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ABSTRACT: We describe a family of cationic methylstannylene and chloro- and azidosilylene organoplatinum(II) complexes sup-

ported by a neutral, binucleating ligand. Methylstannylenes MeSn:+ are stabilized by coordination to PtII and are formed by facile Me 

group transfer from dimethyl or monomethyl PtII complexes, in the latter case triggered by concomitant B–H, Si–H, and H2 bond 

activation that involves hydride transfer from Sn to Pt. A cationic chlorosilylene complex was obtained by formal HCl elimination 

and Cl– removal from HSiCl3 under ambient conditions. The computational studies show that stabilization of cationic me-

thylstannylenes and cationic silylenes is achieved through weak coordination to neutral N-donor ligand binding pocket. The analysis 

of the electronic potentials, as well as the Laplacian of electron density, also reveals the differences in the character of Pt‒Si vs. Pt‒

Sn bonding. We demonstrate the importance of a ligand-supported binuclear Pt/tetrel core and weak coordination to facilitate access 

to tetrylium-ylidene Pt complexes, and a transmetalation approach to the synthesis of MeSnII:+ derivatives. 

Introduction 

Since the groundbreaking discovery of stable carbene com-

plexes of transition metals (TM), the coordination chemis-

try of their analogues, where the carbon is replaced by a 

heavier Group 14 element, has attracted intense interest in 

main-group chemistry.1 Compared to a carbene, the heav-

ier congeners are more likely to stabilize lower oxidation 

states and have a lower electronegativity.1d, 2 The ability to 

act as both strong σ-donors and electrophiles (Lewis am-

biphilicity) define the unique coordination properties of 

heavier tetrylenes (tetrel donor atom = Si, Ge, Sn, and Pb) 

as ligands for TM complexes, making them distinctly dif-

ferent from carbenes.3 The high reactivity of stannylene 

and silylene complexes has been demonstrated in several 

recent bond activation processes via bimetallic TM−E co-

operation, where a Sn or Si-based ligand plays a non-inno-

cent role4 and hydrogen migration processes5 The interme-

diacy of silylenes has also been studied earlier in Glaser–

Tilley hydrosilylation catalyzed by Ru complexes.6 The ac-

celerating effect of SnII additives is well-established in 

Group 10 metal/Sn bimetallic catalysis, including applica-

tions in hydroformylation,7 cyclization/reductive cou-

pling,8, etc.,9 with the formation of a Pt–Sn bond being in-

voked in some of these systems. Recent studies also pro-

posed that tin(II) may play a role as a transmetalation ac-

ceptor from Group 10 metal alkyls, improving the stability 

of metal alkyl species towards β-hydride elimination.9 

Among heavier Group 14 elements, the coordination 

chemistry of cationic tetrylium-ylidenes RE:+ derivatives 

is especially intriguing as such compounds are expected to 

act as σ-donors forming a coordination bond to the metal, 

and at the same time, they are expected to show pro-

nounced electrophilicity due to a positive charge and the 

availability of unoccupied p-orbitals.1d However, synthetic 

access to such species and their TM complexes remains 

challenging due to their high reactivity. Various strategies 

towards stabilization of such cationic RE:+ species involve 

the utilization of rigid chelating ligands or sterically en-

cumbered systems,10 stabilization by N-heterocyclic car-

benes (NHCs),11 or inter/intramolecular coordination to 

Lewis bases12 or Cp* ligands. 13 However, the number of 

reported TM complexes with cationic silylenes14 and 

stannylenes15 (including systems with multiple TM‒Sn 

bonds16) remains limited.1d, 4b In the case of cationic or-

ganostannylenes, for example, the majority of TM com-

plexes contain aryl–Sn+ derivatives,15b-d, 15f while the syn-

thesis of alkyl–Sn+ complexes remains challenging. 

Considering the important role of Sn and Si derivatives 

in Group 10 metal catalysis, we aimed to investigate bime-

tallic complexes containing PtII and a heavier Group 14 el-

ement, Sn or Si, using our recently developed, universal 

unsymmetrical “soft”-“hard” binucleating ligand scaffold 

L (Scheme 1).17 Unexpectedly, complexation of SnII trig-

gered facile methyl group transfer from PtII to SnII and gen-

erated a stable, cationic Me−Sn:+ complex stabilized by a 

Sn−Pt bond and by SnII interactions with an N-binding 

pocket of the ligand. Moreover, we observed that methyl 

group transfer from the formally cationic monomethyl PtII 

to (dihydroxy)SnII core could be induced by Si−H, B−H, 

and H2 activation to generate another type of Me−Sn:+, this 

time bound to a platinum hydride. In search of new syn-

thetic routes to cationic silylene complexes, we have also 

developed a new route to cationic X−Si:+ complexes (X = 

Cl or N3) with monomethyl Pt via formal HCl elimination 

from HSiCl3 at room temperature, followed by halide ex-

change.  

While alkyltin(IV) derivatives have often been used as 

transmetalating reagents in Pd-catalyzed Stille cross-cou-

pling reaction18  or stoichiometric transmetalation from 
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Group 10 metal to neutral dichlorotin(II),9 the reactivity of 

cationic, low-valent stannylenes in transmetalation has not 

been previously established. This study provides the first 

evidence of facile Me group transfer from a Group 10 metal 

center to a cationic stannylene that is enabled by bimetallic 

cooperation. During the course of the study, we gained ac-

cess to a new family of stable, cationic methylstannylene 

and silylene complexes with platinum(II) via new synthetic 

routes. 
Scheme 1 Unsymmetrical binucleating ligand L and exam-
ples of cationic methylstannylene and silylene PtII com-
plexes reported in this work. 

 

Results and Discussion 

Methylstannylene PtII Complex Synthesis. The synthesis 

of the universal, unsymmetrical, binucleating ligand scaf-

fold L has previously been reported by our group, where it 

was used for the selective formation of PtMe2/M (M = CuI 

or ZnII) complexes.17a, 17c Interestingly, in all previous ex-

amples of PtMe2 complexation with CuI and ZnII, only a 

weak interaction of one of the Pt–Me groups with Cu or Zn 

was observed, leading to bond elongation that depended on 

the metal’s Lewis acidity, while complete transmetalation 

from Pt to Cu or from Pt to Zn has not been observed and 

both Me groups resided primarily on the Pt center.  

In this work, we expanded the application scope of L to 

combine an organometallic Pt center with a main group el-

ement, Sn or Si. First, we treated a previously reported 

monometallic PtMe2 precursor 117a with a Lewis acidic 

SnII(OTf)2 salt containing weakly coordinating triflate ani-

ons in MeOH/H2O solution at room temperature (RT). Ac-

cording to NMR spectroscopy, after 1 hour a mixture of 

two products, 2 and 3[OTf]2, was formed, which were 

characterized by distinct 31P signals at 179.6 ppm (1JPtP = 

3498 Hz) and 183.5 ppm (1JPtP = 3902 Hz) (Scheme 2a). 

The two products were easily separated due to their differ-

ing solubility profiles. Poorly soluble, colorless 2, was ob-

tained by precipitation from methanol and isolated in 58% 

yield, and well-soluble yellow product 3[OTf]2 was ob-

tained from the filtrate and isolated in 38% yield. Both 

complexes 2 and 3[OTf]2 were characterized by 1H, 
13C{1H}, 119Sn{1H}, 195Pt{1H}, and 31P{1H} NMR, UV-vis, 

and FT-IR spectroscopy, and electrospray ionization high-

resolution mass-spectrometry (ESI-HRMS). 

Scheme 2 (a) Synthesis of Pt−Sn complexes (isolated yields 

are shown in parentheses). (b) Reactivity of a model Pt com-

plex in the absence of a ligand-supported Pt−Sn bonding, 

leading to exclusive protonolysis. 

 

 

 

Figure 1. Structures of 2 (a), 3[PF6]2 (b), 6 (c), and 7[PF6]2 (d) in 
the crystals with thermal ellipsoids at the 80% (a) and 50% (b-d) 
probability levels. All hydrogen atoms except for [O]H in 2 and 
[Pt]H in 7[PF6]2, co-crystallized solvent molecules, disorder com-
ponents, and counterions are omitted for clarity. Symmetry code i: 
2–x, –y, 1–z. 

Single crystal X-ray crystallography (SC-XRD) of 2 re-

vealed two symmetrical L-PtSn moieties, bridged by two 

hydroxide ligands via tin, featuring Sn−O distances of 

2.1012(13) and 2.1419(15) Å (Figure 1a). The OH groups 

appear as a singlet at 6.59 ppm in 1H NMR spectrum. The 

formation of 2 involves initial protonolysis of one of the 

PtMe groups with methanol or water, which was confirmed 

by in situ 1H NMR detection of methane formation (CH3D 

in the case of MeOH-d4). While such protonolysis is ex-

pected to initially generate Sn methoxide core, only stable 

hydroxide derivative 2 could be crystallized successfully 
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despite our attempts to obtain methoxide analog in the ab-

sence of added water. Each PtMe center is coordinated to a 

Sn of an Sn2(μ-OH)2 core characterized by relatively short 

Pt−Sn interatomic distances (2.56718(14) Å), similar to re-

ported platinum(II) stannylene complexes.9, 19 Considering 

coordination to Sn, the coordination sphere of Pt remains 

close to the ideal square planar (τ4 = 0.07, τ4’ = 0.05). In-

terestingly, each Sn atom is surrounded by three N-atoms 

of the chelating N-donor pocket showing relatively long 

Sn−N distances in the range of 2.3128(16)-2.3882(16) Å.  

 

Table 1. 31P, 195Pt, and 119Sn NMR chemical shifts and cou-

pling constants for complexes 2, 3[X]2, 6, and 7[X]2 (X = OTf 

or PF6). 

Complex δ 31P (1JPPt, 

Hz) 

δ 195Pta δ 119Sn (2JSnP, Hz) 

or δ 29Sn (2JSiP, 

Hz) 

2a 181.6 (3467) −4440.2 –357.6 (5007) 

3[OTf]2
a 185.6 (3495) −4283.5 106.8 (3465) 

3[PF6]2 186.3 (3494)a –4284.7a 124.3 (3400)b 

6b 184.5 (3308) –4401.0 –235.0 (5492)c 

7[OTf]2
a 211.43 (3385) -4970.3 208.9 (3140) 

7[PF6]2
a 210.8 (3375) –4971.0 209.7(3011) 

8a 184.8 (3467) –4439.5 −333.9 (5032) 

9b 182.7 (3185) –4401.0 N/Ad 

10a 204.5 (2161) –4306.3 –21.5 (401) 

11a 205.3 (2076) −4308.3 –28.0 (384) 

a In CD3CN. b In CD2Cl2. c For Pt–Sn core; –44.0 for SnCl3
– 

counter anion. d Signal was not observed presumably due to cou-

pling to F and low intensity of a multiplet. 

Consistent with SC-XRD structure, only one Me group 

was detected in 1H and 13C{1H} spectra of isolated 2 pre-

sent at –31.33 ppm in 13C{1H} NMR spectrum, exhibiting 

coupling to phosphorus (2JPC 3.4 Hz) and accompanied by 
195Pt satellites (1JPtC = 605 Hz). The 119Sn{1H} spectrum 

showed a doublet at –357.6 ppm coupled to the phosphorus 

atom (2JSnP = 5007 Hz). 

By contrast to 2, the 13C{1H} NMR spectrum of 

3[OTf]2 exhibited signals corresponding to two inequiva-

lent Me groups at –32.9 ppm and 5.95 ppm. While the Me 

group resonance at –32.9 showed the expected coupling to 

Pt and P similar to the signal observed in 2 (1JPtC = 587.8 

Hz, 2JPC = 3.5 Hz), the second Me group showed coupling 

to 119Sn (17.3 Hz) but no coupling to 195Pt. These suggested 

that one of the Me groups had completely migrated from 

Pt to Sn. Interestingly, the 119Sn spectrum of 3[OTf]2 also 

showed a significantly shifted 119Sn resonance at 106.8 

ppm. Triflate gave only one signal in the 19F NMR spec-

trum at –79.30 ppm, corresponding to a free triflate counter 

anion, and the FT-IR spectrum is consistent with the pres-

ence of uncoordinated triflate.20 Attempts to improve reac-

tion selectivity towards 3+ and to avoid completing proto-

nolysis that forms 2 by using aprotic and less polar solvents 

led to worse outcomes. 

While single crystals of 3[OTf]2 allowed us to establish 

the expected structure of the bimetallic SnMe/PtMe core 

with Pt−Sn interatomic distances of 2.570(3) and 2.581(2) 

Å for two disorder components, the exact positions for one 

of the triflate counteranions, as well as CH2Cl2 co-crystal-

lized solvent molecule, could not be assigned and required 

SQUEEZE procedure for the final refinement.21 To obtain 

better quality structure, complex 3[OTf]2 was subjected to 

a counteranion exchange using 4 equiv of NaPF6 to give 

analogous 3[PF6]2, which showed almost identical 1H, 
13C{1H}, and 195Pt{1H} NMR spectra as 3[OTf]2 and could 

be fully characterized by SC-XRD allowing to clearly es-

tablish the structure of the bimetallic SnMe/PtMe core and 

confirm the presence of two PF6 counteranions (Figure 1b). 

The structure of 3[PF6]2 revealed the Me group migration 

from Pt to Sn, showing the Pt1−C1 and Sn1−C2 bond 

lengths of 2.053(12) Å and 2.124(19) Å, respectively, for 

the main disorder component. Surprisingly, no other ani-

onic ligands are present at the formally cationic SnIIMe 

center, with Sn coordination supplemented by bonding to 

Pt (Pt−Sn 2.5776(12) and 2.5894(19) Å) and interactions 

with three neutral N-donors of the ligand N-pocket show-

ing elongated Sn−N distances (2.289(12)-2.391(10) Å). 

The Pt center remains four-coordinate, with slightly greater 

deviation from the square planar geometry (τ4 = 0.16, τ4’ = 

0.10 for the main disorder component) compared to 2.  

Although several resonance structures may contribute 

to the bimetallic Pt−Sn core and oxidation state assignment 

is not unambiguous,9, 15f complexes 2 and 3[X]2 may be 

best described as PtII-stannylene complexes, which is in 

good agreement with their structural and computational 

analysis (vide infra). The coordination geometry around Pt 

does not undergo significant change during the formation 

of 2 and 3[X]2 (X = OTf or PF6) and remains close to square 

planar; the 195Pt chemical shift also remains within the 

range expected for PtII complexes in a similar ligand envi-

ronment.17a, 17c Thus, complexes 3[X]2 represent rare exam-

ples of Pt complexes coordinated to a cationic, ligand-sta-

bilized Me−Sn:+.  

Cationic organostannylenes have been previously syn-

thesized by salt metathesis with weakly coordinating ani-

ons, or by hydride or methanide abstraction with a Lewis 

acid.10d, 10e, 11a To the best of our knowledge, the formation 

of cationic alkyl stannylenes derivatives via transmeta-

lation from late organotransition metals have not been pre-

viously reported.  

Stannylenes 3[X]2 are surprisingly stable, showing no 

significant changes in MeCN solution at RT for 1-2 weeks, 

which is in contact with the typically highly reactive nature 

of cationic stannylenes. Such high stability may be due to 

the stabilizing effect of the Sn interaction with three nitro-

gen atoms of the chelating ligand and the stabilization of 

the bimetallic core using the naphthyridine backbone.  

To determine whether the binucleating ligand L is a key 

factor in favoring methyl group transfer by supporting 

metal–metal interactions, we attempted to react the model 

PtII complex 4, supported by a mononucleating (di-tert-bu-

tylphosphinito)pyridine ligand with a tin salt. When com-

plex 4 was treated with an equivalent amount of SnII(OTf)2 

under identical conditions in MeOH, Pt‒Me protonolysis 

was observed exclusively after 5 min at RT (Scheme 2b), 

while no transmetalation occurred. Therefore, despite a 

lesser contribution of competitive protonolysis to generate 

2, the ability of L to support a bimetallic core and the pres-

ence of a Lewis-basic N-binding pocket altered the reactiv-

ity of a Lewis-acidic tin(II) even in a protic solvent such as 
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methanol. The experiment also showed that L is required 

to stabilize the Sn‒Me bond towards further protonolysis.  

We hypothesized that the presence of weakly coordi-

nating triflate was another important factor in inducing fac-

ile Me group migration. Indeed, when complex 1 was 

treated with SnIICl2 in wet THF, no transmetalation was 

observed, and Pt–Me protonolysis became predominant, 

resulting in complex 6, which features a neutral di-

chlorostannylene bound to Pt with Pt–Sn of 2.5758(4) Å 

and Sn–Cl of 2.4363(18) and 2.5121(14) Å according to 

SC-XRD (Figure 1c).  

Pt-to-Stannylene Me Group Transfer Induced by B‒H, 

Si‒H, and H2 Activation. While facile Me group transfer 

from the neutral dimethyl PtII fragment was observed in 

complexes 3[X]2, we expected that transmetalation from a 

formally cationic monomethyl Pt complex should be sig-

nificantly more challenging, explaining the lack of 

transmetalation once a stable dihydroxy-bridged complex 

2 was obtained. We, therefore, sought to induce its reactiv-

ity by removing hydroxo groups using common hydride 

sources, boranes, or silanes. Previous literature reports in-

dicate that the treatment of SnII alkoxide with pinacol-

borane is a convenient method for in situ generation of an 

unstable SnII hydride;22 other borohydrides and aluminum 

hydrides have similarly been utilized for the generation of 

SnII−H species.23 Based on this, we examined the reactivity 

of 2 with common hydride sources and H2. 

 

Scheme 3. Me group transfer from Pt to stannylene induced 

by bimetallic hydride formation from boranes, silanes, and 

H2.

 

 

When complex 2 was treated with excess pinacolborane, a slow 

reaction was observed at RT, which could be accelerated by 

mild heating at 60 °C for 2 hours to give a new product 7[OTf]2 

isolated in 62% yield (Scheme 3). The same complex could be 

obtained by mild heating of the solution of 2 in the presence of 

catecholborane or borane THF adduct to give 7[OTf]2 in 67-

76% isolated yields. Interestingly, similar but more sluggish 

and less selective reactivity was observed when 2 was heated at 

80 °C under H2 gas (5 atm) to give 7[OTf]2 in ca. 12% NMR 

yield (by NMR integration against an internal standard) after 66 

hours, along with other unidentified products. A more selective 

transformation was observed when 2 was treated with PhSiH3 

or Et3SiH to produce 7[OTf]2 in 71-86% isolated yields. 

 

Surprisingly, the 1H NMR spectrum of 7[OTf]2 clearly showed 

the presence of a hydride peak at –14.64 ppm (2JPH = 5.2 Hz, 
2JSnH = 148 Hz, and 1JPtH = 1125.5 Hz). The 119Sn resonance of 

7[OTf]2 appeared at 208.9 ppm characterized by moderate cou-

pling to phosphorus (2JSnP = 3140 Hz) similar to that seen in 3. 

The X-ray structure of 7[OTf]2 showed a similar cati-

onic bimetallic SnMe/PtH core to 3 with Pt–Sn of 

2.6132(13) and 2.6015(13) Å for the disorder components. 

However, the unit cell contains highly disordered triflate 

anions, as well as co-crystallized solvent molecules of di-

chloromethane, which were treated as a diffuse contribu-

tion to the overall scattering without specific atom posi-

tions by PLATON/SQUEEZE.21 Complex 7[OTf]2 was 

subjected to a counteranion exchange with NaPF6 to obtain 

an analogous complex 7[PF6]2, which featured almost 

identical NMR spectra and provided single crystals suita-

ble for SC-XRD analysis. SC-XRD revealed a dicationic 

Pt(H)−SnMe core with Pt−Sn interatomic distances of 

2.5532(12) and 2.529(2) Å for the main and minor disorder 

components, respectively, and two PF6
– counter anions 

(Figure 1d). 

We attempted to detect reaction intermediates by mon-

itoring the reaction progress by 1H NMR when 2 was 

treated with 4 equiv of pinacolborane in CD3CN solution. 

Interestingly, two intermediate metal hydride signals were 

observed, assigned as Int1 and Int2. The new signal corre-

sponding to Int1 appeared after 5 min at 23 C in a down-

field region at 10.87 ppm showing splitting from tin and 

phosphorus (JHP = 50.1 Hz, JSnH = 329.2 Hz) (Figure 2). 

The chemical shift is comparable to those reported for low-

valent tin(II) hydrides,23-24 and a similar signal was ob-

served when complex 2 was treated with phenylsilane and 

catecholborane. Another intermediate, Int2, was character-

ized by an upfield shifted hydride signal −0.59 ppm show-

ing platinum satellites (JHPt = 947.6 Hz) and larger splitting 

from phosphorus (JHP = 148.3 Hz) (Figure 2). The latter 

signal is very similar to the bridging hydride signal ob-

served in bimetallic Zn···H–Pt(Me) complexes supported 

by the same binucleating ligand and reported earlier.17c Sig-

nals of both Int1 and Int2 diminish in intensity and disap-

pear at longer reaction times. 

 

Figure 2. 1H NMR spectrum recorded after treatment of 2 with pi-
nacolborane for 5 min at RT in CD3CN. 
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Bimetallic reactivity was required for the observed ac-

tivation of B–H, Si–H, and H2 as no Pt–H was formed when 

a mononuclear complex 1 was treated with boranes, 

silanes, or H2 with or without Sn(OTf)2.
17c The presence of 

nucleophilic OH groups also plays an important role in bo-

rane and silane activation, as dichlorostannylene complex 

6 showed no reactivity. The basic properties of Sn2(μ-OH)2 

were confirmed by their ability to deprotonate 1,3-diphe-

nyl-1,3,-propanedione to form a cationic stannylene 8 

within 5 min at RT in CH3CN solution (Figure 3a). 

Scheme 4. Nucleophilic reactivity of 2. 

 

 

Figure 3. ORTEP of 8 (a) and 9 (b) at the 50% and 60% probability 

levels, respectively. All hydrogen atoms, co-crystallized solvent 

molecules, and counterions are omitted for clarity. In the case of 8, 

one of two symmetry-independent molecules is shown. 

The Sn2(µ-OH)2 core was also reactive in nucleophilic 

attack at potassium phenyltrifluoroborate to give 

difluorostannylene 9 that resulted from OH/F exchange 

(Scheme 4 and Figure 3b). By contrast to di-

chlorostannylene 6, difluorostannylene 9 was reactive with 

pinacolborane to give 7[OTf]2 in 82% NMR yield after 4 

hours at 60 C, suggesting that the presence of nucleophilic 

ligands (hydroxide or fluoride) at Sn is important for bo-

rane activation. 

The comparison of 119Sn{1H} NMR spectra of all ob-

tained cationic and neutral Pt stannylene complexes (Table 

1) shows that cationic methylstannylene complexes 3[X]2 

and 7[X]2 are characterized by a significant shift to lower 

field (106.8-209.7 ppm ppm) as compared to complexes 2, 

6, and 8 (–235.1 to –357.6 ppm), which is commonly asso-

ciated with the reduced coordination number at the Sn 

atom.11a 

Based on the reported ability of tin(II) alkoxides to re-

act with boranes to give SnII−H,22 we proposed that the first 

step of borane activation by 2 involves the formation of in-

termediate tin hydride, which is likely accompanied by dis-

assembly of the tetrametallic core to give Int1. This is 

consistent with the observation of the signal of acidic tin 

hydride at 10.87 ppm with Sn satellites observed by NMR 

(Figure 2).  

We performed DFT calculations to elucidate the mech-

anism of hydride and Me group transfer leading to the for-

mation of 7. Calculations were performed using the 

ωB97XD functional25 and def2tzvp basis sets26 for all ele-

ments (default ECPs for Pt and Sn). All structures were 

fully optimized in acetonitrile using the SMD model.27 Free 

energies were calculated by frequency calculations at the 

same level of theory and reported as the sum of solvent-

corrected electronic and thermal free energies relative to 

Int1. 

From Int1, an accessible transition state TS-H was 

identified for the hydride transfer from Sn to Pt to form in-

termediate Int2 featuring a bridging hydride, where the hy-

dride mostly resides on the Pt (1.650 Å) and shows a rela-

tively close distance to Sn (Sn‒H 2.123 Å) (Scheme 5). 

This is consistent with the experimentally observed signal 

at ‒0.59 ppm (Figure 2; see discussion above), where the 

chemical shift and coupling constants closely resemble the 

(Me)PtII‒H···Zn core in previously reported bimetallic 

Pt/Zn complexes supported by an analogous ligand.17c Hy-

dride transfer from Sn to Pt and other 2nd and 3rd row TM 

has also been reported in the literature.5, 28 

While no transition state could be identified for the di-

rect transfer of the PtMe group present trans to N-atom of 

naphthyridine in Int2 to form 7, we hypothesized that the 

Me group transfer may require initial cis-trans isomeriza-

tion to form Int3 containing a Me group trans to a P-atom 

and present in closer proximity to Sn. Cis-trans isomeriza-

tion in square-planar complexes is well established and of-

ten requires heating at moderate temperatures.29 The for-

mation of Int3 is only slightly endergonic, from which a 

low-barrier process via TS-Me results in a Me group trans-

fer to form 7. Overall, the reaction is driven by the for-

mation of a thermodynamically more stable product 7 fea-

turing a PtH/SnMe core as compared to PtMe/SnH core in 

Int1. 
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Scheme 5. Proposed mechanism of complex 7 formation by 

treatment of 2 with boranes. 

  

 

Synthesis of Pt Complexes with Cationic Silylenes. 

Compared to cationic stannylenes, access to cationic si-

lylenes is complicated due to lower stability of low valent 

SiII derivatives, although several examples of cationic si-

lylenes have been reported, often supported by amide, 

iminophosphorane, NHC donors or cyclopentadienyls.1d, 

10a-c, 12b While neutral silylene complexes are known, tran-

sition metal complexes with cationic silylenes are exceed-

ingly rare. For example, Inoue and co-workers reported the 

reaction of phosphasilene with Pt0 or Pd0 precursors to un-

dergo P−Si bond splitting and generate binuclear low-va-

lent Pd−Pd and Pt−Pt complexes with two metals bridged 

by an amidinate-stabilized Si(II) cation.14 

In our search for cationic silylene Pt complexes, we found 

that treatment of Pt precursor 1 with HSiCl3 in the presence of 

Zn(OTf)2 resulted in the facile and clean formation of complex 

10 representing the formal coordination of a Cl−Si:+ to a 

monomethylplatinum(II) center (Scheme 6). One of the methyl 

groups likely departs as methane via proton abstraction from 

trichlorosilane, while Zn is required to remove two chlorides. 

Complex 10 was isolated in 73% yield and characterized by 

multinuclear NMR and SC-XRD (Figure 4a). 

The facile formation of 10 from HSiCl3 represents an 

unexpected synthetic route to cationic chlorosilylenes. Us-

ing HCl elimination from HSiCl3 has previously been re-

ported as a route to neutral low-valent :SiCl2 and its deriv-

atives; however, this approach requires harsh conditions 

using phosphonium salts30 or additives of free NHC to en-

able the formation of neutral, NHC-stabilized :SiCl2 ad-

ducts under mild conditions.31 

Despite exhaustive attempts, we could not obtain cationic al-

kylsilylene derivatives from 10 and common alkylating rea-

gents and no stable products were formed. However, chloride 

could be exchanged by treatment with trimethylsilyl azide 

(TMS‒N3) to give an analogous stable cationic azidosilylene 

complex 11, isolated in 93% yield and characterized by multi-

nuclear NMR and SC-XRD (Scheme 6 and Figure 4b).  

Scheme 6. Synthesis of Pt complexes with cationic silylenes. 

 

 

Figure 4. ORTEP of 10 (a) and 11 (b) at the 50% probability level. 

All hydrogen atoms, co-crystallized solvent molecules, disorder 

components, and counterions are omitted for clarity. 

The Pt−Si distances in 10 and 11 are 2.3200(15) and 

2.3291(12) Å, respectively, which is in a range expected 

for a Pt–Si single bond, but longer compared to complexes 

where double bond Pt=Si character is reported.32 Com-

pared to low valent Pt complexes with neutral amidate-sup-

ported silylenes and bridging silylene in Inoue’s com-

plex,14 these bonds are also elongated, consistent with 

mostly single Pt–Si bond character and lack of significant 

back-donation from Pt. The Si–N distances are in the range 

of 1.947(5)-1.987(5) Å for 10 and 1.956(4)-2.001(4) Å (Si–

N3 is 1.771(4) Å) for 11, notably longer than Si–N bonds 

reported in cationic iminophosphorane or β-diketiminato 

ligands,10a-c which could be attributed to weaker dative in-

teractions with neutral N-heterocycle or tertiary amine do-

nors in ligand L (see computational analysis below).  

The 29Si resonances of 10 and 11 appear at −21.5 and 

−28.0 ppm, respectively, showing coupling to phosphorus 

(401 and 384 Hz, respectively). These chemical shifts re-

semble signals of free cationic iodo- or chlorosilylenes sta-

bilized by NHC or iminophosphorane donors (−3.3 to 

−89.9 ppm); however, they differ significantly from the 

bridging silylene in Inoue’s binuclear low-valent Pt–Pt 

complex (187.8 ppm), presumably due to a different bind-

ing mode, ligand environment, and platinum oxidation 

state. The 195Pt chemical shifts of 10 and 11 are similar to 

those observed in cationic stannylene complexes (Table 1), 
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showing no significant changes in electronic character at 

the Pt center.  

Overall, we demonstrate that the binucleating ligand L 

allows facile synthetic access not only to cationic 

stannylene complexes but also to the much less common 

N-donor stabilized cationic chlorosilylene complexes, 

which can be isolated and characterized. 

Computational Analysis of Pt‒Sn and Pt‒Si Bonding. To 

shed light on the nature of Pt−E (E = Si or Sn) bonding in our 

complexes featuring cationic stannylene Me−Sn:+ and silylene 

X−Si:+ (X = Cl or N3) ligands, we performed quantum theory 

of atoms in molecules (QTAIM)33 and natural bond orbital 

(NBO)34 analysis of geometry-optimized structures of free cat-

ionic complexes 3, 7, 10 and 11. 

Coordination of more commonly encountered neutral, 

:EX2-type silylenes and stannylenes to a transition metal 

center is usually described as a donation from a lone pair 

on a Group 14 element to a TM, which may further be com-

plemented by π-back donation from a TM-based d-orbital 

of a suitable symmetry to a p-orbital on the Si or Sn atom. 

In addition, stannylenes may accept donation from Lewis 

bases perpendicular to the :EX2 plane.2, 15b, 35 Two models 

of hybridization are usually considered, which are ex-

pected to show different angles between substituents at 

Group 14 elements: sp2 hybridization (commonly found in 

carbenes) resulting in a 120° angle between substituents, 

and an unhybridized model with angles close to 90° as is 

typical for heavier elements such as tin.2 

As expected, bond critical points (bcp’s) were located 

between Pt and Sn or Si atoms in all complexes (Figures 5 

and S125-S132). The selected characteristics of the bcp’s, 

including the electron density (𝜌𝑏), the Laplacian of the 

electron density (∇2𝜌𝑏), as well as delocalization indices 

(DI, the average number of electrons shared between a pair 

of atoms), are shown in Table 2 for complexes 3, 7, 10, and 

11. The delocalization indices are in the range of 

0.84−0.95, indicative of single bond character. The bcp’s 

corresponding to Pt–E (E = Sn or Si) bonds are character-

ized by negative values for the total electronic energy den-

sity Hb typical for coordination bonds.36 Coordination of 

Sn or Si to all three neutral N-donors of the chelating ligand 

fragment was also confirmed by locating bcp’s between Sn 

or Si and all N-atoms, although these bonds were charac-

terized by significantly smaller delocalization indices (DI 

for Sn−N bonds in the range of 0.29-0.40 for 3 and 7 and 

0.25-0.32 for Si–N bonds in 10 and 11) (Tables S1-S2, S7-

S8), suggesting partial bond character and consistent with 

NBO analysis (vide infra). Sn–N and Si−N bonds are char-

acterized by positive ∇2𝜌𝑏 and negative values for Hb (see 

ESI). 

The Pt–Sn bonds are characterized by the positive value 

of the Laplacian of the electron density at the bcp; at the 

same time, the bcp’s of the Pt–Si bonds are characterized 

by small negative ∇2𝜌𝑏. While the positive values of ∇2𝜌𝑏 

have been commonly interpreted in terms of closed-shell 

interactions and negative values have been associated with 

the “shared” interactions,37 the interpretation of these val-

ues is less conclusive when bonding involving heavy ele-

ments is considered and the positive values may reflect 

bonding to a heavier Sn, as compared to Si.36b The ratios of 

the absolute electronic potential energy to kinetic energy 

densities at the bcp’s, |Vb|/Gb, is between 1 and 2 for 

stannylenes 3 and 7, typical for intermediate bonds and 

greater than 2 for 10 and 11, which may reflect greater co-

valency of Pt‒Si bonding in silylenes.36a, 37a, 38 

 

 

Figure 5. Contour maps of ∇2𝜌(𝐫) (a, b), 𝜑W(𝐫) (c, d), and 𝜑f(𝐫) 
(e, f) calculated for cationic complexes 3 (a, c, e) and 10 (b, d, f) 
and plotted on atomic planes of E1 (E = Sn or Si), Pt1, and N2. For 
the ∇2𝜌(𝐫)-maps, the logarithmic scale is adopted in the form of ± 
2, 4, 8∙10n (–3 ≤ n ≤ 2) a.u. Scale bars of the potential function (in 
a.u.) are displayed above the plots. The distance between adjacent 
axis tick marks is 1 Å. Bond critical points and bond paths are in-
dicated by green dots and black lines. 

The analysis of the scalar fields ∇2𝜌(𝐫), 𝜑W(𝐫), and 

𝜑f(𝐫) can provide substantial information about the suba-

tomic structure of the metals Pt and Sn and the metalloid 

Si, involved in the bonds Pt–Sn and Pt–Si. The Laplacian 

of the electron density ∇2𝜌(𝐫), which is widely used to 

characterize the curvature of the electron density, high-

lights that in regions where ∇2𝜌(𝐫) < 0, the potential en-

ergy makes a dominant contribution to the total electronic 

energy of a system.38b, 39 The von Weizsäcker potential 

𝜑W(𝐫), also known as the bosonic kinetic potential, identi-

fies classically allowed (𝜑W(𝐫) > 0) and forbidden 

(𝜑W(𝐫) < 0) regions for electrons, and can distinguish be-

tween core- or valence-shell charge concentrations and de-

pletions, respectively.40 Furthermore, the fermionic poten-

tial 𝜑f(𝐫), which indicates regions where the static ex-

change correlation (𝜑f(𝐫) < 0) or kinetic exchange corre-

lation (𝜑f(𝐫) > 0) dominates, can identify electron pairs.41 

Notably, both 𝜑W(𝐫) and 𝜑f(𝐫) reveal the electron locali-

zation and the explicit arrangement of depleted regions 

around cationic metals.41a 

https://doi.org/10.26434/chemrxiv-2023-6x7f4 ORCID: https://orcid.org/0000-0002-5911-4382 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-6x7f4
https://orcid.org/0000-0002-5911-4382
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Table 2. Selected bond critical point (bcp) properties for Pt−E (E = Sn or Si) bonds in geometry-optimizeda complexes 3, 7 (E 

= Sn), 10, and 11 (E = Si) and interatomic Pt–E distances (d, Å) from SC-XRD. 

Complex 𝜌𝑏 b ∇2𝜌𝑏
c Hb d |Vb|/Gb 

e DI f d g 

3 0.073965 0.056238 -0.025906 1.648 0.845164 2.5776(12)h 

7 0.077543 0.057573 -0.028243 1.662 0.895016 2.5532(12)i 

10 0.105922 -0.07495 -0.058014 2.477 0.949863 2.3200(15) 

11 0.105222 -0.07516 -0.057051 2.491 0.942575 2.3291(12) 

a At ωB97XD/def2tzvp level, see SI for details. b Electron density (a.u.). c Laplacian of electron density (a.u.). d The total energy density 

density (a.u.). e Ratio between the absolute electronic potential energy and kinetic energy densities. f Delocalization index. g Interatomic 

distance (Å) from SC-XRD. h For the main disorder component of 3[PF6]2. i For the main disorder component of 7[PF6]2.

Figure 5 shows contour maps of the abovementioned 

functions plotted on the plane containing E1 (E = Sn or Si), 

Pt1, and N2 of the optimized cationic complexes 3 and 10; 

note that the nuclei P1 are off the map planes. The coordi-

nation bonds Pt1–P1 illustrate a donor–acceptor bonding 

mechanism. For each complex (Figure 5, c and d), P1 ex-

hibits a well-shaped valence-shell charge concentration 

(VSCC) (𝜑W(𝐫) > 0) directed along the internuclear line 

Pt1–P1 to a pronounced outer-shell depletion at Pt1 

(𝜑W(𝐫) < 0). The former can be confidently assigned to an 

electron pair, since it corresponds to a region with 𝜑f(𝐫) < 

0, while the latter can be associated with a vacancy 

(𝜑f(𝐫) > 0). A comparable situation is observed for the co-

ordination bond Sn1–N2 in 3, where the nitrogen and tin 

atoms play the role of a Lewis base and a Lewis acid, re-

spectively. However, judging from the maps, the bond Si1–

N2 in 10 is characterized by a more elongated VSCC (Fig-

ure 5d), as well as a negative curvature of the electron den-

sity (Figure 5b), in the middle of the internuclear line and 

simultaneously shows a shift of the electron pair localiza-

tion region toward the bond center (Figure 5f), compared 

to that in 3. This suggests that the bond Si1–N2 is strongly 

polar covalent in nature. 

The behavior of the two sets of functions for the bonds 

Pt–Si and Pt–Sn differ as well. As shown in Figure 5, d and 

f, the apparent electron pair and vacancy in the outer shells 

of Si1 and Pt1, respectively, lie along the bond path, and 

thus the coordination bond Pt1–Si1 in 10 has a pronounced 

donor–acceptor character. At the same time, a vacancy can 

be observed for each metal atom along the bond path Pt1–

Sn1 (Figure 5c). Highly positive values of 𝜑f(𝐫) along the 

bond path suggest the absence of the electron pair localiza-

tion region along the heteronuclear metal bond Pt–Sn (Fig-

ure 5e). In the wide central zone between the atoms Pt1 and 

Sn1, the signs of the functions do not change, while their 

values indicate a scarcity of electrons. Although such be-

havior is common in other bimetallic systems combining 

two heavy elements,38c, 42 this indicates the differences in 

the character of Pt‒Si vs. Pt‒Sn bonding, which prompted 

ups to further investigated Pt‒Si and Pt‒Sn bonding by 

NBO analysis. 

The natural localized molecular orbitals (NLMO) were 

identified for complexes 10 and 11 that correspond to Pt‒

Si bonding. In the case of complex 10, the NLMO contrib-

uting to Pt‒Si bonding is comprised of the sd hybrid on Pt 

(37% from parent NBO on Pt; with individual atomic hy-

brid contributions of s 40% and d 60%) and an sp-hybrid 

orbital of Si (60% from the parent NBO on Si; s 60%/p 

40%), with a minor contribution from a carbon of Pt‒Me 

(1%) (Figure 6b). The NLMO associated with Pt‒Si bond-

ing in 11 has a similar composition (38% Pt, 59% Si) (Fig-

ure S145).  

The NLMO contributing to a notably less pronounced 

Pt‒Sn bonding (Pt‒Sn LMO bond order 0.28 as compared 

to Pt‒Si LMO order of 0.74 in 10) largely has the character 

of a lone pair residing at Sn (76%) (Figure 6a) with less 

significant contribution from the sd-hybrid orbital at Pt 

(14%) and the sp-hybrid orbital at the phosphorus (7%). 

Similarly, the NLMO contributing to Pt‒Sn bonding in 7 

has largely the character of the lone pair at Sn (75% Sn, 

15% Pt, and 8% P) (Figure S139). In both complexes 3 and 

7, the lone pair at Sn has a significant s-character (s 77%/p 

23% in 3; s 76%/p 24% in 7) as expected from heavy Group 

14 elements when compared to Si or carbon. 

 

 

Figure 6. NLMO’s contributing to Pt‒Sn or Pt‒Si bonding in com-

plexes 3 (a) and 10 (b). 

The second-order perturbation analysis of donor-accep-

tor interactions in complex 3 shows a significant donation 

from a lone pair on Sn to an antibonding σ*(Pt‒P) orbital 

and an antibonding σ*(Pt‒C) orbital (E(2) = 336.9 and 97.7 

kcal mol−1, respectively) (Table S9). Backdonation from 

Pt-based d-orbital to an empty p-orbital on Sn is relatively 

weak (E(2) = 16.0 kcal mol−1), as expected for stannylenes 

stabilized by Lewis bases, in this case, N-donors of 

picolylamine chelating pocket. A similar bonding situation 

is present in complex 7 with main donor‒acceptor interac-

tions between Pt and Sn involving the donation from a lone 

pair on Sn to a σ*(Pt‒P) and σ*(Pt‒H) (E(2) = 372.8 and 

89.6 kcal mol−1) with only a minor backdonation from Pt 

d-orbital to an empty p-orbital of Sn (E(2) = 11.5 kcal mol−1) 

(Table S12).  

For comparison, the Pt‒Si bonding is not described in 

terms of donor-acceptor interactions in complexes 10 and 

11 showing one bonding NBO localized between Pt and Si 
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(Figure 6b), which could be due to its more covalent char-

acter and stronger Pt‒Si bonding.38c  

The comparison of Wiberg bond indices and delocali-

zation indices shows significantly higher Pt‒Si bond orders 

in 10 and 11 close to single bonds and reduced bond order 

for Pt-Sn bonds in 3 and 7 (Tables 2-3).  

The predominant s-character of the Sn-based lone pair 

in methylstannylenes 3 and 7 is also consistent with 

H3C−Sn−N(Me) angles that are close to 90° both in SC-

XRD and in geometry-optimized structures (93.5(7) and 

93.6(3)° from SC-XRD for the main disorder components 

of 3[PF6]2 and 7[PF6]2; 93.7° and 93.4° in geometry-opti-

mized 3 and 7, respectively) (Table S21). Contribution 

from d-orbitals on Sn was negligible in all cases (<0.5%) 

and was not necessary to describe the bonding in accord-

ance with the literature reports. Consistent with expectedly 

more pronounced sp-hybridization in the case Si compared 

to Sn, the X–Si–N(Me) (X = Cl or N-atom of azide) angles 

show greater deviation from 90° (105.66(17)° and 

104.68(19)° from SC-XRD for 10 and 11; 102.3° and 

101.0° in geometry-optimized 10 and 11, respectively) 

(Table S21). The comparison of Wiberg bond indices 

(WBI) correlates with experimental and computed Pt−Sn 

bond distances showing larger WBI’s corresponding to 

shorter Pt−Sn distances, e.g., in complex 7 compared to 3 

(Table 3 and S21).  

In all cases, the donation from the N-atom of the heter-

ocycles and tertiary amine to Sn or Si is characterized by 

Wiberg bond indices values that are significantly smaller 

than expected from a single bond suggesting partial bond 

character and consistent with relatively long bond dis-

tances. 

Table 3. Wiberg bond indices (WBI) for selected bonds in 

geometry-optimized 3, 7, 10, and 11.a 

 

Complex Pt−E  E−X E−N2b E−N11c E−N3d 

3 (E = Sn) 0.444 0.777 0.249 0.232 0.296 

7 (E = Sn) 0.467 0.785 0.250 0.228 0.304 

10 (E = Si) 0.569 0.839 0.339 0.314 0.369 

11 (E = Si) 0.571 0.637 0.344 0.302 0.381 

a At ωB97XD/def2tzvp level, see SI for details. b Si/Sn bond 

with N-atom of tertiary amine (see scheme above for N-atom num-

bering). c Si/Sn bond with N-atom of naphthyridine. d Si/Sn bond 

with N-atom of pyridine. 

To summarize, QTAIM analysis indicates that although 

Pt–Sn and Pt–Si bonding is present in all complexes, real 

space function and NBO analyses reflect differences in the 

bond character showing generally higher bond orders for 

Pt–Si bonds and the well-pronounced donor–acceptor 

character of Pt–Si bonds according to a detailed analysis of 

electronic potentials, as well as the Laplacian of the elec-

tron density. At the same time, Pt–Sn bonding in cationic 

methylstannylene complexes 3 and 7 is described in NBO 

analysis as the donation from the s-character lone pair at 

Sn to a Pt-containing fragments, which reflects that the 

coordination properties of the methylstannylene motif are 

determined by donation from the lone pair of Sn.  

Although Sn and Si centers still possess an empty or-

bital that accepts donation from all three N-donors of the 

ligand, these interactions show partial bonding character, 

resulting in elongated bonds and are consistent with dimin-

ished bond indices (WBI and DI). Therefore, while N-do-

nors are important for stabilization of these unusual cati-

onic stannylene and silylene complexes, these interactions 

are expected to be significantly weaker as compared to an-

ionic ligands typically used to stabilize cationic silylenes 

and stannylenes. This could be due to the neutral character 

of N-heterocycle or tertiary amine donors, or due to the ge-

ometric constraints imposed by the binucleating ligand.  

Conclusion 

In summary, we have developed a new family of stable 

cationic methylstannylene and cationic silylene complexes 

with Pt(II). Methylstannylenes were obtained by facile me-

thyl group migration from either dimethyl or a monomethyl 

Pt; in the latter case, the Me group transfer is triggered by 

activation of B–H, Si–H, and H–H bonds and concomitant 

hydride transfer from Sn to Pt, as confirmed by Sn–H in-

termediates observed via NMR. To the best of our 

knowledge, this is the first report on the use of methyl 

group transfer for the synthesis of cationic al-

kylstannylenes in complexes with transition metals. The 

computational study presented in this work provided in-

sight into the character of Pt-tetrel bonding in cationic 

stannylenes and silylenes and the role of weak coordination 

of neutral N-donors in stabilizing cationic tetrel fragments. 

Such an approach can be further exploited for the de-

sign of new reactive TM/tetrel metal complexes in which 

the Lewis acidic character is still retained at the cationic Sn 

or Si centers. Here, binucleating ligand stabilization likely 

played an important role in the experimentally observed 

facile transmetalation from dimethyl Pt complex to Sn2+ in 

the presence of weakly coordinating anions. Future studies 

will be directed towards the utilization of such systems for 

selective bimetallic bond activation and alkyl group trans-

fer processes, especially considering the potential applica-

tion of Pt complexes in C–H bond activation and stability 

of alkylstannylenes towards hydrolysis. 

 
Supporting Information. Deposition numbers 2253415-2253417, 

2263473-2263475, and 2280533-2280537 contain the supplemen-

tary crystallographic data for this paper. These data are provided 

free of charge by the joint Cambridge Crystallographic Data Centre 

and Fachinformationszentrum Karlsruhe Access Structures service 

www.ccdc.cam.ac.uk/structures. Synthetic procedures, characteri-

zation, and computational details (PDF), Cartesian coordinates 

(XYZ) for geometry-optimized structures are available in the Sup-

porting Information.  
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