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ABSTRACT

The complexation reactions of silylenes (SpM®iPh and SiMeg) and germylenes
(GeMe, GePh and GeMeg with a series of O-, S-, N- and P-donors havenlstadied
in hexanes solution. The equilibrium constantscmmplexation of SiMesand GeMes
with 7 Lewis bases were determined, and demonsthatiethe silylene is more Lewis
acidic than the germylene by ca. 1 kcal ™oDiethyl ether reacted with the six
tetrellylenes with equilibrium constants that desein the order SiRk» SiMe, > GePh
> GeMe > SiMes > GeMes, establishing a trend in the Lewis acidities a #ilylenes
and germylenes. Experimental results are complesdebly calculated (G4) binding
enthalpies of the MMedonor complexes, which were found to correlatehviditago’s E
and C parameters leading to the classification ibfes and GeMe as borderline soft
Lewis acids.

A number of sigma-bond insertion reactions by tiemssilylenes was examined,
namely the O-H, N-H and Si-O insertion reactionghvalcohols, amines and siloxanes,
respectively. In all cases the reactions were faonuroceed via a two step mechanism in
which the first step is a reversible formation ofewis acid-base complex. The second
step was found to be a catalytic H-migration in teactions with alcohols and amines;
the catalysis by the alcohol is at least fithes faster than that by the amine. Complexes
of silylenes with alkoxysilanes and siloxanes tfama into the final products via a
unimolecular [1,2]-silyl migration.

Chalcogen abstraction reactions by silylenes (SiN#Ph, SiTmp and SiMesg)

and germylenes (GeMeand GePj)) from oxiranes (cyclohexene oxide (CHO) and



propylene oxide (PrO)) and thiiranes (cyclohexemiéde (CHS) and propylene sulfide
(PrS)) were investigated by laser flash photolysis steady-state photolysis methods.
The results indicate that the reaction proceedsaviao step mechanism, in which the
first step is a reversible complexation followed d&ynimolecular decomposition of the
complex to vyield products of chalcogen abstractioramely alkenes and the
corresponding fM=X transients (R = Me, Ph, Tmp and Mes, M = SGa, X = O or S).
Diphenylsilanethione was directly detected and tified on the basis of its spectra and
reactivity with amines and alcohols. The O- andiSstraction by silylenes proceed with
ca. 50% efficiency; in contrast, no evidence foal&traction by GeMdrom CHO could

be found, while propene was formed in ca. 35% Vielihe reaction of GeMewith PrS.
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and 279.7-282.9s (@) after the laser pulse. The inset in each of tbarés
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spectra from laser flash photolysis of a hexanetsol of 37 containing 4.8 mM
Et;P, recorded 4.8-12.8s (e), 139.2-147.2us (0), and 699.2-707.Rs (o) after

the laser pulse; (c) transient absorption spect flaser flash photolysis of a
hexane solution ofi6 containing 4.8 mM EP, recorded 1.9-5.iis (¢) and
279.7-282.9us (@) after the laser pulse, dotted line shows theetsffice
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Figure 3.14 (a) Transient absorption spectra from laser flpisbtolysis of a 99
hexane solution 043 containing 3.76 mM Gy, recorded 4.8-128s (e), 91.2-
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mM Cy;sP, recorded 59.2-65)6 (o) and 139.2-147.8s (0) after the laser pulse;
(c) transient absorption spectra from laser flasbtplysis of a hexane solution
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Figure 3.15 (a) Transient absorption spectra from laser flplsbtolysis of a 100
hexane solution oB6 containing 1.36 mM CyP, recorded 0-3.21s (e) and

XV



279.7-282.9us (0) after the laser pulse; (b) transient absorptipacga from
laser flash photolysis of a hexane solution3af containing 3.6 mM Gy,
recorded 11.2-17.@s (e), 379.2-388.81s (0), and 859.2-867.8s (@) after the
laser pulse; (c) transient absorption spectra ftager flash photolysis of a
hexane solution o6 containing 2.3 mM CP, recorded 0-2.@s (¢) and 279.7-
282.9 us (0) after the laser pulse, dotted line shows theetkffice spectrum
between ¢) and 0). The inset in each of the figures shows transaésbrbance
vs. time profiles recorded at representative wangtles in the spectra.

Figure 3.1€. Transient absorption spectra from laser flashgifsis of a hexane101
solution of GeMe precursor36 containing (a) 0.6 mM ENH, recorded 0.64-
1.28 us (#) and 9.12-10.08s (0) after the laser pulse; (b) 5.3 mM;EH,
recorded 1.92-4.48s (o) and 36.48-40.38s (0) after the laser pulse; the insets
show the transient decay profiles recorded at 28Gand 370 nm. (c) Plot of the
pseudo-first-order decay coefficientkyetay versus [EbNH] for GeMe
absorptions.

Figure 3.17 (a) Plot of AAg / AAeq vs [EbNH] for the GeMes absorption 103
monitored at 550 nm, (b) transient absorption specom laser flash photolysis

of a hexane solution @f6 containing 20 mM ENH, recorded 0.96-2.5@s (e),
18.24-19.84us (), and 139.84-141.44is (o) after the laser pulse; the inset
shows transient decay profiles recorded at 350 mir4&0 nm.

Figure 3.18 Plot of experimental free energies of complexatérGeMes vs 108
those of SiMeswith the same donor in hexanes at’25(e); the dashed line is

the least-squares fit of the seven data points. gdiats for the MPRELO,
MMe,-Et,O and MMe-THF systems are also included in the ptt (feference
state: gas phase, 1 atm and’@b

Figure 3.19 Plot of calculated (G4) binding free energies cdM&-donor 109
complexes vs those of the corresponding Silfenor complexese). The
experimental data points for the MM®-donor fA) and MMes-donor @) Lewis
pairs (see Fig. 3.18) are also included in therégistandard state gas phase, 1
atm, and 25C). Ref.?

Figure 3.2Q Plots of calculated (G4) and experimental (hexanes; A) standard 110
free energies of complexation of chalcogen andtpgen donors with (a) SiMe
and (b) GeMeg vs the (experimental) protonffimities of the donors. The
experimental values for the SiMesand GeMeg-donor complexesy, hexanes)
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are also shown in the plots; upward-pointing arromdicate that only lower
limits of the binding energies could be determinBde reference state is the gas
phase at 1 atm and 25 °C in all cases.

Figure 3.21 Plots of calculated (G4) gas-phase binding enibalpf (a) SiMe 112
and (b) GeMeg with chalcogen and pnictogen donors, vs the twaspater
functions defined by least-squares fitting of tla¢acto eq 3.4.

Figure 4.1. Plots of the pseudo-first order rate coefficiefhktgcay) for the decay 120
of free SiM@ (Amax = 465 nm; L = H @) and D QO)), and of the SiMgeMeOL
complex (monitored at 310 nm; L = HlY and D {)), vs. [MeOL]. The solid
lines are the linear least squares fits of the ttaeguation 4.1.

Figure 4.2. (a) Plots of the pseudo-first order decay rakeffecients Kyecay vs. 120
[t-BuOL], of free SiM@ (Amax = 465 nm; L = H @) and D Q©)) and of the
SiMe,-t-BuOL complex Amax = 300 nm; L = H @) and D (d)). (b) Transient
absorption spectra from a deoxygenated solutiod3in anhydrous hexanes
containing 1.16 mM-BuOD, recorded 16-26 n®©( and 138-150 ns{) after

the laser pulse; the insets show transient de@medrrecorded at monitoring
wavelengths of 310 and 470 nm.

Figure 4.Z. Plots of the pseudo-first order decay rate coieiffits Kjecay Of SiPh 122
vs. [ROL] (L = H (®) or D (O)) for (a) R = Me and (b) R £Bu, in hexanes at
25°C. The solid lines are the best linear least ssgpifirs of the data to equation
4.1. The data were obtained in the same expersmenithose represented in
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Figure 4.4. Plots of the pseudo-first order decay rate @mstKyecay Of the 122
SiPh-ROL complexes (L = HE) or D [d)) vs. [ROL] for (a) R = Me and (b) R

= t-Bu, in hexanes at 2%2. The solid lines are the best linear least sepifits

of the data to equation 4.1.

Figure 4.5. Plots of the pseudo-first-order rate constantgie decay of SiMes 126
vs [MeOL] (L = H, (@) or D (0)) in hexanes at 25 C. The solid lines are the
nonlinear least-squares fits of the data to eqReproduced from ref.

Figure 4.6 Standard free energy surfaces for the O-H inseregactions of Sikl 127
and SiMe with MeOH, calculated at the G3 and G4 levels béoty,
respectively (298.15 K, kcal myl.>”’
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Figure 5.1. (a) Concentration vs. time plots for 254 nm iraion of 131
deoxygenated solutions d#a (0.05 M) in GD1, containing EANH (0.05 M),

H,O (ca. 0.002 M) and 1,4-dioxane (0.01 M). The Impartions of the plot
were analyzed by linear least squares and are atbawed by the following
slopes: 44a (0) = -0.00075 = 0.000047 (w) = 0.00078 + 0.000043 (o) =
0.00055 + 0.00001, ENH (e) = -0.00058 + 0.0000284 (A), 85 (A). (b)
expansion of (a) between 0 and 0.005 M.

Figure 5.2 600 MHz'H NMR spectra of a solution of 0.05 K#e, 0.05 M 132
EtNH, 0.005 M HO and 0.01 M 1,4-dioxane ingB,, after a) 0 min of
photolysis; b) 3 min of photolysis; c) 15 min ofgiblysis

Figure 5.3 Plots of the first order decay rate coefficie(lgcay vs. [S] of (a) 135
SiMe, with S = EfNL, where L = H ¢) and L = D ¢); (b) SiMe with S = n-
BuNH; (0) and EtN (¢); (c) SiPh with S = EtNH (0) and E4ND (¢); (d) SiPh

with S = n-BuNH (0) and EtN (¢) in hexanes at 2%C. The solid lines are the
linear least squares fits of the data to eq. SMegand SiPhwere monitored at
470 nm and 530 nm, respectively.

Figure 5.4.(a) Transient absorption spectra recorded 0.3840s70), 2.37-2.69 137
us @) and 34.37-34.69s (A) after the laser pulse, from laser flash photaslydi

a deoxygenated hexane solution of SiNdeecursord3 in the presence of 19.5
mM n-BuNH,. The inset shows transient decay traces record28Gnm and
320 nm. (b) Transient absorption spectra record48-0.28us (0), 2.72-3.52us
(o) and 69.92-70.721s (A) after the laser pulse, by laser flash photolydis
deoxygenated hexane solution4din the presence of 20 mM J&tH. The inset
shows a transient decay trace recorded at 300 (eh.Transient absorption
spectra recorded 19-32i& (0), 59-67us (@) and 539-547us (A) after the laser
pulse, by laser flash photolysis of a deoxygenaiexhne solution of3 in the
presence of 1.5 mM EN. The inset shows a transient decay trace recoatled
300 nm.

Figure 5.5. (a) Transient absorption spectra recorded 0.68-i2(0), 9.12- 138
10.08 us (@) and 53.92-54.72us (A) after the laser pulse, by laser flash
photolysis of a deoxygenated hexane solution ohSiitecursord44a in the
presence of 4.77 mM n-BuNHThe inset shows transient decay traces recorded
at 300 nm and 370 nm. (b) Transient absorptiontspeecorded 0.96-2.2ds

(0), 11.84-13.44us (@) and 107.84-109.44s (A) after the laser pulse, by laser
flash photolysis of a deoxygenated hexane solufe@htain the presence of 4.95
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mM EtNH. The inset shows transient decay traces recatd&d0 nm and 360
nm. (c) Transient absorption spectra recordedd3®%2ts (0), 59.2-67.2us @)
and 699.2-707.2us (A) after the laser pulse, by laser flash photolysisa
deoxygenated hexane solutionddfain the presence of 1.5 mM 4L The inset
shows transient decay traces recorded at 310 nm3@Qdnm. Experiments
performed by T. Singh).

Figure 5.€. Plots of the pseudo-first order rate coefficieioisdecay Kgecay Of 139
the SiMe-n-BuNH, (o) and SiMe-Et;NH (o) complexesversus [amine] in
hexanes at 25 °C.

Figure 5.7. (a) Plot of the first order rate coefficient fbecay Kyecay Of SiMes 140
vs. [n-BuNH]; the slope corresponds ta = (1 + 0.3) x 18 M* s% (b)
Transient absorption spectra recorded 0.96-p24), 11.84-13.44us (@), and
171.84-173.44us (A) after the laser pulse, by laser flash photolysfs
deoxygenated hexanes solution 4% containing 4.8 mM n-BuNE the inset
shows transient decay profiles recorded at 3103a0cdhm.

Figure 5.8 Plots of (akKjecayVs [EENH] and (b) AA/AAe) vs [EbNH], for the 142
reaction of SiMes(monitored at 580 nm) with BXH in deoxygenated hexanes
at 25°C. The solid lines are the linear least-squaresofithe data to eqs 5.2 and
5.3, respectively. (s = (3.5 + 0.5) x 1dM™* s (b) K, = (6 + 2) x 16 M™.
(Experiments performed by T. Sngh).

Figure 5.9 (a) Transient absorption spectra recorded 4.8841s (), 23.68- 143
2752 us (@), and 42.88-46.08is (A) after the laser pulse, by laser flash
photolysis of a deoxygenated hexanes solutioda5ofontaining 4.7 mM ENH

at 25°C; the inset shows transient decay profiles reabede800 and 370 nm. (b)
Transient absorption spectra recorded 2.56-p8€0), 9.12-10.08us @), and
85.92-86.72us (A) after the laser pulse, by laser flash photolysfs a
deoxygenated hexanes solutiorsfcontaining 1.5 mM EN at 25°C; the inset
shows transient decay profiles recorded at 290,, 3B and 580 nm.
(Experiments performed by T. Sngh).

Figure 5.1C. Plots of experimental standard free energy vatdesomplexation 146
of SiMes with the three amines vs (a) gas bastcitgd (b) proton affinity of
the donors. The reference state is a 1 M solutidrekanes at 2%C.

Figure 5.11. Standard free energy surfaces for the N-H inserteaction of 148
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SiMe, with MeNH, calculated at the G4 level of theory (298.15 Kalkool*).:2

Figure 5.1Zz. Standard free energy surface for the O-H insertieaction of 148
SiMe, with MeOH, calculated at the G4 levels of thed?98.15 K, kcal mot).22

Figure 6.1 Transient decay profiles recorded at (a) 470 md, (&) 310 nm, for 153
the reaction of SiMewith MeOTMS as a function of substrate concertrat{c)
Plots of the pseudo-first order decay rate coeffits (kecay for SiMe; (0) and

the SiMe-MeOTMS complex ¢) vs. [MeOTMS] in hexanes solution at 26.

The solid lines are the least squares analysiseofiata to eq. 6.3

Figure 6.z. Transient decay profiles recorded at (a) 470 amd, (b) 310 nm, for 156
the reaction of SiMewith MeOTMS as a function of substrate concertratt
43% maximum laser intensity. (c) Plots of the psefist order decay rate
coefficients Kgecay for SiMe, (0) and the SiMgMeOTMS complex ¢) vs.
[MeOTMS] in hexanes solution at 2&8. The solid lines are the non-linear least
squares fits of the data te)(eq. 6.3 andd) eq. 6.4

Figure 6.3 (a) Transient absorption spectra of a deoxygena¢zanes solution158
of 43 at 25C containing 0.18 M MeOTMS, recorded 0.21-0p25(e), 0.31-0.34

Ms (©) and 1.72-1.7%s (m) after the laser pulse. The insets show transiechy
profiles recorded at 310 nm and 470 nm. (b) Pldtskgcay (320 nm) vs
[MeOTMS] (o) and Kdecay— ko) (470 nm) vs [MeOTMS] ), from the reaction

of SiMe, with MeOTMS. The solid and dashed lines are the-lmeear least
squares fits of the data to eq. 6.3 and eq. 6spexively.

Figure 6.4 (a) Transient decay profiles recorded at 530 nmtHe reaction of 158
SiPh with MeOTMS as a function of substrate concerarati (b) Plot of the
pseudo-first order decay rate coefficiekieday Of the SiPR-MeOTMS complex

(e) vs. [MeOTMS] in hexanes solution at 25. The solid line is the non-linear
least squares fit of the data to eq. 6.3; (c) Siemt absorption spectra of a
deoxygenated hexanes solution4gfa at 25°C containing 2 mM MeOTMS,
recorded 0.19-0.2@s (o), 0.75-0.85us (0) and 5.39-5.471s (m) after the laser
pulse. The insets show transient decay profilesroeed at 300 nm, 360 nm, 460
nm, and 530 nm.

Figure 6.5 Plot of AAJ/AAgq vs [MeOTMS] for the reaction of SiRtwith 160
MeOTMS. The solid line is the linear least-squditesf the data to eq. 6.8.

Figure 6.6 (a) Plot of the pseudo-first order decay rate foaciehts Kyecay Of 164
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SiMe, vs. [TMDOP]. (b) Transient absorption spectra deaxygenated hexanes
solution of43 containing 0.5 MM TMDOP recorded at 25 0.08-0.11us (0),
0.24-0.27us (@) and 2.16-2.19s (e) after the laser pulse. (c) Plot of the pseudo-
first order decay rate coefficient&idcay) Of SiPh (0) and the SIPATMDOP
complex @) vs. [TMDOP] in hexanes solution at 25. (d) Transient absorption
spectra of a hexanes solution4gfain the presence of 3 mM TMDOP, recorded
0.17-0.18us (e), 0.34-0.36us (0) and 1.40-1.4Ls (@) after the laser pulse. The
insets show transient decay profiles recorded kct®l wavelengths in the
spectra.

Figure 6.7. Plots of the pseudo first order decay rate @mistkyecay for (a) 166
SiMe, and (b) SiPhvs [Ds] in hexane solution at 2%C. The solid lines are the
linear least-squares fit of the data to eq. 6.7.

Figure 6.€. (a) Arrhenius and (b) Eyring plot for the reaatiof SiMe with D; 167
in dry, deoxygenated hexanes over the range of &5@&xperiments performed
by R. Valdizon)

Figure 6.9. Results of kinetic simulations performed for a gyah reaction of 171
silylene Si with donor D with a complexation ratnstant ok, = 1.7%10*° M™
s', equilibrium constant; = 1000 M}, and k, = 6 x 10 M* s (a)
concentration vs time plots for Si as a functiolbofoncentration, solid lines are
the non-linear least squares fits of the datargh érder decay kinetics (eq. 6.15),
the inset shows the residual plots of the fits;qbycentration vs time plots for
SiD as a function of D concentration, solid lines the non-linear least squares
analysis of the data to first order decay kinetils,inset shows the residual plot
of the fit; (c) Plots ofkyecay Vs [D] for Si @) and SiD ¢) from the simulated
concentration-time profiles, dotted gray line is fit of experimental data of Fig.
6.3b to eq. 6.3 (Table 6.6, entry 4)

Figure 6.1C. Plots ofkyecayVs [D] for the input values dfi, K; andk; listed in 173
Table 6.6. (a) entry 1; (b) entry 2; (c) entry @ éntry 5. The dotted lines are the
fit of the experimental data of Fig 6.3b to eq. 6lwn for comparison; solid
lines are the fits of the simulated data to eq. 6.3

Figure 6.11 Plots of AA/AA¢q determined from«) simulated Si data obtained 75
from the simulated input rate constant valuesdisteTable 6.6 (a) entry 1, (b)
entry 2, (c) entry 3, (d) entry 4, (e) entry 6) Obtained from experimental data
for SiMe, from the reaction of SiMewith MeOTMS. Solid lines are the least
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squares analysis of the data to eq. 6.8.

Figure 6.1z Simulated plots okgecay VS [D] for the input rate constant value$79
listed in Table 6.7 (triala-i). The dotted lines are the experimental data oethi
from the reaction of SiBlwith TMDOP (Section 6.2.2).

Figure 6.1%. Graphical representation of the kinetic simulasiof Table 6.d-g. 180
(a) Plot of the output slope values of thgcay (SiR:) vs [D] plots vs inputK;
value; (b) plot of the outpuw; value vs inpuK; value; (c) plot of the outp
value vs inputK; value. The solid lines are linear least squaresdyais of the
data, the gray areas are the experimentally oltaiakies with errors.

Figure 7.1 600 MHz'H NMR spectra of a solution of 0.05 ¥8 and 0.2 M 191
CHO in GD1», a) after 8 min of photolysis; b) before photadysi

Figure 7.z. Concentration vs time plots for 254 nm irradiataf a deoxygenated192
solution 0f43 (0.05 M) in GD;, containing CHO (0.2 M). The solid lines are the
least squares fits of the data, the slopes of whieh CHO W), -0.00065 +
0.00006;7 (@), 0.00035 £ 0.00001.

Figure 7.2 600 MHz'H NMR spectra of a solution of 0.05 48, 0.1 M PrS, 0.2 193
M D3 0.01 M 1,4-dioxane and 0.01 M,Bies in CDy,, at a) 15.5 min of
photolysis; b) 0 min of photolysis.

Figure 7.4. Concentration vs time plots for 254 nm irradiataf a deoxygenated193
solution 0f43 (0.05 M) in GDj2 containing B (0.2 M) and PrS (0.10 M). The
solid lines are the least squares fits of the dhtaslopes of which are Pr@)( -
0.00106 + 0.0000220 (®), 0.000348 + 0.00000&1 (A), 0.000676 + 0.000007.

Figure 7.5.600 MHz'H NMR spectra of a solution of 0.05 8¢, 0.15 M PrO, 195
0.2 M D3 in C6D12, after a) 8 min of photolysis; ®)min of photolysis. * -
unreactive impurity in the sample

Figure 7.€. Concentration vs time plots for 254 nm irradiataf a deoxygenated196
solution of44a(0.05 M) in GD1, containing B (0.2 M) and PrO (0.15 M). The
solid lines are the least squared fit of the dataj are characterized by the
following slopes: PrOM), -0.0029 + 0.000244a (O), -0.00079 £ 0.00005%57

(@), 0.00085 + 0.00008D2 (4), 0.00041 + 0.0000A1 (©), 0.00037 £ 0.00002.

Figure 7.7. Concentration vs. time plots from steady stdietq@ysis of44e 197
(0.05 M) in deoxygenatedgD;, containing PrS (0.165 M) and3[{0.2 M) as
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determined byH NMR spectroscopy. The solid lines are the legatges fits of
the data, and are characterized by the followirogpesd: PrS @), -0.00077 *
0.00007;44a (o), -0.00083 + 0.0000267 (O), 0.00079 + 0.0000191 (m),
0.00055 + 0.000084 (A), 0.00033 + 0.00001.

Figure 7.8.(a) 600 MHz'H NMR spectra of a solution df4e (0.05 M) and PrS 198
(0.2 M) in GD1», after 8 min of photolysis; (b) 600 MHE NMR spectra of a
solution of 0.05 M44a 0.2 M PrS and 0.2 M Din GD;,, after 8 min of
photolysis, the inset shows the phenyl region atlteaginning of photolysis for
comparison. * - unreactive impurity in the sampe; unidentified product

Figure 7.9 Concentration vs. time plots for 254 nm irradiatmf deoxygenated200
solutions of44a (0.05 M) in GD;, containing PrS (0.08 M) and MeOH (0.005
M). The solid lines are the least squared fit & tlata, and are characterized by
the following slopes: Pr3#(), -0.0026 + 0.000244a (o), -0.00082 + 0.000087

(O), 0.00088 + 0.0000191 (m), 0.00045 + 0.000082 (A), 0.00054 + 0.00002;

71 (4A), 0.000059 + 0.000002. Figure (b) shows a blowetithe plots for the
products.

Figure 7.1C. 600 MHz'H NMR spectrum of a solution of4z (0.05M), PrS 200
(0.08 M) and MeOH (0.005 M) in C6D12 after 5 minp#fotolysis followed by

4 hrs standing at room temperature in the dark: uhreactive impurity; p —
unidentified product

Figure 7.11. Concentration vs. time plots for 254 nm irradiatiof a 203
deoxygenated solution @5 (0.05 M) in GD;, containing CHO (0.83 M) and
TMS,CH, (0.009 M). The solid lines are the least squaitssof the data, the
slopes of which are CHOo) = -0.023+ 0.004;45 (e) = -0.0012%0.00006;
SipMeg (m) = 0.00083:0.00002;88 (o) = 0.00051+0.00002

Figure 7.1z. Concentration vs. time plots for 254 nm irradiatiof a 203
deoxygenated solution @5 (0.05 M) in GD;, containing CHO (0.83 M) and
TMS,CH, (0.009 M). The solid lines are the least squaitssof the data, the
slopes of which are CHOo) = -0.023+ 0.004;45 (e) = -0.0012%0.00006;
Si;Mes (m) = 0.00083:0.00002;88 (o) = 0.00051+0.00002

Figure 7.1:. MALDI spectrum of a solution in Fig. 7.12 afteO 3nin of 204
irradiation.

Figure 7.1 'H NMR spectra of a £D1 solution containing!5 (0.05 M), CHO 206
(0.35 M), MeOH (0.01 M) and TM&H, (0.009 M), recorded (a) after 30 min of
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irradiation, (b) after removal of volatile comporerirom (a). The major Si-
containing product is circled.

Figure 7.15. A TOCSY spectrum of a solution in Fig. 7.14b, abed by 207
irradiation of the peak at 3.6 ppm; (a) mixing timé.12 s, (b) mixing time =
0.03 s.

Figure 7.1€. COSY spectrum of a solution of Fig 7.14b, withQ®Y spectrum 208
from Fig 7.15a used as a projection for both axes.

Figure 7.1% Concentration vs time plots for 254 nm irradiatiof a 210
deoxygenated solution of5 (0.05 M) in GD;, containing CHO (0.35 M),
MeOH (0.01 M) and TM&CH, (0.009 M). The solid lines are the least squares
analysis of the data, the slopes of which areCfdp (0) = -0.0061+ 0.0006;45

(e) = -0.00045+ 0.00003; (b) MeOHq) = -0.00024+ 0.00001; SiMes (m) =
0.000343+ 0.000006;99 (e) = 0.00015+ 0.00001;88 (o) = 0.000169+
0.000005100(A) = 0.000018t 0.000002101(A) = 0.000072% 0.000009.

Figure 7.1& Concentration vs time plots for 254 nm irradiatiof a 212
deoxygenated solution @b (0.05 M) in GD;, containing MeOH (0.03 M) and
TMS,CH, (0.009 M). The solid lines are the least squaitssof the data, the
slopes of which are45 (e) = -0.00036+ 0.00005; (b) MeOHd) = -0.00036+
0.00006; SiMes (0) = 0.000293+ 0.000003;100 (m) = 0.000033+ 0.000007;
unknown(A) = 0.000043t 0.000006.

Figure 7.19 'H NMR spectra of a gD, solution containingd5 (0.05 M), 213
MeOH (0.03 M) and TMZ&H, (0.009 M), recorded (a) after 15 min of
irradiation, (b) before photolysis. The unidentifieSi-containing product is
indicated with *.

Figure 7.2C. (a) Plot of the pseudo-first order decay coeffiti Kyecay Of the 216
SiMe, absorption at 470 nm vs. [CHO]. (b) Transient apson spectra from
laser flash photolysis of a hexanes solution48f containing 1 mM CHO,
recorded 26-38 nsof, 128-154 nsM), and 1.49-1.51us Q) after the laser pulse
(the portion of the 26-38 ns spectrum below 340isrdistorted due to sample
fluorescence and is not shown); the inset showssigat absorbance vs. time
profiles recorded at 320, 370, and 470 nm.

Figure 7.21. Plots of the first order rate coefficients forcdg (yecay Of the 216
SiMe,-CHO complex ©) and the SiMgPrO complex ¢) vs. CHO or PrO
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concentration (monitored at 310 nm).

Figure 7.22 (a) Plot of the first order rate coefficients t@cay Kjecay Of SiMe, 217
(monitored at 470 nm) vs. [PrO]. (b) Transientapson spectra from laser
flash photolysis of a hexanes solutioM@fcontaining 10 mM PrO, recorded 83-
109 ns O) and 0.69-0.74us () after the laser pulse; the inset shows a trahsien
absorbance-time profile recorded at 310 nm.

Figure 7.23 (a) Plot of the first order rate coefficients t®@cay Kjecay Of SiMe, 218
vs. [PrS] ) and [CHS] e). (b) Transient absorption spectra recorded 1932
(O) and 1.65-1.70us (@) after the laser pulse, by laser flash photolysis
deoxygenated hexanes solution 48 containing 5.0 mM PrS. (c) Transient
absorption spectra recorded 0.18-0.800) and 1.65-1.7Qus (@) after the laser
pulse, by laser flash photolysis of deoxygenatedahes solution 0f43
containing 5.0 mM CHS.

Figure 7.24 Plot of the first order rate coefficients for dg¢&gecay) Of SiPh vs. 220
[CHO].

Figure 7.25 Plot of the first order rate coefficients for dgq8yecay Of SiPh vs. 220
[PrO].

Figure 7.26 Plots of the first order rate coefficients for dedkgecay Of SiPh 220
vs. [PrS] 6) and [CHS] 6).

Figure 7.27%. Plots of the first order rate coefficients forcdg (yecay Of the 221
SiPh-CHO complex vs. [CHO]®) and of the SiPRPrO complex ¢) vs. [PrO]
(monitored at 370 nm).

Figure 7.28 Transient absorption spectra recorded 65-770ohsQ(27-0.29us 221
(o), and 3.50-3.57us (A) after the laser pulse, by laser flash photolydisa
deoxygenated hexanes solution 4fa containing 17.0 mM CHO; the inset
shows transient decay/growth profiles recorded(it 8hd 370 nm. The weak
residual absorption centered at ca. 460 nm is duleet long-lived photolysis co-
product (silen&8).

Figure 7.29 (a) Transient absorption spectra recorded 65s7@)n0.27-0.2%s 222
(o), and 3.50-3.57us (A) after the laser pulse, by laser flash photolysis
deoxygenated hexanes solutiorddf containing 11.0 mM PrO; the inset shows
transient decay/growth profiles recorded at 300 &f@inm.
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Figure 7.3(. (a) Transient absorption spectra recorded 48-54onsafd 0.70- 223
0.72 us (@) after the laser pulse, by laser flash photolysfisdeoxygenated
hexanes solution ofi4a containing 4.7 mM PrS; the dashed line shows the
difference spectrum, constructed by subtractingdti@®us spectrum from the 48

ns spectrum. (b) Transient absorption spectra decbd-16 nsq) and 0.27-0.29

us @) after the laser pulse, by laser flash photolydisleoxygenated hexanes
solution of 44a containing 11.4 mM CHS. The insets show transient
decay/growth profiles recorded at 290 and 370 nm.

Figure 7.31 (a) plot of kjecay Vs [MeOH]; the solid line is the linear leas225
squared fit the data to eq. 10, which affordedbaesiofkyeon = (7+ 1) x 1M

s™. The inset shows decay traces recorded at 290ynfiagh photolysis ofi4a

in hexanes containing 19.5 mM PrS and 0 mM MeOtadk) and 0.052 mM
MeOH (gray). (b) Transient absorption spectra dfeaanes solution cf4ain

the presence of 19.5 mM PrS and 0.5 mM MeOH, ressb@016-0.08Qs (o),
0.128-0.192us (@), and 8.560-8.598s (e) after the laser pulse; the inset shows
transient decay traces recorded at 290 nm and 3170 n

Figure 7.32 Plots of the first order rate coefficients for dgdkecay Of the 290 226
nm absorption vs. (a) [t-BuOH] (b) [AcOH], and (f)-BuNH;] from laser
photolysis of a deoxygenated solutiorddf containing 20 mM PrS.

Figure 7.33 Plots ofkyecayVs [S] for the reaction of SiTmpvith (a) PrS and (b) 228
CHO. The solid lines are the linear least-squate®f the data to eq. 7.11.

Figure 7.34 (a) Transient absorption spectra of a rapidlywitg hexanes 229
solution of87 in the presence of 5.4 mM PrS, 0-0i46(0), 18.24-19.84us (e)

and 139.84-141.44s (A) after the laser pulse. (b) Transient absorpsipectra

of a rapidly flowing hexanes solution 8% in the presence of 10.4 mM CHO,
0.109-0.141us (0), 0.17-0.20us (e) and 1.52-1.5%s (A) after the laser pulse

(c) Transient absorption spectra of a rapidly flogvhexane solution @7 in the
presence of 10.0 mM PrO, 0.096-0.1#3(), 0.17-0.2Qus (e) and 2.80-2.831s

(A) after the laser pulse. The insets show trangiecty traces recorded at
representative wavelengths in the spectral windows.

Figure 7.35 Transient absorption spectra of a rapidly flowhexanes solution233
of 45 containing (a) 9.5 mM CHO, 0.08-0.16 (©) and 0.35-0.4Qus (e) after

the laser pulse; and (b) 0.155 M CHO, 0.30-0.83(0) and 3.44-3.47us (e)

after the laser pulse. The insets show transiecayd&aces obtained at 300 nm,
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350 nm, 420 nm or 580 nm.

Figure 7.36 Transient absorption spectra of a rapidly flowirexanes solution234
of 45in the presence of 0.138 M PrO, obtained 0.203-0u3 (o) and 3.44-3.44

ps (0) after the laser pulse. The dotted line is tHéednce spectrum between
(e) and ). The inset shows transient decay traces at 308Gnth850 nm.

Figure 7.37 (a) Plot ofkops (at 580 nm) vs [PrO] for the reaction of SiMegth 235
PrO. The line is the best fit to eq. 7.15. (b) RIBNA, / AAgq (at 580 nm) vs
[PrO] for the reaction of SiMeawith PrO, the line is the best least-squaresffit o
the datato eq. 7.12.

Figure 7.38.(a) Plot ofkgecay(at 580 nm ¢) and at 350 nmo))) vs [CHO] for the 236
reaction of SiMeswith CHO. The line is the best fit to eq. 7.15). ot of AAg /

AAgq (at 580 nm) vs [CHQ] for the reaction of SiMagith CHO, the line is the
best least-squares fit of the data to eq. 7.12.

Figure 7.39 (a) Plot ofkgecayVs [PrS] for the reaction of SiMewith PrS. The 237
solid line is the linear least-squares analysithefdata to eq. 7.11. (b) Transient
absorption spectra of a rapidly flowing hexane sotuof 45 in the presence of

20 mM PrS, obtained 0.256-0.32@ (¢) and 8.59-8.66us (0) after the laser
pulse. The inset shows a transient decay traceded at 290 nm.

Figure 7.40 Transient absorption spectra of a rapidly flowhexane solution 238
of 45in the presence of 20 mM PrS, obtained 0.0r2.¢e) and 342.4-345.Q1s

(o) after the laser pulse. The inset shows translenay traces recorded at 290
nm and 440 nm.

Figure 7.41 (a) Plot ofkgecayvs [CHS] for the reaction of SiMgsvith CHS. 241
The solid line is the linear least-squares fithad tlata to eq. 7.11, which yields a
rate constant of (& 2) x 10° M* s* (b) Transient absorption spectra of a rapidly
flowing hexanes solution @f5in the presence of 11 mM CHS, 0.27-0135(),
0.91-0.99us (o) and 8.59-8.67us (A) after the laser pulse. The inset shows
transient decay traces recorded at 290 nm and 350 n

Figure 7.42 Simulated decay profiles of the signals due sdydene (a) and the244
corresponding silylene-donor complex (b) at varisulstrate concentrations, for

a situation involving an initial equilibrium folloed by a unimolecular
irreversible dissociation of the complex. The ditra describes SiMegeaction

with CHO, for which the input values for the simiga are listed in Table 7.6.
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(c) Plot ofkgecay Vs [D], obtained from the simulated decay profiles silylene
(a) and the complex (b). The solid line is theofithe data to eq. 7.15.

Figure 7.43 (a) Plot of experimentddecayvs [CHO] data measured at 580 ni245
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PREFACE

Throughout this document the results of theoretmatulations will be briefly
presented to support experimental mechanistic oaptins. It should be noted that all
calculations were carried out by my supervisor.

The flash photolysis experiments were carried aulrly hexanes (or ED, where
indicated). The solvents were dried by a passagrigih an activated alumina column
immediately prior to use, while deoxygenation wagied out by bubbling of dry Ar gas
at least 30 min prior to and throughout the expents. The standard errors in rate and
equilibrium constants are reported as twice thedsted deviationK 20) from the linear
least-squares analysis of the data using Prisngrahing software. Kinetic simulations
were performed using KinTek Explorer Pro.

The experimental section contains synthetic proesiuhat have previously
appeared in the following articles:

Kostina, S. S.; Singh, T.; Leigh, W. J. Phys. Org. Chem. 2011,24, 937

Kostina, S. S.; Leigh, W. 11, Am. Chem. Soc. 2011,133 (12), 4377

Kostina, S. S.; Singh, T.; Leigh, W. @Qrganometallics 2012,31 (9), 3755

Introductory chapters 1 and 2 contain sectionshhae been written as drafts for a
review on the reactivity of silylenes in solutiomdamay be published at a later time. Parts
of the discussions in Chapters 4, 5 and 10 alscedoom the same source, along with the
figures. Chapter 11 contains experimental dethiés are general (laser experiments and

steady-state experiments) and have appeared pséyviouhe references given above.
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1. Chapter 1 — Introduction

Silylenes and germylenes are heavier group 14 egoautts of carbenes, and they
are key intermediates in photochemical and themaattions of various organosilicon
and organogermanium compounds. The latest develugnie silylene and germylene
chemistry have been reviewed by some of the leadrigers in the field, with the main
focus on their fundamental reactivity.The burst of activity on the experimental side has
been matched by theoretical interest in these camgs One of the reasons for the
increasing interest in these elusive species idabkethat the parent silylene (SiHand
germylene (Geb) are key reactive intermediates in chemical vam®position of solid
silicon and germanium, respectivélyransient silylenes are thought to be involvethin
direct reaction of alkyl chlorides with silicon $ace in the presence of a copper catalyst
to generate chlorosilanes on an industrial st&eable silylenes and germylenes have
been used as efficient catalysts for olefin polymaion !t

Although considerable progress has been made ierstachding the fundamental
reactivity of these species, it is often not pdsstb compare the reactivity of silylenes
and germylenes of homologous structure under the sxperimental conditions because
the reactivity with the same set of substratesrwsbeen studied in a systematic way.
The main focus of this work is to study the kingtand thermodynamics of representative
bond insertion and atom abstraction reactionsasfsient dialkyl- and diarylsilylenes and
germylenes in solution, specifically the bond itiser reactions of silylenes with
alcohols, amines, alkoxysilanes and oligosiloxarasd the O- and S- abstraction

reactions of silylenes and germylenes from oxirarebthiiranes.
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Table 1.1 Naming of some tetrel derivatives.

M MRz RQC:MRz RzM:MRz MR4

C carbene alkene alkene alkane

Si silylene silene disilene silane

Ge germylene germene digermene germane
Sn stannylene stannene distannene stannane
Pb plumbylene plumbene diplumbene plumbane

1.1.Nomenclature

The Group 14 elements are collectively known astétels™® and thus the term
that has been recently adapted to denote heavieersa analogues tstrellylenes; they
are more commonly known as “metallylenes”, howeyelist of common nomenclature
of various tetrel derivatives is shown in Table.XCbmpounds containing tetrel-carbon
double bonds are known as tetrelenes or metalleviate the prefix “di” indicates that
the double bond is between two group 14 elementissofame identity.

Silylenes have been called “silenes” in the oldrdture’®>** a term which is
widely accepted to refer to compounds containingCSdouble bonds. “Silanediyls” is
another term that has been used more extensivélyaut is now obsolete.

1.2. Divalent Group 14 Compounds

The seemingly simple formulation of a tetrellyleas MR hides much of the
structure and bonding information that has fasedathemists about these species. The
two non-bonding electrons can be either pairedg(sinstate, antiparallel spins) or
unpaired (triplet state) (Fig. 1.1). In a singletts the two electrons are constrained in the
same orbital, thus the electron-electron Coulombpulsion is significant. Stabilization

in a triplet state is achieved by relief of theulsjpon; however the separation of electrons

comes with an energy cost. Aside from a few reegamples;*the lowest energy
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0 Y

/u., .
MDD MDD _ _ :
0 v 0 Figure 1.1.Singlet and triplet electronic states of
singlet triplet  sjlylenes and germylenes.
M =Sior Ge I

electronic state of silylenes and germylenes iseg®ly the singlet. In contrast, the
energy difference between spin states in dialkieaes is small, and the multiplicity of
the lower energy state can be tailored by simplgnging substituents. The silylenes
and germylenes studied in this work are all indimglet ground state, thus “silylene” and
“germylene” will refer to “singlet silylene” and fisglet germylene”, respectively. Unless
substituents are present which impart kinetic errtftodynamic stability on tetrellylenes,
these species are unstable and readily undergoridaten to form the doubly-bonded
dimers, disilenes and digermenes. Unlike planaerak, disilenes and digermenes
usually adapt trans-bent geometr@s.

One key fact that influences the chemistry of siys and germylenes is the
increase in stabilization of the divalent statehwibhcreasing atomic number of the
element. Lower group 14 elements have a more sthbédent state relative to that of
carbon due to the DSSE (divalent state stabilinaginergy). Walst defined DSSE as
the difference between the first and the second lieKd dissociation energy (BDE) in

MX 4, which is demonstrated through eq. 1.1-1.3.

MX4> MXs+ X  AH; (1.1)
MX3 > MX, + X AH, (1.2)
DSSE(MX,) = BDE(XsM-X) — BDE(XoM-X) = AH; - AH, (1.3)
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In the parent hydrides the following pattern emsrder methane, the second BDE
is larger than the first, while for the heavier nmrparts the opposite is tré?® The
DSSEs of ChH, SiH, and GeH are -6 kcal mol, 20 kcal mol' and 26 kcal mdl,
respectively’’ The accepted reasoning for the trend in DSSHsaisthe methyl radical is
planar and has stronggy® hybridized bonds compared to the analogous tnixasidicon

and germanium hydrides, which are pyramfdal.

1.3. Reactivity of Silylenes
1.3.1. Complexation With Chalcogen and Pnictogen Donors

Most of known silylene reactions involve coordioatiof the nucleophilic site of
the donor molecule with the empty p-orbital on thdéicon center to yield the
corresponding Lewis acid-base adducts. The regulbomplexes are typically less
reactive than the non-coordinated silyleff6§, thus many donor-stabilized silylene
derivatives have been prepar@d® Coordination to silylenes is accompanied by an
increase in nucleophilicity at the silicon cefifeind may lead to intriguing reactivity of
these species. For instance, silylene-phosphinacési@xhibit Wittig-like reactivity (eq.

1.4)3839

o o
AP iPr, ’\N/D'Pp (1.4)
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The first direct observation of silylene-donor cdexes was achieved over 25 years
ago by the groups of Andband West*?in frozen matrixes by spectroscopic methods.
Introduction of an ether, amine, sulfide or phosghas a complexing agent induces a
blue shift in then,p transition of silylenes; the magnitude of the $p@shift decreases in
the order SiMes > SiMe, = SiMes(t-Bu) >> SiMes(OAr). The oxygen-substituted
silylene gives rise to the smallest spectral shfpbn complexation, consistent with
intramolecular stabilization of the silylene by theighbouring oxygen atom leading to
weaker interactions with other donors. With “noagtve” substrates (where the energy
barriers for further reactions past complexatioa #o high to proceed under typical
conditions) the ultimate product of decompositidrttee Lewis acid-base complexes is
the formation of the corresponding disilenes, whgibsequently oligomerize. The
disilene was postulated to be formed by one or nofréhe three possible pathways
shown in Scheme 1*.The first possibility involves direct dimerizatiasf two free
silylene units present at equilibrium. The comptexld also dimerize with elimination of
two substrate units, or the complex could combingh wree silylene present at
equilibrium. The authors favoured the first podgigiinvolving dimerization of two free
silylene units, to be the dominant pathway for themation of the disilene under the
conditions of the experiments. Corriu et *aldemonstrated that intramolecularly
coordinated amino(aryl)silylenes also react to fdhma corresponding disilenes in soft
matrixes; the authors proposed direct dimerizatibthe silylene-amine complexes as a

plausible route for the formation of the dimers.
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Table 1.2. UV-vis absorption maxima of the Lewis acid-basenptexes of transient
silylenes with chalcogen and pnictogen donors ifrbgarbon solutions at Z&.

SMe, SPh, S'Tmpzf
THF 3106*°° 295, 370 375
Et,O 305 - -
dioxane 318 370 -
THT 335 - -
EtzN <270 - -
DABCO® <270 - -

285
pyrrolidine 290 - -
N-methylpyrrolidine 285 - -
CHsCN 340 - -
nBugP 310 - -

2 in cyclohexane, 26C ref. 44;° in hexanes, ref. 45: in cyclohexane, ref. 46 in
hexanes, ref. 47° DABCO = 1 4-diazabicyclo[2.2.2]octane’® Tmp = 3,4,5-
trimethylphenyl

[SiR2]+ X7 == |R,Si~X
~\ 2
X2 - X X /
- X
R,SI=SiR, \

Scheme 1.1
In hydrocarbon solutions some silylene-chalcogend asilylene-pnictogen
complexes have been observed with a variety of ondable 1.2). Although
complexation with SiMg has been investigated fairly thoroughly, there sigmificant

deficiencies in the available data that warrantomentomprehensive study.
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Table 1.3. Rate constants for the reactions of transientesigs with chalcogen and
pnictogen donors in hydrocarbon solutions al@5, / 10 M* s™.

SMez Sphz STmng
THF 12.7 15+ 1° 8.3+ 0.8

17+ 2°

10.3+ 0.5

1,4-dioxane - 18+ 1° -
C,HsO(CHs),SiH 6.2 - -
THT 10.3+ 0.5 - -
N-methylpyrrolidine| 8.0+ 0.4 - -
pyrrolidine 9.4+ 0.4 - -
DABCO' 9.7+0.% - -
nBusP 2.8+ 0.1° - -

2 in cyclohexane, error 20%, ref. 48in hexanes, ref. 45;in cyclohexane, ref. 46'in
cyclohexane, error 15%, ref. 44° in hexanes, ref. 47; DABCO = 1,4-
diazabicyclo[2.2.2]octand; Tmp = 3,4,5-trimethylphenyl

Kinetics studies of the complexation of SIM&iPh, and SiTmp (Tmp = 3,4,5-
trimethylphenyl) with various donors in hydrocarbwiution indicate that the formation
of the Lewis acid-base adducts is an enthalpidadlyierless process, since the reactions
proceed at close-to-diffusion controlled rates spamthe range of (2.8 — 18)10° M's™
(Table 1.3). Interestingly, none of these reactibage been investigated with SiMes
one of the most important silylenes that laid theugdwork for the solution studies. The
only complete set of rate constants is known fangiexation of THF with all three
silylenes; the variation in the rate constantsofe$ the trend SiMe= SiPh > SiTmp. In
order to understand substituent effects on silyleeactivity and start drawing
conclusions, it is desirable to study the reagtiat SiPh with a more complete set of

substrates and also explore the reactivity of SpNelydrocarbon solutions.
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ﬁ?, 49-52 and

The nature of Lewis acid-base interactions of ;Sidth chalcoge
pnictogenr” *%°* hydrides has been studied extensively using abioirand DFT
theoretical calculations. The predicted stabilityinding energy) of the Si-donor
complexes decreases in the ordersMHPH; > H,O > H,S3" *° The results indicate that
the interaction of silylenes with these substragescharge-controlled, such that the
stronger interactions exist with the harder baseach of the two series. This led to the
classification of silylenes as “hard” Lewis acids; similar classification has been
proposed for Gepf'>? The Lewis acidity of Sikl has also been compared to that of
Geh, indicating that the silylene is more Lewis acitlian the germylen¥ !

1.3.2. Insertion Into the O-H Bonds of Alcohols

Insertion into the O-H bonds of alcohols and watewne of the best characterized
reactions of transient silylen&s® >>®|n the early 1980s Weber and co-workers studied
the effects of alcohol structure, solvent, and apm substitution on the reactions of
photochemically generated SiMeand SiMePh with EtOH, t-BuOH and @ by
competition kineticS”® Kinetic isotope effects (KIEs), determined by gmtition
experiments in cyclohexane, ,B&t or THF, were found to vary between 1.8 and 2.3
irrespective of solvent (Table 1.%). The reaction was postulated to occur either via a
reversible formation of a silylene-alcohol compldgllowed by a unimolecular
rearrangement, or through a one-step direct rea¢dq. 1.5). The stepwise mechanism
was intuitively favoured by the authors, althougk toncerted mechanism could not be

ruled out based on the available evidence. The st@p- mechanism involving the
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Table 1.4 Isotopic product ratios (H/D) for the O-H insertireactions by silylenes into
alcohols, and alcohol concentrations used for gterchination, [ROH]/[ROD] in M.

alcohol SMe, SMePh solvent
[ ROH]/[ROD] KIE [ROH]/[ROD] KIE
EtOH/D 1.4M/15M 2.33+0.02 - - ELO
1.4M/A5M 2.2+0.1 - - THF
1.4 M/1.5M 2.1+0.2 - - cyclohexane
t-BuUuOH/D | 0.36 M/0.37 M 1.80+0.07 0.9 M/0.5M 1.8+£0.1 ELO
- - 0.9 M/0.5M 2.09+0.06 cyclohexane

& determined by competition experiments, ref. 60

formation of an acceptor-donor complex followed iy H migration is indicated by

the ory37’ 49, 61-66
+R'OL, one step
L. R '
. ROL 0 l PR (1.5)
S|R2 — stl\
L=HorD| - SiR, L

The O-H insertion reaction soon became establisised standard method to test
silylene intermediac§’ " A variety of photochemically generated silylen&gt(Bu),,®’
SiMePh®® SiPh*°"3 were found to insert into the O-H bond of alcahslich as MeOH,
EtOH and t-BuOH in yields exceeding 80%. For ins&@rphotolysis of the cyclotrisilane
3 in methanol yields two products in equimolar qitees — the product of O-H insertion
by silylene4, and the product of MeOH addition to disilefte(eq. 1.6). The chiral
silylenes6-11 were shown to undergo O-H insertion reactionsest&lectively, in a
manner consistent with complexation occurring fréime least hindered side of the
silylene’® Reversed diastereoselectivity was observed wiljiese 10, which was
ascribed to the intramolecular formation of a shg-ether complex, forcing

complexation with ROH and subsequent O-H insert@proceed on the other face. The
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silylenes were generated from 254 nm photolysighef corresponding 1,3-diphenyl-

trisilane precursors in the presence of either®Bun-BuOH, or 2,6-dimethylphenol.

t-Bu

v \
. Ny —— Sit + t-Bu,Si=Sit-B
(t BU28|)3 MeOH t_Bu/ Uo Us
s (1.6)
lMeOH lMeOH
OMe o
t—BUZSi/ + t-BUZS= §|t-Bu2
\H H OMe
4 5
Me, i-Pr, HaC(H2C)s
Si- Si- Si Si-
Ph Ph Ph
6 7 8 9

CoHeO(HC)y O

e

_<Ph Ph SI
10 11
The first evidence for diarylsilylene-alcohol compes was obtained by UV-vis

spectroscopy in hydrocarbon matrixes at 77K by Véest co-workers, who studied the
reactions of SiMes SiMes(t-Bu), and SiMes(ODip) (Dip = 2,6-diisopythenyl) with
aliphatic alcohol§! The SiMe-ethanol complex was initially detected in hydrdar
solution as a weakly absorbing, short-lived tramise low alcohol concentrations (1 — 2
mM) which was not characteriz&dsimilar observations were made from the reaction o

SiPh with MeOH in the preliminary report on diphenyééine reactivity’* A possible

pathway responsible for the seemingly strange bhebawf these complexes is catalysis

10
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Table 1.5. Rate constants (10M™ s%) for the reactions of transient silylenes with
alcohols in hydrocarbon solvents at ambient tenipeza.

SMe, SMePh SPh, STmp, SMes; SPh(TMS)
MeOH 18+2 18+2° 13+2% 104+0.4 0.82+0.03%° 11+1°
(9.1+ 0.5y
EtOH 9+ 2° - - - - -

2-butanol| 10+2 - - - . i
t-BUOH 10 + ¢ - - - - i

2 |n hexanes at 25 °C, ref. 7in methylcyclohexane at 20 °C; ref. 7th hexanes at 25
°C; ref. 75 In cyclohexane at 23 °C; refs. 44, 4 hexanes at 25 °C; ref. 47.

by a second molecule of alcohol, which leads to ulienate formation of the O-H
insertion product. Gas phase studies of the reacfgoarent silylene (Sipl with H,O
and MeOH by Becerra and coworkers support catal§<is

Absolute rate constants for the reactions of varigilylenes in hydrocarbon
solvents with alcohols are collected in Table 1AB.of these have been measured by
laser flash photolysis methods and extracted fioenihear plots oKyecayVvs [ROH]. The
rate constants for the reactions of silylenes WMH#OH follow the trend SiMg> SiMePh
> SiPh > SiTmp = SIPhTMS >> SiMeg and are within a factor of 2 of the diffusional
rate constant in hexanes in all cases except SiMes

In Chapter 4, we investigated the reactions ofsient silylenes SiMeand SiPh
with MeOL and t-BuOL (L = H or D) in order to estst a mechanism for the O-H
insertion reactions. In contrast to the previoyslplished work, the experiments were
carried out at submillimolar concentrations of &lols, which led to the direct detection
of the silylene-alcohol complexes in all cases.deéuce for catalysis by the second
molecule of alcohol during the rate-determiningpstéthe reaction was obtained through
determination of the kinetic isotope effects. Thperimental study was complemented
by theoretical calculations, and compared to sinsiladies performed with SiMgs

11
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1.3.3. Insertion Into the N-H Bonds of Amines

Early studies by Gu and Weber showed that SiMserts efficiently into the N-H
bonds of secondary amines such a®lBtand 2,2-dimethylaziridine (eq. 1.7 The first
spectroscopic detection of silylene-amine complexas achieved in frozen matrixes by
Ando et a*® who studied the reaction of SiMewith amines; this was followed by the
direct detection of a variety of silylene-amine gexes by West and co-workers also in
frozen matrixed! The complexation of silylenes with NHas been the subject of several
theoretical investigation¥; >* "*"which indicate that the Si-NH; complex should
have ca. 11 kcal/mol higher binding energy thanShé-H,O or SiH-H,S complexes at

the MP2/CEP-31G(2d,1p) level of thedty.

SiMe;,
H

. 12 (85%)

SiMez TEL0 N (1.7)

2 \

—— SiMe,
Et,NH ¥

13 (81%)

The kinetics of the reaction of the parent silylesiel, with ammonia have been
studied in the gas phase by Becerra éf @ihe results suggest that in the gas phase at low
pressure and ambient temperatures the reactioreguieconly as far as the complex, in
agreement with calculations that suggest that then(olecular) 1,2-H migration to
produce the formal N-H insertion product is toorgeécally unfavourable to occur under

these experimental conditioffs.

12
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The reactions of SiMewith secondary and tertiary amines in cyclohexswmiation
were investigated in cyclohexane solutions in eatlydies by the groups of Das and
Shizuka®* **The bimolecular rate constants for complexatioowad little variation with
the amine structure (Table 1.5), all being veryselto the diffusional rate constant. The
corresponding SiMeamine complexes could be readily detected and #p&ctroscopic
properties are given in Table 1.2. These resultstrast those for silylene-alcohol
complexes, which are evidently much more diffi¢altletect in solution. In Chapter 5 the
reactions of SiMg SiPh and SiMes with n-BuNH, and EtNH were investigated. The
corresponding Lewis acid-base complexes were dmte@h every case at large
concentrations of the amine, indicative of a highetivation barrier for the formal N-H
insertion process relative to the analogous O-ldriren reaction.

1.3.4. Insertion Into the Si-O Bonds of Siloxanes

Insertion reactions of silylenes into the Si-O bafdalkoxy- and oligosiloxanes
(eq. 1.8-1.9) have been employed to test for tlesegurce of silylenes in mechanistic
studies for the last four decad&8? The cyclic siloxanes hexamethylcyclotrisiloxane
(D3) and 2,2,5,5-tetramethyl-2,5-disila-1-oxacyclopeat (TMDOP) trap SiMein near-
quantitative yields, while lower yields are obtaineith SiMePH?> suggesting that the
presence of phenyl groups on the silicon reducesefficiency of the reactioff:%* 2
Octamethylcyclotetrasiloxane P and hexamethyldisiloxane were found to be
ineffective traps for SiMg suggestive that the effectiveness of silylenpgiiag may be
enhanced with decreasing angle about oxygen osililveane. Whereas the insertion of

SiMe, into Si-O-Si single bonds of siloxanes is restidcto angle-strained siloxanes, the

13
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analogous insertion into Si-S bonds of disilthiareggpears to be a more general

reaction®®®’
M_ez R2
O/SI‘O MeZSIi/S'\O\
i | | B —— .
SiRy + Me,Si~___SiMe; O  SiMe, (1.8)
0 Me,Si—O
D;
M62
Si R,Si—Q
SiR, + [ O — Me,Si’ SiM
IR2 S e,Si iMe, (1.9)
Mez
TMDOP

Dimethylsilylene, generated either thermally or folobemically, reacts readily
with alkoxysilanes to give unsymmetrical alkoxytisies’” 8+ 83%4The ability of Si-OR
bonds to trap silylenes is enhanced with increasingber of silane units, such that
alkoxydi- and trisilanes are substantially more ctiwa toward silylene than
alkoxymonosilane&> °®>" #0f some interest has been the insertion of sideinto the
Si-O bond of methoxytrimethylsilane (MeOTM®).>" 8%9n 1990, Scaiano and co-
workers made an interesting observation regarding teaction of SiMes with
MeOTMS: although the trapping product MeO(M&spiMe; was isolated in high yield,
time-resolved experiments showed that the silyléfedime was unaffected by the
presence of MeOTME&

Fast kinetic studies have also been carried odh®freactions of MeOTMS with
SiMe, and SiPh* Rate constants of 820° M s* and 4.%10° M™ s* were reported for
the reaction of MeOTMS with SiMeand SiPh respectively, and were assigned to the

rate constants for formation of the compldy {(n eqg. 1.10). In both cases unusual

14
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behaviour was noted: the substrate-mediated psésteorder decay of SiBhwas
accompanied by a systematic decrease in the slysggnal intensity, while a plot of
Kiecay (SiMe&y) vs. [MeOTMS] displayed a downward curvature sisgige of saturation
kinetics. The data are consistent with the mecharseown in eq. 1.10, where a fast

reversible complexation is followed by a slow uniewular [1,2]-SiMe migration?>

SiR, ki [TMS @ Me| ke JMS
+ —_— Q — RySi, (1.10)
MeOTMS k_1 Q S|R2 OMe
R =Me 310 nm, t=150 ns n/a
R =Ph 350 nm, t=730ns 46%
R = Mes n/a high yield

The SiMe- and SiPBMeOTMS complexes have been characterized in hexane
solution at 25'C, where they exhibit UV-vis absorption maxima egetl at 310 nm and
370 nm, respectivel{’, The lifetimes of the complexes were associatedh e rate
constantk; in eq. 1.10) for the [1,2]-SiManigration from oxygen to silicon to form the
final product. Phenyl- for methyl- substitution the silylene results in ca. 5-fold
reduction in the rate constant, such that theiiifes of the SiMgeMeOTMS and SiPh
MeOTMS complexes are 150 ns and 730 ns, respegtiVbe rate constants for decay of
the complexes are consistent with an activatiomggnef E, = 7.5 kcal mof* for the 1,2-
SiMe; migration, assuming pre-exponential factors onottuer of 16% s*.4°

In Chapter 6, the reactions of SiMand SiPh with MeOTMS and oligosilanes
were investigated with the goals of establishirg techanism for the Si-O insertion by
silylenes. The experimental work is accompaniedibgtic simulations, which provide
compelling evidence for the two-step mechanism Iwiag reversible complexation

followed by a slow unimolecular [1,2]-SiMenigration of eq. 1.10.

15
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1.3.5. O- and S- Abstraction Reactions From Oxiranes and fiiranes

The reactions of SiMewith epoxides were studied in the early 1980sh&ygroups
of Weber® and Bartor’* Tzeng and Weber demonstrated that photochemigalgrated
SiMe, reacts with the vinyl epoxideB4a-d to yield butadienel®), the corresponding
oxasilacyclohexanelf) and the cyclic MgSiO oligomers B and D (eq. 1.11f° The
authors proposed a mechanism involving the infoaination of an acid-base complex,
which undergoes ring opening to generate the ziatie intermediatel 7 (Scheme 1.2).
Two competing processes are then responsible tmtugt formation - fragmentation to

yield transient MgSi=0O and the diene, or ring-closure to falé

R
+ SiMe, —5—~ + /TN + |MesSi=0
) BACIIELY [mezsi=o0] (1.11)
n=34 R; Me,Si—O
14 15 16
a R1=R2=H;b R1=R2—Me
CR1=H R2=Med.R1—MeR2—H

R4
Rz R [ Me,si=0| + K
R 2 €70l
% R1\(®/§ / R2

0 SiM 15
Y iMe,
SiMe, 0% 4 N 16

17

Scheme 1.2

Barton showed that thermally or photochemically eyated SiMe reacts with
cyclooctene oxide to afford cyclooctene in ~75% dji@long with @ and D,; the
corresponding silylene-oxirane complex was agaoppsed as an intermedidfé” The

inclusion of a silanone trapping agent, Besulted in a cleaner reaction mixture, with D

16
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being isolated as the only silanone-derived pradiitte sterically hindered silylene
SiMes was found to react with various epoxides (oxirapgmpylene oxide (PrO),
butylene oxide (BuO), phenyl oxirane (PhO) and algekene oxide (CHO)) to vyield
products consistent with oxygen abstraction alonth whe corresponding alkenes in
yields of 39-659%6° With all the oxirane derivatives except CHO, alicysiloxanel8was

isolated in 9-24% vyield (eq. 1.12). Its formatioasaattributed to insertion of the initially

formed dimesitylsilanone into the C-O bond of aocsetmolecule of the starting epoxide.

R R0 R

SiMes, + 2 —— \[O,SiMeSQ + [ (1.12)
18 + "siloxane
oligomer"

One kinetic study on the reaction of SiMeth oxirane has been reported in the gas
phase by Baggott et &l.The rate constant for this reaction was found eopkessure-
dependent spanning the range of 2.0 to 2.8%M®s* (1-10 torr). The clean first-order
decays of the silylene imply that the silylene-are complex is short-lived under the
experimental conditions, although it was not obsdnrdirectly. Pressure dependency
suggests the first step to be reversible and catiyeetvith consequent decomposition of
the complex to generate ethene.

The reactions of SiHand SiMe with oxirane and thiirane have been examined by
DFT (B3LYP/6-311G(d®9) and ab initio (MP2/6-31G(d,p) and QCISD/6-31Gfdp
and QCISD/6-311G(dj) calculations. The results indicate that the fissép of the
reaction is the exothermic formation of the cormsping silylene-oxirane and silylene-

thiirane complex, while the barriers for the secatep are similar in both cases. The

17
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main difference between the reactions with oxirare thiirane is the mode of
decomposition of the complex: fragmentation of #ilglene-thiirane complex to form
silanethione leads directly to the silanethione atidene, while the silylene-oxirane
complex dissociates via the initial formation osiaglet biradical which undergogs
cleavage to yield silanone and ethene. However, Bdidulations by M. D. Su failed to
locate the biradical intermediat&®

Silanones are important intermediates in interstethemistry® the oxidation of
silicon surface§? silicon chemical vapor deposition procesSegqolysiloxane
productiod® and the combustion of silan¥s. Most of our experimental knowledge
about the properties and reactivities of silandresbeen gained through low temperature
IR detection of transient derivatives in argon ricas?® °'%although several groups
have observed transient silanones by rotationattegeopy "% luminescencé?®*°
and mass spectrometry in the gas pii&s@©nly one stable silanone has been synthesized
by reaction of a silylene with JD; the highly reactive silicon-oxygen double bondhis
molecule is stabilized by chelating amine ligafftisThe main sources of information
regarding the stability and reactivity of silanoree theoretical calculations, the parent
silanone, HSi=0, having received the most attentton.

Molecules containing a silicon-sulfur double bostianethiones, are thought to be
more thermodynamically stable than silanones due tower polarity and a higher
HOMO-LUMO gap of the Si=S bontt*'® Stable silanethiones with sterically
protecting or intramolecularly coordinating suhstiits have been synthesized by

desulphurization of silatetrathiolan¥$;***reaction of silanes with G8° and by reaction

18
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of stable silylenes with elemental sulfdf. Transient silanethiones with small
substituents have been observed in argon matri¢cedova temperature by IR
spectroscopy™® Several transient silanethiones have been postuta exist based on
the results of trapping studies withs,Dethanol, or 1,3-butadiefi&. *9'?° Stable
silanethiones have been found to react with metrambwater:*4**

In chapter 7, the kinetics and thermodynamics ef tactions of SiMg SiPh,
SiTmp, and SiMeg with PrO, CHO and propylene sulfide (PrS) weredstd by laser
flash and steady-state photolysis techniques iat@mpt to elucidate the mechanism of
the O- and S-abstraction. In conjunction with kinesimulations and theoretical
calculations, the results are indicative of a hzaddmechanism for oxygen abstraction.

1.3.6. Reactions with Alkenes and Alkynes

The discovery of stable silacyclopropanes (silidnby Seyferth in the early

1970's*1% |ed to the realization that these molecules canaactransient silylene

g6 124126 The formation of silylene decomposition produdtsm these

precursor
molecules is usually inferred from product studidsch show products consistent with
silylene generation. Silacyclopropane derivatii3}a-c) and 21-23 were shown to
generate t-BsSi either thermally (100-208C) or upon 254 nm photolysis (eq. 1.13).
125126 Thermal generation of t-B8i from the 7-silabicyclo[4.1.0]heptane derivati22

and silver-mediated t-B&i transfer reactions have been extensively stuojeWoerpel

and his groug?®**°
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i 100-200 °C U R
t-Bu,Si 2P 2 i BW,SIAD | + [
or 254 nm O R (1.13)
R, 2
19 20
a.R1=Me,R2=H a.R1=Me,R2=H
b.R1=R2=Me b.R1=R2=Me
c.Ri=R,=H ¢c.Ry=R,=H

t-BU28i<O t—BUzSi@ t-BUzSi<>
21 22 23

More recently, the novel siliran24 was shown to generate transient bis(2,6-
diethylphenyl)silylene (Deg®i) and cyclooctene either thermally (18Q) or upon
irradiation with a medium-pressure mercury vapamp*>* Diadamantylsilylene can
also be generated either photochemically or thdynfram the silirane®5aand25b, and
was shown to undergo [1+2] cycloaddition reactiniith a variety of alkeneS? A stable

silylene-amine comple26 with bulky aryl substituents can be thermally gated from

silirane27.1°3
R \
Dep N Ar_ Tip
S| AdS d si
De "9l /Q
P R TI[; n—C4H9

24 25a. R = Me
25b. R = Et

26 27
N
Dep = ¢ Tip= -3 Ar = -;zj%

Given the importance of siliranes in silylene chemyi the need for a direct

feasible synthesis of these compounds is evideytlo@ddition reactions of a variety of

silylenes to olefins have been studied extensiveR/;*>°and were shown to yield either
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y*r 81 1571800y staplé?> 152 1811%jliranes in high yields, thus providing an

intermediar
efficient synthetic route to these cyclic compoundsilylenes add to alkenes
stereospecifically, which was first discovered loytdrelli and coworkers in the reactions
of SiMe;, and SiPh with cis- and trans-2-butene (eq. 1.3)!*°The stereospecificity of

the reactions was determined by analysis of thdywts of methanolysis of the initially

167 157
)

formed siliranes. Siliranes formed from phenylmét dipheny and
dimesitylsilylene¥® are known to be photolabile, and thus under phuztorcal
conditions the initially formed siliranes often w@ndo light-induced 1,3 silyl migration
(eq. 1.15). Retention of stereochemistry was alsmahstrated for the reactions of (-
BusSi)(t-PESi)Si*t AdSi (Ad = adamantyl}®*> SiMe,*! SiMes,’®* 1 and
Si(TMS)PH®® with various alkenes. Silylenes also add to alkyne produce the

corresponding silirenes (silacyclopropent&8)!0-17t

_ <( (20a) \ \—/ (28a) <( (1.14)
R,Si — [SiR2] ——— " | RS

2 R = Me or Ph

Kira’s stable dialkylsilylene29 was shown to undergo [1 + 2] cycloaddition

reactions with alkenes and alkyri8sWhile 29 was found to add to ethene and cis-2-
butene in hexane at room temperature to gene3@te and 30a respectively, in
guantitative yields (eq. 1.16), the analogous feactith trans-2-butene did not give

silirane under the same experimental conditionsldiyig a complex product mixture
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instead. The results suggest that the reaction twarhrans-alkene is significantly slower
than that with the cis isomer, in accordance with ¢arlier findings of Conlin and co-
workers that cycloaddition of SiMg# cis-2-butene proceeds 25-28 times faster thain t
to trans-2-buten&® N-heterocyclic silylenes, on the other hand, Hagen discovered to
act as efficient catalysts for polymerization ofmenal alkenes and alkynes, and do not

undergo the [1 + 2] cycloaddition reaction typiofbther silylenes®

MesSi siMes MegSiy PMes
Si + RHC=CHR —_— Sii (1.16)
28 MeuSi R
. SiMe3g  a.cis-2-butene €39l SiMe
Me3S|29 b. trans-2-butene 30 °
c. ethene

The rate constants for the reactions of SIM&MePh, SiPh SiTmp and SiMes
with a series of alkenes and alkynes have beenureshsn hexanes or cyclohexane
solutions and are summarized in Table 1.6. Theegahange from 2.8 10° M™* s* to
1.78 x 10'° M s* and decrease in the order SiMe SiMePh= SiPh > SiTmp >>
SiMes. The absolute rate constant for the reaction eyttiohexene is ca. 2 times slower
for SiTmp than that for SiPh reflecting the electronic effects on the rateed®ining
step provided by the methyl groups on the aromatig. SiMes reacts with the same
substrate ca. 1500 times slower than does SiTonmder the same experimental
conditions, which can be attributed to steric iatéions of the ortho-methyl groups with
the alkene. A similar trend in the rate constast®lserved in the reactions with the

alkyne (CH)3SiC=CSi(CHs)s (Table 1.6).
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Table 1.6.Rate constant{/ 10 M s for the reactions of transient silylenes

with alkenes and alkynes in hydrocarbon solven64€ #

SMe, SMePh SPh, STmp; SMes;
1-hexene 7.3+ 1.4°¢ - - - -
cyclohexene 8+1° - 7.9+07 4.3+0.2" 0.0028+

0.0003
(CHg)sSICH=CH, 59+ 1.2¢ - - - .
(CHg)sSIC=CH 8.0+ 1.6°¢ - - - .
(CH3)3SIC=CSIi(CH)s | 13.8+ 0.5° - 7.6+0.6 1.60+0.09 0.026+
0.007T
4,4-dimethylpentene | 11.7+0.5 7.0+0.3¥ 8.7+0.4 - -
t-BUCC=CH 17.8+0.6 95+0.% 9.7+04 - -
8.3+ 0.7°9

2 in hexanes unless noted otherwisiy cyclohexane, ref. 48:in cyclohexane, ref.

44;%in cyclohexane, ref. 88rref. 45;  ref. 72;% ref. 68;" ref. 47

1.4.Reactivity of Germylenes
1.4.1. Complexation with Chalcogen and Pnictogen Donors
As with silylenes, the primary driving force foretleactions involving germylenes
is their high electrophilicity resulting from thengty (4)p orbital on the tetrel center. In
principle singlet germylenes are amphoteric; theleaphilicity of the lone pair can be
enhanced by introduction of electron density to #mepty p-orbital. Stabilization of
transient germylenes by coordination with stableboeaes has been shown to lead to

intriguing reactivity of these speci&€:*"®
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Ando’s group was the first to detect not only sly-donor complexes at low
temperatures, but germylene-donor complexes as*#éfl The reactions of dimethyl-
and diarylgermylenes with O-, S-, N- and P- donars analogous to the reactions
between silylenes and donors. Coordination of #renglenes induces blue shifts in the
absorption spectra relative to “free” germylenamealing of the matrices leads to the
prompt formation of the corresponding digermenes.

Quantum chemical calculations on the reaction ef plarent tetrellylenes SiH
GeH, and SnH with chalcogen and pnictogen hydritfemdicate that the strength of the
acceptor-donor interaction decreases in the order, S GeH > SnH. This is
demonstrated for SiHand GeH in Fig. 1.2, which shows a plot of calculated Mnd
energies of the germylene complexes versus thesmonding values for the homologous
silylene complexes. The plot shows excellent liitgaver a ca. 12 kcal mdlrange in
binding energy; the slope of 0.8 indicates thatdHference in Lewis acidities of SpH
and GeH increase somewhat as a function of the Lewis basagth of the donor. The
intercept of 0.4 kcal mdlindicates that on average, the strength of themoc-donor
interaction for the silylene is stronger than tlwaitthe germylene by a small amount. The
Lewis acid and Lewis base character of varioustgubsd silylenes and germylenes has
been the subject of more recent DFT (B3LYP/6-311kf] calculations by Olah and
coworkers’® The results indicate that the interactions oflsilgs and germylenes with
NHs;, PH; and AsH correlate with electrostatic potential near thepsnp orbital of the
donors, and the relative magnitudes of the bindingrgies led to the classification of

both silylenes and germylenes as “hard” electrgshil' he interaction of dihalogenated
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Figure 12. Plot of gas phase binding
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germylenes as well as Ggldnd GeMeg with a series o6- andTe donors has also been
investigated at the DFT levE¥ The complexation energy of the GeFFHF complex was
found to be 6.6 kcal mdlhigher (more negative) than that of the GeNIEIF complex,
indicating that Geklis a stronger Lewis acid than GeMe

Several studies in our group explored the kinetessd thermodynamics of the
complexation of transient germylenes with O- anddbirors; the data for the reactions of
GeMe, GeMePh, GeRhand GeMeswith some amines and THF are provided in Table
1.7. The rate constants for complexation decreagie wcreasing substitution on the
nitrogen atom. The rate constants for complexatioth n-BuNH, follow the trend
GeMe = GeMePh > GeRh> GeMes, and a similar trend appears to hold for
complexation with EN. Equilibrium constants have been measured fordhetions with
THF and decrease in the order GePGeMe > GeMes which establishes the trend in
Lewis acidities of the three germylenes. The efjudim constants for complexation of
the four germylenes with n-BuNHand for the other amines with GeM&eMePh and

GePh are too large to be measured under laser flastolylss conditions.
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Table 1.7. Forward rate iy / 10 M™* s%) and equilibrium constantK{ / M) for
complexation of transient germylenes with N- andd@hors.

GeMe GeMePh GePh GeMes
n-BuNH, 13+ 3° 12+ 1° 10.1+ 0.6° 7.0+ 0.3¢
Et,NH - . 7.3+ 0.9¢ -

Et:N 8.7+0.7° 3.9+ 0.4° 2.8+ 0.9¢ -
THF 11+ 2°€ - 6.3+ 0.6°
[10,000+ 4000] [23,000+ 5000] [1.2+0.2]°

aref. 183 ref. 184:° ref. 185:% ref. 186:° ref. 187

Chapter 3 concentrates on theoretical and expetahemanifestations of
complexation reactions by the transient silylened germylenes MMg MPh, and
MMes;, (M = Si or Ge). Aided by theoretical calculaticaisthe “chemically accurat&®
G4 level of theory, substantial evidence has bed#leated allowing the classification of

silylenes and germylenes as “hard” Lewis acidsetodvised.

1.4.2. Insertion Into the O-H and N-H Bonds of Alcohols anl Amines

As opposed to complexation with “unreactive” Lewhases,c bond insertion
reactions of transient germylenes have been stuyligd extensively. Subsequent to the
early indications that germylenes insert into thél®onds of alcohols by the groups of
Lappert and Atwood'®® and Satgé® the first spectroscopic detection of the germylene
alcohot®® and GeH-H,0'"* complexes was achieved in frozen matrixes. Thiskweas
followed by a review of transient germylene cheryigty Neumanrf, which spurred a
burst of activity on the O-H and N-H insertion reacs by transient germylenes by both
experimentalists and theoreticiaffs 183187 192199

Transient germylenes were found to readily undédgld insertion with water and

alcohols to form stable product&*®® the authors proposed the initial formation of a
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Lewis acid-base adduct to account for the obsergsdlts. The products of N-H insertion
with amines, on the other hand, are unstable andrgly cannot be isolatéf 9% 19°

Ab initio calculations indicate that the reactiafsGeH and GeMe with NH;z and
H,O all begin with the initial formation of an acceptionor complex, followed by a high
energy barrier for the formation of the formal X-dHsertion product via a three-
membered transition stat®.’****®For the GeltH,O system, the barrier to the 1,2-H
migration is predicted to be higher and reactiontlegrmicity smaller than that in the
corresponding SiHH,O system, which has been attributed to a largee & the
germanium atom compared to silicon. A systematimaio study of the complexation of
GeH-donor complexes has also appeared in the literatwhich predicted that
complexation of Geklwith ammonia is ca. 10 kcal mbmore favourable than that with
water?’

The kinetics of the reactions of GgHvith MeOH, MeOD and BD were
investigated in the gas phase by Alexander &t’alhe results showed that the reactions
are pressure-dependent in every case, indicative third-body assisted complexation
reaction. Unequivocal evidence for the involvemedintermediate complexes along the
reaction pathway of germylenes with alcohols andnamwas obtained in a series of
studies by our grouf®*®” **°Germylene-alcohol complexes have been detecte@an
MeOH solution, which led to a study focused on tbactivity of the germylene-MeOH
complexes towards strong acids and bad%eEhe GePiMeOH complex exhibit a 50s

lifetime in neat MeOH, while the GeM#&eOH complex decays over ca.|$ under

similar conditions. While dimerization of the ger@yes is suppressed in neat alcohol
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solution presumably due to catalysis, it is stidlignificant pathway for the disappearance

of the germylenes in dilute hexanes solution (Sehér8).

ki © Rk [ROH] OR
GeR, + ROH =— RzGe—O\@ > R2Ge\
k4 H H
G62R4 Ge2R4 Ge2R4 R' = Me or tBu
+ +
R'OH 2 R'OH
Scheme 1.3

Rate and equilibrium constants for the formatiorithef corresponding Lewis acid-
base complexes in the reactions of germylenes awvitmes and alcohols are collected in
Table 1.8. Reactions with alcohols were found tadwersible in all six cases, which led
to the determination of equilibrium constants ie t8.7 M* — 3,300 M! range. The
reaction of GeMeswith EtOH was also examined in a preliminary irtigetion?® the
conclusion at the time was that this germylene does react with EtOH on the
microsecond timescale. However, those results ardact consistent with a low
equilibrium constant for complexation, in line witthose later obtainéd for the
reactions of GeMeswith MeOH and t-BuOH (Table 1.8). In contrast, qgexation with
amines was found to proceed with equilibrium comist@bove the measurement limit of
ca. 25,000 M. This indicates that the binding energies of géemsg-amine complexes
are higher (more negative) than the correspondioghal complexes, consistent with
earlier ab initio studie¥. The rate constants are all within a factor of tonf the

diffusional rate in hexanes and decrease with aging substitution on the amine.
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Table 1.8. Forward rate iy / 10 M™* s%) and equilibrium constantK{ / M) for
complexation of transient germylenes with amines @oohols in hexanes at 25.

ki/ 10 M7t st [Ky /M7

n-BuNH,  EtNH EtN MeOH t-BuOH
GeMe 12+ 3° - 8.7+0.7° [900+60]° [340 50]°
GePh 10.1+0.6' 7.3+0.9" 2.8+0.9¢ 6+1° 5+2°

[3,300+ 800] [1,000+ 300]

Ge(4-MeGH.), - 6.9+ 0.8" - - -
Ge(4-FGH,): - 7.3+0.4° - - -
Ge(4-RCCsHa)z - 9+1° - - -
GeMes 7.0+ 0.3¢ - - [15+6]° [3.7+0.2]°

aref. 183 ref. 201:° ref. 187:% ref. 185:° ref. 184, 186

1.4.3. O- and S- Abstraction Reactions from Oxiranes and fiiranes

Experimental studies of the reactions of germylenigl oxiranes and thiiranes
are limited to the work of Satge and co-workerthim 1970’s, who examined the reaction
of these substrates with the product of a room-tFatpre reaction of chlorogermanes
with pyridine or triethylamine (eq. 1.17), and fariated as the corresponding germylene-
amine complex®? Diphenylgermylene generated by the aforementiomsthod was
reported to insert into oxiranes to form the cquoewling germaoxetanes followed by
dimerization to form dioxagermacyclooctane®l)( instead of abstracting oxygen as
lighter tetrelylenes have been shown to do (ed8)F% Diethylgermylene was reported
to react thermally with oxiranes and thiiranes i@ld/products consistent with chalcogen

abstraction, the corresponding alkene and hexawttigkrigermoxané?® 2%2%t was
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also shown that germanones and germathiones inseroxiranes and thiiranes to form

5-membered rings.

R _H RO @ hv R,
Ge  + Et;N — EtNH'CI +  Ge—NEt; —— Ge
R ¢ R orA [R (1.17)
31 a.R=R =Ph 32
b.R=Ph, R =H
c. R=Ph,R' =Me
dR=R'=Et
hv,35°C ph.Ge x2 seph
32a + 0] ————= "% — > PhGe ok 118
-1/n (GePhy, O o] (1.18)

- Et;N 33 34

A report by Collins and coworkers following thesadses refuted the formation
of the germylene-amine complexes by this route, sughested an alternate mechanism
(eq. 1.19¥% It was shown that a room temperature reactionipfighylchlorogermane
(318 with EN in fact yields 1,1,2,2-tetraphenylchlorodigermaf@) and not the
germylene-amine complex as was previously reportadurn, photolysis or thermolysis
of the digermane results in regeneration 3ffa and formation of GeRh which

subsequently oligomerizes.

31a + EtzN ———>  Ph,Ge—GePh, — 31a + 1/n(GePh,), (1.19)
- EtsNH*CI b Cl A
35 (85%)
Transient germylenes GeMeand GePh are known to form Lewis acid-base
complexes with a variety of donors in hexanes smiff” Germylene complexes with

ethers and tetrahydrothiophene can be readily tetén hexane solution at 2&, and

decay with the formation of the corresponding digene!®® Both the MeGe-EtN and
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PhGe-EtN complexes have been shown to have lifetimes @n dider of several
microseconds at ambient temperature in solutioniclwisupports the conclusions of
Collins and coworkers that they were not the acgigainylene precursors in the French
studies.

The reaction of the parent germylene (Gehvith oxirane was explored
computationally using density functional thed?yThese results suggest that the reaction
should proceed via the initial formation of the Ge®tirane complex, which undergoes
concerted bond cleavage to yield germanone anaetfide Gektoxirane complex was
predicted to be kinetically unstable and eludedtidetection.

In Chapter 8, a study of the reactions of transgarmylenes GeMeand GePh
with cyclohexene oxide (CHO) and propylene sulfHeS) are presented; the germylenes
were generated using photolysis of the correspgndarmacyclopentene derivativeg
and 37. The study was carried out in order to ascertamether (a) an acceptor-donor
complex is formed along the reaction pathway; {® O- and/or S- abstraction takes
place under conditions similar to those by silykené) dioxagermacyclooctanes of
structure34 are the likely products of oxygen abstraction; fftg rate and equilibrium

constants for complexation can be measured.

EGeMez I>GePh2
Ph

36 37
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1.4.4. Reactions with Alkenes and Alkynes
While there are many examples of stable siliramesnha (see Section 1.3.6), only
three stable germiranes have been reported td§#f€ Two of the three known stable
germiranes38 and42 have been synthesized by the reaction of theesigdimylenetO
with either tetramethylbutatrienetl) or N-phenylmaleimide 39) (Scheme 1.43%® A
number of stable germacyclopropenes have also pespared, either by reaction of a

germylene with an alkyd& or by other synthetic routés:

o SiMe3 O%O SiMe3 >:l:l:\/ SiMe3
Ph_NﬁG)fSIMeg, Ph 39 ME3SI_< ) 41 \ SiMe3
e Ge:

&~ SiMe
\—SiMe; MesSi— g e
) SiME3 SiME3 S|ME3

38 40 42

Scheme 1.4

The reactions of the parent germylene, gekiith C-C unsaturated compounds
have been investigated in the gas pfiagé°and computationall§** ?*"*'°Becerra et al
showed that the reaction of Gghith propene occurs at approximately half the
collisional rate at 298C, and the pressure dependence is indicative dfird-hody
assisted association reactfdii”** A small negative activation energy for the reactio
suggests an involvement of an intermediateomplex between the alkene and the
germylene, in accordance with theoretical calcateti of the reaction of GeHwith
ethylene by Sak&i’, Su et &% Birukov et af*® and Becerra et at* Quantum chemical
calculations (both DFT and G2//QCISD) indicate ¢hare two modes of decomposition

available to the initially formedtrcomplex: either HGe-H addition to yield
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ethylgermylene or 1,2-cycloaddition to yield geramie?** The mechanism involving the
formation of ethylgermylene was supported by adangverse kinetic isotope effect
measured for the reaction of Gewith ethylene-g**

The reactions of transient germylenes GeMand GePh have also been
investigated in condensed phases. While the reacficiceMe with a series of aliphatic
alkenes does not afford isolable prodifé{sGeMe reacts with two molecules of
substituted styrenes to generate germacyclopent&ffés On glass surfaces, Geble
reacts with alkenes and alkynes to form intermgdigermiranes and germirenes,
respectively, which could be trapped with w&térSeveral transient germiranes have
been directly detected by time-resolved UV-vis $qmscopy from the reactions of GePh
with various alkenes by S. S. Chitnisyublished) and Y. Saeidi Hayeni&€Z? and were
efficiently trapped with MeOH to generate the cep@nding addition products. Transient
germiranes decay on microsecond timescales andulrgtantially more reactive than
their silicon counterparts.

The reactions of diarylgermylenes with dienes wagestigated by Huck and
Leigh?** The results indicate that germiranes are the iimeoducts of the reaction and
are formed reversibly, while the (1 + 4) cycloaduitproducts are thermodynamically
more stable. Saeidi HayenfdZzstudied the reaction of GePhith a series of alkenes and
established a rough correlation between the Gibds €énergy of the reaction and the
ionization potential of the alkene, indicating thhe stability of germiranes decreases
with increasing substitution. The results were clamented by DFT calculations, which

are in good agreement with experimental findings.
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1.5. Techniques used

In order to study reaction mechanisms, two techesqwere used in this thesis —
steady state photolysis and laser flash photolysis experiments. The former is used to
identify product structures and determine produeidg, while the latter is used to
directly detect and monitor reactive intermedidtgmed along the reaction pathway. In a
steady state photolysis experiment, a mixture siydene or germylene precursor and a
scavenger is photolyzed in an inert solvent. Thermediates are generatedsitu, and
the formation of stable products is typically folled by'H NMR spectroscopy in regular
intervals. The photolysis is usually carried out d@ 30% conversion of starting
materials, and the resulting product mixture atehd of the photolysis is analyzed by a
variety of techniques including, but not limited t&l-**Si HMBC spectroscopy (for the
analysis of silicon-containing compounds), COSY csmescopy, *H-'*C HSQC and
HMBC spectroscopy, and GC/MS. Owing to the lowers#tévity of the 1D*°Si- and™*C
experiments compared to the 2iM-*°Si HMBC and 'H-*C HSQC and HMBC
experiments, the 1D NMR experiments on those nuatei usually not carried out.
Although isolation of products and/or spiking oetphotolysis mixtures with authentic
samples are the only really rigorous way or idgmig product structures, in many cases
isolation is not possible due to high reactivityttwivater and/or oxygen and the small
amounts typically available. In these cases, mpeeialized techniques are required to
aid the characterization of products. One of thessea TOCSY experiment (Total

Correlation Spectroscopy); this technique is désgctin detail in Section 7.2.1.
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The laser flash photolysis technique is one of mi@mg-resolved spectroscopic
techniques that can be used to study physical emadal processes that occur on
picosecond, nanosecond, or microsecond timesdalesir system, a 248 nm laser pulse
(=20 ns) supplies the energy necessary for the geoerof transient species of interest
from the photochemical precursors. The transielsb@dtion is monitored by a xenon
lamp, along the monitoring beam of which is located sample cell and a detection
system (a monochromator and a photomultiplier). Tra@sient absorption spectra are
obtained by generating absorbance-time profilesmattiple wavelengths. The,p
electronic transition of silylenes and germylenésdied in this work occurs in the
spectral range of 450-600 nm (see Chapter 2), lanslthis technique is very convenient
to study the reactivity of these species.

1.6. Thesis Outline

The thesis present the results of a study of thetids and mechanisms of several
bond insertion and atom abstraction reactionsasfsient dialkyl- and diarylsilylenes and
-germylenes in solution, specifically the bond mis&n reactions of silylenes with
alcohols, amines, alkoxysilanes, and oligosiloxaaesl the O- and S- abstraction
reactions of silylenes and germylenes from oxirased thiiranes. These reactions are
shown to all proceed via multi-step mechanisms liiag the initial formation of a
tetrellylene-substrate Lewis acid-base complex, #wg the first part of the document
(Chapter 3) will describe the results of a detailetidy of the kinetics and
thermodynamics of the Lewis acid-base complexatieactions of silylenes and

germylenes of homologous structure (MM&IPh, and MMesg, M = Si or Ge) with
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chalcogen and pnictogen donors. Complexation imrectwith a series of ethers ¢bt
and THF), sulfides (E& and THT), amines (EYH and EtN) and trialkylphosphines
(EtsP and CyP) were examined. Equilibrium constants were meastor complexation
of all six tetrellylenes with BEO, and show that their Lewis acidities decreag@enorder
SiPh > SiMe, > GePh > GeMe > SiMes > GeMes. The equilibrium constants for the
reactions of SiMesand GeMeswith all the donors studied exceptEtwere determined,
and show consistently that the silylene is mordia¢han the germylene by ca. 1 pK unit.
The free energies of complexation correlate roughith the gas phase proton affinities
of the donors. Calculated (G4) binding enthalméshe complexes of MMewith 17
Lewis bases correlate with Drago’s E and C paramgt&®?°in a manner consistent with
the classification of SiMeand GeMeg as borderline soft Lewis acids.

In Chapter 4 the mechanism of the reactions of thigte and diphenylsilylene
(SiMe, and SiPh) with alcohols (MeOL or t-BuOL, L = H or D) in hares solution will
be discussed. The reaction was found to proceednitial complexation followed by
catalytic O-L insertion. The catalytic O-L inserti process proceeds with rate constants
within a factor of 10 of the diffusion limit, whilthe putative unimolecular process is too
slow to be detected in solution. The results ampared to the analogous reactions of
dimesitylsilylene (SiMeg, where the complexation step is reversible ardctthmplex is
a steady-state intermediate.

A study of the insertion reactions of SiM&iPh and SiMeginto the N-H bonds of
amines (n-BuNHKH and E$NH) is described in Chapter 5. The bimolecular @iastants

for complexation with amines was found to follove tinend n-BuNH > EtLNH > EN, in
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the order of increasing steric bulk on the nitragérhe complexation rate constants of
silylenes with the same substrate increased iroter SiMg > SiPh > SiMes. The
results indicate that amine catalysis is at le@Stiines slower than the analogous process
in the SiR-MeOH complexes.

The results of laser photolysis studies of silylamertions into the Si-O bonds of
alkoxysilanes and siloxanes (MeOTMS;, ,, TMDOP, TMSO and MeSi(OTMS)2)
are described in Chapter 6. The results are cemsigtith a mechanism in which the first
step is a reversible formation of a Lewis acid-beseplex followed by a unimolecular
[1,2]-silyl migration. The ability to detect the rtesponding Lewis acid-base complexes
depends on the relative magnitudes of the ratetaotssfor the first and second step.

Chapters 7 and 8 focus on the O- and S- abstrat@metions of silylenes (SiMe
SiPh, SiMes and SiTmp) and germylenes (GeMeand GePj$) from oxiranes
(cyclohexene oxide (CHO) and propylene oxide (P& a thiirane (propylene sulfide
(PrS)). The results indicate that the reactionceeds via a two-step mechanism,
involving initial complexation followed by unimolatar collapse of the complex to form
the corresponding R1=X transient compounds (R = Me, Ph, Mes or Tmps=I8i or Ge,

X =0 or S). For SiMgand SiPhthe first step is essentially irreversible;{& 25,000 M

Y, while for SiMes the unfavourable equilibrium renders the rate toms
undeterminable in the reactions with oxiranes.ringzliate complexes could be detected
in all cases except in the SiIMd3rS system. Diphenylsilanethione {§BEFS,Anax = 275
nm) was detected from the reaction of SiRlith PrS and identified on the basis of its

spectra and rate constants for reaction with n-ByNg$NH, MeOH and t-BuOH. The
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spectra of SiMesin the presence of PrS did not correspond to wghexpected for either

the SiMesg-PrS complex or MeSi=S, therefore the S-abstraction reactions by $Im
was investigated. The results for SiTmpere found to be analogous to those for &iPh
The O- and S-abstraction reactions by germylenesrarch less efficient than those by
silylenes; no evidence for O-abstraction by GeMeuld be found, while S-abstraction
from PrS proceeded in ca. 35% vyield. Laser phot®lyaidies of the behaviour of GePh

and GeMg in the presence of CHO, PrO and PrS will alsoresgnted.
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2. Chapter 2 — Synthesis and Photochemistry of Silylenand Germylene Precursors

2.1.Overview

The photochemical precursors of SiMd3), SiPh (448, GeMe (36) and GePh

(37) have been prepared following published procedamsd a brief outline of each

synthesis is given in this chapter. Laser flashtqlysis experiments with each of these

compounds are introduced, in addition to those whth precursors of SiMgg¢45) and

GeMes (46) which were already available in our group. Thehuds used to determine

rate and equilibrium constants for simple Lewisdduase reactions of these species are

introduced.

Mez

_Si .
M923} §|Me2
MeZSi\Si,SiMeZ

Ph,
Si .
Me,Si ISIM62

Me,
43 44a
/EGeMez I>GePh2
Ph
36 37
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Mes,

Si_
MesSi~> “SiMe,

45

I>GeMesz
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2.2.Synthesis of Silylene Precursors

The precursor of dimethylsilylene, dodecamethylolieikasilane43) was prepared
via published procedures involving the initial dyedis of 1,1,1-trimethyl-2,2,2-
triphenyldisilane 49) (Scheme 2.1} followed by the reaction of dichlorodimethylsilane
(50) with lithium metal in the presence 49 (eq. 2.1F Compound49 (87% purity by'H
NMR) was isolated in 30% vyield after recrystallinat from ethanol. Compound3
(23.53 g) was synthesized in 81% crude yield andified by consecutive
recrystallizations from ethanol:THF (7:1) to affocdlourless plates. Recrystallizations
were repeated until the purity determined by GCAMES > 98% and a single methyl peak
was evident by'H NMR; this generally required 4-7 recrystallizaiso Pure43 was

characterized bjH NMR spectroscopy and GC/MS.

Ph,SiCl
47
excess Li
. PhsSiLi*
MesSiICl ——2——>  Ph,Si—SiMes

48 49
30%

Scheme 2.1

. . 49 . .
6 Me;SiCl, + 12Li —= o= (SiMey)g + 12LiCl

50 43
81% crude
48% pure

2.1)

The synthesis of the photochemical precursor ohSigdmpoundid4a(m.p. = 50.4-

50.8°C), begins with the synthesis of 1,3-bis(chlorodimétiyl)propane 64, eq. 2.2j
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which is subsequently reacted with dichlorodiphsitghe £5) and lithium to yield the
target compoundi4a in yields ranging from 8 to 34% over several gigeq. 2.3).
Purification of44awas carried out by silica gel chromatography viiéxanes as eluent,
followed by a slow recrystallization from MeOH. Auity of >98% was estimated B

NMR and GC/MS analysis.

: i-PrOH
A SMECL & HCIGPL6H,0 + MeSIHICH " Cive,si ™ Vst 22

RT
51 52 53 54
(76 - 91)%

Ph,

THF / Et.0 Me Si/Si‘SiMe

. . 2 2 2

54 + Ph,SiCl, + Li OOC—_RT> (23)
55 44a
(8 - 34)%

2.3. Photochemistry of silylene precursors

One of the best known methods for the generationrafsient silylenes is by
photolysis of oligo- and polysilan&s. The precursor usually contains at least three
consecutive silane units, with one of the silicbonas being extruded upon photolysis as
the major decomposition pathway. Dodecamethyldyetasilane 43) is the most
commonly used photochemical source of dimethylsiigl (SiMe). ®*’ The co-product
of photolysis, $6), undergoes further photolysis to gene&teand SiMe (Scheme 2.2).
Although 57 does not extrude another molecule of SiMeis reactive towards oxygen
and is generally isolated as the correspondingaile58.'° Dimethylisilylene generated

using this method can be readily detected in fromexrixes® *® and in solutiofi® *’
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using UV/is spectroscopyAfax = 470 nm, Fig. 2.1a), which allows for kinetic and

thermodynamic studies of silylene reactions withouss scavengers to be performed.

I\S/I_e2 M62
Mezsi §|Me2 hv Me28! SiMle, + Silte, hv sive, |+ MeQS! §fMe2
MeQSi\Si,SiMe2 Me,Si~g; Me,Si—SiMe,
Me, Me, Amax = 470 nm 57
43 56 %2
jo:
Me,Si=SiMe, Me2§i—S\iMe2
Me,Si.___SiMe
Amax = 360 Nm N0 2
58
Scheme 2.2

Dimethylsilylene generated by lamp photolysis dB in a solution of
tetrahydrofuran (THF) and methanol yiel&® (89%) (eq. 2.2} The products of
insertion reactions of SiManto O-H single bonds of alcohols were also ol@dimwhen
the photolysis was carried out in ether solutiomstaining43 andtert-butanol or ethanol
in yields of >85%; the yields were determined baeadthe generation of two SiMe

molecules for each molecule 48.°

H

43 + MeOH v, MeZSi/ (2.2)
HF \OMe '
10x excess
59
(89%)
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Figure 2.1. (a) Transient absorption spectra from laser fl@shtolysis of a deoxygenated
hexanes solution of3 at 25C, recorded 0.06-0.0@s (e) and 0.48-0.51us (0) after the

laser pulse. (b) Transient decay profiles recomte260 nm and 470 nm.

Although this reaction is clean for the generatioh dimethylsilylene, much
difficulty has been encountered in the direct d&tecof photochemically generated
phenylated silylenes from oligosilanes. It is nawll-known that 2-phenyl trisilanes
such a0 and61 undergo two competitive photochemical processgi$ylene extrusion
(path 1) and 1,3-silyl migration to yield conjugdtsilenes (path Il) (Scheme 28)y°
Although extrusion is usually at least two timesrenefficient than 1,3-migration, silenes
of this type were shown to absorb strongly in t!26-800 nm randge and thus could
obscure the weak silylene absorptions. This hastdednisassignment of the silene
absorption bands in solution (ca. 440 nm, Fig. Rt@ahose due to SiRfand SiMePH*

%> The photorearrangement is suppressed in frozemixest however, allowing the
correct identification of SiPh(Amax = 495 nm) and SiPhMeAgax = 490 nm) from

photolysis 0f60 and 61, respectively® The problems with the spectral assignment in

55



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

solution were recognized by comparison of rate taons for lifetime quenching of the
440 nm species by various silylene scavengerstivitbe for the analogous reactions with
SiMe"® ¥ and SiMes?” which showed that the reactivity this transienhibits more

closely resembles that of a silene than a silyfefie?®=!

— SiRPh + Me;Si-SiMe;
R\Sllph hV 62
MesSi” "SiMes H
60: R=Ph [l SiMe3
61: R=Me —
SiRSiMe3
63: R=Ph
64: R = Me
Scheme 2.3

Incorporation of the trisilane unit into a cycliziecture reduces the relative yield of
the silene (path Il, scheme 2.3) compared to flgkese. It was shown that cyclic trisilane
65a produces the corresponding sile6é in ca. 15% chemical yield upon 254 nm

photolysis®

which can be compared to a ca. 37% yield of tteogous product from
photolysis 0f60.** 3 Although the silene is formed in significant yieddd its spectrum
overlaps with that of the silylene (Fig. 2.2b), ®&iRan still be directly observed in
solution by flash photolysis of boB0**and65a* (Ama(SiPh) = 515 nm and 290 nm,=

1.2 us). The relative yield of silene is reduced furtimethe 6-membered cyclic trisilane
443 photolysis of which yields the corresponding rs€&8 in <5% yield (Scheme 2.4,
Fig. 2.2c)’ Similar results have been achieved with compo@tisand44b, which yield

silylene SiMePh in higher yields relative to th&-%ilyl migration product compared to

that from compouné61.>*
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— 460 nm a
0.10- 0.10}
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0
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55000
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0.00kx-Yas, ST o - =S 0.00F+;

Figure 2.2 (a) Transient absorption spectra recorded 0.8840s (0) and 2.08-2.3Qus
(o) after the laser pulse, from laser flash photslysi a hexanes solution &0. (b)
Transient absorption spectra recorded 0.13-Qsl®) and 4.24-4.33s (@) after the laser
pulse, from laser flash photolysis of a hexanestsml of 65a (c) Transient absorption
spectra of a deoxygenated hexanes solutioghtaft 25C, recorded 0.19-0.26s (0) and
4.24-4.35us (o) after the laser pulse. Also shown are the diffeeespectra (-0 minus
o). The insets show transient decay profiles reabate!60 nm and 530 nm.

Ph R R Ph
iV g Me,Si SiMe
Me,Si SiMe, 2 2 Ph\Si/ SiMe,
!
44 65 Me,Si
a.R=Ph a.R=Ph
b.R=Me b. R =Me 66
Ph,
i~SlsiMe, hv _ Me,Si—SiMe Pheg” g
Me,Si SiMe, _nv 2 2, SiPh, | + S|' SiMe,
Me,Si
Amax = 515
44a 67 ma"(>90(y)"m 68 (<5%)
° Amax = 440 nm
x2l
Ph,Si=SiPh,
Amax = 460 nm
Scheme 2.4
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The differences in the relative yields of silenad ailylene from the photolysis of
the three trisilanes have been determined fromdgtstate experiments employing a
hydrocarbon solution containing the trisiladd4 65a or 60) and MeOH or EtOH as the
trapping agent for both transient products. Thumtalysis of60 in the presence of
ethanol (1.0 M) in hexane ga®8 (50%) and70 (37%) (eq. 2.3), wherg2 and53 are the
ethanol adducts of SiPhand silene intermediatd6 from the photolysis 0f43
respectively’® In comparison, photolysis @f8a in the presence of MeOH (0.16 M) in
CsD12 gave 54 and 55 in 69% and 83% yields, respectively (eq. 2#)Five minor
products were also formed in 14% combined yieldpsehNMR and mass spectra are
consistent with adducts of MeOH and a silene ingghiate (Scheme 2.5). Analogous
photolysis of a cyclohexar#- solution containingi4aand MeOH (0.21 M) resulted in a
substantially higher yield di4 (93%) accompanied by less than a 5% combined pield

minor products derived from the reaction of MeOHb1geq. 2.5)3

H
Phy hv Z N—siMe
_Si__. + EtOH ——— Ph,SiH(OEt) + Ct 3 (2.3)
Me3Si” ™ "SiMey hexane SN o
H SIPhOE
60 69 70 SiMe,
0.00554 M 1.0M 50% 37%
Ph,
Me,Si~ > SiMe hv H SiMe
2 ? + MeOH —— PhSii + CI. 2+ 5other  (2:4)
CeD12 OMe SiMez  products
65a 71 72
0.05 M 0.16 M 69% 83% 14%
Ph,
Me,Si~ > "SiMe hv H SiMe
2 2 4+ MeOH ——— PhsSi. + C o+ other  (2.5)
v CsD12 OMe SIMe2 products
44a 71 67
0.05M 0.21 M 93% 98% <5%
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Figure 23. Transient absorption spectra
0.10

— 420nm

from laser photolysis of a deoxygenated
0.08r

hexanes solution ofi5 at 25C, recorded

— 580nm

0.06r

3 0.04l 0.00-1.28pus (o) and 27.20-28.481s (0)
0.02" after the laser pulse. The inset shows
0.005 ] ! transient decay profiles recorded at 420 nm

300 400 500 600
Al nm
and 580 nm
16 S Y
® 1 ® ! @1
o >—H MO G !H Me—C, QH Me=Q_>—KH
~Si SiMe, Ph-Six  SiMe, Ph-Six  SiMe, ph-Six  SiMe,
R R R R R R R R
Meo!! QH MeO. QH MeO. _Q".'
Ph/Sli * §iMe2 Ph/Sli * §iMe2 Ph/SII * §|Me2
R R R R R
Scheme 2.5

Photochemical 1,3-migration of the SiMgroup into an ortho position is blocked in
ortho substituted aryl trisilanes. Thus, compodbdyenerates dimesitylsilylene (SiMes
max = 580 nm, Fig. 2.3c) in high yield upon photolysiShe ultimate fate of SiMess
the formation of isolable tetramesityldisilene,{#és;) in > 95% yield (Scheme 2.8Y°
By time-resolved UV/vis spectroscopy, an additiomahsient can also be observed from
45 which exhibits an absorption spectrum centered4@t nm that overlaps with that of
tetramesityldisilene (SMes;, Amax = 420 nmY’ This additional transient has not yet

been identified.
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Table 2.1 UV-vis absorption maximaAfax / nm) and second order decay rate
coefficients (Rgim/emax / 10° cm* s?) of SiMe,, SiPh and SiMes in hexanes at 28,
unless stated otherwise.

Amax / M 2kiim / €mas (/ 10’ cmi* s1)
SiMe, 470 1.7"2
SiPh 290, 518 -
SiMes 29037 58G+" % 0.9 (580 nnf"?

%in cyclohexane

Mes,
. v . . .
Me3Si/SI\SiMe3 —> SigMeg +| SiMes; |+ photolysis by-product

28 dnax = 580 MM Ay = 440 N

:

Mes,Si—=SiMes,

Amax = 420 nm
(> 95%)

Scheme 2.6
Table 2.1 lists UV-vis absorption maxima, extinotioefficients and dimerization

rate constants for SiMeSiPh and SiMes.

2.4. Synthesis of Germylene Precursors

The germacyclopentene derivati8é was prepared via the 5 step route shown in

eq. 2.6-2.8%3°
O 2 eq. Me;SiCH,MgCl %
+ 2eq. Cul i
Ph)J\CI o~ Et,0, -78 °C Ph)l\/suvle3 (2.6)
73 74 (62%)
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Et,0 Ph AcONa/AcOH 7
74 + ZOMgBr gogm 2 Y SiMes T gooc (2.7)
Ph
1.5 eq. OH
75 76 77

(22% over 2 steps)

¢ /N 2M
- _A 2 MeMgBr_ 28
77+ {»Q? g o - e /[)c;eu2 Rl Ph)i>ee|v|e2 (2.8)

Ph
78 79 36
(32%) (80% crude)
(22% pure)

The sequence begins with the synthesis of comp@dndhich involves treatment
of 73 with the Grignard reagent in the presence of Gujite 74 in 62% vyield (eq. 2.6
Treatment of74 with vinyl magnesium bromide generai#®s; which was used directly in
the next step to form the target digfigin 22% yield from74 (eq. 2.7)** The reaction of
GeCb-dioxane78*? with 77 gave79 (32%), which was subsequently treated with 2 &q. o
MeMgBr to afford36in 80% crude vield (eq. 2.8%>° Column chromatography on silica
gel using hexanes as eluent afford&l(22% yield) in >98% purity as determined by
GC/MS.

Compound37 was synthesized via the two step procedure showeqi 2.9. The
compound was purified by silica gel chromatograplith hexanes as eluent followed by

multiple recrystallizations from hexanes to remang traces of biphen§f**

A 2eq. PhMgBr
78 + I THE" )@GeClz THF. 5 °C |  GePh, (2.9)
DMB 80

37
(56%) (70%)
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2.5. Photochemistry of Germylene Precursors
Far-UV photolysis of germacyclopentene derivatives been utilized for the

generation and direct detection of the transienngienes Gebf® and GeMg'™

in the
gas phase and hexane solution. Photolysis of a&tyasi other germylene precursors in
hydrocarbon matrixes or in solution, however, ledrtconsistencies in the kinetic and
spectroscopic data assigned to GeN& prior to the work by our group in 20839 4950
For instance, photolysis of PhiM&eSiMe, Me,Ge(SePh) Me,Ge(GePhMg), or cyclo-
(GeMe), (n =5 or 6) in matrixes or in solution yieldedrsients that were assigned to
“GeMe,”, however the absorption maximum varies betwee® #2n and 506 nm
depending on the precursB*® In contrast, germacyclopentene derivatives geaesat
transient centered at 470 nm and 480 nm in soluiah the gas phase, respectively,
which displays kinetic behaviour consistent withgarmylene. Germacyclopentene
derivative36 extrudes GeMein high chemical (90-95%) and quantué £ 0.55+ 0.09)
yields according to eq. 2.10-2.3* The phenyl group on the germacyclopentene ring
provides the chromophore that is necessary forrgéina of the germylene by photolysis

with 248 nm light; for instance, photolysis of aclphexaned;, solution containing36

and MeOH results in the equimolar formatiorBéfand77 (eq. 2.11).

hv & x2
EGeMez — /( +|GeMe; | — > | Me,Ge=GeMe, (2.10)
Ph

36 77 Amax=470nm Amax = 370 nm

Ph
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h /OMe =
_nv _
/[:bamz + MeOH 5= MeGe - (2.11)

Ph H
36 81 77
0.05 M 0.24 M (96%) (98%)

Photolysis of37 was shown to generate GeRfeanly according to eq. 2.1%: 03
The photochemical extrusion of GePfrom 37 proceeds with high chemical and
guantum vyields® = 0.55% 0.08), such that when the photolysis was carrigdiro the
presence of MeOH (0.2 M) the O-H insertion prod@& was obtained in ca. 86% yield
(eq. 2.13Y* >* Germacyclopentene derivatives of type have been employed for the
formation of not only GeRhbut also a variety of other diarylgermylenes saslGeMes

(eq. 2.14) %% >>such that photolysis of a hydrocarbon solutiontaiming 46 and MeOH

results in the quantitative formation of the O-ldértion product?

;EGePhg l’ + | GePh, Lz’ Ph,Ge=GePh, (212)
37 DMB  Amax = 500 nm Amax = 440 nm
hv /OMe
| GePh, + MeOH oD PhZGe\|_| + (2.13)
37 82 DMB
0.02 M 0.2M (86%) (89%)
;E>GeMesz v, DMB + | GeMes, X2, Mes,Ge=GeMes, (2.14)
46 Amax = 560 nm Amax = 410 nm

Fig. 2.4 shows transient absorption spectra of mexaolutions 086 (a), 37 (b)
and 46 (c). Then,p electronic transitions of the germylene? (3 S occur in the

spectral range of 470-560 niLx GeMe = 470 nm; GePh= 500 nm; GeMes= 560
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Table 2.2 UV-vis absorption maximaAfax / nm) and second order decay rate
coefficients (Rgim/emax/ 10" cmi* s1) of GeMe, GePh and GeMesin hexanes at 26.

)\max/ nm 2<dim / emax (/ 107 Cm-l S-l)
GeMe 470 10+ 2°®
GePh 300, 500 1.8+ 0.4%44%
GeMes 325, 560 0.8+ 0.4 (550 nmi¥’

nm in hexanes) (Table 2.2) and are very similathtise of the Si homologs (see Table
2.1). The primary mode of reaction of each germglenthe absence of scavengers is
dimerization to yield the corresponding digermeftésR,, R = Me, Ph or Mes) which in
each case absorb at shorter wavelengths than timeylgee. The rate constants for
dimerization decrease in the ordgr, (GeMe) > kyim (GePh) > kyim (GeMes) and are
listed in Table 2.2, along with the extinction doménts of each germylene at the
monitoring wavelength.

The long-wavelength band in the absorption spectofirGePh (Anax = 500 nm)
overlaps significantly with that due to tetraphehigermene (G#h, Amax = 440 nm).
Thus, the transient decay profiles for the germglereed to be isolated by scaled
subtraction of the digermene decay profile fromoabance-time profiles recorded at the
absorption maximum of the germyletie>® The resulting corrected GePthansient decay

profiles are then subjected to kinetic analysis.
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0.02f,

0.00E

Al nm

Figure 24. (a) Transient absorption spectra of a deoxygenaéxanes solution &€ at
25°C, recorded 0.08-0.1gs (¢) and 1.55-1.62us (0) after the laser pulse. The inset
shows transient decay profiles recorded at 370 mdn4Z0 nm. (b) Transient absorption
spectra of a deoxygenated hexanes solutiddvaft 25C, recorded 0.08-0.1s (o) and
3.76-3.84yus (0) after the laser pulse. The inset shows transiecay profiles recorded at
440 nm and 500 nm. (c) Transient absorption spefteadeoxygenated hexanes solution
of 46 at 25C, recorded 0.03-0.08s () and 17.00-18.00s (0) after the laser pulse. The

inset shows transient decay profiles recorded @t and 550 nm
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2.6.Kinetic and Thermodynamic Measurements
2.6.1. Determination of Rate and Equilibrium Constants for Reversible
Reactions

In the absence of added substrates transientrsélyland germylenes decay on the
microsecond time scale with the concomitant fororatf longer-lived absorptions in the
360-460 nm range due to the corresponding disilendsligermenes, respectivéy®
Addition of a nucleophilic scavenger (S) to theusioin introduces a second reaction
pathway producing fM-S that slows down dimerization (eq. 2.15).

® l (2.15)
RzM_S
©

kq [S]

X2
RoM=MR, —=—— MR,

k.1

M = Si or Ge
R = Me, Ph or Mes

In the situation where M-S is unreactive, the decay of the free tetrefigle
proceeds in two stages — a fast pseudo first cagproach to equilibrium due to the
reaction with the substrate, followed by a slow osekt order component due to
dimerization. The pseudo first order approach toildmgjium is described by eq. 2.16,
wherekgecayiS the pseudo first order rate coefficient for tleeay of the tetrellylene in the
presence of Sk is the forward rate constant for complexation wghandk; is the
dissociation rate constant for the complex. The mete exclusion of adventitious
impurities is often difficult, and so the intercegitthe plot ofkjecayVvs [S] gives the sum
of the rate constants for the reaction with impesitko) andk ;.

Kdecay= K1 + ki[S] (2.16)
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The equilibrium constant for reaction with the dudt®, such as complexation in
this case, is defined by eq. 2.17, whé&geand k; are the forward and reverse rate
constants for complexation of the tetrellylene wita donor.

Kl:ﬁ:% 2.17)
ky  [MR][S]4

The variation in the ratio of the initial and edfoilum absorbanceAy/AAeq) with
substrate concentration is proportional to the ldguim constantK; according to eq.
2.18%

DAAYAAg= 1 +K, [S] (2.18)

The observed response of the absorbance-time gsadil the tetrellylene to added
substrate takes one of three forms depending onnthgnitude of the equilibrium
constant: smallK; < 1,000 M%), medium (25,000 M < K; < 1,000 M%) and large K, >
25,000 MY); note that these limits are approximate. When Khevalue is large, the
absorbance of the tetrellylene after equilibriurs baen establishedA.) is too small to
be detected. In this situation the decay of thellgtene follows clean first order kinetics
at any substrate concentration. The forward rabstamt for reaction with the substrate is
obtained by analysis of the data according to 6.2

For systems where the equilibrium constant fallshi@ medium regime, both the
rate and equilibrium constants can be determinée. fiee tetrellylene decays consist of
two components — a fast one due to the reactiom thé substrate, and a slow one due to

the dimerization reaction. The forward rate consfan reaction with the substrate is
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f -
spantast Figure 2.5. The general appearance of a

two-phase transient decay profile.

spanslow

plateau

0 2 4 6 8 10
time / ps

obtained from the rate coefficients associated withinitial fast decaykfs), which are
obtained from analysis of the two-phase decay le®faccording to eq. 2.19. The
plateau, spanfast andspansiow are labelled on a typical two phase decay prasfiewn in
Fig. 2.5. Theplateau is generally unrestricted; however, when the vallplateau given

by the unrestricted analysis is negative, the amlig repeated witplateau set to zero.
Theks,st values are then plotted against [S] to obtainviddae ofk; according to eq. 2.16,
where Kgecay = krast from the above analysis. The equilibrium constzam be estimated
from the variation of thé\A.q with substrate concentration according to eq. .2T&
AAcqin this situation is estimated visually as thealbymint between the fast and the slow
components of the absorbance-time profile.

il

AA = plateau + spanfast [ ™" + spanslow [& " (2.19)

In situations wher& falls below 1,000 M, the approach to equilibrium cannot be
resolved from the laser pulse, and the only thived tan be observed is a reduction in the
apparent initial signal intensity due to the fretrdllylene as a function of substrate

concentration. Generally, it would also be expediedsee a gradual increase in the

apparent lifetime with increasing [S] as the etuilim concentration of free tetrellylene
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decreases. However, this is rarely encounteredusecthe small increase in the lifetime
is counterbalanced by the reduction in the lifetim@used by the reaction with
adventitious impurities present in the solvent antlie substrate. Typically, therefore, no
apparent change in the decay characteristics oéliserbance-time profiles is observed.
In these cases the rate constants for complexai@mot be determined, while the
equilibrium constants can be obtained from analpdighe “initial” signal intensities
according to eq. 2.18, whef®\q is theapparent initial signal intensity due to the free
tetrellylene.

An example of each of these three cases is showigir2.6. The reaction of SiRPh
with tricyclohexylphosphine (Gf?) proceeded with an equilibrium constant Kof >
25,000 M* (Fig. 2.6a), where successive additions ofFCyesulted in a systematic
shortening of the silylene lifetime as a functidrsobstrate concentration. In comparison,
SiMes reacted with tetrahydrothiophene (THT) with anemtediateK; (Fig. 2.6b),
where both approach to equilibrium and the subssogienerization were well-resolved.
A situation described by a smaddy was encountered upon addition ob&tto SiMes
(Fig. 1c), where only a systematic reduction indapparent signal intensity due to SiMes

could be observed (see Chapter 3 for complete stson).
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Figure 2.€. (a) Transient decay profiles of the SjRtbsorption at 530 nm, recorded by
laser flash photolysis @gf4ain hexanes containing 0 mM and 0.7 mMsBy(b) transient
decay profiles of the SiMesbsorption at 580 nm, recorded by laser flash st of
45 in hexanes containing 0 mM and 0.4 mM THT, (cnsiant decay profiles of the
SiMes absorption at 580 nm, recorded by laser flash gpsis of 45 in hexanes

containing O M and 0.8 M ED.
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2.6.2. Fast Reversible Complexation Followed by a Rapid Umolecular
Reaction
One situation that is commonly encountered throughthis work is rapid

unimolecular rearrangement of the initially formsmmplex to yield a stable product (eq.

2.20).
kq[S] ® ky (2.20)
MR, R,M—-S — P
k.4 ©
M = Si or Ge

R = Me, Ph or Mes

In instances where the total rate of productiothefintermediate complex is nearly
equal to the total rate of its removal, the ratecbnge of the concentration of the
complex with time is approximately zero. In suctuations the reaction can be analyzed
by the steady state approximation. The expresswrkdcay iS shown in eq. 2.27.
According to the steady state approximation, a pfdyecay Vs [S] should be linear with

slope ofkoki/(k 1 + ko).

., = kLS (2.21)
’ k—1 + k2

When k; is small, the equilibrium between [MR+ S] and [complex] can be
maintained and this slowly escapes to productsqtifilibrium is not attained rapidly, the
kinetics are complex and kinetic simulations amguned in order to obtain approximate
values ofk;, k; and k,. If the equilibrium is established very rapidlylative to the
product forming step and maintained, the expresforkyecay IS given by eq. 2.27
whereK; = ki/k; and S = substrate. In our experiments, this isegdly true when the

approach to equilibrium cannot be resolved fromldéiser pulse. In principle, the reaction
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can be followed by monitoring the time evolution tok product, [P], the tetrelylene,
[MR2], or the intermediate complex, §®-S]. In practice it is usually the case that only
the free tetrellylene can be monitored. In soméimses though, both the tetrelylene and
the complex can be monitored as a function of satesiconcentration. This allows the
values ofk; andK; to be obtained by two independent methods.

_ kK]S]
Ak 2.2

There are two limiting cases fRiecay

K4[S] >> 1 (saturation), when

1 +K4[S] > Ki[S], andkgecay= ko (2.23)

and the reaction rate is zero order in [S];

K4[S] << 1, when

1 +K4[S] = 1, andKgecay= koK1[S] (2.24)

and the reaction rate is first order in [S].

The steady state (eq. 2.21) and pre-equilibrium 2e2p) expressions fdgecayare
kinetically non-equivalent, and should be distirsinaible experimentally. A linear plot of
KiecayVS [S] is typically indicative of a steady stateiagtion, while a curved plot decay
vs [S] obtained from both MRand R;M-S absorptions suggests a fast pre-equilibrium
situation. Sometimes, however, the distinction matybe straightforward if the system is
far from saturation and the plot kfecayVs [S] appears to be linear. The direct deteation

the intermediate complex also serves to supponrehanism — while in the steady state
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situation the complex does not build up to an appl#e amount to be directly detected,
in the pre-equilibrium situation the complex usyalan be readily observed.
2.7.Kinetic Isotope Effects

The kinetic isotope effect (KIE) is a quantitativeeasure of the change in reaction
rate that results from isotopic substitution andexpressed as the ratio of the rate
constants for reaction of two molecules labelledhwdifferent isotopes, generally the
lighter one over the heavier one (eq. 2.2%) The percentage difference in mass change
is great for hydrogen (H) and deuterium (D), andstlthe KIE resulting from these
isotopic substitutions are usually large.

KIE =ky / ko (2.25)

When the isotopic substitution is in a chemicalddmat is broken or formed in the
rate determining step, the change in the reactitemaan be substantial and a primary KIE
is observed. The change in rate constant due topmosubstitution at a position not
directly involved in the rate determining step isolwn as a secondary KIE, and is
intrinsically smaller than a primary KIE. Howeverimary KIEs are often small and thus
the magnitude alone does not necessarily diffeantwhether a KIE is primary or
secondary.

The potential energy function for a general borgbaiciation reaction in which the
R-H or R-D bond is broken is shown in Fig. 2'7The potential energy surface is not
altered as a result of isotopic substitution; affedences are attributable only to the
change in mass which is reflected in the vibratidreguencies. The vibrational energy of

a molecule R-D in the ground state (zero pointgyer ZPE) is lower than that of a
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Figure 2.7. Bond dissociation curve

AEp| | AEH showing the different zero-point energies

Energy

of isotopic species R-H and R-D.

EoH

\ J EqC

Bond distance

=

molecule R-H as illustrated in Fig. 2.7, thus geeadctivation energy is required for
cleavage. The maximum lowering in energ)Ef) which results from D-for-H
substitution is given by eq. 2.26, whexgis the classical vibrational frequendyijs the

Planck’s constant, and is the reduced ma&%.

AE, =EM -EP =%h{v0” _ ﬁj =%hv('; {1— ﬂj (2.26)
mD D

The ratio of the rate constants for a reaction wahtopic substitution can be

expressed 8%%*

_0E
L LR (2.27)
l(D mH

whereAEy is given by eq. 2.26. For an isotopic substitutbddra heavy atom other
than hydrogen the ratio of the reduced massegedb unity, resulting in small KIEs.
The maximum primary KIE that can be observed f@-H bond dissociation process is

equal to 6.5 the experimentally observed values are genemallgt than that, however.
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The range in the observed KIE values is explaingdhle fact that in most cases the
hydrogen atom is transferred from one atom to arotiather than freely dissociating as
is implied by this simple model. The hydrogen remapartially bonded throughout the
transfer process, thus requiring a more complexemaatical approximatioft.

2.8. Determination of Screening Effects

When a large amount of a scavenger is requiredrderoto determineK; for

complexation of silylenes or germylenes with thbsitate, the screening effects by that
substrate have to be assessed. Equilibrium congtdnés are obtained by analysis of
signal intensities; eq. 2.18 is valid only when théial photochemical yield of the
silylene or germylene does not vary with concemrabf the substrate. If the substrate
absorbs the incident light and the equilibrium ¢ans is small, the value could be
artificially enhanced due to light screening by shubstrate. The percent of light absorbed
(Y%arecy) by the tetrellylene precursor in the presenca s€reening substrate (screen) can
be calculated using eq. 2.28, wherggfim(prec) is the static absorbance of the precursor
at the laser wavelength in the absence of the sicrgegent, and Asnm(screen) is the
static absorbance of the screen at 248 nm. The \adlthe denominator can be measured
either by measuring the total static absorbanceetample in the presence of the screen,
or by calculating the expected absorbance baseldeoconcentration of added screen and

knowledge of the extinction coefficient of the smeat the laser wavelength.

A2481m ( pr eC)
A am(Prec) + A, g, (Screen) (2.28)

%A( prec) =
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In order to test the validity of eq. 2.28, the sciag effects on the tetrellylene
signals were evaluated by examining the reactiotGeMes with dimethylbutadiene
(DMB). This reaction is expected to proceed withemuilibrium constant of <10 ¥
therefore no effect on the germylene signal is etqukbetween 0-5 mM DMB except
that due to the screening of the sigmald,m- = 160+ 20 M* cm?).

The initial AAg of the germylene in the absence of the screengentacan be
multiplied by the %grec) factor obtained from eq. 2.28 to obtain the expeciignal
intensity in the presence of the scre@Mdreen = AAg X Ypprec). The slope of the
AAW/AAscreen VS [S] plot will give the expected screening fackg,, assuming 100%

screening efficiency of the screen (eq. 2.29).

AAb = 1+ Xcalc[ S]
reen (2.29)

Addition of DMB (0-6 mM) to a hexane solution 86 resulted in a drop in the
signal intensity of the germylene, and the resglpiot of AA/AApms (GeMes, 550 nm)
vs [DMB] is shown on Fig. 2.8b. The dotted linepresent the predicted drop in the
signal intensity based on eq. 2.29, while the slihid shows the experimental data. The
ratio of the expected slope to the actual slopeginhe correction factor of 0.250.07
which represents 75% screening efficiency of DMB. (&.30), therefore eq. 2.29 can be
written as eq. 2.31 which accounts for the coroectactor. The plot of the calculated
transmittance (using the Beer-Lambert law) (%) vs [DMB] is shown in Fig. 2.8a,
which indicates that the %T of the sample usedH® experiment ranges between 5-25

%.
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Figure 2.E. (a) Plot of %Transmittance (248 nm) vs. [DMB] tbe reaction of GeMes
with DMB. (b) Plot of AAg/AApvs (GeMes, 550 nm) vs [DMB] for the reaction of

GeMes with DMB. The solid line is the least squaresfithe data to eq. 2.29.

Xactual = (O7Si 007) X Xcalc (230)
A'Ab =1+ Xactual T S] (231)

DA, (075+ 007)"

This correction factor was used to estimate theiliegum constant for the
reactions of SiMesand GeMeswith EbS (248 nm= 14 M* cmt), where the addition of
Et,S yielded a reduction in the apparent tetrellylsigmal intensity but had no effect on

the decay kinetics (Ch. 3).
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3. Chapter 3 — Kinetic and thermodynamic studies of tb Lewis acid-base
complexation of silylenes and germylenes with chalgen and pnictogen donors

3.1.Overview

The chapter describes the results of a detailedlystof the kinetics and
thermodynamics of the Lewis acid-base complexatreactions of silylenes and
germylenes of homologous structure (MM&Ph, and MMes, M = Si or Ge) with
chalcogen and pnictogen donors. Complexation imrectwith a series of ethers {bBx
and tetrahydrofuran), sulfides ¢Btand tetrahydrothiophene), aminesKiEt and EtN)
and trialkylphosphines (BR and tricyclohexylphosphine) were examined. Eluiim
constants for complexation were measured for alkedirellylenes with O, and show
that Lewis acidities decrease in the order $iPIBiMe, > GePh > GeMe >> SiMes >
GeMes. The equilibrium constants for the reactions o1&, and GeMes with all
donors except BP were determined, the silylene being consisteantlye acidic than the
germylene by ca. 1 pK unit. The free energiesamhglexation roughly follow the trend
expected from proton affinities. Calculated (G#)ding enthalpies of the complexes of
MMe, with 17 Lewis bases correlate with Drago’s E angaameters, which indicate
that silylenes and germylenes can in fact be dladsas borderline soft Lewis acids, and
not hard Lewis acids as previously thought.

The three silylenes and three germylenes studigtiisnwork were generated by
laser photolysis of compound®s$, 37, and43 - 46.°° The species are formed promptly
with the laser pulse and decay with approximateosg®rder kinetics with the
concomitant formation of longer-lived UV-vis abstopns due to the corresponding

disilenes or digermenes.
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3.2. Transient spectroscopy
3.2.1. Complexation with O- and S- donors

Addition of millimolar concentrations of D to hexanes solutions @8, 36 or 37
led to closely analogous results — the signalstdueiMe,, GeMe or GePh diminished
in intensity, while the lifetimes of the tetrellyles remained unaffected. This behaviour
is consistent with a reversible reaction with amikiorium constant in the < 1,500 M
regime. Analysis of the data according to eq.(@HereAAq, andAAq are the initial and
equilibrium absorbances of tetrellylene, respetyiv8 is the substrate, arit; is the
equilibrium constant) resulted in linear plots aA/AAgq vs [ERO] in all cases.
Equilibrium constants of 1266 50 M*, 110+ 10 M* and 160+ 10 M were extracted
by linear least-squares analysis of plotsAdfy/AAeq vs [ERO] for SiMe,, GeMe and
GePh, respectively (Fig. 3.1a and b). Addition of sulimolar concentrations of O
to a hexanes solution d#a resulted in a bimodal decay due to the silylemmsistent
with K; in the intermediate range. The plotskadcay (SiPh) vs [EbO] and AAy/AAeq VS
[Et,O] exhibited good linearity (Fig. 3.1a and c). Tdea were analyzed using eq. 3.2 to
obtain ak; value of (15+ 4) x 10° M s, and using eq. 3.1 to obtairka value of 7,100
+ 600 M* s*. Transient absorption spectra of the $iPhO and GePRELO complexes
are shown in Fig. 3.2; in both cases the speceaianilar to those of the corresponding
THF complexes:’

AAWAAeq= 1 +K;[S] (3.1)

Kdecay= K1 + ki[S] (3.2)
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Figure 3.1. Plots ofAAg / AAeq Vs [ELO] for MR> (R = Me @), Ph g)), where (a) M =

Si, (b) M = Ge. (c) Plot of the pseudo-first-ordkgcay coefficientkeca) Of the SiPh

absorption vs [ERD].
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Figure 3.2. Transient absorption spectra of hexanes solutonsining 0.1 M ED and

(a) 444 recorded 0.64-1.2fs (0) and 5.92-6.731s (o) after the laser pulse (the inset
shows transient decay profiles recorded at 300,a8%®0460 nm) (b37, recorded 0.16-
0.80ps (0) and 8.32-9.284() after the laser pulse (the inset shows transleoay profiles

recorded at 360 and 440 nm).
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An analogous experiment involving SiMegenerated fromd5 resulted in no
noticeable change in either the decay rate onmttemsity of the signals due to the silylene
in the presence of millimolar concentrations of(Etwhich indicates the equilibrium
constant is too low to be measured using the use#thod. Addition of a solution @5
in diethyl ether to an optically matched solutidn4® in hexanes in molar increments
resulted in a drop in the intensity of the sigrthle to the silylene. A plot @Ay/AAeq Vs
[Et,O] was linear and is shown in Fig. 3.3a. An eqpilitm constant of 0.2 0.1 M* was
extracted for the reaction with &%, which isca. 2.5 times lower than that for the reaction
with THF Ky = 2.4 M%).2 A weak signal due to free SiMewas also observed in neat
Et,O solution, which decayed with concomitant formatiof SpMes, on a similar
timescale as was previously observed in hexanesicol(Fig. 3.3b). In order to obtain
the equilibrium constant for the complexation ofM&s, with ELO, an optically matched
solution of46 in ELO was added in portions to a solutiond&in hexanes, in a similar
fashion as was done in the reaction with SiM&his experiment yielded an equilibrium
constant of 0.09+ 0.01 M*, and free GeMescould be detected easily even in neat
ethereal solution (Fig. 3.3c). A new weak absorptiand centered below 290 nm was
also detected which underlies the absorption dugetdes (Fig. 3.3c). In comparison, a
previously reported transient absorption spectrthefGeMes THF complex shows two
bands centered at < 280 nm (strong) and ca. 39Qweak)’ Due to such unfavourable
equilibrium, however, we are unable to detect tmeggiwavelength band of the GeMes
Et,O complex, and the assignment of the short wavételngnd to the complex should be

accepted with caution.
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Figure 3.3. (a) Plots of AAg / AAgq vs [ERO] for SiMes (0) and GeMes (o). (b)
Transient absorption spectra from laser flash giei®of a solution of SiMesprecursor
45 in neat E4O, recorded 1.9-4.5s (o), 23.7-27.5us (0), and 215.7-218.9s (@) after
the laser pulse; the inset shows transient deoafylgs recorded at 350 nm, 420 nm and
580 nm. (c) Transient absorption spectra from |dkseh photolysis of a solution of
GeMes precursor6 in neat E1O, recorded 0.8-1.4s (o), 5.9-6.7us (©), and 69.9-70.7
Ks (@) after the laser pulse; the inset shows trangienay profiles recorded at 280 nm,

410 nm and 550 nm.

Addition of submillimolar concentrations of Stto SiMe, GeMe, SiPh or GePh
led to closely analogous results — the lifetimetlod tetrellylene shortened and the
transient decay profiles decayed with pseudo fwsfler kinetics consistent with
equilibrium constants oK; = 25,000 M'. Plots OfKyecay VS [ELS] were linear in each
case, the slopes of which yielded rate constarttsirwa factor of two of the diffusional
rate constant in hexanes (Fig. 3.4a-b, Table 3128. decay of the tetrellylenes led to the
formation of the MR-Et,S complexes which decayed with mixed order kinetuih

concomitant formation of the corresponding dimers.
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Figure 34. Plots of the pseudo-first-order decay coeffiGeRiecay Versus [Et,S] for (a)

SiMe, (0) and SiPh(e) and, (b) GeMg(o) and GePhi(e).

Table 3.1.Forward ratek;) and equilibrium constant&{) for complexation of transient
silylenes and germylenes with O-donors in hexah@§ 2C.

ki/ 10 M's? [Ky / M7

Donor ExO THF
SiMe, a 17 + 2°°¢
[1,260 + 50]
SiPh 15+ 4 15+ P¢
[7,100 + 600]
SiMes a a
[0.9 +0.1] [2.4 £ 0.4]
GeMe a 11 + 2@
[110 + 10] [10,000 + 4,000]
GePh a 6.3+0.6
[160 + 10] [23,000 + 5,000]
GeMes a a.d
[~0.06] [1.1+£0.2]

a. k; indeterminablex 0.00X; M™*s™); b. K; > 25,000 M'; c. Ref. 3;d. Ref. 7.
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Addition of E&S in millimolar concentrations to solutions of tBMes or GeMes
precursors resulted in a systematic drop in theegop intensity of the tetrellylene signal
with increasing substrate concentration. PlotaA§/AAcq vs [ELS] were linear in both
cases and are characterized by slopes of 7M™ and 75+ 3 M™ for SiMes and
GeMes, respectively (Fig. 3.5a). Diethylsulfide §B) screens the incident light at 248
nm €248 nm= 14 M* cm?), and so its contribution to the reduction in &pparent signal
intensity of tetrellylene signals has to be accednfor. Assuming that the screening
efficiency of EtS is equal to that of DMB (0.75) (see Chapter 2tBg equilibrium
constants for the reactions of SiMesnd GeMeswith ELS can be calculated. TheAnm
(screen) at each concentration ofSwas calculated according to eq. 3.3 using the-Bee
Lambert law and the extinction coefficient of,&tat 248 nm. The reduction of the
apparent intensity of the MMgsignal expected due to screening bySEtvas calculated
at each concentration and subtracted from the lsigiensity before addition of the
substrate. The ratio of the signal intensity dusdeening to the actual signal intensity
observed in the experiment was plotted as a fumabio[ELS] to yield the linear plot
shown in Fig. 3.5b. The correct&d values are listed in Table 3.B,((SiMes + ELS) =

54+ 3 M™* andK; (GeMes + EtS) = 40+ 4 M™).

- A248nm ( preC) (3 3)
A248nm ( preC) + A248nm (Scree’]) '

%A( prec)
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Figure 3.5 Plots ofAAo/AA¢q versus [ELS] for SiMes (0) and GeMes«) absorptions;

(a) obtained from raw data; (b) corrected for saneg effects by EE (see text).

Figure 3.6 shows transient absorption spectra aptesentative absorbance-time
profiles obtained with hexanes solutions of the silylene and germylene precursors
containing E4S. In each case, the spectra of the ,NBRS complexes closely resemble
those of O-donors, and are nearly identical to éhosthe MR-THT complexes \ide
infra). The spectra of the SIFELS complexes are blue-shifted relative to thosehef t

homologous GeREt,S complexes by ca. 20 nm.
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Figure 3.6. Transient absorption spectra of a deoxygenatedr®s solution of (a#3
containing 4.5 mM EB recorded 0.26-0.38s (0) and 1.50-1.63us (@) after the laser
pulse; (b)44acontaining 4.5 mM EBS recorded 0.32-0.96s (0) and 5.92-6.721s (@)
after the laser pulse; (db containing 20 mM ES recorded 0.48-1.12s (0) and 69.92-
70.72us (@) after the laser pulse. (8B containing 5 mM ESS recorded 0.00-1.6@s ()

and 3.84-5.44us (@) after the laser pulse; (8y containing 4.5 mM ES recorded 0.16-
0.96 us (0) and 9.12-9.92us (o) after the laser pulse; (§6 containing 30 mM EB
recorded 0.16-0.9@s (0) and 85.92-86.78s (@) after the laser pulse. The insets in each
of the figures show transient absorbance vs. tindilps recorded at representative

wavelengths in the spectra.
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Figure 3.7. Plots of the pseudo-first-order decay coeffidefiecay Versus [THT] for (a)
SiMe; (0), SiPh (e) and SiMes (o), (b) GeMe (0) and GePh(e). (c) Plots ofAAy/AAcq
versus [THT] for SiMes (0) and GeMes(e).

Tetrahydrothiophene (THT) reacted with SiM&iPh, GeMe and GePh with
similar rate constants to those with&t(Table 3.2). The plots dfecayVvs [THT] were
linear in each case and are shown in Fig. 3.7a3k. tlansient decay profiles of SiMes
and GeMes responded to increasing [THT] in a manner consisteith higher
equilibrium constants than those for the reactiohthese tetrellylenes with £2. Upon
addition of THT the decay traces due to SiMiescame bimodal, exhibiting a fast decay
component followed by a slow-decaying residual lleVhis characteristic corresponds to
an equilibrium constant in the medium range, whieogh the rate and equilibrium
constants can be determined (see Chapter 2). Taecoastant was extracted from the
slope of the plot OkgecayVvs [THT], which is shown in Fig. 3.7a. The apparapsorptions
due to GeMesbecame increasingly weaker as a function of THiceatration, thus
representing a smak; situation. The plots ofAAy/AAeq vs [THT] were linear in both
cases (Fig. 3.7¢), the slopes corresponding tdikguim constants of 2000 Mand 1500

M™ for GeMes and SiMes, respectively (Table 3.2).
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Figure 3.8. (a) Transient absorption spectra from laser flphbtolysis of a hexane
solution of43 containing 5.3 mM THT, recorded 0.26-0.3) é&nd 0.88-0.94us (0) after
the laser pulse; (b) transient absorption spectm flaser flash photolysis of a hexane
solution of44acontaining 5.3 mM THT, recorded 0.26-0.44 (e) and 4.16-4.421s (0)
after the laser pulse; (c) transient absorptionctspefrom laser flash photolysis of a
hexane solution o5 containing 52 mM THT, recorded 2.24-3.%) @nd 107.84-109.12
MUs () after the laser pulse; the dashed line is théemihce spectrum calculated by
subtracting @) from (e). The inset in each of the figures shows transidasiorbance vs.

time profiles recorded at representative wavelengthihe spectra.

Figure 3.8 shows transient absorption spectraesilylene-THT complexes, while
Figure 3.9 shows those of the germylene-THT congdexn each case, the spectra are

nearly identical to those of the correspondingSEtomplexes.
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Figure 3.9. (a) Transient absorption spectra from laser flpkbtolysis of a hexane
solution of36 containing 5 mM THT, recorded 0.19-0.4&) @@nd 5.25-5.5Qs (0) after
the laser pulse; (b) transient absorption spectm flaser flash photolysis of a hexane
solution of37 containing 5.5 mM THT, recorded 0.19-0.45 (¢) and 6.34-6.46s (0)
after the laser pulse; (c) transient absorptiorctspefrom laser flash photolysis of a
hexane solution 046 containing 5.4 mM THT, recorded 1.3-445 (o), 23.7-26.9us (0),
and 279.7-282.Qs (@) after the laser pulse. The inset in each of igarés shows
transient absorbance vs. time profiles recordedeptesentative wavelengths in the

spectra.
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Table 3.2.Forward ratek;) and equilibrium constant&{) for complexation of transient
silylenes and germylenes with S-donors in hexah2s %C.

ki/ 10 M's? [Ky / M7

Donor ES THT
SiMe, 22+ 32 21 + 2P
SiPh 10+ 12 15 + &P
SiMes ¢ 7+2

[54 + 3] [1,500 + 100]
GeMe 18+ 22 17 + 2°
GePh 8.3+ 0.4 10 + 2@
GeMes ¢ ¢

[40 + 4] [1,000 + 100]

a. K1 > 25,000 M b. Ref. 9;c. k; indeterminablex 0.00K; Ms™).

3.2.2. Complexation with N- and P- donors
Addition of triethylphosphine (BP) in small increments to hexanes solution36)f
37, or 43 -46 yielded results consistent in each case with l&ge the signals due to
SiR, or GeR reduced to first order kinetics, the lifetimes oed at higher [EP], and
new absorption bands formed in the regions chawatiteof the acceptor-donor adducts
which decayed with mixed order kinetics. Althoubk decay of the adducts should yield

the formation of ditetrellylenes, in the reactiongolving silylenes the disilenes were not
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Figure 3.1C. Plots of the pseudo-first-order decay coeffitsefkjecay Of the MR

absorptions (R = Mes(), Ph @), Mes 0)) vs [PE%], where (a) M = Si, (b) M = Ge.

always observed. This may be due to the preseinitace impurities in the solvent that
react with the complexes or with dimers. Plotk@f.y (MR2) vs. [E&P] were linear in
each case and exhibited slopes in the range ofL@ x 10° M s* (Figure 3.10, Table
3.3). Quenching of the tetrellylenes with tricyabodylphosphine (CyP) was found to be
characterized by bimolecular rate constazas2 times lower than those with 3Bt the
plots of Kgecay VS [CyP] are shown in Fig. 3.11. Behaviour consistenthwarge
equilibrium constants for the reactions with MMend MPh was observed, while with
the more sterically hindered tetrellylenes, Miesquilibrium constants of 18,000 M
(SiMes) and 1,500 M (GeMes) were measured. Transient absorption spectraef th

tetrellylene-EfP complexes closely resemble those of the homobgetwellylene-CyP

complexes, and are shown in Fig. 3.12-3.15.
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Figure 3.11. Plots of the pseudo-first-order decay coeffiSekyecay Of the MR

absorptions (R = Mes(), Ph ), Mes 0)) vs [CysP], where (a) M = Si, (b) M = Ge.

Table 3.3.Forward ratek;) and equilibrium constant&{) for complexation of transient
silylenes and germylenes with P-donors in hexah2s %C.
ki/ 10 M's? [Ky / M7

Donor EsP CysP

SiMe, 16 + 12 7.5+0.6
SiPh 10 + 12 3.4+02
SiMes 5.2+0.6 1.7+£0.1

[18,000 + 4,000]

GeMe 14 + 22 56 +0.5
GePh 8.5+0.8 3.1+0.72
GeMes 5.3+0.6 1.7+0.5

[1500 + 700]
a. Keq> 25,000 M
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Figure 3.12. (a) Transient absorption spectra from laser flpBbtolysis of a hexane
solution of43 containing 5.6 mM EP, recorded 0-8s (o), 83.2-91.2us (0), and 699.2-
707.2 us (o) after the laser pulse; (b) transient absorption spectra from laser flash
photolysis of a hexane solution44acontaining 5.6 mM EP, recorded 0-8s (o), 83.2-
91.2ps (), and 699.2-707.Rs (@) after the laser pulse; (¢) transient absorption spectra
from laser flash photolysis of a hexane solutio@d®tontaining 3.5 mM EP, recorded
1.9-5.1pus (e), 55.7-58.9us (0), and 279.7-282.fs (@) after the laser pulse. The inset in

each of the figures shows transient absorbancenws.profiles recorded at representative

wavelengths in the spectra.
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Figure 3.13. (a) Transient absorption spectra from laser flpBbtolysis of a hexane
solution of36 containing 4.7 mM EP, recorded 0-6.4is (o), 139.2-147.2us (0), and
699.2-707.2us (O) after the laser pulse; (b) transient absorption spectra from laser flash
photolysis of a hexane solution 87 containing 4.8 mM EP, recorded 4.8-12.8s (e),
139.2-147.2us (0), and 699.2-707.2s (o) after the laser pulse; (c¢) transient absorption
spectra from laser flash photolysis of a hexaneatswl of 46 containing 4.8 mM EP,
recorded 1.9-5.1us () and 279.7-282.9s (o) after the laser pulse, dotted line shows the
difference spectrum betweem)(and €). The inset in each of the figures shows transient

absorbance vs. time profiles recorded at represeataavelengths in the spectra.
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Figure 3.14. (a) Transient absorption spectra from laser flpsbtolysis of a hexane
solution of43 containing 3.76 mM Gy, recorded 4.8-128s (@), 91.2-99.2us (0), and
699.2-707.2us (o) after the laser pulse; (b) transient absorption spectra from laser flash
photolysis of a hexane solution éfla containing 2.0 mM CyP, recorded 59.2-65.j6s
(e) and 139.2-147.8s (0) after the laser pulse; (c) transient absorptjmecta from laser
flash photolysis of a hexane solution4d containing 2.75 mM Gy, recorded 10.9-13.4
ps (o) and 87.7-90.9us (0) after the laser pulse. The inset in each of iperés shows
transient absorbance vs. time profiles recordedeptesentative wavelengths in the

spectra.
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Figure 3.15. (a) Transient absorption spectra from laser flpsbtolysis of a hexane
solution of36 containing 1.36 mM GyP, recorded 0-3.Rs (o) and 279.7-282.9is (0)
after the laser pulse; (b) transient absorptiorctspefrom laser flash photolysis of a
hexane solution 087 containing 3.6 mM CyP, recorded 11.2-17)6s (o), 379.2-388.8
Ms (0), and 859.2-867.Rs ([O) after the laser pulse; (C) transient absorption spectra from
laser flash photolysis of a hexane solutioléicontaining 2.3 mM CyP, recorded 0-2.6
ps (@) and 279.7-282.9us (0) after the laser pulse, dotted line shows theetkfiice
spectrum betweer] and ). The inset in each of the figures shows transadsbrbance

vs. time profiles recorded at representative wanggles in the spectra.

Experimental details of the study of the reactiohgansient silylenes SiMeSIiPh
and SiMeg with amines are described in Chapter 5; the vatdi¢ise rate and equilibrium
constants obtained therein are summarized in Taldle Some reactions of germylenes
with the same set of amines have been investigadously (see Chapter 1, Table 1.7,
also Table 3.4), therefore only new results arecrilesd here, namely, GeMawith
EtNH, GeMes with ELNH, and GeMeswith EN. The latter experiment was also used
to determine the screening effects byNeat concentrations below 1.5 mM, which was
used to aid the determination of equilibrium constar the reaction of SiMegsvith EGN

(see Chapter 5).

100



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

0.020
\

— 280
(H\ n a

py
W
MWM’W"*WW« fhii]

— 370 nm

0.015F

0.010]
g

40 60 80

0.005-

0.000r

300 400 500 600 .0 0.2 0.4 0.6 0.8
Al nm Al nm [Et,NH] / mM

Figure 3.1€. Transient absorption spectra from laser flashglisis of a hexane solution
of GeMe precursor36 containing (a) 0.6 mM ENH, recorded 0.64-1.28s (o) and
9.12-10.08us (0) after the laser pulse; (b) 5.3 mMLEH, recorded 1.92-4.48s (e) and
36.48-40.32us (0) after the laser pulse; the insets show the temmsilecay profiles

recorded at 280 nm and 370 nm. (c) Plot of the ¢ghsdust-order decay coefficients

(Kdecay Versus [Et;NH] for GeMe absorptions.

GeMe was quenched by BMH in a manner consistent with a large equilibrium
constant. The germylene decayed to yield the Gal®&H complex, the absorption
spectra of which was similar to those exhibited difler GeMg-amine complexe$.
Transient absorption spectra obtained from a hesahgion of36 containing 0.6 mM
and 5.3 mM ENH are shown in Fig. 3.16 a and b, respectivelye Titimate product of
the decay of the complex is the corresponding digee, which can be detected at both
concentrations of the amine; at higher amine comagons adventitious impurities in the
amine sample may contribute to the weaker absorptio The rate constant for
complexation K; = (12 3) x 10° M s') was determined from the plot &fiecay VS

[EtoNH], which displayed good linearity (Fig. 3.16c¢).
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The bulkier germylene GeMgseacts with EINH and EtN in a manner consistent
with low equilibrium constants — the lifetime ofethgermylene is unaffected upon
addition of the amines, but the apparent intensitthe germylene signals is diminished.
The plot ofAA(/AAq Vs [EBNH] exhibited excellent linearity and afford&d = 510 + 20
M™ (Fig. 3.17a). Transient absorption spectra inptesence of 20 mM BYH indicate
the presence of a new strongly absorbing transpaties assignable to the GeMes
donor complex (Fig. 3.17b). Measurement of the ldariim constant for complexation
with Et;N is not possible due to secondary photolysis efdmine. This complication
limits the amount of BN that can be added to the precursor solution3oriM, at which
concentration the GeMgsignal intensity is 90% of its value in the absentthe amine.
This affords an upper limit of 100 Mfor the equilibrium constant in this case. Transi
absorption spectra recorded with a hexanes solofidé in the presence of 1.3 mMJ&t
does not show any new transient absorption barts tlhan those due to the germylene

and the amine photolysis product.
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Figure 3.17. (a) Plot ofAAg / AAeq vs [EENH] for the GeMes absorption monitored at
550 nm, (b) transient absorption spectra from Ifissh photolysis of a hexane solution
of 46 containing 20 mM ENH, recorded 0.96-2.5¢is (o), 18.24-19.84us (0), and
139.84-141.44us (@) after the laser pulse; the inset shows transient decay profiles

recorded at 350 nm and 450 nm.

Table 3.4.Forward ratek;) and equilibrium constant&{) for complexation of transient
silylenes and germylenes with N-donors in hexan@$&C.

ki / 10 M's? [Ky / M7
Donor nBuNB EtNH EtN
SiMe, 17+ 22 16+ 32 9.8+0.82
SiPh 11+3 83+0.72 3.9+ 0.4%
SiMes 10 + 3° 3.5+0.5 b
[4,700 + 700] [130+ 60]
GeMe 12 + 32¢ 12 + 3 8.7+0.7%°¢
GePh 10.1 +0.6*¢ 7.3+0.9*° 2.8+0.9*f
GeMes 7.0+03¢ b b
[510 + 20] [< 100]

a. Keq> 25,000 M'; b. k; indeterminableg. ref. 4;d. ref. 6;e. ref. 5;f. ref. 10
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3.3. Discussion

Table 3.5 lists the absolute rate and equilibritonstants for the 28 tetrellylene-
donor systems studied in this work and earlier Ityeo workers. The equilibrium
constants for complexation of SiMe&vith ELO and THF are in good agreement with
those measured by Walsh and co-workers in the gasepfor the SiMeMe,O system
(K1 = 3,600 M) and the SiMg THF systemK; = 30,000 M%).1112

The equilibrium constants for the six tetrellylen&t,O pairs span a range of about
5 orders of magnitude, corresponding to a randanding free energies of -3.4 to +3.3
kcal mol* (standard state: gas phase, 1 atm af@5Table 3.6). The trend in Lewis
acidities follows the order MBh> MMe, >> MMes for both the silylenes and
germylenes. Phenyl substituents provide largeand = withdrawing effects compared
to methyl, leading to enhanced Lewis acidity. Thfeetences in the binding energies of
silylenes and germylenes with the O-donors indidate2.2 kcal mot more favourable
complexation with the silylene, consistent with dhetical predications for other
tetrellylene-O-donor system&’ Mesityl groups provide substantially greater steri
hindrance than methyl and phenyl substituents, lwkignificantly destabilizes the Lewis
acid-base complexes with SiMeand GeMes Thus, mesityl for phenyl substitution
results in reductions in binding free energies @f & kcal mof in the E$O complexes.
Steric interactions provided by the Lewis baseuigfice the differences in the equilibrium
constants for complexation in the germylene sefiesing to a trend in thi;**™"?/
K,®®Me2 ratio of THF >> EfO > MeOH (Table 3.5). A similar trend is expected t

develop for the silylene series as well; howeverdbtual equilibrium constants for
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Table 3.5 Forward Ratekq) and Equilibrium ConstantK() for Complexation of
Transient Silylenes and Germylenes with ChalcogehRnictogen Donors in Hexanes at
25 °C.

ki / 10 M's* [Ky / M)
Donor SiMe SiPh SiMes GeMes GePh GeMe
MeOH | 15+ 1P 18+2*  1.0+0.12° cd 6+1° c.d
[15+6] [3,300+800] [900 * 60]
Et,O d 15+ 4 d d d d
[1,260 + [7,100+  [0.9+0.1] [~0.06] [160 + 10] [110 * 10]
50] 600]
THF 17 + 2 15 +1°' d c.d 6.3+ 0.6 11+ 2
[24+04] [1.1+0.2] [23,000 + [10,000 +
5,000] 4,000]
THT | 21 +2°9 15 + 289 7+2 d 10 + 2¢ 17 + 2°
[1,500 * [1,000 *+
100] 100]
Et,S 22+ 3° 10+ 1°¢ d d 8.3+ 0.4° 18+ 2°
[54 + 3] [40+ 4]
BuNH, | 17 +2&" 11 + 38N 10+3%*"  7.0+0.3" 10.1+0.6% 12 + 3¢
EtL,NH | 16+3*" 83+07°" 35+05" d 7.3 +0.9°K 12+ 3¢
[4,700+  [510 + 20]
700]
Et;N | 9.8+0.8" 3.9+0.4%" dh d 28+09° 87+0.7
[130+ 60] [<100]
Et,P 16 £ 1° 10+ 1° 5.2+0.6 5.3+0.6 8.5+0.8 14 +2
CysP | 75+06 3.4+02 1.7+0.1 1.7+05 3.1+0% 5.6+0.5
[18,000 + [1500 +
4,000] 700]

a. Ref. 1;b. K; indeterminableg. Ref. 7;d. k; indeterminablex 0.00X; M™'s?); e. K; >
25,000 M*; f. Ref. 3;g. Ref. 9:h. Ref. 13i. Ref. 6;j. Ref. 4:k. Ref. 10.

105



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

complexation with MeOH and THF could not be meadiue all three silylenes; those
for complexation of SiMgand SiPhwith THF are too large to measure, while those for
complexation with MeOH are inaccessible becausethaf high reactivity of the
complexes toward catalytic H-transfer (see Chagjérin contrast, germylene-MeOH
complexes can be detected even in neat alcohoti@oluowing to higher activation
barriers for proton transfé?. The equilibrium constants for complexation of SiMad
SiPh, with THF are above the measurement lirkit £ 25,000 M%), estimates oK, = 10°
and 16 M s?, respectively, can be derived for the complexatibrihe two silylenes
with THF based on the trends observed in the gemngytlata. The value for SiMss in
good agreement with the value determined by Baggait for the reaction of SiMavith
THF in the gas phas&{ = 30,000 M").***? Similarly, values oK; = 10¢, 1.5x 1C°, and
150 M* can be estimated for complexation of SiM8iPh and SiMes with MeOH,
respectively, in hexanes at 25.

Significant steric effects of the mesityl groupgpede the complexation reactions of
SiMes and GeMeg leading to measurable values Kf for all MMes-donor systems
except those with B® and nBuNH, which are larger than the measurable limit (Table
3.6). In every case SiMgdorms the more stable complex with a given dorf@nt
GeMes, as illustrated by the plot of the binding freeemgies of the germylene
complexes versus those for the corresponding sdyl®mplexes in Fig. 3.18. The plot
reveals a good linear correlation with a slope &90.1, indicating the difference in

Lewis acidities of SiMesand GeMes is essentially independent of the Lewis base
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Table 3.6. Standard Gibbs free energy values (standard sfasephase at 1 atm, 25 °C)
for the Lewis acid-base complexes of silylenes g&gnylenes chalcogen and pnictogen

donors in hexanes at 25 °C (in kcal Mol

AG° / kcal mot*
SiMe, SiPh SiMes GeMes GePh GeMe
MeOH a a 2 +0.3+0.3 -2.9+0.2 -2.1+0.1
Et,O -23+0.1 -3.4+0.1 +2.0+0.1 +3.3+04 -1.1+0.1 -0.9+0.1
THF -4.2+0.7° ¢ +1.4+0.1 +1.801 -4.0+0.1 -3.5t0.3
THT ¢ ¢ 24+0.1 -2.2¢0.1 ¢ ¢
Et,S ¢ ¢ -0.5+0.1 -0.3t0.1 ¢ ¢
BUNH2 C (o} (o} C o} (o}
Et,NH ¢ ¢ -3.3+0.1 -1.8+0.1 ¢ ¢
Et:N ¢ ‘ -1.0£04  =2-0.8 ¢ ¢
EtgP C (o} (o} C (o} (o}
CysP ¢ ¢ -41+0.1 -2.8t0.2 ¢ ¢

2K, indeterminable® Gas phase, see ref. f2ipper limit is -6.0 kcal mol.

strength of the donor. The intercept gives the ayerdifference in the binding energies
of SiMes and GeMeswith the same donor, which is G£70.3 kcal moft more negative
for the silylene.

In contrast to the previous classification of ®lys and germylenes as hard Lewis
acids, our results show that complexation with esoftases of the third row donors
(phosphines and sulfides) is significantly strondban that with the second-row

homologues (amines and ethers, respectively).
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[ slope=0.9+0.1 Figure 3.18 Plot of experimental free
4l intercept=0.7 £0.3 ’ . i
< [ro932 MMEReTHE o2 energies of complexation of GeMess
o /8 CysP . : .
E of THTg ,*° B o those of SiMes with the same donor in
¥ L 7 @Et,NH
< BN 7 o hexanes at 2%C (e); the dashed line is the
e Et,9 .F’jf MPh,+Et,0 . '
L 7 least-squares fit of the seven data points.
3 | A MMe,+Et,O .
E;D ; THF,/ L The points for the MPRE1,O, MMex-Et,0O
-2 i
L and MMe-THF systems are also included
- 7 @ ELO | )
a1 i . tz P Y in the plot ) (reference state: gas phase, 1
-4 -2 0 2 4 6

-AG°giess | Keal mol-! atm and 2§C)

The standard free energies of complexation of Sidel GeMe with a series of 17
chalcogen and pnictogen donors were calculatedyukim G4° method® The calculated
binding free energies of the MMELO, MMe,-THF and SiMeg-Me,O complexes match
the experimentally determined values to within &lkool*, and predict the same order of
stability of the SiMeg-O-donor and GeMeO-donor complexes as was determined
experimentally. The ordering of the calculat®@ values for SiMg and GeMeg with
chalcogen and pnictogen hydrides was found to 40 < PH < NH3, analogous to
that predicted previously for Sitf 2 and GeH'. Calculations by Su and Chu at the
B3LYP/6-311G(d) and MP2/6-311G(d) levels of theappear to overestimate the

binding energy for the GeMé1,0 complex, and thus predicted different ordefihg.
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151 Mo, Figure 3.19. Plot of calculated (G4)
‘T6 Me,NH binding free energies of GeMdonor
= 10; o complexes vs those of the corresponding
g 53 MM82+§THF SiMe,-donor  complexes o). The
% I s experimental data points for the MM@-
558 Ot ________ MMetELO | donor @A) and MMes-donor ©) Lewis
®  [hes & WmEs (eelc) pairs (see Fig. 3.18) are also included in the
40 A MMe; (expt)
Ske0 O MMes, (expt) figure (standard state gas phase, 1 atm, and
% 2 & W _B® 25°C). Ref. 8

-AG°gje | keal mol™

Figure 3.19 shows a plot of the calcula®®@ values for the 17 GeMalonor
complexes versus those of the corresponding Sidaor complexes. The
experimentally determined values are also includedcomparison to demonstrate the
level of agreement between the predicted trendstlaogk obtained experimentally. The
slope of the plot (0.8% 0.03) is in very good agreement with that of thpezimental
plot for the MMes systems, and thus predicts a similar differencéhénLewis acidities
of SiMe, and GeMeg as was found experimentally for the MMemalogs. The calculated
variation in Lewis acidities of the MHsystems is slightly larger, as given by a slope of
0.80+ 0.04 (see Chapter 1, section 1.5%).

The experimental binding energies of the SiMasd GeMes complexes do not
show a significant correlation with the gas phas®gn affinity (PA) of the donor& >
as shown in Fig. 3.20. The calculated (G4) bindewergies of the MMedonor

complexes display a rough correlation with the RAues of the donors, predicting an
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Figure 3.2Q Plots of calculated (G4e) and experimental (hexanes; A) standard free
energies of complexation of chalcogen and pnictodenors with (a) SiMgand (b)
GeMe vs the (experimental) protorffaities of the donors. The experimental values for
the SiMes— and GeMes-donor complexest(, hexanes) are also shown in the plots;
upward-pointing arrows indicate that only lower ilisnof the binding energies could be

determined. The reference state is the gas phdsatat and 25 °C in all cases.

increase in the binding energy with increasing RAIg. A similar trend is observed with
the MMes data. Analogous correlations are obtained with dle@or gas basicities
(GB):** however we employ PA because this is the only oreasf gas-phase basicity
that is available for Gy 23

The plots of Fig. 3.20 predict nearly equal bindengrgies for the complexes of
SiMe, with Me;NH, MesN and MeP; the same is true for the corresponding GeMe
complexes. This can be attributed in part to déstabon of the complexes with
increasing steric bulk on the amine. Steric inteoas in the complexes with phosphines
are minimal, owing to longer M-P bonds relativeMeN bonds.
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The calculated binding enthalpies of the complexese found to correlate well
with empiricalEg andCg constants for the donors as defined by Drago anaarkers®*

%> The ‘E andC model” gives a double-scale enthalpy equation 8et) which predicts
the enthalpy of adduct formation for the acid-bpae (AH) either in the gas phase or in
poorly-solvating medid®? The empirically determined covalei®)(and electrostaticg)
parameters for each acid (A) and base (B) are eléfas the susceptibility of A or B to
form either covalent bond<C) or electrostatic bondsE]. Depending on which term
dominates, the interaction can be eitloharge-controlled (E dominates) orfrontier-
controlled (C dominates).

-AH = EAEg + CaCg (3.4)

The database is referenceddg andEa values of 4 which were set at 2.0 and 0.5,
respectively, while th&€€z andEg values of DMA (CHC(O)N(CHs),) were set to 3.92
and 2.35, respectivefy. The model does not account for steric destabitinaior
stabilization fromtebackbonding that may be present in the adductd, taos the
predicted binding enthalpies of systems in whicthsiactors play a role deviate from the
true values>? The relative softness or hardness of a given Leauisl or base is
reflected in the magnitude of tH&E ratio. If the C/E ratio is comparatively large the
species is classified as soft, while species dladsias hard are characterized by a
relatively smallC/E ratio.

The least-squares fits of the calculated bindintpapies to eq. 3.4 are shown in

Fig. 3.21; the binding enthalpies of the MMdesN Lewis pairs clearly deviate from the
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Figure 3.21 Plots of calculated (G4) gas-phase binding entbalpf (a) SiMe and (b)
GeMe with chalcogen and pnictogen donors, vs the twaupater functions defined by

least-squares fitting of the data to eq 3.4.

correlations due to steric interactions and weres tlexcluded from the fits. The
corresponding PMecomplexes obey the correlations, however, indigatihat steric
interactions are not significant in these caseslewirbackbonding is not applicable for
our systems. The calculated structures of the amnte phosphine complexes indicate
that bonds to phosphorous are longer than thosértmgen, which is likely responsible
for the differences in steric factors. The value€g andEa for SiMe, obtained from the
correlation are 4.4 0.2 (kcal mof)? and 4.5+ 0.4 (kcal mof)'?, respectively, while
those for GeMgare 4.1+ 0.3 (kcal mof)*? and 3.6+ 0.6 (kcal mof)*?, respectively.
The roughly equaC, andEa values suggest that SiMand GeMe are ofborderline

softness, significantly softer and more acidic tHan example, BMg (Ea = 2.90;Cp =

3.60)%4%
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The transient absorption spectra of the tetrelgddonor complexes are
summarized in Table 3.7. The spectra of the MM&gO and MMes-THF complexes
were obtained in 4-5 M substrate or neat subsasolvent, while the rest were recorded
as dilute hexane solutions. The UV-vis spectrureaith of the silylene-donor complexes
is quite similar to that of the corresponding geleng-donor complex. In the ether
systems (EO and THF) the SiRO-donor complex absorbs at a slightly longer
wavelength than the corresponding G€Rdonor complex; the same is true for the S-
donor complexes (THT and &). The magnitude of the spectral shift does notetate
with the relative magnitude of the binding energsace the germylene complexes are
more weakly bound than the analogous silylene cergd. Tetrellylene-chalcogen
complexes consistently absorb at longer wavelettgih the corresponding tetrellylene-
pnictogen complexes, which could be a reflectiontieéd differences in the binding
energies. There does not appear to be a systewaaiation inAmax With the donor atoms
within the same group, and the direction and magdeitof the spectral shift varies
irregularly among the tetrellylene systems.

The rate constants for complexation of the sixetgtienes with nearly all the
donors were measured in hexanes solutions, withefoeption of a handful of cases
(Table 3.5). The values are within a factor of gnf the diffusional ratekfiz = 2.3 x
10" M* s? at 25°C in hexanes), indicative of an enthalpically bentess process for
complexation. The data show a modest decrease irate constant with increasing steric

bulk on the tetrel center, such that in generalttead in the rate constantskgwez >
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Table 3.7 UV-vis absorption maximaAf,) of the Lewis acid-base complexes of
transient silylenes and germylenes with chalcogehpmictogen donors in hexanes at 25
oC'a

Amax / M

Donor | SiMe SiPh SiMes GeMes GePh GeMe
none 465 300, 515 290, 580 325, 550 300,500 470
ELO | 305° 300, 375 310 (< 280)°¢ 360 300
THF 310° 295,376 310, 380(shy 285, 380 360 310'
THT | 3259 300,37¢ 300, 400(sh) 270, 400(sh) 350 320
Et,S 320 300,370 <280, 400(sh) <270, 400(sh) 350 300
EttNH | 280" 300" 320" 280, 340, 430 320 280
EtsN 270" 310" 290" ' 340' 290’

Et:P | 310 315 320 280, 310 330 290
CysP* | 320 320 340 310 340 280

a. This work unless otherwise noteld; Cyclohexane, 20 °C, ref 2%, In the neat
substrate as solverd; Only the short wavelength band was obsereeRef. 3;f. Ref. 7;
0. Ref. 9;h. Ref. 13;i. Ref. 10;. Ref. 4k. Cyclohexane solution. Complex not detected

Kvph2 > Kumes2: HOwever, the reactions of the O-donors procedt toth dimethyl and
diphenyl systems with nearly equal rate constaantd, a factor of ca. 2 rate inhibition is
observed upon Ge-for-Si substitution. This diffeens absent in all the other donor
systems, perhaps reflecting a greater steric den@mndthe complexation process
associated with the shorter bonds to oxygen thasetto N, S and P in the corresponding

adducts.
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3.4.Conclusions

As a result of the work presented here, the gerkgralledge of the complexation
properties of silylenes and germylenes has beemarnglgnl substantially. The results
indicate that there is no systematic variatiorhie V-vis spectra of the adducts with the
donor atoms within the same group. The rate cotsstim complexation are within a
factor of 20 of the diffusional rate constant irkhees at 25C and vary only modestly
with tetrellylene or donor structure. Equilibriunorstants for complexation of SiMes
and GeMeswith two ethers, two sulfides, two amines and agpinine were determined,
along with those for complexation of Miland MPh with ELO. The results reveal that
silylenes are more Lewis acidic than the homologgaanylenes by ca. 1 pK unit,
independent of substitution on either the tetreth or the donor over a range of ca. 7
kcal mol* in binding free energy. The Lewis acidities ofylihes and germylenes
decrease in the order MPk MMe; >> MMes, stemming fromo- and 1-electron
withdrawing effects of the phenyl group comparedgthyl, and steric destabilization of
the adducts by mesityl groups. The correlationthefcalculated binding enthalpies with
Drago’s basicity scale led to the re-classificatioh silylenes and germylenes as
borderline soft Lewis acids, nohard Lewis acids as previously thoudft.This is
demonstrated by binding energies of the complewdsch are strongest for phosphine

systems and weakest for O-donor systems, with tfowdé- and S- donors in the middle.
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4. Chapter 4 — Silylene insertion into the O-H bonds foalcohols
4.1.0verview

The mechanism of the reactions of dimethyl- andheliylsilylene (SiMe and
SiPh) with alcohols (MeOL or t-BuOL, L = H or D) in hares solution have been
studied. The data are consistent with a mechamswoiving initial complexation to form
the corresponding silylene-alcohol complex, followey catalytic H(D)-transfer from O
to Si. Rate constants for the first step are ctoshe diffusional rate constant in hexanes
in all cases, while the equilibrium constants contit be measured owing to the fast
secondary reaction of the complexes. The catal{id)-migration proceeds with rate
constants within a factor of 10 of the diffusiomii, while the putative unimolecular
process is too slow to be measured in solutionetignisotope effects for the catalytic
H(D)-transfer process are in the 2.5 to 1 rangalincases except the SiPhBuOL
complex, where it is much largeky(i/kpp = 11 £ 2). This value is consistent with a
mechanism for catalysis involving a double protansfer. As in our previous studies,
SiMe, and SiPh were generated photochemically from precursd® and 443,

respectively.
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4.2.Reactions of SiMe with alcohols (MeOH, MeOD, t-BuOH, t-BuOD)

Addition of submillimolar concentrations of MeOL & hexane solution of3 as
either the protiated or O-deuterated isotopomers (H or D) caused the decay of the
silylene to become pseudo first order and the faionaof the corresponding disilene to
be suppressed. A new transient species was detectiee range characteristic of Sipe
O-donor complexes (300 — 310 nm, see Chapter 3ps&tabsorbance increased with
increasing alcohol concentration, accompanied ldeerease in the lifetime until they
became too short-lived to be detected. The spasiesssigned to the SiMéleOL
complex. The absorptions were superimposed on@glleed component centered at 290
nm whose contribution diminished with increasingoailol concentration; this is most
likely due to an oligomerization product obBie,, whose yield is reduced as the reaction
with alcohol outcompetes the dimerization proc@$ge complex exhibited lifetimes that
were longer than those of the free silylene unersame conditions. The plots lQfcay
vs [MeOL] for the silyleneand for the complexes were linear in both cases, aed a
shown in Fig. 4.1. Analysis of the data accordiogedq. 4.1 yielded rate constants in the
range of (1.5 - 2.1x 10" M s* (Table 4.1). The rate constants for quenchinghef t
silylene by MeOH and MeOD are in good agreement Wit previously reported values
in cyclohexane'™ The kinetic isotope effects (KIE) on both thetfiasd the second step

of the reaction (eq. 4.2) with MeOL are unity.

kdecay: K1 + ki[ROL] (4.1)
o R kurROL OR'
SiR, + R'OL L’ RoSi—O® L’ stii (4.2)
L L
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Figure 4.1. Plots of the pseudo-first
order rate coefficients kfeca) for the
decay of free SiMe(Amax = 465 nm; L =
H (®) and D Q©)), and of the SiMg
MeOL complex (monitored at 310 nm; L
= H (@) and D Q)), vs. [MeOL]. The

solid lines are the linear least squares fits

Ksocay! 1088

e s a e of the data to equation 4.1.
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Figure 4.2. (a) Plots of the pseudo-first order decay radeffecients Kyecay VS. ft-
BuOL], of free SiM@ (Amax = 465 nm; L = H @) and D Q©)) and of the SiMgt-BuOL
complex fAmax =300 nm; L = H M) and D @)). (b) Transient absorption spectra from a
deoxygenated solution o#3 in anhydrous hexanes containing 1.16 niM8uOD,

recorded 16-26 nso) and 138-150 nd) after the laser pulse; the insets show transient
decay traces recorded at monitoring wavelengtt¥ 6fand 470 nm.
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Figure 4.2a shows the plots dfecay VS [t-BuOL] obtained from analogous
experiments performed employing t-BuOL as the sabst transient absorption spectra
recorded in the presence of 1.16 mM t-BuOD are shiowFig. 4.2b; the absorption band
at Amax = 300 nm is assigned to the SiMeBuOD complex. As in the MeOL
experiments, the lifetimes of the complexes argydorthan the lifetimes of free SiMe
under the same conditions. Analysis of the plotEigf 4.2a according to eq. 4.1 affords
rate constants of ca. k#0'° M™ s* for the complexation step independent of isotopic
substitution on the alcohol, while those for thesequent reaction by the SipAeBuOL
complexes are 8.4 10° and 7.2x 10° M s for L = H and D, respectively. As in the
reactions of this silylene with MeOL, the KIEs agproximately unity for both first and
the second step of the reaction.

4.3.Reactions of SiPh with alcohols (MeOH, MeOD, t-BuOH, t-BuOD)

The decay rate of SiRlaccelerated in the presence of either MeOL or ®Bu
dimerization was suppressed and a new species atastable in the range characteristic
of SiPh-O-donor complexesAfax ~ 360 nm, see Chapter 3). The formation of the
complexes occured on similar timescales as theydetdhe silylene, and the signals
increased in maximum intensity as a function ofolh@d concentration. As with the
SiMe,-ROL systems, the lifetimes of the complexes ineeeawith increasing alcohol
concentration, and at each concentration was lotinger that of the free silylene. Figure
4.3 shows the plots dsecay Vs [ROL] corresponding to the silylene absorptjonkile
those corresponding to the absorptions of the SfDL complexes are shown in Fig.

4.4,
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Figure 4.2. Plots of the pseudo-first order decay rate coeffits Kiecay Of SiPh vs.

[ROL] (L =H (®) or D (0)) for (a) R = Me and (b) R &Bu, in hexanes at 2%&. The
solid lines are the best linear least square®fitee data to equation 4.1. The data were
obtained in the same experiments as those repessenFEigure 4.4.

Kgecay! 10°
Kgecay! 10° 87

00 01 02 03 04 05 % 5 10 15 20

[MeOL]/ mM [-BuOL]/ mM

Figure 4.4. Plots of the pseudo-first order decay rate @mstkyecay Of the SiPR-ROL
complexes (L = HM) or D @)) vs. [ROL] for (a) R = Me and (b) R &Bu, in hexanes at
25°C. The solid lines are the best linear least sepifits of the data to equation 4.1.

122



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

Table 4.1 Absolute rate constants (in units of M's™?) for reaction of SiMgand SiPh
with alcohols in deoxygenated hexanes af@3k;), and for quenching of the transient
absorptions due to the corresponding silylene-R@bplexes by ROLK:4).?

SMe, SPh,
ROL klb Keat® kld Keat®
/10 M1st /10 M1st /10 M1st /10 M1st
MeOH 21+ 3 15+ 3 18+ 2 18+ 1
MeOD 20+ 3 17+5 14+ 2 8.6+1.2
t-BUOH 14+ 2 8.1+ 1.2 14+ 1 1.4+ 0.1
t-BuOD 13+ 1 7.2+ 0.9 11+1 0.13+ 0.02

a

Rate constants are the mean of two independeasurements in each case, while
errors are listed as the standard deviation ofitlezage value® monitored at 470 nm°
monitored at 310 nm? monitored at 520-530 nrfimonitored at 350 nm.

The data are consistent with the reaction procgefiy a two step mechanism
shown in eq. 4.2. The rate constants for compiexaif SiPh with MeOL and t-BuOL
obtained by analysis of the data of Fig. 4.3 adogrdo eq. 4.1, are listed in Table 4.1
along with those for SiMe The rate constants for complexation span theeraridl.1x
10" to 1.8x 10'° M s* and are marginally smaller for the t-BuOL systehen for the
MeOL systems. All eight reactions studied here eeacwith rate constants within a
factor of 2 of the diffusional limit in hexanes. & lifetimes of the SIPAROL complexes
are significantly less responsive to alcohol cotregion than the corresponding SipMe
ROL complexes, with the SIMROD complexes reacting significantly slower thae t
corresponding SiBFROH complexes. Thus, KIE values of 210.3 and 11+ 2 were
determined for the reactions of SiMeOL complex with MeOL and SiB#-BuOL
complex with t-BuOL, respectively. Owing to the rhulower reactivity of the SiRH-
BuOD complex towards t-BuOD, the complex was defaet even in the presence of 50

mM t-BuOD, as is shown in Fig. 2b of ref. 5.

123



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

4.4.Discussion

Absolute rate constants for the reactions of phHwoucally generated SiMeand
SiPh with MeOL and t-BuOL were measured by laser flpBbtolysis methods, and are
all within a factor of 2 of the diffusional limihihexanes. There is no measurable kinetic
isotope effect on the rate constants for the reacts expected for a simple complexation
process as the first step. The data can be compartte reaction of SiMeswith the
same set of substrates (Table 4.2), where theoaigtants for complexation are at least a
factor of 10 slower than those for the analogouMlesiand SiPh systems. The
difference in reactivity presumably reflects therst factors associated with the more
bulky mesityl group. Indeed, the pldkgecay VS [ROL] for this silylene exhibit upward
curvature, consistent with reversible complexatiothe first step.

The Lewis acid-base complexes of SpMad SiPh with the alcohols were directly
detected in each case. They exhibit absorptiongaadtered in the ranges characteristic
of SiMe,- and SiPhO-donor complexes (SIMEORR’, Amax~ 310 nm; SIPRORR’, Aax
~ 360 nm). The complexes are observable only witivmted ranges of alcohol
concentration, their lifetimes decreasing with @asing alcohol concentration. The
behaviour is consistent with catalytic H-transfathim the complex, where the catalysis
is provided by a second molecule of the alcohol €&8); catalytic rate constanti.d)
were determined from the variation in the decag @instants of the complexes with
ROH(D) concentration and are listed in Table 4ign&cant kinetic isotope effects on
keat were found for the reactions of SiPith MeOH(D) and t-BuOH(D). The largest

KIE was measured for t-BuOH(Dik{/kp = 11+ 2); the value is of a magnitude consistent
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with a mechanism involving two protons in flight the transition state (eq. 4.3). The
unimolecular H-transfer process within the compfaoceeds too slowly for a rate
constantK,) to be measured in any of the cases studied, alydao upper limit (ok; <
10° s could be estimated for the rate constant in #s=of the SiPH-BuOH complex

from the intercept of the plot éfiecayVs [t-BuOH].

. L. _R '
SiR, kg ? Ky OR
+ = R,Si
roL k1 R,Si (slow) ‘. 4.3)
R = Me, Ph or Mes Keat(R'OL] -R'OL
R'= Me or t-Bu L t
L=HorD '
VRN '
v /
Rle' --L

In the more sterically hindered system, SiMethe data are indicative of the
SiMes-alcohol complexes acting as steady-state interaesli which could not be
directly observed. A non-linear dependencektay (SiMes) on [ROL] (Fig. 4.5) is
indicative of lower equilibrium constants for thengplexation step compared to those
with SiMe, and SiPh The steady-state situation renders both e and ke
indeterminable; however, ratios &f./k,; were obtained from the analysis of the data
according to eq. 4.4 and are listed in Table 4d&d8l on the trends established in Chapter
3, equilibrium constants for complexation of SgM8iPh and SiMegwith MeOH can be
estimated to be&k; = 10%, 1.5 x 10, and 150 M, respectively (see Chapter 3 for
discussion). However, in the reactions of less éhed silylenes with alcohols

reversibility in the first step cannot be deteaie@ to a much largét; than with SiMes
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Figure 4.5 Plots of the pseudo-first-order
rate constants for the decay of SiMes
[MeOL] (L = H, (o) or D (0)) in hexanes

at 25 C. The solid lines are the nonlinear

Kgecay! 10° 87

least-squares fits of the data to eq 4.4.

Reproduced from ref.

[MeOL]/ mM

Table 4.2 Kinetic data for the reaction of SiMewith alcohols in deoxygenated hexanes
at 25°C2

ROL ki / 10 M1s? (Keafk 1) I M7
MeOH 1.01+ 0.09 550 150
MeOD 1.26+ 0.25 220+ 100
t-BUOH 0.136+ 0.005 36+ 7
t-BuOD 0.136+ 0.009 64t 5

& Fromref. 5
Koy = k{ﬁj[ROL]2 /(1+(kﬂ][ROL]J (4.4)
K., Kk,

The calculated standard free energy surfaces #ordhctions of two molecules of
methanol with Sik and SiMe,” are shown in Figure 4.6, illustrating the simii@s and
differences between the reaction profiles for SiMed the parent silylene. Interestingly,
the only notable difference between the two systemas the initial complexation step,
due to the substantially lower Lewis acidity of thigbstituted silylene compared to the
parent. The overall reaction barriers are quitellannthe catalytic H-transfer pathways

winning out over the non-catalyzed pathways byitecgubstantial margin in both cases.
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Figure 4.6. Standard free energy surfaces for the O-H irmenteactions of SiHHand
SiMe, with MeOH, calculated at the G3 and G4 levelshafory, respectively (298.15 K,

kcal mol%).5”’

4.5. Conclusion

The O-H insertion reactions of SiMand SiPhwith MeOL and t-BuOL (L = H or
D) have been investigated by laser flash photaly$lse data are consistent with a
mechanism involving the initial formation of thersesponding silylene-alcohol complex,
followed by catalytic H-migration from the oxygem the silicon center to yield the final
product; the catalyst in the second step is a skcoalecule of the substrate. Rate
constants for complexation are invariably fast incases, slowing down significantly
only in the more sterically hindered systems (Sijylddnimolecular H migration with the
complexes is too slow to be measured under our itonsl. A remarkably large
deuterium KIE was measured for the t-BuOH catalypeaton transfer in the SiR-
BUuOH complex ku/kp = 11 + 2), consistent with a concerted double proton stiemn

involving a 5-membered transition state.
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5. Chapter 5 — Silylene insertion into the N-H bonds foamines
5.1.Overview

The formal N-H insertion reactions of SiM&iPh and SiMes with the amines n-
BuNH,, EtNH and EtN have been investigated using steady-state arel ldesh
photolysis experiments. The results indicate thatfirst step is the formation of Lewis
acid-base complexes with rate constants in theerafigd — 2 x 10"° M™* s’ in hexanes
at 25°C. The rate constants decrease with increasimig stglk on nitrogen, opposite to
the trend expected based on gas phase basiciiessdmplexes are proposed to undergo
catalyzed H transfer by a second molecule of anvinth, catalytic rate constants on the
order of 16 M™ s* or less. Catalysis proceeds at least four ordersagnitude more
slowly than the corresponding catalytic reactiosibfiene-alcohol complexes.

The silylenes SiMg SiPh and SiMes were generated using photochemical

precursorgl3, 44aand45, respectively.
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5.2.Results
5.2.1. Product studies

Photolysis of deoxygenated solutions of the SiNpeecursor43 in neat tert-
butylamine, EfNH, or 2,2-dimethylaziridine at’& was shown to yield the corresponding
silanamines resulting from the formal N-H insertiohSiMe; in yields of ~85%. We
investigated the course of the reaction of $iRfth EtLtNH in dilute cyclohexanehs,,
since this reaction has not been previously charaed. This section of the document
focuses on the identification and characterizatibproducts formed from the photolysis
of 44ain cyclohexanet; containing EINH.

Photolysis of a cyclohexar®» solution of44a (0.05 M) containing ENH (0.05
M) and 1,4-dioxane (0.01 M, internal standard),hwithe course of the reaction being
monitored by'H NMR spectroscopy, resulted in the formation cfildne67 in (103+
4)% vyield relative to consumed4a Silanamine83, the expected product of N-H
insertion of SiPhwith ELNH, was formed as the major product (®%)% relative to
consumed ENH) (eqg. 5.1). Relative to consuméda, however, the yield was only about
40%, indicating that a significant portion of thé/lene generated participates in other
reactions. Concentration vs time plots (see Fib) fevealed a distinct induction period of
roughly 5 min during which the concentration ofNBH does not change a®3 does not
form. Closer inspection of thtH NMR spectra recorded within the first 5 min of
photolysis revealed that diphenylsilar@éd was formed initially (tentatively identified

based on itS8H NMR and'H-**Si HMBC), reaching a maximum vyield at about 8 mirsyt
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Figure 5.1. (a) Concentration vs. time plots for 254 nm iraéidn of deoxygenated
solutions of44a (0.05 M) in GD1» containing EfNH (0.05 M), HO (ca. 0.002 M) and
1,4-dioxane (0.01 M). The linear portions of thetplere analyzed by linear least
squares and are characterized by the followingeslop4a (0) = -0.00075 + 0.000047
(w) = 0.00078 + 0.0000483 (o) = 0.00055 + 0.00001, BH (e) = -0.00058 + 0.00002,
84 (A),85(1). (b) expansion of (a) between 0 and 0.005 M.

after which it was consumed to afford disiloxa8e At the point wherB4 is almost
completely consumed83 starts to form and BEYH begins to disappear (Fig. 5.1).
Disiloxane85 was identified based on its characteriéfigi NMR shift atd -19.2 ppm
({Jsin = 219.6 HzF® 'H NMR spectra of the photolysis mixture at varidinses in the

experiment are shown in Fig. 5.2.

Ph,
,/Si\ . C6D12, hv . .
Me,Si SiMe, + Et,NH Me,Si—SiMe, + EtZN\Sith (51)
1,4-dioxane H
44a 0.01M 67 83
0.05 M 0.05M (103 £ 5)% (95 £ 3)%
HO_ Ol MeQ_
siph,  PhsSi”SiPh, SiPh,
H H H H
84 85 71
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Figure 5.2 600 MHz'H NMR spectra of a solution of 0.05 #a 0.05 M EtNH, 0.005
M H,O and 0.01 M 1,4-dioxane ingB,,, after a) 0 min of photolysis; b) 3 min of

photolysis; c) 15 min of photolysis
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The reaction responsible for the formatiorBdfand85 is that of SiPhwith water.
The estimated concentration of water present abéggnning of the experiment (see Fig.
5.2a) is about 2 mM. The results indicate that frenation of products with water is
much more efficient than that with the amine, ewdren the amine is present in great
excess. In order to investigate whether the silaérmed by reaction of the silylene-
amine complex with water or if the silanamine reagith water to yield the silanol, the
following control experiment was conducted.

Addition of 0.01 M MeOH to the above photolyzatesuked in complete
conversion 083 to methoxydiphenylsilane/{) and regeneration of #4H in less than 5
min at room temperature.

Based on the results of the above experiment, nbtspossible to tell whether the
silanol is formed via a fast reaction of the SHEt,NH complex with water, or via the
longer-timescale pathway involving the reactionsdanamine with water to form the

silanol.
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5.2.2. Kinetic measurements

Addition of sub-millimolar concentrations of n-BuNHELNH, ELND, or EgN to
hexanes solutions of3 resulted in a reduction of the lifetime of theylhe and
suppression of the formation of the disilene. Plofsthe pseudo-first order decay
coefficients kyecay Of SiMe&; vs [amine] according to eq. 5.2 were linear inheea@se (Fig.
5.3a-b). The rate constants are within a factotwaf of the diffusional rate in hexane
(kgir = 2.3x 10'° M s1),* and those for BNH are roughly two times lower than the
published values for the reaction of SiMeith N-methylpyrrolidine and pyrrolidine in
cyclohexané. The differences are consistent with the lowecasity of hexane relative
to that of cyclohexan® Analogous results were obtained in experiments ita; the
silylene lifetime was decreased and silylene diraion was quenched (see the plots of
Kiecay VS [S] in Fig. 5.3c-d), both to an increasing extavith increasing amine
concentration. The second-order rate constantefmtion of SiPhwith these substrates
(Table 5.1) are approximately a factor of 2 lowkart those for SiMg in general
agreement with the trends observed for other safesfr For both silylenes, the rate
constants appear to correlate with the steric lailknitrogen, opposite to the trends
expected based on amine gas phase basitilesiterium substitution of the N-H proton
in diethylamine had no effect on the rate consfanteither silylene, consistent with
Lewis acid-base complexation being the rate-det@ngistep for silylene decay. The rate
constants for reactions of the two silylenes wtik four amines that were studied are

listed in Table 5.1.

kdecay = ko + kq[S] (5.2)
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Figure 5.2. Plots of the first order decay rate coefficigtgcay vs. [S] of (a) SiMe with

S = EtNL, where L=H ¢) and L =D ¢); (b) SiMe with S = n-BuNH (0) and EtN (*);

(c) SiPh with S = EtNH (0) and EiND (+): (d) SiPh with S = n-BuNH (0) and EN

(+) in hexanes at 2%C. The solid lines are the linear least squarssdfitthe data to eq.

5.2. SiMe and SiPhwere monitored at 470 nm and 530 nm, respectively.

Transient absorption spectra recorded 48rin the presence of sufficiently high

concentrations of amine to reduce the silylenditife to undetectable levels are shown in
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Fig 5.4 for the three amines. The spectra show lmg-lived transient absorptions
centered ahmax~ 290 nm in each case. In the case gNEhese new absorptions overlap
with those due to a shorter-lived transient resgltirom the direct photolysis of the
amine fmax < 290 nm;t = 2 us)>*° unlike the others, this amine absorbs appreciably
the excitation wavelengthefs nm = 103+ 4 M™* cmi?). The long-lived transients are
assigned to the corresponding silylene-amine coxegletheir spectra are in excellent
agreement with previously reported spectra of hreplexes of SiMgwith other amines
in cyclohexane at 2€° and in hydrocarbon matrixes at 77K The transient absorption
spectra of the SiBkamine complexes are also very similar to each rotlehibiting
absorption bands with apparent maximaat~300 nm and a shoulder absorption at ca.
360 nm (Fig. 5.5). The absorption spectrum of 8iEh-EtzN complex was also
superimposed on an intense short-lived absorptimmd bresulting from triethylamine
photolysis, as was also observed with SiMe

With the typical laser intensities used in thespegxnents (~ 98 — 102 mJ), the
SiR-amine complexes decayed with second order kineéind the second order rate
coefficients (R/€) decrease with increasing substitution on the anfirable 5.1). The
2k/e values measured for the SipAEt,NH and —EAND complexes were the same within
experimental error, suggesting that proton transfemot involved in the second-order
decay pathway of the complexes. A possible mechatasaccount for the second-order
decay of the complexes is dimerization to the gmoading disilene, which subsequently

reacts with the amine and is thus a steady-stegenmediate in the overall process.
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AA

Figure 5.4. (a) Transient absorption spectra recorded 0.38-0s7(), 2.37-2.69us (@)
and 34.37-34.69s (A) after the laser pulse, from laser flash photaslydia deoxygenated
hexane solution of SiMeprecurso43 in the presence of 19.5 mM n-BuBMHIhe inset
shows transient decay traces recorded at 280 nnB2dichm. (b) Transient absorption
spectra recorded 0.48-1.88 (0), 2.72-3.52us (@) and 69.92-70.78s (A) after the laser
pulse, by laser flash photolysis of a deoxygenhtdne solution of3in the presence of
20 mM EtNH. The inset shows a transient decay trace redaatl800 nm. (c) Transient
absorption spectra recorded 19&7(0), 59-67us (@) and 539-547us (A) after the laser
pulse, by laser flash photolysis of a deoxygenhtdne solution c43in the presence of

1.5 mM EgN. The inset shows a transient decay trace recat8d0 nm.
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Figure 5.5.(a) Transient absorption spectra recorded 0.684is20), 9.12-10.08us (@)
and 53.92-54.72s (A) after the laser pulse, by laser flash photolg$ia deoxygenated
hexane solution of SiBprecursod4ain the presence of 4.77 mM n-BubHrIhe inset
shows transient decay traces recorded at 300 nn8&ddm. (b) Transient absorption
spectra recorded 0.96-2.44 (0), 11.84-13.44us (@) and 107.84-109.44s (A) after the
laser pulse, by laser flash photolysis of a deorgtgd hexane solution dfain the
presence of 4.95 mM EH. The inset shows transient decay traces reccati@d0 nm
and 360 nm. (c) Transient absorption spectra decbB.2-9.6us (0), 59.2-67.2us (@)
and 699.2-707.2is (A) after the laser pulse, by laser flash photolg$ia deoxygenated
hexane solution o44ain the presence of 1.5 mM4iL The inset shows transient decay

traces recorded at 310 nm and 370 riempériments performed by T. Sngh).
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Figure 5.6 Plots of the pseusfirst order
rate coefficients for deca(kgecay Of the

SiMe,-n-BuNH, (o) and SiMe-Et,NH

(o) complexesversus [amine]in hexanes
at25 °C.

0.04 006
famine] {id)

Table 5.1.Absolute rate constantk, / 16 M™ s%) for the complexation of Sil, and
SiPh with amines, secot-order decay rate coefficients for the silylearaine complexe
(2k/e), and estimatedpper limitsof the catalytic rate constants forHNinsertion kea: /
10° M s1) measured for Sil.-amine complexes, in hexanes at’e5

n-BuNH, Et;NH Et,ND Et;N
SiMe, ky/ 10 M*tst 17+ 2 16+ 3 18+ 2 9.8+0.8
(2KlEmay) 1 16 cm <* 13+ 3 7.4+0.2 8.1+0.4  0.60+0.01
(280 nm) (290 nm) (290 nm (290 nm)
keat/ 18 Mt st 1.3+0.2  0.30+0.08 - -
SiPh? k /10 M7te? 11+ 3 8.3+ 0.7 8+ 1 3.9+ 0.4
(2Kleszonn) [ 1P cm st | 14+ 2 8.3+ 0.4 11+ 5 1.21+ 0.04

& experiments with SiF, were performed by T. Singh

In the case of the primary and secondary amia reductionin excitation laser

intensity causedhe SiMe¢-amine complexes to decawith predominant first orde

kinetics. The lifetimes of the complexes display@dmodest depeience on amine

concentrationas shown in Fic5.6. Apparent rate constants of ca. 8.00°and 1.3x 1¢°

M™ s were obtained from least squares analysis of thes if KdecayVs [amine (Table

5.1). These should be considered upper limits becausis difficult to rule out

contribution from adventitious impurities in the iam sample: Analogous experimen

with the SiPB-amine complexes resulted in no variation in thetiliies withincreasing

amine concentration.
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Figure 5.7. (a) Plot of the first order rate coefficient fdecay Kyecay Of SiMes vs. [n-
BuNH,]; the slope corresponds ke = (1 + 0.3) x 18’ M™* s*; (b) Transient absorption
spectra recorded 0.96-2.p4 (©), 11.84-13.44s (@), and 171.84-173.4ds (A) after the
laser pulse, by laser flash photolysis of deoxytgth&iexanes solution @b containing

4.8 mM n-BuNH; the inset shows transient decay profiles recoede310 and 370 nm.

Addition of n-BuNH to a hexanes solution of SiMegrecursor45 resulted in a
reduction of the silylene lifetime and suppressafrietramesityldisilene formation. A
plot of kyecayVs [N-BuNH] was linear (Fig 5.7a), affording a second or@ee iconstank;
= (1.0 £ 0.3) x 1& M™ s from the slope. In the presence of 4.8 mM n-BuNhe
silylene lifetime is reduced to <50 ns, and a nendowith an apparent maximum at 300
nm and a shoulder absorption at ~370 nm is predegt §.7b). This is similar to
previously reported spectra of SiMes the presence of aliphatic amines in low
temperature matrices, and thus the spectrum caasfigned to the SiMgsn-BuNH,

complex*?
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Addition of submillimolar concentrations of &/AfH to a hexanes solution &f5
resulted in a bimodal decay of the silylene, cdirgisof a fast initial decay and a much
slower decaying residual absorption. The initialcale accelerated with increasing
concentration of amine, while the intensity of tiesidual absorption diminished. Such
behaviour is consistent with a reversible reactioaracterized by an equilibrium constant
in the “intermediate” range (see Chapter 2), inchlgase the equilibrium constant can be
obtained by analysis of the data according to e(fig. 5.8a). The plot dgecay(initial)
vs [EtNH] was linear (Fig. 5.8b) with a slope kf = (3.4+ 0.3) x 1 M* s. In the
presence of 4.7 mM EiH the silylene lifetime is decreased to <50 nglVi&s, formation
is suppressed, and a new species is formed thabiesxhn apparent absorption band
centered at 300 nm (Fig. 5.9a). The species deoass ca. 200us with mixed order
kinetics and is assigned to the SiM&HLNH complex. Analogous experiments
employing EfN were limited to maximum amine concentrations & M to minimize
direct photolysis of the amine. A modest decread@e initial signal intensity at 580 nm
with increasing [amine] was observed, while thetithe of the signal was unaffected. A
plot of AAg/AAgq Vs [S] was linear (Fig. 5.9b), and afforded a slop 130+ 60 M.

Since EtN absorbs at the excitation wavelength, it is intgior to establish if
screening effects influence the silylene signanstty. It has been previously established
that silylenes are more Lewis acidic than germyddmeca. 1 kcal/mol (see Chapter 3 and
ref. ), which leads to the expectation that the additbiEtzN to GeMes over the 0 —

1.5 mM concentration range of the amine should lmaveffect on the germylene signal
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Figure 5.8. Plots of (akKiecayVs [EENH] and (b) AA/AAe) vs [EbNH], for the reaction

of SiMes (monitored at 580 nm) with fH in deoxygenated hexanes at 5 The
solid lines are the linear least-squares fits efdata to eqs 5.2 and 5.3, respectively. (a)
ky = (3.5 £ 0.5) x 1OM™ s*: (b) Ky = (6 + 2) x 16 M™%, (Experiments performed by T.

Sngh).

intensity other than that due to screening. In,faddition of up to 1.5 mM [BN] to
GeMes resulted in no measurable reduction in the appasgmal intensities of the
germylene (see Chapter 3). This result suggest sbegening effects of g are
negligible within this concentration range of thmiae, and thus do not affect the
determination of the equilibrium constant for tkeaction of SiMeswith Et;N.

AAYAA= 1 +Ky[S] (5.3)
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Table 5.2 Absolute rate constantk;{in units of 18 M™ s%) and equilibrium constants
(Ky, in units of MY) for quenching of SiMg SiPh and SiMes by n-butyl amine (n-
BuNH,), diethylamine (EANH(D)), and triethylamine (EN) in hexanes at 25 + 1 °C.

SiMe, SiPh SiMes
Substrate ki /10 Mst Kk /10 MTst ki / 10 M'st Ky/ Mt
n-BuNH, 17 +2 11+3 10+ 3 > 25,000
Et,NH 16 +3 8.3+0.7 34+03 4,700 + 700
Et,ND 18 +2 8+1 a a
Et:N 9.8+ 0.8 39+0.4 b 130+ 60

a

not measured® no change in silylene lifetime observed over thd.® mM
concentration range in added amine

i a
r — 300 nm

— 370nm
0 100 200 300 %
time / ps

0.03

A/ nm A/ nm
Figure 5.9 (a) Transient absorption spectra recorded 4.@841s (©), 23.68-27.52us
(o), and 42.88-46.08s (A) after the laser pulse, by laser flash photolysisa
deoxygenated hexanes solutionsfcontaining 4.7 mM ENH at 25°C; the inset shows
transient decay profiles recorded at 300 and 370 (bnTransient absorption spectra
recorded 2.56-3.3fs (©), 9.12-10.08:s (@), and 85.92-86.7gs (A) after the laser pulse,
by laser flash photolysis of a deoxygenated hexao&gion of45 containing 1.5 mM
EtsN at 25°C; the inset shows transient decay profiles reabate290, 350, 440 and 580

nm. Experiments performed by T. Singh).
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5.3.Discussion

In this study, the reactions of transient silyleis8le,, SiPh and SiMes with n-
butylamine (n-BuNH), diethylamine (BENH) and triethylamine (EN) in hydrocarbon
solvents were investigated by means of laser fidsitolysis and steady state photolysis
methods with the goals of comparing these reactiortee analogous reactions of these
species with alcohols. Product studies indicas 8iPh, analogous to SiMé* reacts
with EpLNH to form the silanamine in near quantitative gjeprovided hydroxylic
substrates are not present in solution. The realdtsshow that the reaction with water is
substantially more efficient than that with the a&)i although it is not possible to
determine how the hydrolysis product is formed -ethlr via the direct reaction of the
SiPh-EtNH complex with water, or on a longer timescaleoimng hydrolysis of the
silanamine after it is formed.

The kinetics of the reactions of SiM&iPh and SiMes with n-BuNH,, ELNH(D)
and EtN were investigated in hexanes solution, the resafitwhich are summarized in
Tables 5.1 and 52.SiMe;, reacts with primary and secondary amines with catestants
close to the diffusional rate constant in hexarte®5&C (kqir = 2.1x 10° M s%)® and
are in line with the previously reported values ttoe reaction of SiMewith pyrrolidine
andN-methylpyrrolidine in cyclohexane at 2@° given the difference in viscosity of the
two solvents. The rate constants for the reactions of SiMéth n-BuNH, and EtNH
correspond to a free energy barrier for complexatio the order of 3.5 kcal nibbr less
in both cases. A small decrease in the rate constavbserved for the reaction of this

silylene with EfN, which may reflect a small steric barrier for quexation induced by
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the three substituents on the amine. The rapiditly which SiPh reacts with the three
amines decreases with increasing steric bulk ommhi@e, such that the rate constants for
complexation follow the trend n-BuNH> EtNH > EN. This trend is opposite to that
expected based on the gas phase basicities ofittse amine8.The absence of a kinetic
isotope effect for the reactions of SiMand SiPh with ELNH is expected for a simple
complexation process. The equilibrium constantscfamplexation of SiMgand SiPh
with Et,NH, and of all three silylenes with n-BuNHare evidently too large to be
measured under our experimental conditionsKiex 2.5x 10* M™).

Steric factors introduced by the bulky substituentssilicon in the SiMessystems
clearly dominate the situation, which is reflectedhe decreased stability of the Lewis
acid-base complexes with increasing substitutiorith@namine. An equilibrium constant
of Ky = (4.7 + 0.7)x 10° M™* was determined for the formation of the SiMESNH
complex (hexanes, 25 °C), while that for the foiprabf the SiMesEt;N complex isK;
= 130 + 60 M". These values correspond to binding free enefi@&Seony = - (5.0+
0.1) kcal mof andAGgy = - (2.9+ 0.4) kcal mof, where the reference state isa 1 M
solution in hexanes at 2&. The equilibrium constant for the reaction of 8#with n-
BuNH, is above our measurement limi,(= 25,000 M%), giving an upper limit for the
binding energy of ca. -6 kcal mblThe correlations of the binding energies of thdes,
complexes with the (experimental) gas bacisity praton affinity values of the donors
are illustrated in Fig. 5.10a and Fig. 5.10b, resigely. The correlations are in both cases

excellent, but the slopes are negative and trerel®pposite to those predicted for the
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Figure 5.1C Plots of experimental standard free energy vatiesmplexation of SiMes
with the three amines vs (a) gas basfciypd (b) proton affinitf of the donors. The

reference state is a 1 M solution in hexanes 4€25

analogous SiMesystems at the G4 level of thedfyThis is due to a high degree of steric
destabilization of the SiMgsmine complexes as a function of increasing subisn on
the amine (see Chapter 3 and 1.

In contrast to the reactions with alcohols, the iseacid-base complexes of SipMe
and SiPh with primary and tertiary amines exhibit lifetimesf several tens of
microseconds at ambient temperatures in solutiowl are largely unresponsive to
changes in amine concentration. Nevertheless, ladiloas suggest that formation of the
N-H insertion product from the complex most likelgquires catalysis by a second
molecule of amine, as is the case in the reactotisalcohols. The calculated barrier for
unimolecular H-migration in the SiMéleNH, complex isAG* = 17.1 kcal mot relative
to the free reactants, while the predicted valuetfe corresponding process in the

SiMe,-MeOH complex isAG* = 14.1 kcal mot at the G4 level of theory. These free
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energy barriers correspond to a rate constant fmimolecular H-migration of about I's
or smaller; such a slow process is not expectgatdoeed at all under the conditions of
our experiments unless another pathway with a Idwerier is available. The barriers of
14-17 kcal mot are too high to compete with other processes asalimerization of the
silylene.

The calculated (G4) standard free energy surfameth€ reactions of SiMewith
one and two molecules of MeNHNn the gas phase are shown in Fig. 5.11, while the
corresponding processes with MeOH are shown in Big2*® The calculations
demonstrate that as in the reaction with alcohttis, preferred mechanism for N-H
insertion involves two molecules of the substrates acting as a nucleophile in the initial
step of the reaction and the other acting as dysateor the H-migration process that
converts the intermediate complex to the final paid The calculations also indicate that
the reaction barrier for the catalyzed pathway HH Nhsertion is significantly higher
(AAGea = 13.2 kecal mof) than the corresponding one in O-H insertion. @tiferences
in the activation energies could be due to a loaetdity of the N-H protons compared to
the O-H protons in the corresponding silylene-darmnplexes.

Upper limits ofkea < 10-10° M™ s* were estimated for the catalytic rate constants
for H-transfer in the complexes of SiMeith n-BuNH, and EtNH in hexanes, indicating
the process occurs at least four orders of magmitadre slowly than the corresponding
process in silylene-alcohol complexes under singtanditions (see Chapter #)These

rate constants correspond to free energy barrfeca.&G* = 9 kcal mol* relative to the
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bimolecular complex, which is considerably lowearththe calculated barrier &G* =

18.5 kcal mot. Based on these large differences it is mostylikeht the experimentally

measuredk.;: values are overestimated by a significant amosimge slow rates of

reaction allow the opportunity for adventitious anies to play a role.
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5.4.Conclusion

The reaction of the transient silylenes SiM8iPh, and SiMes with primary,
secondary and tertiary amines proceeds via thediom of long-lived Lewis acid-base
complexes which were detected and characterized\byis spectroscopy in each case.
The rate constants for complexation are closeedadtfiusional limit in hexanes and show
modest variations with amine structure. The comgiex of the sterically bulky silylene,
SiMes, with EbNH and EtN proceeds reversibly and provided the first efQuim
constants for a silylene reaction to be reporteddhution’> According to theory, the
second step of the reaction to generate the camespy silanamines proceeds via
catalytic H-migration involving a second moleculé amine. The experimentally
determined upper limit for the catalytic rate camss are in the £a10° M™ s* range.
Thus, the catalysis of the N-H transfer is at Idast orders of magnitude slower than

that exhibited by the SiMeMleOH system under similar conditions.
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6. Chapter 6 — Silylene insertion into the Si-O bondsf siloxanes
6.1. Overview

The kinetics of the reactions of SiMand SiPh with methoxytrimethylsilane
(MeOTMS), the cyclic siloxanes 2,2,55-tetrametByd-disila-1-oxacyclopentane
(TMDOP), hexamethylcyclotrisiloxane gPand octamethylcyclotetrasiloxane jjPand
the acyclic siloxanes hexamethyldisiloxane (TXp and octamethyltrisiloxane
(Me;Si(OTMS),) were investigated by laser flash photolysis. Tésults are consistent
with a mechanism involving theaversible formation of a Lewis acid-base adduct, which
undergoes unimolecular rearrangement to yield thdl Si-O insertion products (eq.
6.1). The observed kinetic behaviour varies witk telative magnitudes of the rate

constants for complexation and the subsequenttiosestep.

k1 @ SiMe3 k .
SiR, + MeOSiMe; —— sti_d 2 Me/O\Si'SIMe3
k—1 © Me R2 (61)

In laser photolysis experiments involving iR = Me or Ph) with MeOTMS and
SiPh with TMDOP, the Lewis acid-base complexes couldlivectly observed and their
decay kinetics measured as a function of subst@teentration, while the absorption
bands of the anticipated SiIMEMDOP complex are obscured by fluorescence. In the
reactions of both silylenes withz[and D, the complexes cannot be detected, presumably
because they are steady-state intermediates. Meless, the two-step mechanism is
supported by the measured activation energy s#f20kJ/mol for the reaction of SiMe
with Ds;. Both silylenes were found to be unreactive tarhe acyclic siloxanes TMS
and MeSi(OTMS).
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6.2. Kinetic measurements
6.2.1. The reactions of SiR with MeOTMS

Addition of submillimolar concentrations of MeOTM® a hexanes solution of3
resulted in shortening of the lifetime of SiM@\nax = 470 nm) and suppression of
silylene dimerization. This was accompanied by #ppearance of a new transient
absorption centered aih.x = 310 nm, whose lifetime also shortened with iasneg
concentration of MeOTMS. Based on the kinetic behavof this transientv{de infra),
and its UV-vis spectrum, it is assigned to the SHMEOTMS complex. When the
absorptions due to the silylene and the SHMeOTMS complex were monitored at full
laser power (=100 mJ), the decay profiles at botheleagths were bimodal — a fast
initial decay overlapped on a slowly decaying realdabsorbance (Fig 6.1a-b). At 470
nm the decays could not be fit acceptably to forster kinetics. Nevertheless, a plot of
(approximate) first order decay rate coefficienss[MeOTMS] was constructed and is
shown in Fig 6.1c. Thikgecayapproaches a plateau region asymptotically, ctardisvith
saturation kinetics. The plot &fiecay (SiMe) vs [MeOTMS] is in reasonable agreement
with the previously published dataThe SiMe-MeOTMS complex also decayed with
bimodal kinetics; a fast initial decay was supersgd on a slowly decaying residual
absorption. At short timescales appropriate to ofgsthe initial fast decay the traces did
not fit to a two-phase decay, and so the decaye Wieto a single exponential. The

resulting plot 0kgecay(310 nm) vs [MeOTMS] is shown in Fig 6.1c.
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Figure 6.1 Transient decay profiles recorded at (a) 470 nna, @) 310 nm, for the
reaction of SiMe with MeOTMS as a function of substrate concerdrat(c) Plots of the
pseudo-first order decay rate coefficients{k) for SiMe; (0) and the SiMgeMeOTMS
complex @) vs. [MeOTMS] in hexanes solution at 26. The solid lines are the least

squares analysis of the data to eq. 6.3

There are two factors that can cause the decayedilylene to become bimodal: 1.
the initial fast decay is the second order decay tdudimerization of the silylene, while
the longer-lived component is due to the reactiio8ible, with the substrate; 2. the initial
fast decay is a rapid approach to equilibrium wité initially formed Lewis acid-base
adduct, while the slow component is the rate coieifit after equilibrium has been
established. In order to distinguish between the paessibilities, the laser power was
reduced to 43% of its usual power by introductiéra meutral density filter between the
laser beam and the sample cell. If the fast commordé the silylene is due to
dimerization, then the reduction of the initialyf@ne concentration resulting from the
lower laser power should result in a partial or ptate disappearance of the second order

component. If the second possibility is true, hogrexthe reduction of the laser power
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should result only in the reduction of the initiatensity of the silylene signal with no
effect on its decay kinetics.

Addition of submillimolar concentrations of MeOTM& SiMe,, produced by laser
flash photolysis of a hexane solution4# with laser power reduced to 43%, resulted in
cleanfirst order decay of the silylene absorbance-time profiles ifitensity of the initial
transient absorbance due to the silylene diministidld increasing [MeOTMS] up to ca.
5 mM, above which the silylene absorption couldlarger be detected (Fig 6.2a). The
decay profiles of the SiIMeMeOTMS complex were monitored at 320 nm as a fanct
of MeOTMS concentration in this experiment. At tinavelength the contribution from
sample fluorescence is smaller than at 310 nm, niu® points from the absorbance vs
time profiles can be used in the kinetic fits. Whdduced laser power the decay profiles
due to the SiMeMeOTMS complex also fit well to first order kines$i, and the weaker
long-lived overlapping component was no longer cletae (Fig 6.2b).

Plots of kiecayvs [MeOTMS] measured at 320 nm and 470 nm ateleaed laser
intensity are shown in Fig. 6.2b. Both plots digsph downward curvature consistent
with saturation kinetics. The lifetime of the $fge was somewhat shorter than the
lifetime of the SiMg-MeOTMS complex at each concentration, which isaagpt in the
KdecayVs [MeOTMS] plots of Fig. 6.2c. The experimentswapeated 3 times, and it was
apparent that the level of the plateau of the fapSiMe, depends on the starting lifetime
of the silylene — a shorter starting lifetime yela higher plateau of the curve. The slope
of the initial portion of the curve for SiMewas independent of the starting silylene

lifetime, while the plot for the SiMeMeOTMS complex could be consistently
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reproduced regardless of the starting silylendiitife in the absence of MeOTMS. The
lifetime of the SiMg-MeOTMS complex was also monitored in the presesfd@.005 —
0.18 M MeOTMS, where the silylene can no longerdb&cted. It was found that the
decay rate constant of the complex reaches a maxivalue of (6.6t 0.5)x 1P s* at ca.
0.02 M and is constant at concentrations abovevalate. Transient absorption spectra
obtained at the highest concentration of the sates{0.18 M MeOTMS, Fig. 6.3a) show
that at this concentration the only species debéetes the SiMgeMeOTMS complex
(Amax= 310 nm). This spectrum is in good agreement thigt previously reportet.

The mechanism that can explain the observed resuldsie involving reversible
formation of a Lewis acid-base adduct followed hynamolecular insertion (eq. 6.2).

k1

[cmpx] ko P

SiR, + S
ks (6.2)

The expression fdkjecayfor the mechanism in eq. 6.2 is given by eq. &idereK;
= ky/k1 and S = substrate; it holds true when a fast pgrahbrium is established aritie
second step is rate-determining.? The reaction can be followed in terms of the pridu
[P], the silylene, [SIH, or the complex, [cmpx]. Often it is most convemti to monitor
the silylene; in our reaction of interest, howemath the silylene and the complex can be

monitored as a function of substrate concentrabasbtain the values decay
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Figure 6.z. Transient decay profiles recorded at (a) 470 and (b) 310 nm, for the
reaction of SiMe with MeOTMS as a function of substrate concergratat 43%
maximum laser intensity. (c) Plots of the pseudstforder decay rate coefficientgeay
for SiMe; (0) and the SiMgMeOTMS complex ¢) vs. [MeOTMS] in hexanes solution
at 25°C. The solid lines are the non-linear least squfitesf the data to«) eq. 6.3 and

(0)eq. 6.4

= kK9]

decay ~ 1+ Kl[ S] (63)

There are two limiting cases fRiecay

the [S] is very large (saturation), when

1 +K4[S] > K[S], andKgecay= k2 (6.4)
and the reaction rate is zero order in [S];

the [S] is small, when

1 +K4[S] = 1, andKgecay= k2K[S] (6.5)

and the reaction rate is first order in [S].
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Following the reaction by monitoring the silylenesps an additional problem:
according to eg. 6.3 the y-intercept should be,zagtile in the actual experiment the plot
of Kgecay(SiMe&) vs [MeOTMS] never intersects the origin. Thetlifee of the silylene in
the absence of added substrate depends on thegeeseadventitious impurities such as
water. To account for the reaction with impuritiemy additional term has to be
introduced K, (eq. 6.6). Rearrangement of eq. 6.6 yields eq.\v@hich can now be used
to obtain a plot of Kyecay— ko) vs [MeOTMS] from the silylene absorptions (Figl6).
This plot overlaps nearly perfectly with that fdret SiMe-MeOTMS complex, and in

both cases thieecayvalue approaches the plateau region asymptotically

- kZKl[S] +k
decay 0
1+K[9] (6.6)
KK,[S]
K =k —k =2
T KIS 67)

Analogous experiments probing the reaction of Si@enerated fron#4a with
MeOTMS were performed, and yielded results thateapgd to be quite different from
those previously reportéd.The addition of 0 — 3.5 mM MeOTMS to a hexandsitam
of 44aresulted in a bimodal decay of the silylene — st faitial component was only
observable at MeOTMS concentrations below 1.0 mNy (6.4a). The long-lived
components of the absorbance-time profiles decaytddsecond order kinetics and are

thus excluded from thiiecay VS [MeOTMS] plot (Fig 6.4b).
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Figure 6.3 (@) Transient absorption spectra of a deoxygena¢ganes solution @3 at
25°C containing 0.18 M MeOTMS, recorded 0.21-0p25(e), 0.31-0.34us (0) and 1.72-
1.75us (m) after the laser pulse. The insets show transieaay profiles recorded at 310
nm and 470 nm. (b) Plots &fecay(320 Nm) vs [MeOTMS] €) and Kyecay— ko) (470 nm)
vs [MeOTMS] @), from the reaction of SiMewnith MeOTMS. The solid and dashed lines
are the non-linear least squares fits of the aatgt 6.3 and eq. 6.7, respectively.

0.015

0.010 ¢
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time / ys [MeOTMS] / mM

Figure 6.4 (a) Transient decay profiles recorded at 530 nnihfe reaction of SiRhwith
MeOTMS as a function of substrate concentratiob) Rlot of the pseudo-first order
decay rate coefficientkfeca) Of the SiPRMeOTMS complex ¢) vs. [MeOTMS] in
hexanes solution at Z&. The solid line is the non-linear least squaiesffthe data to
eg. 6.3; (c) Transient absorption spectra of akggenated hexanes solution4faat 25
°C containing 2 mM MeOTMS, recorded 0.19-0j6(e), 0.75-0.85us (0) and 5.39-5.47
Us (m) after the laser pulse. The insets show transieaay profiles recorded at 300 nm,
360 nm, 460 nm, and 530 nm.
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Transient absorption spectra of a hexanes solutiod4a containing 2.0 mM
MeOTMS are shown in Fig 6.4c and demonstrate tesquce of a new transient centered
at 360 nm( = 1.2+ 0.1 pus), which has been previously assigned to the SMRHOTMS
complex! The spectra also show the presence of two additibands centered at 300
nm (t = 1.13+ 0.03us) and 515 nmt(= 1.0+ 0.2 ps), which decay with pseudo first
order kinetics. Diphenylsilylene (Siphhas two absorption bands, at 290 nm and 515
nm®, while the SiPkMeOTMS complex also has two absorption bands 30atnm and
360 nm (in the preliminary publicatibonly the long-wavelength absorption band was
reported for the complex, but our more recent Wademonstrates thatl SiPh-O-donor
complexes exhibit two absorption bands). Thereftdre, band at 515 nm is due to the
silylene, the band at 360 nm is due to the compdexi the 300 nm band consists of
contributions from the short-wavelength bands ia fpectra of SiBhand the SiPh
MeOTMS complex.

The reaction was also followed in terms of the $iMBOTMS complex as a
function of MeOTMS concentration (monitoring wavedgh is 360 nm); a plot yecay
vs [MeOTMS] is shown in Fig 6.4b. TH@ecay vValue approaches a plateau value of ca.
0.2x10° s, below the lifetime of the silylene; the valueskgfandK; obtained from the
analysis of the data to eq. 6.3 are listed in Téble The value foK; (4,000+ 4,000 M%)
determined from this analysis has a low degree ofuracy, because the low
concentration portion of the plot in Fig 6.4b isopy defined. Unfortunately this cannot
be improved upon because at concentrations of Me®Dlow 0.4 mM the absorption

due to the SiPAMeOTMS complex are too weak to obtain a valukigfay
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5

Figure 6.5 Plot of AA(AAgq VS
[MeOTMS] for the reaction of SiBhwith

MeOTMS. The solid line is the linear least-

DAYDA

squares fit of the data to eq. 6.8.

Ky =(1.9+0.2) x10% M

SN ST S TN [N ST N ST SN (NN S S ST T Y SO SO S
8o 0.5 1.0 15 2.0
[MeOTMS] / mM

Table 6.1 The values oK; (M™) andk, (1 s%) for the reactions of SiMeand SiPh
with MeOTMS, obtained from analysis of the expemtad plots ofKyecay (the SiR-
MeOTMS complex) vs [MeOTMS] of Figs. 6.3b and 6ulting eq. 6.3.

k, / 10° st Ky/ Mt
SiMe, 6.2+ 0.4 800+ 200
SiPh 0.3+ 0.7 4000+ 4000
1900+ 200

& errors are reported as the standard error frordinear least squares analysis of eq. 6.3;
P obtained from the analysis of the silylene datado6.8

In section 2.5, a different method of determinihg tequilibrium constants was
described, for a reaction involving the formatiodnao“non-reactive” silylene-substrate
complex. In this case, the long-lived componenttioé silylene decay is due to
dimerization of the free silylene (in equilibriumittv the complex), and the value Kf
can be measured with reasonable precision fronotoplAA/AAeq VS [S] according to
ed. 6.8, where S is the substraiéy is the initial absorbance of the silylene a is

the absorbance of the silylene at equilibritim.

Lh 14k
A 6.8)

In the situation where a reactive complex is forptée long-lived component of

the silylene decay after equilibrium has been distadd is governed by the lifetime of the
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complex. If the approach to equilibrium is detetgatihen it becomes very difficult to
estimate the absorption of the silylene at equilibby and thus the analysis of the data
according to eq. 6.8 is not applicable in suchagituns. In the reaction of SiPhvith
MeOTMS, however, the rearrangement reaction ofSifkp-MeOTMS complex is quite
slow and thus the equilibrium concentration of SiBén be reasonably obtained. A plot
of AAYAAeq vs [MeOTMS] is shown in Fig. 6.5 and displays addinear correlation.
The slope of the line gives a value for the eqtillim constant oK; = 1900+ 200 M*
(Table 6.1).

In the preliminary report of the SiPk MeOTMS system,the rate constant for
complexation was reported to be 420° M™ s*, while the loss in the signal intensity of
the silylene was also observed with increasing M@STconcentration. The difference
between the present results and the reported orgtg be attributed to the rigour with
which MeOTMS was purified for the flash photolysisperiments. In the present work,
MeOTMS was purified by overnight reflux over soditanremove MeOH in the sample
followed by simple distillation immediately prioo tthe experiment. The purity of the
samples was checked Byt NMR spectroscopy, and was >99.5% in all cases.détails
of the purification procedure in the preliminarybfioation were not recordedAnother
contribution to the difference in the results mighise from silylene dimerization, if the
initial silylene concentration in the previous expeents was substantially higher than in
the experiments completed in this work.

Most procedures to prepare methoxytrimethylsilanemlve MeOH as the starting

material. For instance, a commercial sample of M&STrom Aldrich typically contains
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a small amount (<5 %) of MeOH. To investigate tifitect of MeOH impurity on the
kinetic measurements, MeOTMS was used as recenmd the supplier without any
purification for a control experiment. THel NMR spectrum of the sample showed it to
contain ca. 1.6 mol% MeOH (0.12 M). In the 0-2 mbhcentration range of MeOTMS
(0 - 0.3 mM MeOH) no effect on the lifetime of tlf&Ph was observed; thus, the
presence of a small amount of MeOH impurity dogsexplain the published results.
6.2.2. The Reactions of SiMe and SiPh with 2,2,5,5-tetramethyl-2,5-disila-
1-oxacyclopentane (TMDOP)

Addition of submillimolar amounts of TMDOP to a laes solution 043 resulted
in systematic reductions in the SipMkfetime and suppression of the formation of the
disilene. This was accompanied by modest lossehaninitial signal strength of the
silylene signals, though not more than expectedtduke limits of time resolution of the
laser flash photolysis system. Valueskgkayof SiMe, were measured as a function of
TMDOP concentration; the plot &fecay (470 nm) vs [TMDOP] is shown in Fig. 6.6a.
Analysis of the plot of Fig 6.6a according to ed. &ffords values df; = (700+ 200) M
Landk, = (2.1+ 0.2)x 10’ s* (Table 6.2).

The analysis of the silylene data suggests the maimas a lifetime of only ca. 50
ns, which is at the very edge of our detection tsmindeed, we have been unable to
detect a transient absorbing in the 290-330 nmeaamigh solutions containing 0.5-5.5
mM TMDOP. Fig. 6.6b shows transient absorption #pemeasured with a hexane

solution of43 containing 0.5 mM TMDOP. At concentrations of TMB®elow 0.5 mM
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the absorptions of the expected SIM&MDOP complex are too weak to be detected

under the conditions of our experiments.

M62
i Me
k @OLSI A Si 2
. O 1 Sj ko 9l
SiMe, + Me,Si” SiMe, Me,| — Me,Si~ O
\/ K | SiMe;
Me,Si
© (6.9)

Analogous experiments with SiPprecursord4a afforded silylene decay profiles
that did not fit well to first order decay kinetjdsowever approximate analysis to first
order decay kinetics yielded a linear plot af:k, (530 nm) vs [TMDOP] with a slope of
(1.4+ 0.1)x 10’ M™* s* (Fig. 6.6c). Transient absorption spectra reabidehe presence
of 3 mM TMDOP show the presence of a new band cedtat 360 nm, which decays
with first order kinetics and can be assigned ® $iiPh-TMDOP complex based on the
similarities with the spectra of the SiPMeOTMS complex (Fig. 6.6d). A more intense
short wavelength band is also present in the spelctwever it is distorted due to strong
sample fluorescence. The complex was monitoreé@b@tnm as a function of TMDOP
concentration, and the resulting plotkgfcay(360 nm) vs [TMDOP] is shown in Fig. 6.6c.
The plot was analyzed according to eq. 6.3 to abtalues ok, andK; of (4.2+ 0.2) x

10° s* and 600 200 M, respectively. The data are summarized in Talde 6.
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Figure 6.6 (a) Plot of the pseudo-first order decay rate foehts (Kgecay Of SiM&; vs.
[TMDORP]. (b) Transient absorption spectra of a dg®nated hexanes solution 48
containing 0.5 mM TMDOP recorded at 26 0.08-0.11us (©), 0.24-0.27us (@) and
2.16-2.19us (o) after the laser pulse. (c) Plot of the pseudst-forder decay rate
coefficients Kgecay Of SiPh (0) and the SIPRTMDOP complex ¢) vs. [TMDOP] in
hexanes solution at 2&. (d) Transient absorption spectra of a hexankesiso of 44ain
the presence of 3 MM TMDOP, recorded 0.17-ud$), 0.34-0.36us (0) and 1.40-1.41
us (@) after the laser pulse. The insets show translenay profiles recorded at selected

wavelengths in the spectra.

164



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

Table 6.2.The values oK; (M™) andk, (1 s%) for the reactions of SiMeand SiPh
with TMDOP, obtained from the analysis of the expental plots okgecayVvs [TMDOP]
using either eq. 6.3 or eqg. 6.6 where appropride (ext).

slope from the plot Ofgecay ko/ 10° s™ Ki/ M™*
(SiPhy) vs [TMDOP]
SiMe, - 21+ 2 700+ 200
SiPh 1.4+£0.1 4.2+ 0.2 600+ 200

6.2.3. Reactions of SiMe and SiPh with D3, D4 and linear siloxanes

Addition of D; to a solution of43 in dry deoxygenated hexanes resulted in a
systematic decrease in the lifetime of the silyland suppression of the growth of the
disilene. A plot of the first order decay rate ffiegent Kyecay(SiMey) vs [Ds] afforded a
linear plot, as shown in Fig (6.7a). Analogousulisswere obtained whengBvas added
to a hexanes solution d#la Linear least squares analysis of these plotslgteslopes of
(1.2+0.2)x 10 M s and (1.0 0.3x10° M s* for SiMe, and SiPh, respectively (Fig.
6.6). Similar experiments employing octamethylcyelmsiloxane (L) as substrate
showed that molar quantities of the substrate lwade added in order to elicit an
observable reduction in the silylene lifetimexgeriments with D, were performed by R.
Valdizon). The plots okgecayVs [Ds] were linear and afforded slopeskaf= (5.7+ 0.2) x
10° M* s andko = (2.0 0.1) x 10° M s for the reactions with SiMeand SiPh
respectively. With rate constants of this magnittieepresence of adventitious impurities
like water presents a problem, thus these valuesldtbe considered upper limits to the
actual rate constants. Transient absorption speetorded in the presence of a large

concentration of either (20 mM) or Oy (0.2 M) with either silylene showed no
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Figure 6.7. Plots of the pseudo first order decay rate @mstkqyecay for (a) SiMe and

(b) SiPh vs [D5] in hexane solution at 2%&C. The solid lines are the linear least-squares

fit of the data to eq. 6.7.

evidence for the presence of any transient abisoiptn the spectral region characteristic
of silylene-O-donor complexes.
Rate constants for the reaction of Sphath D3 were also determined at 5 different
temperatures over the 5 - 86 temperature range by R. Valdizon (Table 6.4) arel
incorporated in the Arrhenius and Eyring plots @f.F6.8; the corresponding activation

parameters are collected in Table 6.5. The actimatnergy determined was zero within

experimental error.
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Figure 6.€. (a) Arrhenius and (b) Eyring plot for the reantiof SiMe with D3 in dry,
deoxygenated hexanes over the range of 85€experiments performed by R. Valdizon)

Table 6.3 Rate constants for the reaction of S)vand SiPh with D; and O in
deoxygenated hexanes at%®5

reaction ko/ 10 M*s*
SiMe, + Ds 1.2+0.2
SiPh + Ds 0.10 £ 0.03
SiMe; + Dy 0.0057+ 0.0002
SiPh + Dy 0.0020+ 0.0001

Table 6.4 Rate constants for the reaction of SpMath D3 in deoxygenated hexanes over
the temperature range of 6-%6.

T/°C ki /10 Mt st
6+2 1.26 + 0.05
145+ 0.4 1.50 £ 0.03
25.7+0.2 1.45 +0.02
25° 1.2+0.2
37+1 1.47 £ 0.02
56+ 4 1.25+ 0.03

error in the temperature was not measured

Table 6.5.Activation and thermodynamic parameters for tlaetien of SiMe with D32
Parameter value
E./ kcal mol* 0.1+05
log (A/M*sh 9.1+0.4
AGygg k I kcal mol* 1.7+0.5
AH* [ kcal mol* -0.7+0.5
A§298 x/ cal Kl[mol'l -8+3

& determined by R. Valdizon
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The results are consistent with the mechanism 064d), where the silylene reacts
with D3 via the reversible formation of an intermediatlylsne-D; complex, which
undergoes unimolecular rearrangement to yield tloelyct of the Si-O bond insertion
reaction. Given that the plots &fecay VS [Ds] are linear for both silylenes and that the
SiR,-D3 complexes do not build up to detectable conceotrat the pre-equilibrium
expression of eq. 6.7 is not applicable. The stesidye approximation yields the
expression fokgecayShown in eq. 6.11where a plot OKkgecay VS [S] gives a straight line
with a slope okjk,/ (k1 + ko), which is the overall rate constant for the rearctThe rate

constants for the reactions of Siend SiPhwith Dz and D are listed in Table 6.3.

[empx] —f2~ p
& (6.10)

SIR2 + S

_ kik,[9]

decay
Yk, +k,

K

(6.11)

The effects of the addition of acyclic siloxanes,BI€OTMS), or TMS,0 on the
silylene kinetics were also investigated by R. Vaid. It was found that these substrates
have no effect on the silylene lifetime, and fréll& and SiPhand their corresponding
dimers remain detectable even in the presence ¢drngoncentrations of substrate. A
modest drop in the intensity of the signal dueht gilylene could be observed with both
substrates, which yielded an estimate for the dmjiiim constants for these reactions of
ca. 2 M* using eq. 6.8. Because molar concentrations df sabstrate were required to
observe the drop in the intensity, dilution effectaild account for a maximum of 16%
artificial enhancement of the equilibrium constanfransient absorption spectra of

hexanes solution of eithdB or 44acontaining 0.3 — 1.5 M of TM® or MeSi(OTMS),
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show no evidence for the formation of silylene-silne complexes, which would be
expected to exhibit spectra similar to those oéoth-donor complexes.
6.3. Kinetic Simulations

In order to investigate the validity of our of thénetic results for the various
systems studied in this section, kinetic simulatiamrere performed for a two-step reaction
involving an initial reversible complexation foll@a by a unimolecular transformation to
form a stable product, all in competition with dimzation of one of the reactants. The
input mechanism had three steps: dimerizationlglesie (Si) to form disilene (Si=Si, eq.
6.12), complexation with a donor (D) to form a cdexp (SiD, eq. 6.13), and

unimolecular formation of a stable product (P,&d4).

Si+si —dm. gi=gj (6.12)
Si+D SiD
k-1 (6.13)
. k2
sb ——> P (6.14)

The input rate constant for dimerizatidg;{) was kept constant at:210"° M™* s?,
because SiMe undergoes dimerization at the diffusion-controlledte? Starting
concentrations of Si were set at 1M to match the experimental conditions.
Concentration vs time plots for both Si and SiD evemmulated as a function of donor
concentration, and imported into Prism 5.0 forieagiares analyses. The simulated data
were treated with a similar procedure as was usdtett the actual experimental data
from the laser flash photolysis experiments: theage were fit to a single exponential,
excluding the portion at reaction times less thams; the excluded time window roughly
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corresponds to the sum of the laser pulse widthta@aecovery time from fluorescence.
The resulting decay traces for Si consisted of fwwases. However, because the
experimental data do not allow differentiation bedéw one phase and two phase decay
kinetics due to the low signal-to-noise ratio, swmulated data were analyzed to a one-
phase exponential fit as was done with the experatedata (eg. Fig. 6.9a). For the
simulated SiD decay traces the growth portionshefkinetic traces were excluded from
the analysis, and the resulting decay profiles vesr@ysed as single exponential decays
(eq. 6.15) to obtain values kfecay(SiD) as a function of substrate concentration keg.
6.9b). An example of the resultikgecayvs [D] plot is shown in Fig. 6.9¢c, the input vadue

of the rate coefficients are listed in Table 6.6eA.

[S]=[S], &' (6.15)
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Figure 6.9. Results of kinetic simulations performed for a gah reaction of silylene Si
with donor D with a complexation rate constantkef= 1.710"° M™ s*, equilibrium
constant; = 1000 M*, andk, = 6 x 10° M™* s; (a) concentration vs time plots for Si as
a function of D concentration, solid lines are tio@-linear least squares fits of the data to
first order decay kinetics (eq. 6.15), the insebveh the residual plots of the fits; (b)
concentration vs time plots for SiD as a functidgrDoconcentration, solid lines are the
non-linear least squares analysis of the datarsb drder decay kinetics, the inset shows
the residual plot of the fit; (c) Plots dfecay vs [D] for Si (@) and SiD ¢) from the
simulated concentration-time profiles, dotted ghiag is the fit of experimental data of
Fig. 6.3b to eq. 6.3 (Table 6.6, entry 4)
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Table 6.6 The results of the kinetic simulations for thaaton of SiMe with MeOTMS.
The output values were obtained by analyzing tiselti@g kyecay VS [D] plots using eq.
6.3.

input values output values
# | ki /10 Ki/M' k/ 10 | Ki/MP Ki/M' e/ 10PSst ko 10°sT
M7t st Si SiD Si SiD
1 1 1000 6 7+2 74+ 1 110+ 30 7.64+0.08
2 5 1000 6 500+ 200 470+ 50 7.6£0.7 6.2+ 0.1
3 5 300 6 190+ 10 203+ 4 5.840.1 5.70£0.03
4 17 1000 6 1020+ 90 990+ 60 5.9+ 0.1 5.94+0.09
5 17 300 6 220+ 8 235+1 5.48+0.07 5.50+0.01

6.3.1. SiMe; + MeOTMS

The rate constant for product formatida) (was set to & 10° s, the value that was
measured experimentally (Fig. 6.3, Table 6.1). &itlte experimental value of the
forward rate constark; cannot be determined for the reaction of SiMgh MeOTMS,
the simulated input value & was varied in the range of (1 - 710> M s, while the
ratio ofky/k 1 was set at either 300 vor 1000 M. The resulting outpuf; andk; values
are listed in Table 6.6.

The plots 0kKgecay(SiD) Vs [D] andkyecay(Si) vs [D] of the simulated data are shown
in Fig. 6.10 for entries 1, 2, 3, and 5, while thder entry 4 are shown in Fig. 6.9c.
Entries 1, 2 and 4 illustrate the effect of changase bimolecular rate constdaton the
plots of Kgecay VS [D]. Whenk, = 1 x 10° M™ s* (Fig. 6.10a) the plot Okgecay VS [D]
obtained from the silylene concentration-time distdinear, while that from the SiD
displays a subtle curvature; both plots deviataiiantly from the experimental data.
Increasingk; to 5x 10° M™ s (Fig. 6.10Db) yields plots decayVs [D] that are in much

better agreement with the experimental data, wiitgry 4 yields plots that are
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Figure 6.1C Plots ofkyecayVvs [D] for the input values dé, K1 andk; listed in Table 6.6.
(@) entry 1; (b) entry 2; (c) entry 3; (d) entry Bhe dotted lines are the fit of the
experimental data of Fig 6.3b to eq. 6.3 shownctomparison; solid lines are the fits of

the simulated data to eq. 6.3.

indistinguishable from the experimental ones. Thaation in these results arises from
the change in the contribution of the fast compor@nthe two-phase decay of the
silylene to the overall one phase kinetic fit. hietapproach to equilibrium is complete
within 50 ns, that portion of the concentrationtinse profile is excluded from the kinetic

analysis and thus does not contribute to the overe phase decay analysis (entry 4).
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However, wherk; is smaller the approach to equilibrium is not cteteafter 50 ns, and
the pre-equilibrium assumption breaks down. In ¢heases (entries 1 and 2), the pre-
equilibrium approximation of eq. 6.3 cannot be use@xtract the values a&f; andk..
The reduction of the input value fét; value to 300 M resulted in a decrease in the
initial slope of the linear portion of the plots kkcayvs [D] (Fig 6.10c-d), as expected
from the relationship fokgecayin €q. 6.3. In both cases (Table 6.6, entries @ Bnthe
pre-equilibrium assumption is applicable, since ¢lyeilibrium concentration is reached
faster by the silylene whefy value is reduced.

The simulated data of Table 6.6 were also analgsedrding to eq. 6.8 in order to
test whether the equilibrium constant can be detexdhaccurately from the apparent
initial silylene signal intensities. The plots AA(/AAcq vs [D] displayed an upward
curvature in each case (Fig 6.11), however theyevamalysed with linear regression to
determine if a rough estimate of equilibrium consizan be extracted using this method.
Fork, = (5-17x10° M s?, there is a good agreement betwé&grvalue determined by
the two methods; however, both methods underestintia¢ K; value by 35-50%
compared to its “true” (i.e. input) value. Closegfreement between input and output

values fork, andK; values was obtained f&g = 1.7x 10°° M s? andK; = 1000 M*.
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[D]/ mM [D] / mM

Figure 6.11 Plots ofAA/AA¢, determined from«) simulated Si data obtained from the
simulated input rate constant values listed in @#&h6 (a) entry 1, (b) entry 2, (c) entry 3,
(d) entry 4, (e) entry 50} Obtained from experimental data for SiMeom the reaction

of SiMe, with MeOTMS. Solid lines are the least squaresysisof the data to eq. 6.8.

Impurity Quenching. The effect of impurity quenching of the silylemas also
investigated using kinetic simulations. Anothemuaipn was added to the reaction
scheme (eq. 6.16), which accounts for the preseh@n adventitious impurity in the
solvent that reacts competitively with the silylen€he input value for the rate constant
for this reaction was»2.0'° M s, close to the rate constant for diffusion in hessaat

25°C.
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k
Si + impurity —2s Ps (6.16)

The concentration of impurity was varied betweeh ®mM, and it was shown that
the plot ofkgecay VS [D] of the simulated silylene data using eq. 8. identical to that
obtained from the complex using eq. 6.3. Therefthre experimental data can indeed be
analysed using eq. 6.7 for the silylene decay srace

The effect of the presence of 1% MeOH in the MeOTBEnple was also
investigated using eq. 6.16. While the concernatif MeOTMS was varied between O-
10 mM, the impurity (MeOH in this case) concentrativas adjusted as well in order to
maintain the 0.01 concentration ratio relative teQAMS. In this case, the effect on the
resulting plots of {cay Vs [MeOTMS] for the silylene and the complex wasimal.
This result indicates that the presence of ca. 16@M impurity in the MeOTMS sample
used for the experiment should have no effect @ dbserved decay kinetics of the
silylene or the complex. Therefore, either a mudbghér MeOH concentration is
responsible for the discrepancy between the exgatiah results obtained in this work
and the published data, or significantly higher &Moncentrations were used and
dimerization of silylene would cause problems itadaterpretation.

6.3.2. SiPh, + TMDOP

Three standard equations were used as before,E2166.4. The inpukgyim value
was kept constant ax20'° M s, while the values ok, were varied between x20°
M™ s and «410° M? s. The dissociation rate constakt, was adjusted as required to

yield K; values of 600, 1300 or 1500 M The rate constant for the unimolecular
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Table 6.7 The results of the kinetic simulations for thaation of SiPh with TMDOP.
The bimolecular rate constant values for complexatk;, for the output values were
obtained by linear least-squares analysis of theali portion of the&kjecay (Si) vs [D]
simulated plot.

input values output values
ky /10° M Kyl M™ ko/ 10s*  slope /10 Ky/ M7t ko/ 10°s™

1s1 11

S M™s
a 14 600 4.2 0.62+ 0.01 100+ 10 5.6+ 0.3
b 14 600 3.2 0.55+ 0.01 120+ 10 4.0+ 0.2
c 3 600 3.2 0.44+0.01 23+ 20  2.70+ 0.07
d 3 600 4.2 0.61+0.02 220+ 20 3.9+ 0.1
e 3 1000 4.2 1.00+ 0.02 340+ 40 4.3+ 0.1
f 3 1300 4.2 1.32+ 0.02 400+ 50 45+ 0.1
g 3 1500 4.2 1.39+ 0.03 430+ 50 4.6+ 0.1
h 3.5 1500 4.2 1.41+0.04 520+ 70 45+ 0.1
[ 4 1500 4.2 1.44+0.04 610+ 80 4.4+ 0.1

rearrangement,, was varied between %20 s* and 4.210° s* for theK; = 600 M*
andk; = 1.4 or 3x 10° runs, but otherwise kept constant at4® s*. The complete set
of simulations carried out is shown in Table 6.@ngl with output values obtained after
workup and analysis of the simulated data.

The simulated Si and SiD data were treated in dineesway as described earlier. In
each of these cases, th@cay(Si) vs [D] andkyecay(SiD) vs [D] plots were plotted on the
same graph, as shown in Fig 6.12. The plots etellaitom the simulated silylene decay
profiles are linear over the 0-5 mM concentratiange in [D], but at higher substrate
concentrations a downward curvature was observagnme cases and those points were

excluded from the analysis. The slopes of thealimmrtions of the plots were determined
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by linear least squares analysis and are listéthble 6.7. The plots extracted from the
decay profiles of the SiD complexes displayed doamacurvature in each case (Fig.
6.12). These data were fitted to eq. 6.3 to obtia@noutput values df, andK; listed in
Table 6.7.

The closest agreement between the simulated aretimental data is observed for
trialsf-i in Table 6.7. Therefore, the actual complexatate constank; for the reaction
of SiPh with TMDOP can be estimated to ke= (3.5:0.5x10° M s?, the equilibrium
constant is in the 1408 100 M* range, whilek, = 4.2 x 1¢ s*. These values are

included in Table 6.8.
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Figure 6.12. Simulated plots OKgecay VS [D] for the input rate constant values listed i
Table 6.7 (trialsa-i). The dotted lines are the experimental data obthifrom the

reaction of SiPhwith TMDOP (Section 6.2.2).
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Figure 6.13. Graphical representation of the kinetic simulagiof Table 6.1-g. (a) Plot
of the output slope values of th@cay(SiRy) vs [D] plots vs inpuK; value; (b) plot of the
outputK; value vs inpuK; value; (c) plot of the outpl value vs inpuK; value. The
solid lines are linear least squares analysis & tlata, the gray areas are the

experimentally obtained values with errors.

To explore the effect of the inp# value on the actual slope of the plotkgdcay
(Si) vs [D], andK; andk, values, the plots of inpi{; versus each of the output variables
were constructed from triald-g of Table 6.7 and are shown in Fig. 6.13. The tssul
indicate that inpui; values below 1300 M underestimate the actual output slope and
the outputK; value, while the outpuk, value is not affected to an appreciable extent.
Therefore, the most reliable experimentally medseraalue is the rate constant for
unimolecular rearrangemerk,;, while the estimations ok; and K; require complex

kinetic simulations in order to aid in the interat@n of the experimental estimates.
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6.4. Discussion
The results indicate that the insertion of silykemato the Si-O bond of MeOTMS
occurs in two steps — initial reversible complesatifollowed by unimolecular

rearrangement of the complex to form the final tieacproduct (eq. 6.17).

ki ®SiMes| ,
SiR, + MeOSiMe; —— sti_d 2 Me/O\Si'SIMe3
K-1 ©  Me R, (6.17)

For the SiMe+MeOTMS system the equilibrium constants for comat®n can be
obtained by analyzing the plots d&idcay— ko) (SiMey) vs [MeOTMS] anKgecay (SiMe,-
MeOTMS complex) vs [MeOTMS] according to eq 6.7 @@, respectively. For the
reaction of SiMe with MeOTMS, theK; values obtained from the two plots are the same
within experimental error (Table 6.1). A lower limvalue for the rate constant for
complexation K;) was estimated to ba = 1x10™° M s* using kinetic simulations. The
first-order rate constant for the decompositiothaf complex is most accurately obtained
from the plot ofKgecay (SiMe-MeOTMS complex) vs [MeOTMS], since the SipMe
MeOTMS complex can be detected at much higher gatbstoncentrations where the
silylene signal is undetectable.

The analogous reaction of SiPWwith MeOTMS presumably occurs by the same
mechanism, however in this caseis ca. 20x smaller than that of the SiM@eOTMS
complex. This change in the value, in combination with adventitious impuritiesthe
hexane solvent, results in the plotkafcay(SiPh) vs [MeOTMS] being different from the

plot of Kgecay (SIPR-MeOTMS complex) vs [MeOTMS] — the silylene lifetemis
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Table 6.8. Forward ratel), equilibrium ;) and unimolecular insertion rate constants
(ko) for the reactions of SiMeand SiPhwith MeOTMS and TMDOP. (Hexanes, 25)?

Silylene Donor k/10M's? Ki/M? ko/ 10 s’

SiMe, MeOTMS > 16 800+ 20(f 6.2+ 0.4
TMDOP > 10 700+ 200 21+ 2°

SiPh MeOTMS > 5 1900+ 200F 0.3+ 0.1°

TMDOP 3.5+ 0.5 1400+ 100 4.2+ 0.6

®Errors are quoted as twice the standard error fioear or non-linear least-squares
analysis of the data to eq 6.3, 6.7-6.&stimated from kinetic simulations®values
obtained from least-squares fit of the silylenead@t eq. 6.7. *alues obtained from
least-squares fit of the silylene-donor complexadateq. 6.3.°Values obtained from the
analysis of the data to eq. 6.8.

unaffected by the presence of MeOTMS, while itsitiati absorbance value
consistently diminishes with increasing concentratiln this case the plot ofgdtay
(SiPh-MeOTMS complex) vs [MeOTMS] exhibits downward cature, however the
initial curved portion of the plot consists of orttyo data points including the zero-
intercept (Fig 6.4b). This portion of the plotdsfined by the value of the equilibrium
constant,K;. Since the data in this region are very limitdtg K; value in this case is
more accurately obtained from the loss of the digniansity of the silylene as a function
of substrate concentration from the least-squanedysis of the data to eq. 6.8. As is
shown in Table 6.1, thK; values from these two analyses are a factor ordifferent
from each other, however the data obtained fromeéeg.is highly inaccurate as is
reflected in an unreasonably large error (vide aupr

The reaction of silylenes with the cyclic siloxafi®IDOP likely proceeds via the
same two-step mechanism as the reaction with MeQThb®/ever the change in the
relative magnitudes of the rate constants resnltgery different observations for these
two reactions. The putative SiMEMDOP complex could not be detected becausk its

value is relatively large, and hence at the comaéinhs where it might be detected it is
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too short-lived to be resolved from the strong slenfiporescence in the range where it is
expected to absorb. The complexation rate constgntannot be measured in this case
but a lower limit ofk; = 1 x 10" M s* could be estimated using kinetic simulations,
similar to that for the reaction of SiMevith MeOTMS. With the SiPh+ TMDOP
system, behaviour consistent with saturation kasetvas observed in the plot kfcay Vs
[TMDOP] from the SiPRkTMDOP complex decay profiles, while a linear ploas
obtained from the silylene decay profiles. In tb@ése the simulations show that the
value can be reliably obtained from the experimlethiga, buk; andK; values have to be
estimated by simulation. The simulations show thatdifferences in the results observed
in the two experiments is due to a ca. three-feltliction in thek; value in the reaction
involving SiPh compared to that with SiMgTable 6.8). A similar difference in the
bimolecular rate constants was previously obsefgethe reactions of SiMeand SiPh
with EtLNH and EtN which runs counter to notion that SpPk a stronger Lewis acid
than SiMe.? In the reactions with amines steric factors haveppreciable effect on the
bimolecular rate constants. Calculation at the &#ll of theory indicate that Si-O and Si-
N bond lengths are quite similar to each otherhie SiMe-Et,O and SiMe-Et,NH
complexes, thus comparable trends in the rate aotsstwould be expected for the
reactions with TMDOP.

The Gibbs free energy values for complexation can dbtained from the
equilibrium constants for the reactions of SpMad SiPh with MeOTMS, TMDOP and
Et,O and are shown in Table 6.10. It is well knowrt gilbxanes are weaker Lewis bases

than ethers (Table 6.8). A notable difference between ethers, alkoxysilaaressilyl

183



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

Table 6.9 The relative basicities of ethers, alkoxysilanes siloxanes from the phenol
O-H stretching frequency and pyrrole N-H stretchingquency upon hydrogen bond
formation with various compounds.

Compound phenolAvoy pyrrole Avyy
Et,O 282 149
MeOTMS 271 163
TMS,0 169 75
Me,Si(OTMS) 142 58

D3 166 79

D4 144 54

4 Ref. 7

ethers is the widening of the bond angle about erygpon replacement of an alkyl
group with a silyl group, which is accompanied bgeduction in the Si-O bond length.
Although mixing of oxygen lone pairs and 3d orlstah silicon was thought to contribute
to the angle widening and in turn to lower basiéitis explanation has since been
abandoned.Ab initio calculations indicate that the silyl gios have relatively low lying
T orbitals which can participate in mixing with ambonding MO on oxygen, and as a
result the HOMO is less localized on oxygen andemom silicor Steric repulsions
associated with silyl groups are substantially bigihan those of alkyl groups, which also
contribute to angle widening and in turn to lowasigity. The variation iAG values for
SiMe, complexation reactions illustrates very subtldedénces in the stability of the
Lewis acid-base complexes among the three O-dondle values for SiRh
complexation, however, clearly demonstrate thaDEs$ the strongest Lewis base. Linear
siloxanes and Pare the weakest Lewis bases (Table 6.9), anddbusot display any

reactivity towards the two silylenes.

184



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

The Lewis acidity of SiPhis higher than that of SiMewhich is demonstrated by
the more energetically favourable formation of $ieh-Et,O complex by ca. 1 kcal mol
! compared to the formation of the SiMELO complex. This difference in Lewis
acidities of the two silylenes is also reflectedher AG values for complexation with the
siloxanes studied in this work, however to a mudlalter extent.

The rate constants for unimolecular rearrangemetiteosilylene-donor complexes
appear to be highly dependent on ring strain. Asmvshin Table 6.8, the SIRTMDOP
complexes are much more reactive than the correspgprSiR-MeOTMS complexes
with the same silylene. These differences can toiatied to the relief of the ring strain
in TMDOP upon ring expansion, which accompanies, $iRertion into the ring. Ring
strain is not associated with MeOTMS, thus the Iseadid-base complexes involving this
donor are substantially longer lived.

The Lewis acid-base complexes could not be detaditedtly in the experiments
involving Ds as substrate, and while the plotskgfay (SiR:) vs [D] were linear in both
cases. The near-zero activation energy for thetimaof SiMe with D3 is consistent
with a two-step reaction mechanism in which thetfstep is reversible and is followed
by a unimolecular second step. The complex is pnably formed as a steady-state
intermediate and thus it cannot be directly obsirvdne acyclic siloxanes TMO and
Me,Si(OTMS), and the marginally-strained cyclic compound Bhow little or no

reactivity with silylenes.
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Table 6.10. The equilibrium constants (in ) and experimental Gibbs Free
energies (reference state, gas phase, 1 at’@) 26r Lewis acid-base complexation of
SiMe, and SiPhwith MeOTMS, TMDOP and EO in hexanes at 2% (in kcal mat).

silylene substrate Kyl M? AG / kcal mot*
MeOTMS 800+ 200 -2.1+ 0.2
SiMe, TMDOP 700+ 200 -2.0+ 0.2
Et,O? 1260+ 50 -2.3x 0.1
MeOTMS 1900+ 200 -2.57+ 0.06
SiPh TMDOP 1400+ 100 -2.3% 0.04
Et,0O 7100+ 600 -3.4+ 0.1
*Ref. 3

6.5. Conclusions

The Si-O insertion reactions of SiMand SiPhwith MeOTMS, TMDOP, and P
occur via a two-step mechanism involving the ihiteversible formation of a Lewis
acid-base complex, followed by unimolecular reageanent to yield the formal Si-O
insertion product. Depending on the magnitudeghefrate constants of each step the
observed kinetic behaviour is different for eackteyn. The bimolecular rate constants
for formation of the SIRD complexes could not be obtained experimentdllit, could
be estimated with the aid of kinetic simulationguHibrium constants for complexation
of SiMe, and SiPh with MeOTMS and TMDOP could be obtained, and ayasecstent
with the differences in the Lewis acidities of 8ilylenes and the Lewis basicities of the
substrates. The SjD3; complexes could not be detected directly in oyvegxnents,
presumably because the complexes are formed agdyst&de intermediates. This is
supported by the finding of a near-zero activagmergy for the reaction of SiMevith

D3, as determined from the temperature-dependeniestud
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7. Chapter 7 — O- and S- abstraction reactions by trasient silylenes
7.1. Overview

The reaction of the transient silylenes SiM&iPh, SiTmp and SiMes with
cyclohexene oxide (CHO), propylene oxide (PrO), pptene sulfide (PrS) and
cyclohexene sulfide (CHS) in hydrocarbon solvemtgeeds in a manner consistent with
the formation of the corresponding intermediargrsiines and silanethiones, respectively.
Dimethyl- and diphenylsilanone insert into an Sb@nd of hexamethylcyclotrisiloxane
(D3) to yield the cyclic tetramer ¢, while dimesitylsilanone (MgSiO) reacts with one
molecule of CHO and one of MeOH to generate a noegipoun®9. On the other hand,
diphenylsilanethione could be trapped efficientijfmmethanol to yiel®6.

The results of laser flash photolysis experiments iadicative of a multistep
mechanism for the reaction, involving the initiatrhation of donor-acceptor complexes.
The complexes were detected in all cases with tieeption of the SiTmgpthiirane and
the SiMes-thiirane systems. The second step of the react®nunimolecular
decomposition of the complexes to yield the comesing silanones or silanethiones.
The SiR-PrO complexes (R = Me, Ph, Tmp, or Mes) exhilbgtimes of ca. 300 ns in all
cases without significant variation with silylenebstituents. The corresponding $iR
CHO complexes are shorter-lived than those with, prOviding support for a biradical
mechanism for the dissociation of the silylene-am@ complexes. The silylene-thiirane
complexes decay with significantly faster decay rebnstants; the SiMdrS complex

decays within the excitation laser pulse<(25 ns), while the SiBHPrS complex exhibits

T = 48+ 3 ns and decays to generate a long-lived trangieduct with UV spectrum
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centered ahmax = 275 nm. A similar product was detected with th&n3p,-PrS system.
These transients were assigned to the corresporsilangethiones on the basis of their
second order decay kinetics, and in the case o6tRb-PrS system on the reactivity of
the species with methandért-butanol, acetic acid, angdbutylamine. The rate constants
for these bimolecular reactions fall in the ran§é.d x 1¢° to 3.2x 10° M™* s™.

As in our previous studies, the four silylenes wgeaerated by photolysis of the

corresponding oligosilane derivativds, 44a 45, 60, 86 and87.

Me, Ph
Si i2
ool . _Si__.
Me,Si”""SiMe;  ie,si~ > SiMe, _/“S"fs'f’ Ph,
Me;Si~ .-SiMe; L MesSi”™ ™ "SiMes  Me,si~ " SiMe;
Me2
43 44a 45 6o
_OH
Tmp2 MeSzSi O
Tmp, _Si . SH (13
,/Si\ ' M628| SlMez Ph SI/
Me3S| SlMeg I\) 2 \OMe OMe
86 87 96 99
|
Tmp =
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7.2. Results
7.2.1. Product studies
7.2.1.1. Reaction of SiMe with oxiranes and thiiranes

Photolysis of 43 in the presence of CHO (0.2 M) afforded
pentamethylcyclopentasilané6),! octamethylcyclotetrasilane57),! and cyclohexene
(88) as the major products, along with small amounts Dg, 1,1,3,3,5,5,7,7-
octamethylcyclotetrasiloxane ( and numerous other minor products that were not
identified (eqg. 7.1). The product mixture was moret throughout the experiment by
NMR spectroscopy and GC/MS. The two oligosiloxawese present in an approximate
ratio of Ds:D4 ~ 4.3:1 (by GC/MS; uncalibrated) after 15 minutbéstplysis time, which
decreased t@a. 3:1 upon doubling the irradiation time. Concemntratvs. time plots
constructed for CHO an88 from the NMR integrals (Figure 7.1, 7.2) indicatbdt the
alkene was formed in 49% vyield relative to consur@étD during the early stages of the
photolysis (0-2% conversion of CHO), but decreasgmbn continued irradiation.
Photolysis 0f43 in hexanes containing added [@.2 M) in addition to CHO (0.2 M)
resulted in a considerably cleaner product mixtuteich consisted mainly &6, 57, 88,
D4, and compoun89. GC/MS analysis of the photolysate indicated cooma89 and D,
to be present in a ratio &:D, =~ 1:2.2 after 15 minutes of photolysis. Compo@&d
results from insertion of dimethylsilylene into 8O bond of R.? The present results
are consistent with those reported by Goure andoBdor the photolysis of3 in the
presence of cyclooctene oxide, where most of theomunidentified products formed in

the absence of Pwere no longer formed when;Wvas introduced.
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Figure 7.1. 600 MHz'H NMR spectra of a solution of 0.05 8 and 0.2 M CHO in
CsD12, @) after 8 min of photolysis; b) before photadysi

I\S/I_e2 Me; O/'\S/Iieé
_Si.. Si )
CeD -l
MGQS! §!Mez + O:O _~>6-12 (I) (? + MeQSi/ \S"\/lez
MeZSI\Si'SIMeZ 254 nm Me28|\0/8|Me2 b\S"O/
|
Me, Me;
43 CHO D3 D4
0.05 M 02M
Me,
/Si\ ' oA O\
+ Me;Si” SiMe, +M923{_§!Mez .\ @ + MesSi” SiMe;
Me,Si—SiMe,  Me2Si—SiMe, Me,Si—SiMe, (7.1)
56 57 88 58
49%
Mezsli/O\S\iMeg
o O
Me,Si—SiMe,
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Figure 7.2. Concentration vs time plots for

0.190

254 nm irradiation of a deoxygenated
solution of 43 (0.05 M) in GDi2
containing CHO (0.2 M). The solid lines

are the least squares fits of the data, the

2 slopes of which are CH(m({, -0.00065 +

time (min)

0.00006;7 (@), 0.00035 + 0.00001.

A Ce¢D12 solution containingt3 (0.05 M), PrS (0.1 M), B(0.2 M), SpMes (0.01 M)
and 1,4-dioxane (0.01 M) was photolyzed with twd 2n lamps for 15 min in 1-2 min
intervals to afford productsé, 57, 89-91(see eq. 7.2), according 1d NMR, *°Si NMR
and GC/MS analysis of the photolysis mixture. Commul57 was identified based on its
characteristi¢®Si NMR shift at -27.6 ppm.Compoundd0 was identified on the basis of
its mass spectra arfdSi NMR chemical shifts which were similar to thgseeviously
reported. This product is formed by insertion of dimethidsiethione into an Si-O bond
of D3. The yields 0f90 and 91 were determined relative to consumed PrS from the
concentration vs time plots shown in Fig. 7.4, whhe yield 0f89 was estimated based

on the ratio of peak areas dueB®and90.

Me,Si~©~SiMe,
hexane / 3
43 + s + Dy —r—> 56+57+8+ Q O +|r (7.2)

ors 254 nm MeSi~ g -SiMe;
16%
005M 01M 02M (16%) 90 91
(33%) (64%)
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Figure 7.3 600 MHz'H NMR spectra of a solution of 0.05 &8, 0.1 M PrS, 0.2 M p

0.01 M 1,4-dioxane and 0.01 M.Bles in CsD12, at @) 15.5 min of photolysis; b) 0 min of

photolysis.

0.10
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0.00
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Figure 7.4. Concentration vs time plots for
254 nm irradiation of a deoxygenated
solution of 43 (0.05 M) in GDi»
containing B (0.2 M) and PrS (0.10 M).
The solid lines are the least squares fits of
the data, the slopes of which are PES, (-
0.00106 = 0.0000290 (e®), 0.000348 =+

0.00000691 (4), 0.000676 = 0.000007.
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7.2.1.2. Reaction of SiPh with oxiranes and thiiranes

A solution of44a(0.05 M), PrO (0.2 M) and £X0.2 M) in GD;, was photolyzed
with two 254 nm lamps for 10.5 min (18 + 2% conwensbased od4a), monitoring the
course of the photolysis B} NMR spectroscopy in intervals of 1 min (eq. F8&). 7.5-
7.6) and using the integral of the entire phengiae as the internal standard. The
concentration vs time plots revealed that PrO wassemed in over 350% “yield”
relative to consumed4a suggestive of oxirane polymerization (see Secfidhl.3).
Product92 was identified by GC/MS andH - %°Si HMBC NMR spectroscopy;the
latter showed that the compound exhibits a doudét7.57 ppm which was used to
guantify the yield. Produc®3 was detected in trace amounts by GC/MS and was
tentatively assigned on the basis of its mass gpact This product is that expected from
the insertion of diphenylsilylene intogPas has been reported for SiMe the presence
of this substraté.Support for this structural assignment was obthibg photolysing a
0.05 M hexane solution &0 containing 0.2 M B, which showed the same compound to
be formed as the major Si#rtontaining product. The compound underwent slow
decomposition upon exposure to atmospheric moistuez the course of several days
and was not isolated.

Conducting the photolysis in the absence gté&sulted in the formation of propene
(91, 51+ 2%) and67 (92+ 3%) as the major products. The progress of théohysis was
accompanied by a significant broadening of the pheegion of the NMR spectrum,

possibly due to polymerization. Oligomerizatiortloé oxirane was also evident from the
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Figure 7.E. 600 MHz'H NMR spectra of a solution of 0.05 #¥#a, 0.15 M PrO, 0.2 M
Dsin CsD12, after a) 8 min of photolysis; b) O min of photsil. * - unreactive impurity in

the sample

CeD12 |r +M623i<)SiMez

Ph,
M S'/Si‘S'M
v 254 nm

44a po  P3(02M g, 67
0.05M 0.15M (45+6)% (107 £10)%
(~ 350%)

MeSi-O SiMe,  Me,Si—SiPhy
+ 9 O + Q0 (7.3)
MezSi\O/Sith MGQSi\O/SiMez

92 93
(52 £ 6)% trace

concentration vs time plots, which indicate tha©DRwvas consumed in ca. 210% vyield

relative to consumed4a
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Figure 7.€. Concentration vs time plots for 254 nm irradiataf a deoxygenated solution
of 44a(0.05 M) in GD; containing B (0.2 M) and PrO (0.15 M). The solid lines are the
least squared fit of the data, and are charactefizethe following slopes: PrCaj, -
0.0029 + 0.000244a (O), -0.00079 + 0.0000567 (@), 0.00085 + 0.0000292 (A),
0.00041 + 0.0000291 (¢), 0.00037 £+ 0.00002.

Photolysis of44a (0.05M) in the presence of PrS (0.1 M) under ssmdonditions
((15.1 £ 0.6)% conversion based 443 afforded91, 67 and94 as the major products
(eq.7.4, Fig. 7.7, 7.8a). The photolysis was nuwai by'H NMR and*H - ?°Si HMBC
spectroscopy throughout and the integral of thereeqthenyl region was used as the
internal standard. Produ8d was identified by spiking the photolysis mixturdtlwan
authentic sample, which showed that the peak7a?3 ppm belonged to the product and
it was used to quantify the yield. PrS was consumexd. 93% relative to consuméda
A similar mixture of products was obtained when fifetolysis was repeated in the
presence of P(0.2 M) to attempt trapping of the intermediary,$kS with Iy (Fig.
7.8b). GC/MS analysis of the photolysate indicatieat the expected product of this

reaction 95, was not formed.
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Figure 7.7. Concentration vs. time plots
from steady state photolysis é#a (0.05

M) in deoxygenated £Di, containing

N PrS (0.165 M) and D (0.2 M) as
determined by'H NMR spectroscopy.
The solid lines are the least squares fits
of the data, and are characterized by the
following slopes: PrS €), -0.00077 *
0.0000744a (o), -0.00083 + 0.000087
(©), 0.00079 + 0.0000191 (m), 0.00055

+ 0.0000294 (A), 0.00033 + 0.00001.

Conc. (M)

Time (min)

44a + \DS & 1 + 67 + Pthi/S\Sith
254 nm Mg (7.4)
PrS 94
0.05M 0.165M (68+£5% (999)% 41 +£2)%
Me,Si~O~SiMe,
S
Mezsi\S/Sith
95

Sommer and McLick attempted to isolate prod@& from the reaction of
diphenylsilanethione with £ but found that the product decomposes at highticea
temperature (611C) into dimethylsilanethione and the correspondigglic siloxane.®
We attempted to synthesize it by refluxing {&i%) in 1:1 toluene/l for several hours,
but no insertion product was formed and the stgrtimaterial crystallized out of the
reaction mixture upon cooling. Reflux of @&iS) in neat @ also did not yield95.
Although dimethylsilanethione was found to easilgdrt into an Si-O bond ofsDthis is

clearly not the case with the bulkier silanethione.
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Figure 7.8.(a) 600 MHz'H NMR spectra of a solution @f4a (0.05 M) and PrS (0.2 M)
in CsD12, after 8 min of photolysis; (b) 600 MHE NMR spectra of a solution of 0.05 M
443 0.2 M PrS and 0.2 M Din GsD,,, after 8 min of photolysis, the inset shows the

phenyl region at the beginning of photolysis fomgarison. * - unreactive impurity in

the sample, p — unidentified product

In an attempt to trap the silanethione with MeOHkrmwn substrate for stable

silanethioneg;® a solution o#4a(0.05 M), PrS (0.078 M) and MeOH (0.005 M) ig0G,

was photolyzed, monitoring the course of the physislby'H NMR spectroscopy and

using the integral of the entire phenyl region fas internal standard. Two methoxyl-

containing products were formed upon photolysisevadenced by th&H NMR analysis

(eq. 7.5, Fig. 7.9-7.10). Propengl) and 67 were identified by comparison with the

reported spectra, whil@l was identified by spiking the solution with an larttic
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sample’*! The thiirane was consumed in ca. 320% yield nedatib consumed4ain this
experiment, indicative of oligomerization. The majoethoxyl-containing product was
identified as96 based on its NMR and mass spectral data. Upowulisgm the dark at -
20 °C for several days, the peaks assigne@@@nd MeOH in the photolysis mixture
disappeared and produ@? was formed. The presence @f was confirmed by spiking
with an authentic sample. Multiple attempts to prepan authentic sample @6 failed.
Several organoalkoxysilthianes have been prepayettdatment of the corresponding
organoalkoxychlorosilanes with.H in the presence of NEf however in our hands this
procedure did not yield the desired product. Hep{PhSiS) in boiling toluene in the
presence of MeOH (3 eq.) yielded dimethoxydiphelajie ©7), the double insertion
product, instead of compou®® (eq. 7.6). Heating (BBiS) in the presence of a smaller

amount of MeOH did not yield any appreciable qusrdf product.

c.D SH H
6712 / o/
44a + PrS + MeOH ———— 91 + 67 + PhSii + PhSi (7.5)
254 nm OMe OMe
0.05M 0.078M 0.005 M (55+7)% (107+8)% 96 7
(~320%) 64+5)% (7+6)%
Sea.
Ph,Si”~ SiPh, 3 eq. MeOH SH MeOH OMe 76
S & iouens | PhaSiy Ph,Si (7.6)
~si loluene OMe OMe
Ph,
96 97, 16.8%
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Figure 7.S. Concentration vs. time plots for 254 nm irradiataf deoxygenated solutions
of 44a(0.05 M) in GD1» containing PrS (0.08 M) and MeOH (0.005 M). Thedsbnes
are the least squared fit of the data, and areacterized by the following slopes: PrS
(@), -0.0026 + 0.000244a (o), -0.00082 + 0.000087 (O), 0.00088 + 0.0000191 (m),
0.00045 £ 0.0000292 (A), 0.00054 + 0.000021 (4), 0.000059 + 0.000002. Figure (b)
shows a blow-up of the plots for the products.
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Figure 7.1C. 600 MHz'H NMR spectrum of a solution @fa (0.05M), PrS (0.08 M) and
MeOH (0.005 M) in @Dz after 5 min of photolysis followed by 4 hrs stargliat room

temperature in the dark. * - unreactive impurgiys unidentified product
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7.2.1.3. SiMes, with oxiranes and thiiranes

A preliminary steady-state experiment was carried with a GDi, solution
containing SiMegIMS, (45, 0.042 M), CHO (0.14 M) and dioxane as the interna
integration standard (0.0008 M). The irradiatiorswearried out to ca. 12% conversion of
starting material. Cyclohexen88) was formed in 85% yield relative to consun+sj
however the yield of the $fles poses a significant problem as it appears to bater
than 100%. The vyield of cyclohexene also appeaoblpmatic, as it is significantly
higher than that obtained in the reaction of iRlth CHO (ca. 50% relative to
consumedt4a).”® During the course of other experiments it wasalisced that the cause
of these problems could be due to the internaldstahused — when the experiment was
repeated using TME&H, instead of dioxane as internal standard, the yiefdhe disilane
co-product were consistently ca. 70% regardleswstoth silylene scavenger was used.
This yield is more realistic, since the formatidrSaMes from 45 is not quantitative —the
precursor also participates in photo-induced regements which do not result in
silylene extrusion. If 1,4-dioxane is participatiimgthe reaction, i.e. it is being consumed
by the silylene, the outcome would be an artifiemhancement of product yields relative
to consumed trisilane. Our results are consistéht this postulate.

The results of the three photolysis experiments WD, solutions containing5,
CHO and TMSCH; or dioxane as internal standard are summarizedqgin7.7. The
experiment employing dioxane is clearly problematicong the three experiments, and
thus can be disregarded. The major product of tieegbysis,88, is formed in ca. 40%

yield in both cases, while $iles is formed in ca. 70% yield. Concentration vs. tiphats
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indicate that CHO is being consumed in amounts wetleeding 100% - when 0.14 M
CHO was used, 190% depletion of the oxirane wa®robdg with respect td5 (Fig
7.11), while an increase in CHO concentration 88 M resulted in a 10-fold more rapid
consumption of the oxirane (Fig. 7.12). THel NMR spectra reveal significant
broadening of the baseline indicative of polymenfation. The MALDI spectrum of the
reaction mixture indicates that there are a varietyoligomers present after 74%
conversion ofd5 (Fig. 7.13). Considering that the extinction caeéint of CHO at the
excitation wavelength i€ = 0.0021 M cr, the oxirane polymerization from direct
photochemical excitation can be ruled out. In faxtr results are consistent with the
silylene acting as an oxirane polymerization catalwe did not attempt to determine the

exact structures of the polymers.

I\Slliesz . CeD12 .
MesSi”~ “SiMe; + © * MesS,CH, — Me;Si—SiMe;  + (7.7)

45 62 88
0.05M 0.83 M 0.009 M 65+ 4% 40 + 3%
74% conv. 1800 + 300%
0.05M 0.14 M 0.02 M 71+ 5% 43 + 3%
80% conv. 190 + 20%
0.042 M 0.14 M 0.0008 M 109+ 5% 85+ 4%
12% conv. 300 £ 30% (dioxane)
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Figure 7.11. Concentration vs. time plots

0.15

for 254 nm irradiation of a deoxygenated
s | solution of 45 (0.05 M) in GDi2
5 010" = sm containing CHO (0.14 M) and TMSH;
= | o CHO(2)
= . - CH (0.02 M). The solid lines are the least
8 - -0~ Si2Me6 ]
5 00 squares fits of the data, the slopes of
O
which are CHO f) = -0.0025+ 0.0002;
0.0 . 45 (m) = -0.0013%0.00009; SiMes (0) =
25
time/min 0.00101 +0.00001; 88 (e) = 0.00060
+0.00001
10 e SiMes2TMS2 0.06 _
® Si2Me6 a -~ SiMes2TMS2 p
0.8 -o- CHO -# Si2Me6
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Figure 7.1z. Concentration vs. time plots for 254 nm irradiatiof a deoxygenated
solution 0f45 (0.05 M) in GD1» containing CHO (0.83 M) and TMSH, (0.009 M). The
solid lines are the least squares fits of the damslopes of which are CH®)(= -0.023
+ 0.004;45 (o) = -0.0012%0.00006; SiMes (m) = 0.00083+0.00002;88 (o) = 0.00051
+0.00002
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Figure 7.13 MALDI spectrum of the solution of Fig. 7.12 aft&d min of irradiation.

Since 88 was formed in ca. 40% vyield in each experiment legmpg CHO, one
important question that we set out to answer i®bews: does oxygen abstraction take
place, and if it does, what is the product of teaction? An initial guess would be that
dimesitylsilanone, if formed, should undergo headatl dimerization to generate the
corresponding tetramesitylcyclodisiloxa®@ (eq. 7.8), which is a known compoutid’
However, the'H-?°Si HMBC and GCMS analysis of the photolysate inttidathat98 is
not formed upon the reaction of SiMewith CHO — there were no resonances in the
— (22+ 5) ppm region of thé’Si NMR spectrum expected f88,*" and the M+ peak of

564 was not found in the GC/MS chromatogram.
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MeSi, o 7
. h CHO 0]
SiMes; : Y SiMes, |
Me;Si - SipMeg Mes,Sio

45

(7.8)

—_—

MeSQSiIO] X2, MeSQSi:S:SiMesz
) 98

We also attempted to trap the transient silanorie MeOH (0.01 M). Irradiation of
a GD1» solution containingt5 (0.05 M), CHO (0.35 M), MeOH (0.01 M) and TM&H,
(0.009 M) to 13% consumption @b resulted in the formation of one major product and
two minor Si-containing products. The presenceacdé amounts of volatile components
interfered with product identification, thus themgde was subjected to high vacuum to
afford the'H NMR spectrum shown in Fig. 7.14b (the spectrurtheforiginal mixture is

shown in Fig. 7.14a for comparison). The spectraaiures very broad absorptions in the

1-3 ppm range, which comprise the mesityl regioth @rlO oligomers.
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Figure 7.14 *H NMR spectra of a £D1 solution containingt5 (0.05 M), CHO (0.35 M),
MeOH (0.01 M) and TM&CH, (0.009 M), recorded (a) after 30 min of irradiatigb)

after removal of volatile components from (a). Thajor Si-containing product is circled.

A non-invasive technique that can be used to isalee'H NMR spectrum of the
product is a TOCSY spectrum. TOCSY (Total CorrelatiSpectroscopy) generates
correlations between all protons that are parhefdame spin system. The extent of the
correlations can be shortened by reducing the altbmixing time; thus with 120 ms
mixing time, the entire spin system is observed.(Fi15a) while with 30 ms mixing time
(Fig 7.15b) only vicinal and geminal correlatione abserved (the same as in the usual
COSY experiment). Because the intensity of the fesepeak depends on the mixing

time, integration of the TOCSY spectrum is inacteira
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t) SK-3-82-tubeZ-novZ3
selective gr. TOCSY, 3.6ppm

d9 = 0.03 s, ns = 128

w

T T = T T T il T T T T T T — T 7
3.6 3.4 3.2 3.0 2.8 2.6 24 2.2 2.0 1.8 1.6 1.4 T2 1.0 ppm

iJN
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3.6 34 3.2 3.0 2.8 2.6 24 2.2 2.0 1.8 1.6 1.4 1.2 1.0 ppm

SK-3-82-tube2-nov23
selective gr. TOCSY, 3.6ppm
de = 0.12 s, ns = 128

Figure 7.15 A TOCSY spectrum of a solution in Fig. 7.14b,abéed by irradiation of

the peak at 3.6 ppm; (a) mixing time = 0.12 s,niRing time = 0.03 s.

With the TOCSY spectrum in hand, the identificatioh this newly formed
compound is drastically simplified. The spectrumFaj. 7.15a was used as a projection
for both axes of a COSY spectrum (Fig 7.16). Thaes&rick can be applied to aid in the
analysis of'H-'*C HSQC and HMBC spectra, as well 4$>°Si HMBC spectra. The
spectrum is consistent with structu®®, the spectroscopic assignments for which are

listed in Table 7.1.
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Account Leigh
SK-3-82-tube2-nonvolatile
nov 22 2012,
COSY NMR in CED1jgy 600MHz
2d_COSY dqf C6D12 /USERdafd
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Figure 7.16 COSY spectrum of the solution of Fig 7.14b, witie TOCSY spectrum

from Fig 7.15a used as a projection for both axes.
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99

Table 7.1 The NMR assignments for compou®8. The *C chemical shifts of the
aromatic carbons could not be determined fronTh&’C HMBC spectrum due to a low
signal/noise ratio.

position 'H / ppm °C / ppm *Sj / ppm
1 3.522 74.3 (24.9)
2 3.028 85.5
3a 1.046
3b 2.091 28.9
4a 1.143
4b 1.625 24.5
5a 1.046
5b 1.531 24.4
6a 1.380
6b 1.755 34.2
7 3.203 55.9
8 4.096 i
Mes 2155 (6), 2.373
(12), 6.65 (4)

The two minor products were identified as K&OMe)H (@00 and
MesSi(OMe)OH (L01) based on th&H and?*Si NMR spectra, the concentration vs time
plots were linear in each case except that for QRQ. 7.17). The yields of products
were calculated with respect to the loss4bfand are listed in eq. 7.9. The material
balance is within the error margins of the expentrfer each compound except CHO;
evidence for oxirane polymerization is evident paty from significant broadening of
the baseline but also from the curved plot of [CH®]time (Fig. 7.17a; slope obtained

from the first 4 points).
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-& Si2Me6
0.3 -O- CHO a b -0~ MeOH
-o- RSi-OH (prod)

= O 5 o % -0~ cyclohexene
E 0.30 5 -~ MeOSi(H)Mes2
'E E | - Mes2Si(OH)OMe
g 0l g 0.005
§ -&- SiTMS2Mes2 = I
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Figure 7.17. Concentration vs time plots for 254 nm irradiatiof a deoxygenated
solution of 45 (0.05 M) in GD;, containing CHO (0.35 M), MeOH (0.01 M) and
TMS,CH, (0.009 M). The solid lines are the least squaredyais of the data, the slopes
of which are: (a) CHOQ) = -0.0061+ 0.0006;45 (e) = -0.00045+ 0.00003; (b) MeOH
(0) = -0.00024+ 0.00001; SiMes (m) = 0.000343+ 0.000006;99 (e) = 0.00015+
0.00001;88 (o) = 0.000169+ 0.000005;100 (A) = 0.000018+ 0.000002;101 (A) =
0.000079+ 0.000009.

I\S/Iiesz CeD12
MeaSi~ " “SiM + CHO + MeOH + (Me3Si),CH,
S5t Sles 2x254nm
45
0.05M 0.35 M 0.01 M 0.009 M
13% conv. (1300 £200)% (54 +5)%
Meszsi/OH
|
OMe O OMe
/ ./
Me;Si—SiMe;  + @ +  Mes,Si + + Mes,Si (7.9)
H OMe OH
88 100 99 101
(76 + 5)% (38 + 3)% @+1)% (34 +3)% (6.8 +0.8)%
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The identification ofL00 was aided by conducting a control experiment g
254 nm lamp photolysis of aB;, solution containingt5 (0.05 M), MeOH (0.03 M) and
TMS,CH, (0.009 M). Under these conditions, the initialtyrrhed SiMes reacts with
MeOH to generate the O-H insertion prod@60 in ca. 87% vyield (eq. 7.10). Silylene
guenching by MeOH is quantitative, because thelgielf SsMeg and100 are the same.
An unidentified compound was also formed in thigperiment in 12% yield; this
compound contains a Si-H group and a methoxy gvahiph were used to determine the
yield. Although we were not able to derive the stuwe of this compound based on the
available spectroscopic data (without isolationyeasonable suspicion is that it results
from the reaction of the photolysis by-product4&fwith MeOH, and contains two non-
equivalent silicon environments, one of which i§MS group. The spectral information
is given below.

unknown: 2°Si (CsD12, & in ppm): - 6.3, -20.6'H (CsD1, & in ppm): 5.499 (Si-H,
1H singlet), 3.379 (OMe, 3H singlet), 0.352 (6Hgtet), 0.105 (SiMg 9H singlet)

While the exact identity of this compound is impmit from the viewpoint of
trisilane photochemistry, it is clear that SiMes not involved in its formation. The
important result in this case is that the yieldlo$ compound, in addition to the yield of
100, provides for the material balance of consumed MeOoncentration vs time plots
are shown in Fig. 7.18, while tHél NMR spectra collected prior to and 15 min after

photolysis are shown in Fig. 7.19.
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Figure 7.1& Concentration vs time plots for 254 nm irradiatiof a deoxygenated
solution of45 (0.05 M) in GD;, containing MeOH (0.03 M) and TMSH, (0.009 M).
The solid lines are the least squares fits of @& ,dhe slopes of which aré5 (e) = -
0.00036+ 0.00005; (b) MeOH ) = -0.00036% 0.00006; SiMes (0) = 0.000293+

0.000003;100 (w) = 0.000033t 0.000007; unknow(A ) = 0.000043t 0.000006.

Mes,

Si + MeOH + (MesSi),CH CeDrz
i7" Si e 391)2LH2
Me3S| SlMe3 2%254nm
0.05M 0.03 M 0.009 M
12% conv. (100 £ 20)%
45
/OMe
Me;Si—SiMe; + MespSii + unknown
H
(80 + 10)% (87 +9)%  (12+2)%
100 (7.10)
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Figure 7.19.'"H NMR spectra of a D1 solution containingt5 (0.05 M), MeOH (0.03
M) and TMSCH, (0.009 M), recorded (a) after 15 min of irradiatio(b) before

photolysis. The unidentified Si-containing prodiscindicated with *.

The proposed mechanism to account for the formatfa@ompound®9-101in the
reaction of SiMes with CHO in the presence of MeOH is shown in Scheml.
Methoxysilanel00 s likely formed from the side reaction of SiMegith MeOH, while
methoxysilanel01 is the anticipated trapping product of silanonéghweOH. More
interesting is the formation &9 as the major product. Since the Si=O double bend i
highly polarized, the silanone is likely to engageomplexation with CHO to generate a

silanone-oxirane complex. The oxirane ring in thenplex can be expected to be more
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susceptible to nucleophilic attack by MeOH thafree CHO, an®9 would be formed as

a result.
O
o) —
SiMes, + O@ — [MeSQSi:O — Mes,Si=0

l MeOH ) O l MeOH l MeOH

/H /OH OMe
Meszsi\ MeSQSi\ 5

OMe OMe ’O§iMe32
100 101 99 OH
Scheme 7.1

The analogous reaction would also be expected torowith PrO, and thus a
solution of45 (0.05 M), PrO (0.11 M), MeOH (0.008 M) and TM3, (0.009 M) in
CesD12 was irradiated to test this hypothesis. Howevke tesulting product mixture
proved to be too difficult to analyze; at leasil®gn-containing products were formed in
small amounts, and none of them could be definitiassigned structurally. It should be
noted that a lower concentration of PrO was usethig experiment compared to the

amount of CHO employed in the experiment descriabdve in order to reduce the

amount of oxirane oligomerization.
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7.2.2. Kinetic measurements
7.2.2.1. Reaction of SiMe with oxiranes and thiiranes

Flash photolysis of a hexane solutionsA8fcontaining CHO (0.1 mM — 1.5 mM)
showed shortened silylene lifetimes, suppressioth@fformation of SMe,4, and a new
transient absorption centeredAat.x = 310 nm, compared to experiments in the absence
of substrate. The latter grew in on a similar ticads as the silylene decay at low CHO
concentrations. The bimolecular rate constant liier reaction of SiMewith CHO was
determined from the slope of a plotl@tcay (SiMey) vs [CHO] according to eq. 7.11. The
plot was linear and exhibited a slopekef= (1.9+ 0.2) x 10'° M* s* (Fig. 7.20a). This
value is quite similar to that for the reactionSMe, with THF under similar conditions
(ks (THF) = (1.7 0.2)x 10" M™ s* in hexanes at 2%).°

Kdecay= K1 + ki [S] (7.11)

Figure 7.20b shows a series of transient absormmectra recorded fo43 in
hexanes containing 1 mM CHO, where the lifetim&idfle; is reduced ta ~ 60 ns. The
transient centered at,ax = 310 nm decayed with clean first order kineteshibiting a
lifetime of T ~ 230 £ 12 ns that was independent of CHO conctmtrap to 0.17 M (Fig.
7.21). The transient product is assigned to theitewid-base complex of SiMavith
CHO on the basis of comparison of its spectrunh&t of the SiMg THF complex.® 18
No new UV/Vis absorptions were observed to be farnre the 270-550 nm spectral
window as the species decayed, indicating thatptloglucts of decomposition of the

complexes do not absorb significantly in this range
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Figure 7.2Q (a) Plot of the pseudo-first order decay coeffiti Kiecay Of the SiMe
absorption at 470 nm vs. [CHO]. (b) Transient apgson spectra from laser flash
photolysis of a hexanes solution 48 containing 1 mM CHO, recorded 26-38 ng,(
128-154 ns W), and 1.49-1.5Ls (A) after the laser pulse (the portion of the 26-38 n
spectrum below 340 nm is distorted due to sampieréscence and is not shown); the

inset shows transient absorbance vs. time prafesrded at 320, 370, and 470 nm.
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Figure 7.21 Plots of the first order rate
coefficients for decaykfecay Of the SiMe-
CHO complex ©) and the SiMgPrO
complex @) vs. CHO or PrO concentration

(monitored at 310 nm).
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Figure 7.2z. (a) Plot of the first order rate coefficients fdecay Kyecay Of SiMe
(monitored at 470 nm) vs. [PrO]. (b) Transient apson spectra from laser flash
photolysis of a hexanes solution 48 containing 10 mM PrO, recorded 83-109 @) (
and 0.69-0.74us (@) after the laser pulse; the inset shows a trahsibeorbance-time

profile recorded at 310 nm.

SiMe;, reacted with PrO with similar rapidity; the pldtlQecay(SiMe) vs [PrO] also
exhibited excellent linearity (Fig. 7.22a) and affed a bimolecular rate constant for the
reaction ofk; = (1.6 + 0.2) x 10'° M s’ Shortening of the silylene lifetime was
accompanied by the formation of a new transienbigdt®n centered amax = 310 nm,
which exhibited a first order lifetime af= 325+ 20 ns and can be assigned to the $iMe

PrO complex (Fig. 7.22b). The lifetime of the complwas unresponsive to PrO

concentrations up to 0.093 M (Fig. 7.21).
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Figure 7.2%. (a) Plot of the first order rate coefficients fdecay Kyecay Of SiM& vs.
[PrS] (©) and [CHS] #). (b) Transient absorption spectra recorded 1%820) and
1.65-1.70us (@) after the laser pulse, by laser flash photolgideoxygenated hexanes
solution of43 containing 5.0 mM PrS. (c) Transient absorptioecsa recorded 0.18-
0.20 us (O) and 1.65-1.7Qus (@) after the laser pulse, by laser flash photolysfis

deoxygenated hexanes solutiom8fcontaining 5.0 mM CHS.

The response of the silylene lifetime to added ®r&HS was nearly identical to
that in the reaction with PrO; plots kfecay(SiMe&,) vs [thiirane] were linear and afforded
bimolecular rate constants kfs= (2.1+ 0.2) x 10°° M s andkcps = (1.9+ 0.2) x 10"
Mt s (Fig. 7.23a). A transient absorption spectrunoreed in the presence of 5 mM
PrS shows evidence of a new short-lived transibabiotion centered at ~ 320 nm<g
25 ns, Fig. 7.23b). This new absorption was assidga the MgSi-PrS complex since the
SiMe,-THT complex absorbs in the same region (see Ch&)teln the experiments
employing THT, however, the characteristic absori due to the disilene were
prominent in the presence of up to 2 mM THT. Intcast, addition of submillimolar
amounts of PrS resulted in complete suppressidheotlimerization pathway, indicative

of a rapid irreversible reaction being responsiblehe decay of the SiM&PrS complex.
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Transient absorption spectra in the presence oM5GHIS is shown in Fig. 7.23c. Due to
strong sample fluorescence no transient absorpt@ne detected that could be assigned
to the SiMg-CHS complex.
7.2.2.2. Reaction of SiPh with oxiranes and thiiranes

Addition of CHO, PrO, PrS or CHS to hexanes sohgiof44acaused the decay of
the silylene to accelerate, the transient decafilpsato follow clean first order kinetics
and suppression of dimer formation. Plotsk@ta, (SiPh) vs [substrate] were linear in
each case and are shown in Fig. 7.24-7.26. In ttaees (all except CHS), the decay of
the silylene was accompanied by the growth of a twsient giving rise to strong
characteristic absorption bands centeredak = 370 nm and 290 nm. The transient
decays with first order kinetics with lifetimes ipkndent of substrate concentration in
the range of 5 mM to 20 mM (Fig. 7.27).

Transient absorption spectra recorded with hexankgions of44a containing 17
mM CHO (Fig. 7.28) or 11 mM PrO (Fig. 7.29) aretwally indistinguishable, and both
are nearly identical to those of the SiHWF complex recorded under similar
conditions’ This allows for the assignment of these specighéocorresponding Sih
CHO and SiPRPrO complexes, respectively. As found for the SHderane complexes,
the SiPh-PrO complex has a longer lifetime € 295+ 15 ns) than the SIRACHO
complex § = 240x 10 ns). No products absorbing in the 270-650 nettsal window

accompanying the decay of the complexes were @et@cteither case.
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Figure 7.26. Plots of the first order rate
coefficients for decayKfecay Of SiPh vs.
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Figure 7.27. Plots of the first order rate
coefficients for decaykfecay Of the SiPh
CHO complex vs. [CHO] @) and of the
SiPh-PrO complex ¢) vs. [PrO]

(monitored at 370 nm).
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Figure 7.2¢. Transient absorption spectra
recorded 65-77 nsf, 0.27-0.2%s (@), and
3.50-3.57us (A) after the laser pulse, by
laser flash photolysis of a deoxygenated
hexanes solution @f4acontaining 17.0 mM
CHO; the inset shows transient
decay/growth profiles recorded at 300 and
370 nm. The weak residual absorption
centered at ca. 460 nm is due to the long-
lived photolysis co-product (silerGs).
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Figure 7.2¢ (a) Transient absorption

spectra recorded 65-77 ns),(0.27-0.29

0.03}
I us @), and 3.50-3.57us (A) after the

< 0.02 laser pulse, by laser flash photolysis of
<
J deoxygenated hexanes solution 4fa
0.0
| containing 11.0 mM PrO; the inset shows

0.00} transient decay/growth profiles recorded

300 400 500 600

Wavelength (nm) at 300 and 370 nm.

Transient absorption spectra of a hexanes solofiddain the presence of 4.7 mM
PrS are shown in Figure 7.30a. At this concemmatf scavenger the lifetime of free
diphenylsilylene has decreased to less than 2%4as,= (4 + 1) x 10’ s%) and a new
species with weak absorptions centered at 370 rnpaaapd Withkgecay= (2.1+ 0.2) X 10’
s' (1 = 48+ 8 ns). The short-lived absorption band at 290cum to diphenylsilylene
decayed to a residual level (Figure 7.30), whiciméicative of an underlying absorption
of a long-lived species. Similar long-lived speciwas detected in the experiments
employing CHS, however strong sample fluoresceriscuwred any short-lived species
(Fig. 7.30b). The band at 460 nm corresponds gorélarrangement by-product of the
precursor §8) as discussed above; no disilene is formed duefficient quenching of
SiPh by PrS. The band at 370 nm is assigned to th8i#hS complex based on the

similarity of this spectrum to that of the SIPFHT complex*®
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Figure 7.3Q (a) Transient absorption spectra recorded 48-54hsuid 0.70-0.721s (@)
after the laser pulse, by laser flash photolysisl@bxygenated hexanes solution4dia
containing 4.7 mM PrS; the dashed line shows tlfferdnce spectrum, constructed by
subtracting the 0.7Qus spectrum from the 48 ns spectrum. (b) Transiésbrtion
spectra recorded 0-16 ns)(and 0.27-0.29s (@) after the laser pulse, by laser flash
photolysis of deoxygenated hexanes solutioddz containing 11.4 mM CHS. The insets

show transient decay/growth profiles recorded &t&&d 370 nm.

Longer timescale experiments indicated that thielvas absorption at 290 nm in the
presence of 4.7 mM PrS decays over ca. |20@ith second order kinetics (2kt 1.5 +
0.4). The decay coefficient did not vary upon @aging [PrS] over the 5-20 mM range.
Laser photolysis of a deoxygenated 10 mM solutioRr& (alone) in hexanes gave rise to
only very weak, non-decaying absorptions at thisedength, ruling out the possibility
that the species arises from photolysis of the tsates which absorbs weakly at the
excitation wavelengtlfess = 23 M* cmi®). A second very weak band centered at, =
460 nm was also detected (Fig. 7.30a). A similagtbved transient absorption was also

present in the experiments employing 11 mM CHS.(Fig0b).

223



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

7.2.2.2.1. The direct detection and kinetic characterization 6 Ph,Si=S

The fact that the 290 nm species observed #dmin the presence of PrS decays
with 2" order kinetics is consistent with a tentative gssient of the species to
diphenylsilanethione, as dimerization to the cqroesling 1,3-disiladithietane is known
to be the dominant fate of transient silanethianesolution.” **?* Compounds of this
type are also known to react with alcohols, affogdi the corresponding
alkoxysilanethiol§® or dialkoxysilanes? and indeed such products were obtained upon
steady-state irradiation of4a in the presence of PrS and MeOtwdé supra). We
therefore examined the lifetime of the speciesegmtied by laser flash photolysis 4&fa
in hexanes containing 20 mM PrS, in the presend2@3 — 0.5 mM MeOH. Although
MeOH reacts rapidly with SiBh(kveon = (1.3t 0.2) x 10° M™ s%),22 under these
conditions the dominant mode of decay of the silgles due to the reaction with Pi&.§
= (1.32+ 0.03)x 10"°M™ s1) (Scheme 7.2).

Addition of the alcohol was indeed found to shortikea lifetime of the long-lived
290 nm absorption, and change its decay kineticpstudo first-order even in the
presence of as little as p MeOH. Figure 7.31a shows the resulting plothaf pseudo
first-order decay rate constant vs. [MeOH]; thetghko linear over the 0 — 0.5 mM
concentration range and afforded a slop&bn = (7+ 1) x 10 M™* s*. Figure 7.31b
shows a series of transient spectra and transicdydprofiles recorded at the highest
[MeOH] studied. A second determination of the @astant affordeéyeon = (1.0+ 0.2)

x 100 Mt st
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Figure 7.31. (a) plot ofkjecayvs [MeOH]; the solid line is the linear least sopeafit the
data to eq. 10, which afforded a slopek@fon = (7 = 1) x 10° M s*. The inset shows
decay traces recorded at 290 nm by flash photobfsi&la in hexanes containing 19.5
mM PrS and 0 mM MeOH (black) and 0.052 mM MeOH yr&b) Transient absorption
spectra of a hexanes solutionddfain the presence of 19.5 mM PrS and 0.5 mM MeOH,
recorded 0.016-0.080s (), 0.128-0.192us (&), and 8.560-8.59ps (e) after the laser

pulse; the inset shows transient decay tracesdedat 290 nm and 370 nm.

=l

_ kg=1.1x101M*ts?
[siph,| + s

Kiocay = 2.1 X 107 51 S
decay [ S:Siphzl % Ph25i< :Sith
S

SiPh,

290 nm 370 nm 290 nm

530 nm 1=50ns T=400 ps
MeOH MeOH

* ko = 13x 1010 M st * MeOH ko=7x108 M1s?
OMe OMe
PhySi| Ph,Si,
H SH
Scheme 7.2
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k=(14+0.1)x108 M's a 3 k=(3320.7)x10° M's"! b 150 k=(2.1£0.1)x10° M1s! c
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[t-BuOH] / mM [AcOH] / mM [n-BuNH,] / mM

Figure 7.22. Plots of the first order rate coefficients for dgdkjecay Of the 290 nm
absorption vs. (a) [t-BuOH] (b) [AcOH], and (c) BuNH,] from laser photolysis of a

deoxygenated solution d#acontaining 20 mM PrS.

Table 7.2 Absolute #*-order rate constant&( in units of 18 M™s™) for quenching of
the long-lived transient product of the reactionSaPh with PrS by MeOHt-BuOH,
AcOH, andn-BuNH, in hexanes at 25 + 1 “C.

Substrate MeOH t-BuOH AcOH Nn-BuNH,

ki /10 M1st 0.85 + 0.09 0.14 +0.01 3.2+0.7 21+0.1

@ The average and standard deviation of two indepsndeterminations.

Similar results were obtained upon additiortest-butanol (t-BuOH; 0.2-1.5 mM),
acetic acid (AcOH; 0.05-0.5 mM), orbutyl amine (-BuNH;; 0.1-1.5 mM) to hexanes
solutions of44a Figure7.32 shows the plots dfgecay (290 nm) vs [S] for each of these

experiments, while the correspondirﬂﬂ-ﬁrder rate constants are listed in Table 7.2.
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7.2.2.3. SiTmp, with oxiranes and thiiranes

For the kinetic measurements acyclic precuB&was used, while for the transient
spectroscopy cyclic precurs8¥ was used® Laser flash photolysis &6 in hexanes leads
to the formation of SiTmpexhibiting two absorption bands centered\atx = 320 and
520 nm. The long wavelength band overlaps withngfrivansient absorptions due to the
silene 102 and SiTmp; (Amax = 460 nm). Nevertheless, the spectral overlap dmés
interfere in the determination of rate constantsréaction of the silylene with various
substrates. Silene formation is largely suppre$sed the cyclic precursd8?7, but since
the synthesis 087 is more elaborate than that 8 this compound was used only to

record transient absorption spectra.

Tmp
Tmp, hy Sl .
. i . SiMej
MesSi” > "SiMes SipMes +  [Tmp,Si] + SiMe,
86 Amax = 520 nm, H
320 nm 102
- x2 Amax = 460 nm
Tmp = 3,4,5-trimethylphenyl I
Tmp, ,Tmp
Si=Si
Tmp Tmp
Amax = 460 nm
Scheme 7.3

Addition of either PrS or CHO to rapidly flowing Xenes solutions a6 resulted
in shortened silylene lifetimes and a change ofdéeay kinetics to first order, and the
suppression of dimerization, similar to what waseyled with SiMgand SiPh Plots of
Kdecay VS [PrS] andkgecay Vs [CHO] were linear (Fig. 7.33), the slopes affog rate
constant values df; = (9.7+ 0.8) x 10° M™ s* andk; = (6.3+ 0.9) x 10° M s? for
complexation with PrS and CHO, respectively.
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@
o)

[PrS] / mM [CHO] / mM

Figure 7.3%. Plots ofKkyecayVs [S] for the reaction of SiTmmith (a) PrS and (b) CHO.

The solid lines are the linear least-squares fitk@data to eq. 7.11.

Transient absorption spectra recorded by lasen fdastolysis oB7 in the presence
of 5.4 mM PrS (Fig. 7.34a) show the presence aa product absorption band centered
at <280 nm which overlaps on a weaker band dudeacsiiené® The transient decays
over ca. 20Qus with mixed order kinetics, similar to what wassetved for P}5i=S; the
reactivity of the transient with silanethione saayers was not investigated, however.
Based on the similarity of the absorption spectnal ghe lifetime of the transient
absorbing at < 280 nm to those ohL,BFS, we tentatively assign it to Teg=S. On the
timescale of this experiment the SiTs#RrS complex was not detected. On shorter
timescales the complex also could not be detegthith suggests that either its lifetime
is < 30ns, or its extinction coefficient is too lot@ be distinguishable from the
background noise. We strongly favour the first gubt/ based on the analogy with the

SiPh-PrS system.
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Figure 7.34 (@) Transient absorption spectra of a rapidlwitg hexanes solution &7

in the presence of 5.4 mM PrS, 0-041$6 (0), 18.24-19.84us (o) and 139.84-141.44s
(A) after the laser pulse. (b) Transient absorpsipectra of a rapidly flowing hexanes
solution of87 in the presence of 10.4 mM CHO, 0.109-0.1410), 0.17-0.2Qus (e) and
1.52-1.55us (A) after the laser pulse. (c) Transient absorpspectra of a rapidly
flowing hexane solution A7 in the presence of 10.0 mM PrO, 0.096-0.u280), 0.17-
0.20pus (o) and 2.80-2.83us (A) after the laser pulse. The insets show translenay

traces recorded at representative wavelengthsisghctral windows.

A series of transient absorption spectra88éfwere collected in the presence of ca.
10 mM CHO and PrO and are shown in Fig. 7.34b aigd F34c, respectively. The
spectra are indistinguishable from each other,iadidate the presence of a new species
exhibiting two absorption bands centered\atx = 300 nm and\max = 380 nm. Both
spectra are virtually identical to that of the SfATHF complex, which allows their
assignment to the SiTrpqoxirane complexes. The species decay with firdeokinetics,
and their lifetimes are similar to those of the §iMxirane and SiPhoxirane complexes
(Table 7.3). No additional bands ascribable to pheducts of decomposition of the

complexes can be observed in the 270-650 nm spactrdow.
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Table 7.3 First order decay rate coefficients for the decdythe silylene-oxirane
complexes (/10s?) in hexanes at 2%C.

SiMe, SiPh SiTmp
PrO 3.1+ 0.2 3.4+ 0.2 3.3+0.2
CHO 43+03 4.2+ 0.3 3.9+0.4

& average of 10-12 determinations in the 0.01-0.2€okcentration range of the substrate;
® recorded in the presence of ca. 10 mM [oxirane]
7.2.2.4. SiMes, with oxiranes and thiiranes

Sections 7.2.2.1-7.2.2.3 describe the results pEtudies of the reactions of Sike
SiPh and SiTmp with oxiranes and thiiranes; in each case thelteegudicate that the
initial complexation step is characterized by aunidgrium constant in excess of ca. X5
10* M. With SiMes, however, it was shown that most complexation tieas occur
with equilibrium constants in the small or mediusgime (see Chapter 3).

AAJAAq=1 +K1 [§ (7.12)

K1 =ki/ks (7.13)

Indeed, addition of small amounts of PrO or CHOattiexanes solution of the
SiMes precursor5 resulted in a drop in the signal intensag/well as a decrease in the
silylene lifetime, suggesting the same to be truthese cases as well. Dimesitylsilylene
has been shown to react with THF angdEwith equilibrium constants of 2.4 and 0.9 M
! respectively. This result leads to the expeatatimt an oxirane should also react with
this silylene with a low equilibrium constant, bushould be higher than 2.4 M Thus,
only a drop in the silylene signal intensity midig expected. However, in the reactions
with ethers the resulting silylene-ether compleaeslong-lived, with the primary mode

of decay leading to the disilene. The residual SiMmesent at equilibrium reacts by

230



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

dimerization.  Silylene-oxirane complexes, on theeo hand, have been shown to
undergo a rapid unimolecular decomposition to yigdd abstraction products. In this
case, the rate of the residual silylene decay bl dependent on the rate of the
decomposition of the complex. The mechanism fordwerall reaction is shown in eq.
7.14.

Kq Ko

Meszsi—%j} —_— [MeszsiZO]
© | (7.14)

SiMes, + 0{]

K1

The kinetic expression that describes a situatiomolving an initial rapid
equilibrium followed by a unimolecular irreversitdeep is shown in eq. 7.15, whétgcay
is the observed rate coefficieit; is the equilibrium constant for the complexatioeps

andSis the substrate.

_ kK [S]
e 1+K[S]

(7.15)

According to eq. 7.15, the dependencégfayon [S] should be non-linear; at low
concentrations o8 the relationshig<;[S] << 1 holds, which should result in & brder
dependence decayon [S] (eq. 7.16). At highd, the relationshigK,[§ >> 1 holds, thus
the value of the denominator approximately equalsS and kyecay reaches a constant
value ofk; (eq. 7.17).

Kieew = KoK, [S], whenK;[S] << 1 (7.16)

decay

Kieew = Ky » WhenKy[§ >> 1 (7.17)

decay

For a fast pre-equilibrium, the observed lifetimfetlze silylene should equal the

lifetime of the silylene-oxirane complex at eackegi concentration of [PrO] or [CHO],
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from which the value ofgecayin €q. 7.15 can be obtained using a pseudo fiddit. If

the approach to equilibrium is (at all concentnagiof S) too fast to be resolved then the
apparent initial intensity of the silylene signhbsld decrease with increasing scavenger
concentration. To validate this expectation anroptiwavelength to monitor the decay of
the complex needs to be identified, and thus &sef transient absorption spectradbf

in the presence of PrO and CHO were obtained.

Transient absorption spectra of a hexanes soluatidb in the presence of 9.5 mM
CHO and 0.155 M CHO are shown in Fig. 7.35. THeedince spectra show the peaks
due to the SiMesCHO complex after subtracting the contributiomfrthe photolysis bi-
product. The complex has two bands — a strongabrZ90 nm, and a weak shoulder
around 380 nm. Free SiMealso has an absorption band at 290 nm which qw&xath
that due to the complex, and therefore the weaded lat longer wavelength must be used
to monitor the lifetime of the complex. A monitoginvavelength of 350 nm was selected
as optimal, since at this wavelength the contrimgito the absorptions from the silylene

and from the long-lived product are minimized.
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Figure 7.3t Transient absorption spectra of a rapidly flowimgxanes solution o4&
containing (a) 9.5 mM CHO, 0.08-0.18 (0) and 0.35-0.4Qus (e) after the laser pulse;
and (b) 0.155 M CHO, 0.30-0.38 () and 3.44-3.47s (e) after the laser pulse. The

insets show transient decay traces obtained abh80@50 nm, 420 nm or 580 nm.

Transient absorption spectra of a hexanes solofid® in the presence of 0.138 M
PrO are shown in Fig. 7.36. The SiM&30O complex displayed an absorption spectrum
quite similar to that of the SiMe€£HO complex, and so the 350 nm wavelength was
again chosen to monitor the effect of substrateceotmation on the lifetime of the
complex. The spectra of both the SiIMEHO and SiMesPrO complexes are in good

agreement with the reported spectra of other SiM#dser complexes (see Chapter 3).
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Figure 7.3€. Transient absorption
spectra of a rapidly flowing hexanes
solution of45 in the presence of 0.138
M PrO, obtained 0.205-0.23i (¢) and
3.44-3.44us (0) after the laser pulse
The dotted Iline is the difference
spectrum betweere{ and 0). The inset
shows transient decay traces at 300 nm
and 350 nm.

The lifetime of the silylene signal at 580 nm waarfd to decrease with increasing

PrO concentration, and the resulting plotkgfcay vs [PrO] is shown in Fig. 7.37a. As

expected for the mechanism of eq. 7.14, the plbibés a downward curvature which

can be analyzed with eq. 7.16. The apparent infttahsities of the signals were analysed

as a function of [PrO] using eq. 7.12, the resatftsvhich are shown in Fig. 7.37b. The

two treatments afforded the same equilibrium canistar complexationK; = 50 M*

(Table 7.4).
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Figure 7.37%. (a) Plot ofkps (at 580 nm) vs [PrQ] for the reaction of SiMesith PrO.
The line is the best fit to eq. 7.15. (b) PlotAd, / AAeq (at 580 nm) vs [PrO] for the

reaction of SiMeswith PrO, the line is the best least-squaresffihe data to eq. 7.12.

The reaction of SiMeswith CHO was monitored at both 580 nm and 350 mm (
two separate experiments). The plotsk@t.y vs [CHO] for both the silylene and the
SiMes-CHO complex are in reasonable agreement with oa¢har (Fig. 7.38a). The
fits of the plots to eq. 7.15 yielded valueskaf that are the same within experimental
error (ca. 400 M), which also coincides with the value obtainedrfranalysis of the data
according to eq. 7.12 (Fig 7.38b). The rate cogfficfor decay of the complex from eq.
7.15 was ca. & 10° s, which is nearly two times higher than that foe thecay of the
SiMes-PrO complex.

A summary ofK; andk; values obtained for the reactions of SiMesth PrO and

CHO are shown in Table 7.4.
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15

[CHO] / mM [CHO)/mM

Figure 7.38.(a) Plot ofkgecay(at 580 nm ¢) and at 350 nma)) vs [CHO] for the reaction
of SiMes with CHO. The line is the best fit to eq. 7.15) ot of AAg / AAgq (at 580
nm) vs [CHO] for the reaction of SiMgwith CHO, the line is the best least-squaresffit o

the datato eq. 7.12.

Table 7.4.Equilibrium constants for complexation of SiMesith oxiranes K,/ M™) and
first-order decay coefficientsy/ 1 s*) of the SiMes-oxirane complexes obtained by
different methods. The errors are reported as twieestandard error from least squares
analysis of the data in each case.

PrO CHO
method K/ M*? ko /10 s Ky/M? ke/ 10 s”
(22676%5) 51+6 3.6£0.2 400+ 100 6.9 0.8
(2?5'0 7r-#n5) ] - 400+ 100 5.9+ 0.8
eq. 7.12 ) -
(=80 ) 53+ 6 390+ 20

Addition of sub-millimolar concentrations of PrS & hexanes solution o5
resulted in a systematic shortening of the silyliieéime with no effect on the apparent
initial intensity of the signal due to the silylen&he silylene decayed with pseudo first-

order kinetics to a residual level indistinguisteafstbm the baseline before the laser pulse,
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Figure 7.3¢. (a) Plot ofkyecayVs [PrS] for the reaction of SiMgwith PrS. The solid line
is the linear least-squares analysis of the daémi@.11. (b) Transient absorption spectra
of a rapidly flowing hexane solution @6 in the presence of 20 mM PrS, obtained 0.256-
0.320pus (¢) and 8.59-8.66us (0) after the laser pulse. The inset shows a trahsiecay

trace recorded at 290 nm.

consistent with an equilibrium constant of > 25,000. A plot of Kdecay VS. [PrS] was
linear with the slope yielding the second ordee m@instant ok; = (7.3+ 0.5)x 10° M*

s' (Fig. 7.39a). Transient absorption spectra rezrith the presence of 20 mM PrS
show the prompt formation of a short-lived transieith Anax = 290 nm. The transient
decays with the first-order decay coefficienkgf.oy= (1.6+ 0.1)x 10° s* (1 = 620+ 40

ns) to a weak residual absorption (Fig. 7.39b)c@saaken on a longer timescale reveal
that the long-lived transient has an approximdétithe of 0.5 ms, nearly the same as the
lifetime of the signal at 440 nm due to the by-proidof the photolysis of5. Addition of
MeOH had no effect on the lifetimes of either thers or the long-lived transient at 290

nm, up to a maximum concentration of 0.5 mM MeOH.
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H the presence of 20 mM PrS, obtained 0.0-2.6

2 0 100 200 300
Time (us)
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pulse. The inset shows transient decay

30 400 500 600 traces recorded at 290 nm and 440 nm.
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A control experiment was performed to determine tivbethe long-lived residual
absorption is due to the reaction of SiMesth PrS or if it is in fact another band due to
the photolysis by-product @f5. Silylenes are known to react rapidly with AcOHlaio
not form any transients that absorb in the 270+46®0range. The long-lived transient at
440 nm reacts with AcOH much slower than does illgeese, so a spectrum recorded in
the presence of AcOH should be that due to thegbysi$ by-product of45 alone.
Transient absorption spectra of a rapidly flowirexéne solution o45 in the presence of
5 mM AcOH are shown on Fig. 7.40. The spectraciaid the presence of two absorption
bands due to the photolysis by-product, with thendbat shorter wavelength of

approximately half the intensity of the band at 440.
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Comparison of the spectra 45 in the presence of AcOH to that in the presence of

PrS suggests that there might be two overlappimgldbat 290 nm with similar lifetimes
in the millisecond range. Possible intermediatas tould be formed in the reaction with
the thiirane are shown in Scheme 7.4. The expeoted product of the reaction is the
SiMes-PrS complex, which is expected to have a strorsprtion band at ca. 300 nm
and a shoulder at ca. 350 nm, analogous to thdarapeof the SiMesTHT complex
(Chapter 3). Since the sulfur abstraction reagbimteeds with a lower activation barrier
than oxygen abstraction in the cases of Sikled SiPh, the lifetime of the SiMesPrS
complex might be expected to be shorter than thieoSiMes-CHO complex{ = 176

+ 8 ns). However, the spectral and temporal chaiatits of the observed transients are
not consistent with this assignment. The expectemtiyrt of decomposition of the
complex is dimesitylsilanethione (M&=S), which could be expected to exhibik 300
nm and should have a lifetime o 100us (based on our results withJ8i=S) since its
dimerization is expected to be slowed down duehtogresence of the sterically bulky

mesityl groups on silicon. Its decay characterssiicthe absence of scavengers should be
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second order due to dimerization. The behaviouhefobserved short-lived transient is
inconsistent with this assignment. A possible tieacthat would account for the

shortening of the lifetime of MgSi=S would be addition of the ortho-methyl acrdss t

Si-S double bond to yieltil04 However, compound04 should be easily identifiable by

'H NMR spectroscopy by the presence of a singl¢hén5-6 ppm range due to the Si-H
hydrogen. This peak was not observed in the pheding product studies which

employed 1,4-dioxane as the internal standard.

Another possible assignment of the long-lived tiemisis to a product of direct
photolysis of PrS. It was shown that flash pha@yof a 20 mM hexanes solution
containing PrS generates a long-lived transier29& nm with an initial signal intensity
of 0.005. The sum of this weak absorption andsieond band in the spectrum of the
photolysis by-product od5 could result in the two long-lived absorption®280 nm and
440 nm to have a similar intensity.

In order to determine if the new transient is disomed in the reaction of this
silylene with a different thirane, we employed Iojexene sulfide (CHS) for
comparison. The sample of CHS is available frommtigAldrich in a maximum purity of
only 85%, so the material was purified by distibat from anhydrous N&O, prior to
use.

Addition of CHS to a rapidly flowing hexanes sodutiof 45 resulted in shortening
of the silylene lifetime in a similar fashion to athwas observed for the reaction with
PrS. A plot ofkgecayVvs [CHS] was linear, and afforded a bimoleculade @onstant ok; =

(8+2)x 10° M s* (Fig. 7.41a). The value is the same within eroathbse found for the

240



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

'CO

»

8o 0.2 0.4 0.6
[CHS] / mM

Kgecay! 10° s
=

Figure 7.41. (a) Plot ofkgecayvs [CHS] for the reaction of SiMgsvith CHS. The solid
line is the linear least-squares fit of the datadqo7.11, which yields a rate constant of (8
+ 2) x 10° M* st (b) Transient absorption spectra of a rapidly flayshexanes solution
of 45in the presence of 11 mM CHS, 0.27-085(0), 0.91-0.99us (e) and 8.59-8.67us

(A) after the laser pulse. The inset shows translenay traces recorded at 290 nm and
350 nm.

reactions of SiMeswith PrS and THT (Table 7.5). Transient absorpspectra in the
presence of 11 mM CHS also yields a short-liveddient with a lifetime oft = (690+
10) ns (extracted from a two-phase fit) anghx = 290 nm, which decays to a residual
absorbance of similar intensity and lifetime tottab440 nm (Fig. 7.41b). The spectra of
this transient are nearly identical to those shawrFig. 7.39b, and thus it can be
concluded that the new transient arises from thetien of SiMes with the thiirane. Its
identity, however, cannot be assigned at this tiaee,its spectral characteristics and

lifetime are not consistent with either the SiM#sirane complex or MeSI=S.
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Table 7.5.Forward rate constantk;} and equilibrium constant&{) for complexation of
transient silylenes with sulfur donors in hexane2%°C. The last column indicates the
measured lifetime of the species at 290 nm formetie sulfur abstraction reactions with

thiiranes.
system ke /10 M1s? Ky/M? T (290 nm)

SiMes + PrS 7.3+ 0.5 >25,000 620+ 40 ns
SiMes + CHS 8+2 >25,000 690+ 10 ns
SiMes + THT 7+2 1,500+ 100 -
SiMes + E&S @ 54+ 3 -

SiPh + PrS 11.2+x04 >25,000 ~100us
SiPh + CHS 12+ 1 >25,000 ~100us
SiPh + THT 16+ 2 >25,000 -
SiTmp, + PrS 9.7+£0.8 >25,000 ~ 75us
SiTmp, + ELS 7.1+ 0.6 > 25,000 -

& cannot be measured.
7.2.3. Kinetic simulations
Kinetic simulations were performed in an analogtashion to those described in
section 6.3. The same input equations were usditfase (eq. 6.12-6.14) and they are
listed again in eq. 7.18-7.20. The input mecharhsi® two consecutive steps — an initial
reversible complexation to form SiD (eq. 7.19), ethireacts unimolecularly to yield
product P (eqg. 7.20). The reaction of Si with D ptetes with dimerization of the

silylene (eq. 7.18).

(7.18)

k-1 (7.19)
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Table 7.6.Equilibrium constants for complexation of SiMesith oxiranes K,/ M™) and
first-order decay coefficient&{/ 1 s?) of the SiMes-oxirane complexes. The last row
lists the input values used for kinetic simulations

Pro CHO
method Ky/M? kp/ 10 s* Ky/M? ke /10 s*
SiMes 52+ 4 3.6£0.2 400+ 50 5.9+ 0.8
(experiment)
sim. eq 7.15 53+ 8 3.5+ 0.2 290+ 30 6.8+ 0.2
(silylene)
sim. eq. 7.15 54+ 4 3.5+ 0.1 310+ 10 6.7£ 0.1
(complex)
sim. eq. 7.12 55.8+ 0.2 - 520+ 30 -
(silylene)
input values for 50 3.6 400 6.4
simulation

2 average of values determined by different mettasishown in Table 7.2;the value
obtained from the SiMgsCHO complex data.

SiD te, P (7.20)

The dimerization rate constant used in these siongwas ¥10° M*s*?* A rate
constant for complexation of SiMesvith oxiranes could not be measured due to the
small size of the equilibrium constants, so it agproximated asx10° M s* for the
simulation. This value is the reported value fee tomplexation of SiMesvith THT *
so it may be expected that the complexation ratestamt with the oxirane will be of a
similar value based on the trends establishedHerreactivity of SiMe and SiPh in
Chapter 3. An appropriate value lof was chosen to afford an equilibrium constant of

either 50 M (for PrO) or 400 M (for CHO).
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Figure 7.4z. Simulated decay profiles of the signals due tsilgene (a) and the
corresponding silylene-donor complex (b) at variaustrate concentrations, for a
situation involving an initial equilibrium followedby a unimolecular irreversible
dissociation of the complex. The situation des@iéMes reaction with CHO, for which
the input values for the simulation are listed iable 7.6. (c) Plot 0Kgecay VS [D],
obtained from the simulated decay profiles forlsitg (a) and the complex (b). The solid
line is the fit of the data to eq. 7.15.

Analysis of the simulated data for the SiMedgth CHO reaction reveals that an
increase in the substrate concentration does indesdt in the loss of the apparent
intensity and reduction in the lifetime of the #lye (Si) signal (Fig. 7.42a). The
intermediate SiD has an identical lifetime to tb&the silylene at each concentration of
D, while the intensity of the signal increases (Figt2b). The plots dfgecayVs [D] for
silylene and SiD are identical (Fig. 7.42b) andhbethibit a downward curvature.
Analysis of the two sets of data according to efj5 #ields values oK; andk, that are
the same as the input values. The loss in thensitteof the silylene signal was also
analysed using eq. 7.12, which yields a linear pfahA¢/AAeq vs [D] with a slope (of

520 MY that is ca. 25% higher than the input value of ¥DD
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Figure 7.4%. (a) Plot of experimentafyecay Vs [CHO] data measured at 580 nm for
SiMes (o) and at 350 nm for the SiMe€HO complex @), and simulatedgecay VS [D]
data for the silylenes(); the solid lines are the best fits of the dataqo715; (b) Plot of
AA/AAgq vs [CHO] obtained from the analysis of the expemtal datadf) and vs [D]
fom the simulated data}; the solid lines are the linear least squares arsgabf the data

toeq. 7.12.

The simulated data are shown plotted along with ékperimental data for the
SiMes-CHO system in Fig. 7.43. The agreement betweerexperimental data and the
simulated results is excellent, considering thererin the experimental values. The
equilibrium constant obtained from the plotoho/ AAgq vs [D] was also in reasonable
agreement with the experimental value, with theusited value being slightly higher
than the experimental (Table 7.6). Analogous kinstmulations of the reaction of
SiMes with PrO also led to output valueskf andk;, that agreed well with experimental
results (Fig. 7.44). The values kKf andk, extracted from the fits of the experimental and

simulated data to eq. 7.15 and eq. 7.12 are showable 7.6.
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Figure 7.44. (a) Plot ofkgecay VS [D], obtained from the simulated decay profifes
silylene and the complex, for the reaction of SipAegh PrO. The solid line is the fit of
the data to eq. 7.1%b) A plot of experimentakgecay Values vs. [PrO] of experimental
values measured at 580 nm for SiMés), and the corresponding simulated values for
the silylene ¢); the solid lines are the best fit of the data to#&45. (b) Plots ohA,/
AAgq Vs [PrQO] obtained from the analysis of experime(ta and the simulated data (e);

the solid lines are the linear least squares fitt@data to eq. 7.12.
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7.3. Discussion
7.3.1. Product studies

The product studies indicate that SiMand SiPh react with oxiranes in
cyclohexane solution to afford the correspondirkgiaés and products consistent with the
formation of the corresponding silanones. The pectslwf the reaction of SiMewith
CHO are consistent with those previously reported the reaction of SiMewith
cyclooctene oxidé.Transient diphenylsilanone generated from thetimaof SiPh with
PrO was efficiently trapped by sDyielding propene and the product of trapping of
PhSi=0O by By in a 1:1 ratio, indicative of ca. 100% trappinfaéncy of the silanone by
the oligosilane. SiMegeacts with CHO to generate the correspondingallwe a similar
yield to those obtained with the SiMand SiPh systems; however it is difficult to
ascertain whether a transient silanone is involwvethe absence of silanone trapping
agents. Addition of MeOH as a silanone trap redulte the formation of the novel
product99, which is most likely formed by reaction of M&&=0 with one molecule each
of CHO and MeOH. The relative yields of cyclohexera the CHO/MeOH-trapping
product are also 1:1 in this reaction, indicatingetitative trapping efficiency under the
conditions of our experiments.

It is apparent that all three silylenes react vaiiranes with similar efficiencies,
giving the corresponding alkenes and silanone-ddrproducts in yields of 40-50% in
each case (Table 7.7). These yields are significdess than 100%, indicative of an
alternate reaction pathway which we were unablehtracterize fully. The amounts of

consumed oxirane relative to the silylene precsraoe considerably higher than 100% in
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Table 7.7.The amounts of consumed oxirane and yield of akemative to consumed
silylene precursor, determined from the plots afaamtration vs. time from the reactions
of SiPh and SiMes with oxiranes under various conditions. Photolysisducted in
cyclohexane solutions at 45 unless noted otherwise, error margins are ginghe text.

Conditions Amount of Yield of
Consumed Oxirané Alkene
1 | 43 (0.5 M) + cyclooctene oxide (0.5 M) - 62%
2 | 43(0.05 M) + CHO (0.1 M) - 49%
3 | 44a (0.05 M) + PrO (0.15 M) + (0.2 M) 350% 45%
4 | 44a (0.05 M) + PrO (0.15 M) 210% 52%
5 | 45(0.05 M) + CHO (0.83 M) 1800% 40%
6 | 45(0.05 M) + CHO (0.14 M) 190% 43%
7 | 45(0.05 M) + CHO (0.35 M) + MeOH (0.01 M 1300% 38%

2 photolysis conducted at 4D, ref. 2;° relative to consumed CHO.

all cases, as illustrated in Table 7.7. Oligoméiaaof the oxirane is evident from the
broadening of thH NMR spectra of the photolysis mixtures; howevecanplete
characterization of the structure of the oligomees not possible. Since the oxiranes do
not absorb the incident light to an appreciableetxtphoto-induced oligomerization of
the oxirane can be ruled out. In fact, our resaits consistent with either silylene or the
silylene-oxirane complexes acting as an oxirangoatierization catalyst. Photolysis of
the mixtures in entries 4 and 6 in Table 7.7 resumltsimilar consumption of the oxirane
relative to that of the silylene precursor, indiecgtno significant change in the catalytic
activity resulting from the Mes-for-Ph substitutiaon the silicon. Oligomerization
pathways can also account for low yields of theeadls in each case. It should be noted
that the yield of cyclohexene in the photolysigieg mixture of entry 2 in Table 7.7 was
determined relative to the consumed oxirane, whilethe others were determined

relative to the consumption of the silylene preotss
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The reactions of SiMeand SiPhwith PrS have also been examined by steady-state
photolysis methods. The results indicate that pmegs formed in yields in the range of
33-65%, along with products consistent with thenfation of the corresponding
silanethione. Various reactions of pM#=S under thermolytic conditions have been
reported® ® *°and show that the silanethione either dimerizes read-to-tail fashion to
generate tetramethyldisilthiane (M&S), or can be trapped bys@o form90. Our results
indicate that trapping of M8i=S by I3 is only 50% efficient; in contrast, ;Jailed to
trap the diphenyl analog BBI=S at all. Interestingly, we were unable to fexddence for
the formation of the silanethione dimer in the SiMgstem by'H NMR spectroscopyor
GC/MS, while tetraphenyldisilthian®4) is the major product of the reaction of SiPh
with PrS in either the presence or absencezofAbalogous to the reactivity exhibited by
stable silanethiond® PhSi=S reacts with MeOH to generate the corresponding
methoxysilanethio®6 in an equimolar ratio to the formed alkene. Athia reactions with
oxiranes, the yields of propene relative to consifPeS are significantly less than 100%

in each case, again suggesting the presence ofakeaeaction pathways.
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7.3.2. Kinetics and thermodynamics of the initial complex#&on of silylenes with our
oxiranes and thiiranes

The laser flash photolysis results indicate that rbactions of transient silylenes
with oxiranes and thiiranes proceed via multistepci@nisms involving the initial
formation of a Lewis acid-base complex between ditdene and oxirane or thiirane,
which reacts unimolecularly to form the correspodsilanone or silanethione. The
complexes have been detected directly for all thdese-oxirane systems, but only in
some cases with the analogous thiirane systemséstien 7.3.3).

The rate constants for complexation fall in thegaof 6.%10° M™* s* to 21x10°
M™ s, and increase in the order SiMes SiTmp < SiPh < SiMe (Table 7.8). The
difference in the rate constants between gi&hd SiTmp reflect electronic effects
introduced by the methyl groups, while the reduciio the rate constants for the SiMes
is caused by steric interactions. For a given eilgl the rate constants do not vary
significantly with the identity of the O- or S- don and all are within a factor of 3 of the
diffusional rate in hexanes at 2%. Thus, the intrinsic free energy barrier for
complexation is on the order of 4.0 kcal thok less for complexation with both oxiranes
and thiiranes. Steric effects associated with thi@ese substituents dominate the
situation with the bulkier silylene, SiMgsresulting in destabilization of the resulting
complexes with the oxiranes compared to those BR.SEquilibrium constants of 40€
50 M* (AG = - (1.7+ 0.1) kcal mof) and 52+ 4 M™* (AG = - (0.45+ 0.05) kcal mof)
were measured for complexation with CHO and Pr@peetively, and reflect the trend

expected based on the difference in the gas plesseities of the two oxirané8 The
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Table 7.8 Forward ratel;) and equilibrium constant&{) for complexation of transient
silylenes with oxiranes and thiiranes in hexane2s4c.

ki/ 10 Mt sT[Ky /M7
substrate SiMe SiPh SiITmp, SiMes
CHO 19+ 2 10.0+ 0.4 6.3+ 0.9 °
a a a [400+ 50]
PrO 16+ 2 12+ 2 c o
a a [52 + 4]
CHS 19+ 2 12+ 1 ¢ 8+2
a
PrS 21+ 2 11.2+ 0.4 9.7+0.8 7.3+ 05
a a a a

2K, > 25,000 M ° the rate constant could not be measured due hoadl equilibrium
constant? not determined.

equilibrium constants for complexation of this Blye with the thiiranes are above the
measurement limit of our systerdy(= 25,000 M*, AG < - 4 kcal mot', reference state is
the gas phase at 1 atm and°29. The complexes with the O-donors are less sthiale
those with the S-donors in all cases, which caattsbuted to a significantly shorter Si-O
bond length in the SiMeoxirane complex compared to that of a Si-S bontheSiMe-
thiirane complex, as indicated by calculations tbese systems carried out at the

B3LYP/6-311+G(d,p) level of theor.
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Table 7.9 UV-vis absorption maxima (nm) of the Lewis ac@sb complexes of transient
silylenes with oxygen and sulfur donors in hydrbecar solvents at 2%C.

SiMe, SiPh SiTmp SiMes
Pro 310 290, 370 300, 380 300, 400 (sh)
CHO 310 290, 370 300, 370 300, 400 (sh)
Et,O 305°¢ 300, 375° - 3107
THF 310 295, 378 3752 310, 380 (sHY
Prs 320 290, 370 a a
THT 325° 300, 376° - 300, 400 (sKY
Et,;S 320 300, 360 290, 350 300, ~400 (sh)

& could not be detected.
7.3.3. The substituent effect on the lifetime of the sil@ne-substrate complexes

The transient silylenes SiMeSiPh and SiMes react with PrO and CHO to form
the corresponding Lewis acid-base complexes in ithigal stages of the reaction
pathway, which have been detected and characteinzell cases. The complexes have
been identified by comparison of their UV absomt&pectra to those reported for the
corresponding silylene-THF and -Btcomplexes (SiMeref. % 27 SiPh ref.®, SiMes
ref. 2°, SiTmp ref. 2% (Table 7.9). Silylene-thiirane complexes haverbeetected for the
SiMe,-PrS and SiPAPrS systems, but they absorb significantly moraklyethan the
corresponding oxirane complexes. Their transiesbgiiion spectra are quite similar to
those of the corresponding silylene-THT and silgl&rS complexes (Table 7.9).

The complexes decay with first order decay kineitcall cases. These complexes
are significantly shorter-lived than the correspagdcomplexes with other ether and
sulfide substrates such as THF and THT, respegtividiis indicates that they possess

low energy reaction channels that are absent ifinive-reactive” complexes. The THF
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Table 7.1Q First order decay rate coefficients for the deohyhe silylene-oxirane and
silylene-thiirane complexes (/16%).

SiMe, SiPh SiTmp SiMes
PrO 3.1+0.2 3.4+ 0.2 3.3:0.2 3.6£0.2
CHO 4.3+0.3 4.2+ 0.3 3.9+04 6+ 1
Prs > 40+ 4 18+ 3 ° °

& could not be detected
and THT complexes are long-lived, decay over sévareroseconds with second order
kinetics to afford the corresponding disilenes. Téiglene-PrO, -CHO, and —PrS
complexes, on the other hand, do not generate dhesponding dimers. The rate of
decay of the complexes is independent of the cdrat@mn of added substrate, indicating
that a unimolecular process (C-X bond cleavageg¢sponsible for their decomposition.
A summary of the first order decay rate coefficent the complexes is provided in Table
7.10.

The data show that the values for the decomposition of the RO complexes
do not vary as a function of substituents on thieasi atom. In all cases but SiMeshe
decomposition of the SIRCHO complexes is more rapid by 15-40% than thathef
SiR,-PrO complexes. Steric considerations play a roldhe CHO complexes, as is
evident from the fact that the SiMeSHO complex exhibits a significantly shorter
lifetime than the corresponding -CHO complexes with other three silylenes (Table
7.10). The rate constants correspond to free esemgiactivation in the 8.2-8.6 kcal ritol
range for the reactions responsible for the dedaye complexes. These values are in

good agreement with the calculated (B3LYP/6-311+®(tB3LYP/6-311+G(d,p)y free
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energy of activation for C-O bond cleavage in thkles-oxirane complex oE; = 8.1
kcal mol* relative to the lower energnti conformer.

Ab initio calculations by Apeloig and Sklerfdlat the MP2 and QCISD levels of
theory and DFT calculations by’dgor the parent system (Sitbxirane) indicate that the
bond cleavage should proceed in a stepwise fashidially yielding a singlet biradical
formed by cleavage of a C-O bond. DFT calculatimnghe SiMe-oxirane system are in
agreement with those for the parent system, wheeefdrmation of a biradical is the
lowest energy pathway for the decomposition of tdmmplex. In both cases, the
formation of the biradical is predicted to be exsig, with the dimethyl system
exhibiting greater exergonicity (ca. 18 kcal ifjahan the parent system (ca. 13 kcal mol
1) at the UB3LYP/6-311+G(d,p) levél.

The experimental observation of a faster decay catestant for the SIRCHO
complex compared to that for the corresponding,-HFRO complex is consistent with a
biradical mechanism for oxygen abstraction. Sirdee ¢leavage of either C-O bond in
CHO would result in a secondary biradical, both ®d@hds are expected to be cleaved
with equal probabilities. In PrO, however, the maudstituted C-O bond would be
expected to cleave preferentially. On the basistafistical factors alone it is expected
that the silylene-CHO complexes should cleave twisdast as the PrO-complexes. The
observed cleavage rate is less than twice as fasthkE CHO systems, presumably
reflecting a slightly higher enthalpic barrier f{6rO bond cleavage for the disubstituted

system.
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Scheme 7.5 illustrates the pathways that could npieley be available for the
decomposition of the biradical. Steady-state plystslexperimentsv{de infra) indicate
that the oxygen abstraction pathway accountsctor50% of the material balance
independent of substitution on silicon. Cyclizatointhe biradical could potentially lead
to the formation of oxasilacyclobutane products;eliprinary experiments by
undergraduate students Alphonsus Ballesteros amddValwyn demonstrate that this
process proceeds witlta. 30% efficiency in the SiMevinyloxirane and SiPA
vinyloxirane systems. With the CHO and PrO systgmessented here, however, no
evidence for this type of product was found. Anotfeasible reaction pathway for the
biradical species is 1,3-H migration to form tharesponding silyl enol ethéf. This
structure should be stable under our photolysiglitimms and would be easily identifiable
by a characteristic Si-H peak in the NMR spectrat Wwe saw no evidence for its

formation.

SiR, + O:( (|3 - [Rzéi/o\/\} === +
ki | osiRr, =\
R,Si—O MN//—OSiHRz

Scheme 7.5
Table 7.10 also demonstrates that the lifetimeshef SiMe-PrS and SiPRPrS
complexes are significantly shorter than thosehefdorresponding PrO-complexes. The

lifetimes of the SITmpPrS and SiMesPrS complexes are short, so much so that they
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cannot be detected on the timescales of our expatsnA lower limit ofk, > 4 x 10’ s*
was obtained for the dissociation of the SiNkeS complex4G* < 7.1 kcal mot). This
value for the energy barrier is consistent with¢hkulated value ofG* = 5.7 kcal mof

for reaction of the SiMgethiirane compleX? It is difficult to obtain a more accurate
measure of the lifetime of the SiIMBrS complex due to strong sample fluorescence in
the region where the complex absorbs. In contcadtd oxirane systems, thiirane systems
show a dependence on the substitution at silicooh shat the SiPRPrS complex is
longer lived than the SiMePrS complex. The decay rate constant of the S8
complex ofk, = 2 x 10" s* corresponds to a free energy of activatiod\éf = 7.4 kcal
mol™ for the further unimolecular reaction of the spsciwhich isca. 1 kcal mof* lower
than that found for the SiRPrO complex.

The variation in the lifetimes of the SiIMErS and SiPAPrS complexes suggests a
different mechanism for their decomposition compate the corresponding oxirane
complexes. This is indeed indicated by calculatioas illustrated by the reaction
coordinate diagram for the reaction of SiMeith oxirane and thiirane of Fig. 7.45. In
agreement with earlier calculations by Apef8idDFT calculations predict a lower barrier
for reaction of the SiMgethiirane complex compared to the correspondingrama
complex, and they predict the former to undergoceaed fragmentation to alkene and

silanethione.
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Figure 7.45.Reaction coordinate diagram for the reaction of &iMith oxirane and

thiirane, calculated at the B3LYP/6-311+(G(d,p)dlesf theory**

7.3.4. Diarylsilanethiones — spectra and reactivity

first spectroscopic datecti of transient

This study features the

diphenylsilanethione (BBi=S), and consequently the first kinetic studiesame of the
reactions of these species in solution. 78S was also tentatively identified based on

the similarity of its spectra and lifetime to thadePhSi=S (Fig. 7.46a).

The spectroscopic properties of the transient sitaones detected in this study are
summarized in Table 7.11. Both transient diaryfg@thiones exhibit a strong absorption
band centered ata. 280 nm; in the case of =S a weak second band was also
detected at longer wavelengths (460 nm). If thigyey wavelength band is due to the n

- Tr* absorption, it can be compared to that exhibibgdthe stable diarylsilanethione
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Figure 7.46. Transient decay traces recorded at 290 nm ofanesolution containing

(a) (=) 44aand 20 mM PrS==) 87 and 5.4 mM PrS; (15 and 10 mM PrS.

prepared by Tokitoh’s group, Tht(Tip)Si=S (396 e 100)7° Thus, MesSi, gjve,

phenyl substituents on the silicon induceca 65 nm spectral shift SI=S

relative to that reported for the bulkier analogtiee spectrum of Kira’s 105

diaryl silanethione 105 is blue-shifted relative to those of diaryl siginiones Xmax =
266, € = 3000; Amax = 336, € = 17)® The base reaction that diphenylsilanethione
undergoes is rapid head-to-tail dimerization wikfe2o nm= (2.3+ 0.2)x 10° cm s (kgim

= 1x 10'°°M* st assuming2g0 nm= 10,000 dm mét cni?); the dimer was detected as the
major product in the steady-state experiments. & transient was also detected in the
SiMes-PrS system, however its spectral characteristies iaconsistent with those
expected for either the SiMeBrS complex or MeSi=S; the absorbance-time profile is
shown in Fig. 7.46b. The transient decays Witit order kinetics and exhibits a lifetime

of 1 = (402« 7) ns, and thus is unlikely to be assignable te,BieS.
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Table 7.11 UV-vis absorption maxima of silanethiones in lyahrbon solvents at 2&

silanethione Amas / M
PhSi=S 275 M - 1), 460 (n - 1)
Tmp,Si=S <280 M - 1)
Tht(Tip)Si=S' 396 (n - 1*, £ =100)

@Ref. 29, Tht = 2,4,6-tris[bis(trimethylsilyl)methphenyl, Tip = 2,4,6-triisopropylphenyl
Diphenylsilanethione was found to react rapidlyhamucleophilic substrates such
as aliphatic alcohols, acetic acid, and n-butylrer(iTable 7.12), all of which have been
shown to react with other silanethione derivati&<® The rate constants are in the range
of 1.4 x 10° to 3.2x 10° M s* and are of the same magnitude as those reported fo
diphenylsilene (Pi8i=CH,) with the same set of substrates. These rate amisst
correspond to free energies of activation in the 46.4 kcal mot range. Fig. 7.47
illustrates the correlation between the free energlies of activation and gas phase
basicities of the donors. No strong correlationliserved, only a general decreasA®i
values with increasing basicity of the donor. & values obtained for the reaction of
silene and silanethione with tBuOH are higher th@wse for all the other systems and
may reflect steric effects on the complexation stégure 7.47 also shows that reaction
of the silene generally proceeds with a lower atibn barrier than the reaction of the
silanethione with the same substrate, indicativea ddbwer degree of polarization of a

Si=S bond compared to a Si=C bond.
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;
: Figure 7.47 Plots of experimental free
[ [ J
6.- tBUOH
el o energy values of activatiomAG* / kcal
‘_§ R ") of PhSi=S () and PhSi=C
<9 5 . mol™) o i=S (@) an i=CH, (0)
oo | O AcOH nNBUNH2
<A o with various substrates vs gas basfCitf
| @ Ph,Si=S
[ O Ph,Si=CH, the donors.
t50 180 200 220 240
GB / kcal mol™

Table 7.12 Absolute 2*-order rate constant&( in units of 18 M™s™) for quenching of
the long-lived transient product of the reactionSoPh with PrS by MeOHt-BuOH,
AcOH, andn-BuNH; in hexanes$.

Substrate PIBi=S PhSi=CH,"  GB°/ kcal mot*
MeOH 0.85 + 0.09 1.9+ 0.2 180
t-BuOH 0.14+0.01  0.40+ 0.07° 192
AcOH 3.2+0.7 3.1+ 0.3 187

n-BuNH, 21+0.1 6.5+ 0.1% 220

3 at 25 + 1 °C, the average and standard deviafitwmindependent determinatiorfsat
23 +1°C°Ref. 26

The proposed mechanisms of the reactions gBRB with the four substrates

begin with nucleophilic attack at silicon followdaly proton transfer, similar to the

analogous reactions by transient silenes (Sche®) & 72
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Scheme 7.6

7.4. Conclusions

The four silylenes studied in this work react ré&pwith oxiranes and thiiranes to
generate the corresponding Lewis acid-base complewtich have been detected
directly and characterized in all but two case®imwg thiiranes. The complexes decay
rapidly with first order kinetics to generate prothi consistent with chalcogen
abstraction. End-product analysis indicates thaladyen abstraction proceeds with
50% efficiency to yield the corresponding alkenkm@ with products due to O- or S-
abstraction. The experimental results are congisteth theoretical calculations that
predict a stepwise process involving a biradicénmediate for decomposition of the
silylene-oxirane complexes, and a concerted patHarathe thiirane systems.

Transient P§Si=S was detected for the first time in solution Iager flash
photolysis, and characterized based on its reactiowards MeOH, tBuOH, AcOH and

nBuNH,. These results compare reasonably well to the rteghoreactivity of
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diphenylsilene towards the same set of substrates.UV-vis spectra exhibited by the
silanethione have been compared to those repastesidble silanethiones, and are also in
good agreement with spectra calculated at the TDYB36-311G(d) level of theory. It is
evident that further work will be necessary to bksh the identity of the transients
formed in the reaction of SiMgsvith thiiranes, possibly involving synthesis ofitylene
precursor with different substituents on the sitico
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8. Chapter 8 — O- and S- abstraction reactions by trasient germylenes
8.1.Overview
The goals of this work were to investigate the #tseand thermodynamics of the
reactions of the transient germylenes Geldled GePhwith cyclohexene oxide (CHO)
and propylene sulfide (PrS) in hexanes solutiac?bacC.

The reactions of GeMeand GePhwith oxiranes and thiiranes were investigated
using steady state and laser flash photolysis tqaba. The results of the laser
experiments are similar to those obtained in oudiss of the reactions of germylenes
with other O- and S- donors — germylene-heterocgolaplexes are formed reversibly as
long-lived, readily detectable transient speciesictvhdecay with the concomitant
formation of the corresponding digermenes. Produatlies indicate that propene is
formed in ca. 20% yield in the reaction of GeMeath PrS, which is substantially lower
than the yield obtained in the analogous reactiohsSiMe, or SiPh with PrS. The
anticipated product of M&e=S trimerization, (M&eS}, could not be detected under
the conditions of these experiments, and while reéwher Ge-containing products were

detected byH NMR and GC/MS spectroscopy, none of them couldibatified.
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8.2.Results
8.2.1. Product studies
Preliminary experiments were carried out using conmgl 106 as Ph
. . EGeMeZ

the source of GeMeto investigate the nature of the products formeq
upon reaction of GeMewith CHO or PrS. Photolyses were carried Out%%.%::HMe
on a 0.05 M solution 0106 in cyclohexane-g containing either CHO (0.2 M) or PrS
(0.2 M) and employed 8Vles as an internal integration standard. In both drpents,
however, the formation of oligomers interfered witle determination of product yields,
as the apparent concentrationl®6 was artificially enhanced due to significant oaerl
with product peaks. Nevertheless, a small amourgropene could be detected in the
reaction employing PrS. In contrast, cyclohexenddtaot be detected as a product in the
experiments with CHO as trapping agent, indicativeg oxygen abstraction does not take
place at room temperature in solution.

In order to measure the yield of propene formethareaction with PrS36 was
employed as a source of the germylene becausertiiéc\hydrogen provides a god
NMR handle for the accurate determination of thecemtration of36. Thus, irradiation
of a GD12 solution 0f36 (0.047 M) containing PrS (0.07 M) and!8es (0.012 M) for 15
min (17% conversion of starting material) resultadthe formation of77 (70%) and
propene (20%) as the major products (eq. 8.1). yiibkels were determined from the
relative slopes of concentration vs. time plotsstarcted for the reactants and products,

as shown in Fig. 8.1. The plots reveal that despighly equal consumption of PrS and

36in the photolysis, propene was formed in only 2@étd. This result suggests that PrS
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Figure 8.1. Concentration vs. time plots for

0.07F % -~ PrS 254 nm irradiation of a deoxygenated
= 00 solution of 36 (0.047 M) in GDi»
-,\5 0.0 - = GeMe2 precursor containing PrS (0.07 M) and e (0.012
% 0043_ M). The solid lines are the least squares fits
§ i of the data, the slopes of which are B (
00T 5 giene
L o propene -0.0005 + 0.0001;36 (mw), -0.00056 =*
Oom‘mﬂ% . 0.00004; propene of, 0.000109
0 5 10 15 20
time / pis 0.000009;77 (o), 0.00039 + 0.00001

either undergoes photochemical decomposition, dicgzates in other side reactions that

do not produce propene as one of the products.

0.012M Si,Meg Ph
MezGe/\:[ + S + | (8.1)
hv, 248 nm

H
CeD12
0.047 M 0.07M (70 £5)% (20+£2)%

PrS 77
36 (90 +20)%

Analysis of the'H NMR spectra in the -0.2 — 1.2 region revealed Me,

_Ge
. e STS

several new products present in small quantitigg. (B.2). If the Mezee'\s/claelvlez
germanethione is the transient product of sulfustralstion, its 107

anticipated fate its trimerization to for©7. In order to determine if any of the small
peaks are due tb07, an authentic sample was prepared in 60% yielthbyreaction of
LioS with MeGeC} (see Chapter 10 for details). Spiking of the plysie mixture with
107 showed that this compound was actualbyt formed in significant yield in the

reaction (Fig. 8.3).
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Figure 8.2 600 MHz'H NMR spectra of the solution of Fig. 8.1 a) aftérmin of

photolysis, b) before photolysis

(Me2GeS)3 36 *| |l[seves @  Figure 8.3 -0.2 — 1.2 ppm region of

the 600MHz'H NMR spectra of the

solution of Fig. 8.1 a) after 15 min of

win
L ﬁ
n lj s

photolysis, spiked withHL07, b) after

15 min of photolysis, c) before

photolysis. * - unreactive impurity.

L or
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=

L

&3 0 min of photolysis =
" magnified fo show small impurities in the original sample

302

sCo_'ﬁsz Si(-3-82-15min. SMS 40:550
E 15 min of photolysis ¥
= spiked with (Me2GeS)3 b E

E unreactive impurities indicated with *

- 77 ]
(Me2GeS)3 spike

MEounts SK-3-55-dstiies SMS 40850

authentic sample of (Me2GeS)3

565 -
25 =
08 PERDS
7 7 ,
5 HEilies

Figure 8.4 Gas chromatogram of the solution of Fig. 8.1pafore photolysis and b)

after 15 min of photolysis followed by spiking thexture with authentic sample @07,

c) GC of the authentic sample 1d7.

GC/MS analysis of the photolysate (Fig. 8.4 and 8dmfirmed the formation of7
as the major product and also showed at least Bi@ua products, congruent with the
results of the'H NMR analyses shown in Fig. 8.3. Unfortunately @oof these
compounds could be identified. Other potential pads of MeGeS reactions could be
108 or 109" however no conclusive evidence for such structwes found in the

spectroscopic data.

S\ /S\
GeMe, MGQGG\ ,GeMez
s S

108 109
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Figure 8.5 Mass spectra of the product mixture of Fig. 8dlhtion times from the GC
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Based on the GC/MS spectral data, out of the exgitpounds formed in this
reaction all except one (2A in Fig. 8.5) contairrnganium. The remaining seven all
contain at least two germanium atoms and sharesdahge fragment with m/z = 119,

which is consistent with a GeMeunit.

8.2.2. Kinetic and thermodynamic measurements

GeMe (Amax = 470 nm) and GeRBHAmax = 500 nm) were generated by photolysis
of germacyclopentene derivativeé§ and37.%*

In the presence of submillimolar concentration€6fO, transient decays recorded
for GeMe were bimodal, consisting of a rapid initial decayd a slowly-decaying
residual absorbance. With increasing CHO conceatrahe initial fast decay became
more rapid and the intensity of the residual akeack was reduced. This behaviour is
consistent with an equilibrium constant in the &f 1000 < K; < 25,000 M (see Ch.
2). The data were analysed according to the twaeltkecay kinetic expression of eq.
2.19 (see Ch. 2), and the faster of the two deoayponents were plotted against [CHO]
to generate the plot shown in Fig. 8.6a. The lineast squares fit of the data according to

eq. 8.2 gives a rate constant for complexatier=((12+ 3) x 10° M s1), while a plot of

AAYAAeq vs. [CHO] givesK; = 3,700 + 800 M from the slope of the linear regression

(Fig. 8.6b).
kdecay: ko + k1 [Q] (8.2)
AA/NAG =1 +K4[Q] (8.3)

270



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

P R

U SR S IS S T S SN SR S SN BT S
80 02 04 06 08 10
[S]/ mM [S]/ mM

Figure 8.€. (a) Plots okgyecayVs [S] for the reactions of GeMevith CHO (o) and PrS
(0); the solid lines are the least squares analykithe data to eq. 8.2. (b) Plots of
AAAAq Vs [S] for the reactions of GeMeith CHO (@) and PrSd); the solid lines are

the least squares analysis of the data to eq. 8.3.

Addition of submillimolar concentrations of PrS@lsaused the germylene decay to
become bimodal. Analysis of the data accordingqto3e2 yielded a rate constantlaf=
(1.7+ 0.2)x 10" M s*. The equilibrium constant in this case is subs#pthigher and
is at the upper limit of our measuremeldi € 30,000+ 10,000 MY). The plots used to
extract thek; andK; values are shown in Fig 8.6.

Transient absorption spectra of a hexanes solaid@6 containing 50 mM CHO
showed a new absorption band centered at 310 nnchwdecays with second order
kinetics with the concomitant formation of the digene (Fig. 8.7a). Non-linear least
squares analysis of the data according to eq.i8e% gkaim/e = (1.77+ 0.06)x 10° cm §
(Fig. 8.7b). The lifetime of this species was inelegent of CHO concentration over the

10-50 mM range. The decay characteristics and spraif the species is consistent with
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Table 8.1. UV-vis absorption maxima and second order deca&fficeents for the Lewis
acid-base complexes of GeMand GePhwith CHO and PrS in hexanes solution at 25
0

C.

CHO PrS
Amay / NM Xlema | 10 cm & Amax / NM Xlema | 10 cm &
GeMe 320 1.77 £ 0.05 310 1.49 +0.03
GePh 350 1.63 +£0.02 350 3.70 £ 0908

& average and standard deviation of two independigierminations.

its assignment to the GeMEHO complex. A similar experiment with a hexanelsison

of 36 containing 4.7 mM PrS afforded a transient spectquite similar to that recorded
for 36 in the presence of 5 mM THT (see Fig. 8.8). Inbrdses, the second order decay
of the new transient at 310 nm was accompaniechéydrmation of the corresponding
digermene, and is consistent with an assignmetfiet@eMe-PrS complex. The value of
2kgim/e obtained from the analysis of the absorbance-tpnafile of the complex

according to eq. 8.4 is listed in Table 8.1.

. T (8.4)
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0.015}

0.010}

A'6‘310 nm

0.005}

0.000/

300 400 500 600
A/nm time / ps

Figure 8.7.(a) Transient absorption spectra recorded 0.16-Q8(>), 4.96-5.60us (@),
and 85.76-86.4Qus (e) after the laser pulse, by laser flash photolggisleoxygenated
hexane solution 086 with 50 mM CHO; the inset shows transient decagds recorded
at 310 nm and 370 nm. (b) decay trace from thetspaadn (a), the solid line is the non-
linear least squares analysis of the data to dq.T®e inset shows the residual plot from

the non-linear least squares analysis.

0.0

w

a
— 310nm

370 nm
vy

0 10 20 30
Time (ps)

0.0

DA

0.01

0.00|

| IS S S S | i T M PR
300 400 500 600
A (nm)

Figure 8.8.(a) Transient absorption spectra recorded 0.1940s4%0) and 5.25-5.5Qs
(®) after the laser pulse, by laser flash photolg$ideoxygenated hexane solution3f
with 5 mM THT; (b) Transient absorption spectraameied 0.00-0.64us (©) and 5.60-
6.24 us (o) after the laser pulse, by laser flash photolysfisdeoxygenated hexane
solution of36 with 4.7 mM PrS. The insets show transient decayets recorded at 310
nm and 370 nm.
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Table 8.2. The bimolecular rate constants, equilibrium comstand free energy values
(reference state, gas phase, 1 atm@pbfor complexation of GeMeand GePh with
CHO and PrS in hexanes at Z&

ki /10 M1s?t K./ M7 4G | kcal mol*
GeMe-CHO 12 +3 3700 + 800 3.0+ 0.1
GeMe-PrS 17 +2 30000 + 10000 -4.2+0.2
GePh-CHO 8+1 24000 +5000 -4.1+0.1
GePh-PrS 8+2 > 25,000 <-4.1

In the experiments with GePthe rate coefficients for decay of the germyleatad
were determined using corrected absorbance-tinge datorded at 500 nm and corrected
for the underlying contribution of the digermensafption at this wavelengtf®

Addition of submillimolar amounts of CHO to GePsolution of37 in hexanes
caused the (corrected) germylene absorbance-tiafggsrto decay with bimodal kinetics
consistent with a reversible germylene-substratetien. Analysis of the data according
to eq. 8.2 and 8.3 afforded the rate and equilbraonstants listed in Table 8.2. When
PrS was utilized in a similar fashion the germylaterayed with clean first order
kinetics, consistent with an equilibrium constaibwee 25,000 M. A plot of Kyecay
(GePh) vs [PrS] yielded a straight line with a slope(8f 2) x 10° M s* (Table 8.2).
Transient absorption spectra recorded in the poesefil0 mM CHO show a new band
centered at 360 nm which decays with second ordeetiks with the concomitant
formation of GePh, (Fig. 8.9a). Another long-lived product exhibitingax < 280 nm
was also detected; its growth kinetics indicatihgttit is most likely associated with a
reactive product of GPh,. A long-lived transient with similar charactercgtiwas also
evident in the transient spectrum ®7 in hexanes containing 5 mM PrS, although the

signal was less intense (Fig. 8.9b).
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Figure 8.9 (a) Transient absorption spectra recorded 0.8240s (©), 5.76-6.40us (@)
and 69.60-70.24us () after the laser pulse, by laser flash photolg$ia deoxygenated
hexanes solution d&7 containing 10 mM CHO. (b) Transient absorptioncszerecorded
0.32-0.96us (©), 9.12-9.92us (@) and 69.92-70.72s (¢) after the laser pulse, by laser
flash photolysis of a deoxygenated hexanes solwfdi’ containing 5.0 mM PrS. The

insets show transient decay traces recorded ab@8@50 nm and 440 nm.

There are at least two possible assignments foliotigelived transients observed at
the blue edge of the spectral window in the twoeekxpents. The first possibility is an
oligomerization product of either the digermenelta germylene-donor complex, while
the second (less likely) choice is the producttalcogen abstraction by GePIn order
to test for the first possibility, the following rtyol experiment was conducted.

The kinetics and thermodynamics of the reactiotraisient germylenes with THF
have been scrutinized in detail and are now wedivkm (Scheme 8.1, see Chapter 3 for
discussion):® To investigate the behaviour of the transientt 8m in this reaction, the
GePh-THF complex, tetraphenyldigermene and the longdiwransient were monitored

at 350 nm, 440 nm and 290 nm, respectively, at Toikcentrations spanning the range
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of 0.01 M to 0.20 M. It was found that the lifeBnof the complex is independent of the
substrate concentration (Fig 8.10b), while thensity of the digermene signal decreased
with increasing THF concentration (Fig 8.10c). Aseault, the growth portion of th®A

vs time plot recorded at 290 nm shortened and ezhehlower maximum absorbance

value (Fig 8.10a).

K4 ©
GePh, — thGe—OG
®
dumax = 500 NM OC' dmax = 350 NM
kdileZ
Ph,Ge=GePh, — oligomer
Amax = 440 nm Amax =290 nm
Scheme 8.1

The results of the experiment are consistent viiéhfollowing mechanism — as the
THF concentration is increased, there is an impunitthe THF that reacts with Gehy,
and with the 290 nm species as well. Similar befwawvas seen in the reaction of GePh
with CHO, PrS and THT (Fig. 8.11). Therefore theedps at <290 nm can only be
attributed to GePholigomerization products, and not to the productschalcogen

abstraction.
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Figure 8.1C. Transient decay traces recorded at (a) 290 nh85® nm, and (c) 440 nm
by laser flash photolysis of a hexanes solutiol30fn the presence of THF at various

concentrations at 2.

Figure 8.11.  (a) Transient absorption

spectra recorded 0.19-0.4S () and 6.34-

6.46 us (¢) after the laser pulse, by laser

flash photolysis of a deoxygenated hexane

solution of 37 containing 5.5 mM THT.

The inset shows transient decay traces

recorded at 280 nm, 350 nm and 440 nm.

8.3.Discussion
The results of this study are consistent with omeésa and thiiranes capturing
transient germylenes in a reversible fashion toegee the GeRCHO and GeRPrS
complexes; the complexes were detected in all frages. The complexes decay by

dimerization with the second order decay coeffitsdisted in Table 8.1. The spectra of

277



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

the germylene-donor complexes show no systematiatian with O- to S- substitution
on the substrate. THEG values for complexation span the range of -3.@ kcal mof
(Table 8.1). The formation of the GeRHO complex is 1.1 kcal mdlmore favourable
in the case of GeRlcompared to GeMe consistent with the higher Lewis acidity of
GePh compared to GeM€ We also found that the reaction of Geéemore favourable
with PrS by ca. 1 kcal mdlcompared to that with CHO, consistent with thetieé
binding energies of GeMavith non-reactive ethers and sulfides (Chapter 3).

The steady state photolysis experiments demongtratgropene is formed in 20%
yield upon the reaction of GeMwith PrS. This implies that GeMabstracts sulfur from
the thiirane with low efficiency. The expected pmotd of the germanethione
trimerization, (MeGeS), could not be detected by eithtd NMR spectroscopy or
GC/MS. Instead, at least eight products were dedeict small quantities, seven of which
contain more than one germanium atom. In both cases/idence could be found for the
formation of either germoxetane (or germathietandijpxagermacyclooctane (or
dithiagermacyclooctane), or the products of,@e=X insertion into the three-membered
ring. Analogous products have been observed byeCastd Barrali 1°* (see Section
1.4.3). No evidence of a reaction of GeRlith either CHO or PrS could be obtained.

Our results are consistent with the mechanism shiovdtheme 8.2, where the first
step of the reaction of GeRwith oxirane or thiirane is reversible formatioh an
acceptor-donor complex. In contrast to the reactiath silylenes, germylenes do not
abstract oxygen from CHO - this substrate reactsniranalogous fashion to THF. The

AG values for complexation of the two germyleneshWitiF are 0.1-0.5 kcal mdlmore
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favourable than those for complexation with CHOIsTthend is opposite to that found in
the analogous silylene-O-donor systems, althoughdifierences are small (see Chapter
7). Sulfur abstraction, on the other hand, is aampathway of the decomposition of the
GeMe-PrS complex, as evidenced by the steady-state olyse results.
Dimethylgermanethione was not detected as an istgiate by transient spectroscopy; its

fate is also unclear from the end product analysis.

x_] =s{ Me,Ge=S
R =Me :+\

minor

R,Ge ©

—————

RiGe=GeR; <= | GeRy| + x| =—
2

\—‘ oligomer

Scheme 8.2

8.4.Conclusions

The transient germylenes GeMand GePhireact with CHO and PrS reversibly to
form the corresponding Lewis acid-base complexesichv were detected and
characterized in all four cases by laser flash @lsis. Under the conditions of the
kinetic experiments, the complexes decay over s¢weicroseconds with second order
kinetics, to generate oligomerization products las major mode of decay. O- and S-
abstraction within the complexes is too slow todstected by laser flash photolysis.
Steady-state photolysis experiments indicate thaiialy occur in the case of GepAsith

PrS, albeit inefficiently.
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9. Chapter 9 — Summary and Contributions

In this thesis some fundamental reactions of teamssilylenes (SiMg SiPh,
SiTmp, and SiMeg and germylenes (GeMe GePh and GeMeg have been
investigated. The results demonstrate tatreactions presented here, whether sigma
bond insertions or chalcogen abstractions, prosgea@ two step mechanism beginning
with a formation of a Lewis acid-base complex. Depeg on the substrate, the second
step could be either unimolecular (Si-O insertiod ahalcogen abstraction reactions) or
catalytic (O-H and N-H insertions).

When the barrier for the second step is too highitféo proceed under ambient
experimental conditions the reaction stops at thraplexation step. This is the case for
the reactions of silylenes and germylenes with rethsulfides, tertiary amines and
phosphines (Chapter 3), and acyclic oligosilanedaffer 6). One of the major
contributions of this study is the classificatiohsilylenes and germylenes as borderline
soft Lewis acids, based on the correlation of dated binding enthalpies (G4) of the
MMe,-donor complexes with Drago’s E and C paraméteEsuilibrium constants
measured for the six silylene-EX and germylene-ED systems (MMg MPh, or MMes,
where M = Si or Ge) led to the first experimentabtablished trend in the Lewis
acidities of the silylenes and germylenes, such tth@ Lewis acidities decrease in the
order SiPh > SiMe, > GePh > GeMe > SiMes > GeMes. The free energies of
complexation of SiMesand GeMegwith a series of seven donors indicate that in all

cases, the silylene forms the more stable compitxangiven donor by ca. 1 kcal nol
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The investigation of the reactions of SiMend SiPh with alcohols (MeOL or t-
BuOL, L = H or D) led to the direct detection andatacterization of silylene-alcohol
complexes in hexane solutibnThe reactions were found to proceed via the initia
formation of a complex, which undergoes a protamgfer to form the corresponding O-
H insertion product. The complexes were detectedctly in all cases as short-lived
reactive intermediates, whose lifetimes are depande alcohol concentration. Isotopic
substitution of the O-H groups in the alcoholsabd the measurement of kinetic isotope
effects for both mechanistic steps. While D-forbstitution had no effect on the rate
constant for complexation, the second step wasfsigntly slowed, consistent with a
mechanism involving catalysis by a second moleofil@cohol to assist the H-migration
process. These results can be compared to theganaloeaction involving germylenes,
where both the GeRiMeOH and GeMgMeOH complexes could be detected in neat
methanol solutior’s indicating that the barrier for the catalytic Hgration is
significantly higher than in the silylene systems.

The N-H insertion reactions of transient silylenesth amines were also
investigated. The results indicate that the reaction proceedsnimnalogous fashion to
the O-H insertion reactions of silylenes with alclsh The rate constants for
complexation of SiMgand SiPhwith amines (n-BuNb| ELNH and EN) fall in the 16
— 2 x 10" M* s* range and decrease with increasing substitutiohenamine. The
catalytic rate constants are at least four ordémhagnitude slower than those for the

corresponding process in the silylene-alcohol syste
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Another contribution of this study stems from aailed investigation of the
reactions of silylenes with siloxanes and MeOTM&e Tesults indicate that the Si-O
insertion reaction proceeds via initial complexatfollowed by unimolecular [1,2] silyl
shift. Depending on the relative magnitude of th& rconstants, the observed effect on
the lifetimes of the silylenes and the silylene-olonomplexes is different in each case.
The experimental results are supplemented by kinsimulations, which provide
additional support for the two-step mechanism.

A significant body of work presented in this thefsisused on O- and S- abstraction
reactions by silylenes and germylenes with oxiraaed thiiranes. In all cases, the
reaction begins with complexation, followed by dugen abstraction within the
complex. In the SiMgand SiPk-oxirane and —thiirane systems, the chalcogen atigin
process proceeds in ca. 50% yiglghile the GeMgPrS system yields propene in ca.
30% vyield. Introduction of steric bulk on the silit in the SiMes destabilises the
complexes with oxiranes, rendering the rate comstior complexation indeterminable
due to unfavourable equilibrium. Attempts to trdpe tMesSi=O with MeOH in the
reaction of SiMes with CHO resulted instead in the formation of campd 99,
consistent with the trapping of the intermediatgrsbne-CHO complex with MeOH.
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10. Chapter 10 — Future Work

The knowledge of the reactions of tetrellyleneshvakiranes and thiiranes can be
expanded quite substantially by exploring substitwdfects either on the tetrel center or
the substrate. One species of interest is bis({@yttlylphenyl)silylenel 11, the proposed
photochemical precursor of which 10 (eq. 10.1). In the reactions of SiMewith
thiiranes, the identification of transient speciesned along the reaction pathway was
not possible; one hypothesis is that the ortho-ghegitoups interact with the Si=S
moiety. Therefore the effect of only one ortho-nyétiroup on the aryl ring is of interest,

and may allow the identification of the new transim the SiMesPrS system.

E ~-TMS

hv 2
Si. E—— Si: + Si,Me
gj} ™S :/< 2o (10.1)
110 111

Our group has already started to examine the mrectf SiMe and SiPh with
various oxiranes such as cis- and trans-2-butendepx-vinyloxirane, 2-methyl-2-
vinyloxirane, 1,2-epoxy-5-hexene, and 2,2-dimetkiyeme, with the goals of obtaining
experimental evidence for the biradical mechanianthe oxygen abstraction reaction.
Determination of equilibrium constants for the tlges-sterically hindered silylenes is not
possible. However, SiMess expected to react with these series of oxiravids small,
measurable equilibrium constants (see Chapter Aighawill allow the substituent effect

on the reaction thermodynamics to be explored.
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Figure 1C.1. Transient absorption spectra from laser flashtgisis of a hexane solution
of 36 containing (a) 2.0 mM 2-vinyloxirane, and (b) 41fM 2-methyl-2-vinyloxirane,
recorded 0.03-0.1@Qus (0), and 6.99-7.07s (o) after the laser pulse; the insets show

transient decay profiles recorded at 300 nm.

The transient germylenes GeMand GePhwere shown to be unreactive toward
CHO under the conditions of our experiments (Chrage Preliminary experiments
employing GeMeg with 2-vinyloxirane and 2-methyl-2-vinyloxirane ditate that the
vinyl group on the oxirane induces further reactdmhe initially formed complexes. The
transient absorption spectra shown in Fig. 10.1 atetmate that the lifetimes of the
GeMe-2-vinyloxirane and GeMe2-methyl-2-vinyloxirane complexes are significgntl
shorter than the corresponding GeNreO and GeMgCHO complexes, and that the
formation of GeMe, is suppressed. A reasonable expectation basetieoartalogous
silylene reactions is the formation of germaoxethh2 (eq. 10.2), the activation barrier

for the formation of which may be lowered by thawigroup.
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X

O hv O O\ .
GeMe, + L2 _~ | — 0—GeMe,

GeMe,

?7? 0

Mezeék (10.2)

112

While dimethylsulfoxide (DMSO) was reported to bereactive toward SiMeat
cryogenic temperaturésit is readily reduced to dimethylsulfide (DMS) ISiMe; in
solution at room temperature to afford productssesient with the formation of M8i=0
as the primary produét’ The authors suggested the O-transfer to occutheiailylene-
sulfoxide Lewis acid-base complex (eq. 1G.3Jompetition experiments with other
dialkyl sulfoxides established a variation in relatrate constant spanning roughly a
factor of 13, decreasing in the order tetrahydogihene oxide > ESO > MeSO > i-

PLSO > t-BuSO?3

O
SiMe, + b e —> [Me,Si=0 ]
S - SMe,

(10.3)

We attempted to detect the intermediates alongp#tk of the reaction of SiPh
with dibutylsulfoxide (DBSF); the preliminary date shown in Fig. 10.2. The rate
constant for the reaction of SiPhith DBSF was found to bie = (8.3+ 0.5)x 10° M™ s
! from the plot of Fig. 10.2a. Transient absorptapectra show the presence of a new
short-lived transient, the spectral characteristfcahich do not resemble those of typical
SiPh-O-donor complexes. In order to gain mechanistgigimt into the O-abstraction
from sulfoxides, these studies need to be extetaledose by SiMgand SiMes. As a
general interest of our group, analogous reactimngermylenes would be a desirable

extension of this work.
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Figure 102. (a) A plot ofkjecay VS [DBSF] for the reaction of SiRwith DBSF; (b)
Transient absorption spectra of a deoxygenatednesxaolution o#4a containing 4.8
mM DBSF; (c) Transient absorption spectra of a ggexated hexanes solution #fa

containing 10 mM DBSF. The insets show transiectagidrances recorded at 320 nm.

A relatively unexplored sigma-bond insertion reactby transient silylenes is that
into the S-H bonds of thiols. In contrast to thdepb reactivity of transient silylenes
toward O-H insertions, photochemically generateblesievidently fails to react with
alkanethiols in diethyl eth&ror hexan@ solution. However, thiols can be expected to
complex with silylenes at least as strongly aslat®and are stronger Bronsted acids as
well; theory predicts that (unimolecular) S-H irtg@r within the SiH-H,S complex
should be more facile than the corresponding psooethe SiH-H,O complex, with the
overall activation barrier of only 5 kcal mbf On the other hand, SiMeoes react via S-
H insertion with trialkoxysilanethiols at ambiemimperatures in solutichand Driess'’s
stable N-heterocyclic silylen&l2 reportedly reacts smoothly with,8l to generate the
isolable silathioformamide derivativél3 (eq. 10.4f A long-term goal of our group

would be to investigate the S-H insertion reactibpdransient silylenes and answer the
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following questions: do simple alkanethiols reaathwiransient silylenes in solution?
How fast are these reactions? Can the intermediataplexes be detected and
characterized? Does the insertion reaction occimydrocarbon solvents? How do these

reactions compare to the analogous O-H and N-Htinsereactions by silylenes?

R R

N\SI . HZS CN\S,H

S S 104
WP (10.4)

R R

112 | R =2,6-Pr,CeHs | 113

Trimethylsilyl substitution at silylene is a dedita future direction in our group.
Initial studies focused on the reactivity of SiPKIS) in hexane soluticrshowed that the
study of this silylene is difficult because thedewavelength absorption band is too weak
to be detected in solution, while the short-wavgthrband overlaps with absorptions due
to other transients. However, the more stericalliky silylene SiMes(TMS), has been
shown to exhibit absorption bands at 368 nm andr#i#6 ™ in 3-methylpentane matrix
at 77-78 K. While the band at 776 nm is too fathi blue to be detectable by our system,
the band at 368 nm is in an advantageous specarager to allow kinetic and

thermodynamic studies to be performed.
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11.Chapter 11 — Experimental
11.1. General

'H and *C NMR spectra were recorded on Bruker AV200, AVEI0AV600
spectrometers in deuterated chloroform or cyclohexk, and were referenced to the
residual solvent proton artdC signals, respectively, whif€Si spectra were recorded on
either the AV500 or AV600 using the HMBC pulse sege and were referenced to an
external solution of tetramethylsilane or (intejrizik(trimethylsilyl)methane®{Si 5 0.16,
'H 3 -0.27 (s, 2H), 0.028 (s, 18H)). Gas chromatographgs spectrometry (GC/MS)
analyses were carried out on a Varian Saturn 220(MS/MS system equipped with a
VE-5 ms capillary column (30 m# 0.25 mm; 0.25um; Varian, Inc.). High-resolution
electron impact mass spectra and exact massesietmenined on a Micromass TofSpec
2E mass spectrometer using electron impact ioozdf5 eV).

Dodecamethylcyclohexasiland3X Sigma-Aldrich) was dried under high vacuum
before use. 1,1,3,3-Tetramethyl-2,2-diphenyl-1{fig3lacyclohexane 448 and 2,2-
diphenyl-1,1,1,3,3,3-hexamethyltrisilan@0f were synthesized as reported previodgly.
They were purified by column chromatography oncailgel with hexanes as eluant,
followed by recrystallization from methanol (m.p.56.4-50.8°C (44d), m.p.=16 °C
(60)) . The purities of the compounds were determimg@&C/MS analysis antH NMR
spectroscopy and found to be >97% pure in each case

Hexamethylcyclotrisiloxane () and octamethylcyclotetrasiloxane 4D were
purchased from Sigma-Aldrich,svas recrystallized from hexanes and dried undét mi

vacuum prior to use. Pwas distilled by simple distillation. Propylenalfgle (PrS),
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cyclohexene sulfide (CHS, ~85%) and tetrahydrotheoyeh(THT, 99%) were obtained
from Sigma-Aldrich and purified by bulb to bulb dligtion from anhydrous sodium
sulfate®> Cyclohexene oxide (CHO) and propylene oxide (Pw®ye purchased from
Sigma-Aldrich and purified by distillation from CaH n-Butylamine (nBuNb),
diethylamine (EMNH, >99.5%), and triethylamine (84, > 99%) (Sigma-Aldrich) were
refluxed over solid NaOH for 12 h and distilled enadhitrogen. Triethylphosphine @&,
99% Sigma-Aldrich) was distilled under argon prioruse, while tricyclohexylphosphine
(CysP, 294% Sigma-Aldrich) was recrystallized from hexaa#; manipulations of the
phosphines were carried out in a glovebox underyaadgon atmosphere, purity was
checked by'P NMR spectroscopy. Methanol (MeOH, Sigma-Aldriaigs refluxed over
sodium and distilled. Bis(trimethylsilyl)methaneid®a-Aldrich) was refluxed for 24 h
over CaH and distilled.

Dichlorodiphenylsilane (Gelest), 30% Lithium disgpien in mineral oil (Sigma-
Aldrich), and elemental sulfur (Cerac) were usedtheaut further purification.
Tetrahydrofuran (THF, Caledon Reagent) was reflugedr calcium hydride for two
hours, distilled into a flask containing sodium aefluxed further for several days, and
then finally distilled under nitrogen. Hexanes (BEMDmniSolv) and EO (Caledon
Reagent) were dried by passage through activatedih under nitrogen using a Solv-
Tek solvent purification system (Solv-Tek, Inc). dhexane (Caledon Reagent) was

refluxed over sodium for several days and distillachediately prior to use.
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Figure 11.1 ORTEP drawing and labeling
scheme of65a. Thermal ellipsoids are
drawn at 30% probability level. Hydrogen

atoms are omitted for clarity.

11.2. Crystallographic data for trisilanes

Single crystals of 2,2-diphenyl-1,1,3,3-tetramethy, 3-trisilacycloheptane65a)
suitable for crystallography were obtained by retallization from methanol at -22 °C
for a period of one week. Compoui8a crystallizes in the monoclinic space group
P2/c; the ORTEP diagram is shown in Fig. 11.1. Thenblnéng SiMe units are linked
by a tetramethylene chain, resulting in a seven-bezed carbosilane ring with a chair
conformation. The two phenyl rings attached to &iBibit a 56° twist relative to each
other.

Single crystals ofi4a suitable for crystallography were obtained by $joeooling
a saturated methanol solution from room temperatore78 °C {PrOH / solid CQ).
Compound44a crystallizes in the tetragonal space group/mPdith the six-membered
carbosilane ring adopting a chair conformation.e Téduction in ring size compared to
65aintroduces greater ring strain which is evidenalneduced SiSiSi angle of 101°. As
a result, the steric hindrance of the methyl stistits (C4-C7) on the phenyl rings is

relieved. The crystal structure displays two pheimgs twisted roughly orthogonal to
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Figure 11.2 ORTEP drawing and
labeling scheme aof4a. Thermal ellipsoids
are drawn at 30% probability leve

Hydrogen atoms are omitted for clarity.

each other. The ring in the equatorial positioovehdisorder in the thermal motion as it
is less sterically constrained than the ring inakial position (Fig. 11.2).

Single crystals 065a suitable for X-ray crystallographic analysis wet#ained by
recrystallization from methanol at -22 °C over aige of two weeks. Figure 11.3 shows
the ORTEP drawings (molecules 1 and 2) of thelansi. Compouné5a crystallizes in
the triclinic space grouT with two unique molecules in the asymmetric unithe
shortest intermolecular distance is between twg @tdups (234 pm). Crystal data and

structure refinement for the three trisilanes ammarized in Table 11.1.

293



Ph.D. Thesis — S. S. Kostina; McMaster Universitghemistry and Chemical Biology

Figure 11.3 ORTEP drawing and labeling
scheme fo65a(molecule 1 — top, molecule
2 — bottom) Thermal ellipsoids are drawn
at 30% probability level. Hydrogen atoms

are omitted for clarity.

Table 11.1 Crystal data and structure refinement for trisésd4a 60 and65a

65a 44a 60
Empirical formula Go Hso Sis Cio Hog Sis Cis Has Sis
FW, g/mol 354.71 340.68 328.67
Temp, K 173(2) 173(2) 173(2)
Wavelength, A 0.71073 0.71073 0.71073
Cryst. syst. Monoclinic Tetragonal Triclinic
Space group Rz P4/n F1
Unit cell dimens.
a(h) 16.156(4) 19.263(3) 9.0570(10)
b (A) 8.316(2) 19.263 9.8744(11)
c(A) 17.347(5) 11.2057(18) 26.075(3)
a 90° 90° 91.233(2)°
B 115.522(5)° 90° 92.179(2)°
% 90° 90° 114.698(2)°
Z 4 8 4
Volume, & 2103.3(10) 4157.8(9) 2115.3(4)
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Density (calc), Mg/m 1.120 1.088 1.032
Absorption coef., mih 0.224 0.224 0.218
F(000) 768 1472 712
Crystal size, mrh 0.40x 0.20x%0.03 0.50x 0.35% 0.03 0.42x< 0.22x 0.04
0 range for data collection 2.52 to 28.30°. 1.508019°. 2.27 to 25.00°.
-21<h<9 -25<h<25 -10<h<10
Index ranges -10<k<11 -25<k<25 -11<k<5
-21<1<23 -8<1<15 -30<I<30
Reflections collected 26179 54736 19542
Independent reflections 51%4.10[9Ré|1n]t) - 524:)91[1Ré;?[1]t) - 72%70[5R g}t) -
Completeness to = 28.30° 99.4 % 99.6 % 97.9 %
Absorption correction None None None
Max. and min. transmission  0.9933 and 0.9157 0.28%130.8961 0.9913 and 0.9139

Refinement method

Full-matrix least-
squares on¥

Full-matrix least-
squares on¥

Full-matrix least-
squares on¥

Data / restraints / param. 5194 /0/ 328 5240296 7297 /0/603
Goodness-of-fit on £ 0.983 1.016 0.987
) L R1 =0.0538 R1 = 0.0530 R1 =0.0483
Final R indices [1>2(1)] WR2 = 0.1143 WR2 = 0.1117 WR2 = 0.0958
R indices (all data) R1 =0.1056 R1=0.1136 R1 =0.0959
wR2 =0.1361 wR2 =0.1346 wR2 =0.1160

Largest diff. peak and hole
e A®

0.507 and -0.341

0.326 and -0.255

0.341 and -0.223

11.3.

Laser flash photolysis

Laser flash photolysis experiments were carried ovsing a Lambda Physik

Compex 120 excimer laser filled with @/lkr/Ne mixture (excitation wavelength - 248
nm, 25 ns, 90-120 mJ/pulse) and a Luzchem ReseakétP-111 laser flash photolysis
system. The solutions were prepared in deoxygdretbydrous hexanes such that the
absorbance at the excitation wavelength (248 nm3 between 0.7 and 0.9. The
solutions were flowed rapidly through ax77 mm Suprasil flow cell connected to a

calibrated 100 mL or 250 mL reservoir, which conéal a glass frit to allow bubbling of

argon gas through the solution for 40 min prioatw throughout the experiment. The
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flow cell was connected to a Masterfléx77390 peristaltic pump fitted with Teflon
tubing (Cole-Parmer Instrument Co.) which draws #odution through the cell at a
constant rate of 2-2.5mL/min. Solutions of sulieBaof known concentrations were
added directly to the reservoir using glass sysng&he EfP and CyP stock solutions
were prepared in a glovebox in volumetric flaskansferred to a 25 mL Schlenk bomb,
and attached to a Schlenk line under a dry Ar apine%. The stopcock on the bomb was
replaced with a rubber septum, and the solutiontivas withdrawn using a 1 or 2.5 mL
gastight syringe, which was inserted through th@wse on the reservoir containing the
precursor solution to allow the addition of the ids$ amounts of the substrate to the
reservoir solution. The syringe was left attachedhe reservoir until the end of the
experiment to avoid contact with air and moisture.

Transient absorbance-time profiles were recordedsigyal averaging of data
obtained from 10-40 individual laser shots. Ratestants were calculated by linear least-
squares analysis of decay rate constant-concemtrdéita. Errors in the rate constants are
guoted as twice the standard deviation from thealineast squares analyses (unless noted
otherwise), which were carried out using the Prisid software package (GraphPad
Software, Inc).

11.4. Steady-state photolysis

In a typical steady-state photolysis experimermsplation of non-volatile reagents in 1
mL CgD;2 was placed in a quartz NMR tube, sealed with d&eulseptum and degassed
with dry argon for 5 min. Volatile reagents wehen added as the neat liquids using a

glass syringe. The solution was then photolyzed iRayonet photochemical reactor
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(Southern New England Ultraviolet Co.) equippedhwitvo RPP-2537 lamps and a
merry-go-round apparatus, monitored periodicallfi$yNMR spectroscopy and GC/MS.
The products were identified based on the followapgctroscopic data:

Ph,Si(OMe)SH (96):

MS m/iz M* 246.0527 (15), 213.0500 (100), 183.0495 (60), 0434 (8), 136.9829 (3),
105.0132 (2), 77.0351 (1)

13C (3 in CsD12) (obtained from HSQC and HMBC data): 50, 134.&, 1181, 128.5

'H (3 in CsD12): 7.25 (multiplet, 6H, m,p-Ph), 7.63 (dt, 4H, 0)P8.59 (s, 3H, MeO), no
SH

295j (3 in CgD1o): -4.7

Diphenylsilanol (84)*

'H NMR & 7.57 (d,3J = 7.38 Hz, 4H), 5.47 (s, 1H), (the expected 6Htiplat at ca. 7.2
ppm is obscured by the resonances du).to

Tetraphenyldisiloxane (85)*°

'H NMR, 8 7.47 (d,2J = 7.56 Hz, 8H), 7.20 (m, 12H), 5.58 (s, 2H)

29Si NMR 8 -19.2 {Jsi = 219.6 Hz).

N,N-diethyl-1,1-diphenylsilanamine (83

'H NMR, & 7.53 (d,3J = 7.44 Hz, 4H), 7.25 (m, 6H), 5.30 (s, 1H), 2(§44H,%] = 7.0),
0.67 (t, 6H2J = 7.0),

29Si NMR 8 -14.0 {Jsii = 205 Hz).

Methoxydiphenylsilane (71)*

'H NMR, 8 7.54 (ddJ = 1.38%) = 7.86), 7.25 (m, 6H), 5.36 (s, 1H), 3.52 (s,,3H)

29Si NMR 8 -9.7 (Jsi.y= 212 Hz).
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11.5. Synthesis
11.5.1. (Ph,SiS) and (PhSiS)

1,1,3,3-Tetraphenylcyclodisilthiane (FHS), 94) was prepared via a reported
proceduré and purified by column chromatography on silich &e silica column was
packed using dichloromethane as eluent, which waduglly changed to ethyl acetate
(Rf = 0.7 in ethyl acetate) throughout the courseéhe purification, the solvent was
removed under vacuum to afford a white powder (m.f63-165°C; lit’= 163-165°C).
The'H NMR (5 in CDCh, 7.79 (m, 4H), 7.48 (m, 2H), 7.43 (m, 4H)) &i8i NMR @ in
CDCls, -3.7) spectra were consistent with those preljoeported.”®

Compound (P}8iS) was prepared by a modification of the reported edoces™
Li,S was prepared by treating lithium (0.94 g of a 30&persion in mineral oil; 60
mmol) with elemental sulfur (0.768 g, 30 mmol) imydTHF (10 mL) under M
Refluxing for 12 hrs vyielded a black solution with yellow layer on top.
Dichlorodiphenylsilane (6.1 mL, 29 mmol) was addedHF (5 mL) through an addition
funnel over 30 min at“C. A tan suspension was formed after the additiam eomplete.
THF was removed under vacuum and replaced with kanyzene, and the resulting
precipitated lithium salts were filtered by gravitigration to afford a brown filtrate. The
solvent was removed under vacuum to afford a stiokywn solid, which was re-
dissolved in 6:1 hexane:benzene to afford a yelkwmhution containing a brown solid
suspension. The solution was filtered again t@ioba yellow filtrate, and hexane was
then added dropwise until a crystalline precipitaigpeared. The precipitate was

collected by gravity filtration to yield the desir@roduct as light yellow crystals (2 g, 9.7
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mmol, 32%, m.p. = 182-18%, lit° = 183-184°C). The’H NMR (3 in CDCk, 7.52 (m,
4H), 7.32 (m, 2H), 7.20 (m, 4H)) afAtBi NMR @ in CDCL, 4.3) spectra were consistent
with those previously reporté&d.

11.5.2. (Me,GeS})

Compound (MegGeS) was prepared by a similar procedure to that desdrabove
for the preparation of (BBiS). Tetrahydrofuran (THF) was distilled from LiAIH
immediately prior to use. To a dark brown solutainfreshly prepared L5 (5.8 mmoaol,
0.267 g) in THF (ca. 3 mL) was added a solutioMe$GeC} (5.8 mmol, 1.01 g) in THF
(2.5 mL) dropwise via a plastic syringe. The rasgltmixture was dark brown with no
visible change throughout 4 days of stirring atmotemperature. The solvent was
removed under high vacuum and 10 mL of benzene adtied to yield a brown
suspension which was filtered by gravity filtratiohn additional 15-20 mL of hexane
was added to the benzene solution, and the mixta filtered. Evaporation of the
solvent yielded the crude product as a green dilO(@, 64 % vyield). Further purification
was carried out by vacuum distillation to a afforellow oil (b.p. = 83-84°C, 0.05
mmHg) which solidified at room temperature. Theduat was identified on the basic of
its 'H NMR (3 in CDCk, 0.98 (s)) and GC/MS spectfhAlthough the'H NMR spectra
of the product demonstrated some impurities in shenple, further purification by
column chromatography was not carried out because fést of the distilled material

showed decomposition of the product on the TLCeplat
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