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Abstract

Triorganogermanes as non-toxic Reagents in Radical Reactions

Sussie L. Krintel
Ph.D. 2002

T:ibutyltin hydride (TBTH) has proven to be an extremely useful synthetic reagent
which has been widely used for generating free radicals, is largely responsible for the

large increase in the use of free radicals in ofganic synthesis and is the reagent of
| choice for mény researchers. However, the tin residues are highly toxic and difficult to
separate from reaction mixtures which precludes the use of tributyltin hydride in the
pharmaceutical industry. In this project, niorganogexma:ﬁum compounds have been

investigated as possible alternatives to tin based radical mediators.

We have shown that tributylgermantum hydride (TBGH) can replace TBTH in most
types of radical reactions. We have successfully used TBGH for the abstraction of 1,
Br, Cl (in activated a-chloroamides), SePh, NO,, Barton esters and thiocarbonyl-
imidazolides. Alkyl, vinyl and ary.l radicals have been generated from the respective
iodo~ and bromo-precursors and acyl radicals from acyl phenylselanides. Cyclisation
onto alkenes and heteroarenes have proved successful. All the performed reactions
were carried out under the same conditions with TBTH. In general, TBGH is slower

but higher ratios of cyclisation to reduction are observed as compared to TBTH.

A new germanium based radical mediator was developed which was found to exhibit
excellent reactivity in the radical reactions tested. The facile synthesis of this reagent
enables a variety of triorganogermanium compounds to be synthesised and tested as

radical mediators.

Studies of a solid supported approach to germanium mediated radical reactions were
initiated and the results obtained were very promising, although some optimising of

reaction conditions would be beneficial.
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Chapter 1. Introduction

LI General introduction

Radical reactions have now stopped being a mere curiosity in organic chemistry and
have become the method of choice in a variety of organic syntheses. This is especially
due to the mild reaction conditions employed and the great tolerance toward a variety
of functional groups in the molecule. Trialkyltin hydrides, especially tributyltin
hydride (TBTH), have often been the chosen reagents and their efficiency as radical
mediators is indisputable. Unfortunately, some problems are related to their use in
organic chemistry. Tin compounds have been shown to be toxic (LDsy for TBTH is
127 mg per kg in rats)' and this combined with the fact that tin residues often are
difficult to remove from crude reaction mixtures, results in tin mediated reactions
being of very limited use in the pharmaceutical industry. Therefore, minimisation or
removal of the problems associated with the use of trialkyltin hydrides has become a

research area of great importance.’

An obvious way of doing so is to use the toxic trialkyltin hydride in a catalytic manner
and then add a reducing reagent in stoichiometric amount. This approach has been
employed widely with a variety of radical precursors with good results.> The very fast
reduction of R3SnX (X = halogen) formed in situ in many radical reactions can also be
used as a simple way of removing tin residues. If stoichiometric use of R3SnH is
mandatory in a given radical reaction, treatment of the crude reaction mixture with a
reducing reagent (e.g. NaBH;CN) will often give R3SnH by reduction of the tin by-
products formed in reaction. R3SnH are very nonpolar compounds and can in most
cases quite easily be separated from reaction products by chromatography.® It is
possible at the same time to take advantage of the excellent reactivity of tin hydrides
and ease the purification of the reaction mixture, by employing fluorous tin reagents,
as demonstrated by Curran ef al.’ The reactivity of these compounds are similar to
those of “normal” tin hydrides but since the low-boiling perfluorinated fluids are
immiscible in both water and many organic solvent, removal of tin residues can be
done by simple extraction into perfluorinated solvent (e.g. perfluoromethylcyclo-

hexane or perfluorchexane).



In the same line of work, Clive et al. ® have published the use of the tin hydride 1
shown in Figure 1. Stannane 1 has been employed in different radical reactions
leading to isolation of the products in high yields. The advantage of 1 is that after
reaction, tin containing by-products are easily removed by mild hydrolysis (LiOH-

water-THF or TsOH-water-THF) which converts them into base soluble compounds.

Figure 1. Triorganotin hydride 1 employed by Clive.
!
thSﬂ
o
1

Gastaldi and Stien, who have taken advantage from the fact that polyaromatic
hydrocarbons (PAHs) adsorb on charcoal, have presented another “modified” tin
hydride.” They developed dimethyl-3-pyrenypropyl tin hydride 2 (Figure 2) and have
found it to be very efficient in radical reactions. After reaction, the adsorption of the
pyrene core on charcoal can be monitored by UV and the solids removed by filtration,

allowing isolation of the reaction product.

Figure 2. Dimethyl-3-pyrenypropy! tin hydride 2 employed by Gastaldi and Stien.

e
O
>

Solid phase chemistry has opened up other methods for handling the problems
concerning the use of tin hydrides in radical chemistry. Generally speaking, the
difficulties in removing tin residues from reaction mixtures can be dealt with in two
ways using solid phase approaches since either the tin reagent® or the radical
precursor’ can be attached to a resin. In both cases, purification of the reaction

product(s) will largely be carried out by filtration.

So far this introduction has only dealt with minimising the problems associated with

the use of tin hydrides as radical mediators. Still, another way of overcoming these



problems would be to remove the cause of them, i. e. to use alternatives to triorganotin
hydrides.

1.2 Alternatives to triorganotin hydrides

A large amount of research has been devoted to finding radical mediators that will be
lacking the toxicity and purification problems connected with the use of triorganotin
hydrides, but which will display similar reactivity. Some proposed alternatives include
indium metal (radical addition to conjugated alkenes only),'® gallium hydride,"
alkylmercury halides,"> and dimanganese decacarbonyl.”> Hypophosphorous acid has
been reported to show good reactivity in a variety of radical reactions and the reagent
has the great advantage that it can be employed in aqueous media.'*"® All these
reagents have shown promising results when used as radical mediators but some of the
more widely used alternatives still remain to be mentioned. The efficiency of tin
hydrides as radical mediators is caused by (a) organotin radicals generate carbon
centred radicals from many functional groups, and (b) tributyltin hydride traps radicals
with sufficient rate and regenerates the tin radicals, i.e. eq. 2 (Scheme 1, M = Sn) is
sufficiently fast to keep the chain reaction going. For hydrides derived from other
elements to be even considered as candidates to “the throne of tin” both eq. 1 and 2

{Scheme 1) must be efficient radical processes.

Scheme 1. Schematic presentation of radical reactions.

RX + RaMe ——» Re + R3MX eq. 1

Re + RMH ———» pH + RMe eq.2

From the position in the periodic table of elements, silicon and germanium derived
compounds are expected to display reactivities similar to the reactivity of their tin
analogues. From kinetic studies, rate constants for reactions with alkyl radicals (i.e. eq.
2, Scheme 1) have been determined for a number of hydrogen donors. Some of these
values are shown in Table 1'® for reactions with primary radicals only, and it can be
seen that Et3SiH (and to some extent, Ph;SiH) reacts with radicals so slowly that chain
propagation will be inefficient. Therefore, these reagents would not be good
substitutes for tin hydrides, but tris(trimethylsilyl)silane (TTMSS) and




tributylgermanium hydride (TBGH) [and obviously TBTH and triphenyltin hydride
(TPTH)] would, judged from this criteria.

Table 1. Rate constants for H-donation to primary radicals.

Donor Radical Rate constant (M™'s™ )
Et;SiH RCHae Jeps = 7.0 x 10*
PhsSiH RCHae ksp=3.0 x 10°
(MesSisSiH ~ RCHye kas =3.8 x 10°
Bu;GeH RCHoe bis=1.0x 10°
Bu;SnH RCH;e kas=2.4x 10°
PhySnH RCH,» ka5 = ca. 5.0 x 10°

*Reactions temperatrue (°C) as subscript

For TTMSS and TBGH to be considered as possible alternatives to TBTH, these
reagents have to be capable of generating radicals from different functional groups, i.e.
eg. 1, Scheme 1, has to be an efficient process. Most frequently, halides are used as
radical precursors, and the rate constants for the formation of tertiary radicals from #-
BuBr are shown in Table 2.'” From these data it is clear that TTMSS will abstract
bromide at approximately the same rate as will TBTH, whereas the generation of
(CH3)3Ce by TBGH is a slightly slower reaction. The reaction is still sufficiently fast,
though, to be able to mediate the radical chain reaction.

Table 2. Rate constant for Br-abstraction by RsMH.

Halide R;MH  Rate constant (M™'s™)*
(CH3)3Br TBTH ks =1.4x10°
(CH3)3Br TBGH ko7 = (8.6 + 1.0) x 10
(CH3);Br  TTMSS kpo=1.1x10°

*Reactions temperatrue (°C) as subscript



No kinetic data can be found for the reaction of triphenylgermanium hydride (TPGH),
but it is reasonable to believe that this compound will be more reactive than TBGH,
and the reactivity is probably similar to that of TBTH.

TTIMSS was first reported by Gilman ef al.'®

in 1965, but is was not until 20 years
later that Chatgilialogla and co-workers'® saw its real potential as a radical mediator.
Since then, it has become the most successful tin hydride substitute to date. It has been
employed in both reductions and radical cyclisation reactions, and in the latter,

selectivity towards cyclisation is often observed (Scheme 2)."”

Scheme 2. Radical cyclisation of 6-bromohex-1-ene.

WBr"—"’é"O'* ///\\/\/
3 4 5

Reagents and conditions: TTMSS (1 eq.), AIBN, 70 °C [3 (93 %), 4 (2 %) and 5 {4 %)] or TBTH (1
eq.), AIBN, 70°C [3 (83 %), 4 (1 %) and 5 (15 %)].

In the reaction of hexenyl bromide with TTMSS and TBTH respectively, it was found
that reaction with the former gave a 24:1 ratio of cyclic:reduced product whereas the
ratio in the tin mediated reaction was only 6:1." This change in reactivity is easily
explained by the lower H-donor ability of TTMSS compared to TBTH and is a good
example of the reactivity of TTMSS.

1.3 Triorganogermanium compounds in radical reactions

One of the major problems with tin reagents is, as mentioned eatlier, that they are
toxic. Organogermanium compounds have been shown to display much less toxicity
than both the corresponding organotin- and silicon analogues. The toxicity of
butylchlorogermanes Buy.,GeCl, administered i.p. grows with increasing number of
chlorine atoms in the molecule (1280, 96, 50 mg kg™ for mice and 1970, 100, 48 mg
kg” for rats).”® Results provided to us by Professor Oshima of Kyoto University
indicate an initial LDs for tri-2-furanylgermane of 0.5-2.0 g per kg in rats, hence very

low acute toxicity.




From the kinetic data, triorganogermanes should react sufficiently fast with both
halides and radicals to initiate and propagate radical chain reactions, and evidence
reported in the literature proves that this is in fact the case. In the following examples,
precedence for the use of triorganogermanium compounds in radical chemistry will be

discussed according to reaction type.

1.3.1 Radical reduction of organic halides

Hershberger et al. initiated in the mid 1980°s an investigation of the reactivity of
germanium derived radical mediators and compared this reactivity with the tin
analogues. Some of their results of reductions of iodoundecane are shown in Table
32

Table 3. Comparison of reactivity in reduction of iodoundecane.

n-C" H23| s ﬂ-C11H24

RaMH % n-C11H24 % ﬂ-‘Cqu:;’ (GC-yield)
1. BuzSnH 98 4
Bu;GeH 70 20
2. PhsSnH 93 5
PhyGeH 98
3.
SnH 93 1
3
GeH <1 97

Reagents and conditions: R;MH {1 eq.), AIBN, benzene, 80 °C, 8 h.

They found that reactions promoted by TBGH appear to be slower than the TBTH
mediated reaction, as seen by the amount of starting material recovered after 8§ h
reflux. This may be a consequence of the lower ability of TBGH to carry the chain
reaction and the problem may be overcome by introduction of several charges of
AIBN. Both the TPTH and TPGH mediated reactions are complete after 8 h.
Apparently steric hindrance in the hydride is more important for the



triorganogermanium hydride than for the triorganotin hydride as can be seen from
entry 3 (Table 3). The authors have unfortunately not given any explanation, but it
could be a point worth noticing if considering using triorganogermanium hydride
instead of triorganotin hydride.

Inspired by the success of TTMSS, Chatgilialoglu and co-workers developed the
corresponding tris(trimethylsilyl)germane and tested the compound in the reduction of
a variety of organic compounds (Table 4).2 Tris(trimethylsilyl)germane proved to be
a very effective reducing agent in reactions of halides, thiono esters (Barton-
McCombie reaction), isocyanides and nitro and phenylselanide derivatives, where up

to quantitative yields in all reactions were observed by GC analysis.

Table 4. Reductions by tris(trimethylsilyl)germane.

RX — RH

RX (yield of RH)

Br
Cl
& {99 %) g (99 %) @\; (98 %)
o]

0C(5)SCH;
(99 %) /M\Nc (97 %)
NO,
SePh
(96 %) O/ (97 %)
NC

Reagents and conditions: RX (0.2 M), (CH;Si);GeH (0.4 M), AIBN (10 mol %), toluene, 82 °C, 20-60
min.

The authors quantified the observed reactivity by utilising the 5-hexenyl cyclisation as
a radical clock and measured the rate constant for H-abstraction from (CH;Si);GeH as
fos=3.1x 10° M5!, making this reagent slightly more reactive than TBTH in radical

reductions.

Among the people investigating triorganogermanium hydrides as alternatives to

triorganotin hydrides, Oshima et al have been some of the more conspicuous




pioneers. They have tested various germanium based radical mediators in different
radical reactions and have found that TPGH is efficient in Et;B-initiated radical
reduction of organic halides. More recently, Oshima et al have developed tri-2-
furanylgermane, which was also shown to reduce organic halides when initiated by
triethylborane. The advantage of triethylborane is that, unlike reactions initiated by
AIBN or other azo-based initiators, reactions can be performed at room temperature
leading to very mild reaction conditions. The results obtained by Oshima et al. (Table
5)* showed that (primary and secondary) halides are reduced in high yield and also
that the Barton-McCombie reaction (Table 5, entry 7) proceeded at room temperature.
Comparison of the yields of the latter reaction with the results obtained by
Chatgilialoglu and co-workers (Table 4) suggests that tris(trimethylsilyl)germane may

be superior to tri-2-furanylgermane in these reactions.

Table 5. Reductions using tri-2-furanylgermane.

o 3GeH
R ———= RH
Entry RX time/h yield/%
1 n-CqoHas! 1 99
2 n-Cy2HasBr 2 99
3 ﬂ-C10H21CH(Br]CH3 6 98
4 @\B, 25 83
X
5 P o " g 2 99
|
6 @,OH 15 93°
OC(8)SCH;
7 1 80

Reagents and conditions: RX (0.1 M), tri-2-furanylgermane (0.12 M), Et;B (hexane solution, 10 mol
%), THF, ambient temperature. *1.5 eq. of tri-2-furanylgermane used.

By using NaBH, as co-reducing reagent, Oshima ef al.%

with tri-2-furanylgermane, TPGH and TBGH. The results (Table 6) proved that even

examined catalytic reductions



tertiary halides could be reduced in good yield but also that the tested alkyl chloride
was recovered almost unchanged (entry 5, Table 6). Ester and THP functionalities
(Table 6, eniries 8 and 9 respectively) could survive under these mild conditions and
the amount of catalyst could be reduced to 2 mol % without any significant decrease in

yield (entries 1 and 2, Table 6).

Table 6. Catalytic reductions using R;GeH.

R‘3G9H
RX ———= RH
Entry RX 'sGeH timem  vield/%
1 1-Cy2Hzs! @);GeH 4 o8
2 1-CygHasl / o\ -GeH 12 96°
3 p-CyaHysl PhaGeH 4 a8
4 11-CyzHasl n-BuGeH 6 89
5 n-CyzH2sCl @;GeH 24 s®
6 N-CyoHasCH(BICH; PhsGeH 5 89

7 @\Br PhsGSH 10 73

X »
8 o o T ey ((c;’\)SGeH 4 %0

9 UCH)OTHP @};GeH 1 97

[
C
10 E;I/OH (});GeH 7 ”

Reagents and conditions: R'X (0.1 M), R%GeH (0.01 M), NaBH, (0.2 M), Et;B (hexane solution, 20
mol %), THF, ambient temperature. *Tri-2-furanylgermane (2 mol %) was employed. "Starting material
(95 %) was recovered. “AIBN (0.2 M) was used instead of Et;B and NaBH, (0.4 M) was employed.
This reaction was performed at reflux in THF.

The research group of Oshima has also been investigating radical reactions in aqueous
media and among the reactions tested, reduction of halides by tri-2-furanylgermane
proved quite promising. By varying the solvent in the reduction of 1-bromododecane,
it was found that water was superior to the more commonly used benzene and hexane
(Table 7). These results were interesting because the solubility of tri-2-
furanylgermane turmned out to be quite poor in water. Using water as a solvent,

dodecane was obtained in 87 % yield after 20 min (entry 4, Table 7), whereas the



reaction performed in hexane (entry 3, Table 7) was far from complete after this time.

Interestingly, without any solvent (entry 5, Table 7) dodecane was formed in 81 %

yield.

Table 7. Reduction of 1-bromododecane in various solvents.

Qoo
n-C12HgsBr _— n—C12H25

Entry Solvent yield/% n-C4zHasBr
1 THF 00 5
2 benzene 74 19
hexane A4 51
4° H0 87 6
5 neat 81 9

Reagents and conditions: n-CyoHsBr (0.1 M), tri-2-furanylgermane (0.12 M), Et;B (hexane solution, 20
mol %) in solvent, ambient temperature, 20 min. “A methanol solution of Et;B (20 mol %) was used.

Table 8. Reduction of organic halides in water.

@;GeH

RX — RH

Entry RX time/min yield/%
1 n-CyzHzsl 5 85
2 n-CyHosBr 25 89
Kin N-CaasBr ' 25 B8O
4 n-CigHz CH(Br)CH; 15 83

5 E\B‘ 20 92

Reagents and conditions: RX (0.1 M), tri-2-furanylgermane (0.12 M), Et.B (methanol solution, 20 mol
%) in water, ambient temperature. *"TPGH used instead of tri-2-furanylgermane.

The research group then investigated the reduction of several organic halides in water
(Table 8) and again, high vields of the reduced hydrocarbons were obtained.” It
should also be noted that TPGH was found efficient as a radical reductant in water

(Table 8, entry 3) although tri-2-furanylgermane seems more reactive.




When water is used as a solvent, a solution of Et;B in methanol or ethanol has to be
employed and the question was whether the alcohol could have an effect on the
outcome of the reductions. To eliminate this possibility, Oshima et @l attempted the
preparation of an aqueous solution of Et;B but the attempt was fruitless. Instead they
performed radical reductions initiated by V-70 (2,2’-azobis(4-methoxy-2,4-
dimethyl)valeronitrile), a water soluble azo-initiator. V-70 is not active at room
temperature, and therefore these reactions were performed at 80 °C. The reactions,
some of which shown in Table 9, gave good to excellent yields regardless of solubility
of the radical precursor in water and thereby proved the lack of effect caused by

alcohol in the earlier performed reactions.

Table 9. V-70 initiated reduction of organic halides.

Entry RX time/min yield/%
1 N-Cyotosl 30 80
2 n—-C12H258r 30 83
3 n-CopHa2¢CH(Br)CH3 20 82
4 @\Br 60 82
5 Ph/ﬁ\ o ", 60 | 99

OC(S)SCH,
7 30 63

Reagents and conditions: RX (0.1 M), tri-2-furanylgermane (0.12 M), V-70 (10 mol %) in water, 80 °C.

Reactions employing solid supported organogermanium compounds have not been
extensively investigated. In fact, to the best of our knowledge, only one publication
can be found on this topic.”* Mochida et al have employed three different
polystyrene-bound organogermanium hydrides (Figure 3) in the reduction of octane
halides and obtained reasonable yields (Table 10).

11




Figure 3. Solid-supported organogermanium hydrides.

t =]
Et”
6 7 H
O—Q_\_‘ ?t O = polystyrene
o
8 Et

Table 10. Reduction of octane halides by solid-supported organogermanium hydrides.

CHa(CHoeCHX  B8He CHACH.)CH,

Entry X GeH® yield
1 ) 54 %
2 Br 6 17 %
3 c 10 %
4 [ 45 %
5 Br 7 20%
g o trace
7 FY. 60 %
8 Br r 8 60 %
9 cl 34%

Reagents and conditions: Reactions initiated by DTBP and heated at 135 °C for 20 h. GC-yields
reported. "Numbers refer to the germanijum hydrides in Figure 3.

From the table it can be seen that the polymer in which the germanium atom is
separated from the aromatic linkage by an ethyl group (8, Figure 3) is the most
effective hydrogen donor of the three. This is probably due to less steric crowding
around the GeH moiety. It can also be seen from the table that the reactivity of the
halides falls in the order I > Br > Cl. Both these trends are also observed when
applying to the reduction on halobenzenes (Table 11). After use, the polymer could be
regenerated by treatment with LAH and the authors found that the extent of
regeneration by this method several times was 90 %. This, combined by the ease of
purification of reduction products (filtration), makes this reduction method very
efficient from a ecological and economical point of view. It is a wonder that more

research has not been performed in this area.
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Table 11. Reduction of halo benzenes by solid-supported organogermanium hydrides.

phx G phy

Entry X GeH? yield
1 1) 38 %
2 Br » 6 13%
3 c 0%
4 (. 44 %
8 Br i trace
6 cl | 0%
7 1) 55 %
8 Br » 8 45 %
9 Ci trace

Reagents and conditions: Reactions initiated by DTBP and heated at 135 °C for 20 h. GC-yields
reported, *Numbers refer to the germanium hydrides in Figure 3.

From the reactions discussed throughout this section, trialkylgermanium hydrides
appear to be efficient radical mediators in reduction reactions but also other types of
radical reactions have been performed using these triorganotin alternatives. Among

these reactions are reductive alkylation of olefins.

1.3.2. Reductive alkylation of olefins

Hershberger et al. have investigated the reductive alkylation of active olefins mediated
by TBGH and compared the reactivity with that of TBTH. The schematic presentation

of this process is shown in Scheme 3.

Scheme 3. Schematic presentation of the reductive alkylation of olefins.

The reaction can give rise to two products, the addition product A and the product
arising from direct reduction of the initially formed alkyl radical, B. Due to the lower

H-donor ability of TBGH, and hence slower reaction rate of the competing formation
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of B, TBGH should theoretically be superior to TBTH in reactions of this type. This is

also the conclusion the authors draw after the series of reactions shown in Table 12.%

Table 12. Comparison of TBTH and TBGH in reductive alkylations.

R + =t S, Y + RH
A B
Entry RX — " M solvent AM® B/%®
1 n-Cy1Hzal ) Ge CHCN 71 11
2 n-Cy1Hasl Ge GCeHs 63 14
3 n-Cyqtazgl & —-CN sn  CHg 40 47
4 PhCHj! Ge CeHs 76 bt
5 PhCH,| _/ sn  CeHs 33 =P
6 n'C11H23P Ge OCHCN 21 60
7 n-CriHzal . sn GCiHg 5 95
8 c-CeHyyl Ge CHeLN 31 -F
9 c-CePhal sn CHg 7 -

Reagents and conditions: RX (0.1 M), olefin (0.15 M), Bu;MH (0.1 M), AIBN (0.02 M) in solvent,
reflux, 6-12 h. *Yields determined by GC analysis. "Yields not determined.

From the data, it can be seen that TBGH generally gives very good yields of addition
products, in all cases higher than the corresponding tin-mediated reactions. The
addition of alkyl radicals to acrylonitrile are generally high yielding, whereas the
addition to 2-cyclohexen-1-one are apparently more sluggish reactions, giving poor
yields of addition products. An interesting point worth noticing in this series of
reactions is that TBGH-induced reactions proceed well in benzene but the yields of
the addition adducts are generaily improved by performing the reaction in acetonitrile,
whereas the reactions mediated by TBTH were all performed in benzene.
Unfortunately, the authors do not comment on whether the use of acetonitrile has been
tested and found to decrease the yields of addition product in reactions induced by
TBTH.

14



Table 13. Effect of olefin concentration in reductive alkylations.

R+ G e~ ¢ RH
A B
Entry RX Y [=/Y] A% BI%
0
1 n-Cy 1H23q 0.10M 68 12
2 7-CqqHzgl 0.15M 7101
3 n-CyqHzal 1.00M 142 1
4 ¢-CeHy4l > —-CN 0.15M 79 <5
5 ¢-CgHyqlt 0.40M 42 <6
6 PhCH! 0.10M 61 4
7 PhCHy | 0.15 M 76 2

O
8 n-Cq1Hz3l U 0.15M 21 60
9 f-CyqHogl 1.00 M 68 <5
Reagents and conditions: RX (0.1 M), olefin, Bu;MH (0.1 M), AIBN (0.01 M), CH,CN, reflux, 8 h.
Yields determined by GC-analysis. *Hydrogermylation product formed in 46 % yield.

Generally when performing tin hydride induced reductive alkylation reactions, a large
excess of olefin has to be employed in order to optimise the yield of addition product.
This is partly evident from the low yields of addition products in the reactions shown
in Table 12, where 1.5 eq. of the olefin was employed in all cases, leading to low
yields in the reactions promoted by TBTH. Because of the low H-donor ability of
TBGH, high olefin concentration will not be necessary in reactions promoted by this
reagent, a conclusion found by Hershberger et al. based on the reaction series shown
in Table 13.*' In reactions using acrylonitrile as the radical acceptor, a metal
hydride:alkyl halide:olefin concentration ratio of 1:1:1 (Table 13, entries 1 and 6) or
1:1:1.5 (Table 13, entries 2, 4 and 7) is preferable to conditions employing the olefin
in high concentration (Table 13, entries 3 and 5). At high olefin concentrations, the
yields of addition products are lowered by competitive formation of hydrogermylation
product. The situation is altered when the radical acceptor is 2-cyclohexen-1-one. As
mentioned, the reaction is more sluggish than reaction with a terminal olefin, and it is
found that the yield of addition product is increased by the use of high alkene
concentration (Table 13, entries 8 and 9). Only at high olefin concentrations will the




alkyl addition be favoured to simple reduction, and even at high alkene concentrations,

the hydrogermylation product is not observed.

Table 14. Effect of the leaving groups in reductive alkylations.

TBGH
RX * — /CN B R /\/CN + RH
A B
Entry RX Al% B/%
1 -CyqHzal 71 11
2 n-CqqHgsBr" 11 1
3 nCyy H23Clb <h <5
4 n-C1HzaSPh® <5 <5
5 n-CqqHzaSePh® <5 <5

Reagents and conditions: RX (0.1 M), olefin (0.15 M), Bu;MH (0.1 M), AIBN (0.01 M), CH;CN,
reflux, 8 h. Yields determined by GC analysis. *"Hydrogermylation product formed in 51 % yield.
*Hydrogermylation product major.

The same authors have been investigating the effect of leaving groups in TBGH-
induced reductive additions to olefins.?! The results are shown in Table 14 and it can
be seen that in cases of less reactive leaving groups (chloro, phenylthio and
phenylseleno) no addition to acrylonitrile was observed. Instead the major product
observed in these cases was the product of hydrogermylation, 3-
(tributylgermyl)propanenitrile. This reaction is even the major reaction pathway in the
reaction between 1-bromoundecane and acrylonitrile (Table 14, entry 2) meaning that
only iodo precursors are sufficiently reactive towards germyl radicals to afford good

“yields of addition product with acrylonitrile.

As the case in radical reduction of alkyl halides, Hershberger er al have also
investigated the ability of different germanium hydrides to induce reductive alkylation
of 2-cyclohexen-1-one and compared to the corresponding tin based reagents (Table
15).%' The results show that there is no significant difference in reactivity between
TBTH, trimesityltin hydride, TPTH and trieneopentyltin hydride (Table 15, entries 2,
4, 6 and 8 respectively), indicating that steric and electronic effects of the radical
mediator do not greatly influence the outcome of the addition reactions. The same

trend was roughly observed in the reactions promoted by the germanium hydrides but
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still leaving TBGH as the most efficient radical mediators tested in this series. As
observed earlier, reactions employing germanium hydrides (except the unreactive
trimesitylgermanium hydride) generally give higher yields of the addition products,
but also the direct reduction products are observed in high yields.

Table 15. Comparison of reactivity in alkyl addition to 2-cyclohexen-1-one.

Q
RsMH
n-CyHasl + m— + n-CyyHay
A MCuHas o
Entry RaMH A% Bf%  n-CyyHaali%

1 BuzGeH 21 60 25
2 BuzSnH 5 95 <2
3 GeH <2 <2 100

3
4 SnH 3] 80 16

3
5 PhyGeH 13 83 3
6 Phz5nH <2 88 10
7 {c-CgH11)3GeH 16 37 57
8 ((CH3)3CCH2)3SI'IH 3 88 8

*Reagents and conditions: RX (0.1 M), olefin (0.15 M), R;MH (0.1 M), AIBN (0.01 M), CH;CN for M
= Ge and benzene for M = Sn, reflux, 8 h. Yields determined by GC analysis.

The conclusion on the large amount of intermolecular reductive alkylations performed
by tin and germanium hydrides presented by this group must be that
trialkylgermanium hydrides are only of any real use as tin hydride alternatives in
reactions involving precious olefins, Z.e. where the olefin can not be employed in large

€XCESsS.

The reactions discussed in this paragraph have all been intermolecular reactions, but a

widely used intramolecular version of this reaction is the radical cyclisation reaction.
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1.3.3. Radical cyclisation reactions

The mechanism of radical cyclisation is shown in Scheme 4 and as in the
intermolecular reaction, the initial step is the formation of radical A. This radical can
now either be reduced directly or add to a C-C multiple bond positioned in a suitable
position. The formed cyclic radical B is then reduced, leading to the cyclic product. As
evident from the addition reactions, reactions promoted by trialkylgermanium hydrides
could be expected to give a higher ratio of cyclic to reduced product than trialkyltin
hydrides. This is due to the lower H-donor ability of the former allowing more time for

the slower ¢yclisation reaction to occur.

Scheme 4. Schematic presentation of the radical cyclisation reaction.
O e o
X\ M=Ge,sn Rz XY
Y=C,O,N
KRSMH RyMH
RiMe  RgMs
1
DO
R? Hw\\\‘ ?
R R3

In Scheme 2, it was shown that the TTMSS-induced reaction gave higher ratios of
cyclic product compared to TBTH and Beckwith and Pigou have shown the same to be
true for TBGH induced reactions.”® In the formation of lactones by radical cyclisation,
TBGH was found to improve the yields of cyclic products (two examples shown in
Scheme 5), even if the combined yields of the TBGH promoted reactions in general
were slightly lower than the combined yields of the corresponding reactions mediated
by TBTH. All the cyclisations proceed in the exo-mode and only cis-fused products

are formed in agreement with the discussions published by Beckwith.?’




Scheme 5. Formation of lactones by radical cyclisation reactions.

Q=0 QQ

GOQCH;zSePh cozcm3
M = Sn (90 %)™ 45% 55%
M = Ge (83 %)”: 12% 88 %
O O
COMe COMe MeO,
CO,CHal 0020H3
12 14 O
M=5n{90 %) 33% 67 %
M=Ge(@0%> 8% 92 %

Reagents and conditions: *TBTH (1.4 eq.) or TBGH (1.3 eq.), benzene or f-butylbenzene, 80 °C.
*Combined yield. “TBTH (1.0 eq.) or TBGH (1.0 eq.), benzene or #-butylbenzene, 80 °C.

Table 16. Radical cyclisations with tri-2-furanylgermane.

Entry substrate time/min product (yield)
15 97 %
1 O\I . @? (97 %)
n'03H7 o H—C3H7
Bu n-Cefyy BUOWQ"*%H“
2 80 L (63 %)
| 2
Bu BuQ
3 30 ant.
~ (quant.)
|
Bu BuO
4 a0 (18 %)
Br X
f -2
5 120 (89 %)
I ~
6 (88 %)
(o] O

Reagents and conditions: Substrate (0.1 M), tri-2-furanylgermane (0.12 M), Et;B (hexane solution, 20
mol %), THF, ambient temperature.
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Oshima et al. have been employing tri-2-furanylgermane in Et;B-initiated radical
cyclisation reactions of alkyl and aryl halides.?? The results are shown in Table 16 and
as can be seen, this reagent promotes fast and very high yielding reactions. Again it
should be noted that the use of triethylborane as initiator enables the reactions to occur

under very mild reaction conditions.

furanylgermane, but the authors found TPGH more suitable for use in a catalytic
manner. For instance, use of TPGH in the radical cyclisation of allyl f-iodoalkyl ether
15b provided the cyclic product in 56 % yield in contrast to the same reaction
promoted by tri-2-furanylgermane which only gave the cyclic product in 20 % yield
(Scheme 6).

Scheme 6. Radical cyclisation using catalytic R3GeH.

pQRTiye
n—CBH1 n-CaH17

15a; R=OMe: 75 %
15b; R = H: 56 %
L 51
N
n-CeH13 X n-CsH13
16a; X =Br 73%

16b; X=1: 1%

Reagents and conditions: (i) Substrate (0.1 M), TPGH (0.01 M), NaBH, (0.2 M), Et;B (hexane solution,
20 mol %), THF, ambient temperature.

The reactions presented in this paragraph have shown that germanium-derived
reagents give high yields in radical cyclisation reactions, and that the ratio of cyclic to
reduced product often can be improved by changing the mediator from a tin- to a

germanium-based one.

1.3.4. Hydrogermylation of C-C multiple bonds

As mentioned in section 1.3.2, hydrogermylation can be a competing reaction in the

reductive alkylation of olefins, but the hydrogermylation reaction is interesting in its

The cyclisation reaction could also be performed by catalytic use of tri-2-
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own respect. In fact, already in 1954, the reaction between trichlorogermane and an
olefin was published in the literature.”® The reactibn, shown in Scheme 7, was
designed in order to investigate whether the Ge-H bond of Cl;GeH would act like the
Si-H bond of CL3SiH, previously shown to add to C=C double bonds by a radical

mechanism.”

Scheme 7. Hydrogermylation by ClzGeH.

AN, NN GG
22 %)

Reagents and conditions: Cl;GeH (0.1 mol), 1-hexene (0.22 mol), benzyl peroxide (0.003 mol), reflux
under pressure for 35 h. :

As expected, the Ge-H bond of Cl3GeH did react like the corresponding Si-H bond
and the hydrogermylation product was obtained in 22 % yield. The exact position of
addition of Cl3GeH was not determined, but the authors argue that the Ge-centred

radical adds to the terminal end of 1-hexene, due to the formation of the more stable,
internal radical.

Table 17. Hydrogermylation of 1-dodecyne.

H—C1QH21 GePh3 ﬂ-C1oH21 H
NCoHp—==—H  — }=< + —
H H

H  GePh,
Entry temp.C time/h  yield/%  (ZW(E)}

1 -78° 3 76 >20/1

2 20° 2 78 21

3 25° 2 77 19

4 60° 2 99 <1120

5 O(THF)® 2 84 8/

6 0° 2 80 101

Reagents and conditions: *Acetylene (1.1 mmol), TPGH (1.0 mmol), E;B (1.0 mmol), toluene.
Acetylene (1.0 mmol), TPGH (1.1 mmol), Et;B (1.0 mmol), benzene unless otherwise stated.
Acetylene (1.0 mmol), TPGH (1.1 mmol), Et;B (1.0 mmol), benzene and MeOH.
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Generally, hydrogermylations are not highly stereoselective reactions, but Oshima and
co-workers have found that Et;B initiated hydrogermylation reactions occur with good
control of regio- and stereoselectivity.’™*! By varying the conditions of the reaction
between 1-dodecyne and TPGH, it was possible to control the stereochemistry of the
product (Table 17). When the reaction was performed at —78 °C with a small excess of
1-dodecyne (entry 1, Table 17), the (Z)-isomer was the major product, whereas the
(E)-isomer was formed predominantly in reactions at 60 °C employing 1.1 eq. of
TPGH (entry 4, Table 17). The anthors assumed that the reason for this selectivity was
the fact that the frans addition, i.e. (Z), product is the kinetically controlled product
and that it would isomerise into the (E)-product under thermodynamic conditions. This
was proved by a reaction with (Z)-1-triphenylgermyl-1-dodecene, which, when treated
with a catalytic amount of TPGH and Et;B, isomerised completely to the (E)-isomer

by the mechanism shown in Scheme 8.

Scheme 8. Isomerisation of (Z)-1-triphenylgermyl-1-dodecene.

n-CqgHoq GePhy n-CygHo4 GePhy n-C1oH21
H _— }.—éeepha —_ =
H H Ho H H  GePh,

Reagents and conditions: (Z)-1-triphenylgermyl-1-dodecene (1.0 mmol), TPGH (0.1 mmol), Et;B
(hexane solution, 0.1 mmol), benzene, 60 °C, 4 h, (E)-1-triphenylgermyl-1-dodecene (88 %)
exclusively.

The authors suggest that the germyl radical attacks the double bond at the position
substituted by the triphenylgermyl group leading to intermediate A%’ Free rotation of
the C-C bond followed by elimination of Ph3Ge. leads to the thermodynamic
equilibrium. This mechanism has been proposed earlier’” and an experiment by
Oshima and co-workers supported this view where treatment of (Z)-triphenylg'ennyl-
1-dodecene with #-PrsGeH and Et;B gave a 2:5 mixture of (E)-tripropylgermyl-1-
dodecene and (E)-triphenylgermyl-1-dodecene (Scheme 9)3! The same product
distribution was obtained when treating (Z)-tripropylgermyl-1-dodecene with TPGH
and E;B.
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Scheme 9. Mechanism investigation.

n-CypH2q GePhs
- {i)

H H n-CqoHz1 nCyHy H
— + —
n-CigHz1 Ge(n-Pr)y H Ge(nPr}3; H GePh;
— {ii}
H H

Reagents and conditions: (i) (Z)-triphenylgermyl-1-dodecene (1.0 mmoi), #-Pr;GeH (1.0 mmol), Et;B
(hexane solution, 0.1 mmol), 60 °C, 4 h gave the products in 88 % combined yield. (i) (Z)-
tripropylgermyl-1-dodecene (1.0 mmol), TPGH (1.0 mmol), Et:B (1.0 mmol), 60 °C, 4 h gave the
products in 88 % combined yield.

Oshima et al. used this concept to isomerise various olefins by treatment with TPGH
and Et;B. Some of their results are shown in Table 18! and as can be seen, all the (2)-
olefins were successfully equilibrated to their (E) counterpart in these high yielding

reactions.

Table 18. Isomerisation of olefins.

R R R'  H
—
H H H R2
Enty R R? S‘(’%’}t{ge timem  yield p(%‘f,z‘g
1 nCgHy  nGsHyy  >20 10 90 15/85
2 £-Bu nCgHyz  »201 10 91 0M00
3 nCgHyg Ph 100/0 5 96 0100
4 Ph Ph  >20M1 2 81 <1/20
5 nCgHis SiPhMe; >20/1 10 84 <1/20
6 nCyHyy GePhy 101 4 88  <1/20
7 HO(CHy), GePh; >20/1 10 70 <1/20

Reagents and conditions: Olefin (1.0 mmol), TPGH (0.1 mmol), Et;B (hexane solution, 0.1 mmol),
benzene, 60 °C, 10 h.

All these reactions have been performed employing TPGH or (n-Pry;GeH as reagent,
but Oshima et al. have since found tri-2-furanylgermane superior to these reagents in

simple hydrogermylation reactions.®** When treating 2-methyl-2-butene with
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different germanes, TBTH and TTMSS, tri-2-furanylgermane was proven to afford to
best yield of the desired product (Table 19).

Table 19. Hydrometalation of trisubstituted alkene.

: /  RsMH > (
—_— —r———
MR,

Entry RsMH yield
1 (@ a0 %
GeH
C /3
2 TPGH 1%
3 {n-CgHy3)3GeH 0%
4 TBTH 0%
5 TTMSS 0%

Reagents and conditions: Tri-2-furanylgermane (1.0 mmol), alkene (2.0 mmol), Et;B (1.0 M solution in
hexane, 0.1 mmol). Reactions performed neat at 0 °C.

Treatment of various alkenes with tri-2-furanylgermane in the presence of Et;B gave
the corresponding adducts in good yields. (Table 20). Tri-2-furanylgermane adds very
easily to both internal and terminal alkenes, regardless of whether these are di-, tri- or
tetrasubstituted. Several solvents were investigated in the addition reaction, but it was
found that the best results were obtained without any other solvent present than the
small amount of hexane from the Et;B solution. In the addition to 1-
methylcyclohexene, only the cis-isomer was obtained (entry 4, Table 20). It is
interesting to note that even under concentrated conditions, diallyl ether was converted
in high yield into the tetrahydrofuran derivative by a sequential addition-cyclisation
process in preference to simple reduction (entry 8, Table 20). The reasons why tri-2-
furanylgemane is so successful in the addition to alkenes is not clear, but the authors
argue that the addition of the tri-2-furanylgermyl radical to alkenes may be less
reversible than the analogous reactions of other trialkyl- or triarylgermyl radicals, i.e.
that D(R';Ge-R?) is greater for R' = 2-furanyl than for R' = Ph or Bu. Also mentioned
as a reason is that the hydrogen atom transfer from tri-2-furanylgermane to the initially
formed C-centred radical is faster than from the other trialkylgermanes, ie. tri-2-
furanylgemane is a better hydrogen donor than the other germanes tested. Both these
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theories are supported by investigations of the reactivity of tris(trimethylsilyl)germane
in hydrogermylation reactions published by Chatgilialoglu er al

Table 20. Addition of tri-2-furanylgermane to alkenes.

Entry substrate product (yieid)
5—03H7
1 n_CSHT/\/"‘CSHif n-CsHT/\]/ (82 %)
Ge
CoHe™ CoH Ge
n.
g 11/ﬁ 5 11/\r (90 %)
H"C5H11 n—C5H11
E Et Ge
3 > / (quant.)
Et Et

o -
G

e

oY
5 >—-—-< >—i (84 %}
Y\/

Ge

OBn \")\/OBI‘I (85 %)
Ge
, \I/\/Y M (68 %
(0]
0
Voo
© o
\

(95 %)
Ge = (@G
A e

Reagents and conditions: Tri-2-furanylgermane (1.0 mmol), alkene (2.0 mmof), Et;B (1.0 M solution in
hexane, 0.1 mmol). Reactions performed neat at 0 °C.

Tri-2-furanylgermane also adds successfully to silyl ethers yielding S-siloxygermanes
with high regioselectivity as shown in Table 21" As seen in the addition of tri-2-
furanylgermane to 1-methylcyclohexene, the addition to the trimethylsilyl enol ether
derived from cyciohexanone produced only the cis-isomer (entry 2, Table 21). All
reactions but one proceed in high yields, but the reaction with the #-butyldimethylsilyl
enol ether was very sluggish and the addition product was only obtained in 26 % yield
(entry 5, Table 21).

25



Table 21. Addition of tri-2-furanylgermane to silyl enol ethers,

oS/ 0si
f
., GeH 4 R?
1 S, R R
R
Ge
Enty R R? S yield
1 nCgHiz  n-Cebyy SiMe;, 69 %
2 —~(CHa)y— SiMe; 95 %
3 nCqohy H SiMe, 98 %
4 H n-C11H23 SiMEQ 95 %
5 nCgHiz  nCoHyy SitBuMe, 26%

Reagents and conditions: Tri-2-furanylgermane (1.0 mmol), silyl enol ether (2.0 mmol), Et;B (1.0 M
solution in hexane, 0.1 mmol). Reactions were performed neat at ambient temperature. "Only the cis-
product was obtained.

The authors then showed that either acid or base catalysis facilitated elimination of the
Bsiloxygermanes to alkenes (Scheme 10), hence providing a new and mild method of

converting ketones into alkenes.

Scheme 10. Stereospecific 1,2-elimination of pB-siloxygermanes.

SiMe3
n-CeH sy O "‘CEH13/\\I
- 3
! n-CgHyqq

Ge

'I'(ii)

H
i)
n-CsH 2o -CeH
"‘CGH13/[L|/ T ”‘CSH13/\/ o
Ge
Ge= / \
o Ge
3

Reagents and conditions: (i) Substrate (0.5 mmol), TMSGTT (0.06 mmol), DCM, ambient temperature,
20 roin., Quantitative yield, (Z)/(E); 95/5. (ii) Substrate (0.5 mmol), K,CO; (1.0 mmol), methanol,
ambient temperature, 30 min, (iii) Substrate from step (ii), KIH (0.5 mmol), 18-crown-6 (cat.), HMPA,
80 °C, 2 h. 76 % yield, (2)/(E); <1/99.

Oshima et al. have also investigated the addition of germyl centred radicals to

vinyloxiranes.’® Some of their results are shown in Table 22, and it is interesting to
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note from entry 3 that in contrast to the ionic ring opening, the carbonyl functionality
is not affected by this radical approach.

Table 22. Radical addition of triphenylgermyl radicals to vinyloxiranes.

H
M"‘R T.Eﬁfi. PhSGe\/\iR
O

Entry R Yield/%
1 H B4 (E/Z = 79/21)
3 {CH5);COCH;4 78

Reagents and conditions: meloxnrane (1.0 mmol), TPGH (0.5 mmol), Et;B (1.0 M solution in hexane,
1.0 mmol), hexane (3 cm %), ambient temperature, 4 h.

The fact that the reaction produces a majority of (F)-olefins can be explained by the
proposed mechanism for the chain reaction (Scheme 11)¢ Addition of
triphenylgermyl radical to vinyloxirane forms radical B, which is then transformed
into oxygen centred radicals C-Z or C-E. Because of steric hindrance surrounding the
oxygen atom in C-Z, radical C-E is more rapidly trapped by TPGH, hence giving the

(E)-isomer as a the major product and regenerating triphenylgermyl radical.

Scheme 11. Mechanism of the addition to vinyloxiranes.

Ph3Ge\/\<r\‘R

~
phsee\/j\ Pf>/\j\R

C-E

TPGHA? TPGH
PhGe * OH

Ph3Ge
\\ Ph3GE\/\)\R
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When treating 3,4-epoxy-1-dodecene with TPGH (1.1 eq) the addition product was
obtained as the (E) isomer only. Increasing the concentration of the reaction, the (E)-
and (2)-allylic alcohols were formed as a 86/14 mixture (Table 23) because of radicals
C-Z and C-E (Scheme 11) being trapped by TPGH before reaching the equilibrium.
Interestingly, substituting TPGH with TPTH furnished a 89/11 mixture of (E)- and
(Z)-isomers (Table 23), reflecting that TPTH is a better hydrogen-donor than TPGH,
leading to facile interception of the oxygen-centred radicals, hence again interfering

with the equilibrium.

Table 23. Influence of concentration,

OH
/\<g"" "‘CaHﬂm Phﬁe\/\\\/l\n_CBH17
Entry M yield/%
1 Ge® 96 ((E}-isomer only)
2 Ge® 84 (E/Z = 86/14)
3 sn® (E/Z = 89/11)9

Reagents and conditions: *Vinyloxirane (1.0 mmol), TPGH (0.5 mmol), Et;B (1.0 M solytion in hexane,
1.0 mmol), hexane (3 cm®), ambient temperature, 4 h. bvi 3yloxirane: (1.0 mmol), TPGH (0.5 mmol),
Et;B (1.0 M solution in hexane, 1.0 mmol), benzene (0.5 cm”), ambient temperature, 4 h. *Vinyloxirane
{i.0 mmol), TPTH (0.5 mmol), Et;B (1.0 M solution in hexane, 1.0 mmol}, hexane (3 cm®), ambient
temperature, 4 h. %Yield not determined.

When Oshima et al tried to expand the scope of the addition of TPGH to
vinyloxiranes to include addition to (2,3-epoxy-4-pentenyloxy)trialkylsilanes, it was
found that instead of the expected allylic alcohol, an a,B-unsaturated aldehyde 17 was

obtained in 44 % yield (Scheme 12).7

Scheme 12. Addition to (2,3-epoxy-4-pentenyloxy)trialkylsilane.

0

OSi-t-BuMe, PGH
/\<[\/ ——=  PhyGe R
0 V\)J\H

* 17
OH
PhaGe\/-\)\/osm-BuMez

Reagents and conditions: (2,3-Epoxy-4-pentenyloxy)trialkylsilane (0.45 mmol), TPGH (0.3 mmol),
~ Et;B (1.0 M solution in hexane, 1.0 mmol), hexane (3 cm’), ambient temperature, 9 h.
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In order to investigate the mechanism of the formation of the aldehyde, #-
butyldiphenyl(2,3-epoxy-4-pentenyloxy)silane 18 was reacted with TPGH, this time
employing AIBN as initiator. Careful analysis of the reaction mixture revealed the
product distribution shown in Scheme 13. The formation of aldehydes 21 and 22
indicates that the siloxymethyl radical may exist as a crucial intermediate.

Scheme 13. Product distribution in the reaction of silane 18.

NI\/OSi-t-Buth

(o]
18
lTPG H

o]
P%GSMH PhotBuSiOMe
19

20
Meo#-Bu-SiQO

o
Ph3Ge\j\)j\ Me,t-Bu-Si0 0g . H

Reagents and conditions: t-Butyldiphenyl(2,3-epoxy-4-pentenyloxy)silane (0.45 mmol), TPGH (0.3
mmol), AIBN, benzene, reflux. 19 (0.18 mmot}, 20 {0.10 mmot), 21 (0.05 mmol) and 22 (0.07 ramol).

Scheme 14. Proposed mechanism of the addition to silane 18

PhaGeMOSI

/

PhyGe » Pthev\i/

B
CH30$: ’X ’//
-CHZOSr

TPGH PhaGe.

14

/\/\)C])\ §i0 9]
Si0 XNy
18 Ph3Ge H
.
17
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- These results led to the following proposed mechanism (Scheme 14). Addition of
triphenylgermyl radical to the C-C double bond creates radical A, followed by ring
opening to radical B. B-Scission of the alkoxy radical generates aldehyde 19 and
radical C, which abstracts hydrogen from TPGH to form 20 and PhsGes and thereby
continues the radical chain. Products 21 and 22 are produced when radical reacts with
19 and 18 respectively.

“Most of the reactions published by Oshima et al. in this area have employed Et3B as |
the radical initiator. They have shown, though, that the reactions also can proceed
' uﬁlising tributylmanganate (II) as ini_tiator.”- Sorhe i'epresentative_r results are shown in -
Table 24, and as can be seen, employing a catalytic amount of manganate produced
good to excellent yields of addition adducts. In the case of addition to diallyl ether, the

corresponding cyclised product was obtained (entry 6, Table 24). '

Table 24. n-BusMnLi-mediated radical addition of TPGH to acetylene or alkene.

R——— R1 . ePhs
- —_— —
H__ R
Entry R———R' product yield/%
1 nCypHy—== "Cruta_ LePha  ggg7=gm)
2 Me,Si—==  MesSi  GePhs g6 (£/Z=20/80)
3 tBu—== tBu  GePhy © B4 (E/Z=20/80)
a MCsH==—nCeHyCstl1_ BePha g4 (zonl)

5 MO MO ANGeon,  u

o GePhs o7 (trans/cis =
24/76)

Reagents and conditions: Acetylene or alkene (1.0 mmol), TPGH (1.5 r‘umol),‘ tributylmanganate(il)
{derived from n-BuLi and MnCl,, 0.1 mmol), ambient temperature, 11 h. _

I

As is evidént from the reactions mentioned in this section, Oshima and co-workers are
résponsible for the vast majority of the research performed in the area of addition of
germyl centred radicals to C-C multiple bonds. The research group has, along with -

others, published other hydrogermylation reactions, not specifically interesting in this

30




context, since these Pt- and Pd-catalysed reactions do not proceed vig a radical

pathway, e.g. Scheme 15.*

Scheme 15. Non-radical hydrogermylation reaction.

nCioHzy H  A-CyoHay M

n-CigHp—=  — — + —
‘ {r-Pr)3Ge H H GePhy
23 : 4

(Pt=H;PICl » 8H,0)

Reagents and conditions: 1-Dodecyne (1. 0 mmol), TPGH (1.0 mmol), P¢(0.15 mol %), 100 °C 30 min,
23/24 =25/75, 99 % combined yleld '

Some of the most frequently‘ used radical reactions have béen discussed in this
introduction, and as should be evident, trialkylgermanium hydrides show good
~ reactivity in the vast majority'of reaction types. In most cases, yields and product
distribution mimic the results obtained by the use of triorganotin hydrides. In the

following section, examples of other radical reactlons employmg morganogermamum

' hydndes wﬂl be given.

1.3.5. Miscellaneous radical reactions promoted by R;GeH

In most type's of reactions, TBTH- and TBGH-mediated radical transformations give

rise to identical products, even if the distribution of these may vary. When Ryu and -

co-workers investigated the double carbonylation of pent-4-enyl iodide they found that
_two different products were formed, depending on radical mediator eniployed in the
reaction. The TBTH mediated system gave the keto aldehyde 25 whereas TBGH
afforded the bicyclic y-lactone 26. (Table 25).40 The same two adducts were formed
when the reaction éonditions were applied.on other pent-4-enyl iodides, and in all
cases, TBTH-mediated reactions gave rise to very little formation of the bicyclic y-
lactone or none at all. The explanation of the observed difference in reactivity bf the
- two radical mediators lies, again, in TBTH being a better hydrogen-donor than TBGH.
When reacting pent-4-eny! iodide with either TBGH or TBTH in the presence of CO,
radical A is initially formed (Scheme 16). Subsequent 5-exo cyclisation gives primary
radical B which can isomerise to the secondary radical C. This does not happen since

because of the high CO concentration, B is trapped by a second molecule of CO,
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hence acyl radical D is formed, in preference 1o isomerisation to C. A good hydrogen-
‘donor such as TBTH will ﬁap D to form 25, but in the presence of a poorer hydrogen-
donor, formation of radical E may compete with the intermolecular hydrogen transfer.
Formation of E may occur by either a 5-endo cyclisation (path a, Scheme 16) or by
iodine atom transfer followed by cyclisation (pé.th-b, Scheme 16) as discussed by the
authors. Finally, hydrogen abstraction from the mediator gives the final product 26.

Table 25. Double carbonylation reaction.

\ ' - 0 . . '
;  ReMH H P :
== T Co *
O
" .25 26

Entry . RsMH 25/1% 267 %

1 TBTH? 44 0
2 TBGHP 6 27
3 TTMSS® 12 19

Reagents and conditions: *Pent-4-enyl iodide (0.01 M), TBTH (1.2 eq.); AIBN, CO (90 atm), benzene,
80°C,3h bPerlt-~4-f:r1yl iodide (0.02-0.06 M), TBGH (1.5 eq.), AIBN, CO (90 atm), benzene, 70-100
°C, 5 h. “Pent-4-enyl iodide (0.01 M), TTMSS (1.1 eq.), AIBN, CO (90 atim), benzene, 80 °C, 5 h.

‘Scheme 16. Mechanism of the formation of products 25 and 26.
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Itis interesting to note that when employing TTMSS, 26 was the major product, but
25 was formed in a higher amount than in the reaction promoted by TBGH (Table 25,
entry 3). This comrelates nicely with the mechanism and with the rate constants in
Table 2, where TTMSS is situated between TBTH and TBGH as far as hydrogen atom
donation is concerned (ks = 3.8 x 10°, kps = 2.4 x 10° and kzs =1.0 x 10° M1,
respectively).

Radical carbonylation reactions can also be performed employing a catalytic amount
of triorganogermanium hydride. This has been 'elegantly illustrated by Gupta and
Kahne in their attempt to introduce a hydroxymethy! (or formyl) functionality into a
carbohydrate moiety."’ When a 4,6-di-deoxy-4-iodo glucose derivative was treated
- with TBTH in the presence of CO, only 5 % of the desired 4-formyl derivative 27 was
obtained (Scheme 17, eq. 1). The major pro_duct was the 4,6—di-deoxy éugar 28,
oﬁginating from the initially formed secondary radical abstracting a hydrogen atom |
from TBTH before trapping CO. When the same reaction was mediated by a catalytic
-emount of TPGH along with a co-reductant, CO was trapped and the resulting formyl
derivative reduced in situ to afford the desired 4-hydroxymethyl derivative 29 in
reasonable yield (Scheme 17, eq. 2) |

Scheme 17. Intermolecular CO trapping by sugar-derived, secondary radical.

(eq. 1)

TBTH® one .
BzO BzO

(eg.2)

| TPGH OHC:
) BzO BzO

Reagents and conditions: 'TBTH (2 eq), AIBN, CO (1200 psi), benzene, 105°C, 8 h, 27 (5 %) and 28
(vield not reported). *TPGH (0.1 eq), NaBH;CN (2.9 eq), AIBN, CO (1400 psi), benzene/THF (50/1),
105 °C, 12 h, 29 (37 %). ‘

Testing the reaction with some standard alkyl iodides showed the method’s validity as
an efficient way of introducing hydroxymethyl groups, especially in substrates where

the initially formed radical has some stability, 3° > 2° > 1°, as is evident from Table
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26. Unfortunately, the authors did not perform the reaction under catalytic TBTH
conditions, and it is therefore difficult to establish whether the nice resulis obtained are
due to the use of trialkylgermaniinn hydride, or simply due to the low concentration of

* radical mediator in the reaction mixture.

Table 26. Formation of hydroxymethy! functionality by intermolecular CO trapping.

Entry substrate product yield

1 CHs(CHglsl . CHs(CHg)gCH;OH 59 % -

CHOH '
T e
. 759
@' @CWOH "

Reagents and conditions: TPGH (0.1 eq) NaBH3CN (2 9 eq) AIBN, CO (1400 p51), benzene/THF
(50/1) 105 °C, 12 h. _ .

Curran et al, have investigated acylgermanes and found them to be very good radical
acceptors. The rates of cyclisation are depeﬁdent on the substituents on germanium,
ring size and radical substituent effects.*” The mechanism of the intramolecular radical
addition to acylgermanes is outlined in Scheme 18 along with some of the results
obtained.* Initiation in the usual manner gave primary radical A, which cyclises
reversibly onto the acyl group, forming oxygen-centred radical B. Elimination of
Ph;;Ge- enables the radical chain reactioﬁ to continue and produces the cyclic ketones

in high yields.
Scheme 18. Acylgermanes as radical acceptor.

o . 0

GePhy _ _hvor _ n=1.90%
TPGH/AIBN ) n=2:87%
k PhyGes | },‘ PhyGes
*
GePh3
Geph3

n n
A B
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Interestingly, acylsilanes have also been shown to be good radical accceptors, yet they
do hot react like the acylgermanes. Instead of eliminating R;Sie, the silicon analogue
of radical B, B’ (Scheme 19) undergoes a “radical Brook”-rearrangement to give
radical C, which then abstracts a hydrogen atom from the radical mediator, leading to
the observed product 30." This differcnce in reactivity is presumably due to the
slightly stronger O-Si bond compared to the corresponding O-Ge bond (D(Me;M-OEt)
= 111 and 107 kcal mol” for M = Si and Ge iespecﬁvely),45 hence Si has a higher
affinity towards oxygen than Ge.

Scheme 19. Radical Brook rearrangement in addition to acylsilanes.

O SR " OSIR, OS8R,
radical Brook 2 RaMH '
) ), ),
c 30

n
. B

As simple acylgermanes, acylgermane oxime ethers and hydrazones have also proven
to be efficient radical acceptors following the same mechanism as detailed in Scheme
18.* When irradiating acylgermane oxime ether 31 (Scheme 20) in benzene for 90
min at ambient temperature, cyclopentanone O-benzyl oxime ether 32 was isolated in
95 % yield. |

Scheme 20. Radical cyclisation of acylgenhane oxime ether 31.

. OBn ' an
) GePh; ()]
e
Br
3 _ 32

Reagents and conditions: (i) 31, benzene, irradiated (254 nm) at ambient teroperature, 90 min, 32 (95
%). - S .

When employing the same conditions with PhSe-containing analogues, only unreacted
radical precursors were isolated from the crude reaction mixture. It was assumed that
both the C=N and the PhSe-C bond resist photolytic cleavage, since PhSe bearing
acylgermane 33 (Scheme 21) cyclised in quantitative yield on irradiation.”? To obtain

cyclised adducts from the PhSe-substituted acylgermane oxime ethers, 10 mol % of
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hexamethyl-ditin was added to initiate the photolytic reactions. That change in
reaction conditions gave rise to the formation of the cyclised products in high yields

(Scheme 22).*

Scheme 21. Radical cyclisation of PhSe-acylgermane precursor.

0 o
SePh '
33 »

Reagents and conditions: (i) 33, benzene irradiated (254 nm) at ambient temperature, 90 min,
cyclopentanone (100 %). ' :

Scheme 22. Radical cyclisation of PhSe-bearing acylgéﬁrianes oxime ethers.

NOBn -
NOBn
()
GePh, (i
J NOBn
SePh\ ||
e
OBn
'\1 O] ,
GePhy BnO ‘ o
i B Nk
SeF’h\ ‘\l |
(235 ' +
(Ex-36 (2)-36

Reagents and conditions: (i) Precursor, benzene, irradiated (254 nm) at ambient temperature, 90 min.
(ii) Precursor, MesSn; (10 mol %), CeDs, irradiated (254 nm) at ambient temperature, 90 min, 34 (95 %)
or 36 (66 % combined yield) respectively.

It is interesting to note that in the reaction of (Z)-okime ether 35, the cyclisation
proceeds with predominant inversion leading to formation of the (E)-isomer of
- cyclopentanone O-benzyl oxime ether 36 as the major product (Scheme. 22). This
suggests that bond rotation of the initially formed radical is a faster process than

elimination of Ph;Ges (Scheme 23).
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Scheme 23. Rationale for the predominant isomerisation of precursor.
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This introduction has focused on the ability of triorganogermanium hydrides to induce
radical reaction. Organogermanium compounds are also, as mentioned in section
1.3.4, participants in reactions of a more ionic character. These reaction types include
Barbier reactions under microwave irradiation,”’ formation of germanium-cumulenes
by insertion of carbenes,*® Stille-type couplings* and base catalysed additions of tri-2-
furanylgermane to aldehydes and o, B-unsaturated carbonyl compounds.®® All these
reactions are in their own respect good examples of the reactivity of organogermanium
compounds, but not very interesting in the context of this thesis. What is interesting,
on the other hand, is the very promising reactivity triorganogermanium hydrides and
halides have in radical reactions, judged from the reactions discussed in this
introduction. It should be apparent that the “low” hydrogen-donor ability of
triorganogermanium hydrides facilitate slower radical processes, e.g radical
cyclisations, to occur at the expense of simple reductions, often observed as a
competing process in reactions promoted by triorganotin hydrides. This difference in
reactivity means that reactions mediated by triorganogermanium hydrides often give
higher yields of cyclic products, or in some cases different products, than in reactions

induced by triorganotin hydrides.

Some of the reported studies in the introduction were published at the same time as or

after our own studies but are included for a full description of other work.
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Chapter 2. Results and discussion

The aim of the research underlying this thesis is to investigate whether
triorganogermanium compounds are able to become serious alternatives to triorganotin
hydrides as radical mediators. From “the introduction it is clear that
triorganogermanium hydrides are indeed able to promote the radical reactions but a
representative range of radical precursors have not been tested with these triorganotin
substitutes. Therefore, this thesis will cover a variety of radical precursors employed in
suitable types of radical reactions. Moreover, the difference in reactivity of the tin- and
germanium-based mediators may be an area which could be emphasised further than is
reported in the literature. For this purpose, all reactions have been performed
employing both groups of reagents. The discussion is divided according to type of
radical precursor, starting out with the synthesis of relevant triorganogermanium

compounds.

2.1 Synthesis of triorganogermanium compounds

To represent the group of triorganogermanium compounds, triphenylgermanium
bromide (TPGBr), TPGH and TBGH were chosen. TPGH and TBGH were chosen
because they are the most frequently used in the literature and TPGBr because it
would be interesting to investigate whether this reagent could be used as a catalytic
radical mediator. Looking at the catalytic cycle of RiyGee in a given radical reaction
(here exemplified by a radical reduction), it can be seen that it is possible to enter the
cycle at two stages, with the hydride and with the halide (Scheme 24).

Scheme 24. Catalytic cycle for R3GeH.




Entering the cycle with the triorganogermanium halide, the initial step is reduction by
the co-reductant (e.g. NaBH4) employed in stoichiometric amount to form
triorganogermanium hydride, which is responsible for mediation of the radical
reaction. Since TPGBr was considered more stable than TPGH, it was assumed more
easy to handle this reagent as a catalytic reductant. TPGBr and TPGH can both be
formed from tetraphenylgermane, which in turn is produced from GeCly by either a
Grignard reaction®® or by reaction with phenyllithium* in accordance with literature

procedures (Scheme 23).

Scheme 25. Synthesis of tetraphenylgermane.

GeCl, + PhMgBr —ml‘- Ph,Ge (eq. 1)
{64 %)
GeCl, + PhLi B, PhsGe {eq.2)
(32 %)

Reagents and conditions: (i} Toluene, reflux, 2 h. (ii) Toluene, ambient temperature, 3.5 h.

In the Grignard reaction (eq. 1, Scheme 25), tetrachlorogermane in toluene is added to
a solution of benzylmagnesium bromide in diethyl ether and it turns out that it is very
important quickly to remove the diethyl ether by distillation. If the ether is not
replaced with toluene, the major product of the reaction is not tetraphenylgermane, but
instead hexaphenyldigermane. It has not been determined why the formation of the
Ge-Ge bond is favoured in ether and not in toluene. The synthesis was performed with
the Grignard reagent in excess and it was found that 10 equivalents of the reagent gave
the best result (64 %). Altematively, treatment of GeCly with phenyllithium afforded
PhyGe in poor yield (eq. 2, Scheme 25). With PhyGe secured, treatment with bromine
gave TPGBr (Scheme 26).%

Scheme 26. Synthesis of TPGBr.

i
PhyGe -*0—'- PhaGeBr
{31 %)

Reagents and conditions: Br, ( 1.5 eq.), PhCl, reflux, 45 min.
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The reaction was easily performed by refluxing a mixture of tetraphenylgermane and
bromine in chlorobenzene, but the yield (31 %) was not impressive. In the literature,>
this reaction is done with dibromoethane as solvent and the reported yields are much
higher (up to 82 %). The (apparently) strong influence of the solvent on the reaction
yield indicates that dibromoethane may act as an extra bromine source. In this work,
the use of dibromoethane was avoided because of the toxicity of this solvent, and
chlorobenzene was chosen as a solvent because of the similarities in the boiling points
of the two solvents. In order to compensate for the bromine donated by
dibromoethane, the reaction was repeated using 3 equivalents of Br, and reacted at
room temperature overnight, but this reaction did not give TPGBr. The actual product

of the reaction was not determined.

In order to employ TPGBr in a catalytic manner, it was necessary to establish efficient
reduction conditions. For this purpose, the reduction of TPGBr to TPGH was
attempted several times under different conditions. The best yield of TPGH was
obtained by refluxing a solution of TPGBr and sodium borohydride in +-BuOH for 30
min, which afforded TPGH in 88 % yield (Scheme 27).

Scheme 27. Reduction of TPGBr.

PhyGeBr —)a PhyGeH
(88 %)

Reagents and conditions: NaBH, (15 eq.), --BuOH, reflux, 30 min.

Attempts to perform the reaction at lower temperature produced only trace amounts of
TPGH. It was therefore concluded that any use of TPGH or TPGBr in a catalytic

manner had to be carried out at elevated temperature.

Colacot has published a synthesis of TBGH involving a Cp,TiCly-catalysed Grignard
reaction.* The reaction and proposed mechanism is shown in Scheme 28. The yields
of the reaction varied quite significantly each time it has been performed, with the
yield of TBGH ranging from 23 % to 53 %. The reason for this variation can partly be
down to inconsistency in quality of the commercially supplied n-BuMgBr. After
reaction, the two products are separated by “kugel-rohr” distillation, and because

TBGH and tetrabutylgermanium have very similar boiling points (123 °C/20 mm Hg

40



and 170 °C/20 mm Hg respectively),”* the distillation normally had to be repeated.
This extensive distillation process may be an additional reason for the inconsistency of
yields obtained. A nice and quite unexpected feature about TBGH is that it turned out
to be relatively stable, at least when kept in freezer under a nitrogen atmosphere. The
stability has been proven by TH-NMR spectroscopy by simply obtaining spectra of the
same sample with regular intervals. The stability is remarkable when compared to the
stability of TBTH where slow and steady decomposition of reagent is a common
problem. This does not seem to be a problem in the germanium case. A solution of
TBTH in CDC}; was shown by "H-NMR spectroscopy to be largely decomposed
within 24 h. However, a CDCL solution of TBGH remained stable over several weeks.

Scheme 28. Synthesis of TBGH.

GeCl; + n-BuMgCl il- n-BusGeH + n-Bu,Ge

(44%) (29 %)

GeCly + 3 n-BuMgCl ~——= BuzGeCl

szTlC'z
l n-BuMgCl
n-Bu;GeH Cp,TiCl
n-BuMgCl
Bu;GeCl
- butene

CpaTiH Cp,TiBu

Reagents and conditions: (i) n-BuMgBr (2 M solution in Et;0, 5 eq.), Cp,TiCl; (~ 8 mol %), reflux, 18
h.

The mechanism proposed by Colacot employs 5 equivalents of »-BuMgCl and a
catalytic amount of Cp,TiCl,, the role of the latter believed to be as follows; Cp,TiCly
is being reduced to Cp,Ti(IINC1 followed by substitution of the chloride atom, giving
Cp;Ti(IID)Bu, which eliminates butene to afford Ti(HI)H, responsible for reduction of
the initially formed Bu;GeCl.

If TBGH was to be used in a catalytic manner, it is necessary to establish the reaction
conditions, under which the reduction from the tributylgermanium halide is most

facile. For this purpose, a tributylgermanium halide was needed. This could be
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accomplished by a redistribution reaction between tetrabutylgermanium and
tin(TV)chloride. Bulten and Drenth® have found that this reaction proceeds smoothly
at high temperature (eq. 1, Scheme 33). The authors also found that in the reaction of
tetracthylgermanium, employment of MeNO, as solvent prevented the need for

immense heating of the reaction mixture (eq. 2 and 3, Scheme 29).

Scheme 29. Redistribution reaction between Bu,Ge and SnCls.

Bu,Ge + SnCl, —-Q-;- Bu;GeCl + BuSnCly (eq. 1)
{100 % conversion)

Et,Ge + SnCl, —Uom Et;GeCl+ESnCly (6. 2)
(100 % conversion}

Et,Ge + SnCl, .i?)_.. EtsGeCl + EtSnCly (eq. 3)

(100 % conversion)

Reagents and conditions: (i) Equimolar amounts of reagents, performed in Carius tubes at the indicated
temperature for 1-2 h. (ii) Equimolar amounts of reagents (0.56 M each) in MeNO,, performed in
Carins tubes at 50 °C for 45 min.

The reason for the enhanced reactivity by addition of a polar solvent is believed to be
that in presence of MeNO,, there is a larger charge separation in transition-state
compared to when the reaction is performed neat, i.e. the interaction Ge-Cl is of minor
importance. The reaction then proceeds via a Sg2 (open) rather than by a Sg2 (cyclic)
mechanism, represented by transition-states TS-2 and TS-1 respectively (Figure 4).

Figure 4. Transition-states in the redistribution reaction between BusGe and SnCls.

I
C R & ¥
és:,"ck-., G’ £y _-SnCly
C!*-"l'!_“‘ ’_" \e_. ""'CHZ +
Cl l R “GeR;
541 TS-2

In the work presented in this thesis, formation of BuzGeCl was attempted by this
approach, but unfortunately, the result was inconclusive. The problem lies in the fact
that the two products of a successful reaction (BuyGeCl and BuSaCls) have similar
boiling points (126-131 °C/13 mm Hg and 96-104 °C/12 mm Hg respectively).’® The
products could probably have been separated by careful, fractional distillation, but this
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was not done on the very small reaction scale employed in this attempt. Further
investigations were not performed and therefore only a few reactions have been
performed employing TBGH in a catalytic manner and if so, by using a “trial and
error-approach”. Most of the radical reactions employing TBGH as radical fnediator

have been carried out using the reagent in stoichiometric amounts.

2.2 Radical reactions with aromatic precursors

Radical cyclisation of aromatic halo precursors are often employed as test-reactions
when investigating radical mediators ability to promote various reactions. As seen
earlier, two criteria must be fulfilled in order for the reagent to be effective. Firstly, the
mediator must be able to break the relatively strong halogen-aryl bond, hence form
radical A (Scheme 30). Secondly, the mediator should be capable of donating a
hydrogen atom to radical B formed by cyclisation. The rate constant of bromine
abstraction from C¢HsBr by BusGee at ambient temperature has been measured by
Lusztyk ef al. and the value (<1.0 x 10° M's))!” indicates that the reaction may be
rather slow. With the corresponding rate of abstraction of halogen by a tin centred
radical presumably higher, a faster reaction is expected in reactions promoted by this
type of radical mediator.

Scheme 30. Schematic representation of radical cyclisation of aromatic precursor,

Sqtey Rt
A= halogen A-1:Y=CH,
A2:¥Y=0

KRaMH RaMH
RMe  RgMs
X\ ¢ L
H\%
R
The direct reduction of radical A must be considered as a possible competing reaction

pathway, even if the cyclisations of aryl radicals are very fast processes. Ingold,
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among others, has measured the rate constants of the 5-exo cyclisation (k;) of A-1 (Y =
CH,, R = H) and A-2 (Y = O, R = H) at 30 °C as being 4.0 x 10® s and 6.3 x 10° 5™
respectively.’’ The same group have also established the rate constants of the reaction
of aryl radicals with TBTH and TBGH (ky) and found these values as being 5.9 x 108
M s and 2.6 x 108 M s respectively at 30 °C, proving that hydrogen transfer from
TBTH or TBGH to radical A is indeed likely to happen, especially in reactions with
radicals of type A-1. With k™ /ku™ = 2, it is hoped that reactions promoted by
germanium based mediators will increase the ratio of cyclic to reduced product,
providing that the employed triorganogermane will be able to reduce radical B and
hence continue the radical chain for different R-groups. From the results of Oshima
(see Introduction) we know that the radical cyclisation of aromatic precursors leading
to radicals of type A-1 (R = H or Me) proceed smoothly in the presence of tri-2-
furanylgermane. In this section, our attempts to cyclise other aromatic precursors by

reaction with TBGI and triphenylgermanium compounds will be discussed.

1-Bromo-2-[(3-phenylprop-2-enyl)oxylbenzene 33 and 1-iodo-2-[(3-phenylprop-2-
enyl)oxy]benzene 34 were synthesised according to Scheme 31. Heating a mixture of

cinnamyl bromide with 2-bromophenol or 2-iodophenol in the presence of base

afforded 33 and 34 respectively in reasonable yield.

Scheme 31. Synthesis of 1-bromo- and 1-iodo-2-[(3-phenylprop-2-enyl)oxy]benzene.

OH
@X Yoo XN T @:OW\‘

X= Br33(81%
X=1:34 (70 %)
X =H; 35 (21 %)

Reagents and conditions: (i) K,CO;, acetone, reflux, 17 h.

In a radical reaction of 33 or 34, direct reduction of the initially formed aryl radical
will form (3-phenylprop-2-enyl)oxybenzene 35. To be able to identify the presence of
35 in crude reaction mixtures by spectroscopic methods, 35 was synthesised applying
the same method. Radical cyclisation of 33 was performed numerous times employing

different reaction conditions and some of the results are shown in Table 27.
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Table 27. Radical cyclisation of 33.

Q.
O —
Br = '
33 Ph 36 Ph

Entry  Radical mediator Reaction conditions Product
NaBH,, AIBN, ~BuOH, .
1 BuzSnCl (0.1 eq.) 36 (77 %)
reflux, 4 h
NaBH,, AIBN, +-BuOH, b
2 TPGBr (0.1 eq.) 33 (nd.)
reflux, 11 h
NaBH;, AIBN, -BuOH, b
3 TPGH (0.1 eq.) 33(nd)
reflux, 20 h
NaBHy, Et;B, THF, b
4 TPGBr (0.1 eq.) ) 33 (n.d)™
ambient temperature, 21 h
- AMBN, C¢Hj3, .
5 TBTH (2 eq.) 36 (52 %y
reflux,3 h
AMBN, C¢Hj3,
6 TBGH (1.8 eq.) 36 (7 %)°
reflux, 3 h

*Determined by the use of an internal standard in "H-NMR spectroscopy. "n.d. = not determined.
‘Additional product present.

The reactions promoted by catalytic or stoichiometric amounts of tributyltin chloride
or TBTH (Table 27, entries 1 and 5 respectively) gave the desired cyclic product 3-
benzyl-2,3-dihydrobenzofuran 36 in various yields and speak for themselves. The
reactions promoted by triorganogermanium hydride or bromide, however, are more
troublesome. Entry 2 (Table 27) shows that after refluxing 33 with 0.1 eq. of TPGBr
in the presence of AIBN for 11 h no formation of 35 or 36 was observed by 'H-NMR
spectroscopy. From the tributyltin chloride mediated reaction it was known that
cyclisation of 33 was indeed possible and that the AIBN and the sodium borohydride
were reactive. The in situ reduction of TPGBr to TPGH is known to occur under the
conditions applied (see Scheme 27) so the lack of cyclisation could not be caused by
inefficient reduction of the radical mediator. Entering the catalytic cycle with TPGH
did not give any difference in the outcome of the reaction as can be seen from entry 3

(Table 27). In order to explain this lack of reactivity, we questioned whether AIBN
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was able to generate the triphenylgermyl radical at all, but from the work of
Hershberger et al.?' this seemed an unlikely answer since they were employing AIBN
as a radical initiator in TPGH promoted reductions of alkyl halides. To confirm
whether or not inefficient initiation by AIBN was causing the lack of reaction, the
conditions used by Oshima and co-workers> were adopted. They used triethylborane
to initiate the radical cyclisation of an aromatic iodo compound, but applying their
conditions (EtsB, NaBH,, THF, ambient temperature) on 33 did not improve the
outcome of the reaction (Table 27, entry 4). After 21 h unreacted 33 could be detected
by 'H-NMR spectroscopy along with a small amount of a different compound. The
spectral data of this compound did not correspond with either 33 or 35 and the
identification of this compound was not pursued. When changing the radical mediator
to TBGH a small amount of the desired product was obtained as seen in entry 6 (Table
27). The results of radical cyclisation of 33 were not very encouraging, but it was
hoped that the lack of cyclisation in the reactions promoted by germanijum based
radical mediators was an unsuccessful homolytic cleavage of the aryl-Br bond in 33. It
was therefore hoped that radical cyclisation of iodo analogue 34 would prove more
facile due to the weaker aryl-I bond. As can be seen from Table 28, this was not the
case. As in the radical cyclisation of 33, mediation by tin based reagents gave rise to
the cyclic product 36 in moderate to excellent yields (entries 1, 3, 5 and 7, Table 28).
Employing identical conditions, in reactions promoted by germanium compounds, 36
was not formed to any great extent. In fact, 36 was only observed in very low yield by
adding TBGH slowly to a refluxing solution of 34 (entry 6, Table 28).

It is interesting to note that in none of the cyclisation reactions of 33 or 34, the reduced
product 35 is observed by TH-NMR spectroscopy of the crude reaction mixtures. This
lack of reduction was observed even if the total amount of radical mediator was added
early in the reaction, hence the concentration of R3MH was high throughout reaction
time. With reference to the rate constants for hydrogen-atom transfer from the
mediators discussed early in this section, some formation of 35 was expected at least
when the mediator was not added slowly by syringe-pump technique. From this it can
be concluded that the 5-exo cyclisations of these cinnamyl ethers are too fast reactions
for the bimolecular hydrogen transfer to compete. When this is the case, then why do
the germanium based mediators fail to facilitate the cyclic product? The answer to this

question lies in the final reduction of the formed cyclic radical. The rate constant for
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the hydrogen transfer from TBTH to a benzylic radical, that is the reaction shown in
Scheme 32, is 3.6 x 10° M s at ambient temperature.'® The corresponding rate
constant for hydrogen transfer for TBGH is unknown, but can be estimated by
compatison of known rate constants. The rate constants for hydrogen abstraction by
primary alkyl radicals from TBTH and TBGH at 80 °C is 1.5 x 10’ M 5™ and 3.8 x
10° M 57 respectively, ie. ca 40 times faster for TBTH than for TBGH. If this
correlation is valid, ku for reaction between a benzyl radical and TBGH will be in the
order of 9 x 10> M s in other words, so slow that reduction will not occur, If
reduction is not accomplished, Ge-centred radicals will not be formed, i.e. the chain

reaction is inhibited.

Table 28. Radical cyclisation of 34.

0 09

34 Ph 3 —Ph
Entry  Radical mediator Reaction conditions Product(s)
NaBHj4, AIBN, -BuOH,
1 BusSnCl{0.1 eq.) 36 (59 %)*
reflux, 2 h
NaBHgs, AIBN, -BuOH,
2 TPGBr (0.1 eq.) 34 (nd.)
reflux, 28 h
AMBN, C¢Hja,
3 TBTH (1.8 eq.) 36 (92 %)°
reflux, 3 h
AMBN, C¢H |3,
4 TBGH (1.3 eq.) 34 (79 %)
reflux, 3 h
AMBN, CH3;CN/PhCH;,
5 TBTH (2.2 eq.) ) 36 (52 %)*
syringe-pump addn., reflux, 3 h
- AMBN, CH;3;CN/PhCHj3,
6 TBGH (1.8 eq.) ) 36 (4 %)*
syringe-pump addn., reflux, 3 h
Et;B, THF,
7 TBTH (2.0 eq.) 36 (64 %)°
ambient temperature, 21 h
Et;B, CeHi,
8 TBGH (1.3 eq.) 34 (90 %)

ambient temperature, 21 h

*Determined by the use of an internal standard in "H-NMR spectroscopy. "n.d. = not determined.

47



Scheme 32. Reduction of benzylic radical B.

B *Ph 3 Ph

PhCHys : 0 =3.6x10*M™" s at25°C
RCHy # 1k oM =15x10"M" s at80°C
kP =38x10° M s at8o°C

In order to overcome the problem with reduction of the very stable, hence fairly
unreactive, benzylic radical, attention was paid to work by Roberts focusing on the use
of ‘polarity-reversal catalysis’ (PRC) in radical reactions. %8 The background for this

concept is outlined in Scheme 33.

Scheme 33. Background of PRC.

Nuc's +H-Nuc? ~—= Nuc'-H +Nucs (eq. 1)

Ele +HEP —» Ei'H+ER o eq. 2)} DISFAVOURED

El* +HNuc —» E[H+Nuc®* {eq.3)

FAVOURED
Nuc® + H-El — Nuc-H +E|*® {eq. 4)

Nuc = nucleophilic, El = electrophilic

Scheme 34, Principle of PRC.

slow
Nuc'e + H-Nuc? 2 Nuc-H + Nuce uncatalysed reaction

Nuc's + H-E —25h Nyl + Ele }

Els + H—Nuczﬂ EFH + Nuc® e

catalytic cycle

Nuc's +H-Nuc? ha H'E:;:tat st Nuc'-H + Nuc?e overall reaction

When reacting a nucleophilic radical (Nuc «) with the hydride of another nucleophilic
radical (eq. 1, Scheme 33), or an electrophilic radical (El ») with the hydride of
another electrophilic radical (eq. 2, Scheme 33), these reactions are strongly
disfavoured. The reaction between an electrophilic radical with the hydride of an

nucleophilic radical (eq. 3, Scheme 33), or vice versa (eq. 4, Scheme 33), are favoured
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reactions. When dealing with a nucleophilic radical, it can therefore be of advantage to

use a hydride of an electrophilic radical as catalyst in accordance with Scheme 34.

By using a reactive catalyst, one slow reaction step is substituted by a cycle of two fast
reaction steps which both benefit from favourable polar effects, facilitating the overall
reaction to proceed. Even if benzylic radicals are not considered particularly
nucleophilic, the principle behind PRC can be used to overcome the problems
associated with the slow hydrogen atom abstraction by these. By using a catalytic
amount of a good hydrogen donor such as a thiol in the cyclisation reactions of 33 and
34, continuous generating of Ge-centred radicals, responsible for generation of radical
A, should be secured (Scheme 33).

Scheme 35. Catalytic cycle for the use of PRC.

The rate constant for the hydrogen transfer from PhSH to benzylic radicals is k™™ =

3.1 x 10° M1 s at 25 °C," i.e. ca 10 times higher than kg C 1. Since TBTH is known
to induce cyclisation, PhSH should be a sufficiently good hydrogen donor to act as a
catalyst in cyclisations of this type. It has not been possible to find the rate constant for
hydrogen abstraction from TBGH by a sulfur-centred radical but this reaction is

assumed to be fast.

Repetition of the TBGH-induced cyclisation of 34 in the presence of PhSH (10 mol
%), facilitated the formation of 36 in good isolated yield (Scheme 36), indicating that
the lack of cyclic product observed earlier indeed was caused by inhibition of the

radical chain reaction.
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Scheme 36. Radical cyclisation of 34, catalysed by PhSH.

SO O

34 Ph 36 Ph

Reagents and conditions: (i) TBGH (1 eq.), PhSH (0.1 eq.), ACCN, cyclohexane, reflux, 9 h, 36 (75 %)

If the aromatic radical precursor instead of a cinnamyl ether has a propenyl ether or a
propyny} ether linkage, the resulting cyclic radical, now a primary methyl or
methylene radical, will not be strongly stabilised and reduction by both TBTH and
TBGH should be accomplished without a catalyst present. For this purpose, 2-iodo-1-
(prop-2-enyloxy)benzene 37 and 2-iodo-1-(prop-2-ynyloxy)benzene 38 were
synthesised (Scheme 37).

Scheme 37. Synthesis of 37 and 38.
OH 0 o)
@[, TN e (I, W\
37
OH . o
O == O]
Br
i |
38

Reagents and conditions: (i) K,CO;, acetone, reflux for 4 or 5 h, 37 (93 %), 38 (94 %).

Treatment of 2-iodophenol with allyl bromide or propargyl bromide in the presence of
base afforded 37 and 38 respectively in good yields.

Radical cyclisation of 37 under different reaction conditions showed that excellent
yields of the desired cyclic product 3-methyl-2,3-dihydrobenzofuran 39 could be
obtained in the absence or presence of PhSH (entries 3 and 4, Table 29), hence further

chain propagation, In the cyclisation of 37, TBTH- and TBGH-induced reactions gave
equally good yields of cyclic product, except for one reaction. The reaction shown in
entry 2 (Table 29) produced, along with 39, an additional product, identified by NMR

indicating that the cyclisation of derivatives 33 and 34 was inhibited by an inefficient
and mass spectroscopy as 3-iodomethyl-2,3-dihydrobenzofuran 40. The formation of

this compound is probably due to impurities in the TBGH employed, since an
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insufficient amount of TBGH may promote the abstraction of iodine from 37 (or

Bu3Gel) by the cyclic radical A (Scheme 38).

Table 29. Radical cyclisation of 37.

LR

Entry Radical mediator Reaction conditions Product(s)
ACCN, PhCHs,
1 TBTH (1.2 eq.) 39 (86 %)
reflux, 2 h
ACCN, PhCHs, 39 (22 %)*
2 TBGH (1.2 eq.)
reflux, 6 h 40 (28 %)
AIBN, PhSH (0.1 eq.),
3 TBGH (1.2 eq.) 39 (85 %)
PhCH3, reflux, 2 h
ACCN, PhCH3,
4 TBGH (1.2 eq.) 39 (91 %)
reflux, 3 h
NaBHj, +-BuOH/PhCH3,
5 TBGH (0.1 eq.) 37 (83 %)
AIBN, reflux, 2 h
NaBH,, -BuOH/PhCH3;, 39 (44 %)
6 TBGH (0.1 eq.)
AIBN, reflux, 6 h 37 (37 %)

*Determined by the use of an internal standard in "H-NMR spectroscopy.

Scheme 38. Formation of iodomethyl derivative 40.

ash
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The hypothesis of impure TBGH was confirmed by repeating the reaction after careful
distillation of TBGH. This reaction (entry 4, Table 29) gave 39 as the sole product.
Catalytic use of TBGH in the cyclisation of 37 could be performed (entry 6, Table
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29), but this is a noticeably slower process than when employing TBGH in
stoichiometric amounts as can be seen by comparison of entries 4 and 5. The reaction

conditions were not optimised.

Althoﬁgh the radical cyclisation of 37 was very successful when employing TBGH,
the cyclisation of 38 proved more troublesome. In fact, several éttempts to obtain
~cyclic product 3-methyl-benzofuran 41 failed (Scheme 39). Complex mixtures of

products were obtained and the reaction was dismissed.

_Schéme 39. Attempted radical cyclisation of 38.

' ‘ 0 0, '
@i‘ " - / -
i |
a8 _ 41 .
Reagents and conditions: TBTH (1.5 eq.) or TBGH (1.2 eq.}, ACCN, toluene, reflux, 4 h.

Conclusion of section 2.2

Radical cyclisation reactions of aromatic precursors was initially choseﬁ as test-
reactions in the investigation of the reactivity of triorganogermanium compounds
because it was envisaged that these poorer hydrogen donors would induce formation
of cyclic products in preference to products arising from simple reduction reactions.
To our surprise, reduction products were not observed in any of the radical reactions
and a conclusion on the selectivity of the rcactioh could not be drawn. The difference
in hydrogen donation was found to have another consequence. In radical cyclisation of
1-bromo- and 1.-iodo-2-[(3-phenylprop—Z-enyl)oxy]be_nzene (33 and 34 respectively), a
'very stable beniylic radical is formed and it turned out that the hydrogen abstraction
from triorganogerrnaxies by. this radical was very slow and radical reaction was
inhibited. To overcome this problem, PhSH was used. in catalytic amount to secure
chain propagation in reactions promoted by germanium based radical mediators. With
this change in reaction conditions, TBGH showed reactivity similar to the stannanes
'employed. '
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2.3 Radical reactions with amide precursors

Amide precursors have been used by Parsons et al®

in radical cyclisation reactions
using dimanganese decacarbonyl as radical mediator (Scheme 40). The mediator
facilitates the formation of both the desired cyclic product 1-(4-methoxybenzyl)-4-
methylpyrrolidin-2-one 42 and the reduced uncyclised product N-allyl-N-(4-
methoxybenzyl)acetamide 43, arising from direct reduction of the initially formed
amide radical. Therefore, the amide was assessed as being a suitable system to use in
the investigation of whether triorganogermanes will iﬁduce a selectivity towards

cyclisation in the reaction.

Scheme 40. Radical cyclisation performed by Parsons et al.

20 e LS A
ﬁﬁh

Reagents and conditions: Mn(CO)y, (0.1 eq.), propan-2-ol / DCM, irradiation, 42 {54 %), 43 (8 %).

Parsons and co-workers were performing their reactions with N-allyl-2-iodo-N-(4-
methoxybenzyl)acetamide but since the radical centre resulting from halogen
abstraction is stabilised by the amide moiety and the C-Cl bond weakened, even the
chioro compound should be sufficiently reactive to act as a radical precursor. The
synthesis of N-allyl-2-chloro-N-(4-methoxybenzyl)acetamide 45 is outlined in Scheme
41.

Scheme 41. Synthesis of N-ally!-2-chloro-N-(4-methoxybenzyl)acetamide 45.

f P
T N

44 OMe 4

Reagents and conditions: (1) Allyl bromide, K,CO;, acetonitrile, ambient temperature, 17 h. (ii)
Chloroacetyl chloride, K,CO;, diethyl ether, ambient temperature, 17 h, 45 (57 % in two steps).
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N,N-Dialkylation of 4-methoxybenzylamine with allylbromide and chloroacetyl
chloride afforded 45 in reasonable overall yield.

Table 30. Radical cyclisation of 45,

C:L S If 15
0~ "N N + 0N
: ~OMe : “OMe : “OMe
45 42 43

Entry Radical mediator = Reaction conditions  Product(s) Ratio 42/43
AMBN, C¢H3, 42 (47 %)

1 TBTH(.Seq) ~2
reflux, 1 h 43 (23 %)
AMBN, C¢Hi», 42 (34 %)
2 TBGH(.5eq) 26
reflux, 4 h 43 (13 %)*
AMBN, CHs, 42 (42 %)
3 TBGH(l5eq) . 25
reflux, 8 h 43 (17 %)
AMBN, C¢His, 42 (48 %)
4  TBGH(l.5eq) 2.1
reflux, 12 h 43 (23 %)°

"Unreacted 45 (25 %) was recovered. "Unreacted 45 (23 %) was recovered. “Unreacted 45 (22 %) was
recovered.

Radical cyclisation of N-allyl-2-chloro-N-(4-methoxybenzyl)acetamide revealed that
both TBTH and TBGH are able to induce cyclisation but also that reactions promoted
by the latter were more sluggish (Table 30). Even after refluxing 45 for 12 h in the
presence of TBGH and AMBN, unreacted starting material could be recovered in 22
% yield. Increasing the reaction time even further can be troublesome due to the need
of repeated addition of AMBN to secure continuously radical chain initiation. At 85
°C t,"™MPN & 4, = ~ 60 min,” meaning that the initiator has to be added with
regular intervals. These radical cyclisations were encouraging since reactions
promoted by TBGH gave a higher ratio of cyclic product to reduced product than the
corresponding Sn-mediated reaction (42/43, Table 30), a selectivity we expected to

observe in reactions mediated by the poorer hydrogen donor TBGH.




To investigate the effect of leaving groups in the cyclisation of amide precursors, 45
was reacted with sodium bromide and phenylselanide (PhSe”) to give N-allyl-2-bromo-
N-(4-methoxybenzylacetamide 46 and N-allyl-N-(4-methoxybenzyl)-2-phenylselanyl-
acetamide 47 respectively (Scheme 42).

Scheme 42. Synthesis of amides 46 and 47.

Reagents and conditions: (i) NaBr (3.5 eq.), acetone, reflux, 18 h, 46 (74 %). (ii) NaBH,, PhSeSePh
(0.5 eq.), ethanol, ambient temperature, 17 b, 47 (85 %).

The bromide and phenylselanide were chosen as leaving groups partly because of their
casy preparation from 45, partly because reaction with Ge-based mediators should
proceed with relative ease. In fact, kinetic studies have shown the rate constant for the
reaction of a phenylselanyl ester with BusGee and BusSne as being 9.2 x 10 M5
and 1.2 x 10° M5! respectively at 25 °C (Scheme 43),% indicating a more facile

reaction with the former.

Scheme 43. Reaction of phenylselanyl derivative.

BusMe BusMSePh
PhSe;\ E :‘ ]
o™ ks O)\O/\

kos™=G® =9.2x10° M s

ko™ =50 = 1.2 x 108 !
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When radical cyclisation reactions were performed with 46 and 47 the trends observed
in reactions with the chloride 45 were more pronounced (Table 31). The cyclisation of
bromide 46 mediated by TBTH was complete after 30 min, affording cyclic product
42 and reduced product 43 as roughly a 1:1 mixture (entry 1, Table 31). The identical
reaction performed by TBGH had not gone to completion after 5.5 h, but gave a ratio
of 42/43 = 8 (entry 2, Table 31). The cyclisation of phenylselanide 47 gave ratios of
42/43 = 0.8 and 42/43 = 3.5 for TBTH and TBGH respectively (entries 3 and 5, Table
31). Refluxing for 5 h in the presence of TBGH and AMBN secured complete
consumption of phenylselanyl amide 47 and a better ratio of cyclised to reduced
products (entry 5, Table 31).

Table 31. Radical cyclisation of 46 and 47.

NS LS A
e

X =8r. 46
X =PhSe: 47

Entry X  Radical mediator Reaction conditions Product(s) Ratio 42/43
AMBN, C¢Hy,, 42 (39 %)
1 Br TBTH (1.4 eq.) ) 1.2
reflux, 30 min 43 (33 %)

AMBN, CHp,, 42 (64 %)

2 Br TBGH(l.1eq.) 8
reflux, 5.5 h 43 (8 %)*
AMBN, C¢H,32, 42 (29 %)
3 PhSe TBTH (1.7 eq.) 0.8
reflux,3 h 43 (38 %)
AMBN, C¢Hy,, 42 (18 %)
4  PhSe TBGH(1.0eq.) b 2.3
reflux, 3 h 43 (8 %)
AMBN, C¢Hjz, 42 (67 %)
5 PhSe TBGH(1.5eq.) 3.5
reflux, 5h 43 (19 %)

“Unreacted 46 (12 %) was recovered. *Unreacted 47 (48 %) was recovered.

It is possible that the apparently sluggish TBGH-mediated cyclisation of 45, 46 and 47

is not a consequence of an inefficient radical reaction but a mere question of amounts
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of TBGH. Therefore, it is possible that these cyclisation reactions could all have been
driven to completion by employing a larger excess of the mediator. In most cases, only
a slight excess of TBGH was employed under the assumption of completely pure

material.

Conclusion of section 2.3

Radical reactions with amide precursors have been shown to proceed with good
selectivity towards cyclisation when promoted by TBGH. This selectivity is most
pronounced in the cyclisation of bromo amide 46, where the ratio of cyclic to reduced
product is as high as 8 when cyclisation is mediated by TBGH and only 1.2 when
promoted by TBTH. The reason for this enhanced selectivity is the lower hydrogen
donor ability of TBGH compared to TBTH, enabling the slower cyclisation reaction to
occur in preference to reduction of the initially formed amide radical. Reactions
promoted by TBGH have proven to be slower processes than the TBTH-mediated
reactions, presumably due to less rapid reduction of the final radical formed by

cyclisation.

2.4 Radical reactions with heterocyclic precursors

Reactions involving heteroarenes have been an area of interest in recent years due to
their presence in various natural products and/or compounds of biological interest.
Radical reactions can be advantageous in this context due to mild reaction conditions
and therefore great tolerance towards a variety of functional groups. Our research
group has contributed largely to the research, especially with radical cyclisations onto
imidazoles, pyrroles and pyrazoles and has found that radical reactions promoted by
triorganotin hydrides facilitate the formation of desired cyclic products in high yields.
For this reason, it was obvious to investigate whether triorganogermanium compounds

would be as efficient radical mediators in reactions with these precursors.
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2.4.1 Radical reactions with imidazole precursors

N-Alkylation of 2-methyl imidazole-4-carbaldehyde in accordance with literature
precedence afforded 1-(3-bromopropyl)-2-methyl-1/-imidazole-4-carbaldehyde 48
and 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde 49 (Scheme 44) %

Scheme 44. Synthesis of imidazole derivatives 48 and 49.
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Reagents and conditions: (i) NaH (1.5 eq.}, 1,3-dibromopropane (5 eq. ) or 1,4-dibromobutane (5 eq.),
THF, reflux, 2 h, 48 (53 %), 49 (72 %).

The anion of 2-methyl-imidazole-4-carbaidehyde is ambident and nucleophilic attack
can theoretically occur via both of the canonical forms A and B in Scheme 45. In the
syntheses of 48 and 49, only products arising from canonical form A were observed.
This regio-selectivity can be explained by influence of the electron withdrawing
aldehyde functionality present in the molecule. The nucleophilicity of B is more
affected by the aldehyde group than A, hence alkylation occur via this canonical form.
Steric hindrance surrounding the anion in B would also explain some regic-selectivity

of the nucleophilic attack.

Scheme 45. Canonical forms of imidazole anion.
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Along with 48 and 49, a phenylselanyl derivative of 2-methyl-imidazole-4-
carbaldehyde 50 was also synthesised in order to investigate the effect of the leaving
group in radical reactions. To synthesise 50, 1-iodo-4-phenylselanyibutane 51 was
required. Reaction of 1-bromo-4-chlorobutane with PhSeSePh and NaBH4 gave 1-
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chloro-4-phenylselanylbutane, which upon treatment with Nal in a Finkelstein halogen
exchange reaction afforded 51 in 63 % yield.

Scheme 46. Synthesis of imidazole derivative 30.

Reagents and conditions: (i) PhSeSePh (0.5 eq.), NaBH, (1.1 eq.), ethanol, ambient temperature, 18 h.
(ii) Nal, acetone, reflux, 17 h, 51 (63 % in two steps). (iii) NaH (1.5 eq.), 51 (1.2 eq.), THF, reflux, 5 h,
50 (27 %).

N-Alkylation of 2-methyl-imidazole-4-carbaldehyde gave the desired phenylselanyl
derivative 50 (Scheme 46). The poor yield of 50 (27 %) is probably due to
decomposition of the relatively unstable iodo compound 51. The yield was not

optimised.

Scheme 47. Mechanism of radical cyclisation of imidazole derivatives.
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As mentioned, radical cyclisation of imidazole precursors have been performed
successfully within the research group. The mechanism of the reaction is outlined in

Scheme 47. Bromine {or PhSe) abstraction by the employed radical mediator gives
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alkyl radical A, which can be reduced directly to give the reduced product or cyclise in
an exo manner to give an very stable aryl radical B which upon re-aromatisation

produces the desired cyclic product.

When radical cyclisation of  1-(3-bromopropyl)-2-methyl-1H-imidazole-4-
carbaldehyde 48 was performed under various reaction conditions, the results were far
from encouraging. The best results obtained are shown in Table 32. All attempts to
optimise reaction conditions, ie. improve the outcome of this cyclisation reaction,
proved fruitless. The lack of cyclisation of the alky! radical can possibly be explained
by ring strain in the 5,5 ring system formed by 5-exo cyclisation, but this does not
explain why reduction of the radical is not observed to a greater extent. It is possible
that the yields of 3-methyl-6,7-dihydro-5H-pyrrolo[1,2-c]limidazole-1-carbaldehyde 52
and 2-methyl-1-propyl-1 H-imidazole-4-carbaldehyde 53 could have been improved by
increasing the reaction temperature. Attempts to perform the reaction in toluene were
quite unsuccessful because of low solubility of the radical precursor in this solvent.
Instead of exploring this further, the attention was turned to radical cyclisation of 49
and 50. In these cases, the product of cyclisation would be a 5,6 ring system free of

ring strain and hence hopefully more prone to cyclise.
Table 32. Radical cyclisation of 48.
o) o o
ot oliss
48 k/\Br 52 ssK/

Entry Radical mediator Reaction conditions  Produci(s)®
AMBN, CH;CN, 52 (14 %)

| TBTH (1.9 eq.)

reflux, 3 h 53 (7 %)°
AMBN, CH;CN, 52 (10 %)

2  TBGH(l.leq)
reflux, 3 h 53 (7 %)°

*All yields determined by the use of an internal standard in 'H-NMR spectroscopy. "Unreacted 48 (68
%) was recovered. “Unreacted 48 (42 %) was recovered.

60




The radical cyclisation of phenylselanyl derivative 50 was only attempted once with
TBTH and once with TBGH since these reactions did not seem worth optimising. In
both cases only unreacted 50 was observed by 'H-NMR spectroscopy (Table 33).

Table 33. Attempted radical cyclisation of 50.

0
)ﬁ\% — 3-
50 SePh
Entry Radical mediator Reaction conditions Product®
AMBN, CH;CN/ PhCHy,
1 TBTH (1.6 q.) ) 50 (84 %)
syringe-pump addn., reflux, 3 h
AMBN, CH;CN/ PhCH3,
2 TBGH (1.2 eq.) ) 50 (80 %)
syringe-pump addn., reflux, 3 h

*Yields determined by the use of an internal standard in "H-NMR spectroscopy.

We have not determined why the cyclisation of the phenylselany! derivative was so
unsuccessful. Both mediators should be able to cleave the Se-C bond and when the
alkyl radical is formed, cyclisation should occur quite readily, as observed within the

Bowman research group. b

That the PhSe functional group might partly be the cause of the lack of radical reaction
with 50 was indicated by the results obtained in radical cyclisation reactions with the
bromo-analogue 49 (Table 34). The results mostly speak for themselves and a now
quite familiar pattern is observed. TBGH is not as efficient a radical mediator as
TBTH, giving much lower yields of cyclic product 3-methyl-5,6,7,8-tetrahydro-
imidazof1,5-a]pyridine-1-carbaldchyde 54. The tin mediated reactions give very
variable yields and the solvent of choice seems very important. This is most evident
when comparing entries 2 vs. 4 and entries 7 vs. 9, where a solvent change from
cyclohexane to toluene increases the yield of cyclic product 54 dramatically. Entry 4 is
very interesting in its own respect, since this reaction is performed without syringe-
pump addition of TBTH. This reaction gave 54 in 62 % and no product arising from

reduction which nicely illustrates the ease of cyclisation of the precursor. The
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reactions mediated by TBGH follows the pattern of the tin mediated reactions but the

yields are much lower.

Table 34. Radical cyclisation of 49.

0 0
H N H
N N
49 l\/\/E” 54

Entry Radical mediator Reaction conditions Product(s)*
Et;B, THF, 49 (36 %)
1  BusSnCli(1.2eq.) ]
ambient temperature, 7 h 54 (12 %)
AMBN, C¢Hj3, 49 (58 %)
2 TBTH (1.2 eq.)
reflux, 3h 54 (28 %)
AMBN, C¢H)3, 49 (74 %)
3 TBGH (1.5 eq.)
reflux, 3 h - 54 (9 %)
AMBN, CH;CN, 49 (29 %)
4 TBTH (1.2 eq.)
reflux, 3 h 54 (62 %)
: AMBN, CH;CN, 49 (69 %)
5 TBGH (1.5 eq.}
reflux, 3 h 54 (21 %)
AMBN, CH;CH,CH,CN, 49 (21 %)
6 TBTH (1.5 eq.)
reflux, 3h 54 (21 %)
AIBMG, CH3CN/ 06H12, 49 (49 %)
7 TBTH (2.0 eq.) )
syringe-pump addn., reflux, 5h 54 (26 %)
AMBN, CH;CN/ PhCHs, 49 (n.d.)’
8 TBTH (2.0 eq.) )
syringe-pump addn., reflux, 3h 54 (30 %)
AIBMe, CH3CN/ PhCH;, 49 (n.d.y’
9 TBTH (2.0 eq.) )
' syringe-pump addn., reflux,3 b 54 (77 %)
AlBMe, CH;CN/ PhCH3, 49 (26 %)

10 TBGH (2.0eq.) )
syringe-pump addn., reflux,3h 54 (10 %)

"All yields determined by the use of an internal standard in "H-NMR spectroscopy. ®n.d. = not
determined.
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Scheme 48. Possible mechanisms of the re-aromatising of radical B.
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The reaction of 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde 49 with
TBTH has been repeated numerous times, partly to make a comparison with the
germanium mediated reactions, but also in order to investigate the mechanism of the
re-aromatisation of the cyclic radical B (Scheme 47 and Scheme 48). The route to this
radical is without much discussion, but there has been some debate concerning the re-
aromatising of radical B to product 54. One possibility could be the formation of the
dihydroimidazole C (route a, Scheme 48) by H-abstraction by radical B from TBTH
followed by air-oxidation in work-up of the reaction mixture. Two factors rule out this
possibility; radical B is too stable (and hence too unreactive) to react with TBTH and
this research group have carefully examined crude reaction mixtures and never found
any trace of the dihydroimidazole.%' In the same line of work, the group originally
proposed a anion radical mechanism® (route b, Scheme 48) but later reactions
revealed that this proposal is not probable.% Instead, it seems likely that the radical
initiator could play a more active role in the mechanism than just being an initiator. It
has been shown that in order to obtain the cyclic product in high yield, an excess of
initiator must be added to the mixture.*® So the question is now whether the initiator is

responsible for the re-aromatisation by the pathway shown in Scheme 49. |

63




Scheme 49. Possible cause of the re-aromatising of radical B.
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If the initiator is responsible for the oxidation of the stable m-radical, the hydrazine
derivative of this initiator must be formed in the reaction. The reduced forms of AIBN
and AMBN are quite unstable which can explain the absence of these products in
crude radical reaction mixtures. To investigate this, the methyl ester analogue of AIBN
(AIBMe) and the reduction product of this compound 2-[N-(1-methoxycarbonyl-1-
methylethyDhydrazino]-2-methyl-propionic acid methyl ester 55 were synthesised
(Scheme 50). This initiator was chosen because the methyl ester functional groups
were assumed to enhance the stability of the compound. In the reduction of AIBMe
the addition of CuSO; turned out to be very important, since the Cu'l oxidises the
hydrazine to the reactive NH=NH,* which then is responsible for the reduction of
AlBMe.

Scheme 50. Synthesis of AIBMe and its reduced form 55.

N\\ ) - N\\ - HI\
N N H
—Q—CN ——Qcozm ~<q—coznne
AlEMe 55

Reagents and conditions: (i) HC1 (g), methanol, 0 °C, 18 h, AIBMe (91 %) (ii) Hydrazine hydrate (4.8
eq.), CuSO, (0.1 eq.), methanol, ambient temperature, 17 h, 55 (21 %).

If AIBMe is responsible for the re-aromatisation, 35 should be formed in the reaction.
When the cyclisation reaction was carried out using AIBMe as radical initiator (entries
7,9 and 10, Table 34) no 55 was observed by 'H-NMR spectroscopy. A possibility
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could be instability of 55 under the reaction conditions but this was ruled out by a

series of experiments in accordance with Scheme 51.

Scheme 51: “Stability-check™ of 55.

no reaction
] pow
ri,48h
acid/base
work-up N3.2C03
no reaction ~a——— N--N decomp.

MeOH products
OzMe OzMe  ry,72h

toluene
reflux, 5 h

no reaction

The hydrazine 55 was stable towards air-oxidation in DCM over 48 h, towards
refluxing in toluene for 5 h and towards the acid/base extraction used as work-up
procedure in the radical reactions. Only in a basic solution of MeOH was
decomposition observed. The last question to be answered with respect to the stability
of 55, was whether the compound is stable under the exact radical reaction conditions,
i.e. in the presence of both radical precursor and radical mediator. Since no radical
initiator was present, no cyclisation should occur and the possibility of 55 being
oxidised back to AIBMe under these conditions, hopefully ruled out. When this
“blank” reaction with no radical initiator was performed the result was a bit surprising
(Scheme 52).

Scheme 52. “Blank™ radical reaction of 49.

H N %OzMe
HN : i
| \>.__ + \NH -—-') no reaction

Reagents and conditions: (i) TBTH (2.0 eq.), CH;CN, toluene, reflux, 3 h. 49 (38 %).

After reaction, 55 was detected in only 2 % yield by the use of internal standard in 'H-

NMR spectroscopy of the crude reaction mixture and after work-up only in an amount
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corresponding to 2 yield of 0.8 %. The radical precursor 49 on the other hand was
recovered in 88 % yield. A logical thought was thereafter to react 55 with TBTH and

TBGH. The results of these reactions were far from conclusive (Scheme 33).
Scheme 53. Reactions of 55 with TBTH and TBGH.

COZMG

HN +TBTH/TBGH —m  no reaction (7)

A
H
OzMe

55

Reagents and conditions: () 55, TBTH (2.5 eq.) or TBGH (2.2 eq.), toluene, reflux, 3 h.

It was not possible to isolate 55 in quantitative yield in either of the two reactions, but
this can be the effect of working with very small quantities. In the tin reaction no
product apart from unreacted 55 can be seen by GC-MS, whereas in the reaction
promoted by TBGH other minor products could be detected. These products were not
identified.

The question in this mechanistic study is whether AIBMe, or other initiators, are able
to oxidise m-aromatic radicals. In order to answer this question by other means, 9,10-
dihydroanthracene was reacted with AIBMe (Scheme 54). AIBMe should be able to
oxidise 9,10-dihydroanthracene to anthracene and by measuring the amounts of 55
and/or N, formed in the reaction, it should in theory be possible to determine which of

the routes indicated in Scheme 54 the reaction had taken.

Scheme 54. Oxidation of 9,10-dihydroanthracene.

H
+ %N, + 155 +
COMe
AlBMe /

AlBM\)
H
+Ny + 2><
COzMe
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If route a is valid, 55 should be observed meaning that AIBMe is the oxidant, whereas
the detection of the formation of 1 eq. of Nz would indicate that AIBMe only acts as
an initiator in this reaction, hence route b is followed. Unfortunately this reaction was
fruitless since no anthracene was formed in the reaction probably because of low
oxidising ability of AIBMe. Whether a suitable sensitiser could be employed in the
reaction and thereby facilitate the formation of anthracene was not determined.
However, these reactions made it clear that the investigation of the mechanism is not

as straight forward as believed. It was decided not to pursue this further.

Conclusion of section 2.4.1

Radical cyclisations of imidazole precursors have been shown to be inefficient
processes when cyclisation gives rise to 5,5-ring systems in which there is a certain
ring strain. These precursors only form the cyclic product in low yields when treated
with either TBTH or TBGH. In the formation of 5,6-ring systems, ring strain is not a
problem, but when reacting the phenylselanyl derivative under radical conditions, no
formation of the desired cyclic product is observed, regardless of mediator employed.
Only when reacting 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde 49
good to excellent yields of cyclic product were determined by "H-NMR spectroscopy.
TBTH gives rise to much higher yields than TBGH, but since the mechanism of re-
aromatisation of the m-arene radical is unclear, attempts have not been made to
optimise reaction conditions of the use of this germanium based radical mediator. If
reduction of the m-arene radical by the mediator is crucial, it is possible that
employment of a better hydrogen atom donor could be beneficial, but as it is, this

remains unknown.

2.4.2 Radical reactions with pyrrole derivatives

Radical reactions of pyrrole derivatives have successfully been performed within the
Bowman group.61 Employing TBTH as radical mediator, pyrrole derivatives 56, 57
and 58 were cyclised in moderate to good yields (Scheme 55). In none of the reactions
was the corresponding reduced product observed, indicating the efficiency in the
radical addition to the electron deficient C-C double bond.
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Scheme 55.

N 0 @
CHO —— CHO

N N
n=1:56 n=1:59(28 %)
n=2:57 n=2:;80(55%)
n=3:58 n=23:61{40 %)

Reagents and conditions: TBTH (1.5 eq.) and AIBN (0.25 eq.) in toluene added by syringe-pump, 5 h.

To investigate the ability of TBGH to induce cyclisation of precursors of this type, 1-
(3-phenylselanylpropyl)-1 H-pyrrole-2-carbaldehyde 62 and 1-(4-phenylselanylbutyl)-
1 H-pyrrole-2-carbaldehyde 63 were synthesised according to Scheme 56. Heating the
anion of pyrrole-2-carbaldehyde in the presence of either 1-iodo-3-
phenylselanylpropane or 1-iodo-4-phenylselanylbutane 51 afforded the N-alkylated
products 62 and 63 respectively.

Scheme 56. Synthesis of pyrrole derivatives 62 and 63.

@
Q\CHO T NPy T U\CHO

N

62 I\/\SePh
/B seph @/ \
(}\CHO"' NN O\CHO

N

H
51 L~ sePh
63

Reagents and conditions: (i) NaH (1.2 eq.), 1-iodo-3-phenylselanylpropane (2.0 eq.), THF, reflux, 150
min, 62 (75 %). (ii) NaH (1.2 eq.), 51 (2.3 eq.), THF, 50 °C, 17 h, 63 (70 %).

T

Despite the lack of success in the TBGH-mediated radical cyclisation of the
phenylselanyl imidazole derivative 50, it was hoped that the pyrrole analogue would
yield better cyclisation in the presence of TBGH. As can be seen in Table 35 this was
not the case. The reaction of 1-(3-phenylselanylpropyl)-1H-pyrrole-2-carbaldehyde 62
with TBTH proceeded well and the cyclic product 6,7-dihydro-5H-pyrrolizine-3-
carbaldehyde 59 was isolated in 49 % yield (entry 1, Table 35). Employing identical
reaction conditions with TBGH as radical mediator did not give rise to formation of
any 59, in which case only unreacted 62 could be observed by "H-NMR spectroscopy
of the crude reaction mixture (entry 2, Table 35). Both these reactions were performed

68



adding the mediator by syringe-pump, hence the concentration of TBTH or TBGH is
kept low throughout the reaction time and no formation of any reduced product was
detected. Changing the reaction conditions slightly so that the total amount of TBGH
was added initially gave rise to a small amount of cyclic product 59 which was
observed by 'TH-NMR spectroscopy (entry 3, Table 35). This very low yield was not
determined and the product not isolated. The radical cyclisation of 1-{(4-
phenylselanylbutyl)-1H-pyrrole-2-carbaldehyde 63 was only successfully performed
with TBTH as a comparison (entry 4, Table 35). The low yield of cyclic product
5,6,7,8-tetrahydro-indolizine-3-carbaldehyde 60 in reactions promoted by TBGH did
not inspire any further investigation of this reaction. Interestingly, AIBMe initiated the
reaction and 'H-NMR spectroscopy of the crude reaction mixture showed signals
corresponding to the reduced form of this compound, 55. This could be an indication
of AIBMe actually being responsible for the re-aromatisation of the m-arene radical
formed by cyclisation. Even if this result contradicts the results obtained in the radical

reactions of imidazole precursors, this was not pursued any further.

Table 35. Radical cyclisation of pyrrole derivatives 62 and 63.

Bae —
CHO N~ CHO

n=1:59
n=2:63 n=2:60
Entry n Radical mediator Reaction conditions Product(s)
AIBN, PhCH3, syringe-pum
1 1 TBTH(L6eq) » YTRSEPUIR 59 (49 %)
addn., reflux, 5 h
AIBN, PhCHj, syringe-pum
2 1 TBGH(12eq) » VTIEEPUP 62 n.d)®
addn., reflux, S h
AIBN, PhCH;, 62 (n.d.)?
3 1 TBGH(43eq.)
reflux, 5.5 h 59 (n.d.)’
AlBMe, CH;CN/PhCH;, b
4 2 TBTH(19eq) 60 (29 %)
syringe-pump addn., reflux, 3 h

*1.d.: Not determined. "Determined by the use of an internal standard in "H-NMR spectroscopy.
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Conclusion of section 2.4.2

The radical cyclisations of the pyrrole derivatives did not proceed as well employing
TBGH as mediator compared to the use of TBTH. Whether the lack of reactivity of
TBGH in these reactions is caused by the same problems associated with the radical

cyclisation of the imidazole derivatives has not been determined.

2.4.3 Radical reactions with pyrazole derivatives

Like the imidazole and pyrrole precursors, pyrazole derivatives have been employed in
radical reactions within the Bowman group. By reacting 4-phenyl-1-(3-phenylselanyl-
propyl)-1H-pyrazole 64 with TBTH, the first radical approach to withasomnine 65, a

alternative medicine remedy and a claimed aphrodisiac, was accomplished (Scheme

57).55

Scheme 57. Synthesis of withasomnine 65 by radical cyclisation.

Ph
BusSne 2/ }KN
TBTH N
Ph P \) 66
Z/ A 0 7N
N T N Ph
N NN \
N

“l\/\SePh .\/l N
\ /
Ph
/ )N P

J 3!

67 65

Reagents and conditions: TBTH (1.3 eq.) and ACCN (2.0 eq.) in toluene added by syringe-pump, 5 h,
65 (38 %), 66 (17 %) and 67 (trace).

Along with withasomnine, the reduced product 66 and the elimination product 67 were
also formed in the reaction. The mechanism of this radical reaction is similar to the
oxidative radical cyclisation of the imidazole and pyrrole precursors, but differs from
those on one significant point. With the imidazole and pyrazole derivatives, the
initially formed alkyl radical adds to a electron deficient C-C double bond, whereas in
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the addition to the pyrazole 'ring the C-C double bond is quite electron rich due to the
electron donating phenyl substituent. Hence the stabilising effect of the phenyl group
on radical A (Scheme 57) is of greater importance than electronic factors in this
addition.

Scheme 58. Radical cyclisation of phenylpyrazole 68.

BusSne Z \
Y 0 / \N

TBTH /\./l
. rii/\/SePh U/ e 6
' l

Reagents and conditions; TBTH (1,3 eq.) and ACCN (2.0 ¢q.) in toluene added by syringe-pump, 5 h,
69 (63 %) and 70 (trace).

Employing identical reaction conditions, 4-phenyl-1-(4-phenylselanyl-butyl)-14-
pyrazole 68 was converted into the bicyclic pyrazole derivative 3-phenyl-4,5,6,7-
tetrahydro-pyrazolo[1,5-a]pyridine 69 in high yield (63 %). This reaction also afforded
the reduced product 1-butyl-4-phenyl-1H-pyrazole 70 in trace amount, but in this case
no formation of the elimination product 1-but-3-enyl-4-phenyl-1H-pyrazole 71 was
observed (Scheme 58).5° The high yield of 69 in the radical cyclisation of 68
illustrates the case of formation of the 5,6 bicyclic ring system, whereas the formation
of a 5,7 bicyclic ring system is less successful as seen in the radical cyclisation of 4-
phenyl-1-(5-phenylselanyl-pentyl)-1/-pyrazole 72 which upon treatment with TBTH
produced the reduced product 1-pentyl-4-phenyl-1H-pyrazole 74 as the major product
(Scheme 59).5°
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Scheme 59, Radical cyclisation of phenylpyrazole 72.

P
E/ A\
Bu;Sn* N~ N
P P TBTH\)/ ™
I, -0 Z/ Y, p
N . N 5%\ W,
- k(*/);\SePh ﬁ N’

N

\/d)z (N
75

N

73

Reagents and conditions: TBTH (1.3 eq.) and ACCN (2.0 eq.) in toluene added by syringe-pump, 5 h,
73 (37 %) and 74 (48 %).

We sought to investigate whether the reactivity of TBTH observed with these
heteroarenes could be mimicked by TBGH. Therefore, 4-phenyl-1-(3-phenylselanyi-
propyl)-1H-pyrazole 64, 4-phenyl-1-(4-phenylselanylbutyl)-1H-pyrazole 68 and 4-
phenyl-1-(5-phenylselanylpentyl)-1 H-pyrazole 72 were included in this investigation.
The syntheses of these compounds are shown in Scheme 60.%° Reacting the anion of
4-phenylpyrazole with 1-iodo-3-(phenylselanyl)propane, 1-iodo-4-(phenylselanyl)-
butane and 1-iodo-5-(phenylselanyl)pentane afforded 64, 68 and 72 respectively in
quantitative yields.

Scheme 60. Syntheses of pyrazole derivatives 64, 68 and 72.

P P
z/ Yo, NS o, 2/ %
H/ I n SePh N/
64 (100 %) kﬁ:\SePh

n=1:
n=2:68 (100 %)
n=3: 67 (98 %)

Reagents and conditions: 1-lodo-3-phenylselanylpropyl, 1-iodo-4-phenylselanylbuty] or 1-iodo-5-
phenylselanyipenty! (2.0 eq.), KOH, DMF, ambient temperature, 17 h.
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Table 36. Radical cyclisation of phenylpyrazole precursors.

Ph Ph
\ TBGH 7 \ 2 \ \
/ /N / /N

N
"~ “sePh \/‘J) n hn
n=1.64 n=1:67 n=1:66 n=1:65
n=2:.68 n=2:71 n=2:7T0 n=2:69
n=3:72 n=3:75 n=3:74 n=3173
Eniry n  Radical mediator Reaction conditions Product(s)
' ACCN?, PhCHjs, syringe-pum: 66 (19 %)"
1 1 TBGH(.leq) s syringe-pump - 66 (19%)
addn., reflux, 6 h 67 (7 %)
: ACCN°, PhCH;, syringe-pum
2 1 TBGH(l.leq) » SYIIEEPERD 67 (30 %)°
addn., reflux, 6 h
Et;B, CgHya,
3 1 TBGH (2.4¢q.) ] 66 (66 %)
ambient temperature, 26 h
ACCN?, PhCH;, syringe-pum
4 2 TBGH(l.1eq) » SYRREEPIND 01 4oy
addn., reflux, 10 h
ACCN’, PhCH3, syringe-pum
5 2 TBGH(2eq) » Sy P a1 a6 %y
addn., reflux, 10 h
EGB, Celp, 69 (44 %.
6 2 TBGH(2.6eq) e (14%.)
ambient temperature, 34 h 71 (4 %)
ACCN? PhCH;, syringe-pum
7 3 TBTH(l.1eq) » SYPRESPINP s (62 %)

addn., reflux, 10 h

*ACCN added simultaneous? ty with TBGH in syringe-pump. "Unreacted 64 (47 %). "ACCN added
independently every 45 min. “Unreacted 64 (70 %). “Unreacted 68 (77 %). fUnreacted 68 (52 %).

When employing these phenylpyrazole derivatives in TBGH-promoted radical
cyclisation reactions, a mixed bag of results were obtained (Table 36). Performing the
radical cyclisation of 64 under identical reaction conditions as employed by William
Barton,®® reduced product 66 and elimination product 67 were formed in low yields
(19 % and 7 % respectively, entry 1, Table 36). Adding the initiator independently
every 45 min altered the product distribution and only 67 and unreacted 64 were
observed by 'H-NMR spectroscopy (entry 2, Table 36). By changing the reaction

conditions to Et;B-initiated reaction at ambient temperature, the formation of

73



elimination product 67 could be suppressed and reduced product 66 was isolated as the
sole product in 66 % yield (entry 3, Table 36).

A similar reaction pattern was observed in the radical cyclisation of phenylpyrazole 68
where reactions at elevated temperature afforded only elimination product 71 in low
yields (entries 4 and 5, Table 36). Performing the reaction at ambient temperature
using EtsB as radical initiator gave rise to the formation of cyclic product 69 in 44 %
yield (entry 6, Table 36). The radical cyclisation reaction of phenylpyrazole 72 on the
other hand only formed the elimination product 1-pent-4-enyl-4-phenyl-1H-pyrazole
75 when treated with TBGH and ACCN in refluxing toluene (entry 7, Table 36).

The formation of the elimination products in these radical reactions has been the
centre of some debate within the research group since the mechanism by which these
products are formed is not obvious. From the results obtained in this work and in work
performed by colleagues in the Bowman group, it is clear that the presence of a
heteroatom in a suitable position is required for the elimination to occur. The
climination products have not been noted in radical reactions of precursors in which
the (phenylselanyl)alkyl chain is attached to a arene without a second N-atom. If the
heteroatom is participating in the elimination of PhSeH, this is very likely to inhibit
radical reaction, since PhSeH is a very good hydrogen donor, which would react with
any intermediate radical and inhibit the chain reaction. The data in Table 36 indicate
that the elimination process may be of thermal origin since it occurs predominantly at
elevated temperature. Test reactions showed that heating 64 in toluene in the presence
or absence of TBGH did not lead to any formation of 67 and the idea that the process
could be purely thermal was dismissed (Scheme 61).

Scheme 61. ‘Blank reaction’ of 64.

Ph Ph
(i), (ii)
/ )N el ! /\N
Nk/\ \)N
2
64 SePh 67

Reagents and conditions: (i) Toluene, reflux, 16 h. (ii) TBGH (1.6 eq.), toluene, reflux, 18 h.




Another idea was that the azo initiator could play a crucial role in the elimination
reaction by attack of the selanide followed by intramolecular hydrogen abstraction and
elimination in accordance with Scheme 62. To test this hypothesis, 64 was treated
with DIAD in refluxing toluene but this reaction also failed to give any elimination

product and the mechanistic study was terminated.

Scheme 62. Possible elimination mechanism.

Ph Ph
Z/ Y 2/ 3
N,N + R—N=N—R ———» N/N - B7
K/\ (),Ph
64 SePh ) Se,
wN—R
34

Conclusion of section 2.4.3

Radical cyclisation of phenylpyrazole precursors has proven to be more efficient
reactions when promoted by TBTH than when TBGH is employed as radical mediator,
By performing the reactions at ambient temperature, reasonable yields of products
arising from radical reactions can be obtained. At elevated temperature, the major
products with all precursors are formed by elimination. The nature of the reaction

pathway leading to these elimination products has not been investigated fully.

2.4.4 Radical reactions with indole precursors

For use in other research projects, 3-(1H-indol-3-yl)selenopropionic acid Se-phenyl

ester 76 was synthesised within the Bowman group (Scheme 63).%

Reacting this indole derivative under radical conditions would be interesting to include
in the investigation of the reactivity of triorganogermanium hydrides since this could
be different from the reactivity of the corresponding tin based mediators. Once again,
the lower hydrogen donor ability of the former could lead to a change in product
distribution in radical reactions promoted by the two classes of reagents. The radical

pathways are shown in Scheme 64.
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Scheme 63. Synthesis of 76.

Q
OH SePh
}NI E 76

Reagents and conditions: (i) BusP, (1.5 eq.), PhSeSePh (1.5 eq.), DMF, ambient temperature, 4 h, 76
(98 %).

Scheme 64. Mechanism of the radical reaction of 76.
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Radical A is formed by homolytic Se-C bond cleavage and can either be trapped by
hydrogen abstraction to give aldehyde 3-(1H-indol-3-yl)propionaldehyde 77 or
¢liminate CO to form radical B, which upon hydrogen abstraction gives the
decarbonylated product 3-ethyl-1H-indole 78. Since TBTH is a better hydrogen donor
than TBGH, is was believed that some aldehyde 77 would be formed in the TBTH
mediated radical reaction of 76, whereas reaction with TBGH would only give rise to
the formation of 78. When the radical reactions of 76 were performed, both TBTH and
TBGH both gave the decarbonylated product 78 as the major reaction product (Table
37). The TBGH mediated reaction gave 78 in 63 % yield (entry 2, Table 37) and the
same product was obtained in 48 % yield when the reaction was mediated by TBTH
(entry 1, Table 37). Along with 78, other products could be detected by 'H-NMR
spectroscopy of the crude Sn-promoted reaction mixture. An aldehyde peak was
visible at 9.7 ppm in an amount corresponding to 9 % yield as determined by the use

of internal standard in "H-NMR spectroscopy. Unfortunately, attempted isolation of
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1
this and other by-products failed and these could not be identified. It would be
plausible, though, that the formation of aldehyde 77 could be observed to a minor

extent in reactions promoted by the relatively good hydrogen donor TBTH.
Table 37. Radical reaction of indole derivative 76.

0.
Q SePh H
{— oo
ﬁ TTH TBH
|

76

Entry  Radical mediator ~ Reaction conditions  Product(s)®

AIBN, PhCH;, 78 (48 %)

1 TBTH (1.1 eq.
(1-1eq) reflux, 2 h 77 (9 %)°
AIBN, PhCH;,
2 TBGH (1.1 eq.) 78 (63 %)
reflux,2 h

*Yields determined by the use of an internal standard in 'H-NMR spectroscopy. “Prodnct not
characterised.

Conclusion of section 2.4

The conclusion of the radical reactions of heterocyclic precursors discussed in this
section must be that triorganogermanes do not appear able to substitute tin based
radical mediators for this purpose. Reactions employing triorganogermanes are
generally slower processes than that of the corresponding reactions promoted by the
tin counterparts and any enhanced selectivity towards cyclisation has not been
observed. It is possible that the reaction conditions in some cases could be optimised

once the full mechanism of the oxidative cyclisation has been clarified.

2.5 Radical reactions with alkyl precursors

From the introduction it is known that triorganogermanes are able to induce radical
reactions with alkyl precursors. To test this ability further and to investigate the
capacity of triorganogermanes to react with leaving groups other than halides and

selenides, 3-nitro-3-methyl-4-phenyl-4-(prop-2-ynyloxo)butyl cyanide 79 was
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synthesised in accordance with literature procedure (Scheme 65). Base catalysed
Michael addition of propargyl alcohol to trans--methy!l-B-nitrostyrene, followed by
alkylation with acrylonitrile afforded nifro precursor 79 as a mixture of

diastereoisomers in moderate overall yield.

Scheme 65. Synthesis of nitro precursor 79.

O NO
2Nf . = OH ® I 2
Ph o/\\

Ph

(i l Z e
NO.
~¥)
Ph Q 79

Reagents and conditions: (i) NaH (1.1 eq.}, THF, ambient temperature, 18 h. (ii) NaH (1.2 eq)),
acrylonitrile (1.2 eq.), THF, ambient temperature, 90 min, 79 (43 %).

TBTH-induced radical cyclisation of 79 has been performed by Ono ef al. who
obtained the cyclic product 3-(3-methyl-4-methylene-2-phenyl-tetrahydro-furan-3-yl)
propionitrile 80 in good yield (Scheme 66).%

Scheme 66. Radical cyclisation of nitro precursor 79.

NG
N“—\/:FJH D j
P 0" 19 PR 80

Reagents and conditions: (i) TBTH (1.3 eq.), AIBN, benzene, reflux, 2 h, 80 (79 %).

The mechanism of this radical cyclisation is slightly different from the other radical
cyclisation reactions presented previously, since the initial step is addition of the tin
centred radical to oxygen giving the nitroxyl A,% followed by elimination to give alkyt
radical B (Scheme 67) which then cyclises in a 5-exo-dig manner yielding the cyclic
methylene radical C. Hydrogen abstraction from TBTH affords the desired product 80.
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Scheme 67. Mechanism of radical cyclisation of 79.
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Since this radical cyclisation would be an efficient way of testing the affinity of
germanium centred radicals towards oxygen, the reaction was reproduced employing
both TBTH and TBGH as radical mediators. Some of the results obtained are shown in
Table 38. Reacting 79 with TBTH afforded 80 as a mixture of diastereoisomers in
reasonable combined yield (entry 1, Table 38). The assignment of stereochemistry
was determined by careful nOe experiments. Repeating the reaction employing TBGH
as radical mediator gave a much lower yield of the two products, but large amounts of
unreacted 79 were observed by 'H-NMR spectroscopy of the crude reaction mixtures.
Attempts to increase reaction temperature also failed to improve yields (entries 2 and
3, Table 38). We belicve that unsuccessful chain propagation could be the reason for
the sluggishness of the cyclisation, but attempts to overcome this problem by
employing both initiator and mediator in large excess failed (entry 4, Table 38). It is
interesting to note that the major diastereoisomer formed in the cyclisation reaction is
dependant of radical mediator used. The tin-promoted reaction gives roughly a 1:1
mixture of products with the formation of 80a, Me and Ph being syn, being slightly
dominant, whereas the isomer in which the Me and Ph groups are anti to each other is
formed as the major product in all reactions mediated by TBGH. The a-chiral centre

induces the diastereoselectivity observed in these radical cyclisations.
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Table 38. Radical cyclisation of 79.

NG NC )
”‘\’;“EJ' — %
+
P 79 P~ g 80a P

O gob

Entry  Radical mediator Reaction conditions Product(s)’

AIBN, CH;CN, 80a (21 %)
1 TBTH (1.3 eq.) b
reflux, 3 h 80b (18 %)
AIBN, CH;CN, 80a (5 %)
2 TBGH (1.3 eq.) .
reflux, 3 h 80b (15 %)
AIBN, PhCH;, 80a (3 %)
3 TBGH (1.3 eq.) 4
reflux, Sh 80b (17 %)
AIBN (2.4 eq.), CH;CN,
4 TBGH (1.8 eq.) 80 (15 %)°
reflux, 5h

*Yields determined by the use of an internal standard in "H-NMR spectroscopy. "Unreacted 79 (9 %).
“Unreacted 79 (51 %). “Unreacted 79 (53 %). *Mixture of diastereoisomers, unreacted 79 (51 %).

Another class of alkyl precursors employed in this investigation was unsaturated
ethers. Here only the synthesis and radical cyclisation of 3-[(2-bromoethyl)oxy]-prop-
2-enyl-benzene 81 will be discussed. This precursor was synthesised in two steps from

cinnamy! bromide in accordance with Scheme 68.

Scheme 68. Synthesis of alkyl precursor 81.

o NN 4~ e S OH

82
ph/\\/\o/\/o"‘ O Ph/\/‘\o/\/Bf
82 81

Reagents and conditions: (1) KOH (2.0 eq.), DMSQO or DMF, ambient temperature, 1 h, 82 (35 %) in
DMSO or 82 (87 %) in DMF. (ii} PhsP (1.6 eq.), CBr; (1.6 eq.), CH;CN, ambient temperature, 45 min,
81 (100 %).

The yield of the first step, formation of 2-(3-phenylprop-2-enyloxy)ethanol 82, tumed
out to be significantly influenced by the choice of solvent. Performing the reaction in
DMSO only gave rise to the formation of 82 in 35 % yield, whereas repeating the
reaction in DMF afforded 82 in a rewarding 87 % yield. The low yield when
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employing DMSO was explained by two factors. Water could have been present in the
solvent causing hydrolysis of cinnamyl bromide to give cinnamyl alcohol, which was
indeed isolated in 26 % yield. Also isolated was cinnamaldehyde which in turn can
have been formed by a Kornblum reaction with the DMSO solvent (Scheme 69), a
reaction not possible to occur when employing DMF as solvent. With 82 secured,

treatment with Ph;P and CBry4 gave the desired precursor 81.

Scheme 69. Kornblum reaction with DMSO.

The radical reaction of 81 has been attempted numerous times, each time with very
discouraging results. In most cases, no formation of the desired tetrahydrofuranyl
derivative could not be detected either by "H-NMR spectroscopy or careful GS-MS
analysis of the crude reaction mixtures. Not until the idea of PRC (Scheme 35, section
2.2) occurred to us was the formation of 3-benzyl-tetrahydrofuran 83 by radical
cyclisation successful. As seen in the radical cyclisation of the aromatic precursors
derived from cinnamyl bromide, the cyclic radical formed in the radical cyclisation of
81 is a very stable benzylic radical, incapable of hydrogen abstraction from either
TBTH or TBGH. Therefore, it was hoped that the addition of the good hydrogen donor
PhSH in catalytic amount could have a positive effect on the outcome of the radical
reaction. As can be seen in Table 39, this change in reaction conditions facilitated the
formation of 83, albeit in very low yields. It is believed that the low yields partly are a
consequence of 83 being quite volatile,” hence the product was evaporated along with
the cyclobexane employed as solvent in these reactions. This thecory was being
supported by the fact that no unreacted starting material 81 was isolated in either

reaction.
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Table 39. Radical cyclisation of 81.

0.
Ph/\\/\o/\/ B Q‘:S
81
h

Entry  Radical mediator Reaction conditions Product(s)*
AMBN, PhSH (0.1 eq), b
1 TBTH (1.2 eq.) 83 (11 %)
C.ngz, reﬂux, 5h
AMBN, PhSH (0.1 eq), b
2 TBGH (1.2 eq.) 83 (10 %)
CeHys, reflux, 5h

*Yields determined by the use of an internal standard in 'H-NMR spectroscopy.

Conclusion of section 2.5

Both TBTH and TBGH have proven rather poor as radical mediators in the radical
reactions of the alkyl precursors discussed in this section, but with TBTH being
slightly more efficient. In the radical reactions of nitro compounds, TBGH-promoted
reactions could not be driven to completion and large amounts of unreacted starting
material were obtained. Radical cyclisation of the unsaturated ether 81 failed unless a
more effective hydrogen donor was added in a catalytic amount. Even this adjustment
of reaction conditions only led to the formation of the desired tetrahydrofuranyl
derivative in low yields. It is possible that this reaction could be optimised by

employing a more volatile solvent and less harsh reaction conditions,

2.6 Radical reactions with vinylic precursors

Since their introduction by Stork and Baine in 1982,” vinyl radical cyclisations have
become quite popular in organic synthesis. They found that when treating substituted
malonic esters with TBTH, good to excellent yields of cyclised products were

obtained. In most cases mixtures of constitutional isomers were obtained (Scheme 70).
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Scheme 70. Radical cyclisation presented by Stork and Baine.
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Reagents and conditions: TBTH (0.02 M), combined yields 75 ~ 95 %.

In both the cases shown in Scheme 70, the formation of the 5-membered cyclic
products (85 and 88) were dominant. The 6-membered cyclic products (86 and 89)
were also observed in relatively large amounts. It could be tempting to explain the
formation of 86 and 89 as being the results of 6-endo-trig cyclisations. Exact rate
constants for the 5-exo-trig and 6-endo-trig cyclisations of vinylic precursors have not
been found, but comparison of rates with other precursors give a qualitative idea of the
relative rate constants for the two cyclisation reactions. Beckwith and Schiesser have
reviewed the rates of cyclisation of various alkyl radical precursors and found
Fos™:kp5*™™ as being roughly 98:2, hence it is assumed unlikely for the 6-endo-trig
cyclisation of 84 and 87 to occur. Instead the formation of the formal 6-endo product
can be explained by the mechanism shown in Scheme 71. Homolytic Br-C bond
cleavage leads fo vinylic radical A, which then cyclises in a 5-exo-frig mode giving 5-
membered cyclic methylene radical B. B can now either be reduced to the 5-
membered product or rearrange to give the more stable 6-membered methyl radical C
which is trapped by hydrogen abstraction from TBTH to form the 6-membered
product.

If a 5-membered product is desired in a given reaction, high concentration of TBTH
must be retained throughout reaction in order to trap radical B (Scheme 71) before
rearrangement.”” Alternatively, it has been shown that addition of PhSeSePh increases
the relative amount of the 5-membered product formed.” The role of PhSeSePh is
identical to that of PhSH described carlier, i.e. reaction between PhSeSePh and TBTH
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gives PhScH, a good hydrogen donor, which traps the initially formed cyclic radical
more readily than TBTH alone.

Scheme 71. Mechanism of radical cyclisation of vinylic precursors.
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Because of the difference in hydrogen donor ability, it was believed that TBTH and
TBGH would give rise to different product distributions in radical cyclisations of vinyl
precursors, in that TBTH promoted reactions primarily should give 5-membered cyclic
products, whereas the 6-membered products should be formed as the major products in
reactions mediated by TBGH.

Initially, allyl-(2-bromoallyl)-4-(methoxybenzyl)amine 90 was assessed suitable for
this purpose and it was synthesised in accordance with Scheme 72. Subsequent N-
dialkylation of 4-methoxybenzylamine by allyl bromide and 2,3-dibromopropene
afforded 90 in low overall yield.

Scheme 72. Synthesis of vinylic precursor 90.
= Br =
- rXr
@ _ HN @ _ N

B i
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Reagents and conditions: (i) K2CO; (3.0 eq.), allyl bromide, CH;CN, ambient temperature, 18 h. (ii)
K,CO;, 2,3-dibromopropene, acetone, ambient temperature, 19 h, 90 (19 % in two steps).

84



Reaction of 90 under radical conditions did not give rise to the formation of cyclic
products; instead complex mixtures of unidentified products were obtained. Even
when improvement of chain propagation and reactivity was attempted by addition of
PhSH, the vield did not improve. In all reactions, loss of the methoxy group seemed to
be occurring. Initially it was believed that the functionality was being cleaved by
reaction with the slightly acidic silica gel used as stationary phase in column
chromatography, but repetition of reactions, followed by purification using neutral
alumina revealed that this was not the case. The cause of the de-methoxylation was not
investigated further. Instead we decided to focus on 2-allyl-2-(2-bromoallyl)malonic
acid dimethy] ester 84, employed by Stork and Baine.”' The synthesis of 84 is outlined
in Scheme 73.

Scheme 73. Synthesis of vinyl precursor 84.
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Reagents and conditions: (i) NaOMe (1.1 eq.), 2,3-dibromopropene, methanol, ambient temperature, 20
h, 84 (54 %).

When 84 was subjected to radical conditions, varied yields of cyclic products 3-
methyl-4-methylene-cyclopentane-1,1-dicarboxylic acid dimethyl ester 85 and 3-
methylene-cyclohexane-1,1-dicarboxylic acid dimethyl ester 86 were obtained (Table
40). Reaction of 84 with TBTH afforded a roughly 2:1 mixture of 85 to 86 in an 88 %
combined vield (entry 1, Table 40). Performing the reaction under identical reaction
conditions but employing TBGH as radical mediator lowered the combined yield of
the two products considerably (entry 2, Table 40). In this case, along with 85 and 86,
products arising from hydrogermylation of the final products (91 and 92, Figure 5)
were also present. Unfortunately, these products could not be isolated and their
presence were only indicated by 'H-NMR spectroscopy and confirmed by GC-MS
analysis and their yields were not determined. The yields of 85 and 86 in reactions
promoted by TBGH could be improved by the addition of 10 molar % of PhSH, once
again taking advantage of the good hydrogen donor ability of this electrophilic reagent
(entry 3, Table 40). In this case, formation of the 6-membered cyclic product 86 could
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almost entirely be suppressed by trapping the 5-membered cyclic radical prior to

rearrangement.

Table 40. Radical cyclisation of malonate derivative 84.

Br Z
—_— +
MeQ; CO;Me MeO.C TOMe MeO G~ "COMe

84 85 86

Entry  Radical mediator Reaction conditions Product(s)
AMBN, PhCH;, 85:86; 2:1.1

1 TBTH (1.1 eq.)
reflux, 4 h (88 %)*
AMBN, PhCH;, 85 (11 %)*°
2 TBGH(l.Ieq) X
reflux, 4 h 86 (4 %)

AMBN, PhSH (0.1eq), 85 (33 %)™°

3 TBGH (1.2 eq.) )
PhCH;, reflux, 5 h 86 (5 %)

*Combined yield. *Yields determined by the use of an internal standard in "H-NMR spectroscopy. “91
and 92 also present in undetermined yields. “Unreacted 84 (13 %).

Figure 5. Products 91 and 92 arising from hydrogermylation.
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Conclusion of section 2.6

Switching between radical mediators in the cyclisation of the vinylic precursors did
not give the anticipated control of constitutional isomers predicted from the difference
in rate of hydrogen donation. Radical cyclisation of amine derivative 90 was
unsuccessful, regardless of mediator employed presumably due to decomposition of
precursor, The malonate derivative 84 gave mixtures of products, with the formation

of the 5-membered product 85 being predominant in reactions with both TBTH and

TBGH. However, the relatively large amounts of hydrogermylation products obscured




the actual 5-exo:6-endo ratio. Addition of PhSH increased the relative amount of 85,

but it was not possible to completely suppress the formation of 86.

2.7 Radical reactions with Barton esters

Decarbox),rlations"5 and dc:o:qrgenations76 via Barton esters are some of the most
widely used radical transformations in organic synthesis. Because of the mild reaction
conditions employed, removal of carboxylic or hydroxy groups can be selectively
carried out in the presence of other functional groups. As with other radical reactions,
TBTH has been employed almost exclusively as the radical mediator in
transformations of this kind. In the following sections, radical decarboxylations and

deoxygenations performed by trialkylgermanes will be discussed.

2.7.1 Radical decarboxylations

Radical decarboxylations of carboxylic acids can be accomplished by initial formation
of Barton esters. The mechanism of the radical decarboxylation is shown in Scheme
74. The tin-centred radical atiacks the S-atom of the thiopyridone moiety to yield a
stable m-radical, subsequent f-scission and elimination of CO, gives the carbon-
centred radical, which upon hydrogen abstraction from TBTH affords the reduced
product, RH.

Scheme 74. Mechanism of radical decarboxylation of Barton esters.
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In this work, esters derived from N-Boc-L-phenylalanine and adamatane-carbonyl
chioride have been transformed into N-hydroxy-2-thiopyridone esters and reacted

under radical conditions. Since these esters are very light sensitive, we considered that
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it would be more efficient to generate the precursors in situ. The synthesis of Barton
ester 2-N-Boc-3-phenyl-propionic acid 2-thioxo-2H-pyridin-1-yl ester 93 derived from
N-Boc-L-phenylalanine and subsequent radical decarboxylation was carried out in

accordance with the literature procedure (Scheme 75).”

Scheme 75. Formation and radical decarboxylation of Barton ester 93.
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Reagenty and conditions: (i) N-Methylmorpholine (1.0 eq.), isobutyl chloroformate (1.0 eq.), THF, -15
°C, 10 min. (if) N-Hydroxy-2-thiopyridone (1.2 eq.), EtN (1.2 eq.), THF, -15 °C, 1 h. (iii) TBTH (2.0
eq.) or TBGH (2.0 eq.), AIBN, toluene, reflux, 1 h.

Reacting N-Boc-L-phenylalanine with isobutyl chloroformate and N-methyl-
morpholine should afford the mixed anhydride 94, which upon treatment with N-
hydroxy-2-thiopyridone transforms to ester 93. The formation of esters of this type can
quite easily be monitored by the appearance of bright yellow spots on TLC. When this
reaction was presumed complete by TLC, the solvent was removed by evaporation and
the residue re-dissolved in toluene and divided between two reaction flasks. To one
flask was added TBTH and to the other TBGH and the radical reactions carried out in
accordance with the procedure described in the experimenital section. Unfortunately,
neither of the reactions afforded phenethylamine 95 and attempts to secure formation
of the mixed anhydride 94 and Barton ester 93 prior to radical reaction proved
fruitless. If formation of the mixed anhydride 94 is not accomplished, 93 will not be
produced, hence reaction with TBTH or TBGH is pointless. Instead of investigating
why this crucial intermediate product was not formed, we decided to start the reaction

sequence with a carboxylic acid chloride.

Treatment of adamatane-carbonyl chloride with AN-hydroxy-2-thiopyridone in the
presence of DMAP gave Barton ester adamantane-1-carboxylic acid 2-thioxo-2H-
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pyridin-1-yl ester 96, which upon reaction with TBTH or TBGH afforded adamatane
97 (Scheme 76). The reaction promoted by TBTH gave a rewarding 81 % yield of 97,
whereas adamantane was formed in only 33 % yield when treated with TBGH. It is
possible that this lower yield is not entirely down to lower affinity of germanium
centred radicals towards S-atoms, but can also partly be caused by less successful
formation of the Barton ester. In contrast to the attempted formation of the Barton
ester of phenylalanine, this initial reaction was carried out separately for the two

radical mediators.

Scheme 76. Formation and radical decarboxylation of adamatane Barton ester 96.
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Reagents and conditions. (i) DMAP (1.0 eq.), N-hydroxy-2-thiopyridone (1.2 eq.), toluene, reflux, 15
min. (if) TBTH (3.0 eq.) or TBGH (3.0 ¢q.), toliene, reflux, 1 h, 97 [81 % (TBTH), 33 % (TBGH)].

The possibility that the lower yield in the TBGH-promoted reaction of 96 is due to
lower affinity of germanium centred radicals towards S-atoms was disproved when

deoxygenations of secondary alcobols were performed.

2.7.2 Radical deoxygenations

Both primary”’ and secondary’ alcohols can easily be deoxygenated by Barton-
McCombie reactions vig Barton-type esters. In this work, only thiccarbonyl-
imidazolides have been employed as leaving groups due to their ease of preparation
and stability towards light. Tin-promoted reductions of these compounds are well
known in the literature” and the reactions normally proceed in high yields. To
investigate whether triorganogermanes could mimic the excellent reactivity of tin-
based radical mediators, the thiocarbonyl-imidazolide esters of a glucose derivative
and of cholesterol were synthesised (Scheme 77). Reaction of 1,2:5,6-di-O-
isopropylidine-a-D-glucofuranose 98 and cholesterol 99 with thiocarbonyl
diimidazole in the presence of catalytic amounts of DMAP gave the thiocarbonyl
derivatives 100 and 101 respectively in high yields.
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Scheme 77. Synthesis of thiocarbonyl-imidazolides 100 and 101.
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Reagents and conditions: (i) Thiocarbonyl diimidazole (2.0 eq.), DMAP (3 molar %), CH;CN, reflux,
150 min, 100 (100 %). (i) Thiocarbony! diimidazole (2.0 eq.), DMAP (0.2 eq.), CH,CN, reflux, 3 h,
101 (84 %).

Table 41. Radical deoxygenation of glucose derivative 100.

>< ><§:]Q X%
N/=\N - Yo
X ol / 0
100 O>< 1020(5< 1030><

]

Entry  Radical mediator Reaction conditions® Product(s)

PhCH, 102 (29 %)’
1 TBTH (8.0 eq.) _ .
reflux, 90 min 103 (28 %)
PhCH;,
2 TBGH (5.4 eq.) 102 (87 %)

reflux, 90 min

2100 added to the mediator (“inverse addition”). *Yields determined by the use of an internal standard in
'H-NMR spectroscopy.

When the glucose derivative 100 was treated with TBTH and TBGH, remarkably
different results were observed in the two reactions (Table 41). Whereas the TBGH-
promoted radical reaction afforded the fully reduced product 3-deoxy-1,2:5,6-di-O-
isopropylidine-a-D-glucofuranose 102 in high yield {(entry 2, Table 41), reaction with
TBTH gave rise to the formation of a 1:1 mixture of 102 and the 3-methoxy
compound 103 (entry 1, Table 41).
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Scheme 78. Mechanism of the formation of the methoxy product 103.”
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The formation of 103 in reaction with TBTH can once again be explained by the
difference in hydrogen donation of the two radical mediators. The initial step in the
mechanism of the deoxygenation is the formation of radical A (Scheme 78) by attack
of stannyl-or germyl-centred radical on the S-atom. Ideally, A should undergo 5
scission yielding radical B, which upon reaction with the radical mediator gives the
fully reduced product 102 (path a, Scheme 78). However, in the presence of a good
hydrogen donor, competing reduction of radical A can occur (path b, Scheme 78),
forming the thio compound C, which eliminates Im-MBus to give the thio aldehyde D.
Another addition-reduction sequence gives the thio acetal E, which upon elimination
of (BusM):S forms the methoxy radical F. Finally, hydrogen abstraction gives
methoxy product 103. Apparently, this sequence of additions, reductions and
eliminations processes exclusively occurs in the presence of the better hydrogen donor

TBTH, whereas in reactions promoted by TBGH, f-scission is the preferred reaction
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pathway. It is interesting to note that in both reactions, the precursor 100 is added to
the mediator (“inverse addition”) and even under these concentrated conditions, the

TBGH-induced reaction did not give rise to any formation of 103.

Table 42. Radical deoxygenation of cholesteryl derivative 101.

S
N%
sopNecasens
+ ¥
o HO'
104 105 89
Entry Radical mediator = Reaction conditions Product(s)
ACCN, PhCHs,
1 TBTH (2.0 eq.) 104 (54 %)
reflux, 3 h*
ACCN, PhCH3,
2 TBGH(2.0eq) 104 (60 %)
reflux, 3 h?*
ACCN, PhCHs, 104 (5 %), 99 (51 %)
3 TBTH (2.0 eq.) b
reflux, 3 h and 105 (11 %)°
ACCN, PhCHs,
4  TBGH(20eq) . 104 (67 %)
reflux, 3 h

*101 added to the mediator (“inverse addition™). *The mediator was added to 101 (“normal addition™).
*Yields determined by the use of an internal standard in "H-NMR spectroscopy.

The difference in reactivity of TBTH and TBGH was also apparent when reacting
cholesteryl derivative 101 under radical conditions (Table 42). Using the same
addition mode as in the radical deoxygenation of 100, reaction of the cholesteryl
derivative 101 with TBTH and TBGH afforded the fully reduced product cholest-5-
ene 104 in good isolated yields (entries 1 and 2, Table 42). Changing the reaction
conditions slightly so that the mediator was added to 101 turned out to have a

significant impact on the outcome of the TBTH-mediated reaction. Whereas reaction
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with TBGH was not altered by this change and afforded 104 in good yield (entry 4,
Table 42), the TBTH-promoted reaction gave cholesterol 99 as the major product
(entry 3, Table 42) along with small amounts of cholest-5-ene 104 and the methoxy
derivative 105. The formation of 99 follows the mechanism outlined in Scheme 78
until the formation of thio acetal E’ (Scheme 79) which is hydrolysed to give

cholesterol 99 on work-up.

Scheme 79. Mechanism of the formation of 99 and 105.
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It is odd that the order of addition has such an impact on yields in tin-mediated

reactions, but is a phenomenon well presented in the literature,”®

Conclusion of section 2.7

The radical decarboxylation and deoxygenation reactions of Barton-type esters have
proven to proceed with varied success when promoted with TBTH and TBGH. TBTH
appears to be a more efficient reagent in radical decarboxylation reactions, whereas
TBGH is superior in radical deoxygenations. The enhanced reactivity of TBGH in
reactions of the latter type is due to the lower hydrogen donor ability of TBGH
compared to TBTH, resulting in exclusive formation of fully reduced products.
TBTH-induced reactions often give by-products arising from premature hydrogen-

atom donation in stgnificant amounts.

93



2.8 Triorganogermanes as reagents in solid phase organic synthesis

As mentioned in the introduction, solid phase approaches to radical chemistry can be
dealt with in two different ways since either the radical precursor or the radical
mediator can be attached to a polymer backbone. Both methods have been investigated

within the Bowman research group and will be discussed in the following section.

The advantages of solid phase chemistry are well known and include easier
purification of crude reaction mixtures. The ease of purification is one of the reasons
why the solid supported approach to tin-mediated radical chemistry has become
popular, but may also be one of the reasons why the germaniurh analogues have not
drawn much attention. Generally speaking, reactions promoted by triorganogermanes
are more casy to purify due to enhanced stability of the germanium compounds
employed and generated during reaction. Purification of these reactions is mostly
carried out by simple chromatography with a minimum of the “streaking” problems,
associated with many tin-based reagents. On the other hand, the possibility of
regeneration of resin bound reagents could be a inducement to employ this type of
germanium reagent since it would minimise the extra cost involved when using

germanium- rather than tin- based radical mediators.

As part of ber Ph. D. project in the Bowman group, Rehana Karim has been
investigating radical reactions of resin bound benzimidazole precursors as a method of
synthesising polycyclic heteroarenes. A variety of radical mediators and reaction
conditions were employed in this research and some of the results obtained are shown
in Table 43. Of the reagents tested as radical mediators in these reactions, TBGH was
the most successful, inducing the formation of 5,6-dihydro-benzo{4,5]imidazo[2,1-
alisoquinoline 107 in 71 % yield (entry 2, Table 43).

The mechanism of this radical cyclisation (illustrated in Scheme 80 with TBGH as
mediator) differs from the other radical cyclisation reactions discussed previously in
this chapter in that no hydrogen transfer from the mediator is required for successful
formation of the desired tetracyclic product 107, Instead the chain propagation is
secured by reaction between S-centred radical A (Scheme 80) and the mediator. From

the discussion of the use of PhSH as a “polarity transfer catalysts” in section 2.1, this
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process is known to be favourable, which may be a reason for the efficiency of TBGH

in the radical cyclisation of benzimidazole 106.

Table 43. Radical cyclisations of Wang tethered benzimidazole precursor 106.%

X4~ TP

10

Br

O : Wang resin

Entry Radical mediator Reaction conditions Product(s)”
AIBN, PhCHi, syringe-pum
1 TBTH < YIREEPEIP 107 (44 %)
addition, reflux
AIBN, PhCH3,
2 TBGH 107 (71 %)
reflux
Et;B, PhCH;,
3 TTMSS ) 107 (29 %)
ambient temperature

*Yields determined by the use of an internal standard in "H-NMR spectroscopy.

Scheme 80. Mechanism of the radical cyclisation of 106.
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As mentioned in the introduction, only very little research on the use of solid
supported triorganogermanes have been presented in the literature. Owing to the
advantages of resin bound reagents in general and the novelty of solid supported

triorganogermanes as radical mediators, it was decided to investigate this area.

Spivey et al. have been employing germanium compounds as “trace-less” linkers in
the synthesis of a pyrazole library (Scheme 81).*' Modification of 4-(2-
trimethylgermylethyl)phenol 108 afforded Argogel™-linked products A which upon
cleavage with TFA gave the free pyrazole derivatives in high purity. 4-(2-Trimethyl-
germylethyl)phenol 108 seemed suitable as a starting point for the development of a

new germanium based radical mediator.

Scheme 81. Use of a germanium linker by Spivey et al.
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2.8.1 Synthesis of new germanium-based radical mediators

Starting from the most available source of germanium, GeCly,, 108 could be
synthesised by the sequence of reactions detailed in Scheme 82. By treating GeCly
with tetramethyldisiloxane in refluxing dioxane, the dichlorogermylene-1,4-dioxane
complex 109 was obtained as a stable white crystalline product in high yield. Insertion
of this germylene into the C-Cl bond of 4-(2-chloroethyl)phenol 110, synthesised from
4-hydroxyphenethyl, afforded 4-(2-trichlorogermylethyl)phenol 111 in quantitative
yield. Finally, Grignard reaction with methylmagnesiom bromide secured the

formation of 108.




Scheme 82. Synthesis of 4-(2-trimethylgermylethyl)phenol 106.
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Reagents and conditions: (i) Tetramethyldisiloxane (1.0 eq.), 1,4-dioxane, reflux, 3 h, 109 (80 %). (ii)
Conc. HCl (aq.), 110 °C, 18 h, 110 (100 %). (iii) 109, 140 °C, 18 h, 111 (100 %). (iv) MeMgBr (6.0
eq.), toluene, reflux, 17 h, 108 (94 %).

Since it was desired to test this compound as a radical reagent, the germanium hydride
was needed and this was accomplished by synthesising 4-(2-dimethylgermylethyl)-
phenol 113 from 108 in two steps (Scheme 83).

Scheme 83. Synthesis of 4-(2-dimethylgermylethyl)phenol 113.

GeMes () GeMe,Cl
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H 108 H 112
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Reagents and conditions: (i) SnCly (1.0 eq.), MeNO,, 50 °C, 18 h, 112 not isolated. (ii) NaBH, (2.0 eq.),
methanol, ambient temperature, 7 h, 113 (67 % in two steps).

Following the procedure of Bulten and Drenth,” discussed in section 2.1, 4-(2-
chlorodimethylgermyiethyl)phenol 112 was produced by treatment of 108 with
tin(IV)chloride in nitromethane. Due to troublesome purification, best resuits were
obtained when crude 112 was subjected to reduction by sodium borohydride, in this
case yielding 4-(2-dimethylgermylethyl)phenol 113 in 67 % yield. The reaction steps
leading to 113 are all simple reactions and the use of a Grignard reaction provides an
easy method of synthesising a variety of triorganogermanes, the only limiting factor

being the availability of Grignard reagents. As an example, 4-(2-
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dibutylgermylethyl)phenol 115 was synthesised by Richard Jones, under the
supervision of Prof. W. R. Bowman and S. L. Krintel as part of his final year
undergraduate project (Scheme 84).

Scheme 84. Synthesis of 4-(2-dibutylgermylethyl)phenol 115.
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Reagents and conditions: (i) n-BuMgBr (6.0 eq.), toluene, reflux, 17 h, 114 {59 %). (ii) SnCl, (1.1 eq.),
MeNQ,, 50 °C, 18 h, product not isolated. (iii) NaBH, (3.0 eq.), methanol, ambient temperature, 5 h,
115 (19 % in two steps).

We intended to study whether radical reactions employing 115 would provide some
information on how steric effects surrounding the germanium atom would affect the
reactivity of the triorganogermane. Unfortunately, only one radical reaction was

performed as part of the project and the result obtained was very inconclusive.

In order to mimic the steric effect that attachment to solid support would have on the
triorganogermane, 113 was benzylated by the conventional method, affording 4-(2-
dimethylgermylethyl)phenyl benzyl ether 116 (Scheme 85).

Scheme 85. Synthesis of 4-(2-dimethylgermylethyl)phenyl benzyl ether 116.

GeMe,H n GeMeH
-
H 13 BnC 116

Reagents and conditions: (i) NaH (1.7 eq.), BuBr (1.5 eq.), THF, reflux, 3 h, 116 (87 %).

The benzylation reaction proceeded smoothly but it turned out to very difficult to
separate 116 from unreacted benzyl bromide by column chromatography. Therefore,
an alternative purification procedure was employed. By re-dissolving the crude
reaction mixture in THF and adding diethylamine, the resulting diethylbenzylamine
could easily be separated by chromatography, giving the pure 116 in high yield.
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2.8.2 Radical reactions employing triorganogermanes 113 énd 116

Before functionalising the triorganogermanes further, we tested whether 113 and 116
were able to induce radical reactions. In order to compare the obtained results, only

precursors previously employed in radical reactions promoted by TBGH were
included in this study.

When reacting 1-iodo-2-[(3-phenylprop-2-enyl)oxylbenzene 34 with germane 113, a
rather surprisingly high yield of 3-benzyl-2,3-dihydrobenzofuran 36 was detected by
'H-NMR spectroscopy {(Scheme 86). Obviously, the yield (22 %) is not as high as
when the reaction was performed using TBTH as radical mediator (up to 92 %) but is
still surprising since TBGH was unable to form 36 because of low reducing power
towards the very stable benzylic radical formed by cyclisation. Only when PhSH was
added as a “polarity transfer catalyst”, the cyclic product 36 was formed in the
presence of TBGH. The result in Scheme 86 indicates that the new triorganogermane
113 exhibits better hydrogen donor ability than TBGH, a factor that may be crucial for
other radical reactions. We believe that this effect is largely steric, ie. two methy!
groups are smaller than two butyl groups.

Scheme 86. Radical cyclisation of aromatic precursor 34,

Oy O}

34 Fh 36 Ph

Reagents and conditions: (i) 113 (1.2 eq.), ACCN, toluene, reflux, 5.5 h, 36 (22 % by 'H-NMR
spectroscopy}.

Similarly promising results were obtained when triorganogermanes 113 and 116 were
employed in the radical cyclisation of amide precursors (Table 44). When the chloro
amide 45 was treated with the germane 113, the cyclic product 1-(4-methoxybenzyl)-
4-methyl-pyrrolidin-2-one 42 was isolated in 47 % yield (entry 1, Table 44) along
with unreacted 45 (18 %) and a small amount of reduced product N-allyl-N-(4-
methoxybenzyl)acetamide 43. An identical yield of 42 was obtained when employing
germane 116 (entry 2, Table 44) and comparing these results with those detected
when employing TBGH (section 2.3 and entry 5, Table 44) reveals that 113 and 116
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are at least as efficient radical mediators as TBGH in reactions of this type. The yields
of cyclic product 42 are in all cases similar, but the reduced product 43 is formed to a
lesser extent when employing 113 or 116. These results, combined with the result in
Scheme 86, places the hydrogen donor abilities of 113 and 116 between those of
TBGH and TBTH. Due to this conclusion, the result in entry 3 (Table 44) was rather
confusing. When reacting bromo amide 46 with a catalytic amount of 116 in the
presence of NaBHy, cyclic product 42 was only obtained in 18 % yield with the major
product being reduced product 43. However, repetition of the reaction in the absence
of 116 revealed that a simple reduction of 45 by NaBH; occurred, producing 43 in
similar yield.

Table 44. Radical cyclisation of amide precursors 45 and 46.

NS LSS

N

: "OMe : ‘OMe : OMe
X =Ck 45 42 43
X =Br: 46

Entry X Radical mediator Reaction conditions  Product(s)
ACCN, PhCH3, 42 (47 %)

1 Cl 113(12eq)

reflux, 8 h 43 (n.d.)?
ACCN, PhCHs,, 42 (47 %)

2 Cl 116 (1.1 eq.)
reflux, 8 h 43 (3 %)

ACCN, NaBHs, 42 (18 %)
PhCH;, reflux, 7h 43 (50 %)
AMBN, CgH», 42 (47 %)

3 Br 116 (0.3 eq.)

4> Cl TBTH(l.5eq)

reflux, 1 h 43 (23 %)
b AMBN, C¢Hyo, 42 (48 %)

5 Cl TBGH(1.5¢eq.)
reflux, 12 h 43 (23 %)

% d. = not determined. "Data from Table 30.

In section 2.4, radical cyclisation of 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-
carbaldehyde 49 mediated by TBGH was found to be a sluggish reaction, only forming
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3-methyl-5,6,7,8-tetrahydro-imidazo[1,5-a]pyridine-1-carbaldechyde 54 in very low
yields (up to 21 %). Repeating the reaction in the presence of 113 produced 54 in a
slightly better yield (Scheme 87). |

Scheme 87. Radical cyclisation of imidazole precursor 49.
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Reagents and conditions: 113 (1.1 eq.), ACCN, toluene, reflux, 4 h, 54 (25 %).

As concluded in section 2.4, optimisation of the reaction conditions could be
beneficial in germane-induced reactions but is difficult as long as the mechanism has

not been fully elucidated.

As the last radical cyclisation tested with triorganogermane 113, 3-nitro-3-methyl-4-
phenyl-4-(prop-2-ynyloxo)butyl cyanide 79 represented the group of alkyl precursors.
When reacting 79 with 113 in refluxing acetonitrile, 3-(3-methyl-4-methylene-2-
phenyl-tetrahydrofuran-3-yl)propionitrile 80 as a mixture of diastereoisomers was
detected in low yield by the use of internal standard in 'H-NMR spectroscopy
(Scheme 88).

Scheme 88. Radical cyclisation of nitro precursor 79.
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N"'\/j?” JH {) j
Ph 20
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Reagents and conditions: 113 (1.2 eq.), AIBN, CH,CN, reflux, 5 h, 80 (10 %) and 79 (44 %).

It is unclqar why the until now very promising radical mediator 113 fails to generate
cyclic product 80 to a greater extent. The germane 113 has proven to be a good
hydrogen donor why insufficiently reduction of the cyclic methylene radical, hence in-
continuous radical chain propagation, is unlikely to be the cause of failure, Other,

unidentified, products were present in the crude reaction mixture and it is possible that




additional radical processes are taking place, competing with the desired pathway. It is
possible for hydrogermylation of the cyclic product 80 to occur, but products arising
from this competing reaction has not been observed in any radical reaction with 3-
nitro-3-methyl-4-phenyl-4-(prop-2-ynyloxo)butyl cyanide 79, hence this theory can
not be confirmed. Either way, both TBGH and TBTH were more efficient reagents in
the cyclisation of 79.

TBGH has been shown to promote radical deoxygenations in high yields (section
2.7.2) and because of the proven ability to induce radical reactions, 113 and 116 were
expected to at least mimic the good reactivity of TBGH in reactions of this type. This
expectation was fully met when reacting 1,2:5,6-di-O-isopropylidine-3-O-thio-
carbonylimidazole-a-D-glucofuranose 100 with triorganogermanes 113 and 116
(Table 45). Both mediators afforded 3-deoxy-1,2:5,6-di-O-isopropylidine-a-D-
glucofuranose 102 in near quantitative yields, hence proving more efficient than
TBGH and, more significantly, TBTH. The reaction promoted by 116 proved slightly

slower though, and reflux for 8 h was needed for the reaction to be complete.

Table 45. Radical deoxygenation of thiocarbonyl-imidazolide 100,

0 ><g
NC_/\N - b
T8¢ B
100 102

Entry  Radical mediator Reaction conditions Product

i 113 (3.0 eq.) ACCN PhCHs, 12 04 %
U eq.
9 reflux, 2 h ©4%)
ACCN. PhCH,,
2 116 (3.0 eq.) 102 91 %)
reflux, 8 h

Conclusion of section 2.8.2

The results obtained by triorganogermane 113 were all but one very promising
regarding the ability to induce radical reactions of various types of precursors.

Moreover, the reactivity of this new triorganogermanium hydride did not seem to be
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significantly decreased by increasing the steric bulk as seen by the reactions promoted
by benzylated derivative 116. Therefore, attention was drawn to the solid supported
analogues.

2.8.3 Synthesis of solid supported, Ge-based radical mediators

Two different resins were used in this investigation, Merrifield peptide resin and
Quadragel™, both with a polystyrene backbone. Merrifield peptide resin was chosen
partly because of the availability of resins with different loadings which was assumed
to be beneficial, considering the cost of germanium, and partly because the beads were
expected to be less likely to break during reaction. Quadragel™ is a polystyrene
backbone attached to tetracthyleneglycol and the reason for choosing Quadragel™
was of more practical character, since the side chains make the resin gel-like allowing
NMR spectroscopy by traditional methods, hence facilitating ease in the

characterisation of the functionalised resin.

In the benzylation of germane 113, modification of the hydroxy group was carried out
by simple deprotonation by treatment with NaH followed by addition of BnBr. By
applying the same approach, 4-(2-chlorodimethylgermylethyl)phenyl ether resin 117
and 4-(2-dimethylgermylethyl)pheny! ether resin 118 were produced from the
Merrifield peptide resin (Scheme 89).

Scheme 89. Synthesis of functionalised resins 117 and 118.

GeMe,Cl

O/\ 117

0]
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| i GeMe,H

\ /@/\/
O/\o 118

Reagents and conditions: (i) 112 (5.0 eq.), NaH (7.5 eq.), THF, ambient temperature, 114 h, 117 (1.02
mmol GeCl/g, 27 %). (ii) 113 (5.0 eq.), NaH (7.2 eq.), THF, reflux, 17 h, 118 (1.04 mmot GeCl/g, 27
%).

O/\c

Merrifield's peptide resin,
loading: 3.8 mmol Cifg

Proof of the incorporation of the germaium moeity onto the resin was obtained by IR

spectroscopy and the loadings of the functionalised resins 117 and 118 (1.02 mmol
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and 1.04 mmol Ge/g, respectively) were established by mass difference. This is not a
very accurate method, but elemental analysis as a mean of determination would be
fruitless with these compounds due to the absence of heteroatoms. Instead, we
attempted to cleave the germanium moiety from the resin by treatment of 118 with

TFA, but unfortunately no cleaved product was observed by this method.

A suitable leaving group was needed on Quadragel™ in order to functionalise this
resin by nucleophilic displacement. Mesylation of Quadragel™ afforded 119, which
upon treatment with the phenoxide of 113 gave 4-(2-dimethylgermylethyl)phenyl
ether resin 120 in quantitative yield (Scheme 90).

Scheme 90. Synthesis of functionalised resin 120.
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Quadragei™,
loading 2.1 mmol OH/g

. GeMe,H
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4
119 o 0\(/\0 A 120

Reagents and conditions: (i) MsCl (5.0 eq.), pyridine, ambient temperature, 2 h, 119 (2.1 mmol Ms/g,
100 %). (ii) 113 (2.0 ¢q.), NaH (2.0 eq.) and KI (2.0 eq.), DMF, 60 °C, 24 h, 120 (2.1 mmol GeH/g, 100
%).

The main reason for the synthesis of the chlorogermyl resin 117 was that the ease of
reduction could be investigated. Catalytic use and/or regeneration of the solid
supported reagents would be ideal but even a large excess of NaBH, failed to reduce
117 to 118 (Scheme 91), hence the optimum reduction conditions could not be
established.

Scheme 91. Attempted reduction of chlorogermyl resin 117.

GeMe,Cl GeMezH

U
118

: Merrifield resin

Reagents and conditions: NaBH, (11.0 eq.), THF/MeOH, ambient temperature, 135 h.
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Due to failure in reduction of these solid supported triorganogermanium compounds,
none of the radical reactions in the following section were performed using catalytic
amounts of the radical reagent and the possibility of repeated use of regenerated

reagent was not investigated.

2.8.4 Radical reactions employing resin bound, Ge-based mediators

Radical cyclisation of 2-iodo-1-{prop-2-enyloxy)benzene 37 was discussed in section
2.2 and was found to proceed well in the presence of TBGH. When the reaction was
promoted by 120, optimisation of reaction conditions by trial and error eventually
resulted in the formation of cyclic product 3-methyl-2,3-dihydrobenzofuran 39 (Table
46).

Table 46. Radical cyclisation of aromatic precursor 37.

SqEse

37 39

Entry  Radical mediator ~Reaction conditions Product

AIBN, PhCH;,

1 120 (3.0 eq. 37 (n.d.)°
(3.0eq.) 85°C, 41 (nd.)
AIBN, PhCH;, ]
2 120 (3.5 eq.) 39 (26 %)
95.110°C,20 h
AIBN, PhCH;,
3 120 3.6 eq.) 39 (78 %)
reflux, 16 h

*n.d. = not determined. "Yield determined by the use of an internal standard in "H-NMR spectroscopy.

Initially, one of the major concerns was to prevent the relatively sensitive resin beads
from breaking. It was assumed to be the case if the reaction mixture was stirred by
conventional methods. By rotating the reaction mixture, the beads should remain intact
but it was difficult to ensure a sufficiently high reaction temperature for the radical
reaction to proceed. By rotating at 85 °C only unreacted 37 was observed by 'H-NMR
spectroscopy of the filtrate (entry 1, Table 46), whereas increasing the temperature
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slightly enabled the formation of cyclic product 39 in moderate yield (entry 2, Table
46). Only when risking breaking the resin beads by refluxing the mixture with very
gentle magnetic stirring was 39 formed in good isolated yield (entry 3, Table 46). The
yield is not quite as impressive as the yield obtained with TBGH (91 %) but it is
probable that the solid supported synthesis of 39 could be optimised even further,

hence improving the yield of this reaction.

Farlier in this section, triorganogermanes 113 and 116 were found to be highly
efficient as radical mediators in the cyclisation of amide precursors. When the reaction
with the amide 46 was repeated in the presence of solid supported germanium reagents
118 and 120, these reagents also proved their ability to promote radical cyclisation.
Reaction of N-allyl-2-bromo-N-(4-methoxybenzyl)acetamide 46 with 118 or 120
afforded cyclic product 42 in moderate to good yields (Table 47).

Table 47. Radical cyclisation of bromo amide 46.

Brj\ f g J\—f éL f
o~ "N N + 07N
: ‘OMe : OMe : OMe
46 42 43

Entry  Radical mediator Reaction conditions Product

i 118 (0.5 eq.) ACCN PRCH:, = ) o %y
2 €q.
1 reflux, 9 h ©0%)
ACCN, PhCH,,
2 118 (0.5 eq.) 42 (35 %)*
reflux, 24 h
3 120 (2.5 eq.) AIBN, PhCH;, 46 (n.dY’
2 eq. n.a.
1 85°C,17h (nd)
AIBN, PhCH;,
4 120 (2.6 eq.) 42 (57 %)°
reflux, 19h

*Yields calculated with respect to 118. "n.d. = not determined. °Yield determined by the use of an
internal standard '"H-NMR spectroscopy.
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Due to incorrect calculations, the reactions promoted by the germane linked to the
Merrifield resin 118 were performed employing only 0.5 eq. of the solid supported
reagent, hence the yields in entries 1 and 2 (Table 47) are calenlated with respect to
the amount of resin employed. With this in mind, the isolated yields are reasonable.
However, the need for optimisation of these reaction conditions is apparent. In both
reactions were large amounts of unreacted starting material 46 recovered and also the
reduced product 43 was observed in small amounts. In the reactions promoted by the
Quadragel-based mediator, reflux of the reaction mixture was again crucial for the

radical process to proceed (entries 3 and 4, Table 47).

The radical cyclisations of alkyl precursors were not as successful as expected when
promoted by triorganogermanes and it was therefore no great surprise that resin bound
germane 120 failed to produce any cyclic products in reaction with 3-nitro-3-methyl-
4-phenyl-4-(prop-2-ynyloxo)butyl cyanide 79 and 3-[(2-bromoethyl)oxy]-prop-2-enyl-
benzene 81 (Scheme 92). In both reactions, only unreacted starting materials were
detected by "H-NMR spectroscopy of the crude reaction mixture, It is possible though,
that increasing the reaction temperature in the reaction of 81, could have improved the

outcome of the reaction.

Scheme 92.Attempted radical cyclisation of alkyl precursors 79 and §1.
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Reagents and conditions: (i} 120 (2.6 eq.), AIBN, toluene, reflux, 16 h. (ii) 120 (3.1 eq.), PhSH (0.1
eq.), ACCN, tofuene, 90 °C 16 h,

The last radical cyclisation reactions performed with solid supported germanium
reagents were with vinylic precursor, 2-allyl-2-(2-bromoally)malonic acid dimethyl
ester 84. When this reaction was performed utilising TBTH, 85 and 86 were obtained
as a 2:1 mixture in 88 % combined yield. By adding PhSH as a hydrogen donor, the
corresponding TBGH-mediated reaction afforded 85 and 86 as a 6.6:1 mixture in a

combined 38 % yield, whereas the reaction in the absence of PhSH gave a poor 15 %
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combined yield with the product ratio being roughly 3:1 in favour of 85 (section 2.6).
With 4-(2-dimethylgermylethyl)phenol 113, being a better hydrogen donor than
TBGH, it was hoped that the resin bound analogue would increase the combined yield
of cyclic products and maybe have an effect on the product distribution. As is evident
from Table 48, this was partly the case. Treatment of 84 with 120 in the absence of
PhSH gave a moderate yield of products in a 1.4:1 mixture in favour of 85 (entry 1,
Table 48). This was quite surprising since this result indicates that 120 is actually a
poorer hydrogen donor than TBGH, hence contradicting the results obtained with the
free 4-(2-dimethylgermylethyl)phenol 113 in the radical cyclisation of aromatic
precursor 34 earlier in this section. In contrast to the reaction promoted by TBGH in
the presence of PhSH, the combined use of PhSH and 120 gave the S-membered
product 85 as the sole product in moderate yield (entry 2, Table 48). Hence in this
case completely trapping of the 5-membered cyclic radical prior to rearrangement was
accomplished by PhSH. In both reactions are the combined yields of cyclic product(s)
and unreacted starting material 84 quite low. It is possible that this is a consequence of
hydrogermylation as seen in the solution phase reactions with precursor 84. The
products arising from hydrogermylation will remain resin bound, hence will not
appear as products in the crude reaction mixtures after filtration, Unfortunately, IR
spectroscopy of the resin after reaction did not reveal further information on this

matter.

Table 48, Radical cyclisation of malonate derivative 84.

Me(}%:z’“e Meozc COgMe MBOZC COQMS

Entry  Radical mediator Reaction conditions Product(s)*
AIBN, PhCH;, 85 (19 %)°
1 120 (4.0 eq.)
reflux, 19 h 86 (14 %)
AIBN, PhSH (0.1 eq.),
2 120 (4.0 eq.) 85 (30 %)
PhCH;, reflux, 4 h

*Yields determined by the use of an internal standard in 'H-NMR spectroscopy. *Unreacted 84 (25 %).
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As far as radical deoxygenations are concerned, germanium based mediators have
proven to be superior to their tin based analogues, as seen in the reactions promoted by
TBGH, 4-(2-dimethylgermylethyl)phenol 113 and 4-(2-dimethylgenhylethyl)phenyl
benzyl ether 116. As the final radical investigation with the solid supported
germanium reagents, deoxygenations of the glucose derivative 100 and the cholesteryl
derivative 101 were reacted with the resin bound mediators 118 and 120, respectively
(Scheme 93). The radical deoxygenation of imidazole precursor 100 was performed
employing only 1.3 eq. of 118, but still the fully reduced product 102 was isolated in
36 % yield. This is a noticeably lower yield than previously obtained in reactions
mediated by germanium-based reagents, but it is reasonable to believe that the yield
could be much improved by employing a larger excess of the radical reagent. The
radical deoxygenation of cholesteryl derivative 101 on the other hand, afforded the
highest yield of the fully reduced product 104 seen in the investigation of this
precursor. It was rewarding to note that no other products were formed in either of
these reactions, hence even if the hydrogen donor ability of the resin bound germanes
is higher than that of TBGH, hydrogen donation to initially formed radicals does not

compete with the desired S-scission.

Scheme 93. Radical deoxygenations employing solid supported Ge-reagents.
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Reagents and conditions: (i) 118 (1.3 eq.), ACCN, toluene, reflux, 7 h, 102 (36 %). (i) 120 (4.4 eq.),
ACCN, toluene, reflux, 17 h, 104 (68 %).

Conclusion of section 2.8

The preliminary studies of a solid supported approach to germanium hydride induced
radical chemistry have proven quite successful. Employing TBGH in the radical
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cyclisation of resin bound radical precursors produced the corresponding polycyclic
product in high yield. Due to the mechanism of this process, unreacted starting
material and any reduced product will remain bound to the resin whilst the cyclic
product will be in solution. This means that separation of the product from germanium
residues is still needed but due to relatively stability of germanium product, this is

normally not a great problem.

Employing a recently published reaction sequence, a new germanium-based radical
mediator was synthesised and tested in radical reactions. The mediator was found to be
highly effective in radical reactions and especially in radical deoxygenations where it
was superior to both TBTH and TBGH. The good reactivity observed can possibly be
explained by a greater hydrogen donor ability compared to TBGH, hence chain
propagation is more efficient. Attachment of this mediator to resins was easily
achieved by nucleophilic displacement and the resulting solid supported reagents were
shown to display good reactivity in radical reactions. Virtually all of the reactions
tested gave moderate to good yields of the desired products and it is believed that

optimisation of reaction conditions will improve these yields significantly.

2.9 Conclusion

The use of triorganogermanium compounds as mediators of radical reactions has been
shown to exhibit both advantages and certain disadvantages in comparison with the
widely used radical mediator, TBTH (tributyltin hydride).

Reactions promoted by triorganogermanium compounds have proven to be slower
processes as predicted from the kinetic data available. The slower reaction is due to
the stronger Ge-H bond when compared to the Sn-H bond, hence inefficient chain
propagation is often observed. We have shown in one example that this problem can
be overcome by the addition of a “polarity reversal catalyst” and further investigation
of this method of enhancing the reactivity of triorganogermanium compounds could be

very beneficial.

The stability of TBGH (tributylgermanium hydride) is significantly greater than the
stability of TBTH, a fact that balances the extra cost associated with the use of
germanium-centred radical mediators. The enhanced stability also eases the
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purification of crude reaction mixtures. In reactions with triorganctin compounds,

column chromatography is often troublesome due to decomposition of tin by-products
on the column. These “streaking” problems are very rarely experienced in purification

of reactions promoted by triorganogermanium compounds.

The stronger Ge-H bond as compared to the corresponding Sn-H bond, and hence
lower hydrogen-donor ability has been shown to be of value inl certain radical
reactions. In some radical cyclisation reactions, higher ratios of cyclic to reduced
products have been obtained. This is due to the bimolecular hydrogen abstraction from
R3GeH being less favourable than the intramolecular radical cyclisation.
Triorganogermanium hydrides have been found to be superior to TBTH in radical
deoxygenations where products arising from premature hydrogen donation are often

observed in tin-mediated reactions.

The investigation of the use of solid supported germanjum reagents has only been
preliminary but the results have been encouraging. A new germanium based radical
mediator has been developed which has shown good reactivity as a radical mediator.
When this reagent was attached onto a resin, reasonable results were obtained.
However, reaction conditions have to be optimised and a more broad variety of radical
precursors must be tested in the investigation for this approach to radical chemistry to
be of common use. Development of new solid supported reagents as well as catalytic

use of these are other examples of studies which could be of great interest.

The studies leading to this thesis was the initial investigation of the possibility of
triorganogermanium compounds to be alternatives to the corresponding tin based
reagents. Along with the areas already mentioned, optimising of existing methods of
synthesising the germanium compounds and development of new germanium based
radical mediators would be needed in order for “the throne of tin” to be under any

serious threat.
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Chapter 3. Experimentals

3.1 General experimentals

IR spectra were determined using a Perkin Elmer FT-IR Paragon 1000 spectrometer as
thin films unless otherwise stated. Wave numbers of selected peaks are given in cm™.
"H NMR spectra were measured using a Bruker AC 250 spectrometer or a Bruker
DPX 400 MHz spectrometer. J values are given in Hz. BC NMR spectra were
measured using a Bruker DPX 400 MHz spectrometer at 100.6 MHz unless otherwise
stated. NMR spectra were recorded using tetramethylsilane (TMS) as the internal
reference in CDCI; unless otherwise stated. Mass spectra were recorded using a Kratos
MS 80 instrument. The GC-MS used was the Fisons GC 8000 series (AS 800). When
reporting MS or GC-MS of germanium compounds, only the strongest peaks
corresponding to the major isotope of Ge is recorded. Elemental analysis was carried
out on a Perkin Elmer 2400 CHN Elemental Analyser. Melting points were measured

using an Electrothermal 9100 melting point machine, and are uncorrected.

TLC using silica gel as the absorbent was catried out with aluminium backed plates
with silica gel (Merck Kiesel 60 Fs4) and TLC using alumina as the absorbent was
carried out with aluminium backed plates coated with aluminium oxide (Merck 15,
type T). Column chromatography was carried out using silica gel unless otherwise
stated with Merck Kiesel 60 H silica. Column chromatography using alumina was
carried out with Aldrich atuminium oxide (Merck 60 PFas4, type E).

All of the alkylation and radical reactions were carried out using dry glassware and
under an atmosphere of nitrogen. Anhydrous acetonitrile, THF, toluene and
cyclohexane were obtained commercially and were used as obtained. Sodium hydride

was obtained as 60 % dispersion in mineral oil.

Light petroleum refers to the fraction, bp 40-60 °C. Light peﬁoleum and EtOAc were
distilled from calcium chloride, dichloromethane (DCM) and toluene were distilled
from calcium hydride. Analytical grade diethyl ether and acetone were obtained

commercially.
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3.2 Experiméntals for Chapter 2.1

Tetraphenylgermanium

GeCly, ——= PhyGe

Method A:™!

Bromobenzene (15.7 g, 100 mmol) was added dropwise to a mixture of magnesium
(2.43 g, 100 mmol) and iodine (one crystal) in anhydrous diethyl ether (50 cm’) until
reaction started. The remaining bromobenzene was added at such rate as to maintain
gentle reflux. After the addition was complete, the mixture was refluxed for another
hour. After cooling to room temperature, a solution of tetrachlorogermane (2.14 g, 10
mmol) in anhydrous toluene (25 cm’®) was added and the diethyl ether immediately
replaced by toluene through distillation. The mixture was refluxed for two more hours
and the excess phenylmagnesium bromide destroyed by addition of 1 M aqueous
hydrochloric acid. The mixture was then heated, filtered and the toluene layer
separated while still hot. The toluene solution was cooled, giving a creamy white solid,
which was recrystallised from toluene to give tetraphenylgermanium as colourless
needles (2.28 g, 64 %); mp: 235-236 °C (lit.”' 235.7 °C); (Found: C, 75.52; H, 5.19,
Ca4H0Ge requires C, 75.66; H, 5.29); Vmax (KBr)/cm'l 1428, 1089, 741, 736 and 698;
Sy 7.33-7.44 (12 H, m, Ph) and 7.49-7.54 (8 H, m, Ph); 8¢ 128.28, 129.12 and 135.42;
m/z 382 (M, 1 %), 305 (53), 228 (85), 151 (100) and 77 (62).

Method B:*

Phenyllithium (1.8 M solution in hexane, 11.5 cm’, 20.70 mmo}) was added dropwise
to a solution of tetrachlorogermane (1.00 g, 4.66 mmol) in anhydrous toluene (4 cm”)
at 0 °C and the resulting milky white mixture was stirred for 3.5 h at ambient
temperature. The mixture was poured into water and extracted with EtOAc. The
combined organic layers were dried (MgSOy) and evaporated to dryness to give a pale
yellow solid, which was recrystallised from toluene to give tetraphenylgermanium as
colourless needles (0.57 g, 1.50 mmol, 32 %).



Triphenylgermanium bromide™

Ph,Ge -—— PhyGeBr

Bromine (0.62 g, 3.89 mmol) was added dropwise to a refluxing solution of
tetraphenylgermane (1.00 g, 2.62 mmol) in chlorobenzene (7 cm®) and the mixture
was refluxed for 45 min. The solvent and unreacted bromine were removed by
concentration of the mixture in vacuo to give a orange semi-solid, which was
recrystallised from methanol to give friphenylgermanium bromide as small colourless
crystals (0.31 g, 31 %); mp: 136-137 °C (lit.”> 138 °C); Vmax (KBr)/em™ 3059, 1483,
1433, 1090, 735 and 691; &y 7.43-7.48 (9 H, m, Ph) and 7.61-7.65 (6 H, m, Ph); &c
128.62, 130.45, 134.23 and 134.66; m/z 384 (M, 1 %), 305 (70), 226 (8), 151 (65), 77
(82) and 51 (100).

Triphenylgermaninm l:lyéh'ides3
PhyGeBr ——= PhsGeH

Sodium borohydride (0.044 g, 1.17 mmol) was added to a solution of
triphenylgermanium bromide (0.030 g, 0.078 mmol) in anhydrous +~BuOH (10 cm3)
and the mixture was refluxed for 30 min. The mixture was poured into water and
extracted with diethyl ether. The organic layer was washed with water, dried (MgSOy)
and evaporated to dryness to give triphenylgermanium hydride as an white solid
(0.021 g, 0.069 mmol, 88 %); mp 40-41 °C (1it.>* 41 °C); 84 5.73 (1 H, s, GeH) and
7.15-7.72 (15 H, m, Ph); 8¢ 127.36, 131.02, 134.59 and 135.98; m/z 306 (M", 100 %),
228 (33) and 151 (19).

Tributylgermanium hydride and tc:trahutylgernmnivum54

GeCly —~——= BuyGeH + Bu,Ge

Tetrachlorogermanium (8.75 g, 40.8 mmol} and butylmagnesium chloride (2 M
solution in diethy! ether, 100 cm®) were successively added dropwise to a solution of
Cp,TiCl (0.76 g, 3.1 mmol) in freshly distilled diethy] ether (200 em®) at =78 °C over

45 min. The mixture was allowed to warm up to room temperature over 45 min during
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which period a colour change from milky red to milky green was observed and
thereafter refluxed for 15 h. After cooling to 0 °C, aqueous hydrochloric acid (2 M,
100 cm®) was added over 1 h and a colour change to red was observed. The organic
* layer was separated and the aqueous phase was extracted with diethyl ether. The
combined organic layer was dried (MgSOy4) and evaporated to dryness to give a
residue which was filtered through celite to remove a red solid. Distillation under
reduced pressure gave two products; TBGH (5.25 g, 21.5 mmol, 53 %) and Bu,Ge
(4.30 g, 14.3 mmol, 35 %) as colourless liquids.> TBGH: vy /om™ 2957, 2927, 2870,
2853, 2006 and 1460; 8y 0.82-0.92 (15 H, m, 1, 4-H), 1.34-1.43 (12 H, m, 2, 3-H) and
3.68 (1 H, sep, J2.8, GeH); 8¢ 11.92 (3-C), 13.80 (4-C), 26.19 (2-C) and 28.75 (1-C);
m/z 245 (23 %), 217 (21), 189 (23), 161 (100), 133 (47) and 105 (41). BusGe: vimax
fem™ 2956, 2922, 2870, 2853 and 1460, 8y 0.69-0.72 (8 H, m, 1-H), 0.86-0.94 (12 H,
m, 4-H) and 1.31-1.44 (16 H, m, 2, 3-H); 8¢ 12.52 (3-C), 13.80 (4-C), 26.70 (2-C) and
27.56 (1-C).

3.3 Experimentals for Chapter 2.2

3.3.1 Synthesis of aromatic precursors

1-Bromo-2-[(3-phenylprop-2-enyl)oxy]benzene 33%
Cl — CC

Br Br\%

U

A mixture of 2-bromophenol (1.00 g, 5.78 mmol), cinnamyl bromide (1.14 g, 5.78
mmol), potassium carbonate (0.80 g, 5.79 mmol) in acetone (4 cm’) was refluxed for
17 h. The mixture was then poured into water and extracted with diethyl ether. The
combined organic layers were washed with aqueous NaOH solution and with aqueous
NaCl solution, dried (MgS0O4) and evaporated to dryness to give a yellow oil, which
was purified by column chromatography (light petroleum:DCM; 7:1} to give 1-bromo-
2-[(3-phenylprop-2-enyl)oxy]benzene 33 as a colourless oil (1.35 g, 4.65 mmol, 81
%); (Found: 288.0155, CisH;3BrO requires: 288.0150); vma (DCM)cm™ 3059,
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3025, 1585, 1573, 1478, 1442, 1277, 1244, 1030, 965, 745 and 692; 8y 4.76 (2 H, dd,
J 5.6, 1.5, 1-H), 6.41 (1 H, dt, J 16.0, 5.6, 2-H) 6.78 (1 H, dd, J 16.0, 1.5, 3-H), 6.81-
6.96 (2 H, m, Ph), 7.15-7.45 (6 H, m, Ph) and 7.55 (1 H, dd, J 7.9, 1.6, Ph); ¢ 69.8 (1-
C), 112.5 (Ar 1-C), 114.0 (Ar 3-C), 122.1 (Ar 5-C), 124.0 (2-C), 126.7 (Ph 2,6-C),
128.0 (Ph 4-C), 128.4 (3-C), 128.6 (Ph 3,5-C), 133.1 (Ar 4-C), 133.5 (Ar 6-C), 136.4
(Ph 1-C) and 155.0 (Ar 2-C); m/z 290 (M", C1sH1:*'BrO, 3 %), 288 (M, C1sHp3BrO,
3 %), 145 (6), 143 (6), 117 (100), 115 (76), 91 (41), 86 (26), 84 (40), 77 (11), 63 (7)
and 49 (44).

1-Iodo-2[(3-phenylprop-2-enyl)oxy]benzene 34

o0 — O,

34 Ph

A mixture of cinnamyl bromide (4.48 g, 22.7 mmol), iodophenol (5.0 g, 22.7 mmol)
and potassium carbonate (3.14 g, 22.7 mmol) in acetone (16 cm3) was refluxed for 17
h, and thereafter cooled to room temperature. The mixture was poured into water and
extracted with diethyl ether. The combined organic layers were washed with aqueous
NaOH solution and with aqueous NaCl solution, dried (MgS0Qy) and evaporated to
dryness to give a yellow oil, which was purified by column chromatography (light
petroleum:DCM; 8:1) to give 1-iodo-2[(3-phenylprop-2-enyloxylbenzene 34 as a
white solid (5.35 g, 15.91 mmol, 70 %) which melts at room temperature; (Found:
336.0012, CisHy3I0 requires: 336.0011); v (DCMYem™ 3058, 3023, 1586, 1571,
1476, 1442, 1276, 1245, 1031, 966, 745 and 692; 6y 4.77 (2 H, dd, J 5.4, 1.6, 1-H),
6.41 (1 H, dt, J16.0, 5.4, 2-H) 6.72 (1 H, dt, J 7.8, 1.6, Ph), 6.82 (1 H, d, J 16.0, 3-H),
6.87 (1 H, dd, J 8.3, 1.4, Ph), 7.24-7.44 (6 H, m, Ph) and 7.79 (1 H, dd, /7.8, 1.6, Ph);
8¢ 70.16 (1-C), 87.3 (Ar 1-C), 113.2 (Ar 3-C), 123.2 (Ar 5-C), 124.4 (2-C), 127.0 (Ph
2,6-C), 128.3 (3-C), 129.0 (Ph 3,5-C), 129.9 (Ph 4-C), 133.3 (Ar 4-C), 136.9 (Ph 1-C),
140.0 (Ar 6-C) and 157.7 (Ar 2-C); m/z 336 (15 %), 253 (5), 219 (10), 191 (10), 117
(100), 115 (100), 91 (55) and 64 (20).
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(3-Phenylprop-2-enyl)oxy-benzene 35%
: OH o)
: H
35 h

A mixture of phenol (0.49 g, 5.15 mmol), cinnamyl bromide (1.05 g, 5.31 mmol),
potassium carbonate (0.73 g, 5.31 mmol) in acetone (5 cm’) was refluxed for 17 h.
The mixture was then poured into water and extracted with diethyl ether. The
combined organic layers were washed with aqueous NaOH solution and with saturated
aqueous NaCl solution, dried (MgSOjy) and evaporated to dryness to give a yellow oil,
which was purified by column chromatography (light petroleum:DCM; 7:1) to give 2-
[(3-phenylprop-2-enyl)oxy]benzene 35 as a white solid (0.225 g, 1.07 mmol, 21 %);
mp 66-67 °C (Lit.*® 65-66 °C); &; 4.70 2 H, dd, J 5.7, 1.4, 1-H), 6.42 (1 H, dt, J 16.0,
5.7,2-H), 6.73 (1 H, d, J 16.0, 3-H), 6.84-6.99 (3 H, m, Ph) and 7.07-7.42 (7 H, m,
Ph); 8¢ 68.6 (1-C), 114.8 (Ar 2,6-C), 120.9 (Ar 4-C), 124.5 (3-C), 126.0 (2-C), 126.6
(Ph 2,6-C), 127.8 (Ph 4-C), 128.6 (Ph 3,5-C), 129.5 (Ar 3,5-C), 133.0 (Ph 1-C) and
158.6 (Ar 1-C), m/z 210 (M", 8 %), 165 (10), 115 (48), 103 (27), 91 (46), 78 (85), 77
(86), 65 (65), 63 (44), 51 (64) and 39 (100).

2-Tedo-1-(prop-2-enyloxy)benzene 37
CC — Tl
| | x
37

Allylbromide (1.1 g, 9.1 mmol) was added to a mixture of 2-iodophenyl (2.0 g, 9.1
mmot) and potassium carbonate (1.3 g, 9.1 mmol) in acetone (8 cm®) and the resulting
solution refluxed for 4 h. After cooling to room temperature, water was added to the
mixture and extracted into diethyl ether. The organic layer was washed with aqueous
sodium hydroxide and brine, dried (MgSOy4) and evaporated to dryness to give 2-iodo-
1-(prop-2-enyloxy)benzene 37 as an colourless oil (2.2 g, 8.5 mmol, 93 %), which did
not need further purification; (Found: 259.9698, CoHglO requires 259.9698); Viax /cm’
1 3062, 3016, 2986, 2918, 2863, 1579, 1473, 1441, 1419, 1275, 1247, 1229, 1123,
1048, 1017 and 748; &4 (400 MHz) 4.48 (2 H, bs, 3-H), 5.25 (1 1, d, J 10.8, 1,-H),




5.48 (1 H, d, J17.2, 15-H), 5.98 (1 H, m, 2-H), 6.67 2 H, m, Ar 4,6-H), 7.21 (1 H, m,
Ar 5-H) and 7.73 ( 1H, m, Ar 3-H); 8¢ 70.06 (3-C), 87.25 (Ar 2-C), 112.87 (1-C),
118.05 (Ar 6-C), 123.18 (Ar 4-C), 129.94 (Ar 5-C), 133.07 (2-C), 139.96 (Ar 3-C) and
157.53 (Ar 1-C); m/z 260 (M, 100 %), 220 (21), 191 (20), 133 (44), 119 (13), 105
(59), 92 (49), 77 (18), 63 (43) and 41 (77).

2-Iodo-1-(prop-2-ynyloxy)benzene 38
CL — .
| | ]1
38

Propargylbromide (80 % in toluene, 1.35 g, 9.1 mmol) was added to a solution of 2-
iodophenyl (2.0 g, 9.1 mmol) and potassium carbonate (1.3 g, 9.1 mmol) in acetone (8
¢m’) and the resulting solution refluxed for 5 h. After cooling to room temperature,
water was added to the mixture and extracted into diethyl ether. The organic layer was
washed with aqueous sodium hydroxide and brine, dried (MgSQ,) and evaporated to
dryness to give a yellow oil. Column chromatography (light petroleum: EtOAc; 8:1)
gave 2-iodo-1-(prop-2-ynyloxy)benzene 38 as a colourless oil (2.2 g, 8.5 mmoli, 94
%); (Found: 257.9542, CoH-I0 requires 257.9542); vmax (DCMYem™ 3290, 1581,
1470, 1447, 1372, 1277, 1225, 1050, 1018 and 645; &4 (400 MHz) 2.51 (1 H, bs, 1-H),
4.71 (2 H, bs, 3-H), 6.71 (1 H, bs, Ar 6-H), 6.94 (1 H, bs, Ar 4-H), 7.26 (1 H, bs, Ar 5-
H) and 7.74 (1H, m, Ar 3-H); 8¢ 57.39 (3-C), 76.72 (1-C), 78.57 (2-C), 87.11 (Ar 2-
C), 113.52 (Ar 6-C), 123.94 (Ar 4-C), 129.52 (Ar 5-C), 139.81 (Ar 3-C) and 156.69
(Ar 1-C); m/z 258 (M, 53 %), 219 (17), 191 (21), 131 (100), 103 (40), 92 (53), 77
(26) and 63 (38).
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3.3.2 Radical cyclisation of aromatic precursors

General cyclisation procedure:

The radical mediator [and PhSH (10 %) if employed in reaction] was added dropwise
to a mixture of the radical precursor in anhydrous solvent at room temperature. The
mixture was heated to reflux and the radical initiator was added, followed by refluxing
for the time indicated under each reaction. If the reaction time is more than 3 h,
another small amount of the initiator was added after this period of time. Cooling to
room temperature and evaporation of the mixture to dryness gave in most cases oils

which were purified by column chromatography.

General procedure when using catalytic amounts of the radical mediator:

The radical mediator was added dropwise to a solution of the radical precursor in #-
BuOH at room temperature, followed by addition of sodium borohydride. The mixture
was heated to reflux and AIBN was added, followed by refluxing for the time
indicated under each reaction, during which time AIBN was added every hour. After
cooling to room temperature the mixture was poured into water and extracted with
diethyl ether. The organic layer was washed with water (x 7) to remove ~BuOH, dried
over MgSOy4 and evaporated to dryness.

General procedure when using triethylborane as radical initiator:

The radical mediator and triethylborane (1.0 M solution in THF) was added dropwise
to a solution of the radical precursor in anhydrous solvent at room temperature. If the
use of radical mediator was in a catalytic manner, sodium borohydride was also added
at this stage. The mixture was stirred at room temperature for the time indicated under
each reaction, poured into water and extracted with DCM. The organic layer was dried
(MgS0Oy) and evaporated to dryness.

General procedure when using syringe-pump addition of the radical mediator:

Using syringe-pump technique, the radical mediator in anhydrous solvent was added
to a refluxing mixture of the radical precursor in anhydrous solvent over the period of
time indicated under each reaction. The initiator was added initially and thereafter
every 40 min. Cooling to room temperature and evaporation of the mixture to dryness

gave the crude reaction mixtures.
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Radical cyclisation of 1-bromo-2-[(3-phenylprop-2-enyl)oxyl-benzene 33
CC °
33 h 36 Ph

Following the general procedure when using catalytic amounts of the radical mediater,

Table 27, entry 1:

1-bromo-2-[(3-phenylprop-2-enyl)oxy]-benzene 33 (0.2 g, 0.7 mmol) in +-BuOH (50
cm®) was reacted with tributyltin chloride (22.5 mg, 0.07 mmol) and sodium
borohydride (39.0 mg, 1.0 mmol) for 4 h. The yield of 3-benzyl-2,3-dihydro-
benzofuran 36 (77 %) was determined by 'H-NMR spectroscopy using 1,4-
dinitrobenzene as the internal standard.® Sy 2.80 (1 H, dd, J 13.8 and 8.9, C#;Ph),
3.03 (1 H, dd, J 13.8 and 6.4, CH,Ph) 3.71 (1 H, m, CHCH,Ph), 4.24 (1 H, dd, J 8.9
and 6.0, OCH>), 4.48 (1 H, dd, J 8.9 and 8.9, OCH,), 6.79 (2 H, m, Ar 4,6-C), 6.94 (1
H, d, J 7.8, Ar 5-C), 7.06-7.32 (6 H, m, Ph and Ar 3-H); 8¢ 29.91 (3-C), 39.99 (2-C),
42.37 (1-C), 108.57 (Ar 6-C), 119.25 (Ar 4-C), 123.51 (Ph 4-C), 125.42 (Ar 5-C),
127.22 (Ar 3-C), 127.32 (Ph 2,6-C), 127.52 (Ph 3,5-C}, 129.24 (Ar 2-C), 138.13 (Ph
1-C) and 158.89 (Ar 1-C); m/z 109 (65 %), 108 (54), 81 (40), 79 (33), 53 (39) and 41
(100).

Table 27, entry 2:

Following the general procedure when using catalytic amounts of the radical mediator,
1-bromo-2-~[(3-phenylprop-2-enyljoxy]benzene 33 (0.2 g, 0.7 mmol) in -BuOH (50
om’®) was reacted with triphenylgermanium bromide (27 mg, 0.07 mmol) and sodium
borohydride (39.0 g, 1.0 mmol) for 11 h. The resulting oil was identified by 'H-NMR
spectroscopy as unreacted starting material 33. The amount of recovered 33 was not

determined,

Table 27, entry 3:

Following the general procedure when using catalytic amounts of the radical mediator,
1-bromo-2-[(3-phenylprop-2-enyl)oxy]jbenzene 33 (0.2 g, 0.7 mmol) in #BuOH (50
em®) was reacted with triphenylgermanium hydride (21 mg, 0.07 mmol) and sodium

borohydride (39.0 mg, 1.0 mmol) for 4 h, followed by reflux overnight. The resulting



oil was identified by 'H-NMR spectroscopy as unreacted starting material 33. The

amount of recovered 33 was not determined.

Table 27, entry 4:

Following the general procedure when using triethylborane as radical initiator, 1-
bromo-2-[(3-phenylprop-2-enyljoxy]benzene 33 (0.2 g, 0.7 mmol) in THF (7 cm®)
was reacted with triphenylgermanium bromide (27 mg, 0.07 mmol), sodium
borohydride (52.0 mg, 1.4 mmol) and triethylborane (1.0 M solution, 0.14 ml, 0.14
mmol) for 21 h. The resulting oil was identified by 'H-NMR spectroscopy as
unreacted starting material 33 along with a trace amount of another compound. The

amount of recovered 33 was not determined.

Table 27, entry 5:

Following the general cyclisation procedure, 1-bromo-2-[(3-phenylprop-2-enyl)oxy}-
benzene 33 (0.1 g, 0.3 mmol) in cyclohexane (35 cm®) was reacted with TBTH (0.18
g, 0.6 mmol) and AMBN for 3 h. The yield of 3-benzyl-2,3-dihydro-benzofuran 36
(52 %) was determined by 'H-NMR spectroscopy using 1,4-dinitrobenzene as the
internal standard.

Table 27, entry 6:

Following the general cyclisation procedure, 1-bromo-2-[(3-phenylprop-2-enyl)oxy]-
benzene 33 (0.13 g, 0.4 mmol) in cyclohexane (40 cm®) was reacted with TBGH (0.16
g, 0.7 mmol) and AMBN for 3 h. The yields of 3-benzyl-2,3-dihydro-benzofuran 36 (7
%) and unreacted starting material 33 (83 %) were determined by 'H-NMR
spectroscopy using 1,4-dinitrobenzene as the internal standard.

Radical cyclisation of 1-iodo-2-[(3-phenylprop-2-enyl)oxy]benzene 34

!
[I| S (:E(\
34 Ph 36 Ph
Table 28, entry 1:

Following the general procedure when using catalytic amounts of the radical mediator,
1-iodo-2-[(3~phenylprop-2-enyljoxylbenzene 34 (0.2 g, 0.6 mmol) in +BuOH (50
cm3) was reacted with tributyltin chloride (22.0 mg, 0.06 mmol) and sodium
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borchydride (34.0 mg, 0.9 mmol) for 2 h. The yield of 3-benzyl-2,3-dihydro-
benzofuran 36 (83 %) was determined by 'H-NMR spectroscopy with 1,4-
dinitrobenzene as the internal standard. Column chromatography (light
petraleum:EtOAc; 30:1) gave 3-benzyl-2,3-dihydrobenzofuran 36 as a colourless oil
(0.07 g, 0.35 mmpol, 59 %). The spectral data were as above.

Table 28, entry 2:

Following the general procedure when using catalytic amounts of the radical mediator,
1-iodo-2-[(3-phenylprop-2-enyl)oxylbenzene 34 (0.2 g, 0.6 mmol) in +~BuOH (50
cm’) was reacted with TBGBr (23.0 mg, 0.06 mmol) and sodium borohydride (34 mg,
0.9 mmol) for 28 h. AIBN was added every hour for the first 8 and the last 4 h. The
resulting oil was identified by "H-NMR spectroscopy as unreacted starting material 34.

The amount of recovered 34 was not determined.

Table 28, entry 3:

Following the general cyclisation procedure, 1-iodo-2-[(3-phenylprop-2-enyl)oxy}-
benzene 34 (0.15 g, 0.4 mmol) in cyclohexane (35 em® ) was reacted with TBTH (0.19
. 0.7 mmol) and AMBN for 3 h. The yield of 3-benzyl-2,3-dihydrobenzofuran 36 (92
%) was determined by "H-NMR spectroscopy using 1,4-dinitrobenzene as the internal
standard.

Table 28, entry 4:

Following the general cyclisation procedure, 1-iodo-2-{(3-phenylprop-2-enyl)oxy}-
benzene 34 (0.11 g, 0.3 mmol) in cyclohexane (35 cm’) was reacted with TBGH (0.09
g. 0.4 mmol) and AMBN for 3 h. The yield of recovered starting material 34 (79 %)
was determined by 'H-NMR spectroscopy using 1,4-dinitrobenzene as the internal
standard.

Table 28, entry 5:

Following the general procedure when using syringe-pump addition of the radical
mediator, 1-iodo-2-{(3-phenylprop-2-enyl)oxy]benzene 34 (0.11 g, 0.3 mmol) in
acetonitrile (30 cm’) was reacted with TBTH (0.19 g, 0.7 mmol) in toluene (10 cm®)
and AMBN for 3 h. The yield of 3-benzyl-2,3-dihydrobenzofuran 36 (48 %) was
determined by 'H-NMR spectroscopy using 1,4-dinitrobenzene as the internal
standard.
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Table 28, entry 6:

Following the general procedure when using syringe-pump addition of the radical
mediator, 1-iodo-2-[(3-phenylprop-2-enylDoxy]benzene 34 (0.12 g, 0.4 mmol) in
acetonitrile (30 cm®) was reacted with TBGH (0.09 g, 0.4 mmol) in toluene (10 cm®)
and AMBN for 3 h. The yields of 3-benzyl-2,3-dihydrobenzofuran 36 (4 %) and
unreacted starting material 34 (36 %) were determined by 'H-NMR spectroscopy
using 1,4-dinitrobenzene as the internal standard.

Table 28, entry 7:

Following the general procedure when using triethylborane as radical initiator, 1-iodo-
2-[(3-phenylprop-2-enyl)oxy]benzene 34 (0.1 g, 0.30 mmol) in THF (30 cm®) was
reacted with TBTH (0.17 g, 0.60 mmol) and Et;B (1.0 M in THF, 1.2 mmol) for 3 h.
Column chromatography (light petroleum:DCM; 8:1) gave 3-benzyl-2,3-
dihydrobenzofuran 36 in 64 % yield as determined by the use of 1,4-dinitrobenzene in
'H-NMR spectroscopy.

Table 28, entry 8:

TBGH (47.0 mg, 0.19 mmol) and Et;B (1.0 M in THF, 0.28 mmol) were added
successively and dropwise to a solution of 1-iodo-2-[(3-phenylprop-2-enyl}oxy]-
benzene 34 (50.0 mg, 0.15 mmol) in anhydrous cyclohexane (25 cm®). The mixture
was exposed to air via a needle and stirred for 8 h. TLC showed the presence of
starting material 34 and further TBGH (47.0 mg, 0.19 mmol) and Et;B (1.0 M in THF,
0.28 mmol) were added. After 18 h stirring at ambient temperature, 34 was still
present and yet more TBGH (47.0 mg, 0.19 mmol) and Et:B (1.0 M in THF, 0.28
mmol) were added and the mixture stirred for 8 h. Evaporation of solvent followed by
column chromatography (light petroleum:DCM; 8:1) gave only unreacted 34 (45.0
mg, 0.13 mmol, 90 %).

In the presence of TBGH and PhSH:

Following the general cyclisation procedure, 1-iodo-2-[(3-phenylprop-2-enyl)oxy}-
benzene 34 (0.1 g, 0.4 mmol) in anhydrous cyclohexane (35 ¢m®) was reacted with
TBGH (0.1 g, 0.4 mmol), PhSH (4 mg, 0.04 mmol) and ACCN (0.2 g, 0.4 mmol in
total) for 9 h, Column chromatography (light petroleum:DCM; 10:1 —» 5:1) gave 3-
benzyl-2,3-dihydrobenzofuran 36 (56 mg, 0.27 mmol, 75 %) as an colourless oil.
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Radical cyclisation of 2-iedo-1-(prop-2-enyloxy)benzene 37

LR

Following the general cyclisation procedure, 2-iodo-1-(prop-2-enyloxy)benzene 37
(0.11 g, 0.42 mmol) in toluene (40 cm®) was reacted with TBTH (0.15 g, 0.5 mmol)
and ACCN (0.11 g, 0.45 mmol) for 2 h giving 3-methyl-2,3-dihydrobenzofuran 39
(57.7 mg, 0.43 mmol, 86 %) as a colourless 0il.* &4 1.33 (3 H, d, J 6.9, Me), 3.47-
3.62 (1 H, m, CHMe), 4.07(1 H, dd, J 7.8, 8.8, CHO), 4.68 (1 H, dd, J 8.8, 8.8, CHO),
6.77-6.89 (2 H, m, Ar 4,6-H) and 7.08-7.17 (2 H, m, Ar 3,5-H); 8¢ (62.5 MHz) 20.01
(Me), 37.16 (CHMe), 79.10 (OCH,), 110.09 (Ar 6-C), 121.05 (Ar 4-C), 124.41 (Ar 5-
0), 128.61 (Ar 3-C), 132.87 (Ar 2-C) and 160.29 (Ar 1-C); m/z 134 (84 %), 119 (95)
and 91 (100).

Table 29, entry 1:

Table 29, entry 2:

Following the general cyclisation procedure, 2-iodo-1-(prop-2-enyloxy)benzene 37
(0.11 g, 0.42 mmol) in toluene (40 cm®) was reacted with TBGH (0.12 g, 0.5 mmol)
and ACCN (0.19 g, 0.78 mmol) for 6 h giving a mixture of 3-methyl-2,3-
dihydrobenzofuran 39 and 3-iodomethyl-2,3-dihydrobenzofuran 40. The yields of the
two compounds (22 % and 28 % respectively) were determined by the use of 1,4-
dimethoxybenzene as the internal standard in "H-NMR spectroscopy. 40:% 5y 3.19 (1
H, t, /9.8, CHI), 3.44 (1 H, dd, J 4.4 and 10.0, CHI), 3.77-3.88 (1 H, m, CHCH,I),
432 (1 H, dd, /5.3 and 9.3, CHO), 4.63 (1 H, dd, J 8.6 and 8.6, CHO), 6.78-6.89 (2
H, m, Ar 4,6-H) and 7.10-7.24 (2 H, m, Ar 3,5-H); 8¢ 8.94 (CH,I), 44.84 (CHCHS.I),
77.67 (OCH,), 110.26 (Ar 6-C), 120.68 (Ar 4-C), 124.34 (Ar 5-C), 128.77 (Ar 2-C),
129.36 (Ar 3-C) and 160.19 (Ar 1-C); m/z 260 (M" 44 %), 141 (67), 127 (100) and 91
(35). |

Table 29, entry 3:
Following the general cyclisation procedure, 2-iodo-1-(prop-2-enyloxy)benzene 37
(0.17 g, 0.65 mmol) in toluene (45 cm’) was reacted with TBGH (0.19 g, 0.78 mmol),
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PhSH (7.2 mg, 0.06 mmol) and AIBN (30.0 mg, 0.18 mmol) for 2 h giving 3-methyl-
2,3-dihydro-benzofuran 39 (74.1 mg, 0.55 mmol, 85 %) as a colourless oil.

Table 29, entry 4:

Following the general cyclisation procedure, 2-iodo-1-(prop-2-enyloxy)benzene 37
(96.0 mg, 0.37 mmol) in toluene (38 cm’) was reacted with TBGH (0.11 g, 0.44
mmol) and AIBN (35.0 mg, 0.2 mmol) for 2 h giving 3-methyl—2,3-dihydrobenzoﬁ1raﬁ
39 (45.1 mg, 0.34 mmol, 91 %) as a colourless oil.

Table 29, entry 5:

Following the general procedure when using catalytic amounts of the radical mediator,
2-iodo-1-(prop-2-enyloxy)benzene 37 (94.0 mg, 0.36 mmol) in toluene (22 cm®) and #-
BuOH (1 ecm®) was reacted with TBGH (9.4 mg, 0.04 mmol) and sodium borohydride
(29.0 mg, 0.77 mmol) for 2 h. 'H-NMR spectroscopy revealed the presence of starting
material 37 in 83 % yield.

Table 29, entry 6:

As above, but with increased reaction time (6 h), gave a mixture of unreacted starting
material 37 (37 %) and 3-methyl-2,3-dihydrobenzofuran 39 (44 %) as determined by
the use of 1,4-dimethoxybenzene as the internal standard in 'H-NMR spectroscopy.

Attempted radical cyclisation of 2-iodo-1-(prop-2-ynyloxy)benzene 38

0 0
@: - — )
|l
38 4
Employing TBTH:

Following the general cyclisation procedure, 2-iodo-1-(prop-2-ynyloxy)benzene 38
(0.11 g, 0.43 mmol) in anhydrous toluene (40 ¢cm’) was reacted with TBTH (0.19 g,
0.65 mmol) and ACCN (0.14 g, 0.56 mmol in total) for 4 h. 'H-NMR spectroscopy of
the crude reaction mixture revealed signs of cyclic product, but column
chromatography (light petroleum:DCM; 8:1) did not give any wanted product. Instead,

a complex mixture of products was obtained. These were not identified.

125




Employing TBGH:

Following the general cyclisation procedure, 2-iodo-1-(prop-2-ynyloxy)benzene 38
(0.11 g, 0.43 mmol) in anhydrous tohiene (40 cm®) was reacted with TBGH (0.13 g,
0.52 mmol) and ACCN (0.18 g, 0.74 mmol in total) for 4 h. '"H-NMR spectroscopy of

the crude reaction mixture did not reveal any signs of cyclic products, and column

chromatography (light petroleum:DCM; 8:1) did not give any products of interest.

3.4 Experimentals for Chapter 2.3

3.4.1 Synthesis of amide precursors

N-Allyl-2-chloro-N-(4-methoxybenzyl)acetamide 45

/ Cl;\ /(
Potassium carbonate (23.0 g, 0.168 mol) was added to a solution of 4-
methoxybenzylamine (7.88 g, 57.4 mmol) in acetonitrile (230 ¢m?) at 0 °C followed
by dropwise addition of a solution of ally] bromide (5.79 g, 47.8 mmol) in acetonitrile
(46 cm’). The resulting mixture was stirred at ambient temperature. for 17 h, filtered
and evaporated to dryness. The resulting oil was dissolved in acetone (230 cm?),
potassium carbonate (31.0 g, 0.225 mol) was added at 0 °C, followed by dropwise
addition of a solution of chloroacetyl chloride (9.78 g, 86.6 mmoi) in dicthyl ether (46
cm®). The mixture was stirred at ambient temperature for 17 b, filtered and evaporated
to dryness. Column chromatography (light petroleum:EtOAc; 4:1) gave N-allyl-2-
chloro-¥-(4-methoxybenzyl)acetamide 45 as a pale yellow oil (6.92 g, 27.3 mmol, 57
%); (Found: 253.0871, Ci3H,;6CINO; requires: 253.0870); vy /ocm™ 2935, 2836,
1735, 1655, 1612, 1513,1459 and 739; mixture of conformers: &y 3.79 and 3.81 (2 H,
2 x5, CHy(C), 3.87 and 3.99 (2 H, 2 x d, J 5.8, NCH,CH=CH,), 4.10 (3 H, 5, OMe),
4.52 and 4.54 (2 H, 2 x 5, NCH,Ar), 5.10-5.29 (2 H, m, CH=CH,), 5.69-5.84 (1 H, m,
CH=CH,), 6.85and 6.89 (2 H,2 x d,J8.7, Ar3,5-H)and 7.11 and 7.18 @ H, 2 x d, J
8.8, Ar 2,6-H); 5¢ 41.73 (CH;Br), 48.51 (NCH,CH=CHy,), 49.52 and 50.40 (NCH,Ar),
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55.70 (OMe), 114.44 and 114.81 (Ar 3,5-C), 117.80 and 118.33 (CH=CIL,), 128.16
(Ar 1-C), 129.11 and 129.99 (Ar 2,6-C), 132.46 and 132.82 (CH=CH,), 159.52 and
159.71 (Ar 4-C) and 167.07 and 167.25 (C=0); m/z 253 (10 %), 212 (75), 176 (20),
161 (18), 136 (40), 121 (100), 115 (20) and 91 (20).

N-Allyl-2-bromo-N-(4-methoxybenzyl)acetamide 46

PO
O m

Sodium bromide (0.94 g, 9.2 mmol) was added to a solution of N-allyl-2-chloro-N-(4-
methoxybenzyl)acetamide 45 (0.66 g, 2.6 mmol) in freshly distilled acetone (9 cm’)
and the mixture refluxed overnight. After cooling to room temperature, acctone was
added and the mixture filtered. Addition of diethyl ether, filtration and evaporation of
the mixture to dryness gave N-allyl-2-bromo-N-(4-methoxybenzyl)acetamide 46 (0.57
g, 1.9 mmol, 74 %) as a pale yellow oil which did not require further purification;
(Found: M", 298.0437, Cj3sH17BINO;" requires: 298.0443); Veax /cm™ 2940, 2836,
1651, 1612, 1513, 1455 and 738; mixture of conformers: &y 3.78 and 3.81 (3 H, 2 x s,
OMe), 3.87 (2 H, s, CHBr), 3.88 and 3.98 (2 H, 2 x d, J 5.8, NCILCH=CH,), 4.53 (2
H, s, NCHAr), 5.18 2 H, m, CH=CH,), 5.76 (1 H, m, CH=CH,), 6.86 (2 H, m, Ar
3,5-H) and 7.11 and 7.17 2 H, 2 x d, J 8.6, Ar 2,6-H); 8¢ 26.4 (CH,Br), 48.1
(NCH,CH=CH3), 49.6 and 50.6 (NCHAr), 55.3 and 55.4 (OMe), 114.1 and 114.4 (Ar
3,5-C), 1174 and 117.8 (CH=CH>), 128.8 {Ar 1-C), 129.5 and 129.6 (Ar 2,6-C), 132.4
and 132.5 (CH=CH,), 159.1 and 159.3 (Ar 4-C) and 167.0 and 167.2 (C=0); m/z 255
(7 %), 253 (10), 214 (20), 212 (60), 136 (65), 121 (100), 91 (20) and 77 (50).




N-Allyl -N-(4-methoxybenzyl)-2-phenyiselanyl-acetamide 47
o~ N o N
45 : OMe 47 : ‘OMe

Sodium borohydride (0.08 g, 2.2 mmol) was at 0 °C added to a solution of diphenyl
diselenide (0.31 g, 1.0 mmol) in absolute ethanol (180 cm®) and stirred at room
temperature for 10 min before a solution of N-allyl-2-chloro-N-(4-
methoxybenzyl)acetamide 45 (0.5 g, 2.0 mmol) in absolute ethanol (31 cm®) was
added dropwise. The mixture was stirred overnight and evaporated to dryness. The
resulting oil was added to an aqueous solution of hydrochloric acid (2M) and extracted
into DCM. The combined organic layer was washed with a saturated aqueous solution
of NaHCO; in water and with a saturated aqueous solution of sodium chloride, dried
(MgSO4) and evaporated to dryness to give N-allyl-2-phenylselanyl-N-(4-
methoxybenzyl)acetamide 47 (0.63 g, 1.7 mmol, 85 %) as a yellow oil which did not
require further purification; (Found: M', 375.0748, CioH;BrNO,Se requires:
375.0738); vmax (DCM)/em™ 3054, 3001, 2954, 2930, 2834, 1650, 1636, 1621, 1512,
1458, 1440, 1414. 1247, 1175 and 739; mixture of conformers: 8y 3.71 (2 H, s,
CH,SePh), 3.79 (3 H, s, OMe), 3.97 and 3.77 (2 H, 2 x d, J 5.8, NCH,CH=CH,), 4.51
and 440 (2 H, 2 x s, NCH,Ar), 5.71 (1 H, m, CH=CH,), 5.15 (2 H, m, CH=CH,), 6.85
(2H, m, Ar 3,5-H), 7.15 and 7.06 (2 H, 2 x d, J 8.6, Ar 2,6-H), 7.26 (3 H, m, Ph 3,4,5-
H) and 7.59 (2H, m, Ph 2,6-H); 8¢ 28.3 (CH,SePh), 48.0 (NCH,CH=CH,), 50.4 and
49.6 (NCH,Ar), 55.3 and 55.2 (OMe), 114.3 and 114.0 (Ar 3,5-C), 117.6 and 117.0
(CH=CHy), 1274 and 127.7 (Ph 2,6-C), 127.8 (Ph 4-C), 128.9 (Ar 1-C), 129.3 and
129.2 (Ph 3,5-C), 129.6 and 129.5 (Ar 2,6-C), 132.64 (Ph 1-C), 133.7 and 133.6
(CH=CHy), 159.2 and 159.0 (Ar 4-C) and 169.9 and 169.7 (C=0); m/z 375 (M", 5 %),
314 (5), 218 (100), 176 (25), 157 (30), 136 (80), 121 (100), 105 (15), 91 (100), 77
(96), 65 (32), 55 (100) and 41 (43).
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3.4.2 Radical cyclisation of amide precursors

General cyclisation procedure:
The radical mediator was added dropwise to a mixture of the radical precursor in

anhydrous cyclohexane (~ 0.014 M) at room temperature. The mixture was heated to

reflux and AMBN was added, followed by refluxing for the time indicated under each

reaction. If the reaction time was more than 3 h, another small amount of AMBN was
added after this period of time. Cooling to room temperature and evaporation of the
mixture to dryness gave in most cases oils which were purified by column

chromatography.

Radical cyclisation of N-allyl-2-chloro-N-(4-methoxybenzyl)acetamide 45

Cil f S ﬁ J\ /]/

& N O™ o
i\Qorwe Hi>\o:we k@@)‘e
45 a2 43

Following the general cyclisation procedure, N-allyl-2-chioro-N-(4-methoxybenzyl)-
acetamide 45 (0.16 g, 0.6 mmol) was reacted with TBTH (0.26 g, 0.9 mmol) for 1 h.
Column chromatography (light petroleum:EtOAc; 1:1) gave 1-(4-methoxybenzyl)-4-
methylpyrrolidin-2-one 42 (65.1 mg, 0.3 mmol, 47 %) along with N-allyl-N-(methoxy-
benzyl)acetamide 43 (36.4 mg, 0.2 mmol, 26 %). Both products were isolated as oils.”>
42: 5y 1.06 3 H, d, J 7.0, Me), 2.06 (1 H, dd, J 16.2 and 7.0, 3-H), 2.28-2.48 (1 H, m,
4-H), 2.60 (1 H, dd, J 16.2 and 8.3, 3-H), 2.80 (1 H, dd, /9.6 and 5.8, 5-H), 3.34 (1 H,
dd, J 9.6 and 7.9, 5-H), 3.79 (3 H, s, OMe), 4.37 (2 H, s, NCH,Ph), 6.85 (2 H, d, J 8.6,
Ar 3,5-H), and 7.16 (2 H, d, J 8.6, Ar 2,6-H); 8¢ 20.10 (Me), 26.60 (4-C), 39.80 (3-C),
46.15 (5-C), 54.08 (NCH;Ph), 55.57 (OMe), 11432 (Ar 3,5-C), 12921 (Ar 1-C),
129.76 (Ar 2,6-C), 159.12 (Ar 4-C) and 175.29 (2-C}; m/z 219 (M, 100 %), 176 (35),
146 (32), 121 (91), 91 (28), 78 (47), 77 (44), 55 (32), 42 (82) and 41 (93). 43, mixture
of rotamers: 8y 2.13 and 2.16 (3 H, 2 x 5, C(O)Me), 3.79 (3 H, s, OMe), 3.80 and 3.98
(2H, 2 xd, J 6.0, NCH,CHMe), 4.44 and 4.52. (2 H, 2 x 5, NCH,Ar), 5.06-5.24 (2 H,
m, CH=CH,), 5.65-5.85 (1 H, m, CH=CH>), 6.84 and 6.89 (2 H, 2 x d, J 8.7, Ar 3,5-

Table 30, entry 1:



H), and.7.10 and 7.18 2 H, 2 x d, J 8.7, Ar 2,6-H); 8¢ 21.84 and 22.05 (C(O)Me),
47.91 (NCH,CHMe), 50.05 and 50.78 (NCILA1), 55.65 (OMe), 114.68 (Ar 3,5-C),
117.14 and 117.81 (CH=CH,), 128.04 (Ar 1-C), 130.02 (Ar 2,6-C), 132.91 and 133.43
(CH=CH,), 159.34 (Ar 4-C) and 171.26 (C=0); m/z 219 (M", 18 %), 178 (32), 136
(76), 121 (39), 91 (13), 78 (21), 77 (19), 55 (32) and 43 (100).

Table 30, entry 2:

Following the general cyclisation procedure, N-allyl-2-chloro-N-(4-methoxybenzyl)-
acetamide 45 (0.15 g, 0.6 mmol) was reacted with TBGH (0.22 g, 0.9 mmol) for 4 h.
Column chromatography (light petroleum:EtOAc; 4:1-1:1) gave 1-(4-
methoxybenzyl)-4-methylpyrrolidin-2-one 42 (43.8 mg, 0.2 mmol, 34 %) along with
N-allyl-N-(methoxy-benzyl)acetamide 43 (17.0 mg, 0.08 mmol, 13 %) and unreacted
starting material 45 (37.3 mg, 0.15 mmol, 25 %).

Table 30, entry 3:

As above, but with increased reaction time (8 h) and addition of AMBN every 2 h. The
product distribution was as follows: 1-(4-Methoxybenzyl)-4-methylpyrrolidin-2-one
42 (42 %), N-allyl-N-(methoxybenzyl)acctamide 43 (17 %) and unreacted starting
material 45 (23 %).

Table 30, entry 4:

As above. Further increment of reaction time (12 h) and addition of AMBN every 1 h,
gave the following product distribution: 1-(4-Methoxybenzyl)-4-methylpyrrolidin-2-
one 42 (48 %), N-allyl-N-(methoxybenzyl)acetamide 43 (23 %) and unreacted starting
material 45 (22 %).
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Radical cyclisation of N-allyl-2-bromo-/NV-(4-methoxybenzyl)acetamide 46

NS LS AS

N

oL oL O

Following the general cyclisation procedure N-allyl-2-bromo-N-(4-methoxybenzyl)-
acetamide 46 (0.21 g, 0.7 mmol) was reacted with TBTH (0.30g, 1.0 mmol) for 30
min. Column chromatography (fight petroleum:EtOAc; 1:1) gave 1-(4-

Table 31, entry 1:

methoxybenzyl)-4-methylpyrrolidin-2-one 42 (59.1 mg, 0.3 mmol, 39 %) along with
N-allyl-N-(methoxybenzyl)acetamide 43 (50.0 mg, 0.2 mmol, 33 %). The spectral data

were as above.

Table 31, entry 2:

Following the general cyclisation procedure, N-allyl-2-bromo-N-(4-methoxybenzyl)-
acetamide 46 (0.21 g, 0.7 mmol) was reacted with TBGH (0.20 g, 0.8 mmol) for 5.5 h.
Column chromatography (light petroleum:EtOAc; 4:1—>1:1) gave 1-(4-
methoxybenzyl)-4-methylpyrrolidin-2-one 42 (96.7 mg, 0.44 mmol, 64 %) along with
N-allyl-N-(methoxybenzyl)acetamide 43 (12.0 mg, 0.06 mmol, 8§ %) and unreacted
starting material 46 (24.0 mg, 0.08 mmol, 12 %).

Radical cyclisation of N-allyl-V-(4-methoxybenzyl)-2-phenylselanyl-acetamide 47

NS LSS

N

. 0.0

Following the general cyclisation procedure, N-allyl-N-(4-methoxybenzyl)-2-phenyl-
selanylacetamide 47 (0.12 g, 0.3 mmol) was reacted with TBTH (0.14 g, 0.5 mmol)
for 3 h, Column chromatography (light petroleum:EtOAc; 1:1) gave 1-(4-

Table 31, entry 3:
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methoxybenzyl)-4-methylpyrrolidin-2-one 42 (19.9 mg, 0.1 mmol, 29 %) along with
N-allyl-N-(4-methoxybenzyl)acetamide 43 (26.5 mg, 0.1 mmol, 38 %),

Table 31, entry 4:

Following the general cyclisation procedure, N-allyl-N-(4-methoxybenzyl)-2-phenyl-
selanylacetamide 47 (0.11 g, 0.3 mmol) was reacted with TBGH (0.08 g, 0.3 mmol)
for 3 h. Column chromatography (light petroleum:EtOAc; 4:1—1:1) gave 1-(4-
methoxybenzyl)-4-methylpyrrolidin-2-one 42 (11.4 mg, 0.05 mmol, 18 %) along with
N-allyl-N-(4-methoxybenzylacetamide 43 (5.0 mg, 0.02 mmol, 8 %) and unreacted
starting material 47 (50.3 mg, 0.13 mmol, 48 %).

Table 31, entry 5:

Following the general cyclisation procedure, N-allyl-N-(4-methoxy-benzyl)-2-phenyl-
selanylacetamide 47 (0.09 g, 0.2 mmol) was reacted with TBGH (0.07 g, 0.3 mmol)
for 5 h. Column chromatography (light petroleum:EtOAc; 4:1-1:1) gave 1-(4-
methoxybenzyl)-4-methylpyrrolidin-2-one 42 (35.2 mg, 0.2 mmol, 67 %) along with
N-allyl-N-(4-methoxybenzyl)acetamide 43 (10.1 mg, 0.06 mmol, 19 %).

3.5 Experimentals for Chapter 2.4

3.5.1 Synthesis of heterocyclic precursors

1-(3-Bromopropyl)-2-methyl-1H-imidazole-4-carbaldehyde 48
0 0
-0
" 48 K/\B

2-Methyl-imidazole-4-carbaldehyde (0.52 g, 4.7 mmol) was added to a mixture of
sodium hydride (0.27 g, 6.8 mmol) in anhydrous THF (100 cm?) and stirred at ambient
temperature for 30 min. 1,3-Dibromopropane (2.31 ml, 22.7 mmol) was added and the

r

resulting mixture refluxed for 2 h. After cooling to room temperature the mixture was
filtered through celite and evaporated to dryness. Aqueous hydrochloric acid was

added and the mixture washed with light petroleum. The aqueous layer was
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neutralised by addition of NaHCO3, basified to pH 14 with dilute NaOH solution and
extracted into DCM. The organic layer was dried (MgSOy) and evaporated to dryness
to give 1-(3-bromopropyl)-2-methyl-1 H-imidazole-4-carbaldehyde 48 as a yellow oil,
which did not require further purification (0.58 g, 2.5 mmol, 53 %). (Found: M",
230.0050, CgHiiN,O”Br requires 230.0054); vimax /cm™ 2929, 2847 and 1681; &y
2.22-235 (2H, m,2-H), 2.48 (3 H, s, Me), 3.37 (2 H,t,/5.8,3-H),4.13 2 H, t, J 5.8,
1-H), 7.60 (1 H, s, Im 5-H) and 9.80 (1 H, s, CHO); 8¢ 13.1 (Me), 28.8 (2-C), 32.5 (3-
C), 44.3 (1-C), 125.5 (Im 5-C), 141.1 (Im 2-C), 147.3 (Im 4-C) and 185.4 (CHO); m/z
232 (M, ¥Br, 13 %), 231 (M, ™Br, 4), 230 (M", ™Br, 12), 211 (4), 186 (4), 165
(10), 152 (14), 137 (21), 109 (9), 97 (14), 83 (16), 71 (21), 57 (28) and 41 (100).

1-(4-Bromobutyl)-2-methyl-1 H-imidazole-4-carbaldehyde 49

2-Methyl-imidazole-4-carbaldehyde (0.98 g, 8.9 mmol) was added to a mixture of
sodium hydride (0.62 g, 154 mmol) in anhydrous THF (100 cm’®) and stirred at
ambient temperature for 30 min. This mixture was added dropwise to a solution of 1,4-
dibromobutane (5.31 ml, 44.6 mmol) in anhydrous THF (25 ¢m®) and the resulting

Br

mixture refluxed for 2 h. After cooling to room temperature, the mixture was filtered
through celite and evaporated to dryness. Aqueous hydrochloric acid was added and
washed with light petroleum. The aqueous layer was neutralised by addition of
NaHCOs, basified to pH 14 and extracted into DCM. The organic layer was dried
(MgS04) and evaporated to dryness to give 1-(4-bromobutyl)-2-methyl-1H-imidazole-
4-carbaldehyde 49 as a yellow oil, which did not require further purification (1.59 g,
6.4 mmol, 72 %). (Found: 244.0211, CoHy3N,0”Br requires 244.0211); Vmax /om’?
2955, 2816, 2755, 1681 and 635; &y 1.75-1.97 (4 H, m, 2,3-H), 2.37 (3 H, s, Me), 3.37
(2H,t,J58,4-H),391 2H,t,J5.8, 1-H), 751 (1 H, s, Im 5-H) and 9.70 (1 H, s,
CHO); 6c 13.16 (Me), 28.95 (3-C), 29.28 (2-C), 32.27 (4-C), 45.99 (1-C), 125.65 (Im
5-C), 140.50 (Im 2-C), 146.83 (Im 4-C) and 185.49 (CHO); m/z 246 (M", *'Br, 20 %),
244 (M", Br, 20 %), 165 (100), 152 (94), 137 (76), 123 (60), 109 (34), 95 (17), 83
(29), 68 (22), 55 (43) and 41 (30).
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1-Iode-3-(phenylselanyl)propane

Sodium borohydride (1.37 g, 36.2 mmol) was added to a mixture of
diphenyldiselanide (5.00 g, 16.0 mmo}) in absolute ethanol (500 cm®) at 0 °C. After
stirring at ambient temperature for 0.5 h, 1-bromo-3-chloropropane (6.57 g, 32.6
mmol) was added dropwise and the resulting mixture stirred for 17 h. The solvent was
evaporated and the residue dissolved in aqueous hydrochloric acid (2 M) and extracted
into diethyl ether. The organic layer was washed with saturated aqueous solutions of
NaHCO3; and brine, dried (MgSO4) and evaporated to dryness to give 1-chloro-3-
(phenylselanyl)propane as a colourless oil (7.57 g, 32.5 mmol, 100 %). TLC and 'H
spectroscopy indicated a pure product. 1-Chloro-3-(phenylselanyl)propane (7.57 g,
32.5 mmol) was dissolved in acetone (500 cm®), sodium iodide (45 g, 0.3 mol) was
added and the mixture was refluxed for 17 h. After cooling to room temperature, the
solids were removed by filtration and the volatiles removed by evaporation. The
residue was triturated with diethyl ether, filtered and evaporated to dryness to give 1-
iodo-3-(phenylselanyl)propane as a yellow oil (7.91 g, 24.3 mmol, 74 %). (Found: M,
325.9067, CoH;;¥Sel requires 325.9071); vy fom™ 3051, 2977, 2927, 1577, 1477,
1438, 1265, 1203, 736, 705 and 671; &y 2.05-2.20 (2 H, m, 3-H), 2.93 (2 H, t,/ 6.9, 1-
H), 3.28 2 H, t,J 6.7, 3-H), 7.24-7.30 (3 H, m, Ar 3,4,5-H) and 7.50-7.53 (2 H, m, Ar
2,6-H); &¢ (62.5 MHz) 6.51 (2-C), 28.48 (3-C), 33.59 (1-C), 127.47 (Ar 4-C), 129.49
(Ar 3,5-C), 129.60 (Ar 1-C) and 133.26 (Ar 2,6-C); m/z 329 (M, ¥Se, 1 %), 328
(M, ¥Se, 10), 327 M", *se, 7), 326 (M", *°Se, 57), 325 (28), 324 (27), 323 (10),
321 (11), 284 (21), 199 (94), 171 (32), 157 (100), 117 (9), 91 (63), 77 (71), 65 (17), 51
(42) and 41 (56).

1-lodo-4-(phenylselanyl)butane 51

| ——* PhS¢
51

Sodium borohydride (1.37 g, 36.2 mmol) was added to a mixture of diphenyl
diselanide (5.02 g, 16.0 mmol) in absolute ethanol (500 cm?) at 0 °C. After stirring at
ambient temperature for 0.5 h, 1-bromo-4-chlorobutane (5.50 g, 32.1 mmol) was

added dropwise and the resulting mixture stirred for 17 h. The solvent was evaporated
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to dryness and the residue dissolved in aqueous hydrochloric acid (2 M) and extracted
into diethyl ether. The organic layer was washed with saturated aqueous solutions of
NaHCOQO; and brine, dried (MgSO,4) and evaporated to dryness to give 1-chloro-4-
(phenylselanyl)butane as a colourless oil (7.95 g, 32.1 mmol, 100 %). TLC and 'H
spectroscopy indicated a pure product. 1-Chloro-4-{phenylselanyl)butane (2.00 g, 8.1
mmol) was dissolved in acetone (134 cm®), sodium iodide (17 g, 0.1 mol) was added
and the mixture was refluxed for 17 h. After cooling to room temperature, the solids
were removed by filtration and the volatiles removed by evaporation. The residue was
triturated with diethyl ether, filtered and evaporated to dryness to give 1-iodo-4-
(phenylselanyl)butane S1 as a yellow oil (1.73 g, 5.1 mmol, 63 %). (Found: M+,
339.9228, C1oH5*Sel requires 339.9228); vmax /om™ 2360, 908 and 765; Sy (400
MHz) 1.70-1.78 (2 H, m, 3-H), 1.84-1.91 (2 H, m, 2-H), 2.84 (2 H, t, J 7.2, 4-H), 3.10
(2H,t,J7.0, 1-H), 7.15-7.22 (3 H, m, Ar 3,4,5-H) and 7.38-7.44 (2 H, m, Ar 2,6-H);
d¢ 26.52 (4-C), 30.76 (3-C), 33.19 (2-C), 33.78 (1-C), 126.92 (Ar 4-C), 129.08 (Ar
3,5-C), 129.95 (Ar 1-C) and 132.68 (Ar 2,6-C); m/z 213 (M", 100 %), 184 (15), 171
(31), 157 (13), 91 (53), 77 (69) and 55 (93).

1-(4-Phenylselanylbutyl)-2-methyl-1H-imidazole-4-carbaldehyde 50

2-Methyl-imidazole-4-carbaldehyde (1.00 g, 9.1 mmol) was added to a mixture of
sodium hydride (0.55 g, 13.6 mmol) in anhydrous THF (100 cm®) and stirred at
ambient temperature for 30 min. 1-lodo-4-(phenylselanyl)butane 51 (3.71 g, 10.9

SePh

mmol) was added and the resulting mixture refluxed for 5 h. After cooling to room
temperature the mixture was evaporated to dryness to give a yellow oil. Column
chromatography (DCM:MeOH; 99:1-» DCM:MeOH; 90:1) gave 1-(4-
phenylselanylbutyl)-2-methyl-1H-imidazole-4-carbaldehyde 50 as a pale yellow oil
(0.79 g, 2.5 mmol, 27 %). (Found: 322.0587, CsH;sN20Se requires 322.0584); Vimax
fem™ 2936, 2251, 1680, 1578, 1547, 1477, 1437, 1418, 1374, 1162, 1022, 999, 732,
691 and 649; &y 1.65-1.98 (4 H, m, 2,3-H), 2.40 (3 H. s, Me), 2.90 (2 H, 1, .J 6.9, 4-H),
3.87 2 H,t,J6.9, 1-H), 7.24-7.27 (3 H, m, Ph 2,4,6-H), 7.45-7.49 (3 H, m, Im 5-H
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and Ph 3,5-H) and 9.77 (1 H, s, CHO); 8¢ 13.1 (Me), 26.7 (4-C), 27.0 (2-C), 30.1 (3-
C), 46.2 (1-C), 125.6 (Im 5-C), 127.3 (Ph 1-C), 129.2 (Ph 3,5-C), 133.0 (Ph 2,6-C),
140.4 (Im 2-C), 146.8 (Im 4-C) and 185.5 (CHO); m/z 326 (M*, 3), 325 (M, 4), 324
(M2, 20), 323 (M*, 9), 322 (M, 55), 248 (4), 213 (16), 183 (3), 165 (48), 157 (23),
137 (100), 113 (12), 111 (8), 95 (17), 77 (16), 68 (7), 55 (21) and 41 (7).

1-(3-Phenylselanylpropyl)-1H-pyrrole-2-carbaldehyde 62

Q\CHO - Q\CHO
H
62 ‘\/\SePh

Pyrrole-2-carbaldehyde (1.00 g, 10.5 mmol) was added to a suspension of sodium
hydride (0.50 g, 12.5 mmo}) in anhydrous THF (90 cm®) and the mixture stirred at
ambient temperature for 0.5 h. 1-lodo-3-(phenylselanyl)propane (6.70 g, 20.6 mmol)
in anhydrous THF (10 ¢m®) was added dropwise and the mixture heated at reflux for
17 h. Afier cooling to room temperature and evaporation to dryness, the resulting
brown oil was purified by column chromatography (light petroleum:DCM; 15:85) to
give 1-(3-phenylselanylpropyl)-1H-pyrrole-2-carbaldehyde 62 as a pale yellow oil
(2.30 g, 7.9 mmol, 75 %). (Found: M", 293.0324, C14H;sNO**Se requires 293.0319);
vmax fom 2944, 2804, 1666, 1652, 1576, 1526, 761 and 738; 8 2.10-2.21 (2H, m, 2-
H),2.83 (2H,t,J7.2,3-H),4.43 (2H,t,J6.7,1-H), 6.22 (1 H, dd, J 3.9, 2.8, pyrrole
4-H), 6.93-6.96 (2 H, m, pyrrole 3,5-H), 7.24-7.32 (3 H, m, Ph 3,4,5-H), 7.45-7.50 (2
H, m, Ph 2,6-H) and 9.53 (1 H, s, CHO); 8¢ 24.46 (2-C), 29.89 (3-C), 48.80 (1-C),
110.18 (pyrrole 4-C), 12547 (pyrrole 3-C), 127.67 (Ph 4-C), 129.58 (Ph 2,6-C),
130.07 (Ph 1-C), 131.65 (pyrrole 2-C), 132.32 (pyrrole 5-C), 133.09 (Ph 3,5-C) and
179.63 (CHO), m/z 293 (M", 31), 263 (15), 236 (3), 212 (10), 180 (21), 165 (25), 136
(100), 108 (90), 91 (27), 80 (70), 67 (18), 57 (22), 53 (42) and 41 (43).
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1-(4-Phenylselanylbutyl)-1H-pyrrole-2-carbaldehyde 63

QCHO - @CHO

N

k/\/SePh
63

Pyrrole-2-carbaldehyde (0.5 g, 5.3 mmol) was added to a suspension of sodium
hydride (0.25 g, 6.3 mmol) in anhydrous THF (40 cm3) and the mixture stirred at
ambient temperature for 0.5 h. 1-Iodo-4-(phenylselanyl)butane (4.07 g, 12.0 mmol) in
anhydrous THF (10 cm®) was added dropwise and the mixture heated at 50 °C for 17

s

h. After cooling to room temperature and evaporation to dryness, the resulting brown
oil was purified by column chromatography (light petroleum:DCM; 15:85) to give 1-
(4-phenylselanylbutyl)-1 H-pyrrole-2-carbaldehyde 63 as a pale yellow oil (1.13 g, 3.7
mmol, 70 %). (Found: M, 307.0476, C;sH;;NO®Se requires 307.0475); Viax /om™
2935, 1662, 1578, 1525, 765 and 737; 6y 1.64-1.73 (2 H, m, 3-H), 1.82-1.94 2 H, m,
2-H), 288 2 H,t, /72, 4-H),429 2 H, t,J 7.0, 1-H), 6.20 (1 H, dd, J 4.2, 2.5,
pyrrole 4-H), 6.94 (2 H, m, pyrrole 3,5-H), 7.23-7.27 (3 H, m, Ph 3,4,5-H), 7.44-7.48
(2 H, m, Ph 2,6-H) and 9.51 (1 H, 5, CHO); 8¢ 27.28 (3-C), 27.59 (2-C), 31.27 (4-C),
48.42 (1-C), 109.76 {pyrrole 4-C), 124.94 (pyrrole 3-C), 126.87 (Ph 2,6-C), 129.07
(Ph 4-C), 131.22 (Ph 1-C), 132.68 (pyrrole 5-C), 132,70 (pyrrole 2-C), 132.80 (Ph 3,5-
C) and 179.36 (CHO), m/z 226 (16 %), 157 (22), 151 (23), 149 (45), 132 (17), 122
(65), 121 (50), 108 (90), 94 (34) and 93 (21).

4-Phenyi-1-(3-phenyiselanyipropyl)-1H-pyrazole 64%

Ph Ph
2/ /\‘N . 2/ /\‘N
N N
64 K/\SePh

4-Phenyl-pyrazole (0.15 g, 1.0 mmol) was added to a stirred suspension of crushed
potassium hydroxide (0.17 g, 3.0 mmol) in DMF (15 ¢cm®) and stirring was continued
for 30 min. 1-Iodo-3-(phenylselenyl)propane (0.65 g, 2.0 mmol) was added slowly to
the stirred suspension and the mixture was stirred overnight. The crude reaction
mixture was partitioned between water and EtOAc and the aqueous layer separated
and extracted with EtOAc. The combined organic extracts were washed twice with
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water and twice with brine, dried and evaporated to dryness. The crude off-white oily
solid was purified by column chromatography (light petroleum:EtOAc; 5:1) to yield 4-
phenyl-1-(3-phenylselanylpropyl)-1H-pyrazole 64 (0.34 g, 100%) as a white solid; mp
48-50 °C; (Found: (M+H)", 343.0717. CisH;oNaSe requires 343.0713); v (KBr)
/em™ 1607, 760 and 693; 8y 2.23-2.37 2 H, m, 2-H), 2.91 2 H, t, J 7.1, 3-H), 4.31 2
H,t,J6.5, 1-H), 7.24-7.32 (4 H, m, Ph), 7.37-7.52 (6 H, m, Ph), 7.53 (1 H, s, pyrazole
3-H) and 7.77 (1 H, s, pyrazole 5-I); 8¢ 24.36 (2-C), 30.42 (3-C), 51.31 (1-C), 122.88
(pyrazole 4-C), 125.48 (Ph 2,6-C), 125.72 (pyrazole 3-C), 126.36 (Ph 4-C), 127.14
(Se-Ph 4-C), 128.83 (pheny! 3,5-C), 129.19 (Se-Ph 3,5-C), 129.54 (Se-Ph 1-C), 132.54
(Ph 1-C), 132.85 (Se-Ph 2,6-C) and 136.95 (pyrazole 5-C); mv/z 343 (M+H)", 29%)
and 187 (100).

4-Phenyl-1-(4-phenylselanylbutyl)-1H-pyrazole 68%

h

Fh p
z/ )N — Z/ )N
N N
68 ‘\/\/SePh

4-Phenyl-pyrazole (37 mg, 0.26 mmol) was added to a stirred suspension of crushed
potassium hydroxide (44 mg, 0.78 mmol) in DMF (5 cm®) and stirring was continued
for 30 min. 1-Todo-4-(phenylselanyl)butane (175 mg, 0.52 mmol) was added slowly to
the stirred suspension and the mixture was stirred overnight. The crude reaction
mixture was partitioned between water and EtOAc and the aqueous layer was
separated and extracted with EtOAc. The combined organic extracts were washed
twice with water and twice with brine, dried and evaporated to dryness. The crude off-
white oily solid was purified by column chromatography (light petroleum: EtOAc;
3:1) to yield 4-phenyl-1-(3-phenylselanylpropyl)-1H-pyrazole 68 (0.34 g, 100 %) as a
white solid; mp 44-45 °C; vax (K;Br)/cm'1 1607, 760 and 692; 8y (400 MHz) 1.69-
1.76 2 H, m, 3-H), 1.99-2.07 2 H, m, 2-H), 291 2 H,t,J 7.2, 4-H), 414 Q U, t, J
6.9, 1-H), 7.21-7.23 (4 H, m, Ph), 7.30-7.37 (2 H, m, Ph), 7.45-7.47 (4 H, m, Ph), 7.57
(1 H, s, pyrazole 3-H) and 7.75 (1 H, s, pyrazole 5-H); 8¢ 27.10-27.19 (2,3-C), 30.32
4-C), 51.76 (1-C), 122.97 (pyrazole 4-C), 125.51 (Ph 2,6-C), 125.88 (pyrazole 3-C),
126.34 (Ph 4-C), 126.93 (Se-Ph 4-C), 128.84 (Ph 3,5-C), 129.07 (Se-Ph 3,5-C), 129.98
(Se-Ph 1-C), 132.66 (Ph 1-C), 132.77 (Se-Ph 2,6-C) and 136.70 (pyrazole 5-C).
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4-Phenyl-1-(S-phenylselanylpentyl)-1H-pyrazole 7256

Ph Ph_
Z/ V. Z/ 8
P-“/ N/
72 k/\/\s ePh

4.Phenyl-pyrazole (0.30 g, 2.1 mmo}l) was added to a stirred suspension of crushed
potassium hydroxide (0.35 g, 6.3 mmol) in DMF (25 cm®) and stirring was continued
for 30 min. 1-lodo-5-(phenylselanyl)pentane (0.88 g, 2.5 mmol) was added siowly to
the stirred suspension and the mixture stirred overnight. The crude reaction mixture
was partitioned between water and EtOAc and the aqueous layer separated and
extracted with EtOAc. The combined organic extracts were washed twice with water
and twice with brine, dried and evaporated to dryness. The crude off-white oily solid
was purified by column chromatography (light petroleum: EtOAc; 5:1) to yield 4-
phenyl-1-(5-phenylselenylpentyl)-1H-pyrazole 72 (0.76 g, 98%) as a white solid; mp
36-37 °C; (Found: M", 370.0943. CyH2N,Se requires 370.0948); v (KBr)em™
1607, 769, 736, 693 and 666; &y (400 MHz) 1.16-1.26 (2 H, m, 3-H), 1.66-1.75 2 H,
m, 4-H), 1.83-1.90 2 H, m, 2-H), 2.86 2 H, t, J 7.6, 5-H), 4.07 2 H, t, J 7.0, 1-H),
7.18-7.25 (4 H, m, Ph), 7.31-7.36 (2 H, m, Ph), 7.42-7.48 (4 H, m, Ph), 7.55 (1 H, s,
pyrazole 3-H) and 7.76 (1 H, s, pyrazole 5-H); 8¢ 26.75 (3-C), 27.53 (4-C), 29.65 (2-
C), 29.84 (5-C), 52.16 (1-C), 122.70 (pyrazole 4-C), 125.48 (Ph 2,6-C), 125.96
(pyrazole 3-C), 126.31 (Ph 4-C), 126.78 (Se-Ph 4-C}), 128.86 (Ph 3,5-C), 129.05 (Se-
Ph 3,5-C), 130.15 (Se-Ph 1-C), 132.56 (Ph 1-C), 132.70 (Se-Ph 2,6-C) and 136.62
(pyrazole 5-C); m/z 370 (M, 6%), 213 (100), 157 (100), 157 (160), 145 (29) and 103
(23).

3-(1H-Indol-3-yl)propionic acid Se-phenyl ester 76°
H SePh

N — A\

N N o7

Tri-n-butylphosphine (4.79 cm’, 19.22 mmol) was added dropwise to a solution of 3-
(1H-indol-3-yl)-propionic acid (2.42 g, 12.81 mmol) and diphenyl diselanide (6.00 g,

139




19.22 mmol) in anhydrous DCM (30 cm?®) at 0 °C, and the resulting mixture stirred at
ambient temperature for 4 h. The reaction was added to water, extracted into DCM,
dried (MgSQ,), filtered though a pad of celite and evaporated to dryness. Column
chromatography (light petroleum:Et;O; 1:0 — 3:1) gave 3-(1H-indol-3-yl)-
selenopropionic acid Se-phenyl ester 76 as a yellow oil (4.13 g, 12.58 mmol, 98 %).
(Found: 329.0319, C1;H158eNO requires 329.0319); vpax Jem™ 3419, 3055, 2908,
2580, 1882, 1717, 1619, 1577, 1476, 1459, 1438, 1339, 1020, 738, and 689; 8y (400
MHz) 3.04-3.08 (2 H, m, 2-H), 3.11-3.15 (2 H, m, 3-H), 6.88 ( 1 H, d, J 2.4, Ar 2-H),
7.11 (1 H, m, Ar 6-H), 7.17 1 H, m, Ar 7-H), 7.27 (1 H, 4, J 7.2, Ar 5-H), 7.33-7.35
(3 H, m, Ph 2,4,6-H), 7.46-7.49 (2 H, Ph 3,5-C), 7.54 (1 H, d, J 8.0, Ar 8-H) and 7.89
(1 H, bs, NH); 8¢ 21.44 (2-C), 48.33 (3-C), 111.75 (Ar 8-C), 114.35 (Ar 3-C), 119.04
(Ar 7-C), 119.86 (Ar 5-C), 122.27 (Ar 6-C), 122.56 (Ar 2-C), 126.92 (Ar 4-C), 127.46
(Ph 1-C), 129.36 (Ph 4-C), 129.84 (Ph 3,5-C), 136.28 (Ph 2,6-C), 136.71 (Ar 9-C) and
200.87 (C=0); m/z 329 (M, 36 %), 314 (10), 172 (100), 157 (43), 144 (100), 130
(100), 115 (61), 103 (26), 89 (24), 77 (75), 63 (14) and 51 (29).

3.5.2 Radical cyclisation of heterocyclic precursors

3.5.2.1 Radical cyclisation of imidazole precursors

General cyclisation procedure:

The radical mediator was added dropwise to a mixture of the radical precursor in
anhydrous solvent at room temperature. The mixture was heated to reflux and initiator
was added, followed by refluxing for the time indicated under each reaction. If the
reaction time was longer than 3 h, another small amount of initiator was added after
this period of time. Cooling to room temperature and evaporation of the mixture to
dryness gave oils which were added aqueous hydrochloric acid and washed with light
petroleum. The aqueous layer was neutralised by addition of NaHCQ; and basified to
pH 14 and extracted into DCM. The organic layer was dried (MgSO4) and evaporated
to dryness to give the products as pale yellow oils.
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General procedure when using triethylborane as radical initiator:

The radical mediator and triethylborane (1.0 M solution in THF) were added dropwise
to a solution of the radical precursor in anhydrous solvent at room temperature. The
mixture was stirred at room temperature for the time indicated under each reaction,
poured into water and extracted with DCM. The organic layer was dried (MgSO4) and
evaporated to dryness to give oils which were added aqueous hydrochloric acid and
washed with light petroleum. The aqueous layer was neutralised by addition of
NaHCOQ; and basified to pH 14 and extracted into DCM. The organic layer was dried
(MgSO;) and evaporated to dryness to give the products as pale yellow ails.

General procedure when using syringe-pump addition of the radical mediator:

Using syringe-pump technique, the radical mediator in anhydrous solvent was added
to a refluxing mixture of the radical precursor in anhydrous solvent over the period of
time indicated under each reaction. The initiator was added initially and thereafier
every 40 min. After cooling to room temperature and evaporation to dryness, aqueous
hydrochloric acid was added and washed with light petroleum. The aqueous layer was
neutralised by addition of NaHCO; and basified to pH 14 and extracted into DCM.
The organic layer was dried (MgSO4) and evaporated to dryness to give the products

as pale yellow oils.

Radical cyclisation of 1-(3-bromopropyl)-2-methyl-1H-imidazole-4-carbaldehyde

48
0 o) O
HJTN H N H
I \>* —_— | N + JTF\B_
Cood
Br k/
48 52 53
Table 32, entry 1:

Following the general cyclisation procedure, 1-(3-bromopropyl)-2-methyl-1H-
imidazole-4-carbaldehyde 48 (0.16 g, 0.7 mmol) in acetonitrile (50 em®) was reacted
with TBTH (0.38 g, 1.3 mmol) and AMBN (excess) for 3 h. AMBN was added every
hour. The yields of 3-methyl-6,7-dihydro-5H-pyrrolo[1,2-c]-imidazole-1-carbaldehyde
52 (14 %), 2-methyl-1-propyl-1H-imidazole-4-carbaldehyde 53 (7 %) and unreacted
starting material 48 (68 %) were determined by 'H-NMR spectroscopy using 1,4-
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dinitrobenzene as internal standard. 52:* & 2.41 (3 H, s, Me), 2.69-2.77 2 H, m, 6-
H),3.10 2 H, t,J 7.5, 7-H), 3.92 2 H, t, J 7.2, 5-H) and 9.76 (1 H, 5, CHO); 8¢ 13.49
(Me), 24.10 (6-C), 29.32 (7-C), 44.40 (5-C), 132.31 (3-C), 141.48 (1-C), 145.63 (8-C)
and 186.02 (CHO); m/z 152 (M*2, 8 %), 151 (M™!, 11), 150 (M", 100 %), 149 (67),
135 (2), 123 (4), 122 (18), 121 (17), 109 (6), 108 (3), 95 (5), 94 (3), 92 (5) and 91
(39). 53:¥ 84,097 3 H, t, J6.3, 3-H), 1.74-1.88 (2 H, m, 2-H), 2.43 (3 H, s, Me), 3.87
(2 H, t, J 72, 1-H), 7.55 (1 H, s, Im 5-H) and 9.79 (1 H, s, CHO); 8¢ (62.5 MHz)
10.90 (3-C), 13.00 (Me), 23.62 (2-C), 48.28 (1-C), 125.66 (Im 5-C), 140.00 (Im 2-C),
146.92 (Im 4-C) and 185.45 (CHO); m/z 153 (M*', 10 %), 152 (M, 100), 151 (27),
138 (16), 137 (33), 124 (17), 123 (33), 109 (25), 95 (10) and 82 (14).

Table 32, entry 2:

Following the general cyclisation procedure, 1-(3-bromopropyl)-2-methyl-1/H-
imidazole-4-carbaldehyde 48 (0.20 g, 0.9 mmol) in acetonitrile (60 cm®) was reacted
with TBGH (0.26 g, 1.0 mmol) and AMBN (excess) for 3 h. The yields of 3-methyl-
6,7-dihydro-5H-pyrrolo[1,2-c]limidazole-1-carbaldehyde 52 (10 %), 2-methyl-1-
propyl-1H-imidazole-4-carbaldehyde 53 (7 %) and unreacted starting material 48 (42
%) were determined by "H-NMR spectroscopy using 1,4-dinitrobenzene as the internal
standard.

Attempted radical cyclisation of 1-(4-phenylselanylbutyl)-2-methyl-1H-imidazole-

4-carbaldehyde 50
0 0
H H
B e 7 S
N
50 '\/\/seph 54

Following the general procedure when using syringe-pump addition of the radical
mediator, 1-(4-phenylselanylbutyl)-2-methyl-1H-imidazole-4-carbaldehyde 50 (0.21
g, 0.7 mmol) in acetonitrile (50 cm®) was reacted with TBGH (0.19 g, 0.8 mmol) in

Table 33, entry 1:

toluene (50 cm®) and AMBN (excess) for 3 h to give unreacted starting material 50
(0.17 g, 0.5 mmol, 80 %).
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Table 33, entry 2:
Following the general procedure when using syringe-pump addition of the radical
mediator, 1-(4-phenylselanylbutyl)-2-methyl-1H-imidazole-4-carbaldehyde 50 (0.16
g, 0.5 mmol) in acetonitrile (35 cm®) was reacted with TBTH (0.22 g, 0.8 mmol) in
toluene and AMBN (excess) fof 3 h and to give unreacted starting material 50 (0.14 g,
0.4 mmol, 84 %).

Radical cyclisation of 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde

49
o 0
H H
ity
49 K/\/Bf 54

Following the general procedure when using triethylborane as radical initiator, 1-(4-
bromobutyl)-2-methyl-1 H-imidazole-4-carbaldehyde 49 (94.0 mg, 0.41 mmol) in THF
(5 cm®) was reacted with tributyltin chloride (0.16 g, 0.5 mmol) and triethylborane (1
M, 0.1 mmol) for 7 h. The yields of 3-methyl-5,6,78-tetrahydro-imidazo{1,5-
a]pyridine-1-carbaldehyde 54 (12 %) and unreacted starting material 49 (36 %) were

Table 34, entry 1:

determined by 'H-NMR spectroscopy using 1,4-dinitrobenzene as the internal
standard.¥’ &y 1.78-1.92 (2 H, m, 7-H), 1.94-2.08 (2 H, m, 6-H), 2.37 (3 H, s, Me),
3.09 2 H, t, J6.3, 8-H), 3.85 2 H, t, J 6.3, 5-H) and 9.85 (1 H, s, CHO); &c 13.16
(Me), 19.38 (7-C), 22.52 (6-C), 22.88 (8-C), 43.15 (5-C), 135.48 (3-C), 137.58 (1-C),
145.06 (9-C) and 186.76 (CHO); m/z 164 (100 %), 163 (94), 152 (21), 135 (20), 123
(13), 109 (11) and 97 (26).

Table 34, entries 2 + 4:

Following the general procedure 2, 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-
carbaldehyde 49 (0.12 g, 0.5 mmol) in cyclohexane (35 ¢cm’) was reacted with TBTH
(0.18 g, 0.6 mmol) and AMBN (excess) for 3 h. The yiclds of 3-methyl-5,6,7,8-
tetrahydro-imidazo[ 1,5-a]pyridine-1-carbaldehyde 54 (28 %) and unreacted starting
material 49 (58 %) were determined by 'H-NMR spectroscopy using 1,4-

dinitrobenzene as the internal standard.
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In an identical reaction but with CH;CN as solvent the product distribution was as
follows: 3-Methyl-5,6,7,8-tetrahydro-imidazo[1,5-a]pyridine-1-carbaldehyde 54 (62
%) and unreacted starting material 49 (29 %).

Table 34, entries 3 + 5:

Following the general cyclisation procedure, 1-(4-bromobutyl)-2-methyl-1H-
imidazole-4-carbaldehyde 49 (0.11 g, 0.4 mmol) in cyclohexane (30 cm’) was reacted
with TBGH (0.16 g, 0.6 mmol) and AMBN (excess) for 3 h. The yields of 3-methyl-
5,6,7,8-tetrahydro-imidazo[ 1,5-a]pyridine-1-carbaldehyde 54 (9 %) and unreacted
starting material 49 (74 %) were determined by 'H-NMR spectroscopy using 1,4-
dinitrobenzene as the internal standard.

In an identical reaction but with CH;CN as solvent the product distribution was as
follows: 3-Methyl-5,6,7,8-tetrahydro-imidazo[1,5-a}pyridine-1-carbaldehyde 54 (21
%) and unreacted starting material 49 (69 %).

Table 34, entry 6:

Following the general cyclisation procedure, 1-(4-bromobutyl)-2-methyl-1H-
imidazole-4-carbaldehyde 49 (0.09 g, 0.4 mmol) in butyronitrile (30 cm®) was reacted
with TBTH (0.18 g, 0.6 mmol) in butyronitrile and AMBN (excess) for 12 h. AMBM
was added every hour. The yields of 3-methyl-5,6,78-tetrahydro-imidazo[1,5-
a]pyridine-1-carbaldehyde 54 (21 %) and unreacted starting material 49 (21 %) were
determined by 'H-NMR spectroscopy using 1,4-dinitrobenzene as the internal
standard.

Table 34, entry 7:

Following general procedure when using syringe-pump addition of the radical
mediator, 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde 49 (0.20 g, 0.8
mmol) in acetonitrile (70 ¢m’) was reacted with TBTH (047 g, 1.6 mmol) in
cyclohexane (50 cm®) and AIBMe (0.24 g, 1.1 mmol in total) for 5 h. AIBMe was
added every 30 min. The yields of 3-methyl-5,6,7,8-tetrahydro-imidazo[1,5-
alpyridine-1-carbaldehyde 54 (26 %) and unreacted starting material 49 (49 %) were
determined by 'H-NMR spectroscopy using 1,4-dinitrobenzene as the internal
standard.
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Table 34, entry 8:

Following general procedure when using syringe-pump addition of the radical
mediator, 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde 49 (0.2 g, 0.8
mmol) in acetonitrile (70 cm®) was reacted with TBTH (0.48 g, 1.6 mmol) in toluene
(50 cm®) and AMBN (0.31 g, 1.6 mmol) for 3 h. The yield of 3-methyl-5,6,7,8-
tetrahydro-imidazo[1,5-a]pyridine-1-carbaldehyde 54 (30 %) was determined by 'H-
NMR spectroscopy using 1,4—dinitrobenzene as the internal standard.

Table 34, entry 9.

Foliowing general procedure when using syringe-pump addition of the radical
mediator, 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde 49 (0.19 g, 0.8
mmol) in acetonitrile (70 cm®) was reacted with TBTH (0.49 g, 1.6 mmol) in toluene
(50 cm3) and AIBMe (0.37 g, 1.6 mmol) for 3 h. The yield of 3-methyl-5,6,7,8-
tetrahydro-imidazo[ 1,5-a]pyridine-1-carbaldehyde 54 (77 %) was determined by 'H-
NMR spectroscopy using 1,4-dinitrobenzene as the internal standard.

Table 34, entry 10:

Following general procedurc when using syringe-pump addition of the radical
mediator, 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde 49 (0.19 g, 0.8
mmol) in acetonitrile (70 cm3) was reacted with TBGH (0.39 g, 1.6 mmol) in toluene
(50 cm3) and AIBMe (0.37 g, 1.6 mmol) for 3 h. The yields of 3-methyl-5,6,7,8-
tetrahydro-imidazo{1,5-a]pyridine-1-carbaldehyde 54 (12 %) and unreacted starting
material 49 (26 %) were determined by 'H-NMR spectroscopy using 1,4-

dinitrobenzene as the internal standard,
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Experimental for the mechanistic investigation

Synthesis of AIBMe®

-é—CN _>—C02M8
N — N
N

'-%CN

W
—-¢002Me

AlBMe
HCI1 gas was bubbled through a stirred suspension of AIBN (10.0 g, 60.9 mmol) in
methanol (150 cm®) at —20 °C. After 45 min, the HCI source was removed and the
mixture stirred at 0 °C overnight, cooled to —78 °C and the white solid collected by
suction when cold. The solid was added to ice/water, extracted into DCM, dried
(MgS0,) and evaporated to dryness to give AIBMe (12.73 g, 55.3 mmol, 91 %) as a
colourless oil which crystallised on cooling. (Found: M + H 231.1345, C;(H;gN>O4
requires 231.1345); Via (DCM)em™ 2992, 1738, 1468, 1365, 1288, 1152, 857 and
562; 84 1.39 (12 H, s, Me) and 3.66 (6 H, s, OMe); 8¢ 23.02 (Me), 52.51 (OMe), 75.43
(CMey), and 173.94 (CO,Me); m/z (FAB) 231 (M + H, 100 %), 216 (90), 171 (20) and
101 (90).

Synthesis  of  2-[N-(1-methoxycarbonyl-1-methylethyl)hydrazino)-2-methyl-

propionic acid methyl ester 55%°

—>—002Me —>—002Me

N, HN,
N NH
—{—COzMe —%cozr\ne
AlEMe 55

A solution of hydrazine hydrate (0.31 g, 6.2 mmol) in methanol (12 em®) was added
dropwise to a solution of AIBMe (0.30 g, 1.3 mmol) in methanol (25 cm?®) followed by
addition of a solution of copper(I)sulfate (0.01 g, 0.06 mmol) in methanol (1 cm®).
The mixture was stirred overnight, filtered and evaporated to dryness. The residue was
partitioned between aqueous hydrochloric acid (1 M) and EtOAc and the organic layer
further extracted with hydrochloric acid. The combined aqueous phases were washed
with EtOAc, neutralised with NaHCO; and aqueous NaOH was added to pH 14.
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Extraction into EtOAc, drying (MgSO4) and evaporation to dryness gave 2-[N-(1-
methoxycarbonyl-1-methylethyl)hydrazino]-2-methyl-propionic acid methyl ester 55
as a pale brown oil (64.8 mg, 0.3 mmol, 21 %). (Found: M'" 232.1423, C;oH2oN204
requires 232.1423); v max /cm™ 3435 and 1728; 85 3.71 (6 H, 5, OMe) and 1.23 (12 H,
s, Me); 8¢ 23.91 (Me), 51.91 (OMe), 61.33 (CMey) and 177.62 (CO.Me); m/z 232
(M’ 17 %), 113 (65) and 102 (100).

Stability-check of 55

%COzMe

HN\
NH

—<-002Me

55

—= noreaction

A stirred solution of 2-[N-(1-methoxycarbonyl-1-methylethyl}hydrazino]-2-methyl-
propionic acid methy! ester 55 (65 mg) in DCM (25 cm®) was left for 2 days and
evaporated to dryness. Unreacted 55 was recovered (58 mg, 90 %).

A stirred solution of 2-[N-(1-methoxycarbonyl-1-methylethyl)hydrazino]-2-methyl-
propionic acid methyl ester 55 (15 mg) in toluene (20 cmg) was refluxed for 5 h and
evaporated to dryness. Unreacted 55 was recovered (14 mg, 93 %).

The residue was dissolved in aqueous hydrochloric acid (1 M) and washed with light
petroleum. The aqueous phase was neutralised with NaHCO; and aqueous NaOH was
added to pH 14. Extraction into DCM, drying (MgSO,) and evaporation to dryness
gave unreacted 55 (13 mg, 93 %).

A stirred solution of 2-[N-(1-methoxycarbonyl-1-methylethyl)hydrazino]-2-methyl-
propionic acid methyl ester 55 (58 mg, 0.25 mmol) in methanol (20 cm®) was added
Na,COs (18 mg, 0.2 mmol), left for 2 days and evaporated to dryness. The 'H-NMR
spectra revealed a mixture of unreacted 55, a small amount of AIBMe and an

unknown decomposition product.
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“Blank” radical cyclisation reaction using 55

Br

0
H
| N ——» O reaction
N
49 k/\/

TBTH (0.12 g, 0.4 mmol) in anhydrous toluene (10 cm’) was added by syringe-pump
to a refluxing mixture of 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde 49
(50 mg, 0.2 mmol) and 55 (40 mg, 0.2 mmol) in anhydrous CH;CN (18 cm?) over 3 h.
Cooling to room temperature and evaporation of solvent gave the crude reaction
mixture in which no cyclic product could be observed by 'H-NMR spectroscopy. 2-
[N-(1-Methoxycarbonyl-1-methylethyl)hydrazino}-2-methyl-propionic acid methyl
ester 55 could be detected by the use of 1,4-dinitrobenzene as the internal standard in
yield corresponding to 2 %. Aqueous hydrochloric acid (2 M) was added and the
solution washed with light petroleum. The aqueous layer was neutralised by addition
of NaHCQOj; and basified to pH 14 by addition of aqueous NaOH (2 M) and extracted
into DCM. The organic layer was dried (MgSOy) and evaporated to dryness to give a
pale yellow oil. By the use of 1,4-dinitrobenzene as the internal standard in 'H-NMR
spectroscopy the yields of recovered radical precursor 49 and 2-[N-(1-
methoxycarbonyl-1-methylethyl)hydrazino}-2-methyl-propionic acid methyl ester 55

were determined as 88 % and 0.8 % respectively.

Reaction between 55 and TBGH

A solution of 2-[N-(1-methoxycarbonyl-1-methylethyl)hydrazino]-2-methyl-propionic
acid methyl ester 55 (70 mg, 0.3 mmol) and TBGH (0.16 g, 0.67 mmol) in anhydrous
toluene (20 cm’) was heated at reflux for 3 h, cooled to room temperature and
evaporated to dryness. Aqueous hydrochloric acid (2 M) was added and the solution
washed with light petroleum. The aqueous layer was neutralised by addition of
NaHCO; and basified to pH 14 by addition of aqueous NaOH (2 M) and extracted into
DCM. The organic layer was dried (MgSQO4) and evaporated to dryness to give a pale

yellow oil (47 mg). The products of the reaction were not identified.
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Reaction between 55 and TBTH

A solution of 2-[N-(1-methoxycarbonyl-1-methylethyl)hydrazino]-2-methyl-propionic
acid methyl ester 55 (70 mg, 0.3 mmol) and TBTH (0.22 g, 0.74 mmol) in anhydrous
toluene (20 cm®) was heated at reflux for 3 h, cooled to room temperature and
evaporated to dryness. Aqueous hydrochioric acid (2 M) was added and the solution
washed with light petroleum. The aqueous layer was neutralised by addition of
NaHCO; and basified to pH 14 by addition of aqueous NaOH (2 M) and extracted into
DCM. The organic layer was dried (MgSQ4) and evaporated to dryness to give a pale
yellow oil identified by GC-MS as 2-[N-(l-methoxycarbonyl-1-methyl-
ethyDhydrazino]-2-methyl-propionic acid methyl ester 55 (42 mg, 0.2 mmol, 60 %).

Measurement of nitrogen formation; oxidation of 9,10-dihydroanthracene

—_— N0 reaction

A solution of 9,10-dihydroanthracene (0.18 g, 1.0 mmol) and AIBMe (0.23 g, 1.0
mmol) in +-BuOH (20 cm®) was connected to the burette and heated at 100 °C for 3 h.
After cooling to room temperature, the burette was levelled and the difference in
volume determined as 20.3 cm’, corresponding to 0.84 mmol of N, (84 % of expected
amount). Evaporation of the solvent gave 0.45 g of crude reaction mixture, including
some ¢-BuOH. Using p -dinitrobenzene as the internal standard, 'H-NMR
spectroscopy showed the presence of unreacted 9,10-dihydroanthracene (37 %) as
indicated by singlet at 3.97 ppm.

3.5.2.2 Radical cyclisation of pyrrole derivatives

General cyclisation procedure:

The radical mediator was added dropwise to a mixture of the radical precursor in
anhydrous solvent at room temperature, The mixture was heated to reflux and initiator
was added, followed by refluxing for the time indicated under each reaction. If the
reaction time was longer than 3 h, another small amount of initiat_or was added after
this period of time. Cooling to room temperature and evaporation of the mixture to

dryness gave oils which in most cases were purified by column chromatography.
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General procedure when using syringe-pump addition of the radical mediator:

Using syringe-pump technique, the radical mediator in anhydrous solvent was added
to a refluxing mixture of the radical precursor in anhydrous solvent over the period of
time indicated under each reaction. The initiator was added initially and thereafter
every 40 min. Cooling to room temperature and evaporation of the mixture to dryness

gave oils which in most cases were purified by column chromatography.

Radical cyclisation of 1-(3-phenylselanylpropyl)-1H-pyrrole-2-carbaldehyde 62

03 8
CHO —— CHO
62 I\/\SePh 59

Table 35, entry 1:

Following the general procedure when using syringe-pump addition of the radical
mediator, 1-(3-phenylselanylpropyl}-1H-2-pyrrole-2-carbaldehyde 62 (0.27 g, 0.93
mmol) in toluene (70 cm®) was reacted with TBTH (0.45 g, 1.5 mmol) in toluene and
AIBN (0.22 g, 1.3 mmol) for 5 h. Column chromatography (light petroleum:EtQAc:
95:5->85:15) gave a mixture of 6,7-dihydro-5H-pyrrolizine-3-carbaldehyde 59 and
AIBN. Yet another column (light petroleum:EtOAc: 4:1) gave 6,7-dihydro-5H-
pyrrolizine-3-carbaldehyde 59 (61.1 mg, 0.45 mmol, 49 %) as a colourless 0il.® &y
2.48-2.60 2 H, m, 6-H),2.82 (2 H,t,J 7.5, 5-H), 426 2 H,t,J 7.2, 7-H), 5.98 (1 H,
d,J3.7,2-H), 6.94 (1 H, d, J 3.9, 1-H) and 9.40 (1 H, s, CHO); 8¢ 24.43 (6-C), 27.54
(7-C), 47.79 (5-C), 103.50 (2-C), 128.68 (8-C), 132.21 (1-C), 133.75 (3-C) and 178.49
(CHO); m/z 135 (M", 100 %), 120 (17), 106 (55), 79 (51) and 65 (6).

Table 35, entry 2:

Following the general procedure when using syringe-pump addition of the radical
mediator, 1-(3-phenylselanylpropyl)-1H-pyrrole-2-carbaldehyde 62 (0.31 g, 1.1 mmol)
in toluene (70 cm®) was reacted with TBGH (0.33 g, 1.3 mmol) in toluene and AIBN
(0.22 g, 1.3 mmol) for 5 h. "H-NMR spectroscopy showed only unreacted starting
material 62,
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Table 35, entry 3:

Following the general cyclisation procedure, 1-(3-phenylselanylpropy}l)-1H-pyrrole-2-
carbaldehyde 62 (0.10 g, 0.3 mmol) in toluene (50 cm®) was reacted with TBGH (0.33
g, 1.3 mmol) for 5.5 h. A small amount of AIBN (0.22 g, 1.3 mmol added in total) was
added every 30 minutes. Analysis vsing TLC and 'H-NMR spectroscopy showed
unreacted starting material 62, but also traces of 6,7-dihydro-5H-pyrrolizine-3-
carbaldehyde 59.

Radical cyclisation of 1-(4-phenylselanylbutyl)-1H-pyrrole-2-carbaldehyde 63

Q\ /N
cHo ~ —= N~ CHO
K/\/Seph

63 60

Table 35, entry 4:

Following the general procedure when using syringe-pump addition of the radical
mediator, 1-(4-phenylselanylbutyl)-1 H-pyrrole-2-carbaldehyde 63 (0.30 g, 1.0 mmol)
in acetonitrile (70 cm3) was reacted with TBTH (0.56 g, 1.9 mmol) in toluene and
AIBMe (0.30 g, 1.3 mmol) for 5 h. A small amount of AIBMe in toluene was added
every hour. After cooling to room temperature and evaporation to dryness, EtOAc and
potassium fluoride were successively added and the resulting mixture vigorously
stirred for two hours. The organic layer was separated, dried (MgSQ;) and evaporated
to dryness. Column chromatography (light petroleum:EtOAc: 95:5—585:15) gave
5,6,7,8-tetrahydro-indolizine-3-carbaldehyde 60°" (42 mg, 0.28 mmol, 29 %) along
with a mixture of AIBMe and 55. The yield of $5,6,7,8-tetrahydro-indolizine-3-
carbaldehyde 60 was determined by the use of 1,4-dinitrobenzene as the internal
standard in 'H-NMR spectroscopy. oy 1.85-1.71 (2 H, m, 6-H), 1.97-1.89 (2 H, m, 7-
H),2.75 2 H, t,J 6.2, 8-H), 428 (2 H, t, J 6.0, 5-H), 5.98 (1 H, dd, J 4.2, 0.7, 2-H),
6.78 (1 H, d, J 4.2, 1-H), and.9.32 (1 H, s, CHO); 8¢ 19.77 (7-C), 22.92 (6-C), 23.75
(8-C), 45.60 (5-C), 107.93 (2-C), 124.01 (9-C), 131.13 (1-C), 133.40 (3-C) and.178.17
(CHO); m/z 149 (M", 100 %), 134 (18), 120 (52), 108 (34), 93 (24), 80 (10) and 65
(12).

151



3.5.2.3 Radical cyclisation of pyrazole derivatives
Radical cyclisation of 4-phenyl-1-(3-phenylselanylpropyl)-1H-pyrazole 64

s \B@zwg«

I\/\SePh

Ph

Table 36, entry 1:

General cyclisation procedure:

A solution of TBGH (85 mg, 0.3 mmol) and ACCN (0.2 g, 0.6 mmol) in anhydrous
toluene (50 em’) was added by syringe pump to a refluxing solution of 4-phenyl-1-(3-
phenylselanylpropyl)-1H-pyrazole 64 (0.1 g, 0.3 mmol) in anhydrous toluene (200
cm’) was over 6 h. The reaction mixture was refluxed for further 30 min after
complete addition, cooled to room temperature and evaporated to dryness. Column
chromatography (light petroleum:EtQAc; 5:1) gave a mixture of unreacted starting
material 64 (47 %), 4-phenyl-1-propyl-1H-pyrazole 66 (19 %) and 1-allyl-4-phenyl-
1H-pyrazole 67 (7 %). All yields were determined by the use of 14-
dimethoxybenzene as the internal standard in "H-NMR spectroscopy. 66:° (Found:
M*, 186.1154. C1,Hi4N; requires 186.1157); Viax /om™ 3131; 85 0.95 3 H, t, J 7.4,
Me), 1.89-1.98 2 H, m, 2-H), 4.11 2 H, t, J 7.2, 1-H), 7.19-7.25 (1 H, m, Ph 4-H),
7.34-7.38 (2 H, m, Ph 3,5-H), 7.47-7.49 (2 H, m, Ph 2,6-H), 7.63 (1 H, s, pyrazole 3-
H) and 7.78 (1 H, s, pyrazole 5-H); 8¢ 11.14 (3-C), 23.71 (2-C), 54.03 (1-C), 122.65
{pyrazole 4-C), 125.44 (Ph 2,6-C), 125.89 (pyrazole 3-C), 126.23 (Ph 4-C), 128.79 (Ph
3,5-C), 132.75 (Ph 1-C) and 136.54 (pyrazole 5-C); m/z 186 (M", 87 %), 157 (100)
and 144 (64). 67: 3y 4.66-4.75 (2 H, m, 1-H), 5.20-5.29 (2 H, m, CH=CH,), 5.95-6.11
(1 H, m, CH=CHy), 7.51-7.17 (5 H, m, Ph), 7.62 (1 H, s, pyrazole 3-H) and 7.79 (1 H,
s, pyrazole 5-H); m/z 184 (M, 44 %), 183 (55), 157 (19), 156 (16), 143 (22), 102 (18),
89 (27), 77 (10}, 63 (31), 41 (66) and 39 (100).

Table 36, entry 2:
Repeating the reaction but adding ACCN every 45 min gave unreacted starting
material 64 (70 %) and l-allyl-4-phenyl-1H-pyrazole 67 (30 %). Both yields were
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determined by the use of 1,4-dimethoxybenzene as internal standard in 'H-NMR

Spectroscopy.

Table 36, entry 3:

TBGH (43 mg, 0.18 mmol) and Et;B (1.0 M in hexane, 0.28 mmol) were added
dropwise to a solution of 4-phenyl-1-(3-phenylselanylpropyl)-1-pyrazole 64 (0.05 g,
0.15 mmol) in anhydrous cyclohexane (25 cm3). The flask was fitted with a rubber
septum and exposed to air vig a needle while stirring at ambient temperature for 8 h.
Further TBGH (43 mg, 0.18 mmol) and Et;B (1.0 M in hexane, 0.28 mmol) were
added and the mixture stirred for further 18 h. Evaporation to dryness followed by
column chromatography (light petroleum:EtOAc: 10:1 -» 2:1) gave 4-phenyl-1-
propyl-1H-pyrazole 66 (17.8 mg, 0.1 mmol, 66 %) as an colourless oil.

Radical cyclisation of 4-phenyl-1-(4-phenylselanylbutyl)-1 H-pyrazole 68
Ph

N s W 5
K/\/Seph/\/l/\)

69

Table 36, entry 4:

Following the general cyclisation procedure, 4-phenyl-1-(4-phenylselanylbutyl)-1H-
pyrazole 68 (0.1 g, 0.3 mmol) was reacted with TBGH (83 mg, 0.3 mmol) for 10 h to
give unreacted starting material 68 (77 %) and 1-but-3-enyl-4-phenyl-1H-pyrazole 71
(4 %). Both yields were determined by the use of 1,4-dimethoxybenzene as the
internal standard in "H-NMR spectroscopy. 71: 8y 2.61-2.69 (2 H, m, 2-H), 4.21 (2 H,
t, J 7.0, 1-H), 5.06-5.13 (2 H, m, CH=CH,), 5.70-5.87 (1 H, m, CH=CH,), 7.26-7.38
(3 H, m, Ph 3,4,5-H), 7.46-7.49 (2 H, m, Ph 2,6-H), 7.61 (1 H, s, pyrazole 3-H) and
7.77 (1 H, s, pyrazole 5-H); m/z 198 (M", 42 %), 197 (46), 170 (28), 157 (100), 144
(53), 130 (27) 103 (33), 89 (21), 77 (23) and 39 (38).

Table 36, entry 5:
Repeating the reaction but adding ACCN every 45 min gave unreacted starting
material 68 (52 %) and 1-but-3-enyl-4-phenyl-1H-pyrazole 71 (16 %). Both yields
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were determined by the use of 1,4-dimethoxybenzene as the internal standard in 'H-

NMR spectroscopy.

Table 36, entry 6:

TBGH (43 mg, 0.18 mmol) and Et;B (1.0 M in hexane, 0.28 mmol) were added
dropwise to a solution of 4-phenyl-1-(4-phenylselanyibutyl)-1H-pyrazole 68 (0.05 g,
0.14 mmol) in anhydrous cyclohexane (25 cm’). The flask was fitted with a rubber
septum and exposed to air via a needle while stirring at ambient temperature for 8 h.
Further TBGH (43 mg, 0.18 mmol) and Et;B (1.0 M in hexane, 0.28 mmol) were
added and the mixture stirred for a further 18 h after which period TBGH (43 mg, 0.18
mmol) and Et;B (1.0 M in hexane, 0.28 mmol) were added yet again. The mixture was
then stirred for further 8 h. Evaporation to dryness followed by column
chromatography (light petroleum:EtOAc: 10:1 — 2:1) gave 3-phenyl-4,5,6,7-
tetrahydropyrazolo[1,5-a]pyridine 69 (44 %), unreacted starting material 68 (7 %) and
1-but-3-enyl-4-phenyi-1 H-pyrazole 71 (4 %). All yields were determined by the use of
1,4-dimethoxybenzene as the internal standard in 'H-NMR spectroscopy. 69:%
(Found: M", 199.1233. C13H 4N requires 199.1235); Vinax fem’! 1602, 764 and 699; &y
1.84-1.90 (2 H, m, 5-H), 2.04-2.12 2 H, m, 6-H), 2.95 2 H, t, /6.2, 4-H), 420 2 H,
t,J 7.0, 7-H), 7.20-7.28 {1 H, m, Ph 4-H), 7.34-7.41 (4 H, m, Ph 2,3,5,6-H) and 7.43
(1 H, s, 2-H); 8¢ 20.55 (5-C), 23.12 {6-C), 23.15 (4-C), 48.18 (7-H), 118.49 (3-C),
125.75 (Ph 4-C), 126.76 (Ph 2,6-C), 128.61 (Ph 3,5-C), 133.67 (Ph 1-C), 135.79 (2-C)
and 137.25 (9-C); m/z 199 (M", 100 %).

Radical cyclisation of 4-phenyl-1-(5-phenylselanylpentyl)-1H-pyrazole 72

Ph Ph, Ph Ph
Z N,N N/ N/ N/N
NN S,y
2 SePh 2
72 74 73

75

Table 36, entry 7:

Following the general cyclisation procedure, 4-phenyl-1-(5-phenyiselanylpentyl)-1H-
pyrazole 72 (0.1 g, 0.3 mmol) was reacted with TBGH (79 mg, 0.3 mmol) for 10 h to
give 1-pent-4-enyl-4-phenyl-1H-pyrazole 75 in 62 % yield. Due to by-products, the

yield was determined by the use of 1,4-dimethoxybenzene as the internal standard in
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'H-NMR spectroscopy. 8y 1.47-1.85 (4 H, m, H-2 and 3), 4.16 2 H, t, J 6.7, H-1),
5.01-5.08 (2 H, m, CH=CHp), 5.72-5.88 (1 H, m, CH=CHy), 7.19-7.38 (3 H, m, Ar H-
3,4, and 5), 7.46-7.49 (2 H, m, Ar H-2,6), 7.64 (1 H, s, pyrazole 3-H) and 7.80 (1 H, s,
pyrazole 5-H); m/z 212 (M", 5 %), 211 (10), 157 (32), 144 (15), 130 (12), 102 (27), 89
(29), 77 (16), 67 (25), 53 (25), 41 (80) and 39 (100).

“Blank” reaction of 4-phenyl-1-(4-phenylsclanylpropyl)-1H-pyrazole 64

A solution of 4-phenyl-1-(4-phenylselanylpropyl)-1H-pyrazole 64 (16.0 mg, 0.05
mmol) in anhydrous toluene (35 cm’) was refluxed for 16 h, cooled to ambient
temperature and evaporated to dryness. 'H-NMR spectroscopy revealed that no
reaction had occurred. The oil was re-dissolved in anhydrous toluene (35 cm’), added
TBGH (19 mg, 0.08 mmol) and refluxed for 18 h. "H-NMR spectroscopy after cooling
and evaporation of solvent showed only signals corresponding to the pyrazole

precursor 64.

3.5.2.4 Radical decarbonylation of 3-(IH-indol-3-yl)propionic acid Se-phenyl ester

y — o
N N

[ 78 H

Table 37, entry 1:

TBTH (0.12 g, 0.41 mmol) was added to a solution of 3-(1H-indol-3-yl)-seleno-
propionic acid Se-phenyl ester 76 (0.12 g, 0.37 mmol) in anhydrous toluene (40 cm’)
and the mixture heated to reflux. AIBN (0.12 g, 0.73 mmo! in total) was added
initially and then in small portions every 45 min. After refluxing for 2 h, the mixture
was cooled to ambient temperature and evaporated to dryness. Use of 1,4-
dimethoxybenzene as the internal standard in 'H-NMR spectroscopy revealed the
formation of decarbonylated product 3-ethyl-1H-indole 78 in 47 % yield. Column
chromatography (light petroleum:EtOAc; 10:1 — 3:1) gave the decarbonylated
product 78 as a colourless oil (14.0 mg, 0.10 mmol, 27 %) along with other,
unidentified products. (Found: 145.0890, C;oH;;N requires 145.0892); Vmax
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(DCMy/em™ 3414, 3056, 2963, 2829, 1702, 1682, 1604, 1455, 1421, 1339, 1223, 1093
and 741; 8, 1.33 3 H, t, J 7.5, CH3), 2.79 (2 H, q, J 7.5, CHy), 6.94 (1 H, m, Ar 2-H),
7.07-722 @ H, m, Ar 6,7-H), 7.33 (1 H, d, J 7.6, Ar 8-H), 7.61 (1 H, d, J 7.6, Ar 5-H)
and 7.84 (1 H, bs, NH); 8¢ 14.44 (CH;3), 17.29 (CHz), 111.01 (Ar 8-C), 118.80 (Ar 3-
C), 118.93 (Ar 7-C), 119.03 (Ar 5-C), 120.41 (Ar 6-C), 121.86 (Ar 2-C), 130.20 (Ar
4-C) and 136.37 (Ar 9-C); m/z 145 (78 %), 130 (100) and 77 (21).

Table 37, entry 2:

Reacting 3-(1 H-Indol-3-yl)-selenopropionic acid Se-phenyl ester 76 (0.12 g, 0.37
mmol) in anhydrous toluene (30 cm’) with TBGH (94.9 mg, 0.39 mmol) and ACCN
(0.15 g, 0.91 mmol in total) in accordance with the procedure detailed above gave 3-
ethyl-1H-indole 78 in 63 % yield as determined by the use of an internal standard in
'H-NMR spectroscopy.

3.6 Experimentals for Chapter 2.5

3.6.1 Synthesis of alkyl precursors

3-Nitro-3-methyl-4-phenyl-4-(prop-2-ynyloxy)butyl cyanide 79%8

v~ ||
= ="
79

Ph O

Propargyl alcohol (0.8 g, 13.5 mmoi) was added dropwise to a suspension of sodium
hydride (0.5 g, 13.5 mmol) in anhydrous THF (10 em’) at 0 °C and the mixture stirred
for 15 min at 0°C followed by addition of trans-fmethyl-S-nitrostyrene (2.0 g, 12.3
mmol). The mixture was stirred at ambient temperature overnight, poured into a
ice/water mixture and neutralised with HoNOHeHCl. Extraction into DCM and
washing of the organic fractions with water, followed by drying (MgSOs) and
evaporation of solvent gave the crude product. Purification by column
chromatography (light petroleum:EtOAc; 4:1) to give 2-nitro-1-phenylpropyl prop-2-
ynyl ether as a mixture of diastereoisomers. NaH (0.2 g, 5.5 mmol) was added to a
solution of 2-nitro-1-phenylpropyl prop-2-ynyl ether (1.0 g, 4.6 mmol) in anhydrous
THF (10 cm®) at 0 °C and the suspension stirred at 0 °C for 20 min. Acrylonitrile (0.3
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g, 5.5 mmol) was added dropwise and the resulting mixture stirred at room
temperature for 90 min. Methanol and water were added and the solution extracted
into DCM, dried (MgSQ4) and evaporated to dryness to give the crude product as an
yellow oil. Column chromatography (light petroleum:EtOAc; 4:1) gave 3-nitro-3-
methyl-4-phenyl-4-(prop-2-ynyloxy)butyl cyanide 79 as a mixture of diastereoisomers
(0.5 g, 1.9 mmol, 43 %). (Found: M + H, 273.1234, C;5H,7N,0; requires 273.1239);
8y 1.47 and 1.63 (3 H, s, Me), 2.21-2.79 (5§ H, m, CH,CI,CN and C=CH), 3.88-3.93
(1 H, m, OCH,C=CH), 4.18 and 4.22 (1 H, dd, /2.3 and 15.9, OCH,C=CH), 5.14 and
5.18 (1 H, s, CHPh) and 7.18-7.44 (5 H, m, Ph); 8¢ 13.02 (CH,CN), 19.65 (Me), 30.8
(CH,CH,CN), 56.81 (OCH,C=CH), 76.18 (CHPh), 78.44 (CNO,), 83.91 (C=CH),
93.02 (C=CH), 119.31 (CN), 128.67 (Ph 3,5-C), 129.21 (Ph 2,6-C), 129.90 (Ph 4-C)
and 133.86 (Ph 1-C); m/z (FAB) 273 (M + H, 14 %), 226 (95), 217 (20), 171 (20), 145
(90), 137 (100) and 105 (65).

2-(3-Phenylprop-2-enyloxy)ethanol 82%

P NN e o NN AOH
82

Method A:

Ethylene glycol (0.125 g, 2.0 mmol) and cinnamyl bromide (0.2 g, 1.0 mmol) were
successively added at room temperature to a mixture of potassium hydroxide (0.11 g,
2.0 mmol) in anhydrous DMSO (5 c¢m’) and the mixture was stirred at room
temperature for 1 h. The mixture was poured into water and extracted with DCM. The
aqueous phase was acidified with aqueous 2 M HCl and extracted with DCM. The
combined organic layers were washed with water, dried (MgSQ,) and evaporated to
dryness to give a yellow oil. Column chromatography (light petroleum:EtOAc; 3:2)
gave 2-(3-phenylprop-2-enyloxy)ethanol 82 as a colourless oil (0.06 g, 0.4 mmol, 35
%) along with cinnamyl alcohol (0.04 g, 0.3 mmol, 26 %) and cinnamyl aldehyde (the
yield was not determined). Vax fem! 3416, 3026, 2929, 2864, 1495, 1449 and 1116;
8y 2.54 (1 H, bs, OH) 3.59 (2 H, m, CF,0H) 3.76 (2 H, m, CH>,CH,0H), 4.18 (2 H,
dd, J 6.1, 1.4, CH=CHCH,), 6.28 (1 H, dt, J 15.9, 6.1, CH=CHCH,), 6.60 (1 H, d, J
159, CH=CHCH;), and 7.20-7.40 (5 H, m, Ph); &c 61.67 (CH,OH), 71.35
(CH=CHCH,), 71.72 (CH,CH,0H), 125.63 (CH=CHCH,), 125.70 (Ph 2,6-C), 127.76




(CH=CHCH,), 128.41 (Ph 3,5-C), 134.63 (Ph 4-C) and 136.53 (Ph 1-C); m/z 178 (2
%), 177 (3), 133 (50), 117 (90), 115 (100), 105 (72), 100 (60), 91 (85) and 73 (82).

Method B:¥

Ethylene glycol (0.06 g, 0.1 mmol) and cinnamyl bromide (0.1 g, 0.5 mmol) were
successively added at room temperature to a mixture of sodium hydride (0.04 g, 1.1
mmol) in anhydrous DMF (3 cm®) and the mixture was stirred at room temperature for
1 h. The mixture was poured into water and extracted with DCM. The organic layers
were washed with water (x 6) to remove DMF, dried (MgSO,) and evaporated to
dryness to give a yellow oil. Column chromatography (light petroleum:EtOAc; 3:2)
gave the isolated 2-(3-phenylprop-2-enyloxy)ethanol 82 as a colourless oil (0.08 g, 0.4
mmol, 87 %).

3-[(2-Bromeoethyl)oxy]-prop-1-enylbenzene 81

P SN NN SN
82 81
Triphenylphosphine (0.21 g, 0.8 mmol) and carbon tetrabromide (0.27 g, 0.8 mmol) in
anhydrous CH3;CN (6 cm®) was added to a solution of 2-(3-phenylprop-2-
enyloxy)ethanol 82 (0.1 g, 0.5 mmol) at 0 °C and the mixture was stirred at room
temperature in 45 min. Evaporation of the solvent followed by column
chromatography (light petroleum:EtOAc; 15:1) gave 3-[(2-bromoethyl)oxy]-prop-1-
enylbenzene 81 as a pale yellow oil (0.13 g, 0.5 mmol, 100 %); (Found: C, 54.60; H,
5.20, C;1Hy3BrO requires: C, 54.79; H, 5.43); Vmax fem™ 3026, 2851, 1715, 1494,
1449, 1359 and 1116; 61 3.48 (2 H, dd, J 6.1, 6.1, CH,Br), 3.79 2 H, dd, J= 6.1, 6.1,
CH,CH,Br), 420 (2 H, dd, J 6.0, 1.4, CH=CHCH,), 6.27 (1 H, dt, J 16.0, 6.0,
CH=CHCH,), 6.61 (1 H, d, J 16.0, CH=CHCH,), and 7.23-7.41 (5 H, m, Ph); 6c 31.11
(CH;Br), 70.40 (CH=CHCH;) 72.06 (CH>CH:Br), 126.06 (CH=CHCH,), 127.23 (Ph

2,6-C), 128.28 (CH=CHCH,), 129.40 (Ph 3,5-C), 129.44 (Ph 4-C) and 136.99 (Ph 1-

C); m/z 242 (23 %), 240 (23), 161 (3), 143 (7), 133 (70), 117 (55), 115 (65), 105 (100),
91 (48) and 77 (67).

158



3.6.2 Radical cyclisation of alkyl precursors

Radical cyclisation of 3-nitro-3-methyl-4-phenyl-4-(prop-2-ynyloxy)butyl cyanide
79

O 30 O s

Table 38, entry 1:

General procedure:

TBTH (0.13 g, 0.4 mmol) was added dropwise to a solution of 3-nitro-3-methyl-4-
phenyl-4-(prop-2-ynyloxy)butyl cyanide 79 (90 mg, 0.3 mmol) in anhydrous
acetonitrile (2 cm®) and the mixture heated at reflux for 3 h. AIBN (40 mg, 0.2 mmol
in total) was added initially and then in portions every hour. Afier cooling to room
temperature, the solution was evaporated to dryness and the crude reaction mixture
purified by column chromatography (light petroleum:EtOAc; 10:1) to give 3-(3-
methyl-4-methylene-2-phenyl-tetrahydro-furan-3-yDpropionitrile ~ 80 as  two
diastereoisomers (18 % (80b) and 21 % (80a) respectively) and unreacted starting
material (9 %). Due to by-products, the yields were determined by the uwse of 1,4-
dimethoxybenzene as the internal standard in 'H-NMR spectroscopy. 80a:*® &y (400
MHz) 0.64 (3 H, s, Me), 1.88 (2 H, m, NCCH,CH:), 2.38 (2 H, dd, J 7.6 and 8.4,
NCCH,), 4.40 (1 H, dt, J 2.4 and 13.6, OCH,), 4.62-4.66 (2 H, m, PhCH and OCH>),
480 (1, t,J24,C=CH), 5.05 (1 H,t,J2.0, C=CH) and 7.16-7.29 (5 H, m, Ph); 8¢
12.99 (NCCHy), 22.79 (Me), 33.42 (NCCH:CH,), 48.85 (CCH3), 71.43 (C=CH,),
87.50 (PhC), 105.40 (C=CH>), 120.33 (CN), 126.99 (Ph C-2,5), 128.61 (Ph C-4),
128.69 (Ph C-2,6), 138.92 (Ph C-1) and 153.45 (C=CHy); m/z 227 (5 %), 128 (8), 120
(12), 107 (100), 79 (85), 53 (30) and 41 (35). 80b:® &y (400 MHz) 1.11 (3 H, 5, Me),
1.88 (2 H, m, NCCH.CH,), 2.38 (2 H, dd, J 7.6 and 8.4, NCCH»), 4.39 (1 H, dt, J2.4
and 13.6, OCH;), 490 (1 H, s, PhCH), 4.59 (1 H, dt, J 2.0 and 13.6, OCH;), 4.84 (1 H,
t, J 2.4, C=CH), 505 (1 H, t, J 2.0, C=CH)} and 7.25-7.30 (5 H, m, Ph); 8¢ 12.63
(NCCH,), 23.78 (Me), 30.03 (NCCH>CH,), 48.37 (CCHj3), 70.34 (=CH), 89.86
(PhC), 106.42 (C=CH>), 120.61 (CN), 126.65 (Ph C-2,5), 128.86 (Ph C-4), 128.97 (Ph
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C-2,6), 137.02 (Ph C-1) and 153.39 (C=CHy); m/z 227 (5 %), 128 (8), 120 (12), 107
(100), 79 (85), 53 (30) and 41 (35).

Table 38, entry 2:

Following the general procedure, 3-nitro-3-methyl-4-phenyl-4-(prop-2-ynyloxy)butyl
cyanide 79 (90 mg, 0.3 mmol) was reacted with TBGH (0.10 g, 0.4 mmol) to give the
two diastereoisomeric products (15 % (80b) and 5 % (80a) respectively) and unreacted
starting material 79 (51 %). Due to by-products, the yields were determined by the use
of 1,4-dimethoxybenzene as the internal standard in 'H-NMR spectroscopy.

Table 38, entry 3:

Following the general procedure, 3-nitro-3-methyl-4-phenyl-4-(prop-2-ynyloxy)butyl
cyanide 79 (0.1 g, 0.3 mmol) in toluene (2 cm’) was reacted with TBGH (0.14 g, 0.4
mmol) for 5 h to give the two diastereoisomeric products (17 % (80b) and 3 % (80a)
respectively) and unreacted starting material 79 (53 %). Due to by-products, the yields
were determined by the use of 1,4-dimethoxybenzene as the internal standard in 'H-

NMR spectroscopy.

Table 38, entry 4:

Following the general procedure, 3-nitro-3-methyl-4-phenyl-4-(prop-2-ynyloxy)butyl
cyanide 79 (0.1 g, 0.3 mmol) in acetonitrile (2 cm®) was reacted with TBGH (0.14 g,
0.55 mmol) and AIBN (0.12 g, 0.73 mmol) for 5 h to give 3-(3-methyl-4-methylene-2-
phenyl-tetrahydro-furan-3-yl)propionitrile 80 as a mixture of diastereoisomers (15 %
in total) and unreacted starting material (51 %). Due to by-products, the yields were
determined by the use of 1,4-dimethoxybenzene as the internal standard in '"H-NMR

spectroscopy.

Radical cyclisation of 3-[(2-bromoethyl)oxy]-prop-1-enylbenzene 81

o}
e YV WV Y e 83
81
Ph
Table 39, entry 1:

TBTH (0.28 g, 0.95 mmol) and PhSH (8.7 mg, 0.08 mmol) were added successively
and dropwise to a solution of 3-[(2-bromoethyl)oxy}-prop-1-enylbenzene 81 (0.19 g,
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0.79 mmol) in anhydrous cyclohexane (50 cm®) and the mixture heated at reflux for 5 ‘
h. AMBN (0.15 g, 0.78 mmol) was added initially and then in portions every hour.
After cooling to room temperature, the solution was evaporated to dryness and the
crude residue purified by column chromatography (light petroleum:EtOAc; 1:0 —
15:1) to give 11 % of 3-benzyl-tetrahydrofuran 83.>° Due to interfering signals, the
yield was determined by the use of 1,4-dimethoxybenzene as the internal standard in
'H-NMR spectroscopy. &g 1.56-1.65 (1 H, m, 4-H), 1.93-2.03 (1 H, m, 4-H), 2.46-2.57
(1 H, m, 3-H), 2.68-2.71 (2 H, m, CH>Ph), 3.47 (1 H, dd, J 8.3 and 6.7, 2-H), 3.72-3-
96 (3 H, m, 2,5-H) and 7.16-7.30 (5 H, m, Ph); 8¢ 32.39 (4-C), 39.39 (CH,Ph), 41.43
(3-C), 67.98 (5-C), 73.45 (2-C), 126.01 (Ph 4-C), 128.57 (Ph 3,5-C), 128.95 (Ph 2,6-
C) and 140.05 (Ph 1-C); m/z 162 (M", 22 %), 144 (12), 117 (20), 115 (14), 92 (97) and
91 (100).

Table 39, entry 2:

Employing the procedure detailed above, 3-[(2-bromoethyl)oxy]-prop-1-enylbenzene
81(0.12 g, 0.50 mmol) was reacted with TBGH (0.15 g, 0.60 mmol) fo give 3-benzyl-
tetrahydrofuran 83 in 10 % yield as determined by the use of 1,4-dimethoxybenzene as
the internal standard in "H-NMR spectroscopy.

3.7 Experimentals for Chapter 2.6

3.7.1 Synthesis of vinylic precursors

Allyl-(2-bromoallyl)-(4-methoxybenzyl)amine 90
ﬁ:sf/(
MeO ‘©\

A solution of allyl bromide (4.1 g, 33.5 mmol) in acctonitrile (20 cm*) was added
dropwise to a mixture of 4-methoxybenzylamine (5.0 g, 36.5 mmol) and potassium
carbonate (14.7 g, 0.11 mol) in acetonitrile (150 cm®) at 0 °C. The mixture was stirred

at ambient temperature overnight, filtered and evaporated to dryness. The resulting oil
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was dissolved in acetone (130 ¢m®) and cooled to 0 °C. Potassium carbonate (20.0 g,
0.15 mol) and a solution of 2,3-dibromopropene (80 %, 15.5 g, 60.6 mmol) in acetone
(20 cm®) were added and the mixture stirred at ambient temperature overnight.
Filtration and evaporation to dryness afforded a yellow oil, which was purified by
column chromatography (light petroleum;DCM; 10:1 — 5:1) to give allyl-(2-bromo-
allyl)-(4-methoxybenzyl)amine 90 as a colourless oil (2.04 g, 6.9 mmol, 19 %).
(Found: 295.0575, Ci4HisBINO requires 295.0572); vmax /cm™ 3001, 2931, 2833,
2360, 2342, 1629, 1612, 1585, 1511 1464, 1440, 1419, 1370, 1301, 1249, 1171, 1103,
1037, 988, 922, 895 and 815; &5 3.10 2 H, d, J 6.3, NCH,CH=CH,), 3.25 2 H, s,
NCH,CBr=CH»), 3.57 (2 H, s, NCH:Ar), 3.79 (3 H, s, OMe), 5.13-5.25 (2 H, m,
CH=CH), 5.57 (1 H, s, CBr=CH>), 5.78-5.92 (2 H, m, CBr=CH,, CH=CH,,), 6.85 (2
H, d, J 8.6, Ar 3,5-H) and 7.27 2 H, d, J 8.6, Ar 2,6-H); 8¢ 55.64 (OMe), 56.23
(NCH,CH=CH;), 57.05 (NCHzAr), 61.62 (NCH,CBr=CH), 114.02 (Ar 3,5-C),
118.08 (CBr=CHy), 118.47 (NCH,CH=CH3,), 130.29 (Ar 2,6-C), 131.25 (CBr=CH,),
132.67 (Ar 1-C), 135.75 (NCH,CH=CH,) and 159.06 (Ar 4-C); m/z 297 (M',
CaH1s BINO, 22 %), 295 (M*, C14sH1s " BINO, 22 %), 216 (18), 190 (39), 122 (57),
121 (100), 91 (18), 78 (30), 77 (27) and 41 (17).

2-Allyl-2-(2-bromoallyl)malonic acid dimethyl ester 84

| Br =

——

MeOQ, COzMe MeO,C COQMB
84

A solution of sodium (0.50 g, 21.5 mmol) in MeOH (10 ml) was added dropwise to a
solution of dimethyl allylmalonate (3.0 g, 17.42 mmol) in MeOH (40 cm?®) and the
mixture stirred for 10 min. 2,3-Dibromopropene (4.20 g, 21.0 mmol) was added
dropwise and the resulting mixture stirred at ambient temperature for 20 h. The
reaction was quenched by water and extracted into DCM. Drying (MgSQO;) and
evaporation to dryness gave the crude product, which was purified by column
chromatography (light petroleum:EtOAc; 6:1) to give 2-allyl-2-(2-bromo-
allyl)malonic acid dimethyl ester (2.73 g, 9.4 mmol, 54 %) as a colourless oil; (Found:
(M-H)*, 289.0080, C1;Hy4"BrO, requires 289.0026), 8y (400 MHz) 2.77 2 H, d, J
7.6, CH,CH=CH,), 3.15 (2 H, s, CH,C(Br)=CH), 3.74 (6 H, s, Me), 5.11-5.15 (2 H,
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m, CHyCH=CH,) and 5.60-5.69 (3 H, m, CH,CH=CH, and CH,C(Br)=CIL); &¢ 36.16
(CH,CH=CH,), 43.12 (CH,C(Br)=CH;), 52.68 (Me), 57.04 (Cp), 119.67
(CHC(BN=CHy), 12221 (CH,CH=CH;), 127.00 (CH,C(Br=CH,), 132.05
(CH,CH=CH,) and 170.54 (C=0); m/z 291 (M", *'Br, 6 %), 289 (M*, Br, 7 %), 271
(6), 269 (7), 211 (100), 199 (8), 171 (7), 151 (42), 139 (25), 91 (68), 77 (26), 59 (37)
and 41 (23).

3.7.2 Radical cyclisation of vinylic precursors

Attempted radical cyclisation of allyl-(2-bromoallyl)-(4-methoxybenzyl)amine 90

Y O
Roul oWl oW

Employing TBTH as radical mediator:

TBTH (0.24 g, 0.84 mmol) was added to a solution of allyl-(2-bromoallyl)-(4-
methoxybenzyl)amine 90 (0.11 g, 0.37 mmol) in anhydrous toluene (30 cm®) and the
mixture heated to reflux. ACCN (0.1 g, 0.41 mmol in total) was added initially and
then in small portions every 45 min. After refluxing for 2 h, the mixture was cooled to
ambient temperature and evaporated to dryness. 'H-NMR of the crude reaction
mixture revealed signs of cyclic product, but column chromatography (light
petroleum:DCM; 5:1) on silica appeared to cleave off the PMB group and only led to a
complex mixture of products. Repetition of the reaction followed by chromatography

on neutral alumina did not improve the outcome the reaction.

Employing TBGH as radical mediator:

Allyl-(2-bromoallyl)-(4-methoxybenzyl)amine 90 (0.11 g, 0.37 mmol) in anhydrous
toluene (30 cm®) was reacted with TBGH (0.11 g, 0.44 mmol) and ACCN (0.1 g, 0.41
mmol in total) in accordance with the procedure detailed above, with the same
conclusion as in the TBTH promoted reaction. Repetition of the reaction followed by

chromatography on neutral alumina did not improve the outcome the reaction.
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Employing TBGH as radical mediator in the presence of PhSH:
Applying the same procedure as detailed above, the same lack of cyclic products was

detected.

Radical cyclisation of 2-allyl-2-(2-bromoallyl)malonic acid dimethyl ester 84

Br =
— .
O o. © o, © o
c o 0 o 0 O
84 85 86

Table 40, entry 1:

General procedure:

TBTH (0.10 g, 0.35 mmol) was added to a solution of 2-allyl-2-(2-bromoallyl)malonic
acid dimethyl ester 84 (92.0 mg, 0.32 mmol) in anhydrous toluene (18 cm?) and the
mixture heated to reflux. AMBN (30.0 mg, 0.16 mmol in total) was added initially and
then in small portions every 45 min. After refluxing for 4 h, the mixture was cooled to
ambient temperature and evaporated to dryness. Column chromatography (light
petroleum:EtOAc; 19:1) gave a mixture of isomere products 3-methyl-4-methylene-
cyclopentane-1,1-dicarboxylic acid dimethyl ester 85 and 3-methylene-cyclohexane-
1,1-dicarboxylic acid dimethyl ester 86 (85:86; 2:1.1, 58.7 mg, 0.28 mmol, 88 % in
total).?! 85: 55 1.11 (3 H, d, J 6.0, Me), 1.76-1.80 (2 H, m, 2-H), 2.55-2.59 (1 H, m, 3-
H), 2.92-297 (1 H, m, 5-H), 3.04-3.08 (1 H, m, 5-H), 3.72 3 H, s, CO:Me), 3.73 3 H,
s, CO,Me), 4.81 (1 H, s, C=CH} and 4.91 (1 H, s, C=CH); 8¢ 18.33 (Me)}, 37.65 (3-C),
40.97 (2-C), 42.61 (5-C), 53.12 {CO:Me), 53.17 (COMe), 58.51 (1-C), 105.98
(=CH,), 144.42 (4-C), 172.71 (C=0) and 172.84 (C=0); m/z 212 (M", 3 %), 181 (8),
180 (6), 153 (9), 152 (78), 121 (17), 93 (100), 91 (26) and 77 (23). 86: &y 1.63-1.76 (2
H, m, 5-H), 2.04-2.14 (4 H, m, 4,6-H), 2.68 (2 H, s, 2-C), 3.72 (3 H, s, CO,Me) and
4,74 (2 H, s, C=CH,); 8¢ 24.57 (5-C), 31.55 (4-C), 34.25 (6-C), 40.05 (2-C), 52.93
(COMe), 57.13 (1-C), 111.06 (C=CH,), 153.53 (3-C) and 172.03 (C=0); m/z 212
(M", 6 %), 181 (4), 180 (10), 153 (15), 152 (80), 121 (21), 93 (100), 91 (34) and 77
(21).
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Table 40, entry 2:

Following the general procedure, 2-allyl-2-(2-bromoallyl)malonic acid dimethyl ester
84 (0.11 g, 0.36 mmol) was reacted with TBGH (0.10 g, 0.4 mmol) to give a mixture
of 3-methyl-4-methylene-cyclopentane-1,1-dicarboxylic acid dimethy! ester 85 and 3-
methylene-cyclohexane-1,1-dicarboxylic acid dimethyl ester 86 in 11 % and 4 %
yields respectively along with undetermined amounts of the corresponding addition
products 91 and 92 as determined by the use of 1,4-dimethoxybenzene as the internal
standard in "H-NMR spectroscopy. 91 and 92: m/z 456 (M, 10 %), 399 (29), 245 (36),
189 (100), 133 (63), 131 (62), 91 (53), 55 (32) and 41 (27).

Table 40, entry 3:

Following the general procedure, 2-allyl-2-(2-bromoallyl)malonic acid dimethyl ester
(0.10 g, 0.34 mmol) was reacted with TBGH (0.13 g, 0.52 mmol), AMBN (60.0 mg,
0.37 mmol) and PhSH (3.8 mg, 0.03 mmol) for 5 h. The yields of 3-methyl-4-
methylene-cyclopentane-1,1-dicarboxylic acid dimethyl ester 85 (33 %), 3-methylene-
cyclohexane-1,1-dicarboxylic acid dimethyl ester 86 (5 %) and unreacted starting
material 84 (13 %) were determined by the use of 1,4-dimethoxybenzene as the

internal standard in 'H-NMR spectroscopy.

3.8 Experimentals for Chapter 2.7

3.8.1 Formation and decarboxylations of Barton-esters

Attempted formation and radical decarboxylation of the Barton ester 937

N
OH -
O
— -
Cr:ﬁ?o% m S
o 03

©/\/NHBOC
94

N-Methylmorpholine (0.10 g, 1.0 mmol) and isobutyl chloroformate (0.14 g, 1.0
mmol) were added to a mixture of N-Boc-L-phenylalanine (0.27 g, 1.0 mmol) in
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anhydrous THF (5 cm®) at —15 °C and the reaction shielded from light with aluminum
foil. After stirring for 10 min at this temperature, a solution of triethylamine (0.12 g,
1.2 mmol) and N-hydroxy-2-thiopyridone (0.15 g, 1.2 mmol) in anhydrous THF (3
cm’) was added. While keeping the temperature at —15 °C, the mixture was stirred for
1 h. Still under aluminum foil protection, the precipitate was removed by filtration,
washed with cold, anhydrous THF and the combined organic phases were evaporated
to give a yéllow-green oil. The crude material was dissolved in anhydrous toluene (20
cm®) and divided between two flasks. To one flask, TBTH (0.29 g, 1.0 mmol) was
added and TBGH (0.25 g, 1.0 mmol) to the other. Both radical reactions, continuously
under aluminum foil protection, were heated to reflux, added AIBN (15.0 mg, 0.09
mmol in each case) and refluxed for 1 h. Afier cooling to ambient temperature and
evaporation to dryness, diethyl ether was added and the organic layer washed with
aqueous, saturated NaHCOs, H,0, aqueous HCl, H,O and finally with brine, before
drying (MgSO4) and evaporation to dryness. "H-NMR spectroscopy showed in both
cases a complex mixture of products, which was also the case after column

chromatography. The products were not identified.

Attempted formation of the Barton Ester 937>

O o =

O Y

93

N-Methylmorpholine (0.10 g, 1.0 mmol) and isobutyl chloroformate (0.14 g, 1.0
mmol) were added to a mixture of N-Boc-L-phenylalanine (0.27 g, 1.0 mmol) in
anhydrous THF (5 em®) at —15 °C and the reaction shielded from light with aluminum
foil. After stirring for 10 min at this temperature, a solution of triethylamine (0.12 g,
1.2 mmol) and N-hydroxy-2-thiopyridone (0.15 g, 1.2 mmol) in anhydrous THF (3
cm’) was added. While keeping the temperature at —15 °C, the mixture was stirred for
2 h. Still under aluminum foil protection, the precipitate was removed by filtration,
washed with cold anhydrous THF and the combined organic phases were evaporated
to dryness to give a yellow-green oil. TLC showed two yellow spots but after column
chromatography (light petroleum:EtOAc; 1:1) was the outcome of the reaction very

complex. The products were not identified.
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Attempted formation of the mixed anhydride 947

L
@’/;(ﬁ\OH - NHB ’ W
\éro7< o¢

94

Et;N (0.19 g, 1.89 mmol) was added to a solution of N-Boc-L-phenylalanine (0.5 g,
1.88 mmol) in anhydrous THF (5 ¢cm®) and the mixture cooled to 0 °C at which
temperature isobutyl chloroformate (0.26 g, 1.89 mmol} was added dropwise, A white
precipitate was observed almost immediately and the mixture stirred at 0 °C for 3 h.
The precipitate was removed by filtration and the filtrate evaporated to dryness. The
'H-NMR spectrum of the crude reaction mixture did not show any signals
corresponding to the desired mixed anhydride and the mixture was not purified.

Formation and radical decarboxylation of Barton ester 96"

S
Ol — O\I\ij —_ @
0 a5 ° = a7

Employing TBTH as radical mediator:

DMAP (60.0 mg, 0.5 mmol) was added fo a solution of N-hydroxy-2-thiopyridone (76
mg, 0.6 mmol) in anhydrous toluene (5 ¢cm’) and the mixture heated to reflux, A
solution of adamatane-carbonyl chloride (0.10 g, 0.5 mmol) in anhydrous toluene (2.5
cm’) was added dropwise and the resulting mixture stirred at reflux for 15 min before
adding TBTH (0.44 g, 1.5 mmol) and AIBN (15 mg, 0.09 mmoti) followed by heating
at reflux for 1 h. The reaction mixture was cooled to 80 °C and, after addition of
carbontetrachloride (10 cm?), stirred at this temperature for 1 h, cooled to ambient
temperature and evaporated to dryness. Potassium fluoride (5 cm®) and a solution of
iodine (few crystals) in DCM (5 cm’) were added and the mixture stirred at ambient
temperature for 18 h. The white precipitate was removed by filtration and washed with
DCM. The aqueous layer was separated and extracted into DCM. The combined
organic phases were washed with aqueous sodium thiosulfate, water and brine, dried

(MgS0O4) and evaporated to dryness to give a yellow semi-solid. Careful
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recrystallisation from EtOH gave adamatanc 97 (55.2 mg, 0.41 mmol, 81 %) as a

white solid. All data are identical to those of commercial material.

Employing TBGH as radical mediator:

Employing the amounts and method detailed above, adamatane-carbonyl chloride
(0.10 g, 0.5 mmotl) was reacted with TBGH (0.37 g, 1.5 mmol) to give adamatane 97
(22.3 mg, 0.16 mmol, 33 %) as a white solid.

3.8.2 Formation and radical reactions of thiocarbonyl derivatives

3.8.2.1 Synthesis of thiocarbonyl imidazolides precursors

1,2:5,6-Di-O-isopropylidene-3-0O-thiocarbonylimidazole-o-D-glucofuranose 100*

>< ><s
° =\
HO: N - NVN\(O %<
98 O>< ) 100 ’

Thiocarbonyl diimidazole (1.40 g, 7.7 mmol) and DMAP (0.02 g, 0.1 mmol) were
added to a solution of 1,2:5,6-di-O-isopropylidene-a-D-glucofurancse (1.00 g, 3.8
mmol) in acetonitrile (30 cm®) and the mixture refluxed for 150 min. Cooling to room
temperature and evaporating the mixture to dryness gave 1,2:5,6-di-O-isopropylidene-
3-O-thiocarbonylimidazole-a-D-glucofuranose 100 as a pale yellow gummy oil (1.44
g, 3.8 mmol, 100 %) which did not need further purification. 84 1.29 (3 H, s, Me),
1.35 (3 H, s, Me), 1.42 (3 H, s, Me), 1.59 (3 H, s, Me), 4.07-4.15 (2 H, m, 5,6,-H),
431 (2 H, m, 4,6,-H),4.77 (1 H,d,J3.8,2-H), 584 (1 H,d, J2.1,3-H), 596 (1 H, 4,
J3.8,1-H), 7.06 (1 H, s, Im 5-H), 7.62 (1 H, s, Im 4-H) and 8.32 (1 H, s, Im 2-H); é¢
25.1 (Me); 26.2 (Me) 26.6 (Me), 26.9 (Me), 67.6 (6-C), 72.4 (4-C), 79.8 (3-C), 82.7
(5-C), 84.5 (2-C), 105.5 (1-C), 109.9 (Cy), 112.8 (Cy), 117.9 (Im 5-C), 131.2 (Im 4-C),
136.8 (Im 2-C) and 182.45 (C=8); m/z 371 (M"+1, 2 %), 355 (10), 303 (10), 244 (10),
211 (10), 111 (15), 101 (90), 68 (70), 59 (35) and 43 (100).
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Cholesteryl-1-thiocarbonylimidazole 1017

'AMhH "1'1 WH ‘1.'1
S

Thiocarbonyl diimidazole (1.98 g, 11.1 mmol) and a catalytic amount of DMAP (20
mol %) were added to a stirred solution of cholesterol 99 (2.0 g, 5.2 mmol) in
acetonitrile (40 cm’) and the mixture heated at reflux for 23 h. Cooling to room
temperature, evaporation of solvent and recrystallisation from Et;O gave the
cholesterol derivative 101 as a white powder (2.16 g, 4.3 mmol, 84 %).” (Found: C,
75.20; H, 9.70, N, 5.55. C3;HgON;S requires: C, 74.95; H, 9.74, N, 5.64) 84 0.69 (3
H, s, Me), 0.86-2.11 (38 H, m), 2.56 (2 H, m, Hp), 5.34 (1 H, m, Hc), 5.46 (1 H, bd, J
4.9, Ha), 7.03 (1 H, s, Im 2-H), 7.64 (1 H, s, Im 4-H) and 8.34 (1 H, s, Im 5-H); 8¢
12.26 (CH or CH3), 19.12 (CH or CHs), 19.72 (CH or CHj3), 21.44 (CHy), 22.97 (CH
or CHj3), 23.23 (CH or CH3), 24.22 (CH,), 24.67 (CHy), 27.44 (CHy), 28.41 (CH or
CHs), 28.68 (CH3), 32.21 (CH,), 32.31 (CH or CH3), 36.17 (CH or CH3), 36.57 (CHy),
37.00 (CHy), 37.13 (CHy), 37.60 (C), 39.90 (CHa), 40.07 (CHy), 42.69 (Cy), 50.34
(CH or CH3), 56.50 (CH or CH3), 57.03 (CH or CH3), 84.01 (CHOR), 118.27 (C=CH),
124.25 (Im 4-C), 131.01 (Im 5-H), 137.14 (Im 4-H), 138.90 (C=CH) and 183.68
(C=8).

3.8.2.2 Radical deoxygenation of thiocarbonyl imidazolides

Radical deoxygenation of 1,2:5,6-di-O-isopropylidene-3-O-thiocarbonylimidazole-

o-D-glucofuranose 100

O O O
% XHQ >ﬂ@
=\ . N, °
N%/N /0 5
I ST b
100 102 103

Table 41, entry 1:
1,2:5,6-di-O-isopropylidene-3-O-thiocarbonylimidazole-o-D-glucofuranose 100 (0.15

g, 0.4 mmol) in anhydrous toluene (5 cm’) was added dropwise to a refluxing solution
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of TBTH (0.94 g, 3.2 mmol) in anhydrous toluene (5 cm3) and the mixture was
refluxed for 90 min. Cooling to room temperature and evaporation to dryness followed
by column chromatography (light petroleum:EtOAc; 3:1) gave 3-deoxy-1,2:5,6-di-O-
isopropylidene-a-D-glucofuranose 102 and 1,2:5,6-di-O-isopropylidene-3-O-methyl-
a-D-glucofuranose 103 in 29 and 28 % yield respectively as determined by the use of
1,4-dinitrobenzene as the internal standard in "TH-NMR spectroscopy. 102:"%% & 1.27
(3 H, s, Me), 1.31 (3 H, s, Me), 1.37 (3 H, 5, Me), 1.46 (3 H, s, Me), 1.66-1.77 (1 H,
m, 3-H), 2.14 (1 H, dd, J 13.0 and 3.5, 3-H), 3.73-3.81 (1 H, m, 5-H), 4.02-4.15 (3 I,
m, 4,6-H), 471 (1 H, dd, J 3.7 and 3.7, 2-H) and 5.76 (1 H, 4, J 3.7, 1-H); 8¢ 25.5
(Me), 26.3 (Me), 26.8 (Me), 27.1 (Me), 35.6 (3-C), 67.5 (6-C), 77.1 (2-C), 79.0 (5-C),
80.8 (4-C), 106.0 (1-C), 109.9 (Cy), and 111.6 (Cy); m/z 245 (2 %), 229 (60), 171 (8),
143 (60), 111 (65), 101 (48), 85 (70), 83 (50), 59 (75), 54 (90) and 43 (100). 103:>* &y
1.29 (3 H, s, Me), 1.33 (3 H, 5, Me), 1.40 (3 H, s, Me), 1.48 (3 H, 5, Me), 3.42 (3 H, s,
OMe), 3.74 (1 H, d, J 3.0, 3-H), 3.97 (1 H, dd, J 8.80 and 5.78, 6-H), 4.02-4.18 (2 H,
m, 4,6-11), 4.27 (1 H, dt, J 7.88 and 5.78, 5-H), 4.54 (1 H, d, J 3.9, 2-H} and.5.83 (1 H,
d, J 3.7, 1-H); 8¢ 25.27 (Me), 26.63 (Me), 26.88 (Me), 26.99 (Me), 58.19 (OMe),
66.97 (4-C), 72.45 (6-C), 80.89 (3-C), 81.50 (5-C), 83.56 (2-C), 105,16 (Cy), 109.22
(1-C) and 111.59 (Cy).

Table 41, entry 2:
1,2:5,6;Di-0-isopropylidene—3-O-tlu'ocarbonylimidazole-a—D-glucoﬁlranosc 100 (0.19
g, 0.5 mmol) in anhydrous toluene (5 cm’) was added dropwise to a refluxing solution
of TBGH (0.66 g, 2.7 mmol) in anhydrous toluene (5 c¢m®) and the mixture was
refluxed for 90 min. Cooling to room temperature and evaporation to dryness followed
by column chromatography (light petroleum:EtOAc; 3:1) gave 3-deoxy-1,2:5,6-di-O-
isopropylidene-g.-D-glucofuranose 102 as a pale yellow oil (0.11 g, 0.4 mmol, 87 %).
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Radical deoxygenation of cholesteryl 1-thiocarbonylimidazole

4

WH 1‘5 WH WH '1'1,

NeosIeos
104 105 99

Table 42, entry 1:

A solution of cholesteryl-1-thiocarbonylimidazole 101 (0.1 g, 0.2 mmod) in anhydrous
toluene (5 cm®) was added dropwise to a refluxing solution of TBTH (0.2 g, 0.4 mmol)
in anhydrous toluene (4 cm3) and the mixture refluxed for 3 h. ACCN (0.12 g, 0.5
mmol in total) was added initially and then every 45 min. Cooling to room
temperature, evaporation of solvent, column chromatography (light petroleum on
alumina), followed by recrystallisation from EtOH gave cholest-5-ene 104 as a white
solid (40 ing, 0.1 mmol, 54 %); mp 87-89 °C (lit.";'2 88-89 °C); (Found: C: 87.56, H:
12.48, Cy7H46 requires C: 87.49, H: 12.51); 64 (400 MHz) 0.68 (3 H, s, Me), 0.86 (3
H,d,J6.8,Me),0.87 (3 H,d,J6.4, Me), 092 3 H, d, J 6.4, Me), 1.00 (3 H, s, Me),
0.98-2.02 (29 H, m), 2.23 (2 H, m, Hp) and 5.27 (1 H, t, J 2.0, C=CH); 6¢ 11.89 (CH
or CHj), 18.74 (CH or CH3), 19.48 (CH or CH3), 20.79 (CHy), 22.58 (CH or CHj3),
22.59 (CH,), 22.83 (CH or CHj3), 23.86 (CHz), 24.30 (CHy), 28.03 (CH or CH3), 28.09
(CHy), 28.27 (CH,), 31.87 (CH or CH3), 31.91 (CH,), 32.92 (CH,), 35.82 (CH or
CHj), 36.23 (CHa), 37.56 (Cy), 39.55 (CHy), 39.90 (CHy), 42.33 (Cy), 50.63 (CH or
CHs), 56.20 (CH or CHa), 56.91 (CH or CH3), 118.99 (C=CH) and 143.74 (C=CH).

Table 42, entry 2:

Following the procedure described above, cholesteryl-1-thiocarbonylimidazole 101
(0.1 g, 0.2 mmol) was reacted with TBGH (0.1 g, 0.4 mmol) to give cholest-5-ene 104
as a white solid (45 mg, 0.1 mmol, 60 %).
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Table 42, entry 3:

TBGH (0.1 g, 0.4 mmol) was added dropwise to a refluxing solution of cholesteryl-1-
thiocarbonylimidazole 101 (0.1 g, 0.2 mmol) in anhydrous toluene (9 cm’) and the
mixture refluxed for 3 h. ACCN (0.123 g, 0.5 mmol in total) was added initially and
then every 45 min. Cooling to room temperature, evaporation of solvent, column
chromatography (light petroleum on alumina), followed by recrystallisation from
EtOH gave cholest-5-ene 104 as a white solid (50 mg, 0.14 mmol, 67 %).

Table 42, entry 4:

Following the procedure described above, cholesteryl-1-thiocarbonylimidazole (0.1 g,
0.2 mmol) was reacted with TBTH (0.2 g, 0.4 mmol) to give cholest-5-ene 104 (5 %),
cholesterol 99 (51 %) and the OMe product 105 (11 %). Due to unsuccessful
purification of these products, the yields are determined by the use of 1,4-
dimethoxybenzene as the internal standard in 'H-NMR spectroscopy. 99: All spectral
data were identical to those of commercial material. 105:°> & 0.65 (3 H, s, Me), 0.86
(3 H, d, J6.8, Me), 0.87 3 H, d, J 6.4, Me), 0.92 3 H, d, J 6.4, Me), 1.00 3 H, s,
Me), 0.98-2.02 (29 H, m), 2.23 (2 H, m, Hg), 3.06 (1 H, m, CHOMe), 3.35 (3 H, s,
OMe) and 5.35 (1 H, d, J 5.0, C=CH); &c 11.86 (CH or CHj), 18.72 (CH or CHj),
19.38 (CH or CH3), 21.07 (CHy), 22.60 (CH or CHj3), 22.83 (CH or CHj), 23.91
(CHy), 24.29 (CH,), 28.02 (CH or CHs), 28.13 (CHy), 28.24 (CH,), 31.88 (CH or
CHs), 31.93 (CHb»), 35.83 (CH or CHs), 36.79 (CHy), 37.17 (Cy), 37.24 (CHy), 38.76
(CHa), 39.51 (CILy), 39.78 (CHy), 42.32 (C,), 50.14 (CH or CH3), 56.14 (OMe), 56.21
(CH or CHa), 56.78 (CH or CH3), 80.35 (CHOMe), 121.60 (C=CH) and 140.88.




3.9 Experimentals for Chapter 2.8

3.9.1 Synthesis of 4-(2-dimethylgermylethyl)phenol and derivatives

Dichlorogermylene/1,4-dioxane complex 109°!

GeCly ~——» GeCl;*0Q [0}
N/
109

A solution of germanium tetrachloride (25.0 g, 0.12 mol) and tetramethyldisiloxane
(15.66 g, 0.12 mol) in anhydrous 1,4-dioxane (53 cm®) was heated at reflux for 3 h and
allowed to cool to room temperature overnight. After further cooling to 0 °C the white
precipitate was collected by vacuum filtration and washed with cold dichloromethane
to give the dichlorogermylene/1,4-dioxane complex 109 as a white powder (21.6 g,
93.3 mmol, 80%); mp 178-181 °C (decomp.) (lit.*' 179-182 °C). v (KBr) /om™
1450, 1350, 1290, 1252, 1105, 1060, 1040, 870, 850 and 610.

4-(2-Chloroethyl)phenol 110%!

OH Cl
o -
HO HO 110

A mixture of 4-hydroxyphenethyl alcohol (25.0 g, 0.18 mol) and concentrated
hydrochloric acid (150 ¢m®) was heated at 110 °C for 18 h. After cooling to ambient
temperature, the mixture was poured into water and extracted with diethyl ether, The
organic layer was dried (MgSO4) and evaporated to dryness to give 4-(2-
chloroethyl)phenol 110 as a pale yellow oil (28.7 g, 0.18 mol, 100 %). &y (400 MHz)
299(2H,t,J7.6,1-H),3.67 (2H, t,J7.2,2-H), 4.74 (1 H, bs, OH), 6.78 (2 H, J 8.7,
Ar 3,5-H) and 7.09 2 H, d, J 8.7, Ar 2,6-H); 8¢ 38.69 (1-C), 45.81 (2-C), 115.94 (Ar
3,5-C), 130.54 (Ar 2,6-C), 130.93 (Ar 1-C) and 154.6 (Ar 1-C); m/z 156 (M, 24 %),
107 (100), 91 (17), 77 (33) and 49 (48).
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4-(2-Trichlorogermylethyl)phenol 111

cl GeCls

H 110 T H 11

A mixture of the dichlorogermylene/1,4-dioxane complex 109 (23.5 g, 0.10 mol) and
4-(2-chloroethyl)phenol 110 (15.9 g, 0.1 mol) was heated at 140 °C for 18 h. After
cooling to ambient temperature, the solution was poured into DCM and this mixture
added dropwise to water. The resulting yellow precipitate was collected by filtration,
washed successively with DCM (to remove traces of starting material) and water (to
remove water-soluble monomeric germanium oxide impurities resulting from
hydrolysis of any excess dichlorogermylene complex) and dried by suction. The white
powder was dissolved in concentrated hydrochloric acid and extracted into DCM. The
organic layer was dried (MgSQ,) and evaporated to dryness to give 4-(2-
trichlorogermylethyl)phenol 111 as a colourless (slightly white) oil (31.0 g, 0.1 mol,
100%). Vmax /em” 3338, 2446, 1175 and 829; 8y (400 MHz) 2.31 (2 H, t, J 7.6, 1-H),
2.93-2.98 (2 H, m, 2-H), 6.79 (2 H, J 8.7, Ar 3,5-H) and 7.09 (2 H, d, J 9.0, Ar 2,6-H);
3¢ 28.58 (1-C), 34.62 (2-C), 116.23 (Ar 2,6-C), 129.83 (Ar 3,5-C), 132.17 (Ar 4-C)
and 154.44 (Ar 1-C).

4-(2-Trimethylgermylethyl)phenol 108*

GeCly GeMe;
— J-
H: 111 HO 108

Methylmagnesium bromide (3.0 M in diethyl ether, 0.60 mol) was added dropwise to a
solution of 4-(2-trichlorogermylethyl)phenol 111 (30.0 g, 0.10 mol) in anhydrous
toluene (120 cm®) at 0 °C and the resulting mixture refluxed for 17 h. After cooling to
ambient temperature, aqueous hydrochloric acid (1 M) was carefully added to the
“semi-solid” obtained, which was then extracted into diethyl ether. The organic layer
was dried (MgSOy) and evaporated to dryness to give a brown oil, which was purified
by column chromatography (light petroleum:EtOAc; 9:1) to give 4-(2-
trimethylgermylethyl)phenol 108 as a pale yellow oil (22.5 g, 94.2 mmol, 94 %); mp
47-49 °C (lit.®! 47-48 °C); &y (400 MHz) 0.09 (9 H, s, Me), 0.98-1.04 (2 H, m, 1-H),
2.58-2.64 (2 H, m, 2-H), 4.63 (1 H, bs, OH), 6.74 (2 H, J 8.8, Ar 3,5-H) and.7.06 (2 H,
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d, J 9.0, Ar 2,6-H); ¢ -2.40 (Me), 18.72 (1-C), 30.36 (2-C), 115.76 (Ar 2,6-C),
128.46 (Ar 3,5-C), 137.28 (Ar 4-C) and 153.26 (Ar 1-C);

4-(2-Dimethylgermylethyl)phencl 113

GeMe; GeMeoH
— J7
108 HO 13

Tin(IV)chloride (6.75 g, 27.0 mmol) was added dropwise to a solution of 4-(2-
trimethylgermylethyl)phenol 108 (6.20 g, 26.0 mmol) in nitromethane (55 cm’), and
the mixture stirred at 50 °C overnight. The mixture was cooled to room temperature
and evaporated to dryness. The resulting black oil was dissolved in methanol (125
cm’). Sodium borohydride (1.00 g, 26.5 mmol) was added and the mixture stirred for 3
h. Addition of water and methanol, extraction into DCM, drying (MgSO4) and
evaporation to dryness gave a mixture of the product, 4-(2-chlorodimethyl-
germylethyl)phenol 113 and unreacted 4-(2-trimethylgermylethyl)phenol 108. The
mixture was dissolved in methanol (125 ¢cm®) and NaBH, {1.00 g, 26.4 mmol) added
and stirred for 4 h. Work-up as detailed above, followed by column chromatography
(light petroleum:EtOAc, 93:7) to remove the unreacted 108, gave 4-(2-
dimethylgermylethyl)phenol 113 as a colourless oil (3.92 g, 17.4 mmol, 67 %).
(Found: (M-H)", 225.0335, C1oHisGeO requires 225.0337); Vmax fem™? 3331, 2924,
2021, 1612, 1599, 1510, 1364, 1236, 1173 and 833; 8y (400 MHz) 0.26 (9 H, s, Me),
1.16-1.21 (2 H, m, 1-H), 2.70-2.74 (2 H, m, 2-H), 3.90 (1 H, nonet, J 3.4, Ge-H), 6.05
(1 H, bs, OH), 6.82 (2 H, J 8.8, Ar 3,5-H) and 7.11 (2 H, d, J 8.8, Ar 2,6-H); &¢ —4.31
(Me), 17.45 (1-C), 31.90 (2-C), 116.06 (Ar 2,6-C), 129.81 (Ar 3,5-C), 137.64 (Ar 4-C)
and 154.19 (Ar 1-C); m/z 225 (M", 100 %), 197 (43), 165 (16) and 104 (52).

4-(2-Tributylgermylethyl)phenol 114

GeCly GeBuy;,
o= -
HO Ll HO 114

n-Butylmagnesium bromide (8.0 g, 49.9 mmol) was added dropwise to a solution of 4-
(2-trichlorogermylethyl)phenol 111 (2.50 g, 8.3 mmol) in anhydrous toluene (10 em’)

at 0 °C and the resulting mixture was refluxed for 17 h. After cooling to ambient
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temperature, aqueous hydrochloric acid (1.0 M) was carefully added to the ‘semi-
solid’ obtained, this was then extracted into diethyl ether. The organic layer was dried
(MgSOy) and evaporated to dryness to give a brown oil, which was purified by column
chromatography (light petroleum:EtOAc; 9:1) to give 4-(2-tributylgermylethyl)phenol
114 as a pale yellow oil (1.79 g, 4.9 mmol, 59 %). (Found: 366.1977, CxH36GeO
requires 366.1978); 8y (400 MHz) 0.70-0.74 (6 H, q, J 15.9, Bu 1-H), 0.87-0.90 O H,
m, Bu 4-H), 0.98-1.03 (2 H, m, 2-H), 1.30-1.34 (12 H, m, Bu 2,3-H), 2.57-2.61 2 H,
m, 1-H), 4.76 (1 H, bs, OH), 6.75 (2 H, d, J 8.3, Ar 3,5-H) and 7.07 (2 H, d, J 8.3, Ar
2,6-H); 8¢ 12.46 (Bu 1-C), 13.67 (Bu 4-C), 15.03 (1-C), 26.77 (Bu 3-C), 27.50 (Bu 2-
C), 30.50 (2-C), 115.09 (Ar 3,5-C), 128.82 (Ar 2,6-C), 137.89 (Ar 4-C) and 153.35
(Ar 1-C); m/z 366 (M, <1 %), 309 (100), 253 (33), 189 (100), 167 (20), 133 (85), 121
(21), 107 (38), 89 (21), 77 (16) and 55 (42).

4-(2-DibutylgermylethyDphenol 115

GeBug GeBusH
/@/\, g\/
HO 114 HO 115

Tin(IV)chioride (2.0 g, 4.4 mmol) was added dropwise to a solution of 4-(2-
tributylgermylethyl)phenol 114 (1.79 g, 4.89 mmol) in nitromethane (16 cm®), and the
mixture stirred at 50 °C overnight. The mixture was cooled to ambient temperature and
evaporated to dryness. The resulting oil was dissolved in methanol (25 cm®) and
sodium borohydride (0.56 g, 14.7 mmol) was added and the mixture stirred for 5 h.
Addition of water and methanol, extraction into DCM, drying (MgSQ,) and
gvaporation to dryness followed by chromatography (light petroleum:EtOAc, 20:1)
gave 4-(2-dibutylgermylethyl)phenol 115 as a pale brown oil (0.21 g, 0.69 mmol, 14
%). (Found: 310.1351, C1sH,sGeO requires 310.1352); vimax (DCM)em™ 3328, 2956,
2925, 2869, 2852, 2004, 1612, 1512, 1454, 1234, 1172 and 725; &y (400 MHz) 0.78-
0.83 (4 H, m, Bu 1-H), 0.87-0.90 (6 H, Bu 4-H), 1.09-1.12 (2 H, m, 2-H), 1.31-1.41 (8
H, m, Bu 2,3-H), 2.64-2.68 (2 H, m, 1-H), 3.71-3.74 (1 H, m, Ge-H), 5.44 (1 H, bs,
OH), 6.75 (2 H, d, J 8.3, Ar 3,5-H), 7.07 (2 H, d, J 8.3, Ar 2,6-H); 8¢ 11.83 (Bu 1-C),
13.77 (Bu 4-C), 14.25 (1-C), 25.99 (Bu 3-C), 28.45 (Bu 2-C), 31.55 (2-C), 115.10 (Ar
3,5-C), 128.93 (Ar 2,6-C), 137.18 (Ar 4-C) and 153.47 (Ar 1-C); m/z 310 (M", 6 %),
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253 (100), 197 (65), 167 (29), 133 (45), 121 (41), 107 (40), 91 (24), 77 (28) and 55
43).

4-(2-Dimethylgermylethyl)phenyl benzyl ether 116

GeMe;H GeMeyH
Q\/
H 113 BnO 118

Sodium hydride (60 % in mineral oil, 0.41 g, 10.3 mmol) was added to a solution of 4-
(2-dimethylgermylethyl)phenol 113 (1.34 g, 6.0 mmol) in anhydrous THF (50 cm’)
and the slurry stirred for 30 min. Benzyl bromide (1.58 g, 9.2 mmol) was added
dropwise and the mixture refluxed for 3 h. After cooling to room temperature any
excess NaH was destroyed by careful addition of MeOH, EtOH and H,O. The mixture
was added to water and extracted into diethyl ether, dried (MgSOQ,) and evaporated to
dryness. Column chromatography (light petroleum:EtOAc; 98:2) did not separate the
desired product 116 from the excess benzyl bromide used. An alternative purification
method was used in which the mixture was dissolved in anhydrous THF (50 cm®) and
diethylamine (0.71 g, 9.7 mmol) added and stirred for 3 h followed by reflux for 90
min. After cooling to room temperature aqueous HCI (1 M) was added and the mixture
extracted into DCM, dried (MgSO;) and evaporated to dryness to give 4-(2-
dimethylgermylethyhphenyl benzyl ether 116 as a pale yellow oil (1.65 g, 5.2 mmol,
87 %); (Found: (M-H)", 315.0811, C7H3;GeO requires 315.0808); Vs /om™ 2860,
2019, 1610, 1454, 1380, 1298, 1174, 1026 and 783; 84 (400 MHz) 0.04 (9 H, s, Me),
0.96-1.00 (2 H, m, 1-H), 2.51-2.55 (2 H, m, 2-H), 3.69 (1 H, nonet, J 3.4, Ge-H), 4.88
(2 H, s, CH;Ph), 6.75 (2 H, J 8.8, Ar 3,5-H), 6.96 (2 H, d, J 8.8, Ar 2,6-H) and 7.16-
7.29 (5 H, m, Ph); 8¢ -5.85 (Me), 15.89 (1-C), 30.37 (2-C), 69.34 (CH,Ph), 113.92
(Ar 2,6-C), 126.91 (Ph 2,6-C), 127.18 (Ph 4-C), 127.67 (Ar 3,5-C), 128.07 (Ph 3,5-C),
136.27 (Ar 4-C), 136.57 (Ph 1-C) and 156.20 (Ar 1-C); m/z 315 (M", 72 %), 211 (20),
177 (25), 149 (100) and 111 (24).
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4-(2-Chlorodimethylgermylethyl)phenyl ether Merrifield resin 117

GeMe,Cl
Q™ —
O/\ "7

Merrifieid's peptide resin,
ioading: 3.8 mmol Cl'lg

Sodium hydride (60 % in mineral oil, 0.57 g, 14.2 mmol) was added to a solution of 4-
(2-chlorodimethylgermylethyl)phenol 112 (2.47 g, 9.5 mmol) in anhydrous THF (20
c¢m®). The mixture was stirred for 45 min before adding it dropwise to a stirred slurry
of Merrifield’s peptide resin (3.8 mmol Cl/g, 0.50 g, 1.9 mmol) in anhydrous THF (5
cm’). The resulting mixture was stirred at room temperature for 114 h. DCM was
added to the reaction mixture and MeOH carefully added to destroy any excess NaH.
The solid was collected by filtration, washed several times with DCM and H,0O and
oven dried to obtain the polymer 117 as pale brown beads (0.59 g, equivalent to a
loading of 1.02 mmol GeCl/g). (Found: C: 66.07 %, H: 5.65 %); vmax (KBr) 2898,
2707, 1962, 1882, 1812, 1707, 1605 and 1501.

4-(2-Dimethylgermylethyl)phenyl ether Merrifield resin 118

o™ —
Merrifield's peptide resin,

ioading: 3.8 mmuoi Clig

GeMesH

Sodium hydride (60 % in mineral oil, 0.55 g, 13.7 mmol) was added to a solution of 4-
(2-dimethylgermylethyl)phenol 113 (2.15 g, 9.6 mmol) in anhydrous THF (20 em’).
The mixture was stirred for 45 min before adding it dropwise to a stirred slurry of
Merrifield’s peptide resin (3.8 mmol Cl/g, 0.50 g, 1.9 mmol) in anhydrous THF (10
cm’). The resulting mixture was refluxed for 17 h. DCM was added to the reaction
mixture and MeOH carefully added to destroy any excess NaH. The solid was
collected by filtration, washed several times with DCM and H,O and oven dried to
obtain the polymer 118 as pale brown beads (0.59 g, equivalent to a loading of 1.04
mmol GeH/g). (Found: C: 69.98 %, H: 6.50 %); vimax (KBr)/em™ 3856, 2985, 2030,
1705, 1535, 1497 and 1353.
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Attempted cleavage of 4-(2-dimethylgermylethyl)phenyl ether Merrifield resin

GeMe,H GeMe;H
- [
6\ 118 HO 13

O : Merrifield resin

A shurry of 4-(2-dimethylgermylethyl)phenyl ether resin 118 (0.10 g, 0.1 mmol) in
trifluoroacetic acid (1 ¢m®) and DCM (4 cm®) was stirred for 135 h. The resin was
filtered of and washed several times with DCM and H>O. The organic layer was dried
(MgSO4) and evaporated to dryness. 'H-NMR spectroscopy of the crude showed no

signs of cleaved product.

Attempted reduction of 4-(2-chlorodimethylgermylethyl)phenyl ether resin

O GeMe,Cl /g\/GEMEZH
0 17 ? 118

O : Merrifield resin

Sodium borohydride (0.16 g, 4.2 mmol) was added to a stirred slurry of 4-(2-
chlorodimethylgermylethyl)phenyl ether resin 117 (0.37 g, 0.38 mmol) in THF (10
cm®) and MeOH (2 cm®) and the mixture stirred for 135 h. DCM was added the
reaction mixture and MeOH carefully added to destroy any excess NaBH,. The solid
was collected by filtration and washed several times with DCM and H,O to obtain the
polymer as pale brown beads (0.27 g). From mass balance and from IR spectroscopy it

was concluded that no reduction had occurred.

Quadragel™ mesylate 119

O/O\(/\o);H R O,o\é/\o):ns

Quadragelm,
loading 2.1 mmol OH/g

Quadragel™ (9.74 g, 20.8 mmol) was swollen in pyridine (200 cm®) and cooled to 0
°C. Mesyl chloride (11.54 g, 0.10 mol) was added over 5 min and the suspension was

rotated at ambient temperature. The reaction was quenched with aqueous THF after 2
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h and the resin removed by filtration and washed with aqueous THF, THF and
methanol. The resin was dried in vacuo overnight to yield an off-white polymer 119
(11.25 g, equivalent to a loading of 2.2 mmol Ms/g). Vmax (KBr)/em™ 2925, 2853,
1609, 1353, 1174 and 1109; 84 1.36-2.05 (b, PS-CH,), 3.04 (3 H, s, b, SO;Me), 3.66-
4.02 (b, OCHz), 4.35 (2 H, b, CH;OMs) and 6.56-7.04 (b, Ph-H); 8¢ 37.55 (SO.Me),
39.43-44.32 (Ph-CH,), 67.18 (CH,OMs), 68.87-70.48 (OCH3), 113.91 (phenyl 2,6-C)
and 125.53-127.92 (phenyl CH).

™. ~germane 120

o e pm

ITM

Quadrage

Quadrage
loading 2.1 mmel Ms/g

Quadragel mesylate 119 (5.0 g, ~11 mmol) was swollen in DMF (70 em’). 4-(2-
dimethylgermylethyl)phenol 113 (5.02 g, 22.3 mmol), sodium hydride (0.90 g, 22.4
mmol) and potassium iodide (3.72 g, 22.4 mmol) were added and the suspension
rotated at 60 °C for 24 h. The reaction was cooled to ambient temperature, quenched
with aqueous THF and the resin removed by filtration and washed with aqueous THF,
THF and methanol. The resin was dried in vacuo overnight to yield an dark brown
polymer 120 (6.97 g, equivalent to a loading of 2.2 mmol GeH/g). Vimax (KBr)/em™
3379, 2929, 2028, 1658, 1606, 1196 and 1056; &y 0.17-0.36 (b, Me and 1-C), 1.31-
1.54 (b, PS-CH,), 2.48 (s, b, 2-C), 3.42-4.20 (b, OCH,CH,0), and 6.56-7.04 (b, Ph-H
and Ar-H); 6c —4.69 (Me), 16.69 (1-C), 31.46 (2-C), 39.98-44.83 (Ph-CH,), 67.85
(CH20), 70.20-71.03 (OCHy), 114.90 (Ph 2,6-C and Ar 2,6-H), 125.98-127.92 (Ph
CH), 129.14 (Ar 3,5-C), 137.25 (Ar 4-C) and 157.24 (Ar 1-C).
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3.9.2 Radical reactions employing 4-(2-dimethylgermylethyl)phenol and

derivatives

Radical cyclisation of 1-iodo-2-[(3-phenylprop-2-enyl)oxy]benzene 34

CC (I{O
e
| H
34 h 36 Ph

4-(Dimethylgermylethyl)phenol 113 (0.16 g, 0.7 mmol) in toluene (2 cm”) was added
dropwise to a solution of 1-iodo-2-[(3-phenylprop-2-enyl)oxy]benzene 34 (0.2 g, 0.6
mmol) in toluene (45 cm®). The mixture was heated at reflux for 5.5 h. ACCN (0.15 g,
0.6 mmol in total) was added initially and then every 45 min. Cooling to room
temperature and evaporation of the mixture to dryness gave an pale yellow oil. The
yields of 3-benzyl-2,3-dihydro-benzofuran 36 (22 %) and unreacted starting material
34 (38 %) was determined by *H-NMR spectroscopy using 1,4-dinitrobenzene as the
internal standard. All spectral data were identical to those of authentic material.

Radical cyclisation of 2-iodo-1-(prop-2-enyloxy)benzene 37

0L~ €

37 39

Table 46, entry 1:

Quadragel™-germane 120 (0.31 g, 0.68 mmol) was allowed to swell in anhydrous
toluene (15 ¢cm®) before 2-iodo-1-(prop-2-enyloxy)benzene 37 (60.0 mg, 0.23 mmol)
in anhydrous toluene (5 cm’) and AIBN (63.0 mg, 0.38 mmol) were added. The
mixture was rotated at 85 °C for 4 h with a further portion of AIBN (63.0 mg, 0.38
mmol) added after 3 h. After cooling to ambient temperature, the resin was removed
by filtration and washed with DCM several times. Evaporation of the filtrate gave a
pale yellow oil, which was identified as starting material by "H-NMR spectroscopy.

Table 46, entry 2:

Quadragel™-germane 120 (0.30 g, 0.66 mmol) was allowed to swell in anhydrous
toluene (5 cm®) before 2-iodo-1-(prop-2-enyloxy)benzene 37 (50.0 mg, 0.19 mmol) in
anhydrous toluene (1 cm’) and AIBN (65.0 mg, 0.39 mmol) were added. The mixture
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was rotated at 95 °C for 2 h. A further portion of AIBN (50.0 mg, 0.30 mmol) was
added and the oil bath temperature increased to 105 °C and the mixture rotated for 18
h. After cooling to ambient temperature, the resin was removed by filtration and
washed with DCM several times. Evaporation of the filtrate gave a pale yellow oil,
which was identified as a mixture of 3-methyl-2,3-dihydro-benzofuran 39 (26 %) and
unreacted starting material 37 (28 %) by 'H-NMR spectroscopy. Both yields are
determined by the use of 1,4-dimethoxybenzene as the internal standard. All spectral

data were identical to those of authentic material.

Table 46, entry 3: _

Quadragel™-germane 120 (0.34 g, 0.75 mmol) was allowed to swell in anhydrous
toluene (12 cm®) before 2-iodo-1-(prop-2-enyloxy)benzene (54.0 mg, 0.21 mmol) and
AIBN (0.12 g, 0.73 mmol) were added and the mixture was refluxed for 16 h. After
cooling to ambient temperature, the resin was removed by filtration and washed with
DCM several times. Evaporation of the filtrate gave the crude cyclic product as a
yellow oil. The yield of 3-methyl-2,3-dihydro-benzofuran 39 (78 %) was determined
by the use of 1,4-dimethoxybenzene as the internal standard in TH-NMR spectroscopy.

Radical cyclisation of amide precursors 45 and 46

P P

N

X=Cl, 45 : “OMe 42 OMe 43 OMe

X =Br, 46

Table 44, entry 1:

4-(2-Dimethylgermylethyl)phenol 113 (0.14 g, 0.6 mmol) was added to a solution of
N-allyl-2-chloro-N-(4-methoxybenzyl)acetamide 45 (0.13 g, 0.5 mmol) in anhydrous
toluene (40 cm’) and the mixture heated at reflux for 8 h, during which ACCN (0.08 g,
0.3 mmol in total) was added every hour. Cooled to room temperature and evaporated
to dryness. Column chromatography (light petroleum:EtOAc; 4:1 — 1:1) gave 1-(4-
methoxybenzyl)-4-methylpyrrolidin-2-one as a colourless oil 42 (0.05 g, 0.2 mmol, 47
%) along with unreacted starting material 45 (0.02 g, 0.1 mmol, 18 %) and a small
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amount of N-allyl-N-(4-methoxybenzyl)acetamide 43. All spectral data were identical

to those of authentic materials.

Table 44, entry 2:

4-(2-Dimethylgermylethyl)phenyl benzyl ether 116 (0.17 g, 0.5 mmol) was added to a
solution of N-allyl-2-chloro-N-(4-methoxybenzyl)acetamide 45 (0.12 g, 0.45 mmo}) in
anhydrous toluene (30 cm®) and the mixture heated at reflux for 8 h, during which time
ACCN (0.14 g, 0.6 mmol in total) was added every 45 min. The reaction was cooled to
room temperature and evaporated to dryness. Column chromatography (light
petroleum:EtOAc; 4:1 — 1:1) gave 1-(4-methoxybenzyl)-4-methylpyrrolidin-2-one 42
as a colourless oil (0.05 g, 0.2 mmol, 47 %) along with unreacted starting material 435
and N-allyl-N-(4-methoxybenzyl)acetamide 43 (2.5 mg, 0.01 mmol, 3 %).

Table 44, entry 3:

Sodium borohydride (0.05 g, 1.2 mmol) was added to a solution of N-allyl-2-bromo-
N-(4-methoxybenzyl)acetamide 46 (0.23 g, 0.7 mmol) and 4-(2-dimethylgermyl-
ethyl)phenyl benzyl ether 116 (0.05 g, 0.2 mmol) in anhydrous toluene (40 cm?) and
methanol (5 cm’) and the mixture heated at reflux for 7 h, during which time ACCN
(0.27 g, 1.1 mmol in total) was added every 45 min. The mixture was cooled to room
temperature and evaporated to dryness. Column chromatography of the residue (light
petroleum:EtOAc; 4:1 — 1:1) gave 1-(4-methoxybenzyl)-4-methylpyrrolidin-2-one 42
{0.03 g, 0.1 mmol, 18 %) along with N-allyl-N-(4-methoxybenzyl)acetamide 43 (0.09
g, 0.4 mmol, 50 %).

Table 47, entry 1:

4-(2-Dimethylgermylethyl)phenyl ether Merrifield resin 118 (0.19 g, 0.2 mmol) was
added to a solution of N-allyl-2-bromo-N-(4-methoxybenzyl)acetamide 46 (0.11 g, 0.4
mmol) in anhydrous toluene (20 cm®) and the mixture heated at reflux for 9 h, during
which time ACCN (0.23 g, 1.0 mmol in total) was added every 45 min. The reaction
was cooled to room temperature, filtered and evaporated to dryness. Column
chromatography of the residue (light petroleum:EtOAc; 4:1 — 1:1) gave 1-(4-
methoxybenzyl)-4-methyl-pyrrolidin-2-one 42 as a colourless oil (0.014 g, 0.06 mmol,
30 % with respect to resin) along with unreacted starting material 46 (0.08 g, 0.3
mmol, 66 %).
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Table 47, entry 2: 7

As above, but refluxing over 24 h and using syringe-pump technique to ensure
continuously addition of ACCN (0.21 g, 0.9 mmol) the products were 1-(4-methoxy-
benzyl)-4-methylpyrrolidin-2-one 42 (14.7 mg, 0.07 mmol, 35 % with respect to resin)
and unreacted starting material 46 (0.06 g, 0.2 mmol, 53%).

Table 47, entry 3:

Quadragel™-germane 120 (0.32 g, 0.70 mmol) was allowed to swell in anhydrous
toluene (10 cm’) before N-allyl-2-bromo-N-(4-methoxybenzyl)acetamide 46 (90.0 mg,
0.30 mmol) in anhydrous toluene (2 cm’) and AIBN (0.13 g, 0.67 mmol) were added
and the mixture rotated at 85 °C for 17 h. After cooling to ambient temperature, the
resin was removed by filtration and washed with DCM several times. Evaporation of
the filtrate gave a yellow oil, which was identified as unreacted starting material 46 by
'H-NMR spectroscopy.

Table 47, entry 4:

Quadragelm-gennane 120 (0.35 g, 0.77 mmol) was allowed to swell in anhydrous
toluene (10 cm®) before N-allyl-2-bromo-N-(4-methoxybenzyl)acetamide 46 (90.0 mg,
.30 mmol) and AIBN (0.26 g, 1.58 mmol) were added and the mixture was refluxed
for 19 h. After cooling to ambient temperature, the resin was removed by filtration and
washed with DCM several times. Evaporation of the filtrate gave the crude 1-(4-
methoxybenzyl)-4-methylpyrrolidin-2-one 42 as a yellow oil. The yield (57 %) was
determined by the use of 1,4-dimethoxybenzene as the internal standard in 'H-NMR
spectroscopy.

Radical cyclisation of 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde

49
o 0
Ay Jégy
49 I\/\/Bf 54

4-(2-Dimethylgermylethyl)phenol 113 (0.12 g, 0.5 mmol) was added dropwise to a
solution of 1-(4-bromobutyl)-2-methyl-1H-imidazole-4-carbaldehyde 49 (0.11 g, 0.45

mmol) in anhydrous toluene (60 cm®) and the mixture was heated at reflux for 4 h,
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during which ACCN (0.13 g, 0.5 mmol in total) was added every 45 min. After
cooling to ambient temperature, the mixture was poured into water and aqueous NaOH
(2 M) was added to pH 14. The basic layer was extracted with DCM and the resulting
organic phase dried (MgSOs) and evaporated to dryness The yields of 3-methyl-
5,6,7.8-tetrahydro-imidazo[1,5-a]pyridine-1-carbaldehyde 54 (25 %) and unreacted
starting material 49 (18 %) were determined by 'H-NMR spectroscopy using 1,4-
dinitrobenzene as the internal standard. All data were identical to those of authentic

materials.

Radical cyclisation of 3-nitro-3-methyl-4-phenyl-4-(prop-2-ynyloxy)butyl cyanide
79

NC
~¥) -
———
79 Ph o)

PH 80

4.(2-Dimethylgermylethyl)phenol 113 (0.11 g, 0.49 mmol) was added dropwise to a
solution of 3-nitro-3-methyl-4-phenyl-4-(prop-2-ynyloxy)butyl cyanide 79 (0.11g,0.4
mmol) in anhydrous acetonitrile (2.5 cm®) and the mixture heated at reflux for 5 h.
AIBN (excess) was added initially and then in portions every hour. After cooling to
room temperature, the solvent was evaporated and the crude reaction mixture purified
by column chromatography (light petroleum:EtOAc; 10:1) to give 3-(3-methyl-4-
methylene-2-phenyl-tetrahydro-furan-3-y!)propionitrile 80 as two diastereoisomeric
products (10 % in total} and unreacted starting material 79 (27 %). Due to by-products,
the yields were determined by the use of 1,4-dimethoxybenzene as the internal
standard in 'H-NMR spectroscopy. All data were identical to those of authentic

materials.

Quadragel™-germane 120 (0.34 g, 0.75 mmol) was allowed to swell in anhydrous
acetonitrile (2 cm®) before  3-pitro-3-methyl-4-phenyl-4-(prop-2-ynyloxy)butyl
cyanide 79 (80.0 mg, 0.29 mmol) and AIBN (0.24 g, 1.2 mmol) were added and the
mixture was refluxed for 16 h. After cooling to ambient temperature, the resin was
removed by filtration and washed with DCM several times. Evaporation of the filtrate
gave a yellow oil which was identified by "H-NMR spectroscopy as unreacted starting
material 79,
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Radical cyclisation of 3-[(2-bromoethyl)oxy]-prop-1-enylbenzene 81

O,
81
h

Quadragel ™-germane 120 (0.35 g, 0.77 mmol) was allowed to swell in anhydrous
toluene (10 cm’) before 3-[(2-bromoethyl)oxy]-prop-1-enylbenzene 81 (60.0 mg, 0.25
mmol), PhSH (3.8 mg, 0.03 mmol) and ACCN (90 mg, 0.47 mmol) were added and
the mixture was heated at 90 °C for 16 h. After cooling to ambient temperature, the
resin was removed by filtration and washed with DCM several times. A crude sample
‘was taken out for GC-MS analysis at this stage and it showed that no cyclic product 83

was present in the crude reaction mixture.

Radical cyclisation of 2-allyl-2-(2-bromeallyl)malonic acid dimethyl ester 84

84 85 86

Table 48, entry 1:

Quadragel™-germane 120 (0.36 g, 0.79 mmol) was allowed to swell in anhydrous
toluene (12 ¢m®) before 2-allyl-2-(2-bromoallyl)malonic acid dimethyl ester 84 (57.0
mg, 0.20 mmol)} and AIBN (0.12 g, 0.73 mmol) were added and the mixture was
refluxed for 19 h. After cooling to ambient temperature, the resin was removed by
filtration and washed with DCM several times. Evaporation of the filtrate gave the
crude product as a yellow oil. The yields of 3-methyl-4-methylene-cyclopentane-1,1-
dicarboxylic acid dimethyl ester 85 (19 %) and 3-methylene-cyclohexane-1,1-
dicarboxylic acid dimethyl ester 86 (14 %) and unreacted starting material 84 (25 %)
were determined by the use of 1,4-dimethoxybenzene as the internal standard in 'H-
NMR spectroscopy. All spectral data were identical to those of authentic material.

Table 48, entry 2:

Quadragel™-germane 120 (0.36 g, 0.79 mmol) was allowed to swell in anhydrous
toluene (10 cm®) before 2-allyl-2-(2-bromoallyl)malonic acid dimethyl ester 84 (70.0
mg, 0.24 mmol), PhSH (3.8 mg, 0.03 mmol) and AIBN (0.12 g, 0.73 mmol) were
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added and the mixture was refluxed for 19 h. After cooling to ambient temperature, the
resin was removed by filtration and washed with DCM several times. Evaporation of
the filtrate gave the crude product as a yellow oil. The yield of 3-methyl-4-methylene-
cyclopentane-1,1-dicarboxylic acid dimethyl ester 85 (30 %) was determined by the
use of 1,4-dimethoxybenzene as the internal standard in TH-NMR spectroscopy.

Radical deoxygenation of 1,2:5,6-di-O-isopropylidene-3-O-thiocarbonylimidazole-

o-D-glucofuranose 100

o
> ><
N —
s
T
100 102
Table 45; entry 1:

A solution of 4-(2-dimethylgermylethyl)phenol 113 (0.19 g, 0.9 mmol) in anhydrous
toluene (3 cm®) was added dropwise to a refluxing solution of thiocarbonylimidazole
derivative 100 (0.10 g, 0.3 mmol) in anhydrous toluene (3 cm’®) followed by addition
of ACCN (0.03 g, 0.1 mmol). The mixture was refluxed for 2 h, cooled to room
temperature and evaporated to dryness. Column chromatography of the residue (light
petroleum:EtOAc; 4:1 — 1:1) gave 3-deoxy-1,2:5,6-di-O-isopropylidene-a-D-
glucofuranose 102 as a colourless oil (0.06 g, 0.3 mmol, 94 %). All data were identical

to those of authentic material.

Table 45; entry 2:

A solution of 4-(2-dimethylgermylethyl)phenyl benzyl ether 116 (0.30 g, 1.0 mmol) in
anhydrous toluene (3 cm’) was added dropwise to a refluxing solution of
thiocarbonylimidazole derivative 100 (0.13 g, 0.3 mmol) in anhydrous toluene (3 cm®)
and the mixture heated at reflux for 8 h, during which ACCN (0.10 g, 0.4 mmol in
total) was added every 45 min. Cooled to room temperature and evaporated to dryness.
Column chromatography (light petroleum:EtOAc; 4:1 — 1:1) gave 3-deoxy-1,2:5,6-
di-O-isopropylidene-a-D-glucofuranose 102 as a colourless oil (0.08 g, 0.3 mmol, 91
%).
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Employing 4-(2-dimethylgermylethyl)phenyl ether Merrifield resin 118:
4-(2-Dimethylgermylethyl)phenyl ether Merrifield resin 118 (0.40 g, 0.4 mmol) was
added to a solution of thiocarbonylimidazole derivative 100 (0.12 g, 0.3 mmol) in
anhydrous toluene (6 cm’) and the mixture heated at reflux for 7 h, during which
ACCN (0.13 g, 0.5 mmol in total) was added every 40 min. Cooled to room
temperature, filtered and evaporated to dryness. Column chromatography (light
petroleum:EtOAc; 4:1 — 1:1) gave 3-deoxy-1,2:5,6-di-O-isopropylidene-a-D-
glucofuranose 102 as a colourless oil (28 mg, 0.1 mmol, 36 %).

Radical deoxygenation of cholesteryl-1-thiocarbonylimidazole 101

] WH ‘,_.1‘ WH '11,1
A~

Quadragelm-germane 120 (0.40 g, 0.88 mmol) was allowed to swell in anhydrous
toluene (10 cm®) before cholesteryl-1-thiocarbonylimidazole 101 (0.10 g, .20 mmol)
and ACCN (80.0 mg, 0.40 mmol) were added and the mixture was refluxed for 17 h.
After cooling to ambient temperature, the resin was removed by filtration and washed
with DCM several times. Evaporation of the filtrate gave pale yellow semi-solid,
which contained 70 % of the reduced product as determined by the use of 1,4-
dimethoxybenzene as internal standard in "H-NMR spectroscopy. Crystallisation from
EtOH gave 5-cholestene 104 as a white solid (51.0 mg, 0.14 mmol, 68 %). All spectral

data were identical to those of authentic material.
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