/©/: Si(OSiMe3);
__ H,C (7%)
Si(SiMes);  H205,NaOH,g) 124
Ar-I
H;C >~ i

116b Pd(PPh;), (10 mol%)

THF, 55°C /©/:’14‘Ar
" K" .
e (12%)
120
W

Scheme 38. The Formation of (Z)-2-(4-methylphenyl)-1-[tris(trimethylsiloxy)silyl]-
ethene during the coupling with (2)-tris(trimethylsilyl)silanes.

Figure 20. ’Si NMR spectra of (Z)-2-(4-Methylphenyl)-1-
[tris(trimethylsiloxy)silyl]ethane.

The structure of 124 was assigned based on the HRMS and NMR spectra. The
corresponding *’Si NMR spectrum of 124 showed one distinctive peak at & 7.94 ppm
attributable to the three OSiMes groups from the siloxane moieties (Figure 20), in

agreement with values reported for analogous siloxanes'®® (-5 to 20 ppm). The peak for
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the Si atom attached to the C(sp?) is hardly detectable at & -66 ppm. Moreover, subjection
of 124 to TBAF promoted coupling with 1-iodonaphthalene (Scheme 39) afforded

product 120b but in low yield (8%; GC/MS).

— H202> NaOH(aq) —
/Ej/1 Si(OSiMe3s )3 Ar-I, TBAF /©/—4’1Ar
> 0
H,C Pd(PPhy), (10 mol%)  H;C (8%)

124 THF, 55°C, 10 h 120

w12

Scheme 39. Pd-catalyzed cross-coupling of (Z)-2-(4-methylphenyl)-1-
[tris(trimethylsiloxy)silyl]ethene with 1-iodonaphthalene.

3.2.2. Allyl(phenyl)germanes as substrates for the Pd-catalyzed cross-coupling
reaction

In an attempt to develop all-carbon substituted germane substrates as possible
safety-catch precursors for the Pd-catalyzed cross-coupling, we synthesized
allyl(phenyl)germanes (125-127) and investigated their ability to transfer the phenyl
group from the Ge center. The design of the germanes 125-127 was made based on the

reported transfer of the phenyl/aryl group from the moderately reactive

105 106
3 8

allyl(phenyl)silanes 2 and aryl(2-naphthylmethyl)germanes 2 (see section
1.2.1.1).
3.2.2.1. Synthesis of allyl(phenyl)germanes

Treatment of the commercially available trichloro(phenyl)germane with 3 equiv.

of allylmagnesium bromide yielded triallyl(phenyl)germane 125 in 85% yield as a

"bench" stable compound (Scheme 40). Analogous reaction of the

80



dichloro(diphenyl)germane with allylmagnesium bromide gave diallyl(diphenyl)germane
126 (94%). Treatment of the allyl(trichloro)germane with phenylmagnesium bromide
produced allyl(triphenyl)germane 127  (44%). Alternatively, treatment of
chloro(triphenyl)germane with allylmagnesium bromide at ambient temperature also

afforded germane 127 in 92% yield.

G ™~Fh

GeCl, /\/Mg Br (n equiv.)
4-n Et,0 4-n

0°C orr.t.
125 n=3 (85%)
126 n=2 (94%)
127 n=1 (92%)

PhMgBr (5 equiv.)

GeCls > 127 (44%)
A Et,0, A

Scheme 40. Synthesis of allyl(phenyl)germanes.
3.2.2.2. Pd-catalyzed cross-coupling of allyl(phenyl)germanes

Allylgermanes have been studied to probe their participation in o-1 C-M

hyperconjugation and pr-dn bonding.'®

These type of interactions are associated with
their enhanced reactivity towards electrophilic reagents.'”® Umpolung reactivity has also
been induced and employed for the direct allylation of aromatic substrates (e.g.

alternative Friedel-Crafts methodology)."”!

Allylgermanes also efficiently participate in
addition chemistry and a range of cycloaddition reactions.'**'”* However, the application
of allylorganogermanes as substrates for the Pd-catalyzed cross-coupling remained

scarcely developed. Consequently, reactions of triallyl(phenyl)germanes 125 under

typically employed coupling conditions were explored.
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We have attempted to engage triallyl(phenyl)germane 125 in the Pd-catalyzed
cross-coupling reactions with aryl iodides employing PdCl,/TBAF/PCy3;/DMSO/H,0
[used for triallyl(phenyl)silanes 23];'® or NaOH/H,O/H,0,/Pd(PPhs),/THF [utilized for
vinyl tris(trimethylsilyl) germanes 20]°’. However, the transfer of the phenyl group from
the germane precursor to yield the corresponding biaryl was not observed. Nevertheless,
treatment of 125 with 1-butyl-4-iodobenzene under the conditions employed for the
coupling of trichloro(phenyl)germanes 18 [NaOH (8 equiv.)/H,0O/dioxane/Pd(OAc),]”
afforded 1-allylbenzene product 128a in 55% yield resulting from the unexpected transfer
of the allyl group (Table 8, entry 1). A small amount of the structural isomer 129a was
also detected by GC-MS (128a/129a, ~87:13). Based on these results, we turned our
attention to examine the effect of NaOH and other reaction parameters (Table 8) on the
transfer of the allyl group(s) from triallyl(phenyl)germane 125.

Thus, treatment of 125 with 1-butyl-4-iodobenzene in the presence of various
amounts of NaOH (10 and 12 equiv.) and Pd(OAc), in 1,4-dioxane at 95 °C afforded a
mixture of regioisomers 128a and 129a in up to 78% yield (entries 2 and 3). The
combination of NaOH and Pd catalyst proved to be critical for the transfer of allyl groups
from 125, since reactions with only NaOH or Pd(OAc), afforded products 128a and 129a
in much lower yields (entries 4 and 5). Moreover, use of different Pd catalysts also gave
the corresponding products with similar yields and regioselectivity (entries 6 and 7).
Similar treatment employing Et;N and TBAF also afforded 128a/129a in moderate yields
(entries 8 and 9). Alternative addition of Lewis acid BF3-Et,O resulted in the formation of
128a in poor yield (6%, entry 10). The observed results suggested the idea of a Heck type

mechanism in which the base plays a crucial role® (entry 3 vs. 4) and demonstrated that
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the ratio of isomers 128a/129a seems to be independent of the conditions employed
(entries 3, 4, 5, 8, and 9). It is possible that an easier approach to a less hindered y
position of the allyl substituent on 125 could be accountable for the observed selectivity.

Table 8. Effect of the reaction parameters in the reaction of triallyl-
(phenyl)germanes with 1-butyl-4-iodobenzene.

GeM) 3 base, Pd A
©/ + . > | +
1,4-dioxane —
95°C
Bu Bu Bu
125 128a 129a
Entry | NaOH (equiv.) Pd Others | Yield (%) | 128a/129a Ratio”
1 8 Pd(OAc), - 55 87:13
2 10 Pd(OAc), - 60 89:11
3 12 Pd(OAc), - 78 82:18
4 - Pd(OAc), - 15 94:6
5 12 - - 16 82:18
6 12 Pd(PPh;)s - 78 84:16
7 12 Pd,(dba)s - 80 86:14
8 - Pd(OAc), EtzN 32 83:17
9 - Pd(PPhs); | TBAF 42 82:18
10 - Pd(OAc), | BF;-Et,O 6 100:0

“Determined by GC-MS of the crude reaction mixture using 4-allylanisole as internal
standard. ® Determined based on GC-MS of the crude reaction mixture.

In order to investigate the effect of the temperature on the regioselectivity of the
reaction of allylgermane 125 with 1-butyl-4-iodobenzene and Pdy(dba); in 1,4-dioxane
(Table 8, entry 7), “side by side” experiments at 50 °C, 70 °C and 95 °C were performed

and their outcome monitored by GC-MS (Table 9).
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Table 9. Effect of the temperature on the regioselectivity of the reaction of
triallyl(phenyl)germane with 1-butyl-4-iodobenzene.

I
NaOH (12 eq.)
Gt ™F); Pd,(dba)s X
©/ + > | +
1,4-dioxane =
50°C or 70°C
Bu

or 95°C Bu Bu

125 128a 129a

4/5 ratio”
50°C 70°C 95°C
1h | 90:10 | 90:10 | 87:13
3h| 919 91:9 87:13
6h| 919 91:9 87:13

“ Determined by GC-MS of the crude
reaction mixture.

The presence of both isomeric products 128a and 129a after only 1 h heating at
50 °C, 70 °C, or 95 °C implied the lack of correlation between the selectivity and the
reaction temperatures. Although faster conversion to products 128a and 129a was
observed at higher temperatures, the 128a/129a ratios remained constant (~90:10) after
prolonged heating.

Since the structure of triallylgermane 125 offers the possibility of transfer of three
allyl substituents in the reaction with aryl halides, experiments with 3 equivalents of 1-
iodonaphthalene were attempted. Thus, treatment of 125 under the optimized conditions
[NaOH(12 equiv.)/dioxane/Pd(OAc),/95 °C] afforded a mixture of products 128b and
129b in 92% yield (128b/129b, ~87:13, Scheme 41). Similar reactions employing
diallyl(diphenyl)germane 126 or allyl(triphenyl)germane 127 with 1-iodonaphthalene (3

equiv.) gave regiosomers 128b and 129b in 78% and 38%, respectively. A considerable
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amount of unchanged aryl halide remained in the reaction mixture.

| |
Ge(/\/ )n (3 equiv.)
- +
4n NaOH (12 equiv.), Pd(OAc), OO OO
1,4-dioxane, 95 °C, 18 h

125 n=3 128b 129b
126 n=2
127 n=1 from 125 (92%-128b/129b, 87:13)

from 126 (78%-128b/129b, 89:11)
from 127 (38%-128b/129b, 92:8)

Scheme 41. Transfer equivalency of allyl(phenyl)germanes.

Since the overall yield for the couplings was less than 100% (based on
allylgermanes 125-127 as limiting reagents), it seems likely that only one allyl group
from each of the germanes (125-127) participates in the reaction. However, the increase
in the number of available allyl moieties affects the yields in a proportional fashion [from
germane 125—(92%), 126—(78%), and 127—(38%)]. Also, the increased steric
hindrance conferred by replacing allyl groups with bulkier phenyl substituents
(125—126—127) promoted a slight enhancement in the corresponding isomeric ratios.
Moreover, the reactions of allylgermanes 125, 126, or 127 with only 1 equivalent of 1-
butyl-4-iodobenzene and 1-iodonaphthalene showed a similar proportional decrease of
the yields of isomeric products 128a-b and 129a-b from triallyl(phenyl)germane (125) to
allyl(triphenyl)germane (127) (Table 10, entries 1-3 and 7-9). Alternative use of
Pd,(dba); afforded the products 128a-b and 129a-b in higher yields, albeit the
regioselectivity was not improved (entry 1 vs 4,2 vs 5, 3 vs 6).

Interestingly, the reactions with the bulkier 1-iodonaphthalene showed a
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significant enhancement in the regioselectivity compared with similar reactions with 1-
butyl-4-iodobenzene (entry 1 vs 7, 4 vs 10).

It seems feasible that the formation of products 128 and 129 from
allyl(phenyl)germanes 125-127 in the presence of NaOH and Pd catalyst might follow a
Heck arylation mechanism (Scheme 42). Allylgerma‘[ranes93 and allyl‘[rimethylsilanes194
have been reported to undergo Heck reaction with aryl halides under similar conditions.

In our proposed mechanism (Scheme 42), addition of the aryl-Pd complex 130a to
the double bond on the allylgermane (125-127) would lead to the formation of the =-
bound complex 130b. Addition of the aryl group to the double bond might take place
either on the terminal (131a) or on the internal (131b) carbon (pathways A and B)
leading to the formation of isomeric products 128 and 129. In pathway A, the
intermediate 131a would undergo an iodide-promoted intramolecular degermylation
yielding 1-allylbenzene product 128. In pathway B, a B-hydrogen elimination would
occur on 131b, producing an internally arylated allylgermane n-bound to Pd(H)(I) (132).
Insertion of this alkene into the Pd-H bond would afford the complex 133, which will
eleminate R3Gel and Pd(0) to give product 129.

Although the described Heck arylation of allylgermanes (125-127) in the presence

5 a careful

of NaOH displayed less efficiency than other available methodologies,"
investigation of the proposed mechanism would advance the usually limited knowledge
about the reactivity of organogermanium species. However, the development of a

convenient strategy for the selective cleavage of the Ge-allyl bond in germanes 125-127

was still our main objective.
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Table 10. Reaction of allyl(phenyl)germanes with 1-butyl-4-iodobenzene and 1-
iodonaphthalene.

Y

A |

B Ar-1 (1.1 equiv.) Y
» +
4-n NaOH (12 equiv.), Pd Ar Ar

1,4-dioxane, 95°C, 18 h

125 n=3 128 129

126 n=2

127 n=1

Series a Ar=
Bu
Entry | Germane Pd Products | Yield (%)" | 128/129 Ratios”

1 125 Pd(OAc), | 128a/129a 78 82:18
2 126 Pd(OAc), | 128a/129a 47 82:18
3 127 Pd(OAc), | 128a/129a 32 86:14
4 125 Pd,(dba); | 128a/129a 80 86:14
5 126 Pdy(dba); | 128a/129a 55 85:15
6 127 Pd,(dba); | 128a/129a 33 85:15
7 125 Pd(OAc), | 128b/129b 73 91:9
8 126 Pd(OAc), | 128b/129b 51 90:10
9 127 Pd(OAc), | 128b/129b 29 91:9
10 125 Pd,(dba); | 128b/129b 88 91:9
11 126 Pdy(dba); | 128b/129b 69 92:8
12 127 Pd,(dba); | 128b/129b 40 93:7

“ Determined by GC-MS of the crude reaction mixture using 4-allylanisole as
internal standard. ” Determined GC-MS of the crude reaction mixture.
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GCR3
125-127

130a 130b

Ge R3
"Heck Reaction" ‘

l ' Pathway B '
Ar Pathway A

R
(Pc?( Hg\—m)\_m

[Pd] |
Ar—1 —— Ar—PdI Ar—Pd—K

1 GeR GeR3
~ : GeR3
131a 131b 132
-[Pd]l - 1GeR, H i
Ar - IGeR, Ar
- o
I Ar -[Pd] pd C
128 129 133

Scheme 42. A plausible mechanism for the Heck arylation of allyl(phenyl)germanes.

3.2.2.3. Treatment of allyl(triphenyl)germane with TCNE. Possible transfer of the
phenyl group

During our study of the Pd-catalyzed cross-coupling of allyl(phenyl)germanes
125-127, the coupling of photochemically activated (2-naphthylmethyl)germanes 28 (see
Scheme 8) with different aryl halides was reported.'”® The photooxidation of 28 in the
presence of Cu(BF4), resulted in the selective cleavage of Ge-C(2-naphthylmethyl)

bonds and formation of reactive arylfluorogermanes 29 which subsequently underwent
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NC CN
G \F Y= (1.5 equiv.)

Ge—0O—Ge
[[ )T NC  CN [[ j \Bi )]
3 ACN, 82°C,5h 3 3
138

then
127 NaOH (2M),3 h

Scheme 46. Reaction of allyl(triphenyl)germane with TCNE and NaOH.
Formation of hexaphenyldigermoxane.

Next, we explored the ability of digermoxane 138 to participate in the Pd-
catalyzed cross-coupling reactions under the conditions applied for the coupling of
analogous diaryl(dimethyl)disiloxanes [Ag,O/Pd(PPh;),/TBAF/THF]"’. Thus, treatment
of 138 with 1-iodonaphthalene (3 equiv.), Ag;O, Pdy(dba)s;, and TBAF in 1,4-dioxane at
100 °C afforded  I-phenylnaphthalene 139a (54%) along with the reductive
homocoupling byproduct 141a (139a/141a, ~59:41) (Scheme 47). The yield was
determined by GC-MS using 2-ethylnaphthalene as internal standard [internal response
factor (IRF=0.703)], while the 139a/141a ratio was calculated based on GC-MS of the
crude reaction mixture. Moreover, treatment of 138 with 1-iodonaphthalene in toluene as
solvent afforded 139a in better yields (95%, organogermane as limiting reagent) and

better 139a/141a ratio (61:39).

Ge o (1.5 equiv.)
> +
<©>; Ag,0, TBAF, Pdy(dba);
2 1,4-dioxane, 100 °C

138 139a 141a

Scheme 47. Coupling of hexaphenyldigermoxane and 1-iodonaphthalene.
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Although digermoxane 138 bears 6 phenyl groups among its two Ge centers, the
obtained results suggested that presumably only one phenyl group is transferred from 138
in the Pd-catalyzed coupling with 1-iodonaphthalene. It seems that the development of
the first methodology able to promote multi-transfers from an organogermanium
precursor is still a very ambitious challenge. Additional implications regarding the
participation of 138 in the Pd-catalyzed cross-coupling reaction will be discussed later.

Further efforts to efficiently engage digermoxane 138 in the coupling with aryl
halides were undertaken employing the conditions described for the reaction of
arylgermanium sesquioxides 19”° (see Figure 10 in section 1.2.1) with various aryl
halides in the presence of base. However, treatment of 138 with 1-iodonaphthalene (3
equiv.) in the presence of aqueous NaOH and Pd,(dba); in 1,4-dioxane (100 °C) failed to
efficiently produce biaryl 139a (<5%).

3.2.3. Arylchlorogermanes/TBAF/”moist” toluene. A promising combination for Pd-
catalyzed germyl-Stille cross coupling

Given our interest in developing new organogermanium substrates for the Pd-
catalyzed cross-coupling reaction, the synthesis of novel 2-
(dimethyl(phenyl)germyloxy)pyridine 142 (Figure 21) was undertaken. Thus, treatment
of the commercially available chloro(dimethyl)phenylgermane 143 with 2-
(hydroxymethyl)pyridine in the presence of Et;N (or other bases) in ethanol/reflux or
toluene at 95 °C failed to afford the desired product 142, but instead gave unchanged 2-
(hydroxymethyl)pyridine and some unidentified byproducts. Nevertheless, treatment of
143 with 2-(hydroxymethyl)pyridine followed by the addition of TBAF (1.5 equiv.), 1-

iodonaphthalene, and Pd,(dba); to the reaction mixture and stirring at 95 °C overnight
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afforded coupling product 139a (detected by GC-MS) (Scheme 48). A subsequent
reaction of germane 143 with I-iodonaphthalene under similar conditions
[TBAF/Pd,(dba)s/toluene/95 °C] without 2-(hydroxymethyl)-pyridine and Et;N also
afforded biaryl product 139a, suggesting that the coupling was likely to happen through a

reactive organogermane derived from chlorogermane 143.

Me \ /
v _O
Ge N
142

)

L al 1) EN, toluene

Ge\ AN 95°C
Me + | >
HO NZ  2) TBAF, Pdy(dba); A

1-idonaphthalene |
toluene, 100 °C =
12h

W

139a

Scheme 48. Tandem alkoxylation/Pd-catalyzed coupling of
chloro(dimethyl)phenylgermane and 1-iodonaphthalene.

3.2.3.1. Pd-catalyzed cross-coupling of chlorophenylgermanes

Motivated by the results with chloro(dimethyl)phenylgermane (143), optimization
of the reaction parameters was performed. Thus, treatment of PhGeMe,Cl 143 with 1-
iodonaphthalene in the presence of TBAF and tris(dibenzylideneacetone)dipalladium(0)
[Pdy(dba)s] in toluene gave cross-coupling product 139a in addition to the binaphthyl
homocoupling byproduct 141a (Table 11). The amount of TBAF was found to be crucial

for the successful coupling (entries 1-5). At least 4 equiv. of TBAF were required to
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produce 139a in maximum yield. Other Pd catalysts afforded 139a in lower yields and a
decreased ratio of 139a to 141a (entries 6-7). Replacing 1M TBAF/THF solution with
neat TBAF-3H,0 also gave product 139a (entry 8). Coupling in the presence of MesNF,
CsF or NH4F instead of TBAF failed to produce 139a. The reaction also proceeded
successfully at 80 °C (80%; 10:1) and 110 °C (93%; 10:1) as well as at reflux in benzene
(90%; 10:1), requiring 12 h for the best results (entry 4).

Table 11. Effect of various reaction parameters on the efficiency of cross-coupling of
chloro(dimethyl)phenylgermane with 1-iodonaphthalene.”

1
Ge TBAF
Me + - +
Pd, toluene
100°C, 12 h
143

139a 141a
Entry Pd TBAF® | 139a [yield(%)]° | 139a/141a ratio®

1 | Pdy(dba); | 1.0 19 1:1

2 | Pdy(dba); | 2.0 61 9:1

3 | Pdy(dba); | 3.0 79 17:1

4 | Pdy(dba); | 4.0 93%¢ 20:1

5 | Pdy(dba); | 5.0 94 12:1

6 | Pd(OAc), | 4.0 58 5:2

7 | Pd(PPhs)s | 4.0 5 2:1

8 | Pdy(dba); | 4.0/ 70 6:1

“ Couplings were performed on 0.14 mmol scale of 143 (0.04 M) with 1.1
equiv of iodonaphthalene and 0.09 equiv of Pd catalyst. © Commercial 1M

THF solution containing 5% of water, unless otherwise noted. © Determined
by GC-MS of the crude reaction mixture.  Isolated yield. ¢ After 4 h, 49%
(8:1); 8 h, 78% (15:1).” With TBAF-3H,0.

Toluene was the obvious solvent choice since attempts in DMSO (5%, 110 °C) or
THF at reflux (0%) or dioxane at reflux (59%; 3:1) failed or afforded 139a in lower

yields. Higher yield for the coupling in dioxane than in THF may be attributable to the

96



increased temperature of the reaction as well the difference in dielectric constant [7.58
for THF as compared to dioxane (2.21) and toluene (2.15)].'"° Bases such as NaOH
[PA(OAc),; dioxane/H,0, 2:1] or KOSiMe; [Pdy(dba)s, toluene)], instead of TBAF, failed
or were less efficient in promoting couplings.

3.2.3.2. Effect of added water on the coupling of chloro(phenyl)germanes with 1-
iodonaphthalene

In order to examine the effect of additional chloro ligands on the Ge center,
couplings of dichloro(diphenyl)germane 144 or chloro(triphenyl)germane 145 with
iodonaphthalene were performed. Thus, treatment of 144 with 1.1 equiv. of iodide and
TBAF (7 equiv.) gave 139a (Table 12, entry 1). Coupling of 144 with 2.2 equiv of
iodonaphthalene also resulted in total consumption of iodide to afford 139a and 141a
(entry 2). Interestingly, couplings in toluene with addition of the measured amount of
water (1 M TBAF/THF//H,0; ~1:5 M/M) gave a higher yield of 139a with a superior
ratio of 139a/141a (entries 3 vs 1 and 4 vs 2). An investigation of the coupling reactions
with different amounts of water, revealed that addition of 100 pL of H,O (~40 equiv.)
gave optimal yields (entry 10). Two phenyl groups were efficiently transferred in the
presence of excess iodide with the average efficiency of 89% (entry 4; yield is based
upon two phenyl groups transferring from the chlorogermane reagent 144). It is worth
noting that halides are often used in couplings as limiting reagents to reduce formation of
homocoupling byproducts and the yields are based on the halide components unlike

herein.
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Table 12. Cross-coupling of dichloro(diphenyl)germane and chloro(triphenyl)germane
with 1-iodonaphthalene promoted by TBAF and TBAF/H,0.

I | X /\l/\
CO - L X
Q + 1n »> N +
Ge—Cl Pd, toluene PN
v 100°C, 12h ] i | e
NG S NF
144 Y=Cl n=2 (for 144)
145 Y=Ph n=3 (for 145) 139a 141a
Entry | germane | R-X (equiv.) | method” | 139a [yield(%)]b 139a/141a ratio
1 144 1.1 A 32°(30) 2.7:1
2 144 22 A 58 (55) 2.2:1
3 144 1.1 B 45 (42) 23:1
4 144 22 B 91 (89) 10:1
5 145 1.1 A 137(12) 1:1.4
6 145 2.2 A 37 (35) 2:1
7 145 33 A 40 (39) 1.2:1
8 145 1.1 B 18 (17) 2.5:1
9 145 2.2 B 60 (60) 9:1
10 145 3.3 B 95° (88) 13:1

“ Method A: Couplings were performed on 0.14 mmol scale of germane (0.04 M) with
Pd,(dba); (0.09 equiv) and 7 equiv of TBAF (1M/THF). Method B: as in Method A with
addition of H,O (100 pL). ” Based upon transferring two phenyl groups from 144 or three
phenyl groups from 145. Determined by GC-MS of the crude reaction mixture (isolated
yields in parenthesis). © 26% and 31% with 6 and 8 equiv. of TBAF. ¢ 11% and 14% with 6
and 8 equiv of TBAF. ¢ 57% (3.8:1) with 50 uL H,O; 82% (7:1) with 150 pL H,O.

We were very fortunate to find that the couplings of chloro(triphenyl)germane
145 with 1.1, 2.2 or 3.3 equiv of iodonaphthalene proceeded with efficient transfer of up
to three phenyl groups to give 139a (entries 5-10). Again, yields and 139a/141a ratios
increased when wet toluene was used. Atom-efficient Stille cross-couplings of ArsSn
with aryl halides (48, Scheme 13, section 1.2.1.3), where all four substituents on tin
participate in the carbon-carbon bond formation, are known.!”'**  Also,

vinylpolysiloxanes (49, Scheme 14, section 1.2.1.3) were shown to transfer each of their
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vinyl groups during Pd-catalyzed couplings with aryl and alkenyl iodides in the presence
of TBAF."? However, attempts to induce multiple transfer of the phenyl group during
fluoride-promoted couplings of (allyl)xPhs.xSi (x = 1 or 2) with aryl halides failed (23
and 24, Scheme 6, section 1.2.1.1).'"

It is viable that the germanium species with extra halogen ligands formed after
each transmetallation cycle is rendered more reactive to efficiently transfer a second or
third phenyl group from the Ge atom. Water might play multiple roles in enhancing the
efficiency of the couplings as was found with organosilanes, including the formation of

the reactive hydroxypalladium intermediates.”'*>'®

For example, the hydration level of
Cs,CO;3 and CsOH were found to be a decisive factor during the coupling of the
aryl(dimethyl)silanols with aryl halides.'” Also, Denmark and Sweis showed that water
was a critical additive in the fluoride promoted reaction of alkenylsilanols with phenyl

200

nonaflate.”” In addition, the fluorination of the bulky chlorogermanes may be

accelerated by the addition of water as was reported for hindered chlorosilanes.*"'
Couplings of 144 or 145 with other aryl, alkenyl, and heterocyclic iodides and
bromides (using 2.2 or 3.3 equiv of halides, respectively) promoted by TBAF/H,O are
presented in Table 13 (entries 1-14). Reactions of germanes 144 or 145 with reactive 4-
iodoacetophenone produced 139d in low yields in addition to large quantities of the
reductive homocoupling byproduct 141d. However, coupling of the less reactive 4-
bromoacetophenone at higher temperature (115 °C) resulted in better yields and improved
139d/141d ratios (entries 5 vs 4 and 12 vs 11). Treatment of PhGeCl; 146 with halides

and TBAF/toluene or wet toluene also afforded coupling products 7 (entry 15-22),

although it has been reported that fluoride ion did not promote the couplings of PhGeCl;
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with aryl halides.” It appears that reactivity of the chlorogermanes increases with the
number of halogen ligands on the Ge center (145 < 144 < 146). As expected,” coupling
attempts with PhsGe failed, and thus emphasize the need for at least one labile
heteroatom ligand at the Ge center. The necessity of two halogen ligands had been
proposed for nucleophilic activation by F~ or OH™ ions.'®

Table 13. Cross-coupling of chloro(phenyl)germanes with halides.”

R

z TBAF (H,0)
QGe—CI + nR—X > N + R—R

SI(' Pd,(dba);, toluene

100°C, 12 h

144 Y=Cl, Z=Ph  n=2 (for 144) 139a-f 141a-f
145 Y=Z=Ph n=3 (for 145)
146 Y=7=Cl n=1 (for 146)

Entry | germane R-X Product | yield (%)" | 139/141 ratio
1 144 1-Bromonaphthalene® 139a 54 (48) 7.2:1
2 144 (4)CH;0PhI 139b 86 (85) 9.8:1
3 144 (3)CFsPhl 139¢ 70 (68) 34:1
4 144 (4)CH3;COPhI 139d 12 (10) 3:2
5 144 (4)CH3COPhBr 139d 267 (21) 99:1
6 144 PhCH=CHBr 139e¢ 8°4(5) 1:3
7 144 2-lodo-5-Me-thiophene | 139f 13°(6) 2:3
8 145 1-Bromonaphthalene 139° 24 1.4:1
9 145 (4)CH;3OPhI 139b 48/ (40) 4:1
10 145 (3)CF;Phl 139¢ 48 3:2
11 145 (4)CH3COPhOI 139d 3 1:20
12 145 (4)CH3COPhBr 139d 247 1:1
13 145 PhCH=CHBr 139¢ 3¢ 1:8
14 145 2-lodo-5-Me-thiophene 139f 3¢ 2:3
15 146 1-lodonaphthalene 139a 99" (96) 35:1
16 146 1-Bromonaphthalene 139a 90% (82) 99:1
17 146 (4)CH;OPhI 139b 88% (80) 10:1
18 146 (3)CF;Phl 139¢ 93 (87) 9:1
19 146 (4)CH3COPhOI 139d 99 (88) 99:1

20 146 (4)CH3COPhBr 139d 91 99:1
21 146 PhCH=CHBr 139e¢ 309 (28) 3:1
22 146 2-lodo-5-Me-thiophene | 139f 48“¢ (35) 3:2
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“ Couplings were performed on 0.14 mmol scale of germanes (0.04 M) with 0.09 equiv
of Pd catalyst, 1.1 (146), 2.2 (144) or 3.3 (145) equiv of halides and TBAF/(1 M/THF,
7 equiv)/water (100 pL). * Based upon transferring of one, two or three phenyl groups
from 146, 144 or 145, respectively. Determined by GC-MS of the crude reaction
mixture (isolated yields in parenthesis). © Coupling with 1-chloronaphthalene failed. ¢
115 °C. ¢ Biphenyl was also produced (~25-50%). 7 28 h. ¢ Without H,0. " 88% (81%,
19:1) without H,O.

3.2.3.3. Comparison with chloro(phenyl)stannanes and chloro(phenyl)silanes

Since organostannanes and organosilanes have been known to display much
higher reactivity towards the Pd-catalyzed cross-coupling and reports in literature on the
ability of chlorosilanes to undergo coupling were inconsistent, we performed a
comparative study of the coupling efficiency of chloro(phenyl)-germanes, -silanes, and —
stannanes under our conditions [TBAF/ “moist” toluene]. In order to establish reaction
protocols, couplings of dichloro(diphenyl)germane 144, -silane 147, and -stannane 148
with 1-iodonaphthalene (2 equiv.) in the presence of Pd,(dba); were attempted under
different conditions and the results summarized in Table 14.

We found that coupling with dichloro(diphenyl)germane 144 required heating at
100 °C for 15 h to afford biaryl 139a in good yields (86%; based on the transfer of two
phenyl groups, 172% total yield of 1-phenylnaphthalene). Analogous reaction conditions
promoted the coupling of dichloro(diphenyl)silane 147  (93%) and
dichloro(diphenyl)stannane 148 (99%) after only 5 h and 2 h respectively (Table 14,
entry 4). The reaction of 144, 147, and 148 at lower temperature (60 °C and 80 °C)
indicated a higher reactivity of organostannane 147 with respect to its silicon and
germanium counterparts (entry 4, footnotes). Moreover, the smaller amounts of TBAF
required for the efficient coupling of 148 or 147 with 1-iodonaphthalene in toluene also

indicated a faster activation of stannanes or silanes towards transmetallation. Additional
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experiments utilizing an alternative fluoride source (entry 5) and different solvents
(entries 6 and 7) supported the described observations. Noteworthy, the coupling of silane
147 under our optimized conditions constitutes the first example of the cross-coupling of
halosilanes from which every phenyl groups has been transferred.

Table 14. Comparison of the couplings of dichloro(diphenyl)-germane, -silane, and -

stannane with 1-iodonaphthalene.
| P
TBAF (H,0)
+2 > ) +
1\I/I—C1 Pd, toluene
Cl

)

) $2
W

100°C, 12 h Oe |
N
144 M=Ge
147 M=Si 139a 141a
148 M=Sn
From 144 (15h) | From 147 (5h) | From 148 (2h)
Entry | TBAF® ‘1:312‘1 139a/141a :{?3?1 139a/141a ‘1{?33 139a/141a
(% )c ratio (% )c ratio (% )c ratio
1 1.0 -- - - - 14 99:1
2 3.0 7 20:1 3 1:0 63 99:1
3 5.0 34 17:1 72 20:1 93 99:1
4 7.0 86 ¢ 10:1 93/ 10:1 99 & 99:1
5 7.0" 80 4:1 95 33:1 96 99:1
6 7.0' 48 6:1 56 2:1 95 Pure
7 7.0/ 94 20:1 81 19:1 97 Pure

“ Couplings were performed on 0.14 mmol scale of organometallics (0.04 M) with
2.0 equiv. of 1-iodonaphthalene and 0.05 equiv. of Pd catalyst. ® Commercial 1M
THF solution containing 5% H,O, unless otherwise noted. “ Based upon transferring
two phenyl groups from 144, 147-148. Determined by GC-MS of the crude reaction
mixture. ¢ Molar ratio. © At 60 °C (19%, 10:1) and at 80 °C (43%, 4:1)./ At 60 °C
(43%, 30:1) and at 80 °C (91%, 15:1). ¢ At 60 °C (87%, pure) and at 80 °C (94%,
pure). "TBAF-3H,0. ' THF (60 °C).’ Dioxane (80 °C).

3.2.3.4. Mechanistic implications

During the optimization of the cross-coupling reactions between 143

(PhMe,GeCl) and 1-iodonaphthalene (Table 11) it became obvious that the coupling
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outcome strongly depended on TBAF/organogermane ratios. TBAF most likely facilitates
the coupling by generating the more reactive hypervalent fluorogermanium species and

the reactivity of these hypervalent Ge species could be superior in toluene due to weak

81,114,115 121-123,202

solvation. Hypervalent (fluoro pentacoordinated) tin and silicon species
has been established as active intermediates in Pd-catalyzed coupling reactions (see
section 1.2.1.2).

In order to get insight about the role hypervalent germanium species play in the
coupling of chlorogermanes 143-146, we have studied their interaction with TBAF.
Initial experiments were conducted using chloro(dimethyl)phenylgermane 143. Thus,
mixing of 143 (32.2 mg, 0.15 mmol) and TBAF (1.5 equiv. 1 M solution in THF) in
benzene-ds at room temperature resulted in the substitution of the chlorine ligand by the
fluoride ion and formation of PhMe,GeF. The observed septet centered at -194.6 ppm
("’F NMR) with the coupling to six equivalent protons of the two methyl groups (*Jg.i ~
6.0 Hz, spectrum a, Figure 22) had a chemical shift in agreement with the literature value
(-196.0) for the analogous fluorodimethylgermane.'’*'?’ Heating the sample at 50 °C for
3 h resulted in broadening of the signal at -194.6 ppm and appearance of a major broad
peak centered at -150.8 ppm suggesting an equilibrium between PhMe,GeF and
PhMe,GeF(X)™ (X=Cl or OH) species (spectrum b). The pentavalent difluorogermanate
Ph(Me),GeF, appeared as a minor peak at -126.4 (septet, *Jy.y ~5.8 Hz) is agreement
with reported chemical shift for the analogous hypervalent difluorotriphenylgermana
46'** (see Scheme 11, section 1.2.1.2). Overnight heating resulted both in the additional

broadening of the peaks at -150.8 ppm and -194.3 ppm and in increasing intensity of

signal(s) at -126.4 ppm (spectrum c¢). Washing the sample with D,O resulted in the

103



reappearance of the septet at -194.3 ppm [PhMe,GeF] as the sole signal (spectrum d).

-126.42

d) After extraction wii_sil D,0 e
i I /

S I -

) Ph(Me):Cl (1.0 eq.)/ TBAF (L5 eq.)/50°C/overnight [
—_ F

b) Ph(Me);C1 (1.0 eq.) TBAF (L5 €q.)/50°C/3 h

qmmmmuxqﬁﬂuuﬁqmt /A
fz
' | o=
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Control TBAF /Y

.'L'I
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Figure 22. ”F NMR analyses of the reaction of chloro(dimethyl)phenylgermane with
TBAF in benzene-d.

A similar treatment of chlorotriphenylgermane 145 (68 mg, 0.20 mmol) with
TBAF in benzene-ds gave comparable pattern of peaks as that of 143. As expected,
reactions of di- and trichlorogermanes 144 and 146 with TBAF led to more complex
mixtures. Nevertheless, treatment of dichlorogermane 144 produced difluorinated
tetravalent germane Ph,GeF, showing a signal -163.88 ppm in agreement with the value
reported by Spivey for analogous difluoride.'*

To correlate ease of formation, spectroscopic characteristics, and reactivities in

the fluoride-promoted couplings of the hypervalent germanium species with those of the

corresponding silanes and stannanes, reactions of the fluoride ion with
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chloro(triphenyl)silane 149 and chloro(triphenyl)stannane 150 in benzene-ds were also
explored. Thus, heating of chlorostannane 150 (71.1 mg, 0.18 mmol) with TBAF (1.5
equiv.) resulted in the appearance on °F NMR spectra of two singlets at -158.6 and -
159.5 ppm accompanied by F-Sn satellite signals (spectrum a, Figure 23). Further
addition of TBAF (1.5 equiv.) resulted in the formation of difluorotriphenylstannate 35
which resonated as a sharp singlet at -160.5 ppm with satellite peaks ('J%z.!"s,=2034.2
Hz, 'Jr."5,;=1940.2 Hz) in close agreement with the reported values for the isolated
35'" (spectrum b). Treatment of chlorosilane 149 with TBAF (1.5 equiv.) produced a
broad peak for Ph;SiF Although only slow equilibration between Ph;Si-F**' at -168.39
ppm which exists in equilibrium with Ph3;SiF,” 39 (-94.5 ppm) (spectrum c). The
characteristic signal'?' for the pentavalent complex 39 was, however, clearly observed
with 3 equiv. of TBAF after additional heating [5 -94.6 ppm ('J'%r.*s=255.1 Hz) and -
95.3 ppm ('J'°r.’s=255.1 Hz)] (spectrum d). In contrast, chlorogermane 145, under
similar conditions, produced only a small amount of the pentavalent intermediate 151 (-
154.7 ppm) in equilibrium with the monofluorinated tetravalent compound 45 (-201.6
ppm, spectrum e, see section 1.2.1.2). An additional portion of TBAF and prolonged
heating resulted in further broadening of the signal(s) but also in dissapearance of the
signal from 45 (spectrum f). It appears that Ph3;SnCl is more susceptible than its silicon
and germanium counterparts to form the reactive pentavalent complex 35, even at low
concentrations of fluoride ions. On the other hand, the silicon analogue 149, although it
requires higher concentration of TBAF to afford the corresponding pentavalent complex
39 than the tin counterpart, is more prone to form hypervalent species than the analogous

organogermane precursor. Since substrates 144, 147, and 148 undergo coupling under
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similar conditions (sovent/TBAF; Table 14) but require divergent reaction conditions
(time/temperature), these results might suggest that differences in their coupling
efficiencies might be related to their ability to generate reactive hypervalent intermediates

upon fluoride activation.

J) ""145" (1 eq.)/TBAF (3.0{,‘1311.);’50"0’3 h :iﬁ

€) "145" (1 eq.)'TBAF (1.5 eq.)/50°C/3 h
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Figure 23. '’F NMR analysis of the reaction of chloro(triphenyl)germane, silane, and
stannane with TBAF in benzene-ds.

To investigate the effect of the addition of water on the coupling of
chlorotriphenylgermane 145 (68 mg, 0.20 mmol) with TBAF (1.5 equiv) in benzene-ds (2
mL) in the presence of various amounts of water (25, 50, and 100 puL) were analyzed by
F NMR (Scheme 49). It seems that increasing the amount of water resulted in the faster
formation of sharper and higher peak at -202.5 ppm for Ph;GeF (45; r.t. and 1.5 equiv.

TBAF). Interestingly, fluorination of the bulky chlorosilanes has been reported to be
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accelerated by the addition of water.”’' Heating of the reaction mixture at 50 °C produced
also the hypervalent germanium compound 151 (-154.8 ppm) matching the results from
the analogous experiments without additional water added (Figure 23, spectrum e).
Overnight stirring with 4.5 equiv. of TBAF and extraction of the benzene slution with
DO, resulted in the disappearance of the "’F signals. It is likely that the putative
hypervalent germanium species 151, generated during the study, were hydrolyzed and/or

transformed into triphenylgermanol 137 or hexaphenyldigermoxane 138 derivatives.

Ph
| TBAF (1.5=4.5 equiv.) Ph
Ph—Ge—Cl » Ph—Ge—F + "Unknown" 151
' benzene-d; |
Ph Ph

H,0 (50, 70 or 100 L)

0
145 r.t. —» 50 °C 45

D,0 - extraction

45 '9F NMR: § -201.6 ppm 19 _
No F NMR ]
151 'F NMR: § -150.6 ppm 0 signa

Scheme 49. !°F NMR study of the effect of added water in the reaction of
chloro(triphenyl)germane with TBAF.

To establish the role of digermoxane 138 in the coupling of chlorogermane 145 in
toluene, the reaction of 138 with 1-iodonaphthalene was attempted under our optimized
conditions (Table 11). Thus, treatment of 138 with 1-iodonaphthalene (3 equiv.) in the
presence of TBAF (7 equiv.) and Pd,(dba); in toluene afforded biaryl product 139a in
68% yield (Scheme 50; the yield was determined by GC-MS using 2-ethylnaphthalene as
internal standard and 138 as limiting reagent) in addition to homocoupling byproduct.

Analogous coupling of 138 with 3 or 6 equiv. of 1-iodonaphthalene also afforded 139a
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(with total yields not exceeding the theoretical 100% yield which would indicate multiple
transfer of phenyl group from 138). All attempts of changing the reaction conditions
between 138 and 1-iodonaphthalene (e.g. wet toluene, THF or 1,4-dioxane at reflux as
solvents, and Ag,O/TBAF and NaOH as base) failed or give 139a in lower yield. It
seems that 138 although might be formed during the coupling of chlorogermane 145, and
can contribute to the overall yield of the cross-coupling, it is not formed on a major

reaction pathway but rather on a deactivation pathway.

| 0
Ge10 (3 equiv.)
> +
3 TBAF (7 equiv.) Pd,(dba),
) toluene, 100 °C

138 139a 141a

Scheme 50. Coupling of hexaphenyldigermoxane and 1-iodonaphthalene.

To confirm the structure of the postulated intermediates generated during the
reaction of chloro(triphenyl)germane 145 with TBAF, and to study their role in the
fluoride-promoted coupling with halide in “moist” toluene, the independent synthesis of
fluoro(triphenyl)germane 45 was undertaken. Thus, treatment of 145 with
tetramethylammonium fluoride'”” (Me4NF) in dry CH,Cl, at reflux afforded 45 (-201.9
ppm; see Scheme 11, section 1.2.1.2) along with the unknown compound 151 (-
145.8ppm, Scheme 51). Moreover, slow conversion of 45 to 151 was observed when the
stability of 45 was monitored by '’F NMR during different periods of time. Nevertheless,
treatment of the isolated sample of 45/151 (~3:1, '°’F NMR) with TBAF (1.5 equiv.) in

benzene-ds at room temperature resulted in the complete dissapearance of the signal at -
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201.9 ppm (45), broadening of the signal at -145.8 ppm (151) and appearance of a new
broad signal around -117.0 ppm. These results might suggest that the unknown species

151 are in equilibrium with the corresponding hypervalent difluorogermanate species 46

(8 ~-117 ppm; see Scheme 11, section 1.2.1.2).'**

F
Ph GI Sl *NB
-Ge u
| YPh 4
F
46
Ph
| TBAF (1.5 equiv.)
Ph—Ge—F + "Unknown" 151 >
I benzene-dg
Ph r.t.
45 "Unknown" 151

45 PFNMR: § -201.6 ppm
46 'F NMR: around & -117 ppm
151 '°F NMR: § -150.6 ppm

Scheme 51. '°F NMR study of the effect TBAF to a mixture of
fluoro(triphenyl)germane and unknown compound 151.

Based on our results, we propose that the coupling of chloro(triphenyl)germane
145 occurs via the formation of fluoro(triphenyl)germane 46 which generates unknown
compound 151 upon hydrolysis. The hydrolysis of compound 46 could be accelerated by
the presence of water either from TBAF (~5% in 1 M/THF solution) or from the
measured amount added (Table 12). If the aryl-Pd complex(es) is not present in the
reaction mixture in sufficient amount (e.g. with less reactive aryl bromides or chlorides),
two molecules of the unknown 151 could condense eliminating fluoride and water to
afford less reactive hexaphenyldigermoxane 138. Therefore, the structure of the unknown

intermediate 151  has  been  proposed as a reactive  pentavalent
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fluoro(hydroxo)triphenylgermanate which would be in equilibrium with a hydrogen-

bonded germanol 152 (Scheme 52). It is worth pointing out that similar reactive

intermediates have been proposed by Denmark as reactive intermediates during the

coupling of vinyl silanols promoted by fluoride ions.'*’

Ph — Ph F
| F | HZO | ..Ph
Ph—CIie—Cl —>Ph—CIie—F — Ph—Ge\'
| YPh
Ph Ph OH
145 45 151
Ph Ph Ph
I I —H20 | O\
Ph—(l}e—O—(I}e—Ph ~«———— ph—Ge” H
Ph Ph i Ph N
138 152

Scheme 52. Proposed pathway for the activation of chloro(triphenyl)germane

with TBAF.
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4. EXPERIMENTAL SECTION
4.1. General procedures

The 'H (Me,4Si, 400 MHz), "°C (Me4Si, 100.6 MHz), and "°F (CCLF, 376.4 MHz)
NMR spectra were determined in CDCl; unless otherwise stated. Mass spectra (MS) were
obtained by atmospheric pressure chemical ionization (APCI) or electro-spray ionization
(ESI) techniques. Reagent grade chemicals were used and solvents were dried using a
solvent purification system. TLC was performed on Merck kieselgel 60-F,s4 and products
were detected with 254 nm light or by development of color with I,. Merck kieselgel 60
(130-400 mesh) was used for column chromatography. Elemental analyses were
performed by Galbraith Laboratories, Knoxville, TN. Purity and identity of the products
(crude and/or purified) were also established using a Hewlett-Packard (HP) GC/MS (EI)
system with a HP 5973 mass selective detector [capillary column HP-5MS (30 m x 0.25
mm)] or a reverse phase (RP)-HPLC/MS (APCI) system (Cs column).

4.2 Synthesis
1-(2,3,5-Tri-O-acetyl-#-D-arabinofuranosyl)-5-[(Z)-2-(triphenylgermyl)ethenyl]-
uracil (Z-75).

Method A. Thermally-induced radical hydrogermylation of the protected 5-
ethynyluridine analogues. In a round-bottomed flask, the starting material 74 (50 mg,
0.13 mmol) was added to freshly distilled toluene (6 mL) and the suspension was stirred
and degassed with N, for 40 min. The mixture was then pre-heated at 80 °C and Ph;GeH
(50 mg, 0.16 mmol) was added followed by 1,1'-azobis(cyclohexanecarbonitrile) (4 mg,
0.02 mmol). The temperature was increased to 90 °C and the solution was stirred until 74

was completely consumed (TLC). The volatiles were removed in vacuo and the oily
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residue was chromatographed (hexanes/EtOAc, 2:3) to give a separable mixture of Z-75
(31.5 mg, 36%) and 76 (10.5 mg, 12%). '"H NMR & 1.99 (s, 3H, Ac-Me), 2.09 (s, 3H, Ac-
Me), 2.11 (s, 3H, Ac-Me), 3.70 (dd, *Jus.us=13.7 Hz, *Jus-us=7.7 Hz, 1H, H5"), 3.91-
3.98 (m, 2H, H4' and H5"), 4.97 (dd, *Juz-1s=3.2 Hz, *Ju3.112=2.0 Hz, 1H, H3"), 5.27 (dd,
SJirn=4.1 Hz, *Jipnz=1.9 Hz, 1H, H2"), 5.71 (d, *Ji=4.1 Hz, 1H, H1'), 6.56 (d,
*Jviva=13.5 Hz, 1H, vinyl 1), 7.08 (d, *Ji.v2=1.0 Hz, 1H, H6), 7.36 (m, 10H, GePhs +
vinyl 2), 7.52 (m, 6H, GePhs), 8.30 (br. s, IH, NH). *C NMR & 20.38, 20.65, 20.72 (Ac-
Me), 62.31 (C5"), 74.57 (C2"), 76.10 (C3"), 79.82 (C4"), 84.37 (C1"), 113.39 (C5), 128.35
(GePhs x 6), 129.11 (GePhs x 3), 131.67 (vinyl 1), 134.80 (GePh; x 6), 136.39 (C6),
136.44 (GePhs Q x 3), 138.20 (vinyl 2), 148.57 (C2), 161.28 (C4), 168.45, 169.36,
170.24 (Ac-C=0). MS (APCI") m/z 700.9 [MH]" based on "“Ge.

Method B. Et;B-induced radical hydrogermylation of 5-ethynyl protected
uridine analogues. Placed in a screw-capped glass tube, a 1M solution of Et;:B in THF
(140 pL, 0.14 mmol) was added to a solution of 74 (50.0 mg, 0.127 mmol) and Ph;GeH
(43.0 mg, 0.14 mmol) in dry THF (5 mL) at -78 °C. The resulting solution was stirred for
3 hours at -78 °C and TLC analysis showed appearance of a less polar spot and remaining
74. The reaction mixture was slowly warmed up to -60 °C and was stirred for another 1.5
h. The volatiles were removed under vacuum and the resulting crude was
chromatographed (hexanes/EtOAc, 2:3) to give Z-75 (42.0 mg, 47%), with identical data
to the reported above.

Treatment of 74 (49.0 mg, 0.12 mmol) with Ph;GeH (42.0 mg, 0.14 mmol) by

Method B at 0 °C for 6 h gave an unseparable mixture of 75 and 76 (39.0 mg; 75/76
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~59:41 based on '"H NMR of the mixture). Recrystallyzation from a hexane/Et,O mixture
gave 75 as a white powder (23.0 mg, 26%).
1-(2,3,5-Tri-O-acetyl-#-D-arabinofuranosyl)-5-[2-(triphenylgermyl)acetyl]uracil
(76). '"H NMR & 1.92 (s, 3H, Ac-Me), 2.150 (s, 3H, Ac-Me), 2.154 (s, 3H, Ac-Me), 3.48
(d, *Jusansy=9.3 Hz, 1H, H8a), 4.19 (d, *Jusp-us.=9.3 Hz, 1H, H8b), 4.16-4.21 (m, 1H,
H4'), 4.36 (dd, “Jus.nus=12.1 Hz, *Jys.nsa=4.7 Hz, 1H, H5"), 4.46 (dd, “Jus.us=12.1 Hz,
3 Jus-na=4.9 Hz, 1H, H5"), 5.14 (dd, *Juz.ns=3.4 Hz, *Jizap=1.6 Hz, 1H, H3"), 5.35 (dd,
S ira=4.1 Hz, *Jipnz=1.6 Hz, 1H, H2'), 6.24 (d, *Jia2=4.1 Hz, 1H, H1'"), 7.32-7.42
(m, 2.25H, GePh3), 7.50-7.57 (m, 1.5H, GePhs), 8.10 (s, 1H, H6), 8.49 (bs, 1H, NH). °C
NMR & 20.26, 20.60, 20.62 (Ac-Me), 32.84 (C8), 62.26 (C5"), 74.43 (C2"), 76.42 (C3"),
80.64 (C4"), 83.77 (C1"), 113.20 (C5), 128.23 (GePhs x6), 129.35 (GePhs x 3), 135.00
(GePhs x 6), 135.11 (GePh; Q x 3), 146.07 (C2), 148.33 (C6), 159.92 (C4), 168.64,
169.46, 170.66 (Ac-Me), 194.03 (C7-ketone). MS (APCI") m/z 716.9 (MH" for 76, 33%)
based on "*Ge.
1-(2,3,5-Tri-O-acetyl-f-D-arabinofuranosyl)-5-[(E/Z)-2-(trimethylgermyl)ethenyl]-
uracil (E/Z-77). A solution of 74 (49.6 mg, 0.126 mmol) and Me;GeH (29.9 mg, 29.6
pL, 0.252 mmol) in dry THF (5 mL) was treated according to Method B (with injection
of Me;GeH into the reaction mixture via syringe and progressive warming from 0 °C to
25 °C) for 8 h. The volatiles were removed under reduced pressure and the residue was
chromatographed (hexanes/EtOAc, 2:3) to give E/Z-77 (22.0 mg, 33%, E/Z 39:61). 'H
NMR 6 0.26 (s, 5.5H, GeMes-Z), 0.28 (s, 3.5H, GeMes-E), 2.02 (s, 3H, Ac-Me E+Z7),2.12

(s, 1.83H, Ac-Me-Z), 2.15 (s, 1.17H, Ac-Me-E), 2.16 (s, 1.83H, Ac-Me-Z), 2.17 (s,
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1.17H, Ac-Me-E), 4.19-4.25 (m, 1H, H4'-E+Z), 4.34 (dd, *Jus.us=11.9 Hz, *Jus114=6.2
Hz, 0.61H, H5"-Z), 4.37-4.45 (m, 0.39H, H5"-E), 4.44 (dd, “Jus-us=11.9 Hz, *Jys.us=4.2
Hz, 0.61H, H-5'Z), 4.52 (dd, *Jus-us=11.9 Hz, *Jus.us=6.2 Hz, 0.39H, H5"-E), 5.11 (dd,
3 Juyna=3.8 Hz, *Juzap=1.4 Hz, 0.61H, H3'-Z), 5.15 (dd, *Jiz-ne=3.4 Hz, *Juz.m=1.6
Hz, 0.39H, H3'-E), 5.44-5.48 (m, 1H, H2'-E+Z), 6.10 (d, *Jv1.v»=13.8 Hz, 0.61H, vinyl
1-2), 6.24 (d, *Jur.m2=3.8 Hz, 0.61H, H1'-Z), 6.33 (d, *Ju1.ux=4.0 Hz, 0.39H, H1'-E),
6.60 (d, *Jy1.v2=18.9 Hz, 0.39H, vinyl 1-E), 6.80 (d, *Jy2.vi=19.0 Hz, 0.39H, vinyl 2-E),
6.98 (dd, *Jy2.v1=13.8 Hz, *Jy2.46=0.9 Hz, 0.61H, vinyl 2-2), 7.45 (d, “Ji6.v2=0.8 Hz,
0.61H, H6-2), 7.59 (s, 0.39H, H6-E), 8.97 (br. s, 0.39H, NH-E), 9.09 (br. s, 0.61H, NH-
7). PC NMR § -1.70 (GeMes-E), -0.23 (GeMes-Z), 20.53, 20.59, 20.79, 20.87, 20.92 (Ac-
Me), 62.67 (C5'-E), 63.16 (C5'-Z), 74.69 (C2'-E), 74.76 (C2'-Z), 76.44 (C3'-E), 76.49
(C3'-2), 80.43 (C4'-Z), 80.76 (C4'-E), 84.55 (C1'-E+Z), 112.90 (C5-E), 114.19 (C5-2),
132.14 (vinyl 1-E), 133.62 (vinyl 2-E), 134.30 (vinyl 2-Z), 136.10 (C6-Z), 136.36 (C6-E),
137.55 (vinyl 1-Z), 149.18 (C2-E), 149.56 (C2-Z), 161.81 (C4-E), 162.17 (C4-Z), 168.63,
168.73, 169.69, 169.78, 170.50 (Ac-C=0). MS (APCI") m/z 514.9 [MH]" based on "*Ge.

1-(2,3,5-Tri-O-acetyl-S-D-arabinofuranosyl)-5-Z-[ 2-(tributyl-germyl)ethenyl]uracil

(E/Z-78). A solution of 74 (50.0 mg, 0.13 mmol) and Bu3;GeH (63.7 mg, 69.5 uL, 0.26
mmol) in dry THF (5 mL) was treated according to Method B (with stirring at 0 °C and
progressively warming to ambient temperature) for 18 h (TLC showed approximately
85% consumption of 74, based on comparison with new spots). The volatiles were
removed under vacuum and the oily residue was chromatographed (hexanes/EtOAc, 2:3)
to give a mixture of E/Z-78 (11.0 mg, E/Z~6:94). '"H NMR & 0.88-1.00 (m, 15H, GeBus),

1.25-1.40 (m, 12H, GeBus), 2.02 (s, 3H, Ac-Me-Z), 2.12 (s, 3H, Ac-Me-Z), 2.16 (s, 3H,
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Ac-Me-Z), 4.19-4.25 (m, 1H, H4'-Z), 4.34 (dd, *Jus-us=11.8 Hz, *Jus.1s=6.0 Hz, 1H,
H5"-Z), 4.44 (dd, *Jus-us=11.8 Hz, *Jis.ns=5.0 Hz, 1H, H5'-Z), 5.12 (dd, *Jiy3-u4=3.8 Hz,
3 Juya=1.5 Hz, 1H, H3'-Z), 5.46 (dd, *Jup-mi=3.8 Hz, *Jipz=1.6 Hz, 1H, H2'-Z), 6.07
(d, *Jyiv2=14.0 Hz, 1H, vinyl 1-Z), 6.24 (d, *Ju1.12=3.8 Hz, 1H, H1'-Z), 6.59 (d, *Jy..
v2=19.1 Hz, 0.05H, vinyl 1-E), 6.76 (d, *Jy2vi=19.1 Hz, 0.06H, vinyl 2-E), 7.02 (dd, *Jy,.
vi=14.0 Hz, *Jy2.16=1.0 Hz, 1H, vinyl 2-Z), 7.42 (d, *Ji6.v2=0.9 Hz, 1H, H6-Z), 8.54 (br.
s, 1H, NH-Z). *C NMR & 13.72 (GeBus), 14.15 (GeBus), 20.40 (Ac-Me), 20.65 (Ac-Me),
20.68 (Ac-Me), 26.41 (GeBus), 27.39 (GeBus), 62.92 (C5'), 74.68 (C2'"), 76.39 (C3"),
80.22 (C4"), 84.50 (C1"), 114.44 (CS5), 134.70 (vinyl 2), 135.27 (vinyl 1), 135.50 (C6),
149.28 (C2), 161.72 (C4), 168.56, 169.46, 170.27 (Ac-C=0). MS (APCI") m/z 641.0
[MH]" based on "“Ge.

2',3',5'-Tri-0-acetyl-5-[(£)-2-(triphenylgermyl)ethenyl]uridine (Z-80a). A solution of
79a (89.7 mg, 0.228 mmol), Ph;GeH (76.3 mg, 0.25 mmol) in dry THF (8 mL) was
treated according to Method B for 6 h. The volatiles were removed under vacuum and the
residue was chromatographed (hexanes/EtOAc, 3:7) to give Z-80a (64.2 mg, 50%). 'H
NMR & 2.055 (s, 3H, Ac-Me), 2.060 (s, 3H, Ac-Me), 2.09 (s, 3H, Ac-Me), 3.95 (“d”,
J=4.3 Hz, 2H, H5'/5"), 4.05-4.10 (m, 1H, H4"), 4.98 (“t”, °Ja,z=6.1 Hz, 1H, H3'), 5.02
(dd, *Jiy-13=6.1 Hz, *Jip.11=3.9 Hz, 1H, H2"), 5.26 (d, *Ju-2=3.8 Hz, 1H, H1"), 6.56 (d,
3Jviva=13.6 Hz, 1H, vinyl 1), 7.01 (d, *Ji6.v2=0.9 Hz, 1H, H6), 7.31 (dd, *Jy2.vi=13.6
Hz, *Jyane=0.8 Hz, 1H, vinyl 2), 7.32-7.39 (m, 9H, GePh3), 7.48-7.54 (m, 6H, GePh3),
8.00 (br. s, 1H, NH). >C NMR & 20.37, 20.38, 20.75 (Ac-Me), 62.75 (C5'), 69.39 (C3"),
72.85 (C2"), 79.23 (C4"), 89.29 (C1"), 114.92 (C5), 128.49 (GePhs x 6), 129.17 (GePh; x

3), 131.45 (vinyl 1), 134.72 (GePhs x 6), 136.44 (C6), 136.53 (GePhs Q x 3), 138.60
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(vinyl 2), 149.08 (C2), 161.71 (C4), 169.12, 169.21, 170.14 (Ac-C=0). MS (ESI") m/z
701.0 [MH]" based on "*Ge.
1-(2-Deoxy-3,5-di-O-acetyl-#D-erythro-pentofuranosyl)-5-[ (£)-2-(triphenylgermyl)-
ethenyl]uracil (Z-80b). A solution of 79b (43.5 mg, 0.129 mmol) and Ph;GeH (43.4 mg,
0.142 mmol) in dry THF (5 mL) was treated according to Method B for 6 h. The volatiles
were removed under vacuum and the residue was chromatographed (hexanes/EtOAc, 3:7)
to give Z-80b (24.3 mg, 46%). 'H NMR & 1.40 (“dt”, Ji112=15.0 Hz, *Ja,¢=7.5 Hz, 1H,
H2"), 2.02 (ddd, 2ip-n=14.2 Hz, *Jip-m1=5.8 Hz, *Jipnz=2.0 Hz, 1H, H2'), 2.05 (s, 3H,
Ac-Me), 2.06 (s, 3H, Ac-Me), 3.84 (dd, “Jus-us=11.8 Hz, *Jus-11a=5.9 Hz, 1H, H5"), 3.89
(dd, “Jusus=11.9 Hz, *Juys.us=4.5 Hz, 1H, H5'), 3.93-3.97 (m, 1H, H4'), 4.75 (“dt”,
3J=7.1 Hz, *J=2.6 Hz, 1H, H3"), 5.72 (dd, *Ju1-12=8.3 Hz, *Ju1.12=5.8 Hz, 1H, H1"), 6.53
(d, *Jviyv2=13.5 Hz, 1H, vinyl 1), 7.00 (s, 1H, H6), 7.33-7.40 (m, 10H, GePh; + vinyl 2),
7.50-7.56 (m, 6H, GePh3), 8.90 (br. s, 1H, NH). *C NMR & 20.76, 20.85 (Ac-Me), 36.53
(C2"), 63.48 (C5"), 73.76 (C3"), 81.76 (C4"), 85.12 (C1"), 114.82 (C5), 128.52 (GePhs x 6),
129.25 (GePhs x 3), 130.84 (vinyl 1), 134.71 (GePh; x 6), 135.55 (GePhs Q x 3), 136.54
(C6), 138.97 (vinyl 2), 149.39 (C2), 161.81 (C4), 170.11, 170.22 (Ac-C=0). MS (ESI")
m/z 643.0 [MH]" based on "*Ge.
2',3',5'-Tri-0O-acetyl-5-[(E/Z)-2-(trimethylgermyl)ethenyl]uridine  (E/Z-81a). A
solution of 79a (99.8 mg, 0.25 mmol) and Me;GeH (35.3 mg, 35.0 uL, 0.30 mmol) in dry
THF (8 mL) was treated according to Method B (with injection of Me;GeH into the
reaction mixture via syringe at 0 °C) for 7 h. The volatiles were removed under vacuum
and the oily residue was chromatographed (hexanes/EtOAc, 3:7) to give E/Z-81b (15.7

mg, 13%, E/Z 12:88). '"H NMR § 0.21 (s, 9H, GeMes-Z), 0.25 (s, 1.17H, GeMes-E), 2.09
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(s, 3H, Ac-Me-Z), 2.10 (s, 3H, Ac-Me-Z), 2.13 (s, 3H, Ac-Me-Z), 4.30-4.41 (m, 3H, H4'
and H5'/H5"), 5.29-5.36 (m, 2H, H2' and H3'), 6.06 (d, *Ji-.12=3.8 Hz, 1H, H1'-Z), 6.12
(d, *Jviv2=13.6 Hz, vinyl 1-Z), 6.55 (d, *Jy1.v2=19.0 Hz, 0.13H, vinyl 1-E), 6.75 (d, *Jv-
v1=19.0 Hz, 0.13H, vinyl 2-E), 6.92 (dd, *Jv2.v1=13.7 Hz, *Jy2.16=1.2 Hz, 1H, vinyl 2-2),
7.28 (d, *Juev2=1.0 Hz, 1H, H6-Z), 7.44 (s, 0.13H, H6-E), 8.68 (br. s, 0.13H, NH-E),
8.74 (br. s, 1H, NH-Z). >C NMR & -1.70 (GeMes-E), -0.05 (GeMes-Z), 20.51, 20.63,
20.96 (Ac-Me-Z), 63.16 (C5'-Z), 70.14, 72.87 (C2' and C3'-Z), 80.11 (C4'-Z), 87.55 (C1'-
7), 116.14 (C5-Z7), 134.80 (vinyl 2-Z), 135.39 (C6-Z), 138.88 (vinyl 1-Z), 149.99 (C2-Z),
161.99 (C4-Z), 169.63, 169.71, 170.23 (Ac-C=0-Z).
1-(2-Deoxy-3,5-di-O-acetyl-#D-erythro-pentofuranosyl)-5-[(E/Z)-2-(trimethylger-
myl)ethenyl]uracil (E/Z-81b). A solution of 79b (43.5 mg, 0.13 mmol) and Me;GeH
(30.9 mg, 30.6 pL, 0.26 mmol) in dry THF (5 mL) was treated according to Method B
(with injection of Me;GeH into the reaction mixture via syringe at 0 °C) for 7 h. The
volatiles were removed in under vacuum and the oily residue was chromatographed
(hexanes/EtOAc, 2:3) to give E/Z-81b (24.3 mg, 46%, E/Z 23:77). '"H NMR & 0.22 (s,
6.93H, GeMes-Z), 0.25 (s, 2.07H, GeMes-E), 2.04-2.24 (m, 10H, Ac-Me-E/Z + H2"-E/Z),
2.49-2.57 (m, 1H, H2'-E/Z), 4.25-4.30 (m, 1H, H4'-E/Z), 4.28-4.44 (m, 1H, H5'/5"-E/Z),
5.18-5.26 (m, 1H, H3"-E/Z), 6.12 (d, *Jv1.v2=13.6 Hz, 0.77H, vinyl 1-Z), 6.27 (dd, *J=8.6
Hz, *J=5.7 Hz, 0.77H, H1'-Z), 6.30-6.35 (m, 0.23H, HI'-E), 6.56 (d, *Jyi.v.=18.8 Hz,
0.23H, vinyl 1-E), 6.76 (d, *Jy2.vi=19.0 Hz, 0.23H, vinyl 2-E), 6.93 (dd, *Jv,.v1=13.7 Hz,
*Jvane=1.0 Hz, 0.77H, vinyl 2-2), 7.39 (d, *J116.v2=0.9 Hz, 0.77H, H6-Z), 7.56 (s, 0.23H,
H6-E), 8.22 (br. s, 0.23H, NH-E), 8.26 (br. s, 0.77H, NH-Z). °C NMR & -1.83 (GeMe;-

E), -0.18 (GeMe;-Z), 20.83 (Ac-Me-Z), 20.89 (Ac-Me-Z), 38.03 (C2-Z), 63.75 (C5'-Z),
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73.88 (C3'-Z), 82.23 (C4'-Z), 85.25 (C1'-Z), 115.47 (C5-2), 134.66 (vinyl 2-Z), 134.95
(C6-2), 138.39 (vinyl 1-2), 149.63 (C2-2), 161.76 (C4-2), 170.14 (Ac-C=0-Z), 170.33
(Ac-C=0-2).

5-[(Z)-2-(Triphenylgermyl)ethenyl]-2',3',5'-tri-O-p-toluoyl-uridine (Z-83a). A
solution of 82a (49.0 mg, 0.079 mmol) and Ph;GeH (26.0 mg, 0.085 mmol) in dry THF
(5 mL) was treated according to Method B. After 6 h at -78 °C TLC analysis revealed
slow progression towards product. Hence, the reaction mixture was slowly warmed to 0
°C until TLC reveal approximately 95% consumption of the starting 82a relative to the
possible product. The volatiles were removed under vacuum and the residue was
chromatographed (hexanes/EtOAc, 1:1) to give a separable mixture of Z-83a (29.0 mg,
40%) and 85 (10 mg, 13%). Compound Z-83a had: "H NMR & 2.40 (s, 6H, p-Tol-Me),
2.42 (s, 3H, p-Tol-Me), 4.34 (dd, *Jus-us=12.2 Hz, *Jus.na=5.4 Hz, 1H, H5"), 4.40 (dd,
2Jusns=12.2 Hz, *Jus.usa=3.4 Hz, 1H, H5"), 4.47 (ddd, *Ji4-113=5.8 Hz, *Jiys-us=5.4 Hz,
3 Juans=3.5 Hz, 1H, H4"), 5.38 (dd, *Jip.13=6.2 Hz, *Jip-u=4.5 Hz, 1H, H2"), 5.51 (“t”,
> Javg=6.0 Hz, 1H, H3'), 5.52 (d, *Ju1.u2=4.4 Hz, 1H, H1"), 6.50 (d, *Jv1.v2=13.6 Hz, 1H,
vinyl 1), 7.11 (d, *Ju6.v2=0.8 Hz, 1H, H6), 7.16 (d, *Jo.n=8.1 Hz, 2H, p-Tol-H), 7.19 (d,
3 Jomi=8.0 Hz, 2H, p-Tol-H), 7.22 (dd, *Jy>.vi=13.5 Hz, *Jy2.16=1.0 Hz, 1H, vinyl 2), 7.24
(d, *Jom=8.0 Hz, 2H, p-Tol-H), 7.31-7.36 (m, 9H, GePhs), 7.50-7.55 (m, 6H, GePhs),
7.80 (d, *Jo.n=8.2 Hz, 4H, p-Tol-H), 7.96 (d, *Jo.=8.2 Hz, 2H, p-Tol-H), 8.09 (br. s, 1H,
NH). *C NMR § 21.67, 21.69, 21.73 (p-Tol-Me), 63.54 (C5"), 70.51 (C3"), 73.59 (C2'),
79.91 (C4"), 89.76 (C1"), 114.99 (C5), 125.90 (p-Tol-Q), 125.98 (p-Tol-Q), 126.67 (p-
Tol-Q), 128.47 (GePh; x 6), 129.13 (GePh; x3 + p-Tol-CH), 129.21 (p-Tol-CH), 129.29

(p-Tol-CH), 129.75 (p-Tol-CH), 129.82 (p-Tol-CH), 129.91 (p-Tol-CH), 131.42 (vinyl
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1), 134.74 (GePh; x 6), 136.61 (GePh; Q x 3), 136.96 (C6), 138.23 (vinyl 2), 144.19 (p-
Tol-Q), 144.36 (p-Tol-Q), 144.52 (p-Tol-Q), 148.84 (C2), 161.38 (C4), 164.97, 165.07,
166.08 (p-Tol-C=0). MS (ESI") m/z 951.2 [M+Na]" based on "Ge.
5-[2-(Triphenylgermyl)acetyl]-2',3',5'-tri-O-p-toluoyl-uridine (85). 'H NMR & 2.35 (s,
3H, p-Tol-Me), 2.40 (s, 3H, p-Tol-Me), 2.42 (s, 3H, p-Tol-Me), 3.76 (d, “Jusa.usy=9.0 Hz,
1H, H8a), 3.87 (d, *Jusb-uz.=9.0 Hz, 1H, H8b), 4.67-4.75 (m, 3H, H4' and H5'/5"), 5.66
(dd, *Jiz3=5.9 Hz, *Jip-1=5.1 Hz, 1H, H2"), 5.83 (“t”, *Jav=5.7 Hz, 1H, H3"), 6.01 (d,
Jurm=5.0 Hz, 1H, H1"), 7.16-7.22 (m, 6H, p-Tol-H), 7.31-7.36 (m, 9H, GePhj), 7.50-
7.55 (m, 6H, GePhs), 7.83 (d, *Jo.n= 8.2 Hz, 2H, p-Tol-H), 7.87 (d, *Jo.n= 8.2 Hz, 2H, p-
Tol-H), 8.02 (d, *Jon= 8.2 Hz, 2H, p-Tol-H), 8.05 (s, 1H, H6). °C NMR & 21.72 (p-Tol-
Me x3), 32.95 (C8), 63.50 (C5"), 70.95 (C3'), 73.89 (C2'), 80.89 (C4"), 90.35 (C1"),
113.69 (C5), 125.66, 125.96, 126.58 (p-Tol-Q), 128.21 (GePhs x 6), 129.21, 129.24,
129.27 (p-Tol-CH), 129.36 (GePh; x 3), 129.86 (p-Tol-CH), 129.92 (p-Tol-CH x2),
135.04 (GePhs x 6), 135.09 (GePhs Q x 3), 144.06, 144.50, 144.69 (p-Tol-Q), 146.56
(C6), 148.51 (C2), 160.17 (C4), 165.19, 165.21, 166.25 (p-Tol-C=0), 193.32 (C7-
ketone). Qualitative UV/Vis (MeOH) Amax=282 nm. MS (ESI") m/z 945.0 [M+H]" based
on "“Ge.
1-(2-Deoxy-3,5-di-O-p-toluoyl-#-D-erythro-pentofuranosyl)-5-[(Z2)-2-(triphenylger-
myl)ethenyl]uracil (Z-83b). A solution of 82b (44.0 mg, 0.09 mmol) and Ph;GeH (30.0
mg, 0.099 mmol) in dry THF (5 mL) was treated according to Method B. After 6 h at -78
°C TLC analysis revealed slow progression towards product. Thus, the reaction mixture
was slowly warmed to 0 °C until TLC reveal approximately 95% consumption of the

starting 82b relative to the possible product. The volatiles were removed under vacuum
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and the residue was chromatographed (hexanes/EtOAc, 3:2) to give a separable mixture
of Z-83b (43.0 mg, 61%) and 86 (9 mg, 12%). Compound Z-83b had: '"H NMR & 1.68
(ddd, *Jipa2=14.9 Hz, *Jip=8.1 Hz, *Jipwn3=7.0 Hz, 1H, H2"), 2.31 (ddd, *Jip-
=145 Hz, *Jyz.11=5.7 Hz, *Jup-u3=1.8 Hz, 1H, H2'), 2.41 (s, 3H, p-Tol-Me), 2.45 (s,
3H, p-Tol-Me), 4.16 (dd, *Jus.us=11.1 Hz, *Jyus-u4=3.5 Hz, 1H, H5"), 4.26-4.30 (m, 1H,
H4'), 4.32 (dd, 2Jusus=11.1 Hz, *Jus.us4=5.0 Hz, 1H, H5'), 5.20 (“dt”, *Jy3.112=6.8 Hz,
3 Juz2=1.8 Hz, *Jiyz.us=1.8 Hz, 1H, H3'"), 5.85 (dd, *Ji11-.12=8.3 Hz, *Jiy12=5.8 Hz, 1H,
H1'), 6.51 (d, *Jvi.v2=13.5 Hz, 1H, vinyl 1), 7.11 (d, *Ji6.v2=0.9 Hz, 1H, H6), 7.21-7.27
(m, 5H, p-Tol-H + vinyl 2), 7.36-7.40 (m, 9H, GePhs), 7.52-7.56 (m, 6H, GePh3), 7.88
(d, *Jo.m=8.2 Hz, 2H, p-Tol-H), 7.91 (d, *J,.~=8.2 Hz, 2H, p-Tol-H). °C NMR & 21.68
(p-Tol-Me), 21.72 (p-Tol-Me), 37.27 (C2'), 63.87 (C5'), 74.47 (C3"), 82.32 (C4'), 85.49
(C1"), 114.78 (C5), 126.35 (p-Tol-0), 126.71 (p-Tol-Q), 128.50 (GePh; x 6), 129.21
(GePhs x 3), 129.26, 129.28, 129.63, 129.80 (p-Tol-CH x 2), 130.96 (vinyl 1), 134.75
(GePhs x 6), 135.62 (C6), 136.62 (GePh; Q x 3), 138.83 (vinyl 2), 144.24 (p-Tol-0),
144.46 (p-Tol-Q), 149.33 (C2), 161.73 (C4), 165.80 (p-Tol-C=0), 166.00 (p-Tol-C=0).
MS (APCI") m/z 794.9 [MH]" based on "*Ge.
1-(2-Deoxy-3,5-di-O-p-toluoyl-#-D-erythro-pentofuranosyl)-5-[ 2-(triphenylgermyl)-
acetyl]uracil (86). '"H NMR & 2.18-2.27 (m, 1H, H-2"), 2.36 (s, 3H, p-Tol-Me), 2.45 (s,
3H, p-Tol-Me), 2.64 (ddd, “ip=14.3 Hz, *Jip1=5.7 Hz, *Jiz3=1.8 Hz, 1H, H2"),
3.81 (d, “Jusansy=9.1 Hz, 1H, H8a), 3.85 (d, “Jusp.nsa=9.1 Hz, 1H, H8b), 4.53-4.60 (m,
2H, H4' and H5"), 4.74-4.80 (m, 1H, H5"), 5.54 (“d”, >J=6.6 Hz, 1H, H3"), 6.16 (dd, *Ji-
12=8.3 Hz, *Ju12=5.7 Hz, 1H, H1"), 7.16 (d, *J,..:=8.0 Hz, 2H, p-Tol-H), 7.28 (d, *Jon=

8.1 Hz, p-Tol-H), 7.32-7.39 (m, 9H, GePhs), 7.53-7.57 (m, 6H, GePhs), 7.94 (d, o=
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8.2 Hz, 2H, p-Tol-H), 7.95 (d, *Jom= 8.2 Hz, 2H, p-Tol-H), 8.15 (br. s, 1H, C6). °C
NMR & 21.71, 21.73 (p-Tol-Me), 32.80 (C8), 38.42 (C2"), 63.76 (C5"), 74.52 (C3"), 83.19
(C4"), 86.15 (C1"), 113.58 (C5), 126.30, 126.58 (p-Tol-Q), 128.20 (GePh; x 6), 129.25 (p-
Tol-CH), 129.28 (p-Tol-CH), 129.32 (GePh; x 3), 129.82 (p-Tol-CH x2), 135.06 (GePh;
X 6), 135.24 (GePhs Q x 3), 144.12 (p-Tol-Q), 144.55 (p-Tol-Q), 145.17 (C6), 148.76 (C-
2), 160.26 (C-4), 165.82 (p-Tol-C=0), 166.19 (p-Tol-C=0), 193.48 (C7-ketone). MS
(ESI") m/z 810.9 [MH]" based on "*Ge.

5-|(E/Z)-2-(Trimethylgermyl)ethenyl]-2',3',5'-tri-O-p-toluoyl-uridine (E/Z-84a). A
solution of 82a (50.0 mg, 0.08 mmol) and Me;GeH (19.0 mg, 18.8 uL 0.16 mmol) in dry
THF (5 mL) was treated according to Method B (with injection of Me;GeH into the
reaction mixture via syringe and progressive warming from 0 °C to 25 °C) for 10 h. The
volatiles were removed under reduced pressure and the oily residue was
chromatographed (hexanes/EtOAc, 3:2) to give E/Z-84a (22.0 mg, 37%, E/Z 45:55). 'H
NMR 6 0.12 (s, 4.05H, GeMes-E), 0.20 (s, 4.95H, GeMes-Z), 2.40, 2.43, 2.44 (singlets,
OH, p-Tol-Me-E/Z), 4.68-4.82 (m, 3H, H4' and H5'/5"-E/Z), 5.72 (“t”, *Jaw—=6.0 Hz,
0.55H, H2'-Z), 5.78 (“t”, *Jayg=06.3 Hz, 0.45H, H2"-E), 5.82 (dd, *J=6.1 Hz, *J=3.9 Hz,
0.55H, H3'-Z), 5.88 (dd, *J=5.8 Hz, >J=2.8 Hz, 0.45H, H3"-E), 5.98 (d, *Jy1.v»=13.7 Hz,
0.55H, vinyl 1-Z), 6.34 (d, *Jur-12=5.9 Hz, 0.55H, H1-Z), 6.37 (d, *Jv1.v2=19.0 Hz,
0.45H, vinyl 1-E), 6.50 (d, *Jur.mz= 6.8 Hz, 0.45H, HI"-E), 6.69 (d, *Jv2v1=19.0 Hz,
0.45H, vinyl 2-E), 6.72 (dd, *Jy2.vi=13.7 Hz, *Jv2.u6=1.0 Hz, 0.55H, vinyl 2-Z), 7.16-7.32
(m, 6H, p-Tol-H, set of doublets collapsed), 7.34 (d, * Jue.v2=1.0 Hz, 0.55H, H6-7), 7.54
(s, 0.45H, H6-E), 7.83, 7.86, 7.89, 7.91, 7.96, 8.04 (doublets, *J,.,.=8.2 Hz, 6H, p-Tol-H),

8.24 (br. s, 0.45H, NH-E), 8.27 (br. s, 0.55H, NH-Z). >C NMR & -2.02 (GeMes-E), -0.17
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(GeMes-Z2), 21.71 (p-Tol-Me-E/Z), 63.72 (C5'-Z2), 64.19 (C5'-E), 71.08 (C3'-Z), 71.47
(C3'-E), 73.45 (C2'-E), 73.54 (C2'-2), 80.73 (C4'-Z), 81.05 (C4'-E), 86.87 (C1'-E), 88.04
(C1'-2), 114.42 (C5-E), 115.95 (C5-2), 125.65, 125.70, 125.96, 125.97, 126.27, 126.48
(p-Tol-Q-E/Z), 129.23, 129.25, 129.29, 129.39, 129.63, 129.71, 129.73, 129.886, 129.89,
129.95, 130.00 (p-Tol-CH-E/Z), 131.77 (vinyl 2-E), 134.06 (vinyl 2-Z), 134.43 (vinyl 1-
E), 135.14 (C6-E), 135.78 (C6-Z), 138.68 (vinyl 1-Z), 144.29, 144.54, 144.57, 144.62,
144.64, 144.66 (p-Tol-Q-E/Z), 149.30, 149.66 (C2-E+Z), 161.34, 161.72 (C4-E+Z),
165.28, 165.36, 165.39, 165.48, 166.11 (p-Tol-C=0). MS (ESI") m/z 765.1 [M + Na]"
based on "*Ge.

1-(2-Deoxy-3,5-di-O-p-toluoyl-B-D-erythro-pentofuranosyl)-5-[ (E/Z)-2-(trimethylger-
myl)ethenyl]uracil (E/Z-84b). A solution of 82b (45.0 mg, 0.092 mmol) and Me;GeH
(21.8 mg, 21.6 uL, 0.18 mmol) in dry THF (5 mL) was treated according to Method B
(with injection of Me;GeH into the reaction mixture via syringe and progressive warming
from 0 °C to 25 °C) for 10 h. The volatiles were removed in under vacuum and the
residue was chromatographed (hexanes/EtOAc, 1:1) to give E£/Z-84b (14.2 mg, 30%, E/Z
41:59). "H NMR § 0.14 (s, 3.69H, GeMes-E), 0.21 (s, 5.31H, GeMe3-Z), 2.25-2.34 (m,
1H, H2"-E/Z), 2.42, 2.43, 2.45 (singlets, 6H, p-Tol-Me-E/Z), 2.78 (ddd, *Jup.ip=14.2 Hz,
3o =5.5 Hz, *Jipnz=1.6 Hz, 0.59H, H2'-Z), 2.80 (ddd, “Jip-n2=14.3 Hz, *Jippi1=5.1
Hz, *Jipn3=1.2 Hz, 0.41H, H2'-E), 4.56-4.61 (m, 1H, H4"-E/Z), 4.65 (dd, “Jus-us=12.2
Hz, *Jusus=3.2 Hz, 0.59H, H5"-Z), 4.73-4.77 (m, 0.82H, H5'/5"-E), 4.75 (dd, *Jus-
ns=12.2 Hz, *Jus.us=3.8 Hz, 0.59H, H5'-Z), 4.59 (“dt”, J=4.9 Hz, *J=1.9 Hz, 0.59H,
H3'-Z), 4.63 (“d”, °J=6.4 Hz, 0.41H, H3'-E), 6.00 (d, *Jy1.v»=13.7 Hz, 0.59H, vinyl 1-2),

6.40 (dd, *Jy1m2=8.7 Hz, *Juiu=5.4 Hz, 0.59H, H1'-Z), 6.41 (d, *Jvi.v»=19.2 Hz,
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0.41H, vinyl 1-E), 6.46 (d, *Ji-12=8.9 Hz, *Ji1.12=5.2 Hz, 0.41H, H1'-E), 6.72 (d, *Jv».
vi=19.0 Hz, 0.41H, vinyl 2-E), 6.78 (dd, *Jy2.vi=13.7 Hz, *Jy2.16=0.9 Hz, 0.59H, vinyl 2-
7), 7.22-7.32 (m, 4H, p-Tol-H-E/Z), 7.48 (d, *Jusv>=1.0 Hz, 0.59H, H6-Z), 7.67 (s,
0.41H, H6-E), 7.85-7.99 (m, 4H, p-Tol-H-E/Z), 8.51 (br. s, 0.41H, NH-E), 8.57 (br. s,
0.59H, NH-Z). >C NMR & -1.99 (GeMes-E), -0.20 (GeMes-Z), 21.70, 21.74 (p-Tol-Me-
E/7Z), 38.51 (C2'-E/Z), 64.06 (C5'-Z), 64.39 (C5'-E), 74.65 (C3'-Z), 74.94 (C3'-E), 82.94
(C4'-Z), 83.14 (C4'-E), 85.59 (C1'-E/Z), 113.85 (C5-E), 115.37 (C5-2), 126.27, 126.39,
126.50 (p-Tol-Q-E/Z), 129.30, 129.34, 129.50, 129.55, 129.61, 129.83 (p-Tol-H-E/Z),
131.93 (vinyl 2-E), 133.93 (vinyl 1-E), 134.18 (vinyl 2-Z), 134.86 (C6-E), 135.08 (C6-2),
138.27 (vinyl 1-Z), 144.35, 144.53, 144.59 (p-Tol-Q-E/Z), 149.20 (C2-E), 149.66 (C2-2),
161.53 (C4-E), 161.88 (C4-Z), 165.97, 166.04 (p-Tol-C=0-E/Z). MS (ESI") m/z 631.0
[M + Na]" based on "*Ge.

5-[(£)-2-(Triphenylstannyl)ethenyl]-2',3',5'-tri-O-p-toluoyl-uridine (Z-87). A solution
of 82a (41.0 mg, 0.066 mmol) and Ph;SnH (26.0 mg, 0.074 mmol) in dry THF (4.5 mL)
was treated according to Method B. After 6 h, the volatiles were removed under vacuum
and the residue was chromatographed (hexanes/EtOAc, 1:1) to give Z-87 (20.0 mg, 31%).
'H NMR § 2.37 (s, 3H, p-Tol-Me), 2.42 (s, 6H, p-Tol-Me), 4.53 (dd, “Jus-us=12.2 Hz,
> Jusna=4.0 Hz, 1H, H5"), 4.62 (“q”, *Jave=3.7 Hz, 1H, H4"), 4.71 (dd, *Jus.us=12.2 Hz,
> Jusna=2.8 Hz, 1H, H5"), 5.62 (“t”, *Jae=5.8 Hz, 1H, H2'), 5.77 (dd, *Juy.12=5.9 Hz,
3Jusne=4.7 Hz, 1H, H3"), 5.92 (d, *Jur2=5.5 Hz, 1H, H1'), 6.43 (d, *Jv1.v2=13.9 Hz,
1H, vinyl 1), 6.87 (dd, *Jv2.vi=14.1 Hz, 1H, vinyl 2), 7.20 (d, *J,..;=8.1 Hz, 4H, p-Tol-H),
7.25-7.35 (m, 12H, p-Tol-H + SnPh; + H6), 7.52-7.57 (m, 6H, SnPh;), 7.84 (d, *Jo.n=8.4

Hz, 2H, p-Tol-H), 7.86 (d, *Jo..=8.4 Hz, 2H, p-Tol-H), 8.01 (d, *J,...=8.2 Hz, 2H, p-Tol-
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H). PC NMR § 21.64, 21.72, 21.74 (p-Tol-Me), 63.53 (C5"), 71.06 (C3"), 73.71 (C2'),
80.68 (C4"), 88.52 (C1"), 115.17 (C5), 125.77 (p-Tol-Q), 125.97 (p-Tol-Q), 126.49 (p-
Tol-Q), 128.39 (SnPh; x 6), 128.64 (SnPhs x 3) 129.23, 129.26, 129.52, 129.74, 129.87,
129.97 (p-Tol-CH), 133.90 (vinyl 1), 136.84 (SnPh; x 6), 138.02 (C6), 139.45 (vinyl 2),
140.42 (SnPhs Q x 3), 144.55 (p-Tol-Q x2), 144.66 (p-Tol-Q), 148.52 (C2), 161.65 (C4),
165.20, 165.31, 166.08 (p-Tol-C=0). MS (ESI") m/z 896.7 [M-77] based on '*°Sn.
1-(#-D-Arabinofuranosyl)-5-[(Z)-2-(triphenylgermyl)ethenyl]uracil (Z-88). A
saturated solution of MeOH/NH;3; was added to a suspension of Z-75 (40.0 mg, 0.057
mmol) in MeOH (2 mL) was added and the reaction mixture stirred for 6 h at 0 °C. An
additional portion of MeOH/NHj3 solution (1 mL) was then added and the solution was
stirred overnight at ambient temperature. The mixture was concentrated under vacuum
and the residue was chromatographed (dry method; EtOAc/MeOH, 98:2) to give Z-88
(28.2 mg, 86%). 'H NMR (MeOH-dy) & 3.28 (dd, *Juswus=11.3 Hz, *Jus.us=4.0 Hz, 1H,
H5"), 3.37 (dd, “Jus.ns=11.3 Hz, *Jus.us=5.6 Hz, 1H, H5"), 3.76 (ddd, *Jis.ns=5.8 Hz,
3 uans=4.1 Hz, *Jusnz=2.1 Hz, 1H, H4"), 3.98-4.02 (m, 2H, H2' and H3"), 5.59 (d, *Ji-
w2=3.3 Hz, 1H, H1"), 6.50 (d, *Jy1.v2=13.2 Hz, 1H, vinyl 1), 7.30 (dd, *Jv2.v1=13.3 Hz,
*Jvane=1.2 Hz, 1H, vinyl 2), 7.35 (m, 10H, GePhs and H6), 7.51 (m, 6H, GePh;). °C
NMR (MeOH-d4) 6 62.56 (C5'"), 76.64 and 78.44 (C2' and C3'), 86.95 (C4"), 88.31 (C1"),
113.75 (C5), 129.34 (GePhs x 6), 130.01 (GePh; x 3), 131.49 (vinyl 1), 136.03 (GePhs x
6), 138.15 (GePhs Q x 3), 139.92 (C6), 140.71 (vinyl 2), 151.31 (C2), 173.03 (C4). MS
(APCI") m/z 574.8 [MH]" based on "*Ge.
1-(#-D-erythro-Pentofuranosyl)-5-[(Z)-2-(triphenylgermyl)-ethenyl]uracil (Z-89). A

saturated solution of MeOH/NH3 (2 mL) was added to a suspension of 83b (33 mg, 0.042
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mmol) in MeOH (2 mL) and the reaction mixture stirred for 20 h at ambient temperature.
An additional portion of MeOH/NHj3 solution (1 mL) was added and the solution stirred
for 48 h at ambient temperature. The mixture was concentrated under vacuum and the
residue chromatographed (dry method, EtOAc) to give Z-89 (15.0 mg, 65%). 'H NMR
(MeOH-d,) 8 1.44 (ddd, *Jip-m=14.2 Hz, *Jipomi=7.9 Hz, *Jir3=6.6 Hz, 1H, H2"),
1.87 (ddd, “Jip-u2=13.6 Hz, *Jip.1=5.9 Hz, *Jip3=2.7 Hz, 1H, H2'), 3.38 (“d”,
Javg=4.4 Hz, 2H, H5' and H5"), 3.70 (“quartet”, *Jays=3.8 Hz, 1H, H4"), 3.97 (ddd, *Ju3.
12=6.0 Hz, *Ju3-1s4=3.3 Hz, *Juz.m;p=2.8 Hz, 1H, H3"), 5.81 (dd, *Ji112=8.0 Hz, *Jipy-
12=6.0 Hz, 1H, H1"), 6.52 (d, *Jy1.v==13.3 Hz, 1H, vinyl 1), 7.28 (d, *Jus.v2=0.9 Hz, H6),
7.31 (dd, *Jva.vi=13.3 Hz, *Jyv2.u6=1.1 Hz, 1H, vinyl 2), 7.36-7.41 (m, 9H, GePhs), 7.49-
7.54 (m, 6H, GePhs). °C NMR (MeOH-d,) & 40.34 (C2"), 63.01 (C5"), 72.33 (C3"), 86.27
(C1"), 88.55 (C4'"), 115.85 (C5), 129.54 (GePh3 x 6), 130.22 (GePh; x 3), 131.78 (vinyl
1), 135.89 (GePhs x 6), 138.08 (GePh; Q x 3), 138.19 (C6), 140.79 (vinyl 2), 151.55
(C2), 164.66 (C4). MS (ESI") m/z 581.1 [M+Na] based on *Ge.

5-1(E/Z)-2-(Trimethylgermyl)ethenyl]uridine (E/Z-90). A 0.1 N solution of sodium
methoxide in anhydrous MeOH (2 mL) was added to E/Z-84a (18.8 mg, 0.025 mmol;
E/Z, ~45:55) and the mixture stirred for 6 h. An additional portion of 0.IN
NaOMe/MeOH solution was added (0.75 mL) and the solution stirred until the starting
E/Z-84a was completely consumed. The reaction mixture was carefully neutralized by
addition of DOWEX 50WX2-200(H") until moistened pH paper indicated pH~6.2. The
mixture was filtered, and the resin washed with fresh MeOH. The combined filtrate was
evaporated under reduced pressure and the residue partitioned between Et,O and H,O.

The organic layer was extensively washed with water. The combined aqueous layers
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were evaporated under vacuum to yield £/Z-90 (7.0 mg, 71%; E/Z, ~42:58). 'H NMR
(MeOH-ds) o 0.27 (s, 5.22H, GeMes-Z), 0.32 (s, 3.78H, GeMes-E), 3.84-3.91 (m, 1H,
H5"-E/Z), 3.95 (dd, *Jus-us=12.7 Hz, *Jusus=2.7 Hz, 0.58H, H5'-Z), 4.05 (dd, “Jus-
ns=12.9 Hz, *Jus.s=2.4 Hz, 0.42H, H5'-E), 4.18-4.24 (m, 1H, H4'-E/Z), 4.29 (“t”,
7 Jave=5.0 Hz, 0.58H, H3"-2), 4.34 (“t”, *Jaye=5.7 Hz, 0.42H, H3'-E), 4.39-4.44 (m,1H,
H2'-E/Z), 6.00 (d, *Ju1-12=3.8 Hz, 0.42H, H1'-E), 6.05 (d, *Ju1-12=5.3 Hz, 0.58H, H1'-Z),
6.36 (d, *Jy1.v2=13.6 Hz, 0.58H, vinyl 1-Z), 6.70 (d, *Jy1.v»=19.0 Hz, 0.42H, vinyl 1-E),
6.83 (d, *Jy2v1=19.0 Hz, 0.42H, vinyl 2-E), 6.93 (d, *Jy2.vi=13.6 Hz, 0.58H, vinyl 2-Z),
7.77 (s, 0.58H, H6-Z), 8.20 (s, 0.42H, H6-E). *C NMR (MeOH-d,) & -2.89 (GeMes-E), -
1.17 (GeMes-Z), 60.14 (C5'-E), 60.98 (C5-2), 68.90 (C3'-E), 69.83 (C3'-Z2), 73.70 (C2'-
Z), 74.13 (C2'-E), 83.98 (C4'-E), 84.72 (C4'-2), 88.83 (C1'-E), 89.72 (C1'-Z), 113.75 (C5-
E), 115.68 (C5-2), 132.07 (vinyl 1-E), 134.11 (vinyl 2-Z), 134.67 (vinyl 2-E), 137.60
(C6-E), 137.83 (C6-2), 140.81 (vinyl 1-Z), 151.07 (C2-E), 151.64 (C2-Z), 164.60 (C4-E),
165.34 (C4-2).

1-N-Benzyluracil (97). In a flame-dried 100 mL round-bottomed flask uracil (1.7960 g,
16.02 mmol) was suspended in 1,1,1,3,3,3-hexamethyldisilazane (HMDS) (20 mL) and
stirred for 10 min under nitrogen. Trimethylsilyl chloride (687.2 mg, 800 uL, 6.33 mmol)
was added via syringe and the resulting mixture refluxed (125 °C, oil bath) for 2 h until it
became a clear solution. While still hot, the mixture was filtered by gravity and washed
with fresh 1,2-dichloroethane (1,2-DCE) (25 mL). The liquid and washings were
collected in a dried 250 mL round-bottomed flask and concentrated in vacuo to give a
white solid. The solid was dissolved in fresh 1,2-DCE (72 mL) and benzyl bromide (3.29

g, 2.29 mL, 19.25 mmol) was added followed by I, (100 mg, 0.39 mmol). The resulting
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orange solution was then refluxed (92 °C) until TLC analysis revealed no additional
progress. The hot solution was filtered by gravity and the filtrate washed two times with
1,2-DCE. The mother liquor was concentrated and thoroughly dried under vacuum to
give an orange solid. Recrystallization from EtOH gave 97 as a white solid (2.10 g, 65%)
with data identical as reported.'”” '"H NMR & 4.92 (s, 2H, Ph-CH>), 5.70 (dd, *Jis-16=7.9
Hz, *Jusu=2.2 Hz, 1H, H5), 7.15 (d, *Jue.us=7.9 Hz, 1H, H6), 7.27-7.41 (m, 5H, Ph).
GC-MS (g 21.90 min) m/z 202 (27, M"), 200 (<1), 91 (100).

1-N-Benzyl-4-thiouracil (98). Compound 97 (501.1 mg, 2.48 mmol) was placed in a
flamed-dry round-bottomed flask under a N, atmosphere and dissolved in dry THF (44
mL). Previously dried Lawesson’s reagent (1.02 g, 2.52 mmol) was added and the
resulting suspension heated at 56 °C for about 1 h until TLC showed ~95% consumption
of the substrate 97. The volume of solvent was reduced to half and the solution washed
with a saturated solution of NaHCOj; and partitioned with EtOAc. The organic phase was
washed with H,O two times and dried over anhydrous Na,SO4. After removal of the
volatiles the resulting crude was chromatographed (hexanes/EtOAc, 3:2) to give 98
(315.0 mg, 65%) as yellow oil of a sufficient purity to be used directly in next step. 'H
NMR & 4.92 (s, 2H, Ph-CH,), 6.36 (d, *Jus.u=7.5 Hz, 1H, H5), 6.98 (d, *Jueuis=7.5 Hz,
1H, H6), 7.28-7.33 (m, 2H, Ph), 7.34-7.43 (m, 3H, Ph), 9.86 (br. s, 1H, NH). °C NMR §
51.87 (Ph-CH3), 113.49 (C5), 128.25, 128.89, 129.30 (Ph), 134.40 (Ph-Q), 138.63 (C6),
148.42 (C2), 189.75 (C4).

1-Benzyl-4-(methylthio)-2(1H)-pyrimidinone (99). Compound 98 (314.8 mg, 1.44
mmol) was dissolved in dry CH,Cl, (42 mL) and mixed with freshly distilled Et;N (146.2

mg, 203 pL, 1.44 mmol). The resulting yellow solution was stirred for 10 min under N,
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and methyl iodide (410.4 mg, 180 uL, 2.89 mmol) was added via syringe. The reaction
vessel was covered with aluminum foil and stirred at room temperature for 1.5 h. The
volatiles were removed under vacuum and the crude dissolved in CH,Cl, and washed two
times with H,O. The organic phase was dried over anhydrous Na,SO4 and evaporated to
dryness to give 99 (320.0 mg, 93%). "H NMR & 2.57 (s, 3H, S-Me), 5.04 (s, 2H, Ph-CH,),
6.16 (d, *Jus.ue=6.8 Hz, 1H, H5), 7.22 (d, *Jue.us=6.8 Hz, 1H, H6), 7.29-7.40 (m, 5H,
Ph). °C NMR § 12.85 (S-Me), 52.94 (Ph-CH,), 103.78 (C5), 128.48, 128.49, 129.09
(Ph), 135.39 (Ph-Q), 143.05 (C6), 154.93 (C2), 177.69 (C4). GC-MS (tr 24.39 min.) m/z
232 (44, M), 91 (100).

4-["*0]-1-N-benzyluracil (100). Compound 99 (248.5 mg, 1.07 mmol) was suspended in
anhydrous absolute EtOH (6 mL) and stirred at room temperature for 5 min in a screw-
capped glass tube. Isotope enriched Ho['*0O] (277.0 mg, 250.0 pL, 12.5 mmol, 99.2% '*0)
was added via syringe followed by three drops of concentrated HCI and the mixture was
heated at 78°C until TLC showed complete conversion to a spot with identical Rf as
compound 97. The volatiles were removed under vacuum and the residue was dissolved
in CHCI; and was washed successively with a saturated solution of NaHCO;3 and H;O.
The volatiles were evaporated and the residue was chromatographed (hexanes/EtOAc,
2:3) to give 100 (197 mg, 90 %) as a puffy white powder with data identical to the
reported above for 97, except for GC-MS (zz 21.91 min) m/z 204 (22, M"), 202 (4.4, M-
2), 91 (100). [*°0/'*O ratio, ~15:85; based on comparison of the peak intensities at m/z
202 (M", 97) and m/z 204 (M", 100)].

1-N-Benzyl-5-iodouracil (101). In a round-bottomed flask 97 (297.6 mg, 1.47 mmol)

was dissolved in dry CH,Cl, (30 mL) and stirred under N, until the solution became
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clear. Iodine monochloride (ICI) (361.0 mg, 2.22 mmol) was added and the resulting red-
wine solution refluxed (41 °C) until TLC showed complete consumption of 97. The
reaction mixture was diluted with CH,Cl, (30 mL) and decolorized with the minimum
amount of 2% NaHSOs; aqueous solution. The organic phase was washed with H,O (20
mL) and dried over anhydrous Na,SO4. Removal of the solvent gave compound 101
(446.4 mg, 93%) as a slightly yellow solid. "H NMR & 4.92 (s, 2H, Ph-CH>), 7.28-7.32
(m, 2H, Ph), 7.35-7.44 (m, 3H, Ph), 7.59 (s, 1H, H6), 8.42 (br. s, 1H, NH). °C NMR §
51.59 (Ph-CH,), 68.22 (CS5), 128.13, 128.91, 129.33 (Ph), 134.61 (Ph-Q), 148.26 (C6),
150.42 (C2), 159.93 (C4). GC-MS (tr 25.90 min.) m/z 328 (30, M"), 91 (100), no peak at
m/z 326 (M-2)".

4-["*0]-1-N-benzyl-5-iodouracil (102). Treatment of 100 (256.8 mg, 1.26 mmol) with
iodine monochloride (ICI) (310.0 mg, 1.91 mmol) as described for 101, afforded
compound 102 (393.6 mg, 95%) as a slightly yellow solid with data identical to that
reported above for 101, except for GC-MS (tz 25.90 min.) m/z 330 (24, M"), 328 (5, M-
2), 91 (100). [*°0/'*O ratio, ~17:83; based on comparison of the peak intensities at m/z
328 (M, 101) and m/z 330 (M", 102)].

1-N-Benzyl-5-((trimethylsilyl)ethynyl)uracil (103). Compound 101 (602.0 mg, 1.83
mmol) was suspended in freshly distilled Et;N (56 mL) and the mixture degassed for 1 h.
Trimethylsilylacetylene (723.0 mg, 1.04 mL, 7.36 mmol) was added to the suspension
followed by (PPh;),PdCl, (30 mg, 0.043 mmol) and Cul (22 mg, 0.12 mmol). The
mixture was then heated at 50 °C until TLC confirmed total consumption of the starting
101. All the volatiles were removed under vacuum and the brown residue was

chromatographed (hexanes/EtOAc, 1:1) to give 103 (438.0 mg, 80%) as a pale-yellow

129



solid. "H NMR & 0.21 (s, 9H, SiMe3), 4.92 (s, 2H, Ph-CH,), 7.28-7.32 (m, 2H, Ph), 7.35-
7.43 (m, 3H, Ph), 7.47 (s, 1H, H6), 8.35 (br. s, 1H, NH). >C NMR & -0.18 (SiMe3), 51.72
(Ph-CH>), 94.78, 100.14, 100.61 (CS5, C=C), 128.09, 128.85, 129.29 (Ph), 134.62 (Ph-Q),
147.06 (C6), 149.74 (C2), 161.01 (C4). GC-MS (tr 26.68 min.) m/z 298 (29, M"), 283
(29, M-15), 91 (100), no peak at m/z 296 (M-2)".
4-[180]-1-N-Benzyl-S-((trimethylsilyl)ethynyl)uracil (104). Treatment of 102 (388.0
mg, 1.18 mmol) as described for 103 gave compound 104 (218.0 mg, 62%) as a pale-
yellow solid with data identical to that reported above for 103, except for GC-MS (&
26.67 min.) m/z 300 (23, M"), 298 (4, M-2), 285 (23, M-15), 91 (100). ['°0/'®O ratio,
~14:86; based on comparison of the peak intensities at m/z 298 (M", 103) and m/z 300
(M", 104)].

1-N-Benzyl-5-ethynyluracil (105). Procedure A. Compound 103 (560.0 mg, 1.88
mmol) was dissolved in dry THF (32 mL) and the clear solution stirred at 0 °C for about
20 min. Tetrabutylammonium fluoride (1.88 mL, 1.88 mmol, 1 M in THF) was added via
syringe and the solution stirred for one hour at 0 °C. The solvent was removed under
reduced pressure and the resulting yellow crude dissolved in CHCl; (30 mL) and
successively washed with saturated NaHCO3 and H,O. After drying the organic phase
over anhydrous Na,SO;, the oily residue was chromatographed (CH,Cl,/EtOAc, 7:3) to
give compound 105 (252.5 mg, 60%) containing a little impurity associated to
tetrabutylammonium fluoride. '"H NMR & 3.18 (s, 1H, C=CH), 4.93 (s, 2H, Ph-CH,),
7.27-7.44 (m, 5H, Ph), 7.49 (s, 1H, H6), 8.44 (br. s, 1H, NH). C NMR & 51.76 (Ph-

CH>), 74.20, 82.40, 99.37 (CS, C=CH), 128.20, 128.95, 129.34 (Ph), 134.39 (Ph-0),
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147.35 (C6), 149.67 (C2), 161.18 (C4). GC-MS (tr 24.11 min) m/z 226 (19, M"), 91
(100), no peak at m/z 224 (M-2)". HRMS calcd for C;3H;;N,O, (MH") 227.08205. Found
227.08191.

Procedure B. Compound 103 (645.0 mg, 2.16 mmol) was suspended in MeOH (15 mL)
and ammonium fluoride (1.04 g, 28.08 mmol) added. The resulting heterogeneous
mixture was refluxed (60 °C) until TLC confirmed the total consumption of the starting
103. The reaction mixture was allowed to cool down to ambient temperature and filtered
by gravity to removed undissolved NH4F. The volatiles were evaporated and the residue
chromatographed (dry method, CHCIs) to afford 105 (281.0 mg, 57%) as a white solid.
4-['*0]-1-N-Benzyl-5-ethynyluracil (106). Treatment of 103 (209.0 mg, 0.70 mmol) as
described in Procedure A, afforded compound 106 (91.5 mg, 58%) as a white powder
with data identical to the reported above for 105, except for GC-MS (tr 24.12 min) m/z,
228 (16, M"), 226 (3, M-2), 91 (100). ['°0/**O ratio, ~14:86; based on comparison of the
peak intensities at m/z 226 (M', 105) and m/z 228 (M, 106)]. HRMS calcd for
C13H1N,0"0 (MH") 229.08630. Found 229.08594.
(Z£)-1-N-Benzyl-5-(2-(triphenylgermyl)ethenyl)uracil (Z-107). In a screw-capped glass
tube 105 (49.7 mg, 0.22 mmol) was dissolved in dry THF (5 mL) and stirred for 20 min
under N, at 0 °C. Triphenylgermanium hydride (73.0 mg, 0.24 mmol) and Et;B (265 uL,
0.265 mmol, 1M in THF) were added and the solution stirred at 0 °C for 7 h (Method B).
The volatiles were removed under reduced pressure and the resulting bright-yellow liquid
chromatographed (hexanes/EtOAc, 1:1) to give Z-107 (54.1 mg, 46%). 'H NMR & 4.03
(s, 2H, Ph-CH,), 6.30 (d, *Jv1.v»=13.5 Hz, 1H, vinyl 1), 6.69 (“d”, *J,.;=7.0 Hz, Ph-H-

ortho), 6.84 (s, 1H, H6), 7.09 (“t”, *Jumop=7.5 Hz, Ph-H-meta), 7.16 (“t”, >J,.,=7.1 Hz,
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Ph-H-para), 7.23-7.35 (m, 10H, GePh; + vinyl 2), 7.37-7.46 (m, 6H, GePh3), 8.51 (br. s,
1H, NH). *C NMR & 51.21 (Ph-CH>), 113.71 (C5), 128.27 (Ph-CH-ortho), 128.30 (vinyl
1), 128.44 (Ph-CH-para), 128.76 (GePhs x6), 129.03 (Ph-CH-meta), 129.47 (GePh; x 3),
134.78 (GePhs x 6), 135.02 (Ph-Q), 136.65 (GePh; Q x 3), 138.74 (vinyl 2), 141.03 (C6),
150.18 (C2), 162.53 (C4).

1-N-Benzyl-5-(2-(triphenylgermyl)acetyl)uracil (108). In a screw-capped glass tube
105 (50.0 mg, 0.22 mmol) was suspended in dry toluene (5 mL) and the mixture degassed
using N, for 50 min. Triphenylgermanium hydride (73.0 mg, 0.24 mmol) and 1,1'-
azobis(cyclohexanecarbonitrile) (catalytic amount) were added and the suspension heated
at 85 °C for 2 h (TLC showed approximately 80% consumption of 105 relative to a new
higher moving spot). The volatiles were evaporated under vacuum and the resulting
yellow oil slowly chromatographed (hexanes/EtOAc, 3:2) to give two fractions. The first
fraction contained 108 (3.5 mg, 3%) while the second gave an inseparable mixture of 108
and Z-107 (28.2 mg). Compound 108 had: '"H NMR & 3.81 (s, 2H, H8), 4.77 (s, 2H, Ph-
CH,), 7.24-7.40 (m, 14H, GePh; + Ph-H), 7.48-7.54 (m, 6H, GePhs), 7.79 (br. s, 1H,
NH), 7.85 (s, 1H, H6). >C NMR & 33.11 (C8), 52.38 (Ph-CH,), 113.30 (C5), 128.30
(GePhs x 6), 128.46 (Ph-CH-ortho), 129.09 (Ph-CH-para), 129.34 (Ph-CH-meta), 129.45
(GePhs x 3), 134.51 (Ph-Q), 135.15 (GePhs x 6), 135.29 (GePh; Q x 3), 149.70 (C2),
149.88 (C6), 160.68 (C4), 194.30 (C7-ketone). MS (ESI") m/z 605.0 [M+58]"; MS (EI)
547.0 (85, M"), 469.0 (24), 305.0 (100).
4-['*0]-1-N-Benzyl-5-(2-(triphenylgermyl)acetyl)uracil (110). Treatment of 106 (44.5
mg, 0.20 mmol) as described for 108, afforded two fractions after chromatography

(hexanes/EtOAc, 3:2). The first fraction contained 110 (3.3 mg, 3%) while the second
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consists of a mixture of 110 and Z-109 (25.3 mg). Both compounds Z-109 and byproduct
110 showed identical NMR data as reported above for the unlabeled analogues Z-107 and
108. However, for compound 110; MS (ESI") m/z 607.0 [M+58] and MS (EI) m/z 547.1
(9, M"), 457.1 (28), 305.0 (100).
1-(2,3,5-Tri-O-acetyl-f-D-arabinofuranosyl)-5-[(E/Z)-2-(tris(trimethylsilyl)germyl)-
ethenyl]uracil (E/Z-111). A flame-dried 3 neck round-bottomed flask was charged with
dry and degassed toluene (10 mL) circulating N,. The compound 74 (127.0 mg, 0.322
mmol) was transferred into the flask and the resulting heterogeneous mixture was stirred
and degassed for additional 30 min. The suspension was pre-heated up to 90 °C and just
when all the solid was dissolved, tris(trimethylsilyl)germane (TMS)GeH (115.3 mg, 123
puL, 0.39 mmol) was added via syringe in one portion and fast. A catalytic amount of 1,1'-
azobis(cyclohexanecarbonitrile) was dissolved in degassed toluene (I mL) and
transferred to the reaction mixture. The solution was refluxed over 20 min and TLC
revealed total consumption of 74. The mixture was immediately allowed to stabilize at
room temperature and concentrated under reduced pressure. The residue was
chromatographed (hexanes/EtOAc, 3:2) to give E/Z-111 (152.0 mg, 68%, E/Z 4:96). 'H
NMR 6 0.20 (s, 25.92H, Ge(TMS)3-Z), 0.24 (s, 1.08H, Ge(TMS)3-E), 2.01 (s, 2.88H, Ac-
Me-Z7), 2.10 (s, 2.88H, Ac-Me-Z), 2.11 (s, 0.12H, Ac-Me-E), 2.13 (s, 0.12H, Ac-Me-E),
2.14 (s, 2.88H, Ac-Me-Z), 2.16 (s, 0.12H, Ac-Me-E), 4.17-4.24 (m, 1H, H4'-E/Z), 4.32-
4.40 (m, 0.04H, H5"-E), 4.34 (dd, *Jus.us=12.0 Hz, *Jys.ue=5.5 Hz, 0.96H, H5"-Z), 4.38
(dd, *Jys-ns=12.0 Hz, *Jus-ua=5.2 Hz, 0.96H, H5'-Z), 4.58 (dd, “Jus-us=11.9 Hz, *Jys.
1a=7.3 Hz, 0.04H, H5"-E), 5.07 (dd, *J=1.8 Hz, *J=0.6 Hz, 0.04H, H3'-E), 5.14 (dd, *Ji;3-

H4':3.8 HZ, 3.]1-[3'_1{2':1.6 HZ, 096H, H3'-Z), 5.40 (dd, 3JH2‘-H1':3-5 HZ, 3JH2‘-H3':1-0 HZ,
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0.04H, H2'-E), 5.47 (dd, *Jip1=3.8 Hz, *Jip3=1.7 Hz, 0.96H, H2'-Z), 6.16 (d, *Ju-
12=3.9 Hz, 0.96H, H1-Z), 6.28 (d, *Jvi.v»=13.5 Hz, 0.96H, vinyl 1-Z), 6.36 (d, Ju-
12=3.5 Hz, 0.04H, H1"-E), 6.63 (d, *Jyi.v2=18.7 Hz, 0.04H, vinyl 1-E), 6.86 (d, Jv,.
vi=18.5 Hz, 0.04H, vinyl 2-E), 6.90 (dd, *Jy».vi=13.5 Hz, *Jy2.u6=1.4 Hz, 0.96H, vinyl 2-
7), 7.29 (d, *Jue.v2=1.4 Hz, 0.96H, H6-Z), 7.52 (s, 0.04H, H6-E), 9.00 (br. s, 1H, NH-Z).
BC NMR & 1.73 (Ge(TMS)s-E), 1.95 (Ge(TMS)3-Z), 20.66, 20.88, 20.96 (Ac-CH;-Z),
63.07 (C5'-2), 74.95 (C2'-Z), 76.46 (C3'-Z), 80.71 (C4'-Z), 85.40 (C1'-Z), 116.09 (C5-Z),
133.88 (vinyl 2-2), 134.11 (vinyl 1-Z), 136.20 (C6-Z), 149.59 (C2-Z), 161.95 (C4-Z),
168.86, 169.71, 170.56 (Ac-C=0). MS (APCI") m/z 688.9 [MH] based on "*Ge.

5-1(£)-2-(tris(trimethylsilyl)germyl)ethenyl]-2',3',5'-tri-O-p-toluoyl-uridine (Z-112).
A solution of 82a (38.0 mg, 0.061 mmol) and (Me;Si);GeH (21.6 mg, 23 uL, 0.074
mmol) in dry THF (4 mL) was treated according to Method B (with progressive warming
from -78 °C to 0 °C) for 6 h. The volatiles were removed under vacuum and the oily
residue was chromatographed (hexanes/EtOAc, 3:2) to give Z-112 (27.5 mg, 61%). 'H
NMR & 0.16 (s, 27H, Ge(TMS)3), 2.39 (s, 6H, p-Tol-Me), 2.40 (s, 3H, p-Tol-Me), 4.62
(dd, “Jus.ns=11.5 Hz, *Jys-us=4.7 Hz, 1H, H5"), 4.65-4.71 (m, 1H, H4"), 4.73 (dd, *Jys-
ns=11.5 Hz, *Jus.us=3.0 Hz, 1H, H5'), 5.90-5.96 (m, 3H, H1'/H2/H3"), 6.17 (d, *Jy..
v2=13.5 Hz, 1H, vinyl 1), 6.79 (dd, *Jv>.v1=13.5 Hz, *Jvo.u6=1.1 Hz, 1H, vinyl 2), 7.14 (d,
3Jom=1.6 Hz, 2H, p-Tol-H), 7.17 (d, *J,..=7.6 Hz, 2H, p-Tol-H), 7.19-7.24 (m, 3H, p-
Tol-H + H6), 7.82 (d, *Jon=8.2 Hz, 4H, p-Tol-H), 7.93 (d, *Jon=8.2 Hz, 2H, p-Tol-H).
BC NMR & 1.93 (Ge(TMS)s3), 21.84, 21.85 (p-Tol-Me), 63.84 (C5"), 71.11 and 74.17 (C2'
and C3"), 80.59 (C4'), 92.15 (C1'), 116.92 (C5), 126.07, 126.23, 126.87 (p-Tol-Q),

129.28, 129.36, 129.93, 129.98, 130.04 (p-Tol-CH), 132.77 (vinyl 1), 133.78 (vinyl 2),
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137.46 (C6), 144.20, 144.47, 144.66 (p-Tol-Q), 149.55 (C2), 162.14 (C4), 165.33,
165.39, 166.30 (p-Tol-C=0). MS (EST") m/z 939.1 [M+Na]" based on *Ge.
(Z)-2-(4-Methylphenyl)-1-[tris(trimethylsilyl)silyl|ethene (116b). Method C (Radical
hydrosilylation of alkynes). (Me;Si);SiH (0.31 mL, 248 mg, 1 mmol) was added in one
portion via a syringe to a degassed solution of 115b (0.13 mL, 116 mg, 1 mmol) in dry
benzene (3 mL) at ambient temperature under N, atmosphere. The AIBN (83.8 mg, 0.50
mmol) was then added and the resulting solution was heated (oil bath, 85 °C) for 3 h or
until the alkyne was consumed (GC). The volatiles were evaporated in vacuo and the oily
residue was flash chromatographed (hexanes) on silica gel to give 116b (336 mg, 92%)
as a colorless oil: '"H NMR & 0.16 (s, 27H), 2.37 (s, 3H), 5.82 (d, J/=14.5 Hz, 1H), 7.16 (d,
J=1.8 Hz, 2H), 7.22 (d, J=7.8 Hz, 2H), 7.40 (d, J=14.5 Hz, 1H); °C NMR & 1.4, 21.3,
123.1, 128.1, 129.0, 137.1, 137.8, 146.6; *Si NMR d -88.33 [s, Si(SiMe3)s], -11.67 [s,
Si(SiMes);]; GC-MS: (tr 22.12 min) m/z 364 (6, M"), 174 (100). HRMS Calcd for
CisH36Sis (M"): 364.1894. Found: 364.1896.
(Z)-2-(4-Methoxyphenyl)-1-[tris(trimethylsilyl)silyl]ethene (116c). Treatment of 115¢
(0.13 mL, 136 mg, 1 mmol) with (Me3Si);SiH (0.31 mL, 248 mg, 1.0 mmol) and AIBN
(84 mg, 0.5 mmol) by method C gave 116¢ (308 mg, 81%) as a colorless oil: 'H NMR §
0.17 (s, 27H), 3.84 (s, 3H), 5.80 (d, J=14.4 Hz, 1H), 6.87 (d, J=8.7 Hz, 2H), 7.33 (d,
J=8.7 Hz, 2H), 7.38 (d, J=14.4 Hz, 1H); °C NMR & 1.4, 55.5, 113.8, 121.9, 129.4, 133.5,
146.1, 159.1; MS m/z 380 (10, M"), 174 (100). Anal. Calcd for C,3sH3608Si4 (380.82): C,
56.77; H, 9.53. Found: C, 56.37; H, 9.78.
(Z)-2-(4-Trifluoromethylphenyl)-1-[tris(trimethylsilyl)silyl|ethene (116d). Treatment

of 115d (0.16 mL, 170 mg, 1 mmol) with (Me;Si);SiH (0.31 mL, 248 mg, 1 mmol) and
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AIBN (84 mg, 0.50 mmol) by method C gave 116d (334 mg, 80%) as a colorless oil: 'H
NMR 6 0.16 (s, 27H), 6.09 (d, J/=14.6 Hz, 1H), 7.45 (d, J/=14.6 Hz, 1H), 7.47 (d, J=8.2
Hz, 2H), 7.60 (d, J=8.2 Hz, 2H); *C NMR § 1.35, 124.37 (q, J=272.0 Hz), 125.40 (q,
J=3.8 Hz), 128.15, 128.36, 129.35 (q, J=32.6 Hz), 144.24, 144.98; "’F NMR § -62.45 (s);
MS m/z 418 (3, M"), 174 (100). Anal. Calcd for C,sH33F3Sis (418.79): C, 51.62; H, 7.94.
Found: C, 51.58; H, 8.15.

(E)-2-Phenyl-1-[tris(trimethylsilyD)silyl]ethene (117a). The vinyl silane (2)-116a'™
(350 mg, 1 mmol), (Me;Si);SiH (0.15 mL, 124 mg, 0.5 mmol), Rh(COD),BF, (40.7 mg,
0.1 mmol), PPh; (52.5 mg, 0.2 mmol) and Nal (22.5 mg, 0.15 mmol) were placed into a
screw-capped glass tube. The reaction mixture was heated with stirring at 60 °C for 18 h.
The volatiles were evaporated and the residue [GC-MS: 117a/116a (E/Z, 88:12; tr 21.04
min, Z, tz 21.33 min, E) m/z 350 (10, M"), 174 (100)] was chromatographed (hexanes) to
give 117a'%2% (273 mg, 78%): 'H NMR & 0.19 (s, 27H), 6.47 (d, J=18.8 Hz, 1H), 6.91
(d, J=18.8 Hz, 1H), 7.23 (t, J/=7.2 Hz, 1H), 7.33 (t, J=7.3 Hz, 2H), 7.39 (d, J=7.3 Hz,
2H); ?°Si NMR (THF-dg) & -85.30 [s, Si(SiMes)s], -14.34 [s, Si(SiMes);]. HRMS Calcd
for C17H34Sis (M"): 350.1738. Found: 350.1741.
(E)-2-(4-Methylphenyl)-1-[tris(trimethylsilyl)silyl|ethene (117b). Alkyne 115b (116
mg, 0.127 mL, 1.0 mmol), Rh(COD),BF, (40.7 mg, 0.1 mmol), PPh; (52.5 mg, 0.2
mmol), Nal (22.5 mg, 0.15 mmol)] and (MesSi);SiH (0.37 mL, 297 mg, 1.2 mmol) were
placed under nitrogen in a screw-capped glass tube and the resulting mixture was heated
with stirring at 60 °C for 20 h. The volatiles were evaporated and the residue [GC-MS:
117b/116b (E/Z, 9:1); tr 22.12 min, Z; 22.39 min, E] was chromatographed (hexanes) to

give 117b (298 mg, 82%): 'H NMR & 0.19 (s, 27H), 2.36 (s, 3H), 6.39 (d, J=18.8 Hz,
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1H), 6.83 (d, J=18.8 Hz, 1H), 7.16 (d, J=7.9 Hz, 2H), 7.24 (d, J=7.8 Hz, 2H); °*C NMR
1.1,21.4, 121.4, 126.1, 129.4, 136.6, 137.5, 145.5; *Si NMR d -83.41 [s, Si(SiMes)3], -
12.49 [s, Si(SiMe3)s]; GC-MS: (g 22.39 min) m/z 364 (10, M"), 174 (100). HRMS Calcd
for C13sH36Sis (M"): 364.1894. Found: 364.1898.

The vinyl silane (Z)-116b (1.06 g, 2.92 mmol), (MeSi);SiH (0.435 mL, 342 mg,
1.375 mmol), RhCI(PPhs); (112 mg, 0.275 mmol) and Nal (61.6 mg, 0.42 mmol) were
place into a screw-capped glass tube. The reaction mixture was heated with stirring at 75
°C for 54 h. The volatiles were evaporated and the residue [GC-MS: 117b/116b (E/Z,
99.5:0.5)] was chromatographed (hexanes) to give 117b (987 mg, 93%) as colorless oil.
(E)-2-(4-Methoxyphenyl)-1-[tris(trimethylsilyl)silyljethene (117¢). The vinyl silane
(Z£)-116¢ (381 mg, 1 mmol), (Me;Si);SiH (0.15 mL, 124 mg, 0.5 mmol), Rh(COD),BF4
(40.7 mg, 0.1 mmol), PPh; (52.5 mg, 0.2 mmol) and Nal (22.5 mg, 0.15 mmol) were
placed into a screw-capped glass tube. The reaction mixture was heated with stirring at
60 °C for 18 h. The volatiles were evaporated and the residue [GC-MS: 117¢/116¢ (E/Z,
92:8; tr 22.02 min, Z, t 22.34 min, E) m/z 380 (15, M"), 174 (100)] was
chromatographed (hexanes) to give 117¢ (338 mg, 89%): 'H NMR & 0.25 (s, 27H), 3.84
(s, 3H), 6.29 (d, J=18.8 Hz, 1H), 6.87 (d, /=18.8 Hz, 1H), 6.89 (d, J/=8.8 Hz, 2H), 7.35
(d, J=8.8 Hz, 2H); °C NMR & 1.0, 55.4, 114.0, 119.6, 127.2, 132.4, 145.0, 159.3. AP-
ESI-HRMS Calcd for CgH3s0NaSi; (MNa"): 403.1735. Found: 403.1739.
(E)-1,2-Diphenylethene (118a). Method D (Pd-catalyzed cross-coupling of vinyl
TTMS-silanes with NaOH as base). A solution of NaOH (60 mg, 1.5 mmol) and H,O;
(30% solution, 0.15 mL, 1.5 mmol) in deionized H,O (1.5 mL) were added to a stirred

solution of 117a (175 mg, 0.5 mmol) in THF (15 mL) at ambient temperature. After 15
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min, iodobenzene (84 pL, 153 mg, 0.75 mmol), Pd(PPhs); (58 mg, 0.05 mmol) and
tetrabutylammonium fluoride (1M/THF, 1.5 mL, 1.5 mmol) were added and the resulting
brownish mixture was heated at 55 °C (oil bath) for 10 h. The volatiles were evaporated
and the residue was partitioned (H,O/CHCls). The aliquot of the organic layer was
subjected to GC-MS and/or 'H NMR analysis in order to establish the overall
stereochemistry. The organic layer was dried (MgSQO,), evaporated and chromatographed
(hexanes) to give (E)-118a (74 mg, 83%) with data identical to commercial sample: GC-
MS (tr 17.9 min, E) m/z 180 (100, M").

Treatment of 117a (35 mg, 0.10 mmol) with bromobenzene (16 pL, 23.6 mg, 0.15
mmol) by method D gave (E)-118 (12 mg, 67%).

Analogous treatment of 117a (35 mg, 0.10 mmol) with iodobenzene (17 pL, 31
mg, 0.15 mmol) by method D (without TBAF) gave (£)-118a (13.5 mg, 75%).

Analogous treatment of 117a (35 mg, 0.10 mmol) with bromobenzene (16 pL, 23.6
mg, 0.15 mmol) by method D (without TBAF) gave (£)-118a (9 mg, 50%). Also,
biphenyl (1%; e.g., 2% consumption of bromobenzene) was detected: GC-MS (# 11.3
min) m/z 154 (100, M").
Method E (Pd-catalyzed cross-coupling of TTMS-silanes with KOSiMe; as base).
KOSiMe;s (38.5 mg, 0.3 mmol) and H,O; (30% solution, 31 pL, 0.30 mmol) were added
to a stirred solution of 117a (35 mg, 0.10 mmol) in THF (3 mL) at ambient temperature.
After 20 min, iodobenzene (17 pL, 31 mg, 0.15 mmol) and Pd(PPh3)4 (11 mg, 0.01
mmol) were added and the resulting mixture was heated at 55 °C (oil bath) for 10 h.
Aqueous work-up and purification as described in method D gave (£)-118a (11 mg,

60%).
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(E/Z)-1,2-Diphenylethene (118a). Treatment of 116a'’® (35 mg, 0.10 mmol) with
bromobenzene (16 pL, 23.6 mg, 0.15 mmol) by method D gave 118a (E/Z, 40:60; 15 mg,
82%) with data identical to commercial sample: GC-MS (#g 15.1 min, Z; tg 17.9 min, E)
m/z 180 (100, M"). HRMS Calcd for C;4H;3 (MH"): 181.1073. Found: 181.1079.

Analogous treatment of 116a (35 mg, 0.10 mmol) with bromobenzene (16 pL, 23.6
mg, 0.15 mmol) by method D (without TBAF) gave 118a (E/Z, 25:75; 10 mg, 55%).
Also, biphenyl (3%:; e.g. 6% consumption of bromobenzene) was detected (GC-MS).
(E)-1-(4-Methylphenyl)-2-phenylethene (118b). Treatment of 117b (36.5 mg, 0.10
mmol) with iodobenzene (17 pL, 31 mg, 0.15 mmol) by method D gave (E£)-118b (14
mg, 72%) with data as reported:*> "H NMR § 2.22 (s, 3H), 6.92 (d, J=18.1 Hz, 1H), 6.98
(d, J=18.1 Hz, 1H), 7.03 (d, J/=7.9 Hz, 2H), 7.13 (t, J=7.3 Hz, 1H), 7.22 (t, J/=7.4 Hz,
2H), 7.30 (d, J=8.1 Hz, 2H), 7.39 (d, J/=7.9 Hz, 2H), GC-MS (# 19.6 min) m/z 194 (100,
M.
(E/Z)-1-(4-Methylphenyl)-2-phenylethene (118b). Treatment of 116b (364 mg, 1.0
mmol) with iodobenzene (0.17 mL, 306 mg, 1.5 mmol) by method D gave 118b*** (E/Z,
3:97; 175 mg, 90%): GC-MS (fr 16.8 min, Z; tr 19.6 min, E) m/z 194 (100, M"). HRMS
Caled for CisHys (MH"): 195.1174. Found: 195.1179. (Z)-118b had: 'H NMR & 2.20 (s,
3H), 6.43 (s, 2H), 6.92 (d, J=7.9 Hz, 2H), 7.03 (d, J/=7.9 Hz, 2H), 7.11-7.20 (m, 5H).

Treatment of 116b (36.5 mg, 0.10 mmol) with bromobenzene (16 pL, 23.6 mg,
0.15 mmol) by method D gave 118b (£/Z, 30:70; 17 mg, 86%).

Analogous treatment of 116b (36.5 mg, 0.10 mmol) with iodobenzene (17 pL, 31
mg, 0.15 mmol) by method D (without TBAF) gave 118b (E/Z, 15:85; 12 mg, 61%).

Identical coupling with bromobenzene (0.15 mmol) gave 118b (£/Z, 20:80; 8 mg, 40%).
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Treatment of 116b (36.5 mg, 0.10 mmol) with iodobenzene (17 pL, 31 mg, 0.15
mmol) by method E gave 118b (E/Z, 25:75; 11.6 mg, 60%). Identical coupling with
bromobenzene (0.15 mmol) gave 118b (£/Z, 10:90; 9 mg, 48%).

Analogous treatment of 116b (36.5 mg, 0.10 mmol) with iodobenzene (17 pL, 31
mg, 0.15 mmol) by method E [with addition of TBAF (0.3 mmol) as described in method
D] gave 118b (E/Z, 2:98; 15.7 mg, 81%).

Analogous treatment of 116b (36.5 mg, 0.10 mmol) with iodobenzene by method
D [using aqueous NaF (12.6 mg, 0.3 mmol) instead of TBAF] gave 118b (£/Z, 40:60;
11.6 mg, 60%).

Analogous treatment of 116b (36.5 mg, 0.10 mmol) with iodobenzene by method

D [using Pd,(dba); (9.2 mg, 0.01 mmol ) instead of Pd(PPhs)s and without addition of
TBAF] gave 118b (E/Z, 25:75; 10 mg, 52%).
(E)-1-(4-Methoxyphenyl)-2-phenylethene (118c). Treatment of 117a (35 mg, 0.10
mmol) with 4-methoxyiodobenzene (35 mg, 0.15 mmol) by method D gave (E)-118¢*™
(14 mg, 79%): "H NMR & 3.84 (s, 3H), 6.90 (d, J/=8.2 Hz, 2H), 6.98 (d, J=16.4 Hz, 1H),
7.07 (d, J/=16.4 Hz, 1H), 7.24 (t, J=7.3 Hz, 1H), 7.34 (t, J=7.9 Hz, 2H), 7.44-7.51 (m,
4H); C NMR & 55.3, 114.1, 126.2, 126.6, 127.2, 127.7, 128.2, 128.6, 130.1, 137.6,
159.2; MS m/z 210 (100, M").

Treatment of 117¢ (35 mg, 0.10 mmol) with bromobenzene (16 pL, 23.6 mg, 0.15
mmol) by method D gave (E£)-118¢ (13 mg, 63%).
(E/Z)-1-(4-Methoxyphenyl)-2-phenylethene (118c). Treatment of 116¢ (38 mg, 0.10
mmol) with bromobenzene (16 pL, 23.6 mg, 0.15 mmol) by method D gave E/Z-118¢**

(E/Z, 9:91; 20 mg, 97%): GC-MS (fr 19.0 min, Z; tg 21.6 min, E) m/z 210 (100, M.
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HRMS Calcd for CisHi40 (M* + H): 211.1123. Found: 211.1124. (Z)-118¢ had: "H NMR
& 3.81 (s, 3H), 6.50 ("s", 2H), 6.79 (d, J=8.4 Hz, 2H), 7.20-7.31 (m, 7H); >C NMR &
55.6, 114.0, 127.3, 128.6, 129.2, 129.2, 130.1, 130.2, 130.6, 138.0, 159.1.
(E)-1-(4-Trifluoromethylphenyl)-2-phenylethene (118d). Treatment of 117a (35 mg,
0.10 mmol) with 4-iodo-a,a,a-trifluorotoluene (22 puL, 41 mg, 0.15 mmol) by method D
gave (E)-118d°” (22.3 mg, 90%): 'H NMR & 7.12 (d, J=16.3 Hz, 1H), 7.22 (d, J=16.3
Hz, 1H), 7.31 (t, J=7.3 Hz, 1H), 7.39 (t, J/=7.3 Hz, 2H), 7.34 (d, J=7.3 Hz, 2H), 7.61 (br.
s, 4H); ""F NMR & -62.90 (s); MS m/z 248 (100, M").
(E/Z)-1-(4-Trifluoromethylphenyl)-2-phenylethene (118d). Treatment of 116d (42 mg,
0.10 mmol) with bromobenzene (16 pL, 23.6 mg, 0.15 mmol) by method D gave E/Z-
118d*% (E/Z, 55:45; 17 mg, 70%). HRMS Calcd for CisHy Fs (M + H): 249.0891.
Found: 249.0883. (2)-118d had: "H NMR § 6.62 (d, J=12.3 Hz, 1H), 6.75 (d, J=12.3 Hz,
1H), 7.20-7.35 (m, 5H), 7.41 (d, J=7.8 Hz, 2H), 7.50 (d, J=7.8 Hz, 2H); ’F NMR &-
62.98 (s); MS m/z 248 (100, M").

(E)-1-(4-n-Butylphenyl)-2-(4-methylphenyl)ethene (119b). Treatment of 117b (50 mg,
0.14 mmol) with 4-n-butyl-1-iodobenzene (36 mL, 54 mg, 0.21 mmol) by method D gave
(E)-119b (20 mg, 59%): 'H NMR § 0.97 (t, J=7.3 Hz, 3H), 1.40 (sextet, J=7.4 Hz, 2H),
1.60-1.68 (m, 2H), 2.39 (s, 3H), 2.65 (t, J=7.7 Hz, 2H), 7.08 (s, 2H), 7.19 and 7.20 (2 x d,
J=8.2 Hz, 2H), 7.43 and 7.45 (2 x d, J=8.2 Hz, 2H); >C NMR & 13.9, 21.2, 22.4, 33.6,
35.4, 126.3, 127.71, 127.72, 128.7, 129.4, 134.8, 135.0, 137.3, 142.4; GC-MS (tr 24.3
min) m/z 250 (70, M"), 207 (100). HRMS Caled for CjoHy (M"): 250.1721. Found:

250.1728.
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(E/Z)-1-(4-n-Butylphenyl)-2-(methylphenyl)ethene (119b). Treatment of 116b (52 mg,
0.14 mmol) with 4-n-butyl-1-iodobenzene (36 mL, 56 mg, 0.21 mmol) by method D gave
E/Z-119b (E/Z, 24:76; 22 mg, 61%): GC-MS (tr 21.5 min, Z; 24.3 min, E) m/z 250 (70,
M"), 207 (100). (2)-119b had: '"H NMR & 0.94 (t, J=7.3 Hz, 3H), 1.37 (sextet, J=7.5 Hz,
2H), 1.57-1.65 (m, 2H), 2.34 (s, 3H), 2.59 (t, J/=7.8 Hz, 2H), 6.55 (s, 2H), 7.06 (d, J=8.1
Hz, 4H), 7.17-7.22 (m, 4H); °*C NMR & 14.0, 21.3, 22.4, 33.5, 35.4, 128.2, 128.7, 128.8,
128.9, 129.49, 129.58, 134.5, 134.7, 136.2, 141.3. HRMS Calcd for C;oHy (M'):
250.1721. Found: 250.1728.
(E)-1-(4-Methylphenyl)-2-(naphtha-1-yl)ethene (120b). Treatment of 117b (35 mg,
0.096 mmol) with 1-iodonaphthalene (22 mL, 37 mg, 0.14 mmol) by method D gave (E)-
120b*° (16 mg, 70%): 'H NMR & 2.42 (s, 3H), 7.16 (d, J=16.0 Hz, 1H), 7.25 (d, J=8.0
Hz, 2H), 7.50-7.60 (m, 5H), 7.77 (d, J=7.2 Hz, 1H), 7.82 (d, J=8.2 Hz, 1H), 7.87 (d,
J=15.9 Hz, 1H), 7.90 (d, J=7.5 Hz, 1H), 8.26 (d, J=8.0 Hz, 1H); >C NMR & 21.3, 123.5,
123.8, 124.8, 125.7, 125.8, 126.0, 126.6, 127.9, 128.6, 129.5, 131.4, 131.7, 133.8, 134.9,
135.2, 137.7; GC-MS (tg 25.8 min) m/z 244 (98, M), 229 (100). HRMS Calcd for Cj9H6
(M"): 244.1252. Found: 244.1253.

Analogous treatment of 117b (55 mg, 0.15 mmol) with 1-iodonaphthalene (33 mL,
58 mg, 0.22 mmol) by method D (without TBAF) gave (E£)-120b (17 mg, 46%).

Analogous treatment of 117b (55 mg, 0.15 mmol) with 1-bromonaphthalene (31
mL, 46 mg, 0.22 mmol) by method D gave (£)-120b (18 mg, 48%).
(E/Z)-1-(4-Methylphenyl)-2-(naphtha-1-yl)ethene (120b). Treatment of 116b (50 mg,
0.14 mmol) with 1-iodonaphthalene (31 mL, 52 mg, 0.21 mmol) by method D gave E/Z-

1207 (E/Z, 15:85; 25 mg, 73%): GC-MS (z 23.1 min, Z; 25.8 min, E) m/z 244 (98,
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M"), 229 (100). (2)-120b had: "H NMR § 2.26 (s, 3H), 6.83 (d, J/=12.2 Hz, 1H), 6.92 (d,
J=8.1 Hz, 2H), 7.01 (d, J/=8.1 Hz, 2H), 7.03 (d, J/=12.2 Hz, 1H), 7.35-7.42 (m, 2H), 7.48-
7.55 (m, 2H), 7.80 (d, J=7.7 Hz, 1H), 7.88-7.92 (m, 1H), 8.09-8.14 (m, 1H); °C NMR &
21.2, 125.0, 125.6, 125.9, 126.0, 126.4, 127.4, 127.6, 128.4, 128.8, 129.0, 131.6, 131.9,
133.7, 133.9, 135.6, 136.9. HRMS Calcd for C9H;s (M"): 244.1252. Found: 244.1253.
Analogous treatment of 116b (41 mg, 0.11 mmol) with 1-bromonaphthalene (24
mL, 35 mg, 0.17 mmol) by method D gave E/Z-120b (E/Z, 27:73; 14 mg, 51%)).
Analogous treatment of 116b (41 mg, 0.11 mmol) with 1-bromonaphthalene (24
mL, 35 mg, 0.17 mmol) by method D (without TBAF) gave E/Z-120b (E/Z, 17:83; 8 mg,
30%).
(Z2)-2-(4-Methylphenyl)-1-[tris(trimethylsiloxy)silyl]ethene (124). Treatment of 116b
(50 mg, 0.14 mmol) with 1-iodonaphtalene (22 mL, 35 mg, 0.14 mmol) by method D
[without TBAF, 2 h, NaOH (5 equiv.)] and column chromatography (hexanes) gave 124
(4 mg, 7%) and E/Z-120b (E/Z, 7:93; 4 mg, 12%). Compound 124 had: '"H NMR & 0.07
(brs, 27H), 2.36 (s, 3H), 5.50 (d, J/=15.5 Hz, 1H), 7.12 (d, /=7.9 Hz, 2H), 7.21 (d, J=15.5
Hz, 1H) 7.44 (d, J=8.0 Hz, 2H); *’Si NMR & -66.0 [s, Si(OSiMes)s], 7.94 [s,
Si(0SiMes);]; GC-MS (tr 17.60 min) m/z 412 (6, M"), 175 (100); HRMS Calcd for
C1sH3,05Sis (MH"): 413.1814. Found: 413.1823.
Triallyl(phenyl)germane (125). In a flame-dried round-bottom flask a solution of
trichloro(phenyl)germane (250 mg, 160 mL, 0.976 mmol) in Et;O (2 mL) was treated
with allylmagnesium bromide (3.1 mL, 3.12 mmol, 1 M solution in Et;0) added
dropwise for 20 min at 0 °C. After 1 h stirring at 0 °C the reaction mixture was refluxed

(38 °C) overnight. The reaction was allowed to cool to room temperature and quenched
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with NH4Cl at 0 °C. The organic layer was separated and the aqueous layer extracted with
Et,0 (2x5 mL). The combined extracts were washed with water and brine and dried over
anhydrous MgSO4. The crude mixture was concentrated in vacuo and chromatographed
(hexanes) to give 125 (227 mg, 85%) as clear oil. 'H NMR & 2.04 (d, J=8.3 Hz, 6H), 4.89
(d, /~=10.0 Hz, 3H), 4.95 (d, J=16.9 Hz, 3H), 5.88 (m, 3H), 7.38 (m, 3H), 7.47 (m, 2H).
BC NMR § 19.54, 113.67, 127.99, 128.74, 133.87, 134.84, 137.95. GC-MS (¢ 19.1 min)
m/z 273 (33, M), 151 (100); (tr 16.2 min) m/z 233 (89, M"-41), 151 (100).
Diallyl(diphenyl)germane (126). Treatment of a solution of dichloro(diphenyl)germane
(1.0 g, 0.707 mL, 3.359 mmol) in Et,0 (2 mL) as reported for 125 afforded compound
126 (980 mg, 94%) as clear oil. '"H NMR § 2.27 (dt, J=8.3, 1.0 Hz, 4H), 4.90 (dq, J=9.2
Hz, 1.7 Hz, 2H), 4.95 (d, J=16.9 Hz, 2H), 5.90 (m, 2H), 7.39 (m, 6H), 7.49 (m, 4H). °C
NMR 6 20.08, 114.12, 128.08, 128.90, 134.48, 134.62, 137.12. GC-MS (tr 22.3 min) m/z
269 (100, M"-41), 227 (29), 151 (80).
Allyl(triphenyl)germane (127). Treatment of a solution of chloro(triphenyl)germane
(260.0 mg, 0.77 mmol) in Et,O (2 mL) with allylmagnesium bromide as reported for 125
(mixing at room temperature instead of 0 °C) afforded compound 127 (245.0 mg, 92%) as
white solid. 'H NMR § 2.52 (d, J=8.1 Hz, 2H), 4.90 (dq, J/=10.0 Hz, 1.0 Hz, 1H), 5.00
(dg, J=16.9 Hz, 1.6 Hz, 1H), 5.95 (m, 1H), 7.40 (m, 9H), 7.51 (m, 6H). °C NMR &
21.24, 114.50, 128.18, 129.02, 134.53, 135.02, 136.55. GC-MS (tr 24.5 min) m/z 305
(100, M"-41), 227 (14), 151 (23).

Treatment of a solution of allyltrichlorogermane (855 mg, 560 mL, 3.886 mmol)

in Et;O (2 mL) with phenylmagnesium bromide (4.0 mL, 4.02 mmol, 3 M solution in
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Et,0) following the procedure described above for 125 gave compound 127 (590 mg,
44%).

1-Allyl-4-butylbenzene (128a). 1-butyl-4-iodobenzene (45.1 mg, 29.4 uL, 0.174 mmol)
was added to a solution of tris(allyl)phenylgermane 125 (43.0 mg, 0.16 mmol) and 2 M
NaOH (1.0 mL, 2.0 mmol) in 1,4-dioxane (5 mL). The reaction mixture was stirred for 15
min at ambient temperature and Pd(OAc); (5 mg, 0.022 mmol) was added. The reaction
mixture was heated at 95 °C for 16 h. The resulting mixture was quenched with 20 mL of
water and the aqueous layer was extracted with Et,O. The combined organic layers were
dried over Na;SO, and the solvent evaporated under reduced pressure. Purification of the
crude by column chromatography (hexanes) gave an unseparable mixture of 128a and
129a (17 mg, 60%, 88:12; based on 'H NMR). GC-MS: (g 11.9 min, 128a; ¢z 12.7 min,
129a) m/z 175 (M+1, 7), 174 (M, 44), 131 (100), 117 (55), 91 (42). '"H NMR & 0.95 (t,
J=7.4 Hz, 2.64H), 0.96 (t, /=7.3 Hz, 0.36H), 1.38 (sextet, 2H), 1.58-1.64 (m, 2H), 2.17
(s, 0.36H), 2.61 (t, J=7.8 Hz, 1.76H), 2.63 (t, J/=7.7 Hz, 0.24H), 3.39 (d, J=6.8 Hz,
1.76H), 5.06 (m, 0.12H), 5.08 (dq, J=10.3 Hz, 1.0 Hz, 0.88H), 5.11 (dq, J=17.0 Hz, 1.7
Hz, 0.88H), 5.36-5.38 (m, 0.12H), 5.99 (ddt, /=16.9 Hz, 10.1 Hz, 6.7 Hz, 1H), 7.11-7.15
(m, 4H), 7.17 (d, /=8.2 Hz, 0.24H), 7.42 (d, J=8.2 Hz, 0.24H).

1-Allylnaphthalene (128b). 1-iodonaphthalene (43.8 mg, 25.2 pL, 0.17 mmol) was
added to a solution of tris(allyl)phenylgermane 125 (42.8 mg, 0.16 mmol) and 2 M
NaOH (1.0 mL, 2.0 mmol) in 1,4-dioxane (5 mL). The reaction mixture was stirred for 15
min at ambient temperature and Pd(OAc), (5 mg, 0.022 mmol) was added. The reaction
mixture was heated at 95 °C for 16 h. The resulting mixture was quenched with 20 mL of

water and the aqueous layer was extracted with Et,O. The combined organic layers were
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dried over Na,SO,4 and the solvent evaporated under reduced pressure. Purification of the
crude by column chromatography (hexanes) gave an unseparable mixture of 128b and
129b (18 mg, 67%, 90:10; based on 'H NMR). GC-MS: (g 13.4 min, 129b; #z 14.3 min,
128b) m/z 169 (M+1, 14), 168 (M, 100), 167 (M-1, 89), 153 (M-15, 91), 141 (26). 'H
NMR 6 2.2 (s, 0.3H), 3.83 (d, J/=6.3 Hz, 1.8H), 5.08-5.12 (m, 0.1H), 5.09-5.15 (m, 1.8H),
5.40-5.44 (m, 0.1H), 6.14 (ddt, J=16.8 Hz, 10.1 Hz, 6.7 Hz, 0.9H), 7.30-7.38 (m, 1H),
7.47-7.56 (m, 3H), 7.72-7.78 (m, 1H), 7.83-7.89 (m, 1H), 8.02-8.08 (m, 1H).
Hexaphenyldigermoxanes (138). Tetracyanoethylene (41.4 mg, mmol) was added to a
stirred solution of allyl(triphenyl)germane 127 (99.5 mg, 0.29 mmol) in acetonitrile (8
mL) under nitrogen atmosphere. The resulting mixture was heated at 82 °C until TLC
analysis showed complete consumption of the starting germane 127. An aqueous solution
of NaOH (3 mL, 1 M solution) was added and the resulting brown solution stirred for
additional 3 h at 82 °C. The mixture was concentrated under vacuum and the reaction
mixture partitioned between EtOAc and H,O to give a brown solid which yielded a white
solid (55.0 mg, 61%; m.p. 180 °C, uncorrected) after washing with MeOH. '"H NMR &
7.24-7.31 (m, 6H), 7.37 (tt, J=7.6 Hz, 1.2 Hz, 3H), 7.43-7.49 (m, 6H). °C NMR § 128.0,
129.37, 134.42, 137.54.

1-Phenylnaphthalene (139a). TBAF (IM/THF, 0.56 mL, 0.56 mmol) was added to a
stirred solution of chlorodimethyl(phenyl)germane (143; 30.0 mL, 30 mg, 0.14 mmol), 1-
iodonaphthalene (22.5 pL, 39 mg, 0.16 mmol) and Pdy(dba); (6 mg, 0.013 mmol) in
toluene (3.0 mL) at ambient temperature under nitrogen atmosphere. The resulting
brownish mixture was heated at 100 °C (oil bath) for 12 h. The volatiles were evaporated

and the residue was partitioned (H,O/CH,Cl,). The organic layer was dried (MgSOy),
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evaporated and purified by column chromatography (hexane) to give 139a°"" (26.6 mg,
93%) followed by 141a°"" [1.7 mg, 4%, 8% consumption of the iodonaphthalene; GC-
MS (g 25.02 min) m/z 254 (100, M")]. Compound 139a had: '"H NMR & 7.41-7.58 (m,
9H), 7.89 (d, J=8.2Hz, 1H), 7.91-7.96 (m, 2H) ; >C NMR & 125.5, 125.9, 126.15, 126.18,
127.1, 127.4, 127.8, 128.4, 130.2, 131.8, 134.0, 140.4, 140.9; GC-MS (#z 19.87 min) m/z
204 (100, M.
Method F (Pd-catalyzed cross-coupling of chloro(phenyl)germanes with TBAF).
TBAF (IM/THF, 0.98 mL, 0.98 mmol) was added to a stirred solution of
dichlorodiphenylgermane (144; 30.0 mL, 42 mg, 0.14 mmol), 1-iodonaphthalene (22.5
uL, 39 mg, 0.16 mmol) and Pdy(dba); (6 mg, 0.013 mmol) in toluene (3.0 mL) at ambient
temperature under nitrogen atmosphere. The resulting brownish mixture was heated at
100 °C (oil bath) for 12 h. The volatiles were evaporated and the residue was partitioned
(H2O/CH,Cl,). The organic layer was dried (MgSQy,), evaporated and purified by column
chromatography (hexane) to give 139a (17.1 mg, 30%) followed by 141a (8.0 mg, 20%).
Treatment of 144 (30.0 mL, 42 mg, 0.14 mmol) with iodonaphthalene (45 pL, 78
mg, 0.31 mmol) by Method F gave 139a (31.1 mg, 55%) and 141a (17.6 mg, 22%).
Treatment of chlorotriphenylgermane (145; 47.5 mg, 0.14 mmol) with
iodonaphthalene (22.5 pL, 39 mg, 0.16 mmol) by Method F gave 139a (10.0 mg, 12%)
and 141a (17.4 mg, 43%).
Treatment of 145 (47.5 mg, 0.14 mmol) with iodonaphthalene (45 pL, 78 mg,
0.31 mmol) by Method F gave 139a (30.0 mg, 35%) and 141a (18.7 mg, 24%).
Treatment of 145 (47.5 mg, 0.14 mmol) with iodonaphthalene (67.5 pL, 117 mg,

0.46 mmol) by Method F gave 139a (33.7 mg, 39%) and 141a (35.0 mg, 30%).
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Treatment of 145 (47.5 mg, 0.14 mmol) with bromonaphthalene (70 pL, 99 mg,
0.46 mmol) by Method F gave 139a (24%) and 141a (15%) based on GC/MS analysis of
the crude reaction mixture.

Treatment of 146 (24.0 mL, 35.9 mg, 0.14 mmol) with iodonaphthalene (22.5 pL,
39 mg, 0.16 mmol) by Method F gave 139a (23.1 mg, 81%) and 141a (1.5 mg, 4%).

Treatment of 146 (24.0 mL, 35.9 mg, 0.14 mmol) with bromonaphthalene (22.3
uL, 33 mg, 0.16 mmol) by Method F gave 139a (23.4 mg, 82%).
Method G (Pd-catalyzed cross-coupling of chloro(phenyl)germanes with TBAF and
added water). TBAF (1M/THF, 0.98 mL, 0.98 mmol) was added to a stirred solution
of 144 (30.0 mL, 42 mg, 0.14 mmol), 1-iodonaphthalene (22.5 pL, 39 mg, 0.16 mmol),
water (100 pL, 5.7 mmol) and Pdy(dba); (6 mg, 0.013 mmol) in toluene (3.0 mL) at
ambient temperature under nitrogen atmosphere. The resulting brownish mixture was
heated at 100 °C (oil bath) for 12 h. The volatiles were evaporated and the residue was
partitioned (H,O/CH,Cl,). The organic layer was dried (MgSOs), evaporated and purified
by column chromatography (hexane) to give 139a (24.0 mg, 42%) followed by 141a (1.3
mg, 3%).

Treatment of 144 (30.0 mL, 42 mg, 0.14 mmol) with iodonaphtalene (45 uL, 78
mg, 0.31 mmol) by Method G gave 139a (50.8 mg, 89%) and 141a (6.3 mg, 8%).

Treatment of 144 (30.0 mL, 42 mg, 0.14 mmol) with bromonaphthalene (45 pL,
66 mg, 0.31 mmol) by Method G [H>O; 30 pL, 1.7 mmol] gave 139a (27.0 mg, 48%) and
141a (4.5 mg, 6%).

Treatment of 145 (47.5 mg, 0.14 mmol) with iodonaphthalene (22.5 pL, 39 mg,

0.16 mmol) by Method G gave 139a (14.3 mg, 17%) and 141a (7.1 mg, 18%).
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Treatment of 145 (47.5 mg, 0.14 mmol) with iodonaphthalene (45 pL, 78 mg,
0.31 mmol) by Method G gave 139a (51.1 mg, 60%) and 141a (7.0 mg, 9%).

Treatment of 145 (47.5 mg, 0.14 mmol) with iodonaphthalene (67.5 pL, 117 mg,
0.46 mmol) by Method G gave 139a (75.0 mg, 88%) and 141a (7.0 mg, 6%).

Treatment of 146 (24.0 mL, 35.9 mg, 0.14 mmol) with iodonaphthalene (22.5 pL,
39 mg, 0.16 mmol) by Method G gave 139a (27.4 mg, 96%) and 141a (1.0 mg, 2.5%).
4-Phenylanisole (139b). Treatment of 144 (30.0 mL, 30 mg, 0.14 mmol) with 4-
iodoanisole (60.0 mL, 60 mg, 0.31 mmol) by Method G at 115 °C gave 139b™ (43.8 mg,
85%) followed by 141b*"7 [5.2 mg, 8%, GC-MS (fx 20.81 min) m/z 214 (100, MH)].
Compound 139b had: "H NMR 3§ 3.86 (s, 3H), 7.98 (d, J/=7.8 Hz, 2H), 7.31 (t, J/=7.8 Hz,
1H), 7.42 (t, J=8.6 Hz, 2H), 7.50-7.58 (m, 4H); °C NMR & 55.5, 114.4, 126.8, 126.9,
128.3, 128.9, 134.0, 141.0, 159.3; GC-MS (g 17.41 min) m/z 184 (100, M").
3-(Trifluoromethyl)biphenyl (139¢). Treatment of 144 (30.0 mL, 42 mg, 0.14 mmol)
with 1-iodo-3-(trifluoromethyl)benzene (44.6 mL, 84.8 mg, 0.31 mmol) by Method G
gave 139¢ (42.0 mg, 68%) followed by 141c¢**® [16.0 mg, 18%; GC-MS (fx 12.58 min)
m/z 290 (100, M")]. Compound 139¢ had: 'H NMR § 7.38-7.64 (m, 7H), 7.78 (d, J=7.4
Hz, 1H), 7.85 (br. s, 1H); >*C NMR & 124.07 (q, *J=3.2 Hz), 124.11 (q, *J=3.2 Hz), 124.4
(q, 'J=272.2 Hz), 127.4, 128.2, 129.2, 129.4, 130.6, 131.3 (q, 2/=32.5 Hz), 134.0, 142.2;
GC-MS (g 12.84 min) m/z 222 (100, M").
4-Acetylbiphenyl (139d). Treatment of 144 (30.0 mL, 42 mg, 0.14 mmol) with 4-
iodoacetophenone (75.8 mg, 0.31 mmol) by Method G gave 139d (5.5 mg, 10%)
followed by 141d°” [4.5 mg, 6%; GC-MS (fr 24.80 min) m/z 238 (30, M")]. Compound

139d had: 'H NMR § 2.64 (s, 3H), 7.41 (t, J=7.2 Hz, 1H), 7.48 (t, J=7.7 Hz, 2H), 7.63 (d,
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J=6.7 Hz, 2H), 7.69 (d, J=7.2 Hz, 2H), 8.04 (d, J=8.4 Hz, 2H); °C NMR § 26.8, 127.35,
127.4, 128.4, 129.0, 129.1, 136.0, 140.0, 145.9, 197.9; GC-MS (fz 19.41 min) m/z 196
(45, M").

(E)-1,2-Diphenylethene (139¢). Treatment of 144 (30.0 mL, 42 mg, 0.14 mmol) with -
bromostyrene (E/Z, ~85:15; 40.0 mL, 105 mg, 0.31 mmol) by Method F gave 139¢*'"
(2.5 mg, 5%), 141e [8.6 mg, 13%; GC-MS (x 22.02 min) m/z 206 (100, M")] and
biphenyl*”’ [5.4 mg, 50%; GC-MS (fr 12.89 min) m/z 154 (100, M")]. Compound 139e
had: "H NMR § 7.14 (s, 2H), 7.29 (tt, J=7.3 Hz, 1.5 Hz, 2H), 7.39 (t, J=8.0 Hz, 4H), 7.54
(d, J=7.2 Hz, 4H); >C NMR & 126.7, 127.8, 128.8, 128.9, 137.5; GC-MS (fz 17.93 min)
m/z 180 (100, M").

2-Methyl-5-phenylthiophene (139f). Treatment of 144 (30.0 mL, 42 mg, 0.14 mmol)
with 2-iodo-5-methylthiophene (37 mL, 70 mg, 0.31 mmol) by Method G gave 139f*"!
(3.0 mg, 6%), 141f*'? [5.0 mg, 8%; GC-MS (frx 16.74 min) m/z 194 (100, M")] and
biphenyl*”’ [5.4 mg, 25%; GC-MS (fzx 12.89 min) m/z 154 (100, M")]. Compound 139f
had: "H NMR & 2.52 (s, 3H), 6.74 (dd, J=3.5 Hz, 0.8 Hz, 1H), 7.12 (d, J=3.5 Hz, 1H),
7.21-7.28(m, 1H), 7.36 (t, J=8.0 Hz, 2H), 7.56 (d, J=8.0 Hz, 2H); *C NMR & 15.6, 123.0,

125.7,126.3 127.1, 128.9, 134.9, 139.6, 142.2; GC-MS (& 15.03 min) m/z 174 (100, M").
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5. CONCLUSION

The stereoselective synthesis of novel 2',3",5'-tri-O-acetyl and 2',3',5'-O-p-toluoyl
protected 5-[2-(tris(trimethylsilyl)germyl)ethenylJuridine analogues was achieved via
radical-promoted hydrogermylation of S5-alkynyl substrates with
tris(trimethylsilyl)germane (TTMS-germane). These novel uridine analogues modified at
carbon-5 were efficiently prepared using both thermally-induced radical addition
(Method A) and Et;B-promoted hydrogermylation (Method B) with similar yields. The
hydrogermylation with the bulky TTMS-germane using Et;B, as a low-temperature
radical initiator, occurred stereoselectively via anti addition yielding exclusively the Z-
vinylgermane. On the other hand, the use of thermal radical initiation utilizing 1,1'-
azobis(cyclohexanecarbonitrile) (ACCN) gave predominantly the Z-isomer (E/Z, ~4:96).
The preference for the anti-addition of radicals to terminal alkynes by Et;B-promoted
hydrogermylation was also confirmed when 5-alkynyl uridine analogues were treated
with less-reactive organogermanium hydrides, such as Ph;GeH, Me;GeH, and Bu;GeH.
The stereoselectivity for the kinetic Z-isomer was found to increase when bulkier germyl
hydrides [MesGeH (E/Z, ~40:60), BusGeH (E/Z, ~6:94), Ph;GeH (pure Z)] were
employed. Also, the hydrogermylation showed better yields when more reactive aryl-
substituted germanes (~40-60%) were utilized instead of alkyl-substituted germyl
hydrides (~30-45%).

During the hydrogermylation of several 5-ethynyluridine precursors with Ph;GeH
at higher temperatures (0 °C vs -78 °C) in addition to the desired vinylgermane product,
an unexpected byproduct which was tentatively assigned as a 5-[2-

(triphenylgermyl)acetyl]uridine analogue was also observed. In order to investigate the
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formation of such 5-(a-germyl)acetyl uridine derivatives, the '*O-labeled 4-['*0]-1-N-5-
ethynylbenzyluracil was synthesized from the 5-iodouracil precursor using established
procedures. The hydrogermylation of the '*O-labeled 5-ethynyluracil with PhsGeH
employing thermal-radical initiation (Method A) also gave the corresponding '*O-labeled
5-(a-germyl)acetyl uracil derivative.

We  demonstrated  that  conjugated and  non-conjugated  vinyl
tris(trimethylsilyl)silanes undergo Pd-catalyzed cross-coupling with aryl iodides and
bromides under aqueous oxidative conditions in the presence of sodium hydroxide with
or without fluoride activation. Contrary to (E)-silanes, which undergo coupling with
retention of stereochemistry, coupling of (Z)-silanes occurred with lower stereoselectivity
giving an E/Z mixture of products. The best stereoselectivity was achieved when either
aryl iodides or electron-rich TTMS-silanes were used. Under the oxidative coupling
conditions neither reductive self-coupling of the halides nor oxidative homocoupling of
the vinyl TTMS-silanes were observed. The tris(trimethylsilyl)silanes remained intact
under typical conditions employed in the coupling of dimethylsilanols (bases such as
KOSiMes), thus making stable and readily accessible vinyl TTMS-silanes alternative
substrates ("masked" silanols) for the Hiyama coupling. Hydrogen peroxide is assumed to
chemoselectively cleave Si—Si bond(s) generating active silanol/siloxane species that
undergo coupling in the presence of base. The silanol/siloxane intermediates were
observed when the progress of the reaction of vinyl TTMS-silanes with H,O,/base was
monitored by *’Si NMR. The (Z)-2-(4-methylphenyl)- 1-[tris(trimethylsiloxy)silyl]ethene

was isolated from the coupling reaction mixture and characterized by spectroscopic
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techniques, supporting the proposed oxygen insertion in the presence of such oxidative
coupling conditions.

The ability of novel allyl(phenyl)germanes to transfer the phenyl groups via Pd-
catalyzed cross-coupling with aryl iodides was explored in the presence of fluoride ions,
base, or a base/H,O, combination. However, instead of the formation of expected biaryls,
the transfer of the allyl groups from the germane precursor was observed using aqueous
NaOH and several Pd catalysts. A Heck arylation mechanism was proposed based on the
formation of regioisomeric mixtures of allylated products. In order to force the transfer of
the phenyl groups from the allyl(phenyl)germanes precursors, the selective cleavage of
the Ge-C(allyl) bond was explored by treatment with tetracyanoethylene (TCNE). A one-
pot cleavage/hydrolysis sequence afforded hexaphenyldigermoxane which was able to
undergo Pd-cross-coupling with 1-iodonaphthalene in the presence of fluoride ions.

We have demonstrated that arylchlorogermanes undergo Pd-catalyzed cross-
couplings with aryl halides in the presence of TBAF in wet toluene to afford biaryl
products. One chloride ligand on Ge center allows efficient activation by fluoride to
promote transfer of up to three aryl groups from germane. The methodology shows that
organogermanes can render a coupling efficiency comparable to the more established
stannane and silane counterparts. Our coupling methodology (TBAF/”moist” toluene)
was also found to promote transfer of multiple phenyl groups from analogous
chloro(phenyl)silanes and chloro(phenyl)stannanes. The study of the activation of
chloro(phenyl)germanes with TBAF by '°F NMR led to the observation of typical peaks

for tetravalent monofluorogermanes (6 -204 ppm) and difluorogermanes (8 -163 ppm), as
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well as, other signals tentatively assigned to pentavalent fluorogermanates around 6 -148

ppm and o -120 ppm.
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