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Treatment of [2-(2-bromophenyl)allyl]trimethylsilane with
tBuLi in THF at –78 °C resulted in the rapid migration of the
trimethylsilyl group to afford an allylic organolithium that
can be easily trapped by a wide range of electrophiles. This

Introduction

The ability to translocate a reactive center from one atom
to another is a powerful approach to the generation of reac-
tive intermediates, whether cationic, radical, or anionic in
nature. Of the latter, one of the most impressive and one
that is still being developed is the Brook rearrangement,[1]

the transposition of a silicon atom and its attendant substit-
uents from one atom to another. This generally involves a
migration from carbon to oxygen and classically is a 1,2-
shift (Scheme 1) although many variations on this basic
principle have been developed and used productively in or-
ganic synthesis.

Scheme 1. The Brook rearrangement.

Smith and West have exploited anion relay chemistry
(ARC) in which a silicon group migrates from a carbon
atom to an oxygen with concomitant generation of a carb-
anion that can be employed in carbon–carbon bond forma-
tion.[2] For example, halogen/metal exchange of 3 with tert-
butyllithium followed by addition of an aldehyde produced
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is a rare example of a synthetically useful and efficient
carbon-to-carbon migration of a silicon group and represents
a new approach to allylic organolithium species using anion
relay chemistry.

4. Subsequent addition of allyl bromide and HMPA af-
forded 5 in good yield after desilylation (Scheme 2).[3] A
shift of the TMS group presumably afforded an allylic
anion that reacted with the allyl bromide, but HMPA was
necessary for the reaction.

Scheme 2. An example of anion relay chemistry resulting in the
formation of an allylic anion.

Another example that is closely related to the work we
describe comes from a report by Fallis and co-workers.
They described the halogen/metal exchange reaction of 6,
which rapidly led to a silicon migration to form enolate 7
(Scheme 3).[4] This intermediate could be trapped by elec-
trophiles. The driving force for the process is presumably
the formation of a more stable enolate anion.

Scheme 3. Generation of a lithium enolate by a silicon migration
from oxygen to carbon.

Many other examples of this type of chemistry exist.
However, carbon-to-carbon anion relay is much rarer. In an
early seminal study, Eisch and Tsai reported this process
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and demonstrated, for example, that the generation of 11
and 12 from 9 and 10, respectively, occurred through a com-
bination of intramolecular 1,2-, 1,3-, and 1,4-silicon shifts,
the driving force being the generation of a more stable carb-
anion from a less stable carbanion (Scheme 4).[5]

Scheme 4. Carbon-to-carbon anion silicon group shifts.

Daney and co-workers reported the 1,4-migration of
a trimethylsilyl group in anions derived from dihydro-
anthracenes. Thus, treatment of 13 with nBuLi in THF at
room temperature afforded cis-14 in 95% yield (Scheme 5,
top).[6] Rabideau and co-workers used this chemistry to
synthesize systems such as 16 stereoselectively (Scheme 5,
bottom).[7]

Scheme 5. Stereoselective, anionic carbon-to-carbon silicon shifts.

Results and Discussion

We became interested in this process in the course of a
study involving the projected generation of 20 for the pur-
pose of further exploration of the electrocyclization chemis-
try of cyclopentadienones.[8] The substrate needed was pre-

Scheme 7. Halogen/metal exchange of 19 followed by silicon group migration and electrophilic trapping.
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pared by the reaction of methyl o-bromobenzoate with tri-
methylsilylmethylmagnesium chloride in the presence of ce-
ric chloride followed by an acid work-up (Scheme 6).[9]

Scheme 6. Preparation of allylic silane 19.

Treatment of 19 with nBuLi in THF at –78 °C initially
gave a yellow solution, but this color disappeared by the
end of the addition of the organolithium, in less than
15 min. Attempted trapping of the organolithium 20 was
unsuccessful as this species reacted, presumably by a car-
bon-to-carbon 1,4-shift of the silyl group, to give 22, which
reacted with the n-butyl bromide formed in the initial halo-
gen/metal exchange to afford 23 in 89 % yield (Scheme 7).
The potential intermediacy of 21 in the process will receive
attention later in this report. Recognizing this process as a
rather unusual result, we decided to pursue the reaction as
a means of efficiently generating a substituted allyllithium
compound.

To avoid alkylation with n-butyl bromide, halogen/metal
exchange of 19 was conducted with tBuLi at –78 °C in
THF. This resulted in the efficient generation of the allyl-
lithium 22, as evidenced by various trapping experiments
summarized in Table 1. In general, the alkylation process
was completed rapidly, although some reactions were al-
lowed to proceed for 1 h.

Primary alkyl bromides and iodides functioned as excel-
lent electrophiles in this reaction (Table 1, entries 1–4 and
8). Allyl bromide, benzyl chloride, and 2-naphthylmethyl
bromide also produced alkylation products in high yields
(Table 1, entries 5–7). Ketones could also be used as electro-
philes, although the yield was only fair for cyclopentanone,
perhaps because of its enhanced acidity, and pinacolone
gave a good yield of the adduct (Table 1, entries 9–11). Bu-
tadiene monoxide reacted at the less substituted carbon to
give a good yield of the 1,6-diene 34 (Table 1, entry 12).
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Table 1. Generation and trapping of allyllithium 22.

[a] Yield based on NMR analysis in the presence of an internal standard. [b] Isolated yield.

Both aromatic and aliphatic aldehydes reacted with the
organolithium species to give the expected adducts in good
yields (Table 1, entries 14–16).[10] Michael addition with the
hindered crotonic ester 39 was possible, with the yield being
lowered by the repeated chromatography necessary to ob-
tain the product free of the starting material (Table 1, en-
try 17). The chiral imine 41 afforded the adduct 42 in dia-
stereomerically pure form in agreement with expectations
based on literature precedent (Table 1 entry 18).[11]

The Weinreb amide of 3-methylbutanoic acid trapped 22
in 67% yield (Table 1, entry 19). Dicyclohexyl disulfide af-
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forded sulfide 44 in 62% yield (Table 1, entry 20). Finally,
the silicon electrophiles TBSCl and TBDPSCl afforded
good yields of the corresponding allylsilanes 45 and 46
(Table 1, entries 21 and 22). Some reactions had yields
lower than expected due to the formation of the alkene de-
rived from the protonation of 22.

We believed that the reaction takes place via a pentaor-
ganosilicate species that serves as an intermediate in the
transfer of the trimethylsilyl group. Finding evidence for
such an intermediate has not yet been possible with 20.
However, treatment of 47 with tBuLi in a mixture of THF
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and HMPA at –78 °C gave several products by 29Si NMR
spectroscopy. The dominant species has a signal at δ =
–108.4 ppm, which is consistent with values determined for
other putative pentaorganosilicate species.[12] HMPA was
needed to observe the organosilicate species, which is con-
sistent with the results of others.[13] Finally, treatment of the
reaction mixture with n-butyl bromide afforded 49, 50, and
51 in 63, 16, and 3 % yields, respectively (Scheme 8). The
siloles 50 and 51 presumably result from the ejection of
phenyllithium from 48, a reaction that is well documented
and useful for the synthesis of siloles.[14]

Scheme 8. NMR evidence for the formation of a pentaorganosilic-
ate intermediate.

To address mechanistic questions associated with this
process, we also conducted density functional theory (DFT)
computational studies. As the computational approach for
the system under consideration we employed the
B3PW91[15] combination of functionals utilizing a corre-
lation-consistent double-ζ basis set[16] (cc-pVDZ). All sta-
tionary points were characterized as minima or transition-
state structures by computing analytical second derivatives;
the zero-point vibrational energies (ZPVE) were used to
correct the electronic energies. To approximate solvent ef-
fects, we applied the recently developed universal solvation
model, SMD.[17] The corresponding structures were reopti-
mized in water (εr = 78.39; strictly as an upper bound for a
very polar solvent) and THF (εr = 7.32). All computations
were performed with the Gaussian 09 program package.[18]

The data are summarized in Figure 1 and Table 2.
We first modeled the rearrangement of 20 to 22 with the

two free anions C1A and C2A, the latter being slightly more
stable by 0.4 kcal mol–1. A structure analogous to 21 is not
a minimum but rather a very low-lying transition-state
structure TSA (ΔH‡ = +2.9 kcalmol–1, cf. Figure 1 and
Table 2) with a square-pyramidal central structure with a
methyl group in the apical position. The carbon atoms in-
volved occupy the basal positions within the transition-state
structure and display similar distances to the silicon center
(about 2 Å). Hence, this process is reminiscent of a Berry
pseudo-rotation typical of pentacoordinate silicon.[19] The
activation barrier is also in the range of reported values for
Berry pseudo-rotations.[20] Although this appears to be at
odds with the formation of 48 and related pentaorganosil-
icates, it is likely that the electron-withdrawing nature of the
Si-bound phenyl group in 48 plays a role in the stabilization
of that species.
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Figure 1. Potential energy hypersurface for the rearrangement of
C1Li to C2Li computed at the B3PW91/cc-pVDZ level with relative
enthalpies [ΔH0(sol)] in kcalmol–1 in an aqueous solution (Li =
orange, Si = red, C = grey, H = light blue). The corresponding
values for THF as solvent are shown in parentheses. ZPVE correc-
tions are taken from gas-phase optimizations also at the B3PW91/
cc-pVDZ level. The optimized structure of the free anion TSA is
shown for comparison.

Table 2. Energies of the calculated structures.

Entry Structure Energy [kcalmol–1]

1 C1A 0.0
2 C2A –0.4[a]

3 TSA 2.9[a]

4 C1Li 0.0
5 C2Li –11.7[b]

6 TsLi 8.6[b]

7 TsLi(H2O) 10.3[b]

8 TsLi(THF) 13.8[b]

9 C1Na 0.0
10 C2Na –7.3[c]

11 TSNa 5.3[c]

[a] Relative to C1A. [b] Relative to C1Li or the solvated analogue.
[c] Relative to C1Na.

To determine the effect of the counterion, we studied this
rearrangement in the presence of Li+ (Figure 1). Structure
C1Li reacts to give C2Li exothermically (ΔH =
–11.7 kcalmol–1). In contrast to the free anions, these two
minima display only tetracoordinate Si atoms. In C1Li, lith-
ium is attached to the phenyl ring, but C2Li displays an η3-
allyllithium, which represents a sizeable driving force for
the forward reaction through transition-state structure TSLi

(ΔH‡ = +8.6 kcalmol–1). The counterion apparently stabi-
lizes the negative charge in the reactant and thus increases
the activation barrier. To probe this hypothesis, we modeled
the same reaction with a less electronegative sodium cation
as the counterion. The rearrangement barrier for C1Na to
C2Na (ΔH = –7.3 kcalmol–1) is reduced to +5.3 kcalmol–1.

Our investigations were refined by using the SMD sol-
vent model at the same level of theory to approximate the
influence of solvent effects on the reaction of C1Li to C2Li.
Both in an aqueous solution and THF, the activation barri-
ers increase significantly to 10.3 and 13.8 kcal mol–1, respec-
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tively. Nevertheless, these barriers are low from the perspec-
tive of reaction rate and rearrangement is expected to be
rapid, even at –78 °C.

The computational studies along with our experimental
work strongly support the idea that pentaorganosilicates
need not be invoked as intermediates in this reaction. Full
silicon transfer and a real allylic organolithium best de-
scribe what becomes of 19 after halogen/metal exchange.
Although this picture may be subject to modification as we
explore other systems, it appears that for 19 the structure
most resembling a pentaorganosilicate is a transition state
and not an intermediate.

Conclusions

We have discovered a convenient and novel way to syn-
thesize 2-aryl-substituted allyllithium species by a carbon-
to-carbon silicon 1,4-shift.[21] The efficiency of this process
is surprising given that benzene and propene have been esti-
mated to have the same pKa values, but calculations suggest
that the reaction is just sufficiently exothermic (and perhaps
more exergonic) to proceed to completion.[22] The scope of
this reaction with respect to metal,[23] substituents on sili-
con and the remaining organic fragment, as well as its po-
tential use in synthesis remain to be explored. In addition,
the subtleties of group transfers or exchanges between the
same elements in a given structure remain to be fully eluci-
dated. Work in these areas is in progress and the results will
be reported in due course.

Experimental Section

A flame-dried 25 mL round-bottomed flask was charged with bro-
moalkene 19 (400 mg, 1.48 mmol), 4-tert-butylanisole (260 μL,
1.48 mmol, internal standard), and THF (7.5 mL). The solution
was cooled to –78 °C before tBuLi (1.06 m, 2.9 mL) was added
dropwise. After this, the clear orange solution was stirred for
15 min at –78 °C and the reaction was quenched by the slow ad-
dition of nBuBr (190 μL, 1.77 mmol). The reaction was monitored
by GC–MS. After being stirred for 30 min, it was diluted with di-
ethyl ether, washed with water, and dried with MgSO4. The solvent
was concentrated in vacuo to provide 342 mg of the crude product.
NMR analysis of the crude showed the ratio of the product 23 and
tert-butylanisole was 1:1. The NMR yield was calculated to be 94%
based on the NMR ratio of the product and internal standard and
corrected based on recovered mass. Analytical samples were ob-
tained by careful column chromatography (SiO2, hexanes). For 23:
IR: ν̃ = 2953, 2925, 1462, 1246, 1115, 898, 837, 727 cm–1. 1H NMR
(500 MHz, CDCl3): δ = 7.58, (dd, J = 7.1, 1.4 Hz, 1 H); 7.26–7.35
(m, 2 H), 7.14 (dd, J = 7.5, 1.0 Hz), 5.16 (q, J = 1.7 Hz, 1 H), 4.93
(m, 1 H), 2.34 (t, J = 7.9 Hz, 2 H), 1.55–1.58 (m, 2 H), 1.36–1.40
(m, 4 H), 0.93–0.96 (m, 3 H), 0.31 (s, 9 H) ppm. 13C NMR
(125 MHz, CDCl3): δ = 152.1, 150.8, 137.1, 134.8, 128.3, 127.9,
125.8, 113.3, 38.7, 31.7, 27.0, 22.5, 14.0. 0.9 ppm.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental procedures and characterization data for new
compounds.
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