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Cross-Coupling Reactions with Alkylsilicates

Enabling Your Technology

Gerald L. Larson and Richard J. Liberatore

The now well-known cross-coupling of sp-sp2 and sp2-sp2 carbon centers has proved to be highly useful in
synthetic organic chemistry. Lacking in the various C-C cross-coupling arsenal is the ability to couple sp3-sp2
and sp3-sp3 carbon centers. The Molander group at the University of Pennsylvania was the first to employ a
photoredox/Ni dual catalysis approach to the resolution of this omission (Scheme 1). A general method for
the coupling of sp3-sp2 carbon centers is particulary important for drug discovery as it has been reported that
compounds with lower sp3 fractions have higher rates of attrition in drug development.1 Their first attempts
were to use a metal photoredox catalyst and an alkyltrifluoroborate as the radical provider. The second catalyst
was a Ni0 complex, which reacts with the radical generating a NiI intermediate. This then undergoes an oxidative addition of the aryl or vinyl halide to form a Nilll intermediate, followed by a reductive elimination to
Nil and the cross-coupled product. This work was followed by both Fensterbank and Molander utilizing
alkylbis(catecholato)silicates as the alkyl radical source. A summary of that chemistry is the topic of this
review. The photoredox-catalyzed, nickel-based cross-coupling of alkylsilicates and alkyltrifluoroborates
has been reviewed.2

In the interest of space and repetition the two commonly used silicates are generalized in structures 1 for the
triethylammonium silicate moiety and 2 for the diisopropylammonium silicate moiety . Thus the abbreviations
Si and Si* are used for the triethylammonium and diisopropylammonium silicate, respectively, throughout
this review.
Scheme 1

1

The introduction of the use of alkylbis(catecholato)silanes was brought about by the observation that the
oxidation potential (E0 for these species is +0.34 V vs SCE for R = primary alkyl) is well below the E0 for
photoexcited Ir or Ru catalyst (E0 = +1.32 V vs SCE) as well as those for certain organic dyes. The Ir-based
photocatalyst is very expensive, and Molander was able to replace it with a less costly Ru compound.The alkylbis(catecholato)silanes are readily prepared from the appropriate alkyltrimethoxysilane via reaction with a
substoichiometric amount of catechol and either triethylamine or diisopropylamine (Scheme 2). Isolated yields
of the alkylsilicates from this readily scaled procedure are in the high 80 to mid 90% range. The alkylbis(catecholato)silanes are air stable solids that can be stored for long periods of time.3 Gelest offers a wide range of
alkylsilicates and can also make custom versions upon request.
Scheme 2

The reaction of the alkylsilicates with aryl bromides under the influence of a Nill catalyst and the photoredox
agent Ru(bpy)3(PF6)2 gave the alkylated aryl in 0 to 94% yields with methyl, chloromethyl and an epoxy
functional system (when reacted with 4-phenyl-1-bromobenzene) all giving low or no yield (Scheme 3).3
Scheme 3
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As an example of the ability to tolerate the amine functionality the 3-aminopropylsilicate (as the ammonium
salt) was reacted with a variety of (het)aryl bromides under the conditions above to provide the aminopropylderivatized (het)aryl systems in good yield (Scheme 4). The reaction demonstrated tolerance for CN, CO2Me,
HNCOMe, OH, and CF3 groups.3
Scheme 4

A comparison study of the single-electron-transfer oxidation of trifluoroborates and silicates has been reported.
In general both species are able to generate C-centered radicals, although the trifluoroborates were slightly
better with Fukuzumi catalyst 3.4

3

The photoredox dual catalysis was applied to the alkylation of vinyl bromides and iodides. Even the typically
less reactive vinyl chlorides were found to react. For example, when the 3-acetoxypropylsilicate 4 was
reacted with a series of vinyl bromides excellent results in the sp3-sp2 cross-coupling took place (Scheme 5).
The yields were good to excellent with the lone exception of a hydroxyl derivative that gave 0% coupling
product, although the corresponding TBS ether reacted very well. A variety of alkylsilicates were reacted with
vinyl bromides (15 examples: 0 – 94%) and vinyl iodides as well (12 examples: 27 – 86%).5
Scheme 5

A Vertex group reported on a continuous flow approach to the photoredox coupling of alkyltrifluoroborates and
alkylsilicates. With a flow rate of 0.5 ml/min sp3-sp2 cross coupling with (het)aryl bromides was accomplished
in a reaction time of 40 minutes versus 18 hours in a batch approach. The yields were excellent and the process
scalable to larger levels (Scheme 6). The approach enables rapid parallel syntheses for library and diversification generation.6
Scheme 6
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The Molander group also contributed to the alkylsilicate cross-coupling arena showing that derivatized phenols
could be cross-coupled with the silicates (Scheme 7). Thus, triflates, mesylates and tosylates were all successfully cross-coupled. Amine functional alkylsilicates failed to react. In comparison, an aryl bromide proved to
be more reactive than the corresponding aryl triflate.7
Scheme 7

The Fensterbank group reported on the metal-free photooxidation of alkylsilicates to generate alkyl radicals,
which could then be used in the metal-catalyzed cross-coupling with suitable acceptors. This protocol makes use
of the organic dye 1,2,3,5-tetrakis(carbozol-9-yl)4,6-dicyano-benzene (4CzIPN), which allows for the facile
generation of alkyl radicals from the alkylsilicate. In this work the potassium silicate was used (Scheme 8).8
Scheme 8

5

The Molander group with their interest in both organoboron and organosilicon chemistry have worked on the
Csp3-Csp2 cross-coupling of alkylsilicates with various borylated aryl bromides. The alkylsilicate cross-coupling occurs without affecting the arylboronate, which is then available for Suzuki-Miyaura cross-coupling.
Whereas the pinacol, neopentyl and the N-methyliminodiacetoxy boronates reacted well the 1,8-diaminonaphthalene derivatives did not. A total of 25 examples were reported (Scheme 9).9
Scheme 9
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The chemoselective Ni/photoredox dual catalyzed sp3-sp2 cross coupling as a function of the aryl halide
showed a definite enhanced reactivity of the iodide substrates over the bromides. This represents the first
investigation of the chemoselective sp3-sp2 cross-coupling. An extensive investigation of a variety of
bromo(iodo)arenes and alkylsilicates revealed excellent functional group tolerance although a benzylic
alcohol gave no yield (Scheme 10).10
Scheme 10
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The alkylsilicate Csp3-Csp2 cross-coupling with aryl triflates gave good yields of the alkylated arene with the
exception of the reaction with a strong electron-donating group substituted aryl triflate. The chemoselectivity
of the cross-coupling alkylation favored the reaction with an aryl bromide over that with an aryl triflate
(Scheme 11).11
Scheme 11

A mild, redox-neutral direct alkylation of imines with alkylsilicates was accomplished with the organic photocatalyst 4CzlPN rather than the more common Ru or Ir-based photocatalysts. The conditions for the alkylation
are mild and provide the product in high yield. The method nicely avoids the potential chain-terminating dimerization of the generated radicals by virtue of their being generated in low concentration. Interestingly, lacking
the presence of a Ni catalyst, aryl bromides were tolerated under the reaction conditions. Although the majority
of examples used cyclohexylsilicates, other primary and secondary alkylsilicates gave excellent results with a
variety of N-protected imines (Scheme 12) 15 examples: 43 – 73%).12
Scheme 12
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Taking advantage of the tolerance for an aryl bromide a two-step sequence of alkylation of an imine functionality
followed by an alkylsilicate cross-coupling led to a 46% overall yield of 8 (Scheme 13).12
Scheme 13
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Alkylsilicates reacted with isocyanates under Ni/photoredox-catalyzed conditions to give excellent yields of the amidated alkyl group. The authors propose a Ni-isocyanate adduct as an intermediate in the reaction (Scheme 14).13
Scheme 14

The nickel-catalyzed thioetherification of alkylsilicates wherein the initially generated alkyl radical converts a
thiol to the thiyl radical, which then couples with a (het)aryl bromide was reported by the Molander group. Primary, secondary as well as tertiary thiols were all found to react well. This highly useful reaction was serendipitously discovered when the sp3-sp2 cross-coupling of 3-mercaptopropylsilicate with 4-phenyl-1-bromobenzene
was attempted and 4-phenyl-1-propylthiobenzene was isolated rather than the expected 4-phenylphenylpropylthiol. Although this proved to be a useful entry into various propylthioaromatics and propylthioheteroaromatics (19 examples: 0 – 97%), it proved to be more general to employ the isobutylsilicate 9 in conjunction with
different thiols to thioalkylate aryl and heteroaryl bromides (Scheme 15).14
Scheme 15
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Triethylammonium bis(catecholato)iodomethylsilicate, preparable on multigram scale, reacted under photoredox conditions with olefins to provide the corresponding cyclopropanes in high yields. The reaction conditions
avoid many of the undesirable aspects of other cyclopropanation protocols. The method is safe, scalable, and
lacks the need for strong bases and low temperatures, and has excellent functional group tolerance.15 An investigation of the role of the halogen in three halomethylsilicates revealed the advantages of the iodomethylsilicate. An initial emphasis was place on the preparation of trifluoromethyl-substituted cyclopropanes due to the
interest in trifluoromethyl pharmacons such as the calcium channel blocker ACT-709478 10.16 Under similar
conditions the chloromethylsilicate reacted with various olefins to give the cyclopropane in yields ranging from
0 to 92% compared with the iodomethylsilicate with yields of 44 to 98% (Scheme 16).
Scheme 16
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