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The reaction of piperazine with 2-butyne-1,4-ditosylate in a
1:1 ratio yields the cyclic trimer 7 and the cyclic tetramer 8.
1H NMR investigations on 7 and 8 reveal a dynamic process
with ∆G‡ = 13 kcal/mol. This process is attributed to an inver-

Introduction

Macrocyclic systems and belt-like cavities are of consider-
able interest in view of the application of these species for
the inclusion of ions and neutral molecules.[1,2] Frequently
π-systems, diols and diamines have been employed as build-
ing blocks, to name but a few.[1,2] The latter are particular
convenient due to their bifunctionality. Recently we exam-
ined the reactions of several cyclic diamines, such as 1,6-
diazacyclodeca-3,8-diyne (1)[3] 1,8-diazacyclotetradeca-
4,11-diyne,[4] and 1,10-diazacyclooctadeca-5,14-diyne,[5]

with various α,ω-dibromides. In each case the intramolecu-
lar product (e.g. 3) was preferred over the intermolecular
product (e.g. 4) (Scheme 1). This result was also observed
when the bridge contained a rigid triple bond as shown in
Scheme 1. We ascribed the preference for the intramolecular
product to the high flexibility of the cyclic diamines men-
tioned above. For each of them we can assume an equilib-
rium between a boat and a chair conformation as was
shown in detail for 1.[6] To obtain macrocycles it seems
necessary to employ a cyclic diaza compound in which the
chair conformation was preferred. We chose piperazine be-
cause the versatility of this molecule as a supramolecular
building unit has been demonstrated on several
occasions.[729] In this paper we describe the syntheses of
two macrocycles with three and four piperazine units, re-
spectively.

Results and Discussion

The preparations of the macrocycles 7 and 8 were
achieved under high dilution conditions from the reaction
of piperazine (5) with the bistosylate of 2-butyne-1,4-diol
(6)[10] in a one-pot procedure. The reaction was carried out
in the presence of K2CO3 as base in THF at 50260 °C. The
resulting yields were 13% of the trimer 7 and 1% of the
tetramer 8 (Scheme 2).
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sion of the piperazine rings. Single crystals of 7·CH3OH, 7·2
CF3COOH·H2O and 8 have been isolated and investigated
by X-ray diffraction. In the first two cases methanol, or water
and CF3CO2

−, were included in the interior of the ring.

Scheme 1. Reaction of 1 with 2

Scheme 2. Preparation of 7 and 8

The separation of the reaction mixture of 7 and 8 with
acetonitrile on Alox III turned out to be problematic be-
cause small amounts of acetamide were produced by hydro-
lysis of the solvent, yielding to an adduct with 7. The sep-
aration could finally be achieved with chloroform/ethanol
in a ratio of 200:1 on silica gel as adsorbent.

The 1H NMR spectrum of 7 is rather simple, showing
two singlets at δ 5 2.61 and 3.22. The former signal corre-
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sponds to the piperazine protons, the latter to the propar-
gylic protons. At lower temperatures the singlet at δ 5 2.61
broadens and at 273 K (0 °C) it starts to split into two sig-
nals at δ 5 2.3 and 2.9. Finally at 243 K an AA9XX9 pat-
tern is observed. It is interesting to note that the 13C NMR
spectrum of 7 does not show any changes between 323 K
(50 °C) and 223 K (250 °C). At 213 K (260 °C) a
broadening of the signals at δ 5 52.1 and 47.1 was observed
whereas the signal at δ 5 80.4 was still unchanged.

From the coalescence temperature at 273 K we were able
to estimate the ∆G‡ value for the corresponding dynamic
process to be 13 kcal/mol. The 1H NMR spectroscopic data
of 8 are nearly identical to those of 7. The temperature of
coalescence of the signal at δ 5 2.61 was found to be 275 K
which also leads to a ∆G‡ value of 13 kcal/mol for the dy-
namic process. To rationalize the temperature dependence
of the 1H NMR spectra we assume that, at lower temper-

Figure 1 (top) solid state structure of 7a; the hydrogen atoms of the
host are omitted for clarity; due to the crystallographically imposed
threefold symmetry the methanol guest molecule is disordered; two
of the three superimposed methanol images are omitted for clarity;
(bottom) solid state structure of 7b; the hydrogen atoms bound to
carbon atoms are omitted for clarity; the trifluoroacetate anions
and the water molecule are connected to the host compound by a
set of hydrogen bonds
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ature, the inversion of the piperazine rings is slowed down
and finally frozen.

The assumption that at lower temperatures the inversion
of the piperazine rings is frozen is supported by the ∆G‡

value reported for the ring inversion of N,N9-dimethylpi-
perazine (13 kcal/mol).[11]

Structural Investigations

By adding methanol to a solution of 7 in chloroform we
could isolate single crystals of 7a (7·CH3OH). By adding
trifluoroacetic acid we were able to isolate 7b (7·2
CF3CO2H·H2O). In Figure 1 the molecular structures of 7a
and 7b are shown. The triyne host includes one molecule
of methanol in 7a, located in the center of the ring system
on a threefold rotation axis (Figure 1, top). The hydroxy
group thereby suffers a threefold disorder. The O1···N2 dis-
tance of 2.986 Å is appropriate for an OH···N interaction.

The crystal structure analysis of 7b reveals the inclusion
of one molecule of water and two trifluoroacetate anions
(Figure 1, bottom). The water is situated in the center of
the cavity and forms hydrogen bonds to one oxygen atom
of one CF3CO2

2 unit (O100···O1 2.826 Å/O100···O1A
2.850 Å; O1 and O1A being equally populated, in disor-
dered positions) and to a nonprotonated nitrogen atom of
the host (O100···N3 2.890 Å). Two of the six nitrogen atoms
of 7b are protonated and the accompanying negatively

Figure 2. Solid state structure of 8; hydrogen atoms are omitted
for clarity

Table 1. Selected bond lengths [Å] and angles [°]. Listed are aver-
age values

7a 7b 8

C(sp)2C(sp) 1.182(3) 1.181(4)[a] 1.188(2)[a]

C(sp)2C(sp3) 1.472(3)[a] 1.465(4)[a] 1.476(2)[a]

N2C(sp3) 1.459(2)[a] 1.471(3)[a] 1.464(2)[a]

C(sp3)2C(sp)2C(sp) 178.5(2)[a] 177.2(3)[a] 178.0(2)[a]

a[b] 4.31 4.33 4.92
b[b] 4.01 3.60/4.32 4.48/4.98

[a] average values. 2 [b] average distances between the centers of
gravity and the centers of triple bonds (a) and the nitrogen atoms
(b).
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charged CF3CO2

2 units are located near the positively
charged nitrogen atoms and fixed by hydrogen bonds (dis-
tances O1···N5 2.762 Å and O1A···N5 2.652 Å and O3···N1
2.725 Å). In Figure 2 the molecular structure of 8 is pre-
sented. The tetrayne is located on a twofold crystallographic
rotation axis perpendicular to the plane of the ring. In con-
trast to the triynes, the centers of the triple bonds are not
all situated at the same height referring to the plane of the
ring. Opposite pairs of triple bonds are situated above or
below the plane forming a boat shape. The piperazine units
serve as vertical spacers. Although this molecule offers a
larger cavity than the triynes (see Table 1) no guest molecule
is present. In Table 1 several average distances and angles,
as well as some quantities describing the cavity sizes, are
listed. As anticipated, the distances a and b of 7a and 7b
are very similar and smaller than those found for 8.

Conclusion

We have been able to selectively direct the assembly of
bifunctional piperazine rings and butyne units towards in-
termolecular couplings which led to the isolation of cyclic
trimers and tetramers. Both molecules possess large cavities
which are capable of hosting smaller molecules. In the case
of 7 this was achieved with water and methanol as well as
aqueous trifluoroacetic acid.

Table 2. Crystallographic data of 7a, 7b and 8.

Compound 7a 7b 8

Empirical formula C24H36N6·MeOH C24H36N6·2 F3C2O2H·H2O C32H48N8
Molecular mass [g/mol] 440.6 654.7 544.8
Crystal size [mm] 0.4 3 0.38 3 0.3 0.44 3 0.40 3 0.33 3.0 3 1.3 3 0.6
Crystal color colorless colorless colorless
Crystal shape prism irregular needle
Space group P-3 P21/c C2/c
a [Å] 12.355(3) 20.408(4) 24.867(2)
b [Å] 12.355(3) 10.471(1) 5.9359(4)
c [Å] 9.680(2) 16.701(3) 24.598(2)
α [°] 90 90 90
β [°] 90 113.24(1) 112.97(1)
γ [°] 120 90 90
V [Å3] 1279.7(4) 3279.2(9) 3343.2(4)
Dcalcd. [Mg/m3] 1.14 1.33 1.08
Z 2 4 4
F (000) 480 1376 1184
Temperature [K] 223 293 200
hmin/hmax 0/16 222/22 229/29
kmin/kmax 214/0 0/13 27/7
lmin/lmax 212/12 0/22 228/28
(sin Θ/λ)max [Å21] 0.66 0.66 0.61
µ [mm21] 0.07 0.11 0.07
Refl. collected 2335 7644 11627
Refl. unique 2054 7391 2856
Refl. observed 1206 3567 2029
[I . 2σ(I)]
Variables 140 663 277
(∆/σ)max ,0.01 0.01 ,0.01
R 0.051 0.048 0.039
Rw 0.130 0.107 0.086
S (Gof) 1.15 1.24 1.04
(∆ρ)max [e Å23] 0.17 0.15 0.18
(∆ρ)min [e Å23] 20.17 20.17 20.19
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Experimental Section

General Procedures: Reactions were carried out in oven-dried (120
°C) glassware under argon and with magnetic stirring. Solvents
were dried and distilled under argon before use. 1H and 13C NMR:
Bruker AS 200. The spectra were recorded in CDCl3 at 200 MHz
(1H), the 13C NMR spectra at 50 MHz using the solvent as internal
standard (δ). High resolution mass spectra (HRMS) were obtained
with a ZAB high resolution mass spectrometer (Vacuum Gener-
ators). Microanalyses: Analytical Laboratory of the Chemische In-
stitute der Universität Heidelberg.

Preparation of 7 and 8: To a suspension of K2CO3 (80 g) in dry
THF (1.5 L) were added simultaneously under reflux piperazine
(20.4 g, 0.2 mol) in THF (1 L) and 2-butyne-1,4-ditosylate[10]

(93.2 g, 0.2 mol) in THF (1 L) within 9.5 h. The addition was car-
ried out with syringe pumps, to guarantee a synchronous addition.
After completion of the addition the mixture was stirred at 50 °C
for 3 days. To isolate the products the solvent volume was reduced
to 1 L and the organic phase was filtered from the residue. The
organic phase was extracted with 10  HCl, saturated with NaCl.
Subsequently the water was neutralized with 10  NaOH saturated
with NaCl and subsequently reextracted with CHCl3. The chloro-
form solution was dried with K2CO3 and, after removal of the solv-
ent, chromatographed on Alox III with CHCl3/EtOH (300:1). This
procedure yielded a mixture of 7 and 8 (4.9 g). To separate these
substances further chromatography was carried out on Alox III
with CHCl3/EtOH (400:1). This yielded 7 (4.1 g, 0.01 mol, 12.6%).
After changing the solvent to CHCl3/EtOH (200:1) we could isolate
8 (0.3 g, 0.6 mmol, 0.9%). The trimer was recrystallized from
CHCl3/diethyl ether at 230 °C and yielded colorless needles, m.p.
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145 °C (decomp.). 2 1H NMR: δ 5 2.61 (br. s, 24 H), 3.22 (s,
12H). 2 13C NMR: δ 5 47.0 (t), 51.9 (t), 80.3 (s). 2 MS-FAB: m/z
(%): 409 (17.8) [M1 1 1], 407 (7.0) [M1 2 1]. 2 HRMS
(C24H37N6

1): calcd. 409.3079; found 409.3063. 2

C24H36N6·MeOH (449.6): calcd. C 68.15, H 9.15, N 19.07; found
C 67.99, H 8.97, N 19.12.

The tetramer 8 crystallized from CHCl3 as colorless needles: M.p.
145 °C (decomp). 2 1H NMR: δ 5 2.60 (br. s, 32 H), 3.26 (s, 16
H). 2 13C NMR; δ 5 47.3 (t), 52.2 (t), 80.1 (s). 2 HRMS: m/z [M
1 1] 5 calcd. 545.4086, found 545.4073.

X-ray Structural Analysis: The measurements were performed with
a Nonius-CAD4-diffractometer (7a, 7b) or a Bruker SMART CCD
X-ray diffractometer (8) with Mo-Kα radiation and a graphite mono-
chromator. Intensities were corrected for Lorentz and polarization
effects. All structures were solved by direct methods (SHELXS
86[12]). The structural parameters of the non-hydrogen atoms were
refined anisotropically according to a full-matrix least-squares
technique (F2) (Table 2). The parameters of the hydrogen atoms of
7a were treated with retainment of the atomic positions and fixed
thermal parameters. The triyne is situated on a crystallographic
threefold rotation axis, and as a result, the hydroxy group of the
methanol guest in 7a is disordered around this axis. The parameters
of the hydrogen atoms of 7b were refined isotropically. The iso-
tropic thermal parameters of the hydrogen atoms of the water mo-
lecule in 7b were assigned to values of 1.2 times that of the equiva-
lent parameter of the corresponding oxygen atom. The trifluo-
roacetic acid anions are disordered. The atoms F1, F2 and F3 of
the first anion adopt three orientations with occupancies of 0.4, 0.3
and 0.3. The atoms O1 and O2 are disordered over two positions
with equal occupancies. The atoms F4, F5 and F6 of the second
trifluoroacetic acid anion are similarly in two orientations located
with equal occupancies. Two of the nitrogen atoms of 7b are pro-
tonated by the protons of the trifluoroacetic acid molecules. The
hydrogen atoms of 8 were refined isotropically. Refinement of all
structures was carried out with SHELXL-93.[13] Further crystallo-
graphic data (excluding structure factors) for the structures in-
cluded in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no CCDC-
147092 (7a), -147093 (7b) and -147094 (8). Copies of the data can
be obtained free of charge on application to CCDC, Union Road,
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Cambridge CB 21E2, UK [Fax: (internat.) 144-1223/336-033;
E-mail: deposit@ccdc.cam.ac.uk].
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