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Figure 1. Synthesis of silatranes.

Figure 2. Trans-annular bonding.
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Phenylsilatrane analogues containing reactive amino, bromo, boronic ester, and alkynyl functional groups
for coupling reactions have been prepared. Pinacol boronic ester and ethynyl analogues were synthesized
from 4-bromophenylsilatrane by palladium catalyzed reactions. The silatrane functional group was
shown to be stable during the palladium catalysis procedures and silica-gel purification, making the mol-
ecules amenable to further synthetic manipulation. The described phenylsilatranes are useful building
blocks for forming more complex organosilatrane species.
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Modifying metal oxides with an organic molecule is a common
route to alter specific properties and add novel functionalities to a
particular system. It is a fundamental aspect of technologies such
as modified silica columns for HPLC and for dye-sensitized solar
cells. Organosilatranes have recently been explored as a new meth-
od for preparing robust organosiloxane monolayers on metal
oxides.1,2 Silatranes are tricyclic trialkoxysilanes prepared using
triethanolamine analogues. The general synthesis involves reaction
of a trialkoxy- or trichloro-silane with a triethanolamine derivative
as shown in Figure 1. The versatility of silatranes has been expand-
ing as new applications and properties are exploited. They have
been investigated in biological,3,4 materials,5 and energy applica-
tions,1,2 among others. A recent review paper highlights the broad
range of silatrane derivatives and their uses.6

The silicon in a silatrane is more stable to nucleophiles than sil-
icon in an open-chain analogue. This is due to both the cyclic nat-
ure of the molecule and the coordination of the nitrogen lone-pair
of electrons to the silicon, forming a trans-annular dative bond and
producing an electron-rich pentacoordinate silicon species as
shown in Figure 2.7 Silatranes are known to be stable to more ex-
treme hydrolytic conditions than the open chain analogues, and we
have shown they are capable of being purified by silica-gel chro-
matography.7,1 In addition, their general increase in stability in
aqueous solutions makes them air-stable. These advantageous fea-
tures open up simplified synthetic avenues for relatively complex
siloxyl-containing molecules that do not require strict anhydrous
conditions and take advantage of chromatographic purification
techniques.

One advantage of silatranes over trialkoxysilanes is for surface
modification of metal oxides with synthetically complex mole-
cules. Historically, trichlorosilanes or trialkoxysilanes such as ami-
nopropyltriethoxysilane have been used to form a siloxane
monolayer on a metal oxide surface that is then further modified
by coupling to a more complex molecule.8 This two-step method
can be tedious, and is prone to silane polymerization that can form
regions with greater than monolayer coverage.9 Recently, we found
that silatranes react on metal oxides with mild heating to form
siloxy-linked monolayers, and without silane polymerization.1
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Figure 3. Synthesized silatrane derivatives.
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Due to the ability of silatranes to be purified using silica-gel chro-
matography, ruthenium polypyridyl and porphyrin dyes with sila-
trane functional groups can be synthesized, purified, and then
bound to metal oxide surfaces.1,2

The use of a silatrane permits a single step reaction with the
metal oxide to form a monolayer of the desired dye, removing
the uncertainty of a multi-step reaction with the surface. In addi-
tion, the surface-bound porphyrin species were determined to be
more stable under alkaline hydrolytic conditions than both carbox-
ylate and phosphonate analogues on anatase TiO2.2 Aqueous stabil-
ity of anchored molecules on metal oxides is an important feature
for photodriven water splitting cells,10 and commonly used
carboxylate and phosphonate anchors do not efficiently bind to
semiconductors such as TiO2 at near-neutral pHs.11 Thus, siloxyl-
anchored molecules have a significant advantage in this respect.

The range of reactions for coupling silatranes to other moieties
is growing.12,1,2 In the above examples, amide and Heck couplings
were used to functionalize the dye molecules with a silatrane.
Here, the synthesis and characterization of silatrane derivatives
capable of undergoing other coupling reactions are reported. The
bromophenyl 1, pinacol boronic ester 2, ethynylphenyl 4
(Scheme 1), and aminophenyl analogues 5 and 6 (Fig. 3) were pre-
pared, and are versatile starting materials for forming more com-
plex silatrane derivatives. This is the first characterization of a
silatrane functionalized with a boronic ester, a widely used func-
tional group for cross-coupling reactions. We also characterize
the 3- and 4-substituted aminophenyl silatrane analogues.

Initial formation of the organosilatranes from triethanolamine
and a trimethoxy- or triethoxy-silane can be performed neat when
the silane is liquid, or in toluene. The reaction is driven by the re-
moval of the alcohol product by distillation during the synthesis.
Simple recrystallizations and washes allow for moderate yields,
with multi-gram scale reactions.

Reaction of 4-bromophenyltrimethoxysilane with triethanola-
mine to form the useful reagent 4-bromophenylsilatrane 1 occurs
in 88% yield with minimal workup.13 Silatrane 1 is capable of
cross-coupling reactions, and is a building block for further trans-
formations as shown in Scheme 1. Reaction of 1 with bis(pinacola-
to)diboron in DMSO using Pd(DPPF)Cl2 catalyst and potassium
acetate allowed for efficient gram-scale synthesis of the
pinacol-boronic ester derivative 2 in 65% yield after silica-gel
chromatography.14

In addition to borylation, the reaction of 1 with trimethylsilyl-
acetylene using Pd2(dba)3 catalyst with triphenylphosphine,
copper(I) iodide, and triethylamine in DMF formed the TMS-
protected ethynylphenylsilatrane 3 in 44% yield after silica-gel
chromatography.15 Selective deprotection was efficient in a mix-
ture of dichloromethane and methanol with potassium carbonate
Scheme 1. Formation of boronic
to yield ethynylphenylsilatrane 4.16 This is an improved route to
4 over a previously-published synthesis that had an increased
number of synthetic steps from commercially available precursors,
formed the silatrane later in the synthetic process, and had lower
overall yields.4 Thus, use of the palladium catalyzed reaction al-
lowed for a more straightforward route using the bromophenylsi-
latrane as a building block.

Aniline derivatives 5 and 6 were prepared from the aminophe-
nyltrimethoxysilane precursors and triethanolamine in moderate
yield after recrystallization.17,18 Derivative 6 has been analyzed
for medicinal applications, but not formally characterized.19

Both the boronic ester 2 and alkyne 4 are useful reagents capa-
ble of coupling to a variety of aryl halides via the Suzuki–Miya-
ura,20 Sonogashira,21 azide–alkyne cycloaddition,22 and other
reactions. The aniline derivatives 5 and 6 are similar to the widely
used aminopropyltrialkoxysilane derivatives. Much like the satu-
rated aminopropyl analogue, the aniline derivatives are capable
of amide couplings among others. However, if used as an electronic
linker between a semiconductive metal oxide surface and an elec-
troactive molecule, aryl derivatives have the advantage of being
much more conductive than alkyl. Such issues of electronic con-
nectivity have arisen in our research and that of others.1,23–25

In summary, the molecules synthesized herein contain func-
tional groups for common coupling reactions, providing possible
ester and alkyne derivatives.



1064 B. J. Brennan et al. / Tetrahedron Letters 55 (2014) 1062–1064
synthetic conduits for attachment of phenylsilatrane species. Sta-
bility of the silatrane moiety to palladium catalysts and silica-gel
chromatography provided simple routes to boronic ester- and al-
kyne-functionalized silatrane building blocks. Strategies and
routes to a variety of complex molecules, functional surfaces, and
materials are currently being examined for applications of these
silatrane species. With surface-functionalized metal oxides being
increasingly applied in a variety of applications, silatranes will
undoubtedly be utilized as reagents for these transformations.
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