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Abstract

Dimethylgermylene (GeMe,) has been generated by laser flash photolysis of 1,1-
dimethyl-3-phenylgermacyclopent-3-ene (23) and 1,1,3-trimethyl-4-
phenylgermacyclopent-3-ene (24) in hexanes at 25°C and its absorption maximum (Amax)
has been unambiguously established to be 470 nm. GeMe, decays with second-order
kinetics under these conditions (2k/e = (10 = 2) x 107 cm s™) to give GeaMes (Amax = 370
nm). Kinetic studies of the reactions of GeMe, and Ge,Me, with typical
germylene/digermene scavengers such as 1,3-dienes, olefins, alkynes, alkyl halides, group

14 metal hydrides, carboxylic acids, and amines have been carried out.

GeMe; reacts reversibly with MeOH, t-BuOH and THF to form Lewis acid-base
complexes which exhibit relatively strong absorption bands that are blue-shifted with
respect to GeMe, (Amax ~ 295-310 nm). The decay of the Me,Ge-MeOH complex 1is
accelerated in the presence of a Brensted acid (acetic acid or methanesulfonic acid) or
base (MeONa). The reactions of the Me,Ge-THF complex with sodium methoxide,
methanesulfonic acid, 4,4-dimethyl-1-pentene, 2,3-dimethyl-1-butadiene, acetic acid and

CCl, have also been studied in THF.

The photochemistry of two well-known precursors to GeMe;, namely
dodecamethylcyclohexagermane (14) and dimethylphenyl(trimethylsilyl)germane (18)

was reinvestigated. Laser flash photolysis of 14 in hexanes led to the formation of two
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transients, one with A, = 490 nm (7 < 10 ns) and the second with Ay.x = 470 nm. The
latter decays with second-order kinetics with concomitant formation of a new transient
with Apax = 370 nm. The transient at 470 nm is assigned to GeMe, and that at 370 nm to
Ge;Mey, based on comparisons to the results obtained from laser flash photolysis of 23
and 24. Laser flash photolysis of 18 in hexane gives rise to two absorption bands
centered at Amax = 300 nm and Amax = 430 nm, which are assigned to the
dimethylphenylgermyl radical and the conjugated germene derivative 38, respectively.

GeMe,; cannot be detected in laser flash photolysis experiments with this compound.
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residual absorption intensity (AAres4som) at 480 ml; (b) Plot
of (AA0,480nm / A1Ares,480nm) Versus [MEOH]

Figure 4.7 (a) Effects of added MeOH on the transient decay profiles 181
recorded at 370 nm by laser flash photolysis of 23 in
deoxygenated hexane; (b) Plot of ratio of the absorption

maximum [(AA370)o,max / AA370)Q,max] Versus [MeOH].

Figure 4.8 Transient absorption spectra recorded by laser photolysis of 183
23 (7 x 10° M) at 25 °C in deoxygenated hexane containing
54 mM MeOH (a) 0.14-0.21 ps (O), 9.46-9.97 us (A) and
136-142 ps () after the laser pulse. The inset shows the
transient decay profiles recorded at 295 nm, 370 nm and 430
nm in the presence of 54 mM MeOH; (b) The transient decay
profile recorded at 295 nm.

Figure 4.9 Effects of added t-BuOH on the: (a) transient decay profiles 185
recorded at 480 nm; (b) Transient growth profiles recorded at
370 nm; (c) Ratio AAgma/AAgmax Of the transient profiles
recorded at 480 nm; (d) Ratio of the maximum absorption,

(AA370)0.max/(AA370)Q.max, 3t 370 nm recorded in the absence
and presence of t-BuOH.
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Figure 4.10 Transient absorption spectra recorded by laser flash photolysis 186
of 23 in 8.2 mM t-BuOH in deoxygenated hexane at 0.14-0.21
us (0O) and 8.42-8.53 us (A) after the laser pulse. Also shown
the transient absorption spectrum of 23 recorded in
deoxygenated hexane at 0.13-0.18 pus (0) after the laser pulse.
The inset shows growth/decay transient profiles monitored at
300 nm, 370 nm and 480 nm.

Figure 5.1 Transient absorption spectra recorded by laser flash photolysis 202

of 23 in deoxygenated methanol, 0.19-0.32 ps (O) and 4.51-
5.44 ps (o) after the laser pulse. The transient absorption
spectrum recorded for 23 in deoxygenated hexane containing
54 mM MeOH (0.16-0.22 ps (A) after the laser pulse) is also
shown for comparison. The inset shows transient decay
profile recorded at 300 nm. The solid line represents the non-
linear least-squares fit of the data to a single-exponential
decay, according to eq (2.4) (kdecay = (2.60 £ 0.08) x 10°s1; R?
=0.9781).

Figure 5.2 Effects of added (a) MeSOs;H and (b) AcOH on the pseudo- 204
first-order decay rate constants of the Me,Ge-MeOH complex,
monitored at 295 nm, in deoxygenated methanol at 25 °C.

The solid lines are the best linear least-squares fit of the data
to eq (2.17).

Figure 5.3 (a) Effects of added MeONa on the transient decay profiles of 206
Me,Ge-MeOH monitored at 295 nm by laser flash photolysis
of 23 in deoxygenated methanol at 25 °C; (b) Plots of kgecay vs.
[MeONa] for the Me,Ge-MeOH complex monitored at 295
nm. The solid line represents the linear least-squares fit to eq
(2.17).

Figure 5.4 'H NMR spectra (600 MHz) of the crude photolysis mixture 212
of 23 (0.025 M) and AcOH (0.04 M) in deoxygenated THF-
ds: (a) before photolysis, and (b) after 40 % conversion of 23.
The insets are expansions of the Ge-H and Ge(CHs), peaks
due to the major product 34.

Figure 5.5 Concentration vs. time plots for GeMe; precursor 23, diene 28 213
and insertion product 34 as a function of photolysis time, from
irradiation of a mixture of 23 (0.025 M) and AcOH (0.04 M)
in THF-ds. Hexamethyldisilane was used as integration
standard. The slopes (x 10%) are: (o; -2.08 + 0.04) for 23; (0;
1.83 £ 0.03) for 34 and (e; 2.07 £ 0.03) for 28.

X1X
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Figure 5.6 (a) 'H NMR (600 MHz) spectrum of crude photolysis mixture 215
recorded after 60 % conversion of irradiation of 23 in the
presence of MeSOsH, and (b) 'H NMR (600 MHz) spectrum
of starting mixture (0.035 M of 23, and 0.09 M MeSO;H in
THF-ds) at t = 0 min. Hexamethyldisilane was used as an
integration standard.

Figure 5.7 Expanded 'H NMR spectra (600 MHz) of photolysis mixture 216
of 23 (0.035 M) and MeSO;H (0.09 M) in THF-ds before
irradiation and after 60 % conversion.

Figure 5.8 Plot of concentration for GeMe, precursor 23 (O), diene 28 217
(0) and insertion product 44 (e, A) as a function of photolysis
time of a mixture of 23 (0.035 M) and MeSOsH (0.09 M) in
deoxygenated THF-ds. Slopes (x 10°) are: (23; -2.20 + 0.01);
(28; +2.27 £+ 0.05); (44; +0.96 £ 0.03).

Figure 5.9 Transient absorption spectra recorded by laser flash photolysis 218
of 23 (ca. 70 pM) in THF at 0.16 — 0.29 ps (o) and 2.75 —
2.98 us (O) after the laser pulse. The inset shows transient
decay/growth profiles at monitoring wavelengths 310 nm and
370 nm.

Figure 5.10 (a) Effects of added MeSOsH on the transient decay profiles 219
recorded at 310 nm by laser flash photolysis of 23 in
deoxygenated THF; (b) Plots of kgecay vs. [MeSOs;H]. The
solid line represents the linear least-squares fit of the data to
eq (2.17).

Figure 5.11 Plots of iy vs. [AcOL] for quenching of the Me2Ge-THF 221
complex by AcOH (O) and AcOD (o) in THF at 25 °C. The
solid lines are the linear least squares fits of the data to eq
(2.17). The slopes are: kacon = (1.3 £ 0.1) x 10’ M's! and
kacon= (4.6 £0.4)x 10° M 's™".

Figure 5.12 Effects of added MeONa (as a 0.1 M solution in MeOH) on 224
the transient decay profiles recorded at 310 nm, from laser
flash photolysis of 23 in deoxygenated THF at 310 nm; (b)
Plots of kgecay versus [MeONa}; the solid line represents the
linear least-squares fit of the data to eq (2.17).

Figure 5.13 (a) Effects of added CCls; on the transient decay profiles 225
recorded at 310 nm; (b) Plots of kgecay versus [CCls] for the
reactions of Me,Ge-THF complex with CCl, in THF.
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Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5
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Effects of oxygen on the transient decay profiles recorded at
310 nm by laser flash photolysis of 23 in THF. The solid line
represents the non-linear best fit line to eq (2.4), affording
Kaecay = (1.56 £ 0.04) x 10° s (R* = 0.9857).

(a) Effects of added AcOH on the decay profiles of Ge;Mey,
monitored at 370 nm. The solid lines represent the non-linear
least-squares fits of the data to a single-phase exponential
decay, according to e€q (2.4). kgecay = ko + ko[Ge:Mes]; (b)
Plot of kgecay Versus [AcOH]. The solid line is the linear least-
squares fit to eq (2.17).

(a) Effects of added n-BuNH, on transient decay profiles
recorded at 370 nm, by laser flash photolysis of 23 in
deoxygenated anhydrous hexane. The solid lines represent the
non-linear least-squares fits of the data to single-phase
exponential decays, according to eq (2.4); (b) Plot of kyecay
versus [n-BuNH;], according to eq (2.17).

(a) Effects of added CCly on the growth/decay profiles
recorded at 370 nm; (b) Plots of kgeay versus [CCly],
monitored at 370 nm. The solid line represents the linear
least-squares fit of the data to eq (2.17).

Plots of kgecay vs. [O2], monitored at 370 nm. The solid line
represents the linear least-squares fit to eq (2.17).

Transient decay profiles recorded at 370 nm by laser flash
photolysis of 26 in deoxygenated hexane containing (a) 0.52
mM DMB; (b) 0.49 mM TBE; (c) 1.30 mM isoprene and (d)
1.73 mM DMP. The solid lines represent the non-linear least-
squares fits of the data to a single-phase exponential decay,
according to eq (2.4). The inserts shows the residuals
obtained after fitting the data.
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238
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CHAPTER 1

1.1 Group 14 reactive intermediates

The study of reactive intermediates of group 14 elements (MR,: M = C, Si, Ge,

Sn), for example radicals (R3sMo), cations (R3M"), anions (R3M"), divalent compounds
(Ro;M3?), etc. is of central importance to contemporary mechanistic, synthetic and

theoretical chemistry. Organic reactive intermediates have been extensively explored
because of their major roles in organic chemical reactions. To date, several fascinating
trends have been established for reactive intermediates of group 14 elements, and some
of the reactivities once considered specific to organic reactive intermediates are also
exhibited by members down the group. In the past years, advancements in synthetic
methodologies, spectroscopic tools and computational methods have significantly
increased our understanding of the chemistry of group 14 reactive intermediate chemistry

and new developments continue to emerge.

1.2 Divalent group 14 compounds and their dimers

Divalent group 14 compounds include carbenes, silylenes, germylenes, stannylenes
and plumbylenes. They are neutral species in which the di-coordinate atom possesses
only six valence electrons. Unless kinetically or thermodynamically stabilized by the
substituents on the central atom, these divalent compounds readily dimerize to form the
corresponding M=M doubly-bonded dimers." While alkenes adopt a planar geometry

around the carbon atom, the heavier analogues typically have a trans-bent geometry.”
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The common nomenclature of the divalent group 14 compounds and their dimers is

shown in Figure 1.1.

N A AN AN

/C. /SI. /Ge. /Sn.
carbene silylene -  germylene stannylene
\ _ / — .,\\ — /n\\ - .4\‘
/C—C\ ,S_sl—sl- ,S,Ge—Ge ,S,Sn—Sn
alkene disilene digermene distannene

Figure 1.1. Common nomenclature for divalent group 14 compounds and their dimers.

Their study has been significantly furthered by the use of experimental methods
such as time-resolved UV-Vis and IR spectroscopy, Electron Paramagnetic Resonance
(EPR) spectroscopy, Chemically Induced Dynamic Nuclear Polarization (CIDNP), X-
Ray crystallography, etc., which has helped shed new light on the understanding of their
structural, electronic and chemical properties. Moreover, powerful computational
methods have been used to predict several features of these reactive intermediates such

as their energies, UV-Vis spectra, and the mechanisms of their reactions.

The chemistry of the divalent group 14 compounds and their dimers has
experienced a profound revolution with the development of a number of stable

derivatives.*”

They are greatly stabilized by the presence of bulky and/or o- or n-donor
substituents. A few examples of stable singlet carbenes, silylenes and germylenes are

given in Figure 1.2.
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R Me3Si,  siMe,
[N> = (PriN. < MesSC M :
Niq N(iPr), (Me3Si)HC Megsi SMes
R = alkyl, aryl R = SiMe;, CF3, aryl M = Si or Ge M = Si or Ge
(Arduengo)8 (Bertrand)3 (Lappert)9 (Kira) 10,11

Figure 1.2. Examples of stable singlet divalent group 14 compounds.

The growing knowledge about the chemistry of divalent group 14 reactive
intermediates has raised interest in their potential industrial applications. For example,
currently, carbenes are being used as catalysts for the polymerization of alkenes or as
ligands in transition metal complexes catalysts.'>"? The intermediacy of silylene (SiH,)
and germylene (GeH;) has been invoked in the low or high temperature chemical vapor
deposition (CVD) of silicon and germanium hydrides in semiconductor manufacturing
processes.'*'> Digermenes, like alkenes, serve as excellent starting materials for the
synthesis of more elaborate organogermanium compounds.*'®!” In recent years, there
has been a growing interest in understanding the chemistry of molecular disilenes and
digermenes, as models for the bonding on Si and Ge semiconductor surfaces.*?° It has
been found that the Si=Si or Ge=Ge dimers on the Si(100) or Ge(100) — 2x1 dimer
surfaces are highly prone to cycloaddition reactions with unsaturated organic molecules,
and this feature has been exploited for the manufacture of ordered organic monolayers on
these surfaces.”! It is clear that an understanding of t—he physical and chemical properties

of these divalent compounds and their dimers is of fundamental importance in order to

further exploit, improve and expand their applications.
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1.2.1 Electronic structure of divalent group 14 compounds

The central atom in a divalent group 14 compound is connected to two substituents
by covalent bonds and possesses a pair of non-bonding electrons. The divalent
compound can thus exist in either a closed shell singlet or open shell triplet ground state
configuration (Figure 1.3).” The singlet state adopts a bent geometry, and has a vacant p
orbital and a doubly occupied c-orbital. The triplet state is still bent but has a wider R-
M-R angle, and contains unpaired electrons with parallel spins (one electron in a sp°-
orbital and one in a p-orbital). The triplet state is generally considered as a biradical.
The ground state multiplicity of divalent group 14 compounds is governed by the energy
difference between the o (HOMO) and p, (LUMO) orbitals on the central atom. The

singlet state is favored by a large energy difference between these two orbitals.

b1 b1
R @ R1@
1a A .
SMD a oM D a; M=¢,Si, Ge, Sn
R() 30
Singlet ('A;) Triplet (3B4)

Figure 1.3. Singlet and triplet electronic structure of divalent group 14 compounds.

The energy difference between the lowest energy singlet and triplet states (the
singlet-triplet energy gap) is denoted by AEs.t, and is given by eq (1.1). A positive AEs.t

indicates that the singlet state is lower in energy than the triplet state, and is roughly equal
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to the electron-electron repulsion in the g-orbital minus the energy required to promote an
electron to the p-orbital.

AEst = Etriplet - Esinglet 1.n

Theoretical calculations have predicted that the magnitude of AEs.t is influenced
by both the electronic nature and the steric bulk of the substituents on the central
atom.”?* The singlet ground state is favored by substituents that are strong c-acceptors
or n-donors; c-acceptors inductively stabilize the nonbonding c-orbital by increasing its
s character, leaving the p-orbital unaffected, while n-donors stabilize the singlet state by
donating electrons into the formally vacant p-orbital.>>*® In contrast, the triplet state is
favored by substituents that are strong c-donors (electropositive) or m-acceptors, which
cause a decrease in the magnitude of AEgr by elevating the HOMO and lowering the
LUMO orbital levels. Bulky substituents tend to cause a widening of the R-M-R; angle
(o), favoring the triplet state. As o increases, the singlet state is destabilized relative to
the triplet state due to a loss in s-character of the g-orbital. Eventually the singlet and
triplet state potential energy curves cross; for SiH, the angle at which the singlet and

triplet states are degenerate is ~ 129027

Both experimental data and theoretical calculations show that methylene (CH,)
possesses a triplet ground state, with the singlet state lying higher in energy by only ca. 9
keal/mol.®3°  Because the two spin states of methylene are so close in energy, their

relative ordering is extremely sensitive to the nature of the substituents on the central
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carbon in substituted carbenes. For example, most aryl- and alkylcarbenes are ground
state triplets, whereas carbenes bearing lone-pair-containing substituents (CX;; X =
halogen, OR, NR) are generally ground state singlets.’'?? Because the magnitude of the
singlet-triplet energy gap (AEs.T) increases as one progresses down group 14, the singlet
states of silylenes and germylenes are much more stable than their triplet states, and thus
derivatives with a triplet ground state are relatively rare.®> Examples of AEsrt, 18-21
kcal mol™ (experimental)®* and 19-23 kcal mol™ (calculated)** for SiHy; 23 kcal mol™
(calculated)’® for GeH,. 23-26 kcal mol (calculated)’®*® for Si(CHs)y; 27 keal mol
(calculated)*! for Ge(CHs),. Thus, the singlet is the lower energy state in the great

majority of silylene and germylene derivatives.

For years researchers have been working on ways for generating silylenes or
germylenes that possess a triplet ground state and a number of experimental attempts and

44 . .
d.24% However, this remains a tremendous

theoretical studies have been reporte
challenge. Strong electropositive and/or sterically bulky substituents on the central atom
have been commonly employed in an attempt to achieve this goal. To date, only four
cases of silylenes with triplet ground states have been reported. Jiang and Gaspar
reported that (‘BusSi)(‘Pr3Si)Si reacts from its triplet state based on its reactivity: it was
found to undergo both intramolecular and intermolecular C-H insertion reactions, which

43,45,46

is atypical for singlet silylenes. Sekiguchi et al. have successfully generated the

ground state triplet silylenes 1-3 and characterized them by EPR spectroscopy: the triplet
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state of 1 is stabilized by both electronic and steric effects, while that of 2 and 3 are

stabilized mainly by electronic effects (Figure 1.4).4%4

t-BusSi tBusSi, (J)
\?@ ESi@
t-Bu3Si$0 M O -
1 2 M=Li
3 M=K

Figure 1.4. Experimentally generated triplet silylenes.

1.2.2 Divalent State Stabilization Energy

Walsh investigated the successive bond dissociation energies (BDE) of a series of
tetravalent silicon-containing compounds (SiXs; X = H or Cl or F), as defined by eq
(1.2), and in all cases, found that the second BDE is significantly lower than the first
BDE.” This indicates some extra stability associated with the divalent Si species,
compared to the situation with carbon, where second BDEs are generally higher. Walsh
introduced the term Divalent State Stabilization Energy (DSSE), which is defined as the
difference between the first and the second M-X BDE in MX, compounds (M = C, Si,
Ge, Pb; eq. 1.3).*” The term DSSE has been commonly used as an index of reactivity for

divalent group 14 compounds.

BDE (X;M-X BDE (X,M-X
X, OMX) - e MO | aux,
X -X

(1.2)

DSSE (MX,) = BDE (X3;M-X) — BDE (X;M-X) 1.3)
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The trends in the first and second BDEs of methane, silane and germane and the
resulting DSSE values are illustrated in Table 1.1. It is observed that the DSSE increases
with increasing atomic number of the central atom as we proceed down group 14. Walsh
speculated that this is due to a decrease in the energy of the HOMO and an increase in its
s character as we descend the group.?” Methylene does not experience such stabilization
and possesses a triplet ground state. Walsh also found that DSSE correlates linearly with
the electronegativity of the substituents on the Si, and suggested that this is due to a
deshielding effect. Electronegative substituents pull electron density away from the Si

nucleus, thereby increasing its attraction toward the nonbonding electrons.*®

Table 1.1. Successive bond dissociation energies (BDE / kcal mol™) in MH; (M = C,
Si, and Ge) compounds and Divalent State Stabilization Energies (DSSE / kcal mol™)

of MH; species.
Bond BDE® Bond BDE? Bond BDE"
104.8 SiHs;-H 90 GeH;-H 84
100.4 84 GeH-H -

81  SiH i Geli -

(a) Ref. 47; (b) Ref. 49.
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1.3 Techniques used for the study of group 14 reactive intermediates

Product studies

In product study experiments, the reactive intermediate is generated in situ by the
thermal or photochemical decomposition of a suitable precursor in solution or in the gas
phase. Usually, it is generated in the presence of a reagent that reacts with it to form
stable product(s). The latter are then isolated and characterized by spectroscopic
techniques such as NMR and IR spectroscopy. In these types of experiments,
conclusions about the properties of the reactive intermediate are drawn based on the

nature of the products.

Competitive trapping experiments can be carried out to obtain the relative rates of
reactions. These experiments involve generating the reactive intermediate (RI) in the
presence of known concentrations of two substrates (Q; and Q,). The relative rates are
obtained by determining the relative yields of the products formed from the reaction with
each added reagent, and correcting for the relative concentrations of the competing
substrates (see eq 1.4). In these experiments, it is important that the reagents react with
the reactive intermediates irreversibly to give products that are stable within the
experimental time-frame. It is preferable that each reagent reacts with the reactive
intermediate to form a single stable product. In addition, it is important to ensure that the
products are forrﬁed from the reaction of the reagents with the reactive intermediate and

not from a different pathway.
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k[Qq] P,
. P_ kL
T P, klQ,]
P,
k[Q;]

UV-Vis absorption spectroscopy -

The direct spectroscopic characterization of group 14 reactive intermediates has
been commonly achieved by the use of matrix isolation spectroscopy or time-resolved
spectroscopy. One version of the matrix isolation technique involves the generation of
the reactive intermediate by the photochemical decomposition of a suitable precursor in
frozen solvents (commonly referred to as organic glasses) or rare gas (nitrogen, argon,
neon or krypton) matrixes at very low temperatures (77 K or below).”® Under these
conditions, the reactive intermediate is immobilized; diffusion is inhibited and its
bimolecular reactions are therefore suppressed. Moreover, there is usually not enough
thermal energy to overcome activation barriers associated with unimolecular reactions.
The reactive intermediate can thus be studied by a variety of spectroscopic techniques
(eg. UV-Vis, IR, EPR or fluorescence spectroscopy), from which information about its
electronic and structural properties can be obtained. Often inert matrixes are doped with
a reactive material to form reactive matrixes. When a reactive intermediate is generated
in this type of matrix, annealing of the matrix leads to the formation of characteristic

products, and these are used as evidence for the identity of the reactive intermediate.

10
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Time-resolved UV-Vis absorption spectroscopy allows the study of the reactive
intermediate in real time such that quantitative information about its reactivity in the
absence and presence of a scavenger can be obtained.’’ 1In a laser flash photolysis
experiment, a solution of a photochemical precursor is irradiated with a pulsed UV laser.
This allows a rapid generation of the reactive intermediate. A variety of types of pulsed
UV lasers are available for use in such systems, such as, excimer, Nd-Y AG, and nitrogen
lasers. These typically have pulse widths of 5-25 ns, and provide monochromatic

excitation pulses ranging from 193-351 nm.

1.4 Germylenes

Germylenes (GeR;) bearing simple alkyl and aryl substituents are highly reactive
intermediates whose direct study, in all known examples, requires the use of matrix
isolation or time-resolved spectroscopic techniques. The kinetic behavior of these
species is significantly under-explored as compared to that of singlet carbenes.
Germylenes are conveniently studied by UV-Vis absorption spectroscopy. The lowest
energy electronic transition occurs between the HOMO (o-type orbital) to the LUMO (p-
type), as shown in Figure 1.5. The UV-Vis spectroscopic properties and kinetic behavior
of a number of transient germylenes have been studied in the gas phase (e.g. GeH,,
GeMe,, GeHMe),Sz'54 in solution (e.g. GeMe,, GeMeP.h, GePh, and GeMesz)5 5% and in

low-temperature matrixes (e.g. GeMe,, GePh, and GeMes,).*

11
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R
Sge® — ©GeD
R() R
Singlet (So) Singlet (S4)

Figure 1.5. Electronic transition from singlet ground state (Sy) to singlet excited state
(S)) in a germylene.

Transient germylenes are produced by the thermal or photochemical decomposition
of a large number of germanium-containing compounds. Stable germylenes can be
synthesized by a variety of synthetic methods. Germylenes are known to react with a
number of classes of functional groups in an analogous way to singlet carbenes and
silylenes. Elaboration on the most common sources and reactions of germylenes will

follow in the sub-sections below.

1.4.1 Sources of germylenes

Advances in organometallic chemistry have enabled the preparation of a wide
variety of precursors that have been used to generate germylenes under various
conditions. Synthetic methods used for the preparation of silylenes can often be adapted
to prepare germylenes in solution. The a-elimination of halogenated- or hydridoalkoxy-
silicon and germanium derivatives give silylenes and germylenes in solution (eq 1.5).8"
8- Dichlorogermylene is conveniently prepared by the reduction of germanium

tetrachloride in 1,4-dioxane and the resultant dichlorogermylene-dioxane complex is

stable at room temperature under argon (eq 1.6).

12
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H MeO-
R-Ge—~OMe :GeR, + MeOH + MeO- (1.5)
R
A
Cl tetramethyldisiloxane /\/O
Cl—Ge—Cl Cl,Ge=—0 (1.6)
| .
Cl 1,4-dioxane

A number of classes of compounds that have been used to generate carbenes and
silylenes can be employed to generate germylenes. For instance, the decomposition of 7-
norbornadiene derivatives under mild thermal conditions (70 - 150 °C) or photochemical
conditions is an important source of carbenes and their heavier analogues (eq 1.7).%**

The co-product tetraphenylnaphthalene is unreactive toward the generated reactive

intermediates.

R R Ph
\

M hv or & Ph
i Neee

/ Ph (1.7
Ph”™  Ph Ph

M =Cor Sior Ge

Germylenes can be obtained by the photochemical decomposition of silylgermanes,
disilylgermanes and certain digermanes (with formula [R,Ge], (n = 2-6)).°7®> Examples

are given in eq (1.8-1.12).5%7°

13
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Me2 Me
~Ge h Ge’
Me;Ge™ ™ GeMe; v -GeMe, + Me2Ge” e
MeGe._ GeMe, :GeMe; MezGé\G,SeMez * (GeMez)s  (1.8)
Me, Me, minor
Me,
MezG?/G%eMe h +
Me2
hv
() —— <) + wcame
Ge
Mez>n ﬁgz)n_1 (1.10)
n=1,2,3
SiMe;
hv /Ge\M
(Me;Si),GeMePh ————— !GeMePh + @H €4 Me;Si-SiMe; (1.11)
SiMe3
F"h
_Ge_
Ph,GeSiMes :GePh, + H P, PhyGe: (1.12)
PhSiMe; SiMe Me3Si *

Germylenes are also formed by the thermolysis or photolysis of 1-germacyclopent-

3-ene derivatives in solution or gas phase (Scheme 1.1).43°%%%35:%7

These precursors can
be synthesized by relatively straightforward synthetic routes, and are insensitive to air

and moisture.

14



Chapter 1 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

hv
| BeRe : GeR; ‘—\hv7_ | GeR,
4
4 R=H?® \—/
5R=Meb 6R=Phc
7R=Me®

8 R = 2,4,6-trimethylphenyl (Mes)®
9 R = Ph and Me?

Scheme 1.1 Photochemical or thermal generation of germylenes from 1-
metallacyclopent-3-enes. (a) Ref. 52; (b) Ref. 54; (c) Ref.’55; (d) Ref. 57.

1.4.2 Reactions of transient germylenes in solution

As mentioned earlier, germylenes exist in the singlet ground state and are sp’
hybridized with a lone pair of electrons and an empty p-orbital. This type of electronic
structure makes them potentially ambiphilic in nature, i.e. they can act as electrophiles by
accepting a pair of electrons from electron-pair donors or they can act as nucleophiles by
donating their lone pair of electrons to electron-pair acceptors. Characteristic reactions of
transient germylenes include dimerization, addition to multiple bonds, insertion into
polarized sigma bonds, reaction with oxygen, and complexation with Lewis bases.”® A

summary of the characteristic reactions of germylenes is given in Figure 1.6.

One of the best known reactions of germylenes is their insertion into 6-bonds. The
o-bond usually involves at least one atom that bears a lone pair of electrons, e.g. X-H (X
=8, 0, N, CI),>*"*7¢ and C-X (X = halogen)’""® bonds. Germylenes also insert into M-H
(M = Si, Ge, Sn)”” and M-M (M = Si, Ge and Sn) bonds.*” To date, mechanistic studies
suggest that most reactions involving germylenes are stepwise, and proceed by an initial

electrophilic interaction to form intermediate complexes with the substrates.®'

15
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Analogous to singlet carbenes, germylenes add to the carbon-carbon multiple

82,83 84,85

bonds of alkenes, alkynes and 1,3-dienes® by (2+1)-cycloaddition to form the
corresponding germirane or germirene derivatives. In contrast to cyclopropanes and
cyclopropenes, the germanium analogues are typically thermally unstable due largely to
ring strain and the higher divalent state stabilization energy (DSSE) of germylenes
compared to analogous carbenes.*® The reactions with 1,3-dienes are more well-known
than those with alkenes because they ultimately give germacyclopent-3-ene derivatives
which are typically stable. In early work, Kocher, Neumann, Gaspar and others have
debated whether the formation of 1-germacyclopent-3-enes from the reaction of
germylenes with 1,3-dienes occurs by direct by (4+1)-cycloaddition or via the
intermediacy of a vinylgermirane formed by (2+1)-cycloaddition.”®® In subsequent
years, both experimental and theoretical results that strongly support the intermediacy of

91
d.56’82’

a vinylgermirane in these reactions emerge Recent theoretical and experimental

work support that the germacyclopent-3-ene derivative is formed from the direct (1+4)-

9293 1t is postulated that the reaction proceeds reversibly to form

cycloaddition reaction.
the corresponding vinylgermirane.  The 1,3-sigmatropic rearrangement of the
vinylgermirane to form the germacyclopent-3-ene derivative is not energetically favored
and is slow. Instead, the vinylgermirane dissociates to form the germylene which then

undergoes a concerted (1+4)-cycloaddition reaction with the 1,3-diene to give the

germacyclopent-3-ene derivative (thermodynamic product).

16
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Germylenes, like carbenes and silylenes, are known to form complexes with Lewis
bases such as ethers, amines, and phosphines.®® Spectroscopic evidence for the
formation of aryl-substituted germylene complexes with ethers, amines, sulfides,
phosphines and alkyl halides in hydrocarbon matrixes at 77 K have been reported.®***
These complexes exhibit distinct absorption bands at shorter wavelengths as compared
to the free germylene. Moreover, to date, several germylenes stabilized by

intermolecular or intramolecular coordination with electron-pair donors have been

reported.’

I I R,Ge<—NEt, 'Il
R,Ge-OCR R,Ge-XCR';
J
R” "OH EtsN
X2
R,Ge=GeR, :GeR,
R'3M-H
(M = Si, Ge, Sn) R'3C-X
(X = halogen)
] X
RzGe‘MR'g, RzGe'CRI3

Figure 1.6. Some characteristic reactions of germylenes.
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1.5 Digermenes
Compounds containing doubly-bonded heavy group 14 elements (M=M; M = Si, Ge, Sn)
have gained considerable attention in the past years owing to their fascinating structural

1695 The chemistry of these compounds has attracted a

features and their rich chemistry.
mounting interest since the isolation of the furst stable disilene by West and Fink in
1981.%° Digermenes (R,Ge=GeR,) are homonuclear doubly-bonded Ge compounds and
are the heavier analogues of alkenes and disilenes (R,M=MR;, where M = C or Si). They
are typically too reactive to be isolated unless they are stabilized by bulky substituents.
Digermenes are often used as starting materials or have been invoked as intermediates in
several organogermanium reactions.*” 179798 I 1982, the first UV-Vis spectrum of a
digermene, tetrakis(2,6-dimethylphenyl)digermene was reported in solution by
Masamune ef al.”® Two years later, Hitchcock et al. reported the X-ray structure of the

100
0

first stable crystalline digermene 10, and about the same time, Snow ef al. reported the

synthesis of another stable digermene 11.'"!

(Me3S|)2HC CH(SlMe3)2 2 ; Z

= R Ge—Ge R

(Me3S|)2HC 10 CH (SiMe3), <:> : R = ethyl
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The formation of the simplest tetraalkyl-substituted digermene, namely
tetramethyldigermene (Ge;Mes), was first evidenced by trapping experiments by Sakurai
et al. in 1982 and was characterized in low temperature matrixes by IR spectroscopy in
1984.19%1% There are only a few UV-Vis spectroscopic and kinetic studies reported on
the reactions of transient digermenes in solution. Typically, in hydrocarbon solutions,
transient phenylated digermenes exhibit n-n* transitions in the 400-440 nm UV range and
alkyl substituted digermenes in the 360-380 nm range. For example, Leigh et al. has
reported that Ge,Ph, exhibits an absorption maximum at Am. = 440 nm’ while

Ge;Me;Ph; exhibits an absorption maximum at Ap.x = 420 nm;5 7 Mochida ef al. reported

that Ge;Mey and Ge;,Ets exhibit absorption maxima at Am.x = 370-380 nm>>%86%1% an4

380 nm, respectively.'®*

1.5.1 Bonding and structural properties of digermenes

X-ray structural analysis of several crystalline digermenes has revealed that, unlike
alkenes which adopt planar geometries around their C=C bonds, the Ge=Ge double bond
in digermenes adopts a trans-bent geometry with pyramidalization at the germanium
center.'°*!%1% These findings confirmed the early theoretical predictions of Trinquier et
al,'® who in addition, suggested that the double bond in digermenes can be best
described as two donor-acceptor bent bonds between two singlet germylenes, with
delocalization of the lone pair on one Ge into the empty p orbital of the other and vice

versa, as shown in Figure 1.7.'%
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0 a0
U ILF
N,

Figure 1.7. Bonding in digermene.

The trans-bending phenomena in digermenes has been explained on the basis of -
c*-orbital mixing: as one descends group 14 from C to Pb, the energy difference
between the m and o* orbitals associated with the M=M bond decreases, thereby,
allowing more orbital mixing.'''® This leads to a lowering in the energy of the trans-
bent structure as compared to the planar structure.'” The degree of mixing is affected

by two factors: the intrinsic n-c* gap of the double bond (stronger double bonds have

110

larger m-c* gaps) and the electronic nature of the substituents. Theoretical

calculations predict that the presence of electronegative substituents or n-donating
substituents on the germanium atom enhances trans-bending while electropositive

10112 Indeed, Kira ef al. reported that X-ray structural

substituents favor planarity.
analysis of a series of tetrakis(trialkylsilyl)digermenes ((R3Si),Ge=Ge(SiR3),;, R = i-

Pr,Me or -BuMe; or i-Pr3) showed that they possess nearly a planar geometry around

the Ge=Ge bonds, consistent with theoretical predictions.'"
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1.5.2 Sources of digermenes

The most common routes for the generation of transient digermenes are the thermal

16,103,104,114-117
, 103,104, For

or photochemical cycloreversions of strained cyclic compounds.
example, the photolysis of 7,8-digermabicylo[2.2.2]octadiene derivatives in solution
gives the corresponding digermene and 1,4-diphenylnaphthalene as the major products,
along with minor amounts of the photochemical rearrangement product, 1,4-diphenyl-2,3-

benzo-6,6,7,7-tetraalkyl-6,7-digermatricyclo[3.3.0.0]-octane (eq 1.13).1%

Cyclotrigermanes decompose thermally or photochemically to give the corresponding

digermenes and germylenes (eq 1.14).°>'°!"®  Digermenes can also be generated by
dimerization of germylenes (eq 1.15).>'"®
R _R Ph GeR;
R,G N\
‘G//ePRh hv PhGeR,
; R,Ge=GeR,+ +
= (1.13)
Ph
Ph
R= I\Ellte minor
Mes, A
Ge or hv
MeszGe/—\GeMe§2__—> Mes,Ge=GeMes; + :GeMes, 1.14)
X2
:GeMes, Mes,Ge=GeMes, (1.15)

Stable digermenes can be synthesized by reductive elimination reactions, for
example, from the reaction of dichlorogermane derivatives with sodium in toluene or

lithium naphthalenide in THF (eq 1.16)."”” They can also be prepared by the reaction of
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dichlorogermylene-dioxane complex with a Grignard reagent (eq 1.17) or by the reaction

of a stable diaminogermylene with an organolithium reagent (eq 1.18).'"'"?

Mes CqoHgli Tht, Mes
I /7
Cl,Ge—Tbt Ge=Ge
THF Mes Tht

2 [(Me3Si),CHMgCI(OEt,)],  (Me3Si)HC CH(SiMes),
n —
GeCl," dioxane — . Ge—Ge .
(Me3S|)2CH CH(SIMe3)2

LICH(SIMG3)2, 0°C (Me3Si)2HC\ /CH(SiMe3)2

:Ge[N(SiMe3),], —> Ge—Ge
(Megsl)ch CH(SIMe3)2

1.5.3 Reactions of digermenes

(1.16)

(1.17)

(1.18)

Transient digermenes are unstable with respect to di-, oligo- or polymerization

reactions. Their kinetic stability is highly influenced by the bulkiness of the substituents

on the germanium atoms. Several stable digermenes bearing moderately bulky

substituents on the Ge=Ge bond have been isolated and characterized.*> On the other

hand, highly bulky substituents on the Ge=Ge bond induces dissociation of the digermene

to the free germylenes (eq 1.19).'%°

R

Tht, Mes /Tt
Mes Tht Mes (1.19)

R
Tbt: R = CH(SiMe3),
Mes: R = CH4
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The reactions of digermenes are similar to those of disilenes. Some of their

characteristic reactions involve dimerization, nucleophilic addition, cycloadditions and

121 Digermenes react with halogens, chloroform,

oxidation reactions (Scheme 1.2).
hydrogen halides and alcohols to give 1,2-addition products.’>'*>'?>'%  The 12-
addition reactions are stepwise and occur either by a zwitterionic or radical pathway. It
has been suggested that digermenes react with nucleophiles such as alcohols and
amines, by a stepwise mechanism involving initial nucleophilic attack.>*>'® It is
postulated that digermenes react with haloalkanes or group 14 metal hydrides in a

123,124

stepwise via a radical pathway, analogous to disilenes. Digermenes undergo

[2+2] or [2+4]-cycloaddition reactions with a variety of unsaturated compounds such as

alkynes, alkenes, dienes, aldehydes and ketones to give the corresponding

117,125-127

cycloadducts. However, it is generally observed that stable and relatively

stable digermenes are unreactive toward dienes.”®*'” Digermenes react with singlet
oxygen to form 1,2-digermadioxetanes, which undergo thermal rearrangement to form

1,3-digermadioxetanes."*%"!
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R. O R
Ge_Ge
% R RO R R R
R—-Ge-Ge—R b R—C|Ee-(|5e—R
&l c H OMe
RzG?—CIBeRz
CcCl, 0-0 R'OH
eg.MeOH
O,
R,Ge—GeR, Ph—=—H . R R
- ~———  R,Ge=GeR, 3 R-Ge-Ge-R
Ph \ Cl CCl,H
X2 > <
R,C=X
R R X=0,S
R—CIEe—('Be—R —
X X
RZG?—GeRz R,Ge—GeR,
x+R'
Rl

Scheme 1.2 Typical reactions of digermenes.
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1.6 The direct detection and kinetic studies of GeMe;, the simplest dialkylgermylene

In the past years, a large number of attempts has been made to prove the existence
of dimethylgermylene (GeMe,), and characterize its spectral and kinetic properties. A
few reviews of this work are available.”®**!*? UV-Vis absorption spectroscopy in low
temperature matrixes or time-resolved transient absorption spectroscopy in solution and
gas phase has been commonly used in attempts to detect and/or follow the kinetics of
reactions of GeMe,. Product studies have also been carried out to prove the formation of

GeMe,-trapping products.

The UV-Vis absorption spectrum of “GeMe,” was reported for the first time in
1984 by Sakurai et al. by the photolysis of the dibenzotrigermacycloheptane derivative 17
in 3-methylpentane at 77 K.”° They observed a transient absorption band at 430 nm,
which they assigned to GeMe; based on comparison to the spectrum reported for SiMe;
(450 nm)."* In the following several years, “GeMe,” has been generated by the
photolysis of various other precursors in rigid 3-methylpentane at 77 K and in solution.
Some of the precursors that have been used for the generation of GeMe; by photolysis in

matrixes and/or in solution are shown in Scheme 1.3.
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Me_ Me Me,Ge(Na) Me2
e exGe -G
\Gé 13 2 MezG? eC'EeMez
Ph; ')\<<Ph MeyGe-~ _ -GeMe;
7 Ge
Mez
ProPh hv 14
12 hv hv
Meg
Me,Ge~ C€
Me,Ge(SePh), —— " & hv ©25% " GeMe;
MezGe\G
19 e
Mez

PhMe,GeSiMe;
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hv Me,Ge(GePhMes),
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MexGe~ _ -GeMe,
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Mez 7
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Scheme 1.3 Some common precursors used to generate GeMe; in matrixes and/or in
solution

A survey of the literature on the direct detection of GeMe, prior to the work
published in our group in 2004,> reveals there to be little consistency in the UV-Vis
spectroscopic and kinetic data assigned to this transient germylene.” The absorption
maximum (Amax) assigned to “GeMe,” in hydrocarbon matrixes or Ar matrixes (at 77 K
or below) varies between 400-506 nm, while a larger scatter is observed in solution (Amax

= 380-490 nm).” It is difficult to determine which, if any, of the transient species
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assigned to GeMe, in the early studies is in fact the species in question. The
photochemical precursors employed for the generation of GeMe; in these studies and
assignments made in low temperature matrixes, in solution and in the gas phase are listed
in Table 1.2. The data seem to depend primarily on the types of precursors used.
Nevertheless, for the same precursor, a small variation is still observed in the absorption
maximum reported from independent studies, indicating that other factors also affect the

results.

Similar absorption spectra for “GeMe,” are obtained when compounds
PhMe,GeSiMes (Amax = 418 nm and 425 nm), Me,Ge(SePh); (Amax = 420 nm) and
Me,Ge(GePhMe;), (Amax = 422 nm and 420 nm) are photolyzed in low-temperature
matrixes and in solution (see Table 1.2). In addition, the photolysis of PhMe,GeGeMe;
(AMmax = 430 nm) in solution give a transient species that absorbs in the similar spectral
region. In most cases, the assignments of the transient species to “GeMe,” in solution
were made on the basis of comparisons with the absorption maximum observed in low-

temperature matrixes from the same precursor.
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Table 1.2 A list of the photochemical precursors employed and
absorption maxima (Amax) assigned to “GeMe,” in low temperature

matrixes, solution and gas phase.

Precursor Photolysis conditions Amax
17 3-MP at 77K 430"
12 3-MP at 77 K 416"
12 3-MP at 77 K 4200011
12 3-MP/IP (3:7) at 77K 420°
Me,Ge(SePh),  3-MP at 77 K or Ar matrix at 21 K 420'%°
Me,Ge(N3), Ar matrix, 12-18 K 405"'%¢
cyclo-(GeMe;)g 3-MP at 77K 43088134
cyclo-(GeMe,)s 3-MP at 77K 506%°
(PhMe,Ge),GeMe; 3-MP at 77 K 4227
Me(Me,Ge)sMe 3-MP at 77 K 436!%
Me(Me,Ge)sMe 3-MP at 77 K 437"
PhMe,GeSiMes “matrix”’ 418%
PhMe,GeGeMe,Ph THF, rt 440%
cyclo-(GeMe;)s Cyclohexane 4508
cyclo-(GeMe;)s Cyclohexane 490%
12 Heptane 380"%
12 Heptane 370"°
Me,Ge(SePh), Cyclohexane 420"
PhMe,GeSiMe; Cyclohexane 425%
PhMe,GeSiMes Cyclohexane 4300
PhMe,GeGeMe; Cyclohexane 43010
(PhMe,Ge),GeMe, Cyclohexane 420"
)CGeMez Hexane, 23 °C 480°°
Me;GeGeMeH Gas phase 480>
E)GeMez Gas phase 480
HGeMe,GeMe,H Gas phase 4807

Numerous kinetic studies have been carried out in the gas phase in an interest to
understand the reactivities of germylenes and the mechanisms of their reactions in
solution.> The parent germylene (GeH;), GeMe; and GeMeH are the only germylenes

that have been studied by laser flash photolysis (193 nm) in the gas phase.’>>* Gas phase
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reactions have the advantage of being free from interfering factors such as solvent effects;
in this way the intrinsic properties of the reactive intermediate can be known. Hence, the
absorption maximum and kinetic data obtained for GeMe; in solution can be reliably
compared with the ones observed in the gas phase. However, kinetic studies performed
in the gas phase are restricted to substrates and precursors of low molecular weight in
order for them to be sufficiently volatile; many of these analogous studies in solution are
difficult because of their volatility and because of the necessity of using 193 nm laser

excitation.

Becerra et al. reported that 193 nm laser flash photolysis of 1,1-dimethyl-1-
germacyclopent-3-ene 5, pentamethyldigermane 20 and 1,1,2,2-tetramethyldigermane 21
in the gas phase gave rise to a common transient species exhibiting An.x = 480 nm
(Scheme 1.4).>*7® The kinetic behavior of the transient species was similar in all three
cases. The formation of 1,1-dimethylgermacyclopentene as the major product from the
irradiation of precursor 20 in the presence of 1,3-butadiene indicated that extrusion of
GeMe; is the major photochemical process. In addition, photolysis of 5 yielded 1,3-
butadiene as major product, suggesting extrusion of GeMe,. On the basis of these results,
the transient species observed in these studies was assigned to GeMe,. However, it was
observed that the rate constants determined for its reactions were higher than those that
had been reported for “GeMe,” in solution (vide supra), for structurally similar

substrates.
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E)GeMez

5
hv

\ 7/

: hv
Me;GeGeMe,H hv GeMe, HMe,GeGeMe,H
20 - MesGeH Amax =480 M | Me,GeH, 21

Scheme 1.4 Photochemical precursors for the generation of GeMe, by 193 nm laser flash
photolysis in the gas phase.

Laser flash photolysis (193 nm) of a solution of 7 (ca. 5 x 10° M) in dry,
deoxygenated hexane, gave rise to a transient species which exhibits the same absorption
maximum (Amex = 480 nm) as the one observed in the gas phase by Becerra e al.”> The
transient absorption spectra obtained after photolysis of 7 in hexane and of compounds 5
and 20 in the gas phase are shown in Figure 1.8. This represents the first report in
solution that is consistent with gas phase data. Moreover, there is a good agreement with
the calculated absorption spectrum (Amax = 463 nm) derived from time-dependent DFT

> In addition, it was observed that in hexane, the primary transient product

calculations.
decays with second-order kinetics to afford a second transient with absorption spectrum
centered at Ay, = 370 nm; the spectrum and kinetic behavior of this species are consistent
with  those assigned to Ge:Me; by Mochida et al. using 7,8-

digermabicyclo[2.2.2]octadiene derivative 22 as precursor to the digermene.®*'® This

too is consistent with the assignment of the 480 nm transient to GeMe, (eq 1.20).
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Unfortunately, the necessity of using 193 nm excitation made it impossible to carry out

kinetic studies of the reactions of the 480 nm species with added substrates.

Me

Me

X

(1.20)

/GeMez
MezG Ph
/
Ph
22
Me hv (193 nm)
I GeMez - H GeMe2 +
Me™ Amax = 480 nm
X2 l
Me,Ge=GeMe,
Amax = 370 nm
poio- ’5 -
(&) ! (b)
0.008¢ 20
E]
§
0.006r | = |
g g
' 3
0.004r § 10
4
0.002 05
0,000k IO a5
200 300 400 506 630 - 410
Wavelength {nm)

+—

40 4B0
xm
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Figure 1.8. (a) Transient absorption spectra from laser flash photolysis of 7 in
deoxygenated hexane recorded 50-300 ns (O), 8.2-8.9 us (O) after the laser pulse.
The inset shows transient decay/growth profiles recorded at 480 nm and 370 nm.
Reproduced with permission from Ref 55. Copyright 2004, American Chemical
Society; (b) Transient absorption spectra recorded by laser photolysis (193 nm) of 5
(A) and 21 (o) in the gas phase. Adapted with permission from Ref 54. Copyright
1996, Elsevier Science B.V.
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Kinetic data reported for some common reactions of “GeMe,” and SiMe; in
solution and the gas phase are collected in Table 1.3. The gas phase rate constants, which
were originally reported in units of cm’ molecule s” have been converted to molar units
(M™'s™ to enable easier comparison with the rate constants in solution. A large scatter is
observed in the rate constants for the reactions of “GeMe,” in solution, strongly
suggesting that different transient species were being observed in each case. The kinetic
data for the reactions of SiMe; in the gas phase correlate closely with those reported in
solution for a set of similar scavengers. The gas phase results suggest that both SiMe;
and GeMe, react at close to the collision-controlled rate with most of the scavengers
studied, with SiMe, reacting slightly faster than GeMe,. On the other hand, the studies
performed in solution suggest that GeMe; is much less reactive than SiMe,. If we assume
that the rate constants for the reactions of GeMe, in hydrocarbon solvents should be
similar to the gas phase values, it becomes clear that the rate constants reported in
solution are inconsistent with “GeMe,”, particularly those for the reactions of alkynes and
2,3-dimethyl-1,3-butadiene. On the basis of the varying results, we conclude that GeMe;
has not yet been correctly characterized in solution except (perhaps) for the study using 7

as precursor.
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Table 1.3. Comparison of some reported bimolecular rate constants (kg / M's!) for the reactions of SiMe; and
“GeMe,” in the gas phase and in solution

Hydrocarbon Solution

Gas Phase
Reagent SiMe, GeMezh
(kmax =465 nm) (7\'max =480 nm)
R—— 2.77 x 10" 7.83x 10°
T (R =H)* (R=H)
M 452 x 10" 6.62 % 10°
R R (R = I’I)a (R = H)
0, 1.51 x 10%¢ 2.7x 107
) 2.71x 10° <3.61x10°

RsSi-H (R = Me)" (R = Me)
10 9

Alkene 2.23x 10 7.83x 10

(CH;CH=CH,)"

(Me;CCH=CH,)

SiMe, “GeMe,”
(Amax = 465 nm) (Amax = 380-490 nm)
8.0x 10° <10°
(R =Me;Si)’ (R =CH,Y
1.59x 10" (1.1-4.1)x 107
(R=Me)° (R =Me)*
22x10°7 0.2-21x 10%#

2.9x 10°(R=Et)’
3.6 x 10° (R = n-C3Hy)*

7.3 % 10°
(1-hexene)

<10*(R=Etf
42x 10°(R =Ety

< 10°(1-butene)’
< 10* (1-hexeney

Photochemical precursors for GeMe, or SiMe, are given in parentheses after each of the following references. (a)
Ref. 142 (12); (b) Ref. 54 (5 and 20); (c) Ref. 143 (cyclo-SigMeyy); (d) Refs. 68 (cyclo-GegMey2), 69 (cyclo-
GesMeio), 72 ((PhMe,Ge),GeMe;), 88 (18), 140 (PhMe,GeGeMes; 18), 141 ((PhMe,Ge),GeMe,) (e) Ref. 144
(MesHSi;; MesSiSiMe,SiMes); (f) Ref. 145 (SigMej,); (g) Refs. 140 (PhMe,GeGeMes; 18), 88 (18), 68 (cyclo-
GC6MC|2), 69 (CyClO-GC5M610); (h) Ref. 146 (MesHSiz; Me3SiSiMezsiMC3); (l) Ref. 72 ((PhMezGe)zGeMez); (])
Ref. 88 (18) The rate constants for the gas phase have been converted to molar units for easier comparison. The
rate constants for SiMe; are the high-pressure limiting values while those for GeMe, were determined at 100 Torr

(SFs).

] 4a1doy)H
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One of the most important difficulties encountered in the direct UV-Vis
spectroscopic studies of “GeMe,” in solution has been the lack of clean photochemical
precursors. Most of the precursors employed are known to generate other reactive
intermediates along with GeMe, (for example, see eq 1.21). Although in many cases
product studies confirmed that GeMe; is formed as the major product, the formation of
other transient intermediates that exhibit UV-Vis spectra in the 400-500 nm range, make
transient assignments difficult. For example, the photolysis of phenylated digermanes and
silylgermanes yields conjugated germenes which absorb in the 400-480 nm spectral range
(see eq 1.22-1.24).”'* The extinction coefficient of GeMe, is unknown; however, it can

be expected to be € < 1000 dm’ mol”'cm™ based on the extinction coefficients determined

or estimated for GePh, (g = 1850 + 400 dm’ mol'cm™)** and GeMes; (~ 800 dm® mol’

1cm'l).147 Mochida et al. attributed the difference in the rate constants obtained when

GeMe, is generated from phenylated precursors, such as dibenzotrigermacycloheptane
derivative 17 and 7-germanorbornadiene derivative 12, to the formation of n-complexes

between GeMe; and the aromatic rings of the precursors.'**

/SePh
Me,Ge, hv GeMe, + PhSe-SePh
SePh l (1.21)
2 PhSe *

Ge hv, 254 nm GeMe,
‘SiMe :GeMe, + PhSiMe; +
O/ * " pentane 2 ’ CEH, (1.22)
SlMe3
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h i PhyG GePh
PhyGeSiMe; — s PIoMes  PhsBe @H
hexane SiMes (1.23)

:Geth ME3Si .
)"max =500 nm ;\'max =475 nm
h Ph.G GePh2
Ph,GeGeMe; —hv——> Ph3+GeMe N « e @H
exane
) :GeMez Me3Ge . GeM63 (1.24)
? Amax = 480 nm

+ minor products

The experience our group had in the first studies of transient arylgermylenes was
that rigorous standards of purity and anhydrous reaction conditions are essential for the
spectroscopic and kinetic studies of transient germylenes in solution to be successful.>>*’
To this end, solvents and glassware need to be meticulously dried, and the precursors and
substrates to be investigated need to be of high purity. As pointed out by other authors the
presence of small quantities of reactive impurities in a substrate can cause great

alterations in the measured rate constants, especially for those with relatively unreactive

scavengers.'*®

The dimerization of transient germylenes such as GePh, in solution occurs at close
to the diffusion-controlled rate (kgim = (1.2 £ 0.2) x 10'° M’ls'l) in hexane at 25 °C.> The
digermenes formed, in turn, react to ultimately form oligogermanes. In general,
compounds containing Ge-Ge bonds are photolabile and absorb strongly in the UV-Vis
region, generating conjugated germene dertvatives and germanium-centered radicals upon

137,149

photolysis. In this regard, a flow system that continuously removes the photolysate
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and replenishes the sample cell with fresh solution is necessary to avoid accumulation of
products derived from the initially produced reactive intermediates. In addition,
replenishing the solution in the sample cell avoids depletion of the precursor and ensures

a constant concentration of precursor throughout the experiment.

In summary, we suggest that the discrepancies in the early reported spectral and
kinetic data for “GeMe,” in solution are most likely due to the formation of other
transient species with absorption spectra that overlap with that of GeMe,, reactions of the
germylene to form complexes, or unsuitable experimental conditions. The successful

detection and kinetic studies of GeMe, requires that these problems be eliminated.
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1.7 Thesis objectives

Significant progress has been made in the last couple of decades toward
understanding the chemistry of transient germylenes and transient digermenes under
various conditions. However, it is evident that there are insufficient kinetic data available
in solution to allow a sound underst':lnding of the electronic and steric factors influencing
their reactivities. Consequently, the mechanisms of many of their reactions are still not
well understood. The trends in the kinetics of the reactions of MR; (M = C, Si, Ge, Sn)
and their dimers also remain to be fully established. We hope that the kinetic studies of
GeMe; in solution will provide quantitative data that will contribute a great deal to
enriching our knowledge of the chemistry of the so-far-poorly understood transient
germylene. We think that GeMe, is a prime candidate to study because it has been the
most studied germylene in solution by UV-Vis absorption spectroscopy, product studies
and computational methods. However, the literature is rife with inconsistencies, which
underscores the need for more research in this field. Being the simplest dialkyl-

substituted germylene, its reactivity should have the least influence from steric and

electronic factors from the substituents.

As discussed in the previous section, a large number of studies on the direct
detection and reaction kinetics of GeMe; in solution by flash photolysis techniques have
been reported. The absorption maxima and kinetic data reported vary depending on the
precursor, solvent and reaction conditions used. In some cases, it seems that reports were

based on mere speculation and erroneous transient assignments. Moreover, most GeMe,
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assignments in solution were made on the basis of comparison of UV-Vis spectra to those

recorded in low temperature matrixes.

One of the main hurdles in the UV-Vis absorption spectroscopic and kinetic studies
of GeMe, has been the lack of efficient photochemical precursors. Most of the GeMe;
precursors that have been used undergo competing photochemical reactions that produce
other reactive intermediates which absorb in the same UV-Vis range as GeMe,. This
problem has rendered spectral assignments and kinetic studies ambiguous. Therefore,
there is a need for the development of more suitable precursors. We believe that all of the
kinetic studies performed in solution prior to the beginning of our efforts are incorrect.
We place greater confidence in the gas phase studies conducted by Becerra et al. in 1996
because of the consistencies of their spectral and kinetic data for GeMe,, SiMe,, GeH,
and SiH,. We considered their work to be the benchmark against which to base an
assignment in the solution phase. The gas phase results indicate that the absorption
maximum for GeMe, should be around 480 nm in solution, which is consistent with the

results obtained from flash photolysis of 1,1,3,4-tetramethyl-1-germacyclopent-3-ene.

The primary aim of this thesis is to establish the spectral characteristics of GeMe; in
solution and provide a comprehensive study of the kinetics of its reactions with a large
variety of known germylene scavengers in solution. We wanted to directly compare the

reactivity of GeMe; with those of GePh, and GeMePh, in order to understand the effects
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of alkyl and phenyl substituents on the reactivities of simple transient

diorganogermylenes. We also wanted to compare the reactivities of SiMe, with GeMe,.

Another motivation for this thesis work was to try to understand and hopefully clarify
the cause of some of the prevailing inconsistencies in the literature. The first step was to
develop a new photochemical precursor for GeMe,. We needed a’precursor whose
photodecomposition does not yield other reactive intermediates or products that absorb in
the same UV-Vis range as GeMe,, or react with the germylene once it is produced. The
precursors so far reported to yield GeMe; cleanly in solution, based on product studies,
are: dodecamethylcyclohexagermane 14, decamethylcyclopentagermane 15, the 7,7-
dimethyl-7-germanornadiene derivative 12 and 1,1-dimethylgermacyclopent-3-ene 7;
only 7 has been shown to afford results consistent with those of Becerra et al. in the gas
phase in laser flash photolysis experiments in solution. In the present work, we thus
decided to develop a precursor based on the germacyclopent-3-ene system for the
generation of GeMe, by 248 nm laser flash photolysis. Therefore, 1,1-dimethyl-3-
phenylgermacyclopent-3-ene 23 and 1,1,4-trimethyl-3-phenylgermacyclopent-3-ene 24
were suggested; their photochemistry was anticipated to occur as shown in eq (1.25).
Chapter 2 gives details of the synthesis of these precursors and the results of initial
studies of their photochemistry by steady state photolysis and laser flash photolysis

methods. Kinetic studies of the reactions of GeMe, in hexanes with a variety of

scavengers are also presented.
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?
R
hv (248 nm) R~
| GeMe, :GeMe, + I
=] X 1.25

h 2 1 Ph (1.25)
23R=H _
24R = Me Me,Ge=GeMe,

In Chapter 3, we describe the results of a reinvestigation of the photochemistry of
dodecamethylcyclohexagermane 14 and dimethylphenyl(trimethylsilyl)germane 18 in
solution, and characterize the transients that are formed. Overall, this work addresses the
most important discrepancies in the existing literature on the spectral assignments of the
transients formed from the photolysis of these compounds. We also reassigned the
transient species formed from the photolysis of 18. The results from these experiments

also verify the kinetic and spectroscopic data collected in Chapter 2.

In Chapter 4, we present and discuss the results of a study of the reactions of GeMe,
with methanol, t-butanol and THF in hexane. Although it has been proposed in the
literature that germylenes react with alcohols and ethers by initial complex formation and
evidence for this has been reported in the gas phase for GeH; and in matrixes for aryl
germylenes, no reports exist on the direct detection of Me,Ge-alcohol or Me,Ge-THF
complexes in solution. In this work, we investigated whether Me,Ge-alcohol (MeOH and
t-BuOH) and Me,Ge-THF complexes could be detected in solution and tried to elucidate
the mechanism of the O-H insertion reaction of transient GeMe, with alcohols in dilute

solution.
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Chapter 5 provides details of our kinetic and mechanistic investigations of the
reactions of Me,Ge-MeOH and Me2Ge;-THF complexes in methanol and THF,
respectively. We have explored the role of acid and base catalysis in the decomposition
of the Me,Ge-MeOH complex with methanesulfonic acid, acetic acid (AcOH) and
sodium methoxide. Moreover, the reactivity of the Me,Ge-THF complex was probed
with a variety of scavengers, specifically AcOH, carbon tetrachloride (CCly), oxygen,
isoprene, 4,4-dimethyl-1-pentene, methanesulfonic acid and sodium methoxide in the

interest of comparing its reactivity with that of free GeMe; in hexane.

In Chapter 6, the kinetics of some of the reactions of Ge,Me, in solution are
discussed. In our experiments, Ge;Me, is formed as a secondary product from the
dimerization of GeMe; in solution. Absolute rate constants for the reactions of Ge,Mey
with numerous scavengers have been successfully determined, and a comparison of the

rates of these reactions with those for Ge;Ph, and Ge,Me,Ph, are made.
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CHAPTER 2

The direct detection and kinetic studies of dimethylgermylene in solution

2.1 Introduction

In Chapter 1, We mentioned that 1,1-disubstituted-3,4-dimethyl-1-germacyclopent-
3-enes (e.g. 4-9) are highly efficient photochemical precursors for germylenes in
solution."? Of particular interest is that 193 nm laser photolysis of 1,1,3,4-tetramethyl-1-
germacyclopent-3-ene 7 in deoxygenated anhydrous hexanes produced a transient
absorption spectrum that is in excellent agreement with the one reported by Becerra ef al.
in the gas phase for GeMe,, which they obtained by 193 nm laser photolysis of three
different preculrsors.l’3 A transient absorption band with Ap.x = 480 nm was assigned to
GeMe; in both reports. The main thrust of the present work is to fully characterize
GeMe; in solution by laser flash photolysis. It is not possible to carry out kinetic studies
in solution using 193 nm laser excitation because most substrates that are of interest
absorb significantly at this wavelength. Therefore, in order to determine rate constants for
the reactions of GeMe, with a wide variety of scavengers and explore its reactions in

various solvents, we need a precursor that absorbs at a more convenient laser wavelength.

In our laboratory, we study divalent group 14 reactive intermediates mainly by the

laser flash photolysis technique, using pulses from an excimer laser filled with F,/Kr/Ne

mixtures (248 nm; ~20 ns; 100 = 5 mJ). We anticipated that the incorporation of a
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chromophore such as a phenyl ring on the germacyclopent-3-ene ring will cause a red-
shift in the static absorbance of the precursor, enabling us to generate GeMe, and study
the kinetics of its reactions using 248 nm laser flash photolysis techniques. Jiang et al.
reported that the photolysis of 1-tri-fert-butylsilyl-1-triisopropylsilyl-3-phenyl-1-
silacyclopent-3-ene 25 in methylcyclohexane in the presence of 2,3-dimethylbutadiene
(DMB) and trimethylsilane as trapping agents gave products that are consistent with
reaction of tri-tert-butylsilyl(triisopropylsilyl)silylene (Scheme 2.1).* On the basis of
these results, we anticipated that the photolysis of analogous 3-phenylgermacyclopent-3-

ene systems would likely lead to the extrusion of the corresponding germylenes.

hv (254 nm)

it .

EsﬁSl BUs  methyleyclohexane )I\/stﬂsua . /(
[

Ph” g SiPra >\ /< SiPr;  ph Y

14 %
HSiMe,
methyicyclohexane | NV (254 nm)
H_ _Si'Bus =
./SI\ A +
Me;Si Si'Pr; o X
72 %

Scheme 2.1 Photolysis of 25 in methylcyclohexane in the presence of DMB and
trimethylsilane.

We have thus developed two new photochemical precursors for GeMe, in
solution, namely, 1,1-dimethyl-3-phenylgermacyclopent-3-ene 23 and 1,1,3-trimethyl-4-
phenylgermacyclopent-3-ene 24. In this Chapter, we will discuss the results of steady
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state and laser flash photolysis studies on these two compounds, and the results of kinetic

studies on the transients that are formed.

2.2 Synthesis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene derivatives

The germacyclopent-3-ene precursors 23 and 24 were synthesized by a modification
of the synthetic procedure reported by Mazerolles and Manuel.'” 2-Phenyl-1,3-butadiene
28 and 2-methyl-3-phenyl-1,3-butadiene 31 were first synthesized by a modification of
the synthetic procedures described by Brown et al® The synthetic routes are shown in

Schemes 2.2-2.3.

Benzoyl chloride and acetyl chloride were reacted with
chloromethyltrimethylsilylmagnesium chloride in the presence of Cul to form 1-phenyl-2-
(trimethylsilyl)ethanone 26 and 1-trimethylsilyl-2-propanone 29, respectively. Ketone 26
was then treated with vinylmagnesium bromide to form 2-phenyl-1-(trimethylsilyl)but-3-
en-2-ol 27, while ketone 29 was treated with (1-phenylvinyl)magnesium bromide to form
2-methyl-3-phenyl-1-(trimethylsilyl)-1-buten-3-ol 30. Finally, Peterson elimination in the
presence of a mixture of AcOH and sodium acetate afforded the target dienes 28 and 31.

The chemical yields obtained for each step are given in Schemes 2.2 and 2.3. Diene 28
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was purified by column chromatography while diene 31 was purified by vacuum

distillation.
o Me;SiCH,MgCl! (2 equiv) o ZMgBr (1.5 equiv) Ph
+ Cul . g a SM
Ph—/U\Cl ) . Ph/UVS'Me:’ . 7Y sive
(2 equiv)  Et,0,-78°C 93 % Et,0, 0°C OH
26 85 %
27
AcONa/AcOH
60°C
L
PR
89 %
28
Scheme 2.2 Synthesis of 2-phenyl-1,3-butadiene (28).
)’f Ph
i v O .
o) Me3SiCH,MgCI (2 equiv) (1.5 equiv) OH
M+ cul )J\/SiMe3 MgBr Z
Cl o
(2 equiv) Et,0, -78°C 60 % Et,0 , 0°C Me3Si
29 65 %
30

AcONa/AcOH l
60°C

H3C:(

P
48 %
31

Scheme 2.3 Synthesis of 2-methyl-3-phenyl-1,3-butadiene (31).”
* Katie Beleznay is acknowledged for the synthesis of diene 31.
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Germanium dichloride-1,4-dioxane and the 1,1-dichlorogermacyclopent-3-ene
derivatives 32 and 33 were prepared by adaptations of the synthetic procedures previously
described by Leigh et al (Scheme 2.4).1 Germanium tetrachloride and 1,1,3,3-
tetramethyldisiloxane were refluxed in 1,4-dioxane at 85 °C for one hour, affording
germanium dichloride-1,4-dioxane as colorless needle-like crystals in 85 % yield. The
reaction of germanium dichloride-1,4-dioxane with the dienes 28 and 31 afforded the
corresponding 1,1-dichlorogermacyclopent-3-ene derivatives 32 and 33, respectively.
These were then treated with two molar equivalents of methylmagnesium bromide to
yield the crude products, which were in both cases distilled under vacuum to afford
colorless oils. These oils were further purified by column chromatography to afford 23

and 24 in 89 % and 76 % yield respectively, and in purities > 98 %, as determined by GC-

MS.
O O 85°C,6hrs o)
GeCl, + >9|A Slli + O//\\// C|2Ge<._0%
85 %
A2 hrs 2 MeMgBr R
ClzGe<—— O/\/ + l GGC'z — > EGGMGZ
0°C-RT
Ph Ph
80 % 80-920 %

28R=H 32R=H 23R=H
31 R=Me 33R=Me 24 R = Me

Scheme 2.4 Synthesis of germacyclopent-3-enes 23 and 24.
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Compounds 23 and 24 were identified by 'H and *C NMR spectroscopy and high
resolution mass spectrometry. The 'H NMR spectrum of 23 (700 MHz, C¢Ds) showed a
6H singlet at & 0.24 ppm assignable to the Ge(CHs), protons. A triplet at & 7.12 ppm and
& 7.23 ppm, and a doublet at & 7.54 ppm were consistent with a monosubstituted aromatic
ring. A multiplet at 8 6.46 ppm (1H) was attributed to the vinylic proton (H-4), and
exhibited allylic coupling interaction with H-2 (*J54 = 2.0 Hz) and with H-5 CJys = 3.5
Hz). Protons H-2 appeared as a multiplet at 1.76 ppm (2H) and in turn exhibited allylic
coupling with H-4 (*J,4 = 2.0 Hz) and homoallylic interactions with H-5 (°J5 5 = 2.0 Hz).
A multiplet at 8 1.64 ppm was assigned to protons H-5 (*J4 5 = 3.5 Hz and °J» s = 2.0 Hz).
A NOE experiment, in which the vinylic proton H-4 was irradiated, showed strong
enhancements of the signals due to the ortho aromatic protons and H-5. A spin
decoupling experiment showed that irradiation of H-4 leads to decoupling of the signals
due to H-2 and H-5, confirming coupling interactions between H-4 and these protons. In
this experiment, the signals of H-2 and H-5 appeared as triplets due to their homoallylic
coupling. In addition, a COSY experiment confirmed the long-range coupling
interactions between the H-2 and H-5 protons. The >C NMR spectrum (700 MHz, C¢Ds)
of 23 showed a peak at d -2.16 ppm assignable to the carbon (C-1) of the methyl groups
on Ge. Peaks at 6 20.83 and 20.90 ppm were assigned to C-5 and C-2, respectively, while
peaks at & 126.38, 126.96, 128.35, 128.48 ppm were assigned to the aromatic carbons.
Signals at 6 141.65 and & 142.90 (CH=CPh) ppm were assigned to the vinylic carbons C-

3 and C-4 on the germacyclopentene ring. The EI mass spectrum of 23 shows major
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peaks with m/z (I) = 234.04 (30, M"), 219 (100, M'-CH3), while HR/MS gave an exact

mass of 234.0442 for the molecular 1on (calculated for C12H1674Ge: 234.0464).

HH1

The "H NMR spectrum of 24 (600 MHz, C¢Ds) displays a singlet at 8 0.28 (6 H,
Ge(CHs;),), multiplets at § 1.67 (2H, o5 = 2.0 Hz) and § 1.97 (2H, °J,5 = 2.0 Hz)
corresponding to H-5 and H-2, respectively, a 3H singlet at 6 1.80 attributable to H-6 and
multiplets at 8 7.09 (4H) and & 7.24 (1H) corresponding to the aromatic protons. The *C
NMR spectrum (150 MHz, C¢Dg) showed a peak at d -2.4 that can be assigned to the
methyl carbons attached to Ge. Other peaks at & 27.4 and & 27.6 can be assigned to C-2
and C-5, respectively. The aromatic carbons appeared at & 126.2, 127.8, 128.2, 128.6 and
134.7. A signal at 6 21.1 ppm was assigned to the C-6 methyl group attached to C-4 of

the germacyclopentene ring, while signals at 8 137.0 and & 144.3 were assigned to C-4
and C-3, respectively. The mass spectrum showed major peaks with m/z (I) = 248 (M’
58), 233 (48, M'-CHj3), 104 (50, (Ge(CHs),)"), 89 (100, (GeCHs)"), 77 (28, C¢Hs"), and
HRMS analysis of the molecular ion gave an exact mass of 248.0613 (calculated for

C13H15*Ge, 248.0620).
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Both 23 (£2480m = 6960 dm® mol” cm™) and 24 (e24snm = 4913 dm® mol™ cm™)
exhibit sufficiently strong UV absorptions at 248 nm to make them suitable for laser flash
photolysis studies at 248 nm. The plots of molar absorptivity (¢) versus wavelength in

hexanes for the two precursors are shown in Figure 2.1.

25000
:a
20000k
“_ 15000} o
§ [ 5
S oo z
- 10000} =
5000f
PN T SR e — | IR TSP RPN P, . |
%0 "220 740 260 280 300 900 ""220 740 260 280 300
Wavwelength (nm) Wavelength (nm)

Figure 2.1. UV-Vis absorption spectrum of (a) 23 and (b) 24 in hexanes.
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2.3 Steady state photolysis of 23 and 24

Steady state photolysis (254 nm, 6 low-pressure mercury lamps) of argon-saturated
solutions of 23 (0.04 - 0.05 M) in cyclohexane-d;, containing AcOH (0.25 M) or MeOH
(0.24 M) and hexamethyldisilane (< 0.003 M) was performed in 5 mm quartz NMR tubes
at 25 °C using a mesry-go-round apparatus. The photolysis mixtures were monitored
periodically by 'H NMR spectroscopy. The concentrations of the products and the
precursor were calculated from the integrals of the peaks relative to that of the internal
standard (Si;Mes). In both cases, the plots of concentration versus photolysis time were
linear at low conversions, as shown in Figures 2.2 and 2.8. The chemical yields of the
products were determined from the ratios of the slopes of the lines corresponding to the
products and the precursor (eq 2.1). Scheme 2.5 shows the products and their chemical
yields from the two reactions. The errors in the chemical yields are ca. 3-8 %, as defined
by the standard errors in the slopes of the product and precursor concentration versus time

plots.

% Yield of product = (Slopegproduct) / |S10pe(precurson|) X 100 % 2.1)
(p ) {p )
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Me,Ge-OCCH;  + \ /<

CH5CO,H 34 28 Ph

91 % 99 %

hv (254nm)

EGeMez

Ph
23

H

|
MezGe—OCH3 * \__/(
35 28 Ph
96 % 98 %

Scheme 2.5 Steady state photolysis of 23 (0.04-0.05 M) in the presence of MeOH (0.24
M) and AcOH (0.25 M) in cyclohexane-d|,.

(X]/ M

R T R T

Time (min)

Figure 2.2. Concentration versus time plots for 254 nm irradiation of a deoxygenated
solution of 23 (0.05 M) in C¢D), containing AcOH (0.25 M). The solid lines represent

the linear least-squares fits of the data. The slopes (x 10%) are: (o; 2.14 + 0.08) for 34,
(0;2.31 £0.07) for 28; (e; -2.3 £ 0.2) for 23.
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'H NMR spectra (200 MHz) recorded before and after photolysis to ca. 60 %
conversion of 23 in the presence of AcOH are shown in Figure 2.3. New peaks at 4 6.46 -
6.51 (dd, 1H, CH=CH,, >J = 11.2 and *>J = 17.0 Hz) and & 5.0 - 5.30 (m, 4H), are due to
diene 28.° The doublet at & 0.56 (6H, *J = 2.4 Hz) and septet at § 5.63 (1H, >J = 2.4 Hz),
respectively are assigned to acetoxydimethylgermane 34-based on comparisons to its
reported '"H NMR spectrum.” The methyl protons of the acetyl group (-C(O)CHs) cannot
be observed as they coincide with those of AcOH. The 'H NMR spectrum of the
photolysate suggests that the reaction is “clean” at 60 % conversion; i.e. no other products

could be detected in > ca. 5 % yield of 34.
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Figure 2.3. '"H NMR spectra (200 MHz) of the crude reaction mixture from photolysis
(254 nm) of a solution of 23 (0.05 M) in the presence of AcOH (0.25 M) in
deoxygenated cyclohexane-d|; at (a) t = 0 min and (b) after ca. 60 % conversion of 23.
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Representative 'H NMR spectra (600 MHz) of 23 (0.04 M) in the presence of
MeOH (0.24 M) recorded before and after photolysis (to 20 % conversion) are shown in
Figure 2.4. The latter spectrum shows the formation of diene 28 and one product which
was identified as methoxydimethylgermane 35 (8 5.2 (sept, 1H, 3J=12.5Hz), 8 3.5 (s, 3H)
and 3 0.4 (d, 6H, *>J = 2.5 Hz) ppm).® The chemical yields of 28 and 35 were determined
to be 98 % and 96 %, respectively, from concentration versus time plots constructed over

0-20 % conversion range in 23 (see Figure 2.4).

23
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CH3OH 23 23
23 SizMee
23 CeD11H
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Figure 2.4. '"H NMR spectra (600 MHz) of the crude reaction mixture from photolysis
(254 nm) of a solution of 23 (0.04 M) in the presence of MeOH (0.24 M) in

deoxygenated cyclohexane-d|; at (a) t = 0 min and (b) after ca. 20 % conversion of 23.

An argon-saturated hexanes solution of 23 (0.03 M) in the presence of DMB (0.05
M) and n-dodecane as standard was irradiated (254 nm, 6 low-pressure mercury lamps) in
5 mm quartz NMR tubes for a total of 12 minutes. The reaction was monitored
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periodically by gas chromatography. The formation of two new peaks was observed,
these were identified as diene 28 and 1,1,3,4-tetramethylgermacyclopent-3-ene 7 (Scheme
2.6) by spiking the photolysate with authentic samples of 7 and 28. Two other minor
products were also formed in 3-5 % of the yield of 7 but were not identified. The plots of

relative peak areas for 23, 28 and 7 with respect to dodecane are shown in Figure 2.5.

hv (254nm)
EGeMez )DGeMez + 28 + minor products
Ph

23 \> /< , hexane
i\ 7 J

Y
major

Scheme 2.6 Steady state photolysis of 23 in the presence of DMB in cyclohexane-d|».
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Figure 2.5. Plots of relative area (Ax/Adodecane) Of the precursor 23, and products 7 and
28 (Ay) to dodecane (internal standard) versus photolysis time of a mixture of 23 (0.03
M) and DMB (0.05 M) in deoxygenated hexanes. The solid lines are the linear least-
squares fits of the data and the slopes are: (O; -0.23 & 0.03) for 23; (o; 0.12 £ 0.02) for
7 (A; 0.14 + 0.02) for 28.

Irradiation (254 nm, 6 low-pressure mercury lamps) of an argon-saturated solution
of 24 (0.05 M) in cyclohexane-d, containing AcOH (0.26 M) and hexamethyldisilane
(0.02 M) as an internal standard, yielded diene 31 and acetoxygermane 34 in 99 % and 98
% yields, respectively, over the 0-30 % conversion range (Scheme 2.7). Figure 2.6 shows
the '"H NMR spectra (600 MHz) of the photolysis mixture recorded before and after 30 %
photochemical conversion of 24. The product yields were calculated in a similar way as
described for the photolysis of precursor 23; the concentration versus time plots for 24, 35

and 31 are shown in Figure 2.7.

69



Chapter 2 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

hv (254 nm) H
| GeMe, Me,Ge~OCCH; + 31
Ph AcOH (0.26 M) 34 O
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Scheme 2.7 Steady state photolysis of 24 in the presence of AcOH in C¢D;3.
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Figure 2.6. '"H NMR spectra (200 MHz) of the crude reaction mixture from photolysis
(254 nm) of a solution of 24 (0.05 M) in the presence of AcOH (0.26 M) in
deoxygenated cyclohexane-d), at (a) t = 0 min and (b) after ca. 30 % conversion of 24.
Hexamethyldisilane was used as an integration standard.
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Figure 2.7. Concentration versus time plots for 254 nm irradiation of a deoxygenated
solution of 24 (0.05 M) in C,D,, containing AcOH (0.25 M). Hexamethyldisilane was
used as an integration standard (0.0028 M). The solid lines are the linear least-squares
fits of the data and the slopes (x 10%) are: (O; -9.9 + 0.7) for 24; (®; 9.0 + 0.3) for 34;
(o; 9.8 £ 0.2) for 31.

These steady state experiments show that compounds 23 and 24 undergo clean

photochemical decomposition to afford the dienes 28 and 31, respectively, and GeMe,-

trapping products as the exclusive products in close to quantitative yields.

2.4 Quantum yield determination for the formation of GeMe; from 23

The quantum yield (®) for the formation of GeMe, from the photochemical
decomposition of 23 was determined by an experiment in which an optically dense
deoxygenated solution of 1,1-diphenylsilacyclobutane (36) was simultaneously
photolysed. Toltl et al. have previously reported that photolysis of 36 in C¢D,, containing

MeOH yields ethene and methoxymethylsilane (37) (1,1-diphenylsilene trapping product)
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(Scheme 2.8); a quantum yield of ® = 0.21 + 0.02 was determined for the formation of

37°

Solutions of 23 (0.041 M) and 36 (0.037 M) containing MeOH (0.24 M) in
cyclohexane-d, were placed in two different quartz NMR tubes and were deoxygenated
with argon. Hexamethyldisilane (0.0017 M) was used as an internal integration standard
in both solutions. The two NMR tubes were irradiated simultaneously using 6 low-
pressure mercury lamps (254 nm) in a merry-go-round apparatus, which ensured that both
reaction mixtures received equal light exposure. The progress of the photolyses was
determined at various time intervals by 600 MHz '"H NMR spectroscopy. The quantum
yield (®gemez2) for the formation of 35 from 23 was determined from the relative slopes of
the concentration vs. time plots (see Figure 2.8) using eq (2.2) and was found to be 0.55 *
0.09, assuming quantitative trapping of GeMe, to form 35. The results show that the
precursor 23 extrudes GeMe, with comparable efficiency to 3,4-dimethyl-1,1-
diphenylgermacyclopent-3-ene (®gepn2 = 0.55 £ 0.07), used by our group as a precursor to

GePh,.!
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[ ] PhZSi=CH2] + H,C=CH,
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Scheme 2.8 Steady state photolysis of 36 in the presence of methanol.
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Figure 2.8. Plots of concentration ([X]/M) versus time for precursors: 23 () and 36
(#) and products: 37 (O) and 35 (o) from the photolysis of 23 (0.041 M) and 36 (0.037
M) in deoxygenated C¢D;, in the presence of 0.24 M MeOH. The slopes (x 10° ) are:

(0;1.4+£0.2) for 37; (o; 0.54 £ 0.03) for 35; (¢; -0.67 = 0.02) for 36; (*; -1.4 = 0.2) for
23.
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2.5 Direct detection of GeMe; and Ge;Me, in solution by laser flash photolysis

For all the laser flash photolysis experiments conducted, meticulously dried hexanes
(dried over activated alumina) and glassware were used. In these experiments, it is crucial
to work under anhydrous conditions as it was found that the maximum intensity of the
signal due to GeMe; at 470 nm is highly sensitive to traces of water or (presumably) other
hydroxylic impurities (this will be discussed in Chapter 4). In a typical flash photolysis
experiment, solutions of the photochemical precursors were prepared at concentrations
that gave a static absorbance of ca. 0.8 at the excitation wavelength (248 nm). During the
experiment, the solutions were continuously pumped from a calibrated 100 mL or 250 mL
reservoir through a vacuum oven-dried thermostatted 7 x 7 mm Suprasil flow cell, using a
peristaltic pump fitted with Teflon tubing to pull the solution through the sample cell at
ca. 3 mL/min. The reservoirs were fit with a glass frit that allows bubbling of argon gas
through the solution for ca. 30 minutes prior to the experiment and throughout the
experiment. Solution temperatures were measured with a Teflon-coated

copper/constantan thermocouple attached to the sample compartment, and are considered

accurate to + 2 °C.

2.5.1 Laser flash photolysis of 23

Laser flash photolysis of a continuously flowing deoxygenated solution of 23 (ca. 7
x 10° M) in deoxygenated anhydrous hexanes with the pulses from a KrF excimer laser
(248 nm, ca. 20 ns, 100 + 5 mJ) gave rise to a relatively weak, but easily detectable

transient species that was formed with the laser pulse. Figure 2.9a shows transient
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absorption spectra recorded at three different time intervals after the laser pulse in a
typical experiment. The first-formed transient species exhibits an absorption maximum
of 470 nm, and decays with second-order kinetics over ~ 2 ps with the concomitant
formation of a second transient species exhibiting an absorption maximum of 370 nm (see
inset in Figure 2.9). The transient spectrum recorded 51-70 ns after the laser pulse is
distorted because of fluorescence below ca. 320 nm. The fit of the 470 nm signal to eq
(2.3) afforded an average value of kgm/e = (5.3 + 1.2) x 10’ cm s™'. The dimerization rate
constant could then be obtained after determination of the extinction coefficient of GeMe,
at its maximum absorption (see Section 2.6). The 370 nm transient species decays over a

much longer time scale (~ 100 ps) with mixed-order kinetics (see inset in Figure 2.10).

AA = AA o/ [1 + QhaimAA0/ T g)E] 2.3)
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Figure 2.9. (a) Transient absorption spectra recorded by laser flash photolysis (248 nm)
of 23 (ca. 7 x 10 M) in argon-saturated anhydrous hexanes at 25 °C, 51-70 ns (O),
0.12-0.19 ps (©) and 2.96-3.07 ps (o) after the laser pulse. The inset shows typical
transient profiles at 290 nm, 370 nm and 470 nm. The solid line superimposed on the
470 nm decay profile is the non-linear least-squares fit of the data to eq (2.3); (b) The
restduals obtained from the fit of the 470 nm transient decay trace to eq (2.3).
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These results are consistent with the absorption maximum reported for GeMe;,
generated by the photolysis of 1,1-dimethylgermacyclopent-3-ene (5), 1,1,1,2,2-
pentamethyldigermane (20) and 1,1,2,2-tetramethyldigermane (21) in the gas phase by
Becerra et al. and with that reported by Leigh ef al. from 193 nm laser flash photolysis of
1,1,3,4-tetramethylgermacyclopent-3-ene () in dry deoxygenated hexanes.'”'° 1In
addition, the absorption maximum observed is in accordance with that predicted for
GeMe, by time-dependent density functional theory calculation (TD-DFT), Apax = 463
nm." On the basis of these comparisons, we assign the transient species with absorption
maximum at 470 nm to GeMe,. The 370 nm transient species is consistent with the
previously reported spectral characteristics of Ge;Mey4 by Leigh et al. from photolysis of

' and by Mochida et al. from their laser flash

1,1-dimethyl-1-germacyclopent-3-ene
photolysis studies of the 7,8-digermabicylo[2.2.2]-octadiene derivative 22 in cyclohexane

11
at room temperature.

/GeMez
M62G Ph
/4

Ph
22

A long-lived absorption band with higher intensity (Amax ~ 290 nm) was also
formed, and decays with mixed-order kinetics over a much longer time scale than Ge,Me,
(see inset in Figure 2.10a). Transient absorption spectra recorded by laser flash photolysis
of 23 over the 0-1.9 ms timescale are shown in Figure 2.10a. The weak band at ~ 355 nm
is due to Ge,Mey, shifted to the blue because of overlap with the stronger band at 290 nm.

Transient absorption spectra recorded by laser flash photolysis of 23 in deoxygenated
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hexanes containing 3 mM AcOH revealed that the transient absorption band at 290 nm is
still present, but under these conditions exhibits reduced initial signal intensities. GeMe;
reacts irreversibly with AcOH with a bimolecular rate constant, ko = 7.5 x 10° M''s™ (vide
infra). Therefore, in the presence of 3 mM AcOH, GeMe; is quenched. The fact that a
weak absorption band at 300 nm is present indicates that it is associated with neither
GeMe; nor Ge;Mes. Under these conditions, the transient profile recorded at 300 nm
shows a very short-lived decay followed by a longer-lived decaying component. The
lifetime of the longer-lived transient species is T ~ 400 ps and corresponds to a
bimolecular rate constant of kg = 2.5 x 10° M"'s™ for its reaction with acetic acid (inset of
Figure 2.10b). We did not try to study this transient species further as its absorption
intensity is very weak, and it did not affect our kinetic study of GeMe; and Ge;Mes. A

summary of the photochemistry of the precursor 23 is depicted in Scheme 2.9.

AA, = AA e " (2.4)
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Figure 2.10. (a) Transient absorption spectra recorded by laser flash photolysis of 23 in
deoxygenated hexanes 0-12.8 ps (O) and 1.82-1.85 ms (o) after the laser pulse. The
inset shows transient decay profiles recorded at 300 nm and 370 nm; (b) Transient
absorption spectra recorded by laser flash photolysis of 23 in deoxygenated hexanes
containing 3 mM AcOH, 0-12.8 ps (O) and 416-422 ps (o) after the laser pulse. The
inset shows the transient decay profile recorded at 300 nm. The solid line represents
the non-linear least-squares fit to eq (2.4).
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Scheme 2.9 Generation of GeMe; by laser flash photolysis of 23 in deoxygenated
hexanes and its reaction in the absence of a scavenger.

2.5.2 Laser flash photolysis of 24

Laser flash photolysis of 24 (ca. 7 x 10”° M) in deoxygenated anhydrous hexanes at
25 °C also led to the formation of a transient absorption band centered at Amax = 470 nm,
which decayed with second-order kinetics on the microsecond time-scale to form a second
transient band centered at Am.x = 370 nm. These results are in agreement with those from
photolysis of 23, and thus support the assignment of the transient at 470 nm to GeMe; and
that at 370 nm to Ge;Me,. Figures 2.11a and 2.11b show transient absorption spectra
recorded in different experiments. The initial intensities of GeMe, varied from
experiment to experiment, presumably due to the variation in the amount of water present.
For example, in Figure 2.11a, the initial signal intensity of the transient at 470 nm is
higher than in Figure 2.11b. This can be attributed to a better control over the amount of
adventitious water present in the solvent in this experiment. Figure 2.11a shows the
transient absorption spectra recorded over 350-600 nm spectral range; points were
collected at 5 nm intervals in order to better resolve the absorption maximum of the
longer wavelength band. Figure 2.11b shows transient absorption spectra recorded over
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the 270-650 nm wavelength range, revealing the band at shorter wavelength ~ 290 nm. It
can also be observed that the 470 nm transient decays over a slightly longer time scale
compared to the one recorded from photolysis of precursor 23. This is because GeMe,
decays in a second-order process to form its dimer; thus, the decay rate (kobs) of the signal
appears to proceed on a longer time scale when the initial concentration is lower. For the
same reason, a slower apparent rate of growth is observed for the formation of Ge,Me,.
Laser flash photolysis of 24 and 23 gave similar results under similar experimental
conditions, indicating that both germacyclopent-3-ene derivatives give rise to the same
transient species (Scheme 2.10). The rate coefficient for the decay of GeMe; (kgim/e =
(5.8 £1.2)x 10" cm’'s™) is in excellent agreement with the value determined using 23 as

precursor.

hv (248 nm) . =
|  GeMe, - :GeMe, +
deoxygenated Ph x

Ph Amax =470 nm

24 hexane 31
X2 l
Me,Ge=GeMe,
Amax = 370 nm
Scheme 2.10 Photochemical decomposition of 24 in deoxygenated
hexanes.
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Figure 2.11. (a) Transient absorption spectra recorded by laser flash photolysis of 24 (ca.
7 x 10° M) in deoxygenated hexanes recorded 32-58 ns (O), 0.70-0.72 ps (¢) and 3.10-
3.12 pus (o) after the laser pulse. The inset shows transient decay/growth profiles
monitored at 470 nm and 370 nm; (b) Transient absorption spectra recorded by laser flash
photolysis of 24 (ca. 7 x 10 M) 0.11-0.13 ps (O), 5.47-6.06 ps (0) after the laser pulse.
The inset shows transient decay/growth profiles recorded at 470 nm and 370 nm. The

solid linelrepresents the non-linear least-squares fit of the data to eq (2.3) (ksim/e = 5.75 X
10" cm s™).

2.6 Determination of the molar extinction coefficient of GeMe; at 480 nm

The molar extinction coefficient (¢) of GeMe; at 480 nm was determined by the
intensity variation method using benzophenone (BP) as actinometer.'” Laser photolysis of
BP vyields the BP triplet state ("BP*) with a quantum yield (®@sgp+) of unity.”* *BP*
exhibits a long-wavelength absorption band centered at A,,,x = 525 nm and an extinction
coefficient of €535 nm = 6250 = 1250 M ecm™.'*  Solutions of 23 and BP in dry

deoxygenated hexanes were optically matched at the laser wavelength (248 nm) to ensure

equal light absorption. The two solutions were subjected to laser flash photolysis under
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similar conditions, using the flow system described earlier. Figures 2.12a and 2.12b show
the effects of laser dose on the initial signal intensities of *BP* (Amax = 525 nm) and
GeMe; (Amax = 480 nm), respectively. The change in the maximum initial absorbance
(AA)omax of the solutions of 23 and 3BP* as a function of varying laser intensity was
measured. A set of calibrated neutral density filters made of fine wire mesh screens was
used to control the laser intensity. The (AA)omax at each laser intensity was measured
several times and averaged in order to minimize random fluctuations. At 100 % laser
intensity, the energy delivered at 248 nm was 86 mJ/pulse. The plots of (AA)omax at 480
nm or 525 nm versus laser intensity for GeMe;, or *BP* were both linear, according to eq
(2.5), where 1 is 0.5 cm and ¢ is the extinction coefficient (M 'cm™) of BP* or GeMe,, ®

is the quantum yield of >BP* or GeMe,, and I, is the laser dose absorbed (Figure 2.12¢-d).

(AA)omax = Dell, 2.5)

83



Chapter 2 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

b a I
0.10- 0.006:
£ £ 0.004f
2 2 [
< oos b
I 0.002
0.000
0.00 A
0 1 2
Time (s)
c 0.008
[ d
O GeMey, AAsgonm i =
- 3np B
010- © BP*, AA‘525!'Iﬂ'| 0.006 -0 GeMez, AA480nm
2 2 0.004f
3 3
0.05} ~
0.002F
O e wararurarert 7 [ AT
0'000 25 50 75 100 0.0 0 25 50 75 100
Laser dose (% of 86 mJ) Laser Dose (% of 86 mJ})

Figure 2.12. Determination of the molar absorptivity of GeMe; at 480 nm using the
benzophenone triplet at 525 nm (gs25 = 6250 £ 1250) in deoxygenated dry hexanes as
actinometer. Effects of laser dose on the transient decay profiles recorded by laser
flash photolysis of (a) BP monitored at 525 nm and (b) 23 monitored at 480 nm in
deoxygenated hexanes; (c) Plots of AAn.x versus laser dose (% of 86 mJ) for the
optically matched deoxygenated solutions of BP and 23 in dry hexanes at 25 °C; (d)
Expanded plot of AAn.x versus laser dose (% of 86 mJ) for 23. Errors in the slopes
of the plots are listed as twice the standard error from linear least squares analysis.
Slope of *BP* = (8.93 + 0.38) x 10™; Slope of GeMe, = (5.69 + 0.42) x 107;
SlopeGeMez/Slopeg.Bp* =0.064 £ 0.003.

The extinction coefficient (€430nm) for GeMe, was determined from the relative

slopes of the plots, the quantum yield (Dgemez = 0.55 £ 0.09) for the formation of GeMe,
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and the extinction coefficient of *BP* (&525nm = 6250 + 1250 M cm']), according to eq

(2.6). The value obtained is €430n,m = 730 £ 300 dm?® mol! em™.

__ ' GeMe,
cI)GeMez ‘9GeMe2 - S & BP* @

3 ppr (2.6)

3pp*

(where Sg,\., = slope of the plot for GeMe; and S, ,, = slope of the plot for 'Bp*
and @, ., =1)

2.7 Absolute rate constant for dimerization of GeMe; in solution

In the absence of a scavenger, transient germylenes dimerize at close to the
diffusion-controlled rate in hydrocarbon solvents to form the corresponding dimer, Ge;Ry;
for example, kqir, values for GePh; and GeMes; were determined to be kgin, = (1.1 £ 0.2) x
10" M's™ and kgim = (5.4  1.5) x 10° M's™, respectively, in hexanes at 23 °C.' In this
work, transient decay profiles of GeMe, recorded in deoxygenated hexanes fit reasonably
well to second-order kinetics (eq 2.3), and k4im/e = (5 £ 1) x 10’ ¢m s was obtained by
averaging the results from second-order fits of the plots of decay profiles collected in ten

different experiments. The dimerization rate constant for GeMe, can thus be calculated

using the extinction coefficient (ggemez = 730 + 300 dm’ mol” cm™), based on eq 2.7
where [ is the path length of the irradiated sample (0.5 cm). The kgim for GeMe; is (3.6 +

1.8) x 10'° M! s and is in reasonable agreement with the diffusion-controlled rate

constant (kg = 2.2 x 10'° M''s™) in hexanes at 25 °C. The latter can be calculated from
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the standard Debye equation (eq 2.8);"° n is the viscosity of hexane (Mhexane = 2.942 x 107

Pas at 25 °C)16, T is the temperature in Kelvin and R is the gas constant (8.314 J K™ mol

1)'

dim

2k AAGeMe2 0

l&' = “Vdecay

le 2.7)

S L
dim decay
2AA Gemse, 0

kgise =8 RT /3000m (2.8)

2.8 Kinetic studies of reactions of GeMe; in solution

In Chapter 1, we reviewed the numerous early reports regarding the kinetics of the
reactions of “GeMe,” in solution and the gas phase, emphasizing the lack of consistency
in the UV-Vis absorption spectra and kinetic behavior assigned to this species from
different precursors. We believe that this lack of consistency is the result of erroneous
transient assignments, caused by the competing formation of other reactive intermediates
which exhibit absorption bands in a similar spectral range as GeMe,, inappropriate
reaction conditions, and at the time, a simple lack of knowledge of the spectra and
reactivities of transient germylenes, germenes and silenes in solution. However, in recent
years the reactivities of conjugated germenes and silenes in solution have been well

17-21

established in solution, largely through the efforts of our group. The latter reactive

intermediates are one of the common co-products formed upon photolysis of phenylated

86



Chapter 2 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

germylene precursors such as digermanes and silylgermanes. In addition, in 2005 a
systematic study of the reactions of GePh; in solution by Cameron Harrington of our
group shed new light on the reactivities of transient germylenes in solution.” This work

provided many important insights and points of comparison for my work with GeMe,.**

In the present study, in order to gain a better understanding of the kinetic behavior
of GeMe; in solution, we studied the kinetics of its reactions with a wide variety of
common germylene scavengers, including alkenes, dienes, group 14 metal hydrides,
carboxylic acids, halocarbons and amines. We particularly chose substrates that were
previously used in Harrington’s studies of GePh,, so as to be able to make direct
comparisons of the reactivities of these two transient germylenes under similar conditions.
The absorption spectrum observed for GeMe; in the gas phase by Becerra et al. is the only
one reported that is consistent with the present work, and with previous work using

3 Therefore, we compared our

1,1,3,4-tetramethylgermacyclopent-3-ene as precursor. "
kinetic results to those of Becerra et al., who determined bimolecular rate constants for

reaction of the species with structurally related but not identical scavengers of a particular

class in the gas phase.

In the absence of a scavenger, the decay of GeMe, is dominated by the dimerization
reaction and follows second-order kinetics. We determined that dimerization of GeMe; to
give Ge,Me, is diffusion-controlled (kgim = (3.6 + 1.8) x 10'® M ) in hexanes at 25 °C
(vide supra). In order to explore the kinetics of the reactions of GeMe, with added

scavengers (Q) under the conditions of our experiments, the rate of the reaction under
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study needs to exceed that of the dimerization reaction. When Q is added to the solution,
we have two competing processes as shown in Scheme 2.11, assuming the absence of any
unintentional reactive impurities such as water or oxygen. As previously mentioned,
anhydrous and deoxygenated solvents, as well as scrupulously dried glassware, were used
in all of our kinetic experiments in order to minimize complications from water and

oxygen.

kalQ]
GeMe,

Product

Kgim [GeMey]

Me,Ge=GeMe,

Scheme 2.11 Reactions of GeMe; in solution in the presence of scavenger Q.

In principal, addition of increasing amounts of a scavenger is expected to cause an
enhancement in the decay rates of GeMe,. In a situation where the reaction is first-order
with respect to GeMe,, a gradual change in its kinetic behavior from second-order to
mixed first- and second-order kinetics should be observed. Once a sufficient amount of Q
is present such that the decay of the germylene is due predominantly to its reaction with
Q, 1ts decay should follow pseudo-first-order kinetics according to eq (2.4), where kgecay =
ko[Q]. Experimentally, we have observed that GeMe, decays with first-order kinetics at
scavenger concentrations which cause a ca. 50 % or more reduction decrease in the initial
yield of the digermene, which is directly proportional to the maximum intensity of its

signals (vide infra). We thus employed the Ge,Me, signal at 370 nm to gauge when the
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necessary minimum scavenger concentration is reached to ensure the validity of fitting the
germylene signal to first-order decay kinetics. We took this precaution because the
transient absorptions due to GeMe, are quite weak, and generally fit “acceptably” to first-
order kinetics even when dimerization is clearly the dominant decay channel based on the

characteristics of the digermene signal.

Based on Harrington’s results for GePh,,"* we anticipated the kinetic behavior of
GeMe; to vary in complexity with various substrates chosen for study, depending on the
magnitude of the equilibrium constant that defines the reaction in question. Thus, before
presenting our actual results, it is appropriate to illustrate the various behaviors that are
possible using kinetic simulations. The transient decay profiles of a germylene (such as
GeMe,) were simulated based on Scheme 2.12. As mentioned earlier, in the absence of
an added scavenger, GeMe, dimerizes at the diffusion-controlled rate to form Ge,Mey, but
this diminishes in importance as the scavenger concentration increases. The competing

dimerization reaction was not considered in the simulations, described below.

The simulation assumes that the only reaction occurring is that of the germylene
with added Q, occurring with a forward bimolecular rate constant &, = 9 x 10° M''s™” and
equilibrium constants of Keq = 100 M™', 5000 M™', 20 000 M™" or 100 000 M. Thus,
overall the simulation is for a very _simplistic case but serves to illustrate the expected
behavior under the different conditions. The expression for Kq 1s given by eq (2.9). The
value of the bimolecular rate constant (k;) was chosen based on the experimental

observation that most reactions of GeMe, in solution are close to diffusion-controlled
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(vide infra). The K¢q values represent situations of low, intermediate and high equilibrium
constants. The initial absorption intensity of the germylene was taken as 0.01 arbitary

units, which is roughly the intensity observed in our experiments.

kaq
GeR, + Q =————— product
ka

Scheme 2.12 Reaction of GeR, with scavenger (Q).

[Product]

= kolkg= ——— >> [GeR.
Keq=kolkq [GeR,]._,[Q] [Q] >> [GeR:]o 2.9)
AA= (AAg - AAogn) & M0 L AA (2-10)

Figure 2.13a displays the simulated transient profiles for GeR, for the case where
Keq= 100 M. The decay profile of the germylene exhibits an initial fast decay due to the
approach to equilibrium, followed by a non-decaying residual absorption (plateau). The
plateau represents the amount of free germylene present at equilibrium. Experimentally,
since the germylene is unstable and dimerizes to form the digermene, decaying residual
absorptions can be expected to be observed; because it arises from a second-order
reaction, the apparent decay rate of the residual absorption (due to GeR; at equilibrium)
will decrease as the average residual absorption value decreases. In this situation, the

actual value of kg cannot be determined, but analysis of the residual absorption levels
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according to eq (2.10) allows determination of K.q. Note that when K4 is as small as ~
100 M-1, the approach to equilibrium is too fast to be measured given the time resolution

of our 1nstrument.

From Figure 2.13a, it is evident that for reactions with kg > 10° M™'s™ and K., < 100
M, the initi;l approach to equilibrium is too fast to be resolved from the laser pulse.
Consequently, only a decreasing initial absorbance intensity and a second-order decay are
observed with increasing concentration of Q. An example of this behavior is given in
Chapter 4, for the reaction of GeMe, with t-BuOH. We believe that this situation also
pertains when Q = water, which explains the dependence of GeMe, signal strengths on

the degree to which the solvent and glassware are dried prior to the beginning of an

experiment.
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Figure 2.13. Simulation of germylene (GeR;) decay profiles for its reaction with
scavenger (Q), with bimolecular rate constant kg = 9 x 10° M's" and Keq (a) 100 M,
(b) 5000 M, (c) 20 000 M, and (d) 100 000 M in hydrocarbon solvents. The first
20 ns portion of the decay profiles in (a) has been grayed to illustrate the area that
cannot be resolved.
At the opposite extreme (K., = 100 000 M), it is evident that the plateau is
indistinguishable from the baseline (AA = 0), given the noise inherent in our data (Figure

2.13d); when the amount of residual germylene becomes negligible, the reaction is
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“essentially” irreversible. In such situations, kg can be determined experimentally, but

Keq cannot be.

Figures 2.13b and 2.13c represent intermediate situations, and in both cases the
initial fast decay and plateau are discernible. When K., for the reaction of GeR, with Q
falls into the intermediate category, we can t}:us determine both kg and K4 from the
experimental data: kg from plots of kgecay versus [Q] (eq 2.11), and K¢q from plots of (AA,
- AAres / AArs) versus [Q], according to eq (2.12). As illustrated in Figure 2.14a, the
plateau (AA,) is proportional to the concentration of the free GeR; at equilibrium and the
span (AAy - AA,) is proportional to the equilibrium concentration of the primary product
formed. Experimentally, if we observed decaying residual absorptions instead of a
plateau, we estimated the AA, as illustrated in Figure 2.14b. The decaying residual

absorptions are due to dimerization of free germylene after equilibrium has been

established.

kdecay = k—Q + kQ[Q] (2'11)

Keq [Q] = [Product]/[GeR;]eq
Keq [Q] = (AAO - AAres / AArcs) (2'12)
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0.015
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AAg o [GeRyg
-------------------------------------- 0.010F
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]
A , AAg - A5 = [product] <<§"

A « [GeR,

‘re/s Zea 0.005}) AArgs x [GeR2]eq

Time (us) Time (ps)

Figure 2.14. (a) Absorption versus time plot of GeR; for a hypothetical reversible
reaction of GeR; with Q, illustrating the parameters used to determine the Kq for the
reaction, according to eq (2.12) when (a) the residual absorptions are non-decaying and
when (b) residual absorptions are decaying.

In addition, the variation in the magnitude of K. has distinct effects on the
growth/decay profile due to the dimerization product, Ge;R4. For reactions with low
equilibrium constant, K¢q < 25 000 M'l, a lengthening in the growth time of Ge;Mey is
generally observed with increasing addition of the scavenger, and the formation of
digermene persisted at concentrations of Q beyond which the germylene could no longer
be detected (vide infra). However, it should be noted that the kinetic behavior of the
digermene varies depending on whether or not it also reacts with the added scavenger. If
the digermene reacts with the added Q, the lengthening in the growth time will not be
observed, and a greater decrease in its signal intensities will be observed. In contrast, for
reactions with K¢q > 25 000 M, increasing addition of scavenger continuously caused a
decrease in the yield of the digermene. In this th—esis, we will employ the term

“irreversible” for any reaction for which K¢q > 25 000 M and the efficiency with which

Ge;Me, formation is quenched is high. The digermene signals were thus employed as a
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qualitative method of gauging the efficiency of the reaction of Q with GeMe, (i.e. the

magnitude of K,).

The quantum yield of Ge;R, in the absence of Q is given by eq (2.13), where [i] is
the concentration of any reactive impurities present. Assuming the concentration of
impurities is negligible, in the presence of added Q (low concentrations), the dec;y of
GeR; is dominated by dimerization to form Ge,R,4, and the bimolecular reaction with Q to

form products, with rate constants k4im and kq, respectively. Under these conditions, the

quantum yield of Ge;R4 (d GeZR,,) is given by eq (2.14). Hence, the ratio of quantum

yields for Ge,R4 in the absence and presence of added Q is given by eq 2.15, which is a

modified version of the Stern-Volmer equation.

® - kgim[GER, ]02 D Gevre (2.13)
oot kym[GeR, ]02 +k[GeR,]y[{] 2

@ - kyim[GeR, ]02 D Genre
Ge,R,,
® kumlGeR,]," +k[GeR,J[Q] 2 2.14)
assuming [1] in our experiments is 0

@ k,

R s g ) (2.15)

cDGeZR4 0 kdim [Gch ] 0

k,
where the Stern-Volmer constant, Ky, = ———2——
ksim[GER, ],
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The yield of the digermene is proportional to its maximum absorption intensity,
thus, eq (2.16) is obtained. The maximum signal intensity due to Ge;Me, is denoted by
(AA370)max,0 in the absence of Q, and (AAs70)max,q 10 the presence of Q. A plot of the ratio
of absorption intensities versus [Q], according to eq. (2.16) is expected to be linear. The
slope is the Stern-Volmer constant (Kg,) and is the product of the bimolecular rate
constant (kg) for the reaction of GeMe, with Q and the second-order lifetime (t =

1/kqim[ GER2]o) of GeMe; in the absence of Q.

(AA370)max,O/ (AA370)max,Q =1+ st [Q] (2.16)

The Stern-Volmer “constants” obtained in our experiments should be interpreted
with caution, because they depend on the initial concentration of GeMe; (see eq 2.15).
The latter in turn depends on the concentration of the precursor and especially on the laser
intensity. In our experiments, these two parameters were kept constant as far as possible:
a static UV-Vis absorbance of the precursor solution ranging between 0.8-9 and a laser
dose of 100-112 mJ were used throughout. Moreover, the maximum intensities of the
signals due to Ge,Me, in the presence of a scavenger vary depending on its reactivity with
Q. Strictly speaking, eq (2.16) holds when Ge;Ry is unreactive toward Q. If this is not
the case, artificially high K, values will be obtained. Experimentally, we found that
Ge,Mey is reactive toward most of the scavengers used, though the rate constants for their
reactions are generally much lower than those of GeMe,. Only in a few cases was it clear
that the rate constant for reaction of the digermene with the scavenger approaches that of

the germylene (vide infra).
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The ratio of K/kq (listed in Table 2.1) provides a better qualitative indication of the
scavenging efficiency of the reaction of GeMe; with Q than K, itself, because K,
depends on kq. In general, it is observed that reversible reactions exhibit lower K./kq
values than “irreversible” reactions. For example, GeMe, reacts with similar rate
constants with Et;N and AcOH; however, the K/kq for triethylamine (Et:N) is ca. 4
times smaller than that for AcOH. In other situations, for example with AcOH and CCly,
both reactions are “irreversible” with GeMe,. The reaction of GeMe, with AcOH is two
orders of magnitude higher than that of CCly, but the K/kq for the latter reaction is

higher. This is because Ge,Mey is more reactive toward CCly than AcOH.

Typical irreversible behavior was observed when GeMe, was scavenged with
AcOH, carbon tetrachloride (CCly), oxygen, triethylgermane (Et;GeH), triethylsilane
(Et3SiH) and tributylstannane (Bu3SnH), while the reactions with isoprene, Et;N and n-
butylamine (n-BuNH;) showed evidence of reversibility, but with K.q > 20 000 M. The
bimolecular rate constants (kq), K and Ki/kqg values determined for the reactions of
GeMe; are collected in Table 2.1. In general a low K/kq ratio (< 0.5) was considered as
an indication of reversibility. Each reaction will be discussed individually in the sections

that follow.

Values of the pseudo-first-order decay rate constant (kgecay) at increasing scavenger
concentrations were obtained from single-phase exponential fits of the decay profiles,
using eq (2.4). For irreversible reactions the plots of kgecay monitored at 480 nm versus

[scavenger] were linear and were analyzed according to eq (2.17), where the slope, ko, is
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the bimolecular rate constant for the reaction of GeMe; and ky is the hypothetical pseudo-

first-order rate constant for decay of GeMe, in the absence of a scavenger.

kdecay =ko+ kQ [Q] (2.17)
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Table 2.1. Absolute rate constants (kq), Stern-Volmer “constants” (K,) and the
ratios of K/kq for the reactions of GeMe, with various scavengers in deoxygenated

hexanes at 25° + 2 C.*P

F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

GeMe,

-1
Reagent ko/ 1 0° M ¢! Ko/ M (Ks/kg)/us
AcOH 7.5+0.4 7600 + 1300 1.01 (0.73)
(11.3+2.4) (8300 + 950)
CCl4 0.08 £0.02 130 +20 1.63
H,C=CHCH,CMe; (DMP) 96+1.2 1700 + 250 0.18
Isoprene 11+3 2500 + 800 0.23
2,3-dimethyl-1,3-butadiene 13+6 2800 + 340 0.22 (0.63)
(DMB) (8.1+0.2) (5100 + 1400)
_ 13+£3 5300 + 600 0.41 (0.54)
HC=CCMe; (TBE) 9.2+ 1.9) (5000 = 600)
Bu;SnH 14+2 9600 + 1400 0.70
Et;SiH 0.0006 + 0.0002 1.4+0.2 2.55
Et;GeH 0.05+0.02 31+1 0.69
Et;N 8.7+0.7 2030 + 200 0.23
BuNH, 12+3 3610+ 110 0.30
0, 0.09 £ 0.01 150 + 80 1.67

* Errors are listed as + 20 from the linear least-squares analysis of kgecay Versus [Q]
(see eq 2.17). The rate constants recorded from scavenging experiments using 23 as
GeMe; precursor are shown in parentheses.
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2.8.1 Reaction with acetic acid

Addition of AcOH resulted in a shortening in the lifetimes of GeMe; a change in its
kinetic behavior from second-order to clean pseudo-first-order in the presence of [AcOH]
> (0.5 mM was observed. This indicates that at those concentrations the decay of GeMe;
is dominated by its reaction with AcOH and that dimerization is negligible. Typical
transient decay/growth traces for GeMe, and Ge,Me, recorded at 0 mM, 0.05 mM and
0.54 mM of AcOH are shown in Figures 2.15a and 2.15b. GeMe; decays with excellent

fits to first-order kinetics over a concentration range of 0.5-2 mM AcOH.

AA370nm

AA460nm

Figure 2.15. Effects of added AcOH on the: (a) transient decay profiles of GeMe,,
monitored at 480 nm; (b) transient growth/decay profiles of Ge;Me4, monitored at 370
nm.
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A plot of the pseudo-first-order decay rate constants versus nominal [AcOH] is
linear, consistent with eq (2.17), and indicates that the reaction is first-order with respect
to AcOH within the concentration range studied as shown in Figure 2.16. A bimolecular
rate constant, kg = 7.5 x 10° M's™ was obtained from this plot. It is known that AcOH
monomers form hydrogen-bonded dimers (cyclic and linear forms) with an equilibrium
constant, K¢q = 3200 £ 500 M7 in hexanes at 25 °C.2 The plot of kgecay versus the
concentration of AcOH monomer (Figure 2.16b) afforded a bimolecular rate constant, kq
=(29+0.4)x 10" M's, indicating that the reaction is diffusion-controlled. It is to be
noted that the intercept is slightly negative (-1.223 + 1.005), but is acceptable taking into
account the errors associated with the determination of the AcOH monomer
concentration. Overall, the linearity of the plot obtained with the nominal AcOH
concentration shows that within this concentration range, both the AcOH monomer and

dimer react unselectively with GeMe,.

The yield of Ge;Me, is directly proportional to the maximum intensity of the
transient growth/decay profile recorded at 370 nm. It is observed that addition of
increasing concentrations of AcOH resulted in a reduction in the maximum intensities at
370 nm and a gradual shift of the maxima to shorter times (Figure 2.15b). This behavior
is an indication that the reaction of AcOH with GeMe; is irreversible (i.e. Keq >> 25 000

M.
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Figure 2.16. (a) Plots of pseudo-first-order decay rate constant of GeMe; (kgecay) VEIsus

nominal [AcOH] (o) and the plot of (AA370)max,0/(AA370)max,q Versus [Q] (O). The solid
lines represent the linear least-squares fit of the data to eqns (2.17) and (2.16),
respectively; (b) Plots of pseudo-first-order decay rate constant of GeMe; (kdecay) VErsus
[AcOH ] monomer- The solid line represents the best linear least-squares fit to eq (2.17).

The transient behavior observed at 480 nm is consistent with “irreversible”
scavenging of the germylene. As discussed earlier, the germylene decays with first-order
kinetics completely to baseline. A qualitative indication of irreversibility is also obtained
from the digermene transient behavior. The growth/decay profiles recorded for Ge,Mey
are similar to what was previously observed for GePh, in the presence of AcOH in
hexanes.” A plot of the relative maximum absorption intensities ([(AA370)max]o /

[(AA370)max]iq)) of Ge2Mey versus [AcOH] was linear, consistent with eq (2.16).
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Huck and Leigh explored the effects of electron-donating and electron-withdrawing
substituents on the rates of the reactions of a series of aryl-substituted germylenes with
AcOH in hexanes.”® Their study revealed excellent linear correlations of the rate
constants with Hammett p-values, leading to p = +0.19 £ 0.01. This indicates that the
rate-determining step of these reactions involves development of a negative charge atthe
germanium center. On the basis of these results, it was postulated that the reaction with
AcOH occurs by initial, rate-determining nucleophilic attack of the lone pair on the
oxygen of the acid into the vacant p-orbital of the germylene. No new transient
intermediate that could be assigned to a donor-acceptor complex between the germylene
and the acid was detected. These results are consistent with a rapid proton transfer in the

second step of the reaction to afford the final product (Scheme 2.13).

95 % 29 o

OF slow \ H fast |
/lk — R—Mgﬁ M.

Scheme 2.13 Postulated mechanism for the reaction of GeR, with AcOH.

2.8.2 Reactions with group 14 metal hydrides

Addition of Et3SiH, Et;GeH and Bu3SnH results in an enhancement in the decay
rates of GeMe; and a decrease in the intensity of the signals due to Ge;Mey in proportion
to the concentration of the scavenger added. The kinetic behaviors of GeMe, and Ge,Me4

were similar to those observed in the presence of AcOH, consistent with “irreversible”
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reaction of GeMe, with the scavenger. Plots of the pseudo-first-order decay rate constants
for GeMe, versus [scavenger| and Stern-Volmer plots, according to eqs (2.16) and (2.17),

respectively were linear in all cases, and are shown in Figure 2.17.

It 1s observed that the rate constants for the reaction with GeMe, increase in the
order Et;SiH < Et;GeH < n-B113SnH; i.e. with decreasing M-H bond dissociation energy
(BDE) (Table 2.2). The kinetic data reported for the reactions of GeMePh and GePh,
with the same set of group 14 hydrides follow similar trends.”* The rate constant for the
reaction of GeMe, with Et3SiH and Et;GeH are similar to that of GePh,, while that of n-
Bu;SnH is approximately four times larger.

Table 2.2. The BDE (kcal / mol) for selected group 14 hydrides and a comparison of
the absolute rate constants (ko / 10° M™'s™") of their reactions with GeR; and SiMe; in

hexanes.
Scavenger , DDE GeMe,  GeMePh*  GePh,’ SiMe;*
(kcal/mol)
Et;Si-H 90.1¢ 0.6+0.2 <044  0.56+0.09 3600+ 300
Et;Ge-H 82.3° 50 + 20 nd 30+2 2500 + 200

n-BuzSn-H 73.7° 13800 + 1800 3700 +£400 3490+ 90 18900 + 1400

nd — not determined. (a) Ref. 25; (b) Ref. 2; (c) Ref. 26; (d) Ref. 27; (e) Ref. 28; (f)
Ref. 29.
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Figure 2.17. Effects of added (a) n-Bu;SnH, (b) Et;GeH and (c) Et;SiH on (i) the
pseudo-first-order rate constant (kgecay) Of GeMe,, monitored at 480 nm (o; eq 2.17),
and (i1) the maximum transient absorbance of Ge,Me4 monitored at 370 nm (O; eq
2.16). The inset in (a) shows an expanded Stern-Volmer plot according to eq (2.16) for
n-Bu;SnH.

The rate constant for the reaction of GeMe, with Et;SiH (k= 5.5+ 1.5) x 10° M's”
is at least an order of magnitude higher than the upper limit (k < 10* M's™) reported by
Bobbitt e al. for the transient they assigned (incorrectly) to GeMe,.>® On the other hand,

Becerra er al. have reported an upper limit of k¥ < 6 x 10" cm® molecule” s
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(corresponding to ca. < 3.6 x 10° M ! in molar units) for the reaction of trimethylsilane
with GeMe, in the gas phase.” This value is consistent with the rate constant obtained in

the present work.

Although we did not perform any product studies for these reactions there are a few
stuciies that showed the formation of the net insertion products f;om the reactions of
silylenes with group 14 M-H bonds. For examples: Sefcik et al. have reported the
formation of silylgermanes from the reaction of SiH, with methylgermanes.*'** Sakurai
et al. reported that SiMePh inserts into Ge-H bond of Et;GeH to form the insertion
product, MePh(H)SiGeEts;**> Moiseev and Leigh reported that SiPh, inserts into Et;Ge-H
and Bu;Sn-H to give the corresponding Ge-H and Sn-H insertions products.26 Studies of
the temperature dependence of the reactions of SiMe, with MeSiH;, Me,SiH; and
Me;SiH or GeH; with Et;GeH in the gas phase revealed that all these reactions exhibit

34,35

negative activation energies. The two-step mechanism shown in Scheme 2.14 has

been proposed to account for these results and is supported by theoretical calculations.*®*°
The reaction involves the initial formation of a weakly-bound H-bridged complex

between the silylene (or germylene) and the metal hydride, followed by a slow

rearrangement to give the final insertion product.

+
.M'R'; MR’
R\g k1 R\lﬂ k2 I 3
\‘MQD + RgMH — M - R"M‘H
R O k_1 R" - @ R/
M = Sior Ge M' = Si, Ge or Sn

Scheme 2.14 Postulated mechanism for the reaction of MR, with R’sM’-H.
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GeMe, is markedly less reactive than SiMe, toward Et;Si-H and Et;Ge-H bonds,
while they both react with n-BusSnH at close to the diffusion limit in hexanes.
Unexpectedly, SiMe, does not show a similar trend in reactivity as GeMe, toward these
substrates. It is observed that the rate of reaction with Et;Ge-H is slightly slower than that
of Et;SiH, and that with BusSnH is only ca. 5 times faster.?® A similar trend has also been
reported for the reactions of SiMe, with Me,GeH, and Me,SiH, in the gas phase.*’
Quantum chemical calculations by Becerra et al. predicted that the lower reactivity of
SiMe, with Ge-H bond as compared to Si-H is due to a higher activation energy barrier
for the rearrangement of the initially formed complex (step 2) in the case of the Ge-H

insertion reaction.*'**?

2.8.3 Reactions of GeMe, with alkene, alkyne and diene

Addition of increasing amounts of DMB, isoprene and DMP resulted in an
enhancement in the decay rates of GeMe, at 480 nm in all three cases. Figure 2.18a
shows representative transient decay profiles recorded at 480 nm in the absence and
presence of 0.12 mM DMB. It was reported that GePh, decays with bimodal kinetics,
consisting of an initial fast decay, followed by a residual decay to a plateau in the
presence of 0.2-3 mM of DMP and isoprene.! This type of transient behavior is indicative
of a reversible reaction of the germylene (vide infra). Analogous behavior could not be
detected for GeMe,, mainly because of the larger equilibrium constant for tl-qe reaction
with the scavenger and faster dimerization rate of GeMe,. In all three cases, the residual

absorptions were low enough such that the decays fit to simple first-order kinetics at all
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concentrations studied. The plots of Kgecay versus [Q] were linear. Figure 2.18b shows
representative plots for kg and K, determination for the reactions of GeMe, with DMB in

hexanes.

b
kq=1(1.25+0.58)x10""M"s™

AA480nm

O‘XQW(OLSW)/ OKXBW(OLEVv)

L M

L S PRSI S | i 0

0 05 1.0
[DMB]/ mM

Figure 2.18. (a) Effects of added DMB on (a) transient decay profiles recorded at 480
nm by laser flash photolysis of 23 in deoxygenated hexanes; (b) Plots of pseudo-first-
order rate constant (kgecay) Of GeMe,, monitored at 480 nm (o) and
(AA370)max,0/(AA370)max,@ (O) versus [DMB], showing linear least-squares fits of data
to egs (2.17) and (2.16), respectively.

Figure 2.19 shows some of the growth/decay profiles recorded at 370 nm on short
and long time-scales in the presence of increasing DMB concentrations. A lengthening in
the growth time of Ge;Mey is observed with increasing concentrations of DMB. This
transient behavior of the digermene is similar to that observed for Ge;Ph, in the presence
of isoprene and DMP under similar conditions, and is consistent with reversible

scavenging of the germylene.” The Ks/kq values obtained for these reactions are lower

than those exhibited by “irreversible” reactions such as that with AcOH (see Table 2.1).
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Ge,Me, is formed on a longer time scale because it continues to be formed after
equilibrium has been established. In spite of the fact that similar K/kq values were

observed for DMP and isoprene, no such lengthening in the growth time was observed in

these two cases.

0.010
£ £
s s
S 2
g 0.005| <<»:l
0.000 4
50 100 150 200
Time (us) Time (us)

Figure 2.19. Effects of added DMB on the transient growth/decay profiles recorded at
370 nm by laser flash photolysis of 23 in deoxygenated hexanes (a) on shorter time scale

and (b) on longer time scale.

Keq values could not be determined for the reactions of GeMe, with isoprene, DMB
and DMP; however, upper limits were estimated (based on eq (2.18)) by using the AAg
and AA,s from decay profiles of GeMe; at the highest concentration where a hint of a

plateau could be discerned.

I
Keg = —— [ AA:,Z - 1} 2.18)
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Figure 2.20. (a) Effects of added DMP on the transient decay profiles recorded at 480
nm by laser flash photolysis of 23; (b) Plots of pseudo-first-order rate constant (kgecay) Of
GeMe,, monitored at 480 nm (0) and (AA370)max,0/(AA370)max,0 (O) versus [DMP],
showing linear least-squares fits of data to eqs (2.17) and (2.16), respectively.

Leigh et al. reported that GePh, and GeMePh react with isoprene and DMP
reversibly at close to the diffusion-controlled rate in hexanes.>*> Moreover, they reported
the direct detection of new absorption bands assignable to the corresponding
germacyclopropane or germacyclopropene derivatives.” The absorption maxima and
lifetimes of the absorption bands assigned to these intermediates are given in Table 2.3.
However, laser flash photolysis of 23 in the presence of 5 mM or 10 mM isoprene did not
produce new transient absorption bands that could be attributed to the analogous primary
products. This is most likely because they absorb at shorter wavelengths than can be
monitored in our experiments (< 270 nm). In the presence of such isoprene
concentrations neither GeMe, nor Ge,Me, could be detected; however, the transient

absorption band at 290 nm was still observed and exhibits a similar kinetic behavior as
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the 290 nm transient in the absence of the scavenger. These observations indicate that the
same long-lived absorption at 290 nm is observed regardless of whether these scavengers

are present or not.

Table 2.3. A comparison of the transient intermediates formed from
the reactions of GePh,” and GeMePh"® with isoprene, DMP and TBE -

in hexanes
Reagent Intermediate R=Ph R =Me, Ph
Isoprene R Amax (nm) 285 285
e
L\( T 500+ 10pus  0.67 ms
DMP gz Amax (nm)  ~275 275
e
A 12401ms  2.6ms
TBE gz Amax (nm)  ~275 270
e
AL T 600 ms > 2000 ms
H CMe3

From (a) Ref. 2; (b) Ref. 25.

The rate constants can be compared to those reported in earlier studies for the same
reactions: the rate constants reported in cyclohexane for the reaction of “GeMe,” with
DMB at room temperature are in the range ko= 1.7 - 2.4 x 10" MY 2934 while that
with isoprene in cyclohexane is kg = 1.63 x 10" M's'3% None of these values are
consistent with the ones determined in the present study. However, as we previously

discussed, in these reports, different absorption bands were assigned to GeMe,, indicating

that these authors were not looking at the same transient species.
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The value of kg = (1.08 + 0.28) x 10'° M's™', determined for the reaction of the 470

nm species for 23 with isoprene is consistent with the rate constant of 1.1 x 10! cm’

molecule's™ (6.6 x 10° M''s™) reported for the reaction of butadiene with GeMe; in the
gas phase.” GeMe, was found to react with DMP with a rate constant of (9.6 + 1.2) x 10°
M s and this value is also comparable to that obtained by Becerra et al. for the reaction
of GeMe, with 3,3-dimethylbut-1-ene in the gas phase, kg = 1.3 x 10" ecm® molecule™s™

(ca. 7.8 x 10° M's™).?

In the presence of 3,3-dimethyl-1-butyne (TBE), it is observed that GeMe, decays
with first-order kinetics to the pre-pulse level at all concentrations studied (up to 1.4
mM). This behavior is consistent with irreversible scavenging of GeMe,. Figure 2.21a
shows the transient decay profiles recorded in the presence of 0.06 mM and 0.13 mM.
Moreover, the signals due to Ge;Mes showed decreasing maximum intensities with
increasing concentration of TBE and a lengthening in their growth time (Figure 2.21b). A
plot of kgecay versus [TBE] is linear and affords a bimolecular rate constant, krgg = (1.3 £
0.3) x 10'° M 5™ for the reaction (Figure 2.21c). This value is in good agreement with
the rate constant reported in the gas phase for the reaction of GeMe, with acetylene,
where k = 1.3 x 10" cm’ molecule™ s (corresponding to k = 7.8 x 10° M s in

solution).?
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Figure 2.21. Effects of added TBE on the (a) transient decay profiles monitored at 480
nm and (b) transient growth/decay profiles monitored at 370 nm, and (c) plots of
pseudo-first-order rate constant (kgecay) Of GeMe;, monitored at 480 nm (o) and
(AA370)max,0/(AA370)max,q (O) versus [TBE], showing linear least-squares fits of data to
eqs (2.17) and (2.16), respectively.
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The rate and equilibrium constants determined for the reactions of GeMe; in this
work, together with those determined for reaction of the same substrates for GeMePh,25
Geth,2 and SiMez26 are given in Table 2.4. It can be observed that the rate constants for
the reactions of the germylenes toward the alkene, alkyne and diene studied increase in
the order GePh, < GeMePh < GeMe,. The rate constants obtained for the reactions of
GeMe, are roughly twice higher than those determined for GePh,. Moreover, the
estimated equilibrium constants for the reactions of GeMe, with DMP and isoprene (Kcq ~
20 000 M) are markedly higher than those determined for GePh; (see Table 2.4). These
results indicate that GeMe, forms thermodynamically more stable primary products than
does GePh,. The rate constants for the reactions of SiMe; are considerably larger than
those of GeMe; under the same set of conditions. In addition, while the reactions of
GeMe; are reversible with DMP, DMB and isoprene, those of SiMe, are irreversible.
This is indicative of higher exothermicities of the reactions of SiMe, with these reagents

as compared to GeMe,, consistent with theoretical predictions.*>*®
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Table 2.4. Comparison of bimolecular rate constants, kg (10° M''s™) and equilibrium
constants, K¢q (M'l) for the reactions of GeMe,, GePh, and SiMe, with alkene, diene
and alkyne in hexanes at 23-25 °C

Reagent GeMe,” GeMePh”  GePh, SiMe;*
ko (10" M's™
kq 108+28 8.0+0.9 55+1.2 19.8+0.7
Isoprene | .
K, M")  >20000 12000-15000 6000 + 2500  Irreversible
DMB kq 125458 442 >5x10° 15.9+0.7
K.,M™")  >20000 <1000 <1000 Irreversible
DMP kq 96+1.2 5.1+0.7 42+0.2 11.7+0.5
K.,M")  >20000 4000-8000 2500+ 600 Irreversible
TBE ko 13+3 59+04 518+0.47 17.8+06
Keq (M™")  TIrreversible Irreversible Irreversible Irreversible

(Keq > 100 000)
(a) This work; (b) Ref. 25; (c) Ref. 2; (d) Ref. 26.

2.8.4 Reaction with amines

Germylenes are known to react with amines to form Lewis acid-base complexes in
low temperature matrixes and in solution."****” Moreover, kinetic studies performed in
our group revealed that GePh, and GePhMe react reversibly with n-BuNH; and Et;N in

> In all cases, the corresponding equilibrium constants are too large to be

hexanes.>”
measured by laser flash photolysis methods, i.e. their values are in excess of ca. 25 000 M
! in hexanes at 25 °C. Product studies for the reaction of GePh, with n-BuNH, afforded

mostly oligo-or polymeric material, and a small amount of nitrogen-containing product

which was tentatively assigned to the N-H insertion product (Scheme 2.15).’
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Bu\ ,H
+N—H

H
/ slow G|
:GeR, + nBuNH, —— R2G_9® —— R,Ge—N(Bu)H

Scheme 2.15 Postulated mechanism for the reaction of GeR, with a primary or

secondary amine; for e.g. n-BuNH,.

We observed that increasing concentrations of n-BuNH, or Et;N led to an increase
in the decay rates of the GeMe, absorption. In both cases, the signal decays to baseline
with first-order kinetics, and plots of kgecay versus [amine] are linear. A decrease in the
maximum intensity of the signals due to Ge,Me4 was also observed, and in the case of n-
BuNH,, this was accompanied by a slight lengthening of the growth time of the signal.
As mentioned earlier, the latter behavior is indicative of reversible scavenging and is
comparable to that observed for GePh, and GeMePh in the presence of Et;N.2 Figure
2.22 shows transient growth/decay profiles recorded at 480 nm and 370 nm by laser flash
photolysis of 23 in the presence of increasing concentrations of n-BuNHj; in hexanes. No
residual absorptions were observed in the GeMe, decay profiles, consistent with an
equilibrium constant (K.q) for the reaction that exceeds 25 000 M, the approximate
upper limit at which we can detect effects of reversibility on the germylene decay
proﬁles.2 The kg values obtained show that GeMe, reacts with both Et;N and n-BuNH; at

close to the diffusion-controlled rate in hexanes at 25 °C.
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Figure 2.22. Effects of added n-BulNH; on the (a) transient decay profiles of GeMe, at
480 nm and (b) transient growth/decay profiles of Ge,Me, at 370 nm, and (c) plots of
the pseudo-first-order decay rate constant (kgecay) of GeMe,, monitored at 480 nm (O)
and (AA370)max,0/(AA370)max,q (O) versus [n-BuNH,], showing linear least-squares fits of
data to eqs (2.17) and (2.16), respectively.
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A transient absorption spectrum recorded by laser flash photolysis of 23 in the
presence of 2 mM of Et;N showed no indication of new transient absorption bands
assignable to the Me,Ge-NEt; complex, most likely because the species exhibits an
absorption maximum at shorter wavelengths than can be monitored in our experiments (<
270 nm). Indeed, Levin et al. reported that the Me,Si-NEt; complex absorbs at < 270
nm.* We did observe strong absorptions at ca. 290 nm which are formed with the laser
pulse, and decayed with a lifetime t ~ 2 ps; however, these are due to the competing

photolysis of the amine.?

2.8.5 Reaction with carbon tetrachloride

Quenching of GeMe; with CCl, in hexanes afforded a rate constant of (8 + 2) x 10’
M's™ (Figure 2.23). Absolute rate constants assigned to the reaction of “GeMe,” with
CCl4 have been reported by several authors in the literature. For example, Mochida et al.
reported rate constants of 4.9 x 10® M's™ and 7.3 x 10®* M!s for the same reaction in
cyclohexane using dodecamethylcyclohexagermane and decamethylcyclopentagermane as

44,49

GeMe, precursors, respecttvely; Bobbitt et al. reported a rate constant of 3.2 x 10° M"

's! using PhMe,GeSiMe; as a precursor to GeMe; in cyclohexane.”® The rate constant
determined in the present work does not match any of the earlier reported values, again

indicating that the species assigned to GeMe; in the early reports are different from that

obtained from 23 and 24.
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Figure 2.23. Effects of added CCls on the pseudo-first-order decay rate constants of
GeMe; (o), monitored at 480 nm, and on the maximum signal intensity (O) of Ge,Mey,
monitored at 370 nm. The solid lines are the linear least-squares fits to eq (2.17) and

eq (2.16), respectively.

It was reported that the generation of GeMe; in the presence of CCly in hydrocarbon

3051 Based on these results and

solvent yields Me,GeCl, and C,Clg as the major products.
CIDNP experiments, a two-step radical abstraction-recombination mechanism has been
proposed, as shown in Scheme 2.15.° %32 Interestingly, several GeMe; or diarylgermylene
complexes with chlorocyclohexane or chlorobenzene have been detected in matrixes at 77
K; these observations suggest that the mechanism of these reactions proceeds through
initial Lewis acid-base complexation.” In the present study, no new transients
attributable to GeMe,-CCl; complexes could be detected, and to the best of our

knowledge there are no reports of the detection of germylene-halocarbon complexes in

solution at room temperature. The rate constant for the reaction of GeMe, with CCly is
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roughly one order of magnitude higher than that exhibited by GePh; (kccus = (1.09 £ 4) x

10 M's™h).2
MezGeClz + 'CC|3
ccl,
cCl,
:GeMe, |CCl3 'GeMezCl}
'CC|3
C,Cls

Scheme 2.16 Postulated mechanism for the reaction of GeMe, with CCl,.

2.8.6 Reaction with oxygen

Laser flash photolysis of 23 was performed in air and oxygen-saturated hexanes.
A bimolecular rate constant, ko, = (9.0 £ 1.2) x 10" M's! was estimated from the
difference between the pseudo-first-order decay rate constants of GeMe; in oxygen- and
air-saturated hexanes ([O-,] in oxygen-saturated hexanes 1s 0.0151 M at 25 oC? ). The rate
constant determined for GeMe; is roughly 50 times less than that reported for the reaction
of SiMe, with O, (k = (4.7 + 0.4) x 108 M's").?® The reactions of germylenes with
oxygen have not been studied mechanistically. However, based on product studies it is
suggested that germylenes react with oxygen to form the corresponding germanones,
which then further react to form dioxadigermetane rings (eq 2.19).>* No direct evidence

for the formation of germanones from these reactions has been reported so far.

© [R,Ge=0] X2 Q-GeR

1GeR, R,Ge—0 (2.19)
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2.9 Summary and Conclusions

Steady state photolysis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene (23) or
1,1,1-trimethyl-3-phenylgermacyclopent-3-ene (24) in cyclohexane in the presence of
AcOH, DMB or methanol yields the expected GeMe;-trapping products along with the
extruded diene as the only products. The quantum yield for the extrusion of GeMe, from
23 was determined to be @ = 0.55 £ 0.09. Transient absorption spectra recorded by laser
flash photolysis of 23 and 24 in deoxygenated hexanes exhibit a UV/Vis absorption band
centered at 470 nm, which has been assigned to GeMe,. In the absence of added
substrates, this species decays with second-order kinetics with concomitant formation of a
second transient with absorption centered at 370 nm, which is assigned to Ge;Me,. The
extinction coefficient of GeMe; at its maximum absorption was determined to be £ = 730

+ 300 dm’ mol™ em™.

Our kinetic studies show that most of the reactions of GeMe, that have been studied
proceed at close to the diffusion-controlled rate in hexanes. The reactions of GeMe, with
AcOH, 3,3-dimethyl-1-butyne, CCls, group 14 metal hydrides (Et;SiH, Et;GeH and
nBusSnH) are irreversible, while those with amines (Et;N and n-BuNH,), 4,4-dimethyl-1-
pentene, and dienes (isoprene and 2,3-dimethylbuta-1,3-diene) were found to be
reversible, with equilibrium constants of K¢, ~ 20 000 M'. The rate constants
determined in the present work are in agreement with the ones reported in the gas phase

for the same or similar set of scavengers (Table 2.5).
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Table 2.5. Rate constants for the reactions of GeMe; in deoxygenated
hexanes and the gas phase at 298 K*

Scavenger GeMe, (solution) GeMe; (gas phase)
ko /10" Ms™

>\—/ <\\J ) 10.9 6.6

tBu  H 8.9 7.8
X/\ =

H H
! —H <H — H) 10.8 7.8
0O, 0.09 0.027
Et;SiH (MesSiH) 0.00055 <0.0036
Et;GeH (Me;GeH) 0.05 <0.024

a- gas phase rate constants were reported in cm molecule”'s” but have
been converted to molar units to facilitate comparison.’ These rate
constants were determined at 100 Torr (SF¢). The scavengers studied in
gas phase experiments are given in parentheses when different from that
studied in solution.

The rate constants for the reactions of GeMe, follow the same trends as those of
GeMePh and GePh, with the same scavengers. However, in all cases, they are found to
be higher than those of the phenylated analogues. Overall, the reactivity of GeMePh lies
between those of GeMe;, and GePh,, as might be expected. The K., for the reactions of
GeMe, with 4,4-dimethyl-1-pentene, 2,3-dimethyl-1,3-butadiene and isoprene are higher
than that of GeMePh and GePh,. Therefore, we conclude that GeMe, generally forms
more stable primary reaction products than the phenylated germylenes. It is interesting to

note that in most cases the reactivity of GeMe, parallels that of SiMe,, with those for the

germylene being slightly lower. The same trend is evident in the equilibrium constants
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for the reactions of the two species with 4,4-dimethyl-1-pentene, 3,3-dimethyl-1-butyne
and diene (isoprene and 2,3-dimethylbuta-1,3-diene), consistent with the indication from
theory that germylenes are of greater thermodynamic stability than silylenes of otherwise

identical structures.
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CHAPTER 3

Reinvestigation of some dimethylgermylene precursors in solution by laser flash
photolysis

3.1 Introduction -

Time-resolved UV-Vis absorption spectroscopy has been the most widely used
method in the study of transient germylenes and a great deal of information about the
kinetics of their reactions has been obtained using this method. However, one major
disadvantage of this method is that the absorption bands are usually broad and featureless,
and in any event the UV-Vis spectrum affords only an extremely limited amount of
structural information on the transient molecule in question. This may become
problematic especially in cases where two or more transients are formed in the
photochemical reaction employed for the transient production. Often several transient
species display absorption bands in similar spectral range and thus in these cases the

identification of the transient species of interest can be ambiguous.

As mentioned in Chapter 1, “GeMe,” (the quotation marks are used to refer to all
the transient species assigned to GeMe, prior to the work performed by Leigh et al. in
2004') is the most widely explored transient germylene in solution. Prior to our work, the
absorption spectrum of GeMe; in solution was not established, as evident from the fact
that its reported absorption maximum varies between 370-490 nm.”> The assignments of

“GeMe;” in solution, in most of these cases, have been based on comparisons of the UV-
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Vis absorption spectrum to that obtained in low temperature matrixes, the identities of
trapping products obtained from the photochemical decomposition of the precursors in the
absence and presence of germylene scavengers, and kinetic studies of some of its

reactions. The latter also show marked inconsistencies from study to study.

Driven by the transient UV-Vis absorption spectroscopic and kinetic studies
discussed in Chapter 2, we decided to reinvestigate the photochemistry of
dodecamethylcyclohexagermane 14 and dimethylphenyl(trimethylsilyl)germane 18. The
reported product studies from photolysis of 14 showed evidence for GeMe, trapping
products.” However, the transient UV-Vis spectrum and kinetic behavior of the species
observed in laser flash photolysis of the compound, and assigned to GeMe, are in marked
disagreement with our data. On the other hand, product studies from the photolysis of
compound 18 showed that though GeMe; is formed as the major transient species, its
formation is accompanied by the formation of a conjugated germene (vide infra). Details
about the reported photochemical and UV-Vis spectroscopic studies of compounds 14 and

18 are given below.

R Me; Me. _ .Me
_Ge Ge. .
I)GGMGZ MeZG? quez O S|Me3
Ph Me,Ge GéGeMe2
23R=H Me; 18
24R=Me 14
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Mochida et al. reported that laser flash photolysis of
dodecamethylcyclohexagermane (14) in deoxygenated cyclohexane resulted in the
formation of a transient species with Apmax = 450 nm, which they assigned to GeMe,.}
They observed that the transient species decayed with second-order kinetics (k/e = 2.7 x
10" ecm s'l) to form a second transient species with Ay.x = 370 nm, which in turn decays
with second-order kinetics (ke = 3.9 x 10° cm s™). The latter transient was assigned,
probably correctly, to Ge;Mes. Photolysis of 14 in degassed cyclohexane containing 2,3-
dimethylbuta-1,3-diene (DMB, 0.28 M) afforded 1,1,3,3-tetramethyl-1-germacyclopent-3-
ene in 12 % yield, while in the presence of CCly (0.28 M), dimethyldichlorogermane was
formed in 41 % yield (see eq 3.1). However, they failed to detect
methoxydimethylgermane as a product of photolysis of 14 in the presence of methanol in
cyclohexane. We speculate that due to the high propensity of compounds of this type to
decompose by a-elimination, the product most likely did not survive their analytical

methods (GLC and GC-MS).*

In 1972, Carberry, Dombek and Cohen reported that irradiation of 14 in nitrogen-
saturated cyclohexane with a low-pressure mercury lamp (254 nm) afforded
decamethylcyclopentagermane 15 in 65 % yield along with a small amount of
polydimethylgermane.’ In another publication, Mochida et al. reported that photolysis of
15 under similar conditions also afforded GeMe,.° However, steady state photolysis of 15
in the presence of DMB and CCly yielded only a trace amount of 1,1,3,3-

tetramethylgermacyclopent-3-ene (7) and 21 % of dimethyldichlorogermane, respectively

130



Chapter 3 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

(see eq 3.2). A completely different transient UV-Vis spectrum, with an absorption

maximum (Amq) of 490 nm, was assigned to GeMe,. The authors did not comment on

the discrepancies in their results for the two compounds. Figures 3.1a and 3.1b show the

transient absorption spectra reported in the early laser flash photolysis studies of GesMe;

and GesMe, respectively in degassed cyclohexane.™®

Mez
~Ge
Me,Ge™
>_.< | GeMe, * MeZG' GeMe;
7\ 2200~
7 Mez
Me; 15
_Ge 12%
MezG? (ISeMez 18 %
Me,Ge. _ .GeMe, 254 nm
Ge
Me, cyclohexane
0.014M cCl, Me,
Me,Ge~C¢
14 (0.3 M) MezGECIZ + | GeM62
419 MezGe\G’e
o Me, 45%
15
N\ / I)GeMez + (MeyGe)y + (Me,Ge),O
> < trace 8 % 12%
Me, 7
~-Ge
Me,Ge ‘GeMe,
Me Ge~ge 254 nm
Me; cyclohexane
15 CCl,
0.065 M

03M
21 % 35% 29 %

Me,GeCl, + CiGe(GeMe,),Cl + (MexGe),0

3.1

(3.2)
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Figure 3.1. Transient absorption spectra recorded by laser flash photolysis of: (a)
cyclo-GegMe); (14) in cyclohexane at 293 K, recorded (O) 0.2 ps, (@) 1 ps and (o) 2
us after the laser pulse. Reproduced with permission from Ref. 3. Copyright 1991,
Elsevier Sequoia S.A. (b) cyclo-GesMejo (15) in cyclohexane at 293 K recorded (o)
0.2 ps, () 0.5 ps and (™) 2 ps after the laser pulse. Reproduced with permission from
Ref. 6. Copyright 1992, The Chemical Society of Japan.

Bobbitt et al. reported that 254 nm photolysis of 18 in pentane containing 2,3-
dimethylbuta-1,3-diene as scavenger afforded 7 (the GeMe; trapping product) in 55-78 %
yield and ene adduct 39 (the 1,3,5-(1-germa)hexatriene 38 trapping product) in 20-28 %

yield (Scheme 3.1)." The 1,3,5-(1-germa)hexatriene 38 is formed by formal 1,3-silyl
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migration to the aromatic ring. Laser flash photolysis of 18 (1.05 x 102 M) in degassed
cyclohexane led to the formation of a transient exhibiting Am.x = 425 nm, which was
assigned to GeMe, based on comparison of the rate constants for its reactions with
various scavengers in cyclohexane at room temperature, and by comparison with
previously reported spectral data for other GeMe; precursors in low temperature matrixes.
The transient absorption spectrum reported is shown in Figure 3.2. No mention of the
expected transient spectral characteristics of 38 was made. The alternate possible

assignment of the 425 nm species to germahexatriene 38 was evidently not considered.

Me._. .Me

Ge__. hv, 254 nm GeMez
SiMe; :GeMe, + PhSiMe; + H
pentane

SiMe,
18

| X | X
)@GeMez &G; )Y

7 .
SiMe3
55-78 %
20-28 %
39

Scheme 3.1 Photolysis of 18 in the presence of DMB.’
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Figure 3.2. Transient absorption spectrum recorded by laser flash photolysis of 18
in degassed cyclohexane recorded 0-5 ps after the laser pulse. Reproduced with
permission from Ref. 7. Copyright 1991, American Chemical Society.
In a similar study, Mochida et al. reported that irradiation of a solution of 18 (ca. 0.1
M) in cyclohexane containing CCly, methanol or DMB afforded products consistent with
the formation of dimethylphenylgermyl radical, GeMe; and the 1,3,5-(1-germa)hexatriene
derivative 38.® The products were separated by preparative GLC. These results and
product yields are summarized in Scheme 3.2. Laser flash photolysis of 18 in degassed
cyclohexane was also performed. These authors reported the observation of two
transients with absorption bands centered at 320 nm and 430 nm. The transient at 320 nm
was assigned to the dimethylphenylgermyl radical based on the reported transient
absorption spectra of other germanium-centered radicals,’ while that at 430 nm was

assigned to GeMez.10
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Me;SiCl + PhMeGeCl + PhSiMe; + Me,GeCl,
51 % 41 % 17 % (trace)

a
MeOH Me;SiH + PhMe,GeH + PhSiMej

Me‘Ge Me
“SiMe, (trace) 23 %
@ + Me3Si-SiMe; 4+ PhMe,Ge-GeMe,Ph
(trace) (trace)

Me;GeH + PhMe,GeH + PhSiMe; + Me;Si-SiMe;

{trace) (trace) 23 % {trace)
Me\ /Me
+ PhMe,Ge-GeMe,Ph +>I>GeMe2 +@[Ge/g%
(trace) 7 SiMe3
12% 10 % 37

a - yield could not be determined

Scheme 3.2 Photolysis of 18 in the presence of CCly, MeOH and DMB.®

These assignments cannot be correct; GeMe; is claimed to be the major transient
species formed from photolysis of 18, and yet the transient absorption spectrum reported
does not agree with the one reported by us in Chapter 2. Leigh et al. suggested that the
transient species at 425-430 nm assigned to GeMe; by these authors is more reasonably
assigned to the 1,3,5-(1-germa)hexatriene derivative 38 based on what they knew at the
time of the behavior of the corresponding Si derivatives and of the differences in the

reactivity of Ge=C and Si=C bonds.""

In this Chapter, we present a reinvestigation of the photochemistry of 14 and 18
using the same experimental conditions and setup used for the UV-Vis spectroscopic and

kinetic studies of germacyclopent-3-ene precursors 23 and 24. The aim was to understand
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the inconsistencies surrounding the photochemistry of these two compounds, using our
acquired knowledge of GeMe,, and to identify the transient species which are produced in

the laser flash photolysis experiments.

3.2 Laser flash photolysis studies of dodecamethylcyclohexagermane (14)

3.2.1 Synthesis of 14

Compound 14 was synthesized by the method reported of Carberry et al.’
Dichlorodimethylgermane was added dropwise to finely cut lithium wire in anhydrous
THF at room temperature and the solution was stirred for a total of 4 hours. The crude
product consisted of a mixture of 14, 15 and other polygermanes, as determined by 'H
NMR spectroscopy. The desired product (14) was obtained in > 96% purity,
contaminated with ca. 4% of decamethylcyclopentagermane as determined by '"H NMR
spectroscopy and GC/MS, after purification by column chromatography followed by

repeated recrystallizations from acetone. The overall yield of 14 varied between 6 and 18

%.
THF Me,Ge” *°GeMe, . Me,Ge~C8
Li + MeyGeCl 27V Y2+ TRZOY GeMe,
RT MezGe\G .GeMe, MezGe\G’e
(2.2 mol eq) 4 hours M22 Me, (3.3)
14 15
major minor
+ (GeM
(Ge ez)n
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3.2.2 Laser flash photolysis of 14 in hexane solution

Transient absorption spectra recorded by 248 nm laser flash photolysis of 14 (4.23 x
10° M) in deoxygenated anhydrous hexane at 25 °C showed the formation of two
overlapping transient absorption bands formed with the laser pulse; one that is much
shorter-lived (Amax = 490 nm) than the other (Amax = 470 nm). The transient absorption
spectra recorded ca. 0-16 ns and 80-112 ns after the laser pulse are shown in Figure 3.3a.
In addition, an absorption band at ~ 290 nm is observed but we did not focus on its
identification in this work. The short-lived transient, monitored at 490 nm (shown in
Figure 3.3 b), exhibits a lifetime (1) < 10 ns (kgecay > 9.5 x 107 s), which was estimated
by fitting a decay profile (recorded under conditions of maximum time resolution of our
instrument) to first-order kinetics according to eq (2.8). The 470 nm transient decays with
second-order kinetics (kgm/e = (3.1 + 0.6) x 10’ cm s™), according to eq (2.3) with
concomitant formation of another transient species at 370 nm, consistent with the
formation of Ge,Me,. Transient decay/growth profiles recorded at 470 nm and 370 nm
are shown in the inset in Figure 3.3a. Note that a short-lived decay with the laser pulse,

due to the 490 nm transient, is apparent in the decay profile recorded at 470 nm.

The present results, with the exception of the short-lived transient at 490 nm, are
consistent with our results from laser flash photolysis of germacyclopent-3-enes
derivatives 23 and 24, but differ significantly from that reported by Mochida et al., where
a transient absorption band centered at 450 nm was assigned to GeMez.3 Nevertheless,

the authors observed a growth at 370 nm which they attributed to Ge;Mes. They did not
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mention anything about the very short-lived transient at 490 nm; therefore, it is hard to

say whether they detected it or not.

0.04

0.030
0.03

T
o
~
»
o

0.020}f [
[ 0.02

AA490nm

0.010F AR 0.01}

0.000%, 0.00F ",

. ,400. AR
Wavelength (nm) Time (us)

300

Figure 3.3. (a) Transient absorption spectra recorded by laser flash photolysis of
deoxygenated solution of 14 (ca. 4 x 10* M) in hexane (O) 16 ns, 80-112 ns (o)
and (0) 2.08-2.13 ps after the laser pulse. The inset shows transient decay/growth
profiles recorded at 470 nm and 370 nm. The solid line represents the non-linear
least-squares fit to eq (2.3); (b) Transient decay profile recorded at 490 nm. The
solid line represents the nonlinear least-squares fit of the data to eq (2.4).

3.2.3 Laser flash photolysis of 14 in the presence of THF

Transient absorption spectra in deoxygenated hexane containing THF (15 mM or 50
mM) showed the presence of a new, more intense transient absorption band centered at
310 nm that was formed with the laser pulse. Under these conditions, the short-lived
species at 490 nm persisted with no decrease in its apparent maximum intensity, and the
absorptions due to Ge,Me4 were observed to grow in on a much longer time scale than in

hexane. A series of transient absorption spectra recorded in the presence of 15 mM THF
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are shown in Figure 3.4. It is observed that the initial portion of the 310 nm signal decays

coincidently with the formation of the band at 370 nm (see inset in Figure 3.4).

" o.03
<
<
0.02+
0.01f
ook, L .. e
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Figure 3.4. Transient absorption spectra recorded by laser flash photolysis of 14 in
deoxygenated hexane containing 15 mM THF 16-32 ns (A), 48-80 ns (O) and 7.76-
7.82 ps (o) after the laser pulse. The sharp drop in the AA signals at < 320 nm is
due to fluorescence from the sample. The inset shows transient growth/decay
profiles recorded at 310 nm, 370 nm and 470 nm from the same experiment.

The results obtained in the present study are in excellent agreement with those
presented in Chapter 4 (vide infra): GeMe, reacts reversibly to form the Me,Ge-THF
complex which exhibits an absorption maximum at 310 nm. It was also observed that the
complex decays with the formation of Ge;Me,, but significantly more slowly than the
corresponding processes for GeMe, in hexane (see Chapter 2). Under these con(iitions
the signals at 470 nm are very weak, and are most likely due to the GeMe, remaining at

equilibrium with the Me,Ge-THF complex. In Chapter 4, we also show that the reaction
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of GeMe; with THF is characterized by a bimolecular rate constant ktyr = (1.05 £ 0.22) x
101 M' s and an equilibrium constant, K.q = 9800 + 3800 M. The behavior observed

here is consistent with these parameters. The present results thus further support our

assignment of the transient at 470 nm in pure hexane solution to GeMe;.

3.2.4 Further identification of the 470 nm transient

Addition of AcOH (0.05-1 mM), CCl4 (10-65 mM) or DMB (0.1-1 mM) caused the
decay of the 470 nm transient to accelerate. A decrease in the maximum signal intensity
of the 370 nm transient was also observed with increasing concentrations of the
scavenger. This behavior is closely analogous to that observed with the
germacyclopentene precursors 23 and 24 (Chapter 2). In no case was an effect on the
intensity of the 490 nm short-lived transient apparent. Figure 3.5a shows representative
decay profiles recorded in the presence of increasing acetic acid concentrations. The data
are reproduced on a magnified scale in Figure 3.5b to better illustrate the effect on the 470
nm signal. Figure 3.5¢ shows corresponding effects on the Ge,Mey signal at 370 nm.
Since the decay profiles recorded at 470 nm include the overlapping 490 nm transient, we
fit the decays in the presence of the scavenger, to first-order kinetics excluding the data
from the first ~ 50 ns after the pulse. Plots of kgecay vs. [Q] according to eq (2.17) were
linear. This is illustrated in F_igure 3.5d for quenching by AcOH and a value of kg = (9.4

+0.9) x 10° M''s! was obtained, in good agreement with the value determined using 23

as precursor (kg = (7.5 £ 0.9) x 10° M's™). Similar experiments with CCl; and DMB as
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scavengers afforded rate constants of kccis = (9 £ 1) x 10’ M's! and komp=(1.4%0.1)x

10" M's™!, which also agree well with the values obtained with 23 as precursor.

0.010

AA370nm

kacon = (9.4 +0.9) x 10° Ms™

[ PR TR U U S N U Y PO R Y
00 02 04 06 08 10 12
[AcOH] / mM

Figure 3.5. (a) Effects of added AcOH on the transient decay profiles recorded at
470 nm by laser flash photolysis of 14 in deoxygenated hexane at 25 °C; (b)
Identical decay profiles as in (a) but on a magnified scale; (c) Effects of added
AcOH on the transient growth/decay profiles recorded at 370 nm; (d) Plots of kgecay

versus [AcOH].
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3.2.5 Reaction with oxygen

Saturation of a hexane solution of 14 with oxygen also resulted in enhancement of
the decay rates of the 470 nm transient and a decrease in the maximum signal intensities
of the 370 nm transient. An estimated bimolecular rate constant ko; ~ 1.4 X 102 mls!
- was ebtained for the reaction of the 470 nm transient with O,, from its pseudo-first-order
decay rate constant kg; = 2.1 x 10°s”'. Again, the value is in good agreement with the rate
constant determined in Chapter 2 for the reaction of GeMe, with oxygen (ko2 =9 x 10" M

' s under the same conditions.

The intensity of the transient absorption at 490 nm appeared to be markedly reduced
in oxygen-saturated hexane compared to argon-saturated hexane. Because this transient
species decays with the laser pulse, it is not clear whether this occurs because of fast
quenching of the transient, and/or quenching of a precursor to the species responsible for
the absorption. Fast quenching of the transient species will result in a drop in the
apparent initial intensity of its signals because of inadequate time resolution, while
precursor quenching will cause a reduction in its yield. One possible assignment for this
short-lived transient species is the 1,6-biradical resulting from homolysis of the Ge-Ge bond
in 14 (eq 3.4). This assignment is broadly consistent with recent work by Wakasa et al. on
octa(isopropyl)cyclotetragermane, (Ge'Pr,)s; laser flash photolysis of the latter compound
in cyclohexane at 25 °C gave rise to a short-lived transient with A,..= 540 nm and T = 50 + 5
ns, which was assigned to the 1,4-biradical -GeiPrz(GeiPrz)ziPrzGet12 Another possible

assignment 1s an excited state of the precursor.
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The effect of oxygen on the initial signal intensities of the GeMe, signal (monitored
at 470 nm) was investigated in order to determine whether the 490 nm could be a
precursor to GeMe,. However, only a slight reduction in the signal intensity was
observed in the presence of air or oxygen and it was hard to make any conclusions based
on the data obtained. We also considered the assignment of the species to the excited
triplet state of GeMe,, but tentatively ruled out the possibility based on comparison of the

spectrum to that predicted by TD-DFT calculations (Amax = 279, 324, 383, 417 nm)."?

“Gﬂgz GeMe,
Me,Ge” GeMe; hv Me,Ge éeMez
Me,Ge. .GeMe, 7 Me,Ge.__.GeM

Me2 Mez

14

The effects of laser intensity on the yields of the 470 nm and 490 nm transients were
also investigated in order to determine whether the two species resulted from mono- or
biphotonic processes. Plots of the initial transient absorbance values at 470 nm and 490
nm versus laser dose were both linear (Figure 3.6), indicating that both species are formed

from single-photon photochemical processes.
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Figure 3.6. Effects of laser dose (% of 108 mJ) on the initial transient absorbance
values of the 470 nm and 490 nm transient, from laser flash photolysis of 14 in
anhydrous hexane.

In Table 3.1, the rate constants determined in this work are compared with those
determined using 23 as precursor in Chapter 2, and with those reported by Mochida et al.
for the transient they detected (Amax = 450 nm) by laser flash photolysis of 14 in
cyclohexane. For each of the scavengers studied, the agreement with the values using 23
as GeMe; precursor is excellent, which supports the assignment of the 470 nm transient to
GeMe,. In contrast, there is overall poor agreement with the rate constants reported by
Mochida ef al. in their study of 14.> This indicates that the species detected in their study
of 14 is different from the one obtained in our hands. The disparities in our results may
have arisen because of differences in reaction conditions and experimental setup used.

We emphasize that high purity precursors, anhydrous solvents and a flow system should
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be used in these experiments. Failing to use a flow system will result in the build-up of
photochemical products that will obscure detection of GeMe,.
Table 3.1. Comparison of absorption maximum and

bimolecular rate constants (kg / 10° M's™) for the reactions
of the transients assigned to GeMe; in hexane.

Amax (M) 470° 470 450°
Reagent

Acetic acid 9.4+0.9 75104 -
DMB 14+1 1316 0.49
O, ~0.14 0.09 £0.01 0.22
CCly 0.09 £0.01 0.08 £0.02 0.97

(a) This work; (b) From Chapter 2 of this thesis; (c) Ref. 3.

3.3 Laser flash photolysis studies of dimethylphenyl(trimethylsilyl)germane (18)

3.3.1 Synthesis of dimethylphenyl(trimethylsilyl)germane (18)

Dimethylphenyl(trimethylsilyl)germane 18 was synthesized by the procedure
described by Bobbitt et al. (eq 3.5).” Dichlorodimethylgermane was treated with one
equivalent of phenylmagnesium bromide in anhydrous THF to give
chlorodimethylphenylgermane. The latter was treated with finely cut Li wire at room
temperature to give dimethylphenylgermyllithium. Further reaction with
chlorotrimethylsilane afforded the crude product, which was purified by column
chromatography to afford 18 in 65 % overall yield, and in greater than 99 % purity as
estimated by GC/MS. The material exhibited 'H and BC NMR, and mass spectral data

that were similar to those reported.7
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PhMgBr
(1 equiv) 1. Li, THF
Me,GePhCl

Me,GeCl, PhMe,GeSiMe;  (3.5)

2. Me;SiCl 18

3.3.2 Laser flash photolysis of 18 in deoxygenated hexane

Laser flash photolysis of a continuously flowing, argon-saturated solution of 18 (ca.
6 x 10* M) in deoxygenated anhydrous hexane gave rise to two distinct transient
absorption bands centered at ~ 300 nm and 430 nm, which decayed with mixed-order
kinetics on the microsecond time scale (see Figure 3.7). Overall, the transient absorption
spectrum is in good agreement with the ones reported by Mochida er al. and Bobbitt et
al.”® Mochida et al. reported two transient absorption bands at 320 nm and 430 nm;
however, in their report, the two bands were almost of equal intensities at 200 ns after the
laser pulse in cyclohexane. Bobbitt er al. reported a transient absorption spectrum
containing a band centered at 425 nm and another at < 320 nm (see Figure 3.2); however,
they only studied the transient species centered at 425 nm in detail.® In both cases, the
transient species at 430 nm (or 425 nm) was assigned to GeMe,. Mochida et al. assigned
the transient absorption at ~ 300 nm to the dimethylphenylgermyl radical by analogy to
the previously reported absorption spectra of phenyl-substituted germyl-centered radicals;
in the present work, we did not focus on confirming or refuting this absorption, but

concentrated instead on identifying the 425-430 nm transient.”

A transient profile recorded at 370 nm shows a hint of a growth (see inset in Figure

3.7), which is consistent with the formation of Ge,Me, in the photolysis mixture, and
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provides indirect evidence that GeMe, is present as well. We conclude that its
absorptions are simply too weak relative to those due to the other transient products for it

to be detected under the conditions of our experiments.

000 300 500 600

Wavelength (nm)

300

Figure 3.7. Transient absorption spectra recorded by laser flash photolysis of a
deoxygenated solution of 18 (ca. 6 x 10 M) in hexane at 25 °C, 50-210 ns (O) and
2.14-2.26 ps (o) after the laser pulse. The inset shows transient profiles recorded at
300 nm, 370 nm, 430 nm and 480 nm during the same experiment.

3.3.3 Kinetic studies of precursor 18 in hexane

As mentioned above, a number of years ago, Leigh et al. speculated that the
transient absorption band at 430 nm could be due to the 1,3,5-(1-germa)hexatriene
derivative 38, based on the comparisons of its spectral and kinetic characteristics to tﬁose
determined for the closely related derivatives 40-42."*  While the 1,3,5-(1-

germa)hexatriene derivative 42 reacts with acetic acid with rate constant, kg = 3.8 x 10°
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Ms? in hexane," GeMe, reacts at close to the diffusion-controlled limit with this
substrate in hexane (kacou = 7.5 X 10° M'ls'l; see Chapter 2). We anticipated that the
addition of small amounts of acetic acid might allow the detection of the weak absorption
expected for GeMe; from this precursor, as a weak short-lived decay centered at 470 nm,

superimposed on the longer-lived decay due to the 430 nm species.

MRz 40 M=Si R=Me
41 M = Si, R= Ph
SiMe, 42 M=Ge,R=Ph

Addition of 0.5 mM AcOH caused the slight growth of the signal at 370 nm to
disappear, but resulted in no discernible change in the appearance of the signals at 480
nm. This provides further evidence that while GeMe; is formed upon photolysis of 18, it
is too weakly absorbing to be detected. Transient absorption spectra recorded by laser
flash photolysis of 18 in deoxygenated hexane containing 3 mM acetic acid (see Figure
3.8) were similar to those recorded in the absence of the acid. Under these conditions, the
lifetime of GeMe; is expected to be < 50 ns and thus it should not be detectable. The
formation of Ge,Mey is suppressed due to the irreversible scavenging of GeMe, with the
acid (see Chapter 2). Hence, the transient absorption band at 430 nm belongs to another
transient species. The inset in Figure 3.8 shows transient decay profiles recorded at 300
nm and 430 nm; the initial fast decay component that is observed in the transient decay
profile at 300 nm 1s tentatively attributed to a higher energy absorption band of the

transient species at 430 nm.
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Figure 3.8. Transient absorption spectra recorded by laser flash photolysis of 18 in
deoxygenated hexane containing 3 mM AcOH, recorded 96-128 ns (O) and 8.34-
8.46 ps (o) after the laser pulse. The inset shows transient decay profiles recorded
at 300 nm and 430 nm during the same experiment.
A first-order decay coefficient kgecay = (5 = 1) x 10° s was obtained by fitting
decays recorded at 430 nm in the presence of 3 mM AcOH to first-order kinetics
(according to eq 2.4), using neutral density filters to reduce contributions from second-

order decay processes. This affords an upper limit of kacon < 108 M'ls'l, for the rate

constant for quenching of the 430 nm transient by AcOH.

3.3.3.1 Reactions with oxygen
Saturation of a solution of 18 in hexane with air or oxygen resulted in a slight
decrease in the initial signal intensities of the transient at 430 nm, and a shortening of its

lifetime. On the other hand, a more pronounced decrease in the initial signal intensities
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was observed for the 300 nm transient species. The transient absorption spectra recorded
by photolysis of 18 in hexane are shown in Figure 3.9, and the decay profiles recorded at

300 nm and 430 nm are given in the inset.

0.015

0.010

0.005

0.000

300 400 500 600
Wavwelength (nm)
Figure 3.9. Transient absorption spectra recorded by laser flash photolysis of 18 in
oxygen-saturated hexane at 25 °C, 0.07-0.10 us (O) and 0.42-0.46 ps (O) after the

laser pulse. The inset shows transient decay profiles recorded at 300 nm and 430
nm during the same experiment.

The transient decay profiles at 430 nm in air-saturated (3.1 mM O;) and oxygen-
saturated hexane (15.7 mM O,)" fit to first-order kinetics, while that recorded in argon-
saturated solution fit approximately to first-order kinetics. These transient decay profiles

are shown in Figure 3.10a. The pseudo-first-order rate constants determined at each

oxygen concentration are listed in Table 3.2.
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Table 3.2. Pseudo-first-order decay rate constants for the
reactions of oxygen with the 430 nm transient species
produced by laser flash photolysis of 18 in hexane at 25 °C

[0,] /mM Kaecay / 10° 5™
0 0.42 +0.01
3 1.60 + 0.03

15 4202

A plot of the pseudo-first-order decay rate constants in argon-saturated, air-saturated
and oxygen-saturated hexane versus [O,] (see Figure 3.10 b) afforded a bimolecular rate
constant, kop = (3.6 £ 0.2) x 10® M's™". This rate constant is markedly different than the
values reported by Bobbitt ef al. (koz = 2 x 10° M's™") and Mochida et al. (ko, = 2.1 x 10°
M's!) for the transient they detected at 425-430 nm for reasons we do not understand.”
However, the value is comparable to the rate constants for quenching of the 1,3,5-(1-
sila)hexatriene derivatives 40 (kg = 6.9 x 10°* M's™") and 41 (kg =1.9 x 10* M''s™), and
the 1,3,5-(1-germa)hexatriene derivative 42 (kg =1.0 x 10 M's™") by oxygen."* This
indicates that there is only a factor of ca. 2 difference in the reactivities of (1-sila)- and (1-
germa)hexatrienes of otherwise identical structures toward oxygen. The results are clearly

consistent with the assignment of the 430 nm transient to 1,3,5-(1-germa)hexatriene 38.
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Figure 3.10. (a) Effects of oxygen concentration on transient decay profiles
recorded at 430 nm by laser flash photolysis of a solution of 18 (6 x 10™ M) in
hexane. The solid lines represent the non-linear least-squares fit to first-order
kinetics, according to eq (2.4); (b) Plots of kyecqy, versus [O;] for the 430 nm
transient. The solid line represents the linear least-squares fit to eq (2.17).

We are not able to obtain a rate constant for the reaction of the 300 nm transient
with oxygen due to the decrease in the initial signal intensities. These results are
inconsistent with those of Mochida et al., from which they reported a rate constant of ko
= 1.0 x 10° M'!s! for the same reaction in cyclohexane. They did not mention a decrease
in signal intensity as we observed in our experiments. The decrease in signal intensity
could be a consequence of much faster quenching of the transient than 1 x 10° M's
Leigh and Sluggett reported that the formation of silyl radicals from the photolysis of
aryldisilanes occurs via the lowest triplet excited state of the precursor.'® A similar
process has not been explored for the analogous germylsilane derivative such as 18; thus

we cannot rule out the possibility of a decrease in the yield of the radical due to (triplet)

precursor quenching.
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3.3.3.2 Reactions with other reagents

The 430 nm transient species was further characterized by determining rate
constants for its reactions with DMB, CCl,, and acetone. In all cases, the decays follow
pseudo-first-order kinetics in the presence of the scavenger. Plots of the pseudo-first-

order rate constants versus [scavenger] were linear, as shown in Figure 3.11.

0.4 E
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6
0.3 [
"-UJ ‘Tm S
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-~ 0.2 ~ }
3 3
X X

koms = (1.4 £0.1) x 10" M's!

keoie = (1.3 £ 0.1) x10% M's™
O.OT.#.Q.J‘.;L.J;ALL.*,LI. o T
5 10 15 20 0 20 5
[DMB] / mM [CCla] / mM
‘TU)
©
=}
\>.
g
3
x
0.2+
-
b Kacetone = (2.1 +0.5) x 108 M's™
0= "%~ w0

[Acetone] / mM

Figure 3.11. Dependence of the pseudo-first-order decay rate constant (kgecay) Of

the 430 nm transient on [Q] in anhydrous hexane for reactions with (a) DMB, (b)
CClsand (c) acetone. The solid lines are the linear least-squares fit to eq (2.17).
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The bimolecular rate constants obtained for the reactions of the 430 nm transient are
collected in Table 3.3, and are compared with the rate constants reported for “GeMe,”
from photolysis of 18 and with the related conjugated silenes (40 and 41) and germene
(42). With the exception of the reaction with 2,3-dimethylbuta-1,3-diene (DMB), all the
rate constants obtained for the 430 nm transient differ by 2-5 times compared to those
reported by Mochida, Gaspar et al.”® A comparison of the rate constants of the phenyl-
substituted conjugated silene 41 with that of the phenyl-substituted germene 42 reveals
that, in general, the silene is more reactive toward the scavengers listed. A marked
difference in their rate constants is observed for their reactions with O-donors such as
acetic acid (kq1/ksz ~ 950) and acetone (kq1/kq2 ~ 2600), as compared to, for example,
DMB (ks1/kq2 ~ 10). A similar comparison of the rate constants determined for methyl-
substituted conjugated silene 40 with that of 38 shows that the relative rate constants
kao/ksg parallels that of k41/ks; for all reactions, with pronounced difference in reactivities
with acetone and acetic acid. The reactions of silenes or germenes with O-donors have
been postulated to occur by the initial formation of a Lewis acid-base complex. The
reactions with silenes are thought to be faster than those with germenes owing to the
higher polarity of the **Si=C?® bond as compared to the >*Ge=C® bond, silicon being more
electropositive than Ge.'”'® The rate constants for the reactions of the conjugated silenes
and germenes with DMB are less dependent on whether M is St or Ge. These reactions
were postulated to proceed by an ene-addition mechanism (see eq 3.6); however, minor
products consistent with the intermediacy of biradical intermediates have also been
observed." The reactions with oxygen and carbon tetrachloride are even less dependent
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on the group 14 element; these reactions are postulated to occur by mechanisms involving

radical or biradical intermediates.'*"’

GeR2

J\”/ 3.6
SlMe3 /k( [\;\[SIMG:; ( )

It is observed that the rate constants for the reactions of methyl-substituted
conjugated silene 40 with all the scavengers are higher than for the phenyl-substituted
homologue (41). The relative rate constants k4941 and ksg/s2 for each scavenger are given
in Table 3.3. A similar trend is observed in the relative rate constants for the reactions of
the conjugated germene 42 and the 430 nm transient from 18. The relative rate constants
for the methyl- and phenyl substituted silenes (k40/41) are similar to those of the analogous
germenes (ksgq2) in all cases. The ksg4p value for the reaction with AcOH is likely
overestimated because only an upper limit is available for the reaction with 38. All these
findings strongly support the assignment of the 430 nm transient to conjugated germene

38.

The course of the photolysis of 18 is depicted in Scheme 3.3; the conjugated
germene 38 and dimethylphenylgermyl radical are the only prominent transient species

that have been observed by laser flash photolysis in hexane.
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Me.  .Me
G
©/ ®siMe,
18

Me
PhSiMes _Ge.
hv :GeMez + @H Me + PhMezGe’ + Me3Si'
hexane SiMe; Amax = 300 nm
X2 38
Amax = 430 nm

Me,Ge=GeMe,
370 nm
Scheme 3.3 Photolysis of 18 in hexane.
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Table 3.3. A comparison of the rate constants (kq / 108 M's™) for the reactions of 1,3,5-(1-metalla)hexatriene
derivatives 40-42 in hydrocarbon solvents with the transient (Amax = 425-430 nm) formed by laser flash

photolysis of 18.

I\I/Ie l\l/le F"h Fl’h
Scavenger “GeMey” CECIT Me @ﬁ Me @ﬁ Ph @?ﬂeiph kakar  ksglkar

SiMe, SiMe; SiMe3 SiMe,

38° 40° 41° 42°

Aanax (D) 425 430° 430 425 490 480
DMB 0.17 0.41  0.14+0.01 1.28+003  030+0.01  0.030+0.003 ~4 ~5
Acetic acid - - <1 17 £2° 3.69+0.48  0.0039+0.0005 ~5 ~250
Oxygen 20 21 3.8+0.2 6.9+0.4 1.9+0.2 0.961 + 0.045 ~4 ~4
CCl, 3.15 - 1.3+0.1 44+0.1 1.1£0.1 0.29 +0.03 ~4 ~4
Acetone - - 0.021£0.005 45.0+0.6 542+0.05  0.0021+0.0005 ~38 ~10

(a) Ref. 7 in cyclohexane at 20 °C; (b) Ref. 8 in cyclohexane at 20 °C; (¢) This work in hexane at 25 °C; (d) Ref.
20 in isooctane at 21 °C; (e) Ref. 14 in hexane at 23 °C.
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3.3.4 Laser flash photolysis of 18 in THF

In another attempt to detect GeMe, from photolysis of 18, this time as the
Me,Ge-THF complex, laser flash photolysis of 18 was performed in deoxygenated
THF solution. In Chapter 5, we will show that the transient absorption spectra
recorded by laser flash photolysis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene 23
in deoxygenated THF show a new intense, relatively long-lived (t ~ 45 ps) transient
absorption band centered at ~ 310 nm, that is assigned to the Me,Ge-THF complex.
The species decays over a much longer time scale compared to free GeMe;, in hexane,
with concomitant growth of absorptions due to Ge;Mes (Amax = 370 nm). Transient
absorption spectra recorded by laser flash photolysis of 18 in deoxygenated THF
showed two distinct transient absorption bands centered at ca. 300 nm and 430 nm,
similar to that recorded in hexane (see Figure 3.12). There are no spectral shifts of the
transient absorption bands compared to those observed in hexane, indicating that
neither the dimethylphenylgermyl radical nor the conjugated germene 38 complexes
strongly with the solvent. It is worth mentioning that the fact that the 430 nm
transient is observed in both deoxygenated hexane and deoxygenated THF provides
further proof that its assignment to GeMe; by Mochida, Gaspar ef al. is incorrect,
since the propensity of transient germylenes to complex with ethers is well-

2122 We note that the transient absorption spectra recorded in THF show

known.
maximum initial intensities of the absorption bands at ~ 300 nm and 430 nm that are
roughly equal, while in deoxygenated hexane it was observed that the absorption

maximum corresponding to the 430 nm transient is lower than that at 310 nm. This

might suggest an increase in the quantum yield of the transient at 430 nm in THF, but
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we did not investigate this further. Transient profiles recorded at 300 nm show that it
decays with complex kinetics under these conditions. Unfortunately, from this
experiment no conclusions could be made about the presence of the Me,Ge-THF
complex (Amax = 310 nm) because of the (potential) overlapping transient band due to
the dimethylphenylgermyl radical (Amax ~ 300 nm). In addition, we discuss in Chapter
5 that in anhydrous THF, the Me,Ge-THF complex dimerizes to form Ge,Mey, whose
formation is evidenced by a growth in the signals at 370 nm; no such behavior is

evident here.

0.06f

0.04r
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0.02F

0.00g_,

300 400 500 600
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Figure 3.12. Transient absorption spectra recorded by laser flash photolysis of 18
in deoxygenated THF at 25 °C, 0.03-0.10 ps (O) and 7.87-7.94 ps (o) after the laser
pulse. The inset shows transient decay profiles recorded at 300 nm, 430 nm and
480 nm during the same experiment.

Laser flash photolysis of 18 carried out in oxygen-saturated THF showed less
complex spectra (see Figure 3.13); a ca. 3-fold decrease in the maximum signal

intensities of both the 430 nm and 300 nm transient is observed. The loss in signal
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intensities is roughly equal for both transients in oxygen-saturated THF and is
probably due to inadequate time resolution at both wavelengths. There may be a fast
decay component at 300 nm which is not evident in our data. In contrast, in oxygen-
saturated hexane, the loss in signal intensity was greater for the transient at 300 nm in
THF. This suggests the presence of a new transient contributing to the transient
absorption band at 300 nm. The transient ab—sorption spectrum recorded 16-48 ns after

the pulse, shown in Figure 3.13, is distorted in the spectral region < 360 nm due to

interference from fluorescence.
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Figure 3.13. Transient absorption spectra recorded by laser flash photolysis of a
solution of 18 (ca. 6 x 10 M) in oxygen-saturated THF solution 16-48 ns (o) and
0.88-0.94 ps (O) after the laser pulse. The inset shows transient decay profiles
recorded at 300 nm and 430 nm during the same experiment.

Under these conditions, the transient profile recorded at 310 nm exhibits a two-
phase exponential decay (see Figure 3.14a); analysis according to eq (3.7) afforded an

initial fast decay with T ~ 5 us and a much slower residual decay, kgow ~ (5.7 + 1.7) x
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10° s'. We have observed that the Me,Ge-THF complex exhibits a lifetime of t ~ 6
us in oxygen-saturated solution (see Chapter 5). However, it is hard to prove that the
species observed in these two independent experiments are the same. The results only
allow us to conclude that the absorption at 310 nm in oxygen-saturated THF is due to
the presence of at least two transient species: one reacting faster with oxygen than the

other, one of them possibly being the Me,Ge-THF complex.
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Figure 3.14. Transient decay profiles recorded by laser flash photolysis of 18 in
argon-saturated THF and oxygen-saturated THF showing the bimodal decay at 310
nm on (a) long time scale and (b) initial decay component on shorter time scale.
The solid lines represent the non-linear least-squares fit to two-phase exponential
decay, according to eq (3.7).
The transient at 430 nm decays with first-order kinetics with a lifetime (t) of ca.
150 ns in oxygen-saturated THF, which corresponds to an estimated bimolecular rate
constant kox ~ 6.5 x 108 M™'s™! for its reaction with oxygen. Figures 3.15a-b show the

transient decay profiles recorded at 430 nm in argon-saturated and oxygen-saturated

THF.
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Figure 3.15. Transient decay profiles recorded at 430 nm by laser flash photolysis
of 18 in (a) argon-saturated THF; the solid line represents the non-linear least-
squares fit to eq (3.7), and (b) oxygen-saturated THF; the solid line represents the
non-linear least-squares fit to eq (2.17).

AA, = (AAy), e + (AA,), €™ + AA, 3.7
Overall, from this study we have been able to show that the transient species at
430 nm from laser photolysis of 18 is assignable to the 1,3,5-(1-germa)hexatriene

derivative 38, and that GeMe; could not be detected by laser photolysis of this

precursor.
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3.4 Summary and Conclusions

The transient absorption spectra obtained in laser flash photolysis experiments
with dodecamethylcyclohexagermane (14) in deoxygenated hexane are in excellent
agreement with the ones recorded by laser flash photolysis of germacyclopent-3-enes

23 and 24, except for the presence of an additional, very short-lived transient (t ~ 10

ns) with Amax = 490 nm that is formed with the laser pulse from 14. A second, longer-
lived transient species (Amax = 470 nm) is formed with the laser pulse, and decays with
concomitant formation of another transient species at 370 nm. The rate constants
determined for the reactions of the 470 nm transient with acetic acid, DMB, carbon
tetrachloride and oxygen are in very good agreement with the ones determined for
GeMe, in Chapter 2. These results confirm our assignment of the transient species
with Amax = 470 nm to GeMe; and the one at 370 nm to its dimer Ge;Mes. Moreover,
a transient absorption spectrum recorded in hexane containing THF showed the
formation of a new transient absorption band at ~ 310 nm, consistent with the Me>Ge-

THF complex.

Transient absorption spectra recorded by laser photolysis of
dimethylphenyl(trimethylsilyl)germane under our experimental conditions are in good
agreement with the reported ones;”® two distinct transient absorption bands at 300 nm
and 430 nm were observed. Although the reported product studies suggested the
formation of GeMe; in major yield, we were unable to detect it by time-resolved UV-
Vis absorption spectroscopy in hexane. This is because the extinction coefficient of
GeMe; is too low for the species to be detected in the presence of other more intensely

absorbing transients with UV-Vis absorptions in a similar wavelength range. On the
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other hand, kinetic studies in the presence of DMB, oxygen, acetic acid, acetone and
CCl, afforded rate constants that are consistent with the assignment of the 430 nm
transient to 1,3,5-(1-germa)hexatriene derivative 38. We conclude that given the low
extinction coefficient of GeMe,, it is difficult to detect its absorption when it is in the
presence of a more strongly absorbing overlapping transient such as the 1,3,5-(1-

germa)hexatriene derivative 38.

This study clarified some of the ambiguities in the literature regarding the UV-
Vis absorption spectrum of GeMez reported from laser flash photolysis of compounds
14 and 18 in hydrocarbon solvents, and verifies our assignment of GeMe, from laser
photolysis of 1-germacyclopent-3-ene derivatives 23 and 24. We emphasize that the
use of high purity precursors, scrupulously dry glassware, anhydrous solvents, and a
flow system are essential in these spectroscopic and kinetic studies. As mentioned in
Chapter 1, we recommend the use of a flow system not only to replenish the starting
material but also to prevent accumulation of other absorbing or reactive products. The
conditions used in the earlier flash photolysis experiments with 14 and 18 were simply

inappropriate for the direct detection of GeMe;.
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CHAPTER 4

Reactions of GeMe, with THF and alcohols in hexane

4.1 Introduction

The reactions of transient silylenes and germylenes with electron pair donors such
as amines, phosphines, alcohols and ethers are well recognized.'” There are several
experimental reports (UV-Vis spectroscopic or kinetic), in the gas phase or solution or
low-temperature matrixes, supported by theoretical calculations that show that these
reactions occur via the initial formation of a donor-acceptor complex.>” However, prior
to the work published in 2006-2009 by our group,®'' there were only a few kinetic
studies regarding these reactions, most of which were concerned with transient silylenes

in solution.

Silylenes and germylenes react with ethers, such as THF, in both soft matrixes at
low temperatures and in cyclohexane solution, to form Lewis acid-base complexes, which
exhibit absorption maxima that are blue-shifted with respect to the free species (see eq
4.1).>%'* In the absence of a scavenger, it has been found that these R,S1-THF complexes
(for e.g. R = Me or (2,4,6)-trimethylphenyl) decay to form the corresponding disilene.”"?

ISR, + 00— — RySi=—0—7
’ lx 2 (@.1)

R,Si=SiR, + 2 0—7
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When alcohols are used as scavengers, hydridoalkoxysilanes or
hydridoalkoxygermanes are obtained as the final products.>”'*!"*> In early studies, Steele
and Weber explored the reactions of SiMe, and SiMePh with alcohols by competition
experiments, and concluded that these reactions occur by one of two possible pathways: a
stepwise mechanism involving initial formation of a complex followed by rate-
determining transfer of hydrogen from the alcohol oxygen to the Si atom, or concerted
insertion into the O-H bond.'® Although they favored the first mechanism, no conclusive
argument could be made to support it. A few years later, the complexation mechanism
was supported by the direct detection of several R;M-alcohol complexes (M = Si or Ge)
in low-temperature matrixes by UV-Vis spectroscopy, and by various theoretical
calculations performed on the reactions of MR, with water and methanol. 4131720
Ando et al. reported that when GePh;, GeMes,;, GeAr, are generated in 3-
methylpentane/isopentane (3:1) matrixes doped with EtOH, BuOH, 'PrOH and '‘BuOH,
annealing of the matrix gave rise to new absorption bands at short-wavelengths,
assignable to the GeR-alcohol complexes.” However, the direct detection of germylene-

alcohol complexes in solution has not yet been reported.

The results described in Chapter 2 showed that GeMe, reacts with nucleophiles
such as amines and acetic acid at close to the diffusion-controlled rate in hexane at 25 °C.
Therefore, it is reasonable to expect that they should exhibit comparable reactivity toward
alcohols. Shizuka et al. reported that SiMe; reacts with methanol with a rate constant of

9.1 x 10° M's" in methylcyclohexane at 293 K, while Baggott et al. reported a
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bimolecular rate constant, ko = 1.18 x 10™"> cm® molecule™ s™ (7.1 x 10* M"'s™) for the
same reaction in the gas phase.*?' However, several other authors have reported on the
basis of fast kinetic studies that germylenes exhibit low or no reactivity toward
alcohols.*** Based on the UV-Vis spectroscopic studies of GeMe; and GePh, carried
out in our group, it became clear to us that the reported kinetic studies of the reactions of
GeMe; and GePh, with alcohols were based on wrong spectral assignments and can

therefore be disregarded.

We were interested in exploring the kinetics and mechanism of the reactions of
transient germylenes with alcohols in solution. Our main questions were: How fast are
these reactions? Are the reactions reversible? Can we detect R,Ge-alcohol complexes in
solution? What is the mechanism for the decomposition of the complex to products?
Pliego and De Almeida investigated the reactions of CCl, with water using ab initio
molecular orbital theory.”® Their results predicted that the reaction of CCl, with water
proceeds more favorably by a catalytic mechanism involving a second water molecule
rather than by a direct insertion mechanism. Based on these results, they suggested that
similarly, carbenes can react with alcohols by a catalytic mechanism, in which the
decomposition of the complex is aided by the assistance of a second alcohol molecule.?®
Given that theoretical calculations predict that the activation energy barrier for the
rearrangement of the RoM-alcohol complex (M = Si or Ge) via a three-centered transition

17,19,27
h,

state is hig it can be anticipated that a similar mechanism might operate in the

cases of silylenes and germylenes.
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The kinetic studies of the reactions of GeMe, with THF, methanol (MeOH) and t-
butanol (t-BuOH) in deoxygenated hexane at 25 °C are discussed in this chapter. The aim
of the study is to probe the kinetics of the reactions of GeMe, with these substrates in
order to get insight into the mechanisms of the reaction of dialkylgermylenes with
alcohols and THF in solution. The results obtained for GeMe, are compared to-those
reported for GePh, and GeMes;, and for the silicon homologue, SiMe,, under similar

conditions.

4.2 The reaction of GeMe, with THF

Laser flash photolysis of 23 (ca. 7 x 10° M) in deoxygenated anhydrous hexane
containing THF (0.05 - 1.1 mM) caused the absorptions due to GeMe, (monitored at 480
nm) to decay with bimodal kinetics, consisting of a fast initial decay followed by a slower
decaying component. Increasing concentrations of THF resulted in an acceleration of the
decay rate of the initial component and a decrease in the intensity of the residual
absorption. For example, Figure 4.1a shows the transient decay profiles for GeMe;
recorded in the presence of THF in deoxygenated hexane; the behavior is consistent with
reversible scavenging of GeMe; by the ether. We note that a systematic drop in the initial
absorption intensity (AAg4sonm) Of the decay profile was observed with increasing

concentrations of THF due to inadequate time resolution of our instrument.
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0.0075

T

Time (ps)

Figure 4.1. Effects of added THF on the transient decay profiles recorded at 480
nm by laser flash photolysis of 23 in deoxygenated hexane.

Addition of THF also causes a lengthening in the growth time of Ge,Me4 monitored
at 370 nm. Interestingly, the maximum signal intensities of Ge,Mes were found to
increase at low [THF], and then fluctuate slightly over the range of THF concentration (0
- 45 mM) studied. Typical growth/decay profiles recorded at 370 nm in the presence of
THF are shown in Figure 4.2 to illustrate these behaviors. We speculate that the apparent
increase in the signal intensities is due to the suppression of one of the decay pathways of
the digermene, most involving a reaction with free GeMe,. This observation is supported
with the report of Hurni ef al.;*® they irradiated hexamesitylcyclotrigermane in THF at -70
°C and obtained an increased yield of tetramesityldigermene as compared to irradiation of
the same compound in toluene at -70 °C. The latter authors attributed the decreased yield
of the digermene in toluene to the reaction of free dimesitylgermylene with

tetramesityldigermene to form the corresponding cyclotrigermane.”® The formation of

171


http:cyclotrigermane.28

Chapter 4 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

Ge;Me, persists with no reduction in yield even at concentrations of THF at which
GeMe; cannot be detected, suggesting that it is also formed by dimerization of the
complex. Transient profiles recorded at 370 nm on longer time scales show that the
decay rate of Ge,Me; is roughly independent of [THF] over the range of 107 - 12.3 M,

indicating that it is unreactive toward THF.

0.06 mM
0.010k 1.10 mM

£ i 0 mM

5
o

<<(1 A
0.005f
L
I

0 5 10 15

Time (ps)

Figure 4.2. Effects of added THF on the transient decay/growth profiles monitored
at 370 nm by laser flash photolysis of 23 in deoxygenated hexane.

Addition of THF also led to the formation of a new transient absorption band at 310
nm, and its absorption intensity increased with increasing THF concentration. A series of
transient absorption spectra recorded by laser flash photolysis of 23 in hexane containing
0.015 M THF is shown in Figure 4.3. In the presence of 0.015 M THF the 310 nm
transient decays over several hundred microseconds with complex kinetics, while the

absorptions due to free GeMe; at 480 nm are very weak. Saturation of the solution with
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air has little effect on the decay kinetics of the 310 nm transient, indicating that the
absorption is not due to a radical or triplet state. Ando et al. reported that diphenyl- and
dimesitylgermylene-ether complexes (ether = 3-MeTHF) exhibit absorption bands
centered at 325 nm and 360 nm, respectively, blue-shifted with respect to the free
germylene (Amax: GePh, = 463 nm and GeMes; = 550 nm) in 3-methylpentane/isopentane
matrixes at 77 K, respectively."? Similarly, Levin et al. observed a new longer-lived
absorption band at 310 nm, assignable to the Me,Si-THF complex, when SiMe, was
generated in the presence of THF in cyclohexane solution at 23 °C.%'> On the basis of
these reports, we assign the transient absorption band at 310 nm to the Me,Ge-THF

complex.

0.02

0.01

0.00

Wavelength (nm)

Figure 4.3. Transient absorption spectra from laser flash photolysis of 23 (ca. 7 x
10° M) in 0.015 M THF recorded 0.02 - 0.22 ps (o) and 7.90 - 9.62 us (O) after
the laser pulse. The transient absorption spectrum of 23 recorded in deoxygenated
hexane at 0.13 - 0.18 pus (0) after the laser pulse is also shown for comparison. The
inset shows the transient growth/decay profiles recorded at 310 nm, 370 nm and
480 nm.
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As mentioned above, the overall transient behavior exhibited by GeMe, and
Ge;Mey in the presence of THF is characteristic of reversible scavenging of GeMe; by the
ether. In the presence of 0.5-1.0 mM THF, the following was observed: (i) an initial fast
decay of GeMe,, followed by a much slower residual decay, and (it) lengthening of the
formation of Ge,Meys. The initial fast decay is interpreted as a rapid approach to
equilibrium between free GeMe; and the primary product of its reaction with THF, while
the residual slowly-decaying absorptions are attributed to free GeMe, undergoing
dimerization after equilibrium has been established. The GeMe, decay profiles were
analyzed as a single-exponential decay to a non-zero non-decaying residual absorption,
according to eq (4.2); the quality of the fits improved above 0.2 mM THF. A plot of kgccay
versus [THF] according to eq (4.3) is linear (see Figure 4.3 a); kgccay 1S the pseudo-first-
order decay constant for the approach to equilibrium, kg is the forward bimolecular rate
constant for the reaction of GeMe, with THF, while £.q is the unimolecular rate constant
for the decomposition of the complex to re-form GeMe, and THF. A bimolecular rate
constant of (1.05 + 0.24) x 10" M's" was obtained for the reaction of GeMe, with THF

indicating that the reaction occurs at close to the diffusion-controlled rate.

AA = (AA:; - AArs) €' + AAres 4.2)

kdecay = kQ [Q] + k—Q (4'3)

The equilibrium constant (K.) for the reaction could be determined using eq (4.4),

where the span of the decay profile (AAossonm — AAresasonm) 1S proportional to the
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concentration of the complex at equilibrium and AAreassonm 1S proportional to the
concentration of GeMe; at equilibrium. The value of AAg4s0nm used in our calculations
represents the maximum intensity of the GeMe, decay profile in the absence of THF,
while AAqessonm 1S the intensity at the start of the slowly decaying residual component in
the presence of a given concentration of THF. According to eq (4.5), the slope of the plot
of (AAo,430nm / AAres a0nm) versus [THF] afford Keq. An estimated value of Keq = 9800 *

820 M™! was obtained from the slope of the plot (Figure 4.4b).

[Complex] _ AA 0,480nm AA res,480nm _K, ( 4. 4)
[GeMe 2 ]eq [Q] AA res,480nm [Q] K
A1«0,480nm / AAres,480nm = 1 + ch[Q] (4'5)

12.5F 12
L a
] L
10
- 10.0p E |
D 3 8
~ 7.8k .
£ g 6}
o E B
2 E [
g 5.0F § 4.
N3 1 f [
25 i i
L/ ko= (1.05 £0.22) x 1010 M5 2 Keq = 9800 + 820 M”
O' PA‘_];A‘IAI'AII.ILI.AII.IIAI -,Lnnl-.AILn.,LA.JI|4L-I_AAA_l
80702 04 06 08 10 12 80702 02 06 08 10 12
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Figure 4.4. (a) Determination of K.q for the reaction of GeMe, with THF in hexane

at 25 °C. Plots of AAg480nm / AAresasonm for GeMe;, monitored at 480 nm versus
[THF]; (b) Plot of kgecay at 480 nm versus [THF].
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The reaction of GeMe, with THF can be compared to that of SiMe, under similar
conditions. Both GeMe, and SiMe; react with THF to form Lewis acid-base complexes
with absorption maximum, Am.x = 310 nm.'! The rate constant determined for the
reaction of GeMe, with THF is similar to that reported for the reaction of SiMe; with
THF in hexane (krur = (1.73 £ 0.15) x 10" M's™)."" In addition, the rate constant for the
reaction of GeMe; is only slightly higher than that of GePh; (kg = (6.3 £ 0.6) x 10° My
1), indicating close similarities in the reactivities of GeMe, and GePh, toward THF. The
equilibrium constant for the formation of Me,Ge-THF complex is roughly 2 times smaller
than that for the formation of Ph,Ge-THF complex.® This indicates greater Lewis acidity

of GePh; as compared to GeMe,.

It can be seen that the decay of the Me;Ge-THF complex proceeds with
concomitant formation of Ge,Me, (see inset in Figure 4.3). On the basis of these
observations, we postulate that Ge;Me, is formed by three reaction pathways, as depicted
in Scheme 4.1: (i) dimerization of free GeMe; at equilibrium, (ii) reaction of free GeMe,
with the Me,Ge-THF complex, and (iii) dimerization of the Me,Ge-THF complex. These
pathways were also suggested by Gillette ez a/. from their low temperature matrix studies
of the reactions of a series of silylenes with ethers, sulfides and tertiary amines.’

However, pathway (iii) is expected to be minor in dilute THF solution in hexane.
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Me,'g Kegq @e D
e D *+ THF —— Me NG

Me Me

GeMez
X2 X2

Me,Ge=GeMe,

Scheme 4.1 Reactions of GeMe; in deoxygenated hexane containing THF.

4.3 The reaction of GeMe,; with methanol

Laser flash photolysis of a solution of 23 (ca. 7 x 10> M) in deoxygenated
anhydrous hexane in the presence of methanol showed different transient behavior as
compared to that in the presence of THF. Addition of MeOH (1 mM — 4.3 mM MeOH)
caused the transient decay profiles to decay with bimodal kinetics but this behavior was
less obvious as compared to those recorded in the presence of THF. The decay of GeMe;
at all concentrations consists of a fast initial decay followed by a slower residual decay of
the signal to baseline. This contrasts the observation with THF where non-decaying
residual absorptions were observed at higher concentrations (Figure 4.2). Moreover, a
loss in the initial signal intensities is observed with increasing additions of methanol.
This is interpreted as being due to a fast decay component that cannot be resolved from
the pulse. Figure 4.5 shows decay profiles recorded in the presence of 0 mM, 1.90 mM
and 4.30 mM MeOH. Our interpretation of the kinetics of this reaction is mostly based
on the reaction of GePh, with methanol and THF, where the decay profile of the

germylene exhibits more obvious bimodal kinetics because dimerization is much slower.
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This initial fast decay is attributed to the fast reversible reaction of the germylene with
methanol (approach to equilibrium). The remaining decaying absorptions that are
observed are interpreted as due to the dimerization of free GeMe, at equilibrium. The
initial fast component could no longer be discerned at higher MeOH concentrations
([MeOH] > 6 mM). Overall, these observations are consistent with what we would
expect to see if the equilibrium constant for the reaction of the germylene with the

scavenger is low (K¢q < 1000 M™). We thus interpreted the data based on this model.

Due to the loss in signal intensities of the GeMe; signals, it was not possible to
determine the forward rate constant for its reactions with MeOH. However, in general,
kinetic experiments using other nucleophiles, such as Et;N or n-BuNH,, as reagents
showed that GeMe; reacts faster with the nucleophiles than GePh,. The forward rate
constant for the reaction of GePh, with methanol in hexane is determined to be kymeon =
(6.1 +1.1)x 10° M''s™, therefore we can expect that GeMe, most likely reacts with a rate

constant that is faster than this.

178



Chapter 4 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

A’/'\‘480nm

Time (ps)

Figure 4.5. Effects of added methanol on the transient decay profiles of GeMe,
recorded at 480 nm by laser flash photolysis of 23 in deoxygenated anhydrous
hexane at 25 °C.

We were able to estimate the equilibrium constant, K., for the reaction by using eq
(4.5). The initial maximum absorption intensity of the decay profile recorded at 0 mM
MeOH was used as AAgsonm i €ach calculation. The residual absorption due to GeMe,
AAes 450nm, at €ach concentration (3 - 6 mM) was assumed to be at the start of the slower
decaying component and was estimated by eye-ball extrapolation, as illustrated in Figure
4.6a. It is emphasized that this method only provides a crude estimate of the K¢q because
dimerization of GeMe, remains fast under these conditions, coupled with the fact that the
GeMe, signals are characteristically weak and noisy. The resulting plot of AAo4s0nm /
AAres 430nm Versus [MeOH] is linear over the concentration range studied, and the slope

afforded an equilibrium constant, K., = 900 + 60 M. This equilibrium constant is
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substantially lower than those obtained for the reactions of GeMe; with nucleophiles such
as BUNH; (Keq > 25 000 M™'; kg = 1.34 x 10" M's™) and EtN (Keq > 25 000 M kq =
8.7 x 10° M's™), presumably because of the much lower basicity of the alcohol.
Similarly, we observed that the K.q for the formation of the Me,Ge-THF complex is ca.
10 times higher than that for the Me,Ge-MeOH complex because of higher basicity of the
ether. The K4 for the reaction of GePh, with MeOH to form the Ph,Ge-MeOH complex
(Keq = (3300 £ 800) M is roughly 4 times higher than that of GeMe;, again indicating

higher thermodynamic stability of the complex with GePhs.

AAO,daOnm / AAres,480nm

Keq = 900 +60 M'!

0 1 2 3 4 5 6
[MeOH} / mM

Figure 4.6. (a) Transient decay profile of GeMe;, monitored at 480 nm in
deoxygenated hexane containing 4.30 mM methanol. The broken line illustrates
the extrapolation used to estimate the residual absorption intensity (AAres4sonm) at
480 mM; (b) Plot of (AA¢ 480nm / AAres480nm) Versus [MeOH].

Analogous to the behavior observed in the presence of THF, small additions of

methanol (< ca. 1.5 mM) resulted in a slight but noticeable increase in the maximum
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signal intensity of Ge,Me, at 370 nm; however, at higher concentrations (> 1.5 mM) a
decrease in the signal intensities was observed. The small increase in the intensity of
Ge,;Me, signals at low [MeOH] is again attributed to the suppression of one of the decay
pathways of Ge,Me,, presumably its reaction with GeMe,. A Stern-Volmer plot for the
reduction in the yield of Ge;Me4 according to eq (2.16) is shown in Figure 4.7. The K,
value, which reflects the efficiency of the scavenging reaction relative to dimerization,
was determined over the 0 — 6 mM concentration range in MeOH. A K, value of 105 +
16 M™' was obtained, assuming a diffusion-controlled forward rate constant (kq ~ 101°M"
s, a small Kev/kq ratio (1.1 x 10 5) is obtained, consistent with a reversible scavenging

of the germylene.

a 1 mM
0.015 %
0mM E
Py
4.30 mM 5
E 0.010 3
5 =
3 £
0.005 S
é Ke,= 105 £ 16 M
0.000 &
* 0 A 5 = ._L»]O‘ — 15 0 1 2 3 4 5 6
Time (ps) [MeOH] / mM

Figure 4.7. (a) Effects of added MeOH on the transient decay profiles recorded at
370 nm by laser flash photolysis of 23 in deoxygenated hexane; (b) Plot of ratio of
the absorption maximum [(AA370)o,max / AA370)Q,max] Versus [MeOH].
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Addition of methanol resulted in the formation of a new transient absorption band at
~ 295 nm, which is assigned to the Me,Ge-MeOH complex. The intensity of this band
increases with increasing concentrations of methanol up to 0.054 M, which was the
maximum concentration examined in our experiments. Transient absorption spectra
recorded by-laser flash photolysis of 23 in deoxygenated hexane containing 0.054 M
MeOH are shown in Figure 4.8. Under these conditions, the 295 nm transient decays
over several hundred microseconds with complex kinetics. The initial fast decay
component is assigned to the Me,Ge-MeOH complex (see 295 nm transient profile in the
inset of Figure 4.8a). We have not identified the second decay component that is
observed on a much longer time-scale (see Figure 4.8b). The formation of Ge;Me; s still
evident at concentrations of methanol high enough that free GeMe, can no longer be
detected. These observations suggest that under those conditions, Ge;Mey is formed from
three pathways: dimerization of free GeMe,, the reaction of GeMe, with the complex or

dimerization of the complex.
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Figure 4.8. Transient absorption spectra recorded by laser photolysis of 23 (7 x 10
> M) at 25 °C in deoxygenated hexane containing 54 mM MeOH (a) 0.14-0.21 us
(0), 9.46-9.97 us (A) and 136-142 ps () after the laser pulse. The inset shows
the transient decay profiles recorded at 295 nm, 370 nm and 430 nm in the
presence of 0.054 M MeOH; (b) The transient decay profile recorded at 295 nm.

4.4 The reaction of GeMe,; with t-butanol

In contrast to the decay profiles recorded for GeMe; in the presence of MeOH, there
was no evidence of bimodal decay of the GeMe; signal in the presence of t-BuOH.
Addition of t-BuOH to hexane solutions of 23 caused reductions in the apparent AAy of
the 480 nm signal with increasing [t-BuOH], but the decays appeared to maintain clean
second-order kinetics at all concentrations. This behavior of the GeMe, signals is
consistent with a fast forward rate constant and a small K., for the reaction with t-BuOH.
The equilibrium constant for the reaction was estimated using a small modification of eq
(4.5). Here AA e 450 nm is assumed to be equal to the initial signal intensity of the profiles
at 480 nm (i.6 AAres430nm = AAQmax). The plot of the ratio AAgmax / AAgmax versus [t-

BuOH] over the 1 - 5 mM concentration range in t-BuOH according to eq (4.6) afforded
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an equilibrium constant, Kcq = 335 + 50 M (see Figure 4.9¢). This value is about half of
that determined for the reaction with methanol, indicating that the Me,Ge-t-BuOH
complex is less thermodynamically stable than the Me,Ge-MeOH complex, presumably
due to difference in steric effects. A Stern-Volmer plot over the concentration range 0 - 4
mM afforded a Ky, = (82 + 26) M (F igure 4.9d);-this value is similar to that obtained for

scavenging with methanol.

AIAO,max / AIAQ,max =1+ Keq[Q] (4°6)

where AAQ,max = A1Ares,480nm
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Figure 4.9. Effects of added t-BuOH on the: (a) transient decay profiles recorded
at 480 nm; (b) Transient growth profiles recorded at 370 nm; (c) Ratio
AAgmax/ AAgmax Of the transient profiles recorded at 480 nm; (d) Ratio of the
maximum absorption, (AA370)o,max/(AA370)Q,max, at 370 nm recorded in the absence
and presence of t-BuOH.

Addition of t-BuOH led to the formation of a new transient absorption band with
Amax ~ 300 nm. The initial signal intensity of the transient at 300 nm increases with
increasing t-BuOH concentration. Transient absorption spectra of 23 recorded in hexane

containing 8.2 mM t-butanol are shown in Figure 4.10. The transient absorption band
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centered at 300 nm is assigned to the Me,Ge-tBuOH complex. We observe that the

complex decays with the concomitant formation of Ge,Me, (see inset in Figure 4.10).
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—
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0.00g
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Figure 4.10. Transient absorption spectra recorded by laser flash photolysis of 23 in
8.2 mM t-BuOH in deoxygenated hexane at 0.14-0.21 us (O) and 8.42-8.53 us (A)
after the laser pulse. Also shown the transient absorption spectrum of 23 recorded in
deoxygenated hexane at 0.13-0.18 ps (¢) after the laser pulse. The inset shows
growth/decay transient profiles monitored at 300 nm, 370 nm and 480 nm.

4.5 A comparison of the reactivities of GeR; with alcohols and THF in hexane

Parallel studies with GePh, and GeMes; were carried out in our group in order to
investigate the effects of substituents on the reactivities of diorganogermylenes with
MeOH, t-BuOH and THF in solution.® It was observed that similarly to GeMe,,
generation of GePh, and GeMes, by laser flash photolysis of suitable precursors in
hexane containing MeOH, t-BuOH and THF led to the formation of new intense long-
livéd absorption bands that are blue-shifted relative to the absorption spectra of the free
germylenes. These new transient absorption bands were assigned to the corresponding

R,Ge-alcohol or R,Ge-THF complexes (R = Ph or Mes). The spectroscopic and kinetic
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data characterizing the reactions of GeMe,, GePh, and GeMes; with MeOH, t-BuOH and

THF are summarized in Table 4.1.

For a specific reagent shown in Table 4.1, the magnitude of K¢, increases as
follows: GeMes, << GeMe, < GePh,. This indicates that GePh, forms more
thermodynamically stable coml;lexes with oxygen-containing electron pair donors than
GeMe; and GeMes,. The K4 for the reaction with each reagent dramatically decreases in

the case of GeMes;,, indicating that the presence of bulky substituents on the Ge atom

destabilizes the corresponding alcohol and ether complexes significantly.

A very similar reactivity pattern is observed for GeMe; and GePh,: the equilibrium
constants measured are in each case largest for their reactions with THF, and higher with
methanol than with t-BuOH. The equilibrium constant is highest for THF indicating that
the stability of the complexes increases with an increase in the Lewis base strength of the
electron pair donor. There is a clear decrease in the equilibrium constant from methanol
to t-butanol, independent of the nature of substituents on the germylene. Since the gas-
phase basicity of t-BuOH is higher than that of MeOH,” we would expect the Keqto be
higher for t-BuOH. Therefore, the lower K¢, values compared to that of MeOH can be
attributed to the steric destabilization of the complex by the bulkier t-BuOH group. It
was suggested that the extent of the blue shift in the UV-Vis absorption band of the
complexes relative to the free germylene reflects the strength of the Lewis acid-base
interaction in the complexes: the greater the blue shift the more stable are the

complexes.z’7 However, the present results contradict this statement, for example, the
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absorption maximum for the Me,Ge-THF complex is at 310 nm, while that of Me>Ge-
MeOH complex is at Amax < 295 nm; yet the equilibrium constant for the formation of
Me,Ge-THF complex (Keq = 9 800 M™) is the largest among the three determined for
GeMe,.

Table 4.1. A comparison of the absolute rate constants (kq) and

equilibrium constants (K.q) for the reactions of GeMe,, GePh, and
GeMes, with methanol, t-butanol and THF in hexanes at 25 °C.

Complex
Scavenger (Amax) ko/ 10° M5! Keq/ m!
(hexane)
GeMe;
MeOH ~ 295 A 900 + 60
t-BuOH 300 A 335+50
THF 310 10.5+2.2 9800 + 3300
GePh;
MeOH 350 6.1+1.1 3300 % 800
t-BuOH 340 48+1.6 1000 + 250
THF 355 6.3+0.6 23 000 + 5000
GeMes,
MeOH 285,~330 A 13.1£25
t-BuOH  290,~330 A 3.7£0.2
THF 285,~ 360 A 1.2+£0.2

A = cannot be determined. Values for GePh, and GeMes, were
obtained from Ref. 8
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On the basis of the results, the postulated reaction pathways for GeR; in the
presence of alcohols in hexane are shown in Scheme 4.2. We observed that GeR; reacts
with alcohols reversibly to form relatively long-lived transient species assignable to
R,Ge-alcohol complexes. These complexes react with free germylenes at equilibrium to
form the corresponding digermenes or react to form alkoxygermane- The results do not
allow us to determine the mechanism by which the alkoxygermane is formed. However,
we can conclude that this process is the rate-determining step, and occurs with a first-
order rate constant, &, < 10* . It thus becomes interesting to know whether the decay of

the complex can be catalyzed by the neutral alcohols or by even stronger acids or bases.

R\
fast O-H  slow T
k
:GeR, + ROH ~———= ch’(fa — R;Ge —OR'
K O
x2 :GeRy
R,Ge=GeR; RyGe-GeR,
+ H OR’
R'OH

Scheme 4.2 Postulated reaction pathways for the reactions of GeR; in the presence of
alcohols.

One of the major impurities in hexane is water and alcohols formed by autoxidation
processes. We can anticipate that these species react in the same fashion as methanol
with the germylene. That is, the reaction is reversible with a small equilibrium constant

(Keq <50 M™), and is characterized by a diffusion-controlled forward rate constant (kg >
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10%). Indeed, we observe a low initial maximum signal intensity of the transient decay
profile of the germylene at the start of our experiments in the absence of a scavenger, and
this led us to conclude that this is due to the presence of adventitious water in the solution
containing the precursor. Based on the kinetic studies discussed in this Chapter, we can
now understand why it is crucial to work under anhydrous conditions for the successful

detection and kinetic studies of GeMe, in solution.

4.6 Conclusions

In this Chapter, we showed that GeMe; reacts reversibly with Lewis bases, namely
MeOH, t-BuOH and THF, to form new longer-lived transients which exhibit distinct
absorption bands in the UV range 295-310 nm. These were assigned to the corresponding
Me,Ge-alcohol or -THF complexes. These reactions occur at close to the diffusion-
controlled rate in hexane and proceed by nucleophilic attack of the Lewis base on the
vacant p-orbital on the germylene. This type of initial electrophilic attack is typical of
germylene reactions; in most reactions germylenes react by an initial interaction of their
vacant p-orbital with the scavenger, followed by a nucleophilic stage involving attack of

the complexed scavenger by the non-bonding pair of electrons of Ge (see Chapter 2).

Based on the magnitude of the equilibrium constants, we can conclude that for
GeMe,, the thermodynamic stability of the complexes increases in the order: t-BuOH <
MeOH << THF. The stability of the complexes increases with an increase in the Lewis

basicity of the scavenger and decreases with an increase in the steric bulk of the
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scavenger. The same trends in thermodynamic stabilities of the complexes were observed
for GePh; under similar experimental conditions. In the case of GeMes,, it was observed
that K.q is considerably reduced due to the bulky mesityl substituents on the germanium
atom. Overall, the results show that the stability of germylene-Lewis base complexes
depends on the steric bulk of the substituents on the germylene and in the scavenger;

moreover, the more basic the Lewis base the more stable is the complex.

The Me,Ge-THF complex and the Me,Ge-alcohol complexes were all found to be
relatively long-lived in hexane solution at 25 °C. An upper limit of the decay rate
constant for the unimolecular rearrangement of the complex via intramolecular H-transfer

in hexane was estimated to be ky < 10* s7'.

This indicates that intramolecular proton
transfer within the complex is quite slow, and suggests that the decay of the complex
might be susceptible to catalytic assistance. The present data do not allow us to address
the mechanism by which the proton transfer occurs, whether intramolecular or via a
catalytic pathway involving a second molecule of alcohol. This mechanistic concern will

be addressed in Chapter 5, in which the effects of Brensted acids and bases on the

decomposition of Me,Ge-MeOH and Me,Ge-THF complexes will be discussed.

191



Chapter 4 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

10.

11.

12.

13.

14.

References

. Ando, W; Itoh, H.; Tsumuraya, T.; Yoshida, H. Organometallics 1988, 7, 1880.

Ando, W.; Itoh, H.; Tsumuraya, T. Organometallics 1989, 8, 2759.

Becerra, R.; Carpenter, . W.; Gutsche, G. J.; King, K. D.; Lawrance, W. D.; Staker,
W. S.; Walsh, R. Chem. Phys. Lett. 2001, 333, 83.

Baggott, J. E.; Blitz, M. A.; Frey, H. M.; Lightfoot, P. D.; Walsh, R. Int. J. Chem.
Kinet. 1992, 24, 127.

Baggott, J. E.; Blitz, M. A.; Lightfoot, P. D. Chem. Phys. Lett. 1989, 154, 330.
Levin, G.; Das, P. K.; Bilgrien, C.; Lee, C. L. Organometallics 1989, 8, 1206.
Gillette, G. R.; Noren, G. H.; West, R. Organometallics 1989, &, 487.

Leigh, W. J.; Lollmahomed, F.; Harrington, C. R.; McDonald, J. M.
Organometallics 2006, 25, 5424.

Lollmahomed, F.; Huck, L. A.; Harrington, C. R.; Chitnis, S. S.; Leigh, W. J.
Organometallics 2009, 28, 1484.

Moiseev, A. G. and Leigh, W. J. Organometallics 2007, 26, 6268.
Moiseev, A. G. and Leigh, W. J. Organometallics 2007, 26, 6277.
Levin, G.; Das, P. K.; Lee, C. L. Organometallics 1988, 7, 1231.

Yamaji, M.; Hamanishi, K.; Takahashi, T.; Shizuka, H. J. Photochem. Photobiol. A:
Chem. 1994, 81, 1.

Gu, T. Y. and Weber, W. P. J. Organomet. Chem. 1980, 184, 7.

192



Chapter 4 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Klein, B.; Neumann, W. P.; Weisbeck, M. P.; Weinken, S. J. Organomet. Chem.
1993, 446, 149.

Steele, K. P. and Weber, W. P. Inorg. Chem. 1981, 20, 1302.

Raghavachari, K.; Chandrasekhar, J.; Frisch, M. J. J. Am. Chem. Soc. 1982, 104,
3779.

Raghavachari, K.; Chandrasekhar, J.; Gordon, M. S.; Dykema, K. J. J. Am. Chem.
Soc. 1984, 106, 5853.

Su, M.-D. and Chu, S. J. Phys. Chem. A 1999, 103, 11011.

Raghavachari, K.; Chandrasekhar, J.; Gordon, M. S.; Dykema, K. J. Am. Chem.
Soc. 2002, 106, 5853.

Shizuka, H.; Tanaka, H.; Tonokura, K.; Murata, K.; Hiratsuka, H.; Ohshita, J.;
Ishikawa, M. Chem. Phys. Lett. 1988, 143, 225.

Konieczny, S.; Jacobs, S. J.; Braddock-Wilking, J. K.; Gaspar, P. P. J. Organomet.
Chem. 1988, 341, C17-C22.

Mochida, K.; Kanno, N.; Kato, R.; Kotani, M.; Yamauchi, S.; Wakasa, M.; Hayashi,
H. J. Organomet. Chem. 1991, 415, 191.

Mochida, K. and Tokura, S. Bull. Chem. Soc. Jpn. 1992, 65, 1642.

Toltl, N. P.; Leigh, W. J.; Kollegger, G. M.; Stibbs, W. G.; Baines, K. M.
Organometallics 1996, 15,3732.

Pliego, J. R. J. and De Almeida, W. B. J. Phys. Chem. 1999, 103, 3904.

Su, M.-D. Chem. Eur. J. 2004, 10, 6073.

193



Chapter 4 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

28. Hurni, K. L.; Rupar, P. A.; Payne, N. C.; Baines, K. M. Organometallics 2007, 26,
5569.

29. Ans]yn E. V.; Dougherty, D. A. Modern Physical Organic Chemistry, University
Science Books, California: 2006; Chapter 5, pp. 259-296.

194



Chapter 5 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

CHAPTER 5

The reactivities of the Me,Ge-MeOH and Me,Ge-THF complexes in the neat O-
donors as solvents

5.1 Introduction

In Chapter 4, we showed that GeMe; reacts with methanol, t-butanol and THF in
deoxygenated hexane to form relatively long-lived Lewis acid-base complexes exhibiting
UV-Vis absorption maxima of Ay.x ~ 290-310 nm. In the case of the alcohols, the results
indicate that the final (O-H insertion) product must be formed in a second, rate-
determining proton transfer step. On the basis of the relatively small upper limit of the
unimolecular rate constant that could be estimated from the decay of the complexes, it
was suggested that the proton-transfer step should be prone to catalysis by a second
molecule of methanol or by stronger acids or bases (eq 5.1). Several questions arise: Can
we still detect these complexes in neat methanol? To what extent are these complexes
susceptible to protonation or deprotonation? What are the effects of the substituents on
the Ge atom on the rates of these reactions, and what are the mechanisms for product

formation from the complexes?
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ki Me Kk, 'ﬁ
:GeR, *+ MeOH =——== R;Ge<Q R,Ge—OMe
k4 H slow
H* or 5.1)
? 1 MeOH
H
R,Ge—OMe

Generally, simple alkyl-substituted or aryl-substituted germylenes, as well as
silylenes, are highly electrophilic species. They react with several classes of scavengers
such as carboxylic acids, terminal alkynes, and amines in hydrocarbon solutions at close
to the diffusion-controlled rate. It would be interesting to explore how their reactivity is
affected when they are complexed with a Lewis base such as an ether or a tertiary amine.
These types of Lewis bases can only coordinate with germylenes and do not form addition
products. Ando et al. observed that when a series of alkyl or aryl-substituted germylenes
are generated in 3-methylpentane/isopentane (3:7) matrixes doped with 2-
methyltetrahydrofuran or ethanol at 77 K, new absorption bands assignable to the
germylene Lewis acid-base complexes were formed.! Annealing of the matrix gave rise
to the corresponding digermenes in the case of the ether, while the hydridoethoxygermane
derivative was obtained with ethanol. Similar observations have been reported for
silylenes.”  Gillette et al. studied the reactions of a series of diorganosilylenes in 3-
methylpentane matrixes doped with THF or diethyl ether at 77 K, and upon slight

warming of the matrix observed new transient absorption bands at short wavelengths
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assignable to Lewis acid-base complexes of the silylenes.” Further warming of the matrix

led to the formation of the corresponding disilenes.

In 1980, Steele and Weber compared the product ratios from competition studies of
the reactions of free SiMe, with mixtures of alcohols (methanol, ethanol, isopropyl
alcohol, tert-butyl alcohol or neopentyl alcohol) in cyclohexane, THF and diethyl ether,
and found that the Me,Si-ether complexes react preferentially with less hindered
alcohols.> On the basis of these results, they concluded that Me;,Si-ether complexes are
“more selective” than the free silylene. In 1987, Gillette er al. further supported these
results by conducting a series of competition experiments for the reactions of SiMes; with
alcohol mixtures (ethanol, propanol or 2-propanol) in pentane, diethyl ether, and 2-
methyltetrahydrofuran, and found that the selectivity of SiMes, toward less hindered
alcohols is also increased in ethereal solvents.* Levin e al. investigated the kinetics of
the reactions of the Me,Si-THF complex with ethanol, tri-n-propylsilane, 2-methyl-2-
propanol, 1-hexene and trimethylvinylsilane in cyclohexane at 296 K, and found that the
rate constants for these reactions are significantly lower than those of the free SiMe,.> On
the basis of these results, they concluded that the availability of the vacant p-orbital on the

S1 atom is necessary for these reactions to be facile.

The kinetics of the reactions of germylene-alcohol or germylene-ether complexes
has not yet been explored. However, Klein et al. reported that Me,Ge-water or Me,Ge-

phenol complexes react with alkynes and alkenes (such as acrylonitrile and acrylic esters)
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to form addition products.® On the basis of these results, they concluded that germylene
complexes can be considered as real intermediates that can undergo further reaction to

give products.

It 1s interesting to investigate how coordination of the germylene to a Lewis base
such as THF will affect the rates of those reactions that demand an initial electrophilic
interaction of the germylene with the substrate. For example, theoretical calculations
suggest that the reactions of germylene with carbon-carbon multiple bonds proceed
through the formation of n-type complexes between the germylene and the substrate;”®
the reaction of a germylene with AcOH is also postulated to occur by an initial
electrophilic interaction. Thus, the question remains as to whether the complex is reactive
toward those scavengers. We also wanted to investigate whether the reactions of the
Me,Ge-THF complex with certain scavengers (e.g. diene and AcOH) afford the same
final products as from reactions of the free GeMe,. Furthermore, we were eager to know
whether germyl cations or germyl anions are formed when these complexes are reacted

with Brensted acids or bases.

The reaction pathways for the free germylene and the complexed-germylene in the
presence of an added scavenger (Q) in neat THF are shown in Scheme 5.1. If the
complexation reaction is fast relative to kq and k’q, the overall observed rate constant for
the reaction can be expressed by eq (5.2). In a situation when the reaction occurs only via

the free germylene, k’g will be negligible, and the overall rate constant will be reduced to
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the first term (eq 5.3). In other words, the bimolecular rate constant (kq) determined in
hexane will be reduced by a factor of ca. 1/Kq[THF]. On the other hand, if the reaction
proceeds only via the complex, the overall rate constant will be reduced to eq (5.4). It
should be noted that under conditions where eq (5.2) holds, the observed rate constant is
independent of which species is being monitored (either the free germylene or the
complexed germylene). Given that the K, determined in hexane for the reaction of
GeMe, with THF is 9800 + 3800 M, if the reaction proceeds only through free GeMe,,
we would expect a bimolecular rate constant of ca. 120,000 times slower in THF as

compared to that in hexane, assuming there is no bulk solvent polarity effect on the rate

constant (kq).
Keq
GeMe, + THF Me,Ge-THF
l ka [Q] l 2[Q]
Product Product
Scheme 5.1 Reaction pathways of GeMe, and Me,Ge-THF complex in the presence of Q
in neat THF.
1 K [THF] |
kdecay ={ ko + . k Q }[Q] (5.2)

S S
1+K[THF] ¢ 1+K_[THF]

If kg >> k', then

i kq (5.3)
decay ™
K., [THF]_
Or lf k ’Q >> kQ
then kdecay ~k ’Q (5.4)
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In this Chapter, we discuss the results of a study of the reactions of the Me,Ge-
MeOH complex with methanesulfonic acid (MeSOsH), AcOH, and sodium methoxide
(MeONa) in methanol solution. The reaction of the Me,Ge-THF complex with AcOH,
CCly, isoprene, 4,4-dimethyl-1-pentene, methanol, MeSOs;H and MeONa in THF at 25 °C
were also studied, and the rate constants obtained are compared to the corresponding ones

for free GeMe, in hexane.

5.2 Direct detection and Kinetic studies of the Me,Ge-MeOH complex in methanol

5.2.1 Direct detection of the Me,Ge-MeOH complex in methanol

Laser flash photolysis of 23 (ca. 7 x 10”° M) in deoxygenated methanol afforded a
single transient which exhibited Amax < 295 nm. The absorption spectrum of the transient
is essentially identical to the one recorded by laser photolysis of 23 in hexane containing
methanol, and is thus assigned to the Me,Ge-MeOH complex. The spectrum is shown in
Figure 5.1, along with the transient absorption spectrum recorded in deoxygenated hexane
containing 54 mM methanol. It is interesting to note that the absorption maximum
recorded for the Ph,Ge-MeOH complex is blue-shifted by ca. 30 nm in neat MeOH
relative to its position in hexane solution containing small amounts of the alcohol.” This
shift in the absorption maximum could be attributed to the effects of hydrogen-bonding
with the solvent, or possibly to the formation of higher-order complexes (e.g. Ph,Ge-
(ROH),) in the neat alcohol. We are not able to make similar comparisons for the

Me;Ge-MeOH complex because its absorption band appears at very short wavelengths,
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on the edge of our lower detection limit. We believe that we are detecting only the long
wavelength edge of the absorption spectrum of the species. It appears as a distinct band
because of distortion of the true absorption due to ground state bleaching of the precursor

(i 23).

-

In methanol, the 300 nm transient decays with first-order kinetics (t = 4 ps), and
exhibits a much shorter lifetime and different kinetic behavior as compared to what was
observed in dilute methanol solution in hexane. The change to first-order kinetics in
methanol is consistent with solvent-catalyzed decomposition of the complex, presumably
involving proton transfer to give hydridomethoxydimethylgermane. This suggestion is
supported by theoretical studies, reported by Pliego and De Almeida for the reaction of

dichlorocarbene with water.'°

A mechanism that involves a cyclic five-atom transition
structure was proposed; the interaction occurs between the vacant p-orbital on the C atom
and the lone pair of electrons on the oxygen of the water, and through H-bonding with the
hydrogen from a second water molecule. Moreover, the two water molecules exist as
dimers through H-bonding. The same mechanism is suggested here for GeMe, with
methanol in neat methanol (as shown in Scheme 5.2). Our group also determined a
kinetic isotope effect, ky/kp of 2.5 + 0.8, for the first-order decay of the Ph,Ge-MeOH and
Ph,Ge-MeOD complexes in MeOH and MeOD, respectively.” This result verifies that

proton transfer must be responsible for the decay of the Ph,Ge-MeOH complex and

occurs 1n the rate-determining step of the reaction.
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Figure 5.1. Transient absorption spectra recorded by laser flash photolysis of 23 in
deoxygenated methanol, 0.19-0.32 ps (O) and 4.51-5.44 us (o) after the laser pulse.
The transient absorption spectrum recorded for 23 in deoxygenated hexane containing
0.054 M MeOH (0.16-0.22 ps (A) after the laser pulse) is also shown for comparison.
The inset shows a transient decay profile recorded at 300 nm. The solid line represents
the non-linear least-squares fit of the data to a single-exponential decay, according to eq
(2.4) (kgecay = (2.60 £ 0.08) x 10°s™'; R = 0.9781).

0 o™
MeOH @ MeOH @ /
M /
Me\ G e‘.Ge\_.. H M “Ge.~ H
Me @ Me '(l)’ Me' (o)
Me l\l/le

l H-transfer

H

Meg _
Ge?
7 oMe

Me
+ MeOH

Scheme 5.2 Proposed mechanism for the solvent-catalyzed decay of the Me,Ge-
methanol complex in methanol.
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5.2.2 Reactions of the Me;Ge-MeOH complex with acids in MeOH solution

Addition of MeSOsH (0-0.6 mM) or AcOH (0-75 mM) to a solution of 23 (ca. 7 x
10° M) in methanol resulted in a shortening of the lifetime of the Me,Ge-MeOH complex
in proportion to concentration added. The decay profiles fit well to pseudo-first-order
kinetics (eq 2.8), and the decay rates increase linearly with the nominal acid
concentration, consistent with eq (2.17) (see Figure 5.2). The intercept of the plot (k)
corresponds to the pseudo-first-order decay rate constant of the Me,Ge-MeOH complex in
the absence of the acid. The slope (kq) represents the bimolecular rate constant for the
reaction of the Me,Ge-methanol complex with the scavenger (MeSOs;H or AcOH). The
absolute rate constants for the reactions of the complex and the pK, of the acid in

methanol are given in Table 5.1.
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Figure 5.2. Effects of added (a) MeSO;H and (b) AcOH on the pseudo-first-order
decay rate constants of the Me,Ge-MeOH complex, monitored at 295 nm, in

deoxygenated methanol at 25 °C. The solid lines are the best linear least-squares fit
of the data to eq (2.17).

Table 5.1. Absolute rate constants for the reactions of the Me,Ge-MeOH
complex with Brensted acids in deoxygenated methanol at 25 °C, and the
pK., values of the acids in methanol.

Scavenger kg om'sh pK.
MeOH (2.57+0.07) x 10° 16.71°
AcOH (4.9+0.2)x 107 9.63°

MeSOsH (7.7+£09)x 10° ~3°

(a) Ref. 11; (b) Ref. 12; (c) pK, of MeSOs;H in MeOH was estimated
based on the reported pK, of MeSO;H in water (pK, = -1.86 at 25 °C),
and on comparisons of the pK, of a series of carboxylic acids in

methanol.'>"® Errors are reported as + 26 from the linear least-squares
analyses.

The pK, of MeSO;H in methanol is not known; thus an estimate was made based on

the observation that the pK, values of a series of carboxylic acids in methanol differ from
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the aqueous pK,’s by a value of ca. +5."2 The aqueous pK, of MeSO;H is reported to be
-1.86 at 25 "C;13 if we assume that the same increment is valid for MeSO;H, this affords
an estimate of pK, = 3 in methanol. The pK, of AcOH is reported to be 9.63 in methanol
at 25 °C."”” Given that they are both weak acids in methanol, their percent dissociation
decreases with increasing nominal concentration. The fact that the plot-s of kgecay Versus
[Qloominat are linear in both cases indicates that the Me,Ge-MeOH complex reacts
unselectively toward both Me,Ge-MeOH," and the undissociated acid. This observation

is consistent with a mechanism that involves a general acid catalysis.

The rate constant for reaction of the Me,Ge-MeOH complex with MeSOs;H is
approximately 200 times faster than that for AcOH, and suggests that the reaction
involves a mechanism with a rate-determining protonation at Ge. However, further
mechanistic study is needed to be able to postulate a mechanism for this reaction; parallel
work has been performed in our group in order to get mechanistic details about these

reactions, and these are discussed in section 5.2.4.

5.2.3 Reaction of the Me;Ge-MeOH complex with MeONa

Addition of a solution of MeONa in methanol caused accelerations in the decay
rates of the Me,Ge-MeOH complex monitored at 295 nm (see Figure 5.3a). The decay

profiles fit well to first-order kinetics, and a plot of kgecay versus [MeONa] is linear (Figure

5.3b), affording a bimolecular rate constant of kyeo. = (1.8 £ 0.2) x 10° M's™. Tt is to be
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noted that in a control experiment we found that the addition of 5 M MeOH had no
discernible effect on the decay rate of the Me,Ge-THF complex, leading to estimate of
10° M's™ for the upper limit of the rate constant for the reaction of the complex with

methanol.

AA295nm

kq=(1.8+0.2)x 10° M s

bl PYNEE WS S S A U A S W VY TR S Bt
0.5 1.0 1.5 20
[MeONa] / mM

Figure 5.3. (a) Effects of added MeONa on the transient decay profiles of Me,Ge-
MeOH monitored at 295 nm by laser flash photolysis of 23 in deoxygenated
methanol at 25 °C; (b) Plots of kgecay versus [MeONa] for the Me,Ge-MeOH
complex monitored at 295 nm. The solid line represents the linear least-squares fit
toeq (2.17).

5.2.4 Mechanistic study of acid- or base-catalyzed decomposition of R,Ge-MeOH
complexes in neat MeOH

A similar study was carried out in our group for the reactions of Arzée-MeOH
complexes (43b-43e) with MeSO;H in neat methanol." A kinetic isotope effect of kn/kp

= 2.2 £ 0.2 was determined for the reactions of the (4-(CF3)Ce¢H4).Ge-MeOL complex
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(43e; L = H or D) with MeSOsL in MeOL. This result supports a mechanism that
involves a proton transfer in the rate-determining step. In addition, a Hammett plot of the
rate constants for the reaction of Ar,Ge-MeOH complexes (43b-43e) with MeSOs;H
afforded a reaction constant of p = -0.56 + 0.08. This result indicates that positive charge
is developed at the germanium center in the transition state for the rate-determining step
in the reaction. On the basis of these results, it is postulated that the reaction of the R,Ge-
MeOH complex in the presence of the added acid occurs by an initial rate-determining
protonation of the germylene-methanol complex by the lyonium ions to form a solvated
germyl cation, followed by a rapid loss of a proton to the solvent to give the

corresponding alkoxygermane (Scheme 5.3).

We did not obtain any UV-Vis spectroscopic evidence for the formation of a germyl
cation intermediate in our experiments because they are most likely too short-lived in neat
MeOH to be observed by our technique. However, in the case of 43b, an indication for
the formation of a new transient species exhibiting transient absorption band in the
neighborhood of the complex was observed. However, the data did not allow any further
conclusive study due to fluorescence and the fact that the transient species was short-

lived.'*
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\“Ge\

A& o-me
43 H

a Ar=Ph
bAr= 4-MeC6H4
cAr= 3,4-M62C6H3
d Ar = 4-FCgH, -
eAr= 4-(CF3)06H4

R\Rl \C')—Me RRI :'?_M RRI "OMe
H + H +
MeOH MeOH,*

Scheme 5.3 Reactions of R,Ge-MeOH complex in the presence of a Brensted acid
in neat MeOH.

Another study, carried out in our group, for the reactions of the Ar,Ge-MeOH
complexes (43a-43e) with MeONa in MeOH showed that the rates of these reactions
increase with increasing electron-withdrawing power of the substituents on the aromatic

* A Hammett reaction constant of p = +0.16 = 0.08 was obtained from a plot of

rings.
log(kmeona) versus Zo. In any case, the positive p value is consistent with negative charge
development at Ge in the transition state of the rate-determining step of the reaction. No
new transients were observed from the reactions of Me,Ge-MeOH and Ar,Ge-MeOH
complexes with MeONa with the exception of 43e, in which case the formation of a new
transient species that absorbs in the same spectral region of the absorptions due to the

complex was observed. The new transient species was assigned to the corresponding

Ary(OMe)Ge™ anion.' 1Tt is thus clear that the reaction of R,Ge-MeOH complex with
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MeO™ in MeOH affords the corresponding R,GeOMe™ anion, which undergoes rapid

protonation by the solvent.

A kinetic isotope effect, ky/kp = 1.40 £ 0.07, was obtained from the reactions of
Ph,Ge-MeOL (L = H or D) complex with MeONa in MeOL. The results did not enable
us to distinguish whether this should be interpreted as a primary isotope effect due to rate-
determining proton transfer or a secondary kinetic isotope effect due to nucleophilic
displacement of the coordinated MeOH molecule by the more nucleophilic methoxide

ion.

Two possible reaction mechanisms can be proposed for the reaction of the R,Ge-
MeOH complex with MeONa, as shown in Scheme 5.4. The first is a stepwise
mechanism that proceeds by deprotonation of the coordinated MeOH in the complex by
the methoxide ion in the rate-determining step to form a germyl anion. This is followed
by protonation by solvent in a subsequent fast step to give the product. The second
possible mechanism involves nucleophilic displacement of the coordinated MeOH by
methoxide ion to form the germyl anion intermediate, followed by protonation by the

solvent.

209



Chapter 5 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)
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deprotonation OMe Me. . _H
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Scheme 5.4 Proposed mechanisms for the reactions of germylene-MeOH complexes
with MeONa in MeOH.

It 1s noteworthy that Satgé et al. reported that Me,Ge(H)OMe is unstable in MeOH,
and decomposes by o-elimination to generate the germylene.”” This process is known to
be catalyzed by the presence of methoxide ions. Therefore, the studies in the presence of
MeONa, discussed above define the kinetics of certain aspects of the reverse process

associated with the base-catalysed a-elimination of alkoxygermanes.

5.3 Reactivity of the Me,Ge-THF complex in THF

5.3.1 Steady state photolysis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene in THF-
dg in the presence of AcOH and MeSO;H

An argon-saturated solution of 23 (0.025 M) in THF-dg containing AcOH (0.04 M)
and hexamethyldisilane (0.005 M; integration standard) at 25°C was irradiated (254 nm, 6
low-pressure mercury lamps) on a merry-go-round apparatus and the photolysis mixture

was monitored periodically by '"H NMR spectroscopy. Figure 5.4 shows the 'H NMR
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spectra recorded before and after 40 % conversion of 23. The 'H NMR spectra showed
peaks consistent with the formation of acetoxydimethylgermane 34 (5 5.60 (sept, 1H, *J =
2.4 Hz), 1.92 (s, 3H), 0.58 (d, 6H, *J = 2.4 Hz) ppm), and diene 28 (5 7.26-7.33 (m, 6H),
6.63 (dd, 1H; >J = 10.8, 17.4 Hz), 5.13-5.18 (m, 4H) ppm). The concentrations of the
reactants and products were determi;led from the integrals relative to that of the
integration standard, and plotted versus time in the usual way. The yields of 28 and 34
were determined from the slopes of the concentration versus time plots relative to
consumed 23 over the range of 0-40 % conversion of 23, and were found to be 86 % and
97 %, respectively (Figure 5.5). The result shows that generation of GeMe, in THF
containing AcOH leads to the same Ge-derived product as in hexane under otherwise

similar conditions, and that the photochemistry of 23 is the same in THF as in hexane (eq

5.5).
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Figure 5.4. 'H NMR spectra (600 MHz) of the crude photolysis mixture of 23 (0.025 M) and
AcOH (0.04 M) in deoxygenated THF-ds: (a) before photolysis, and (b) after 40 % conversion of
23. The insets are expansions of the Ge-H and Ge(CHjs), peaks due to the major product 34.
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Figure 5.5. Concentration versus

time plots for GeMe, precursor 23,

diene 28 and insertion product 34 as a

function of photolysis time, from

= 00 o pprusor® irradiation of a mixture of 23 (0.025
X 0.010F e Diene 28 M) and AcOH (0.04 M) in THF-ds.
Hexamethyldisilane was used as
0.005 integration standard. The slopes are:
0.00 23, (-2.08 £0.04)x 107; 34, (1.83 +
Time (min) 0.03) x 10 and 28, (2.07 + 0.03) x
10°.

An argon-saturated solution of 23 (0.035 M) in the presence of MeSOsH (0.09 M)
and hexamethyldisilane (0.006 M) in THF-ds was irradiated using 6 low-pressure mercury
lamps (254 nm) and the course of the reaction was monitored periodically by 'H NMR
spectroscopy (600 MHz) up to 60 % conversion of 23. The 'H NMR spectra recorded
before and after 60 % conversion of 23 are shown in Figure 5.6. The 'H NMR spectra
show the presence of three doublets: & 0.42 ppm, 0.52 ppm and 0.76 ppm, and a septet at
d 5.9 ppm, whose intensities increase with photolysis times (these are shown more clearly
in Figure 5.7). Figure 5.8 shows the concentration versus time plots for the precursor 23,
the diene 28, and peaks at & 0.76 ppm (doublet) and & 5.90 ppm (septet). The
concentrations at each time interval were calculated using the peak for hexamethyldisilane
as integration standard. The ratio of the slope of the plot for precursor 23 to that for the
diene 28 shows that the latter is formed quantitatively. The slope of the plot for the peak

at 0.76 ppm (d, *J = 2.0 Hz, 6H assumed) closely matches that for the septet at 5.9 ppm
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(sept, °J = 2.0 Hz, 1H) strongly suggesting they belong to the same product. By
comparison with the chemical shift for the acetoxygermane 34, we assign these peaks to
the insertion product 44 (see eq 5.6), which in this case is formed in ca. 43 % yield
(calculated from the ratio of the slopes over t = 3 min). We note that the plot was not
linear after 3 mins,-indicating that the product is not stable. We were not able to identify
the other peaks in the spectrum. An attempt to isolate products from the reaction mixture
was made by neutralizing the acid with aqueous sodium carbonate, extracting the organic
layer with diethyl ether, and then subjecting to micro-column chromatography on silica
gel. The 'H NMR spectrum of the various evaporated residue of the fractions isolated
from the column revealed substantial decomposition, so we did not pursue a more

rigorous identification of the products.

hv, 254 Z !
/E)GGMG2 v, 254 nm + Me,Ge-0SO,CH;
Ph

L THF-dg ? (5.6)
MeSOsH (0.09M) 28 44
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Figure 5.6. (a) 'H NMR (600 MHz) spectrum of crude photolysis mixture recorded after 60 % conversion of
irradiation of 23 in the presence of MeSOsH, and (b) '"H NMR (600 MHz) spectrum of starting mixture (0.035 M
0f 23, and 0.09 M MeSO;H in THF-ds) at t = 0 min. Hexamethyldisilane was used as an integration standard.
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Figure 5.7. Expanded 'H NMR spectra (600 MHz) of photolysis mixture of 23 (0.035
M) and MeSO;H (0.09 M) in THF-djs before irradiation and after 60 % conversion.
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O 23

<- 28 . .
= 44 (0.76 ppm) Figure 5.8. Plot of concentration for

A 44 (5.90 ppm) GeMe; precursor 23 (O), diene 28 (0)
and insertion product 44 (e, A)as a
0.02} o function of photolysis time of a mixture
[ 0f 23 (0.035 M) and MeSOsH (0.09 M)
in deoxygenated THF-ds. Slopes are:
23,(-2.20+0.01) x 107; 28, (+2.27 £
0.05) x 107>; 44, (+0.96 + 0.03) x 10~
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5.3.2 Direct detection and Kkinetic studies of the Me,Ge-THF complex in THF

Laser flash photolysis of 23 in deoxygenated THF led to the formation of a species
exhibiting Amax ~ 310 nm, which is formed with the laser pulse (Figure 5.9). Under these
conditions, the absorption band at 470 nm corresponding to free GeMe; is not observed;
however, the characteristic absorption band due to Ge;Me4 (Amax = 370 nm) is observed to
grow in over the first ca. 2 s after the pulse. Given the K.q measured for the reaction of
GeMe, with THF in hexane (Kq = 9800 + 3800 M'l), and the fact that GeMe; is not
detectable in neat THF, the formation of Ge,Me4 in THF under these conditions indicates

that it must be formed by dimerization of the complex.
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Figure 5.9. Transient absorption spectra recorded by laser flash photolysis of 23 (ca.
70 uM) in THF at 0.16 — 0.29 us (o) and 2.75 — 2.98 ps (O) after the laser pulse. The
inset shows transient decay/growth profiles at monitoring wavelengths 310 nm and 370
nm.

Interestingly, there is a blue-shift in the absorption band of the Ph,Ge-THF complex
in THF (Amax = 340 nm) as compared to that observed in hexane containing small
amounts of THF (Amax = 355 nm)."* This blue shift in the absorption band with increasing
THF concentration may be due to greater stabilization of the ground state of the complex
due to greater electrostatic dipole-dipole interaction in THF.'® In the case of the Me,Ge-

THF complex, it was not possible to discern such a blue-shift in the absorption maximum

because the absorption is found near that of the precursor.

Y

.. Ke ..
SGe: v pf == N X2 » R,Ge=GeR; + 20—]

RO R o]

Scheme 5.5 Reactions of GeR; and the R,Ge-THF complex in THF.
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5.3.3 Reactions of the Me,Ge-THF complex with acids in THF

The Brensted basicity of the Me,Ge-THF complex in THF was investigated by
probing its reactions with MeSOs;H and AcOH. The pK, of AcOH in THF is reported to
be 24.4," and the pK, of MeSOsH was estimated to be ~ 15 from its aqueous pK,, based
on the reported pK,’s of CF3;SOsH in THF (pK, ~ 7.8'®) and water (pK, ~ -5.9").
Addition of increasing concentrations of MeSOs;H or AcOH led to enhancements in the
decay rates of the Me,Ge-THF complex and caused it to decay with first-order kinetics.
Representative plots of the decay profiles recorded at 310 nm for MeSO;H are shown in
Figure 5.10a. Plots of kgecay versus [Q] were linear (Figure 5.10b), and were analyzed

according to eq (2.17).

AA310nm

kg =(7.3+05)x10" M's™
I ST T UE W U VT WU U VA N THY SN BT R NN N U DA NP N

10 20 30 40 50
[MeSO,H] / mM

Figure 5.10. (a) Effects of added MeSOsH on the transient decay profiles recorded at
310 nm by laser flash photolysis of 23 in deoxygenated THF; (b) Plots of kgecay versus
[MeSO;H]. The solid line represents the linear least-squares fit of the data to eq
(2.17).
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Similar results were obtained when AcOH (kacon = (1.3 £ 0.1) x 107 M'ls'l) was
used as the scavenger. The rate constant determined for the reaction of the Me,Ge-THF
complex with AcOH is only ca. 500 times slower than that of free GeMe, with the same
scavenger in hexane, thus indicating that the reaction in THF involves the complex and
not the free germylene. The reaction of germylenes with AcOH in hexane is also
postulated to occur by initial complexation.® A primary kinetic isotope effect (ku/kp) of
2.8 = 0.4 was obtained from the ratio of the rate constants for quenching by AcOH and
AcOD, indicating that proton transfer occurs in the rate-determining step of the reaction.
Figure 5.11 shows the plots of kgecay versus [AcOL] for the reactions of Me,Ge-THF
complex with AcOL (L= H or D) in THF. The fact that kscoy is only ~ 5 times smaller
than kmesosn in THF, as compared to 200 times smaller in MeOH suggests a different

mechanism for these reactions in methanol and THF.
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Figure 5.11. Plots of k..., versus [AcOL] for quenching of the Me2Ge-THF complex by
AcOH (O) and AcOD (o) in THF at 25 °C. The solid lines are the linear least squares
fits of the data to eq (2.17). The slopes are: kacon = (1.3 £0.1) x 10’ M's™ and kacop =
(4.6+04)x 10°M's,

A similar study in our group for the reactions of a series aryl-substituted germylene-
THF complexes 45a-e with MeSOs;H in THF was performed. A Hammett plot for the
reactions of 45a-e afforded a reaction constant, p = -0.17 + 0.01, consistent with positive
charge development at the Ge in the rate-determining step of the reaction.” The
magnitude of this p-value is significantly smaller than the one determined from the
reactions of Ar,Ge-MeOH complexes 43a-e with MeSO;H in MeOH. This suggests that
there is relatively less positive charge development at the germanium center in the

transition state of the rate-determining step in THF. The results favor a mechanism
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involving a concerted proton transfer from the acid to the germanium center, accompanied

by displacement of the solvent molecule in the complex, as depicted in Scheme 5.6.

\\.Ge\-..
LS
45

a Ar=Ph

bAr= 4-MeCsH4

¢ Ar = 3,4-Me,CgH3
dAr= 4-FC6H4
eAr= 4-(CF3)C6H4

H
Ra ki O H

R\\“?)eqb -/ )J\O,Gle\'I,M(; Oﬂ
¢

Me

Scheme 5.6 Postulated mechanism for the reaction of the Me,Ge-THF complex with
AcOH in THF.

5.3.4 Reaction of the Me,;Ge-THF complex with MeONa

Addition of MeONa (added as a 0.1 M solution in MeOH) to a deoxygenated
solution of 23 in THF also caused accelerations in the decay rates of the Me,Ge-THF
complex. The plot of kgccay versus [MeONa] was linear according to eq (2.17), see Figure
5.12. Interestingly, the bimolecular rate constant obtained for the reaction of the MézGe-
THF complex with MeONa, kmeo. = (1.14 + 0.08) x 10° M''s™! is only slightly lower than

that for the reaction of the Me,Ge-MeOH complex with MeONa in MeOH (kmeo. = (1.8 £
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0.2) x 10° M"'s™"). This observation suggests a similar type of reaction mechanism in both
cases. Similar research work in our group showed that quenching of Ar,Ge-THF
complexes (45a-e, with the exception of ¢ which was not studied) with MeONa (added as
a 0.5 M solution in MeOH) revealed the formation of new transient species in each case.
These were assigned to the corresponding Ar,(OMe)Ge anions.” A Hammett reaction
constant of p = +0.7 £ 0.3 was obtained, indicating substantial negative charge
development at Ge in the transition state for the rate-determining step. The results are
consistent with nucleophilic displacement of the coordinated THF in the complex by
methoxide ion (Scheme 5.7). Mochida et al. previously reported an absorption maximum
of 310 nm for Ph,MeGeLi" anions in THF.?! No spectral evidence for the formation of
Me,(OMe)Ge™ anions could be obtained from our experiments, perhaps because the
absorption spectrum is outside (i.e. to the blue) of the spectral range that can be

monitored.
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Figure 5.12. (a) Effects of added MeONa (as a 0.1 M solution in MeOH) on the
transient decay profiles recorded at 310 nm, from laser flash photolysis of 23 in
deoxygenated THF at 310 nm; (b) Plots of kgecay versus [MeONa]; the solid line
represents the linear least-squares fit of the data to eq (2.17).
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Scheme 5.7 Postulated mechanism for the reaction of the Me;Ge-THF complex with
MeONa in THF.

5.3.5 Reactions of the Me,Ge-THF complex with other scavengers

The reactivity of the Me,Ge-THF complex was also examined with oxygen, carbon
tetrachloride (CCly), 4,4-dimethyl-1-pentene (DMP) and isoprene. In the presence of
CCly, the decay profiles of the complex fit to first-order kinetics, and the plots of kgecay

versus [scavenger] were linear. Figure 5.13 shows typical transient decay profiles
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recorded at 310 nm in the presence of a scavenger (for e.g. CCly), and the plot of kgecay VS.

[CCLy].
0.02
£
3 I
3 oo
[ eI e Al T kq=(3.30 £ 0.03)x 10’ M
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T e Ot L
[CCl,] / mM

Figure 5.13. (a) Effects of added CCly4 on the transient decay profiles recorded at 310
nm; (b) Plots of kyecay versus [CCly] for the reactions of the Me,Ge-THF complex with
CC14 in THF.

Saturation of the solution with air or oxygen led to a slight increase in the decay rate
of the complex, as shown in Figure 5.14. The decay profile in air-saturated THF did not
fit to first-order kinetics. However, the decay profile in oxygen-saturated THF fit
reasonably to first-order kinetics, affording a lifetime T ~ 6 ps. This corresponds to a
bimolecular rate constant of kg ~ 1.5 x 10’ M's™! for the reaction of the Me,Ge-THF

complex with oxygen.
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Figure 5.14. Effects of oxygen on the transient decay profiles recorded at 310 nm by laser
flash photolysis of 23 in THF. The solid line represents the non-linear best fit line to eq
(2.4), affording kgecay = (1.56 £ 0.04) x 10° 5™ (R* = 0.9857).

Addition of DMP or isoprene had only small effects on the decay rates of the
Me,;Ge-THF complex. In these cases, the decay profiles fit approximately to first-order
kinetics and upper limits of the rate constants were estimated at the highest concentration
of the scavenger used, by dividing the decay rate constant obtained by that concentration.
The rate constants for the reactions of Me,Ge-THF complex determined in this work are
listed and compared to the values determined for free GeMe, with the same reagents in

Table 5.2.
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Table 5.2. Rate constants for the reactions of the Me,Ge-THF complex in
deoxgenated THF and freec GeMe; in deoxygenated hexane at 25 °C".

Me,Ge-THF complex GeMe,’ -
(in THF) (in hexane) ex/ THE

Amax (M) <310 470
Scavenger ko/10° M7
MeSO;H 73+05 - -
MeONa/MeOH 114+ 8 - -
AcOH 1.4+0.1 750 + 40 536
CCly 3.3+0.3 842 ~3
DMP <0.23 (100 mM)° 890 + 80 ~ 3900
Isoprene <0.4 (8 mM)° 1080 + 280 ~ 2700
0, 1.6+0.59 9+ 5

(a) Errors are reported as + 2co; (b) From ref 22; (c) Upper limits were
estimated at the concentrations indicated in parentheses; (d) Calculated
from the first-order lifetime in O,-saturated THF (10.7 mM O,).

Reactions with DMP and isoprene are markedly impeded in THF, for e.g., the rate
for the reaction of Me,Ge-THF complex with isoprene is at least 2700 times slower than
that of GeMe;. The substantial retardation in the rates of these reactions in THF indicates
that the availability of the vacant p orbital on the germanium center is important for these
reactions to be facile. Indeed, this is consistent with theoretical predictions that the
mechanism involves the initial formation of a © complex with the alkene, alkyne or diene,

2324 . . .
72324 It is also consistent with recent

in which GeR, behaves as an electrophile.
experimental kinetic studies on the reactions of diarylgermylenes with dienes, which
demonstrate a strong dependence of the rate constants for reaction on germylene

electrophilicity for both the (1+2)- and (1+4)-cycloaddition pathways.zs’26

227


http:pathways.25

Chapter 5 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

Interestingly, the rate constant obtained for the reaction of the Me,Ge-THF
complex with CCly (kg = (3.30 £ 0.03) x 10’ M''s™") is only ca. three times slower than
that determined for the reaction of free GeMe, with CCl, in hexane (ko= (8 = 2) x 10
M'ls'l). This small difference in the reactivity of the Me,Ge-THF complex and free
GeMe; suggests that another mechanism, other than an initial complexation of CCly, 1s
important for the reaction of the complex. One possibility is an electron transfer
mechanism, which has previously been proposed for the reactions of some germylenes
with halocarbons.”’” The rates of electron transfer reactions are accelerated in polar
solvents, thus we might speculate that if there is a contribution from this type of
mechanism, this could compensate for the rate retardation caused by complexation of

GeMe; with THF. Further study is required to address these mechanistic concerns.
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5.4 Summary and Conclusions

Laser flash photolysis of 23 in deoxygenated MeOH or THF affords transient
absorptions at short wavelengths assignable to the Me>Ge-MeOH (Apax < 295 nm) and
Me,Ge-THF (Amax < 310 nm) complexes. In MeOH, the Me,Ge-MeOH complex
decomposes mainly by a solvent-catalyzed pathway. The decay of the c;mplex is
enhanced considerably in the presence of added acid or base (MeSO3;H and MeONa; kq >
10° M s"). The results suggest that the reactions with acids proceed by initial rate-
determining protonation at Ge, followed by fast deprotonation from oxygen. On the other
hand, the reaction of the Me,Ge-MeOH complex with MeONa in MeOH is proposed to
occur either by deprotonation or by nucleophilic displacement to form the Me;(MeO)Ge-

anion in the rate determination step, the latter undergoes rapid protonation by the solvent

to yield Me,Ge(OMe)H.

The Me,Ge-THF complex reacts with MeONa at close to the diffusion-controlled
rate in THF. We suggest that the reaction occurs by nucleophilic displacement of the
complexed THF to form the methoxydimethylgermyl anion as the primary transient
product. The Me,Ge-THF complex is also reactive toward MeSOs;H and AcOH, and the
rate constant decreases with decreasing acid strength. A primary kinetic isotope effect
(kw/kp) of ca. 2.8 + 0.2 was obtained for scavenging of the Me,Ge-THF complex with
AcOH and AcOD, consistent with a mechanism that involves proton transfer in the rate-

determining step. The Me,Ge-THF complex is less reactive toward MeSOs;H and AcOH
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compared to the Me,Ge-MeOH complex in MeOH, because these acids are not
appreciably dissociated in THF. A mechanism involving concerted nucleophilic
displacement of the coordinated solvent and proton transfer to germanium is consistent

with the data.

-

The relative rate constant of the reactions of free GeMe, to that of the Me,Ge-THF
complex (kgemez/kme2Ge-Tir) With CCly (kGemer/kmerGeHr ~ 3), Oz (kGeme2/kme2Ge-THF ~ 6)
and AcOH (kgemez/kmercetnr ~ S500) suggest that these reactions occur through the
Me,Ge-THF complex, through different mechanistic pathways than those involving the
free germylene. On the other hand, we have observed that the Me,Ge-THF complex
reacts very slowly (kg < 10° M's") with 4,4-dimethyl-1-pentene and isoprene as
compared to the free germylene (kg >10%) in hexane. These results indicate that the
vacant p-orbital on the germanium atom plays a critical role in the mechanism of these
reactions, with the germylene acting as an electrophile and the alkene or diene as a

nucleophile.
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CHAPTER 6

Kinetic studies of some reactions of tetramethyldigermene in hexane

6.1 Introduction

“The chemistry of digermenes has attracted considerable attention in the past years.
These compounds exhibit a rich and unique reactivity owing to their relatively weak
Ge=Ge double bonds. While the chemistry of stable digermenes has been well
documented, the study of transient digermenes is still under-explored.'™ Spectroscopic
and kinetic data for a few transient digermenes, including Ge,Mey, have been reported in
solution; however, there is yet to be a systematic study of the effects of substituents on

. .. A1
their reactivities.!

Ge;Me, exhibits an absorption maximum (Ayax) of 370 nm, and in the absence of
added scavengers it decays with mixed-order kinetics over ca. 100 ps. In this chapter, we
discuss the results of a kinetic study of the reactions of Ge;Me, in hexane at 25 °C. The
results are compared with analogous data for G<32Ph412 and GezthMez8 under similar
conditions. The rate constants determined in this work are also compared with those

reported in the literature for Ge,Me;.

The dimerization of germylenes is one of the most common sources of digermenes
in solution.”” In our experiments, Ge,Me, is formed as a secondary photolysis product

from dimerization of GeMe,, and we note that this method of preparation of the species is
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not ideal for the purpose of kinetic studies. It is completely unsuitable for product studies.
This is more or less because our ability to detect and monitor the kinetics of its reactions
is dependent on the rate constants for the reactions of GeMe, with the scavenger of
interest. In general, we had two scenarios: (a) GeMe, reacts irreversibly with the added
scavenger (Q), and (b) GeMe; reacts reversibly with Q (See Scheme 6.1). In the first
case, as discussed in Chapter 2, increasing additions of Q irreversibly quenches GeMe,,
which results in a concomitant decrease in the yield of Ge;Mey. Thus, in this scenario,
experiments were limited to low concentration ranges of the added scavenger. When
Ge,Me, did not decay with perfect first-order kinetics (e.g. with DMP; vide infra) only
upper limits for the rate constants were obtained. When the reaction of the scavenger
Ge,Mey was fast enough such that it followed first-order kinetics, the absolute rate
constant for the reaction could be determined (e.g. AcOH; vide infra). On the other hand,
in cases where GeMe; reacts reversibly with Q, Ge;Me, could still be detected at
concentrations at which GeMe, was no longer observable (e.g. MeOH). This is explained
by the formation of Ge;Mey4 from the dimerization of free GeMe, present at equilibrium,
and from the reaction of GeMe, with the primary product (in the case of methanol, the
Me,Ge-MeOH complex; as discussed in Chapter 4). In this scenario, a wider range of
concentrations of the scavenger can be employed in kinetic experiments, and absolute rate

constants for the reactions of Ge;Me, can be determined.
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a kgim [GeMey] b Kyim [GeMe,]
GeMe, - - GeyMe,y GeMe, o Ge,Me,

k1 [Q] k2 [Q] k—1 k1 [Q] k2 [Q]
product 1 product 2 product 1 product 2

Scheme 6.1 Reaction pathways of GeMe, and Ge;Mes in the presence of a
scavenger (Q) when (a) the reaction of GeMe, with Q is irreversible, and (b) the
reaction of GeMe; with Q is reversible.

Successful product studies typically require high concentrations of scavenger in
order to ensure quantitative trapping of the reactive intermediate of interest. Under the
conditions of our experiments, this leads to quantitative trapping of GeMe,, and thus
GeoMey is never formed. In order to trap the digermene high concentration of the
germylene is required. This can be achieved by using preparative laser photolysis, such as
the laser-drop technique."” Leigh ef al. reported that high laser intensity and sufficiently
low concentration of a scavenger are required in order to produce high concentrations of
the germylene, and allow dimerization to compete with the reaction of the germylene with
the scavenger. They carried out laser flash photolysis (using focused pulses from a KrF
excimer) of GePh, precursor 6 (0.003 M) in the presence of MeOH (0.003 M) in a laser-
drop apparatus and a mixture of hydridomethoxydiphenylgermane (46; GePh, trapping
product), 1-methoxy-1,1,2,2-tetraphenyldigermane (47; Ge,Ph, trapping product) and 2,3~
dimethyl-1,3-butadiene were obtained (Scheme 6.2).” The relative yields of the GePh; or
Ge,Phy trapping products were reported to depend on the laser intensity and on the
concentration of methanol; the yield of 47 increases with higher laser intensity but

decreases with increasing methanol concentration. Similar experiments were not
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performed for GeMe,, since the product of Ge;Me, with methanol has been characterized

to be 1-methoxy-1,1,2,2-tetramethyldigermane by Mochida ez al.’

hv H = _
MeOH (3mM) X H OMe

6 46 : 47
hexane

Scheme 6.2 Trapping of GePh; and Ge,Ph,s by methanol in a laser-drop experiment.

Addition of acetic acid (AcOH), methanol (MeOH), t-butanol (t-BuOH), oxygen,
carbon tetrachloride (CCly), n-butylamine (n-BuNH;) and tri-n-butylstannane (Bus;SnH)
resulted in enhancements in the decay rates of Ge;Mes, monitored at 370 nm. In all of
these cases, the decay profiles fit to first-order kinetics (according to eq 2.4), and plots of
kdecay versus [Q] according to eq (2.17) are linear. The intercept from these plots
represents the hypothetical pseudo-first-order rate constant for the decay of Ge;Me, in the

absence of the scavenger.

The addition of other reagents such as 2,3-dimethylbuta-1,3-diene (DMB), t-butyl
acetylene (TBE) or 4,4-dimethyl-1-pentene (DMP) caused little change in the decay
kinetics of the Ge,Me, signal over the range in which it could be monitored. In these
cases, upper limits for the rate constants were estimated by fitting the 370 nm decay
profile, recorded at the highest concentration of the scavenger used, to first-order kinetics,

and then dividing the resulting decay constant by the concentration eq (6.1).
kQ < kdccay/[Q] (6°1)
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6.2 Reaction with acetic acid

Addition of acetic acid resulted in accelerations in the decay rates of Ge;Me,, and a
plot of kgccay versus [AcOH] afford a bimolecular rate constant, kacon = (1.2 + 0.2) x 10’
M's" from analysis according to eq (2.17) (Figure 6.1). Huck and Leigh reported that
tetramesityldigermene reacts with AcOH to form the corresponding 1;2-addition
product.'® A Hammett reaction constant of p = +0.33 + 0.01, was obtained from a study
of the reactivities of several ring-substituted tetraaryldigermenes with AcOH in hexane,
indicating there to be negative charge development at the Ge=Ge bond in the rate
determining step.'” No deuterium kinetic isotope effect was observed on these reactions.
Therefore, they ruled out the possibility of a concerted mechanism or a mechanism that
involves proton transfer in the rate-determining step. The results are consistent with a
mechanism that involves an initial nucleophilic attack by the acid at the Ge=Ge bond in
the rate determining step to form a zwitterionic intermediate, followed by a fast proton-
migration step to form the product, analogous to the reaction of digermenes with other

carbonyl compounds'* (Scheme 6.3).

RzGe=GeR2 + AcOH

slow >_
:1 + O/ OH
! Rz,ée—eeR2

ka
fast
o
0]
d H
R2 e_GeR2
Scheme 6.3 Addition of digermenes to AcOH.
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Figure 6.1. (a) Effects of added AcOH on the decay profiles of Ge,Me,, monitored at
370 nm. The solid lines represent the non-linear least-squares fits of the data to a
single-phase exponential decay, according to eq (2.4). Kdecay = ko + ko[GeMey]; (b)
Plot of kgecay versus [AcOH]. The solid line is the linear least-squares fit to eq (2.17).

6.3 Reactions with n-BulNH; and alcohols

Addition of increasing concentrations of MeOH, t-BuOH and n-BuNH; caused a
linear decrease in the lifetime of Ge,Me,4. Representative decay profiles and plots of kgecay
versus [Q] are given in Figure 6.2 for n-BuNH,. The rate constants for these reactions are
shown in Table 6.1 together with those reported for Ge,Phs.'> Digermenes react with
alcohols to form the corresponding hydridoalkoxydigermane derivatives (eq 6.2).”""

Although, it has been suggested that the reactions with amines should proceed similarly,'®

products have not been isolated yet.

OMe H R=Me? 6.2)

i I = b
R,Ge—GeR, R=Ph?”
R = 2,6-diethylphenyl ©

MeOH

R2G9=GeR2

(a) Ref. 7; (b) Ref. 9; (c) Ref. 16.
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Figure 6.2. (a) Effects of added n-BulNH, on transient decay profiles recorded at
370 nm, by laser flash photolysis of 23 in deoxygenated anhydrous hexane. The
solid lines represent the non-linear least-squares fits of the data to single-phase
exponential decays, according to eq (2.4); (b) Plot of kgecay versus [n-BuNH;],
according to eq (2.17).

Huck and Leigh proposed that the reactions of digermenes with alcohols and amines
proceed by initial nucleophilic attack at the Ge=Ge bond to form a zwitterionic
intermediate, followed by proton transfer.'® A small positive Hammett reaction constant,
p =+0.11 £ 0.07, was obtained for the reactions of the series of arylated digermenes with

diethylamine in hexane at 25 °C, consistent with nucleophilic attack by the amine in the

rate-determining step of the reaction."

The rate constant determir_led for the reaction of Ge;Me, with n-BuNH; (k,_gunm2 =
(4.6 £ 1.8) x 10" M's) is at least an order of magnitude larger than those for the

reactions with MeOH (kmeon = (2.7 + 0.8) x 10® M's™) and t-BuOH (keguon = (5 £ 1) x
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10° M''s™), consistent with the higher nucleophilicity of the amine. The rate constant for
the reaction of Ge;Mes with methanol is ca. 5 times faster than that for t-butanol, most
likely due to the lower steric bulk in the alcohol. We note that the measured rate constant
for the reaction with t-butanol is one order of magnitude lower than that reported by

Mochida et al. for the same reaction (ko =2.4 x 10° M's").” -

Ge,Phy is more reactive than Ge;Me, toward the alcohols and n-BuNH,, suggesting
that it is more electrophilic in nature. Theoretical studies performed by Leigh et al.
predicted that the HOMO of Ge;Me, is higher in energy than in Ge,;Phs by 0.2 eV.” We
can conclude that the LUMO of Ge,Ph, is lower than that of Ge,Me,4 based on their
respective absorption maxima (Amax Gezphs = 440 nm and Amax Geames = 370 nm). Thus, the
higher rate constants obtained for Ge,Phs are consistent with its LUMO being lower in

energy than that of Ge,Me,.

Table 6.1. Bimolecular rate constants (kg / 10° M™'s™) for the reactions of

Ge;R,4 1n hexane at 25 °C.
Reagent Ge,Me,* Ge,Ph,°
MeOH 2.7+0.8 19+4
t-BuOH 0.5%0.1 2105
BuNH; 46 + 18 3640 + 380
AcOH 121 £ 21 <20

(a) This work; (b) Ref. 12. Errors are quoted as + 2c.
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6.4 Reactions with group 14 metal hydrides

The rate constants for the reactions of Ge;Mes with group 14 metal hydrides follow
a similar trend as that observed for GeMe,, increasing in order Et;SiH < Et;GeH <
Bu3;SnH. The rate constants determined for the reactions of Ge,Me, with Et;SiH, Et;GeH
- and Bu;SnH are similar to those found for Ge,Phy (see Table 6.2). The rate constants
correlate with the BDE of the M-H bonds; the smaller the BDE the faster the rate of the

reaction.

Products from the reactions of digermenes with group 14 metal hydrides have not
been isolated yet. Mochida et al. found no products formed from Ge,Me4 in the presence
of various concentrations of Et;SiH.” However, DeYoung ef al. reported that

tetramesityldisilene reacts with n-BusSnH to give 1,2-addition product (see eq 6.3)."

Bu;SnH H SnBusg
Mes,Si—SiMes, 6.3)

Mes,Si=SiMes,

Table 6.2. Absolute rate constants (kq / 10° M s for the
reactions of Ge;Me,4 and Ge,Phy with group 14 metal hydrides in
hexane at 23-25 °C

Reagent BDE Me,Ge=GeMe,* Ph,Ge=GePh,"
(kcalmol’l)

Et;SiH 90.1° <0.1 -

Et;GeH 82.3¢ 5+1 56+1.6

Bu;SnH 73.7° 300 + 40 410 £ 200

(a) This work; (b) Ref. 12; (c) Ref. 18; (d) Ref. 19; (e) Ref. 20.
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6.5 Reaction with carbon tetrachloride

A rate constant, kcae = 2.3 x 107 M's”!, was obtained for the reaction of Ge;Mey
with CCly in deoxygenated hexane. Figure 6.3 shows the growth/decay profiles
monitored at 370 nm in the absence and presence of 10 and 30 mM CCly, and the plot of
kgecay versus [CCly]. This value is roughly two times greater than those reported by
Mochida et al. in their various studies of Ge;Me, in the presence of this substrate, which
is not a serious discrepancy (see Table 6.3).>” Both digermenes and disilenes react with
halocarbons to give products that are consistent with an initial chlorine abstraction,
followed by a competition between coupling of the initially formed radical pair or cage

72122 product studies by Mochida et al. showed that Ge,;Me, reacts with

escape reactions.
CCly in benzene at room temperature to form 1,2-dichloro-1,1,2,2-tetramethyldigermane,
consistent with initial chlorine atom abstraction to afford the corresponding 2-
(chlorogermyl)germyl radical, followed by abstraction of chlorine atom from a second
molecule of CCly (Scheme 6.4).7 Similarly, Samuel et al. reported that Ge,Mesy reacts
with  chloroform in toluene at -70 °C to form the corresponding

chloro(dichloromethyl)digermane derivative, consistent with the net addition of the

digermene into the C-Cl bond of HCCl;.*!
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0.015

kq = (2.26 +0.07) x 10’ M’'s™

0 0 2 30
[COL)/ M

Time (us)

Figure 6.3. (a) Effects of added CCl, on the growth/decay profiles recorded at 370
nm; (b) Plots of kgecay versus [CCly], monitored at 370 nm. The solid line
represents the linear least-squares fit of the data to eq (2.17).

Me,Ge=GeMe, + CCl, MezG:e—(l?xeMe2 + +CCly

cl
ccl,

MezGe—Clz‘veMez + CyClg
|
Cl cCi

Scheme 6.4 Postulated reaction mechanism of Ge;Me, with carbon tetrachloride.

Table 6.3. Bimolecular rate constants for the reactions of digermenes and Si;Mey
with CCly in hexane at 25 °C.

Dimetallene ko /10°Ms” Dimetallene ko/10°M's™
Me,Ge=GeMe, 23 +2° MePhGe=GePhMe 6+1°
Me,Ge=GeMe, <10° Ph,Ge=GePh;, 20+02f
Me,Ge=GeMe;, 14° Me;Si=SiMe, 2300 + 200
Me,Ge=GeMe, 124

(a) This work; (b) Ref. 5; (c) Ref. 23; (d) Ref. 7; (e) Ref. 8; (f) Ref. 12.
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A decrease in the reactivity of the digermene is observed with increasing phenyl
substitution on the germanium, i.e. Ge;Me4 > Ge,Me,Ph; > Ge,Phy. Kira et al. reported a
mechanistic study of the reactions of a series of stable tetrakis(trialkylsilyl)- and
tetraaryldisilenes with haloalkanes, and their results were in favor of a radical mechanism
for these reactions.”? Moreover, their kinetic studies showed that the rate constants of the
disilenes studied correlate with their m-bond energies.”” In addition, theoretical
calculations by Chen et al. led to the suggestions that the reactivities of digermenes
toward halocarbons increase with a decrease in their m-bond energies, which in turn
correlate with the relative singlet-triplet energy gap of the corresponding gerrnylenes.24
Huck et al. have determined a negative reaction constant, p = -0.31 + 0.03 for the
reactions of a series of tetraarylated digermenes with CCly, suggestive of an electron-
transfer mechanism with the digermene playing the role of an electron donor.”> The fact
that Ge,Mey is ca. ten times more reactive than Ge,Phy toward CCly is consistent with its

HOMO being higher in energy.”®

6.6 Reaction with oxygen

The oxidation of digermenes by molecular oxygen is well known and has been
particularly well studied for stable digermenes.'>?’ The course of the reaction is shown
in Scheme 6.5. Digermenes react with oxygen to form the corresponding 1,2-
digermadioxetane 48 and 1,2-digermaoxirane 49.”%° Usually, under the conditions of the

reaction 1,2-digermaoxirane derivative 49 further reacts with oxygen to give the final
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product, 1,3-digermadioxetane 50. The initially formed 1,2-digermadioxetane 48 is also

unstable and undergoes photochemical or thermal rearrangement to give 50 as well.

02 (ID_? /O\
R2G9=G9R2 e RzGe—GeHRz + Rzee_GeRg
48 49 -
major minor
0,
R. O R
Ge Ge
R O R
50

Scheme 6.5 Reaction of digermenes with oxygen.

A rate constant of ca. 1.8 x 10’ M"'s™! was obtained for the reaction of Ge;Me, with
oxygen under our experimental conditions (see Figure 6.4). This value is at least 10 times
smaller than those reported by Mochida ez al. (see Table 6.4).>” In an earlier study, Toltl
et al. reported a much lower reactivity for tetramesityldigermene toward oxygen, (ko2 =
23+ 0.4) x 10° M's™),"! indicating that the reaction is impeded by steric effects of the
substituents on the Ge=Ge bond. The trend in the reactivities of methyl- and phenyl-
substituted digermenes is given in Table 6.4. It is observed that Ge,Me, reacts faster than
Ge,Phs. There has not been any systematic study of the substituent effect on the reactivity
of digermene with oxygen to help understand this trend. In addition, it is observed that

Si;Me, reacts ca. 4 times faster than Ge,Mey.
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Figure 6.4. Plots of kgecay versus [O;], monitored at 370 nm. The solid line represents
the linear least-squares fit to eq (2.17).

Table 6.4. Absolute rate constants for the reaction of
digermenes with oxygen in hexane at 25 °C.

Digermene ko /106 M's!
Me,Ge=GeMe, 18 +2%
Me,Ge=GeMe; 280,° 180,° 400°

PhMeGe=GeMePh 24 +3°
Ph,Ge=GePh 4.8+0.8"

Mes,Ge=GeMes, 2.3+0.48
Me,Si=SiMe, 200 + 40"

Errors are quoted as twice the standard deviation (* 20); (a) This
work; (b) Ref. 5; (¢) Ref. 6; (d) Ref. 7; (e) Ref. §; (f) Ref. 12; (g)
Ref. 11; (h) Ref. 30.
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6.7 Reactions with alkenes, alkynes and dienes

Addition of TBE (0-0.50 mM), DMB (0-0.52 mM), DMP (0-1.73 mM) and isoprene
(0-1.30 mM), led to very slight enhancements in the decay rates of Ge;Mey. These
reactions were too slow to be monitored, given that Ge;Me, is formed as a secondary
product and its precursor (i.e. GeMe,) is more reactive toward the added scavenger.
Nevertheless, we estimated upper limits (kg < kgecay/[Q]) from the decay rates measured at
the highest concentration of the scavenger used, by fitting the data to a single-exponential
decay, according to eq (2.4). Figure 6.5 shows the transient decay profiles recorded at
370 nm in the presence of the highest concentration used for quenching of Ge;Me4 by
TBE, DMB, DMP and isoprene. It is to be noted that these are crude upper limits because
the decay of the digermene at these concentrations most likely contains a contribution

from oligomerization of the digermene.
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Figure 6.5. Transient decay profiles recorded at 370 nm by laser flash photolysis of
23 in deoxygenated hexane containing (a) 0.52 mM DMB; (b) 0.49 mM TBE,; (c)
1.30 mM isoprene and (d) 1.73 mM DMP. The solid lines represent the non-linear
least-squares fits of the data to a single-phase exponential decay, according to eq
(2.4). The inserts shows the residuals obtained after fitting the data.

Digermenes undergo [2+2]- or [2+4]-cycloaddition reactions with a variety of

unsaturated compounds such as alkynes, alkenes, dienes, aldehydes and ketones, to give

the corresponding cycloadducts (some reported examples are given in Scheme 6.6).

31-36

However, it has been reported that stable and relatively stable digermenes are unreactive
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toward dienes.’’ Ge,Mes; reacts with DMB to form the corresponding

digermacyclohex-4-enes (51 and 52).

Ph b 53R = t-butyl
R R~ PhC=CH R,Ge—GeR,, C54 R’ = 2,6-diethylphenyl
| §eR x / d55 R = 2,4,6-trimethylpheny!
- GeR', - y

R'2G9=GQR'2
851 R=H; R = Me

852 R =Me; R'=Me \\
GeR, e
Sﬁ' Sé:ée% 56 R' = Me

(a) Ref. 7; (b) Ref. 38; (c) Ref. 36; (d) Ref. 39; (e) Ref. 31.

Scheme 6.6 Reactions of digermene with diene and alkyne.

1,2-

The upper limit for the rate constant obtained in this work (kg <4 x 10" M's™) for

the reaction of Ge;Mes with DMB is ca. two orders of magnitude higher than the rate

constant determined by Mochida et al. (5.3 x 10> M"'s™") in cyclohexane.” Our upper limit

1s most likely overestimated due to other reactions of Ge,Me, at the concentration used.

Nevertheless, the upper limits of the rate constants for the reactions of Ge,Me, are

compared with those estimated for Ge,Phs and with the absolute rate constants for Si,Me,

in Table 6.5. The rate constants determined for the reactions of Si;Me, is found to be at

least one order of magnitude higher than those estimated for Ge,Mej.
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Table 6.5. Rate constants (kq / 10° M™'s™) for the reaction of Ge;Mey,
Ge,Ph, and Si,Me, with alkene, alkyne and diene in deoxygenated

hexane.
Reagents Ge,Me,4" Ge,Ph,’ Si:Me,*
Isoprene <80 <03 400 £ 200
DMB <40 nd nd
DMP <40 <5.1 500 £ 200
TBE <90 <20 810 £ 40

(a) This work; (b) Ref. 12; (¢) Ref. 30. nd —not determined.

6.8 Summary and Conclusions

Absolute rate constants for the reactions of Ge,Me4 with n-BuNH,, AcOH, MeOH,
O,, Et;GeH, Et;SiH and Bu3SnH have been determined. Since the reactivity of GeMe; is
much higher than that of Ge,Me4 toward the scavengers of interest, we were very limited
in our ability to study the reactivity of the digermene in our experiments. Thus, in many
cases, particularly in the case of isoprene, tert-butyl acetylene, 4,4-dimethyl-1-pentene and

2,3-dimethylbuta-1,3-diene, we were able to obtain upper limits of the rate constants only.

Ge;Me, exhibits similar reactivities as Ge,Phs and Ge;Me,Ph,. The higher rate
constants observed for the phenylated digermenes with amines and alcohols, indicate that
they are more electrophilic than Ge,Mes. No substituent effects were observed in
reactions involving a germanium centered radical intermediate (e.g. reaction with group

14 metal hydrides) suggesting no extra stabilization from the phenyl substituents.
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Although details of some reactions remain to be elucidated, estimates of rate
constants are provided in this work. Clearly, more work remains to be done with a better
digermene precursor, such as 7,8-digermabicylo[2.2.2]octadiene derivative 22 employed

by Mochida et al.,” to further study the mechanisms of these reactions.

/GeMez
Me,Ge_<Ph

/.

Ph
22
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CHAPTER 7

Summary and Future Work

7.1 Summary

Transient germylenes are important reactive intermediates that are formed in a wide
variety of reactions of organogermanium compounds'. The interes—t in their chemistry has
considerably increased through the years, mainly due to the development of a number of
stable germylenes. However, mechanistic and kinetic studies of reactions of transient
germylenes are still under-developed.! The kinetic behavior and spectral characteristics of
dimethylgermylene (GeMe;), which is one of the most studied germylenes in the literature,
have been subject to a lot of controversies through the years. We speculated that the main
source of these controversies stemmed from the use of photochemical precursors that
generate other transient species in addition to GeMe,, as well as inappropriate reaction
conditions. One of the major contributions of this thesis has been to establish the absorption
spectrum of GeMe; in solution, for which we assign an absorption maximum at 470 nm. The
spectrum was derived from laser flash photolysis of 1,1-dimethyl-3-phenylgermacyclopent-3-
ene (23) and 1,1,3-trimethyl-4-phenylgermacyclopent-3-ene (24), both of which were
synthesized for the first time in my studies, and dodecamethylcyclohexagermane (14), one of

the GeMe, precursors employed in earlier studies. The photochemical precursors 23 and 24

yield GeMe; as the only reactive intermediate, with high quantum yield (® ~ 0.55).

256



Chapter 7 F. B. Lollmahomed — Ph.D. Thesis (Chemistry — McMaster University)

/E)GeMez

Ph

23
N/
pn|
Me2
oo hv . hy MezGcla’ e(IBeMez
eMe, </ :GeMe, MezGe\GéGeMez
- - Meq;Ge
PN g }‘{Dh Amax = 470 nm 10758 Me,
14
X2

Me,Ge=GeMe,

Amax = 370 nm
Scheme 7.1 Photochemical generation of GeMe;

We have carried out a comprehensive kinetic study of the reactions of GeMe, with
typical germylene scavengers in hexanes. The rate constants for the reactions of GeMe, with
acetic acid, 4,4-dimethyl-1-pentene, 2,3-dimethylbuta-1,3-diene, isoprene, 3,3-dimethyl-1-
butyne, triethylamine, n-butylamine, tributylstannane, triethylsilane, triethylgermane, carbon
tetrachloride and oxygen have been determined in hexanes. Most of these reactions occur at
close to the diffusion-controlled rates in hexanes. For the first time, the rate constants
determined in hydrocarbon solution are in very good agreement with those the gas phase for
the same or closely related substrates. Our study also showed that the reactivity of GeMe,
parallels that of SiMe;; but with the rate constants determined for the reactions of GeMe;
being slightly lower. In general, the equilibrium constants for the reactions of GeMe, are

considerably smaller than those for the corresponding reactions of SiMe;.
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Our studies showed that the reactions of GeMe, with the alkene, dienes and amines are
reversible and all the reactions studied with other scavengers are irreversible. GeMe; is a
highly electrophilic species, with reactivity greater than that of the phenylated analogue,
GePh;y, under similar conditions. The equilibrium constants for the reactions of GeMe, with
isoprene and 4,4-dimethyl-1-pentene are significantly higher than that of GePh,, indicating

that the primary products are thermodynamically more stable in the case of GeMe;.

Although, the reactions of germylenes with alcohols are known, prior to the work
performed in our group the kinetics of these reactions have not been studied in solution. Our
studies have shown that the reactions of GeMe, with Lewis bases such as THF, methanol and
t-butanol are reversible and proceed through the initial formation of Lewis acid-base
complexes, which exhibit absorption maxima at ca. 290-310 nm. In the case of the alcohols,
the second step of the reaction, which involves a unimolecular H-migration to form the
corresponding alkoxygermane, is slow in hexane and is catalysed by a second molecule of
alcohol in neat alcohol. In addition, our studies have shown that this process is dramatically
accelerated in the presence of acid (methanesulfonic acid) or base (sodium methoxide)

catalysts.

The work performed in this thesis also represents the first kinetic study of the reactivity
of germylenes in complexing solvents. GeMe, reacts with THF to form the corresponding
Me,Ge-THF complex- which, in the absence of an added scavenger, decays to form Ge;Mey.
Kinetic studies performed in neat THF showed that the Me,Ge-THF complex exhibits

reactivity distinct from that of free GeMe, toward scavengers such as CCly, AcOH, and O,
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On the other hand, the complex exhibits orders of magnitude lower reactivity toward 4,4-
dimethyl-1-pentene, 2,3-dimethyl-1,3-butadiene and methanol, indicating that reactions with
these scavengers require the availability of the vacant p-orbital on the germylene in order for

the reactions to proceed at measurable rates.

A number of the reactions of germylenes have been studied theoretically, many of
which are based on GeMe,. Hence, the work performed in this thesis allows a direct
comparison of experimental measurements in solution with theory. The solution phase
avoids many of the problems that are often encountered in gas phase kinetic studies, where
incomplete collisional relaxation of primary reaction products can lead to difficulties in

comparing experimental and theoretical results.

7.2 Future Work

The present study provides kinetic information about the reactions of the simplest
dialkyl-substituted germylene in solution with alkene (4,4-dimethyl-1-pentene) and diene
(isoprene and 2,3-dimethyl-1-butadiene). The mechanisms of the reactions of germylenes
toward alkenes are still not completely understood, and the electronic and steric factors that
control the rate of these reactions need to be elucidated. In this thesis, we have found that
GeMe, reacts with isoprene and 2,3-dimethyl-1-butadiene reversibly and estimated the
equilibrium constants to be K.q > 20 000 M, at least 5 times larger than those determined for
GePh,. Currently, our group is exploring the reactivity of diarylgermylenes with electron-

poor and electron-rich alkenes, namely acrylonitrile and the hexene isomers. It is found that
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the equilibrium constants for the reactions of GePh, with the above-mentioned alkenes
decrease with an increase in substitution on the alkenes. It may be possible to measure
equilibrium constants for reaction of GeMe, with some of these alkenes, thus enabling the

first direct experimental comparison of equilibrium constants for GeMe, and GePh,.

The work presented in this thesis shows that the reaction of GeMe; with alcohol occurs
via the initial formation of a Lewis acid-base complex followed by proton transfer which is
aided by another alcohol molecule. The unimolecular H-proton transfer from the complex is

found to be slow with rate constant, ky < 10* s\

To date all the theoretical calculations
performed on the reactions of germylenes or silylenes with alcohols have predicted an initial
formation of a complex followed by a unimolecular H-migration via a three-centered
transition state. In the future, it will be insightful if theoretical calculations could be used to
investigate the mechanism which involves an initial complexation reaction followed by
catalysis by a second alcohol molecule. The base-catalysed decomposition of the complex is
another mechanism of interest. From our study, we postulated that the reactions occur either
by an initial deprotonation of the methanol in the complex or by a nucleophilic displacement
of the methanol molecule in the complex by the methoxide ions. It would be valuable to

investigate the lowest energy reaction pathways predicted by high level theoretical methods

for the base-catalysed decomposition of the Me,Ge-MeOH complex by MeONa.

The steric and the electronic nature of the substituents on the Ge are controlling factors
that affect the thermodynamic and kinetic stabilities of germylenes.”  Transient

dialkylgermylenes or diarylgermylenes are potentially ambiphilic but most of the reactions
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studied so far have shown their strong tendency to act as electrophiles. The ambiphilic nature
of transient germylenes and silylenes has been significantly less explored as compared to that
of carbenes. Three main types of electronic stabilization have been used to describe the
electronic effects of substituents on carbenes, namely, push-pull, push-spectator and push-
push effects.> The possibility of altering the reactivity of germylenes by modification of the

electronic nature of the substituents on the Ge needs to be investigated. Germylenes can have
promising use in synthesis if their reactivities are tailored. The presence of n- or m-type
donors on the germanium reduces the electron deficiency on the germanium atom by the
transfer of electron density into its empty p-orbital, thus providing thermodynamic stability to
the germylene.* On the other hand, bulky substituents make the reactive site less easily
accessible to substrates. For example, n-donor substituents such as methoxy or amino groups
can enhance the nucleophilicity of the germylene by donating the lone pair of electrons on the
oxygen or nitrogen to the formally vacant p-orbital on the Ge. Halogen substituents can act
as nt-donors as well as o-withdrawers. Thus, replacing one of the methyl groups on GeMe, or
phenyl group on GePh, by OMe, halogen (F or Cl) or NMe; or CF; or phosphino (PR3)
groups could lead to some interesting variation in the rates and mechanisms of the reactions
of germylenes. It would be interesting to explore how these substituents will influence the
kinetic and mechanisms of the reactions of germylenes, especially toward alkenes, alkynes,
dienes or Lewis bases (e.g. ether or alcohols), where the electrophilic nature of the germylene
plays a major role in the mechanism of the reaction. The kinetics of the reactions of transient
germylenes with Lewis acids have not been explored yet. Thus, further research effort could

be directed toward exploring the nucleophilic capabilities of transient germylenes.
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CHAPTER 8

Experimental

8.1 General

'H NMR spectra (200 MHz or 600 MHz or 700 MHz) and '*C NMR (50 MHz or
150 MHz) spectra were recorded on Bruker AV200 or AV600 or AV700 spectrometer in
chloroform-d or THF-ds or cyclohexane-d;; or C¢Ds and are referenced to the residual
solvent proton and BC signals, respectively. Gas chromatographic (GC) separations
employed a Hewlett-Packard 5090 Series II gas chromatograph equipped with a HP3396A
integrator, a flame ionization detector and a DB-5 column (30m, 0.25 pm;
Chromatographic Specialties, Inc.). GC/MS analyses were carried out on a Varian Saturn
2200 GC/MS/MS system equipped with a VF-5ms capillary column (30 m x 0.25 mm;
0.25 um; Varian, Inc.), or a Micromass/Waters GCT GC/MS equipped with a DB-XLB
column (30 m, 0.25 mm; Chromatographic Specialties, Inc.), using (70 eV) electron
impact ionization; m/z values marked with an asterisk indicate ions containing "*Ge. High
resolution exact masses were determined on the latter instrument using a mass of
12.000000 for carbon-12. Melting points were determined using a Mettler FP82 hot stage
mounted on a microscope and controlled by a Mettler FP80 central processor.
Separations by column chromatography were performed using columns packed with silica
gel (230-400 mesh, Silicycle) in a ratio of 1 g of mixture to 100 g of the silica gel.

Steady-state photolysis experiments were carried out in a Rayonet photochemical reactor
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(Southern New England Ultraviolet Co.) equipped with a merry-go-round and six RPR-

2537 (254 nm) low-pressure Hg lamps.

Hexanes (EMD, OmniSolv), ether (Caledon Reagent) and THF (Caledon HPLC
grade) were dried by passage through activated alumina (250 mesh, neutral) under
nitrogen using a Solv-Tec solvent purification system (Solv-Tec, In-c.). Also, THF was
refluxed under sodium and distilled under argon. Isoprene, 2,3-dimethyl-1,3-butadiene
(DMB), 4,4-dimethyl-1-pentene (DMP) were purified by passage of the neat liquid
through a small column of silica.  3,3-dimethyl-1-butyne (TBE) was distilled.
Triethylsilane (Sigma-Aldrich Chemical Co.), triethylgermane (Gelest Inc.) and tri-n-
butylstannane (Sigma-Aldrich Chemical Co.) were stirred for 12 hours over lithium
aluminium hydride and were distilled at atmospheric pressure or under mild vacuum.
Triethylamine and n-butylamine were refluxed over solid KOH for 12 hours and distilled.
CCly was refluxed over phosphorus pentoxide and distilled. Methanol and terz-butanol
spectrophotometric grade) were used as received from Sigma-Aldrich Chemical Co.
Methanesulfonic acid (Sigma-Aldrich Chemical Co.) was distilled. Sodium methoxide
solutions were prepared by dissolving a weighed mass of sodium in methanol in a
volumetric flask. Germanium tetrachloride (Gelest, Inc. or Teck-Cominco Metals, Ltd.),
glacial acetic acid (Caledon Laboratories) and acetic acid-d (Aldrich) were used as
received from suppliers. Glassware were flame-dried under a stream of dry argon or

nitrogen prior to use. a-Bromostyrene was synthesized in a similar fashion as reported by

Soderquist and Hassner."
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8.2 Laser Flash Photolysis

Laser flash photolysis experiments employed the pulses from a Lambda Physik
Compex 120 excimer laser, filled with F»/Kr/Ne (248 nm; ~25 ns; 100 = 5 mJ) mixtures
and a Luzchem Research mLFP-111 laser flash photolysis system.” Solutions were
prepared at concentrations such that the absorbance at the excitation wavelength (248 nm)
was between ca. 0.7 and 0.9. The solutions were pumped continuously through a vacuum
oven-dried thermostatted 7 x 7 mm Suprasil flow cell connected to a calibrated 100 mL or
250 mL reservoir using a Masterflex™ 77390 peristaltic pump fitted with Teflon tubing
(Cole-Parmer Instrument Co.). The calibrated reservoir was fitted with a glass frit to
allow bubbling of argon gas through the solution for at least 30 minutes prior to and then
throughout the duration of each experiment. The glassware, sample cells and transfer
lines used for these experiments were stored in a vacuum oven kept at 85 °C under dry
nitrogen. The temperatures of the solutions were measured with a Teflon-coated
copper/constantan thermocouple inserted directly into the flow cell. Transient decay and
growth rate constants were calculated by non-linear least squares analysis of the
absorbance-time profiles using the Prism 5.0 software package (GraphPad Software, Inc.)
and the appropriate user-defined fitting equations, after importing the raw data from the
Luzchem mLFP software. Reagents were added directly to the reservoir by microliter
syringe as aliquots of standard solutions. Rate constants were calculated by _linear least-

squares analysis of decay rate-concentration data (5-7 points) that spanned as large a range
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in transient decay rate as possible. Errors are quoted as twice the standard deviation

obtained from the least-squares analyses.

8.3 Synthesis and Characterization of compounds

Germanium dichloride-dioxane. This procedﬁre was adopted from that published by
Leigh ef al> Germanium tetrachloride (25.0 g, 0.117 mol), 1.4-dioxane (18.0 g, 0.205
mol) and 1,1,3,3-tetramethyldisiloxane (17.3 g, 0.129 mol) were placed into a flame-dried
1-neck 250 mL round-bottom flask equipped with a reflux condenser and nitrogen inlet.
The mixture was heated to 85 °C for 8 hours during which time white crystals were
formed. The solution was decanted, the crystals were washed several times with pentane
and were dried under vacuum to give the desired dichlorogermylene-dioxane complex as

colorless needle-like crystals (22.9 g, 99 mmol, 85 %)

Synthesis of 2-phenyl-1,3-butadiene (28) The procedure is an adaptation of that
of Brown et al for the synthesis of 2-phenyl-1,3-butadiene.” Magnesium filings (5.87 g,
0.24 g-atom) and anhydrous diethyl ether (30 mL) were placed in a flame-dried apparatus
consisting of a 250 mL 2-neck round-bottom flask, magnetic stir-bar, reflux condenser,
nitrogen inlet and addition funnel. A solution of (chloromethyl)trimethylsilane (15 g,
0.12 mol) in diethyl_ ether (30 mL) was added dropwise from the addition funnel over a
period of 30 min and the reaction mixture was stirred at room temperature under nitrogen

for 6 hours to give trimethylsilylmethylmagnesium chloride.
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Benzoyl chloride (8.59 g, 0.06 mol), cuprous iodide (23 g, 0.12 mol) and anhydrous
diethyl ether (60 mL) were placed in a flame-dried 250 mL 2-neck round-bottom flask
equipped with a reflux condenser, magnetic stir bar, addition funnel, and dry ice-
isopropanol bath. The solution of Grignard reagent from above was placed in the addition
funnel and then added dropwise over ca. 60 minutes with stirring at -78°C. The cooling
bath was removed and the reaction mixture was further stirred for 2 hrs. It was then
quenched by dropwise addition of aqueous ammonium chloride (3.2 g, 0.06 mol, 1 equiv),
the resulting aqueous phase was extracted with diethyl ether (3 x 15 mL) and the
combined ether extracts were dried over anhydrous magnesium sulphate. The solvent was
removed on a rotary evaporator to afford a colorless oil (10.91 g) which was identified as
1-phenyl-2-(trimethylsilyl)ethanone (28) (purity ca. 80%, yield ~ 93%) on the basis of its
'H and ">C NMR spectra:* "H NMR (200 MHz, CDCL): 8 = 0.04 (s, 9H), 2.72 (s, 2H),
745 (m, 3H), 7.86 (m, 2 H) ppm; *C NMR (50 MHz, CDCl;): & = -0.9, 33.8, 128.4,

128.5, 132.7, 199.6 ppm.

1-Phenyl-2-(trimethylsilyl)ethanone (11.60 g, 0.06 mol) and THF (30 mL) were
placed in a flame-dried 250 mL 2-neck round-bottom flask equipped with a reflux
condenser, addition funnel, magnetic stir bar, nitrogen inlet, and ice bath. A solution of
vinyl magnesium bromide (1M in THF, 9.58g, 73 mL, 0.07 mol) was then added
dropwise with stirring over ca. 60 minutes at 0°C. The ice bath was removed, and the
mixture was allowed to warm to room temperature and then stirred for 10 hours. The

reaction mixture was quenched by dropwise addition of aqueous ammonium chloride (5
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mL) and the resulting aqueous phase was extracted with ether (4 x 15 mL). The
combined organic extracts were dried over anhydrous magnesium sulphate, filtered and
the solvent was removed on a rotary evaporator to afford a colorless oil (11.30 g) which
was identified as 2-phenyl-1-(trimethylsilyl)but-3-en-2-ol (29) (purity ca. 87%, yield ~
85%) on the basis of its 'H and >C NMR spectra:’ "H NMR (200 MHz, CDCL): & = -0.05
(s, 9H), 1.58 (m, 2H), 1.93 (s, 1H), 5.21 (dd, J=10.5 and 17.2 Hz, 2H), 6.35 (dd, J=10.5
and 17.2 Hz; 1H), 7.39 (m, 5H) ppm; BC NMR (50 MHz, CDCl3): 8 = 0.2, 32.5, 111.1,

125.3,126.8, 128.2, 128.4, 146.8, 147.2 ppm.

The crude alcohol (12.5 g, 0.06 mol) was placed in a 2-neck 100 mL round-bottom
flask equipped with a reflux condenser, magnetic stir bar and nitrogen inlet. A saturated
solution of sodium acetate in glacial acetic acid (40 mL) was added and the resulting
mixture was stirred for 18 hours at 60 °C under nitrogen. The reaction mixture was then
neutralized with aqueous sodium carbonate and extracted with diethyl ether (3 x 15 mL).
The combined ether extracts were dried over anhydrous magnesium sulphate, filtered, and
the solvent was removed on a rotary evaporator to afford colorless o0il (7.18 g, 0.055 mol,
98 %). The oil was purified by column chromatography, eluting with hexane, and was
identified as 2-phenyl-1,3-butadiene (28) on the basis of its 'H and ">C NMR spectra:® 'H
NMR (200 MHz, CDCls), & = 5.14-5.30 (m, 4H) , 6.62 (dd, J=11.1, 17.2 Hz; 1H), 7.26
(br s, SH) ppm; >C NMR (50 MHz, CDCl3), 8 =117.1, 1'17.3, 127.6, 128.3, 128.4, 138.3

ppm. The quaternary carbons could not be detected in the latter spectrum.
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Synthesis of 2-methyl-3-phenyl-1,3-butadiene (31). The procedure is a
modification of that of Brown et al for the synthesis of 2-phenyl-1,3-butadiene.’ 1-
trimethylsilyl-2-propanone was synthesized by the method described by Hosomi et al.’
Acetyl chloride (5.3 g, 0.068 mol), cuprous iodide (14.3 g, 0.075 mol) and anhydrous
diethyl ether (75 mL) were placed in a flame-dried 250 mL 2-neck round-bottom flask
equipped with an addition funnel and the resulting white suspension was cooled to -78°C
(isopropanol/CO, bath). A solution of trimethylsilylmethylmagnesium chloride in ether
(30 mL), prepared from (chloromethyl)trimethylsilane (10 g, 0.082 mol) as described
above, was added to the suspension dropwise with continuous stirring over a period of 1
hr from an addition funnel. The reaction mixture was then stirred at room temperature for
one hour, and after this time, it was hydrolysed with aqueous ammonium chloride (0.085
mol, 4.5 g in 30 mL distilled water), extracted with diethyl ether (2 x 20 mL) and pentane
(2 x 20 mL). The combined organic extracts were washed with water, dried over
anhydrous magnesium sulphate, filtered and the solvent was then removed on a rotary
evaporator to give a blue-tinged oil (8.6 g) that was identified as 1-trimethylsilyl-2-
propanone (purity ca. 60% , yield ~ 60%) on the basis of its '"H and '*C NMR spectra.
The crude ketone was used in the next step without further purification. '"H NMR (200
MHz, CDCl3), § = 0.09 (s, 9H), 2.05 (s 3H), 2.21 (s, 2H) ppm; >C NMR (50 MHz,
CDCl), 6=-1.1, 14.1, 31.8, 207.49 ppm.

A solution of a-bromostyrene (0.05 mol, 9.15g) in anhydrous diethyl ether (30 mL)

was added dropwise, from an addition funnel, to a flame-dried 250 mL 2-neck round-
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bottom containing magnesium filings (0.055 mol, 1.35 g) and anhydrous diethyl ether (20
mL) under nitrogen and gentle reflux. A brown solution was obtained. This was
transferred to an addition funnel and was added dropwise under nitrogen to a 250 mL 2-
neck round-bottom flask containing a solution of 1-methyl-2-(trimethylsilyl)ethanone (8.6
g) in anhydrous diethyl ether at 0°C. The reaction mixture was stirred at room
temperature for 2 hrs and the resulting brownish solution was quenched with aqueous
ammonium chloride (0.055 mol, 2.65 g in 20 mL distilled water), extracted with diethyl
ether (1 x 50 mL) and pentane (1 x 30mL). The combined organic phase was then washed
with (2 x 25 mL) water, dried over anhydrous magnesium bromide and solvent was
removed on a rotary evaporator to give a viscous yellow oil (7.5 g) which was identified
as 2-methyl-3-phenyl-1-(trimethylsilyl)-1-buten-3-ol on the basis of its 'H and '°C NMR
spectra (purity ca.75 %; yield ~ 65 %). The alcohol was used without further purification
in the next step. '"H NMR (200 MHz, CDCl;), § = 0.09 (s, 11H), 1.22 (s, 3H), 1.47 (s, 1H),
495 (d, J = 1.4 Hz; 1H), 5.41(d, J = 1.4 Hz; 1H), 7.33(m, 5H); *C NMR (50 MHz,
CDCly), 8 = 0.6, 30.7, 31.6, 75.7, 112.3, 127.1, 128.6, 127.8, 129.1, 141.7 ppm. EI/MS,
m/z (I) = 235 (19), 234 (32), 233 (55), 232 (40), 231 (100), 131 (63), 115 (92), 75(100),
73 (95). HRMS: Exact mass: calc. for C4H,,0*Si, 234.1440, found 234.1437.

The crude alcohol from above was added over a period of 30 min to a 100 mL 1-
neck round-bottom flask containing glacial acetic acid (20 mL) saturated with sodium
acetate at 60°C. The mixture was allowed to stir for further 30 min, after that time it was

poured into a beaker containing cold water (100 mL), neutralized with sodium carbonate
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and extracted with diethyl ether (1 x 25 mL). The combined organic phase was dried over
anhydrous magnesium sulphate, filtered and the solvent was removed on a rotary
evaporator to yield yellow oil. This was distilled under vacuum to afford a colorless oil
(3.5 g, 0.024 mol, 48 %; b.p. = 47-49 °C, 0.2 mmHg), which was identified as 2-methyl-
3-phenyl-1,3-butadiene on the basis of its 'H and >C NMR spectra. 'H NMR (200 MHz,
CDCls), 8 = 2.0 (s, 3H), 4.86 (s, 1H), 5.11 (m, 2H), 5.31 (s, 1H), 7.29 (m, 5H) ppm. °C

NMR (50 MHz, CDCl3), 6 = 21.3, 114.1, 117.1, 127.2, 128.0, 128.8, 144.2, 154.1 ppm.

Synthesis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene (23). The compound
was prepared by a modification of the procedure of Mazerolles and Manuel.®
GeCl,.dioxane (0.0123 mol, 2.85 g) in dry THF (25 mL) was placed into a flame-dried
100 mL 2-neck round-bottom flask equipped with a magnetic stir bar, reflux condenser,
addition funnel and nitrogen inlet. The solution was heated to 70-75 °C while a solution
of 2-phenyl-1,3-butadiene (0.016 mol, 2.08 g,) in THF (10 mL) was added dropwise with
stirring. Heating was continued for one hour, then the solution was cooled and the
solvent was removed by distillation. The resulting product was distilled under vacuum to
afford a colorless oil identified as 1,1-dichloro-3-phenylgermacyclopent-3-ene (32: 0.007
mol, 2.0 g, 80 %; 99-100 °C , 0.01 mmHg) on the basis of its 'H and *C NMR and mass
spectra (Ge isotopomeric clusters are indicated with an asterisk). 'H NMR (CDCL), & =
2.48 (d, 2 H), 2.56 (d, 2 H), 6.52 (m, 1 H), 7.35 (m, 5H) ppm; C NMR (CDCly), & =

27.0, 28.3, 124.0, 125.8, 128.6 ppm; MS (EI), m/z (I) = 274* (2), 205 (10), 179* (14),
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131* (98), 91 (100), 77 (48), 51(18); HRMS: Exact mass: cal. for CjoH;oCl,"*Ge,

273.9371; found 273.9371.

The product from above (0.00695 mol, 1.89 g,) in anhydrous diethyl ether (15 mL)
was placed in a 100 mL 1-neck round-bottom flask equipped with a magnetic stirrer,
reflux condenser, addition funnel and a nitrogen inlét. The solution v;as cooled with an
ice bath and methylmagnesium bromide (0.017 mol, 15.8 mL (3M in diethyl ether) was
added to it dropwise with stirring over 15 min. The reaction mixture was allowed to
warm to room temperature and was further stirred for 5 hrs. After that time it was
transferred to a separatory funnel and quenched with saturated aqueous ammonium
chloride (15 mL). The aqueous fraction was extracted with diethyl ether (3 x 15 mL) and
the combined ether extracts were dried over anhydrous magnesium sulfate. The solvent
was removed under vacuum to give a light yellow oil, which was purified by vacuum
distillation to give a colorless oil (68-70 °C (0.05 mmHg), 1.43 g, 89 %) or by column
chromatography using a mixture of hexane and dichloromethane (2:1) as eluant. The
product was identified as 23 on the basis its 'H and >C NMR, IR, and mass spectra (Ge
isotopomeric clusters are indicated with an asterisk). Limited spectroscopic data have
been reported previously for this compound by Neumann ef al.” IR (neat): 2972 (w), 2906
(m), 1606 (m), 1492 (m), 1444 (w), 1235 (m), 1031 (m), 828 (s) cm™; 'H NMR (700

MHz, CsDs), & = 0.24 (s, 6H), 1.65 (m, 2 H), 1.78 (m, 2 H), 7.12 (m, 1 H), 7.23(m, 3H),

7.54 (m, 2H) ppm; °C NMR (700 MHz, C¢Dy), § = -2.2, 20.83, 20.9, 126.4, 127.0, 128.4,
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128.6, 141.8, 143.0 ppm; EI-MS, m/z (I) = 234* (30), 219* (100), 129* (5), 119* (12),

89* (24), 69 (20). HRMS: Exact mass: calc. for Cj,H ¢ *Ge, 234.0464; found 234.0442.

Synthesis of 1,1,3-trimethyl-4-phenylgermacyclopent-3-ene (24). GeCl,.dioxane
(5.10 g, 0.02 1’8 mol) in anhydrous THF (35 mL) was placed in a flame-dried 100 mL, 2-
neck round-bottom flask equipped with a reflux condenser, addition funnel, magnetic stir
bar and a nitrogen inlet. The solution was gently refluxed and 2-methyl-3-phenyl-1,3-
butadiene (0.024 mol, 3.4 g) in THF (25 mL) was added dropwise over a period of 1 hr.
The reaction mixture was further stirred for 10 min and then the THF was removed by
distillation. The residue was distilled under vacuum to afford a colorless oil identified as
1,1-dichloro-3-methyl-4-phenylgermacyclopent-3-ene  (33) by 'H and "*C NMR
spectroscopy (0.0194 mol, 89 %; 100-101°C, 0.05 mmHg).

'H NMR (200 MHz, CDCls), & = 1.95 (s, 3H), 2.51 (d, 2H), 2.73 (d, 2H), 7.40 (m, 5H)
ppm; °C NMR (50 MHz, CDCl3), & = 20.1, 25.6, 33.3, 67.0, 67.9, 127.0, 128.2, 132.5,

134.2, 140.3 ppm.

A solution of the 1,1-dichlorogermacyclopent-3-ene derivative from above (1.10 g,
0.0038 mol) in anhydrous diethyl ether (100 mL) was placed into a flame-dried 100 mL
two-neck round-bottom flask equipped with a magnetic stirrer and nitrogen inlet and was
cooled to 5°C with an ice-bath. Methylmagnesium bromide (3.20 mL (3M in ether),
0.0096 mol) was added via a syringe through a septum to the reaction mixture over a
period of 10 min. The reaction mixture was allowed to stir at room temperature for 3 hrs
and was then hydrolysed with saturated aqueous ammonium chloride (10 mL). The
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aqueous phase was separated and extracted with diethyl ether (1 x 10 mL). The combined
organic extracts were washed with distilled water (1 x 20 mL) and dried over anhydrous
magnesium sulfate. Removal of the solvent on a rotary evaporator yielded a yellow oil,
from which 24 was obtained as a colorless oil by vacuum distillation (0.71 g, 0.0029 mol,
76 %; 85-86 °C, 0.1 mmHg). IR (neat) 2974.5 (m), 2907.9 (s), 2887 (s), 1599 (s), 1492
(s), 1135 (s), 829 (m), 790 (s) cm™"; "H NMR (600 MHz, C¢D), 8 = 0.28 (s, 6H), 1.67 (s,
2H), 1.80 (s, 3H), 1.97 (s, 2H), 7.09 (m, 4H), 7.24 (m, 1H); >*C NMR (151 MHz, CéDs), 5
=-24,21.1, 274, 27.6, 126.2, 127.8, 128.2, 128.3, 128.6, 134.7, 137.0, 144.3; EI-MS,
(m/z) (I) = 248* (58), 233* (48), 183 (24), 182 (12), 143 (28), 128 (42), 115 (38), 104*
(50), 89* (100), 77 (28); HRMS: Exact mass: calc. for C;3H,s" Ge, 248.0620; found,

248.0613.

Synthesis of dodecamethylcyclohexagermane (14). The compound was
synthesized according to the procedure of Carberry ef al® Li (2.45 g, 0.11 mol, 30 %
dispersion in mineral oil but washed with anhydrous hexane) in anhydrous THF (ca. 150
mL) was placed in a 250 mL round bottom flask. Dichlorodimethylgermane (7.58 g,
0.046 mol) was added very rapidly by means of a syringe to the flask. The reaction was
vigorously stirred and became increasingly exothermic. After stirring at room
temperature for 4 hours, the reaction mixture turned green. At that time, the liquid part
was syringed out and the residual Li was quenched with dropwise with methanol.
Diethylether (ca. 20 mL) was added to the reaction mixture followed by aqueous solution

of NaCl (10 mL). The organic component was extracted with 2 x 15 mL diethyl ether.
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Then, the combined organic phase was dried over anhydrous magnesium sulfate and
filtered. The solvent was then removed on a rotary evaporator. Column chromatography
using hexane as eluant, followed by repeated crystallization with acetone afforded a
mixture (026 g 6 %, mpt 206-210 °C) containing 96 % of
dodecamethylcyclohexagermane and 4 % of decamethylcyclopentagermane (determined
by GC/MS). "H NMR (200 MHz, CDCls) of 14: § 0.34 (s, 36 H) ppm. The MS (EI) of
15 and decamethylcyclopentagermane are in agreement with those reported by Carberry et

al®

Dimethylphenyl(trimethylsilyl)germane (18). The compound was synthesized
according to the procedure described by Bobbitt et al. Li wire (0.19 g, 0.028 mols) in
anhydrous THF (50 mL) was placed into a flame dried 100 mL 2-neck round-bottom flash
equipped with a magnetic stir bar and an argon inlet. Chlorodimethylphenylgermane (1.5
g, 0.0069 mols) was added to the mixture and was allowed to stir at room temperature for
3 hours. Then chlorotrimethylsilane (3.02 g, 0.028 mols) was added dropwise to the
flask. The reaction mixture was allowed to stir at room temperature for a further 3 hours.’
After this time, the unreacted lithium was removed and the reaction mixture was
quenched with water. The organic part was extracted with diethyl ether (4 x 15 mL). The
solvent was evaporated on a rotary evaporator to afford the crude product as pale yellow
oil. Column chromatography on silica gel with hexanes as eluant afforded the product as
a colorless oil (0.6 g, 34 %; 'H NMR (200 MHz, CDCls) & 0.18 (s, 9H), 0.44 (s, 6H),

7.31-7.35 (m, 3H), 7.43-7.46 (m, 2H) ppm; °C NMR (50.32 MHz, CDCls) -4.5 (GeMe,),
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-1.54 (SiMe3), 127.58 (para), 127.83 (ortho or meta), 133.55 (ortho or meta), 142.36 ppm;
GC/MS, (m/z) (I), 254 (14), 252 (12), 250 (6), 239 (52), 237 (39), 235 (23), 181 (19), 179
(14), 177 (11), 136 (16), 135 (100), 75 (13), 73 (34), 45 (22), 44(7), 43 (19). The spectra
are in good agreement with the one reported by Bobbitt ez al., except for some minor

- differences in the '*C NMR spectrum.’

8.4 Steady state photolysis experiments

Photolysis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene (23) in the presence of
acetic acid in cyclohexane-d;;

An argon-saturated solution of 23 (0.05M) and glacial acetic acid (0.25 M) in
cyclohexane—d,; was placed in a quartz NMR tube sealed with a septa. The solution was
placed in a merry-go-round apparatus and was irradiated at 254 nm using 6 RPR-2537
lamps. The reaction mixture was photolysed for a period of 16 minutes (ca. 60 %
conversion) during which the course of the reaction was monitored periodically by 'H
NMR spectroscopy. Acetoxydimethylgermane (34) was identified as the main product by
comparison to the reported '"H NMR spectrum.'® The chemical yields of 34 and 28 after
60 % conversion were estimated as 91 % and 99 %, respectively. 'H NMR (200 MHz,
CeD12) of 34: 8=10.56 (d, 6 H, *J = 2.4 Hz), 5.63 (sept, 1H, °J = 2.4 Hz) ppm. The acetyl
methyl protons overlap with the acetyl methyl protons of acetic acid and cannot be

distinguished.
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Photolysis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene (23) in the presence of 2,3-
dimethyl-1,3-butadiene in cyclohexane-d;;

A solution of 23 (0.03 M), 2,3-dimethylbutadiene (0.05 M) and n-dodecane (0.003
M) in dry hexane was placed in a quartz photolysis tube, sealed with a rubber septum, and
was deoxygenated with a stream of dry argon. The solution was placed in a merry-go-
round apparatus and was irradiated at 254 nm 4using 6 RPR-2537 lamps. The reactior;
mixture was photolysed for a period of 12 minutes (ca. 80 % conversion), with periodic
monitoring by GC-FID and GC-MS. The gas chromatogram indicated the presence of
two major products with retention times of 4.32 and 5.12 minutes (n-dodecane, 6.65 min;
23, 9.97 min), in roughly equal yields. The two peaks were identified as 28 and 7 by GC-
MS, and confirmed by spiking the mixture with small amounts of authentic samples of the

two compounds.”> Two additional products (with retention times of 6.52 and 6.62

minutes) were also formed in yields of 3-5% each, but were not identified.

Photolysis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene (23) in the presence of
methanol in cyclohexane-d;;

A solution of 23 (0.0409 M), MeOH (0.2390 M) and hexamethyldisilane (0.0017
M) in cyclohexane—d;, was placed in an argon-filled quartz NMR tube and was sealed
with a rubber septum. The solution was placed in a merry-go-round apparatus and was
irradiated at 254 nm using 6 RPR-2537 lamps in a Rayonet photochemical reactor. The
react-ion mixture was photolysed for a period of 5 min (ca. 20 % conversion) and the
course of the reaction was monitored at time intervals by '"H NMR spectroscopy. The 'H

NMR spectra showed new peaks consistent with methoxydimethylgermane (35) in
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addition to those of 28.!' 'H NMR (600 MHz, C¢D1;) of 35: 8= 0.4 (d, 6 H, °J=2.5 Hz),

3.5 (s, 3H) and 5.2 (sept, 1H, *J= 2.5 Hz) ppm.

Photolysis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene (23) in THF-d; containing
AcOH

A solution of 23 (0.025 M) in THF-ds containing AcOH (0.04 M) and
hexamethyldisilane (0.005 M) as internal integration standard was placed in a quartz
NMR tube, deoxygenated with a stream of dry argon, sealed with a rubber septum, and
irradiated with 6 RPR-2537 lamps in a Rayonet photochemical reactor. The course of the
photolysis was monitored as a function of time by 'H NMR spectroscopy (600 MHz) up
to ca. 40% conversion of 23. Only two products were formed, which were 1dentified as 2-
phenyl-1,3-butadiene (28: & 7.26-7.33 (m, 6H), 6.63 (dd, 1H; J=10.8, 2.4 Hz), 5.13-5.18
(m, 4H)) and acetoxydimethylgermane (34: & 5.60 (sept, 1H, J = 2.4 Hz), 1.92 (s, 3H),
0.58 (d, 6H, *J = 2.4 Hz) ppm). Product yields were determined relative to consumed 23
from the slopes of concentration versus time plots for 23, 28, and 34 constructed by

integration of the spectra.

Photolysis of 1,1-dimethyl-3-phenylgermacyclopent-3-ene (23) in THF-d3 containing
MeSO3H.

A solution of 23 (0.034 M) in THF-dg containing MeSOsH (0.09 M) and
hexamethyldisilane (0.005 M) as internal integration standard was placed in a quartz
NMR tube, deoxygenated with a stream of dry argon, sealed with a rubber septum, and

irradiated with 6 RPR-2537 lamps in a Rayonet photochemical reactor. The course of the
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photolysis was monitored as a function of time by 'H NMR spectroscopy up to ca. 60%
conversion of 23. The product exhibiting multiplets at & 5.90 (sept, 1H) and 3 0.76 (d,
6H, J = 2.1 Hz) is tentatively identified as Me,Ge(H)OSO,H (44). Product yields were
determined relative to consumed 23 from the slopes of concentration vs. time plots for 23,

28, and 47 constructed by integration of the spectra.

Photolysis of 1,1,3-trimethyl-4-phenylgermacyclopent-3-ene (24) in cyclohexane-d;,
containing AcOH

A solution of 24 (0.05 M), glacial acetic acid (0.26 M), and hexamethyldisilane
(0.02 M) in cyclohexane—d;, was placed in a quartz NMR tube, sealed with a rubber
septum, and deoxygenated with a stream of dry argon. The solution was placed in a
merry-go-round apparatus and was irradiated at 254 nm using 6 RPR-2537 lamps. The
reaction mixture was photolyzed for a period of 16 minutes (ca. 30 % conversion),
monitoring periodically by 'H NMR spectroscopy. The chemical yields of 31 and 34 after

30 % conversion were estimated as 99 % and 98 %, respectively.
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