theory (Gaussian 16 program, basis 
sets Pt, cc-pVTZ-PP; Ge, cc-pVTZ; P/Cl, 6-311+g(d,p); C/H 
6-31g).  The lower energy feature at 334 nm is described 
as an LMCT band arising from charge transfer from orbit-
als with large Cl1 and Cl3 lone pair character (Figure 4a, 
Ea-Ef, inset, Figure S11) to the Pt–Cl antibonding orbitals 
(LUMO and LUMO+1, Figure 4a inset, Figure S11), while 
the higher energy feature at 270 nm results from charge 

transfer from orbitals with large Cl2 lone pair character to 
Pt–Cl antibonding orbitals.  These assignments are in line 
with previous reports on Pt(IV) chloride complexes that 
undergo photoreductive chlorine evolution,5 and support 
the possibility of Cl● dissociation upon irradiation, eventu-
ally leading to formation of the photoproducts. 

 

Figure 5. a) Reaction scheme for the photolysis of 2-Ph.  b) 
Photolysis of a 0.020 M solution of 2-Ph in CH2Cl2 in the pres-
ence of 50 equivalents of SMe2 monitored by 31P NMR.  A 100 
W mercury arc lamp with no filter was used for this study.  A 
sealed capillary containing H3PO4 was used as an internal 
standard, and its peak is faded in the spectra.  The peaks cor-
responding to 1-Ph, 1-Cl, and 3-Ph are marked by red, blue, 
and green respectively. 

Encouraged by these results, we decided to study the pho-
tolysis of 2-Ph in CH2Cl2.  Irradiation of solutions of 2-Ph in 
CH2Cl2 however, resulted in the formation of an amor-
phous brown material, suggesting decomposition of the 
complex.  Addition of SMe2 as a chlorine trap to prevent 
oxidative damage to the complex resulted in a clean reac-
tion.  When a 5.0 × 10-4 M solution of 2-Ph was irradiated 
at 334 nm in the presence of 50 equivalents of SMe2 using 
the monochromated light of a xenon lamp inside a fluorim-
eter, progressive quenching of the absorption bands was 
observed (Figure 4b).  Time-dependent analysis of the ab-
sorption quenching with respect to ferrioxalate as a stand-
ard actinometer yields a photochemical quantum yield of 
2.7%, which is in agreement with those obtained for tetra-
valent platinum complexes supported by main group lig-
ands,5 and closely resembles that of 2-Cl (3.2%).7  When 
this photoreaction is monitored by 31P NMR spectroscopy, 



 

we observed that, in the first few minutes of photolysis, 
consumption of 2-Ph marked by a gradual decrease of the 
intensity of the peak at 33.5 ppm, is accompanied by two 
peaks corresponding to 1-Ph at 56.2 ppm and 1-Cl at 57.8 
ppm (Figure 5b).  Integration of all the peaks with respect 
to H3PO4 in a sealed capillary as an internal standard 
shows negligible loss of material, as well as a 56:44 ratio of 
1-Cl to 1-Ph. 

 

 

Figure 6. 31P NMR spectra of a solution of the ligand 
(Ph)(Cl)(o-dppp)2Ge (2.8 mM) and PtCl2(SMe2)2 (2.8 mM) in 
CH2Cl2 in the presence of 50 equivalents of SMe2, irradiated 
using a 100 W mercury arc lamp.  A sealed capillary contain-
ing H3PO4 was used as an internal standard and its peak is 
faded in the spectra.  The peaks corresponding to 1-Ph, 1-Cl, 
and 3-Ph are marked by red, blue, and green, respectively.  
Formation of the oxidized ligand is marked by an asterisk in 
the spectra.  The same peak was observed when the ligand 
(Ph)(Cl)(o-dppp)2Ge was treated with 2 equivalents of PhICl2 
in CH2Cl2. 

 

We also note the intermediate appearance of a peak at 18.6 
ppm.  We assign this resonance to 3-Ph (Figure 5a) on the 
basis of the similarity of its chemical shift and Pt-P cou-
pling constant (1JPt-P = 1730 Hz) to those reported for D.7 
Independent attempts to synthesize this compound from 
the ligand (Ph)(Cl)(o-dppp)2Ge and PtCl2(SMe2)2 gave rise 
to the signal corresponding to this complex at 18.6 ppm.  
The formation of 3-Ph was incomplete when the ligand and 
Pt(II) reagents were mixed in equimolar amounts.  Higher 
concentrations of the Pt(II) reagent led to increased but 
still incomplete formation of 3-Ph, indicating the existence 
of an equilibrium.  Despite repeated efforts, 3-Ph could not 
be isolated.  We assign the incomplete formation of this 
complex to the steric congestion introduced by the phenyl 
group on germanium.  Interestingly, when the mixture 
containing (Ph)(Cl)(o-dppp)2Ge and PtCl2(SMe2)2 was irra-
diated in the presence of 50 equivalents of SMe2, both 1-Cl 
and 1-Ph were observed by 31P-NMR spectroscopy (Figure 
6), suggesting that 3-Ph is indeed a relevant species in the 
photolysis of 2-Ph.  Irradiation of the free ligand for 1 hour 
in the presence of SMe2 did not result in any changes in the 
31P NMR spectrum. 

The intriguing loss of the phenyl group on the germanium 
atom upon irradiation suggests the possible formation of 
benzene or chlorobenzene as the byproducts of the photo-
reaction.  When the final solution obtained after photolysis 
of a 0.020 M solution of 2-Ph in the presence of 50 equiva-
lents of SMe2 was subjected to GC-MS analysis, chloroben-
zene was the only relevant byproduct identified, ruling out 
benzene formation (Figure S8).  This is further confirmed 
by direct observation of chlorobenzene by 13C NMR spec-
troscopy carried out on the same solution (Figure S7).  
Quantitative analysis of this solution by GC-MS, against 
CH2Cl2 solutions of chlorobenzene with known concentra-
tions afforded a chlorobenzene concentration of 9.6 × 10-3 
M (Figure S9). This value is in good agreement with the 
relative concentration of 1-Cl obtained from the ratio of 
peak integrations in the 31P NMR spectrum at the end of 
photolysis (1.1 × 10-2 M), and further confirms that within 
the error limit of the measurements, all the phenyl groups 
abstracted from the ligand during the photolysis are con-
verted to chlorobenzene. 

 

Figure 7. Selected examples of relevant complexes that un-
dergo reductive elimination of aryl chlorides. 

Although oxidative addition of aryl chlorides on transition 
metal centers has been heavily investigated within the 
context of cross-coupling chemistry,14 the reverse of this 
fundamental reaction, namely the reductive elimination of 
aryl chlorides is of little precedence.  Notable examples are 
reductive elimination of chlorobenzene from Ph2SbCl3 up-
on treatment with 2,2’-bipyridine and TMSOTf (Figure 7, I) 
reported by Burford et al.15, and photoreductive elimina-
tion of C6F5Cl from a Au(III)-carbene complex bearing two 
chlorides and a pentafluorophenyl ligand (Figure 7, II) 
reported by Rosenthal et al.16,17  The latter example is es-
pecially interesting in that contrary to our system, as well 
as other precedent examples of gold(III) chloride complex-
es, it does not demonstrate Cl2 evolution at all but instead 
undergoes photoelimination of C6F5Cl, although this pho-
toproduct was not quantified.  Related aryl-chloride elimi-
nations have also been observed upon thermolysis of ary-
lated phosphine gold(III) chloride complexes18 such as 
Ph3PAuCl(CF3)(p-FC6H4) (Figure 7, III).19  While Rosenthal 
et al proposed a two electron pathway starting with 
dissociation of chloride, followed by its nucleophilic attack 
on the C6F5 ligand, a concerted pathway has been invoked 
in the case of the phosphine-based systems.18-19  In the case 



 

of 2-Ph, we believe that the first step of the process is dis-
sociation of Cl•, which is supported by our TD-DFT studies 
(vide supra) as well as the detection of a Cl•-charge transfer 
complex in the photolysis of 2-Cl.2a, 4a, 7, 20  In the case of 2-
Ph, we propose that the nascent Cl• undergoes quenching, 
either by SMe2 or by the phenyl group on germanium to 
afford chlorobenzene.  In support of this mechanistic pro-
posal, when a 0.02 M solution of 2-Ph in CH2Cl2 was sub-
jected to photolysis in the presence of 200 equivalents of 
SMe2 instead of 50, phenyl abstraction was completely 
suppressed, and clean conversion to 1-Ph was observed 
(Figure S10). This can be interpreted as much more rapid 
quenching of the nascent Cl• when a large excess of SMe2 is 
present, therefore preventing it from attacking the germa-
nium-bound phenyl group.  The formation of chloroben-
zene in this chemistry provides an example of an ipso-
halogenation of a phenyl-germanium species.  While such 
reactions are well documented and have been the subject 
of recent efforts,7 we are not aware of any precedents in 
which the reaction can be elicited by irradiation. 

Conclusion 

In summary, we describe the bifurcated photochemical 
reactivity of a novel high-valent PtGe complex (2-Ph) 
which eliminates either two chlorine atoms or an equiva-
lent of chlorobenzene when irradiated with UV light.  The 
formation of chlorobenzene was inferred based on the 
nature of the PtGe photoproduct (1-Cl) and confirmed by 
quantitative GC-MS analysis.  These results show that the 
hybrid transition metal-main group complex 2-Ph, origi-
nally designed to photoeliminate chlorine, also supports 
the light-induced ipso-chlorination of the phenyl group 
bound to the germanium atom.  This reactivity shows that 
the impetuous characteristic of the chlorine atom can be 
corralled to achieve a concerted C-Cl bond formation with-
in the confine of the dinuclear PtGe core.  Another note-
worthy facet of this work is the unambiguous demonstra-
tion that the substituent attached to the main group ele-
ment, in this case a phenyl group, participates in the pho-
toreductive process. 

 

Experimental Section 

General considerations 

Ethylenebis(triphenylphosphine)platinum(0) was 
purchased from ACROS Organics and used as received.  
The ligand (o-(Ph2P)C6H4)2(Ph)GeCl,21 and PhICl222 were 
prepared as described in the literature.  Air and moisture 
sensitive manipulations were carried out under an 
atmosphere of dry N2 using either a glove box or standard 
Schlenk techniques.  Et2O, THF, and toluene were dried by 
distillation over Na/K under N2.  All other solvents were 
used as received.  NMR spectra were recorded on a Varian 
Unity Inova 500 FT NMR spectrometer (499.42 MHz for 1H, 
125.58 MHz for 13C, 202.18 MHz for 31P). Chemical shifts 
(δ) are given in ppm and are referenced against residual 
solvent signals (1H, 13C) or external or internal H3PO4 (31P).  
Elemental analyses were performed at Atlantic Microlab 
(Norcross, GA).  UV-vis. spectra were recorded on a 
Hewlett-Packard 8453 spectrophotometer equipped with a 

dual tungsten/deuterium lamp source.  A 75 W xenon lamp 
integrated in a PTI QuantaMaster 40 fluorescence 
spectrophotometer was used for monochromatic 
irradiations.  A 100 W mercury arc lamp was used for the 
other experiments.  GC-MS analysis was carried out using a 
HP 6890 Series chromatograph coupled with a HP 5973 
mass analyzer. The GC was equipped with a J&W-122-5536 
capillary column (length: 30 m, id: 0.250 mm, film 
thickness: 50 µm), and helium was used as the carrier gas. 

 

Synthesis of 1-Ph 

The ligand (Ph)(Cl)(o-(Ph2P)C6H4)2Ge (189 mg, 0.267 
mmol) was added to a solution of 
ethylenebis(triphenylphosphine)platinum(0) (200 mg, 
0.267 mmol) in THF (10 ml), and the mixture was stirred 
for 16h.  The solvent was removed under reduced 
pressure, and the crude mixture was washed with pentane 
(5x5mL) and dried under vacuum to afford 1-Ph as a pale 
yellow powder.  Yield: 200 mg (82.8%).  Single crystals 
suitable for X-ray measurement were obtained by slow 
diffusion of hexanes into a solution of 1-Ph in toluene. 1H 
NMR (499.42 MHz; CDCl3): δ 8.12 (d, 2H, o–(Ge)C6H4, 3JH–H 
= 7.3 Hz), 7.69 (m, 4H), 7.55 (m, 4H), 7.50 (t, 2H, 3JH-H=12.9 
Hz), 7.39 (m, 8H), 7.32 (m, 8H), 6.90 (t, 1H, 3JH-H=14.8 Hz, 
(p-C6H5)Ge), 6.73 (t, 2H, 3JH-H=14.8 Hz, (m-C6H5)Ge), 6.56 
(d, 2H, 3JH-H=7.8 Hz, (o-C6H5)Ge)  13C {1H} NMR (125.66 
MHz; CDCl3): 151.8 (t, 1JC-P = 24.4 Hz, ipso C6H4Ge), 142.2 (t, 
JC-P = 14.1 Hz, ipso C6H5P), 134.1 (dt, JC-P = 6.3 Hz, JC-P = 2.8 
Hz), 133.7 (s), 133.5 (t, JC-P = 2.8 Hz), 133.4 (s),131,6 (dt, JC-

P = 25.5 Hz, JC-P = 6.0 Hz), 130.8 (s), 130.6 (d, JC-P = 7.2 Hz), 
129.4 (t, JC-P = 4.0 Hz), 128.7 (t, JC-P = 5.3 Hz), 128.3 (t, JC-P = 
5.3 Hz), 127.6 (s) 127.3 (s).  31P {1H} NMR (202.16 MHz; 
CDCl3): 56.2 (s, 1JPt–P = 3003 Hz).  Elemental analysis for 
C42H33ClP2GePt: Calculated (%) C, 55.88; H, 3.68; Found: C, 
55.60; H, 3.55. 

 

Synthesis of 2-Ph 

PhICl2 (14.6 mg, 0.0531 mmol) was added to a solution of 
[(Ph)(o-(Ph2P)C6H4)2)GePtCl] (48.0 mg, 0.0531 mmol) in 
CH2Cl2 (2 ml), and the mixture was stirred for 20 minutes.  
The solvent was removed under vacuum, and the crude 
residue was washed with Et2O (3x3mL) to afford 2-Ph as a 
yellow powder.  Yield: 50.0 mg (96.6%).  Single crystals 
suitable for X-ray analysis were obtained by diffusion of 
Et2O into a CDCl3 solution of 2-Ph.  1H NMR (499.42 MHz; 
CDCl3): δ 8.12 (d, 2H, o–(Ge)C6H4, 3JH–H = 7.0 Hz), 8.06 (m, 
4H), 7.62 (t, 2H, 3JH-H = 7.0 Hz), 7.58-7.51 (m, 8H), 7.47 (d, 
2H, 3JH-H=6.8 Hz), 7.41 (t, 4H, 3JH-H=7.2 Hz), 7.30 (m, 6H), 
7.07 (t, 1H, 3JH-H=7.1 Hz, (p-C6H5)Ge), 6.89 (t, 2H, 3JH-H=7.1 
Hz, (m-C6H5)Ge), 6.77 (d, 2H, 3JH-H=7.1 Hz, (o-C6H5)Ge).  13C 
{1H} NMR (125.66 MHz; CDCl3): δ 149.6 (t, 1JC-P = 19.6 Hz, 
ipso C6H4P), 136.6 (t, JC-P = 5.3 Hz), 135.4 (t, JC-P = 3.5 Hz), 
134.9 (s), 134.6 (t, JC-P = 5.1 Hz), 131.7 (s), 131.3 (s), 129.6 
(t, JC-P = 3.5 Hz), 129.2 (s), 128.0 (t, JC-P = 5.3 Hz), 127.6 (t, JC-

P = 5.4 Hz), 127.4 (s), 126.8, 126.1 (t, 1JC-P = 30.3 Hz, ipso 
C6H5P).  31P {1H} NMR (202.16 MHz; CDCl3): δ 33.5 (s, 1JPt–P 
= 1888 Hz). Elemental analysis calculated (%) for 
C42H33Cl3P2GePt: C, 51.81; H, 3.42; found: C, 51.48; H, 3.42 
(average of two measurements). 

 



 

Crystallographic Details 

X-ray crystallographic datasets were collected at T = 110 K 
on a BRUKER Quest diffractometer (Mo source, λ = 
0.71073 Å) equipped with a PHOTON III detector. Semi-
empirical absorption corrections were implemented using 
the BRUKER SADABS program.23 The structures were 
solved using the direct method by SHELXT24 and the data 
was refined against F2 by least squares cycles using 
SHELXL.25 All non-H atoms were refined anisotropically. H 
atoms were refined using the riding atom model. CCDC 
2101954-2101955 contain the supplementary 
crystallographic data for this paper. 

 

Computational Details 

All computations were carried out with the Gaussian 16 
program26 using the functional MPW1PW91 and the mixed 
basis set cc-pVTZ-PP for Pt, cc-pVTZ for Ge, 6-311+g(d,p) 
for P/Cl, 6-31g for C/H.  Frequency calculations carried out 
on the optimized structures of the compounds confirmed 
the absence of any imaginary frequencies. NBO and NLMO 
analyses were carried out using the NBO 6.0 program.27 

 

Photolysis reactions monitored by 31P NMR spectroscopy 

Photolysis of 2-Ph: an NMR tube was charged with 2-Ph 
(9.7 mg, 0.01 mmol), CH2Cl2 (0.5 mL), and SMe2 (37 µL, 0.5 
mmol for 50 equivalents, or 148 µL, 2.0 mmol for 200 
equivalents) and a sealed capillary containing H3PO4, and 
irradiated using a 100 W mercury arc lamp.  31P NMR 
spectra were recorded periodically over 90 minutes.  No 
change was observed after 60 minutes. 

Photolysis of 3-Ph: an NMR tube was charged with the 
ligand (Ph)(Cl)(o-dppp)2Ge (10.0 mg, 0.014 mmol) and 
PtCl2(SMe2)2 (5.5 mg, 0.014 mmol).  CH2Cl2 (0.45 mL) and 
SMe2 (53 µL, 70.6 mmol, 50 equivalents) were 
subsequently added along with a sealed capillary 
containing H3PO4.  The solution was irradiated using a 100 
W mercury arc lamp and 31P NMR spectra were recorded 
periodically over 2 hours.  Figure 6 shows the reaction 
progress and formation of 1-Ph and 1-Cl.  An extra peak at 
9.0 ppm grows over time, presumably due to oxidation or 
decomposition of the free ligand.  Similar results were 
observed by 31P NMR when solutions obtained upon 
stirring the ligand (Ph)(Cl)(o-dppp)2Ge and PtCl2(SMe2)2 in 
CH2Cl2 for 24 hours were irradiated. 

 

Photochemical Quantum Yield Measurements 

Freshly prepared potassium ferrioxalate was used as the 
standard actinometer (Φs, 334 nm = 1.12).28  Photochemical 
quantum yields were determined according to Equation 
(1): 

Φu = Φs × (∆Cu × Vu × ts) / (∆Cs × Vs × tu)   
   (1) 

where Φs is the quantum yield of the standard; ∆Cs and ∆Cu 
are the changes in the concentrations of the standard 
actinometer and the unknown after irradiation at the λmax 
of the unknown after ts and tu seconds, in solution volumes 
of Vs and Vu for the standard and the unknown, 
respectively.  The standard and unknown solutions used 

were concentrated enough to assume total absorption of 
the incident light, and UV-vis measurements were carried 
out after ten-fold dilutions to afford ∆Cs and ∆Cu. 

 

Quantification of chlorobenzene by GC-MS 

GC-MS measurements were carried out using a 1:150 split 
ratio for the injector, which was kept at 250 °C.  The 
column temperature was initially kept at 40 °C for 5 
minutes, then ramped up to 300 °C at a rate of 20 °C/min.  
Known solutions of chlorobenzene in CH2Cl2 (5.0, 10.0, 
15.0, 20.0, and 25.0 mM) were analyzed using this method 
and their chlorobenzene peak integrations were used to 
establish a calibration curve.  Finally, a photolyzed solution 
of 2-Ph obtained by the procedure described above was 
analyzed and the concentration of chlorobenzene was 
determined from the calibration curve (Figure S9).  The 
peak area for chlorobenzene in the photolyzed sample was 
3.88×106. 

 
13C NMR detection of chlorobenzene 

A solution of 2-Ph (9.7 mg, 0.01 mmol) in CH2Cl2 (0.5 mL) 
in the presence of 50 equivalents of SMe2 was irradiated 
using a 100 W mercury arc lamp in a 5 mm NMR tube until 
the reaction was deemed to be complete as evidenced by 
31P NMR.  5.0 µL of acetonitrile was then injected in the 
tube as an additional internal standard.  The tube was then 
sealed and the mixture was analyzed by 13C NMR 
spectroscopy (Figure S7, maroon trace).  Next, 
chlorobenzene (20.0 µL, 0.197 mmol) was injected into the 
tube and the resulting solution was again analyzed by 13C 
NMR (Figure S7, light brown trace), resulting in a clear 
increase in the intensity of the chlorobenzene resonances. 
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