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ABSTRACT

An effective synthesis is reported for the construction of highly rigid and preorganized bis-bispidine tetraazamacrocycles bearing either identical
or different functionalities. Using essential building blocks derived from N-Boc-N0-allylbispidinone, the modular approach facilitates independent
incorporation of the functional groups to the macrocyclic framework as well as selective derivatization of one functionality in the presence of
another.

Macrocyclic compounds are capable of forming stable
complexes with selected metal ions of unusual oxidation
states.1 This is particularly the case for highly rigid and
preorganized frameworks such as bis-bispidine tetraaza-
macrocycles (1) (Figure 1).2�6 Due to the high rigidity
of the structure and the steric hindrance around the
cavity, themacrocycle is considered to have unprecedented
ligand field strength for a tetramine donor and has been
used to encapsulate metal ions to form highly stable com-
plexes which exhibit interesting optical and electronic
properties.2,3

As part of our research interest to construct polymacro-
cycles which can be used to selectively bindmetal ions with
interesting oxidation and electronic states, it was necessary
to incorporate the rigid tetraazamacrocycles into a poly-
mer framework.7,8 This requires that the macrocycle pos-
sess suitable functional groups which can be utilized in a
polymerization reaction. For this purpose, we found that

Figure 1. Bis-bispidine tetraazamacrocycle.
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the existing literature methods developed for the construc-
tion of 1 could not be successfully adapted to the synthesis
of functionalized bis-bispidinemacrocycles due to a lack of
tolerance for the functional groups, inefficient transforma-
tion, and/or generation of byproducts which were difficult
to remove by conventional purificationmethods.3�5,9,10 In
this communication, we report an effective synthetic path-
way which provides access to functionalized bis-bispidine
tetraazamacrocycles. The modular approach allows inde-
pendent incorporation of the functionalities to the highly
rigid macrocycle as well as selective derivatization of one
functional group in the presence of another.

The target macrocycle would be constructed via cycli-
zation of functionalized bispidine derivatives 3 and 4
(Figure 2). Both building blocks could be prepared from
N-Boc-4-piperidone (5) via doubleMannich reaction.Thus,
reaction of 5with paraformaldehyde and allylamine under
acidic conditions afforded N-Boc-N0-allylbispidinone (6)
in 54% yield (Scheme 1).11,12 Deprotonation of triethyl
phosphonoacetate followed by nucleophilic addition of
the resulting carbanion to bispidinone 6 under Horner�
Wadsworth�Emmons conditions generated the desired
bispidine ester 7 in excellent yield.13

Besides 6, N,N0-diallylbispidinone and N-Boc-N0-ben-
zylbispidinone had also been investigated as possible sub-
strates for the construction of the tetraazamacrocycles.
Both compoundswere prepared ingoodyields via a double
Mannich reaction in a similar fashion to the synthesis
of 6, with the former generated from N-allyl-4-piperidone
and allylamine, and the latter fromN-Boc-4-piperidone
(5) and benzylamine. However, the diallyl substituents
inN,N0-diallylbispidinone and the benzyl substituent in

N-Boc-N0-benzylbispidinone were difficult to remove
cleanly in subsequent reactions. Bispidinone 6 was found
to be much superior in this regard.

The allyl group on bispidine ester 7 was removed
cleanly upon treatment with 1-chloroethyl chloroformate
(Scheme2).14,15 The resulting 1-chloroethyl carbamatewas
cleaved efficiently together with the Boc protective group
under acidic conditions to give bispidine hydrochloride 8.
Acetylation of 8 with chloroacetyl chloride provided bis-
(chloroacetamide) 9 in 77% overall yield from bispidine

Figure 2. Retrosynthetic plan.

Scheme 1. Synthesis of Bispidine Ester 7

Scheme 2. Synthesis of Bis(iodoacetamide) 10
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ester 7. Further conversion of 9 to bis(iodoacetamide) 10
was achieved in high yield.
Macrocyclization of bispidine hydrochloride 8 with bis-

(iodoacetamide) 10 proceeded smoothly at room tempera-
ture to afford bisamide 11 in 68% yield (Scheme 3). In
comparison, cyclization of 8 with the chloro substrate 9
did not proceed after a prolonged reaction at reflux.
The bromo substrate, which can be prepared from 8
and bromoacetyl bromide in a similar way to the synthesis
of 9, was also unsuitable as its reaction with 8 was very
sluggish.

The 1H and 13C NMR spectra of the macrocyclic bis-
amide 11 are unusually complex.16 Similar results have
been obtained for bisamide 15. However, upon DIBALH
reduction of 11, the resultant tetraazamacrocycle 12 de-
monstrates straightforwardNMRdata in accordancewith
the proposed structure. Likewise, tetraazamacrocycle 16
displays clear-cut spectra. These results seem to suggest
that bisamide 11 (and 15) possesses different conforma-
tions which may not interconvert quickly on the NMR
time scale due, in part, to a significant restriction to bond
rotations imposed by the bispidine rings and the amide
groups. As each conformer may exhibit distinctive reso-
nance peaks, it is possible that the 1H and 13C NMR spec-
tra represent a collection of resonances produced by the
different conformers.

The tetraazamacrocyclic diol 12 possesses two primary
hydroxyl groups that extend away from the ring system.
This is expected to render them sterically favorable for
further reactions and functionalizations. However, deriva-
tization seems to be limited to the generation of identical
functionalities as our attempt to monosilylate 12 led to a
mixture of mono- and diprotected products as well as
unprotected diols.17,18

In order to incorporate different functional groups on
each end of the tetraazamacrocylic framework, it is more
straightforward to introduce the functionalities to the bis-
pidine building blocks prior to macrocyclization. To this
end, DIBALH reduction of bispidine ester 7 followed by
TBS-protection afforded silyl ether 13 (Scheme 4).19 Sub-
sequent removal of the allyl, Boc, and TBS groups pro-
vided hydroxybispidine 14 in 70% overall yield.

Macrocyclization of 14 and 10 generated bisamide 15
which was then reduced to give the desiredmonoprotected
hydroxy tetraazamacrocycle 16 (Scheme 5). In theDIBALH
reduction of 15, it was found that solvents played an
important role. At ambient temperature, reduction of the
amide groups in 15 proceeded sluggishly in THF. When
toluene was used, the amide groups could be successfully
reduced.20 However, the TBS protective group was also
completely cleaved. The best solvent system for this reduc-
tion seems to be a mixture of toluene and diethyl ether
which facilitated the reduction of the amide and ester
groups while keeping the TBS group intact.21

The tetraazamacrocycles 12 and 16 possess a highly
basic tetramine core which can bind readily to normal-
phase silica gel and therefore could not be purified on a

Scheme 3. Formation of Dihydroxy Tetraazamacrocycle 12

Scheme 4. Synthesis of Hydroxybispidine 14
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conventional column. Sublimation of the compounds was
unsuccessful due, in part, to strong intermolecular hy-
drogen bonding. However, they can be purified without

difficulty by column chromatography using commercially
available reversed-phase silica gel.
It should be noted that the hydroxyl group in the mono-

protected macrocycle 16 can be selectively transformed in
the presence of the silyl ether group when further deriva-
tization is desired. This will enable independent introduc-
tion of various functionalities to either side of the tetra-
azamacrocyclic structure if necessary.
In summary, an effective synthetic pathway has been

developed for the construction of functionalized bis-bispi-
dine tetraazamacrocycles. Using essential building blocks
derived from bispidinone 6, the modular approach facil-
itates independent incorporation of either identical or dif-
ferent functionalities to the highly rigid and preorganized
macrocycle. The synthesis offers the opportunity for further
derivatization after the formation of the tetraazamacro-
cyclic framework, including selective transformation of one
functional group in the presence of another. This makes
it possible to introduce a variety of functional groups, in
particular those whichmay be labile throughout themacro-
cycle formation,onto the ringsystem.Currently, this synthetic
approach is being employed in the preparation of polytetra-
azamacrocycles which will be reported in due course.
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Scheme 5. Formation of Hydroxy Tetraazamacrocycle 16


