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ABSTRACT: 

The transient Sn(II) compounds dimethyl-, diphenyl-, methylphenyl-, and 

dimesitylstannylene (SnMe2, SnPh2, SnMePh, and SnMes2, respectively) have been 

successfully detected and characterized in solution. The stannylenes were generated by 

photolysis of appropriately substituted 1-stannacyclopent-3-ene derivatives, which have 

each been shown to extrude the respective stannylene cleanly, through stannylene trapping 

studies using dichlorodimethylstannane (Me2SnCl2) as the substrate. Quantum yields for 

stannylene extrusion have been measured in three cases, and found to be in the range of 0.4 

- 0.8. 

Laser flash photolysis of the stannacyclopent-3-ene derivatives in deoxygenated 

hexanes affords promptly-formed transient absorptions assigned to SnMe2 (lmax = 500 nm; 

e500 = 1,800 ± 600 M
-1

cm
-1

), SnPh2 (lmax = 300, 505 nm; e500 = 2,500 ± 600 M
-1

cm
-1

), 

SnMePh (lmax = 280, 500 nm) and SnMes2 (ɚmax < 270, 330(sh), 550 nm), which decay on 

the microsecond timescale with second order kinetics, consistent with dimerization being 

the major reaction in the absence of a substrate. Dimerization of SnMe2 and SnMes2 affords 

species exhibiting lmax = 465 nm and lmax = 490 nm, respectively, which were assigned to 

the expected Sn=Sn doubly-bonded dimers, tetramethyl- and tetramesityldistannene, 

respectively. In contrast, the spectrum of the dimer formed from SnPh2 exhibits strong 

absorptions in the 280 - 380 nm range and a very weak absorption at 650 nm, on the basis 

of which it is assigned to phenyl(triphenylstannyl)stannylene (SnPh(SnPh3)). 

 The reaction of acetic acid (AcOH) with SnPh2 and SnMes2 proceeds via arene 

elimination. With SnMe2, the products are derived from the elimination of methane and O-
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H insertion, while SnMePh reacts to afford both benzene and methane in a ca. 3:2 molar 

ratio. ů-Bond insertion of SnMe2 with tributylchlorostannane (Bu3SnCl) yields the formal 

Sn-Cl insertion product, Bu3SnSnMe2Cl.  

 Lewis acid-base complexation with simple aliphatic O, S, and N donors proceeds 

rapidly and reversibly, generating the corresponding stannylene-donor pairs, and exhibiting 

absorption maxima ɚmax ~ 310 - 385 nm. Equilibrium constants (Keq) upon O-donor 

coordination afford stabilization energies of -1.9 to -4.0 kcal mol
-1

 for SnMe2 and SnPh2, 

and suggesting a Lewis acidity order SiR2 > SnR2 > GeR2 (R = Me, Ph). Complexation of 

SnMes2 with O, S and N donors proceed with a reduction in reaction exergonicity relative 

to SnPh2. Reactions of SnMe2 and SnPh2 with Bu3SnH and C-C unsaturated compounds 

proceed with the characteristics of reversible complexation, affording short-lived Lewis 

acid-base products detectable by transient UV-vis spectroscopy (ɚmax = 375 - 430 nm). 

 Di-tert-butylsilylene (Sit-Bu2) has also been successfully detected and 

characterized in solution by laser flash photolysis methods, via the photolysis of 7,7-di-

tert-butyl-7-silabicyclo[4.1.0]heptane and hexa-tert-butylcyclotrisilane. This transient 

silylene exhibits a UV-vis absorption band centred at ɚmax = 515 nm and decays with 

second order kinetics to afford a long-lived product assigned to tetra-tert-butyldisilene 

(ɚmax = 290, 435 nm). Absolute rate constants (kQ) were determined for the reactions of 

Sit-Bu2 with several silylene substrates in hexanes at 25 °C. Sit-Bu2 is seen to react slower 

compared to SiMe2, with krel (= kQ
SiMe2

/kQ
SitBu2

) ranging between 0.8 - 310, cycloaddition 

reactions having exhibited the largest sensitivity to the tert-butyl for methyl substitution. 
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Figure 2.1. Concentration versus time plots for the photolysis of a deaerated 

0.04 M solution of 2 in C6D12 containing Me2SnCl2 (0.031 M). 

The initial slopes, determined from the first five data points in 

each of the plots, of the plots for the various components of the 

reaction mixture are: 2, -0.93 ± 0.09; Me2SnCl2 (not shown), -

0.89 ± 0.07; 4a, 0.89 ± 0.07; 5 (ClMe2SnSnMe2Cl), 0.47 ± 0.03; 

6 (ClMe2SnOSnMe2Cl)2, 0.19 ± 0.04; 7 (Me3SnCl), 0.08 ± 0.01 

(units, mM min
-1

). The inset shows an expansion of the plots for 

5, 6, and 7. 

 

54 

Figure 2.2. Concentration versus time plots for the photolysis of a solution of 

2 (ca. 0.04 M) and Me2SnCl2 (0.033 M) in C6D12, which was 

saturated with air prior to irradiation. The inset shows an 

expanded plot, detailing the formation of dichlorodistannane 5, 

distannoxane dimer 6, and Me3SnCl (7) with photolysis time. The 

initial slopes, determined from the first five data points in each of 

the plots, are (in units of mM min
-1

): 2, -1.02 ± 0.04; Me2SnCl2, -

1.28 ± 0.06; 4a, 1.08 ± 0.04; 5, 0.012 ± 0.005; 6, 0.51 ± 0.03 (< 4 

min); 7, 0.033 ± 0.003 (< 4 min). The slopes of the second half (> 

4 min) of the plots for 5-7 are: 5, 0.37 ± 0.02; 6, 0.055 ± 0.007; 7, 

0.10 ± 0.01. 

 

56 

Figure 2.3. Concentration versus time plots for the photolysis of an 

undeaerated 0.04 M solution of 3 in C6D12 containing 0.037 M 

Me2SnCl2. The initial (Ò 2.5 min) slopes of the plots (in mM min
-

1
) are: 3, -0.91 ± 0.01; Me2SnCl2, -1.84 ± 0.07; 4b, 0.74 ± 0.01; 8, 

0.69 ± 0.04; 6, 0.34 ± 0.02; 9 (Ó 3.3 min), 0.08 Ñ 0.04; 13a (Ó 3.3 

min), 0.036 ± 0.003. No attempt was made to replenish the air in 

the photolyzate as the experiment proceeded. 

 

57 

Figure 2.4. (a) Transient UV-vis absorption spectra from laser flash 

photolysis of rapidly flowed solutions of (a) 2 (2 ³ 10
-4

 M) and 

(b) 3 (7 ³ 10
-4

 M) in anhydrous hexanes at 25 °C. The spectra in 

(a) were recorded 0.10 - 0.26 ms (¹), 1.06 - 1.15 ms (Ã) and 17.2 

- 17.3 ms (D) after the laser pulse, while those in (b) were 

recorded 0.42 - 0.51 ms (¹) and 17.1 - 17.3 ms (D) after the pulse; 

the insets show absorbance versus time profiles recorded at 

selected wavelengths in the two spectra. The spectra in (a) were 

recorded at reduced laser intensity in order to maximize the 

temporal resolution between the primary and secondary product 

spectra. 
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Figure 2.5. Plots of kdecay versus substrate concentration for the stannylene 

absorptions from laser photolysis of hexanes solutions of (a) 2 

(¹) and (b) 3 (Ã) containing varying concentrations of Me2SnCl2 

at 25 °C. The monitoring wavelengths were 530 nm and 500 nm 

for 2 and 3, respectively. The solid lines are the linear least 

squares fits of the data to eq. 2.16. 
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Figure 2.6. (a) Time-resolved UV-vis spectra from laser photolysis of SnPh2 

precursor 3 in hexanes containing 0.025 M MeOH, 0.26-0.38 ms 

(¹), 4.93-5.18 ms (Ã) and 35.3-35.7 ms (D) after the laser pulse 

(25 °C), and absorbance-time profiles at selected wavelengths 

(inset). (b) Plots of kdecay (Ã) and (DA0)0 / (DA0)Q (¹) of the 

SnPh2 absorption (at 500 nm) versus [MeOH], in hexanes 

solution at 25 °C; the solid lines are the linear least squares fits of 

the data to equations 2.16 and 2.20, respectively. 

 

68 

Figure 2.7. Electronic Energy versus Reaction Coordinate Diagram for the 

dimerization of SnPh2 and interconversion of the (SnPh2)2 

isomers, calculated at the wB97XD/6-31+G(d,p)
C,H,O

-

LANL2DZdp
Sn

 level of theory. The vertical placement of the 

various structures is defined by their calculated electronic energy 

relative to (twice) that of SnPh2 (1 atm gas phase, 0 K), as 

indicated on the y-axis; the numbers in parentheses are the 

corresponding standard free energies (see Table 2.1). 

 

78 

Figure S2.1. 
1
H NMR spectra of an argon-degassed 0.04 M solution of 2 in 

C6D12 (a) before and (b) after 10 minutes photolysis with 254 nm 

light. The insets in B show an expansion of the d 0.23-0.48 region 

of the spectrum and the portion of the 
119

Sn{
1
H}  spectrum 

containing product peaks. 

 

81 

Figure S2.2. Concentration versus time plots for the photolysis of the solution 

of Fig. S2.1. The initial slopes of the three plots are 2, -0.84 ± 

0.03; 4a, 0.82 ± 0.05; [SnMe2]n (d 0.407) 0.75 ± 0.07 (units, mM 

min
-1

). 
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Figure S2.3. 
1
H NMR spectra of a deaerated 0.04 M solution of 3 in C6D12 (a) 

before and (b) after 8.3 minutes photolysis with 254 nm light. 

The resonances marked with  ̧disappeared after allowing the 

photolyzed solution to stand for 18 hours in the dark. 
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Figure S2.4. Concentration versus time plots for photolysis of ca. 0.04 M 

solutions of 3 in C6D12, (a) deaerated (slopes (in units of mM 

82 
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min
-1

): 3 (¹), -0.32 ± 0.02; 4b, (Ã), 0.30 ± 0.01; (SnPh2)6 (D), 

0.0057 ± 0.0005); (b) air-saturated (slopes: 3(¹), -0.52 ± 0.01; 

4b, (Ã), 0.55 ± 0.02). 

 

Figure S2.5. 
1
H NMR spectra of a deaerated 0.04 M solution of 2 in C6D12 

containing Me2SnCl2 (0.031 M) (a) before and (b) after 10 

minutes photolysis with 254 nm light. The inset in B shows the 
119

Sn{
1
H}  NMR spectrum of the photolyzed mixture. 
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Figure S2.6. 
1
H NMR spectra of an undeaerated 0.04 M solution of 3 in C6D12 

containing Me2SnCl2 (0.037 M) (a) before, (b) after 2.5 minutes, 

and (c) after 6.7 minutes photolysis with 254 nm light. No 

attempt was made to replenish the air in the photolyzate as the 

experiment proceeded. 
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Figure S2.7. Plots of the concentration ratios of cyclodistannoxanes 6, 11, and 

12 (i.e. [6]/[12] and [12]/[11]) versus the dichlorostannane 

concentration ratio [Me2SnCl2]/[8], measured from the 
1
H NMR 

spectra of a ca. 0.012 M solution of 6 in CDCl3 to which 

sequential portions of Ph2SnCl2 (8) and Me2SnCl2 were added at 

ca. 22 °C. The solid lines are the linear least squares fits of the 

data to [6]/[12] = K12
ė

6[Me2SnCl2]/[8] (¹) and [12]/[11] = 

K11
ė

12[Me2SnCl2]/[8] (Ã); errors are quoted as the standard 

errors from the least squares analysis. 

 

86 

Figure S2.8. Partial 
1
H NMR spectra of a deaerated 0.038 M solution of 3 in 

C6D12 containing Me2SnCl2 (0.034 M) (a) before, (b) after 2.5 

minutes, and (c) after 6.7 minutes of photolysis. 

 

86 

Figure S2.9. Concentration versus time plots for the solution of Figure S2.8. 

The initial slopes of the plots (in mM min
-1
) are: 3, -0.48 ± 0.05; 

Me2SnCl2, -0.77; 4b, 0.38 ± 0.04; 6, 0.057 ± 0.003; 8, 0.12 ± 

0.01; 9, 0.199 ± 0.006; 13a, 0.039 ± 0.001; 13b (not shown), 

0.022 ± 0.002; 7 (not shown), 0.017 ± 0.001. 
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Figure S2.10. Concentration versus time plots for the photolysis of air-saturated 

C6D12 solutions of (a) 2 and (b) 3 containing ca. 0.04 M 

Me2SnCl2, and of (c) a deoxygenated C6D12 solution of 14 

containing 0.05 M MeOH; all three solutions also contained 

Si2Me6 (ca. 0.01 M) as an internal integration standard. The 

initial slopes of the plots for the various compounds are (in mM 

min
-1

): (a) 2, -1.06 ± 0.09; Me2SnCl2, -1.16 ± 0.05; 4a, 1.01 ± 

0.04; 6, 0.51 ± 0.01 (A solid, presumed to be 6, began to 

precipitate halfway through the experiment, therefore only the 

88 
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first 4 points were used to evaluate the yield of this product); (b) 

3, -0.97 ± 0.07; Me2SnCl2, -1.74 ± 0.40; 4b, 0.83 ± 0.01; 6, 0.38 

± 0.02; 8, 0.76 ± 0.03; 12, 0.03 ± 0.01; (c) 14, -0.781 ± 0.002; 4b, 

0.713 ± 0.006; 15, 0.716 ± 0.012. 

 

Figure S2.11. (a) Transient UV-vis absorption spectra from laser flash 

photolysis of a rapidly flowed, deoxygenated solution of 3 (7 ³ 

10
-4

 M) in anhydrous hexanes at 25 °C, recorded over a longer 

timescale than that shown in Figure 2.2. The spectra were 

recorded 0.64 - 0.96 ms (¹) and 81.1 - 81.9 ms (D) after the pulse, 

using a Pyrex filter in the monitoring beam at wavelengths above 

310 nm; the inset shows absorbance versus time profiles recorded 

at 340 and 500 nm. (b) Transient absorbance-time profiles 

recorded for a flowed solution of 3 in deoxygenated hexanes, 

under similar conditions to those used for the experiment shown 

in (a). The 340 nm DA-time profile was recorded as in (a) and is 

the average of 10 laser shots, while the 650 nm profile was 

recorded with a 520 nm cutoff filter (Corning 3-69) in the 

monitoring beam to filter out overtone absorptions, and is the 

average of 70 laser shots. The DA-time profile at 500 nm 

(recorded with a Pyrex filter) was quite similar to that obtained in 

the experiment of (a).  

 

89 

Figure S2.12. Plots of initial transient absorbance ((DA)0) versus laser pulse 

energy from optically matched (at 248 nm), deoxygenated 

hexanes solutions of (a) benzophenone and 2, and (b) 

benzophenone and 3, for determination of the extinction 

coefficients of the SnMe2 and SnPh2 absorption bands at 500 nm. 

The benzophenone triplet (
3
BP; F = 1.0) was monitored at 525 

nm (e = 6,250 ± 1,250) M
-1

cm
-1

).
76

 The slopes of the plots are (a) 
3
BP, (6.0 ± 0.1) ³ 10

-4
, SnMe2 (1.43 ± 0.02) ³ 10

-4
; (b) 

3
BP, (4.61 

± 0.08) ³ 10
-4

, SnPh2 (1.13 ± 0.03) ³ 10
-4

. 

 

90 

Figure S2.13.  (a) Time-resolved UV-vis spectra recorded by laser photolysis of 

SnMe2 precursor 2 in hexanes containing 7 mM MeOH, 0.22-

0.29 ms (¹), 1.25-1.31 ms (Ã) and 17.5-17.7 ms (D) after the laser 

pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). (b) Plot of (DA0)0 / (DA0)Q for complexation 

of SnMe2 with MeOH in hexanes at 25 °C; the solid line is the 

linear least squares fit of the data to equation 2.20. 
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Figure S2.14. Selected geometric parameters, electronic energies and standard 

free energies (in parentheses) for SnPh2 and the SnPh2-dimers 

92 
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16b, 17b, 19 and (trans-) 20, calculated at the wB97XD/6-

31+G(d,p)
C,H,O

-LANL2DZdp
Sn

 level (hydrogen atoms omitted for 

clarity). 

 

Figure S2.15. Plots of DE versus geometry from relaxed PES scans of (A) the 

C1-Sn2-Sn3-C4 dihedral angle in 16b and (B) the Sn-C bond 

distance involving the bridging phenyl group in 

stannylidenestannylene 19, carried out at the wB97XD/6-

31+G(d,p)
C,H

-LANL2DZdp
Sn

 level of theory. 
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Figure S2.16. Plot of calculated relative electronic energies (DE; relative to two 

SnPh2 moieties at infinite separation) versus Sn-Sn bond distance, 

from relaxed potential energy surface scans of the Sn-Sn bond 

distances (dSn-Sn) in 17b and 19 at the wB97XD/6-31+G(d,p)
C,H

-

LANL2DZdp
Sn

 level of theory. The calculated structures at 

various dSn-Sn values in the calculations are also shown. 

 

93 

Figure 3.1. Concentration versus time plots for the photolysis of a 0.04 M 

solution of 3 in C6D12 containing 0.04 M Me2SnCl2. The inset 

shows an expanded plot, illustrating the formation of compounds 

9 (Ï) and 10 (ǒ) with photolysis time. The initial slopes 

determined from the first four data points are 3, -0.77 Ñ 0.02 (ƺ); 

Me2SnCl2, -1.9 Ñ 0.1 (ȹ) (slope not shown); 6, 0.69 Ñ 0.07 (Ǐ); 5, 

0.57 Ñ 0.05 (ƶ); 8, 0.29 ± 0.05 (θ) (units, mM min
-1

). 
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Figure 3.2. Time-resolved UV-vis spectra from laser photolysis of (a) 3 and 

(b) 4 in hexanes solution, 0.58 - 0.70 µs (ƺ), 4.16 - 4.35 µs (Ǐ), 

and 34.4 - 34.7 µs (ȹ) after the laser pulse (25 °C). Absorbance-

time profiles are shown at selected wavelengths (inset). (Data in 

(b) recorded by B. Nguyen) 
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Figure 3.3. (a) Plot of kdecay for the reaction of SnMePh with THF (Ǐ) and 

Me2SnCl2 (ƺ) in hexanes at 25 ÁC; the solid lines are the linear 

least squares fit of the data to equation 3.10. (b) Plot of ȹA0/ȹAQ 

for the reaction of SnMePh with MeOH in hexanes at 25 °C; the 

solid line is the linear least squares fit of the data to equation 

3.11. (c) Time-resolved UV-vis spectra from laser photolysis of 4 

in hexanes containing ca. 7.3 mM MeOH, 0.27 - 0.28 µs (ƺ) and 

1.58 - 1.61 µs (Ǐ) after the laser pulse (25 °C). Absorbance-time 

profiles at selected wavelengths (inset). (Data from Fig 3.3a-c 

recorded by B. Nguyen using 4) 
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Figure 3.4. 
1
H NMR spectra (0.1 - 0.8 ppm) of a deaerated 0.04 M solution 112 
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of 1 in C6D12 containing Bu3SnCl (0.04 M) (a) before and (b) 

after 10 minutes photolysis with 254 nm light. (c) 
119

Sn NMR 

spectrum of a deaerated 0.04 M solution of 1 in C6D12 containing 

Bu3SnCl (0.04 M) after 10 minutes photolysis with 254 nm light. 
13

C NMR spectra (0 - 15 and 27 - 32 ppm) of a deaerated 0.04 M 

solution of 1 in C6D12 containing Bu3SnCl (0.04 M) (d) before 

and (e) after 10 minutes photolysis with 254 nm light. (
ÿ
Bu3SnCl; 

*Bu4Sn) 

 

Figure 3.5. Plot of kdecay for the SnMe2 absorption (530 nm) versus 

[Bu3SnCl], from flash photolysis of 1 in hexanes at 25 °C; the 

solid line is the linear least squares fit of the data to equation 

3.10. 
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Figure 3.6. Time-resolved UV-vis spectra from laser photolysis of 2 in 

hexanes containing 0.0 mM Bu3SnCl at 0.42 - 0.51 Õs (ȹ), and 

15.0 mM Bu3SnCl at 0.22 - 0.32 µs (ƺ) and 5.86 - 6.02 µs (Ǐ) 

after the laser pulse (25 °C).  

 

113 

Figure 3.7. Plots of kdecay for reaction of (a) SnPh2 (500 nm) and the (b) 410 

nm absorption with Bu3SnCl in hexanes at 25 °C. (c) Overlap of 

the kdecay data for the SnPh2 (ƺ) and 410 nm (Ǐ) absorptions as a 

function of [Bu3SnCl]. The solid lines are the non-linear least 

squares fit of the data to equation 3.16. 
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Figure 3.8. 
1
H NMR spectra of a deaerated 0.05 M solution of 1 in C6D12 

containing AcOH (0.21 M) (a) before and (b) after 30 minutes of 

photolysis with 254 nm light. 
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Figure 3.9. Concentration versus time plots for the photolysis of a deaerated 

0.05 M solution of 1 in C6D12 containing AcOH (0.21 M). The 

inset shows an expanded plot, detailing the formation of 

compounds 21 - 22 with photolysis time. The initial slopes 

(determined from the first three data points for 20 and 21, and 

first four data points otherwise) are 1, -1.210 Ñ 0.009 (ƺ); 7, 1.12 

Ñ 0.06 (Ǐ); 20, 0.48 ± 0.05 (Ï); 23, 0.160 Ñ 0.001 (ǒ); 21, 0.09 ± 

0.01 (ȹ); 22, 0.162 ± 0.007 (θ) (units, mM min
-1
). 
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Figure 3.10. (a) 
1
H NMR spectrum (-0.05 - 0.40 ppm) and (b) 

13
C{

1
H} NMR 

spectrum (-6.0 - -1.0 ppm) of a deaerated 0.05 M solution of 1 in 

C6D12 containing a mixture of AcOH/AcOD (total concentration 

0.20 M) after 30 minutes photolysis with 254 nm light. 
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Figure 3.11. 
1
H NMR spectra of a deaerated 0.05 M solution of 2 in C6D12 123 
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containing AcOH (0.20 M) (a) before and (b) after 30 minutes 

photolysis with 254 nm light. 

 

Figure 3.12. Concentration versus time plots for the photolysis of a solution of 

2 (ca. 0.05 M) in C6D12 and AcOH (ca. 0.2 M). The initial slopes 

of each of the plots, determined from the first four data points for 

6 and the first six data points otherwise, are (in units of mM min
-

1
) 2, -0.59 Ñ 0.02 (ƺ); 6, 0.72 Ñ 0.06 (Ǐ); 24, 0.71 Ñ 0.06 (ȹ). 
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Figure 3.13. Inverse-gate 
13

C{
1
H}  NMR spectrum (128.0 - 129.5 ppm) of a 

deaerated 0.05 M solution of 2 in C6D12 containing a mixture of 

AcOH:AcOD (total concentration 0.20 M) after 30 minutes 

photolysis with 254 nm light (2' denote satellite resonances from 

2). 
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Figure 3.14. 
1
H NMR spectra of a deaerated ca. 0.05 M solution of 4 in C6D12 

containing AcOH (0.20 M) (a) before and (b) after 30 minutes 

photolysis with 254 nm light (*unreactive impurity). (Data 

recorded by B. Nguyen) 
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Figure 3.15. Concentration versus time plots for the photolysis of a solution of 

4 (ca. 0.05 M) in C6D12 and AcOH (ca. 0.2 M). The initial slopes 

in each of the plots, determined from the first four data points for 

7 and 24 and first five data points otherwise, are (in units of mM 

min
-1

) 4, -0.81 Ñ 0.07 (ƺ); 7, 0.94 Ñ 0.14 (Ǐ); 24, 0.46 Ñ 0.01 (ȹ); 

20, 0.32 ± 0.04 (Ï); 22, 0.09 ± 0.01 (θ). (Data recorded by B. 

Nguyen) 
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Figure 3.16. (a) Time-resolved UV-vis spectra from laser photolysis of 1 in 

hexanes containing 0.5 mM AcOH, 0.07 - 0.10 µs (ƺ), 0.30 - 0.32 

µs (Ǐ), and 3.50 - 3.53 µs (ȹ) after the laser pulse (25 °C); data 

recorded using a neutral density filter (43 % transmittance). Plot 

of kdecay for reaction of SnMe2 (530 nm) with (b) AcOH and (c) 

AcOD in hexanes at 25 °C; the solid lines are the linear least 

squares fit of the data to equation 3.10. (Data in (c) recorded by 

B. Nguyen) 
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Figure S3.1. Concentration versus time plots for the photolysis of a deaerated 

0.05 M solution of 3 in C6D12. The initial slopes determined from 

the first four data points are 3, -0.66 Ñ 0.04 (ƺ); 6, 0.61 Ñ 0.07 (Ǐ) 

(units, mM min
-1

). 
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Figure S3.2. 
1
H NMR spectra of a deaerated 0.05 M solution of 3 in C6D12 (a) 

before and (b) after 10 minutes of photolysis with 254 nm light. 

134 
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(*Unreactive impurity) 

 

Figure S3.3. 
1
H NMR spectra of a 0.04 M solution of 3 in C6D12 containing 

0.04 M Me2SnCl2, (a) before and (b) after 10 minutes photolysis 

with 254 nm light, and (c) after spiking the resulting photolyzate 

with an authentic sample of 5. (*Unreactive impurity) 
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Figure S3.4. 
119

Sn{
1
H}  NMR spectra of a 0.04 M solution of 3 in C6D12 

containing 0.04 M Me2SnCl2 (a) after 10 minutes photolysis with 

254 nm light, and (b) after spiking the resulting photolyzate with 

an authentic sample of 5. 

 

135 

Figure S3.5. (a) Time-resolved UV-vis spectra from laser photolysis of 4 in 

hexanes solution containing 0.90 mM THF, 0.64 - 0.96 µs (ƺ) 

and 34.4 - 34.7 µs (ȹ) after the laser pulse (25 °C). (b) Time-

resolved UV-vis spectra from laser photolysis of 3 in hexanes 

solution containing 10 mM THF, 0.64 - 0.96 µs (ƺ) and 34.2 - 

34.7 µs (ȹ) after the laser pulse (25 °C). Absorbance-time 

profiles shown at selected wavelengths (inset). (Data in (a) 

recorded by B. Nguyen) 
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Figure S3.6. 
1
H NMR spectra of a deaerated 0.04 M solution of 1 in C6D12 

containing Bu3SnCl (0.040 M) (a) before and (b) after 10 minutes 

of photolysis with 254 nm light. (*Bu4Sn) 
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Figure S3.7. Concentration versus time plots for the photolysis of a deaerated 

0.04 M solution of 1 in C6D12 containing Bu3SnCl (0.040 M). 

The initial slopes determined from the first four data points are 1, 

-0.93 ± 0.02 (ƺ); 7, 0.81 Ñ 0.03 (Ǐ); 18, 0.61 Ñ 0.02 (ȹ) (units, 

mM min
-1

). 
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Figure S3.8. (a) Time-resolved UV-vis spectra from the laser photolysis of 4 

in hexanes containing 0.0 mM Bu3SnCl at 0.42 - 0.51 Õs (ȹ) and 

15.0 mM Bu3SnCl at 0.22 - 0.32 µs (ƺ) and 5.86 - 6.02 µs (Ǐ) 

after the laser pulse (25 °C). (b) Transient decay profiles recorded 

at 500 nm and 410 nm from the laser photolysis of a hexanes 

solution of 4 containing 15.0 mM Bu3SnCl. 
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Figure S3.9. Plots of kdecay for reaction of (a) SnMePh (500 nm) and the (b) 

410 nm absorption with Bu3SnCl in hexanes at 25 °C. (c) Overlap 

of the kdecay data for the SnMePh (ƺ) and 410 nm (Ǐ) absorptions 

as a function of [Bu3SnCl]. The solid lines are the non-linear least 

squares fit of the data to equation 3.16. (Data recorded by B. 

Nguyen) 
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Figure S3.10. 
119

Sn NMR spectra of a deaerated 0.05 M solution of 1 in C6D12 

containing AcOH (0.21 M) after 30 minutes of photolysis with 

254 nm light. 
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Figure S3.11. (a) GC-MS chromatogram (0 - 5.6 minutes retention time) and 

(b) mass spectrum of the peak at ca. 3.3 minutes retention time of 

a 0.05 M solution of 2 in C6D12 containing 0.2 M AcOH after 30 

minutes of photolysis with 254 nm UV light. 
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Figure S3.12. Plot of kdecay for the reaction of SnPh2 (500 nm) with (a) AcOH 

and (b) AcOD in hexanes at 25 °C. (c) Plot of kdecay for the 

reaction of SnMePh (500 nm) with AcOH in hexanes at 25 °C. 

The solid lines are the linear least squares fit of the data to 

equation 3.10. (d) Time-resolved UV-vis spectra from laser 

photolysis of 2 in hexanes containing 0.6 mM AcOH, 0.35-0.42 

µs (ƺ), and 0.86-1.02 µs (Ǐ) after the laser pulse (25 °C). (e) 

Time-resolved UV-vis spectra from laser photolysis of 4 in 

hexanes containing 1.1 mM AcOH, 0.10 - 0.13 µs (ƺ) and 1.22 - 

1.25 µs (ȹ) after the laser pulse (25 °C). Absorbance-time 

profiles are at selected wavelengths (inset). (Data in (b),(c) and 

(e) recorded by B. Nguyen) 
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Figure 4.1. Representative transient decay profiles recorded from a hexanes 

solution of (a) 1 containing 0 and 0.2 mM Et2NH, (b) 2 

containing 0, 0.3, and 1.0 mM EtOAc, and (c) 1 containing 0 and 

1.4 mM EtOAc. 
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Figure 4.2. (a) Plot of kdecay for reaction of SnMe2 with Et2NH in hexanes at 

25 °C; the solid line is the linear least squares fit of the data to eq. 

4.3. (b) Time-resolved UV-vis spectra from laser photolysis of 1 

in hexanes containing 1.0 mM Et2NH, 0.16 - 0.32 µs (ƺ), 3.52 - 

4.16 µs (Ǐ), and 85.9 - 86.6 ɛs (ȹ) after the laser pulse (25 °C), 

and absorbance-time profiles at selected wavelengths (inset). 
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Figure 4.3. (a) Plots of kdecay (Ǐ) and (ȹA0)0/(ȹAres)Q (ƺ) for reaction of 

SnPh2 and (ȹA0)0 / (ȹA0)Q (ȹ) for reaction of SnMe2 versus 

[EtOAc] in hexanes solution at 25 °C; the solid lines are the 

linear least-squares fits of the data to equations 4.3, 4.5 and 4.4, 

respectively. (b) Time-resolved UV-vis spectra from laser 

photolysis of 2 in hexanes containing 0.50 mM EtOAc, 0.42-0.51 

µs (ƺ), and 17.8-18.0 µs (Ǐ) after the laser pulse (25 °C), and 

absorbance-time profiles at selected wavelengths (inset). (c) 

Time-resolved UV-vis spectra from laser photolysis of 1 in 
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hexanes containing 25 mM EtOAc, 0.51 - 0.70 µs (ƺ), and 34.7 - 

35.0 µs (Ǐ) after the laser pulse (25 °C), and absorbance-time 

profiles at selected wavelengths (inset). The spectra in (c) were 

recorded using a neutral density filter (43 % transmittance). 

 

Figure 4.4. 
1
H NMR spectra of a deaerated 0.05 M solution of 2 in C6D12 

containing isoprene (0.096 M) (a) before and (b) after 10 minutes 

of photolysis with 254 nm light. 

 

152 

Figure 4.5. Plots of (ȹA0)0 / (ȹA0)Q for the reactions of (a) SnMe2 and (b) 

SnPh2 with 1-hexene in hexanes at 25 °C; the solid lines are the 

linear least squares fits of the data to eq. 4.4. (c) Time-resolved 

UV-vis spectra from laser photolysis of 1 in hexanes containing 

1.5 M 1-hexene, 0.16 - 0.48 µs (ƺ), and 89.1 - 89.8 µs (Ǐ) after 

the laser pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). (d) Time-resolved UV-vis spectra from laser 

photolysis of 2 in hexanes containing 1.52 M 1-hexene, 1.3 - 2.6 

µs (ƺ), and 50.2 - 51.5 µs (Ǐ) after the laser pulse (25 °C), and 

absorbance-time profiles at selected wavelengths (inset). 
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Figure 4.6. Plots of ȹGSnMe2 versus (a) gas phase basicity (GB), (b) proton 

affinity (PA) and (c) BF3 affinity. 
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Figure 4.7. Representative transient decay profiles recorded with a hexanes 

solution of 1 (a) containing 0, 0.8 and 2.9 mM Et2O, and (b) 

containing 0, 0.3 and 0.8 mM Et2S. 

 

164 

Figure 4.8. Time-resolved UV-vis spectra recorded 0.4 - 2.6 µs after the laser 

pulse (25 °C) from laser photolysis of 2 in hexanes containing (a) 

0 (ȹ), 0.2 (Ǐ), and 1.52 M (ƺ) 1-hexene and (b) 0 (ȹ), 0.04 (Ǐ) 

and 0.2 M (ƺ) 1-hexyne. Each of the three spectra in (a) and (b) 

are normalized at 460 nm to account for differences in laser 

intensity between different experiments. 

 

170 

Figure S4.1. (a) Plots of (ȹA0)0 / (ȹA0)Q for reaction of SnMe2 (ƺ) and SnPh2 

(Ǐ) with Et2O in hexanes at 25 °C; the solid lines are the linear 

least squares fits of the data to eq. 4.4. (b) Time-resolved UV-vis 

spectra from laser photolysis of 1 in hexanes containing 25 mM 

Et2O, 0.32 - 0.46 µs (ƺ), and 17.3 - 17.5 µs (Ǐ) after the laser 

pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). The spectra in (b) were recorded using a 

neutral density filter (43 % transmittance). (c) Time-resolved 

UV-vis spectra recorded by laser photolysis of 2 in hexanes 

containing 25 mM Et2O, 0.96 -1.6 µs (ƺ), and 22.6 - 23.0 µs (Ǐ) 

174 
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after the laser pulse (25 °C), and absorbance-time profiles at 

selected wavelengths (inset).  

 

Figure S4.2. (a) Plots of kdecay of the SnMe2 (Ǐ) and SnPh2 (ȹ) absorption and 

(ȹA0)0/(ȹAres)Q (ƺ) of the SnMe2 absorption versus [THF], in 

hexanes solution at 25 °C; the solid lines are the linear least-

squares fits of the data to equations 4.3 and 4.5, respectively 

(data for SnPh2 (ȹ) recorded by B. Nguyen). (b) Time-resolved 

UV-vis spectra from laser photolysis of 1 in hexanes containing 

25.0 mM THF, 0.51 - 0.70 µs (ƺ), and 34.7 - 35.0 µs (Ǐ) after the 

laser pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). The spectra in (b) were recorded using a 

neutral density filter (43 % transmittance). (c) Time-resolved 

UV-vis spectra recorded by laser photolysis of 2 in hexanes 

containing 1.23 mM THF, 0.64 - 1.28 µs (ƺ), and 34.7 - 35.6 µs 

(Ǐ) after the laser pulse (25 °C), and absorbance-time profiles at 

selected wavelengths (inset). 
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Figure S4.3. (a) Plots of kdecay (Ǐ) and (ȹA0)0/(ȹAres)Q (ƺ) for reaction of 

SnPh2 and (ȹA0)0 / (ȹA0)Q (ȹ) for reaction of SnMe2 versus 

[acetone] in hexanes solution at 25 °C; the solid lines are the 

linear least-squares fits of the data to equations 4.3, 4.5 and 4.4, 

respectively. (b) Time-resolved UV-vis spectra from laser 

photolysis of 1 in hexanes containing 25 mM acetone, 0.26 - 0.45 

µs (ƺ), and 10.1 - 10.4 µs (Ǐ) after the laser pulse (25 °C), and 

absorbance-time profiles at selected wavelengths (inset). (c) 

Time-resolved UV-vis spectra from laser photolysis of 2 in 

hexanes containing 25.0 mM acetone, 0.42 - 0.96 µs (ƺ), and 21.9 

- 22.2 µs (Ǐ) after the laser pulse (25 °C), and absorbance-time 

profiles at selected wavelengths (inset). Data from (b) and (c) 

were recorded using a neutral density filter (67 % transmittance). 
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Figure S4.4. (a) Plots of kdecay for reaction of SnMe2 (ƺ) and SnPh2 (Ǐ) with 

Et2S in hexanes at 25 °C; the solid lines are the linear least 

squares fit of the data to eq. 4.3. (b) Time-resolved UV-vis 

spectra from laser photolysis of 1 in hexanes containing 1.0 mM 

Et2S, 0.16 - 0.48 µs (ƺ), and 11.2 - 11.8 µs (Ǐ) after the laser 

pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). (c) Time-resolved UV-vis spectra from laser 

photolysis of 2 in hexanes containing 1.0 mM Et2S, 0.32 - 0.64 µs 

(ƺ), and 85.9 - 86.7 µs (Ǐ) after the laser pulse (25 °C), and 

absorbance-time profiles at selected wavelengths (inset).  
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Figure S4.5. (a) Plots of kdecay for reaction of SnMe2 (ƺ) and SnPh2 (Ǐ) with 176 
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THT in hexanes at 25 °C; the solid lines are the linear least 

squares fit of the data to eq. 4.3. (b) Time-resolved UV-vis 

spectra from laser photolysis of SnMe2 precursor 1 in hexanes 

containing 1.0 mM THT, 0.26 - 0.38 µs (ƺ), and 35.7 - 35.9 µs 

(Ǐ) after the laser pulse (25 °C), and absorbance-time profiles at 

selected wavelengths (inset). (c) Time-resolved UV-vis spectra 

from laser photolysis of 2 in hexanes containing 0.6 mM THT, 

2.2 - 3.2 µs (ƺ), and 172 - 173 µs (Ǐ) after the laser pulse (25 °C), 

and absorbance-time profiles at selected wavelengths (inset). 

 

Figure S4.6. Plots of kdecay for reaction of (a) SnMe2 and (b) SnPh2 with 

BuNH2 in hexanes at 25 °C; the solid lines are the linear least 

squares fit of the data to eq. 4.3 (data in (a) recorded by B. 

Nguyen). (c) Time-resolved UV-vis spectra from laser photolysis 

of 1 in hexanes containing 1.0 mM BuNH2, 0.32 - 0.48 µs (ƺ), 

1.28 - 1.76 µs (Ǐ), and 26.7 - 27.5 µs (ȹ) after the laser pulse (25 

°C), and absorbance-time profiles at selected wavelengths (inset). 

(d) Time-resolved UV-vis spectra from laser photolysis of 2 in 

hexanes containing 0.49 mM BuNH2, 5.8 - 7.7 µs (ƺ), and 357 - 

358 µs (Ǐ) after the laser pulse (25 °C), and absorbance-time 

profiles at selected wavelengths (inset). 

 

177 

Figure S4.7. (a) Plot of kdecay for reaction of SnPh2 with Et2NH in hexanes at 

25 °C; the solid line is the linear least squares fit of the data to eq. 

4.3. (b) Time-resolved UV-vis spectra from laser photolysis of 2 

in hexanes containing 5.0 mM Et2NH, 3.8 - 5.1 µs (ƺ), 16.6 - 

19.8 µs (Ǐ), and 357 - 359 ɛs (ȹ) after the laser pulse (25 °C), 

and absorbance-time profiles at selected wavelengths (inset). 
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Figure S4.8. Plots of kdecay for reaction of (a) SnMe2 and (b) SnPh2 with Et3N 

in hexanes at 25 °C; the solid lines are the linear least squares fit 

of the data to eq. 4.3. (c) Time-resolved UV-vis spectra from 

laser photolysis of 1 in hexanes containing 1.0 mM Et3N, 3.97 - 

4.16 µs (ƺ), 10.3 - 10.5 µs (Ǐ), and 34.4 - 34.6 ɛs (ȹ) after the 

laser pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). (d) Time-resolved UV-vis spectra from laser 

photolysis of 2 in hexanes containing 1.0 mM Et3N, 4.5 - 5.8 µs 

(ƺ), and 344 - 347 µs (Ǐ) after the laser pulse (25 °C), and 

absorbance-time profiles at selected wavelengths (inset). 
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Figure S4.9. 
1
H NMR spectra of a deaerated 0.05 M solution of 2 in C6D12 

containing 1-hexyne (0.096 M) (a) before and (b) after 10 

minutes photolysis with 254 nm light. 
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Figure S4.10. 
1
H NMR spectra of a deaerated 0.05 M solution of 2 in C6D12 

containing Bu3SnH (0.053 M) (a) before and (b) after 15 minutes 

photolysis with 254 nm light. 
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Figure S4.11. (a) Concentration versus time plots for the photolysis of a 

solution of 2 (ca. 0.05 M) in C6D12 and isoprene (ca. 0.1 M). The 

initial slopes, determined from the first eight data points in each 

of the plots, are (in units of mM min
-1

) 2, -0.56 Ñ 0.02 (ƺ); 6, 0.54 

Ñ 0.03 (Ǐ). (b) Concentration versus time plots for the photolysis 

of a solution of 2 (ca. 0.05 M) in C6D12 and 1-hexyne (ca. 0.1 M). 

The initial slopes, determined from the first seven data points in 

each of the plots, are (in units of mM min
-1

) 2, -0.46 Ñ 0.01 (ƺ); 

6, 0.43 Ñ 0.01 (Ǐ). (c) Concentration versus time plots for the 

photolysis of a solution of 2 (ca. 0.05 M) in C6D12 and Bu3SnH 

(ca. 0.05 M). The initial slopes, determined from the first six data 

points in each of the plots, are (in units of mM min
-1

) 2, -0.47 ± 

0.03 (ƺ); 6, 0.50 Ñ 0.04 (Ǐ). 
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Figure S4.12. Plots of (ȹA0)0 / (ȹA0)Q for the reactions of (a) SnMe2 and (b) 

SnPh2 with cyclohexene in hexanes at 25 °C; the solid lines are 

the linear least squares fits of the data to eq. 4.4. (c) Time-

resolved UV-vis spectra from laser photolysis of 1 in hexanes 

containing 0.5 M cyclohexene, 0.64 - 1.12 µs (ƺ), and 85.9 - 86.7 

µs (Ǐ) after the laser pulse (25 °C), and absorbance-time profiles 

at selected wavelengths (inset). (d) Time-resolved UV-vis spectra 

from laser photolysis of 2 in hexanes containing 0.5 M 

cyclohexene, 0.32 - 0.80 µs (ƺ), and 85.9 - 86.7 µs (Ǐ) after the 

laser pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). 
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Figure S4.13. (a) Plots of (ȹA0)0 / (ȹA0)Q for reaction of the SnMe2 (ƺ) and 

SnPh2 (Ǐ) absorption with 1-hexyne in hexanes at 25 °C; the solid 

lines are the linear least squares fit of the data to eq. 4.4. (b) 

Time-resolved UV-vis spectra from laser photolysis of 1 in 

hexanes containing 0.25 M 1-hexyne, 0.16 - 0.48 µs (ƺ), and 21.6 

- 22.1 µs (Ǐ) after the laser pulse (25 °C), and absorbance-time 

profiles at selected wavelengths (inset). (c) Time-resolved UV-

vis spectra from laser photolysis of 2 in hexanes containing 0.2 M 

1-hexyne, 0.64 µs (ƺ), and 77.9 -78.7 µs (Ǐ) after the laser pulse 

(25 °C), and absorbance-time profiles at selected wavelengths 

(inset). 
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Figure S4.14. (a) Plots of (ȹA0)0 / (ȹA0)Q for reaction of the SnMe2 (ƺ) and 

SnPh2 (Ǐ) absorption with Bu3SnH in hexanes at 25 °C; the solid 
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lines are the linear least squares fit of the data to eq. 4.4. (b) 

Time-resolved UV-vis spectra from laser photolysis of 2 in 

hexanes containing 7.8 mM Bu3SnH, 0.45 - 0.54 µs (ƺ), and 17.8 

- 18.0 µs (Ǐ) after the laser pulse (25 °C), and absorbance-time 

profiles at selected wavelengths (inset). (c) Time-resolved UV-

vis spectra from laser photolysis of 1 in hexanes containing 14 

mM Bu3SnH, 0.42 - 0.54 µs (ƺ), and 17.8 - 18.0 µs (Ǐ) after the 

laser pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). 

 

Figure 5.1. 
1
H NMR spectra of an air saturated C6D12 0.04 M solution of 1 

(a) before and (b) after 10 minutes of photolysis with 254 nm 

light, and (c) after spiking the resulting photolyzate with an 

authentic sample of 5. (Samples prepared by J. Woodard) 
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Figure 5.2. (a) Concentration versus time plots for the photolysis of a 

solution of 1 (ca. 0.04 M) in air-saturated C6D12, with periodic 

replenishment of depleted air (eq. 5.3a). The slopes of the plots 

are (in units of mM min
-1

) 1, -0.40 Ñ 0.03 (ƺ); 3, 0.40 Ñ 0.01 (Ǐ); 

5, 0.14 Ñ 0.01 (ȹ); 4, 0.019 ± 0.007 (θ; see expansion). (b) 

Concentration versus time plots for the photolysis of an 

incompletely deoxygenated solution of 1 (ca. 0.04 M) in C6D12, 

without periodic replenishment of depleted O2 (eq. 5.3b). The 

slopes of the plots are (in units of mM min
-1

) 1, -0.35 Ñ 0.01 (ƺ); 

3, 0.29 Ñ 0.01 (Ǐ); 5, 0.121 Ñ 0.003 (< 3 min) (ȹ); 4, 0.082 ± 

0.004 (θ; see expansion). (Samples prepared by J. Woodard) 
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Figure 5.3. 
1
H NMR spectra of a deoxygenated 0.04 M solution of 1 in C6D12 

(a) before and (b) after 30 minutes photolysis with 254 nm light, 

and (c) after spiking the sample of (b) with an authentic sample 

of 4. 
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Figure 5.4. Concentration versus time plots for the photolysis of a 

deoxygenated solution of 1 (ca. 0.04 M) in C6D12 and AcOH (ca. 

0.2 M). The initial slopes, determined over the first 12 minutes of 

photolysis, are (in units of mM min
-1

) AcOH, -1.03 Ñ 0.06 (ȹ); 1, 

-0.66 Ñ 0.02 (ƺ); 3, 0.51 Ñ 0.02 (Ǐ); 4, 0.97 ± 0.04 (θ). 
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Figure 5.5. 
1
H NMR spectra of a 0.045 M solution of 1 in C6D12 containing 

Me2SnCl2 (0.035 M) (a) before and (b) after 10 minutes 

photolysis with 254 nm UV light (*Unreactive impurity) 

(Samples prepared by J. Woodard) 
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Figure 5.6. (a) Concentration versus time plots for the photolysis of a 193 
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solution of 1 (ca. 0.045 M) and Me2SnCl2 (ca. 0.035 M) in C6D12 

as described in eq. 5.5. The slopes of each of the plots are (in 

units of mM min
-1

) Me2SnCl2, -1.57 Ñ 0.06 (ȹ); 1, -0.86 ± 0.05 

(ƺ); 3, 0.75 Ñ 0.03 (Ǐ); 2, 0.49 ± 0.01 ( ); 6, 0.17 Ñ 0.01 (ö); 4, 

0.62 ± 0.03 (θ). The slope for 2 was determined using the first 

seven data points. (b) Concentration versus time plots for the 

photolysis of a solution of 8 (ca. 0.04 M) and MeOH (ca. 0.04 M) 

in C6D12 as described in eq. 5.6. The initial slopes, determined 

from the first seven data points in each of the plots, are (in units 

of mM min
-1

) 8, -1.00 Ñ 0.05 (ƺ); 3, 0.87 Ñ 0.01 (Ǐ); 7, 0.75 ± 

0.03 (ȹ). Samples prepared by J. Woodard 

 

Figure 5.7. Time-resolved UV-vis spectra recorded by laser photolysis of 

SnMes2 precursor 1 in hexanes solution, 0.16 - 0.32 µs (ƺ), and 

9.4 - 9.9 µs (Ǐ) after the laser pulse (25 °C), and absorbance-time 

profiles at selected wavelengths (inset). 
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Figure 5.8. Representative transient decay profiles recorded at 570 nm from a 

hexanes solution of 1 containing (a) 0 and 0.05 mM AcOH, (b) 0 

and 0.3 mM Et2NH, and (c) 0 and 35 mM THF. (Data recorded 

by J. Woodard) 
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Figure 5.9. Time-resolved UV-vis spectra from laser photolysis of 1 in 

hexanes containing 5.0 mM BuNH2, 0.0-2.6 µs (ƺ), and 12.2-12.7 

µs (Ǐ) after the laser pulse (25 °C), and absorbance-time profiles 

at selected wavelengths (inset). (b) Time-resolved UV-vis spectra 

from laser photolysis of 1 in hexanes containing 5.0 mM THT, 

0.0 - 0.64 µs (ƺ), 5.8 - 7.0 µs (Ǐ), and 111 - 113 Õs (ȹ) after the 

laser pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). (Data recorded by J. Woodard) 
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Figure 5.10. (a) Representative transient decay profiles recorded at 490 nm 

from a hexanes solution of 1 containing 0.0 mM, 3.1 mM, and 

14.7 mM O2. (b) Plot of kdecay for the reaction of 9 with O2 in 

hexanes at 25 °C; the solid line is the linear least squares fit of the 

data to equation 5.9. (Data recorded by J. Woodard) 
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Figure S5.1. 
119

Sn NMR spectra of an air-saturated 0.045 M solution of 1 in 

C6D12 (a) after 10 minutes photolysis with 254 nm light, and (b) 

after spiking the resulting photolyzate with an authentic sample 

of 5. (*Unreactive Impurity) (Samples prepared by J. Woodard) 
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Figure S5.2. (a) GC-MS chromatogram (0 - 9.5 minutes retention time) and 

(b) mass spectrum of the peak at ca. 5.8 minutes retention time 
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from a 0.04 M solution of 1 in C6D12 containing 0.2 M AcOH 

after 30 minutes photolysis with 254 nm UV light. 

 

Figure S5.3. 
13

C{
1
H}  NMR spectra of a 0.04 M solution of 1 in C6D12 

containing 0.2 M AcOH (a) after 30 minutes photolysis with 254 

nm UV light and (b) after spiking the photolyzate of (a) with an 

authentic sample of 4. 
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Figure S5.4. 
1
H NMR spectra of a 0.045 M solution of 1 in C6D12 containing 

Me2SnCl2 (0.035 M) (a) after 10 minutes photolysis with 254 nm 

light, and (b) after spiking the photolyzate of (a) with an 

authentic sample of 2. (*Unreactive Impurity) (Samples prepared 

by J. Woodard) 
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Figure S5.5. 
119

Sn{
1
H}  NMR spectra of a 0.045 M solution of 1 in C6D12 

containing Me2SnCl2 (0.035 M) (a) after 10 minutes photolysis 

with 254 nm light, and (b) after spiking the photolyzate of (a) 

with an authentic sample of 2. (*Unreactive Impurity; ? 

unidentified tin-containing compound) (Samples prepared by J. 

Woodard) 
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Figure S5.6. Plot of (ȹA0)0 / (ȹA0)Q for reaction of SnMes2 (570 nm) with (a) 

Et2O, (b) THF and (c) MeOH in hexanes at 25 °C; the solid lines 

are the linear least squares fit of the data to equation 5.11. (d) 

Time-resolved UV-vis spectra recorded by laser photolysis of 1 

in hexanes containing 2.0 M Et2O, 0.4-0.5 µs (ƺ), and 17.3-17.6 

µs (Ǐ) after the laser pulse (25 °C), and absorbance-time profiles 

at selected wavelengths (inset). (e) Time-resolved UV-vis spectra 

recorded by laser photolysis of 1 in hexanes containing 0.12 M 

THF, 0.32-1.0 µs (ƺ), and 172-173 µs (Ǐ) after the laser pulse (25 

°C), and absorbance-time profiles at selected wavelengths (inset). 

(f) Time-resolved UV-vis spectra recorded by laser photolysis of 

1 in hexanes containing 41 mM MeOH, 0.58-0.70 µs (ƺ), and 

34.4-34.6 µs (Ǐ) after the laser pulse (25 °C), and absorbance-

time profiles at selected wavelengths (inset). (Data in (a)-(c) 

recorded by J. Woodard) 
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Figure S5.7. Plots of kdecay (Ǐ) and (ȹA0)0/(ȹAres)Q (ƺ) of SnMes2 (570 nm) 

versus (a) [THT] and (e) [Et2NH], in hexanes solution at 25 °C; 

the solid lines are the linear least-squares fits of the data to 

equations 5.9 and 5.10, respectively. (b) Plot of (ȹA0)0/(ȹA0)Q 

for reaction of SnMes2 (570 nm) with Et2S in hexanes at 25 °C; 

the solid line is the linear least squares fit of the data to eq. 5.11. 

(c) Time-resolved UV-vis spectra from laser photolysis of 1 in 
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hexanes containing 7.0 mM Et2S, 0.0 - 0.64 µs (ƺ), and 87.7 - 

90.9 µs (Ǐ) after the laser pulse (25 °C), and absorbance-time 

profiles at selected wavelengths (inset). (d) Plot of kdecay for 

reaction of SnMes2 (570 nm) with BuNH2 in hexanes at 25 °C; 

the solid line is the linear least squares fit of the data to equation 

5.9. (f) Time-resolved UV-vis spectra from laser photolysis of 1 

in hexanes containing 1.0 mM Et2NH, 0.32 - 0.80 µs (ƺ), 5.92 - 

6.56 µs (Ǐ), and 85.9 - 86.6 ɛs (ȹ) after the laser pulse (25 °C), 

and absorbance-time profiles at selected wavelengths (inset). 

(Data recorded by J. Woodard) 

 

Figure S5.8. Plots of kdecay for reaction of SnMes2 (570 nm) with (a) AcOH, 

(b) Me2SnCl2, and (c) molecular oxygen in hexanes at 25 °C; the 

solid lines are the linear least squares fit of the data to equation 

5.9. (d) Time-resolved UV-vis spectra from laser photolysis of 1 

in hexanes containing 0.3 mM AcOH, 0.16 - 0.32 µs (ƺ), 1.3 - 1.6 

µs (Ǐ), and 85.9 - 86.7 µs (ȹ) after the laser pulse (25 °C), and 

absorbance-time profiles at selected wavelengths (inset). (e) 

Time-resolved UV-vis spectra from laser photolysis of 1 in 

hexanes containing 1.0 mM Me2SnCl2, 0.27 - 0.35 µs (ƺ), and 6.6 

- 6.7 µs (Ǐ) after the laser pulse (25 °C), and absorbance-time 

profiles at selected wavelengths (inset). (f) Time-resolved UV-vis 

spectra from laser photolysis of 1 in hexanes containing 14.7 mM 

O2, 0.16 - 0.32 µs (ƺ), 4.8 - 5.1 µs (Ǐ), and 87.5 - 88.3 ɛs (ȹ) 

after the laser pulse (25 °C), and absorbance-time profiles at 

selected wavelengths (inset); data from (f) recorded using a 

neutral density filter (67 % transmittance). (Data in (a)-(e) 

recorded by J. Woodard) 
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Figure S5.9. Plots of kdecay for the reactions of 9 with (a) Me2SnCl2, (b) AcOH, 

and (c) MeOH in hexanes at 25 °C; the solid lines are the linear 

least squares fit of the data to eq. 5.9. (Data recorded by J. 

Woodard) 
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Figure 6.1. Transient absorption spectra from laser photolysis of 6 in hexanes 

solution (ca. 4 í 10
-3

 M) recorded 0.13 - 0.16 ɛs (ƺ) and 17.7 - 

17.8 ɛs (Ǐ) after the laser pulse. The inset shows absorbance-time 

profiles recorded at 290 nm and 510 nm. 
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Figure 6.2. (a) Transient absorption spectra from laser photolysis of 7 in 

hexanes solution (ca. 4 í 10
-5

 M) recorded 0.16 - 0.64 ɛs (ƺ) and 

7.2 - 7.7 ɛs (Ǐ) after the laser pulse. The dashed spectrum (--) 

shows the difference between spectra recorded 0.16 - 0.64 ɛs and 

42.1 - 43.0 ɛs after the laser pulse scaled by a factor of 5. The 
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insets show magnified versions of the spectra at 420 - 460 nm 

and 490 - 550 nm. (b) Absorbance-time profiles recorded at 430 

nm and 530 nm. 

 

Figure 6.3. Plot of kdecay versus [cyclohexene] for the reaction of Sit-Bu2 with 

cyclohexene in a hexanes solution of 7 at 25 °C, the silylene is 

monitored at 530 nm. The solid line is the linear least squares fit 

of the data to eq. 6.11. 
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Figure 6.4. (a) Plot of (ȹA0)0 / (ȹA0)Q versus [Et2O] for the reaction of Sit-

Bu2 with Et2O from a hexanes solution of 7 at 25 °C, the silylene 

is monitored at 530 nm. The solid line is the linear least squares 

fit of the data to eq. 6.12. (b) Transient absorption spectra from 

laser photolysis of 6 in hexanes solution (ca. 4 í 10
-3

 M
-1

) 

containing 0.40 M Et2O recorded 0.35 - 0.43 ɛs (ƺ) and 8.6 - 8.7 

ɛs (Ǐ) after the laser pulse. The inset shows the transient profile 

recorded at 300 nm. (c) Transient absorption spectra from laser 

photolysis of 7 in hexanes solution (ca. 0.04 mM) containing 0.20 

M Et2O recorded 0.25 - 0.30 ɛs (ƺ) and 8.6 - 8.7 ɛs (Ǐ) after the 

laser pulse. The dashed spectrum (--) shows the difference 

between the spectra recorded 0.25 - 0.30 ɛs and 8.6 - 8.7 ɛs after 

the laser pulse. The inset shows the transient profile recorded at 

290 nm and 430 nm. 
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Figure 6.5. (a) Plot of kfast versus [acetone] for the reaction of 8 with acetone 

in a hexanes solution of 7 at 25 °C, the disilene is monitored at 

440 nm. The solid line is the linear least squares fit of the data to 

eq. 6.11; (b) Transient absorption spectra from laser photolysis of 

7 in hexanes solution (ca. 0.04 mM) containing 50 mM acetone 

recorded 0.64 - 1.28 ɛs (ƺ) and 344 - 347 ɛs (Ǐ) after the laser 

pulse. The inset shows the transient profile recorded at 300 nm 

and 440 nm. The apparent negative absorption in the 340 - 430 

nm regions of the UV-vis spectra is due to bleaching of 7, which 

exhibits absorption maxima in this wavelength region.
52
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Figure S6.1. (a) Plot of (ȹA0)0 / (ȹA0)Q versus [THF] for the reaction of Sit-

Bu2 with THF from flash photolysis of hexanes solutions of 7 at 

25 °C. Plots of kdecay versus [Q] for the reactions of Sit-Bu2 with 

(b) Q = Et3N and (c) Q = THT in hexanes solution of 7 at 25 °C. 

The solid lines are the linear least squares fits of the data to eq. 

6.12 (a) and 6.11 (b,c), respectively. 
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Figure S6.2. Plot of kdecay versus [Q] for the reaction of Sit-Bu2 with (a) Q = 

methanol, (b) Q = Et2NH and (c) Q = triethylsilane in hexanes 
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solutions of 7 at 25 °C. The solid lines are the linear least squares 

fits of the data to eq. 6.11. 

 

Figure S6.3. Plot of kdecay versus [Q] for the reaction of Sit-Bu2 with (a) Q = 

AcOH, (b) Q = acetone and (c) Q = molecular oxygen from flash 

photolysis of hexanes solutions of 7 at 25 °C. The solid lines are 

the linear least squares fit of the data to eq. 6.11. 
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Figure S6.4. Plot of kdecay versus [Q] for the reaction of Sit-Bu2 with (a) Q = 1-

hexene, (b) Q = cis-cyclooctene and (c) Q = TME in hexanes 

solutions of 7 at 25 °C. The solid lines are the linear least squares 

fit of the data to eq. 6.11. 
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Figure S6.5. Plot of kdecay versus [Q] for the reaction of Sit-Bu2 with (a) Q = 

cyclohexene and (b) Q = triethylsilane in hexanes solutions of 6 

at 25 °C. The solid lines are the linear least squares fits of the 

data to eq. 6.11. 
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Figure S6.6. (a) Plot of kdecay versus [cis-cyclooctene] for the reaction of 

SiMe2 with cis-cyclooctene in a hexanes solution of 2 at 25 °C. 

(b) Plot of kdecay versus [1-hexene] for the reaction of SiPh2 with 

1-hexene in hexanes solutions of 3 at 25 °C. (c) Plot of kdecay 

versus [1-hexene] for the reaction of SiMes2 with 1-hexene in 

hexanes solutions of 4 at 25 °C. The solid lines are the linear least 

squares fit of the data to eq. 6.11. (Data from (b) recorded by M. 

Reid) 
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Figure S6.7. Plots of kdecay versus [TME] for the reaction of (a) SiMe2, (b) 

SiPh2, and (c) SiMes2 with TME in hexanes solutions of (a) 2, (b) 

3, and (c) 4 at 25 °C. The solid lines are the linear least squares fit 

of the data to eq. 6.11. (Data from (a) and (b) recorded by M. 

Reid) 
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Figure S6.8. Transient absorption spectra from laser photolysis of 7 in hexanes 

solution (ca. 0.04 mM) containing 5.0 mM THF recorded 0.16 - 

0.64 ɛs (ƺ) and 45.9 - 46.6 ɛs (Ǐ) after the laser pulse. The 

dashed spectrum (--) shows the difference between the spectra 

recorded 0.16 - 0.64 ɛs and 45.9 - 46.6 ɛs after the laser pulse. 

The inset shows the transient profile recorded at 310 nm and 430 

nm. The apparent negative absorption in the 340 - 430 nm 

regions of the UV-vis spectra in (a) and (b) is due to bleaching of 

7, which exhibits absorption maxima in this wavelength region.
52
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Figure S6.9. (a) Transient absorption spectra from laser photolysis of 6 in 

hexanes solution (ca. 4 mM) containing 5.1 mM THT recorded 

0.32 - 1.28 ɛs (ƺ) and 172 - 173 ɛs (Ǐ) after the laser pulse. The 

inset shows the transient profile recorded at 340 nm; (b) 

Transient absorption spectra from laser photolysis of 6 in hexanes 

solution (ca. 4 mM) containing 5.0 mM Et2NH recorded 0.22 - 

0.32 ɛs (ƺ) and 17.2 - 17.3 ɛs (Ǐ) after the laser pulse. The inset 

shows the transient profile recorded at 290 nm. 
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Figure S6.10. (a) Plot of kdecay versus [O2] for the reaction of the 310 nm (ƺ) 

and 440 nm (Ǐ) transient signals with molecular oxygen in a 

hexanes solution of 7 at 25 °C. The solid lines are the linear least 

squares for of the data to eq. 6.11. (b) Transient absorption 

spectra from laser photolysis of 7 in O2 saturated hexanes 

solution (ca. 0.04 mM) recorded 0.19 - 0.38 ɛs (ƺ) and 35.3 - 

35.6 ɛs (Ǐ) after the laser pulse. The inset shows the transient 

profile recorded at 300 nm and 430 nm. The apparent negative 

absorption in the 340 - 430 nm regions of the UV-vis spectra is 

due to bleaching of 7, which exhibits absorption maxima in this 

wavelength region.
52
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Figure 8.1. UV-visible absorption spectra of 1-stannacyclopent-3-enes (a) 2 

and 3, (b) 1 and 4, and (c) 5, recorded between 220 - 300 nm in 

hexanes solution. 
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Figure 8.2. UV-visible absorption spectra of Sit-Bu2 precursors (a) 6 and (b) 

7 recorded between 220 - 300 nm in hexanes solution. 

287 
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) for the Reactions of 

Disilenes with Substrates in Hexane Solution at Ambient 

Temperatures. 
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Chapter 1 - Introduction  

 

1.1. Foreword 

 There has been a growing interest in the twenty-first century in understanding the 

chemistry of carbon-substituted divalent Sn(II) compounds (stannylenes); this is currently 

an active research topic in the ongoing studies of organotin chemistry.
1-3

 Stannylenes, the 

tin homologs of carbenes, are an important class of compounds within the larger group 

collectively known as the organometallic compounds of low coordinate Si, Ge, Sn, and 

Pb.
4-8

 These include the heavier analogues of carbenium ions, organic free radicals, 

carbanions, carbenes, multiply bonded derivatives (alkenes, 1,3-dienes, allenes and 

alkynes), and aromatic compounds.
7,9,10

 The recent interest in stannylenes has been 

motivated in part by the potential application of such compounds in catalysis
11

 and small 

molecule activation: stannylenes are one of relatively few p-block element compounds 

that react readily with H2, NH3, PH3, CS2 and other small molecules of fundamental 

importance.
12-16

 The attention afforded to stannylenes is part of a larger renaissance in the 

chemistry of the heavier p-block elements, particularly in light of the growing 

understanding of parallels between the chemistry of the main group compounds and those 

of transition metal elements.
17-19

 

 Despite the great strides already achieved in understanding the fundamental 

characteristics of these compounds and maximizing their utility, very little is known still 

of the simplest transient derivatives: SnMe2, SnPh2, SnMePh and SnMes2 (Mes = C6H2-

2,4,6-Me3).
20-22

 In 1991, the early chemistry of transient stannylenes was reviewed by W. 

P. Neumann, who stated "simple stannylenes like Me2Sn, Bu2Sn, and Ph2Sn polymerize 

very rapidly, k = 10
8
 M

-1
 s

-1
 ... the presently restricted number of insertions of Me2Sn, 

Ph2Sn, etc. certainly is handicapped by the rapid polymerization of these stannylenes."
20

 



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

2 

 

Indeed, efforts to study the chemistry of simple stannylenes in the condensed phase are 

made difficult by their transient nature; direct detection of these compounds under 

ambient conditions requires specialized time-resolved spectroscopic equipment.
23

 

 The main focus of this thesis is to detect the simplest ů-bonded alkyl and/or aryl 

substituted stannylenes in hydrocarbon solution by means of transient UV-visible 

spectroscopy, and then to characterize their bimolecular reactions in solution with a 

selection of substrates. This is achieved through a combination of chemical trapping and 

laser flash photolysis studies, utilizing photoprecursors that generate the respective 

stannylene of interest using 248 or 254 nm UV irradiation. Useful inferences can then be 

made by comparing the kinetic and thermodynamic aspects of their reactions with those 

of silylenes and germylenes, and identifying trends amongst the group 14 carbene 

homologs. 

1.2. Nomenclature  

 Compounds that possess the element Si, Ge, Sn, and Pb use the prefixes sil-, germ-, 

stann-, and plumb-, respectively. The suffixes -ylene, -ane, -ene and -yne refer to the 

divalent species and the formally singly, doubly and triply bonded compounds, 

respectively. The prefixes di- and tri- are used to denote compounds with two or three of 

the elements. For example, the doubly bonded dimer of tin is referred to as a di-stann-ene, 

while the triply bonded derivative is named di-stann-yne. Thus, the term stannylene 

typically refers to divalent tin(II) compounds. While some publications still use the term 

stannanediyl, this is less common.
24,25

 Similarly, divalent Si(II), Ge(II), Sn(II) and Pb(II) 

compounds are referred to as silylenes, germylenes, stannylenes, and plumbylenes 

respectively; they are collectively referred to as tetrylenes, metallylenes, or heavy 

carbenes.  

1.3. Structure and Properties of Stannylenes  
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 Monomeric stannylenes SnR2 adopt a bent geometry. The central tetrel element 

may, in theory, adopt a singlet (
1
A1) or triplet (

3
B1) electron configuration depending on 

the substitution, as is also the case with carbenes (eq. 1.1).
26,27

 Theoretical calculations 

indicate that stannylenes tend to adopt a ground-state singlet multiplicity and the 

singlet/triplet states are often separated by a large energy difference: ȹEST = 29 kcal mol
-1

 

for SnMe2
28

 and 26 kcal mol
-1

 for SnH2.
29

 Experimentally, stannylenes exhibit reactivity 

consistent with a singlet ground state: the central Sn element possesses both an open 

coordination site and valence electron pair, and can (in principle) behave as both an 

electrophile and as a nucleophile. The triplet state would be expected to exhibit reactivity 

consistent with a biradical. The global electrophilicities and nucleophilicities of SnH2 and 

SnMe2 were calculated by De Proft and coworkers;
30

 their results support the conclusion 

that stannylenes exhibit primarily electrophilic character, while the non-bonding electron 

pair maintains an orbital of high s-character and generally plays a lesser role in its 

reactions. 

 

(1.1) 

 Stabilization of the +2 oxidation state of the group 14 elements can be quantified by 

its divalent state stabilization energy (DSSE), defined as the difference in enthalpies for 

the homolytic M-X (M = C, Si, Ge, Sn) bond cleavage reactions shown in eq. 1.2.
31

 

 

(1.2) 

Alldendorf and Melius calculated the DSSE for SnH2 and SnMe2, obtaining values of 

26.7 and 30.7 kcal mol
-1

 respectively.
32

 This, compared to the values 21.8 and 29.2 kcal 
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mol
-1

 calculated for SiH2 and SiMe2,
33

 suggests the stability of the divalent state is similar 

amongst the heavier group 14 elements. 

1.4.1. Stable Stannylenes - An Overview 

 The term "stable stannylene" generally refers to 2-coordinate ů-bonded alkyl, aryl 

or alkylaryl substituted Sn(II) derivatives that persist in solution, the solid state or both at 

room temperature in an air-and-moisture free environment. The isolation of such 

compounds has been achieved by utilizing sterically demanding alkyl
34-41

 or aryl
12-14,25,42-

51
 substituents that protect the molecule from dimerization, without greatly altering the 

intrinsic electrophilic character of the Sn(II) centre. More recently stannylenes substituted 

with silyl,
52

 germyl,
53

 stannyl,
54

 and boryl
55

 substituents have been prepared and found to 

exhibit similar chemistry as the ů-bonded carbon substituted derivatives. Stannylenes that 

are ů-bonded to a group 15 or 16 element are discussed separately (see 1.4.5). 

1.4.2. Structural Properties of Stannylenes 

 The first kinetically stabilized ů-bonded carbon substituted stannylene 

(Sn(CH(SiMe3)2)2, 1) was reported by Lappert and coworkers.
34

 The first 

dialkylstannylene to be monomeric in both solution and in the solid state, 2,2,5,5-

tetrakis(trimethylsilyl)-1-stannacyclopentane-1,1-diyl (2), was later reported by Kira and 

coworkers.
39

 Development of the Ge and Pb homologues of 1
36 and the Si and Ge 

homologues of 2
41

 allowed for the determination of systematic trends in structural 

characteristics, spectral properties, and reactivities with changes in the central group 14 

element for systems bearing the same substitution pattern. A number of isolable 

diarylstannylenes have also since been characterized in solution and/or the solid 

state.
25,42,44,46-49,56,57

 The kinetic stabilization is imparted primarily by ortho-substitution 

on the aryl ring. Diagnostic spectral properties and structural features of some stable 

stannylenes that have been reported are summarized in Table 1.1. 
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Table 1.1. Diagnostic Spectral Properties and Spectral Features of Persistent Stannylenes. 

R2Sn Compound 

Number (#) 

ref. ɚmax 

(nm) 

ŭSn 

(ppm) 

C-Sn-C 

bond 

angle (°) 

 1 34,58 495 2328 97
a 

 

2 39 486 2323 86.16(9) 

 

3 59 546 2299 117.6(1) 

 4 25 476 980 103.6(1) 

 5 56 479 1331 
b 

 6 48 600 2235 117.6 

 7a 46 553 1971 114.7(2) 

 7b 57 555 1975 115.37(2) 

 7c 57 544 1891 115.12(8) 

 7d 57 591 2081 123.4(2) 

 

8 47 462 1518 96.87(10) 

 

9a 42 561 2208 
b 

 
9b 44 527 

c c 

 
9c 44 563 

c c 

 
9d 44 586 

c c 

 

10 49 547 1657 106.4(2) 

 11 60 345 723 98.2 
a
Determined by gas phase electron diffraction; 

b
Crystallizes as a dimer; 

c
not reported 
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 Divalent tin compounds that are monomeric in solution are often coloured and 

exhibit values of ɚmax ~ 460 - 600 nm, significantly deshielded 
119

Sn NMR resonances 

between 1000 - 2300 ppm, and a C-Sn-C bond angle between 86.16(9)° and 123.4(2)°. 

Additional coordination to the tin centre by inter- or intramolecular electron donors 

normally results in both a hypsochromic shift of the lowest energy UV-vis absorption 

band and an upfield chemical shift of the Sn(II) resonances in the 
119

Sn NMR spectrum; 

such is the case in 11 (ɚmax = 345 nm; dSn = 723 ppm), which exhibits long range 

intramolecular Sn-F contacts in the solid state.
60

 A red-shift in ɚmax is generally associated 

with a widening of the C-Sn-C bond angle.
44,57

 Such a correlation is most evident when 

comparing stannylenes with differing degrees of steric bulk, for instance between 7a (ɚmax 

= 553 nm; ŝC-Sn-C = 114.7(2)°) and 7d (ɚmax = 591 nm; ŝC-Sn-C = 123.4(2)°).
57

 

Compounds 1-11 persist in solution at room temperature under an inert atmosphere with 

the exception of 4, which rearranges to a sterically less encumbered alkylarylstannylene 

in solution (eq. 1.3).
25,61

 

 

(1.3) 

1.4.3. Reactions of Stannylenes 

 Stannylenes have been found to undergo a wide range of reactions, which in general 

are analogous to those of their silicon and germanium homologues. These reactions are 

categorized into the following sections: (a) dimerization, (b) coordination, (c) 

cycloaddition, (d) insertion, and (e) substitution. Finally, section (f) discusses applications 

of stannylene reactions, in particular the preparation of low-coordinate compounds of tin. 
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(a) Dimerization 

 Without sufficient kinetic stabilization, alkyl and aryl substituted stannylenes 

predominantly form self-association dimers (Sn2R4) or higher cyclic oligomers (SnR2)n. 

Variation in the size and nature of the substituent R is responsible for different solution 

phase behaviour. Examples are known of stannylene-distannene equilibrium (eq. 1.5),
62,63

 

distannene-cyclotristannane interconversion (eq. 1.4),
64,65

 solid-state dimers that rapidly 

dissociate in solution,
56,66

 and cyclic oligostannanes that exhibit reactivity characteristic 

of stannylene monomers.
65,67,68

 

 

(1.4) 

 Further examination of 1 has found it to crystallize as the corresponding doubly 

bonded distannene, exist as a monomer in the gas phase,
58

 and exhibit dimerDmonomer 

equilibrium in solution.
62

 Thermodynamic parameters for the equilibrium in solution (ȹH 

= 11.2 ± 0.3 kcal mol
-1

 and ȹS = 28.0 ± 1.3 cal mol
-1

 K
-1

) have been measured from the 

temperature dependence of the NMR chemical shifts (eq. 1.5). A recent theoretical study 

of the dimerization of 1 suggests electrostatic and dispersion interactions impart 

significant stabilization to the dimeric species relative to the monomer.
69

 A similar 

monomer-dimer equilibrium exists for 5 in toluene-d8, for which an Arrhenius activation 

energy of ca. 8.1 kcal mol
-1 

for the dissociation of the distannene was measured (eq. 

1.5).
63

 

 

(1.5) 
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 Stannylene dimers (Sn2R4) can exhibit great structural diversity, especially if 

stannylenes incorporating hydride groups are considered. A stannylene possessing one 

phenyl substituent resulted in valence equilibrium with a stannylstannylene (eq. 1.6).
47

 

 

(1.6) 

Hydrido stannylenes typically exist as doubly bridged dimers,
70,71

 while a mono-hydrido 

bridged isomer is generated from the 1:1 treatment of two different stannylene dimers, 

one of which is a Sn(II) hydride (eq. 1.7).
72

 

 

(1.7) 

The foregoing examples illustrate four different isomers of the dimeric structure Sn2R4 

that have been isolated; the specific form generated depends on the nature of the 

substituent pattern. This is anticipated given the shallow potential energy surface of the 

parent dimer Sn2H4 and its various isomeric forms (see eq. 1.39), which were predicted to 

be separated by only 10 kcal mol
-1

.
73,74

 When substituent groups are large or their 

migratory aptitudes low, it is distannene that is typically isolated. Formation of organic 

substituted silylene and germylene dimers, by contrast, invariably adopt the doubly 

bonded disilene and digermene forms, respectively.
75

 

(b) Coordination 

 As with their lighter Group 14 homologs, the reactivity of stannylenes is governed 

by the intrinsic dual functionality associated with the divalent tin centre. In principle, it 

possesses the ability to exhibit reactivity as both a Lewis base as well as a Lewis acid.  
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 Reversible solvent complexation of 2 is observed in THF (eq. 1.8).
76

 The Lewis 

acid-base complex 2ĀTHF is observed as a UV absorption band at ɚmax = 341 nm. The 

thermodynamic parameters (ȹH = -7.0 kcal mol
-1

 and ȹS = -48 cal mol
-1

 K
-1

) indicate 

reversible complexation is favored enthalpically but hindered entropically. Similar 

reactivity was not observed with the silylene and germylene homologs. This was 

proposed to be due to a decrease in steric crowding about the reactive Sn(II) site in 2. 

Similarly, a 1:6 hexanes:THF solution of 9a at -40 °C also exhibits a new absorption at 

ɚmax = 394 nm, assigned to adduct 9aĀTHF.
43

 Both stannylenes 2 and 9a exhibit a 

hypsochromic shift upon complexation with THF (eq. 1.8). This effect has been ascribed 

to the population of the stannylene's vacant p-orbital upon complexation, resulting in an 

increased HOMO-LUMO transition energy.
43

 

 

(1.8) 

 The complexes of halo and amino substituted stannylenes have also been 

characterized and representative examples are discussed briefly. The vibrational spectra 

and solid state structures of SnCl2 with 1,4-dioxane and PPh3 have been characterized.
77

 

Complexes with 1,4-dioxane are polymeric while with PPh3 the 1:1 adduct is monomeric. 

The Sn(II) oxidation state is retained in both cases. 
119

Sn NMR spectra of Lappert's amino 

stannylene (eq. 1.23) were recorded in cyclohexane-d12, benzene-d6, toluene-d8, THF-d8 

and pyridine-d5 solutions. The differences in chemical shift were interpreted as being a 

measure for the interaction strength between the N-, O-, or arene- donor and the central 

Sn(II) element.
78

 

 The coordination of stannylenes to a transition metal element has been well studied, 

and (with germylenes and plumbylenes) has been the subject of a recent review.
79

 Many 
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examples have been prepared from the direct treatment of a stannylene with a transition 

metal compound, with 1 being a commonly employed derivative. The Sn(II) centre in the 

resulting compounds may also undergo further adduct formation with Lewis bases. 

Treatment of 1 (SnDis2; Dis = CH(SiMe3)2) with metal carbonyls M(CO)6 (M = Cr, Mo) 

under UV irradiation furnish a mixture of the 1:1 and 2:1 complexes M(CO)5(SnDis2) and 

trans-[M(CO)4(SnDis2)2] respectively.
35

 More recently, treatment of 1 with Ni(C2H4)3 has 

been observed to afford the 1:1 adduct Ni(C2H4)2(SnDis2), which can undergo further 

coordination with Lewis bases such as THF, NH3, pyridine and (Me2N)3PO (eq. 1.9).
80

 

 

(1.9) 

 (c) Cycloaddition 

 A number of stannylenes undergo [1+4]-chelotropic cycloaddition with 1,3-

butadiene derivatives, forming 1-stannacyclopent-3-enes (eq. 1.10).
41,43,44,53,65

 The [1+4] 

cycloaddition of 1 has also been demonstrated for bis(allenes), 1,2-diketones, and Ŭ,ɓ-

unsaturated carbonyl compounds.
38,81

  

 

(1.10) 

 The (1+2) addition of a cycloheptyne derivative to 1 (eq. 1.11) and a 

cyclotristannane cyclo-(SnTip2)3 (a source of SnTip2; Tip = C6H2-2,4,6-i-Pr3) proceeds 

reversibly to furnish a stannirene.
82,83

 The reaction of 1 with a slightly less sterically 

protected cyclooctyne affords a 1,2-distannacyclobut-3-ene.
84

 Reaction of acetylene and 1 
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proceeds slowly at room temperature to yield a mixture of products, the highest yielding 

product contains three equivalents of acetylene and two equivalents of 1.
85

 

 

(1.11) 

 No reaction is observed between ethylene and 2 at room temperature
41

 (eq. 1.10). 

As yet, no examples are known of stanniranes, formally the [1+2] cycloaddition product 

of the C=C bond and stannylene. The lack of products containing the stannirane moiety is 

consistent with the larger trend of decreasing thermodynamic stability of the three 

membered ring compounds (i.e. cyclo-[C-C-M-]; M = C > Si > Ge > Sn > Pb) with 

increasing atomic number of the group 14 element, which was predicted theoretically for 

ethylene and MR2 (M = C-Pb; R = H, Me).
28,86

 

(d) Insertion (oxidative addition) 

 ů-Bond insertion reactions of stannylenes are promoted by the formation of two 

bonds at the expense of one.
31

 This process is also referred to as oxidative addition as the 

corresponding Sn(IV) compounds are generated.
55

 Insertion of 1 (SnDis2; Dis = 

CH(SiMe3)2) into the R-X (X = halogen) bond of halogenated reagents such as HCl, MeI 

and Br2 generate compounds of the type R-(SnDis2)-X.
35

 Treatment of 3 with MeI also 

results in the formation of the C-I insertion product.
59

 Both methanol and water in THF 

solution undergo O-H bond insertion reactions with 1 to form the methoxy- and 

hydroxystannane, respectively.
37

 Similarly, the O-H insertion of MeOH with 2 has also 

been reported (eq. 1.12).
41

 Stannylene 2 reportedly undergoes C-Cl insertion with acyl 

chlorides (eq. 1.12).
87

 



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

12 

 

 

(1.12) 

Reactions of 7a with the organometallic compounds ZnMe2 and GaMe3 generate M-C (M 

= Zn, Ga) insertion products. Both reactions are reversible in hydrocarbon solvent at 

room temperature, and are characterized by ȹGdiss = 3.3 ± 0.9 kcal mol
-1

 (C6D6 at 298 K) 

and 2.8 ± 0.2 kcal mol
-1

 (for GaEt3, toluene-d8 at 299 K) for the dissociation of the 

respective insertion products (eq. 1.13).
88,89

 

 

(1.13) 

 (e) Substitution (elimination) 

 Some stannylene reactions result in cleavage of one or both of the organic ligands 

without any formal change to the oxidation state of the Sn(II) centre. This has been 

observed when the co-reactant is a source of hydrogen, for instance in compounds such as 

H2, NH3,
12

 MeOH,
16

 and p-toluenethiol.
90

 The substitution is most commonly observed in 

aryl substituted stannylenes and has thus been referred to in the literature as arene 

elimination. For example, 6 undergoes reaction with H2 and NH3 to yield the arene R-H 

along with doubly bridged dimers of the stannylenes SnRH and SnR(NH2) (eq. 1.14). The 

less sterically crowded stannylene 7a was recovered unreacted in a H2 atmosphere.
12,13
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(1.14) 

 The reaction of 7a with one equivalent of methanol or water in diethyl ether 

solution also proceeds via arene elimination (eq. 1.15).
16

 

 

(1.15) 

 As the above examples illustrate, the reactions of 1 and 7a with ROH (R = H, Me) 

proceed by either oxidative addition or arene elimination, depending on the nature of the 

substitution on the stannylene. In other instances, both ů-bond insertion and arene 

elimination were observed as competitive pathways. For example, the reaction of 7a and 

PH3 in toluene solution affords both oxidative addition and arene elimination products in 

relative yields of 68 % and 32 %, respectively (eq. 1.16).
14

 

 

(1.16) 

 The cleavage of both organic groups has been observed with 11 (SnR2; R = C6H2-

2,4,6-(CF3)3), which reacts with two equivalents of t-BuOH to yield (t-BuO)2Sn and 

1,3,5-tris(trifluoromethyl)benzene.
91

 Stannylene SnAr2 (Ar = C6H3-2,6-(CF3)2; 

characterized only by Mössbauer spectroscopy) on the other hand, undergoes consecutive 

ring cleavage with two equivalents p-toluenethiol.
90
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 The cleavage of an alkyl group with dialkylstannylenes has not been established 

unequivocally, although the addition of water, methanol and phenol to 3 was reported to 

lead to the ring opening of the cyclic stannylene and not O-H insertion. With the alcohols, 

the protonated ligand was identified within a complicated reaction mixture (eq. 1.17).
92

  

 

(1.17) 

Theoretical calculations suggest the reaction between 1 (SnDis2; Dis = CH(SiMe3)2) and 

H2O favour the elimination of H2C(SiMe3)2,
16

 yet treatment of 1 with H2O in THF yields 

the hydroxystannane, and none of the alkane is formed (eq. 1.12).
37

 The authors speculate 

that the use of an excess (14 equivalents) of H2O at molar concentrations in the 

experimental study appears to promote oxidative addition.
16

 

(f) Applications of Stannylene Chemistry 

 Stannylenes can be particularly useful as reagents for the synthesis of other low 

coordinate compounds of tin that would otherwise be very difficult to prepare. The most 

ubiquitous example is the preparation of distannenes as previously discussed in 1.4.3(a). 

Stannylenes 9a and 10 are also reactive towards chalcogen abstraction to form tin-

chalcogen multiply bonded compounds R2Sn=X (X = S and Te).
42,49

 Stannaselenones 

(R2Sn=Se) can be prepared in two steps starting from stannylenes 9c-d (eq. 1.18).
45
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(1.18) 

 Stannaethene, or stannene (a compound containing a Sn=C double bond) 

derivatives, were prepared from the treatment of 1 or 5 (SnR2; R = C6H-2-t-Bu-4,5,6-

Me3) with an electrophilic cryptodiborylcarbene ((Me3Si)2C(Bt-Bu)2C:) by the groups of 

Berndt
93

 and Weidenbruch,
94

 respectively. The selective C-H activation of both saturated 

and unsaturated hydrocarbons was observed using a mixture of 2 and an aryl halide (eq. 

1.19).
95-97

 A radical intermediate between 2 and the aryl halide has been proposed to 

abstract the homolytically weakest hydrogen from the hydrocarbon.
96

 

 

(1.19) 

 Stannylium ions can be prepared from the treatment of 2 (or 5
67

) with silylarenium 

ions [R3Si(ArH)]
+
[B(C6F5)4]

- 
(Ar = Ph, C6H4-4-Me) (eq. 1.20).

98 A fluorostannyl anion is 

generated reversibly from the treatment of 2 with CsF in THF or DME solution (eq. 1.20). 

In hydrocarbon solvent the starting reagents are regenerated.
99
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(1.20) 

 Halogen or hydride substituted stannylenes possess another reactive site that can 

undergo further functionalization. Only a few representative examples are given here of 

their potential utility. Reduction of chlorostannylene (SnArCl; Ar = C6H3-2,6-(C6H3-2,6-

i-Pr2)2) by a stoichiometric amount of potassium in benzene at room temperature affords 

the distannyne ArSnſSnAr, a tin analogue of an alkyne.
100

 Thermolysis of Sn(II) hydrides 

also provides a new route for the preparation of tin-clusters.
70,101,102

 

1.4.4. Intramolecular and Intermolecular Donor-stabilized Stannylenes 

 Another common method used for the stabilization of monomeric 

diorganostannylenes utilizes electronic stabilization of the vacant 5p orbital by 

intramolecular or intermolecular electron donors.
103-105

 Such an approach serves to reduce 

electrophilicity and enhance nucleophilicity at the central element and is another 

technique by which modulation of the electronic properties of the Sn(II) centre can be 

achieved. One common group of such compounds are diarylstannylenes that feature a 

heteroatom at the ortho position of the aromatic ring, such as in 11 (SnR2; R = C6H2-

2,4,6-(CF3)3) and 12 (SnAr2; Ar = C6H3-2,6-(NMe2)2).
106

 Such compounds appear to have 

enhanced nucleophilicity, as is exemplified by the formation of a stable Lewis acid-base 

adduct from reaction of 12 with BH3 (eq. 1.21).
107

 

 

(1.21) 

In allyl-substituted stannylene 13, the allyl group is bonded to the Sn(II) centre in a h
3
 

fashion (eq. 1.22a).
51

 Compounds containing the phosphorus-stannylene Lewis pair 
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coordinated in an intramolecular fashion have been investigated in recent years by 

Wesemann and coworkers utilizing benzylphosphido- (14)
108

 or o-phenylphosphido- 

(15)
104

 substituted stannylenes (eq. 1.22a). Phosphorus-stabilized stannylene 14 reacts 

with 1-pentene reversibly at room temperature to yield a phosphastannacyclopentane (eq. 

1.22b).
108

 As the above example illustrates, the intramolecular donor-acceptor approach 

to small molecule activation allows for reactivity that normally would not be observed 

with an uncoordinated stannylene. Likewise, the reactions of 14 and 15 with alkynes and 

azides result in the insertion of these substrates into the dative Sn-P bond.
104,109

 Recently, 

such compounds have been found to be active as catalysts in the hydroboration of 

aldehydes and ketones.
11

 

 

(1.22a) 

 

(1.22b) 

 N-heterocyclic carbenes have been used to isolate stannylenes that would normally 

be transient species in solution. For instance, the NHC adducts of SnPh2
105

 and SnR2 (R = 

C6H2-2,4,6-i-Pr3)
105,110,111

 have been prepared. 

1.4.5. Stannylenes Stabilized by Group 15-16 Elements 

 Numerous examples exist of Sn(II) compounds that are ů-bonded to a heteroatom 

such as a N, O, S, or P element, where such ligands may be acyclic or cyclic.
6,112,113

 

Additional thermodynamic stabilization is imparted by delocalization of the electron pair 
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from the heteroatom into the empty p-orbital on Sn. These compounds frequently retain 

the +2 oxidation state of tin without the use of sterically demanding substituents; 

however, they require some degree of steric bulk in order to persist as monomeric species 

in solution.
114

 Numerous applications have been found for such compounds: for example, 

as catalysts in the production of biodegradable polymers,
115-118

 or as single source 

precursors in the chemical vapour deposition (CVD) of Sn(II) chalcogenides.
2,119-121

 

Stannylenes have themselves been utilized as monomers, as exemplified by the 

copolymerization of the Lappert diamino stannylene (eq. 1.23) with p-benzoquinones.
122

 

 The chemistry of heterocyclic Sn(II) compounds has been the subject of numerous 

reviews.
6,123-126

 Some representative examples of Sn(II) compounds that fall within this 

class are shown in eq. 1.23, along with the names of their principal investigators: 

Lappert,
127

 Veith,
128

 and Roesky.
129,130

 
131

 The tin analogue of the Arduengo carbene has 

also been reported by Gudat and coworkers.
132

 

 

(1.23) 

1.4.6. Donor-acceptor Stabilized Stannylenes 

 Reactive stannylenes (i.e. stannylenes that would normally be transient 

intermediates in solution) can be isolated in the form of donor-acceptor adducts. Isolation 

of SnMe2, SnPh2 and Snt-Bu2 adducts of this type were initially reported in the 1970s by 

Marks and coworkers.
133-135

 Such examples utilized pyridine and THF as donors and 

transition metal carbonyls as acceptors. Stannylene donor-acceptor adducts have received 

renewed attention since the isolation and characterization of a novel Lewis acid-base 

adduct of SnH2 (16) by Rivard and coworkers.
136-138

 The isolation of SnH2 also allows for 
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subsequent reactivity studies, as in the hydrostannylation/insertion of benzaldehyde to 16 

(eq. 1.24). The donor-acceptor chemistry of the main group elements has been the subject 

of a recent review by Rivard.
139

 

 

(1.24) 

1.4.7. Divalent Tin Hydrides 

 The chemistry of tin(II) hydrides has garnered particular interest recently. This is 

due, in part, to the ability of the Sn-H bond to add across the unsaturated bonds of 

unactivated alkenes, alkynes and carbonyl compounds.
72,140,141

 In the absence of 

electronic stabilization, aryltin(II) hydrides will form doubly-bridged dimers in solution, 

as discussed in Section 1.4.3a. Bulkier aryl groups, however, favour the stannylstannylene 

Ar'SnSn(H)2Ar (eq. 1.25).
71 

 

(1.25) 

 Alkyl and aryltin(II) hydrides stabilized by N-heterocyclic carbenes (NHCs) have 

appeared more frequently in the literature recently. This is due, in part, to their convenient 

preparation from the dehydrogenation reactions of alkyl and aryltin trihydrides (RSnH3) 

using 2 equivalents of NHC.
105,142,143

 Alternatively, nitrogen bases can be used in place of 

NHCs.
144

 These compounds have found utility as precursors to cationic stannylenes
145

 

and platinum complexes.
146
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 A tin(II) hydride supported by a ɓ-diketiminato ligand (17) has been reported by 

Roesky and coworkers.
147,148

 17 has been found to hydrostannylate various ketones, 

aldehydes, alkynes, and carbodiimides, as well as undergo facile CO2 insertion (eq. 

1.26a).
148,149

 For comparison, the dialkylstannylene 2 was found to be unreactive with 

CO2.
15

 Divalent tin hydrides stabilized by a bulky amino group (RSnH (18), R = N(C6H2-

2,6-(C(H)Ph2)2-4-i-Pr)(Sii-Pr3)) have been found by Jones and coworkers to be very 

active in the hydrostannylation of unactivated alkenes and alkynes (eq. 1.26b).
140,150

 18 

has also found utility as a catalyst for the hydroboration of carbonyl compounds
151

 and 

the reduction of CO2 to a methanol derivative (MeOBcat; cat = catecholato).
152

 These 

examples highlight the use of Sn(II) hydrides to activate and perform catalytic 

transformations of small molecules and serve as viable alternatives to more expensive 

transition metal-based systems. 

 

(1.26a) 

 

(1.26b) 

1.5.1. Studies of Transient Stannylenes in Frozen Matrix, Gas and Solution Phases - 

An Overview 

 In the absence of sufficient electronic stabilization, stannylenes bearing only small 

organic substituents (SnR2; R = Me, Et, n-Bu, t-Bu, Ph) are known to be short-lived and 

highly reactive intermediates.
20,23,153,154

 Despite the emerging interest in utilizing isolable 
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derivatives (see 1.4.1-1.4.7), relatively little is known still about the chemistry of transient 

stannylenes. This contrasts with the substantial literature available regarding the 

chemistry of transient silylenes and germylenes, the heavy carbene analogues of silicon 

and germanium, respectively.
20,31,155-157

 

 As early as the mid-nineteenth century, there was interest in the preparation and 

characterization of divalent organotin compounds: the first reports of isolated 'diethyltin' 

(Lowig, 1852) and 'diphenyltin' (Krause, 1920)
158

 were followed by a number of reports 

regarding the preparation of such compounds.
159

 Re-examination of these early 

experiments in the 1960s concluded that the structures reported were most likely mixtures 

of oligomeric organotin compounds.
160-163

 

1.5.2. Chemical Trapping Studies of Transient Stannylenes 

 Efforts to study the chemistry of simple stannylenes in the condensed phase are 

rendered difficult by the transient nature of these compounds. They have thus 

traditionally relied on indirect methods, such as chemical trapping experiments, in which 

the species of interest is (ostensibly) generated in the presence of the trapping agent by 

thermolysis or photolysis of an appropriate precursor. The most comprehensive set of 

studies of transient stannylenes was conducted by means of chemical trapping 

experiments by W.P. Neumann and coworkers.
24,164-168

 Extrusion of small 

dialkylstannylenes in the absence of a suitable co-reactant leads predominantly to the 

isolation of cyclic oligostannanes of the structure cyclo-(SnR2)n.
20,154

 Despite much effort, 

relatively few reaction types have been identified that proceed rapidly enough to compete 

productively with oligomerization. 

 Photolysis of (SnBu2)n and (SnPh2)n oligomers in the presence of alkyl halides R'-X 

afforded the insertion products R'R2Sn-X (R= Bu, Ph).
169,170

 Similarly, the photolysis of 
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(SnR2)n (R = Me, Bu) in the presence of disulfides and peroxides yielded the O-O and S-S 

bond insertion products of SnR2, respectively, in yields greater than 80% (eq. 1.27).
164

 

 

(1.27) 

 Thermolysis (120 - 130 °C) or room temperature UV photolysis of 1,2-

dichlorotetrabutyldistannane (19) afforded stannylene derived products in the presence of 

alkyl halides, along with the co-product Bu2SnCl2.
24

 Similarly, the thermolysis and/or 

photolysis of Me2(X)Sn-Sn(X)Me2 (20a-c; X = Cl(a), Br(b), SPh(c)) was found to afford 

(SnMe2)n oligomers according to the scheme shown in eq. 1.28.
165,168

 

 

(1.28) 

While it was initially proposed that free stannylenes were generated in the earlier studies 

of 19
24

 and 20a,
165

 the authors later acknowledged that the reactions could instead 

proceed through a 'stannylenoid mechanism', where transfer of the SnR2 moiety to the 

stannylene substrate may not necessarily reflect the chemistry of the uncoordinated 

transient stannylene.
20,168

 

 Thermolysis of 7-stannanorbornenes (21a-d with SnR2; R = Me(a), CD3(b), Et(c), 

Bu(d)) above -10 °C follows a first order decomposition process, affording a quantitative 

yield of 1,1,2,2-tetracyano-3,4,5,6-tetraphenylcyclohexa-3,5-diene (eq. 1.29).
167

 As the 

decomposition of 21a-d proceeded without 
119

Sn CIDNP (chemically induced dynamic 

nuclear polarization) signals and was not accelerated by the presence of scavengers, 

Neumann and coworkers concluded it resulted in the extrusion of free uncoordinated 

stannylene via a concerted mechanism (eq. 1.29).
166

 The corresponding Si and Ge 
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homologs have been established as precursors to the transient silylenes
171

 and 

germylenes.
172-174

 

 

(1.29) 

 Sn-Cl bond insertion of SnMe2 (from 21a) with Me2SnCl2 proceeds smoothly at 

room temperature. Under the same conditions however, the Sn-Cl insertion product with 

Me3SnCl or Et2SnCl2 was not observed.
167

 Similar Sn-X (X = Br, SPh) insertion reactions 

of SnMe2 into compounds of the type Me2SnX2 have been observed (eq. 1.30).
167

 

Mixtures of Sn-Sn and Sn-X insertion products were observed with Me2XSn-SnXMe2 (X 

= Cl, Br) as co-reactant using 21b as precursor for Sn(CD3)2. 

 

(1.30) 

The ů-bond insertion reactions of SnMe2 into the Sn-Cl bond of Me2SnCl2 and Me3SnCl 

were investigated computationally by Dewar and coworkers using the MNDO SCF MO 

model. The authors predicted a larger activation barrier (by 4.1 kcal mol
-1

) for the 

reaction with Me3SnCl, and thus concluded these results to be qualitatively consistent 

with the experimental results of Neumann et al.
175

 

 Efforts to characterize transient stannylenes by chemical trapping methods have 

received renewed attention since the finding that 1,1-diorgano-1-stannacyclopent-3-enes 

serve as robust thermal precursors to the compounds.
154

 P. P. Gaspar and coworkers in 
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2009 examined several 1-stannacyclopent-3-enes 22a-d as thermal precursors to SnMe2 

(22a-b), SnPh2 (22c) and Snt-Bu2 (22d), respectively (eq. 1.31). Heating solutions of 22a-

d (ca. 80 - 130 °C for 22a-c, ca. 140 - 180 °C for 22d) containing 1,3-butadiene (BD) or 

2,3-dimethyl-1,3-butadiene (DMB) resulted in first order loss of stannacyclopent-3-ene, 

and high yields of the respective diene co-product. Activation parameters were 

determined for the thermolysis reactions (eq. 1.31). The small effect of radical scavengers 

on the activation parameters was taken as further evidence for unimolecular dissociation 

to the transient stannylene and diene. 

 

(1.31) 

 Thermolysis of 22a-b in benzene-d6 or cyclohexane-d12 led to the formation of the 

respective diene and cyclic SnMe2 oligomers (SnMe2)n; n = 5 - 8. SnMe2 was trapped by 

butadienes (DMB from 22a, BD from 22b using neat solutions of the dienes) in yields of 

12 and 5 %, respectively. SnMe2 extruded from 22a did not afford C-X (X = halogen) 

insertion products when pyrolysis was performed in neat solutions of CDCl3, CH2Cl2, or 

EtBr, or cyclohexane-d12 solutions containing 2.1 M MeI (eq. 1.32). An authentic sample 

of (SnMe2)n (n = 5 - 8) was found to serve as a stannylenoid source, forming SnMe2 

insertion products with EtBr and MeI under ambient light at room temperature. The 

formation of Sn2Me5H from the pyrolysis of 22a in neat Me3SnH solution was also 

attributed to a reaction with (SnMe2)n under thermolysis conditions.
154
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(1.32) 

Thermolysis of 22c (80 - 130 °C) in C6D6 afforded BD along with oligomers of SnPh2, 

the bulk of which were insoluble, and only a trace of the cyclic hexamer cyclo-(SnPh2)6 

observed. Pyrolysis in C6D6 solutions containing DMB (0.44 M) or diphenyldisulfide (0.5 

M) afforded the corresponding [1+4] cycloaddition or S-S insertion products in yields of 

ca. 30 % and > 90 %, respectively (eq. 1.33).
154

 

 

(1.33) 

 Finally, pyrolysis of 22d in toluene solution resulted in the formation of 1,3-

butadiene and Sn-containing oligomers. The cyclic oligomer cyclo-(Snt-Bu2)4 was not 

detected in the product mixture; however, an independently prepared sample of the 

oligomer was shown to be unstable under the pyrolysis conditions (140 - 180 °C). 

Thermolysis in the presence of DMB afforded a high yield of the [1+4] adduct; however, 

heating a solution of cyclo-(Snt-Bu2)4 under the same conditions also led to the same 

product, resulting in some ambiguity as to the source of the [1+4] adduct.
154

 The pyrolysis 

experiments of 22a-d generally show that simple Sn(II) derivatives strongly prefer 
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oligomerization over bimolecular reactions with added substrates. The results also 

indicate that oligomers of SnMe2 may also afford stannylene-derived products and could 

ultimately have been responsible for several reactions previously ascribed to free SnMe2. 

 Photolysis (214 nm Zn resonance lamp) of a cyclohexane-d12 solution of 22b in the 

presence of methanol (0.5 M) led to the formation of BD (80 - 90 %) and a collection of 

peaks in the 0.5-0.8 ppm range of the spectrum consistent with that from (Me2Sn)n 

oligomers. Virtually identical results were obtained in solutions of 22b in the absence of 

the alcohol.
23

 Photolysis (254 nm) of a hexanes solution containing 22a (0.08 M) and 

Me3SnH (0.17 M) gave GC-MS evidence for the anticipated insertion product 

Sn2Me5H.
23

 The interpretation of the result however, should be accepted with caution as it 

was later discovered by Gaspar and coworkers
154

 that (Me2Sn)n can also contribute to its 

formation under thermolysis conditions. 

 Dimesitylstannylene (SnMes2; Mes = C6H2-2,4,6-Me3) was proposed as an 

intermediate in the transition metal catalyzed stannane dehydrocoupling of Mes2SnH2 (eq. 

1.34a).
176

 Attempts to trap SnMes2 by stirring a toluene solution of 

CpCp*Hf(SnHMes2)Cl (23) at room temperature in the presence of DMB (23 

equivalents) afforded the [1+4] cycloadduct (31) in 92 % yield by 
1
H NMR spectroscopy. 

In the absence of DMB, new 
119

Sn NMR resonances appear that are consistent with the 

formation of cyclic oligomers (SnMes2)n; n = 3 - 5 (eq. 1.34b). 

 

(1.34a) 

 

(1.34b) 



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

27 

 

 1,3-Dichlorohexa-tert-butyltristannane (24) was found to undergo wavelength-

dependent photochemical transformations, generating first 1,2-dichlorotetra-tert-

butyldistannane (25) followed by dichlorodi-tert-butylstannane according to eq. 1.35.
177

 

 

(1.35) 

 To date, attempts to trap Snt-Bu2 from the photolysis of 24 have proven 

unsuccessful; however, the thermolysis of 24 in solution (C6D6, 110 °C) with DMB 

affords the (1+4) adduct in 20 % yield (eq. 1.36). Thermolysis in the presence of Ph2S2 

and S8 affords t-Bu2Sn(SPh)2 and (t-Bu2SnS)2, respectively, as the initial products; 

however, the absence of co-product 25 raises the possibility that a stannylenoid 

mechanism may be involved (eq. 1.36). Attempts to trap Snt-Bu2 with MeI and benzil did 

not afford the expected
165,168

 stannylene-derived products.
178

 

 

(1.36) 

1.5.3. Direct Detection and Reactivity Studies of Transient Stannylenes 

 Only a handful of studies have aimed to identify and characterize transient 

stannylenes directly using spectroscopic methods. These studies have been performed in 

frozen matrices,
179-181

 gas
22,153

 and condensed phases.
23

 Direct evidence for the existence 

of free SnMe2 as well as Sn(CD3)2 was given by their IR spectra in an argon matrix at 5 K 

from the pyrolysis of cyclo-(Sn(CH3)2)6 and cyclo-(Sn(CD3)2)6, respectively, or by 

microwave discharge from Me2SnH2.
179,180

 SnMe2 and SnMeH were subsequently 

identified from the photodissociation of Me3SnH and Me2SnH2, respectively in argon 
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matrices at 20 K, and assigned on the basis of Mössbauer and IR spectroscopy.
182

 The 

existence of SnH2 was further established from laser ablation experiments: laser-ablated 

Sn atoms and H2 produce SnH2 as well as SnH, SnH3, and SnH4 (the deuterated analogues 

SnD1-4 are produced from D2). These were identified on the basis of infrared spectra in 

solid neon and argon.
183

 Using a similar procedure, laser-ablated Sn atoms react with CH4 

to produce SnMeH in a solid argon matrix at 4 K.
184

 

 Characteristic stretching frequencies of SnF2
185

 and SnCl2
186

 were characterized at 

15 K in an Ar matrix. Subsequently, low temperature matrix IR spectroscopy was utilized 

by the groups of Margrave,
187

 Tevault
188

 and Nefedov
189-192

 to identify a series of 

coordination complexes between SnCl2 or SnF2 and several small molecules. New IR 

stretching frequencies were assigned to the ˊ-complexes between SnF2 and the 

unsaturated hydrocarbons ethylene
187

 and 1-heptyne.
190

 Similarly, complexes were 

identified between SnF2 and aromatic systems such as benzene, toluene and 

chlorobenzene,
189

 as well as with methyl chloride
191

 and N2.
192

 The complexes of SnF2 

were assigned on the basis of their IR stretching frequencies, and supported by the results 

of theoretical calculations. Tevault et al. similarly identified shifts in the IR stretching 

frequencies of SnCl2 in solid argon matrices in the presence of CO, NO, and N2, and 

assigned the new bands to complexes between SnCl2 and the added substrates.
188

 

 The first reported study to characterize the reaction kinetics of transient stannylenes 

was carried out by Walsh and Becerra. It also focussed on SnMe2 generated 

photochemically in the gas-phase.
153

 The 193 nm photolysis of SnMe4, Sn2Me6, Me3SnH, 

and PhSnMe2H all generate visible wavelength absorptions in the 450-520 nm region that 

were assigned to SnMe2. Evaluation of the photoproducts suggested SnMe4 is the cleanest 

source of the stannylene under the conditions employed (eq. 1.37). 
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(1.37) 

Evaluation of the stannylene's reaction kinetics was carried out through the determination 

of gas-phase rate constants for reaction with an extensive selection of potential substrates 

including alkenes, alkynes, dienes, silyl and germyl hydrides, MeOH, HCl, alkyl halides, 

N2O, SO2, and O2.
153

 This study also allowed for the first quantitative comparison of the 

reaction kinetics of stannylenes with those of silylenes and germylenes under similar 

conditions.
22,153

 The gas-phase rate constants for the reactions of SnMe2, converted from 

molecular units, are summarized in Table 1.2. 

Table 1.2. Absolute Rate Constants for the Reactions of SnMe2 in the Gas Phase at 296 ± 

2 K.
a,b

 

substrate SnMe2 (10
9
 M

-1
 s

-1
) substrate SnMe2 (10

9
 M

-1
 s

-1
) 

1,3-Butadiene 36 ± 1 Propane Ò 0.02 

2-Butyne 4.72 ± 0.07 Me3SiH Ò 0.04 

MeOH 1.57 ± 0.06 GeH4 Ò 0.02 

HCl 0.49 ± 0.02 Me2GeH2 Ò 0.06 

BuBr 1.7 ± 0.2 Ethylene Ò 0.006 

SO2 20.2 ± 0.7 N2O Ò 0.06 

a
Data from ref

153
; 

b
gas phase rate constants converted from molecular units 

This study revealed that SnMe2 does not react with hydridosilanes or -germanes, alkanes, 

alkenes or N2O; however, it does exhibit reactivity toward alkynes, dienes and a variety 

of donor molecules (MeOH, HCl, a bromoalkane and SO2). Walsh and Becerra classified 

SnMe2 as the least reactive in the series of the "heavy carbene" homologs, SiMe2, GeMe2, 

and SnMe2.
153

 The stannacyclopent-3-ene 22a was later used
23

 as the photoprecursor to 
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reproduce the rate constants obtained for SO2, HCl, MeOH and 2-butyne using SnMe4 as 

precursor. 

 The first detection of SnMe2, or of any transient stannylene, in solution at room 

temperature was achieved by the 193 nm flash photolysis of 22b in hexanes solution.
23

 

SnMe2 was detected using transient UV-vis spectroscopy; it was found to exhibit a 

transient absorption band at ɚmax å 500 nm which decayed over ca. 10 ɛs to afford a new 

transient at ɚmax å 470nm. The latter absorption was assigned to tetramethyldistannene 

Me2Sn=SnMe2 (26). When the reactivity of SnMe2 with methanol was studied, it was 

found to complex reversibly to afford a species assigned to the Lewis acid-base complex 

(ɚmax å 360 nm) with an equilibrium constant Keq = (1.1 ± 0.2) í 10
3
 M

-1
 (eq. 1.38). 

Time-dependent DFT calculations support the spectral assignments made for SnMe2 and 

26, and suggest dimerization to be, in effect, an irreversible process under the conditions 

of these experiments. 

 

(1.38) 

1.6. Theoretical Studies of Transient Stannylenes 

 Experimental studies of transient stannylenes (as well as kinetically stabilized 

derivatives) have often been complemented by theoretical calculations of the stannylenes' 

electronic structure, spectroscopic properties and bimolecular reactions.
28,30,57,86,175,193-200

 

These studies aim to provide support and additional insight into experimental findings. 

They have often been carried out alongside those using silylenes, germylenes, and 

plumbylenes with the goal of comparing the results with those derived for other divalent 
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Group 14 homologs.
21

 The structure and properties of SnH2,
201,202

 SnMe2
23,58,179

 and 

tin(II) dihalides
29

 have received the most attention theoretically. More recently, the 

properties of more elaborately substituted stannylene derivatives have been 

investigated,
198,203-205

 including examples of unsaturated stannylenes Y2Z=Sn: (Z = C, Si, 

Ge, Sn; Y = F, MeNCH2- and MeNCH-),
205

 and dicoordinate stannylones (L2Sn(0); L = 

:PMe3, :C(NMe2)2).
204

 

 The structures, relative energies, and interconversion of the four isomeric forms of 

the SnH2 dimer (Sn2H4) were investigated by Trinquier in the early 1990s (eq. 1.39) using 

ab initio methods.
73,74

 While the silicon and germanium analogs were found to prefer the 

doubly bonded dimers (eq. 1.39 structure a), the most stable isomer for the tin and lead 

analogs was found to be the doubly bridged dimer (eq. 1.39 structure c). According to the 

calculations, the four isomers of Sn2H4 are separated by no more than 10 kcal mol
-1

, 

which is consistent with the structural diversity of the dimers of the sterically stabilized 

Sn(II) hydrides that have been reported recently (see 1.4.3a).
71,72

 

 

(1.39) 

The dimerization of diorganostannylenes has also been the subject of recent theoretical 

interest. The thermodynamics of distannene formation from SnR2 (R = H, Me, Ph) were 

calculated at the PW91/TZ2P level of theory, and compared to those of the corresponding 

reactions for the Si and Ge derivatives.
23

 The trends from the data suggest dimerization to 

be a thermodynamically favoured process in all instances. There is, however, a 

consecutive decrease in M=M bond strength with increasing size of the group 14 element 

(i.e. Si > Ge > Sn), suggesting the formation of the doubly-bonded dimer becomes less 

thermodynamically favorable as the central element becomes larger.
23
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 M. D. Su investigated the ů-bond insertion reactions of heavy carbenes MMe2 (M 

= C, Si, Ge, Sn, Pb) with silane, germane, and methanol, as well as [1+2] cycloaddition 

with ethylene and acetylene, with calculations at the 

CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ and B3LYP/LANL2DZ levels of theory.
28

 

The results of this research suggest the reactions of SnMe2 all proceeded with the initial 

formation of weak ů-donor complexes with silane, germane and methanol, and ˊ-

complexes with ethylene and acetylene. The calculations suggest that the energies of the 

pre-reaction complexes for SnMe2 are comparable to those of the Si and Ge derivatives. 

For example, the calculated reaction energies of MMe2 with MeOH and GeH4 are shown 

in eq. 1.40a-b (calculated at the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ levels of 

theory). The general lack of reactivity of stannylenes toward typical tetrylene substrates 

observed experimentally
153

 was attributed either to prohibitively high reaction barriers 

with respect to Si-H, Ge-H bond insertion, or to unfavourable overall reaction 

thermochemistries in the case of (1+2) cycloaddition to the C=C bond.
28

 

 

 The interactions of stannylenes with alkenes, alkynes and dienes have received 

theoretical interest on numerous occasions.
28,86,193,195

 Similar to the results of Su, 

stannirane formation from the addition of SnH2 to ethylene was predicted by Sakai to be 

 

(1.40a) 

 

(1.40b) 
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endergonic (ȹG = 15.8 kcal mol
-1

) on the basis of ab initio calculations, while the 

formation of a ˊ-complex was expected to be close to thermoneutral relative to the 

constituent reagents (eq. 1.41, calculated at the MP4/6-31G(d,p) level of theory).
86

 

 

(1.41) 

The cycloaddition of SnH2 to acetylene to form stannirene is also predicted to be 

enthalpically favored (ȹH = -12.5 kcal mol
-1

) based on the calculations of Boatz et al. 

(computed at the MP2/3-21G(d)//RHF/3-21G(d) level of theory).
195

 One consistent trend 

that emerges from the data is the stabilities of metalliranes and metallirenes (relative to 

free tetrylene + alkene / alkyne) decrease with increasing atomic number of the group 14 

element (see eq. 1.41).
28,86,195

 The cycloaddition of SnMe2 with C60 has also been 

investigated theoretically; the reaction is predicted to be enthalpically favored (ȹH = -7.3 

kcal mol
-1

) but has not been probed experimentally.
200

 The addition of SnMe2 to Single 

Walled Carbon Nanotubes (SWCNT), on the other hand, is predicted to be endothermic 

(calculated at the B3LYP/LANL2DZ level of theory).
206

 The [1+4] cycloaddition of 

SnMe2 to 1,3-butadiene has been the subject of theoretical investigations by Nag and 

Gaspar.
154,193

 The calculations predict the addition of SnMe2 proceeds via concerted [1+4] 

cycloaddition, without participation from the vinylstannirane (i.e. the [1+2] cycloadduct). 

The calculations also provide insight into the reverse process, the thermal extrusion of 

SnMe2 from 22a (see 1.5.2).
154

 

 The Lewis acid-base complexes of various chalcogen and pnictogen donors with 

SnH2 (along with SiH2 and GeH2) have been calculated. The complexes were found to be 

weakly bound and the binding energies for the donor complexes were predicted to 
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decrease in the order silylene > germylene > stannylene.
196

 Broeckaert et al. explored the 

possibility of ˊ-complexation of SnMe2 with aromatic systems, where it was found an 

interaction with benzene to be weakly stable by ȹE = -1.5 kcal mol
-1

. Complexation with 

ů-donors like methanol and THF, however, exhibit much stronger interactions (see eq. 

1.42).
30

 

 

(1.42) 

The electrophilicity of SnMe2 was established as the dominant mode of reactivity 

(relative to its nucleophilic character; see 1.3). The local electrophilicity of the central 

metal element was found to be higher for SnMe2 relative to GeMe2.
30

 Referring to the 

calculated pathway for the reaction of GeMe2 and SnMe2 with methanol reported earlier 

by Su (eq. 1.40a),
28

 the authors suggest the reaction barrier for insertion is higher for 

SnMe2 due to greater stability of the pre-reaction complex and the higher (local) 

electrophilicity at tin compared to the situation with GeMe2.
30

 

 The oxygen abstraction reactions between oxirane and heavy carbene analogs 

(MH2, M = Si, Ge, Sn, Pb) was studied theoretically by Su.
197

 The results suggest a trend 

towards higher activation barriers and less stable products with increasing size of the 

group 14 element. The reaction between oxirane and SnH2, to generate stannanone 

(H2Sn=O), was predicted not to proceed. Competition between bond insertion (i.e. 

oxidative addition) and substituent exchange of SnHX (X = H, F, Cl, Br) with HX (X = 

H, F, Cl, Br) has also been investigated theoretically.
207

 The existence of two competing 

pathways for reaction with protic compounds is analogous to the competing arene 

elimination and oxidative addition of diarylstannylenes (see 1.4.3.). 
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1.7. Techniques Used in Reactivity Studies 

 The characterization of reactive intermediates in this thesis utilizes a combination of 

chemical trapping and laser flash photolysis experiments, as well as input from theoretical 

calculations. This three-pronged approach helps to develop a more comprehensive picture 

of stannylene and silylene reactivity, as often the results from any one method alone can 

be ambiguous. Furthermore, chemical trapping and flash photolysis experiments are 

complementary as they characterize a reaction both within the first several ms and several 

minutes after the reaction takes place. 

 The aim of product-study (i.e. chemical trapping) experiments is to identify the 

primary products from the ca. 254 nm photolysis of the photoprecursor in question in 

hydrocarbon solvent at room temperature in the presence of an appropriate trapping 

agent. Ideally, the products are identified by spiking the photolyzate with authentic 

samples of the suspected compounds, obtained either commercially (in rare cases) or by 

independent synthesis using known literature procedures. Synthesized authentic samples 

were characterized using 
1
H, 

13
C{

1
H}  and 

119
Sn{

1
H}  NMR spectroscopy, FT-IR 

spectroscopy, High-Resolution Mass Spectrometry (HRMS) and melting point analysis if 

applicable. If this is not possible, then tentative characterization of the products is carried 

out on the crude photolysis mixtures using multinuclear (
1
H, 

13
C, and 

119
Sn) NMR 

techniques and GC/MS (when applicable). Some additional questions that must also be 

considered include: Is the solution mixture containing precursor and trapping agent 

unchanged in the absence of light? What are the product yields? Are the products formed 

the primary photolysis products? Control samples of the reaction mixture prior to 

photolysis can be kept in the dark during the course of the photolysis experiment to assess 

possible dark (that is, thermal) reactions. Product yields are determined from the relative 

slopes of concentrationïversus-time plots of the products relative to the consumed 
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precursor in the early stages of photolysis. Upwards curvature in concentration-versus-

time plots for products usually indicates they are formed at least to some extent via 

secondary photolysis of a primary product. 

 Laser Flash Photolysis
208

 experiments aim to detect the reactive intermediates 

formed during or after a ca. 25 ns pulse of UV light from a 248 nm KrF excimer laser, 

and follow their time evolution on the microsecond timescale after they are produced. The 

photoproducts were identified using time-resolved UV-vis spectroscopy in the 270-650 

nm spectral range, up to 360 ms after irradiation. The transient tetrylene compounds 

studied in this work exhibit absorption maxima within the 480-580 nm spectral range, that 

are sufficiently resolved from other absorbing compounds, in order to carry out detailed 

reactivity studies. Information about the kinetic and thermodynamic aspects of tetrylene 

reactivity can be obtained by observing the changes in the kinetic traces caused by 

variable concentrations of an added reactive substrate. The formation of new transient 

products observed in the UV-vis spectral range can also provide additional insight. 

1.8. Thesis Objectives - Goals of the Work Presented in this Thesis 

 Few studies have been reported on the chemistry of transient stannylenes (see 1.5). 

They have not kept in step with recent advances in the understanding and utility of 

isolable Sn(II) compounds (see 1.4). The ultimate goal of this thesis is to detect and 

characterize the solution-phase behaviour and reactivity of simple carbon substituted 

transient stannylenes. 

 Several inconsistencies are apparent in the transient stannylene literature that does 

exist. Chemical trapping studies have been reported by Neumann and coworkers;
24,164,165

 

however, the authors acknowledge that such reactions do not necessarily establish the 

involvement of free uncoordinated stannylenes and suggest reactions may proceed via 

stannylenoid mechanisms.
20,168,180

 More recently, Gaspar and coworkers suggest that 
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dimethyltin oligomers may function as stannylenoids and were ultimately responsible for 

several reactions previously attributed to the free stannylene.
154

 The difficulties in 

interpreting such reactivity studies are that they have relied solely on indirect methods 

such as chemical trapping experiments in which the species of interest is (ostensibly) 

generated in the presence of the trapping agent by thermolysis or by the photolysis of an 

appropriate precursor. This work aims to avoid these problems by studying stannylene 

reactivity using a combination of chemical trapping and direct detection methods in order 

to develop a more unified picture. 

 Experimental (and theoretical) studies of stannylene chemistry have often been 

carried out in conjunction with studies of silylenes and germylenes under the same 

conditions to examine trends amongst the heavy carbene series. The opportunity exists to 

make such comparisons in this thesis. Studies by Leigh and coworkers over the last 

thirteen years have characterized the transient diorganosilylenes (SiMe2, SiMePh,
209

 

SiPh2
210,211

 and SiMes2) and germylenes (GeMe2,
212,213

 GeMePh,
214

 GePh2,
212,215

 and 

GeMes2
212,216

) in solution, and studied the mechanistic aspects of several of their known 

reactions in solution at ambient temperatures.
217-227

 Thus far, only SnMe2 had been 

studied by direct spectroscopic methods,
23

 and only a basic characterization had been 

made of its dimerization and complexation with methanol. The necessity of employing 

193 nm light to excite the precursor that was used in that study severely restricted the 

scope of the study of the stannyleneôs reactivity, since most substrates of interest (alkenes, 

alkynes, amines, sulfides, ethers, etc.) also absorb significantly at the excitation 

wavelength. 

 Detailed mechanistic studies of silylenes and germylenes in solution using laser 

flash photolysis methods have relied on the availability of photoprecursors to generate the 

transient molecules cleanly and efficiently using a pulsed laser with a 248 nm excitation 
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wavelength. This expands the scope of reactivity studies to include a greater variety of 

substrates (alkenes, alkynes, amines, sulphides, ethers, etc.) than are possible with 193 nm 

excitation. Thus, the first goal of this thesis was to develop compounds that will produce 

transient stannylenes cleanly and efficiently with 248 nm excitation light, to enable 

studies to be carried out at the same level of detail as used in our work on silylene and 

germylene chemistry. The most appropriate compounds satisfying these criteria appear to 

be stannacyclopent-3-ene derivatives: 22b has already been demonstrated to be an 

effective photoprecursor for SnMe2,
23

 while compounds 22a-d have been shown to be 

useful thermal precursors to transient stannylenes.
154

 In addition, the preparative 

procedures for these compounds appear conveniently amenable to modification.
154

 Such 

compounds bear analogy to the germacyclopent-3-ene derivatives that yield transient 

germylenes cleanly and with high photochemical efficiency
212

 (note, however, that the 

silicon analogue does not extrude SiPh2
228

 cleanly under similar conditions). 

1.9. Thesis Summary 

 The second chapter describes the direct detection and preliminary characterization 

of the benchmark stannylenes SnMe2 and SnPh2 using transient UV-vis spectroscopy. The 

stannacyclopent-3-ene derivatives 27 and 28 (eq. 1.43) are synthesized and established to 

be clean, highly efficient photoprecursors for the transient stannylenes utilizing pulsed 

laser (248 nm) or lamp (254 nm) excitation. SnPh2 is detected directly for the first time 

under any set of conditions; while SnMe2 is successfully generated using an excitation 

wavelength that allows for more detailed reactivity studies than previously had been 

possible using 193 nm excitation. The dimerization of both SnMe2 and SnPh2 is 

characterized kinetically and the products identified on the basis of their UV-vis spectra 

and computational studies. This is further complemented by the results of end product 

analysis and theoretical calculations of the stannylene's dimerization pathways. The Sn-Cl 
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bond insertion reaction of chlorostannanes is investigated by a combination of steady 

state trapping and laser flash photolysis experiments, using Me2SnCl2 as the reactant. 

Rate and equilibrium constants are reported for the reactions of the two stannylenes with 

MeOH. 

 

(1.43) 

 The third chapter begins by introducing the mixed alkylarylstannylene, SnMePh, 

using two novel precursors 29 and 30 (eq. 1.44) to generate the molecule. The free 

stannylene is characterized in solution and its dimerization behaviour characterized. A 

combination of chemical trapping and laser flash photolysis studies are used to 

characterize the Sn-Cl bond insertion of SnMePh with Me2SnCl2, and an equilibrium 

constant is determined for its reaction with MeOH. Two additional stannylene reactions 

are then investigated with SnMe2, SnPh2 and SnMePh that are found to lead to stable 

products in chemical trapping experiments. In the first, investigation of the Sn-Cl bond 

insertion reaction of chlorostannanes is extended to include Bu3SnCl as the stannylene 

scavenger. The second reaction investigates the reaction of stannylenes with acetic acid, 

and the competition between O-H insertion, alkane-, and arene- elimination pathways that 

give rise to the major products. 

 

(1.44) 

 In Chapter Four, the Lewis acid-base complexation of SnMe2 and SnPh2 with O-, S-

, and N- donors and their reactions with alkenes, alkynes, dienes and trialkyltin hydrides 

are investigated. Rate and equilibrium constants are measured for the coordination of the 

stannylenes with the donor substrates. These are accompanied in each instance by the 
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identification of the stannylene-donor complexes by transient UV-vis spectroscopy. In 

addition, comparison of the thermodynamic aspects of stannylene complexation with 

those of transient silylenes and germylenes allows for the determination of a Lewis 

acidity scale for the tetrylene series MR2 (M = Si, Ge, Sn; R = Me, Ph). The 

characteristics of the reactions of stannylenes with alkenes, alkynes, dienes and trialkyltin 

hydrides closely resemble those of the O-, S-, and N- donors in that these reactions do not 

proceed beyond initial Lewis acid-base coordination of the stannylene and the substrate. 

Such behaviour differs dramatically from those of the homologous silylenes and 

germylenes. 

 Chapter Five describes the direct detection of dimesitylstannylene (SnMes2) and its 

dimer, tetramesityldistannene, in solution for the first time via the photolysis of 31 (eq. 

1.45) in hydrocarbon solution. The Sn-Cl bond insertion of SnMes2 with Me2SnCl2 and 

the arene elimination with AcOH are studied through a combination of chemical trapping 

and laser flash photolysis studies. Product-studies experiments in aerated solution also 

afford stannylene-derived products, while SnMes2 and its doubly bonded dimer Sn2Mes4 

appear to be reactive with O2 in time resolved flash photolysis measurements. The 

reactions of SnMes2 with ethers, alcohols, sulfides and amines afford the stannylene-

donor pairs; the rate and equilibrium constants are measured for these reactions. The 

kinetic and thermodynamic aspects of the reactions of SnMes2 are compared to the 

solution-phase reactivity of SnPh2. This provides a model for sterically hindered 

diarylstannylene derivatives. 

 

(1.45) 
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 In Chapter Six the direct detection of Sit-Bu2 in solution by transient UV-vis 

spectroscopy, using two well known photoprecursors 32 and 33 (eq. 1.46) to generate the 

molecule, is reported. Detailed reactivity studies of the silylene are next carried out with 

respect to Lewis acid-base complexation, ene-addition, ů-bond insertion and 

cycloaddition reactions. The rate and equilibrium constants obtained for the reactions of 

Sit-Bu2 in solution provide a model for the reactivity for the sterically more crowded 

dialkylsilylenes relative to the parent derivative SiMe2. This model ultimately aims to 

develop kinetic benchmarks describing the sensitivity of various silylene reaction types to 

steric effects. Finally, the kinetics of the reactions of tetra-tert-butyldisilene (34) with 

molecular oxygen and acetone are studied using precursor 33 which also produces the 

disilene as a primary photoproduct. 

 

(1.46) 
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Chapter 2: Direct Detection, Dimerization and Chemical Trapping of Dimethyl- and 

Diphenylstannylene from Photolysis of Stannacyclopent-3-enes in Solution 

 

2.1. Overview 

 The preparation and thermal chemistry of stannacyclopent-3-enes (1a-d) was 

described by Gaspar and coworkers:
1
 the pyrolysis of 1a,b afforded cyclic oligomers 

(SnMe2)n (n = 5 - 8), while 1d afforded insoluble oligomers of SnPh2. Such compounds 

have also been shown to be potentially suitable for photochemical studies, as 1b was used 

to detect SnMe2 directly in hydrocarbon solution using 193 nm laser flash photolysis.
2
 In 

this chapter, stannacyclopent-3-enes 2 and 3 have been synthesized and used to directly 

detect SnMe2 and SnPh2, respectively, and study their dimerization behaviour in 

hydrocarbon solution at room temperature. 

 

(2.1) 

 We next studied the reactions of SnMe2 and SnPh2 with Me2SnCl2 in the presence 

and absence of oxygen. The Sn-Cl insertion reaction of SnMe2 with this substrate has 

been investigated previously by Neumann and coworkers
3
 (eq. 2.2), and later investigated 

computationally by Dewar.
4
 The main goal of this part of the work was to show through 

chemical trapping experiments that photolysis of 2 and 3 results in the extrusion of the 

desired stannylenes, to measure the quantum yields of the extrusion process, and to 

support the assignments made in the flash photolysis studies. 

 

(2.2) 
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2.2. Results and Discussion 

Compounds 2 and 3 were prepared by reaction of the magnesium complexes of 2-methyl-

3-phenyl-1,3-butadiene (4a) and 2,3-dimethyl-1,3-butadiene (4b), respectively, with the 

appropriate dichlorostannane (Me2SnCl2 for 2 and Ph2SnCl2 for 3; see equation 2.3), 

using procedures adapted from those reported by Gaspar and coworkers.
1
 The two 

compounds were obtained in overall (crude) yields of 30-50%, and were each purified by 

repeated distillation and/or column chromatography to Ó 98% purity (as estimated by 
1
H 

NMR spectroscopy) prior to being used in photochemical experiments. 

 

(2.3) 

2.2.1. Stannacyclopent-3-ene Photochemistry ï Trapping of Transient Stannylenes 

Steady state photolysis experiments were carried out in quartz NMR tubes with low 

pressure mercury lamps (254 nm), on C6D12 solutions of 2 and 3 (ca. 0.04 M) containing 

Si2Me6 as internal standard, both alone and in the presence of 0.03-0.04 M Me2SnCl2. 

Neumann and coworkers identified this stannane reagent as an efficient substrate for 

SnMe2, with which it reacts via formal Sn-Cl bond insertion to afford the corresponding 

1,2-dichlorodistannane (5) as the primary product.
3
 Although Me2SnCl2 has limited 

solubility in cyclohexane, it has the advantage of being transparent at 254 nm, unlike 

most of the other potential stannylene substrates that earlier studies suggested might be 

useful as trapping agents.
1,5,6

 The photolyses were monitored at selected time intervals 
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throughout the photolysis by 
1
H NMR spectroscopy, and taken to a maximum conversion 

of ca. 25% in stannacyclopentene (2 or 3); product yields were calculated from the initial 

slopes of concentration versus time plots for the various products relative to the initial 

slopes of the corresponding plots for 2 or 3. The peaks used to calculate concentrations 

for 2 (dH 7.04) and 3 (dH 7.21) are indicated in the parenthesis. This was supplemented 

with the 
119

Sn{
1
H}  NMR spectra of the photolyzed mixtures at the end of each 

experiment, to further aid in product identification. Most photolyses were carried out both 

with and without deaeration of the solution prior to photolysis, as the presence of air led 

to significantly higher photolysis rates (particularly with 3) owing to oxidation of the 

primary tin-containing (distannane) photoproducts to the corresponding distannoxanes, 

which (in contrast to the distannanes) are non-absorbing and/or non-photoreactive under 

the conditions of our experiments. 

Steady state photolysis of 2 as a deaerated 0.04 M solution in cyclohexane-d12 led to 

the efficient consumption of the stannacyclopentene and the formation of diene 4a, in 

addition to a collection of compounds exhibiting 
1
H and 

119
Sn NMR resonances in the 

ranges characteristic of [SnMe2]n oligomers (dH 0.35 - 0.46 (m); dSn -242.0, -245.6, -243.8) 

(Fig. S2.1).
1,7

 Exposure of the photolyzed solution to air resulted in the formation of a 

colorless precipitate, as expected for these materials.
1,7

 Chemical yields of (89 ± 5)% and 

(98 ± 5)% for the major [SnMe2]n oligomer and diene 4a, respectively, were determined 

from the relative slopes of the concentration versus time plots for the products relative to 

consumed 2 (eq. 2.4; Figure S2.2). 

 

(2.4) 
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In contrast, photolysis of a deaerated solution of 3 in C6D12 under similar conditions 

resulted in the immediate precipitation of a solid and the development of a yellow color that 

deepened with continued irradiation. 
1
H NMR spectra of the mixture (Fig. S2.3) indicated 

that 3 was consumed with the concomitant formation of diene 4b and small amounts of at 

least three compounds (one at dH 6.91, another at dH 6.96 and 7.29, and a third 

characterized by a broadening of the 
1
H NMR spectrum between dH 6.6 - 7.5) whose 

spectral characteristics and reactivity are consistent with (SnPh2)n oligomers (eq. 2.5). Two 

of the three product-derived multiplets (at dH 6.96 and 7.29) that were present in the 

aromatic region of the NMR spectrum of the photolyzate (Fig. S2.3) disappeared after 

allowing the solution to stand for 18 h in the dark, most likely due to oxidation resulting 

from gradual contact with air. The multiplet that remained (at dH 6.91), was identified as 

due to dodecaphenylcyclohexastannane (c-Sn6Ph12), by spiking the mixture (in benzene-d6) 

with an authentic sample. The concentration versus time plot for this compound (Fig. S2.4a) 

exhibits positive curvature, consistent with it being derived (at least partially) from 

secondary photolysis; the initial slope of the plot indicates an upper limit of ca. 10% for the 

chemical yield relative to consumed 3 (on a per-SnPh2 unit basis). The consumption of 3 

and formation of 4b proceeded faster upon irradiation of an air-saturated solution under 

similar conditions (Figure S2.4b), as did the precipitation of insoluble material, and the 

solution remained colorless throughout the photolysis up to ca. 8% conversion of 3. No 

other products could be detected (by NMR) under the conditions employed for the analysis. 

 

(2.5) 

Photolysis of a deaerated 0.04 M solution of 2 in C6D12 containing Me2SnCl2 (0.033 

M) resulted in the consumption of 2 and the formation of 4a (98 ± 9%) along with three 
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major tin-containing products (eq. 2.6), which were identified as 1,2-

dichlorotetramethyldistannane (5, dH 0.807, dSn 99.2 (
2
JSnH = 53.5 Hz, 

3
JSnH = 13.0 Hz); 51 

± 6%),
8,9

 the association dimer of 1,2-dichlorotetramethyldistannoxane (6, dH 1.05 and 

1.14; dSn -63.3 and -125.4; 39 ± 6%),
39,40

 and chlorotrimethylstannane (7, dH 0.524; 9 ± 

2%); Figure S2.5 shows 
1
H NMR spectra of the mixture before and after photolysis to ca. 

20% conversion of 2. Concentration versus time plots for 2, 4a, and 5-7 are shown in 

Figure 2.1; that for 7 exhibits upward curvature, consistent with it being formed as a 

secondary photolysis product of distannane 5.
3
 Compound 6 is ascribed to oxidation of 5 

by residual oxygen in the solvent.
10-12

 

 

Figure 2.1. Concentration versus time 

plots for the photolysis of a deaerated 0.04 

M solution of 2 in C6D12 containing 

Me2SnCl2 (0.031 M). The initial slopes, 

determined from the first five data points 

in each of the plots, of the plots for the 

various components of the reaction 

mixture are: 2, -0.93 ± 0.09; Me2SnCl2 

(not shown), -0.89 ± 0.07; 4a, 0.89 ± 0.07; 

5 (ClMe2SnSnMe2Cl), 0.47 ± 0.03; 6 

(ClMe2SnOSnMe2Cl)2, 0.19 ± 0.04; 7 

(Me3SnCl), 0.08 ± 0.01 (units, mM min
-1
). 

The inset shows an expansion of the plots 

for 5, 6, and 7. 

  

 

(2.6) 
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Indeed, photolysis of an undeaerated solution of 2 and Me2SnCl2 in C6D12 produced 

4a and 6 in close to quantitative yields, and only trace amounts of 5 and 7 during the initial 

few minutes of irradiation. Upon continued photolysis the formation of 6 slowed 

significantly and was supplanted by the formation of 5 and 7, which proceeded at a 

combined total rate roughly equal to the initial rate of formation of 6. The concentration 

versus time plots from the experiment are shown in Figure 2.2; it should be noted that the 

break-points in the plots for the three tin-containing products (see inset) occurs at the point 

where the concentration of 6 is roughly 80% of the (initial) oxygen concentration in air-

saturated cyclohexane (ca. 2.4 mM
13

). The presence of air caused a barely significant 

increase in the initial rates of photolysis of 2 and formation of 4a compared to those in 

deaerated solution, which allows the conclusion that O2 (at a concentration of ca. 3 mM or 

less) interacts only with the primary photoproducts and does not interact with the reactive 

excited state of the stannacyclopentene (2). 

Photolysis of an undeaerated 0.04 M solution of 3 in C6D12 containing Me2SnCl2 

(0.037 M) afforded diene 4b, Ph2SnCl2 (8), and distannoxane dimer 6 as the major 

products at low (< 6%) conversions of 3 (eq. 2.7); Fig. S2.6 shows representative 
1
H 

NMR spectra recorded throughout the photolysis, while the concentration versus time 

plots from which the initial yields were calculated are shown in Fig. 2.3. 
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Figure 2.2. Concentration versus time 

plots for the photolysis of a solution of 2 

(ca. 0.04 M) and Me2SnCl2 (0.033 M) in 

C6D12, which was saturated with air prior 

to irradiation. The inset shows an 

expanded plot, detailing the formation of 

dichlorodistannane 5, distannoxane 

dimer 6, and Me3SnCl (7) with 

photolysis time. The initial slopes, 

determined from the first five data points 

in each of the plots, are (in units of mM 

min
-1

): 2, -1.02 ± 0.04; Me2SnCl2, -1.28 

± 0.06; 4a, 1.08 ± 0.04; 5, 0.012 ± 0.005; 

6, 0.51 ± 0.03 (< 4 min); 7, 0.033 ± 

0.003 (< 4 min). The slopes of the 

second half (> 4 min) of the plots for 5-7 

are: 5, 0.37 ± 0.02; 6, 0.055 ± 0.007; 7, 

0.10 ± 0.01. 

The plots exhibit good linearity over the first 2.5 minutes of photolysis, and also reveal 

that the consumption of Me2SnCl2 proceeds at roughly twice the rate of consumption of 3 

during the initial (2.5 minute) photolysis period, as expected considering that 6 is a major 

product of the reaction. Continuation of the photolysis past ca. 5% conversion of 3 ï and 

the point where the O2 concentration had been reduced by 80-90% from its initial level 

(vide supra) ï resulted in significant yellowing of the solution, sharp downward curvature 

in the concentration versus time plots for 4b, 6, and 8, and the enhanced growth of several 

of the minor product resonances in the 
1
H NMR spectra. One of the minor product peaks 

was a singlet at d 0.90, which we assign tentatively to 1,2-dichlorodistannane 9, the 

expected primary product of insertion of SnPh2 into a Sn-Cl bond of the substrate. 
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Figure 2.3. Concentration versus time 

plots for the photolysis of an undeaerated 

0.04 M solution of 3 in C6D12 containing 

0.037 M Me2SnCl2. The initial (Ò 2.5 

min) slopes of the plots (in mM min
-1

) 

are: 3, -0.91 ± 0.01; Me2SnCl2, -1.84 ± 

0.07; 4b, 0.74 ± 0.01; 8, 0.69 ± 0.04; 6, 

0.34 ± 0.02; 9 (Ó 3.3 min), 0.08 Ñ 0.04; 

13a (Ó 3.3 min), 0.036 Ñ 0.003. No 

attempt was made to replenish the air in 

the photolyzate as the experiment 

proceeded. 

 

(2.7) 

 A reasonable mechanism for the formation of 6 and 8 in this experiment involves 

air-oxidation of 1,2-dichlorodistannane 9 to afford the corresponding 1,3-

dichlorodistannoxane (10), which dimerizes to the corresponding association dimer (11) 

and then liberates 8 by exchange with excess Me2SnCl2 (eq. 2.8); exchange processes in 

compounds of this type are known to proceed rapidly in solution at ambient 

temperatures.
14,15

 Assuming that the equilibration of 6, 11, and the intermediate 

cyclodistannoxane (12) is rapid and that the three species have similar thermodynamic 

stabilities under the conditions of our experiments, then the mechanism predicts that the 

mixed dimer (12) should be present at 10-20% the concentration of 6 at the highest 

conversion (of 3) examined, where 6, 8 and Me2SnCl2 are present at concentrations of ca. 
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1.5, 2.7, and 29 mM, respectively (see Fig. 2.3). Indeed, the 
1
H NMR spectrum of the 

photolyzed mixture shows a weak doublet at d 8.09 (Fig. S2.6c), which is consistent with 

the presence of 12 as a minor component in the photolyzate;
16

 integration of the spectrum 

indicates that 12 and 6 are present in relative concentrations of [12]:[6] = 0.14 ± 0.02. 

Addition of aliquots of Ph2SnCl2 (8) to the photolyzate caused an increase in the relative 

intensity of a weaker doublet at d 8.06 (relative to the d 8.09 doublet), which has been 

tentatively assigned to cyclodistannoxane 11, formed by exchange of 8 with the exocyclic 

Me2SnCl2 moiety in 12. 

 

(2.8) 

Additional support for these assignments was obtained by analysis of the 
1
H NMR 

spectra of a series of mixtures of Me2SnCl2, 8, and authentic 6 in CDCl3 solution. These 

spectra also showed two doublets in the aromatic region assignable to 11 (d 8.03) and 12 

(d 8.06), in relative intensities (i.e. 11:12) that increased as the [8]:[Me2SnCl2] ratio was 

increased (see Supporting Information). Analysis of the compositions of four different 
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synthetic mixtures according to the expressions for the equilibrium constants for 

interconversion of 11, 12 and 6 (equations 2.9 and 2.10) afforded values of K12<>6 = 0.46 

± 0.03 and K11<>12 = 0.81 ± 0.14 in CDCl3 at 22 °C (see Figure S2.7). The values predict 

that at the highest conversion of 3 achieved in the photolysis with 0.037 M Me2SnCl2 in 

undeaerated C6D12 (Fig. 2.3), cyclodistannoxanes 6 and 12 should be present in the ratio 

[12]:[6] å 0.11, given the relative concentrations of 8 and Me2SnCl2 at this point 

([Me2SnCl2]:[8] å 10.7) and assuming a negligible solvent effect on the equilibrium 

constants. Considering the uncertainties, the estimate is in reasonable agreement with the 

value determined from the 
1
H NMR spectrum of the photolyzate. 

 
(2.9) 

 
(2.10) 

Photolysis of a deaerated
17

 solution of 3 in C6D12 containing Me2SnCl2 (0.035 M) 

resulted in rapid yellowing of the solution and the appearance of the singlet at d 0.90 

assigned above to distannane 9 (Fig. S2.8), which was the major Sn-containing product 

over the first 3% conversion of 3. It was formed in an estimated yield of (42 ± 10) % 

along with diene 4b (ca. 79%), 6 (ca. 24%), and 8 (ca. 25%) (eq. 2.11), based on the 

relative slopes of the concentration versus time plots between 0 and 3% conversion of 3 

(Fig. S2.9). At conversions >3% the plot for 9 curved sharply downward while those for 7 

and several minor Sn-containing products increased sharply, indicating that secondary 

photolysis of 9 competes with the primary photolysis of 3 as the former builds up in 

solution. Two of the minor products were identified as Me2PhSnCl (13a, dH 0.69; 8%) 

and MePh2SnCl (13b, dH 0.84; 5%) on the basis of their 
1
H NMR spectra (Fig. S2.8),

18,19
 

while 7 (3.5%) was identified by comparison with an authentic sample. These compounds, 

along with (SnMe2)n oligomers (which were also tentatively identified in the spectrum; 
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see Fig. S2.8) and a portion of the amount of 8 that is formed, are the products expected 

from photolysis of diaryldistannane 9, which can be expected to absorb quite strongly at 

254 nm.
20

 The formation of 6 and the majority of 8 that is formed can be ascribed to 

incomplete deaeration of the solution prior to photolysis. 

 

(2.11) 

Quantum yields for the formation of 6 from photolysis of 2 and 3 as air-saturated, 

0.04 M solutions in C6D12 containing 0.03-0.04 M Me2SnCl2 were determined using the 

photolysis of 3,4-dimethyl-1,1-diphenylgermacyclopent-3-ene 14 (FGePh2 = 0.55 ± 0.07 in 

methanolic C6D12;
21

 equation 2.12) as an actinometer. The values obtained for 2 (FSnMe2 = 

0.78 ± 0.10) and 3 (FSnPh2 = 0.61 ± 0.09) were calculated from the initial slopes (³2) of 

the concentration versus time plots for 6 relative to that of 15 from the photolysis of the 

actinometer (Fig S2.10). In the case of 3, the value of FSnPh2 obtained is the same 

regardless of which of the two major Sn-containing products (6 or 8) is used for the 

calculation, as expected (Fig. S2.10b). 

 

(2.12) 

2.2.2. Direct Detection of Transient Stannylenes by Laser Flash Photolysis 

Laser flash photolysis experiments were carried out with rapidly flowed, 

deoxygenated solutions of 2 and 3 in anhydrous hexanes, using the pulses from a KrF 

(13a) 

(13b) 

14 15 
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excimer laser (248 nm, 95-105 mJ, ca. 25 ns) for excitation. In both cases laser photolysis 

gave rise to readily detectable transient absorptions throughout the 270 - 600 nm spectral 

range, one set of absorptions that were formed during the laser pulse (and are thus 

assignable to a primary photoproduct), and a second set that grew in concomitantly with 

the decay of the primary absorptions, and are thus assignable to secondary products 

formed via (ground state) reaction of the primary transient; with 2, the decay of the 

secondary products was accompanied by the growth of a third set of absorptions, as we 

found in the earlier study with 1b as SnMe2-precursor.
2
 In both cases, but particularly 

with 3, the quality of the signals tended to degrade steadily throughout the course of an 

experiment due to the gradual appearance of periodic spikes in the absorbance versus 

time profiles. These result from the build-up of particulate material on the inner walls of 

the sample cell, which worsens as the experiment progresses.
22

 They did not interfere 

with the recording of transient UV-vis spectra, and did not compromise the determination 

of decay rate coefficients from the absorbance versus time profiles, provided that data 

acquisition was limited to timescales of 4 ms (full -scale) or greater.  

 The decay of the prompt absorption produced upon laser photolysis of 2 

(monitored at 540 nm to avoid overlap with the secondary absorption) was found to 

proceed with clean second order kinetics and rate coefficient 2k/e540 = (3.0 ± 0.3) ³ 10
7
 

cm s
-1

 (obtained by fitting the absorbance-time plot of the prompt absorption at 540 nm to 

eq. 2.13), in good agreement with the value reported in the earlier solution phase study.
2
  

ȹAt = ȹA0 / (1 + (2kdimȹA0 / Ůl)t) (2.13) 

Figure 2.4a shows representative transient absorption spectra and absorbance-time 

profiles obtained with this compound. As in the earlier work, we assign the prompt 

absorption to SnMe2, the secondary absorption centred at lmax å 465 nm to 
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tetramethyldistannene (Me2Sn=SnMe2, 16a), and the tertiary absorption below 320 nm to 

a product of further reaction of the distannene.
2
 The apparent lmax-value of 490 nm for 

SnMe2 is in acceptable agreement with the earlier-reported value (lmax = 500 nm), the 

apparent blue shift occurring most likely because the higher transient concentrations 

achieved in the present work result in faster second order decays, which compromises our 

ability to isolate temporally the spectrum of the prompt transient from that of the 

dimerization product (16a). The value of lmax = 465 nm observed in the present work for 

the absorption maximum of the latter species, and the timescale over which it decays, are 

also in good agreement with the previously reported data.
2
 

300 400 500 600

0.00

0.01

0.02

0.03

2k /e540nm = (3.0 ° 0.3) ³ 10
7
 cm s

-1

Wavelength (nm)

D
A 0 5 10 15

0.000

0.005

0.010

0.015

290 nm

460 nm

Time (ms)

540 nm

a

300 400 500 600
0.00

0.02

0.04

0.06

2k /e500nm = (1.3 ° 0.2) ³ 10
7
 cm s

-1

Wavelength (nm)

D
A 0 5 10 15

0.00

0.02

0.04

0.06

290 nm

340 nm

Time (ms)

500 nm

b

 
Figure 2.4. (a) Transient UV-vis absorption spectra from laser flash photolysis of rapidly 

flowed solutions of (a) 2 (2 ³ 10
-4

 M) and (b) 3 (7 ³ 10
-4

 M) in anhydrous hexanes at 25 

°C. The spectra in (a) were recorded 0.10 - 0.26 ms (¹), 1.06 - 1.15 ms (Ã) and 17.2 - 17.3 

ms (D) after the laser pulse, while those in (b) were recorded 0.42 - 0.51 ms (¹) and 17.1 - 

17.3 ms (D) after the pulse; the insets show absorbance versus time profiles recorded at 

selected wavelengths in the two spectra. The spectra in (a) were recorded at reduced laser 

intensity in order to maximize the temporal resolution between the primary and secondary 

product spectra. 

 

(2.14) 
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Laser photolysis of 3 also led to at least two sequentially formed transient products. 

The initially-formed species exhibits absorption bands centred at lmax = 300 nm and 505 

nm that decay together over ca. 20 ms, leaving behind a longer-lived species exhibiting a 

broad absorption with lmax < 280 nm, and tailing out to ca. 400 nm (Figure 2.4b). The 

505 nm species (monitored at 500 nm) decays with clean second order kinetics and rate 

coefficient 2k/e500 = (1.3 ± 0.2) ³ 10
7
 cm s

-1
, consistent with dimerization as the main 

mode of decay, and we thus assign it to SnPh2. Notably, the absorption maximum of the 

species is blue-shifted compared to those of the sterically hindered diarylstannylenes that 

have been reported,
23-27

 which is a feature that is also shared by diarylsilylene and ï

germylene systems.
21,28-30

 An absorbance versus time profile recorded at 340 nm, on the 

long wavelength tail of the broad 280 nm absorption, consists of a growth that occurs 

over a similar timescale as the decay of the 505 nm SnPh2-absorption (Fig. 2.4b), 

suggesting it is associated with the product of the dimerization reaction. Importantly, 

there is no evidence of a strong product absorption anywhere throughout the 450-600 nm 

spectral range, the range characteristic of tetraaryldistannenes.
26,31

 We thus conclude that, 

in contrast to the behavior of SnMe2 (vide supra) and the higher diphenyltetrylenes, 

SiPh2
29,32

 and GePh2,
21

 the dimerization of SnPh2 does not afford the corresponding 

(Sn=Sn) doubly-bonded dimer (16b) in detectable amounts, but rather some other Sn2Ph4 

isomer, formed perhaps via (rapid) isomerization of 16b; the most reasonable candidate, 

based on computational
33,34

 and experimental
35

 precedent, is 

phenyltriphenylstannylstannylene (17b). The latter can be expected to exhibit a very weak 

n­5p absorption in the 600-800 nm range of the visible spectrum,
26,36

 which is 

unfortunately in a region of relatively low sensitivity for our spectrometer. Nevertheless, 

careful probing in this spectral range did reveal a barely detectable product absorption 
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centred apparently at lmax å 650 nm, which appeared to grow in over a similar timescale 

as the growth of the absorption at 340 nm (see Fig. S2.11). The result cannot be 

considered conclusive, but is nevertheless consistent with the tentative assignment of the 

observed dimer to stannylstannylene 17b. The assignment is also supported by the results 

of computational studies of the Sn2Ph4 potential energy surface, as discussed later in the 

chapter. 

The steady state photolysis experiments suggest that both stannylenes can be 

trapped efficiently by Me2SnCl2 (vide supra), so we carried out transient quenching 

experiments with 2 and 3 using the dichlorostannane as the substrate, monitoring the 

prompt absorptions assigned to the stannylenes (at 530 and 500 nm, respectively) as a 

function of Me2SnCl2 concentration. Indeed, addition of sub-millimolar concentrations of 

Me2SnCl2 in hexanes caused the decays to accelerate and proceed with clean pseudo-first 

order kinetics in both cases, in a manner consistent with irreversible reaction. 

Accompanying this was a reduction in the intensities of the signals due to the 

dimerization products, indicating dimerization is suppressed in the presence of the added 

substrate, as might be expected. Plots of the pseudo-first order rate constants for decay of 

the prompt absorptions (kdecay; obtained by fitting the absorbance-time plot of the prompt 

absorption to eq. 2.15) versus Me2SnCl2 concentration according to equation 2.16 were 

both linear (see Figure 2.5), consistent with an overall second-order reaction. The slopes 

of the plots afford bimolecular rate constants of kQ = (1.9 ± 0.3) ³ 10
10

 and (3.6 ± 0.2) ³ 

10
9
 M

-1
s

-1
 for the reactions of Me2SnCl2 with SnMe2 and SnPh2, respectively. A transient 

spectrum recorded with 2 in hexanes containing 0.3 mM Me2SnCl2, where the lifetime of 

SnMe2 is reduced to ca. 230 ns and dimerization is suppressed almost completely, 

exhibited lmax = 500 nm, which is in excellent agreement with the earlier reported 
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spectrum of SnMe2 in hexanes solution.
2
 No other transient products could be detected in 

the experiment.  

ȹAt = ȹAres + (ȹA0 - ȹAres) exp(-kdecayt) (2.15) 

kdecay = k0 + kQ[Q] (2.16) 

 

Figure 2.5. Plots of kdecay versus substrate 

concentration for the stannylene 

absorptions from laser photolysis of 

hexanes solutions of (a) 2 (¹) and (b) 3 

(Ã) containing varying concentrations of 

Me2SnCl2 at 25 °C. The monitoring 

wavelengths were 530 nm and 500 nm 

for 2 and 3, respectively. The solid lines 

are the linear least squares fits of the data 

to eq. 2.16. 

The kinetic data for the reactions with the dichlorostannane are consistent with a 

two-step mechanism involving reversible Lewis acid-base complexation of the stannylene 

with the halostannane, followed by unimolecular insertion of the Sn(II) site into the 

(complexed) Sn-Cl bond (equation 2.17). The mechanism is analogous to that for Si-Cl 

bond insertions by silylenes, which has been studied extensively by Kira and 

coworkers.
37-39

 By this mechanism, the rate constant kQ is the product of the individual 

terms K1 and k2 at the low substrate limit (i.e. kdecay << k2; see Figure 2.5). 

 

(2.17) 

The extinction coefficients of SnMe2 and SnPh2 at 500 nm were determined by 

benzophenone actinometry, according to eq. 2.18 and in conjunction with the 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

5

10

15

[Me2SnCl2] / mM

k
d
e
ca

y 
/ 
1

0
6
 s

-1

kQ = (3.6 ± 0.2) ́  109 M-1s-1

kQ = (1.9 ± 0.3) ́  1010 M-1s-1

2

3

kQ = (1.9 ° 0.3)í10
10

 M
-1

s
-1 

 

kQ = (3.6 ° 0.2)í109 M-1s-1  



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

66 

 

photoproduct quantum yields determined in the previous section. SSnR2 and S3BP* (eq. 

2.18) are the slopes for the linear least squares analysis of the plots of initial transient 

absorbance ((ȹA)0) versus laser pulse energy for the stannylene and the benzophenone 

triplet, respectively (see Fig. S2.12).
40,41 

ūSnR2 Ā ŮSnR2 / SSnR2 = ū3BP* Ā Ů3BP* / S3BP* (2.18) 

The values obtained ï e500 = 1,800 ± 600 M-1 cm-1 for SnMe2 and e500 = 2,500 ± 600 

M-1 cm-1 for SnPh2 ï are in the range typical of the n(M)-npp(M) absorption bands of 

dialkyl- and diaryltetrylenes (M = Si, Ge, or Sn) in solution.
21,26,27,42-49

 Use of these data 

with the second order decay rate coefficients reported above affords kdim = (1.4 ± 0.4) ³ 

10
10

 M
-1
s

-1
 for the absolute second order rate constant for dimerization of SnMe2,

50
 and 

kdim = (1.6 ± 0.4) ³ 10
10

 M
-1

s
-1

 as the corresponding value for SnPh2. It can thus be 

concluded that the dimerization of both stannylenes proceeds with absolute second order 

rate constants that are very close to the diffusional limit (kdiff = 2.2í10
10

 M
-1
 s

-1
)
13

 in 

solution. 

A final set of laser photolysis experiments was carried out using methanol (MeOH) 

as the substrate, a reagent found in our earlier study to react with SnMe2 reversibly to 

form a transient product exhibiting lmax å 360 nm, which was assigned to the Me2Sn-

O(H)Me Lewis acid-base complex (18a; eq. 2.19).
2
 Indeed, addition of 0.1-1.5 mM 

MeOH to hexanes solutions of 2 caused closely analogous behavior to what was observed 

in the earlier study of stannacyclopentene 1b;
2
 the intensities of the signals due to both 

SnMe2 and Sn2Me4 were reduced in a manner consistent with a moderately favorable, 

reversible reaction of the alcohol with the stannylene,
51,52

 giving rise to a new transient 

product exhibiting a similar lifetime to the stannylene (as expected if the complex is in 

mobile equilibrium with the free stannylene) and a UV-vis spectrum centred at lmax = 355 
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nm (Fig. S2.13a). A plot of the relative stannylene signal intensities as a function of 

MeOH concentration according to eq. 2.20, where (DA0)0 and (DA0)Q are the initial signal 

intensities (at 530 nm) in the absence and presence of the substrate at concentration [Q] 

and KMeOH (= kMeOH / k-MeOH) is the equilibrium constant, was linear (Fig. S2.13b) with 

slope KMeOH = (2.4 ± 0.2) ³ 10
3
 M

-1
. The value is larger than the earlier reported value by 

a factor of about two,
2
 but can be considered to be the more accurate of the two 

determinations. Interestingly, a time-resolved spectrum recorded with 2 in hexanes 

containing 0.025 M MeOH exhibited an absorption band centred at lmax = 335 nm, blue-

shifted significantly compared to that obtained in the presence of 7 mM of the alcohol. 

This may be the result of the formation of dicoordinate complexes (i.e. SnMe2-(MeOH)2) 

at the higher alcohol concentration.
53

 It should be noted that distannene 16a is evidently 

not formed in the presence of the alcohol. 

 

(2.19) 

(DA0)0 / (DA0)Q = 1 + Keq[Q] (2.20) 

A transient UV-vis spectrum recorded with 3 in hexanes containing 3 mM MeOH 

(Figure 2.6a) showed a prompt absorption centred at lmax = 370 nm, which decayed over 

ca. 5 ɛs to afford similar long-lived oligomer absorptions as were observed in the absence 

of substrate; SnPh2 itself could not be detected under these conditions. We assign the 370 

nm species to the SnPh2-MeOH Lewis acid-base complex (18b; eq. 2.19). The stannylene 

could be detected at lower concentrations of MeOH, where it was found to exhibit 

bimodal decays consisting of a rapid initial decay component and a slowly-decaying 

residual absorbance. The initial decay became more rapid and the intensity of the residual 

absorbance was reduced as the MeOH concentration was increased, which is consistent 
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with a reversible reaction characterized by an equilibrium constant in the approximate 

range of 2 ³ 10
3
 M

-1
 < KMeOH < 3 ³ 10

4
 M

-1
.
51,52

 Analysis of the transient decay and 

residual signal intensity data in the usual manner
51,52

 (see Fig. 2.6b) afforded rate and 

equilibrium constants of kMeOH = (6 ° 1) ³ 10
9
 M

-1
 s

-1
 and KMeOH = (7.6 ° 0.8) ³ 10

3
 M

-1
, 

respectively.  

The threefold higher value of KMeOH for SnPh2 compared to SnMe2 corresponds to a 

difference in binding free energies of ca. 0.7 kcal mol
-1

, which is similar to that reported 

for complexation of MeOH with the corresponding Ge(II) homologs (GeMe2, KMeOH = 

900 M
-1

; GePh2, KMeOH = 3,300 M
-1

).
52,54

 

 

Figure 2.6. (a) Time-resolved UV-vis spectra from laser photolysis of SnPh2 precursor 3 

in hexanes containing 0.025 M MeOH, 0.26-0.38 ms (¹), 4.93-5.18 ms (Ã) and 35.3-35.7 

ms (D) after the laser pulse (25 °C), and absorbance-time profiles at selected wavelengths 

(inset). (b) Plots of kdecay (Ã) and (DA0)0 / (DA0)Q (¹) of the SnPh2 absorption (at 500 nm) 

versus [MeOH], in hexanes solution at 25 °C; the solid lines are the linear least squares 

fits of the data to equations 2.16 and 2.20, respectively. 

 The data indicate that with both the methyl- and phenyl-substituted MR2 (M = Si, 

Ge or Sn) systems, the Lewis acidity at the central M(II) atom is modestly higher for the 

stannylenes than the germylenes, the difference in binding free energies of the Sn(II) and 

Ge(II) complexes (all else being equal) amounting to about 0.5 kcal mol
-1 

for both 

substituents. The acidity-enhancing effect of phenyl substitution at the M(II) centre is also 
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observed with the corresponding silylene derivatives, which (based on our earlier 

estimates of KMeOH
52

) are modestly stronger Lewis acids than the stannylenes. Thus, 

Lewis acidity decreases in the order SiR2 > SnR2 > GeR2 for both substituents. 

Interestingly, the UV-vis spectra of the stannylene-MeOH complexes are both red-shifted 

significantly compared to those of the corresponding SiR2-MeOH and GeR2-MeOH 

complexes.
51,54

 The absolute rate and equilibrium constants determined above for the 

dimerization of SnMe2 and SnPh2 and their reactions with Me2SnCl2 and MeOH in 

hexanes at 25 °C are summarized in Table 2.1. 

Table 2.1. Absolute Rate (k, M
-1

 s
-1

) and/or Equilibrium Constants (Keq, M
-1
) for 

Dimerization and Reactions of Dimethylstannylene (SnMe2) and Diphenylstannylene 

(SnPh2) with Me2SnCl2 and MeOH, Determined by Laser Flash Photolysis of 2 and 3 in 

Hexanes at 25 °C.  

 k (M
-1

s
-1

) [K (M
-1

)] 

Substrate SnMe2 SnPh2 

SnR2 (dimerization) (1.4 ± 0.4) ³ 10
10

 (1.6 ± 0.4) ³ 10
10

 

Me2SnCl2 (1.9 ± 0.3) ³ 10
10

 (3.6 ± 0.2) ³ 10
9
 

MeOH 
a
 

[(2.4 ± 0.2) ³ 10
3
] 

(6 ° 1) ³ 10
9
 

[(7.6 ° 0.8) ³ 10
3
] 

a
rate constant is indeterminable 

2.2.3. Computational Studies
55

 

Density functional theory (DFT) calculations were carried out to model the 

structures, relative energies, and electronic spectra of SnMe2, SnPh2, the corresponding 

distannene and stannylstannylene dimers, and the Lewis acid-base complexes of the two 

SnR2 species with MeOH, and to attempt to identify a possible mechanism for the 

apparent diffusion-controlled formation of stannylstannylene 17b from dimerization of 

SnPh2. The calculations employed the dispersion-corrected hybrid density functional of 

Chai and Head-Gordon (wB97XD)
56 in conjunction with the 6-31+G(d,p) basis set for 
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first and second-row elements and the LANL2DZdp basis set and effective core potential 

for Sn.
57

 Energy minima were identified by the absence of negative eigenvalues of the 

Hessian matrix, while transition state structures (vide infra) were identified as such by the 

presence of a single negative eigenvalue. A total of four Sn2Ph4 isomers were located 

(vide infra) ï distannene 16b, stannylstannylene 17b, and the mono- and di-bridged 

SnPh2 dimers 19 and 20, respectively. All  four of these structures corresponded to energy 

minima except for 17b, which gave rise to one imaginary frequency associated with a 

coupled rocking vibration of two of the phenyl groups. Despite many attempts, we were 

unsuccessful at locating a minimum-energy geometry for this structure with the wB97XD 

density functional. All energies are referenced relative to the isolated stannylenes (+ 

MeOH, where appropriate) at 298.15K; those for the complexes with MeOH are corrected 

for basis set superposition errors (BSSE), which were computed using the counterpoise 

correction method.
58

 Vibrational frequencies were not scaled. Table 2.2 lists the 

calculated (wB97XD/6-31+G(d,p)
C,H,O

-LANL2DZdp
Sn

) electronic energies and 

thermochemical parameters of the various structures that were located computationally, 

relative to the isolated reactants. The structures and selected geometrical parameters of 

the various SnPh2-dimers studied are shown in Figure S2.14, and in the reaction 

coordinate diagram of Figure 2.7 (vide infra).  

 

(2.21) 

The stannylidenestannylene structure 19 is analogous to the ñzwitterionic, donor-

acceptorò stannylene-dimers that have been reported by various groups,
59-63

 the bridging 

phenyl group in the present case providing p-stabilization of the increased positive charge 

at the neighbouring Sn-atom that results from the donor-acceptor interaction between the 



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

71 

 

two Sn-atoms. Indeed, NBO calculations afforded charges of +0.80 and +1.09 at the Sn
1
 

and Sn
2
 atoms in 19, respectively, indicating discrete polarization of the Sn-Sn bond in 

the molecule.
64

 The structure and bonding situation in both 19 and 20 are somewhat 

analogous to the sterically-stabilized halogen- and hydride-bridged stannylene dimers (21 

and 22, respectively) that have been reported by Power and coworkers.
65,66

 All of the 

possible SnPh2-dimer isomers have precedent in the early theoretical studies of Trinquier 

of the dimers of SnH2 and the other parent divalent Group 14 hydrides.
33,34,67

 

 

(2.22) 

A parallel set of calculations was carried out using the wB97X
68

 density functional 

and the same basis set combination (see Table S2.1), to assess the effects of dispersion-

correction on the calculated energies. For the stannylene-dimers, the inclusion of 

dispersion corrections lowered the calculated energies by 1.5-6 kcal mol
-1

, with the 

largest effects being on the bridged dimers 19 and 20. As might be expected, it had little 

impact on the binding energies of the stannylene-MeOH complexes. 

 The calculated structures of SnMe2, SnPh2 and their doubly-bonded dimers (16a 

and 16b, respectively) compare favorably with previously reported structures at other 

levels of theory.
2,69,70

 Similarly, the calculated Sn-Sn bond distances in the distannenes 

(2.74 and 2.77 Å for 16a and 16b, respectively) and the stannylstannylenes (2.91 and 2.90 

Å for 17a and 17b, respectively) are in very good agreement with experimental data for 

the tetraalkyl- and tetraaryldistannene and stannylstannylene derivatives for which 

structural data exist.
35,65,71-73

 As is the case with the parent hydrido-systems,
33,34

 the 

stannylstannylenes are in both cases predicted to be significantly lower in energy than the 

corresponding distannene isomer. The difference is larger for the phenylated systems, 



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

72 

 

presumably reflecting a weakening effect of phenyl substitution on the Sn=Sn bond 

strength (see Table 2.2).
2
  

Table 2.2. Calculated Electronic Energies, Enthalpies (298.15 K), and Free Energies 

(298.15 K) of Stationary Points in the Dimerization of SnMe2 and SnPh2 and their Lewis 

acid-base Complexation with Methanol, Calculated at the wB97XD/6-31+G(d,p)
C,H,O

-

LANL2DZdp
Sn

 Level of Theory Relative to the Isolated Reactants (in kcal mol
-1

).
a
 

 wB97XD/6-31+G(d,p)
C,H,O

-LANL2DZdp
Sn

 

Species DEelec DH° DG° 

Me2Sn=SnMe2 (16a) 

MeSnSnMe3 (17a) 

-24.9 

-32.7 

-22.1 

-30.3 

-11.9 

-21.1 

Ph2Sn=SnPh2 (16b) -22.7 -21.1 -11.4 

PhSnSnPh3 (17b)
b
 -34.0 -33.0  -21.1

 

PhSn(C6H5)SnPh2 (19) -29.8 -28.3 -16.3 

trans-PhSn(C6H5)2SnPh (20) -19.5 -18.0 -5.8 

Transition state 24
ÿ
 +0.4 +1.0 +14.4 

Transition state 25
ÿc

 -29.2 -28.5 -15.7 

Me2Sn-O(H)Me (18a)
d
 -13.5 

(-14.4) 

-11.8 

(-12.8) 

-1.9 

(-2.9) 

Ph2Sn-O(H)Me (18b)
d
 -16.0  

(-17.3) 

-14.3 

(-15.6) 

-3.3 

(-5.0) 
a
Thermodynamic parameters were computed at 298.15 K from unscaled vibrational 

frequencies; 
b
Structure gives rise to one low-energy imaginary frequency (= 8.21i cm

-1
); 

c
An IRC calculation showed that 25

ÿ
 is in fact not the correct transition state for the 

formation of 17b from 19. However, its calculated energies define upper limits for those 

of the true transition state for the process; 
d
Corrected for BSSE; values in parentheses are 

the corresponding uncorrected values. 

Excellent agreement is also observed between the calculated (BSSE-corrected, gas 

phase) free energies of complexation of MeOH with SnMe2 (DG = -1.9 kcal mol
-1

) and 

SnPh2 (DG = -3.3 kcal mol
-1

) and the experimental (solution phase) values of DG = -2.7 

and -3.3 kcal mol
-1

, respectively, where the latter were calculated from the equilibrium 

constants after adjustment to the gas-phase reference state (1 atm, 298.15K). This gives 



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

73 

 

some confidence in the chemical accuracy of the wB97XD/6-31+G(d,p)
C,H

-

LANL2DZdp
Sn

 method for the prediction of reaction thermochemistries for transient 

Sn(II) systems, at least as applied to Lewis acid-base complexation reactions.  

Electronic spectra were modeled using the time-dependent (TD) extension of the 

wB97XD functional and the same basis set combination as was employed for the geometry 

optimizations; the results of the calculations are listed in Table 2.3 along with the 

corresponding experimental values where known. Again, reasonable agreement between 

theory and experiment is observed in all cases for which comparisons are possible; these 

include SnMe2, SnPh2, Me2Sn=SnMe2 (16a), and the two stannylene-MeOH complexes, 

for which the TD-DFT predictions of the lowest energy electronic transitions agree with 

the experimental values to within 0.15 eV in every case. The calculated absorption 

maximum for Ph2Sn=SnPh2 (16b; lmax å 503 nm) is within the range of reported values 

for kinetically stable tetraaryldistannenes,
26,31

 and supports the conclusion that the SnPh2-

dimer detected by laser photolysis of 3 is not the distannene. As mentioned above, the 

most likely alternative based on thermodynamic considerations is stannylstannylene 17b,
35

 

for which the TD-DFT calculation predicts a very weak HOMO­LUMO (n­5p) 

absorption centred at lmax å 730 nm, in reasonable agreement with the value reported for 

the stable derivative 23 (lmax å 689 nm; e = 271 M
-1

cm
-1

),
73

 and consistent with the weak 

secondary product absorption at 650 nm observed by laser photolysis of 3 (vide supra). It 

should be noted that the calculated oscillator strength of the n­5p transition in 17b is an 

order of magnitude smaller than that calculated for the corresponding transition in SnPh2 

(see Table 2.3), which is also in good agreement with the difference between the 

experimental extinction coefficients of the stable stannylstannylene 23
35

 and SnPh2 (Ůmax = 

2500 ± 600 M
-1

 cm
-1

). The long wavelength n­5p absorption band in the spectrum of 17b 
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is thus expected to be inherently quite difficult to detect under the conditions of our laser 

photolysis experiments. 

Table 2.3. Calculated
a
 and Experimental UV-Vis Absorption Maxima of Stannylenes and 

Stannylene-derived Dimers and Methanol Complexes. 

 lmax / nm (ä) 

Compound Calculated
 a
 Experimental 

SnMe2 515(0.029) 500 

SnPh2 331(0.143), 495(0.027) 300, 505 

Me2Sn=SnMe2 (16a) 440(0.351) 465 

MeSnSnMe3 (17a) 270(0.095), 400(0.011), 800(0.002)  ï 

Ph2Sn=SnPh2 (16b) 275(0.123), 503(0.353) ï 

PhSnSnPh3 (17b) 288(0.149), 383(0.016), 730 (0.001) <280, ~340(sh), 650 
b 

PhSn(C6H5)SnPh2 (19) 284(0.318), 337(0.013), 386(0.115) ï 

PhSn(C6H5)2SnPh (20) 279(0.070), 323(0.242), 338(0.186) ï 

Me2SnfO(H)Me (18a) 254(0.19), 348(0.08)
 

355 

Ph2SnfO(H)Me (18b) 241(0.23), 354(0.05) 370 

a
TD-wB97XD/6-31+G(d,p)

C,H,O
-LANL2DZdp

Sn
 // wB97XD/6-31+G(d,p)

C,H,O
-

LANL2DZdp
Sn
; the numbers in parentheses are the calculated oscillator strengths (ä) of 

each of the transitions; 
b
The UV-vis spectrum of the experimentally observed SnPh2-

dimer consists of a broad absorption extending from 270-400 nm (Figs. 2.2 and S2.13a). 

A very weak absorption at 650 nm, with similar growth/decay characteristics to those 

recorded at 340-360 nm, was also detected (Fig. S2.13b) and is tentatively ascribed to the 

same species. 

  

(2.23) 

 

 

We next probed possible mechanisms for the formation of 17b via rearrangement of 
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distannene 16b, which we assumed to be the first-formed product in the dimerization of 

SnPh2. We began by modeling transition state structure 24
ÿ
, using a starting geometry 

derived from the structure reported by Tsai and Su
74

 in their computational study of the 

reversible dimerization / valence isomerization of a bulky arylphenylstannylene 

derivative reported in 2003 by Power and coworkers (eq. 2.24).
35

 The structure that was 

located (24
ÿ
) indeed corresponds closely to that reported in the earlier study.

74
 However, 

it is much too high in energy (see Figure 2.7) to be compatible with the kinetic data, 

which indicate that the initial dimerization step is the rate-determining step in the 

sequence, and all subsequent unimolecular rearrangement steps must occur on the 

nanosecond (or shorter) time scale. Indeed, an intrinsic reaction coordinate (IRC) 

calculation showed that 24
ÿ
 links stannylstannylene 17b to the doubly-bridged dimer 20 

(eq. 2.25) and not to distannene 16b. 

 

(2.24) 

 

(2.25) 

We then carried out a relaxed potential energy surface (PES) scan of the trans CPh-

Sn-Sn-CPh dihedral angles in 16b, based on the hypothesis that the [1,2]-phenyl migration 

that leads to 17b is likely to be preceded by twisting about the Sn=Sn bond, to allow the 

migrating Sn-C bond to adopt an orientation in which it roughly bisects the C-Sn-C angle 

at the second Sn atom. Interestingly, contracting either of the trans dihedral angles in 10° 

increments from the equilibrium geometry resulted in initial flattening of one end of the 

Sn=Sn bond, and concomitant flipping of the substituents at the other end into a near-

20 24
ÿ
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perpendicular relative orientation, as the dihedral was contracted through the initial 50-

60° of the rotation. The process (see eq. 2.26 and Figure S2.15a) resulted in less than a 2 

kcal mol
-1

 rise in energy as the molecule approached the perpendicular orientation, after 

which continued rotation resulted in an abrupt drop in energy and the formation of the 

singly-bridged dimer 19. Structure 19 evidently occupies a rather shallow minimum on 

the Sn2Ph4 PES, as various attempts to locate an analogous structure at the 

B3LYP/LANL2DZ level of theory all failed, most of them leading instead to the global 

minimum, stannylstannylene 17b. 

 

(2.26) 

A relaxed PES scan of the bridging Sn-C bond distance in 19 was then carried out in 

an attempt to locate a transition state for migration of the bridging phenyl group to form 

17b. Decreasing the bridging Sn-C distance (bond ñaò in eq. 2.27) in increments of 0.03 

Å from its equilibrium value (of 2.56 Å) in 19 resulted in a rise in DE of only 0.5 kcal 

mol
-1

 at the highest energy point in the migration, which was successfully optimized to 

transition state structure 25
ÿ
 (see eq. 2.27 and Fig. S2.15b). While an IRC calculation 

revealed that 25
ÿ
 is in fact not the correct transition state linking 19 and 17b, it 

nevertheless represents an upper energetic limit in the reaction profile for interconversion 

of the two isomers, which is shown in Figure S2.15b along with the computed structures 

at selected points in the transformation. 

 

(2.27) 

19 

25
ÿ
 19 
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Finally, relaxed scan calculations of the Sn-Sn bond distances in 16b and 19 were 

carried out in a search for potential transition states for their direct formation via SnPh2-

dimerization. Incremental lengthening of the Sn-Sn bond distances (dSn-Sn) in the two 

molecules to values in excess of 4 Å resulted simply in a continuous rise in energy in both 

cases (see Figure S2.16). The calculation for 16b essentially collapsed once the Sn-Sn 

distance exceeded 4 Å, but with 19 stabilizing non-bonded (p-p) interactions between the 

bridging phenyl group and the neighbouring Sn-atom persisted even at Sn-Sn distances as 

large as 6.5 Å.
75

 In neither case could any indication of a possible transition state be 

found. This suggests there are two distinct barrierless pathways for dimerization of SnPh2, 

one involving exo-approach of one stannylene toward the other and leading to distannene 

16b, and the other involving an endo-approach and leading to the polarized 

stannylidenestannylene structure, 19. With a predicted barrier of less than 1 kcal mol
-1

 for 

the phenyl-migration that converts 19 to 17b, the endo-dimerization pathway comes very 

close to the limit of concerted insertion of one SnPh2 unit into a Sn-C(Ph) bond of 

another, assisted by pPh­pSn dative bonding interactions. 

Thus, the calculations support a multi-step mechanism for the formation of 

stannylstannylene 17b via dimerization of SnPh2, in which the initial diffusional 

encounter of the two stannylene moieties is the rate-determining step in the sequence. The 

two possible products of the initial step - distannene 16b and stannylidenestannylene 19 - 

are each formed by barrierless pathways and represent shallow minima on the (SnPh2)2 

energy surface, according to the calculations. Both species are predicted to have lifetimes 

in the nanosecond range or less, due to the ultrafast phenyl-migration process that leads 

from distannene 16b to stannylstannylene 17b via the intermediacy of the phenyl-bridged 

isomer, 19. The calculations, which are summarized in Figure 2.7 in the form of a 
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reaction coordinate diagram for interconversion of the various (SnPh2)2 dimer structures, 

are fully consistent with the experimental kinetic data.  

 
Figure 2.7. Electronic Energy versus Reaction Coordinate Diagram for the dimerization 

of SnPh2 and interconversion of the (SnPh2)2 isomers, calculated at the wB97XD/6-

31+G(d,p)
C,H,O

-LANL2DZdp
Sn

 level of theory. The vertical placement of the various 

structures is defined by their calculated electronic energy relative to (twice) that of SnPh2 

(1 atm gas phase, 0 K), as indicated on the y-axis; the numbers in parentheses are the 

corresponding standard free energies (see Table 2.1). 

2.3. Summary and Conclusions 

The transient stannylenes SnMe2 and SnPh2 are formed cleanly and efficiently by 

UV-lamp or ïlaser photolysis of the 1-stannacyclopent-3-ene derivatives 2 and 3, 

respectively, according to the results of chemical trapping and laser flash photolysis 

experiments. The stannylenes can both be trapped cleanly by Sn-Cl insertion with 

Me2SnCl2 in aerated solution, the presence of air facilitating the reaction by oxidizing the 

initially produced 1,2-dichlorostannanes, which absorb relatively strongly at the 

19 

20 

24
ÿ
 

25
ÿ
 



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

79 

 

excitation wavelength and are themselves highly photolabile; the corresponding 1,3-

dichlorodistannoxanes that are formed in the oxidation absorb relatively weakly at the 

photolysis wavelength and in any event exhibit very low photoreactivity. The ultimate 

product of trapping both SnMe2 and SnPh2 with Me2SnCl2 under these conditions is the 

association dimer of 1,3-dichlorotetramethyldistannoxane (6), along with Ph2SnCl2 (8) in 

the case of SnPh2. In the latter case, dichlorostannane 8 is liberated from the initially-

formed dichlorodistannoxane dimer (11) by exchange with excess Me2SnCl2; this process 

has been verified to be rapid and reversible under conditions similar to those employed in 

our photolysis experiments. The two-step exchange reaction is characterized by 

equilibrium constants that indicate that phenyl-substitution on the peripheral Sn-atoms 

leads to increased stabilization of the dimer compared to methyl substitution. 

Both transient stannylenes are detectable by laser flash photolysis, their long-

wavelength (n­5p) absorption bands centred at lmax = 500 nm (SnMe2; e500 = 1,800 ± 

600 M
-1 cm

-1
) and lmax = 505 nm (SnPh2; e500 = 2,400 ± 600 M

-1 cm
-1

). They each decay 

with a second order rate constant approaching the diffusional limit, with the concomitant 

growth of secondary transient absorptions assignable to the corresponding dimers. Both 

stannylenes react rapidly with added Me2SnCl2, SnMe2 with an absolute rate constant of 

kQ = (1.9 ± 0.3) ³ 10
10

 and SnPh2 with kQ = (3.6 ± 0.2) ³ 10
9
 M

-1
s

-1
 in hexanes at 25 °C. 

The UV-vis spectrum and dimerization behavior of SnMe2 agrees well with earlier 

solution phase results,
2
 the species decaying with clean second order kinetics (kdim = (1.4 

± 0.4) ³ 10
10

 M
-1
s

-1
) to afford tetramethyldistannene (Me2Sn=SnMe2, 16a; lmax = 465 nm). 

The distannene absorption decays on a similar timescale as those due to SnMe2, to afford 

one or more longer-lived product(s) exhibiting absorptions below 360 nm. 

Diphenylstannylene also dimerizes at close to the diffusion-controlled rate (kdim = (1.6 ± 
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0.4) ³ 10
10

 M
-1
s

-1
), but in contrast to the behavior exhibited by the dialkyl derivative, the 

UV-vis spectrum of the observed SnPh2-dimer lacks the strong absorption in the 450 - 

600 nm range that is expected for tetraphenyldistannene (Ph2Sn=SnPh2, 16b). The 

observed dimer (lmax = 280, 340(sh) nm) is instead assigned to 

phenyltriphenylstannylstannylene (17b), based on the observation of a weak transient 

product absorption centred at 650 nm, which is in the range expected for such a species, 

and the results of DFT calculations carried out at the wB97XD/6-31+G(d,p)
C,H,O

-

LANL2DZdp
Sn

 level of theory. The latter indicate that 17b is the global minimum on the 

Sn2Ph4 potential energy surface, and suggest it can be formed from the higher-energy 

distannene isomer via an ultrafast rearrangement process involving the intermediacy of a 

phenyl-bridged, donor-acceptor dimer (19). The calculated reaction barriers are consistent 

with the experimental finding that diffusion is the rate-controlling step in the decay of 

SnPh2 and the formation of 17b in hexanes at 25 °C. The calculations further suggest that 

the phenyl-bridged dimer can also be formed via a direct endo-dimerization pathway, 

which should compete with the exo-pathway that produces the isomeric distannene. 

According to the calculations, the barrier for migration of the bridging phenyl group in 19 

is so low that the endo-dimerization mode represents an essentially direct (formal Sn-

C(Ph) insertion) pathway for the formation of 17b from SnPh2.  



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

81 

 

2.4. Supporting Information

 

Figure S2.1. 
1
H NMR spectra of an argon-degassed 0.04 M solution of 2 in C6D12 (a) 

before and (b) after 10 minutes photolysis with 254 nm light. The insets in B show an 

expansion of the d 0.23-0.48 region of the spectrum and the portion of the 
119

Sn{
1
H}  

spectrum containing product peaks. 

 

 

 

 

Figure S2.2. Concentration versus 

time plots for the photolysis of the 

solution of Fig. S2.1. The initial slopes 

of the three plots are 2, -0.84 ± 0.03; 

4a, 0.82 ± 0.05; [SnMe2]n (d 0.407) 

0.75 ± 0.07 (units, mM min
-1

). 
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Figure S2.3. 

1
H NMR spectra of a deaerated 0.04 M solution of 3 in C6D12 (a) before and 

(b) after 8.3 minutes photolysis with 254 nm light. The resonances marked with  ̧

disappeared after allowing the photolyzed solution to stand for 18 hours in the dark. 

 

 
Figure S2.4. Concentration versus time plots for photolysis of ca. 0.04 M solutions of 3 

in C6D12, (a) deaerated (slopes (in units of mM min
-1

): 3 (¹), -0.32 ± 0.02; 4b, (Ã), 0.30 

± 0.01; (SnPh2)6 (D), 0.0057 ± 0.0005); (b) air-saturated (slopes: 3(¹), -0.52 ± 0.01; 4b, 

(Ã), 0.55 ± 0.02). 
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Figure S2.5. 

1
H NMR spectra of a deaerated 0.04 M solution of 2 in C6D12 containing 

Me2SnCl2 (0.031 M) (a) before and (b) after 10 minutes photolysis with 254 nm light. 

The inset in B shows the 
119

Sn{
1
H}  NMR spectrum of the photolyzed mixture. 
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Figure S2.6. 

1
H NMR spectra of an undeaerated 0.04 M solution of 3 in C6D12 containing 

Me2SnCl2 (0.037 M) (a) before, (b) after 2.5 minutes, and (c) after 6.7 minutes photolysis 

with 254 nm light. No attempt was made to replenish the air in the photolyzate as the 

experiment proceeded. 
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Equilibrium Constants for Interconversion of Cyclodistannoxanes 6, 12, and 11 (CDCl3, 

22 °C). 

A mixture of 6 (13.7 mg, 11.9 mM) and hexamethyldisilane (4.00 ɛL, 13.0 mM) in 

CDCl3 (1.50 mL) was ultrasonicated in a 5 mL screw cap glass vial at 22 °C, and then the 

1
H NMR spectrum of the resulting opaque solution was recorded. The NMR sample was 

recombined with the bulk of the solution, 8 (24.2 mg, 46.9 mM) was added, the solution 

was shaken briefly, and the 
1
H NMR spectrum of the resulting clear colourless solution 

(solution óaô) was recorded. The procedure was repeated with an additional amount of 8 

(26.7 mg, 51.8 mM; solution óbô), and again with two successive additions of Me2SnCl2 

(31.8 mg, 96.5 mM (solution ócô) and 31.5 mg, 95.6 mM (solution ódô)). 

The relative concentrations of the five components of each of the mixtures (see 

Table below) were calculated from the NMR integrals, using the signals at d 1.19 (s, 12 

H), d 8.06 (d, 4 H), d 8.03 (d, 8 H), d 1.21 (s, 6 H), and d 7.71 (d, 4 H) for 6, 12, 11, 

Me2SnCl2, and Ph2SnCl2 (8), respectively. The equilibrium constants K11<>12 and K12<>6 

were then calculated by least squares analysis of plots of the concentration ratios of the 

cyclodistannoxanes versus those of the dichlorostannanes (Fig. S2.7). 

Quantities Mixed / mM    

Solution 6 Me2SnCl2 8 ([6]/[12])e ([12]/[11])e ([Me2SnCl2]/[8])e 

(a) 11.9 0 46.9 0.266 0.758 0.383 

(b) 11.9 0 98.7 0.205 0.560 0.191 

(c) 11.9 96.5 98.7 0.780 1.90 1.32 

(d) 11.9 192 98.7 1.23 2.43 2.45 
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Figure S2.7. Plots of the concentration 

ratios of cyclodistannoxanes 6, 11, and 

12 (i.e. [6]/[12] and [12]/[11]) versus the 

dichlorostannane concentration ratio 

[Me2SnCl2]/[8], measured from the 
1
H 

NMR spectra of a ca. 0.012 M solution of 

6 in CDCl3 to which sequential portions 

of Ph2SnCl2 (8) and Me2SnCl2 were 

added at ca. 22 °C. The solid lines are the 

linear least squares fits of the data to 

[6]/[12] = K12
ė

6[Me2SnCl2]/[8] (¹) and 

[12]/[11] = K11
ė

12[Me2SnCl2]/[8] (Ã); 

errors are quoted as the standard errors 

from the least squares analysis.  

 
 

 

Figure S2.8. Partial 
1
H NMR 

spectra of a deaerated 0.038 

M solution of 3 in C6D12 

containing Me2SnCl2 (0.034 

M) (a) before, (b) after 2.5 

minutes, and (c) after 6.7 

minutes of photolysis. 
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Figure S2.9. Concentration versus time 

plots for the solution of Figure S2.8. 

The initial slopes of the plots (in mM 

min
-1

) are: 3, -0.48 ± 0.05; Me2SnCl2, -

0.77; 4b, 0.38 ± 0.04; 6, 0.057 ± 0.003; 

8, 0.12 ± 0.01; 9, 0.199 ± 0.006; 13a, 

0.039 ± 0.001; 13b (not shown), 0.022 

± 0.002; 7 (not shown), 0.017 ± 0.001. 
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Figure S2.10. Concentration versus time plots 

for the photolysis of air-saturated C6D12 

solutions of (a) 2 and (b) 3 containing ca. 0.04 

M Me2SnCl2, and of (c) a deoxygenated C6D12 

solution of 14 containing 0.05 M MeOH; all 

three solutions also contained Si2Me6 (ca. 0.01 

M) as an internal integration standard. The 

initial slopes of the plots for the various 

compounds are (in mM min
-1

): (a) 2, -1.06 ± 

0.09; Me2SnCl2, -1.16 ± 0.05; 4a, 1.01 ± 0.04; 

6, 0.51 ± 0.01 (A solid, presumed to be 6, began 

to precipitate halfway through the experiment, 

therefore only the first 4 points were used to 

evaluate the yield of this product); (b) 3, -0.97 ± 

0.07; Me2SnCl2, -1.74 ± 0.40; 4b, 0.83 ± 0.01; 

6, 0.38 ± 0.02; 8, 0.76 ± 0.03; 12, 0.03 ± 0.01; 

(c) 14, -0.781 ± 0.002; 4b, 0.713 ± 0.006; 15, 

0.716 ± 0.012. 
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Figure S2.11. (a) Transient UV-vis absorption spectra from laser flash photolysis of a 

rapidly flowed, deoxygenated solution of 3 (7 ³ 10
-4

 M) in anhydrous hexanes at 25 °C, 

recorded over a longer timescale than that shown in Figure 2.2. The spectra were recorded 

0.64 - 0.96 ms (¹) and 81.1 - 81.9 ms (D) after the pulse, using a Pyrex filter in the 

monitoring beam at wavelengths above 310 nm; the inset shows absorbance versus time 

profiles recorded at 340 and 500 nm. (b) Transient absorbance-time profiles recorded for 

a flowed solution of 3 in deoxygenated hexanes, under similar conditions to those used 

for the experiment shown in (a). The 340 nm DA-time profile was recorded as in (a) and 

is the average of 10 laser shots, while the 650 nm profile was recorded with a 520 nm 

cutoff filter (Corning 3-69) in the monitoring beam to filter out overtone absorptions, and 

is the average of 70 laser shots. The DA-time profile at 500 nm (recorded with a Pyrex 

filter) was quite similar to that obtained in the experiment of (a).  
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Figure S2.12. Plots of initial transient absorbance ((DA)0) versus laser pulse energy 

from optically matched (at 248 nm), deoxygenated hexanes solutions of (a) 

benzophenone and 2, and (b) benzophenone and 3, for determination of the extinction 

coefficients of the SnMe2 and SnPh2 absorption bands at 500 nm. The benzophenone 

triplet (
3
BP; F = 1.0) was monitored at 525 nm (e = 6,250 ± 1,250) M

-1
cm

-1
).

76
 The 

slopes of the plots are (a) 
3
BP, (6.0 ± 0.1) ³ 10

-4
, SnMe2 (1.43 ± 0.02) ³ 10

-4
; (b) 

3
BP, 

(4.61 ± 0.08) ³ 10
-4

, SnPh2 (1.13 ± 0.03) ³ 10
-4

. 

 
Figure S2.13. (a) Time-resolved UV-vis spectra recorded by laser photolysis of SnMe2 

precursor 2 in hexanes containing 7 mM MeOH, 0.22-0.29 ms (¹), 1.25-1.31 ms (Ã) and 

17.5-17.7 ms (D) after the laser pulse (25 °C), and absorbance-time profiles at selected 

wavelengths (inset). (b) Plot of (DA0)0 / (DA0)Q for complexation of SnMe2 with MeOH 

in hexanes at 25 °C; the solid line is the linear least squares fit of the data to equation 

2.20. 
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Computational Studies 

Theoretical calculations were carried out using the Gaussian09 (Rev. B.01) suite of 

programs.
77

 

 

Table S2.1. Calculated Electronic Energies, Standard Enthalpies (298.15 K), and Standard 

Free Energies (298.15 K) of Stationary Points in the Dimerization of SnMe2 and SnPh2, 

Calculated at the wB97X/6-31+G(d,p)
C,H,O

-LANL2DZdp
Sn

 Level of Theory Relative to the 

Isolated Reactants (in kcal mol
-1

).  

 wB97X/6-31+G(d,p)
C,H,O

-LANL2DZdp
Sn

 

Species DEelec DH° DG° D(DH°)
a 
D(DG°)

a
 

Me2Sn=SnMe2 (16a) -23.4 -20.7 -10.4 -1.4 -1.5 

MeSnSnMe3 (17a) -32.2 -29.8 -20.3 -0.5 -0.8 

Ph2Sn=SnPh2 (16b) -19.5 -18.0 -8.3 -3.1 -3.1 

PhSnSnPh3 (17b) -30.8 -29.3 -20.4 -3.7 -0.7 

PhSn(C6H5)SnPh2 (19) -24.2 -22.9 -11.1 -5.4 -5.2 

trans-PhSn(C6H5)2SnPh (20) -14.0 -12.6 -0.2 -5.4 -5.6 

Transition state 24
ÿ
 +8.1 +8.6 +21.7 -7.6 -7.3 

Transition state 25
ÿ
 -24.2 -23.5 -10.3 -5.0 -5.4 

Me2SnfO(H)Me (18a)
b
 -14.0 -12.5 -2.6 +0.7 +0.7 

Ph2SnfO(H)Me (18b)
b
 -15.9 -14.4 -4.0 +0.1 +0.7 

a. Defined as D(DE) = DE(wB97XD) - DE(wB97X). 

b. Corrected for Basis Set Superposition Error (BSSE). 

 



Ph. D. Thesis - I. R. Duffy; McMaster University - Chemistry and Chemical Biology 

 

92 

 

 
Figure S2.14. Selected geometric parameters, electronic energies and standard free 

energies (in parentheses) for SnPh2 and the SnPh2-dimers 16b, 17b, 19 and (trans-) 20, 

calculated at the wB97XD/6-31+G(d,p)
C,H,O

-LANL2DZdp
Sn

 level (hydrogen atoms 

omitted for clarity). 

   

Figure S2.15. Plots of DE versus geometry from relaxed PES scans of (A) the C1-Sn2-

Sn3-C4 dihedral angle in 16b and (B) the Sn-C bond distance involving the bridging 

phenyl group in stannylidenestannylene 19, carried out at the wB97XD/6-

31+G(d,p)
C,H

-LANL2DZdp
Sn

 level of theory. 
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Figure S2.16. Plot of calculated relative electronic energies (DE; relative to two SnPh2 

moieties at infinite separation) versus Sn-Sn bond distance, from relaxed potential energy 

surface scans of the Sn-Sn bond distances (dSn-Sn) in 17b and 19 at the wB97XD/6-

31+G(d,p)
C,H

-LANL2DZdp
Sn

 level of theory. The calculated structures at various dSn-Sn 

values in the calculations are also shown. 
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Chapter 3: Reactivity of Transient Stannylenes in Solution 

1) Direct Detection of SnMePh and Reactions of SnMe2, SnPh2, and SnMePh with 

Chlorostannanes and Acetic Acid  

 

3.1. Overview 

As discussed in the previous chapter,
1
 laser flash photolysis experiments carried 

out with solutions of 1 or 2 in anhydrous hexanes, using the pulses from a KrF excimer 

laser (248 nm) for excitation, result in the observation of SnMe2 and SnPh2 as promptly 

formed, short-lived transients, exhibiting UV-vis absorption bands centred at ɚmax = 500 

nm (Ű ~ 10 ɛs) and ɚmax = 290, 505 nm (Ű ~ 20 ɛs), respectively. 

 

(3.1) 

 This chapter discusses the reactions of transient stannylenes with tributyltin 

chloride (Bu3SnCl) and acetic acid (AcOH), where the results of product studies and laser 

flash photolysis experiments suggest rapid and irreversible reaction of the stannylenes 

leading to discrete product formation. In carrying out this study, it became apparent the 

differing observations between alkyl and aryl substituted stannylenes, suggesting the 

behaviour of methylphenylstannylene (SnMePh) would be particularly informative.  

 The initial motivation to study SnMePh was to provide additional insight into the 

dimerization of SnMe2 and SnPh2, as well as their reactions with Me2SnCl2. Thus, this 

chapter begins by discussing the preparation of stannacyclopent-3-enes 3 and 4, which 

were used as photoprecursors of SnMePh in order to characterize the stannylenes' 

behaviour in solution and carry out chemical trapping studies with Me2SnCl2 as the 

scavenger. Next, reactivity studies involving Sn-Cl insertion of SnMe2, SnMePh and 
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SnPh2 with Bu3SnCl were conducted, which expands on the insertion reaction of 

Me2SnCl2 described in the previous chapter. In the final section, the reaction of SnMe2, 

SnMePh and SnPh2 with AcOH was studied through a combination of product studies, 

deuterium labelling, and laser flash photolysis methods. The results indicate competing 

ligand substitution and oxidative addition reaction channels, which has precedent in the 

reactions of kinetically stabilized diarylstannylenes with small protic molecules like NH3, 

H2O and MeOH.
2,3

 

3.2. Direct Detection and Chemical Trapping of SnMePh in Solution 

3.2.1. Results 

 Compounds 3 and 4 were prepared by an adaptation of the method of Gaspar and 

coworkers
4
 by treatment of methylphenyltin dichloride (MePhSnCl2, 5) with the 

magnesacyle generated from Rieke magnesium (Mg*) and either 2,3-dimethyl-1,3-

butadiene (6) for 3 or 2-methyl-3-phenyl-1,3-butadiene (7) for 4 (eq. 3.2). Compound 3 

was obtained as a clear colourless oil in 2 % yield by silica gel column chromatography 

using a gradient elution method (0 to 30% dichloromethane / hexane). Samples used for 

steady state and laser flash photolysis studies of 3 contain additional 
1
H and 

13
C NMR 

resonances that suggest the presence of an aliphatic hydrocarbon that was found to be 

unchanged in steady state photolysis experiments. Without knowing the exact structure of 

the impurity, integration of the dH = 0.88 ppm resonance relative to the dH = 0.43 ppm 

resonance due to 3 (see Figure S3.2a) indicates it is present at the level of 12 mol % 

relative to 3, assuming the 0.88 ppm resonance is due to 6 equivalent protons. In addition, 

a small quantity of naphthalene is present (ca. 0.2 mol % relative to 3 as determined by 

1
H NMR spectroscopy) that could not be removed. Compound 4 was isolated as a clear 

colourless oil in 45 % yield by applying a vacuum to remove both excess naphthalene and 

7, followed by column chromatography using basic alumina as the stationary phase and 
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10 % dichloromethane / pentane as the eluant. Samples of 4 used for steady state and 

laser flash photolysis studies contain (as determined by 
1
H and 

13
C NMR spectroscopy) 

an unknown impurity (Ò 10 mol %) that was also found to be unchanged in steady state 

photolysis experiments. 

 

(3.2) 

 Compounds 3 and 4 were identified on the basis of their 
1
H, 

13
C and 

119
Sn NMR 

spectra, and high resolution mass spectrometry (HRMS). Diagnostic resonances in the 
1
H 

NMR (CDCl3) spectrum of 3 include a singlet at 0.50 (s, 3 H,
 2
JSnH = 57.0 Hz) that is 

assigned to the SnMe resonance, in addition to two aromatic resonances at 7.52 (m, 2 H, 

3
JSnH = 45.5 Hz, o-Ph) and 7.33 (m, 3 H, m,p-Ph). The 

13
C NMR (CDCl3) spectrum also 

exhibits a diagnostic resonance at -11.5 (
1
J119SnC = 340.8 Hz, 

1
J117SnC = 325.2 Hz) 

assigned to the SnMe carbon. Other peaks at 21.8 (
1
J119SnC = 335.3 Hz, 

1
J117SnC = 320.4 

Hz, ïCH2C(Me)C(Me)CH2ï) and 131.8 (
2
JSnC = 20.6 Hz, ïCH2C(Me)C(Me)CH2ï) are 

assigned to the respective stannacyclopentene ring carbons, while the aromatic ring 

carbons are found at 140.8 (
1
JSnC = 452 Hz, ipso-Ph), 136.2 (

2
JSnC = 36.4 Hz, o-Ph), 128.4 

(
4
JSnC = 10.6 Hz, p-Ph), and 128.2 (

3
JSnC = 46.2 Hz, m-Ph). The 

119
Sn{

1
H}  NMR (CDCl3) 

spectrum shows a peak at -4.8 ppm. The EI-MS, m/z (relative intensity; Sn-containing 

isotopomeric clusters are represented by the 
120

Sn isotopomer) exhibits major peaks at 

294.0 (22, M
+
), 279.0 (30, M

+
 - CH3), 212.0 (53, M

+
 - C6H10), 196.9 (98, PhSn

+
), and 

119.9 (41, Sn
+
). A HRMS of the molecular ion gave an exact mass of 294.0454 

(calculated for C13H18
120

Sn, 294.0430). 

 The 
1
H NMR (CDCl3) spectrum of 4 shows a singlet at 0.58 (s, 3 H, 

2
J119SnH = 

57.4 Hz,
 2
J117SnH = 55.0 Hz) that is assigned to the SnMe protons. The SnPh resonances 
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are identified at 7.37 (m, 3 H, m,p-PhSn) and 7.57 (m, 2 H, 
3
JSnH = 45.6 Hz, o-PhSn), 

while the phenyl resonances on the stannacyclopentene ring are located at 7.19 (d, 2 H, 
3
J 

= 7.9 Hz, o-Ph), 7.20 (t, 1 H, 
3
J = 6.6 Hz, p-Ph), and 7.31 (t, 2 H, 

3
J = 7.9 Hz, m-Ph). The 

13
C NMR (CDCl3) spectrum shows a diagnostic resonance at -11.2 (

1
J119SnC = 343.8 Hz, 

1
J117SnC = 328.7 Hz) that is assigned to SnMe. Furthermore, aromatic carbons at 125.7 (p-

Ph), 127.9 (m-Ph), 128.1 (o-Ph), and 145.8 (
3
JSnC = 57.3 Hz, ipso-Ph) are assigned to 

C=C-Ph, while 128.3 (
3
JSnC = 46.5 Hz, m-PhSn), 128.6 (

4
JSnC = 11.8 Hz, p-PhSn), 136.2 

(
2
JSnC = 36.7 Hz, o-PhSn) and 140.7 (

1
J119SnC = 455.8 Hz,

 1
J117SnC = 438.4 Hz, ipso-PhSn) 

are assigned to SnPh. The
 119

Sn{
1
H}  NMR (CDCl3) spectrum exhibits a resonance at 5.1 

ppm. The electron impact mass spectrum exhibits diagnostic peaks at m/z(I) = 356.1* (3, 

M
+
), 341.0* (17, M

+
 - CH3), 196.9* (63, PhSn

+
), 144.1 (78, C11H12

+
), and 129.0 (100, 

C10H9
+
). HRMS of the molecular ion (calculated for C18H20

120
Sn, 356.0566) affords an 

exact mass of 356.0587. 

 Photolysis of an air-saturated C6D12 solution of 3 (0.04 M) using two low pressure 

mercury vapour lamps (254 nm) led to the disappearance of the stannacyclopent-3-ene, 

concurrent with the formation of 6 and an insoluble white precipitate. The average of all 

resolved 
1
H NMR resonances for 3 (dH = 7.40 (2 H), 7.18 (3 H), 0.43 (3 H)) and 6 (dH = 

4.89 (2 H) and 5.00 (2 H)) were used to calculate their concentrations. Thus, the 

collection of resonances at dH = 1.6 - 1.9 ppm for 3 and dH = 1.88 ppm for 6 were not 

used. Concentration versus time plots for 3 and 6 are shown in Figure S3.1, while the 
1
H 

NMR spectra before and after 10 minutes photolysis are shown in Figure S3.2. No 

attempts were made to replenish the oxygen content of the sample as photolysis 

proceeded, or to identify the insoluble precipitate. Continued irradiation beyond 2.5 

minutes results in a decrease in both the rates of consumption of 3 and formation of 6. 

The breakpoint at ca. 2.5 minutes coincides with the consumption of roughly 2.4 mM of 
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3, which corresponds to the concentration of molecular oxygen in air-saturated 

cyclohexane solution at 25 °C.
5
 Similarly curved concentration versus time plots were 

obtained in the photolysis of 2 under similar conditions (see Chapter 2).
1
 The results of 

the experiment are summarized in eq. 3.3; the yield of 6 was estimated from the relative 

slopes of the concentration versus time plots of 3 and 6 over the first ca. 2.5 minutes of 

photolysis. 

 

(3.3) 

 Photolysis of an undeaerated C6D12 solution of 3 (0.04 M) containing 

dichlorodimethylstannane (Me2SnCl2, 0.04 M) led to the formation of 6 (89 ± 10 %) and 

several tin-containing compounds, the most abundant of which were identified as 

MePhSnCl2 (5; 74 ± 7 %) and the association dimer of 1,3-

dichlorotetramethyldistannoxane (8, 74 ± 24 %); yields of tin containing products were 

calculated from the average of their respective methyltin resonances. Two additional 

products, which were identified by NMR as chlorotrimethylstannane (Me3SnCl, 9; dH 

0.52) and chlorodimethylphenylstannane (Me2PhSnCl, 10; dH 0.69), are formed in lower 

yields (eq. 3.4). The identity of 5 was verified by spiking the photolyzate with an 

authentic sample, while 6, 8, 9 and 10 were identified by comparison of the 
1
H and/or 

119
Sn spectra of the crude photolyzate with the literature spectra.

1,6,7
 

 

(3.4) 
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 The 
1
H NMR spectrum of the solution mixture before and after 10 minutes of 

photolysis time, as well as the latter after the addition of an authentic sample of 5 is 

shown in Figure S3.3, while the 
119

Sn NMR spectrum after 10 minutes of photolysis with 

and without added 5, is shown in Figure S3.4. The concentration versus time plots 

showing the consumption of 3 and Me2SnCl2 and the formation of the various identified 

products are shown in Figure 3.1. No attempts were made to replenish the oxygen content 

in the sample as the photolysis proceeded. In the first 2.5 minutes of photolysis, the major 

products formed, concurrent with the consumption of 3 and Me2SnCl2 (-250 ± 20 %), are 

5, 6, and 8. Continued photolysis between 2.5 - 10 minutes resulted in no further (net) 

formation of 5, 6, or 8, and the linear growth of the resonances due to 9 and 10 (vide 

infra). 
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Figure 3.1. Concentration versus time plots for 

the photolysis of a 0.04 M solution of 3 in 

C6D12 containing 0.04 M Me2SnCl2. The inset 

shows an expanded plot, illustrating the 

formation of compounds 9 (Ï) and 10 (ǒ) with 

photolysis time. The initial slopes determined 

from the first four data points are 3, -0.77 ± 

0.02 (ƺ); Me2SnCl2, -1.9 Ñ 0.1 (ȹ) (slope not 

shown); 6, 0.69 Ñ 0.07 (Ǐ); 5, 0.57 Ñ 0.05 (ƶ); 

8, 0.29 ± 0.05 (θ) (units, mM min
-1

). 

 A reasonable mechanism for the formation of the various Sn-containing products 

of the photolysis is shown in equation 3.5, which is analogous to the proposed mechanism 

for product formation in the photolysis of an air saturated C6D12 solution of 2 in the 
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presence of Me2SnCl2.
1
 The insertion of SnMePh into the Sn-Cl bond in Me2SnCl2 

generates 11 which, in the presence of oxygen, is converted to 12. Distannoxane 12 

dimerizes to form 13, which undergoes exchange with excess Me2SnCl2 to afford 5 and 8. 

 

(3.5) 

 The mechanism of eq. 3.5 suggests that distannoxane dimers 13 and 14a should be 

present, and indeed a resonance at ŭH 8.07 ppm is observed that has been assigned 

tentatively to 14a.
1,8

 It and distannoxane dimer 8 are present in the ratio 14a:8 = 5.03 after 

10 minutes irradiation time together with the ratio 5:Me2SnCl2 = 11.5 that is present, this 

allows an equilibrium constant Keq ~ 0.44 to be approximated for the 14aD8 equilibrium 

in C6D12 at 22 °C (eq. 3.6). 

 

(3.6) 

Also in agreement with both the assignment and the mechanism, the concentration of 14a 

increased when an authentic sample of 5 was added to the photolyzate (Figure S3.3c): the 
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new ratio of 14a:8 = 1.9, together with the ratio of 5:Me2SnCl2 = 3.3, affords an estimate 

of Keq ~ 0.57. The average (Keq ~ 0.50) is nearly identical to the value measured for the 

interconversion of 8 and the SnPh2 derived species 14b under similar conditions (eq. 3.7; 

see also Chapter 2).
1
 

 

(3.7) 

 The change in the slopes of the concentration versus time plots after ca. 2.5 

minutes (Figure 3.1) coincides with the point at which ca. 2.0 mM of 3 has been 

consumed, which corresponds to roughly 80 % of the concentration of O2 in air-saturated 

cyclohexane solution.
5
 After which, the formation of mixed chlorostannanes 9 and 10 

results from the photolysis of 11; 1,2-dichlorotetraorganodistannanes are known to absorb 

strongly at 254 nm and also be highly photolabile to form triorganotin chlorides.
9-11

 The 

levelling of the concentration versus time plots for 1 and 6 is also consistent with 11 

absorbing some of the incident light. 

 Laser flash photolysis studies were performed using excitation from a 248 nm KrF 

excimer laser, on continuously flowing argon-saturated solutions of 3 (ca. 9.2 í 10
-4

 M) 

or 4 (ca. 1.1 í 10
-4

 M) in anhydrous hexanes. Transient UV-Vis absorption spectra 

recorded over the 270 - 600 nm region at selected time intervals after excitation are 

shown in Figures 3.2a and 3.2b for 3 and 4, respectively. 

 The absorption spectra recorded of a hexanes solution of 4, 0.58 - 0.70 ɛs after the 

laser pulse, reveals the prompt formation of a transient species exhibiting an absorption 

maximum at ɚmax = 500 nm (Fig 3.2b) and more intense absorptions below 300 nm. The 

decay of the promptly formed species fits reasonably well to second-order kinetics (eq. 

3.8) with 2k/Ů500 = (3.6 ± 0.2) í 10
7
 cm s

-1
, consistent with an assignment to SnMePh. 
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The decay of the promptly formed species is concurrent with the formation of a new 

transient absorption exhibiting an absorption band between 270 - 400 nm with ɚmax = 290 

nm. 

ȹAt = ȹA0 / (1 + (2kdimȹA0 / Ůl)t) (3.8) 
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Figure 3.2. Time-resolved UV-vis spectra from laser photolysis of (a) 3 and (b) 4 in 

hexanes solution, 0.58 - 0.70 µs (ƺ), 4.16 - 4.35 µs (Ǐ), and 34.4 - 34.7 µs (ȹ) after the 

laser pulse (25 °C). Absorbance-time profiles are shown at selected wavelengths (inset). 

(Data in (b) recorded by B. Nguyen) 

 Laser flash photolysis of a hexanes solution of 3 (Fig 3.2a) afforded similar 

transient absorption spectra to those obtained from 4. The promptly-formed transient 

exhibits an absorption band at ɚmax = 500 nm and decays with 2nd order rate coefficient 

2k/Ů500 = (2.7 ± 0.2) í 10
7
 cm s

-1
, to afford a secondary species exhibiting a broad 

absorption between 270 - 380 nm. Comparison of the transient absorption spectra from 3 

and 4 verifies that common transient products are formed from the two precursors, and 

thus support the assignment of the promptly formed transient to SnMePh. An additional 

weak absorption appears in the 350 - 430 nm region of the spectra, and is attributed to the 

triplet-triplet absorption spectrum of the small amount of residual naphthalene that is 

present in the samples of 3.
12,13
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As was discussed in the previous chapter, the addition of a stannylene substrate (Q) 

results in changes to the stannylene absorbance-time profiles in a manner that depends on 

the magnitude of the absolute rate (kQ) and/or equilibrium (Keq) constants of the 

interaction. Reactions that proceed to pre-pulse level with pseudo first order decay 

character are modelled according to eq. 3.9 and afford kdecay, while the slopes of linear 

plots of kdecay versus substrate concentration [Q] affords kQ, consistent with an overall 

second-order reaction (eq. 3.10). Rapid and reversible reactions are characterized by a 

drop in apparent yield of the stannylene ((ȹA0)Q) with [Q] according to eq. 3.11, the slope 

of the linear correlation affords Keq. 

ȹAt = ȹAres + (ȹA0 - ȹAres) exp(-kdecayt) (3.9) 

kdecay = k-Q + kQ[Q] (3.10) 

(ȹA0)0/(ȹA0)Q = 1 + Keq[Q] (3.11) 

 Transient absorption spectra recorded of hexanes solutions of 3 or 4 containing 

millimolar concentrations of THF reveal a new absorption band centred at ɚmax = 360 nm, 

in place of the absorption band due to SnMePh (Figure S3.5). The new absorption band is 

assigned to the SnMePh-THF Lewis acid-base complex 16 (eq. 3.12). Addition of smaller 

amounts of THF to a hexanes solution of 4 resulted in acceleration of the decay of 

SnMePh and a change to pseudo-first order decay kinetics. Analysis of kdecay versus 

[THF] data according to equation 3.10 affords the bimolecular rate constant kQ = (1.8 ± 

0.1) í 10
10

 M
-1

 s
-1

 (Figure 3.3a). 

 The addition of MeOH in sub-millimolar concentrations to hexanes solutions of 4 

resulted in a decrease in the initial signal intensity of SnMePh ((ȹA0)0), consistent with a 

rapid and reversible reaction between SnMePh and MeOH. Analysis of the stannylene 

traces at 500 nm according to equation 3.11 affords the equilibrium constant Keq = (5.0 ± 

0.6) í 10
3
 M

-1
 (Figure 3.3b). Transient UV-Vis absorption spectra recorded in the 
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presence of 7.3 mM MeOH show a transient absorption centred at ɚmax = 350 nm in place 

of the stannylene absorption, which can be assigned to the Lewis acid-base complex 

SnMePh-O(H)Me (17) (Figure 3.3c). 

 

(3.12) 

 The addition of Me2SnCl2 in sub-millimolar concentrations to hexanes solutions 

of 4 also resulted in acceleration of the decay of SnMePh and a change to pseudo-first 

order decay kinetics. Analysis of kdecay versus [Me2SnCl2] data according to equation 3.10 

affords the bimolecular rate constant kQ = (5.6 ± 0.9) í 10
9
 M

-1
 s

-1
 (Figure 3.3a) for the 

reaction of SnMePh with this substrate. 
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Figure 3.3. (a) Plot of kdecay for the reaction of SnMePh with THF (Ǐ) and Me2SnCl2 (ƺ) 

in hexanes at 25 °C; the solid lines are the linear least squares fit of the data to equation 

3.10. (b) Plot of ȹA0/ȹAQ for the reaction of SnMePh with MeOH in hexanes at 25 °C; 

the solid line is the linear least squares fit of the data to equation 3.11. (c) Time-resolved 

UV-vis spectra from laser photolysis of 4 in hexanes containing ca. 7.3 mM MeOH, 0.27 

- 0.28 µs (ƺ) and 1.58 - 1.61 µs (Ǐ) after the laser pulse (25 °C). Absorbance-time profiles 

at selected wavelengths (inset). (Data from Fig 3.3a-c recorded by B. Nguyen using 4) 
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3.2.2. Discussion 

 Laser flash photolysis of 3 and 4 results in the prompt formation of new 

absorption bands, centred at ɚmax = 500 nm, which are assigned to SnMePh. This 

represents the first time that SnMePh has been detected directly under any set of 

conditions. The transient exhibits similar decay characteristics from the two precursors, 

leading to an average second order decay rate coefficient of 2k/Ů500 = (3.1 ± 0.5) í 10
7
 

cm s
-1

. While both 3 and 4 produce adequate transient signals of SnMePh in order to carry 

out solution phase studies, 4 has the added advantage of having a ca. 10 fold higher molar 

absorptivity at the excitation wavelength, meaning a smaller quantity of material is 

required for an experiment. Transient absorption spectra recorded in the presence of 

millimolar concentrations of THF also showed a similar transient (ɚmax = 360 nm) from 

both precursors. The similarities outlined above confirm the expectation that 3 and 4 

should generate the same transient product upon photolysis (eq. 3.12). 

 To a first approximation, the properties of SnMePh can be expected to fall in 

between with those of SnMe2 and SnPh2. Indeed the long wavelength absorption maxima 

does not vary between the transient stannylenes, and the rate coefficients match those 

obtained for SnMe2 and SnPh2, which exhibit rate coefficients between 1.3 - 3.0 í 10
7
 

cm s
-1

.
1
 The decay of SnMePh takes place concurrently with the formation of new 

transient absorptions that we assign to a (SnMePh)2 dimer. As in the dimer detected for 

SnPh2, the spectrum of the species is devoid of an absorption band in the 460 - 500 nm 

range, where (E)- and/or (Z)-1,2-dimethyl-1,2-diphenyldistannene is expected to absorb, 

based on the spectra of the alkyl or aryl substituted distannenes that have been 

reported.
14,15

 The absorption spectrum of the dimer (the portion of it that is detectable 

under our conditions) instead bears closer resemblance to the SnPh2 dimer (Ph3Sn)SnPh,
1
 

and is assigned tentatively to (methyldiphenylstannyl)methylstannylene 
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((MePh2Sn)SnMe, 15) (eq. 3.13). We did not attempt to detect the weak absorption band 

in the 650 - 750 nm region that is expected for the compound, however. 

 

(3.13) 

 Table 3.1 summarizes the rate and equilibrium constants for the reactions of 

SnMePh along with the values for SnMe2 and SnPh2. The reaction of SnMePh with 

methanol shows characteristics that closely resemble those exhibited by SnMe2 and SnPh2 

in the presence of the substrate. The behaviour is consistent with a rapid and reversible 

reaction, characterized by an equilibrium constant (Keq = (5.0 ± 0.6) í 10
3
 M

-1
) and 

absorption maximum for 17 (ɚmax = 350 nm) that falls intermediate to the values obtained 

for SnMe2 and SnPh2.
1,14

 The values of Keq allow one to establish a Lewis acidity scale 

for the three stannylenes, which follows the order: SnPh2 > SnMePh > SnMe2.  

 The formation of 6 as the major product (ca. 90 %) from the photolysis of 3 in 

C6D12 (eq. 3.3) is consistent with the clean extrusion of SnMePh, which the evidence 

suggests polymerizes in the absence of a stannylene substrate such as Me2SnCl2. 

Photolysis of an air-saturated C6D12 solution of 3 containing Me2SnCl2 affords 5 and 8 as 

the major tin-containing compounds, most likely via the mechanism outlined in eq. 3.5. 

The results are quite similar to those obtained from the chemical trapping of SnPh2 as 

Ph2SnCl2 in air saturated solution.
1
 The flash photolysis results for 3 in hexanes 

containing Me2SnCl2 is consistent with a rapid and irreversible reaction between the 

stannylene and the substrate. The resulting bimolecular rate constant (kQ = (5.6 ± 0.9) í 

10
9
 M

-1
 s

-1
) falls between that for reaction of Me2SnCl2 with SnMe2 (kQ = (1.9 ± 0.3) í 

10
10

 M
-1
 s

-1
) and SnPh2 (kQ = (3.6 ± 0.2) í 10

9
 M

-1
 s

-1
),

1
 as might be expected.  
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3.3. The Reactions of Transient Stannylenes with Tri-n-butyltin Chloride 

3.3.1. Results 

Photolysis of a deaerated solution of 1 in the presence of Bu3SnCl (0.04 M) results 

in the formation of diene 7 (87 ± 4%) and a product identified by NMR as 1,1,1-tributyl-

2-chloro-2,2-dimethyldistannane (18, 66 ± 4%), the formal insertion product of SnMe2 

into Bu3SnCl (eq. 3.14). At least two additional products were also formed, for which the 

concentration versus time plots exhibited upwards-curvature characteristic of secondary 

photolysis products (see Fig. S3.6). One of these can be assigned tentatively to Me3SnCl 

(9; 9 ± 5%) on the basis of its 
1
H and 

119
Sn NMR spectra. The other product could not be 

identified and disappeared gradually after allowing air to diffuse into the NMR tube over 

four days. Distannane 18 also disappeared after allowing air to diffuse into the NMR tube 

over the same period of time. This is consistent with its anticipated air sensitivity, based 

on the reported characteristics of a structurally comparable derivative (Bu3SnSnR2Cl, R = 

C6H4-2-(CH2N(CH3)2)).
16

 Exposure of the photolyzed sample to air also resulted in a 

gradual clouding of the solution. 

Table 3.1. Absolute Rate (kQ) and Equilibrium Constants (Keq) for the Reactions of 

SnMe2, SnPh2 and SnMePh with Stannylene Substrates in Hexanes Solution at 25 °C. 

Substrate 

kQ (10
9
 M

-1
 s

-1
) / [Keq (10

3
 M

-1
)] 

SnMe2 SnPh2 SnMePh 

MeOH  [2.4 ± 0.2]
a,b 6 ± 1

b
 

[7.6 ± 0.8]
b
 

 [5.0 ± 0.6]
a,c 

THF 
25 ± 5

e
 

[19 ± 5]
e
 

15 ± 3
c,d,e

 19 ± 0.1
c,d

 

Me2SnCl2 19 ± 3
b
 3.6 ± 0.2

b
 5.6 ± 0.9

c
 

Errors are quoted as twice the standard error obtained from the least-squares analyses 

unless otherwise specified. 
a
kQ indeterminable; 

b
ref

1
; 

c
Data recorded by B. Nguyen; 

d
Keq > 

25000 M
-1

; 
e
Data from Chapter 4. 
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(3.14) 

Compound 18 was assigned on the basis of its 
1
H, 

13
C{

1
H}  and 

119
Sn{

1
H}  NMR 

spectral characteristics in the NMR spectra of the crude photolyzate mixture (see Figure 

3.4; the full 
1
H NMR spectrum is shown in Figure S3.6). It exhibits ŭH 0.64 (

2
JSnH = 41.6 

Hz, 
3
JSnH = 6.4 Hz), and ŭSn 100.4, -48.4; the 

119
Sn resonance at 100.4 ppm falls in the 

range characteristic of chlorodimethylstannylstannanes,
1
 while the 

119
Sn resonance at -

48.4 ppm agrees with the chemical shift reported for the tributyltin atom in a similar 

derivative (Bu3SnSnR2Cl, R = C6H4-2-(CH2N(CH3)2)).
16

 Diagnostic resonances 

consistent with 18 are also evident in the 
13

C NMR spectrum of the photolyzate; in 

particular, the Sn-Me and n-Bu(C
Ŭ
) carbons exhibit Sn-C coupling constants of 

1
J119SnC = 

198.6 Hz, 
1
J117SnC = 190.4 Hz, 

2
JSnC = 44.2 Hz and 

1
J119SnC = 277.2 Hz, 

1
J117SnC = 264.7 

Hz, 
2
JSnC = 59.4 Hz, respectively, consistent with the presence of a Sn-Sn bond in the 

compound.
17

 The expected 
1
JSnSn coupling constants were not observed in the 

119
Sn NMR 

spectrum for 18, likely due to an insufficient concentration. Complete NMR data for 18 

are as follows: 

1
H NMR (C6D12): ŭ 0.64 (s, 6 H, 

2
JSnH = 41.6 Hz, 

3
JSnH = 6.4 Hz, Sn-Me), 0.89-0.94 (t, 9 

H, n-Bu(C
ŭ
H3)), 1.11-1.26 (m, 6 H, n-Bu(C

Ŭ
H2)), 1.32-1.40 (m, 6 H, n-Bu(C

g
H2)), 1.57-

1.65 (m, 6 H, n-Bu(C
ɓ
H2)).  

13
C{

1
H}  NMR (C6D12): ŭ 0.7 (

1
J119SnC = 198.6 Hz, 

1
J117SnC = 190.4 Hz, 

2
JSnC = 44.2 Hz, 

Sn-Me), 11.6 (
1
J119SnC = 277.2 Hz, 

1
J117SnC = 264.7 Hz, 

2
JSnC = 59.4 Hz, n-Bu(C

Ŭ
)), 14.0 

(n-Bu(C
ŭ
)), 28.2 (

3
JSnC = 54.9 Hz, n-Bu(C

g
)), 31.3 (

2
JSnC = 20.5 Hz, 

3
JSnC = 6.4 Hz, n-

Bu(C
ɓ
)). 
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119
Sn{

1
H}  NMR (C6D12): ŭ 100.4, -48.4 

 

 

 

  
Figure 3.4. 

1
H NMR spectra (0.1 - 0.8 ppm) of a deaerated 0.04 M solution of 1 in C6D12 

containing Bu3SnCl (0.04 M) (a) before and (b) after 10 minutes photolysis with 254 nm 

light. (c) 
119

Sn NMR spectrum of a deaerated 0.04 M solution of 1 in C6D12 containing 

Bu3SnCl (0.04 M) after 10 minutes photolysis with 254 nm light. 
13

C NMR spectra (0 - 

15 and 27 - 32 ppm) of a deaerated 0.04 M solution of 1 in C6D12 containing Bu3SnCl 

(0.04 M) (d) before and (e) after 10 minutes photolysis with 254 nm light. (ÿBu3SnCl; 
*Bu4Sn) 

  Laser flash photolysis of a hexanes solution of 1 in the presence of millimolar 

concentrations of Bu3SnCl resulted in behaviour consistent with a fast and irreversible 

reaction between the stannylene and the substrate, and a plot of kdecay for the SnMe2 

absorption versus [Bu3SnCl] (Fig. 3.5) is linear with slope kQ = (8.3 ± 0.8) í 10
8
 M

-1
 s

-1
. 

18 
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Figure 3.5. Plot of kdecay for the SnMe2 

absorption (530 nm) versus [Bu3SnCl], from 

flash photolysis of 1 in hexanes at 25 °C; the 

solid line is the linear least squares fit of the 

data to equation 3.10. 

 

 Addition of Bu3SnCl to a solution of 2 led to a simultaneous decrease in the initial 

signal intensity of SnPh2 ((ȹA0)0) and a shortening of the stannylene lifetime. Increasing 

the concentration of the substrate caused the decay rate coefficient of the stannylene to 

plateau asymptotically (Figure 3.7a). Transient absorption spectra recorded of solutions 

containing 15 mM Bu3SnCl (Figure 3.6a) revealed the formation of a new transient 

product exhibiting ɚmax ~ 410 nm. Monitoring its absorbance-time profile (at 410 nm) as a 

function of increasing substrate concentration shows that the species exhibits an increase 

in its yield as well as a first order decay profile, with decay rate coefficients that are very 

similar to that of the stannylene (Figure 3.7b) at the same substrate concentration. 

300 400 500 600
0.00

0.02

0.04

0.06

Wavelength (nm)

D
A

 

Figure 3.6. Time-resolved UV-vis 

spectra from laser photolysis of 2 in 

hexanes containing 0.0 mM Bu3SnCl at 

0.42 - 0.51 Õs (ȹ), and 15.0 mM 

Bu3SnCl at 0.22 - 0.32 µs (ƺ) and 5.86 - 

6.02 µs (Ǐ) after the laser pulse (25 °C).  
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Figure 3.7. Plots of kdecay for reaction of (a) SnPh2 (500 nm) and the (b) 410 nm 

absorption with Bu3SnCl in hexanes at 25 °C. (c) Overlap of the kdecay data for the SnPh2 

(ƺ) and 410 nm (Ǐ) absorptions as a function of [Bu3SnCl]. The solid lines are the non-

linear least squares fit of the data to equation 3.16. 

 The addition of Bu3SnCl to a solution of 4 resulted in very similar behaviour to 

that exhibited by 2. Transient absorption spectra recorded of solutions of 4 containing 15 

mM Bu3SnCl (Figure S3.8a) reveal the formation of a new transient absorption band 

centred at ɚmax ~ 410 nm, which overlaps with the absorption due to SnMePh at ɚmax = 

500 nm. Plots of kdecay measured at 500 nm and at 410 nm appear also to approach a 

constant value asymptotically with increasing substrate concentration (Figure S3.9a-b). 

These observations for the reactions of both SnMePh and SnPh2 are consistent with a 

scenario wherein the stannylene, substrate and an intermediate complex rapidly establish 

equilibrium (K1), followed by an irreversible, unimolecular reaction of the intermediate 

complex (k2) to form the final product (eq. 3.15). In such a scenario, the relationship 

between the decay rate coefficients for the stannylene, and for the complex, versus 

substrate concentration [Q] can both be modelled using eq. 3.16.
18

 

 
(3.15) 
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kdecay = 
k2K1Q

1+K1Q
  (3.16) 

3.3.2. Discussion 

 The insertion of SnR2 (R = C6H4-2-CH2N(CH3)2) into Bu3SnCl was demonstrated 

recently by RŢģiļka and coworkers.
16

 We also found in our previous study that transient 

stannylenes undergo facile ů-bond insertion with Me2SnCl2 to generate the corresponding 

1,2-dichlorodistannane; for example the reaction with SnMe2 produces Me2ClSnSnClMe2 

(19).
1
 These results are in agreement with previous studies by Neumann and coworkers, 

who also demonstrated the insertion of SnMe2 into the Sn-Cl bond of Me2SnCl2 under 

ambient conditions.
19

 However, the same study showed that Me3SnCl was unreactive 

towards SnMe2 under the same conditions, so it was somewhat surprising to find evidence 

of reaction of both SnMe2 and SnPh2 with Bu3SnCl. While 19 was found to form 

distannoxane 8 upon air oxidation,
1
 we could not detect any new resonances in the 

1
H 

NMR spectrum of the photolyzate containing 18, upon air oxidation, that would be 

consistent with the distannoxane of 18.
16,20

 

 Laser flash photolysis studies of the quenching of SnMe2 by Bu3SnCl showed the 

addition of Bu3SnCl caused the decay of SnMe2 to accelerate and change to pseudo-first 

order kinetics, affording a bimolecular rate constant of kQ = (8.3 ± 0.8) í 10
8
 M

-1
 s

-1
 (Fig 

3.5). In contrast to what was observed in experiments with the phenylstannylenes and the 

substrate, no new transient absorptions in the 270 - 620 nm spectral range could be 

detected in this case. The rate constant is roughly 20-fold smaller than that for reaction 

with Me2SnCl2, corresponding to a difference of ȹȹG
ÿ 

= 1.9 kcal mol
-1

. The difference in 

reactivity is consistent with the results of Dewar et al.
21

 who predicted a 4.1 kcal mol
-1

 

difference in activation energy for the reactions of SnMe2 with Me2SnCl2 and Me3SnCl. 

The greater reactivity of Me2SnCl2 compared to Bu3SnCl can be attributed to the 
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increased Lewis acidity of the central tin atom in the substrate,
19,21

 which would be 

expected to accelerate the second step in the proposed mechanism for the reaction (eq. 

3.17). 

 

(3.17) 

Increased steric crowding from the n-butyl substituents may also play a role in increasing 

the activation barrier for the second step of the reaction with Bu3SnCl compared to that 

with Me2SnCl2.
22

 In a related study, the Si-Cl bond insertion of SiMe2 into compounds of 

the type R3SiCl (R = H, Me, Cl etc.) was investigated theoretically by Kira and 

coworkers;
22

 the results were interpreted as suggesting that one 'in-plane' electron 

withdrawing substituent accelerates the reaction (conversely, an in-plane electron 

donating substituent decelerates the reaction), while the two remaining 'out-of-plane' 

substituents influence the reaction mainly through sterics (eq. 3.18). The plane is defined 

as the two dimensional space occupied by the Sn-ClgSn atoms. The two factors should 

combine to produce a larger rate constant for reaction of Me2SnCl2 compared to Bu3SnCl 

in the present work. 

 

(3.18) 

 The addition of Bu3SnCl to a hexanes solution of 2 led to a simultaneous 

shortening of the lifetime of SnPh2 and an apparent decrease in its photochemical yield. 

The decays fit reasonably well to first order exponentials, affording kdecay values that 

appear to approach a constant value (k2) with increasing concentration of substrate. 

Transient absorption spectra revealed the presence of a new transient product with ɚmax ~ 

410 nm in addition to the stannylene absorption band in solutions of 2 containing 15.0 
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mM Bu3SnCl. The new transient also decays with first order kinetics, and exhibits a 

simultaneous increase in its maximum yield and decay coefficient with increasing 

substrate concentration, the latter following a similar concentration dependence as that on 

the stannylene decay rate coefficient. The 410 nm transient is assigned to the Lewis acid-

base complex of SnPh2 with Bu3SnCl. The plot of kdecay vs. Bu3SnCl for this species 

follows a similar form as the stannylene trace, and both can be modelled using the pre-

equilibrium approximation,
18

 which becomes applicable in instances wherein a rapid 

equilibrium is established between the stannylene and substrate with constant K1, 

followed by a slow unimolecular rearrangement characterized by the rate constant k2. At 

low substrate concentration, kdecay is linear with respect to substrate concentration with 

limiting slope given by the product K1k2, while at the high concentration limit kdecay is 

given by k2, and is independent of concentration. 

 The non-linear least squares fit of the SnPh2 decay values to eq. 3.16 affords the 

values K1 = (500 ± 100) M
-1

 and k2 = (1.3 ± 0.1) í 10
6
 s

-1
 (Figure 3.7a), analysis of kdecay 

at 410 nm similarly affords values of K1 = (200 ± 80) M
-1

 and k2 = (1.6 ± 0.3) í 10
6
 s

-1
 

(Figure 3.7b). As expected, reasonable agreement is found between the data obtained at 

500 nm and 410 nm; although a marginally smaller K1 is obtained in the latter case. The 

composite values, obtained by analyzing the 410 nm and 500 nm data together (Figure 

3.7c), afford values of K1 = (350 ± 80) M
-1

 and k2 = (1.4 ± 0.1) í 10
6
 s

-1
. 

 A similar analysis of kdecay for SnMePh (Figure S3.9a-b) affords nearly identical 

values for K1 and k2 from analysis of the 500 nm and 410 nm data (see Table 3.2). 

Analysis of the composite data (Figure S3.9c) affords values of K1 = (500 ± 100) M
-1

 and 

k2 = (1.5 ± 0.1) í 10
6
 s

-1
. The values for K1 and k2 for the reactions of Bu3SnCl with 

SnPh2 and SnMePh are summarized in Table 3.2. Also included in the table are the values 
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of kQ for SnMe2, SnPh2 and SnMePh, in the latter two cases these are calculated as the 

product of the terms K1k2 from the composite data. 

 The transient spectral behaviour of the stannylenes with Bu3SnCl is consistent 

with the general reaction scheme shown in eq. 3.17. With SnMePh and SnPh2 the 

intermediate complex was observed directly, whereas with SnMe2 the complex does not 

build up to a high enough concentration for it to be detected. This presumably occurs 

because SnMe2 is a weaker Lewis acid than SnPh2 and SnMePh (decreasing K1) but leads 

to a more reactive complex owing to steric factors (increasing k2). With the knowledge 

that SnMe2 consistently forms less stable Lewis acid-base complexes than SnPh2 - the 

ratio Keq
SnPh2

 / Keq
SnMe2

 varies between 2 to 6 in the substrates where both equilibrium 

constants can be measured (see Chapter 4) - an equilibrium constant of the first step can 

be estimated to be K1 ~ 10
2 
M

-1
, and by extension (using the relationship kQ = K1k2) the 

subsequent insertion to proceed at a rate k2 ~ 10
7
 s

-1
. Comparison of the composite data 

for SnPh2 and SnMePh reveal negligible differences in the equilibrium (K1) and insertion 

Table 3.2. Summary of K1 (M
-1

), k2 (10
6
 s

-1
) and kQ (10

9
 M

-1
 s

-1
) for the Reactions of 

SnMe2, SnPh2 and SnMePh with Bu3SnCl in Hexanes at 25 °C. 

 SnMe2
b
 SnPh2 SnMePh

c
 

(530 nm) (500 nm) (410 nm) (500 nm) (410 nm) 

K1 (M
-1
) -

 
500 ± 100 (200 ± 80) 600 ± 100 (200 ± 100) 

k2 (10
6
 s

-1
) - 1.3 ± 0.1 (1.6 ± 0.3) 1.46 ± 0.09 (1.8 ± 0.3) 

Composite (i.e. both data sets analyzed as one) 

K1 (M
-1
) - 350 ± 80 500 ± 100 

k2 (10
6
 s

-1
) - 1.4 ± 0.1 1.5 ± 0.1 

kQ (10
9
 M

-1
 s

-1
) 0.83 ± 0.08 0.5 ± 0.1

d
  0.7 ± 0.2

d
 

a
Errors are quoted as twice the standard error obtained from the least-squares analyses 

unless otherwise specified; 
b
no intermediate detected; 

c
Data recorded by B. Nguyen; 

d
kQ 

calculated as the product of separately measured values K1 and k2: kQ = K1k2;  
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(k2) steps. Similarly, a comparison of K1k2 at the low substrate limit suggests (within 

error) a negligible difference in overall reactivity between the three stannylenes, all of 

which range between (6 - 8) í 10
8
 M

-1
 s

-1
. 

3.4. The Reactions of SnMe2, SnPh2 and SnMePh with Acetic Acid 

3.4.1. Results 

 Photolysis of a deaerated C6D12 solution of 1 (ca. 0.05 M) in the presence of 

AcOH (ca. 0.21 M) affords diene 7, methane (20), molecular hydrogen (21) and two tin-

containing products that were tentatively identified as dimethyltin diacetate (22) and 1,2-

diacetoxytetramethyldistannane (23) (eq. 3.19). The 
1
H and 

119
Sn NMR spectra of the 

photolyzate after 30 minutes of photolysis are shown in Figures 3.8b and S3.10, 

respectively. H2 (ŭH 4.54) was identified by comparison of the chemical shift to that 

reported in the same solvent,
23

 while the identity of methane (ŭH 0.18; ŭC -4.70) was 

confirmed by spiking the photolyzate with an authentic sample. Compounds 22 and 23 

were identified by comparison of the 
1
H, 

13
C{

1
H}  and 

119
Sn{

1
H}  NMR spectra of the 

photolyzate to their reported spectra,
24,25

 after evaporation of solvent and redissolution in 

CDCl3 or C6D6 as appropriate (see 8.7.3). 

 

(3.19) 

 Product yields were determined from the initial (first three or four data points, see 

Figure 3.9) slopes of concentration versus time plots constructed for the starting materials 
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and products from 
1
H NMR spectra recorded of the reaction mixture at selected time 

intervals during the photolysis. The yield of molecular hydrogen is adjusted to account for 

the 3:1 ratio of ortho-H2 to para-H2 (the latter is NMR inactive
26

), while that of the 

distannane 23 was calculated on a per-SnMe2-unit basis. Concentration versus time plots 

for 20, 21 and 22 in particular are strongly curved at prolonged photolysis times.  

Evaporation of volatile compounds H2 (21) and CH4 (20) during prolonged photolysis 

could account for some of the curvature. Product formation was also accompanied by a 

rapid yellowing of the reaction solution, consistent with the build-up of distannane 23 in 

the mixture.
11

 The mixture of 1 and AcOH remains unchanged after sitting for roughly 30 

minutes prior to irradiation, suggesting product formation is initiated by photolysis. 

 
Figure 3.8. 

1
H NMR spectra of a deaerated 0.05 M solution of 1 in C6D12 containing 

AcOH (0.21 M) (a) before and (b) after 30 minutes of photolysis with 254 nm light. 
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Figure 3.9. Concentration versus time plots 

for the photolysis of a deaerated 0.05 M 

solution of 1 in C6D12 containing AcOH (0.21 

M). The inset shows an expanded plot, 

detailing the formation of compounds 21 - 22 

with photolysis time. The initial slopes 

(determined from the first three data points for 

20 and 21, and first four data points 

otherwise) are 1, -1.210 Ñ 0.009 (ƺ); 7, 1.12 ± 

0.06 (Ǐ); 20, 0.48 ± 0.05 (Ï); 23, 0.160 ± 

0.001 (ǒ); 21, 0.09 Ñ 0.01 (ȹ); 22, 0.162 ± 

0.007 (θ) (units, mM min
-1

). 

When the photolysis of 1 is repeated using a mixture of AcOH:AcOD (24 ± 1% 

AcOH, calculated from the relative integrals of the OH and CH3 resonances in the 
1
H 

NMR spectrum), the resulting product mixture after 30 minutes of irradiation (Fig 3.10) 

was very similar to that described above except for the presence of additional signals (all 

triplets) in the 
13

C and/or 
1
H NMR spectra assignable to HD (ŭH 4.50 (t), 

1
JHD = 42.5 Hz) 

and CH3D (ŭH 0.17 (t), 
2
JHD = 1.9 Hz; ŭC -4.9 (t), 

1
JCD = 19.6 Hz). The 

1
H NMR spectrum 

after 30 minutes photolysis indicates the ratio of CH4 and CH3D present was CH4:CH3D 

= 2.8 ± 0.3. By comparison, a ratio of CH4:CH3D ~ 0.3 would be predicted in the absence 

of an isotope effect on the reaction. The kinetic isotope effect (kH/kD) can thus be 

calculated according to eq. 3.20 from the relative ratios of AcOH:AcOD and CH4:CH3D, 

affording a value of kH/kD = 8.7 ± 0.9 for the isotope effect on the reaction rate. 

kH

kD
 = 

AcOD

AcOH
Ͻ
CH4

CH3
   (3.20) 
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Figure 3.10. (a) 
1
H NMR spectrum (-0.05 - 0.40 ppm) and (b) 

13
C{

1
H} NMR spectrum (-

6.0 - -1.0 ppm) of a deaerated 0.05 M solution of 1 in C6D12 containing a mixture of 

AcOH/AcOD (total concentration 0.20 M) after 30 minutes photolysis with 254 nm light. 

Photolysis of 2 in the presence of AcOH (0.20 M) resulted in the formation of 6 and 

benzene (24) as the major products (eq. 3.21). One additional unidentified product 

containing aromatic resonances was observed to be formed in minor yield; however, its 

formation levels off after ca. 4% conversion of 2. The presence of 24 was confirmed by 

GC-MS analysis of the photolyzate (Figure S11), in addition to analysis of 
1
H and 

13
C 

NMR spectra of the photolysis mixture after addition of an authentic sample of 24. 

 

(3.21) 

Continued photolysis led to the formation of a white precipitate and broadening of the 

aromatic and aliphatic regions of the 
1
H NMR spectrum; no new resonances were 

observed in the 
119

Sn NMR spectrum of the photolyzate after 30 minutes photolysis and 

ca. 30 % conversion of 2. The 
1
H NMR spectrum contained no resonances in the (dH 5 - 

6.5) Sn-H region or (dH 4.54) where H2 resonates, indicating the O-H insertion product 

(Ph2Sn(H)OAc) is not formed in the reaction. The generation of benzene in quantitative 

CH4 CH4 

CH3D 
CH3D 

1 Si2Me6 

23 Si2Me6 

A B 
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yield suggests the primary reaction to be analogous to that of the aryl substitution channel 

reported for the reactions of kinetically stabilized diarylstannylenes with MeOH or 

water.
3
 The mixture was allowed to sit for roughly 1 hour prior to photolysis and resulted 

in no changes in the 
1
H NMR spectrum, which rules out the possibility of a dark reaction. 

Representative 
1
H NMR spectra are presented in Figure 3.11, while concentration versus 

time plots showing the formation of 6 and 24 at the expense of 2 are shown in Figure 

3.12. 

 
Figure 3.11. 

1
H NMR spectra of a deaerated 0.05 M solution of 2 in C6D12 containing 

AcOH (0.20 M) (a) before and (b) after 30 minutes photolysis with 254 nm light. 
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Figure 3.12. Concentration versus time plots 

for the photolysis of a solution of 2 (ca. 0.05 

M) in C6D12 and AcOH (ca. 0.2 M). The 

initial slopes of each of the plots, determined 

from the first four data points for 6 and the 

first six data points otherwise, are (in units of 

mM min
-1

) 2, -0.59 Ñ 0.02 (ƺ); 6, 0.72 ± 0.06 

(Ǐ); 24, 0.71 Ñ 0.06 (ȹ). 

Repeating the photolysis of 2 under the same conditions but using a mixture of 

AcOH and AcOD (22 ± 1% AcOH) results in a similar 
1
H NMR spectrum to the one 

obtained from the photolysis with AcOH. The inverse-gate proton-decoupled 
13

C NMR 

spectrum after 30 minutes of irradiation exhibits new resonances assigned to C6H5D (ŭC 

128.4 (
1
JCD = 24.5 Hz; ipso-Ph), 128.6 (o-Ph), 128.7 (m,p-Ph)). C6H5D was identified 

based on agreement of its deuterium isotope effects on dC (i.e. the differences in dC 

relative to C6H6 which is also present in the spectrum; see Fig. 3.13) with those 

previously reported.
27

 The ratio [C6H6]:[C6H5D] was calculated from the integral ratio of 

the resonance at 128.7 (after subtracting additional resonances due to 2' and C6H5D) 

relative to the resonance at 128.6 due to C6H5D, and adjusting for the number of carbons. 

Integration of the spectrum afforded an estimate of C6H6:C6H5D = 1.4 ± 0.1 for the ratio 

of benzene:benzene-d formed in the photolysis. From this and the AcOH:AcOD 

concentration ratio was calculated a value of kH/kD = 5.2 ± 0.3 for the kinetic isotope 

effect. 
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Figure 3.13. Inverse-gate 
13

C{
1
H}  

NMR spectrum (128.0 - 129.5 ppm) 

of a deaerated 0.05 M solution of 2 

in C6D12 containing a mixture of 

AcOH:AcOD (total concentration 

0.20 M) after 30 minutes photolysis 

with 254 nm light (2' denote satellite 

resonances from 2). 

 Photolysis of a C6D12 solution of 4 (0.05 M) containing AcOH (0.20 M) resulted 

in the formation of 7 (118 ± 9 %), benzene (24, 58 ± 3 %), and methane (20, 40 ± 3 %) as 

the major products (eq. 3.22); one additional product was formed in relatively low yield 

and is tentatively assigned to 22 (11 ± 1 %) on the basis of its 
1
H, 

13
C{

1
H}  and 

119
Sn{

1
H}  

NMR resonances in comparison with the spectra obtained from the photolysis of 1 with 

AcOH. A small collection of additional resonances was also observed in the 0.6 - 0.8 and 

7.5 - 7.7 ppm regions of the 
1
H NMR spectrum but could not be identified. Continued 

photolysis was accompanied by the formation of a white precipitate. 

 

(3.22) 

Concentration versus time plots for 4 and the identified products are shown in Figure 

3.15, while the 
1
H NMR spectrum of the photolyzate after ca. 30 minutes photolysis is 

shown in Figure 3.14b. The presence of methane and benzene was confirmed by 
1
H and 

13
C NMR spectroscopy after spiking the photolyzate with an authentic sample of each 

2 

2 

2' 

C6H5D 

C6H6 / C6H5D / 2' 
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compound. A separate solution containing the same mixture and kept in the dark was 

found not to change over the course of the photolysis experiment. The products observed 

(eq. 3.22) suggest that SnMePh and diene 7 are generated cleanly from 4, and the 

stannylene reacts with AcOH to produce methane and benzene competitively. 

 
Figure 3.14. 

1
H NMR spectra of a deaerated ca. 0.05 M solution of 4 in C6D12 containing 

AcOH (0.20 M) (a) before and (b) after 30 minutes photolysis with 254 nm light 

(*unreactive impurity). (Data recorded by B. Nguyen) 
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Figure 3.15. Concentration versus time plots 

for the photolysis of a solution of 4 (ca. 0.05 

M) in C6D12 and AcOH (ca. 0.2 M). The initial 

slopes in each of the plots, determined from the 

first four data points for 7 and 24 and first five 

data points otherwise, are (in units of mM min
-

1
) 4, -0.81 Ñ 0.07 (ƺ); 7, 0.94 Ñ 0.14 (Ǐ); 24, 

0.46 Ñ 0.01 (ȹ); 20, 0.32 ± 0.04 (Ï); 22, 0.09 ± 

0.01 (θ). (Data recorded by B. Nguyen) 
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 The absolute rate constants for the reactions of SnMe2, SnPh2, and SnMePh with 

AcOH and AcOD determined in this work are summarized in Table 3.3. The same 

bimolecular rate constants within error were obtained for SnMe2 and SnPh2, while a ca. 

50 % larger rate constant was measured for the reaction with SnMePh relative to SnMe2. 

Quenching experiments with SnMe2 and SnPh2 were also carried out using AcOD as the 

stannylene substrate (Figure 3.16c and S3.12b). In both cases rate constants were 

obtained that were the same within error as those for quenching by AcOH, suggesting a 

negligible kinetic isotope effect: kH/kD = 1.2 ± 0.3 for SnMe2 and 0.9 ± 0.1 for SnPh2. 

Laser flash photolysis experiments show that the addition of AcOH to hexanes solutions 

of 1, 2 and 4 results in kinetic quenching of the stannylene signals, and the appearance of 

new, relatively long-lived transient absorptions in the 270 - 340 nm region of the 

spectrum. (See Figure 3.16 for 1 and Figure S3.12 for 2 and 4) In all cases, formation of 

the dimer absorptions observed in the absence of substrate is eliminated in the presence of 

added AcOH. 

 

Table 3.3. Absolute Rate Constants (kQ) for the Reactions of SnMe2, SnPh2 and SnMePh 

with AcOH and AcOD in Hexanes Solution at 25 °C.
a
 

Substrate 
kQ (10

9
 M

-1
 s

-1
) 

SnMe2 SnPh2 SnMePh
b
 

AcOH 3.5 ± 0.8 4.2 ± 0.4 6.5 ± 0.5 

AcOD 2.9 ± 0.3
b
 4.6 ± 0.5

b
 

c 

a
Errors are quoted as twice the standard error obtained from the least-squares analyses 

unless otherwise specified; 
b
Data recorded by B. Nguyen; 

c
not measured 
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Figure 3.16. (a) Time-resolved UV-vis spectra from laser photolysis of 1 in hexanes 

containing 0.5 mM AcOH, 0.07 - 0.10 µs (ƺ), 0.30 - 0.32 µs (Ǐ), and 3.50 - 3.53 µs (ȹ) 

after the laser pulse (25 °C); data recorded using a neutral density filter (43 % 

transmittance). Plot of kdecay for reaction of SnMe2 (530 nm) with (b) AcOH and (c) 

AcOD in hexanes at 25 °C; the solid lines are the linear least squares fit of the data to 

equation 3.10. (Data in (c) recorded by B. Nguyen) 

3.4.2. Discussion 

 Previous work with transient silylenes and germylenes indicates that they react 

with HOAc to afford the corresponding acetoxysilane or -germane (R2(H)MOAc; R = 

Me, Ph; M= Si, Ge), respectively, as the major products in all cases.
28-30

 Substituent 

effects on the rate constant for reaction of AcOH strongly implicate the involvement of a 

pre-reaction complex in the case of diarylgermylenes,
31

 although they do not build up to 

sufficiently high concentrations for their transient spectra to be detected directly. In the 

present cases, addition of sub-millimolar concentrations of AcOH resulted in acceleration 

of the stannylene decays, and a change to (pseudo) first order decay kinetics, in a manner 

consistent with kinetic quenching. Plots of the decay rate coefficient versus [AcOH] are 

linear up to 1.2 mM, and afford rate constants of kQ = (3.5 ± 0.8) í 10
9
 M

-1
 s

-1
, kQ = (4.2 

± 0.4) í 10
9
 M

-1
 s

-1
 and kQ = (6.5 ± 0.5) í 10

9
 M

-1
 s

-1
 for SnMe2, SnPh2, and SnMePh 

respectively. The spectra showed no evidence of transient absorptions in the 350 - 370 nm 

range, where the corresponding stannylene-HOAc complexes would be expected to 
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absorb based on the spectra of the SnR2-EtOAc complexes (for SnMe2 and SnPh2; see 

Chapter 4). This suggests the stannylene-HOAc complexes, if they are formed, exist as 

steady state intermediates. Transient absorption spectra of solutions of 1, 2 and 4 

containing 0.5 - 1.1 mM AcOH, recorded at the end of the stannylene decays, in all cases 

show a transient product with absorption bands in the short wavelength region of the UV-

vis spectrum, and a maximum absorbance below 280 - 290 nm (see Figures 3.16a and 

S3.12d-e). 

 It was also found in the reaction mixtures of 2 and AcOH that benzene (24) 

formed in high yield as the major product. The photolyzate is stable in the absence of UV 

irradiation, which rules out a direct reaction between 2 and AcOH as the source of 

benzene. The finding from flash photolysis studies that SnPh2 reacts rapidly and (by all 

indications) irreversibly with AcOH, coupled with the equivalent product yields of 

benzene and 6, leads us to attribute the formation of benzene to a direct reaction between 

SnPh2 and AcOH. The formation of benzene is analogous to the aryl substitution channel 

found for kinetically stabilized diarylstannylenes and small protic molecules (NH3, H2O 

and MeOH),
3,32

 as well as H2 elimination between GeH2 and AcOH.
23

 In principle, the 

elimination of benzene should also afford acetoxyphenylstannylene (SnPh(OAc); 25)
33-35

 

as the co-product (eq. 3.23); however, evidence for its formation was not found in the 

transient UV-vis absorption spectrum.  

 

(3.23) 

 The flash photolysis behaviour of 1 in the presence of AcOH is also consistent 

with a fast, direct reaction between SnMe2 and AcOH, which the results of product 

studies experiments suggest is due to two competing reactions. The formation of methane 

is attributed to a substitution channel analogous to the aryl substitution pathway that 
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produces benzene from SnPh2. The elimination of methane should also produce a 

stoichiometric quantity of acetoxymethylstannylene (SnMe(OAc); 26). However, as with 

the phenyl analogue, 26 could not be identified in the transient UV-vis spectrum. The 

only precedent for acid-promoted cleavage of an alkyl group from a dialkylstannylene to 

our knowledge is a report that treatment of the sterically hindered stannylene 27 (eq. 3.24) 

with MeOH or water led to the formation of "acyclic products" that were not specifically 

identified.
36

 

 

(3.24) 

 No indication of diagnostic Sn-H and Sn-Me resonances attributable to 

acetoxydimethylstannane (Me2Sn(H)OAc; 28) (through comparison with structurally 

related compounds R2M(H)OAc (R2M = Me2Ge
29

 and Bu2Sn
37

)) could be detected in the 

1
H NMR spectrum of the photolyzate. The formation of H2 and distannane 23 can be 

tentatively ascribed to a secondary reaction of 28. The dehydrogenative coupling of 

dialkyltin hydrides has been previously demonstrated with the di-n-butyl derivatives of 23 

and 28 (eq. 3.25).
37

 

 

(3.25) 

Based on the reaction stoichiometry shown in eq. 3.25, the chemical yield of H2 should be 

considered on a per 'H' basis (i.e. if taken as straight concentration affords a maximum 

yield of 50 %), affording a yield 16 ± 2 %. The primary yield of 28 can also be 

approximated as twice the product yield of 23, which affords a value of ca. 26 %. 
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 Equation 3.26 illustrates the two reaction channels between SnMe2 and AcOH (i.e. 

O-H insertion and methane elimination), as well as the aryl substitution pathway for 

SnPh2 and AcOH. With SnMe2, the ratio of product yields 20/23 = 1.5 ± 0.2 suggests a 

slight preference for alkane elimination over O-H insertion, consistent with a difference 

in activation energy of ȹȹG
ÿ
 ~ 0.3 kcal mol

-1
. Continued photolysis leads to a levelling of 

the concentration versus time plot for 21, but not for 23, perhaps because of evaporation 

of H2 during prolonged photolysis.
38

 The formation of 22 is ascribed to a 

disproportionation reaction of 26 (eq. 3.26). This is analogous to the reported reaction 

between the Lappert dialkylstannylene SnR2 (R = CH(SiMe3)2) and SnCl2 to produce 

R2SnCl2 and tin metal;
39

 the process can be formally represented as 2 Sn(II) g Sn(IV) + 

Sn(0).  

 

(3.26) 

 In principle, the reaction of SnMePh with AcOH can proceed via three competing 

pathways: the elimination of CH4 (20), elimination of benzene (24), and O-H bond 

insertion. Indeed, the product studies indicate that 20 and 24 are formed (eq. 3.27) in a 

ratio 24:20 = 1.5 ± 0.1, indicating a preference for aryl over alkyl substitution. Evidence 

for O-H insertion, either in the form of the acetoxystannane (MePhSn(H)OAc) or the 

formation of H2, was not found for this compound. The formation of 22 is attributed again 

to the disproportionation of 26 (eq. 3.27). The scheme outlined in eq. 3.27 predicts the 

product ratio 22/24 ~ 0.5, which is roughly twice the value obtained from the ratio of 
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product yields 22/24 ~ 0.2. This discrepancy suggests the formation of 22 from 26 to be 

ca. 40 % efficient. 

 

(3.27) 

 The flash photolysis results indicate the rate constant for reaction of AcOH with 

SnMePh is modestly greater than those for either SnMe2 or SnPh2. The first comparison 

(kSnMePh > kSnMe2) suggests aryl substitution to be the preferred pathway over methane 

elimination, while the latter result (kSnMePh > kSnPh2) is consistent with the electron 

donating character of the methyl group in SnMePh (relative to the phenyl group in SnPh2) 

facilitating aryl substitution. 

 The kinetic isotope effects calculated from the CH4/CH3D and C6H6/C6H5D ratios 

from the reaction of SnMe2 and SnPh2 with AcOH/AcOD mixtures indicate a large 

primary isotope effect in both cases, consistent with proton transfer in the rate 

determining step. This appears at odds with the kAcOH/kAcOD ratios determined by laser 

flash photolysis, of which indicates a negligible isotope effect in both cases. The reason 

for the discrepancy may be related to the difference in AcOL (L = H, D) concentration 

employed in the two methods, as it is known that AcOH exists in a variety of oligomeric 

forms in hydrocarbon solvents. In particular, acetic acid at 0.2 M molar concentration in 

cyclohexane (as employed in the product studies) is expected to exist as oligomeric 

structures
40

 while in hexanes solution at 0.1 - 1.2 mM it is expected to be present mostly 

as a mixture of monomer and hydrogen bonded dimer.
41

 The lack of a significant kinetic 

isotope effect in the flash photolysis experiments is attributed to the rapid rate of proton 

transfer, as was observed previously in the O-L insertion of diarylgermylenes with 
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AcOL.
31

 In other words, the initial complexation that precedes proton transfer is rate 

determining. At higher concentrations, the reacting species may be an oligomer of much 

lower acidity than the monomer, or there may be an additional pre-reaction equilibrium 

involving dissociation of AcOH oligomers on which there is a large isotope effect. 

3.5. Summary and Conclusions 

 Laser flash photolysis of 3 and 4 both generate SnMePh cleanly and efficiently in 

solution. Analysis of the stannylene's reactivity towards Me2SnCl2 using a combination of 

product and kinetic studies suggests facile Sn-Cl bond insertion of the stannylene via a 

two-step mechanism initiated by reversible Lewis acid-base complexation between 

SnMePh and the substrate, followed by the bond insertion step. SnMePh was found to be 

reactive towards Lewis acid-base complexation with THF and MeOH. The Keq for 

complexation with MeOH is intermediate between those of SnPh2 and SnMe2 under 

similar conditions. 

 The reaction of acetic acid with SnPh2 proceeds via arene elimination, affording 

benzene as the primary product; no evidence is found for the formation of the O-H 

insertion product Ph2Sn(H)OAc. Conversely, the reaction of acetic acid with SnMe2 

produces methane, molecular hydrogen, and the acetoxytin compounds 23 and 22. H2 and 

23 are proposed to be formed as decomposition products of the formal O-H insertion 

product Me2Sn(H)OAc 28 based on literature precedent. The reaction of acetic acid with 

SnMePh generates benzene and methane in roughly 3:2 relative yields, indicating a small 

preference for arene over alkane elimination. The fate of the presumed co-products of 

ligand substitution, MeSnOAc (26) or PhSnOAc (25), could not be conclusively 

ascertained, nor could they be identified conclusively by laser photolysis methods. 

 The reaction of SnMe2 with tributylchlorostannane affords the formal Sn-Cl 

insertion product, Bu3SnSnMe2Cl (18). Kinetics experiments suggest the reaction 
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proceeds via a two-step coordination-insertion pathway, and with SnMePh and SnPh2 the 

intermediate complex was detected alongside the stannylene by its UV-vis absorption at 

ɚmax = 410 nm.  

3.6. Supporting Information 
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Figure S3.1. Concentration versus time 

plots for the photolysis of a deaerated 

0.05 M solution of 3 in C6D12. The 

initial slopes determined from the first 

four data points are 3, -0.66 Ñ 0.04 (ƺ); 

6, 0.61 Ñ 0.07 (Ǐ) (units, mM min
-1

). 

  

 

 
Figure S3.2. 

1
H NMR spectra of a deaerated 0.05 M solution of 3 in C6D12 (a) before and 

(b) after 10 minutes of photolysis with 254 nm light. (*Unreactive impurity) 
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Figure S3.3. 

1
H NMR spectra of a 0.04 M solution of 3 in C6D12 containing 0.04 M 

Me2SnCl2, (a) before and (b) after 10 minutes photolysis with 254 nm light, and (c) after 

spiking the resulting photolyzate with an authentic sample of 5. (*Unreactive impurity) 

 

 
Figure S3.4. 

119
Sn{

1
H}  NMR spectra of a 0.04 M solution of 3 in C6D12 containing 0.04 

M Me2SnCl2 (a) after 10 minutes photolysis with 254 nm light, and (b) after spiking the 

resulting photolyzate with an authentic sample of 5. 
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