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ABSTRACT:

The transient Sn(ll) compounds dimethygiphenyt, methylpheny, and
dimesitylstannylene (SnMeSnPh, SnMePh, and SnMggespectively) have been
successfully detected and characterized in solution. The stannylenes weategelmgr
photolysis of appropriately substitutegstannacycloper3-ene derivatives, which have
each been shown to extrude the respective stannylene cleanly, tetangylendrapping
studies using dichlorodimethylstannane ¢(BieCh) as the substrate. @utum yields for
stannylene extrusion have been measurddréecases, and found to betime range of 0.4
-0.8

Laser flash photolysis of the stannacyclop&®ine derivatives in deoxygenated
hexanes affords promptiprmed transient absorptions as®drto SnMe (I max= 500 nm;
&s00= 1,800 + 600 Mcmi?), SnPh (I max= 300, 505 nmesgo = 2,500 + 600 Mcm?),
SnMePh [ max= 280, 500 nm) and SnMg§ mux < 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,Zmel&nMesaffords
species exhibiting max= 465 nm and nax= 490 nm, respectively, which were assigned to
the expected Sn=Sn douHbpnded dimers, tetramethy@nd tetramesityldistannene,
respectively. In contrast, the spectrum of the dimer formed from,&xRlbits strong
absorptions in the 280380 nm rage and a very weak absorption at 650 nm, on the basis
of which it is assigned to phenyl(triphenylstannyl)stannylene (SnPh{gnPh

The reaction of acetic acid (AcOH) with SnRImd SnMegproceeds via arene

elimination. With SnMg the products are derigdrom 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
r at iBond insértion of SnMewith tributylchlorostannane (B8nCl) yields the formal
SnCl insertion product, Bi5nSnMeCl.

Lewis acidbase complexation with simple aliphatic O, S, and N donors proceeds
rapidly and reversibly, generating the corresponding stanngener pairs, and exhibiting
absor pt i ong~ 30@ 85 nma Eqailibrium constant&{,) upon Gdonor
coordination afford stabilization energies-df9 to-4.0 kcal mof for SnMe and SnPh
and suggesting a Lewis acidity order $FRSnR > GeR (R = Me, Ph). Complexation of
SnMes with O, S and N donors proceed with a reduction in reaction exergoniecitiveel
to SnPh. Reactions of SnMeand SnPhwith BusSnH and GC unsaturated compounds
proceed with the characteristics of reversible complexation, affordinglsresttLewis
acid-base products detectable by transientWJY s s p e C faxF 875-c130mm). ( &

Di-tert-butylsilylene(Sit-Buy) has also been successfully detected and
characterized in solution by laser flash photolysis methods, via the photolysrsdof
tert-butyl-7-silabicyclo[4.1.0]heptane and hetext-butylcyclotrisilane.This transient
silylene exhibitsaUwW i s absor pt i ofhx=5blamudanddeeaystwmitne d a't
second order kinetics to afford a lelnged product assigned to tettart-butyldisilene
( mx= 290, 435 nm). Absolute rate constarty (vere determinetbr the reactions of
Sit-Bu, with several silylene substrates in hexanes at 25 tBuis seen to react slower
compared to SiMg with ke (= ko™ M*7ko "3 ranging between 0.8310, cycloaddition

reactions having exhibited the largest sensititotyhetert-butyl for methyl substitution.
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Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

LIST OF FIGURES:

Concentration versus time plots for the photolysis of a deaere
0.04 M solution o in CsD1, containing MeSnCh (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 tl
reaction mixture are2, -0.93 £ 0.09; MgSnC} (not shown);
0.89 + 0.0744a, 0.89 £ 0.075 (CIMe,SnSnMeCl), 0.47 + 0.03;
6 (CIMe,SnOSnMeCl),, 0.19 + 0.047 (MesSnCl), 0.08 + 0.01
(units, mM min'). The inset shows an expansion of the plots f
5, 6, and7.

Concentration versus time plots for the photolysis of a solutio
2 (ca. 0.04 M) and M&SnCh (0.033 M) in GD12, which was
saturated with air prior to irradiation. The inset shows an
expanded plot, detailing the formation of dichlorodistanrigne
distannoxane dimes, and MgSnCl (7) with photolysis time. The
initial slopes, determined from the first five data points in eac
the plots, are (in units of mM nifix: 2, -1.02 + 0.04; MgSnCb, -
1.28 £ 0.0644a, 1.08 £ 0.045, 0.012 + 0.0056, 0.51 + 0.03 (< 4
min); 7, 0.033 £ 0.003 (< 4 min). The slopes of the seduaf (>
4 min) of the plots fob-7 are:5, 0.37 £ 0.026, 0.055 + 0.0077,
0.10 + 0.01.

Concentration versus time plots for the photolysis of an
undeaerated 0.04 M solution ®fn C¢D;, containing 0.037 M
Me,SnCh. T he i nniin) slopes of th®ploBs (irbmM niin
') are:3,-0.91 + 0.01; MgSnC}, -1.84 + 0.074b, 0.74 + 0.018,
0.69+0.046,0.34+0.029( O 3.3 mi n)X3a( 0. :
min), 0.036 = 0.003. No attempt was made to replenish the a
the photolyzatesthe experiment proceeded.

(a) Transient UWis absorption spectra from laser flash
photolysis of rapidly flowed solutions of (223 10* M) and

(b) 3 (73 10* M) in anhydrous hexanes at 25 °C. The spectra
(a) were recorded 0.100.26ns ¢ ), 1.06- 1.15nms (A) and 17.2
- 17.3ns (D) after the laser pulse, while those in (b) were
recorded 0.420.51ns ( ) and 17.2 17.3ns (D) after the pulse;
the insetshow absorbance versus time profiles recorded at
selected wavelengths in the two spectra. The spectra in (a) w
recorded at reduced laser intensity in order to maximize the
temporal resolution between the primary and secondary prod
spectra.
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Figure 2.5

Figure 2.6.

Figure 2.7.

Figure S2.1

Figure S2.2

Figure S2.3

Figure S2.4

Plots ofkqecayVersus substrate concentration for the stannylen
absorptions from laser photolysis of hexanes solutions @f (a)
(* ) and (b)3 (A) containing varying concentrations of M&Ch
at 25 °C. The monitoring wavelengths were 530 nm aiRdnb0
for 2 and3, respectively. The solid lines are the linear least
squares fits of the data to eq. 2.16.

(a) Timeresolved UVvis spectra from laser photolysis of SaPI
precursoi3 in hexanes containing 0.025 M MeOH, 0-2@8ns

(* ), 4.935.18ns (A) and 35.335.7ns (D) after the laser pulse
(25 °C), and absorbandene profiles at selected wavelengths
(inset). (b) Plots Okgecay(A ) and DAg)o/ (DAo)g (* ) of the
SnPh absorption (at 500 nm) versus [MeOH], in hexanes
solution at25 °C; the solid lines are the linear least squares fit
the data to equations 2.16 and 2.20, respectively.

Electronic Energy versus Reaction Coordinate Diagram for tr
dimerization of SnPhand interconversion of the (Sniph
isomers, calculated at theB97XD/6-31+G(d,p§ "™
LANL2DZdp®"level of theory. The vertical placement of the
various structures is defined by their calculated electronic ent
relative to (twice) that of SnRIf1 atm gas phase, 0 K), as
indicated on the-axis; the numbers in parentheses are the
corresponding standard free energies (see Table 2.1).

'H NMR spectra of an argetegassed 0.04 M solution ®fn
CsD12 (a) before and (b) after 10 mites photolysis with 254 nnr
light. The insets in B show an expansion of d®23-0.48 region
of the spectrum and the portion of thé&sn{*H} spectrum
containing product peaks.

Concentration versus time plots for the photolysis of the solult
of Fig. S2.1. The initial slopes of the three plotsr.84 +
0.031;4a, 0.82 + 0.05; [SnM#, (d 0.407) 0.75 £ 0.07 (units, mM
min™).

'H NMR spectra of a deaerated® M solution of3 in C¢D1 (a)
before and (b) after 8.3 minutes photolysis with 254 nm light.
The resonances marked wjthdisappeared after allowing the
photolyzed solution to stand for 18 hours in the dark.

Concentration versus timégps for photolysis of ca. 0.04 M
solutions of3 in CsD12, (a) deaerated (slopes (in units of mM
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Figure S2.5

Figure S2.6

Figure S2.7

Figure S2.8

Figure S2.9

Figure S2.10

min™): 3 (* ),-0.32 + 0.024b, (A), 0.30 + 0.01; (SnRJs (D),
0.0057 + 0.0005); (b) asaturated (slopeS(* ), -0.52 + 0.01;
4b, (A), 0.55 £ 0.02).

'H NMR spectra of a deaerated 0.04 M solutiof of CsD1»
containing MeSnC} (0.031 M) (a) before and (b) after 10
minutes photolysis with 254 nm light. The inset in B shows th
195 'H} NMR spectrum of the photolyzed mixture.

'H NMR spectra of an undeaerated 0.04 M solutioB iafCsD1»
containing MgSnCl (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 tt
experiment proceeded.

Plots of the concentration ratios of cyclodistannox&pé4, and
12(i.e. [6)/[12] and [L2)/[11]) versus the dichlorostannane
concentration ratio [M&SnCb)/[ 8], measured from théH NMR
spectra of a ca. 0.012 M solution@in CDCl; to which
sequential portions of PBNCL (8) and MeSnCh were added at
ca. 22 °C. The solid lines are the linear least squares fits of tt
data to[6]/[12] = K1,, [Me2SNCL]/[8] (* ) and L2/[1]] =

K11, 12[Me-SnCL]/[8] (A); errors are quoted as the standard
errors from the least squares analysis.

Partial'"H NMR spectra of a deaerated 0.038 M solutioB iof
CsD12 containing MeSnCh (0.034 M) (a) before, (b) after 2.5
minutes, and (c) after 6.7 minutesphotolysis.

Concentration versus time plots for the solution of Figure S2.
The initial slopes of the plots (in mM mihare:3, -0.48 + 0.05;
Me,SnCh, -0.77;4b, 0.38 + 0.046, 0.057 + 0.0038, 0.12 +
0.01;9, 0.199 + 0.00613a 0.039 + 0.00113b (not shown),
0.022 + 0.0027 (not shown), 0.017 + 0.001.

Concentration versus time plots for the photolysis efaturated
CsD12 solutions of(a) 2 and (b)3 containing ca. 0.04 M
Me,SnCh, and of (c) a deoxygenatedlZ;, solution of14
containing 0.05 M MeOH,; all three solutions also contained
SihMes (ca. 0.01 M) asninternal integration standard. The
initial slopes of the plots for the vatis compounds are (in mM
min): (a)2, -1.06 + 0.09; MgSnC}h, -1.16 + 0.0544a, 1.01 +
0.04;6, 0.51 + 0.01 (A solid, presumed to &ebegan to
precipitate halfway through the experimehgreforeonly the

Xiv

83

84

86

86

87

88



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

Figure S2.11

Figure S2.12

Figure S2.13

Figure S2.14

first 4 points were used to evaluate the y@dhis product); (b)
3,-0.97 £ 0.07; MeSnClh, -1.74 + 0.404b, 0.83 £ 0.016, 0.38
+0.02;8,0.76 £ 0.03,12, 0.03 + 0.01; (c14, -0.781 + 0.0024b,
0.713 £ 0.00615, 0.716 + 0.012.

(a) Transient UWis absorption spectra from laser flash
photolysis of a rapidly flowed, deoxygenated solutio {f 3

10 M) in anhydrous hexanes at 25 °C, recorded over a longe
timescale than that shown in Figur@.ZThe spectra were
recorded 0.640.96ns (* ) and 81.1 81.9ns (D) after the pulse,
using a Pyrex filter in the monitoring beam at wavelengths ab
310 nm; the inset shows absorbance versus time profiles rec
at 340 and 500 nm. (b) Transient absorbéime profiles
recorded for dlowed solution of3 in deoxygenated hexanes,
under similar conditions to those used for the experiment sha
in (a). The 340 nnbA-time profile was recorded as in (a) and i
the average of 10 laser shots, while the 650 nm profile was
recorded with a 520m cutoff filter (Corning 369) in the
monitoring beam to filter out overtone absorptions, and is the
average of 70 laser shots. TDh&-time profile at 500 nm
(recorded with a Pyrex filter) was quite similar to that obtaine:
the experiment of (a).

Plots of initial transient absorbanc®4(),) versus laser pulse
energy from optically matched (at 248 nm), deoxygenated
hexanes solutions of (a) benzophenonezraohd (b)
benzophenone ar8] for determination of the extinction
coefficientsof the SnMe and SnPhabsorption bands at 500 nn
The benzophenone tripléBP; F = 1.0) was monitored at 525
nm (= 6,250 + 1,250) Mcmi?).”® The slopes of the plots af&)
%BP, (6.0 + 0.1} 10“, SnMe (1.43 + 0.02p 10* (b)°BP, (4.61
+0.08)3 10* SnPh(1.13 + 0.03p 10%

(a) Timeresolved UVvis spectra recorded by laser photolysis
SnMe precursorR2 in hexanes containing 7 mM MeOH, Q-2
0.29ns ¢ ), 1.251.31ns (A) and 17.517.7 s (D) after the lasel
pulse (25 °C), and absorbarti@e profiles at selected
wavelengths (inset). (b) Plot dDAo)o / (DAo)o for complexation
of SnMe with MeOH in hexanes at 25 °C; the solid line is the
linear least squares fit of the data to equation 2.20.

Selected geometric parameters, electronic energies and stan
free energies (in parentheses) for Sndttd the SnPhdimers
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Figure S2.15

Figure S2.16

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

16b, 17b, 1%nd (rans) 20, calculated at the/B97XD/6-
31+G(d,py " -LANL2DZdp>" level (hydrogen atomsmitted for
clarity).

Plots of DE versus geometry from relaxed PES scans of (A) th 92
C1-Sn2Sn3C4 dihedral angle ia6b and (B) theSnC bond

distance involving the bridging phenyl group in
stannylidenestannyleri®, carried out at the'B97XD/6-
31+G(d,pf""-LANL2DZdp®"level of theory.

Plot of calculated relative electronic energieg;(relative to two 93
SnPh moieties at infinite separation) versus-Sn bond distance
from relaxed potential energy surface scans of th&ishond
distancesdsns) in 17band19 at thewB97XD/6-31+G(d,pf -
LANL2DZdp>"level of theory. The calculated structures at
variousdssn values in the calculations are also shown.

Concentration versus time plots for the photolysis of a 0.04 v 102
solution of3 in CgD12 containing 0.04 M MgSnCb. The inset

shows an expanded pldtustratingthe formation of compounds

9( and10( 6) with photolysis ti
determined from the first four data points @re0 . 77 N (
Me;SnCh,-1. 9 N 0.1 ( o) 6,( sO.o6p% K
0.57 N 8 0.295 0.05§ ) (units, mM mir).

Time-resolved U\vis spectra from laser photolysis of @and 105
(b) 4 in hexanes solution, 0.58).70 ps §), 4.16- 4.35 ps (),

and 34.4 34.7 ps (p after the laser pulse (25 °C). Absorbance
time profiles are shown at selected wavelengths {in@&ta in

(b) recorded by B. Nguygn

(a) Plot ofkgecayf O t he reaction of £107
Me;SnCh( 3) i n hexanes adrethglheaA C

|l east squares fit of t hed A

for the reaction of SnMePh with MeOH in hexanes at 25 °C; t
solid line is the linear least squares fit of the data to equation
3.11. (c) Timeresolved UM\vis spectra from laser photolysis4f

in hexanes containing ca. 7.3 mM MeOH, 0-2/28 us g) ard

1.58- 1.61 ps () after the laser pulse (25 °C). Absorbatioee
profiles at selected wavelengths (ins@Data from Fig 3.3ac
recorded by B. Nguyausing4)

'H NMR spectra (0.1 0.8 ppm) of a deaerated 0.04 M solutior 112
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Figure 3.5

Figure 3.6

Figure 3.7.

Figure 3.8

Figure 3.9

Figure 3.1Q

Figure 3.11

of 1in CgD1, containing BySnCl (0.04 M) (a) before and (b)
after 10 minutes photolysis with 254 nm light. {€5n NMR
spectrum of a deaerated 0.04 M solutiord of CsD1, containing
BusSnCl (0.04 M) after 10 minutes photolysis with 254 nm ligl
13C NMR spectra (0 15 and 27 32 ppm) of a deaerated 0.04 |
solution of1 in C¢D1, containing BYSnClI (0.04 M) (d) before
and (e) after 10 minutes photolysis with 254 nm ligtBu¢SnClI;
*BusSn)

Plot ofkgecayfor the SnMe absorption (530 nm) versus 113
[BusSnCl], from flash photolysis df in hexanes at 25 °C; the

solid line is the linear least squares fit of the data to equation
3.10.

Time-resolved U\vis spectra from laser photolysis in 113
hexaneontaining 0.0 mM BgSnCl at 0.420 . 51 Os (
15.0 mM BuSnCl at 0.22 0.32 ps g) and 5.86 6.02 ps ()

after the laser pulse (25 °C).

Plots ofkgecayfor reaction of (a) SnBH{500 nm) and the (b) 410 114
nm absorption with Bs5nCl in hexanes at 25 °C. (c) Overlap c

the kyecaydata for the SnBH{ 3 ) and 410 nm (
function of [BuSnCI]. The solid lines are the ndinear least
squares fit of the data to equation 3.16.

'H NMR spectra of a deaated 0.05 M solution df in CsD1» 120
containing AcOH (0.21 M) (a) before and (b) after 30 minofes
photolysis with 254 nm light.

Concentration versus time plots for the photolysis of a deaere 121
0.05 M solution ofL in CgD1, containing AcOH (0.21 M). The

inset shows an expanded plot, detailing the formation of
compound£1 - 22 with photolysis time. The initial slopes
(determined from the first three data pointsZ®rand21, and

first four data points otherwise) ate-1.21 0 N 0 .70102

N 0. 026 048+)0.05i();23 0. 160 [R1,0094#6

0. 0 122(0¢p§2:+ 0.0076 ) (units, mM mir).

(a) 'H NMR spectrun{-0.05- 0.40 ppm) and (b)’C{*H} NMR 122
spectrum(-6.0- -1.0 ppm) of a deaerated 0.05 M solutiorlaf

CsD12 containing a mixture of AcCOH/AcOD (total concentratio
0.20 M) after 30 minutes photolysis with 254 nm light.

'H NMR spectra of a deaerated 0.05 M solutio2 of CgD;» 123
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Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure S3.1

Figure S3.2

corntaining AcOH (0.20 M) (a) before and (b) after 30 minutes
photolysis with 254 nm light.

Concentration versus time plots for the photolysis of a solutio 124
2 (ca. 0.05 M) in @D12and AcOH (ca. 0.2 M). The initial slope:
of each of the plots, determined from the first four data points
6 and the first six data points otherwise, are (in units of mM nr
%2,-0. 59 N 6. 0273% 00061( KN) g

Inversegate®C{*H} NMR spectrum (128.0129.5 ppm) ofa 125
deaerated 0.05 M solution Bin CgD1, containing a mixture of
AcOH:AcOD (total concentration 0.20 M) after 30 minutes
photolysis with 254 nm light( denote satellite resonances frol

2).

H NMR spectra of a deaerated ca. 0.05 M solutiohinfCsD;, 126
containing AcOH (0.20 M) (a) before and (b) after 30 minutes
photolysis with 254 nm light (*unreactive impuritypdta

recorded by B. Nguyén

Concentration versus time plots for the photolysis of a solutio 126
4 (ca. 0.05 M) in @D12and AcOH (ca. 0.2 M). The initial slope:

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

7 and24 and first five data points otherwise, are (mts of mM
mnd4,-0. 81 N M. 079¢3R4 00146( N

20, 0.32 + 0.041( ); 22,0.09 + 0.01§ ). (Data recorded by B.
Nguyen

(a) Timeresolved UVvis spectra from laser photolysis bin 128
hexanes containing®mM AcOH, 0.07- 0.10 us §), 0.30- 0.32

us (), and 3.50 3.53 s (p after the laser pulse (25 °C); data
recorded using a neutral density filter (43 % transmittance). F

of Kgecayfor reaction of SnMg(530 nm) with (b) AcOH and (c)
AcOD in hexanesat 25 °C; the solid lirearethe linear least

squares fit of the data to equation 3.IDat@ in (c) recorded by

B. Nguyeh

Concentration versus time plots for the photolysis of a deaer: 134
0.05 M solution of3 in CgD12. The initial slopes determined fror

the first four data pointsa®-0 . 66 N 6. 04 6( 3 )
(units, mM min?).

'H NMR spectra of a deaerated 0.05 M solutio8 of CsD1» (a) 134
before and (b) after 10 minute§photolysis with 254 nm light.
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Figure S3.3

Figure S3.4

Figure S3.5

Figure S3.6

Figure S3.7

Figure S3.8

Figure S3.9

(*Unreactive impurity

'H NMR spectra of a 0.04 M solution 8fin CgD1, containing 135
0.04 M MeSnCl, (a) before and (b) after 10 minutes photolys
with 254 nm light, and (c) after spiking the resulting jpihytate

with an authentic sample 6f (*Unreactive impurity

19S5 *H} NMR spectra of a 0.04 M solution 8fin CgD1» 135
containing 0.04 M Mg5nCl (a) after 10 minutes photolysis witl

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

an authentic sample &f

(a) Timeresolved UVvis spectra from laser photolysis4in 136
hexanes solution containing 0.90 mM THFg4- 0.96 s §)

and 34.4 34.7 us ¢ after the laser pulse (25 °C). (b) Time
resolved UVvis spectra from laser photolysis ®in hexanes
solution containing 10 mM THF, 0.64.96 us g) and 34.2

34.7 us €p after the laser pulse (25 °@Ybsorbancedime

profiles shown at selected wavelengths (ins&td in (a)

recorded by B. Nguyén

H NMR spectra of a deaerated 0.04 M solutiod of C¢D;» 136
containing BYSnCl (0.040 M) (a) before and (b) after 10 minu
of photolyss with 254 nm light. (*BuSn)

Concentration versus time plots for the photolysis of a deaere 137
0.04 M solution ofL in CgD1, containing BySnCl (0.040 M).

The initial slopes determined from the first four data pointd ar
-093+00X 37, ; 0.81 {8 000B81( N)D.C
mM min™).

(a) Timeresolved UW\vis spectra from the laser photolysisdof 137
in hexanes containing 0.0 mM EBnClat0.420 . 51 Os

15.0 mM BuSnCl at 0.22 0.32 ps §) and5.86- 6.02 ps ()

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

at 500 nm and 410 nm from the laser photolysis of a hexanes
solution of4 containing 15.0 mM BssnCl.

Plots ofkgecayfor reaction of (a) SnMePh (500 nm) and the (b) 138
410 nm absorption with B6nCl in hexanes at 25 °C. (c) Overl

of theksecayd at @ f or t he SnMePh (3.

as a function of [Bs¢SnCl]. The solid lines are the ndinear least
squaresif of the data to equation 3.1@®4dta recorded by B.

Nguyen
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Figure S3.10

Figure S3.11.

Figure S3.12

Figure 4.1

Figure 4.2

Figure 4.3.

119Sn NMR spectra of a deaerated 0.05 M solutiohiofCsDy, 138
containing AcOH (0.21 M) after 30 minutesphotolysis with
254 nm light.

(a) GGMS chromatogram (05.6 minutes retention time) and 139
(b) mass spectrum of the peak at ca. 3.3 minutes retention tir

a 0.05 M solution o2 in CgD1, containing 0.2 M AcOH after 30
minutesof photolysis with 254 nm UV light.

Plot of kyecayfor the reaction of SnBH500 nm) with (a) AcOH 140
and (b) AcOD in hexanes at 25 °C. (c) Plokgtayfor 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 310. (d) Timeresolved U\vis spectra from laser
photolysis of2 in hexanes containing 0.6 mM AcOH, 0-G312
us (3), and 0.861.02 ps () after the laser pulse (25 °C). (e)
Time-resolved U\vis spectra from laser photolysis4in
hexanes containing 1ritM AcOH, 0.10- 0.13 ps g) and 1.22
1.25 s ¢ after the laser pulse (25 °C). Absorbatioge

profiles are at selected wavelengths (ins&até in (b),(c) and
(e) recorded by B. Nguygn

Representative transient decay profiles recorded from a hexe 146
solution of (a)l containing 0 and 0.2 mM gtH, (b) 2

containing 0, 0.3, and 1.0 mM EtOAc, and I&ontaining 0 and

1.4 mM EtOAc.

(a) Plot ofkgecayfor reaction of SnMewith EtbNH in hexanes at 147
25 °C; the solid lings the linear least squares fit of the data to

4.3. (b) Timeresolved U\vis spectra from laser photolysis bf

in hexanes containing 1.0 mM.EiH, 0.16- 0.32 us §), 3.52-

4.16 ps [), and 85.9 86.6¢ s dfter the laser pulse (25 °C),

and absorbanetme profiles at selected wavelengths (inset).

(@) Plots Okgecay( 1 )  ag)otl ( €@&AZ) for r e:ld8
SnPhand oo/PAQGAP) f or r e aversus on
[EtOAC] in hexanes solution at 25 °C; the solid lines are the

linear leastsquares fits of the data to equations 4.3, 4.5 and 4
respectively. (b) Timeesolved U\vis spectra from laser
photolysis of2 in hexanes containing 0.50 mM EtOAc, @51

us (3), and 17.818.0 us () after the laser pulse (25 °C), and
absorbancéime profiles at selected wavelengths (inset). (c)
Time-resolved U\vis spectra from laser photolysis bin
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Figure 4.4,

Figure 4.5

Figure 4.6,

Figure 4.7.

Figure 4.8

Figure S4.1

hexanes containing 25 mM EtOAc, 0.50.70 us §), and 34.7
35.0 us () after the lasepulse (25 °C), and absorbarii®e
profiles at selected wavelengths (inset). The spectra in (c) we
recorded using a neutral density filter (43 % transmittance).

'H NMR spectra of a deaerated 0.05 M solutiof of CD1»
containing isoprene (0.096 M) (a) before and (b) after 10 min
of photolysis with 254 nm light.

Pl ot s gud f (o)gd#rAhe reactions of (a) SnMand (b)
SnPh with 1-hexene in hexanes at 25 °C; the solid lines are tl
linear least squares fits of the data to eq. 4.4. (c) Ties®lved
UV-vis spectra from laser photolysis bin hexanes containing
1.5 M J-hexene, 0.160.48 ps §), and 89.1 89.8 us [ ) after
the laser pulse (25 °C), and absorbatiee profiles at selected
wavelengths (inset). (d) Timeesolved U\vis spectra from lasel
photolysis of2 in hexanes containing 1.52 Mhkxene, 1.32.6
us 3), and 50.2 51.5 ps [ ) after the laser pulse (25 °C), and
absorbancéime profiles at selected wavelengths (inset).

Pl ot &shvexVersup (a) gas phase basicity (GB), (b) protor
affinity (PA) and (c) Bk affinity.

Representative transient decay profiles recorded with a hexa
solution ofl (a) containing 0, 0.8 and 2.9 mM,Bt and (b)
containing 0, 0.3 and 0.8 MM &t

Time-resolved U\vis spectra recorded 0-2.6 ps after the lase
pulse (25 °C) from laser photolysis 2in hexanes containing (a
0O (), 0.2 (IT-hexend anB2 (M)
and 0. Zhetne(Egach of the three spectra in (a) and (|
are normalized at 460 nm to account for differences in laser
intensity between different experiments

(a) Pl apl/s @iér reagiibn of SnrMg( 3) and
( T) w0 ih hexaBes at 25 °C; the solid lines are the linea
least squares fits of the data to eq. 4.4. (b) Tieselved U\vis
spectra from laser photolysis bfn hexanes containing 25 mM
Et,0, 0.32-0.46 ps g), and 17.3 17.5 ps () after the laser
pulse (25 °C), and absorbarti@e profiles at selected
wavelengths (inset). The spectra in (b) were recorded using ¢
neutral density filter (43 % transmittance)) Timeresolved
UV-vis spectra recorded by laser photolysi of hexanes
containing 25 mM ED, 0.96-1.6 ps §), and 22.6 23.0 ps ()
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Figure S4.2

Figure S4.3

Figure S4.4

Figure S4.5

after the laser pulse (25 °C), and absorbame profiles at
selected wavelengths (inset).

(a) Plots okgecayof the SNnMe( T ) an@m@pn&®hsor 175
(o (@A(3) of ,adsaptichwekdes [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 SnPh( gogcorded by B. Nguyégn(b) Timeresolved
UV-vis spectra from laser photolysis bin hexanes containing
25.0 mM THF, 0.5% 0.70 ps §), and 34.7 35.0 ps () after the
laser pulse (25 °C), and absorbatioge profiles at selected
wavelengths (inset). The spectra in (b) were recorded using ¢
neutral density filter (43 % transmittance). (c) Tinesolved
UV-vis spectra recorded by laser photolysig of hexares
containing 1.23 mM THF, 0.641.28 ps g), and 34.7% 35.6 us
(1) after the laser pulse (25 °C), and absorbdimse profiles at
selected wavelengths (inset).

(@) Plots Ofgecay( T )  a)otl ( (d&pAZ) for r e:l75
SnPhand( qh/ ©O&A®P) f or r e aversus on
[acetone] in hexanes solution at 25 °C; the solid lines are the
linear leastsquares fits of the data to equations 4.3, 4.5 and 4
respectively. (b) Tim@esolved U\vis spectra from laser
photolysis ofl in hexanes containing 25 mMetone, 0.26 0.45
us (3), and 10.% 10.4 ps () after the laser pulse (25 °C), and
absorbancéime profiles at selected wavelengths (inset). (c)
Time-resolved U\vis spectra from laser photolysis in
hexanes containingg2) mM aetone, 0.420.96 us §), and 21.9
- 22.2 us () after the laser pulse (25 °C), and absorbdime
profiles at selected wavelengths (inset). Data from (b) and (c
wererecorded using a neutral density filter (67 % transmittanc

() Plots okgecayfor reaction of SnMg( 3) an@l BnRil76
Et;S in hexanes at 25 °C; the solid lines are the linear least
squares fit of the data to eq. 4.3. (b) Tiresolved U\vis

spectra from laser photolysis bfn hexanes containing 1riM

Et,S, 0.16-0.48 us g), and 11.2 11.8 ps () after the laser

pulse (25 °C), and absorbarti@e profiles at selected

wavelengths (inset). (c) Timeesolved U\vis spectra from laser
photolysis of2 in hexanes containing 1.0 mME5t 0.32- 0.64 ps

(3), and 85.9 86.7 us () after the laser pulse (25 °C), and
absorbancéime profiles at selected wavelengths (inset).

(a) Plots 0kgecayfor reaction of SnMg( 3) ann@l Snwil76
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Figure S4.6

Figure S4.7

Figure S4.8

Figure S4.9

THT in hexanes at 25 °C; the solid lines arelihear least
squares fit of the data to eq. 4.3. (b) Tiresolved U\vis
spectra from laser photolysis of SnMmecursorl in hexanes
containing 1.0 mM THT, 0.260.38 us §), and 35.% 35.9 us
(1) after the laser pulse (25 °C), and absorbdimse prdiles at
selected wavelengths (inset). (c) Thmesolved UVvis spectra
from laser photolysis d in hexanes containing 0.6 mM THT,
2.2-3.2 us ), and 172 173 ps () after the laser pulse (25 °C
and absorbanetme profiles at selected waveleng(irset).

Plots ofkgecayfor reaction of (a) SnMeand (b) SnPhwith 177
BuNH, in hexanes at 25 °C; the solid lines are the linear leasi
squares fit of the data to eq. 4data in (a) recorded by B.
Nguyen. (c) Timeresolved U\vis spectra from laser photolysi
of 1in hexanes containing 1.0 mM BuNHD.32- 0.48 us §),
1.28-1.76 ps (), and 26.7 27.5 ps (p after the laser pulse (2F
°C), and absorbandeme profiles at selected wavelengths (inse
(d) Timeresolved U\vis spectra from laser photolysis in
hexanes containing 0.49 mM BuMH.8- 7.7 us ), and 357
358 s () after the laser pulse (25 °C), and absorbdime
profiles at selected wavelengths (inset).

(a) Plot @ kyecayfor reaction of SnPywith EbNH in hexanes at 177
25 °C; the solid lings the linear least squares fit of the data to

4.3. (b) Timeresolved U\vis spectra from laser photolysis f

in hexanes containing 5.0 mM,EiH, 3.8-5.1 us §), 16.6-

19.8 us (), and 3573 5 9 qxafter the laser pulse (25 °C),

and absorbanetme profiles at selected wavelengths (inset).

Plots ofkgecayfor reaction of (a) SnMeand (b) SnPhwith E;N 178
in hexanes at 25 °C; the solid lines are the linear least square

of the data to eq. 4.3. (c) TiAresolved UV\vis spectra from

laser photolysis ot in hexanes containing 1.0 mMghf, 3.97-

4.16 pus g), 10.3-10.5 pus (), and 34.4 3 4 . 6q) after the

laser pulse (25 °C), and absorbatioge profiles at selected
wavelengths (inset). (d) Timesolved U\vis spectra from lasel
photolysis of2 in hexanes containing 1.0 mM3h&f 4.5- 5.8 us

(3), and 344 347 pus () after the laser pulse (25 °@nd
absorbancéime profiles at selected wavelengths (inset).

'H NMR spectra of a deaerated 0.05 M solutiof of CsD12 178

containing thexyne (0.096 M) (a) before and (b) after 10
minutes photolysis with 254 nm light.
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Figure S4.10

Figure S4.11

Figure S4.12

Figure S4.13

Figure S4.14.

'H NMR spectra of a deaerated 0.05 M solutiof of CsD1»
containing BySnH (0.053 M) (a) before and (b) after 15 minut
photolysis with 254 nm light.

(a) Concentration versus time plots for the photolysis of a
solution of2 (ca. 005 M) in GD1, and isoprene (ca. 0.1 M). Th
initial slopes, determined from the first eight data points in ea
of the plots, are (in units of MM miH2,-0 . 56 N 6)0.58
N 0.03 (I). (b) Concentrat.i
of a solution of (ca. 0.05 M) in @D and thexyne (ca. 0.1 M).
The initial slopes, determined from the first seven data points
each of the plots, are (in unitsof MM i)r2,-0 . 46 N 0
66 0.43 N 0.01 (T). (c) Conc
photolysis of a solution d (ca. 0.05 M) in @D, and BuSnH
(ca. 0.05 M). The initial slopes, determined from the first six c
points in each of the plots, are (in wnif mM min?) 2, -0.47 +
0.036 ()50 N 0.04 (1).

Pl ot s gud f (o)ed®rAhe reactions of (a) SnMand (b)
SnPh with cyclohexene in hexanes at 25 °C; the solid lines al
the linear least squares fits of the data to eq. 4.4. (c)-Time
resolved U\vis spectra from laser photolysis bin hexanes
containing 0.5 M cyclohexene, 0.64.12 ps §), and 85.9 86.7
us () after the laser pulse (25 °C), and absorbaime profiles
at selected wavelengths (inset). (d) Tiresolved U\vis spectra
from laser photolysis d? in hexanes containing 0.5 M
cyclohexene, 0.320.80 us ), and 85.9 86.7 us () after the
laser pise (25 °C), and absorbantime profiles at selected
wavelengths (inset).

(a) Pl /s (@¢ffer reagtian of the SnMg 2) at
SnPh( I ) ab s o r-lpekynednmhexanied ah25 iC; the sc

lines are the linear least sqearfit of the data to eq. 4.4. (b)
Time-resolved U\vis spectra from laser photolysis bin
hexanes containing 0.25 MHexyne, 0.16 0.48 ps g), and 21.6
- 22.1 us () after the laser pulse (25 °C), and absorbdime
profiles at selected wavelengths (inset). (c) Fresolved UV

vis spectra from laser photolysis@in hexanes containing 0.2 |
1-hexyne, 0.64 psz(), and 77.978.7 s () after the laser pulse
(25 °O), and absorbaneame profiles at selected wavelengths
(inset).

(a) Pl ajp/s (@i reagtidn ofthe SnMg 3 ) at
SnPh( 1 ) abs or pSnH io mexanes at A5 °@, the soli
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Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

lines are the linear least squares fit of the data to eq. 4.4. (b)
Time-resolved U\vis spectra from laser photolysis 2in
hexanes containing 7.8 mM E&nH, 0.45 0.54 us §), and 17.8
- 18.0 ps () after the laser pulse (25 °C), and absorbdime
profiles at selected wavelengths (inset). (c) Hresolved UV
vis spectra from laser photolysis bin hexanes containing 14
mM BusSnH, 0.42- 0.54 ps §), and 17.8 18.0 us [ ) after the
laser pulse (25 °C), and absorbatioge profiles at selected
wavelengtls (inset).

'H NMR spectra of an air saturategB3,0.04 M solution ofL 187
(a) before and (b) after 10 minutefsphotolysis with 254 nm

light, and (c) after spiking the resulting photolyzate with an
authentic sample d&. (Samples prepareoy J. Woodaryl

(a) Concentration versus time plots for the photolysis of a 188
solution ofl (ca. 0.04 M) in aksaturated gD1,, with periodic
replenishment of depleteadr (eq. 5.3a). The slopes of the plots
are (inunitsofmMMmiM1,-0. 40 N 3. 03403 N
5 0. 14 K 0.01980007qm3ee expansion(b)
Concentration versus time plots for the photolysis of an
incompletely deoxygenated solutionlofca. 0.04 M) in @D1,
without periodic replenishment oegleted Q (eq. 5.3b). The
slopes of the plots are (in units of MM mi,-0. 35 KN (
33 0.29 K 00.0121 TN ;0. @®mB82{ <
0.004 @ ; see expansion)Samples prepared by J. Woodprd

'H NMR spectra of a deoxygenated 0.04 M solutiofh iof CsD1, 189
(a) before and (b) after 30 minutes photolysis with 254 nm lig

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

of 4.

Concentration versus time plots for thteotolysis of a 190
deoxygenated solution df(ca. 0.04 M) in GD1, and AcOH (ca.

0.2 M). The initial slopes, determined over the first 12 minute
photolysis, are (in units of MM MM AcOH,-1 . 03 N 10
0.66 N 0.025(@03KX097.-0.049}.1 ) ;

'H NMR spectra of a 0.045 M solution bfn CsD1, containing 191
Me,SnCh (0.035 M) (a) before and (b) after 10 minutes

photolysis with 254 nm UV light ®nreactive impurity

(Samples prepared by J. Woodard

(a) Concentration versus time plots for the photolysis of a 193
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Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10.

Figure S5.1

Figure S5.2.

solution ofl (ca. 0.045 M) and M&nClL (ca. 0.035 M) in @D1»
as described in eq. 5.5. The slopes of each of the plots are (il
units of mM min*) Me,SnCh,-1 . 57 N 10-0.86& 0.Q5
(33 ; 0.75 [R009+®B1(0;6) ;0. 17 K
0.62 £ 0.039 ). The slope foR was determined using the first
seven data points. (b) Concentration versus time plots for the
photolysis of a solution @ (ca. 0.04 M) and MeOH (ca. GLOM)
in C¢D12 as described in eq. 5.6. The initial slopes, determine«
from the first seven data points in each of the plots, are (in ur
ofmMmin)8,-1. 00 N 3. 058(F3 ;00501
0 . 0 3 SaMmpfes prepared by J. Woodard

Time-resolved U\vis spectra recorded by laser photolysis of
SnMes precursorl in hexanes solution, 0.26.32 s g), and
9.4-9.9 ps {) after the laser pulse (25 °C), and absorbdime
profiles at selected wavelengths (inset).

Representative transient decay profiles recorded at 570 nm fi
hexanes solution df containing (a) 0 and 0.05 mM AcOH, (b) |
and 0.3 mM EMNH, and (c) 0 an@5 mM THF. Data recorded
by J. Woodar}i

Time-resolved U\vis spectra from laser photolysis bin
hexanes containing 5.0 mM BuMHD.0-2.6 ps §), and 12.212.7
us () after the laser pulse (25 °C), and absorbdimse profiles
at selected wavelengths (inset). (b) Tiresolved U\vis spectra
from laser photolysis df in hexanes containing 5.0 mM THT,
0.0-0.64 psg),58-7.0pus(),and11:113 Os ( o)
laser pulse (25 °C), and absorbatioge profiles at selected
wavelengths (inset)Data recorded by J. Woodard

(a) Representative transient decay profiles recorded at 490 n
from a hexanes solution @fcontaining 0.0 mM, 3.1 mM, and
14.7 mM Q. (b) Plot ofkyecayfor the reaction 09 with O, in
hexanes at 25 °C; the solid line is the lineartlegsares fibf the
data to equatiob.9. (Data recorded by J. Woodayxd

19Sn NMR spectra of an asaturated 0.045 M solution afin
CsD12 (a) after 10 minutes photolysis with 254 nm light, and (t
after spiking the resulting photolyzate with athentic sample
of 5. (*Unreactive Impurity (Samples prepared by J. Woodpard

(&) GGMS chromatogram (09.5 minutes retention time) and
(b) mass spectrum of the peak at ca. 5.8 minutes retention tir
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Figure S5.3.

Figure S5.4.

Figure S5.5.

Figure S5.6.

Figure S5.7

from a 0.04 M solution ot in CgD;, containing 0.2 M AcOH
after 30 minutes photolysis with 254 nm UV light.

13c{*H} NMR spectra of a 0.04 M solution dfin CgD1» 218
containing 0.2 M AcOH (a) after 30 minutes photolysis with 2

nm UV light and (b) after spiking the photote of (a) with an
authentic sample @af.

'H NMR spectra of a 0.045 M solution bin CsD1, containing 219
Me,SnCh (0.035 M) (a) after 10 minutes photolysis with 254 r
light, and (b) after spiking the photolyzate of (a) with an

authentic sample & (*Unreactive Impurity (Samples preparec

by J. Woodar}l

19S5 'H} NMR spectra of a 0.045 M solutiaf 1 in CsD1. 219
containing MgSnC} (0.035 M) (a) after 10 minutes photolysis

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

with an authentic sample @f (*Unreactive Impurity ?

unidentified tincontaining compoundSamples prepared ky
Woodard

Pl ot opf @)@ reaction of SnMeg570 nm) with (a) 220
Et,O, (b) THF and (c) MeOH in hexanes at 25 °C; the solicslir
arethe linear least squares fit of the data to equation 5.11. (d
Time-resolved U\vis spectraecorded by laser photolysis bf
in hexanes containing 2.0 M&, 0.40.5 ps ), and 17.317.6
us () after the laser pulse (25 °C), and absorbdimse profiles
at selected wavelengths (inset). (e) Tirasolved U\vis spectra
recorded by laser photolysis bin hexanes containing 0.12 M
THF, 0.321.0 ps ), and 172173 ps () after the laser pulse %2
°C), and absorbandeme profiles at selected wavelengths (inse
(f) Time-resolved U\vis spectra recorded by laser photolysis
1in hexanes containing 41 mM MeOH, 0:680 pus §), and
34.434.6 ps [ ) after the laser pulse (25 °C), and absorbance
time profiles at selected wavelengths (inséatg in (a)}(c)
recorded by J. Woodajd

Plots ofkgecay( T ) @ ol ( QA3 ) o f(5Bmme s 221
versus (a) [THT] and (e) [EtIH], in hexanes solution at 25 °C;

the solid lines are thenear leastsquares fits of the data to
equations 5.9 and 5. 1§d ( RS

for reaction of SnMegq570 nm) with E£S in hexanes at 25 °C;

the solid line is the linear least squares fit of the data to eq. 5

(c) Timeresohed UV-vis spectra from laser photolysis bin
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Figure S5.8

Figure S5.9

Figure 6.1.

Figure 6.2.

hexanes containing 7.0 mMJ5t 0.0- 0.64 ps g), and 87.7
90.9 ps () after the laser pulse (25 °C), and absorbdimse
profiles at selected wavelengths (inset). (d) Pldefyfor
reaction of SnMeg(570 nm) with BuNH in hexanes at 25 °C;
the solid line is the linear least squares fit of the data to equa
5.9. (f) Timeresolved UV\vis spectra from laser photolysis bf
in hexanes containing 1.0 mMEtH, 0.32- 0.80 us §), 5.92-
6.56 us (), ard 85.9-8 6 . 60 after th¢ laser pulse (25 °C),
and absorbaneme profiles at selected wavelengths (inset).
(Data recorded by J. Woodaxd

Plots ofkgecayfor reaction of SnMeg570 nm) with (a) AcOH, 222
(b) Me,SnCh, and (c)molecular oxygemn hexanes at 25 °C; the
solid lines arethe linear least squares fit of the data to equatio
5.9. (d) Timeresolved UV\vis spectra from laser photolysis bf
in hexanes containing 0.3 mM AcOH, 0.16.32 ps 3),1.3-1.6
us (), and 8% - 86.7s (@ after the laser pulse (25 °C), and
absorbancéime profiles at selected wavelengths (ins@t).
Time-resolved U\vis spectra from laser photolysis bin
hexanes containing 1.0 mM M&nCh, 0.27- 0.35 us §), and 6.6
- 6.7 ps () after the laser pulse (25 °C), and absorbdime
profiles at selected wavelengths (inset). (f) Tirasolved U\vis
spectra from laser photolysis bfn hexanes containing 14.7 ml
0O,, 0.16-0.32 us ), 4.8-5.1pus{),and 87.58 8 . 3@ ¢ s
afterthe laser pulse (25 °C), and absorbameoe profiles at
selected wavelengths (inset); data from (f) recorded using a
neutral density filter (67 % transmittance)ata in (a)}(e)
recorded by J. Woodajd

Plots ofkgecayfor the reactiosof 9 with (a) MeSnCh, (b) AcOH, 223
and (c) MeOH in hexanes at 25 °C; the solid lines are the line
least squares fit of the data to eq. 5(¥até recorded by J.

Woodard

Transient absorption spectra from laser photolys&infhexanes 230
solution (ca. 4 10°M)recorded0.130. 16 es (-3 )
17.8 s (1) after the | astme
profiles recorded at 290 nm and 510 nm.

(a) Transient absorption spectra from laser photobfsran 233
hexanes solution (ca.i4 10° M) recorded 0.160 . 6 4 ¢ s
72-7.7 s (1) after the I-9se
shows the difference between spectra recorded-@16 6 4 ¢
421-43. 0 es after t hectords e
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Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure S6.1.

Figure S6.2.

insets show magnified versions of the spectra at 480 nm
and 490 550 nm. (b) Absorbanetme profiles recorded at 430
nm and 530 nm.

Plot ofkgecayversus [cyclohexene] for the reaction of-Bu, with 236
cyclohexene in a hexanes solutior/ait 25 °C, the silylene is
monitored at 530 nm. The solid line is the linear least square:

of the data to eq. 6.11.

(a) Pl g/ doigveisup fELO] for the reaction of $i 238
Bu, with Et,O from a hexanes solution &fat 25 °C, the silylene
is monitored at 530 nm. The solid line is the linear least squa
fit of the data to eq. 6.12. (b) Transient absorption spectra fro
laser photolysis o6 in hexanes solution (ca.i4 10°M™)
containing 0.40 M ED recorded 0.350 . 43 & s {83)
es (1) after the laser puls
recorded at 300 nnfc) Transient absorption spectra from lasel
photolysis of7 in hexanes solution (ca. 0.04 mM) conta@0.20
M Et,O recorded 0.250 . 30 &s {83)7 aensd (8.
laser pulse. The dashed spectrufnghows the difference
between the spectrarecorded 0.85. 30 e s8ande §
the laser pulse. The inset shows the transient prefierded at
290 nm and 430 nm.

(a) Plot ofks; versus [acetone] for the reaction8idvith acetone 249
in a hexanes solution @fat 25 °C, the disilene is monitored at

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

eg. 6.11; (b) Transient absorption spectra from laser photolys

7 in hexanes solution (ca. 0.04 mM) containing 50 mM acetor
recorded0.641 . 28 es (%47 amsd @Bl4¥ a
pulse. The inset shows the transient profile recorded at 300 r
and 440 nm. The apparent negative absorption in the 830

nm regions of the UWis spectra is due to bleaching®fwhich
exhibits absorption maxima in this wavelength regfon.

(a) Pl g/ clgve(supTHF] for the reaction oftSi 252
Bu, with THF from flash photolysis of hexanes solutiong at

25 °C. Plots oKkgecayversus [Q] for the reaicins of St-Bu, with

(b) Q = EtN and (c) Q = THT in hexanes solution®ét 25 °C.

The solid lines are the linear least squares fits of the data to ¢
6.12 (a) and 6.11 (b,c), respectively.

Plot ofkgecayversus [Q] for the reaction of tSBu, with (a) Q = 252
methanol, (b) Q = ENH and (c) Q = triethylsilane in hexanes
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Figure S6.3.

Figure S6.4.

Figure S6.5.

Figure S6.6.

Figure S6.7.

Figure S6.8.

solutions of7 at 25 °C. The solid lines are the linear least squz
fits of the data to eq. 6.11.

Plot ofkgecayversuqQ] for the reaction of $iBu, with (a) Q = 253
AcOH, (b) Q = aetone and (c =molecular oxygen from flash
photolysis of hexanes solutions®ét 25 °C. The solid lines are

the linear least squares fit of the data to eq. 6.11.

Plot ofkgecayversus [Q] for the reaction of t9Bu, with (a) Q =+ 253
hexene, (b) Q =is-cyclooctene and (c) Q = TME in hexanes
solutions of7 at 25 °C. The solid lines are the linear least squz

fit of the data to eq. 6.11.

Plot ofkgecayversus [Q] for the reaction of tSBu, with (a) Q = 253
cyclohexene and (b) Q = triethylsilane in hexanes solutiofs o

at 25 °C. The solid lines are the linear least squares fits of the
data to eq. 6.11.

(a) Plot ofkgecayversus gis-cycooctene] for the reaction of 254
SiMe;, with cis-cyclooctene in a hexanes solutior2adt 25 °C.

(b) Plot ofkjecayversus [thexene] for the reaction of SiPhith
1-hexene in hexanes solutions3it 25 °C. (c) Plot ORyecay

versus [thexene] for the resion of SiMes with 1-hexene in
hexanes solutions dfat 25 °C. The solid lines are the linear le
squares fit of the data to eq. 6.1Data from (b) recorded by M.
Reid

Plots ofkgecayversus [TME] for the reaction of (a) SiMé€b) 254
SiPh, and (c) SiMeswith TME in hexanes solutions of (2) (b)
3,and (c)4 at 25 °C. The solid lirearethe linear least squares -

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

Reid

Transient absorption spectra from laser photolysisinthexanes 255
solution (ca. 0.04 mM) containing 5.0 mM THF recorded 0.16
0.64 s (-4%5.6@nds4pl P after
dashed spectrum-§ shows the difference between the spectra
recaded 0.16 0. 6 4 & s-4a6n.d6 4e5s. 9af t er

The inset shows the transient profile recorded at 310 nm and

nm. The apparent negative absorption in the-34&D nm

regions of the UWis spectra in (a) and (b) is due to bleaching

7, which exhibits absorption maxima in this wavelength regdfor
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Figure S6.9.

Figure S6.10.

Figure 8.1

Figure 8.2

Table 1.1
Table 1.2.

Table 2.1

(a) Transient absorption spectra from laser photolystsrof 255
hexanes solution (ca. 4 mM) containing 5.1 mM THT recorde
032-1.28 es (B)3 amgd (@1i7)2 after
inset shows the transient profile recorded at 340 nm; (b)
Transient absorption spectra from laser photolys&infhexanes
sdution (ca. 4 mM) containing 5.0 mM BH recorded 0.22
0.32 e©s (-§Y.ands1y7lp after
shows the transient profile recorded at 290 nm.

(a) Plot ofkgecayversus [@Q] f or t he reacti (25
and 440 nm (1) transient si
hexanes solution afat 25 °C. The solid lirearethe linear least
squares for of the data to eq. 6.11. (b) Transient absorption
spectra from laser photolygsof 7 in O, saturated hexanes
solution (ca. 0.04 mM) recorded 040 . 38 es (-3)
35.6 s (1) after the | aser
profile recorded at 300 nm and 430 nm. The apparent negati
absorption in the 340430 nm regions of the UVis spectra is
due to bleaching of, which exhibits absorption maxima in this
wavelength regior?

UV-visible absorption spectra ofstannacycloper3-enes (a 287
and3, (b) 1 and4, and (c)5, recorded between 22@B00 nm in
hexanes solution.

UV-visible absorption spectra oft®u, precursors (ap and (b) 287
7 recorded between 22@00 nm in hexanes solution.
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COMPOUND NUMBERS:

Chapter 1
Me;Si,_SiMes \\Si Si,\S/Iiel\/I3e3
R,Sn: \( . .
. Sn: [ Sn: ArySn: Ar,Sn:
R = CH(SiMe3), ) /Si/<”SiMe Ar = CgHy-2,4,6-t-Bus Ar = CgH-2-t-Bu-4,5,6-Mes
Me;Si SiMe; ) SiMes 3
1 2 3 4 5
Ar,Sn: Ar,Sn: ArySn:
Ar = CgH3-2,6-(CgH3-2,6--Pry);  Ar = CgHg-2,6-(CgHo-2,4,6-Meg),  Ar = CgHyp-2,6-(CgHo-2,4,6-Me3),-4-SiMe;
6 7a 7b
Ar,Sn: Ar,Sn:
Ar = CGH2-2,6-(C6H2-2,4,6-M93)2-4-C| Ar = C6H-2,6-(C6H2-2,4,6-M93)2-3,5-i-Pr2
7c 7d
Ar _ . Ar .
sn: Ar = CgH3-2,6-(CgH,-2,4,6-i-Prs3); Ngp:  Ar=CgH,-2,4,6-(CH(SiMes),)3
Ar’ Ar'=Ph ArY Ar' = CgHy-2,4,6-i-Pry
8 9a
Ar. . Ar i
Ngn:  Ar = CgHy-2,4,6-(CH(SiMes),)s Ngn: Ar = CgHp-2,4,6-(CH(SiMes),)s
Ar’ Ar' = CgH,-2,4,6-Me3 Ar’ Ar' = CgH,-2,4,6-(1-ethylpropyl);
9% 9
Ar. . Ar. . .
. r= -2,4,0- 1ivie r= Cghy-£,0- 1Vle3)s)3-4- 1vlesz)3
Ngn: Ar = CgHp-2,4,6-(CH(SiMes),)s Ngn:  Ar = CgHp-2,6-(CH(SiMes),)3-4-C(SiMes3)
Ar’ Ar' = CgH,-2,4,6-(cyclohexyl)s Ar’ A= CgHz-2,6-(CeH3-2,4-i-Pry),
od 10
Ary,Sn: >
AraS: NMe >\ Ar = CgH3-2,6-(CgHp-2,4,6-i-Pr3)
\ r= -2,6- -2,4,6-i-Pr
Ar = CgHy-2,4,6-(CF3)s f{ ArSn 6T or2 3
1 Ar = 13
NM92
12 H Ar RSn-H
- N' i-Pr
Ph . Ar\N ' /Sr."\ (Csn
@\1 W(CO)s N\A rH R=
ArSi—PPh, ArSn——PPhj “Ar Ph,HC CHPh,
_ . _ ) N
Ar = CgH3-2,6-(CgHy-2,4,6-i-Pr3) Ar = CgH3-2,6-I-Pry Ar = CgHg-2,6-i-Pr, % Sii-Pry
14 15 16 17 18
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Ry
Me,XSn—SnXMe; p, Sn Ph 21a.R=Me R 22a.R=Me; R =H
Bu,CISn—SnCIBu, 20a-c CN  21b.R=CD, | “snr, 22b.R=Me;R =Me
19 4 KN 21c.R=Et . 22c.R=Ph;R'=H
20a.x=Cl pp” gy o 21d.R=Bu R 22d.R = t-Bu; R' = H
20b. X = Br
20c. X = SPh 22a-d
21a-d
| “SntBu,  t-Bu,CiSn—SnClt-Bu, ji/\s " ES o
CoCp*Hf . nMe; nEh; SnMePh
pCp \‘SnHMeSZ tBUZSn\Snt_Bu2 25
23 él Me,Sn=8nMe,
24 26
tBug
-| U\ .
t-Bu_ Si____t-Bu
rSnMePh )@SnMeSz /&@ | >sil t-Bu,Si=Sit-Bu,
Ph t-Bu t-Bu-S t-Bu
Mes = CgH,-2,4,6-Me3 t-Bu
30 31 32 33 34
Chapter 2
R' a.R=Me;R'=H Ph . Cl ClI
b.R=Me; R =Me A [
I)S”RZ c.R=tBu;R = H j@snMez I)S"th % S Me;Sn—SnMe,
R d.R=Ph;R=H PN 5
Me2
A sn —Cl Me Ph cl ¢l ¢
MeZSn—O Jo- SnMe -sn- _gn- o !
CI/\Sn of 2 Me Sln Cl Ph Sln Cl Me,Sn—SnPh, MeZSn—O—§nPh2
Me, Me cl cl
6 7 8 9 10
Me Me.
CI sn 2/CI /C| /SnZ/CI Ph ||3h Ph
Pn,Si—0(_O-SnPh,  PhoSm-O( O—SnMe; o o'y ph-sn-Cl | GePh,  ph-Ge-OMe
|/Sn cl’ Cl—Sn ¢ I | I
Me, Me, Me Me H
1 12 13a 13b 14 15
Ph,
. HOMe Sn:
Sn= Sn‘R a.R=Me .Sn. a.R=Me , T Ko
Re b.R=Ph R SRs o b.R=Ph P -Sn* shy
16 17 18 19 Ph 20 N
Tri
Trip .. p\ii;>
. )
Br A M "snite, |
oo /N Ar' = CgHy-2,6-Dipp, s sn: _ Trip
PGt Sn—Sn  (Dipp = C4H4-2,6-Pry) Ar Trip
21 22 (Trip = 2,4,6-(i-Pr)3CgH,)
23

XXXV



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

Chapter 3
Ph yez M
|  SnHR, | 'snMePh | Cl sn /c| e
R R Me-Sn-Cl \H\ MeZSn—O ~o- SnMe2 Me- Sn Cl
cl Cl/an cl’ Me
1.R=Me; R =Ph 3.R=Me 5 9
2. R=Ph;R'=Me 4. R=Ph 8
Cl I\S/Ie CI Cl '\S/Ie CI
n"— n"—
ph ¢l ¢l ¢! PhMeS—0_ O-ShMePh ~ PhRSW—0[  O-SnhMe,
Me-Sn-Cl  Me,Sn—SnMePh ~ Me;Sn—0-SnMePh C|/Sn ar’ C|/Sn ol
Me Cl Me, Me,
10 1" 12 13 14a. R= Me
14b. R = Ph
thMeSn—'an Q HOMe
€ Y Y % ¢l el CH,  H-H
15 SnMePh SnMePh BuzSn—SnMe, = Me,Sn—SnMe,
16 17 18 19 20 21
(l)Ac \ SiMesg
Me,Sn—OAc  Me,Sn—SnMe, © Ph—Sn Me—Sn \Si\(\\S”V'es Me,Sn—H
OAc CI)AC OAc OAc Sn: OAc
22 23 24 25 26 /SI/< 'SiMes 28
SIM93
27
Chapter 4
Me3Si SiMe3
Sn:
_ _ EtOAc
I>SnMe2 I)Snth Me,Sn=SnMe, Ph3Sn EI: ¢ \H\ Me,Si SiMe,
Ph SnPh,
1 2 3 4 5 6 7
Me;Si )<SIMes .
Q‘\Sn: | SnMe, Sn(CH(SiMe;3),), Sn(CgH,-2,4,6-i-Pr3), BuzSn—SnPh,
MesSi 4
oy 8 9 10 1
7-THF
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Chapter 5

I>SnMesz

Mes = C6H2-2,4,6-M93

)@Geth

1

I?h
Ph—GIe-OMe
H

MB3Si SiMe3
Ge:

Me3Si SiMes

13

Sn(OAc),2AcOH

18

Chapter 6
Me3Si SiMe3
Si:

Me3Si SiM63

CDSit-Bu2

6

t-Bussi~ > BU2

1
Me,Si=SiMePh

16

I\|/Ies
Mes—SIn-CI
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14
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19

Mez
Siig
Mezsl §|Me2
Mezsi\Si,SiMez
Mez

2

__Sit-Bu,
t-Bu,Si{]
Y25\ gitBu,

OEt,
Sit-Bu,
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Chapter 1 - Introduction

1.1.Foreword

There has beeagrowing interest in théwventy-first centuryin understanding the
chemistry of carboisubstituted divalent Sn(ll) compounds (stannylensy is currently
an active research topic in the ongoing studies of organotin chefilStgnnylenes, the
tin homologs of carbenes, are an important class of compounds thigt@mger group
collectively known as the organometallic compounds of low coordinate Si, Ge, Sn, and
Pb*® These include the heavier analogues of carbenium ions, organic free radicals,
carbanions, carbenes, multiply bonded derivatives (alkenedjeln8s, allenes and
alkynes), and aromatic compourfds?® The recent interest in stannylenes has been
motivated in part by thpotential applicatiomf such compounds catalysis* and small
molecule activationstannylenes are one of relatively fevblpck element compounds
that react readily with § NHs, PH;, CS;, andother small molecules of fundamental
importance"*'® The attentiorafforded tostannylenes is part aflarger renaissance in the
chemistry of the heavieriplock elements, particularly in light of the growing
understanding gbarallels between the chemistry of the main group compounds and those
of transition metal element§™®

Despitethe great strideslready achieved innderstanding the fundamental
characteristics of these compounds and maximizing their utility, very little is known still
of the simplest transient deatives: SnMe, SnPh, SnMePh and SnMgfMes = GH-
2,4,6Mes3).2%%2In 1991, he early chemistry of transient stannylenes was reviewed by W.
P. Neumannwhostated "simple stannylenes like p#®, BySn, and PsSn polymerize
very rapidly,k = 1 M s ... the presently restricted numberin$ertions of MeSn,
PhSn, etc. certainly is handicapped by the rapid polymerization of these stann{fenes."

1
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Indeed, efforts to study the chemistry of simple stannylenes in the condensed phase are
made difficult by their transient natymirect detection offtesecompoundsinder
ambient conditionsequires specialized timesolved spectroscopic equipméht.

The main focus of thithesisis to detect the simple&tbonded alkyl and/oaryl
substituted stannylenes in hydrocarbon solution by means of transievisib\é
spectroscopy, anthen to characterizdeir bimolecular reactions in solution with a
sdection 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 inferencelserahe
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 banseRhe prefixes sjlgerm,
stann, and plumb, respectivelyThe suffixesylene,-ane,-ene andyne refer to the
divalent species and thermally singly, doubly and triply bonded compounds,
respectivelyThe prefixesdi- and tri areused to denoteompounds with two or three of
the elements. For example, the doubly bonded dimer of tin is referred to-staartine,
while the triply bonded derivative is namedstiinayne. Thus, the term stannylene
typically refers to divalent tin(ll) compoundé&/hile some publicationstill usethe term
stannanediyithis is less commoft:?®> Similarly, divalent Si(ll), Gel(), Sn(ll) and Pb(ll)
compounds are referred to as silylenes, germylenes, stannylenes, and plumbylenes
respectivelythey arecollectively referred to as tetrylenes, metallylenes, or heavy
carbenes.

1.3. Structure and Properties of Stannylenes

2
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Monomeric stannylerssSnR, adopt abentgeometry.The central tetrel element
may, in theory adopt a singlet'A,) or triplet €B1) electron configuration depending on
the substitution, as ialsothe case with carbenes (ddl).?**’ Theoretical calculations
indicate thastannylenesend toadopt a groundtate singlet multiplicity and the
singlet/triplet states amftenseparated by a large egey d i f fEere= B9rkcakemol o
for SnMe?® and 26 kcal mat for SnH,.2° Experimentally, stannylenes exhibit reactivity
consistent witha singletgroundstate: 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 nucleophild€Ttriplet statevould be expected texhibit reactivity
consistent with a biradical. The global electrophisand nucleophiliciesof SnH, and
SnMe were calculated by De Proft and cowork&ther results support the nolusion
that stannylenes exhibit primarily electrophilic character, while theboowling electron

pair maintainsan orbital of high sharacter and generally plays a lesser role in its

reactions.
R., O R, @
“Sn Sn
('A,) singlet (3B4) triplet

Stabilization of the +2 oxidation state of the group 14 elements can be quantified by
its divalent state stabilizatie@nergy (DSSE), defined &se difference in enthalpies for
the homolytic MX (M = C, Si, Ge, Sn) bond cleavage reactishswn ineq. 1.2°

MX, — MX3 + X  AH,

MX; —= :MX, + X  AH, (1.2)

DSSE = AH, - AH,
Alldendorf and Melius calculated the DSSE for S@dd SnMe, obtaining values of

26.7 and30.7 kcal mof respectively*? This, comparedo the values 21.8 ar9.2kcal
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mol™* calculated for Sikland SiMe,* suggestthe stability of the divalent state is similar
amongst the heavier group 14 elements.
1.4.1 Stable Stannylenes An Overview

The term"stable stannyleriegenerally refers to-2 o o r d ibonded alkylfiaryl
or alkylaryl substituted Sn(ll) demtives that persist in solutiothe solid stater bothat
room temperature in an eandmoisture free environment. The isolation of such
compounds hebeen achieed by utilizing sterically demanding alR§f* or aryf-#14234%

> substituentshatprotect the molecule from dimerization, without greatly altering the

intrinsic electrghilic character of the Sn(ll) centre. More receistignnylenes substituted

52 53
1, |

with silyl,>* germyl>® stannyJ>* and boryt® substituenthiave beempreparedandfound to
exhibit similar chemistras thell-bonded carbon substitutéérivatives Stannylenes that
a r ebondedo a group 15 or 16 element are discussed sepafatsiyl.4.5)
1.4.2 Structural Properties of Stannylenes

The first kinetically stabilized-bondedcarbon substituted stannylene
(Sn(CH(SiMe).),, 1) was reported by Lappert and cowork&rghe first
dialkylstannylene to be monomeric in batolution and in the solid state, 2,2;5,5
tetrakis(trimethylsilyl}1-stannacyclopentark 1-diyl (2), was later reported by Kira and
coworkers®® Development of the Ge and Pb homologuet*d&nd the Si and Ge
homologues o2*! allowed for the determination of systematiertils in structural
characteristics, spectral properties, and reactivities with chamtjescentral group 14
element for systems bearing the same substitution pattern. A number of isolable
diarylstannylenes have also since been characterized in s@atidorthe solid
state?>424446495657 The Kinetic stabilization is imparted primarily bgtho-substitution
on the aryl ring. Diagnostic spectral properties and structural featusesnef stable

stannylenes that have been reported are summarized in Thble 1

4
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Table 1.1. Diagnostic Spectral Properties and Spectral Features of PerSitianylenes

R.Sn Compound ref. &max  Usn C-snC
Number (#) (nm) (ppm) bond
angle (°)
R,Sn: R =CH(SiMej3), 1 3458 495 2328 97
Me3Si SiMe3
Sn: 2 39 486 2323 86.16(9)
Me3Si SiMe3
\ SiMej
\Si\<\\SiM63
[ Sn: 3 59 546 2299 117.6(1)
//Si/f’_’SiMe3
SIMe3
Arzsn: Ar = C6H2-2,4,6-t-BU3 4 25 476 980 1036(1)
Ar,Sn:  Ar = CgH-2-t-Bu-4,5,6-Mes 5 56 479 1331 b
Ar,Sn:  Ar = CgH3-2,6-(CgH3-2,6-i-Pry), 6 48 600 2235 117.6
Ar,Sn:  Ar = CgHg-2,6-(CgH,-2,4,6-Mes), 7a 46 553 1971 114.7(2)
ArpSn: - Ar = CgHp-2,6-(CgH2-2,4,6-Me3),-4-SiMe;  7b 57 555 1975 115.37(2)
AraSn: - Ar = CgHy-2,6-(CgH2-2,4,6-Mej3),-4-Cl 7c 57 544 1891 115.12(8)
ArpSn: - Ar = CgH-2,6-(CgHz-2,4,6-Me3)>-3,5-i-Pr,  7d 57 591 2081 123.4(2)
Ar. .
“sn; Ar = CeHy-2,6-(CeH;-2,4,6--Pr3); 8 47 462 1518 96.87(10)
Ar’ Ar' = Ph
A .
“sn: AT = CoHz-2.4,6-(CH(SiMes), s 9a 42 561 2208 b
Ar’ Ar' = CgH,-2,4,6-i-Prg
A
Ngy. A= CoHy-2,4,6-(CH(SiMes)) ob 44 527 °© ¢
AP’ Ar' = CgH,-2,4,6-Me;
A
Ngpy. A = CgHp-2,4,6-(CH(SiMes),)s oc 44 563 ¢ ¢
Ar’ Ar' = CgH,-2,4,6-(1-ethylpropyl);
A
Ngn: A= CoHy-2,4,6-(CH(SiMes),)s od 44 586 @ ° c
Ar’ Ar' = CgH»-2,4,6-(cyclohexyl)s
Ar\

Sn: Ar = C6H2-2,6-(CH(SIMe3)2)3-4-C(SIMe3)3 10 49 547 1657 1064(2)
Ar'/ Ar' = CGH3-2,6-(C6H3-2,4-i-Pr2)2

ArySn: Ar = CgH,-2,4,6-(CF3)3 11 60 345 723 98.2

4Determinedby gas phase electron diffractidiCrystallizesas a dimer‘not reported
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Divalent tin compounds that are monomeric in solutioroéen colouredand
exhibitvalues ofomax~ 460- 600 nm significantly deshielde*Sn NMR resonanee
between 10002300 ppmand a ESn-C bond angle between 86.16{@nd 123.4(2).
Additional cordination to the tin centi@y inter or intramolecular electron donors
normallyresults inboth a hypsochromishift of the lowesenergy U\tvis absorption
band and an upfield chemical shift of the Sn(Il) resonances 8 NMR spectrum;
such is the case il ( @« = 345 nm;ds, = 723 ppm), which exhibits long range
intramoleculatSn-F contacts in the solid staf®A red-shift in amax is generallyassociated
with a widening of the €SnC bond agle**>” Such a correlation is most evident when
comparing stannylenes with differing degrees of steric bulk, for instance betevéan.y
=553 NM;§ c.snc = 114.7(2)°) andd (Smax= 591 nM; § csnc = 123.42)°).>’
Compoundsl-11 persist in solution at room temperature under an inert atmosphere with
the exception ofl, which rearranges to a sterically less encumbered alkylarylstannylene

in solution (eq. 1.37>%*

CeDe
SnAr, —> ArSn

) (1.3)

Ar = CGH2-2,4,6't'BU3
1.4.3 Reactions of Stannylenes

Stannylenes have been found to undergo a wide range of reaatioctsin general
are analogous tinose of their silicon and germanium homologues. These reaatiens
categorized intohe followingsections: (a) dimerization, (b) coordination, (c)
cycloaddition, (d) insertion, and (e) substitution. Finally, section (f) discusses applications

of stannyene reactiondn particular the preparation of leeoordinate compounds of tin.



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

(a) Dimerization

Without sufficient kinetic stabilization, alkyl and aryl substituted stannylenes
predominantly form seléssociation dimers (SR4) or higher cycliomligomers (SnR.
Variation in the size and nature of the substituent R is responsible for different solution

phase behaviouExamples are known of stannyledistannene equilibriurteq. 1.5)°%%

64,65

distanneneyclotristannane interconversion (dgd),” " solid-state dimers that rapidly

dissociate in solutiqr®®® and cyclic oligostannanes that exhibit reacticinaracteristic
of stannylene monomefa®"©®

Ar2 hv

Ssn <~=—= 3/2 Ar,Sn=SnAr,
Ar,Sn—SnAr, r.t. (14)

Ar = CgHp-2,4,6-i-Pry
Further examination df has found it to crystallize as the corresponding doubly

bonded distannene, exist as a monomer in the gas, PraseexhibitdimeD monomer
equilibrium in solutiof>Ther modynami ¢ parameters Hor
=11.2 + 0.3 kcal mdla n d5=88.0 + 1.3 cal malK™) have been measured from the
temperature dependence of the NMR chemical shiftsl(8q A recent theoretical study
of the dimerization ol suggests electrostatic and dispersion interactions impart
significant stabilization to the dimeric specietative to the monomé&r A similar
monomerdimer equilibrium exists fob in tolueneds, for whichanArrhenius activation
energyof ca. 8.1 kcal malfor the dissociation of the distannene was meadegd

1.5).63

Dis,Sn=S8SnDis, === 2 SnDis, Ar,Sn=SnAr, === 2 SnAr,

1 5
Ar = CgH-2-t-Bu-4,5,6-Me, (1.9
E, = 8.1 kcal mol

Dis = CH(SiMe3),
AH = (11.2 + 0.3) kcal mol™';
AS = (28.0 + 1.3) cal mol"! K"

t

he
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Stannylene dimex(SnR4) can exhibigreat structural diversitgspecially if
stannylenes incorporating hydride groups are considarsnnylengpossessingne
phenylsubstituent resulted ivalence equilibrium with a stannylstannylene. ().’

2 SnPhAr === ArSnSnPhyAr
(25 EC) (-25 °C) (1.6

Ar = CgH3-2,6-(CgH2-2,4,6-i-Pr3),
Hydrido stannylenes typically exist as doubhdged dimerg®"* while a monehydrido

bridged isomeis generated from the 1:1 treatment of two different stannylene dimers,
one of which is a Sn(ll) hydride (ef}.7).”

H H
ArRSn=SnRAr + ArSn_ 'SnAr — 2 ArSri—SnRAr
H

1.7
R = CH,CH,t-Bu
Ar = CGH3-2,6-(C6H3-2,6-i-Pr2)2

Theforegoingexamples illustrate foudifferent isomers of the dimeric structure,Bn
that have been isolated; the specific form generated depends on the nature of the
substituent pattern. This is anticipated given the shallow potential energy afrfaee
parent dimer Siid,and its varioussomeric formgsee eq. 1.39)vhich werepredictedto
be separated bynly 10 kcal mot.”™ When substituent groups are largetair
migratory aptitudslow, it is distannene that is typically isolated. Formationrgfanic
substitutedsilylene and germylene dimetsy contrast, ingriably adopthe doubly
bonded disilene and digermene formespectively
(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 ceimtygrinciple, it

possessasthe ability to exhibit reactivity as both a Lewis base as well as a Lewis acid.
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Reversiblesolventcomplexation of is observed in THF (ed..8).”® The Lewis
acidbase compleRA HF i s observed as @ =33VnmaThs or pti on
ther modynami ¢=.8kca mea a dSs @ agd mo' K indicate
reversible complexatiois favored enthalpically but hindered entropicafymilar
reactivity was not observed with the silylene and germylene homadlbgswas
proposed to be due tadacrease isteric crowdingabout the reactive Sn(ll) site 2.
Similarly, a 1:6 hexanes:THF solution@d at-40 °C also exhibits a new absorptiat
amax = 394 nm, assigned amduct9aAHF.** Both stannyleneg and9a exhibit a
hypsochromic shift upon complexatienth THF (eq 1.8). This effect has been ascribed
to the population of the stannylene's vacantlgtal upon comlexation, resulting in an

increased HOM@.UMO transition energy?®

THE Me,Si SiMe;
SnR, =—= THF-SnR, Sn- SnArAr
Amax (486 nm) (341 nm) SnR,=2 _ Ar = CgHy-2,4,6-(CH(SiMe3),);  (1.8)
Amax (561 nm) (394nm) SnR,=9a MesSi” gime,  Ar'=CgHy-2,4,6-i-Prs
2 9a

The complexes of halo and amisabstituted stannylenes have also been
characterized and representative examptediscussed briefly. Theibrational spectra
and solid state structures of Sp@ith 1,4-dioxane and PRthave been characteriz&d
Complexes with 1 4lioxane are polymeric while with Pfte 1:1 adduct is monomeric.
The Sn(ll) oxidation state is retained in both ca58SnNMR spectra of Lappest amno
stannylenedq. 1.23 were recorded in cyclohexaxle, benzenals, tolueneds, THFdg
and pyridineds solutions. The differences in chemical siwkreinterpreted abeing a
measure for the interaction strength betwtenN-, O-, or arenedonorandthe central
sn(ll) element®

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 féwavy.

9
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examples have been prepafiemn the direct treatment of a stannylene with a transition
metal compound, with being a commonly employed derivative. The Sn(ll) centre in the
resulting compounds may also undergoHartadduct formation with Lewis bases.
Treatment ofl (SnDig; Dis = CH(SiMe;),) with metal carbonyls M(CQ)XM = Cr, Mo)
under UV irradiation furnish a mixture of the 1:1 and 2:1 complexes M(S@is;) and
trans[M(CO)4(SrDis,);] respectively’® More recently treatment ofl with Ni(C,H.)s has
been observed to affotbe 1:1 adduct Ni(GH4)2(SnDis), whichcan undergo further
coordination with Lewis bases such as THF,sNpyridine and (Mg\)sPO (eq1.9).%°
- CyHy
Ni(C,H,)3 + SnDis, — (C,H,),Ni=SnDis,

1

| 8 (1.9
Dis = CH(SiMes),

LB = NHj, Py, THF, (CoHa)oNi—SnDis;
(Me,N);PO LB

(c) Cycloaddition

A number of stannylenes underda-4]-chelotropic cycloaddition with 1;3
butadiene derivatives, formingstannacycloper-enes (eql.10.*"*3443%° The [1+4]
cycloaddition ofl has also been demonstrated for bis(allenes}li,2k et ones, and

unsaturated carbonyl compourtdg!

Me;Si,_>iMes Me;Si,_>iMes
= L O
H.C=CH n: n
reaction X MesSi” sime, MesSi™ giMe,
2

The(1+2) addition of a cycloheptynaerivativeto 1 (eg 1.11) and a
cyclotristannaneyclo-(SnTip)s (asource of SnTig Tip = GH2-2,4,6i-Pr3) proceeds
reversibly tofurnish a stanniren®® Thereaction ofl with a slightly lesssterically

protected cyclooctyne affords a d&tannacyclobu8-ene®* Reaction of acetylene ard

10
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proceeds slowly at room temperature to yield a mixture of products, the highest yielding

product contains three egalents of acetylene and two equivalentd. &t

//Sn 3/2 HC=CH
112 / -~ SnD|32 — w (1.19)

Dis = CH(SiMe3),
No reaction is observezetweerethylene an@ at room temperatuté(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 lackmiducts containing the stannirane moiety is
consistent with the larger trend of decreasing thermodynamic stability of the three
membered ring compoundse(icyclo[C-C-M-]; M = C > Si > Ge > Sn > Phyith

increasing atomic number tfegroup 14 elementyhich waspredicted theoretically for
ethylene and MR(M = C-Pky R = H, Me)?4%

(d) Insertion (oxidative addition)

G-Bond insertiorreactins of stannylenearepromoted by the formation of two
bonds at the expense of ol his process is also referred to as oxidative addition as the
correspondingn(1V) compounds are generat8dnsertion ofl (SnDis; Dis =
CH(SiMe;),) into the RX (X = halogen) bond of halogenated reagents such as HCI, Mel
and Bp generate compouls of the type RSnDis)-X.* Treatment o8 with Mel also
results in the formation of the-nsertion product’ Both methanol and water in THF
solution undergo €H bond insertion reactions withto form the methoxyand
hydroxystannane, respectivélySimilarly, the OH insertion of MeOH wit2 has also
been reported (ed.12).*! Stannylene reportedly undergoes-Cl insertion with acyl

chlorides (eq1.12).%

11
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o i Me;Si SiMes
o e a ROH  OR SnDis, .-
Ph™ "Sn <«—— sSnR, —> H-SnR, -
Ro . . (1.12)
' Dis = CH(SIMe3)2  Me.Si” %
SnR, =2 R'=H; SnR, =1 3 SiMes3

R'=Me; SnR, =1-2 1 2

Reactions o¥awith theorganometallic compounds ZnMand GaMe generate MC (M
= Zn, Ga) insertion products. Both reactions are reversible in hydoscadivent at
room temperature, and are characterizedByss= 3.3 + 0.9 kcal ma! (CsDs at 298 K)
and 2.8 £ 0.2 kcal m'&l(for GakEt, toluenedg at 299 K) for the dissociation of the

respective insertion produdisqg 1.13.8%8°

GaEt; GakEts ZnMe, ZnMe
Et-SnR, === SnR, =—= Me-SnR,
(2.8+0.2) 7a (33209) (113

(AGgiss kcal mol™)
R = CgH3-2,6-(CgH,-2,4,6-Mej),
(e) Substitution (elimination)

Some stannylene reactions result in cleavage of one or btiteafanicligands
withoutanyformal change to the oxidation state of the Sn(ll) centre. fdsseen
observed when theo-reactanis a source of hydrogen, for instance in compowuth as
Ha, NHz,** MeOH,*® andp-toluenethiol® The substitution isnostcommonly observeih
aryl substituted stannylenes and has thus been referred to in the literature as arene
elimination. For exampl|é undergoes reaction withatdnd NH; to yield the arene i
along with doubly bridged dimers of the stannylenes SnRH aR{Ng+,) (eq 1.14). The

lesssterically crowded stannylef@was recovered unreacted in aatmospheré>*®

12
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Hy
N NH; H, H.
1/2 RSn_ SnR +R-H <=—— SnR, —> 1/2RSn_ SnR +R-H
N H
Ha
SnR, =6, 7a SnR, =6 (1.14)

6R= C6H3-2,6-(CGH3-2,6-i-Pr2)2
7aR = CsH3-2,6-(CeH2-2,4,6-Me3)2
The reaction oVawith oneequivalent of methandr waterin diethyl ether

solutionalsoproceedwia arene elimination (ed..15.*

Rl
R'OH 0,

SnR, — 1/2RSn]_SnR + R-H
0

(7a) R' (1.15)
R = CgH3-2,6-(CgH,-2,4,6-Mej3),
R'=H, Me
As the above examples illustrate, the reactiorfsasfd7awith ROH (R = H, Me)

proceed byeither oxidative addition or arene elimination, depending on the nature of the
Ssubstitution on the st aloondyinsestioneand ateme ot her
elimination were observed as coetjtive pathways. For examplie reaction ofaand

PH; in toluene solution affords both oxidative addition and arene elimination products in

relative yields of 68 % and 32 %, respectively. (ef6).*

H
PH, PH, P’
SnR; —— H-SnR, + 1/2 RSn_ 'SnR +R-H
P
(7a) H, (1.16)
(68 %) (32 %)

R = C6H3-2,6-(CGH2-2,4,6-M63)2
The cleavage of both organic groupsbeen observed withl (SnR; R =CgHa-

2,4,6-(CFs)3), which reacts with two equivalentsteBuOH to yield (-BuO)Sn and
1,3,5tris(trifluoromethyl)benzend' Stannylene SnAr(Ar = CgHsz-2,6-(CF)a;
characterizednly by M6ssbauer spectroscopy) the other handindergoes consecutive

ring cleavage with two equivalentstoluenethiol®

13
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The cleavage of an alkyl groupttv dialkylstannylenes has not been established
unequivocally, although the addition of water, methanol and pheBol&s reported to
lead to the ring opening of the cyclic stannylene and rlti@sertion. With the alcohols,

the protonated ligand was identified witliicomplicated reaction mixtu@q. 1.17)?

SiMe3 SiMe3
\Si\(\\SiM% _\S.)\S.M
MeOH b olVies
Sn: _— + complex
Si/(”S'M (or phenol) mixture  (1.17)
T SMes —Si__SiMe;
3 / Y
3 SiMe3

Theoretical calculations suggest the reaction beti€&mDis; Dis =CH(SiMe;3),) and
H,O favourtheelimination ofH,C(SiMe;),,*° yet treatment of with H,O in THF yields
the hydroxystannane, and none of the alkane is formed (eq31Ti®.authors speculate
thattheuse of an excess (14 equivalents) gDHat molar concentrations in the
experimental study appearspmmote oxidativeddition®
(f) Applications of Stannylene Chemistry

Stannylenes can be particularly useful as reagfenthe synthesis of other low
coordinate compounds of tin thabuld otherwise be very difficult to prepare. The most
ubiquitous example is the preparation of distannenes as previously discusgeda).
Stannylene®aandl10 are also reactive towards chalcogen abstraction to form tin
chalcogen multiply bonded cgrounds RSn=X (X = S and Te}**° Stannaselenorse

(R,Sn=Se) can be ppared in two steps starting from stannyleded (eq 1.18.*
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SnArAr'
?—Ph PhsP=Te AT
_ Ar = CgH»-2,4,6-(CH(SiMe3),);
= - =
R,Sn=S8 SnR, —> R,Sn=Te Ar' = CgHy-2,4,6-i-Prs
(SnR2 = ga) l xs. Se (SnR2 = 10) 9a
SnArAr'
S-se  3PPh,
stn\ é — R,Sn=Se Ar = CgH»-2,4,6-(CH(SiMe3),)3 118
-oe ] .
Se (SnR, = 9c-d) AT = CeHz-2,4,6-(1-ethylpropyl)s (1.18)
9¢c
SnArAr' SnArAr'
Ar = CgH»-2,6-(CH(SiMe3),)3-4-C(SiMe3); Ar = CgH»-2,4,6-(CH(SiMe3),);
Ar' = CgH3-2,6-(CgH3-2,4-i-Pr5), Ar' = CgH»-2,4,6-(cyclohexyl)s
10 9d

Stannaethene, or stannene (a compound containing a Sn=C double bond)
derivativeswereprepared from the treatmentbdr 5 (SnR; R = GH-2-t-Bu-4,5,6
Mes) with an electrophilic cryptodiborylcarbeii@Me;Si),C(Bt-Bu),C:) by the groups of
Berndf® and Weidenbruch® respectively The selective @4 activation of both saturated
and unsaturated hydrocarbons waserved using a mixture 8fand an aryl halide (eq.
1.19)%%" A radical intermediate betwe@mand the aryl halide has been propoted

abstract the homolytically weakest hydrogen from the hydroc&fbon.

Me3S| SIMe3 Me3S| SIMe3
/é\ (1.19)

M638I SlMe Me3S| SlMe

Stannyllum ions can be prepared from the treatme®{of5°") with silylarenium
ions [RSi(ArH)]'[B(CeFs)a] (Ar = Ph, GHs-4-Me) (eq 1.20.°8 A fluorostannyl anion is
generated reversibly from the treatmenR@fith CsF in THF or DME solutiofeqg 1.20).

In hydrocarbon solvent the starting reagentsegenerated®
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CsF . +
SnR2 — [RZSn_F] [CS] Me3Si SiMe3
2
N ~ Sn:
1.2
[Sii-Pra(ArH)| [B(CeFs)a MesSi” Sime, e

+ —
|RSn—Sii-Prs| [B(C4Fs)s] 2
Halogen or hydride substituted stannylenes possess another reactive site that can

undergo further functionalizatio®nly a few representative examples are given here of
their potential utility. Reductionfahlorostannylene (SnArCl; Ar =¢8l3-2,6-(CgHs-2,6-
i-Pry),) by a stoichiometric amount of potassium in benzene at room temperature affords
t he di st an njatineanadgusaf &nlkyAS Thermolysis of Sn(ll) hydrides
also povides a newoutefor the preparation of tielusters’*19*192
1.4.4. Intramolecular and I ntermolecular Donor-stabilized Stannylenes

Another common methogised forthe stabilization of monomeric
diorganostannylenes utilizes electronic stabilization of the vacant 5p orbital by
intramolecularor intermolecular electron donaf$% Such an approach serves to reduce
electrophilicity and enhance nucleophilicity at the central elemashis another
technique by whiclmodulation ofthe electronic properties of the Sn(ll) certam be
achieved One common group of such compounds are diarylstannylenes that feature a
heteroatom at the ortho position of the aromatic ring, ssgh11 (SnR; R = GHo-
2.4,6-(CFs)3) and12 (SnAr,; Ar = CgHz-2,6-(NMey),).1%° Suchcompounds appear to have
enhanced nucleophilicifyas is exemplified bthe formation ot stableLewis acidbase

adductfrom reaction ofL2 with BH; (eq 1.21).%%’

NM62

BH
SnAr, — 3= Ar,Sni>BHj & (1.21)
Ar = .
12
NMez

In allyl-substituted stannyler, the allyl group is bonded to the Sn(ll) centre ir'a
fashion(eg 1.223.°* Compounds containing the phosphestsnnylene Lewis pair
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coordinated in an intramolecular fashion have been investigated in recent years by

Wesemann and coworkers utiligibenzylphosplaio- (14)*°®

or o-phenylphosptio-

(15)* substituted stannylenes (6g223. Phosphorusstabilized stannylen®4 reacts

with 1-pentenegeversiblyat roomtemperatureéo yield aphosphastannacyclopenta(es.
1.22b)'%® As the above example illustrates, the intramolecular danceptor approach

to small molecule activation allows for reactivity that normally would not be observed
with an uncoordinated stannylengkewise, the reactions df4 and15 with alkynes and
azidesresult in the insertion of these substrates into the dative Bmd:°*'% Recently,

such compounds have been found to be active as catalysts in the hydroboration of

aldehydes and keton&s.
Ph, o

ArSn>“\

13 14 15

ArSn—PPh2 ArSn—PPh2 (1 223

Ar = CgH3-2,6-(CgHy-2,4,6-i-Prs)

Ph . Phy
P& 0 o
ArSn PPh,

ArSn—~PPh;  Benzene, r.t. 5
14 Pr

Ar = CgH3-2,6-(CgH,-2,4,6-i-Prs)
N-heterocyclic carbenes have been usedolate stannylenes that would normally

(1.228

be transient species in solution. For instance, the NHC adducts of 8@l SnR (R =
CeH2-2,4,6i-Pr3)'*1 %1 have been prepared
1.4.5. Stannylenes Stabilized by Group 156 Elements

Numerous examples exist of Snl)o mp o u n d s-bondeditd a hater@aton
suchasaN, O, S, or P elemamhere such ligandsay be acyclic or cyclié!*>*3

Additional thermodynamic stabilization is imparted ®jatalization of the electronpair
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from the heteroatom into the emptyppbital on SnThese compounds frequently retain

the +2 oxidation statef tin without the use of sterically demanding substituents;

however theyrequire some degree of steric bullontler to persist as monomeric species

in solution** Numerous applications have been found for such compounds: for example,
as catalysts in the production of biodegradable poly/fetE or as singlesource

precursors in the chemical vapour deposition (CVD) of Sn(ll) chalcogetithds!
Stannylenes have themselves been utilized as mongasegzemplified byhe
copolymerization of theappert diamino stannylene (eq. 1).28th p-benzoquinonet?

The chemistry of heterocyclic Sn(ll) compounds has been the subjaatineirous
reviews®?*1% Some representative examples of Sn(ll) compounds that fall within this
class are showin eq 1.23 along with the names of their principal investigators:
Lappert'?’ Veith,'?® and Roesky?***°**! The tin analogue of the Arduengarbene has

also been reported by Gudat and cowork#&ts.

SiMes t-Bu Ar , R
N I N R ,\j
Megsl/N\ N 'N SR \
sn: Si Sn: C Sn, | s
Me;Si~N 7N N Cl r2" N (1.23
SiMes t-Bu Ar
Ar = C6H3-2,6-i-Pr2
Lappert Veith Roesky Gudat

1.4.6. Donoracceptor Stabilized Stannylenes

Reactive stannylenesdi stannylenes that would normally be transient
intermediates in solution) can be isolated in the form of danoeptor adducts. Isolation
of SnMe, SnPh and St-Bu, adducts of this type were initially reported in the 1970s by
Marks and coworker§>**® Such examples utilizegyridine and THF as donors and
transition metal carbonyls as accept@mnnylene doneacceptor adductsave received
renewed attention since the isolation and characterizatian@fel Lewis acidbase

adduct ofSnH;, (16) by Rivad and coworker§****® The kolation ofSnH, alsoallows for
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subsequent reactivity studies, as in the hydrostannylation/insertion of benzaldeb§de to
(eq 1.24). The dnoracceptor chemistry of the main group eleméisbeen the subject

of a recent review by Rivard?

H H Ph
F Ph
AT, /Sr.‘- O o o/
N\\'. N\ )L - ,@
&N W(CO)s Ph” "H -Sn, (1.24)

SAr

Ar\ O \
3eq. Nj/}u
W(CO
16 @ Ph (CO)s
N\
Ar

Ar = CgH3-2,6-i-Pr,
1.4.7. Divalent Tin Hydrides
The chemistry of tin(ll) hydrideBasgarneredarticular interest recenthyfhis is
due, in partto the ability of the SiH bond toaddacrosghe unsaturated bonds of
unactivated alkenes, alkynes and carb@oyhpounds?**%!#! |n the absence of
electronic stabilization, aryltin(ll) ldrides will form doublybridged dimers in solutign
as discussed in Section 1.4.3a. Bulkier aryl groups, however, fthestannylstannylene
Ar'snSn(HAr (eq. 1.25)"*
H, Ar = CgH3-2,6-(CgH3-2,6-i-Pr5),
ArSn\H,SnAr Ar = CgHp-2,6-(CoH;-2,6--Prp)y-4-t-Bu
Ar = CgH,-2,6-(CgH3-2,6-i-Pr,),-4-Me;Si (1.25)

?n—Sn(H)zAr‘

I Ar' = CgH-2,6-(CgHy-2,4,6-i-Pr3),-3,5-i-Pr
]

Alkyl and aryltin(Il) hydrides stabilized by Meterocyclic carbeng®dHCs)have
appeared more frequently in the literature recefthys isdue, in partfo their convenient
preparation from the dehydrogenation reactions of alkyl and aryltin trinydrides gRSnH
using 2 equivalentsfNHC.2%>2143 Alternatively, nitrogen bses can be used in place of
NHCs!* These compounds have fouuiility as precursors to cationic stannylefies

and platinum complexée$®
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A tin(Il) hydride supported y -diketiminato ligand {7) hasbeen reported by
Roeskyand coworkers?"1“8 17 hasbeen found to hydrostannyavariousketones,
aldehydes, alkynesnd carbodiimides, as well aadergdfacile CG insertion (eq
1.263).2481° For comparisonthe dialkylstannylene? was found to be unreactiveth
CO,." Divalent tin hydrides stabilized by a bulky amino group (RSH), (R = N(GH.-
2,6-(C(H)Ph)2-4-i-Pr)(Si-Pr3)) have been found by Jones and coworkers tebg
active in the hydrostannylation of unactivated alkenes and alkynek 264).*%*>° 18
has alsdound utility as a catalyst for theydraboration of carbonyl compound$and
the redation of CQ to a methanol derivative (MeOBcat; cat = catechol&foJhese
examples higlight the use of Sn(ll) hydrides activate angberformcatalytic

transformations of small moleculaad serveas viable alternatives to more expensive

transition metabased systems.

Ar Ar
N\ ‘e CO N\ %e
Csn = s
N H N O H
Ar Ar (1.269
17
Ar = C6H3-2,6-i-Pr2
i-Pr
SnR
RSn-H —— <j R=
Ph,HC cHph, (1.269
N ...
b Sii-Pr3

18
1.5.1 Studies of Transient Stannylenes in Frozen Matrix, Gas and Solution Phase

An Overview
In the absence of sufficient electronic stabilization, stannylenes bearing only small
organic substituents (SpfR = Me, Et,n-Bu, t-Bu, Ph) ar&nown to beshortlived and

highly reactive intermediate&?31°31>* Despie theemerging interest in utilizing isolable
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derivativegsee 1.4.11.4.7) relativelylittle is known still about the clmaistry of transient
stannylenesThis contrasts with the substantial literatavailableregarding the
chemistry of transiergtilylenes and germylenes, the heavy carbene analogues of silicon
and germanium, respectivel}1°>1%7

As early as the midineteenth century, there was intereshia preparation and
characterization of divalent organotin compourte first repos of isolated ‘diethyltin’
(Lowig, 1852)and 'diphenyltin{Krause, 19207° werefollowed by a number of reports
regarding the preparation of suangpounds=>° Re-examination of these early
experiments in the 1960s concludbdtthe structures reportederemost likely mixtures
of oligomeric organotin@mpounds %163
1.5.2. Chemical Trapping Studies of Transient Stannylenes

Efforts to study the chemistry of simple stannylenes in the condensed phase are
renderedifficult by the ransient natte of these compounds. They have thus
traditionally relied on indirect methodsuch as chemical trapping experiments, in which
the species of interest is (ostensibly) generated in the presence of the trappiy agent
thermolysis or photolysis of an appréate precursor. The most comprehensive set of
studies of transient stannylenes was conducted by means of chemical trapping
experiments by W.P. Neumann and coworkét&"*® Extrusion of small
dialkylstannylenes in the absence of a suitableeactanteads predominantly to the
isolation of cyclic oligostannanes of the structeyelo-(SnRy)..2>*>* Despite much effort,
relatively few reaction types have been identified that proceed rapidly enough to compete
productively with oligomerization.

Photolysis o{SnBuw), and (SnP}),, oligomers inthe presence of alkyl halides-R'
afforded the insertion products R&+X (R= Bu, Ph)***’° Similarly, the photolysisf
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(SnR)n (R = Me, Bu) inthe presence dfisulfides and peroxides yielded tleO and SS

bond insertion products of SpRespectively, in yields greater than 80%. (e87).:%*

(SnRy) hv )l(t—Bu

n 2 —_— > _

R oM ; t-Bux-xt-Bu  [BUX=SnRx  (127)
-Ve.BU - x=0,8

Thermolysis (120 130 °C) or room temperature UV photolysis of-1,2
dichlorotetrabutyldistannané9) afforded stannylene derived products in the presence of
alkyl halides alongwith the coproduct BuSnCh.2* Similarly, the thermolysis aridr
photolysis of Mg(X)Sn-Sn(X)Me (20ac; X = Cl(a), Br(b), SPh¢)) was found tafford

(SnMey), oligomersaccording to the scheme shown in £g8>!¢®

A
Me,XSn—SnXMe, —  MeySnX, + "SnMey," — 1/n (SnMey),

20a-c or hv o
X = Cl(a), Br(b), SPh(c) l ) (1.28)
B A-B = Stannylene
A—-SnMe, substrate

While it wasinitially proposedhatfree stannylenes were generated in the earlier studies
of 19%*and203'%° the authorsateracknowledgd thatthe reactionsould instead
proceed through a 'stannylenaigtchanism', where transfer of the Smiviety to the
stannylene substrateay not necessarily reflect the chemistry of the uncoordinated
transient stannylerf@%®

Thermolysis of #stannanorbornene2ia-d with SnR; R = Meg@), CD;(b), Et(c),
Bu(d)) above-10 °C follows a first order decomposition process, affording a quantitative
yield of 1,1,2,2tetracyane3,4,5,6tetraphenylcyclohexa,5-diene(eq. 1.29)%’ As the
decompositiorof 21ad proceedeavithout **°*Sn CIDNP (chemically induced dynamic
nuclear polarizationgignals andvasnot acceleratelly the presencef scavengers,
Neumann and coworkers concluded it resultetth@extrusionof free uncoordinated

stannylene&via aconcerted mechanism (€529).2°® The correponding Si and Ge
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homologs have been established as precursors to the transient sifykmeds

germyleneg’?%"
R, Ph
ph SN Ph o Ph C(l\;N
— | snR
/ Cﬂ\l l N2 I * Ph CN
Ph™ " Ph ¢oN b ON - (129)
21a-d

R = Me(a), CD4(b), Et(c), Bu(d)

SnCl bond insertion of SnMgfrom 218 with Me,SnC} proceeds smoothly at
room temperaturdJnder the same conditioh®weverthe SRCI insertion product with
MesSnCl or EsSnCh was not observetf” Similar SrX (X = Br, SPh) insertion reactions
of SnMe into compounds of the type M&nX, havebeen observed (ed.30.%°’
Mixtures of SASn and S#X insertion products were observed with M&n-SnXMe, (X

= ClI, Br) asco-reactanusing21b as precursaofor Sn(CD;)s.

Me;SnCl
nr. <X
MezsnXZ
— SnMe — >  Mey,XSn—SnXMe
Et,SnCl, ? X =Cl, Br, SPh ? 2 (130
n.r. =<—X— (from 21a) 20a-c

n.r. = no reaction

T h ebond insertion reactions of Sniiato the SARCI bond of MeSnCh and MeSnCl
wereinvestigateccomputationallypy Dewarand coworkers using the MNDO SCF MO
model. The authors predicted a larger activation barrier (by 4.1 kcd) foolthe
reaction with MgSnCl, and thus concluded these results tqbalitativelyconsistent
with the experimental results of Neumagtral'"

Efforts to characterize transient stannylenes by chemical trapping metheds hav
received renewed attention since the finding thatdigiganel-stannacycloper®-enes

serve as robust thermal precursors to the compodhBisP. Gaspar and coworkers in
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2009 examined severalstannacycloper-enes22ad as thermal precursors to SnMe
(22ab), SnPh (220 and St-Bu, (22d), respectivelyeqg 1.31). Heating solutions d22a

d (ca. 80- 130 °C for22ac, ca. 140 180 °C for22d) containingl,3-butadiene (BD) or
2,3-dimethyt1,3-butadiene (DMBYesulted in first order loss of stannacyclop@+&ne,

and high yields of the respective dierteproduct Activation parameters were
determined for the thermolysis reactideg. 1.31) The small effect of radical scavengers
on the activation parameters wagken as further evidenéer unimolecular dissociation

to the transient stannylene and diene.

22a (CgDg) AH* =29.4 +0.2

R' A R'
= AS*=0.9+05
| SnR, —= +  SnR,
R A R

22¢ (CgDg) AH* =27.5+0.1
22ad ASt=-22+0.2 (1.3)

Zgz Féi II\\AAZ FFi" = I;I/Ie 22d (C;Dg) AH* = 36.6 + 0.6
-R=Me R = ASt=8.0+06

§§§'_ E N fﬁ';‘uf";-f H AH? (kcal mol™'); AS¥ (cal mol™! K1)

Thermolysis oR2ab in benzeneds or cyclohexandl;, led to theformationof the
respective diene and cyclic Snpigomers (SnMg,; n = 5- 8. SnMe was trapped by
butadienes (DMB fron22a BD from22b using neat solutions of the dienes) in yields of
12 and 5 %, respectively. SnpMextruded fronR22adid not afford GX (X = halogen)
insertion products when pyrolysis was performedeat solutionef CDCl, CH,Cl,, or
EtBr, or cyclohexaned;; solutions containing 2.1 Mel (eq 1.32. An authentic sample
of (SnMe), (n = 5- 8) was found to serve asstanglenoid sourceforming SnMe
insertion products with EtBr and Mel under ambient light at room temperature. The

formation of SeMesH from the pyrolysis oR2ain neatMe;SnH solution waslso

attributed to a reaction with (SnMgunder thermolysis condiths***
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R;CX (R3CX = CDCls, CH,Cls,

xX— EtBr, Mel)
A =
Do == [+ o |
AN
22a N ;E>SnMe2
(1.32
(ca. 12 %)
)|( R;CX cyclo-(SnMe,),
R3C—-SnM =5.-
° e ambient (n=5-8)
(RsCX = EtBr, light (70 - 100 %)
Mel)

Thermolysis o22¢(80- 130°C) in C¢Dg afforded BD along with oligomers of Snih
the bulk of whichwereinsoluble andonly a trace of the cyclic hexameyclo-(SnPh)s
observedPyrolysis in GDg solutions containing DMEO0.44 M)or diphenyldisulfidg0.5
M) afforded the corresponding [1+4] cycloaddition e $hsertion products in yields of
ca. 30 % and > 90 %, respesety (eq 1.33.%%*

PhaS-SPha  physn(sPh),

N (> 90 %)
@Snth — ( + [SnPh] — r
N
22¢ l N I)Snth (1.33
(ca. 30 %)

Insoluble 4+ cyclo-(SnPhy)g

precipitate (trace)

Finally, pyrolysis of22d in toluene solutiomesulted in the formation of 1,3
butadieneand Skcontaining oligomers. Theyclic oligomercyclo-(Snt-Buy)4 was not
detected in the product mixture; howe\en,independently prepared sampiehe
oligomerwasshown to beinstable under the pyrolysis conditions (:4@0°C).
Thermolysis in th@resence of DMB afforded a high yield of the [1+4] addhotvever,
heating a solution afyclo-(Srt-Buy), under the same conditions aled to the same
product,resulting in somambiguity as tdhe sourceof the [1+4] adduct® The pyrolysis

experiments o22ad generally show that simple Sn(ll) derivatives strongly prefer
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oligomerization over bimolecular reactions with added substrates. The results also
indicatethatoligomers of SnMgmay also afford stannylerderived products ancbuld
ultimatelyhave beemesponsible for several reactions previously ascribed to free SnMe

Photolysis (214 nm Zn resonance lamp) of a cyclohexrlgneolution of22bin the
pres@éce of methanol (0.5 M) led to the formation of BD (8D %) and a collection of
peaks in the 0:8.8 ppm range of the spectrum consistent with that from$iig
oligomers. Virtually identical results were obtained in solution2tiin the absence of
thealcohol? Photolysis (254 nm) of a hexanes solution contai@izey(0.08 M) and
MesSnH (0.17M) gave GGMS evidence for the anticipated insertion product
SnMesH.? The interpretation of theesulthowevershould be accepted with caution as it
was laterdiscoverecby Gaspaand coworkerS*that (MeSn), can also contribute to its
formation under thermolysisonditions.

Dimesitylstannylene§nMes; Mes = GH»-2,4,6Me3) wasproposed as an
intermediate irthetransitionmetal catalyzed stannane dehydrocouptihiylesSnH, (eq.
1.34a)""® Attempts to trap SnMedy stirring a toluene solution of
CpCp*Hf(SnHMes)Cl (23) at room temperature in the presence of DMB (23
equivalents) afforded the [1+4] cycloaddugl)in 92 % yield by"H NMR spectroscopy.

In the absence of DMB, net¥Sn NMR resonances appear that are consistent with the

formation of cyclic oligomers (Snb%),; n = 3- 5 (eq. 1.34b).

Cl
CpCp*Hf<,
PPN (1.343

2MeSZSnH2 —_—> (MeSZHSn)2 + H2

*r gt toluene \Cl
CpCp Hf\SnHMesz CpCp*Hf\ +[SnMes,] === 1/n (Mes,Sn),

25°C n=34,5
23
(1.34H
):>SnMesz

(23 eq.)
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1,3-Dichlorohexatert-butyltristannaneZ4) was found to undergo wavelength
dependenphotochemical transformatispgenerating first 1;2lichlorotetratert-

butyldistannane2) followed by dichloroditert-butylstannane according to.eg35"""

CI\S
e ™ ™ tBusHCl
t-Bu,Sn — t-Bu,CISn—SnClt-Bu, —— t-BuysnCl;
Snt-Buz (350 nm) 25 (254 nm) (1.39
Cl
24 + [Snt-Buy] (?) + [Snt-Bu,] (?)

To date, attempt® trap St-Bu, from the photolysis 024 haveproven
unsuccessfuhoweverthe thermolysis 024 in solution (GDs, 110 °C) with DMB
affords the (1+4) adduct in 20 % yidleq. 1.36) Thermolysis in the presence BiS,
and S affordst-Bu,Sn(SPh, and (-Bu,SnS), respectivelyas the initiaproducts;
however, the absence af-product25 raises the possibility that a stannylenoid
mechanism may bavolved(eq. 1.36) Attempts to trap SrBu, with Mel and benzil did

not affordthe expectel§>'°® stannylenederived product$’®

Cl

/S\ A \§nt-BU2 A

t-Bu,Sn_ Snt-Bu, <——  t-Bu,Sn_ —> 25 + || ‘Snt-Bu,
S Sg Snt-Bu, (DMB)

Cl
24 (20 %) (1.39

A l (Ph,Sy)

t-Bu,Sn(SPh),
1.5.3. Direct Detection and Reactivity Studies of Transient Stannylenes

+ 25 (trace)

Only a handful oftudies have aimed to identify and characterize transient
stannylenes direély using spectroscopic methodshese studies have been perfornred
frozen matriced’*'® ga$?**and condensed phasé®direct evidence for the existemc
of free SnMeg as well as Sn(Cg), was given by their IR spectra in an argon matrix at 5 K
from the pyrolysis otyclo-(Sn(CH),)s andcyclo-(Sn(CDs),)s, respectively, or by
microwave discharge from M8nH.>"*!%° SnMe and SnMeH were subsequently

identified from thephotodissociatiomf Me;SnH and MgSnH,, respectively in argon
27



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

matrices at 20 K, and assighen the basis of Méssbauer and IR spectrostphe
existence of Sniwas further established from laser ablation experiments:dddated

Sn atoms and fproduce Snklas well as SnH, Snfdand SnH (the deuterated analogues
SnDy4 are produced from §). These wer&ertified on the basis of infrared spectra in
solid neon and argati’ Using a similar procedure, lasablated Sn atomeactwith CH,

to produce SnMeH imsolid argon matrix at 4 K&

186 \were characterized at

Characteristic stretching frequencies of $fifand SnCl

15 K in an Ar matrix. Subsequently, low temperature matrix IR spectroscopy was utilized
by the groups of Margray&’ Tevault®® and Nefedo¥?*'%to identify a series of
coordindion complexes between Snp@r Snk, andseveral small molecules. New IR
stretching fr equenaimplexessbetween Sadhdsthegned t o t h
unsaturated hydrocarbons ethyl®and theptynet® Similarly, complexes were
identified between SnpFand aromatic systenssich aenzene, talene and
chlorobenzend® as well as with methyl chlorid& and N.2% The mmplexes of Snf
were assigned on thesss oftheir IR stretching frequencies, and supported by the results
of theoretical calculations. Tevaelt al.similarly identified shifts irthe IR stretching
frequencies of Sngin solid argon matrices in the presence of CO, NO, anamnd
assigned the new bands to compteketween Snghnd the added substrafés.

The firstreportedstudy to characterize the reaction kinetics of transient stannylenes
was carried out by Walsh and Beceltalso focussedn SnMe generated
photochemically in the ggshase™>® The 193 nm photolysis of SnMeSnMes, MesSnH,
and PhSnMgH all generate visible wavelength absorptions in the3EDnm regiorthat

wereassigned to SnMeEvaluation of the photoproducts suggesbnMe, is the cleanest

source of the stannylenmder the conditions employéeq 1.37).
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hv
SnMe, ——>  CyHg (89 %) + CHy (1.5 %) + Me3SnH (6 %) + SnoMeg (3.5 %) (1.37)
(193 nm)

Evaluation of the stannylene's reaction kinetics was carried out through the determination
of gasphase rate constarfts reactionwith an extensive selection pbtentialsubstrates
including alkenes, alkynes, dienes, silyl and germyl hydrides, M&{@H,alkyl halides,

N,O, SQ, and Q.*** This study also allowed for the first quantitative comparisahef
reaction kinetics of stannylenesth those of silylenes and germylenesder similar
conditions®**>3 The gasphase rate constants for the reactions of Snmverted from
molecular units, are summarized in Tabl2.1

Table 1.2 Absolute Rate Constants for the Reactions of SriMehe Gas Phase at 296

a,b
substrate SnMe (10°M™ s'% T substrate SnMe (10° M* s
1,3-Butadiene 36+1 Propane O 0.02
2-Butyne 4.72 £ 0.07 MesSiH O 0.04
MeOH 1.57 £ 0.06 GeH, 00.02
HCI 0.49 £ 0.02 Me,GeH, O 0.06
BuBr 1.7+0.2 Ethylene O 0.00
SO, 20.2+0.7 N,O O 0.06

*Data fromref™>* Pgas phase rate constants converted from molecular units

This study revealed that Sni@oes not react withydridosilanes orgermanesalkanes,
alkenesor N,O; however, it doesxhibit reactivity toward alkynes, dienes and a variety
of donormolecules (MeOH, HCI, Bromoalkaneand SQ). Walsh and Becerraassified
SnMe as the least reactive in the series of the "heavy carbene” homologs, SN,

and SnMe**3 The stannacycloper-ene22awas later used as the photoprecurstr
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reproducehe rate constants obtained for $8CI, MeOH and zbutyneusing SnMg as
precursor

The first detection of SnMeor of any transient stannylene, in solution at room
temperature was achieved by &#8 nm flash photolysis @2bin hexanes solutiof?
SnMe was detected using transient Wis spectroscopyit was found to exhibit a
transient abgs@r pt0i0om mb avind cht d@cayed over
t r ans iman t4 7alhe hatter absption was asigned to tetramethyldistannene
Me,Sn=SnMe (26). When thereactivity of SnMe with methanol was studied,was
found to complex reversibly afford a species assignediie Lewis aciedbasecomplex
( ®xa 3 6 Owittnamequilibrium constanKeq= (1.1 + 0.2)i 16°M™ (eq 1.39.
Time-dependent DFT calculations support the spectral assignments made foreddMe
26, and suggest dimerization to, lie effect,an irreversible processmder the conditions
of these experiments

| snMe, ﬂ» Z dimerization
(193 nm) _~ + SnMe, ———— 1/2 Me,Sn=SnMe,

Amax = 500 Nm 26
22b (Fmax ) (Mmax = 470 nm)

MeOH H Keq=(1.1£0.2) x 103 M’ (1.38
SnMe2

HOMe
(Amax = 360 nm)

1.6. Theoretical Studies of Transient Stannylenes

Experimental studies of transient stannyleraeswell as kinetically stabilized
derivatives)have ofterbeencomplementedby theoretical calculations of the stannylenes’
electronic structurespectroscopic properties and bimolecular reactidifs’ 86175193200
These studies aim to provide support and additional insight into experimental findings

They have oftetbeen carried out alongside thasgngsilylenes, germylenes, and

plumbylenes with the goal @bmparing the resulisith those derived foother divalent
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Group 14 homolog$: Thestructure and properties of Spfi+**> SnMe?**#1"?and
tin(ll) dihalide€® have received the most attentitredretically. More recently, the
properties omore elaborately substitutsthnnylene derivatives haween

investigated 320329

including examples afinsaturated stannylenes2:Sn: (Z = C, Si,
Ge, Sn; Y = FMeNCH,- andMeNCH-),?> and dicoordinate stannylones,@n(0); L=
:PMe;, :C(NMe),).2**

The structuregelativeenergies, and interconversion of the four isomeric forms of
the SnH dimer (SnH,) were investigated by Trinquier in the early 1990s (€89 using
ab initio method$®* While the silicon and germanium analagsre found tqrefer the
doubly bonded dimers (e#}.39 structure a), the most stable isomer for the tin and lead
analogswvas found to béhe doubly bridged dimer (ed.39 structure c)According to the
calculations, tie four isomers of Shi, are separated by no more than 10 kcal‘mol

which is consistent with the structural diversity of the dimetb@fsterically stabilized

Sn(ll) hydrideshat have been reported recently (see 1.4'34).

H H
H,M=MH, HM-MH, HM MH HM-MH;
H
a b c d (1.39)

M = C, Si, Ge, Sn, Pb
The dimerization of diorganostannylenes has also been the subject of recent theoretical

interest.The thermodynamics of distannene formation from SfR= H, Me, Ph) were
calculatedatthe PW91/TZ2P level of thegrgnd compared to those thie corresponding
reactiors for the Si and Ge derivativé3The trends from the data suggest dimerization to
be a thermodynamically favoured process inratan@s. There ishowever a

consecutive decrease=M bond strengtlwith increasing size dhegroup 14 element
(i.e. Si > Ge > Snp)suggesting the formation of the dowblgnded dimer becomes less

thermodynamically favorable as the central element bectarges*
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M. D. Su investigatethe (-bond insertion reactions of heavy carbenes MWe
= C, Si, Ge, Sn, Pb) with silane, germane, and methanol, as well as [1+2] cycloaddition
with ethylene and acetyleneith calculations at the
CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ andB3LYP/LANL2DZ levels of theory®
The resultof this researcBuggest the reactions of Snpl proceeddwith the initial
f or mat i onrdoonforwecackmpil exes with sil-ane, ger ma
complexes with ethylene and acetylene. The calanatsuggeghatthe energies of the
pre-reactioncomplexesfor SnMe arecomparable téhose ofthe Si and Ge derivatives.
For example, thealculatedeaction energies of MMavith MeOH and Geldare shown
in eq 1.40a-b (calculated at th€CSD(T)/LANL2DZdp//B3LYP/LANL2DZ levels of
theory) The general lack of reactivity of stannylenes toward typical tetrylene substrates
observed experimentalf{? wasattributed either to prohibitively high reaction barriers
with respect to SH, GeH bond insertion, or to unfavourable overall reaction

thermochemistries in the case of (1+2) cycloadditiothéoC=C bond®

Me M_‘eOH RQMe t QMG
2T MMe, [TS] H-MMe,
M = Si, (-9.9) (5.1) (-721)  (1.4(n)
Ge, (-7.7) (15.4) (-46.0)
Sn (-10.3) (23.8) (-29.2)
(kcal mol™)  AEcmpx AE* AH
GeH, Hi-GeHs GeHs
MMe, =—= * — F—» I
2 MMe, [TS] H-MMe,
M = Si, (-0.8) (1.5) (-54.0) (1.4M)
Ge, (-0.9) (9.3) (-38.0)
Sn (-0.7) (18.7) (-14.7)
(kcal mol™)  AEgmpx AE¥ AH

The interactior of stannylenes with alkenes, alkynes and dienes have received
theoretical interest on numerous occasidfig 31 Similar to the resultsf Su,

stannirane formation from the addition of Srtbl ethylenevaspredicted by Sakai to be
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endergonid = 15.8 kcal maf) on the basis of ab initio calculatignshile the
f or mat i-complea\vas expected to be close to thermoneutral relatihe to

constituent reagen{eq 1.41, calculated at the MP4B.G(d,p) level of theory}®

7 = Hy
MH, = — [TS}} — &
MH,
M = Si, - - (-28.6) (1.4)
Ge, (-0.4) (3.2) (-1.0)
Sn (+1.4) (+16.5) (+15.8)
(kcal mol™)  AGgmpx AGH AG

The cycloaddition of Snfto acetylene to form stannirene is also predittebe
ent hal pi c aM4-12.5kcalmofybased of ttge calculations of Boatz et al.
(computed at the MP2/31G(d)//RHF/321G(d) level of theory}® One consistent trend
that emerges from the data is the stabgivof metalliranes and metallirenes (relative to
free tetrylene + alkene / alike) decrease witincreasingatomic number of the group 14
element(see eq. 1.41%%1%° The cycloaddition of SnMewith Cs hasalso been
investigated theoretically; the rHearBti on i
kcal molY) but has not been probed experimentdiyThe addition of SnMgeto Single
Walled Carbon Nanotubes (SWCN®) the other hand, is predictedd® endothermic
(calculated at the B3LYP/LANL2DZ level of theor$f}® The [1+4] cycloaddition of
SnMe to 1,3butadienénasbeen the subject of theoretical investigations by Nag and
Gaspar>*'% The calculations predict the addition of Snieoceeds viazoncerted1+4]
cycloaddition, without participation from the vinylstannirane.(the [1+2] cycloadduct).
The calculations also provide insight into the reverse process, the th&trmalanof
SnMe from 22a(see 1.5.2§>*

ThelLewis acidbasecomplexes of various chalcogen and pnictogen donors with
SnH; (along with SiH and GeH) have been calcated. The complexes were found to be

weakly bound and the binding energies for the donor complesespredicted to
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decrease in the order silylene > germylene > stannyf8Beoeckaert et akexplored the
p os s i b tcomplexatioroof SniMewith aromatic systemsvhere it was foundra
interaction with benE=-h®kca mof. Bomplexatiankihy st ab

G-donors like methanol and THRowever exhibit much stronger interactionsegeq

1.42%°
LB LB
SnM62 LSl *
SnMez
LB =MeOH, (-8.8) (1.42
THF, (-10.0)

Benzene (-1.5)
(kcal mol™")  AEgmpx
The electrophilicity of SnMgwas established as the dominant mode of reactivity

(relative to its nucleophilic charactesee 1.3). fie local electrophilicity of the central
metal elementvasfound to be highefor SnMe relative to GeMg>° Referring to the
calculatedpathwayfor the reactiorof GeMe and SnMe with methanol reported earlier
by Su (eq1.408),? the authorsuggest the reaction barrier for insertion ishkigfor
SnMe due togreater stability of the preeactioncomplex and the higher (local)
electrophilicityattin compared to the situation with Gepf8

The oxygen abstraction reactglpetween oxirane and heavy carbene analogs
(MH», M = Si, Ge, Sn, Pb) was studied theoretically by®%Wihe results suggest a trend
towards higher activation barriers and less stable produittsncreasing size of the
group 14 element.He reactiorbetween oxirane ar@nH, to generate stannanone
(H2Sn=0) was predicted ndb proceed. Competition between bond insertian (i
oxidative addition) and substituent exchange of SnHX (X = H, F, Cl, Br) with HX (X =
H, F, Cl, Br) has also been investigated theoreti¢dliJhe existence of two competing
pathwaydor reactionwith protic compounds is analogous to the competing arene

elimination and oxidative addition of diarylstannylenes (see 1.4.3.).
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1.7. TechniguesUsedin Reactivity Studies

The characterization of reactive intermediates in this thesis s@izembination of
chemical trapping and laser flash photolysis experiments, as well as input from theoretical
calculations. This threpronged approach helps to develop a more comprehensive picture
of stannylene and silylene reactivity,@&tenthe resuls from any one method alone can
be ambiguous. Furthermore, chemical trapping and flash photolysis experiments are
complementarys they characterize a reaction both within the first seasrahd several
minutesafter the reaction takes place

The aim ofproductstudy(i.e. chemical trapping) experiments is to identify the
primary products from the ca. 254 nm photolysis of the photopredargaestionn
hydrocarbon solvent at room temperature in the presence of an appropriate trapping
agent. ldeally,lte productareidentified by spiking the photolyzateith authentic
sampla of thesuspected@ompoundspbtainedeither commerciallyin rare case)r by
independensynthesisising known literature procedures. Synthesized authentic samples
were charactized using'H, *c{*H} and***sn{*H} NMR spectroscopy, FTR
spectroscopy, HigiResolution Mass Spectrometry (HRMS) and melting point analysis if
applicable. If this is not possibldnen tentativeharacterization of the productscarried
out on the arde photolysis mixturessing multinuclear’d, **C, and**°sn) NMR
techniquesaind GC/MS (when applicableéome additional questions that malsiobe
considered includds the solution mixture containing precursor and trapping agent
unchanged in the absce 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
possibledark(that is, thermaljeactions. Product yields are determined from the relative

slopes of concentratiomersustime plots of the products relative to the consumed
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precursor in thearlystages of photolysis. Upwards curvatureamcentratiorversus
time plots for productsusuallyindicates they are formeat leasto some extent via
secondary photolysisf a primary product

Laser Flash Photolyst€ experiments aim to detect theactive intermediates
formedduring or aftera ca. 25 ns pulse of UV light fromm248 nm KrF excimer laser
and follow their time evolution on the microsecond timescale after they are prodheed
photoproducts were identified using timesolved U\vis spectroscopy in thzg70-650
nm spectral rangeup to 36018 after irradiation. The transient tetrylene compounds
studied in this work exhibit absorption maxima within 488580 nmspectral rangehat
are sufficiently resolvettom other absorbing compounds, in orttecarry out detailed
reactivity studies. Informatiomboutthe kinetic and thermodynamic aspects of tetrylene
reactivity can be obtained by observing the chaig#te kinetic tracesaused by
variable concentrations ahadded reactive substrate. The formation of new transient
produwcts observed in the UVis spectral range can also provide additional insight.

1.8 Thesis Objectives Goals of theWork Presentedin this Thesis

Few studies havieeenreportedon the chemistry of transient stannylenes (see 1.5)
They have nokept in step with recent advances in the understanding and utility of
isolable Sn(Il) compounds (see 1.4). The ultimate goal of this thesis is to detect and
characterize the solutigphase behaviour and reactivity of simpibon substituted
transient stanylenes.

Several inconsistencies are apparethe transient stannylene literature that does
exist. Chemical trapping studies have been reported by Netsmantoworkerg#6416
howeverthe author@acknowledge that such reactions do not necessarily establish the
involvement of free uncoordinated stannykeaed suggest reactions may proceed via

stannylenoid mechanisi®®®!8 More recentlyGaspar and coworkers suggest that
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dimethyltin oligomers may function as stannylenoids and were ultimately responsible for
several reactions previouslitébuted to the free stannylen®.The difficulties in
interpreting such reactivity studies are that they have relied solely on indirect methods
such as chemical trapg experimenten which the species of interest is (ostensibly)
generated in the presence of the trapping agent by thermolysisloephotolysis of an
appropriate precursor. This work aitasavoid these problems by studying stannylene
reactivity usinga combination of chemical trapping and direct detection metnonisier
to develop a more unified picture.

Experimental (and theoretical) studies of stannylene chemistrydfi@rebeen
carried ouin conjunction with studies d@ilylenes and germylenesmder 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 cowoviegrthe last
thirteen yearhave characterized the transient diorganosilylendéeS SiMePh?*®
SiPh?%! and SiMes) and germyénes (GeMg?**'2 GeMePif** GePh,?**'* and
GeMes?**%9) in solution and studiedthe mechanistic aspectss#veral otheir known
reactions in solution @mbienttemperature®*“??’ Thus far, only SnMehad been
studiedby direct spectroscopic methgdsand only a basic characterizatioadbeen
made of its dimerization and complexation with methahloé necessity admploying
193 nm light to excite thprecursor that wassed in that study severely restricted the
scope of the st uahdgtivity $inca niost substrades of nteresh(akeres,
alkynes, amines, sulfides, ethers, etc.) also absorb significantly at the excitation
wavelength.

Detailedmechanistic studies of silylenes and germylenes in solution using laser
flash photolysis methds have relied on the availability of photoprecursors to generate the

transient molecules cleanly and efficiently using a pulsed lasea&4B nm excitation
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wavelength. Thigxpandghe scope of reactivity studies to include a greater variety of
substates (alkenes, alkynes, amines, sulphides, ethersthetic.are possible with 193 nm
excitation. Thusthe first goal of this thesisasto develop compounds that will produce
transient stannylenes cleanly and efficiently with 248 nm excitation tgbtable
studies tdoe carried out @he same level of detaals used in our work on silylene and
germylene chemistryrhe mostappropriate compoundstisfying these criteria appear to
be stannacyclopers-ene derivative22b has already been demonstchte be an
effective photoprecursdor SnMe,* while compound®2ad have beershown to be
usefil thermal precursors to transient stannylefiék addition, the preparative
procedures for these compounds appear conveniently amenable to modifé&iarh
compounddearanalogy to the germacyclopeBiene derivatives that yield transient
germylenes cleanly and with high photochemical efficiétfdpote, however, thahe
silicon analogue does not extrude Sfftcleanly under similar conditiohs
1.9 ThesisSummary

The second chapteescribes the direct detection and preliminary characterization
of the benchmark stannylenes SnMad SnPhusing transient UWis spectroscopy. The
stannacycloper8-ene derivative7 and28 (eq 1.43) aresynthesized andstablishedo
be clean, highly efficierpphotoprecursors for the transient stannylenes utilizing pulsed
laser (248 nm) or lamp (254 nm) excitation. SnBldetected directly for the first time
under any set of conditionghile SnMe is successfully gemated using an excitation
wavelength that allows for more detailed reactivity studies than previously had been
possible using 193 nm excitation. The dimerization of both Sravié SnPhis
characterizedinetically andthe products identified on the basistheir UV-vis spectra
and computational studies. Thidisthercomplementedby the results of end product
analysis and theoretical calculations of the stannidehmerization pathways. The &1
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bond insertion reaction of chlorostannarsagvestigaed by a combination of steady
state trapping and laser flash photolysiperimentsusing MeSnC} as thereactant.

Rate and equilibrium constants are reported for the reaatibthe two stannylenegth

MeOH.
I>SHM92 I>Sﬂph2
Ph (1.43
27 28

The third chapter begins by introducing the mixed alkylarylstannylene, SnMePh,
using twonovelprecursor29 and30 (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 stadéesed to
characterize the S@l bond insertion of SnMePh wittle,SnCb, andanequilibrium
constanis determinedor its reaction with MeOH. Two additional stannylene reactions
arethen investigated with SnMeSnPh and SnMePh thairefound to lead testable
productsin chemical trapping experiments. In the fiistjestigationof the SRCl bond
insertion reaction of chlorostannanes is extended to incluglenBl as the stannylene
scavenger. The second reaction investigates the reaction of stannylenes with acetic acid,
and the compedibn betweerO-H insertion, allane, and areneelimination pathways that

give rise to the major products

I>SnMePh I>SnMePh
oh (1.44

29 30
In Chapter Four, the Lewis aelthse complexation of Sniand SnPhwith 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 accompaeaahimstance by the
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identification of the stannylergonor complexes by transient UNs spectroscopy. In
addition, comparison of the thermodynamic aspects of stannylene complexation with
those of transient silylenes agdrmylenes allows for the detemmation of a Lewis
acidity scale for the tetrylene series MM = 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 ®, and N donors in thathesereactions do not
proceed beyond initial Lewis aelzthse coordination of the stannylene and the substrate.
Such behaviour differs dramatically from those of the homologous silylenes and
germylenes.

ChapterFive describes the direct detection of @isitylstannylene (SnMgsand its
dimer, tetramesityldistannene, in solution for the first time via the photolySik(efy
1.45 in hydrocarbon solution. The S bond insertion of SnMesvith Me,SnC} and
thearene elimination with AcOldrestudied tlhough a combination of chemical trapping
and laser flash photolysis studies. Proektatliesexperiments in aerated solution also
afford stannylen&lerived products, while SnMgand its doubly bonded dimer Ses,
appear to be reactiweith O, in time resolved flash photolysis measurements. The
reactions of SnMeswith ethers, alcohols, sulfides and amines afford the stannylene
donor pairstherate and equilibrium constants are measured for these reactions. The
kinetic and thermodynamic aspgdf the reactions of SnMgarecompared to the
solutionphase reactivity of SnRhThisprovidesa model for sterically hindered

diarylstannylene derivatives.

I)Sn Mes,
(1.45)

Mes = CGH2-2,4,6-M63
31
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In Chapter Sixhe direct detection of 8Bu;, in solution by trasient U\tvis
spectroscopy, using two well known photoprecur8@and33 (eq. 1.46)o generate the
molecule is reportedDetailed reactivity studies ttesilylenearenext carried out with
respect to Lewis acibase complexation, ereed d i t-bormd msertian and
cycloaddition reactions. The rate and equilibrium constants obtained for the reactions of
Sit-Bu, in solution provide a model for the reactivity tbe steically more crowded
dialkylsilylenes relative to the parent derivative SpMEhis modeultimately ainsto
develop kinetic benchmarks describing the sensitivity of various silylene reaction types to
steric effects. Finally, thkinetics of thereactiors of tetratert-butyldisilene 84) with
molecular oxygemand acetone atudied using precurs8B which also produces the

disilene as a primary photoproduct.

/t-Bu
t-Bu__ FBU-Si _ tBu
5 Si sl'/SI\t-Bu
-Bu t-Bu-S) (1.46)
t-Bu
32 33
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Chapter 2: Direct Detection, Dimerization and Chemical Trapping of Dimethy} and

Diphenylstannylenefrom Photolysis of Stannacyclopen3-enes in Solution

2.1.0verview

The preparatiomand thermal chemistiyf stannacycloper3-enes {a-d) was
describedby Gaspar andoworkers' the pyrolysis ofLa,bafforded cyclic oligomers
(SnMe), (n = 5- 8), while 1d affordedinsoluble oligomers of SnihSuch compounds
have also been shown to petentiallysuitable for photochemical studies1b was used
to detect SnMedirectly in hydrocarbon solution usii®3 nmlaser flash photolysisin
this chapter, stannacyclept3-enes2 and3 have beesynthesized andsed tadirectly
detect SnMgand SnP§ respectively, andtudytheir dimerizatiorbehaviour in
hydrocarbon solution at room temperature.

Rl
I>SHR2

R

A 0700
oo

geooTyo

1 2 3
We nextstuded the reactios of SnMe and SnPhwith Me,SnC} in the presence

and absence of oxygemnhe SRCI insertionreactionof SnMe with this substratbas

been investigated previously by Neumann and cowotkegs2.2), and later investigated
computationallypy Dewar? The main goal of this part of the work was to show through
chemical trappig experiments that photolysis #fand3 results in the extrusn of the
desired stannylenet) measure the quantum yields of éx¢rusion processndto

support the assignments made in the flash photolysis studies.

M62 Ph eN
Sn Ph
Ph CN rt ON CN Me,SnCl, ¢!
4 N — Nt [snMe,] ———— Me,Sn—SnMe, (2.2)
C
Ph" Ph ©oN Ph I CN Cl
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2.2.Results and Discussion

Compound® and3 were prepared by reaction of the magnesium complexesneftRy
3-phenytl,3-butadieng4a) and 2,3dimethyl1,3-butadieng4b), respectively, with the
appropriate dichlorostannane (p#&Ch for 2 and PhSnC) for 3; see equation 2)3

using procedures adapted from those reported by Gaspar and cowditrersvo
compounds were obtained in ovel@lude) yields of 3®0%, and were each purified by
repeated distillation amor column chromatography © 8% purity (as estimated by

NMR spectroscopy) prior to being used in photochemical experiments.

3

a. R = Ph
b. R = Me | a b
Me,SnCl, Ph,SnCl, (2.3)
THF, -78 °C THF, -78 °C

ESnMez /lvl\\/Sn Ph,
Ph 2 3

2.2.1.Stannacyclopers-ene Photochemistiiy Trapping of Trasient Stannylenes

Steady state photolysis experiments were carried out in quartz NMR tubes with low
pressure mercury lamps (254 nm), D& solutions of2 and3 (ca.0.04 M) containing
Si;Meg as internal standard, both alone and in the presence e @M MeSnCb.
Neumann and coworkers identified teimnnaneeagent as an efficient substrate for
SnMe, with which it reacts via formal S@l bond insertion to afford the corresponding
1,2-dichlorodistannanés) as the primary produétAlthough MeSnC} has limited
solubility in cyclohexane, ihas the advantage of being transparent at 254 nm, unlike
most of the other potential stannylene substrates that estdies suggested might be

useful as trapping agenits® The photolyses were monitored at selected time intervals
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throughout the photolysis B4 NMR spectroscopy, and taken to a maximum conversion
of ca. 25% in stannacyclopentef@eor 3); product yields were calculated from the initial
slopes bconcentratiorversustime plots for the various products relative to the initial
slopes of the corresponding plots foor 3. The peaks used to calculate concentrations
for 2 (dy 7.04) and3 (dy 7.21) are indicated in the parenthesisis was supplemented
with the™*Sn{*H} NMR spectra of the photolyzed mixtures at the end of each
experiment, to furtheaid in product identificationMlost photolyses were carried out both
with and without deaeration of the solution prior to photolyassthe presence of air led
to significantly higher photolysis rates (particularly w&howing to oxidation of the
primary tincontaining (distannane) photoproducts to the corresponding distannoxanes,
which (in contrast to the distannanes) are-absorbing and/or nofphotoreactive under
theconditions of our experiments.

Steady state photolysis Bfas a deaerate?l04 Msolution in cyclohexané;; led to
the efficient consumption of the stannacyclopentene and the formation ofidjene
addition to a collection of compounds exhibititttjand*°Sn NMR resonances in the
ranges characteristic of [Snhgoligomers(dy 0.35- 0.46 (m);ds,-2420, -245.6,-243.9
(Fig. .1)." Exposure of the photolyzed solution to air testiin the formation of a
colorless precipitate, as expected for these materi@iemical yields of (89 + 5)% and
(98 + 5)% for the major [SnM#§, oligomer and dienda, respectively, were determined
from the relative slopes of the concentrat@nsustime plots for the products relative to

consume@ (eq.2.4; FigureS2.2).

Ph
ji)snlvle2 N + (SnMey),
P Cebrz /. (2.4)
2 4a

98% >90%
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In contast, photolysis of a deaeratsalution of3 in C¢D1, under similar conditions
resulted in the immediate precipitation of a solid and the development of a yellow color that
deepened with continued irradiatidhl NMR spectra of the mixturgFig. $.3) indicated
that3 wasconsumed with the concomitant forneet of diene4db and small amounts of at
least three compoundsne atdy 6.91, anotheatdy 6.96 and 7.2%nd a third
characterized by broadeningf the'H NMR spectrumbetweerdy 6.6 - 7.5)whose
spectral characteristics and reactivity are consistent with gerdtigomers (eg2.5). Two
of the three produaterived multipletgatdy 6.96 and 229) that were present in the
aromatic region ofhe NMR spectrum of the photolyte (Fig. 2.3) disappeared after
allowing the solution to stand for 18 h in the dark, most likely due to oxidation resulting
from gradual contact with aifhe multiplet that remaine@t dy 6.91), was identified as
due to dodecaphenylcyclohexastannanBrgPhy,), by spiking the mixture (in benzerug)
with an authentic sampl&he concentrationarsustime plot for this compound (Fig2.48)
exhibits positive curvature, consistent with it being derived (at least partially) from
secondary photolysis; the initial slopethe plot indicates an upper limit of ca. 10% for the
chemical yieldrelative to consume8 (on a perSnPh unit basis). The consumption 8f
and formation o#tb proceeded faster upon irradiation of arsaturated solution under
similar conditions (Figre 2.4b), as did the precipitation of insoluble material, and the
solution remained colorless throughout the photolysis up to ca. 8% conver8idxoof

otherproductscouldbe detected (by NMR) under the conditions employed for the analysis.

hv \> {
SnPh, ——— + (SnPhy),
>E> n 2 CGD12 \ 2 (25)

3 4b
(95 £ 3)%
Photolysis of a deaerated 0.04 M solutior2 @i CsD;, containing MeSnC}h (0.033

M) resulted in the consumption 2fand the formation oda (98 + 9%) along with three
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major tincontaining products (e@.6), which were identified a%,2-
dichlorotetramethyldistannan, @ 0.807,dsn 99.2 €Jsn= 53.5 Hz 2Jsnn = 13.0 Hz); 51
+ 6%) 29 the association dimer of eichlorotetramethyldistannoxan@, @ 1.05and
1.14;ds,-63.3 and-125.4; 39 + 6%’ and chlorotrimethylstannan@, d4 0.524; 9 +
2%); Figure 2.5 shows'H NMR spectra of the mixture before and after photolisisa.
20% conversion o2. Concentratiorversustiime plots for2, 4a, and5-7 are shown in
Figure2.1; thatfor 7 exhibitsupward curvature, consistent with it being formed as a
secondary photolysis product of distann&ri€Compounds is ascribed to oxidation &
by residual oxygen in the solvelit?

40

Figure 2.1 Concentration versus time
plots for the photolysis of a deaerated (
M solution of2 in CgD1, containing
Me,SnC} (0.031 M).The initial slopes,
determined from the first five data point
in each of the plots, of the plots for the
various components difie reaction
mixture are2, -0.93 £ 0.09; MeSnC}
(not shown);0.89 + 0.074a, 0.89 £ 0.07
5 (CIMe;SnSnMeCl), 0.47 + 0.036
(CIMe;,SnOSnMeCl),, 0.19 + 0.047
(MesSnCl), 0.08 + 0.01 (units, mM nif).
The inset shows an expansion of the pl
Time (min) for 5, 6, and?.

Concentration / mM

| 'snM ™, 4a ¢l ¢l
niiez Me,SnCl * Me,Sh—SnMe,
Ph 0 CZD 2 98% 5
612 Ozi &(hV)
Me3an|
2.
Me, 7 (26)
/C| Sn/Q|
MeQSr]—O\ ;O—SnMeZ

!
Cl—Sn (I
M92

6
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Indeed, photolysis of an undeaerated solutiod arid MeSnC} in C¢D1, produced
4aand6 in close to quantitative yields, and only trace amoun&awfd7 during the initial
few minutes of irradiation. Upon continued photolysis the formatighstédwed
significantly and was supplanted by the formatio® aehd7, which proceeded at a
combined total rate roughly equal to the initial rate of formatio® ®he concentration
versugime plots from the experiment are shown in Fig2ig it should be noted that the
breakpoints in the plots for the three toontaning products (seege) occurs at the point
where the concentration 6fis roughly 80% of théinitial) oxygen concentration in air
saturated cyclohexane (ca. 2.4 MMThe presence of air caused a barely significant
increase in the initial rates of photolysis2adind formation oflacompaed to those in
deaerated solution, which allows the conclusion thaaOa concentration of ca. 3 mM or
less) interacts only witthe primary photoproducts and does not interact with the reactive
excited state of the stannacyclopenteé2)e (

Photolysis of amindeaerate.04 M solution of3 in CsD1, containing MeSnCh
(0.037 M) afforded dienéb, PhSnC} (8), and distannoxane diméras the major
products at low (< 6%) conversions®feq.2.7); Fig. 2.6 shows representativel
NMR spectra recorded throughout the photolysis, while the concentvatisuastime

plots from which the initial yields were calculatae shown in Fig2.3.
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Figure 2.2 Concentration versus time
plots for the photolysis of a solution &f
(ca. 0.04 M) and M&SNCL (0.033 M) in
CsD12, which was saturatedith air prior
to irradiation.The inset shows an
expanded plot, detailing the formation
dichlorodigannanés, distannoxane
dimer6, and MgSnCl (7) with
photolysis time. The initial slopes,
determined from the first five data poin
in each of the plots, are (in units of mV
min): 2, -1.02 + 0.04; MgSnCh, -1.28

+ 0.06;44, 1.08 + 0.045, 0.012 + 0.005;
6, 0.51 + 0.03 (< 4 min)Z, 0.033 +
0.003 (< 4 min)The slopes of the
second half (> 4 min) of the plots f6+7
are:5, 0.37 £ 0.026, 0.055 + 0.0077,
0.10 £ 0.01.

Concentration (mM)

Time (min)

The plots exhibit good linearity over the first 2.5 minuteplustolysis, and also reveal
that the consumption of M8nC} proceeds at roughly twice the rate of consumptiod of
during the initial (2.5 minute) photolysis period, as expected considering ithatmajor
product of the reaction. Continuation of the photolysis past ca. 5% conversiéraofl
thepoint where the @concentratiorhad been reduced by-80% from its initial level

(vide suprai resulted in significant yellowing of the solutiomasp downward curvature
in the concentratiomersustime plots fordb, 6, and8, and the enhanced growth of several
of the minor product resonances in theNMR spectraOne of the minor product peaks
was a singlet al 0.90 which we assign tentativelg tL,2dichlorodistannan®, the

expected primary product of insertion of SpRitto a SrCl bond of the substrate.
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4 ] Figure 2.3 Concentration versus time
o o 3 plots for the photolysis of an undeaerate
0.04 M solution of3 in CgD1, containing
30 S 0.037MMeSnCh. The ini-t
g min) slopes of the plots (in mM nifiy
= are:3,-0.91 + 0.01; MgSnC)h, -1.84 +
£ 0.07;4b, 0.74 £ 0.018, 0.69 £ 0.046,
£ 0.34+0.029( O 3.3 min),
g 13a8( © 3.3 min), 0.0
3 attempt was made to replenish tiein
the photolyzate as the experiment
proceeded.
Time (min)
;E>SnPh2 MvaAr 4h 4+ phsncl,  (5)
Me,SnCl, (81 +2)% 8
3 CgD12 (76 = 5)%
i /g"{z/q cicl 2.7)
+ MeZSq-O\ /O-ISnMez + Ph,Sn-SnMe,
Cl-Sn ¢l 9
Mez (trace)
(746¢ 3)%

A reasonable mechanism for the formatiors @nd8 in this experiment involves
air-oxidation of 1,2dichlorodistannan® to afford the corresponding 1,3
dichlorodistannoxanel (), whichdimerizes to the corresponding association dirh&y (
and then liberate8 by exchange with excess MBNCh (eq.2.8); exchange processes in
compounds of this type are known to proceed rapidly in solution at ambient
temperature$*'® Assuming that the equilibration 6f 11, and the intermediate
cyclodistannoxanél?) is rapid and that the three species have similar thermodynamic
stabilitiesunder the conditions of our experimeriteen the mechanism predicts that the
mixed dimer 12) should be present at BD% the concentration éfatthe higlest
conversion (o88) examined, wher6, 8 and MeSnC}, are present at concentrationscaf
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1.5, 2.7, and29 mM, respectivelygeeFig. 2.3). Indeed, théH NMR spectrum of the
photolyzed mixture shows a weak doubledl 809 (Fig. 2.6¢), which is consistent with
the presence df2 as a minor component in the photolyzttategration of the spectrum
indicates thal2 and6 are present in relative concentrationsX#| 6] = 0.14 = 0.Q2.
Addition of aliquots of P¥SnCb (8) to the photolyzate caused increase in the relative
intensity of a weaker doublet d@B.06 (relative to the 8.09 doublet), whiclhas been
tentatively assigadto cyclodistannoxangl, formed by exchange &fwith the exocyclic

Me,SnCh moiety in12.

SnPh, Cl Cl
+ — PhQSn SnMe2
Megan|2
¢1/2 0,
¢l dal
Ph,Sn—O-SnMe,
10
/xz
M
i Sn/CI - cl Sr?im
2 2
thsn o, JOSnPh, =——2 PhZSnO osmvle2 (2.8)
C|/Sn Cl Me,SnCl, C|/Sn C|
Me, Me,
11 12
PhQSnCIQuMeZSnCIZ
C| Sn/C|
Mezsn O O SnMe2
ci-sn ci
M62
6

Additional support for these assignments was obtained by analysis'6f MéR
spectra of a series of mixtures of 8aCb, 8, and authentié in CDCl; solution These
spectraalso showed two doublets in the aromatic region assignallie(th8.03) andL2
(d 8.06), in relative intensities (i.&1:12) that increased as th&]Me,SnC}] ratio was

increasd (see Supporting Informatiorhnalysis of thecompositions of four different
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synthetic mixturesccording to the expressions for the equilibrium constants for

interconversion o1, 12 and6 (equation.9 and2.10) afforded values oKio<-6 = 0.46

+ 0.03andKj1<>12 =0.81+ 0.14in CDCk at 22 °C (see Figure2Y). The values predict

that at the highest conversion®#chieved in the photolysigith 0.037 M MeSnCk in

undeaerated D1, (Fig. 2.3), cyclodistannoxane8 and12 should be present in the ratio

[126] & 0. 11, given t hB8andMeSrCtatthigpointoncentr at i
(Me.SnCE:[8] & 10.7) and assuming a negligible
constantsConsidering the uncertaintiebgetestimate is ineasonablagreement with the

value determined from th&l NMR spectrum of the photatgte.

Kits12

11 + Me,SnCl, <——>= 12 + Ph,SnCl, (8) (2.9)
K <>

12 + Me,SnCl, ~==2= 6+ Ph,SnCl, (8) (2.10)

Photolysis of a deaeratédsolutionof 3 in CsD1» containing MeSnCh (0.035 M)
resulted in rapid yellowing of the solution and the appearance of the singlgoat
assigned above to distannagh@-ig. .8), which was the major Sgontaining product
over the first 3% conversion 8f It was formed in an estimated yield of (42 + W)
along with dienelb (ca. 79%)6 (ca.24%), and8 (ca.25%)(eq.2.11), based on the
relative slopes of the concentratieersustime plots between 0 and 3% conversior3 of
(Fig. .9). At conversions 3% the plot fo9 curved sharply downward while those or
and several minor Scontaining products increased sharply, indicating that secondary
photolysis 0fd competes with the primary photolysis3és theformer builds up in
solution.Two of the mine products were identified &8e,PhSnCl (3a, dy 0.69 8%)
and MePhSnCl (13b, dy 0.84 5%) on the basis of theiH NMR spectra (Fig. $8),'%*°
while 7 (3.5%) was identified by compaon with an authentic sampléhese compounds,

along with (SnMeg),, oligomers (which were also tentatively identified in the spectrum
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see Fig. S2)8and a portion of the amount ®that is formed, are the products expected
from photolysis of diaryldistannar® which can be expected to absorb gattengly at
254 nm?° The formation o6 and the majority o8 that is formed can be ascribed to
incomplete deaeration of the solution prior to photolysis.

| SnPh v 4b + ¢ ¢
n —_—
? Me,SnCl, Ph,Sn—SnMe,

9
3 CeDio o )
(residual Oy) 2
PhMe,SnCl (13a)

(2.11)

+
Ph,MeSnCl (13b)
+

Mezan|2
MesSnCl (7)

ICl (|3|
<Me28nOSnMe2 >2 + PhySnCl,
6

Quantum yields for the formation 6ffrom photolysis oR and3 as airsaturated,
0.04 M solutions in gD1, containing 0.03).04 M MeSnC} were determined using the
photolysis of 3,4dimethyl1,1-diphenylgermacyclopef-enel4 (F gepn2= 0.55 + 0.07 in
methanolic GD15%* equation2.12) asanactinometerThe values obtained f&(F snvez=
0.78 £ 0.10) an@ (F snph2= 0.61 £0.09) were calculated from the initial slop&&) of
the concentratiomersustime plots for6 relative to that oll5 from the photolysis of the
actinometer (Fig 8.10). In the case a8, the value of sppp20btained is the same

regardless of which of thevo major Sacontaining productss(or 8) is used for the

calculation, as expected (Fig2.30b).

| GePh hv 4b QMe
e —_— +
? 0.05M MeOH Ph,Ge—H (2.12)
14 CeD1» 15

2.2.2.Direct Detection of Transient Stannylenes by Laser Flash Photolysis
Laser flash photolysis experiments were carried out with rapidly flowed,

deoxygenated solutions @fand3 in anhydrous hexanes, using the pulses from a KrF
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excimer laser (248 nm, 9B)5mJ, ca. 25 ns) for excitatiom both cases laser photolysis
gaverise to readily detectable transient absorptions throughout theG0Onm 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 wit
the decay of the primary absorptions, and are thus assignable to secondary products
formed via (ground state) reaction of the primary transient; 2yithe decay of the
secondary products was accompanied by the growth of a third set of absorptioms, as w
found in the earlier study withb as SnMe-precursor: In both cases, but particularly

with 3, thequality of the signals tended to degrade steadily throughout the course of an
experiment due to the gradual appearance of periodic spikesahgbebanceersus

time profiles.These result from the butap of particulate material on the inner walls of
the sample cell, which worsens as the experiment progréssesy did not interfere

with the recording of transient UVis spectra, and did not compromise the determination
of decay rate coefficients from the absorbarmmesustime profiles, providedhatdata
acquisitionwas limitedto timescales o4 ns (full -scale) or greater.

The decay othe prompt absorption produced upon laser photolys?s of
(monitored at 540 nm to avoid overlap with the secondary absorption) was found to
proceed with clean second order kinetics and rate coeffidiéat@= (3.0 + 0.3¢ 10’
cm s* (obtained by fitting the absorbantime plot of the prompt absorption at 540 nm to
eq.2.13, in good agreement with the value reported in the earlier solution phasé study.
A= A0/ (1 + (ZamPo/ D)) (2.13
Figure2.4a shows representative transient absorption spectra and abseitrance
profiles obtained with this compound. As in the eaerk, we assign the prompt

absorption to SnMgthe secondary absorption ceatatl naxd 465 nm t o
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tetramethyldistannene (M8n=SnMe, 163a), and the tertiary absorption below 320 nm to

a product of further reaction of the distannéfiéie appareritmacvalueof 490 nm for

SnMe is in acceptable agreement with the eatleported valuel (nax= 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 tran$rem that of the

dimerization productl(6d). Thevalue ofl o= 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.

0.03- r
0.06
0.02r 0.04r o, 500NM
< 0 5 10 15 < I 0 5 0 15
O Time (ns) (@) Time (ns)
i 2k/es40nm = (3.0 ° 0.3) 3 107 cms™ 2k/e500nm = (1.3 ° 0.2) * 10" cm s
0.01- | 0.02-
0.00t: 0.00b2mse s *AeAxA:LA.A.A_.A.A.A.A.AL&&A};:A:

300 400 500 600
Wavelength (nm) Wavelength (nm)
Figure 2.4. (a) Transient UWis absorption spectra from laser flash photolysis of rapi
flowed solutions of (a2 (23 10* M) and (b)3 (73 10* M) in anhydrous hexanes at 25
°C. The pectra in (a) were recorded 0.40.26ns ¢ ), 1.06- 1.15ns (A) and 17.2 17.3
ns (D) after the laser pulse, whithose in (b) were recorded 0-4@51ns ( ) and 17.1-
17.3ns (D) after the pulse; the insets show absorbaecsustiime profiles recorded at
selected wavelengths in the two spectra. The spectra in (a) werdag@t reduced lase
intensity in order to maximize the temporal resolution between the primary and sect
product spectra.

~;RR a. R=Me /é.n\
b.R=Ph R SRy 5 1y

16 17

FE,‘S”:S”
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Laser photolysis 08 also led to at least two sequeltyidormed transient products.
Theinitially-formed speciesxhibits absorption bands ceed atl ,,,x= 300 nm and 505
nm that decay together over ca.r) leaving behind a longéived species exhibiting a
broad absorption with,ax< 280 nm, and tailing out to ca. 400 nm (FigR#b). The
505 nm species (monitored at 500 nm) decays with clean second order kinetics and rate
coefficient Klesoo= (1.3 + 0.2 10’ cm s, consistent with dimerization as the main
mode of decay, and we thus assign it to SnRbtably, the absorption maximuof the
species is blushifted compared to those of the sterically hindered diarylstannylenes that
have been reportéd?’ which is a feature that is also shared by diarylsilyleneiand
germylene systents?®#%° An absorbanceersustime profile recorded at 340 nm, on the
long wavelength tail of the broad 280 nm absorption, consists of a growth that occurs
over asimilar timescale as the decay of the 505 nm SaBkorption (Fig2.4b),
suggesting it is associated with the product of the dimerization reaction. Importantly,
there is no evidence of a stropgpduct absorption anywhere throughout the-860 nm
spectal range, the range characteristic of tetraaryldistanrféied/e thus conclude that,
in contrast to the behavior of SnMgide supra and the higher diphenyltetrylenes,
SiPh?**? and GePh* the dimerization of SnRhloesnotafford the corresponding
(Sn=Sn) doublbonded dimerX6b) in detectable amounts, but rather some othgPign
isomer, formed perhaps via (rapid) isomerizatiod@lf; the most reasonable candidate,
based orromputationaf>* and experimenta precedent, is
phenyltriphenylstannylstannyleng?p). The latter can be expected to exhibit a very weak
n- 5p absorption in the 66800 nm range of the visible specetri®*® which is
unfortunately in a region of relatively low sativity for our spectrometeiNevertheless,

careful probing in this spectral range did reveal a barely detectable product absorption
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cented apparently dtnx@ 6 50 n m, aredhoigmwin @aver p milar timescale
as the growth of the absorption at 340 nm (see Ad.1p The result cannot be
considered conclusive, but is nevertheless consistent with the tentative assignment of the
observed dimer to stannylstannyler#. The assignment is also supported by the results
of computational studies of the $, potential energy surface, as discussed later in the
chapter

The steady state photolysis experiments suggest that both stannylenes can be
trapped efficiently by MgSnCh (vide suprd, so we carried out transient quenching
experiments witl2 and3 using the dichlorostannane as the substrate, monitoring the
prompt absorptions assigned to the stannylenes (at 530 and 500 nm, respectively) as a
function of MeSnC} concentrationindeed, addition of sulnillimolar concentrations of
Me,SnCh in hexanes caused the decays to accelerate and proceed with cleaHdipsteudo
order kinetics in both cases, in a manner condistéh irreversible reaction.
Accompanying this was a reduati the intensities of the signals due to the
dimerization products, indicating dimerization is suppressed in the presence of the added
substrate, as might be expect&dots of the pseudbrst order rate constants for decay of
the prompt absorption&4cay Obtained by fitting the absorbantme plot d the prompt
absorption to eq. 2.)%ersus MgSnC}b concentration according to equatidA6 were
both linear (see Figur25), consistent with anverall seconébrder reactionThe slopes
of the plotsafford bimolecular rate constantslkef= (1.9 + 0.3 10 and (3.6 = 0.2}
10° M*s? for the reactions of M&nCh with SnMe andSnPh, respectivelyA transient
spectrum recorded within hexanes containing 0.3 mM M&nCh, where the lifetime of
SnMe is reduced to ca. 230 ns and dimerization is suppressed almost completely,

exhibitedl nax= 500 nm, which is in excellent agreement with the earlier reported
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spectrum of SnMgin hexanes solutiohNo other transient products could be detected in
the experiment.

PA=  BA  (ogmPAe) eXplkiecaf)  (2.19

Kdecay= Ko + ko[Q] (2.16)

151 Figure 2.5 Plots ofkjecayversus substrat
2 concentration for the stannylene
absorptions from laser photolysis of
1ok 5 hexanes s_o_lutions qf (@) ) and (t_))3
ko= (1.9 ° 0.3)i 10 Ms™ (A) containing varying concentration$

T oF Me,SnCh at 25 °C.The monitoring
wavelengths were 530 nm and 500 nm
3 for 2 and3, repectively.The solid lines
are the linear least sges fits of the data
T ko =(3.6° 0.2)i 10°M's* to eq. 2.16
8.0 02 04 06 08 10 1.2
[Me,SnCl,] / mM

Kgecay/ 10° s

The kinetic data for the reactions with the dichlorostannane are consisteat with
two-step mechanism involving reversible Lewis aloase complexation of the stannylene
with the halostannane, followed by unimolecular insertion of the Sn(ll) site into the
(complexed) S+Cl bond (equatior2.17). The mechanism is analogous to thatSec|
bond insertions by silylenes, which has been studied extensively by Kira and
coworkers?™ By this mechanism, the rate conststs the product of the individual

termsK; andk; at the low substrate lim{t.e. kyecay<< kz; see Figure 2)5

CIMe,SnCl ‘o
+ <=—=|CIMe,Sn”™ ™
SnR2 2 \\_/.'SnRz
(2.17)
kq = Kiko lkz

Cl
CIMe,Sn-SnMe,
The extinction coefficients of SnMand SnPhat 500 nm were determined by

benzophenone actinometggcording to eq. 2.18 ama conjunction with the
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photoproduct quantum yields @etined in the previous sectid®snr2and Sep+ (€.
2.18)are the slopes for the linear least squares analysis pfatseof initial transient
a b s or b a g) veesus(laegyAilse energy for the stannylene and the benzophenone
triplet, respectively (see Fig. S2.19§*
0 snroAknRro/ Ssnro= 3k Aldppe / Spp+ (2.18)

The values obtaineidesgo = 1,800+ 600 M cnr! for SnMe andesgo = 2,500+ 600
M-1cm! for SnPh T are in the range typical of the n(iMipp(M) absorption bands of
dialkyl- and diaryltetrylenes (M = Si, Ge, or Sn) in solutfdfP?"*#*° Use of these data
with the second order decay rate coefficients reported above dffgres(1.4 £ 0.48
10" M™s? for theabsolutesecond order rate constant for dimerization of Sp¥and
kaim = (1.6 + 0.48 10'*°M™s* as the corresponding value for SpRhcan thus be
concluded that the dimerization of both stannylenes proceeds with absolute second order
rate constants that are very close to the diffusional (igit= 2.2 10°°M™sH)*in
solution.

A final set of laser photolysisxperiments was carried out using methanol (MeOH)
as the substrate, a reagent found in ourezastudy to react with SnMeeversiblyto
form a transient product exhibitilg.x@ 360 nm, whi ch w3ns assign
O(H)Me Lewis acidbase complexi@a eq.2.19).? Indeed, addition of 0:1.5 mM
MeOH to hexanes solutions Bftaused closely analogous behavior to what was observed
in the earlier study of stannacyclopentéhe the intensities of the signals due to both
SnMe and SaMe, were reduceth a manneconsistent with a moderately fanable,
reversible reaction of the alcohol with the stannyf@riggiving rise to a new transient
product exhibiting a similar lifetime to the stannylene (as expected if the complex is in

mobile equilibrium with thdree stannyne) and a UWis spectrum cengéd atl jax= 355
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nm (Fig. 2.13a). A plot of the relative stannylene signal intensities as a function of
MeOH concentration according to &R0, where DAg)o and DAy)q are the initial signal
intensities (at 5@ nm) in the absence and presence of the substrate at concentration [Q]
andKyeon (= kmeon / Kveon) is the equilibrium constant, was linear (Fig.18b) with
slopeKwyeor = (2.4 + 0.2¢ 10° M™. The value is larger than the earlier reported value by
a factor of about twd,but can be considered to be the more accurate of the two
determinationslnterestingly, aime-resolved spectrum recorded wihn hexanes
containing 0.025 M MeOH démbited an absorption band cesd atl ax= 335 nm, blue
shifted significantly compared to that obtained in thespnce of 7 mM of the alcohol.
This may be theasult of the formation of dicoordinate complexes (i.e. SAileOH),)
at the higher alcohol concentratihit should be noted that distannet&ais evidently
not formed in the presence of the alcohol.

+SnR,

kveon | HOMe

+ a. R=Me
MeOH Kwmeor | :SnR,| P-R=Ph (2.19)
18
(DAo)o/ (DAg)g = 1 +Ked Q] (2.20

A transient U\Vvis spectrum recorded within hexanes containing 3 mM MeOH
(Figure2.6a)showed a prompt absorption cesat atl .x= 370 nm, which decayeder
c a . tobaffoedssimilar longlived oligomer absorptions as were observed in the absence
of substrate; SnBlitself could not be detected under these conditions. We assign the 370
nm species to the Sn2hleOH Lewis acidbase complexi@8b; eq.2.19). The stannylene
could be detected at lower concentrations of MeOH, where it was found to exhibit
bimodal decaysorsisting of a rapid initial decay component and a sledégaying
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 reversik# reaction characterized by an equilibrium constant in the approximate
range of 2 10° M™ < Kyeon < 33 10* M 12 Analysis of the transient decay and
residual signal intensity data in the usual mariié(see Fig2.6b) afforded rateand
equilibriumconstars of kyeon = (6 ° 1) 3 10° M™* s* andKyeon = (7.6° 0.8)3 10°M™,
respectively.

The threefold higher value &fy.on for SnPh compared to SnMecorresponds to a
difference in binding free energies of ca. 0.7 kcalmalichis similar to that reported
for complexation of MeOH with the corresponding Ge(ll) homologs (GeKig.on =
900 M*; GePh, Kyieon = 3,300 M%).52%*

0.04/cA a ko= (6° 1)i 10°M's™ P
Pa: - —p10
\ 15+
0.03% ’% z
% 8
< N—r 10k ~
O o.02 X < B
30 = 5 <L
Time (&s) § 7
N
0.01f =~ 5
. Keg = (7.6 ° 0.8)i 10°M™
000 1 I .....3...!==I= """ L L L
300 400 500 600 8o 0.5 1.0 150
Wavelength (nm MeOH] / mM
g

Figure 2.6. (a) Time-resolved U\vis spectrdrom laser photolysis a8nPh precursoi3
in hexanes containin®.025M MeOH, 0.260.38ns ¢ ), 4.935.18ns (A) and 35.335.7
ns (D) after the laser pulse (25 °C), and absorbamase profiles at selected wavelength
(inset). (b) Plots Okyecay(A) and(DAg)o / (DAo)q (* ) of the SnPhabsorption (at 500 nm
versugMeOH], in hexanessolution at25 °C the solid lines are the linear least square:
fits of the data to equatior2sl6 and2.20, respectively

The data indicate that with both the metlayid phenylsubstituted MR (M = Si,
Ge or Sn) systems, the Lewis acidity at the central M(ll) atonodestly higher for the
stannylenes than the germylenes, the difference in binding free energies of the Sn(ll) and
Ge(ll) complexes (all else being equal) amounting to about 0.5 kcalfardioth

substituentsThe acidityenhancing effect of phenyl sulistion at the M(Il) centre is also
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observed with the corresponding silylene derivatives, which (based on our earlier
estimates oKyeor?) are modestly stronger Lewis acids thie stannylenes. Thus,
Lewis acidity decreases in the order S¥IRSnR, > GeR: for both substitents.
Interestingly, the UWis spectra of the stannyleiMeOH complexes are botkdshifted
significantly compared to those of the corresponding-MBOH andGeR.-MeOH
complexes™*The absolute rate and equilibrium constants deternghede for the
dimerization of SnMgand SnPhand their reactions with M8nCL and MeOH in
hexanes at 25 °C are summarized in T2dle

Table 2.1. Absolute Ratek, M™ s*) and/orEquilibrium Constant$Keq, M™) for
Dimerization and Reactions of Dimgthtannylene (SnM#g and Diphenylstannylene
(SnPh) with Me,SnCh and MeOH, Determined by Laser Flash Photolysi2 afid3 in
Hexanes at 25 °C.

k(Ms?) [K (M™)]

Substrate SnMe SnPh
SnR. (dimerization) (1.4 + 0.48 10'° (1.6 £ 0.4p 10
Me;SnCh (1.9 £ 0.38 10" (3.6 + 0.2 10°
MeOH a (6° 1)3 10°
[(2.4 +0.28 107 [(7.6° 0.8) 3 107

%rate constant is indeterminable

2.2.3.Computational Studiés

Density functional theory (DFT) calculations were carried out to model the
structures, relative energieand electronic spectd SnMe, SnPh, the corresponding
distannene and stannylstannylene dimers tla@d.ewis aciebase complexes of the two
SnR species with MeOH, and to attempt to identify a possible mechanism for the
apparent diffusiorcontrolled formation of stannylstannyleh@b from dimerization of
SnPh. The calculationemployed the dispersietorrected hybrid density functional of

Chai and Hea@ordon (wB97XD)*® in conjunction with the 81+G(d,p) basis set for
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first and seondrow elements and the LANL2DZdp basis set and effective core potential
for Sn®’ Energy minima were identified by the absence of negative eigenvalues of the
Hessiarmatrix, while transition state structsgr@videinfra) wereidentified as such bthe
presence o& single negative eigenwad. A total of four SaPh, isomers were located

(vide infrg) T distannend.6b, stannylstannyleng&7b, and the monocand dtbridged

SnPh dimers19 and20, respectivelyAll four of thesestructures corresponded to energy
minimaexcept forl7b, which gave rise to one imaginary frequency associated with a
coupledrocking vibration of wo of thephenyl groug. Despite many attempts, we were
unsuccessful at locatirgminimum-energy geometry for this structure with thB97XD
density functionalAll energies are referenceelativeto the isolated stannylesét

MeOH, where appropriate) at 298.15Kpse for theeomplexes with MeOH are corrected
for basis set superposition errors (BSSE), which were computed using the counterpoise
correction method® Vibratioral frequencies were not scaldtble2 2 lists the
calculatedwB97XD/6-31+G(d,pf M -LANL2DZdp*") electronic energies and
thermochemical parametesbthe variousstructures that were located computationally,
relative to the isolated reactants. The structuresalettecdyeometrical parameters of

the various SnRkdimers studied are shown in Figu82.14, and in the reaction

coordinate diagram of Figu&7 (vide infra).

Ph,
/Sn\.
AN <=>_ <= (2.2)
Sn-Sn Sy
9 PP 20 Ph

The stannylidenestannylene structil®&s s anal ogous to 4 he fAzwi
accept or odinsets that hayel been eported by various grotfithe bridging
phenyl group in the present case providrstabilization of the increased positive charge

at the neighbouring Satom that results from the doracceptor interactiobetween the
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two Snatoms Indeed NBO calculations afforded charges of +0.80 and +1.09 at the Sn
and SR atoms inl9, respectively, indicating discrete polarization of theS®nbond in

the moleculé? The structure and bonding situation in bagand20 are somewhat
analogous to the stericalitabilized halogerand hydridebridged stannylene dimerg1(
and22, respectively) that have been reported by Power and cow8rkérs| of the
possible SnPhAdimer isomers &ive precedent in the early theoretical studies of Trinquier

of the dimers of Snjand the other parent divalent Group 14 hydrittés®’

Br Ar /H\
. Ar o\ Ar' = CgH3-2,6-Dipp, -Sn__ Sn:
J - - . . ’ YA
4-'Pr-CgH,4CH, Sn—SI’l' (Dipp = CgH3-2,6-Pr,) H Ar (223
Ar'
21 22

A parallel set of calculations was carried out usingiB87X®® density functional
and the same basis set combination (see Ta&hlg,$0 assess the effects of dispersion
correction on the calculated energiésr the stannylerdimers, the inclusion of
dispersion corrections lowered theadated energies h.5-6 kcal mol™?, with the
largest effects being on the bridged dintE9snd20. As might be expected, it had little
impact on the binding energies of the stannysle®H complexes.

The calculated structures of SnjyVi&nPh and their doubhbonded dimerslGa
andl16b, respectively) compare favorably with previously reported structures at other
levels of theory:®*"® Similarly, the calculated S8n bond distances in the distannenes
(2.74 and 2.77 A fot6aand16b, respectively) and the stannylstannylenes (2.91 and 2.90
A for 17aand17b, respectively) are in very good agreement with experimental data for
the tdraalkyl and tetraaryldistannene and stannylstannylene derivatives for which
structural data exist® "+’ As is the case with the parent hydeslgstems>3* the
stannylstannylenes are in both cases predicted to be significantly lower in energy than the

coarresponding distannene isome&he difference is larger for the phenylated systems,
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presumably reflecting a weakening effect bépyl substitution on the Sn=Sn bond
strength (see Table 2.2).

Table 2.2. Calculated ElectroniEnergies, Enthalpies (298.15 K), and Free Energies
(298.15 K) of Stationary Points in the Dimerization of Salsled SnPhand their Lewis
acid-base Complexation with Methanol, Calculated anviB&7XD/6-31+G(d,p§ -
LANL2DZdp®" Level of Theory Relativeotthe Isolated Reactants (in kcal it
wB97XD/6-31+G(d,py " °-LANL2DZdp®"

Species DEgiec DH° DG®
Me,Sn=SnMe (163) -24.9 -22.1 -11.9
MeSnSnMe (173) -32.7 -30.3 -21.1
PhSn=SnPh(16b) -22.7 211 -11.4
PhSnSnPh(17b)" -34.0 -33.0 -21.1
PhSn(GHs)SnPh (19) -29.8 -28.3 -16.3

trans-PhSn(GHs).SnPh R0) -19.5 -18.0 -5.8
Transition stat@4’ +0.4 +1.0 +14.4
Transition stat@5” -29.2 -28.5 -15.7

Me,Sn-O(H)Me (18a) -13.5 -11.8 -1.9
(-14.4) (-12.8) (-2.9)

PhSnO(H)Me (18b)d -16.0 -14.3 -3.3
(-17.3) (-15.6) (-5.0)

*Thermodynamic parameters were computed at 298.15 K fnseaied vibrational
frequencies’Structure gives rise to one leenergy imaginary frequency (= gizim™);

‘An IRC calculation showed tha®’ is in fact not the correct transition state for the
formation of17bfrom 19. However, its calculated energies define upper limits for those
of the true tansition state for the proced€orrected for BSSE; values in parentheses are
the corresponding uncrected values.

Excellent agreement is also observed between the calculated(®®®Eted, gas
phase) free energies of complexation of MeOH with SNB& = -1.9 kcal mot') and
SnPh (DG = -3.3 kcal mot') and the experimental (solution phase) valfdd®=-2.7
and-3.3 kcal mot, respectively, where the latter were calculated from the equilibrium
constants after adjustment to the-ghsse referenceate (1 atm, 298.15KY his gives
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some confidence in the chemical accuracy oftB87XD/6-31+G(d,py ™
LANL2DZdp>" method for the prediction of reaction thermochemistries for transient
Sn(ll) systems, at least as applied to Lewis-@eide complexation reactions.

Electronic spectra were modeled using the tdapendent (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 TaBlalong with the
corresponding eperimental values where knowigain, reasonable agreement between
theoryand experiment is observed in all cases for which comparisons are possible; these
include SnMeg, SnPh, Me;Sn=SnMeg (16a), and the two stannylefdeOH complexes,
for which the TDDFT predictions of the lowest energy electronic transitions agree with
the eyperimental values to within 0.15 eV in every case. The calculated absorption
maximum for PBSn=SnPh(16b;| nax@ 503 n m) i s within the rat
for kinetically stable tetraaryldistannerfé&! and suppdsthe conclusion that the Sri*h
dimer detected by laser photolysis3aé notthe distannenéds mentioned above, the
most likely alternative based on thermodynamic considerations is stannylstariighene
for which the TDDFT calculation predicts a very weak HOMQUMO (n- 5p)
absorptionceméd atl njax@ 730 nm, in reasonable agreemer
the stable derivative3 (| naxd@ 6 8 %= 27l 'cm™),”® and consistenwith the weak
secondary product absorption at 650 nm observed by laser photolggiaad supra. It
should be noted that the calculated oscillator strength of-tHgpriransition inl7bis an
order of magnitude smaller than that calculated for theesponding transition in Snh
(see Table.3), which is also in good agreement with the difference between the
experimental extinction coefficients of the stable stannylstann@@hand SnPh(Chax =

2500 + 600 M' cm®). The long wavelength-n5p absorption band in the spectrunl@b
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is thus expeed to be inherently quite difficult to detect under ¢baditions of our laser
photolysis experiments.

Table 2.3. Calculate8land Experimental UWis Absorption Maxima of Stannylenes and
Stannylenederived Dimers and Methanol Complexes
lmax/ N m (&)

Compound Calculated Experimental

SnMe 515(0.@9) 500

SnPh 331(0.148), 495(0.@7) 300, 5%
Me,Sn=SnMe (16a) 440(0.39) 465

MeSnSnMe (173) 270(0.095), 400(0.011), 800(0.00% i

Ph,Sn=SnPh(16b) 275(0.123), 503(0.3 i

PhSnSnPk(17b) 288(0.149), 383(0.A.6), 730 (0.001) <280, ~340(sh), 65b

PhSn(GHs)SnPh (19)  284(0.318), 337(0.013), 386(0.11F i
PhSNn(GHs),SnPh 20)  279(0.070), 323(0.22), 338(0.B6) i
Me,Sri O(H)Me (18a)  254(0.19), 348(0.08) 355

PhSr O(H)Me (180)  241(0.23), 354(0.05) 370

*TD-wB97XD/6-31+G(d,pf "O-LANL2DZdp*" // wB97XD/6-31+G(d,pyH°-
LANL2DZdp®" t he numbers in parentheses are
each of the transition&The UV-vis spectrum of the experimentally observed SAPh
dimer consists of Broad absorption extending from 2200 nm (Figs. 2 and 2.13a).

A very weak absorption at 650 nm, with similar growth/decay characteristics to those
recorded at 34360 nm, was also detected (Fi@.Bb) and is tentatively ascribed to the
same species.

Trip T rlp\Q
Sn in = i
@ SnMe, o (Trip = 2,4,6-(i-Pr)3CgHy) (2.23)

Trip
23
We next probed possible mechanisms for the formatidi’b¥ia rearrangement of
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distannend.6b, which we assumed to be the fifstmed product in the dimerization of
SnPh. We began by modeling transition state strucB4fe using a starting geometry
derived from the structure reported by Tsai antf Butheir computational study of the
reversibledimerization / valence isomerization of a bulky arylphenylstannylene
derivative reported in 2003 by Power and coworkersd24).>® The structure that was
located 24%) indeed corresponds closely to that reported in the earlier &titbyvever,
it is much too high in energgee Figure 2.Ap be compatible with the kinetic data,
which indicate that the initial dimerization step is the-aggtermining step in the
sequence, and alibsequent unimolecular rearrangement steps must occur on the
nanogcond (or shorter) time scaladeed, an intrinsic reaction coordinate (IRC)
calculation showed th&#” links stannylstannylen&7bto the doublybridged dime20
(eq.2.25) and not to distanneriéhb.

Trip
Sn - .
2 ™A === Ar""~gnarph, Ar= $ (2.29
Trip
¥ Ph,
Ph, /Ph Ssn’
.Sn=Sn,_ <==|Ph, — < XK > (2.25)
P -Sn=Sn .Sn '
17b 247 20

We then carried out a relaxed potential energy surface (PES) scan of the-trans C
SnSnCpdihedral angles id6b, based on the hypothesis that the FhB&nyl migration
that leads td7bis likely to be preceded by twisting about the Sn=Sn bond, to allow the
migrating SRC bond to adopt an orientation in which it roughly bisects #8+C angle
at the second Sn atom. Interestingly, contracting either of the trans dihedral angles in 10°
increments from the equilibrium geometry resultenhitial flattening of one end of the
Sn=Sn bond, and concomitant flipping of the substituents at the other end inte a near
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perpendicular relative orientation, as the dihedral was contracted throughigh&n

60° of the rotatia. The process (see €226 and Figure 3.15a) resulted in less than a 2
kcal mol* 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 dimer9. Structurel9 evidently occupies a rather shallow minimum on

the SnPhy 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, stannylstannylerferb.

i
PR, Ph
( ~_pp _wist :Ph
P \SthSn — | Ph.gnNg, [T _Ph \., (2.26
(ot pr-Snisr Phesn2 i
16b 19 Ph

A relaxed PES scan of the bridging-6rbond distance ih9 was then carried out in
an attempt to locate a transition state for migration of the bridging phenyl group to form
17b. Decreasing the bridging8d di st ance @2dpmitremeat®of 0.03 e q .
A from its equilibrium value (of 2.56 A) ih9 resulted in a rise iBDE of only 0.5 kcal
mol™ at the highest energy point in the migration, which was successfully optimized to
transition state structu2s’ (see eq2.27 and Fig. 2.15b). While an IRC calculation
revealed tha?%’ is in fact not the correct transition state linkit@and17b, it
nevertheless represents an upper energetic limit in the reaction profile for interconversion
of the two isomers, which is shown in Fig8215b along with the computed structures

at selectegboints in the transformation.

@ i
T G G (2.27
» Ph Ph _.” . Ph Ph
I:’h*Sn—Sr], Ph=Sn—3n, Pﬁh'—’Sn—Sn,
19 25 17b
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Finally, relaxed scan calculations of the Smbond distances it6b and19 were
carried out in a search for potential transition states for their direct fornvadi&mPh-
dimerization. Incremental lengthening of the Smbond distancesld,s;) in the two
molecules to values in excess oh4esulted simply in a continuouise in energy in both
cases (see Figur&36). The calculation fod6b essentially collapsed once the-Sn
distance exceeded 4 A, but witB stabilizing noabonded p-p) interactions between the
bridging phenyl group and the neighbouring&am persited even at S®n distances as
large as 6.5 A% In neither case could any indication of a possitalasition state be
found.This suggests there amo distinctbarrierless pathways for dimerization of SpPh
one involvingexo-approactof one stannylene toward the otlzerd leading to distannene
16b, and the other involvingn endeapproach and leading to the polarized
stannylidenestannylene structut®, With a predicted barrier of less than 1 kcal thiar
the phenyimigration that convert§9to 17b, the endedimerization pathway comes very
close to the limit of concerted insertion of one Sndht into a SARC(Ph) bond of
another, assisted Ipg-  psn dative bonding interactions.

Thus, the calculatiorsupport a multstep mechanism for the formation of
stannylstannylen&7b via dimerization of SnBhin which the initial diffusional
encounter of the two stannylene moieties is thedaatermining step in the sequence. The
two possible products of theiiial step- distannend.6b and stannylidenestannyleh® -
are each formed Hyarrierless pathways and represent shallow minima on the {/SnPh
energy surfacegccording to the calculationBoth species are predicted to have lifetimes
in the nanosecond range or less, due to the ultrafast pimégrgtion process that leads
from distannen&6bto stannylstannylen&7b via the intermediacy of the pherytidged

isomer,19. The calculations, wish are summarizeid Figure2.7 in the form of a
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reaction coordinate diagram for interconversion of the va(8o®h), dimer structures,

are fully consistent with the experimental kinetic data.
3
2. s
‘5‘)“ ° Tiorgd @
- PR, " os
N ) o Ls0 ©
C C ) /J @ 247
0 C F T [
- ©) (+14.4)
: : ! \
i exo-dimer  endo-dimer ," \‘
B ! \
—_ L . H [} \
L = o o 5 ] \
Ke) -10 n 9 "‘ ‘\‘
: P 22 ] \
8 N oia” -3‘3:3 : / \
S N | '. l’ \\
= - | ! \ (-5.8
W -20F 0 | P ! e ), 0y
= [ “?‘ v b J‘ 25Y l" ‘J °
\
o @@ Tt | (e { .
9,390 160 RS M » s
: “‘ “\ :v — — “ l' * ‘2; 20
-30 ? o (15.7)\ i e @9
[ = N\ ! %2 9P
B ( ‘x 233 W ° 215\ 290 Y
- g LD B9 bl G ETEE 17h
3‘3,}“ 9 e @ Jg ‘J“
L) )

) 19
Figure 2.7. Electronic EnergyersusReaction Coordinate Diagram for the dimerizatio

of SnPh and interconversion of the (Snfphisomers, calculated at theB97XD/6-
31+G(d,pf ™ -LANL2DZdp®"level of theoryThe vertical placement of the various
structures is defined by their calatéd electronic energy relative to (twice) that of SnF

(1 atm gas phase, 0 K), as indicated on thgig; the numbers in parentheses are the

corresponding standard free energies (see Pab)e

2.3. Summary and Conclusions
The transient stannylen&€nMe and SnPhare formed cleanly and efficiently by

UV-lamp ori laser photolysis of the-dtannacycloper3-ene derivativeg and3,

respectively, accordinp the results of chemical trapping and l&&esh photolysis

experimentsThe stannylenes camth be trapped cleanly by $21 insertion with
Me,SnC} in aerated solution, the presence of air facilitating the reaction by oxidizing the

initially produced 1,2ichlorostannanes, which absorb relatively strongly at the
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excitation wavelength and are thestves highly photolabile; the corresponding 1,3
dichlorodistannoxanes that are formed in the oxidation absorb relatively weakly at the
photolysis wavelength ard any evenexhbit very low photoreactivityThe ultimate
product of trappindpoth SnMe and SnPhwith Me,SnCh under these conditions is the
association dimer of 1;8ichlorotetramethyldistannoxan®)( along with PESnC} (8) in
the case of SnBhin the latter case, dichlorostannahis liberaedfrom the initially
formed dichlorodistanmxane dimer11) by exchange with excess M Ch; this process
has been verified to be rapid and reversible under conditions similar to those employed in
our photolysis experiments. The tgtep exchange reaction is characterized by
equilibrium constantthat indicate that phenygubstitution on the peripheral &toms
leads to increased stabilization of the dimer compared to methyl substitution.
Both transient stannylenes are detectable by laser flash photolysis, their long
wavelength (n 5p) absorptiobands cemed atl max= 500 nm (SnMg e500= 1,800 +
600 M* cm™®) andl max= 505 nm (SnPh e500 = 2,400+ 600 M* cmi’). They each decay
with a second order rate constant approaching the diffusional limit, with the concomitant
growth of secondariransient absorptions assigtalo the corresponding dimeioth
stannylenes react rapidly with addedJ8eChL, SnMe with an dsolute rateonstant of
ko= (1.9 £ 0.3 10'%and SnPhwith ko = (3.6 £ 0.2¢ 10° M™'s" in hexanes at 25 °C.
The UV~vis spectrum and dimerization behavior of SnMgrees well with earlier
solution phase resulfshe species decaying with clean second order kinétigs=((1.4
+ 0.4)3 10'° M™'s™) to afford tetramethyldistannene (M8n=SnMe, 163 | max= 465 nm).
The distannene absorption decays on a similar timescale as those due ipt&afferd
one ormore longeilived product(s) exhilting absorptions below 360 nm.

Diphenylstannylene also dimerizes at close to the diffustrolled rateKgim = (1.6 +
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0.4)3 10"°M7s%), but in contrast to the behavior exhibited by the dialkyl derivative, the
UV-vis spectrum of the observed Sgflimer lacks the strong absorption in the 450

600 nm range that is expected for tetraphenyldistannen8ri8nPh 16b). The

observed dimer (wax= 280, 340(sh) nm) is instead assigned to
phenyltriphenylstannylstannylen&7p), 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 ried out at thevB97XD/6-31+G(d,p§
LANL2DZdp®"level of theoryThe latter indicate thdt7bis the global minimum on the
SnPh, potential energy surface, and suggest it can be formed from the-biggrgyy
distannene isomer via an ultrafast rearramg@t process involving the intermediacy of a
phenytbridged, donciacceptor dimerl9). The calculated reaction barriers are consistent
with the experimental finding that diffusion is the ratatrolling step in the decay of
SnPh and the formation of7bin hexanes at2°C. The calculations further suggest that
the phenylbridged dimer can also be formed via a diesadedimerization pathway,

which should compete with tlexo-pathway that produces the isomeric distannene.
According to the calculationthe barrier for migration of the bridging phenyl groud.th

is so low that thendedimerization mode represents an essentditigyct (formal Sn

C(Ph)insertion)pathway for the formation df7b from SnPh.
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2.4. Supporting Information
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Figure S2.1. 'H NMR spectra of an argetiegassed 0.04 M solution 2fn CsD12 (a)

before and (b) after 10 minutphotolysis with 254 nm lighThe insets in B show an

expansion of the 0.23-0.48 region of the spectrum and the portion of tfign{ *H}
spectrum containing product peaks.

Figure S2.2. Concentratiorversus
time plots for the photolysis of the
solution of Fig. 2.1.The initial slopes
of the three plots ar& -0.84 + 0.03;
43, 0.82 £ 0.05[SnMey], (d 0.407)
0.75 + 0.07units, mM min®).

Concentration / M

Time (min)
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Figure S2.3. 'H NMR spectra of a deaerated 0.04 M solutioB of CsD1» (a) before and
(b) after 8.3 minutes photolysis with 254 nm light. The resonances marked with
disappared after allowing the photolgd solution to stand fdr8 hours in the dark.
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Figure S2.4. Concentratiorversugime plots for photolysis of ca. 0.04 M solutions3of
in CsD12, (a) deaerated (slopes (in units of mM Mir8 (* ), -0.32 + 0.024b, (A ), 0.30
+ 0.01; (SnP$)s (D), 0.0057 + 0.0005); (b) asaturated (slopeS8(* ), -0.52 + 0.014b,
(A), 0.55 £ 0.02).
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FigUre S25.'H NMR spectra of a deaerated 0.04 M solutiog isf Cleg containing
Me,SnCh (0.031 M) (a) before and (b) after 10 minupdmtolysis with 254 nm light.
The inset in B shows the°Sn{*H} NMR spectrum of the photolyzed mixture.
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Figure S2.6. 'H NMR spectra of an undeaerated 0.04 M solutio iafC¢D1, containing
Me,SnCh (0.037 M) (a) before, (b) after 2.5 minutes, and (c) after 6.7 minutes photc
with 254 nm light. No attempt was made to replenish the air in the photolyzate as tt
experiment proceeded.
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Equilibrium Constants for Interconversion of Cyclodistannox&é&, and11 (CDCls,

22 °C).

A mixtureof6( 1 3. 7 mg, 11.9 mM) and hexamet hyl d

CDCl3 (1.50 mL) was ultrasonicated in a 5 mL screw cap glass vial at 22 °C, anihéhe
'H NMR spectrum of the resulting opaque solution was recorded. The NMR sample was
recombined with the bulk of the solutidh(24.2 mg, 46.9 mM) was added, the solution

was shaken briefly, and thiel NMR spectrum of the resulting clear colourless solution

(solution 6adé) was recorded. The pr&cedure
(26.7 mg, 51.8 mM; solution 6bd) ,.Sn€ind agai
(31.8 mg, 96.5 mM (solutodac 6) and 31.5 mg, 95.6 mM (sol i

The relative concentrations of the five components of each of the mixtures (see
Table below) were calculated from the NMR integrals, using the signaik. 29 (s, 12
H), d 8.06 (d, 4H), d 8.03 (d, 8H), d 1.21(s, 6H), andd 7.71 (d, 4H) for 6, 12, 11,
Me,SnCh, and PBSnCl (8), respectivelyThe equilibrium constants; 1<-12 andKio<g
werethen calculated by least squares analysis of plots of the concentration ratios of the

cyclodistannoxanegersusthoseof the dichlorostannanes (Fig2.3).

Quantities Mxed / mM
Solution 6 Me,SnChb 8 ([6]1/[12)e | (122)/[11])e | (IMe2SNCH]/[8])e
(@) 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 cyclodistannoxané&s 11, and

12 (i.e. [6]/[12] and [12)/[11]) versus the
dichlorostannane concentration ratio
[Me,SnCh)/[8], measured from thtH
NMR spectra ofi ca. 0.@22 M solution of
6 in CDCk to which sequential portions
of PhSnClL (8) and MeSnClL were
added at ca. 22 °C. The solid lines are
linear least squares fits of the data to
[6]/[12] = K1z, e[Me2SnChL)/[8] (* ) and
[12)/[1]] = Kua, 12J[Me>SnCh/[8] (A);
errors are quoted as the standard error
from the least squares analysis.
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Figure S2.8 Partial’'H NMR
spectra of a deaerated 0.03¢
M solution of3in CsD12
containing MeSnCl (0.034
M) (a) before, (b) after 2.5
minutes, and (c) after 6.7
minutesof photolysis.
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] Figure S2.9. Concentratiorversustime
1 plots for the solution of Figure23.

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

1 0.77;4b, 0.38 £ 0.046, 0.057 £ 0.003;
{ 8,0.12 £0.019, 0.199 £ 0.0061 34,

1 0.039 £ 0.00113b (not shown)0.022

1 £0.002 7 (not shown), 0.017 + 0.001.

Concentration (mM)

Time (min)
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Figure S2.10. Concentration versus time plots
for the photolysis o#ir-saturated ¢D1>
solutions of (ap and (b)3 containing ca. 0.04
M Me,SnCh, and of (c) a deoxygenate@®;
solution of14 containing 0.05 M MeOH,; all
three solutions also containedi8es (ca. 0.01
M) asaninternal integration standard. The
initial slopes of the plots for the various
compounds are (in mM mif): (a)2, -1.06 *
0.09; MeSnC}, -1.16 + 0.0544a, 1.01 £ 0.04;
6, 0.51 + 0.01 (A solid, presumed to Geébegan
to precipitate halfway through the experiment
thereforeonly the first 4 points were used to
evaluate the yield of this product); &)-0.97 +
0.07; MeSnC}, -1.74 + 0.404b, 0.83 + 0.01;
6, 0.38 + 0.028, 0.76 + 0.0312, 0.03 + 0.01;
(c) 14,-0.781 + 0.0024b, 0.713 + 0.00615,
0.716 £ 0.012.
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Figure S2.11. (a) Transient UWis absorption spectra from laser flash photolysis of a
rapidly flowed, deoxygenated solution®{7 3 10“ M) in anhydrous hexanes at 25 °C,
recorded over a longer timescale than that shown in Figr&he spectra wereecorded
0.64-0.96ns (¢ ) and 81.1 81.9ns (D) after the pulse, using a Pyrex filter in the
monitoring beam at wavelengths above 310 nm; the inset shows absorbesusime
profiles recorded at 340 and 500 n(im). Transient absorbantine profiles recorded for
a flowed solution o8 in deoxygenatetiexanesunder similar conditions to those used
for the experiment shown in (ajhe 340 nnDA-time profile was recorded as in (a) anc
is the average of 10 laserask, while the 650 nm profile was recorded with a 520 nm
cutoff filter (Corning 369) in the monitoring beam to filter out overtone absorptions,
is the average of 70 laser shots. THetime profile at 500 nm (recorded with a Pyrex
filter) was quite gnilar to that obtained in the experiment of (a).
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Figure S2.12. Plots of initial transient absorbanc®4),) versudaser pulse energy
from optically matched (at 248 nm), deoxygenated hexanes solutions of (a)
benzophenone ar] and (b) benzophenone aBidor determination of the extinction
coefficients of the SnMeand SnPhabsorption bands at 500 nithe benzophenone
triplet CBP; F = 1.0) was monitored at 525 nm< 6,250 + 1,250) Mcmi!).”® The
slopes of the plots are (3BP, (6.0 + 0.1} 10* SnMe (1.43 + 0.02} 10* (b)°BP,
(4.61 + 0.08F 10% SnPh (1.13 + 0.03p 10*.
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Figure S2.13. (a) Time-resolved U\vis spectra recorded by laser photolysiSa¥ie,
precursor2 in hexanes containingmM MeOH, 0.220.29ns ¢ ), 1.251.31ns (A) and
17.517.7ns (D) after the laser pulse (25 °C), and absorbdime profiles at selected
wavelengths (inst). (b)Plot of DAo)o/ (DAg)q for complexation of 8Me, with MeOH

in hexanesat 25 °C the solid line is the linear least squares fit of the data to equatior
2.20.
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Computational Studies
Theoretical calculationsere carried out using the Gaussian09 (Rev. B.01) suite of

programs’.’

Table &2.1. Calculated Electronic Energies, Standard Enthalpies (298.15 K), and Standard
Free Energies (298.15 K) of Stationary Points in the Dimerization of SaiMeSnP
Calculated at the/B97X/6-31+G(d,py""°-LANL2DZdp"" Level of Theory Relative to the
Isolated Reactants (in kcal il

wB97X/6-31+G(d,py " -LANL2DZdp>"

Species DEajec DH® DG® D(DH°)® D(DG°)?
Me,Sn=SnMe (169 -23.4 -20.7 -10.4 -14 -1.5
MeSnSnMeg (178 -32.2 -29.8 -20.3 -0.5 -0.8
PhSn=SnPh (16h) -19.5 -18.0 -8.3 -3.1 -3.1
PhSnSnPh(17b) -30.8 -29.3 -20.4 -3.7 -0.7
PhSn(GHs)SnPh (19) -24.2 -22.9 -11.1 -5.4 -5.2
transPhSn(GHs),SnPh 20)  -14.0 -12.6 -0.2 -5.4 -5.6
Transition stat@4 +8.1 +8.6 +21.7 -7.6 -7.3
Transition stat@5’ -24.2 -23.5 -10.3 -5.0 -5.4
Me,Srf O(H)Me (18a)° -14.0 -12.5 2.6 +0.7 +0.7
PhSrf O(H)Me (18b)° -15.9 -14.4 -4.0 +0.1 +0.7

a. Defined a®)(DE) = DE(wB97XD) - DE(wB97X).
b. Corrected for Basis Set Superposition Error (BSSE).
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Figure S2.14 Selected geometric parameters, electronic energies and standard free
energies (in parentheses) for SpBhd the SnPhdimers16b, 17b, 19nd (rans) 20,
calculated at tha/B97XD/6-31+G(d,pf"™°-LANL2DZdp>"level (hydrogen atoms

omitted for clarity).
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Figure S2.15. Plots ofDE versusgeometry from relaxed PES scans of (A) theSi>
Sn3C4 dihedral angle ia6b and(B) the SRC bond distance involving the bridging
phenyl group in stannylidenestannylei® carried out at the"B97XD/6-

31+G(d,py H-LANL2DZdp*" level of theory.
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Figure S2.16. Plot of calculated relative electronic energieg;(relative to twoSnPh
moieties at infinite separatiomgrsusSn-Sn bond distance, from relaxed potential enel
surface scans of the $8n bond distancesl{,sp) in 17band19 at thewB97XD/6-
31+G(d,py H-LANL2DZdp*"level of theoryThe calculated structures at varsalg,s,
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 ofrf8le,, SnPh, and SnMePh with

Chlorostannanes and Acetic Acid

3.1. Overview

As discussed in the previous chaptiser flash photolysis experiments carried
out with solutions ofl or 2 in anhydrous hexanes, using the pulses from a KrF excimer
laser (248 nm) for excitation, result in the observation of Sravid SnPhas promptly

formed, shoHived transients, exhibng UV-vis absorption bands cene d ma2=t5008-

nm (U ~ 1= ¢x590,and0% nm (U ~ 20 es), respec
I>ShR2 j@SnMePh

R R (3.1)

1.R = Me; R' = Ph 3.R=Me

2. R=Ph;R'=Me 4.R=Ph

This chapter discusses the reactions of transient stannylenes with tributyltin
chloride (BuSnCl) 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 thig study, it became apparent the
differing observations between alkyl and aryl substit@adinylenes, 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 SnMe and SnP§ as well as their reactions with M8 Cb. Thus, this
chapter begins by discussitige preparation of stannacyclopé&ienes3 and4, which
were used as photoprecursorssoMePhin order to characterize the stannylenes’
behaviourn solutionand carry outhemical trapping studies with WenCl as the

scavengemext, reactivity studiesnvolving Sn-Cl insertion of SnMg SnMePh and
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SnPh with BusSnClwere conductedvhich expands on the insertion reaction of
Me,SnC} described in the previous chapter. In the final section, the reaction ob,SnMe
SnMePh and SnBkvith AcOH was studied through a combination of product studies,
deuterium labelling, and laser flash photolysis methods. The resdittatecompeting
ligandsubstitutionand oxidative addition reaction channelfich has precedent the
reactionof kinetically stabilized diarylstannylenes with small protic molecules likg, NH
H,O and MeOH:®
3.2. Direct Detection and Chemical Trappingdof SnMePh in Slution
3.2.1. Results

Compounds3 and4 were preparelly anadaptation othe method of Gaspar and
coworker$ by treatment of methylphenyltin dichloride (MePhSp®) with the
magnesacyle generated from Rieke magnesium (Mg*) dnered, 3dimethyt1,3-
butadiene ) for 3 or 2methyl3-phenytl1,3-butadiene?) for 4 (eq.3.2). Compound
was obtained as a clear colourless oil in 2 % yield by silica gel column chromatography
using a gradient elution method (0 to 30% dichlorometh&e&adne). Samples used for
steady state and laser flash photolysis studi@ofitain additionatH and**C NMR
resonances that suggest the presence of an aliphatic hydrocarbon that was found to be
unchanged in steady state photolysis experiments. Wikmmwingthe exact structuref
the impurity integration of thely = 0.88 ppm resonance relative to the= 0.43 ppm
resonance due ®(see Figure S3.2@)dicatest is present at the level of 180l %
relative to3, assuming te 0.88 ppm resonancedse to Gequivalent protondn addition,
a small quantity of naphthalene is present (ca. 0.2 mol % relatd/asaetermined by
'H NMR spectroscopy) that could not be removed. Compdusmas isolated as a clear
colourless oil in 45 % yield by applyirgvacuum to remove both excess naphthalene and

7, followed by column chromatography using basic aharas the stationary phase and

98



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

10 % dichloromethane / pentane as the eluant. Samplasset for steady state and
laser flash photolysis studies contéhs determined byH and**C NMR spectroscopy)
an unknown impuritfy O 1 0 thabwas a#6) found to be unchanged in steady state

photolysis experiments.

j: MePhSnCl, (5)
X | 'SnMePh
THE THF,-78°C R (3.2
R = Me (6), R = Me (3),
Ph (7) Ph (4)

Compounds and4 were identified on the basbftheir *H, **C and**°Sn NMR
spectra, and high resolution mass spectrometry (HRMS). Diagnostic resonancésiin the
NMR (CDCk) spectrum o8 include a singlet at 0.50 (s, 3 Hg,= 57.0 Hz) that is
assigned to the $feresonance, in addition to two aromatic resonance$at(ih, 2 H,
3Jsnh = 45.5 Hz,0-Ph) and 7.33 (m, 3 Hin,p-Ph). The**C NMR (CDCE) spectrum also
exhibits a diagnostic resonance®t.5 (J119g,c = 340.8Hz, 1J117gc = 325.2 Hz)
assigned to the $fe carbon. Other peaks at 21'81¢os,c = 335.3Hz, *J1175:c = 320.4
Hz, i CH,C(Me)C(Me)CH,i ) and 131.8%0snc = 20.6 Hz,i CH,C(Me)C(Me)CHsi ) are
assigned to the respective stannacyefdgne ring carbons, while the aromatic ring
carbonsarefound at 140.8"(0sc = 452 Hz,ipso-Ph), 136.290snc= 36.4 Hz,0-Ph), 128.4
(*Jsnc= 10.6 Hz,p-Ph), and 128.2%)s,c = 46.2 Hzm-Ph). The**Sn{*H} NMR (CDClk)
spectrum showa peak at4.8 ppm. The EMS, m/z (relative intensitySn-containing
isotopomeric clusters are represented by#fgn isotopomer) exhibits ajor peaks at
294.0 (22, M), 279.0 (30, M - CHg), 212.0 (53, M - C¢H10), 196.9 (98, PhSi, and
119.9 (41, SH. A HRMS of the molecular ion gave an exact mass of 294.0454
(calculated for @H152°Sn, 294.0430).

The'H NMR (CDCh) spectrum oft shows asinglet at 0.58s, 3 H,%J;10g4 =

57.4 Hz*J1179 = 55.0Hz) that is assigned to the Bie protons. The Sphresonances
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areidentified at 7.37 (m, 3 Hn,p-PhSn and 7.57 (m, 2 HJsnn = 45.6 Hz,0-PhSH,
while the phenyl reonances on thetannacyclopente ringarelocated at 7.19 (d, 2 HJ
=7.9 Hz,0-Ph), 7.20 (t, 1 H3J = 6.6 Hz p-Ph), and 7.31 (t, 2 HJ = 7.9 Hz m-Ph). The
3¢ NMR (CDCE) spectrum showa diagnostic resonaneg-11.2(*1Ji19g,c = 343.8 Hz,
1311791c = 328.7Hz) that isassigned to Svle. Furthermore, mmatic carbons at 125(j-
Ph), 127.91+Ph), 128.1(0-Ph), and 145.8°Js,c= 57.3 Hz,ijpso-Ph) are assigned to
C=C-Ph, while 128.3(*Jsnc= 46.5 Hz m-PhSn), 128.6"Jshc= 11.8 Hz,p-PhSp, 136.2
((Jsnc= 36.7 Hz 0-PhSp and 140.7 J1105:c = 455.8 Hz J117g,¢c = 438.4Hz, ipso-PhSh
are assigned to & The'**Sn{*H} NMR (CDCL) spectrum exhibits a resonance at 5.1
ppm. Theelectron impact mass spectr@xhibits diagnostic peaks @/z(l) =356.1* (3,
M*), 341.0* (17, M - CHs), 196.9* (63, PhSh, 144.1 (78, @H1,"), and 129.0 (100,
Ci0Ho"). HRMS of the molecular ion (calculated forgB,0-2%Sn, 356.0566) affords an
exact mass of 356.0587.

Photolysis of an aisaturated gD1, solution of3 (0.04 M) usingwo low pressure
mercury vapour lamps (254 nm) led to the disappearahthe stannacyclopeBtene,
concurrent with the formation @and an insoluble white precipitafehe average of all
resolved'H NMR resonances f@ (dy = 7.40 (2 H), 7.18 (3 H),.83 (3 H))and6 (dy =
4.89(2 H) and5.00(2 H)) were used to calculate their concentradidrhus, the
collection of resonances @ = 1.6- 1.9 ppm for3 anddy = 1.88 ppm foi6 were not
used.Concentration versus time pldtr 3 and6 are shown in Fjure S3.1, while th&H
NMR spectrébeforeand 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 irradiaggond 2.5
minutes results in a decreaséoththerates ofconsumption o8 and formation ob.

The breakpoint ata.2.5 minutes coincides with the consumption of roughly 2.4 mM of
100



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

3, which correspondto the concentration of molecular oxygen insaturated
cyclohexane solution at 25 ®Similarly curved concentration versus time plots were
obtained in the photolysis @funder similar onditions (see Bapter 2). The results of
the experiment are summarized in 8@ the yield of6 was estimated from the relative

slopes 6the concentration versus time plots3sdnd6 over the first ca. 2.minutes of

photolysis.
hv insoluble
|  SnMePh ——— Xy X + -
C-D precipitate
612 (3.3
3 6

(90 £ 10) %
Photolysis of amndeaerate@sD;, solution of3 (0.04 M) containing

dichlorodimethylstannane (M8&nCh, 0.04 M) led to the formatioof 6 (89 + 10 %) and
several tincontaining compounds, the most abundant of which were identified as
MePhSnC] (5; 74 £ 7 %) and the association dimer of-1,3
dichlorotetramethyldistannoxan@, (74 + 24%); yields of tin containing products were
calculatedrom the average of their respective methyltin resonafiees.additional
productswhich wereidentified by NMR ashlorotrimethylstannane (M8nCl,9; dy
0.52) and chlorodimethylphenylstannane {FteSnClI,10; dy 0.69), are forrad in lower
yields (eq.3.4). The identity o5 was verified by spiking the photolyzate with an
authentic sample, whil, 8, 9 and10were identified by comparison of thel and/or

1% spectraf the crude photolyzate with the literature spetfra.

hv M62
| SnMePh ——— Xy X L sn —Cl
Me,SnCl, + MePhSnCl, + MeZSn\—O\ _O—S8SnMe,

3 (-247 + 18) % Cl/ﬁﬂgz cl
CeD12 5 8 (3.9
0+10)%  (7TA4+7)% (74 + 24)%

+ Me3zSnCI(9) + Me,PhSnCl (10)
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The'H NMR spectrum of the solution mixtubeforeandafter 10 minutesof
photolysis timeas well aghe latterafter the addition of an authentic samplé& o
shown in Figure S3.3, while tH&’Sn NMR spectrunafter 10 minutesof photolysiswith
and without adde8, is shown in Figure S3.4. The concentration versus time plots
showing the consumption 8fand MeSnCl, and theformation of the various identified
products are shown in Figure 3No 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, concurrewith the consumption & and MeSnC} (-250 + 20 %), are
5, 6, and8. Continued photolysibetweer?.5- 10 minutes resulteith no further (net)
formation of5, 6, or 8, and the linear growth of the resonances digeaiod10 (vide

infra).

Figure 3.1 Concentration versusne plots for
4 the photolysis of a 0.04 M solution 8in

3 CsD12 containing 0.04 M MgnCb. The inset
[ o shows an expanded pldtustratingthe
30} 9 los formation of compound8 (I ) and10( &)
] 0. photolysis time. The initial slopes determined
10+ 0.4 from the first four data points aB-0.77 +
¢ 0.02 ¢SaGh;-1 . M2 N 0.1 (¢
02 shown)s, 0. 69 KN, 00.057 (N

8,0.29 + 0.05€ ) (units, mM mint).

Concentration / mM
ke )

Time (min)

A reasonable mechanism for tfeemation of thevarious Shacontainingproducts
of the photolysiss shown in equation 8. which isanalogoudo the proposed mechanism

for product formation ithe photolysis of an air saturategDg, solution of2 in the
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presence of M&SnCh.! The insertion of SnMePh into the €1 bond in MeSnCh
generated 1 which, in the presence of oxygen, is convertetiZdistannoxand 2
dimerizesto form 13, which undergoes exchange with excessd€b to afford5 and8.

MesSnCI (9) +
Me,PhSnCI (10)

Thv

SnMePh C|3| 12 0, (|3| <2
+ — Me2Sn—§nMePh — MeZSn—O—§nMePh
Me,SnCl, Cl Cl (3.5
12
1
MePhSnClI Me MePhSnClI
PhMeSri—0] 0 ShMe, s=———= PhMeSi—0{ O- —SnMePh
Me,SnCl, CI/,\S/{(;’2 cl’ Me,SnCl, C|/§i/|ne , cl’
14a 13

The mechanism of e@.5suggests that distannoxane dimE3andl14a should be
present, and i n68.@/eumnisobsereed thlahshaemassigedt U
tentatively tol4a.® It and distannoxane dim@rare present in theatio 14a:8 = 5.03after
10 minutes irradiation timegether with the rati6:Me,SnCh = 11.5that is present, this
allows an equilibrium constaii;~ 044to be approximated for tHiedaD 8 equilibrium

in CgD12at 22 °C (eq. 8B).

Me, Me,
Cl Sn /Cl Mezanlz /CI Sn /CI
PhMeSn—O O— SnM92 Mezsn\—o O— SnMe2
c—sn ¢ MePhSnCl, CI/Sn cl’
Mez (5)
14a 8 (3.6

[8]- [MePhSnCl,]
Keq = [14a]-[Me,SnCl,]
(CgD12, 22 °C)

~ 0.50

Also in agreement withoththe assignmerdnd the mechanisnthe concentration df4a

increased when aauthentic sample & was added to the photolyzate (Figure S3.3c): the
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new ratio ofl4a8 = 1.9, together with the ratio 6fMe,SnC} = 3.3, affords an estimate
of Keg~ 0.57. The averag&q~ 050) is nearly identicato the value measured for the
interconversion 08 and the SnPiderived specie$4b under similar conditionse(. 3.7;

see alscChapter 2)-

M82
/CI Sn —Cl Mezan|2
PhZSn\—Oi ~O—SnMe, 8 Keq = (0.46 £ 0.03)
cl—sSn ¢ Ph,SnCl, (CDCls, 22 °C) (3.7)
M82
14b

The change in the slopes of the concentration versus time plots after ca. 2.5
minutes(Figure 3.1) coincideswith the point at which ca. 2.0 mM 8fhas been
consumedwhich corresponds$o roughly 80 % of theoncentratiorof O, in air-saturated
cyclohexane solutianAfter which, the formation of mixed chlorostannaSemnd10
results from the photolysis oflL1; 1,2dichlorotetraorganodistannanes are known to absorb
strongly at 254 nm and also be highly photolabile to form triorganotin chictid@he
levelling of the concentration versus time plotsf@nd6 is also consistent withl
absorbing some of the incident light.

Laser flash photolysistudies were performed using excitation from a 248 nm KrF
excimer laser, on continuously flowing argsaturated solutions &(ca. 9.2i 10*M)
or4(ca. 1.1i 10*M) in anhydrous hexanes. Transient Wié absorption spectra
recorded over the 2720600nm region at selected time intervals after excitation are
shown in Figures 3.2a and 3.2b 8and4, respectively.

The absorption spectra recordida hexanes solution @ 0.58-0. 70 e€s after
laser pulse, reveals the prompt formation of a transient species exhalniabgorption
maximuma t max =500 nm (Fig 3.2band more intense absorptions below 300 mhe
decay of thgaromptly formed species fits reasonably Melseconebrder kinetics (eq.

3.8) with 2K/ skh= (3.6 + 0.2)i 10’ cm s, consistent with aassigmentto 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 bandéet 2764 0 0 N My RA0 h

nm.
PA = qA0/ (1 + (KgimPAe/ UE) (3.8
0.06 - 0.04 -
I a - b
o, [ 320 nm b
9 0.03L 320 nm
0.04L _'. L\ 2es0= (27£02)% 107 cmst r 2Klespo = (3.6 £0.2)* 107 cm s
\ 500 nm
< Y < -_ ‘ ‘ St “ —
a N a 0'02. Sy 0 10 20 30
L ‘A : Time ()
0.02r A [
AI
I R 0.01f
1__ [
0.00ktneopezeqeee :_i%iii;ﬁm‘:‘;;ﬁi OOO--I i A .
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 3.2 Timeresolved UWvis spectra from laser photolysis of @and (b)4 in
hexanes solution, 0.58.70 ps §), 4.16- 4.35 s [ ), and 34.4 34.7 us ( after the
laser pulse (25 °C). Absorbantime profiles are shown at selected wavelengths (inse
(Data in (b) recorded by B. Nguyen

Laser flash photolysis of a hexanes solutiof3 (ffig 3.2a) afforded similar
transient absorption spectra to those obtained #ohine promptlyformed transient
exhibitsana b s or pt i @q=500nm dnd detaysawith 2nd order rate coefficient
2kl skh= (2.7 +0.2) 10’ cm s, to afford a secoraty species exhibiting a broad
absorption between 27@B80nm. Comparison of the transient absorption spectra om
and4 verifiesthat common transient products are formed from the two precursors, and
thus support the assignment of the promptly formaasient to SnMePh. An additional
weak absorption appears in the 35B0 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 3.2
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As was discussed in the previous chapter, the addition of a stannylene substrate (Q)
results inchanges to the stannylene absorbéaime profiles in a manner that depends on
the magnitude of the absolute ratg)(and/orequilibrium Keg) constants of the
interaction. Reactions that proceed to-putse level with pseudo first order decay
characteare modelled according to eq9and affordkgecay While the slopes of linear
plots ofkgecayversus substrate concentration [Q] affokgsconsistent with an overall
secondorder reactiorfeq. 3.10) Rapid and reversible reactions are characterized by
drop in apparent vy iy)g With[Qbaccortimgdo eg. Blatmerslgpe e n e (
of the linear correlation affordseq
PA= @A (0gBA) eXplKiecaf)  (3.9)
kiecay= ko + kol Q] (3.10
( N ( o 1 +KedQ] (3.19)

Transient absorption spectra recorded of hexanes soluti@ dfcontaining
mil |l i molar concentrations of THkk=36&nme al a
in place of the absorption band due to SnMePh (Figure S3.5). The new absorption band is
assigned to the SnMePIHF Lewis acidbase compled6 (eq.3.12. Addition ofsmaller
amounts offTHF to a hexanes solution 4fresulted in acceleration of the decay of
SnMePh and a change to psedidst order decaxinetics Analysis 0fkgecayversis
[THF] data according to equati@lOaffords the bimolecular rate const&gt= (1.8 +
0.1)i 10"M™s? (Figure 3.3a).

Theaddition of MeOH in sulmillimolar concentrations to hexanes solutiong of
resulted in a decrease in the initial signal internsify S n Me g cor{siéteptwith a
rapid and reversible reaction between SnMePh and MeOH. Analysis of the stannylene
traces at 500 nm according to equatidhl&ffords the equilibrium constaktq= (5.0 +
0.6)i 10°M™ (Figure 3.3p. Transient UWis absorption spectra recorded in the
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presence of 7.3 mM MeOH s h o wx=a350tnmaplace e nt
of the stannylene absorption, which can be assigned to the Lewisasadomplex

SnMePRO(H)Me (17) (Figure 3.3c).

hv Kea LB
| SnMePh —> SnMePh + LB { 16 (360 nm)
R (500 nm) :SnMePh 17 (350 nm)*
o X2 LB = THF; 16
R=We: 3, ¢ MeOH; 17 (B.12)
Ph; 4 Ph,MeSn—Sn
Me
15 (Amax)
(290 nm) *Determined using only 4

The addition of MgSnCh in submillimolar concentrations to hexanes solutions
of 4 also resulted in acceleration of the decay of SnMePh and a change to-fastudo
order decaxinetics Analysis ofkyecayversis [Me;SnCh] data according toqeiation 310
affords the bimolecular rate const&gt= (5.6 + 0.9)i 10° Mt s* (Figure 3.3afor the

reaction of SnMePh with this substrate

6 0.020
ko=(1.8°0.1)° 10*°Mist ga b [ ¢
15+ L

0.015- 280 nm

0.010F

DA

0.005 % N

Keq =(5.0° 0.6) 10° M* 0.000p -+ Mg feeprfiapess
L L 300 400 500 600
Wavelength (nm)

ko=(5:6°0.9)% 10° M s ‘
8.0 0.2 0.4 0.6 0.8 1.0 8.0 0.2 0.4 0.6 0.8
[Q]/ mM [MeOH] / mM

Figure 3.3 (a) Plot ofkjecayf OTF t he reaction of SmClWeP)
in hexanes at 25 °C; the solid Isarethe linear least squares fit of the data to equatic
310. ( b) R/ gefor the feactopA of SnMePh with MeOH in hexanes at 25 °C
the solid lines the linear least squares fit of the data to equatibh &) Timeresolved
UV-vis spectra from laser photolysis4in hexanes containing ca. 7.3 mM MeOH, 0.z
-0.28 us g) and 1.58 1.61 ps () after the laser pulse (25 °C). Absorbatiose profiles
at selected wavelengths (inseDafa from Fig 3.3ac recorded by B. Nguyarsing4)
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3.2.2. Discussion

Laser flash photolysis & and4 results in the prompt formation of new
absorption b gdG nm,evech are assignea to SraMePh. 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 ordergeate coefficient of @ =5y = (3.1 + 0.5) 10’
cm s*. While both3 and4 produce adequate transient signals of SnMePh in order to carry
out solution phase studieshas 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 concentratios of THF alsashowed a similar r a n syhxe 360 nm{ feem
both precursors. The similarities outlined above confirm the expectatio® dhdit
should generate the same transient product upon photolys&12q.

To a first approximation, the propies of SnMePh can be expected to fall in
between with those of Sniland SnPh Indeed the long wavelength absorption maxima
does not vary between the transient stannylenes, and the rate coefficients match those
obtained for SnMgand SnPh which exhibitrate coefficients between 1-3.0i 10
cm s*.! The decay of SnMePh takes place concurrently with the formatioevof
transien@absorpions that we assign to(&8nMePh) dimer. As in the dimer detected for
SnPh, the spectrum of the specieslevoid of an absorption bamuthe 460- 500 nm
range where(E)- and/or g)-1,2-dimethyt1,2-diphenyldistannenis expected to absorb,
based onthe spectra of thalkyl or aryl substituted distannenes that have been
reported“**® The absorption spectrum of the dimer (the portion of it that is detectable
under our conditions) instead bears closer reserpélamthe SnRdimer (PhSn)SnPH,
and is assigned tentatively to (methyldiphenylstannyl)methylstannylene
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((MePhSn)SnMe 15) (eq. 3.B). We did not attempt to detect the weak absorption band

in the 650- 750 nm region that is expected for the compound, however.

2 SnMePh —= MePhQSn—§n

Me (3.13
15

Table 3.1 summarizes the rate and equilibrium constants for the reactions of
SnMePh along with the vads for SnMeand SnPh The reaction of SnMePh with
methanolkhowscharacteristics that closely resemble thesaibited bySnMe and SnPh
in the presence of the substralée behaviour is consistent with a rapid and reversible
reaction characterized bgin equilibrium constankeq= (5.0 £ 0.6) 10°M™) and
absorption maximum fat7 ( s= 350 nm) that falls intermediate to the valoetined
for SnMe and SnPh"!* The values oKeqallow oneto establish a Lewis acidity scale
for the three stannylengwhichfollowsthe order SnPh > SnMePh > SnMe

The formation of as the major product (ca. 90 %) from the photolysi3iaf
CsD12 (eq.3.3) is consistent with the clean extrusion of SnMePh, which the evidence
suggests polymerizes the absence of a stannylene substrate such #£32é.
Photolysis of an aisaturated gD1» solution of3 containing MeSnC}, affords5 and8 as
the major tincontaining compounds, most likely via the mechanism outlined iB.&q.
The results are gid similar to those obtained from the chemical trapping of sa®h
PhSnCb in air saturated solutichThe flash photolysis results f8iin hexanes
containing MeSnCk is consistent with a rapid and irreversible reaction between the
stannylene and the substrate. The resulting bimolecular rate cokgtar(®(6 + 0.9)i
10° M g% falls between that for reaction of M8nCh with SnMe (ko = (1.9 + 0.3)i
10"°M™ sty and SnPh(ko = (3.6 £ 0.2)i 10° M s™),! as might be expected.
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Table 3.1 Absolute Ratekg) andEquilibrium ConstantsK) for the Reactions of
SnMe, SnPh and SnMePh with Stannylene Substrates in Hexanes Solution at 25

ko (10° M s%) / [Keq (10° M)]

Substrate
SnMe SnPh SnMePh
b 6+ c
MeOH [2.4 + 0.2} 7.6+ 0.8f [5.0 + 0.6}
25+ 5 de d
THF (19 + 5 15+ 3 19+0.f
Me,SnCh 19+ 3.6+0.2 56+0.9

Errors are quoted as twice the standard error obtained from thedeases angses
unless otherwise specifietkg indeterminable®ref'; “Data recorded by B. Nguye?‘Keq>
25000 M*; ®Data from Chapter 4.

3.3. The Reactios of Transient Stannylenes with Trin-butyltin Chloride
3.3.1. Results

Photolysis of a deaerated solutionlah the presence of B8nCl (0.04 M) results
in the formation of dien& (87 £ 4%) and a product identified by NMR as 1;ttihutyl-
2-chloro-2,2-dimethyldistannanel, 66 + 4%), the formal sertion product of SnMe
into BusSnCl (eq.3.14). At least two additional products were also formed, for which the
concentration versus time plots exhibited upwangvature characteristic of secondary
photolysis products (sdeg. S3.6). One of these che assigned tentatively to NenCl
(9; 9 + 5%) on the basis of itsl and**°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. Distannant8 also disappeareafterallowing air to diffuse into the NMR tube
over the same period tifne. Thisis consistent with its anticipated air sensitivity, based
on the reportedharacteristics of a structurally comparable derivativg$B6nRCI, R =
CeHa-2-(CH,N(CHs),)).*® Exposure of the photolyzed sample to air also resulted in a

gradual clouding of the solution.
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J :
SnMe, — X + -
BusSnCl Bu3Sn—SnMe,

Ph Ph (3.19
CgD
1 612 7 18
(87 £4) % (66 £4) %

CompoundL8was assigned on the basis of'tts **C{*H} and'*°sn{*H} NMR
spectracharacteristics in the NMR spectra of the crude photolyzate mixture (see Figure
34;thefull’H NMR spectrum is showny0.B4*)sFi44.6r e S3.
Hz,3Jsmi= 6. 4 HzlD0,4,-48.4 the''¥5n resonance at 100.4 ppm fallghie
range characteristic of chlorodimethylstannylstannamesie the’'°Sn resonance at
48.4 ppm agrees with the chemical shefborted for the tributyltin atom in a similar
derivative (B4SnSnRCI, R = GH.-2-(CH,N(CHj),)).*° Diagnostic resonances
consistent witH.8 are also evident in tHéC NMR spectrum of the photolyzate; in
particular, the StMe and nBu(CEﬁ carbons exhibit S& couplingconstant®f *J;1gsnc=
198.6 Hz,'J117snc = 190.4 Hz Jsnc= 44.2 Hz andJdiiesnc = 277.2 Hz,Ji17snc = 264.7
Hz, 2Jsnc= 59.4 Hz, respectively, consistent with the presence of@rSsondn the
compound.’ The expectedJs,sncoupling constants were not observed in'tfien NMR
spectruntor 18, likely due to an insufficient concentratiddomplete NMR data fof.8
are as follows:

'H NMR (CsD12) :0.641 6, 6H, 2Jsnn = 41.6 Hz2Jsnn = 6.4 HZ Sn-Me), 0.890.94 ¢, 9
H, n-Bu(C'Ha)), 1.1:1.26 (n, 6H, n-Bu(C'H,)), 1.321.40 (n, 6H, n-Bu(C*Hy)), 1.57
1.65 M, 6H, n-Bu(C°Hy)).

BC{™H} NMR (CsD12) :  UJi1éhe =7198.6 Hz 1179 = 190.4 Hz 2Jgne = 44.2 Hz,
SnMe), 11.6(Miemc = 277.2 Hz M i17gic = 264.7 Hz 2Jsnc = 59.4 Hzn-Bu(CY), 14.0
(n-Bu(CY), 28.2(3Jsnc = 54.9 Hz, ABU(CY), 31.3(%Jsnc= 20.5 Hz 2Jsnc= 6.4 Hz,n-

Bu(C?)).
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Figure 3.4 lH NMR spectra (0.210.8 ppm) of a deaerated 0.04 M solutiorlah CeD1>
containing BY4SnCl (0.04 M) (a) before and (b) after 10 minutes photolysis with 254
light. (c)**°Sn NMR spectrum of a deaerated 0.04 M solutiohiof CsD1, containing
BusSnCl (0.04 M) after 10 minutes photolysis with 254 nm ligf@. NMR spectra (@

15 and 27 32 ppm) of a deaerated 0.04 M solutioriah CsD;, containing BySnCl
(0.04 M) (d) before and (e) after 10 minutes photolysis with 254 nm lighu;nCl,
*Bu,Sn)

Laser flash photolysis of a hexanes solutiod of the presence of millimolar
concentrations of Bi$nCl resulted in behaviour consistent with a fast and irreversible
reaction between the stannylene and the substrate, and akalQtydbr the SnMe

absorption versus [BBnCI] (Fig. 3.5) is linear vifi slopeko = (8.3 0.8 10°M™*s™.

112



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

g Figure 3.5 Plot ofKyecayfor the SnMe

[ absorption (530 nmyersugBusSnCl], from
flash photolysis ofl in hexanes at 25 SGhe
solid line is the linear least squares fit of the
data to equatioB3.10.

kg=(8.3°0.8)% 10°M* s
0 2 4 6 8
[BusSnCI] / mM

Addition of BuSnCl to a solution o? led to a simultaneous decrease in the initial
signal intensity of SnBH{ ( gpfand a shortening of the stannylene lifetitmereasing
the concentration of the substrate caused the decay rate coefficient of the stannylene to
plateau asymptotically (Figure &)7 Transient absorption spectra recorded of solutions
containing 15 mM BgSnClI (Figure 3.6a) revealed the formation ofeav transient
product gux-Mi0lbm Manitogng ies absorbaneme profile (at 410 nm) as a
function of increasing substrate concentration shows that the species eahibitsease
in its yield as well as frst order decay profilewith decay rate coefficients tharevery

similarto that of the stannylen({&igure 3.7 at the same substrate concentration

Figure 3.6 Time-resolved U\vis
spectra from laser photolysis »fn
hexanes containing 0.0 mM E&nCl at
042-0.51 Os (m), ar
BusSnCl at 0.22 0.32 ps g) and 5.86
6.02 us () after the laser pulse (25 °C)

0.06f

0.04r
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o I a c
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Figure 3.7. Plots ofkgecayfor reaction of @ SnPh (500 nm) and th¢b) 410 nm
absorption with BgSnClin hexanes at 25 °@c) Overlap of thégecaydata for the SnBh

(3) and 410 nm (1) absSoC. Theisaidlises arestheaonf
linear least squares fit of the data to equation 3.16.

The additionof BusSnCl to a solution o resulted in very similar behaviour to
that exhibited by. Transient absorption spectra recorded of solutiodscohtaining 15
mM BusSnCl (Figure S3.8a) reveal the formation of a new transient absorption band
cent rqgedlammwhdichoverlawi t h t he absorpt pac=cn due
500nm. Plots okgecaymeasured at 500 nm and at 410 nm appear also to approach a
constant value asymptotically with increasing substrate concentration (Figeebp3.
Theseobservations for the reactions of both SnMePh and Sarelconsistent 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 kp) to form the final product (eq. &) 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. 86

K1

k
SnR, + Q == —2» product (3.15)

énRz
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— koK1 Q
ec?ﬁ (3-16)

3.3.2. Discussion

The insertion of SNRR = GH4-2-CH,N(CHy),) into BusSnCl was demonstrated
recently by RTgiWealsofoumdinourpevicastullyehatsransient
stannyl enes -honddnsertignovithf ME8SnCh ko@enérate the corresponding
1,2-dichlorodistannane; for example the reaction with ShMeduces MgCISnSnCIMe
(19).! These results are in agreement with previous studies by Neumann and coworkers,
who also demonstrated the insertion of SaM& the SARCI bond of MeSnCh under
ambient conditions® However, the same study showed that$teCl was unreactive
towards SnMgunder the same conditignso it was somewhat surprising to find evidence
of reaction of both SnMeand SnPhwith BusSnCIl.While 19 was found tdorm
distannoxan® upon air oxidatiort we could not detect any new resonances irttthe
NMR spectrum of th@hotolyzatecontainingl8, upon air oxidation, @t would be
consistent with the distannoxanel@"®%

Laser flash photolysis studies oetquenching of SnMéy BusSnCl showed the
addition of BuSnClI caused the decay of SniMe accelerate and change to psefidk
order kinetics, affording a bimolecular rate constarkyof (8.3 £ 0.8 10° M™ s (Fig
3.5).In contrast to what wagbserved in experiments with the phistgnnylenesindthe
substrateno new transient absorptions in the 2820 nm spectral range could be
detected in this case. The rate constant is roudhfpld smaller than that for reaction
with Me;SnCh, correspndi ng t o a Gl3 if9fkalmein Thedifferéncednop
reactivity is consistent with the results of Dewar &t atho predicted a 4.1 kcal mibl
difference in activatioenergyfor the reactioaof SnMe with Me,SnCL and MeSnClI.

The greater reactivity of M8nChL compared to BsSnClcan beattributed to the
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increased Lewiscidity of the central tin atom in the substrat€,which would be
expected to accelerate the second step in the proposed mechanism for the reaction (eq.
3.17.

Bu3Sn-Cl Ki

+
SnR2

Increased steric crowding from thebutyl substituents may also play a role in increasing

Cl ko

BU3SI’I/ \\,-ST'IRZ

Cl
Bu3Sn-énR2 (31D

the activation barrier for the second step ofréeection with BySnCl compared to that
with Me;SnCb.?? In a related study, the €l bond insertion of SiMginto compounds of
the type RBSICIl (R = H, Me, Cl etc.) was investigated theoretically by Kira and
coworkers®? the resultavere interpreted asuggeshg thatone ‘inplane’ electron
withdrawing substituent accelerates thaction ¢onversely, an iplane electron
donating substituent decelerates the reaytiwhile the two remaining 'otgf-plane’
substituents influendde reaction mainly througsterics(eq. 3.B). The plane is defined
as the two dimensional space occupied by th€lgnSn atomsThe twofactorsshould
combine to producalargerrateconstant foreactionof Me,SnClL compared to BssSnCl

in the present ark.

\ (3.19

R', R? = out-of-plane
R™ R R3 = in-plane

The addition of BgSnCl to a hexanes solution 2fed to a simultaneous
shortening of the lifetime of SnRPhand an apparent decrease in its photochemical yield.
The decays fit reasonably well to first order exponentidferdingkgecayvalues that
appear to approach a constant vakgeWith increasing concentration of substrate.

Transient absorption spectra reveagdxed t he

410 nm in addition to the stannylene absorption bamsdlutions of2 containing 15.0
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mM BusSnCl. 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 sinatarcentration dependenae thabn
the stannylene decay rate coefficient. The 410 nm transient is assigned to the Lewis acid
base complex of SnRkith BusSnCl. The plot okgecayVvs. BusSnCl for this species
follows a similar formas the stannylene trace, and both can be modelled using the pre
equilibrium approximatiori® which becomes applicable in instances wherein a rapid
equilibrium is established between the stannylene and substrate with cénistant
followed by a slow unimolecular rearrangemelnaracterized by theteconstank,. At

low substrate concentratiokiecayiS linear with respect to substrate concentration with
limiting slope given by the produbtk,, while at the high concentratidimit KyecaylS

given byk,, and isindependent of concentration.

The nonlinear least squares fit of ti&nPh decay values to eq. & affords the
valuesK; = (500 + 100) M andk, = (1.3 + 0.1)i 10° s* (Figure 3.7a)analysis 0fkgecay
at 410 nm similarly affords values Kf = (200 + 80) M* andk, = (1.6 + 0.3) 10°s™*

(Figure 3.7b). As expected, reasonable agreement is found between the data obtained at
500 nm and 410 nm; although a marginally smadleis obtained in the lattelase. The
composite values, obtained by analyzing the 410 nm and 500 nm data together (Figure
3.7c¢), afford valuesf Ky = (350 + 80) M" andk, = (1.4 + 0.1) 10°s™.

A similar analysis okgecayfor SnMePh (Figure S3.9a) affordsnearly identical
values forK; andk, from analysis of the 500 nm and 410 nm data (see Table 3.2).
Analysis ofthe composite data (Figure S3.9c) affords valudé, af (500 + 100) M and
ko= (1.5+0.1) 10°s™. Thevalues forK; andk; for the reactions dBusSnCl with

SnPh and SiMePhare summarized in Table 3A&Iso included in theable are the values
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of kg for SnMe, SnPh and SiMePh, in the latter two cases these are calculated as the

product of the termK;k, from the composite data

Table 3.2 Summary oK; (M™), k, (10° s*) andkq (10° M ™) for the Reactions of
SnMe, SnPh and SnMePh with B45nCl in Hexanes at 25 °C

SnMe’ SnPh SnMePH
(530 nm) (500 nm) (410 nm) (500 nm) (410 nm)
Ky (M™) - 500+ 100 (200 +80Q 600 £ 100 (200 + 100
ko (10° s - 1.3+01 (1.6+03 146+0.09 (1.8+0.3
Composite (. both data sets analyzed as one)
Ki(M™) - 350 + 80 500 + 100
ko (10° s™) - 1.4+0.1 1.5+0.1
ko(10°M™*s?) 0.83+0.08 0.5+ 0.1 07+0.2

®Errors are quoted as twice tsiandard error obtained from the lesgtiares anges
unless otherwise specifietho intermediate detectetData recorded by B. Nguyefkg
calculated as the product of separately measured vgjumsdk,: ko = Kiky;

The transient spectrkhaviour of the stannylenes with43mCl is consistent
with the general reaction scheme shown in e.3Mith SnMePh and SnRlthe
intermediate complewas observedirectly, whereas with SnMehe complex does not
build up to a high enough concentratir it to be detected.his presumably occurs
because SnMeas a wealkr Lewis acid than SnBland SnMePh (decreasiig) but leads
to a more reactive complex owing to steric factors (incredsingVith the knowledge
that SnMe consistently forms less stable Lewis abake complexes than SnRithe
ratio Keq " "2/ Keg " "®?varies between 2 to 6 in the substrates where both equilibrium
constants can be measured (see Chapteardig@quilibrium constant of the first stean
beestimatedo beK; ~ 1 M, andby extension (using the relationstip = K1ko) the
subsequent insertion to proceed at akate10' s*. Comparison of the composite data
for SnPh and SnMePh reveal negligible differences in the equilibrikiph &nd nsertion
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(ko) steps. Similarly, a comparison &fk, at the low substrate limit suggesgtgathin
error)anegligible difference imverallreactivity between the three stannylenes, all of
which range between 8)i 10°M™*s™,
3.4. The Reactions o6nMe,, SnPh and SnMePhwith Acetic Acid
3.4.1. Results

Photolysis of a deaerated[;, solution ofl (ca.0.05 M) in the presence of
AcOH (ca. 0.21M) affords diene7, methaneZ0), molecular hydroger2(l) and two tin
containing products that were teinaty identified as dimethyltin diacetat2?) and 1,2
diacetoxytetramethyldistannar2s] (eq. 3.8). The'H and*°*Sn NMR spectra of the
photolyzate after 30 minutes photolysis are shown in Figuegd.8b and S3.10,
respectivelyH, ( wi4.54) was identified by comparison of the chemical shift to that
reported in the same solvéitvh i | e t he i dewOt.iltBA.7®lvas met hane
confirmed by spiking the photolyzate with an authentic sample. Comp@@raohai23
were identified by comparison of thi, **c{*H} and***Sn{*H} NMR spectra of the
photolyzateto ther reported spectrd:> after evaporation of solvent and redissolution in

CDCl; or GDg as appropriatésee 8.7.3)

Ph

hv S
| SnMe, + AcCOH — AN + CH, + Hy
Ph CeD12
1 7 20 21
(93 £5)% (40 £4)% (8+1)%
(3.19)

CI)Ac

Me,Sn(OAc), + MeZSrﬂ-SnMez
OAc
22 23
13+ 1)% (26 £ 1)%

Product yields were determined from the initial (first éhoe four data points, see

Figure 3.9) slopes of concentration versus time plots constructed for the starting materials
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and products fromH NMR spectra recorded of the reaction mixture at selected time
intervals during the photolysis. The yield of molesutiydrogen is adjusted to account for
the 3:1 ratio obrtho-H, to para-H- (the latter is NMR inactiv®), while that of the
distannan@3was calculated on a p&nMe-unit basis. Concentration versus time plots
for 20, 21and22in particular are strongly curved at prolonged photolysis times.
Evaporation of volatile compounds k21) and CH (20) during prolonged photolysis

could account for some of the curvature. Product formation was also accompanied by a
rapid yellowing of tle reaction solution, consistent with the buildl of distannan23in

the mixture* The mixture ofl and AcOH remains unchanged after sittingrfarghly 30

minutesprior to irradiation, suggesting product formation is initiated by photolysis.

~7.1910
7.1523
7.0433

Saa Ka

i \ ‘ 22

AcOH 1 Si,Me,

1.3798
0.8074
—0.5520
0.2956
—0.1826
—0.0478

23

20

M Il

LUl AN LJ_; W Ji| . I;‘LJ J

T T
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Figure 3.8 1H NMR spectra of a deaerated 0.05 M solutiod of CsD;, containing
AcOH (0.21 M) (a) before and (b) after 30 minubéphotolysis with 254 nm light.
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Figure 3.9 Concentration @rsustime plots
1 for the photolysis of a deaerated 0.05 M
1 solution ofl in C¢D;, containing AcOH (0.21

O1 3 M). The inset shows an expanded plot,
4 ] detailing the formation of compoun@s - 22
. Q with photolysis time. The initial slopes

(determined from the first three data points
20and21, and first four data points
otherwise)ard,-1 . 210 N 711286
0. 0 6200149 +0.051( ); 23, 0.160 +

0. 0021 ( @) ;09 [R2m6B20£1
0.007 @ ) (units, mM min?).

Concentration / mM

Time (min)

When the photolysis df is repeated using a mixture of ACOH:AcOD (24 + 1%
AcOH, calculated from the relative integrals of the OH and @donances in thid
NMR spectrun), the resulting product mixture after 30 miesiof irradiatior(Fig 3.10)
wasvery similarto that described above except for the presence of additional signals (all
triplets) in the™C andor *H NMR spectrassignablé o  Hy2.50(t)i “Jup = 42.5 Hz)
and CHD {OW7(t), o= 1. 9c-49¢); JcdF 19.6 Hz). ThéH NMR spectrum
after 30 minutes photolysis indicates the ratio of,@rtd CHD present was CHCH3D
= 2.8 £ 0.3By comparison, a@atio of CH,;:CHzD ~ 0.3 wouldbe predicted in the absence
of an isotope effect on threaction.The kinetic isotope effeck(/kp) canthusbe
calculated according to eq. 3.20 froine relative ratios of ACOH:AcOD and Gi€H;3D,
affording a value oky/kp = 8.7 £ 0.9 for the isotope effect on the reaction rate.

ki _ AcOD CH
kn AcOHCH

(3.20
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Figure 3.10 (a)'H NMR spectrun{-0.05- 0.40 ppm) and (b)*C{*H} NMR spectrum(-
6.0- -1.0 ppm) of a deaerated 0.05 M solutiori @ CsD;, containing a mixture of
AcOH/AcOD (total concentration 0.20 M) after 30 minutes photolysis with 254 nm i

Photolysis oR in the presence of AcOH (0.20 M) resulted in the formatio® arid
benzeneZ4) as the major products (e821). One additionlbunidentified product
containing aromatic resonances was observed to be formed in minor yield; however, its
formation levels off after ca. 4% conversion2ofThe presence @4 was confirmed by
GC-MS analysis of the photolyzate (Figure S11), in additioanalysis ofH and**C

NMR spectra of the photolysis mixture after addition of an authentic sampte of

T~ S O
nFny AN +
AcOH (3.21)
6 24

2 CeD12

(114 £ 10)% (112 £10)%
Continued photolysis led to the formation of a white precipitate and broadening of the

aromatic and aliphatic regions of thé NMR spectrum; no new resonances were
observed in th&*®Sn NMR spectrum of the photolyzate after 30 minutes photolysis and
ca. D % conversion o2. The'H NMR spectrum contained no resonances indhé ¢

6.5) SnH region or @4 4.54) where Hresonates, indicating the-®insertion product

(PhSn(H)OAC) is not formed in the reaction. The generation of benzene in quantitative
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yield suggests the primary reaction to be analogous to that offih&ihstitutionchannel

reported foithe reactions dkinetically stabilized diarylstannylenes with MeOH or

water? The mixture was allowed to sit for roughly 1 hour prior to photolgsis resulted

in no changes in thtiH NMR spectrumyhich rules out the possibility of a dark reaction.

RepresentativeH NMR spectra are presented in Figure 3.11, whileentration versus

time plots showing the formation 6fand24 at the expense @&are shown in Figure

3.12.
24
6
6
|
Al .Jk - .I,l“ [ I‘l‘--l|"k_. ._J“‘__ e "L
A AcOH | | 5 Si;Me;
2 2
2
| CoDyH
I _ ALJI“IU‘U'L,,V, N ,A;-‘L
8.0 ?‘5 ?‘U 8‘5 E!D 5!5 5.0 45 ZTD 1.8 1.‘Ei 1!4 1.‘2 TTU 0.8 D‘E D.‘4 G!Z D‘O 'D‘Z Ippm
Figure 3.11 *H NMR spectra of a deaerated 0.05 M solutio if CsD1» containing

AcOH (0.20 M) (a) before and (b) after 30 minutes photolystis 254 nm light.
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sof Figure 3.12 Concentration ersts time plots

R for the photolysis of a solution @f(ca. 0.05
M) in C¢D12 and AcOH (ca. 0.2 M). The
45} 5 initial slopesof each of the plots, determinec

from the first four data points f@andthe

first six data points otherwise, are (in units «
mMmin)2,-0. 59 N 6)0.72 20.06 :
(124, 0.71 N 0.06 ( m)

Concentration / mM

%....é....llo

Time (min)

Repeating the photolysis @funder the same conditions but using a mixture of
AcOH and AcOD (22 + 1% AcOH) results in a simitat NMR spectrum to the one
obtained from the photolysis with AcOH. The invegge protordecoupled®C NMR
spectrum after 30 minutes of irradiation extshiew resonances assigned tbl§D { U
128.4(*Jcp = 24.5 Hz:iipso-Ph), 128.60-Ph), 128.7 f,p-Ph)). GHsD was identified
based on agreement of its deuterium isotope effeatis Gre. the differences idc
relative to GHg which is also present in tlepectrum; see Fig. 3.13) with those
previously reported’ The ratio [GHe]:[CsHsD] was calculatedrom the integral ratiof
the resonance at 128 &fter subtracting additional resonances du snd GHsD)
relative to the resonance at 128lée to GHsD, and adjusting for the number of carbons.
Integration of the spectrum afforded estimate of §Hg:CgHsD = 1.4 £ 0.1 for the ratio
of benzene:benzerkformed in the photolysis. From this and the AcOH:AcOD
concentration ratio was calculated a valu& @k, = 5.2 + 0.3 for the kinetic isotope

effect.
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Figure 3.13 Inversegate™C{'H}
NMR spectrum (128.0129.5 ppm)
sHs / CsHsD / 2" of a deaerated 0.05 M solutionf
rﬂ in CsD1, containing a mixture of

‘l AcOH:AcOD (total concentration

129.13
128.83
—128.71
128.55
—128.41
—128.27

@
n
2]
(3}

\

C

I ‘l CeHsD 0.20 M) after 30 minutes photolysis
2, | [ — with 254 nm light 2’ denote satellite
T | A resonances fror).

. . . - r . T - T g T T "
129.4 1202 129.0 128.8 128.6 1284 128.2 ppm

0.17

Photolysis of a gD12 solution of4 (0.05 M) containing AcOH (0.20 M) resulted
in the formation of7 (118 + 9 %), benzen@4, 58 + 3 %), and methan2Q, 40 + 3 %) as
the major products (e§.22); one additional product was formed in relatively low yield
and is tentatively assigned 2@ (11 + 1 %) on the basis of itsl, **C{*H} and***sn{*H}
NMR resonances in comparison with the spectra obtainedtfrephotolysis ofl with
AcOH. A small colletion of additional resonances was also observed in thediBcand
7.5- 7.7 ppm regions of thé#d NMR spectrum but could not be identified. Continued

photolysis was accompanied by the formation of a white precipitate.

j@SnMePh —_—— X AN + © + CH,
Ph AcOH
4 CeD12 7 24 20
(118 £ 9)% (58 +3)% (40 £3)%

(3.22)
+ Me,Sn(OAc),

22
(11 £1)%
Concertration versus time plots f@rand the identified products are shown in Figure

3.15, while theH NMR spectrum of the photolyzate after ca. 30 minutes photolysis is
shown in Figure 3.14b. The presencensthaneandbenzeneavas confirmed byH and

13C NMR spectroscopy after spiking the photolyzate with an authentic sample of each
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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 prodsetved
(eq.3.22)suggesthatSnMePh and dienéare generated cleanly frofnand the

stannylene reacts with AcOH to produnethane and benzenempetitively

woo® o NN WS M— O NN © o o 0 1
TN O ANCow SRR QMO © o - <
NN NN 16 W0 1616 Nm e ] c S o
[N - A = | I
24 7
N
7 20
— l ! |
B ‘ [ l" h | 22
WA L el S W A _.rL__ - by o
A .
4 cO ‘ 4 CeDyH 4 Si,Meg
11
[
A i ”(? |+ * ||
L .*\ S M g Il )
— T T 1 — T L B e e A A B S S B — T '
7.5 7.0 6.5 6.0 55 5.0 4.5 ppm 2.0 1.5 1.0 0.5 ppm

Figure 3.14 *H NMR spectra of a deaerated ca. 0.05 M solutiofinfCsD1- containing
AcOH (0.20 M) (a) before and (b) after 30 minutes photolysis with 254 nm light
(*unreactive impurity).[Pata recorded by B. Nguygn

] Figure 3.15 Concentration versus time plots
] for the photolysis of a solution df(ca. 0.05
40p 1 M) in CgD12 and AcOH (ca. 0.2 M). The initial

15 4] slopes in each of the plots, determined from
300 ] first four data points for and24 and first five

s — ?he data points otherwise, are (in units of mM mi
£l “ 1 H4-0.81 N . 079435 0.
S 05 1 0.46 N 20,.0.621+ 0.04d0)); 22, 0.09 +
g ; 0.01 @ ). (Data recorded by B. Nguygn
§ 10t © 5
8 Time (min)

5 10
Time (min)
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The absolute rate constants for the reactions of $r8féh, and SnMePh with
AcOH and AcOD determined in this work are summarized in TableTB8same
bimolecular rate constants within error were obtained for Sraié SnP while a ca.
50 % larger rate constant was measured for the reaction with Snklaiverto SnMe
Quenching experiments with SnMend SnPhwere also carried out using AcOD as the
stannylene substrate (Figure 3.16¢c and S3.12b). In both cases rate constants were
obtained that were the same within error as those for quenching by Ac@gtsting a
negligible kinetic isotope effedky/kp = 1.2 £ 0.3 for SnMgand 0.9 £+ 0.1 for SnRBh
Laser flash photolysis experiments shiwattthe addition of AcOkb hexanes solutions
of 1, 2 and4 results in kinetic quenching of the stannylene sigraald the appearance of
new, relatively longived transient absorptions in the 27840 nm region of the
spectrum. (See Figure 3.16 fband Figure S3.12 fd and4) In all cases, formation of
the dimer absorptions observed in the absence of sulistediminatedn the presence of
added AcOH.

Table 3.3 Absolute Rate Constantky for the Reactions of SnMeSnPh and SnMePh
with AcOH and AcODin Hexanes Solution at 25 fC

ko (10°M™*sh
Substrate
SnMe SnPh SnMePR
AcOH 3.5+0.8 42+0.4 6.5+ 0.5
AcOD 29+03 46+08 c

®Errors are quoted as twice the standard error obtained from thedeases angses
unless otherwise specifietData recorded by B. Nguyefmot measured
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Figure 3.16 (a) Timeresolved U\vis spectra from laser photolysis bin hexanes
containing 0.5 mM AcOH, 0.070.10 ps §), 0.30- 0.32 ps [ ), and 3.50 3.53 ps @
after the laser pulse (25 °C); data recorded using a neutral density filter (43 %
transmittance). Plot ddjecayfor reaction of SnMg(530 nm) with (b) AcOH and (c)
AcOD in hexanes at 25 °C; the solid kinarethe linear least squarésof the datad
eqguation 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 HOACc to afford the corresponding acetoxysilanegarmane (RH)MOAc; R =
Me, Ph; M= Si, Ge), reeectively, as the major products in all cas&®’ Substituent
effects on the rate constant for reaction of AcOH strongly implicate the involvement of a
pre-reaction complein the case of diarylgermylen&salthough they do not build up to
sufficiently high concentrations for their transient spectra to be detected directly. In the
present cases, additioh submillimolar 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
linearupto 1.2 mM, and afford rate constantskgf= (3.5 + 0.8)f 10° M s, ko= (4.2
+0.4)i 10°M's'andko=(6.5+0.5) 10°M™ s’ for SnMe, SnPh, and SnMePh
respectively. The spectra showed no evidence of transient abssiptiba 350- 370 nm

range, where the corresponding stannyEei@Ac complexes would be expected to
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absorb based on the spectra of the SERAc complexes (for SnMeand SnP}) see
Chapter 4). This suggests the stannyEI@®Ac complexes, if they are formed, exist as
steadystate intermediase Transient absorption spectrBsolutions ofl, 2 and4
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 nm (see Figres 3.16a and
S3.12de).

It was alsdfound inthe reaction mixturesf 2 and AcOH thabenzeng24)
formed in high yield as the major product. The photolyzate is stable in the absence of UV
irradiation, which rules out a direct reaction betw2amd AcOH as the source of
benzeneThe finding from flash photolysis studies that Snielacts rapidly and gball
indications) irreversibly with AcOH, coupled with the equivalent product yields of
benzeneand6, leads us to attribute the formationb@nzendo a direct reaction between
SnPh and AcOH. The formation of benzene is analogous to tfiesabstituton channel
found for kinetically stabilized diarylstannylenes and small protic molecules, (N
and MeOH)**? as well as Kelimination between Gerand AcOH? In principle, the
elimination of benzene should also afford acetoxyphenylstannylene (SnPh@BRES?
as the ceproduct(eq. 3.23)however evidence for its formation was not found in the

transient U\vis absorption spectrum.

o)
SnPh, + —
AOH H  SnPh,

The flash photolysis behaviour bin the presence of AcOH is also consistent

OLQ :SnPh(OAc) (3.23)
+ PhH (24)

with a fast, direct reaction between SnMead AcOH, which the results of product
studies experiments suggest is due to two competing reaclioa formation of methree
is attributed to aubstitutionchannel analogous to theyl substitutiorpathway that
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produces benzene from SnPhhe elimination of methane should also produce a
stoichiometric quantity of acetoxymethylstannylene (SnMe(O28); However as with
the phenyl analogu€g could not beidentified in the transient UVis spectrum. The
only precedent for acigromoted cleavage of an alkyl group from a dialkylstannytene
our knowledges a report that treatmeat the stericallyhindered stannylen27 (eq. 3.24)
with MeOH or water led to the formation ‘tdcyclic prodets' that were not specifically
identified*®

SiMes

\
~sj_f.SiMe3
[ \(Sn:
//Si/<”SiMe3 (3.29

SiMe;

27
No indication of diagnostic SH and SARMe resonances attributable to

acetoxydimethylstannane (ly#n(H)OACc;28) (through comparison with structurally
related compounds RI(H)OAc (R;M = Me,Ge*® and BuSrt")) could be detecteith the
'H NMR spectrum of the photolyzate. The formation efadd distannan23 can be
tentatively ascribed tasecondary reactioof 28. The dehydrogenative coupling of
dialkyltin hydrides has been previously demonstrated with tmebdityl derivatives o3
and28 (eq.3.25.%

'T' (l)Ac
2BuSn—OAc —> BuSn—SnBu, + Hy (3.2
OAc

Based on the reaction stoichiometry shown in3e25 the chemical yield of pishould be
considered on a per 'H' basi®(iif taken as straight noentration affords a maximum
yield of 50 %), affording a yield 16 + 2 %. Themaryyield of 28 can also be

approximateds twicethe product yield o23, which affords a value of ca. 26 %.
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Equation 3.26 illustrates theo reaction channels betweSnMe and AcOH(i.e.
O-H insertion and methane eliminatjoras well as tharyl substitutionpathway for
SnPh and AcOH With SnMe, the ratio of product yield80/23= 1.5 + 0.2 suggests a
slight preference for alkane eliminatiomer OH insertion consstent witha difference
in activatione n e r g y& -00f3 kaplanof. Continued photolysis leads to a levelling of
the concentration versus time plot fi;, but not for23, perhaps because e¥aporation
of H; during prolonged photolysi.The formation o22is ascribed to a
disproportionatiomeaction of26 (eq. 3.26) This isanalogougo the reported reaction
between the Lappert dialkylstannylene SR = CH(SiMe),) and SnClto produce

R,SnCh and tin metaf® the processan be formally represented as 2 SnglISn(IV) +

Sn(0)
SRy, |"ho |R=Me H X2 e Me,S gAl\j + H
+ H. J\ Me,Sn—OAc 2o oniie; 2
AcOH O OAc
28 23 21
l R = Me, Ph (3.26
>
R-H + [R(OAc)Sn] ﬂﬂ» 1/2 Sn(0) + 1/2 Me,Sn(OAc),
=Me
R = Ph; 24 R = Ph; 25 22

R =Me; 20 R = Me; 26
In principle, the reaction of SnMePh with AcOH can proceed via three competing

pathways: the elimination of GH20), elimination of benzen&4), and GH bond
insertion. Indeed, the product studies indicate 20a&tnd24 are formed (e(3.27) in a
ratio24:20=1.5 + 0.1, indicating a preference foylawveralkyl substitution Evidence
for O-H insertion, eithem the formof the acetoxystannane (MePhSn(H)OACc) or the
formation of B, wasnotfoundfor this compoundThe formation oR2is attributed again
to the disproportionation &6 (eq.3.27). The schemeutlinedin eq. 3.7 predicts the

product rati®22/24 ~ 0.5, which is roughly twice the value obtained from the ratio of
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product yield22/24 ~ 0.2. This discrepancy suggests therfation of22 from 26 to be

ca. 40 % efficient.

SnMePh PhMeSn\O ”
+ ’ H J\ > Ph-H + [Me(OAc)Sn] —> 1/2 Sn(0) + 1/2 Me,Sn(OAc),
AcOH 0 24 26 22
(3.27
\—> Me-H + [Ph(OAc)Sn]
20 25

The flash photolysis results indicate the rate constant for reaction of AcCOH with
SnMePhs modestly greatehan those foeitherSnMe or SnPh. The first comparison
(Ksnmerh™> ksnved Suggests gt substitutionto be the preferred pathwayer methane
elimination while the latter resulk§nmern™> ksnpn) IS consistent with the electron
donating character of the methyl group in SnMéfehative to the phenyl group in SnfPh
fadlitating aryl substitution

The kinetic isotope effectsalculated fronthe CH4/CH3D andCgHe/CgHsD ratios
from thereaction of SnMgand SnPhwith AcOH/AcOD mixturesindicatea large
primary isotope effect in both cases, consistent with proton trandfes rate
determining step. This appears at odds withkihe/kacop 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 differen@ecioL (L = H, D) concentration
employed in the two methods, as it is known thaDH exists in a variety of oligomeric
forms in hydrocarbon solvents. In particulazeic acid at 0.2 M molar concentration in
cyclohexane (as employed in the product studies) is &gbéu exist as oligomeric
structure®’ while in hexanes solution at 0-1.2 mMit is expected tdbe present mostly
as a mixture of monomer and hydrogen bonded dffriEine lack ofa significant kinetic
isotope effect in the flash photolysis experiments is attributed to the rapid rate of proton

transfer, as was observed previously in thk i@sertionof diarylgermylenes with
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AcOL.*! 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 additionakpaion equilibrium
involving dissociation of AcOH oligomers on which there is a large isotope effect.

3.5. Summary and Conclusions

Laser flash photolysis & and4 both generate SnMePh cleanly and efficiently in
solution. Analysis of the stannylene's reactivity towardg3W€}L using a combination of
product and kinetistudiessuggests facile S@I bond insertion of the stannylene via a
two-step mechanism initiated by reversible Lewis dmde complexation between
SnMePh and the substrate, followed by the bond insertion&téfpePh was found to be
reactive towards Lewis aciose complexation with THF and MeOH. T, for
complexation with MeOH is intermediate between those of safth SnMe under
similar conditions.

The reaction of acetic acid with SnRiroceeds via areraimination, affording
benzene as the primary product; no evidence is found for the formation ofHthe O
insertion product Pisn(H)OAc. Conversely, the reaction of acetic acid with SnMe
produces methane, molecular hydrogen, and the acetoxytin com®3swid22. H, and
23 are proposed to be formed as decomposition products of the formah€&2rtion
product MeSn(H)OAc28 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 presunpeddratsof
ligand substitubn, MeSnOACc(26) or PhSnOA{25), could not be conclusively
ascertained, nor could they be identified conclusively by laser photolysis methods.

The reaction of SnMewith tributylchlorostannane affords the formal-Sh
insertion product, BssnSnMeCl (18). Kinetics experiments suggest the reaction
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proceeds via a twetep coordinatiofinsertion pathway, and with SnMePh and SRk

intermediate complex was detected alongside the stannylene by-itss@d¥sorption at

Smax = 410

nm.

3.6. Supporting Information
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Figure S3.2 'H NMR spectra of a deaerated 0.05 M solutioB of CsD1» (a) before and
(b) after 10 minutesf photolysis with 254 nm light. (Jnreactiveimpurity)
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Figure S3.3 'H NMR spectra of a 0.04 M solution 8fin CgD1, containing 0.04 M
Me,SnCl, (a) before and (b) after 10 minutes photolysis with 254 nm light, and (c) ¢
spiking the resulting photolyzate with an authentic sampte @lUnreactive impurity

Me,SnCl; 8

Figure S3.4 %Sn{*H} NMR spectra of a 0.04 M solution 8fin CsD1, containing 0.04
M Me,SnCl (a) after 10 minutes photolysis with 254 nm light, and (b) after spiking t
resulting photolyzate with an authentic samplé.of
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