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Abstract: We report a range of highly regioselective openings
of [1.1.1]propellane with various allylic zinc halides, as well as
zinc enolates of ketones, esters and nitriles. The resulting
zincated bicyclopentanes (BCPs) were trapped with a range of
electrophiles including acyl chlorides, sulfonothioates, hydrox-
ylamino benzoates, tosyl cyanide as well as aryl and allyl
halides, generating highly functionalized BCP-derivatives. The
unusually high regioselectivity of these reactions has been
rationalized using DFT calculations. A bioisostere of the
synthetic opioid pethidine was prepared in 95 % yield in one
step using this method.

Introduction

[1.1.1]Propellane (1) features an unusual inverted carbon-
carbon bond which results in a unique reactivity. The exact
nature of this C1@C3 bridgehead bond is still being inves-
tigated[1] and recent studies by Shaik and co-workers have
described it as a charge-shift bond.[2] A consequence of this
unusual bonding situation is the high reactivity of [1.1.1]pro-
pellane (1) towards radicals and anions, including polar
organometallics. This unique reactivity behaviour gives access
to bicyclopentane (BCP)-radicals (2) and -organometallics (3,
Scheme 1),[1e, 3] which can be further functionalized. The
resulting functionalized BCPs are promising bioisosteres for
aryl,[4] alkynyl[5] and tert-butyl[6] groups in medicinal chemis-
try. For example, the substitution of a phenyl group in
resveratol with a BCP unit (4) as reported by Adsool[7] led to
superior in vivo pharmacokinetic properties resulting in an
improved bioavailability. Recently, we have reported the
replacement of an internal alkyne in tazarotene by a BCP-
unit (5), which resulted in a slightly increased basicity without
significantly changing the non-specific binding.[5] As an
extension to the previously reported applications of BCPs
as bioisosteres we envisioned to prepare the BCP-analogue of
the synthetic opioid pethidine (6).[8] In addition to their
applications in medicinal chemistry, BCPs have also been

utilized as rigid-linear linkers in rods, liquid crystals, molec-
ular rotors and polymers.[9]

A variety of methods to convert [1.1.1]propellane into
functionalized BCPs have been developed, including the
“strain release” amination by Baran[10] and Gleason,[11] as well
as the radical additions by Wiberg,[3] Uchiyama,[12] Ander-
son,[13] Br-se[14] and Leonori.[15] The addition of organome-
tallic compounds to [1.1.1]propellane has been achieved using
2-azaallyllithiums,[16] sodium 2-aryl-1,3-dithiyl anions[17] as
well as aryl, alkyl and alkenyl Grignard reagents[5,18]

(Scheme 2).
The addition of organozinc halides to [1.1.1]propellane (1)

has not yet been reported. Indeed, we have observed that
alkyl-, aryl- and benzylzinc halides were not able to react with
[1.1.1]propellane (1) even under harsh conditions (100 88C, up
to 60 h). Since allylic zinc halides (7) display an enhanced
reactivity due to a more polar carbon-zinc bond,[19] we
envisioned that they could add to [1.1.1]propellane (1),
allowing the formation of zincated BCPs of type 8
(Scheme 3). Subsequent trapping with various electrophiles
(E-Y) would then provide double functionalized BCPs of
type 9. A similar reactivity would be expected for zinc

Scheme 1. A) Reaction of [1.1.1]propellane (1) with radicals and
anions. B) BCP-Analogues of some selected pharmaceutical com-
pounds.

Scheme 2. Reactions of [1.1.1]propellane (1) with organometallic re-
agents.
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enolates generated from ketones (10) and esters (11),[20]

leading to zincated BCPs of type 12 or 13, which after
electrophilic trapping would generate functionalized BCPs of
type 14 and 15. Herein, we report these highly regioselective
reactions, as well as a theoretical rationalization of their high
selectivity and a straightforward one step synthesis of the
BCP-bioisostere 6 of the synthetic opioid pethidine
(Scheme 1).

Results and Discussion

After some experimentation, we have found that the
treatment of allylzinc bromide complexed with lithium
chloride (7 a, 0.90 M in THF, 2.0 equiv)[21] with [1.1.1]propel-
lane (1, 0.50 M in Et2O, 1.0 equiv) at 25 88C for 2 hours leads to
the desired functionalized BCP 9a in 96 % yield after a copper
mediated acylation with benzoyl chloride (2.5 equiv,
Scheme 4). In comparison, the reaction of alkyl- and aryl-
magnesium halides with [1.1.1]propellane (1) requires 3–
7 days at 25 88C, resulting in moderate yields.[18a–c] A reduction
of the amount of zinc reagent 7a to 1.5 equivalents lowered
the yield to 71 %. Interestingly, the intermediate zincated
BCPs of type 8 proved to be very stable, as no significant yield
reduction was observed when maintaining the reaction
mixture at elevated temperatures for a prolonged time
(50 88C, 65 h or 100 88C, 3 h).

Interestingly, when switching to cinnamylzinc bromide
complexed with lithium chloride (7b), only the regioisomer
9b was obtained in 93 % yield (Scheme 5). The structure of
this product was confirmed via X-ray analysis[22] and indicates
an allylic rearrangement of the organozinc species 7b during
the reaction. The other regioisomer 9b’’ with the phenyl group
attached to the terminal position of the allylic system was not
observed.[23]

With this optimized procedure, we have prepared a variety
of BCP-derivatives using allylzinc bromide (9a, 9c–9g,
Scheme 6), cinnamylzinc bromide (9b, 9h, 9 i) and cyclohex-
2-en-1-ylzinc bromide (9j), as well as allylic zinc reagents

derived from terpenoids,[19] such as prenol (9 k), geraniol (9 l)
and (@)-myrtenol (9m, 9n), in 70–97 % yield. In addition,
allylic zinc reagents bearing functional groups such as an ester
or a nitrile[19f,24] reacted smoothly, leading to the correspond-
ing functionalized BCPs 9o–9q in 55–65% yield. In all cases,
only a single regioisomer of the product was observed. The
intermediate zincated BCPs of type 8 were successfully
trapped using Negishi cross-couplings with electron-rich (9c,
9m), electron-deficient (9d, 9q) and heterocyclic (9e, 9o)
halides in 59–97% yield, as well as thiolations with S-aryl (9 f)
and S-alkyl sulfonothioates (9 i)[25] in 90–95% yield. A cobalt-
catalyzed electrophilic amination with N,N-diallyl-O-ben-

Scheme 3. Addition of allylic zinc halides (7) and ketone and ester zinc
enolates (10, 11) to [1.1.1]propellane (1), followed by trapping with
electrophiles (E-Y).

Scheme 4. Optimized conditions for the addition of allylzinc bromide
complexed with lithium chloride (7a) to [1.1.1]propellane (1) followed
by copper mediated acylation.

Scheme 5. Addition of cinnamyl zinc bromide complexed with lithium
chloride (7b) to [1.1.1]propellane (1) and X-ray structure of the
resulting product 9b.[22]

Scheme 6. Addition of allylic zinc halides of type 7 to [1.1.1]propellane
(1) yielding the functionalized BCPs 9a–9q.
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zoylhydroxylamine[26] provided the aminated BCP 9g in 91%
yield. Finally, the zincated BCPs of type 8 underwent copper-
mediated allylations and acylations using various allylic
halides and acid chlorides,[27] leading to the functionalized
BCPs 9a, 9b, 9h, 9j, 9k, 9 l, 9n and 9p in 55–97% yield.

When employing the allenic zinc reagent 7 i, which is in
equilibrium with the propargylic zinc reagent 7j,[30] a separa-
ble mixture of the allenic product 9 r (50 % yield) and the
propargylic product 9s (45 % yield) was obtained after
a copper-mediated acylation with benzoyl chloride (2.5 equiv,
Scheme 7). This leads to the assumption, that both of the
isomeric zinc reagents 7 i and 7j react with [1.1.1]propellane
(1) with similar reaction rates.

Next, we turned our attention to zinc enolates. Initially, we
treated ketones of type 16 with an equimolar amount of LDA
(17) at @78 88C, followed by the same amount of ZnCl2. The
resulting zinc enolates added smoothly to [1.1.1]propellane
(1, 0.5–2 h, 0 88C, Scheme 8). However, the newly generated
zincated BCPs were mostly protonated before they could be
trapped with electrophiles, probably due to the competitive
deprotonation of the acidic protons in a-position to the
carbonyl group. This problem was solved by using 2 equiv-
alents of LDA for 1 equivalent of the ketone, followed by
transmetalation with ZnCl2 (2.3 equiv), presumably leading
to mixed zinc enolates coordinated with NiPr2 (10). The
zincated BCPs of type 12 that resulted from the addition of
these amidozinc enolates to [1.1.1]propellane (1, 0.5–2 h, 0 88C,
Scheme 8) were apparently much less prone to protonation
compared to the standard zincated BCPs.[30] Alternatively, the
additional amide might also deprotonate the ketone products,
thus removing the acidic protons. Possible trapping reactions
included protonation (14 a, 14g), copper-catalyzed allylations
(14 b, 14 f, 14 h, 14 i), a palladium-catalyzed Negishi cross-
coupling (14 c), an acylation (14 d) and a cyanation performed
with tosyl cyanide (14 e). The overall yield of the sequence
including enolate addition and electrophilic trapping was 46–
88%. In the case of cyclohexyl acetone and dihydro-b-ionone
a regioselective enolate formation was achieved and only the
products 14 f and 14g, in which the BCP unit is attached to the
terminal methyl groups, were obtained in 67–71% yield.
Moreover, the sterically hindered isobutyrophenone was
added to 1, leading to the BCP-derivative 14 h in 86% yield.

The reaction with cyclohex-2-en-1-one led to the formation of
the expected cyclohexenone derivative 14 i in 75% yield.

When using esters (18a–18c, 2.0 equiv) as starting mate-
rials, only a slight excess of LDA (17, 2.1 equiv) was necessary
to achieve good overall yields (Scheme 9). The zinc enolates
of type 11, obtained after transmetalation with ZnCl2

(2.5 equiv), added to [1.1.1]propellane (1, 1.0 equiv) within
2.5 h at 25 88C. The resulting zincated BCPs of type 13 were
subsequently submitted to a copper-catalyzed allylation with
allyl bromide (2.5 equiv). Thus, ethyl propionate was con-
verted to the BCP 15a in 75 % yield. When using ethyl hept-6-

Scheme 8. Addition of zinc enolates of type 10 to [1.1.1]propellane (1)
yielding the functionalized BCPs 14 a–14 i after electrophile trapping.

Scheme 9. Addition of zinc enolates of type 11 to [1.1.1]propellane (1)
yielding the functionalized BCPs 15 a–15 c.

Scheme 7. Addition of an equilibrium mixture of the allenic zinc
reagent 7 i and the propargylic zinc reagent 7 j to [1.1.1]propellane (1)
yielding the functionalized BCPs 9r and 9s.
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enoate as a starting material, the expected BCP 15b was
isolated in 95 % yield without any traces of radical ring-
closure side-products. The reaction was also compatible with
the benzylic ester ethyl 2-(4-bromophenyl)acetate, leading to
the BCP 15 c in 94 % yield.

Finally, the a-deprotonation of nitriles (19a-19 c,
2.0 equiv) with LDA (17, 2.1 equiv) followed by a transmeta-
lation with ZnCl2 (2.5 equiv) led to the formation of nitrile-
stabilized carbanions of type 20,[33] which added to [1.1.1]pro-
pellane (1) within 1–6 h at 25 88C. The resulting zincated BCPs
of type 21 were then submitted to a copper-catalyzed
allylation with allyl bromide (2.5 equiv, Scheme 10). This
protocol was used to prepare BCP-derivatives of cyclohex-
anecarbonitrile (22a) and 2-phenylpropanenitrile (22b) in
51–96% yield. When using 1-cyanocyclohexene as a starting
material, the BCP 22c was isolated in 96% yield. This can be
explained due to a rearrangement after the initial deproto-
nation in the allylic position, resulting in the formation of the
most stabilized anion.[34]

With this optimized procedure, we have carried out the
synthesis of the BCP-analogue of the synthetic opioid
pethidine[8] (24, Scheme 11). The deprotonation of commer-
cially available ethyl 1-methylpiperidine-4-carboxylate (23,
2.0 equiv) with LDA (17, 2.1 equiv) proceeded smoothly
within 30 min at @78 88C in THF. After the addition of ZnCl2

(2.5 equiv) the resulting zinc enolate was reacted with
[1.1.1]propellane (1, 1.0 equiv) at 0 88C for 2 h. The generated
zincated BCP was trapped through the addition of a saturated
aqueous solution of NH4Cl. The crude mixture was purified
using column chromatography, affording the pethidine ana-
logue 6 in 95 % yield on a 1.5 mmol scale in a single step. The
structure of the isolated product was confirmed by X-ray
analysis.[35]

In order to rationalize the exquisite regioselectivity
observed in transformations with unsymmetrically substituted
allylic zinc species, theoretical calculations have been per-
formed for the reaction of propellane (1) with prenylzinc
bromide complexed with lithium chloride (7d), whose sole
reaction product is the BCP 9k (Scheme 6). Following
effectively the same protocol used in earlier studies of
organozinc reagents,[36] free energies in THF solution have

been calculated at the SMD(THF)/B2PLYP/def2-TZVPP
level of theory (see SI for further details). Calculations start
from the cubic cluster 25 assembled from 2 equivalents of
LiCl, ZnBr2,

[37] and prenylzinc bromide (7k). Complexation
of propellane to one of the zinc centres in 25 displaces one of
the cluster bromide atoms and generates the adduct 26 in
a mildly exergonic first step. Formation of the adduct 26 is
accompanied by a minor degree of charge transfer from the
propellane unit to the cluster 25 by 0.11e, but leads to
practically no change of the propellane structure itself.[38]

Backside attack of the prenyl side chain at the bound
propellane unit through the transition state 27 then carries
the system over to the product side, whose ultimate end point
is the cubic cluster 28 located @42.7 kJ mol@1 lower than the
separate reactants (for additional transient intermediates on
the way to the product 28 see SI). That the barrier for this
reaction amounts to only 52 kJ mol@1 demonstrates the
intrinsic flexibility of the salt cluster that thus acts as
a template for the reacting organozinc/propellane units. As
can readily be seen from the 3D presentation of the transition
state 27 in Figure 1, formation of the C@Zn bond is almost

Scheme 10. Formation of zincated nitriles of type 20 and their addition
to [1.1.1]propellane (1) yielding the functionalized BCPs 22 a–22 c.

Scheme 11. Synthesis and X-ray structure of BCP-pethidine 6.[35]

Figure 1. Calculated geometries of [1.1.1]propellane coordinated to
a cubic cluster containing prenylzinc bromide (26) and the transition
state 27.
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complete at r(C-Zn) = 205 pm, while formation of the C@C
bond between the propellane and prenyl units is still under-
way with r(C@C) = 203 pm. From the almost perfect align-
ment of both reacting bonds along the propellane axis it is
also apparent, that the cluster template exerts practically no
external strain onto the reacting fragments. The overall
reaction cycle is completed by salt metathesis of the product
cluster 28 with one equivalent of the prenylzinc reagent 7d,
yielding the starting cluster 25 and the product organozinc
species 8d (Scheme 12). This reaction is almost thermoneu-
tral at DG298 =@2.5 kJmol@1. The activation of propellane (1)
by other cluster designs or through other activation modes has
also been studied, but all of these variations are energetically
less favourable than the reaction pathway shown in
Scheme 12 (see SI). This includes the reaction with a cluster
containing the regioisomeric form of prenylzinc bromide, in
which the zinc is located at the tertiary carbon atom. For this
cluster the calculated reaction barrier was 43.6 kJ mol@1

higher than the one detailed in Scheme 12. Therefore, the
high regioselectivity can be attributed to a kinetic selectivity.
Good energetics have been found for the reaction of
propellane with a radical version of the cluster 25 (lacking
a bromine atom). However, this reaction pathway suffers
from the lack of a well-defined step for the initial radical
formation. A reaction pathway starting with the coordination
of [1.1.1]propellane to lithium instead of zinc resulted in
a reaction barrier that was 82.5 kJ mol@1 higher than the one
detailed in Scheme 12.

Conclusion

We have reported a range of new regioselective openings
of [1.1.1]propellane (1) with various allylic zinc halides, as
well as zinc enolates of ketones, esters and nitriles. The
resulting zincated BCPs were trapped with a range of

electrophiles, including acyl chlorides, aryl and allyl halides
as well as sulfonothioates, hydroxylamino benzoates and tosyl
cyanide, generating new highly functionalized BCP deriva-
tives. Remarkably, the opening of [1.1.1]propellane (1) with
unsymmetrical allylic zinc reagents proceeds via a complete
allylic rearrangement. This behaviour was rationalized by
DFT-calculations, which showed that the allylic rearrange-
ment proceeds via a cyclic transition state (27) involving
ZnBr2, LiCl, the allylic zinc halide and [1.1.1]propellane.
Furthermore, we have demonstrated the utility of our
procedure by preparing a bioisostere of the synthetic opioid
pethidine in 95 % yield in a single step.
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