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We designed “multi-layer macromonocyclic polyamines” which might be appropriate polymorphismic molecular
scaffolds as host-molecules in ionic or molecular interaction with small or large guest ions or molecules. In polymorphismic
molecules, several macromonocyclic polyamines with the same and/or different ring sizes and nitrogen contents are
connected to each other by alkylene spacers with various length of the chain. Actual target molecules are characterized by
possessing methylene chain arrays of natural polyamines, and we have synthesized from simple starting materials fourteen
component macromonocycles with various sizes, 12- to 34-membered rings containing three to eight nitrogen atoms, as
essential building blocks required for construction of multi-layer molecules. Our method of synthesis was shown to be very
efficient. In a final step, the N-protecting benzyl group was successfully removed by hydrogenation on 10%-Pd/C under
4 kgem™? H to give the cyclic amine precursors, which could be internal and terminal components in the architecture of
the multi-layer molecules. The structures of synthesized compounds were characterized and confirmed by EA, 'THNMR,

SIMS, and FAB(+) mass spectrometry.

We have been intrigued by the possibility of the devel-
opment of biologically active synthetic polyamines because
increasing knowledge of the crucial role of natural poly-
amines, putrescine, spermidine, and spermine, in cell biol-
ogy has been stimulating versatile basic and applied research
interests. Especially, we have been stimulated by recent
interesting topics on natural and synthetic polyamines as re-
viewed in brain pathology,' environmental stress in plant,>?
plant molecular genetic analysis,* African trypanosomes,’
spider toxins in therapeutic neurochemistry,*’ chemotherapy
of parasitic protozoan diseases,® cancer chemoprevention,*!°
and ion channels in the nervous system.’'™'* In addition,
the interaction between polyamine dendritic polymers and
DNA," the stimulatory effect of synthetic polyamines on
T7 RNA polymerase transcription activity,'® and the potent
anti-HIV activity of synthetic polyamines'’—?' are very in-
teresting demonstrations of pronounced biological effects
of synthetic polyamines. We have been particularly inter-
ested in the complexation capability of natural polyamines
for many biogenic anion functional groups, such as phos-
phate, carbon dioxide, carbonate, carboxylate, and nitroxide,
and with metal ions. Their flexible complexation capability
seems to show that the association potential in complex for-
mation would be controllable by circumstantial conditions
such as ring sizes, nitrogen content, kinds of core metals,
pH, ionic strength, and temperature.”> ' In other word, the
association should be soft enough for natural polyamines to
behave like manipulative free hands for organizing and/or

# This work is dedicated to the late Dr. Sakae Emoto and a part of
the Japanese patent.

binding to biogenic large molecules such as DNA, RNA, or
proteins by interaction with these functional groups. Guided
by this conceptual hypothesis, we have attempted to design
a new molecular system which could be flexible in complex-
ation and soft in association. In the present report, we would
like to describe a new molecular system, synthetic strategy,
and synthetic method for functionalized macromonocyclic
polyamines as important precursors to build up a variety of
flexible multi-layer macromonocyclic molecules.

Resuits and Discussion

A combination of stick(s) and circle(s) such as shown in
Fig. 1 inspired us to consider a new system of molecular
architecture; in the model, two circles and a stick forming
a double-layer would have two ultimate shapes (or mor-
phisms), T1 and T2. By overlapping another set of a circle
and a stick, three circles and two sticks forming a triple-layer
would have three ultimate shapes, Th1, Th2, and Th3, and by
overlapping one more set of a circle and a stick, four circles
and three sticks forming a quadruple-layer would have six
shapes, F1 through F6. (The mathematical relation between
circle number (n) and total ultimate shape number (S) can
be related in a general equation shown in the footnote.)? In
the illustrated models, it is obvious that there are two typical
situations in each combination; two contiguous circles are
directing toward the same side (interlocked type as in T1)
or toward the opposite side (open apart type as in T2). In
a poly-circle model, the other typical situations: that every
other circle and every two other circles are directing to the
same side as in Th1 and F1 and to the opposite side. As a
whole, we considered this model as new molecular scaffolds
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Fig. 1. Typical polymorphism in several homogeneous com-

bination of circles ( = n) and sticks, indicating the formation
of maximum number ( = §) of inter-locked and open-apart
ultimate state models characterized by mutual interaction
between the circles; namely, when n = 1, 2, and 3, then
§ =2, 3, and 6, respectively (see Ref. 32 for general arith-
metic relation between # and S in this type polymorphism).

for the design of self-organizable molecules. Our molecular
architecture started on the basis of the idea that we would
consider the circle as a macrocycle and the stick as an al-
kylene chain. There are two possible atoms, carbon and
nitrogen, for juncture atoms between circle and stick. In ref-
erence to our previous synthetic works on macromonocyclic
polyamines,*® we chose nitrogen atom as a juncture atom.
Referring to our previous works, either application of dif-
ferential protection method* or modification of general syn-
thesis of macromonocyclic polyamines* seemed to be the
first choice of synthetic strategies to construct multi-layer
molecules. In several comparative studies on the first several
steps, however, the differential protection method suffered
from critical synthetic default, especially in the step of form-
amide formation in the presence of tertiary amino group.
As shown in Fig. 2, the present strategy, called block-syn-
thetic method, requires two key building blocks of terminal
macrocycles (A) and central macrocycles (B) as components
for a variety combination of macromonocycles; a molecule
forming a double-layer will be synthesized by the reaction of
two terminal cycles. A molecule forming a triple-layer will
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Fig. 2. Block-synthetic method; Principal synthetic strategy

building up two to four layer molecules from macromono-
cyclic monoamines and diamines.

be accommodated in principle by the reaction of a central
cycle with two terminal cycles. A molecule of a quadruple-
layer consists of two central cycles and two terminal cycles.
Therefore, feasibility studies on the synthesis of terminal and
central cycles are the first issue for the architecture of multi-
layer macromonocyclic polyamines.

In synthetic macrocyclic polyamine chemistry, prepara-
tion of open chain starting materials is often more difficult
than subsequent ring closure reactions. Indeed, access to im-
portant open chain polyamines and diamino ethers by shorter
and more convenient methods has been elaborated.**— In
our molecular design, it is required that the amino groups of
terminal and central cyclic polyamines at the juncture points
are protected by ta group different from the nitrogen protect-
ing groups at the other ring nitrogen atoms. We chose in
the protocol the N-benzyl protecting group for the formers
and the N-tosyl protecting group for the latters. Architecture
of the methylene chain arrays in this design was consistent
with the previous idea;* except for the less-than-16-mem-
bered ring; cyclic polyamines must contain at least once a
methylene chain array of natural acyclic polyamine, spermi-
dine, spermine, thermine, or thermospermine. The synthetic
strategy will be useful to clarify fine structural factors gov-
erning relationships between physico-chemical or biological
properties and fine molecular composition.

Building units for the construction of central and termi-
nal macrocycles were prepared by the processes shown in
Schemes 1 and 2. Synthesis of N-benzyl-a,w-bis(p-tolu-
enesulfonylamide)s, 3, 7, and 10, is shown in Scheme 1.
N-Alkylation with N-(w-bromoalkyl)tosylamides, 2, took
place, slowly but in high yield, by treatment of benzylamine
in acetonitrile in the presence of sodium hydrogen carbon-
ate. Chain elongation continued smoothly by the method
reported previously.>** There was no synthetic problem in
the transformation reaction of phthalimides, § or 8, to form-
amides, 6 or 9, even in the presence of the tertiary amine
functional group. In addition, it was a new finding that quar-
ternization of tertiary amino group rarely occurs in the steps
of N-alkylations, as in the cases of the reactions of benzyl-
amine 1 with 2, 3 with 4, and 7 with 4. Determination of
product structure was straightforward with measurements of
IR and "HNMR spectra. In the IR spectra, changes in ter-
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aNaHCO3, CH4CN, 70 °C, 4 d; b K,CO3, DMF, r.t., 4 d;
¢ NaHy-H0, DMF, 75 °C, 2d  d 2 M-HCI, CHCl,, 65 °C, 5 h;
e TsCl, pyridine, NEt3, r.t., overnight
Scheme 1.  Synthesis of N-benzyl-a,w-bis(p-toluenesulfo-
nylamide)s.

minal functional groups such as sulfonamide, phthalimide,
or formamide groups were traceable; thus the product struc-
tures were strongly supported by the presence or absence
of these characteristic absorption bands before and after the
reaction. By the measurements of 'H NMR spectra, interior
methylene groups were completely assignable through the
spin—spin decoupling technique. In addition, terminal meth-
ylene protons distinctive from the interior methylene protons
were perfectly assigned by the sequential decoupling with the
terminal proton in the functional group. Proton assignments
are listed in Table 1.#!

a,w-Bis(methanesulfonate)s, 14 and 18, as the synthetic
blocks for the terminal macrocycles, were prepared in quan-
titative yields by the reaction of @,w-bis(p-toluenesulfon-
amide)s, 11*** and 15,2* with w-bromoalkan-1-ol, 12 and
16, followed by the mesylation of the resulting a,w-diols,
13 and 17 (Scheme 2 and Chart 1). The product structures
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Scheme 2. Synthesis of building blocks for cyclization.

were supported by the appearance of the functional groups
on IR spectra, and confirmed by the complete proton assign-
ments on 'HNMR spectra shown in Table 2. The synthetic
block for the central counter part, N,N-bis(3-bromopropyl)-
benzylamine 19, was prepared as crystals in moderate yield
by the reaction of benzylamine with 1,3-dibromopropane,
followed by addition of hydrobromic acid in acetic acid and
evaporation.
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Chart 1.
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Table 1. "HNMR Spectral Data (8/ppm, in CDCl3, TMS, 500 MHz)”

Compd C-1 C2 C-3 C4 TW TIN TOU ArMe ArHme ArHs NHTs NHCHO CHO CH,CgHs
3a 2091 251 241 727 1771 5.11 3.42
3b 293 1.65 2.41 242 731 770 5.70 343
Sb 3.60 1.77 3.11 2.75,3.14 239 723 1761 3.62
5¢ 3.66 1.86 3.15 1.72 2.39,3.10 239 724 1762 345
5d 3.64 1.64 1.52 3.09 1.72 2.38,3.09 238 724 7.64 3.53
6b 331 1.63 3.08 2.69,3.12 243 730 17.63 6.28 8.13 3.61
6c 337 1.72 3.10 1.69 2.39,3.10 242 730 7.64 645 8.17 3.46
6d 3.28 1.55 1.55 3.05 1.69 242,310 242 729 7.64 6.14  8.13 348
7b 291 1.64 3.08 2.64,3.11 241 727 7.60 5.26 3.58

2.42 7.70
e 294 1.72 3.10 236,306 241 724 762 5.38 342
242 728 1772
7d  2.90 1.50 1.57 3.04 1.68 3.09 241 726 7.63 497 3.46
7.71
8b 3.64 1.82 3.12 2.71,3.17 1.80 3.04,305 238 7.25 761 3.64
2.39 7.62
8¢ 3.66 1.86 3.15 1.68,1.84 2.38,3.09 238 725 17.62 3.45
3.10 2.39
8d 3.63 1.63 1.52 3.08 1.80,1.82 3.08,3.09 237 725 7.63 346
239 726
9 335171 3.08 2.71,3.15 1.76 3.03,3.06 241 728 17.63 6.41 8.15 3.62
242 730 17.62
9¢ 3.37 1.76 3.11 1.67,1.84 3.09,3.11 241 727 17.62 6.42 8.15 345
729 7.64
9d 3.27 1.54 1.62 3.05 1.67,1.85 2.41,3.10 241 728 7.63 6.21 8.11 3.44
10b 3.01 1.82 3.06 2.67,3.13 1.73 3.02,3.04 237 724 761 555 3.61
238 720 7.62
10c 293 1.74 3.09 1.60, 1.81 3.04,3.06 239 727 7.62 4.80 3.50
3.07 2.40 7.71
2.41
10d 2.89 1.49 1.57 3.02 1.68, 1.84 3.10 239 725 1762 507 3.44
240 726 17.63
727 770

a) See Ref. 41 for the significance of the abbreviation of the proton assignment.

Table 2. '"HNMR Spectral Data (8/ppm, in CDCl;, TMS, 500 MHz)?

Compd C-1 C2 C3 TW TIN TOU FIN FOU ArMe ArHme  ArHs CH3S0O; OH
13a 3.82 3.25 341 2.44 7.33 7.71 2.67
13b 3.80 3.24 337,393 243 7.32 7.72 2.50
2.45 7.34 7.73
13c 3.78 3.24 3.36,3.37 243,245 7.31,7.33 1.71,7.74 2.55
3.39
14a 4.39 345 341 2.45 7.36 7.74 3.06
14b 440 345 3.36, 3.37 2.44,2.45 7.35,7.36 7.74,7.75 3.05
14¢ 4.40 3.45 3.31,3.33 2.43,2.44 7.33,7.35 7.76,7.77 3.03
343
17a 373 1.77 3.21 1.90 3.15 243 7.31 7.67 2.30
17b 3.72 1.75 3.21 1.59 3.12 243 7.31 7.68 2.31
18a 4.30 2.03 3.20 1.89 3.15 2.44 7.33 7.67 3.05
18b 430 2.03 3.19 1.59 3.11 244 7.32 7.67 3.05

a) See Ref. 41 for the significance of the abbreviation of the proton assignment.

Terminal macrocycles including mono- N-benzyl sub-
stituent, 20—26 (Chart 2), were prepared by the reaction
of 1,3-dibromopropane or methanesulfonates, 14 or 18, with
a,w-disulfonamides, 3, 7, or 10, according to the method
reported previously for the preparation of per-N-tosylated
macromonocycles (Scheme 3).%** Product yields were rather

high for these sizes of macromonocycles, and no by-product
was detected. This implies that no quarternization occurred
at the highly nucleophilic tertiary amino group that is ben-
zylated. Product structures were simply supported by their
IR spectra, which indicate the absence of any NH vibra-
tion band for each starting @, w-disulfonamide. Analyses of
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Scheme 3. Synthesis of N-monobenzyl cyclic polyamines.

"H NMR and secondary ion mass spectroscopy (SIMS) spec-
tra gave precise information about their structures. All the
macromonocycles synthesized here have a symmetry plane
through the N-benzyl group. This feature was a good guide to
confirm exactly the molecular structure in every case based
on the NMR spectrum.

Central parts of macromonocyclic compounds, 27 and 28
(Chart 2), including N,N’-dibenzyl group were synthesized
by the reaction of a,w-bis(tosylamide)s, 3, 7, or 10, with 19
under the conditions similar to the preparation of terminal
macromonocycles mentioned above (Scheme 4). The struc-
tures were perfectly confirmed through 'HNMR (Table 3),
SIMS spectrometry, and X-ray crystallography; a crystal
structure of 27¢ indicated the special molecular character-
istic as the largest metal-free ring ever reported;*’ the real
molecule seems to be such a shape possessing two outer
wide spaces connected by a central narrow space just like

a Ko,CO, DMF, 11, 4d
Scheme 4. Synthesis of N,N'-dibenzyl cyclic polyamines.

the structure drawn here as 27c. The benzyl and the tolyl
aromatic rings at N(5) and N(14) in 27¢ lie out of the 26-
membered ring, respectively. The tolyl group at N(9), how-
ever, covers over the ring in the region of the wider space
stated above. The disposition of the N-substituents seems to
make space available for trapping a small molecule among
two tolyl groups and the macrocyclic ring.

It is well known that N-benzyl group is more resistant
to reductive debenzylation than O-benzy group under the
same conditions. O-Benzyl protecting group in carbohy-
drate chemistry, for example, is eliminated easily by treat-
ment with 1 kgecm™~2 hydrogen gas at ambient temperature
in the presence of 10% Pd-C catalyst. These conditions,
however, don’t work for the removal of N-benzyl protecting
group. We found a consistent procedure that secures quan-
titative removal of N-benzyl protecting group by use of a
pressure-resistant reaction vessel made from stainless steel.
When an acetic acid solution of N-monobenzyl or N,N’-di-
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Table 3. '"HNMR Spectral Data (8/ppm, in CDCl3, TMS, 500 MHz)®

Compd TW TIN TOU FIN FOU ArMe ArHme  ArHs CH,CsHs
20 : 1.72,1.92 2.43,3.12,3.25 243 7.30 7.66 343
21 2.94,3.02 242 322 242 7.30 7.65 3.70
22 1.63,1.69,1.92 3.09,3.11, 3.14 2.40,2.43 7.28,7.32 7.60,7.67 3.41

23 2.73,3.07

24a 2.60, 2.63, 3.12

1.87,1.94,1.96 3.11,3.13,3.15

239,241 7.22,7.29 7.54,7.63 3.62
242 7.31 7.65
240,242 7.24,7.27 7.58,7.59 3.58

3.27,3.32 245,246 7.33,7.34 7.70,7.72
24b 2.63,3.13,3.27 2.40,2.44 7.24,7.33 7.58,7.70 3.58
3.32,342 2.45 7.35 7.74
24c 2.64,3.14,3.27 242,2.43 7.30,7.33 7.68,7.71 3.60
329 244 7.72
25 1.69, 1.87 3.09, 3.13 1.65 3.10 240,243 7.24,7.31 7.60,7.67 3.41
26a 1.65, 1.89 3.09, 3.10 1.59 3.09 2.39,240 7.24,7.28 7.61,7.63 3.39
241 7.29 7.65
26b 1.65,1.89,1.92 2.34,3.06,3.10 1.57 3.07 2.39,2.41 7.23,7.29 7.61,7.64 341
3.13 242 7.30 7.65
27a 1.69 2.39, 3.06 241 7.27 7.58 348
27b 1.72,1.92 2.42,3.08,3.13 2.40 7.26 7.62 3.46
27¢ 1.58, 1.68 2.37,3.08, 3.09 240 7.25 7.62 3.44
28 1.66, 1.82 2.35,2.37,3.06 1.60 3.06 2.40 7.25,7.27 7.61,7.62 3.42
7.64
a) See Ref. 41 for the significance of the abbreviation of the proton assignment.
benzyl compounds, 20—26 or 27, in the presence of 10% Ts/-\ LS
Pd-C was hydrogenated with around 4.5 kg cm~?2 at around ( N-Bn a, C NH
75 °C in the stainless steel vessel overnight, the correspond- N N/
ing debenzylated compound, 29—34 or 35 respectively, was Ts 20-26 T 29-34
obtained quantitatively as colorless amorphous powder af-
ter usual work-up (Scheme 5). The product structure was Ts Is
confirmed straightway by the appearance of NH vibrational Bn-N/\ N/\N_B N2, HN/_\ N /\NH
absorption band around 3400 cm~! on IR spectrum and by \ N/ \ N/
the disappearance of characteristic proton signal of the ben- Ts o Ts 45

zyl group on 'HNMR spectrum. All the other structural
features stated above for molecular symmetry were reflected
on the '"HNMR spectra of the debenzylated compounds as
well (Table 4).

As a consequence of the most important part of syn-
thetic works to construct multi-aligned macromonocyclic

a Hy/10% Pd-C, 4 kglem?, 3 d
Scheme 5. Reductive debenzylation with H,/10% Pd-C.

polyamines, a new synthetic route was developed toward

Table 4. "HNMR Spectral Data (8/ppm, in CDCls;, TMS, 500 MHz)®

Compd TW TIN TOU FIN FOU ArMe ArHme ArHs

29 1.72,1.91 2.68,3.17,3.19 243 7.31 7.67

31 2.89, 3.08 1.96, 1.98 3.15 241 7.30 7.65,7.69

32a 2.83,3.14,3.28 244 7.32,7.33 7.66,7.72
3.35,3.36

32b 2.73, 3.16, 3.29 243 7.30,7.31,7.33 7.67,7.68,7.72
3.35,342

32c 2.80, 3.20, 3.22
3.24,3.25,3.32,3.41

2.38,2.42,2.44 7.26,7.28,7.31 7.61,7.67,7.73

33 1.97,1.99 2.93,3.14,3.17 1.70 3.11 241,243 7.30,7.31 7.66

34a 1.62,1.92,1.95 3.12,3.18 241,242 7.30,7.31 7.64,7.66

34b 1.92,2.00 2.97,3.05,3.09 1.62 3.07,3.09 241,242 7.29,7.30,7.31 7.65, 7.66
3.13 :

35b 1.90, 1.98 2.75,3.13 242 7.30 7.64

3Sc 2.09 2.90, 3.10 1.57 3.12 243 7.30 7.63

a) See Ref. 41 for the significance of the abbreviation of the proton assignment.



M. Iwata

fourteen, in total, terminal and internal parts of macromono-
cyclic monoamines and diamines. Among the processes, it
is the most striking feature that the presence of the tertiary
amino group with benzyl protecting group won’t interfere
with chain elongation, transformation reaction, and macro-
cyclization processes by the formation of quaternary ammo-
nium salt. Furthermore, successful synthesis of N,N-bis(w-
bromoalkyl)benzylamines was likely to allow us to develop
general synthetic route to N,N'-dibenzyl macrocyclic poly-
amines as precursors for internal macrocycles. In addition,
one marked improvement is that the N-benzyl protecting
group is consistently removable in quantitative yield by el-
evated-pressure catalytic hydrogenation. In consequence,
highly useful macromonocyclic building-blocks were made
available for alignment of macrocycles in a variety of man-
ners.

Experimental

General: The 'HNMR spectra were recorded on a JEOL GSX-
500S (500 MHz) spectrometer with Me4Si as an internal standard
in CDCl; unless otherwise mentioned; chemical shifts (&) and
coupling constants (J) are in parts per million (ppm) and hertz (Hz),
respectively. Signal assignments were performed by aid of '"H-'"H
decoupling method. IR spectra were obtained on a Shimadzu IR-27
and Shimadzu FT-IR 8100M spectrophotometers. Merck silica-gel
60 (Art. 7734, 0.063—0.02) was used for column chromatography,
and fragmented Merck precoated silica-gel 60 Fys4 plates (Art.
5715, 20x5 cm), for TLC. Product spots on TLC were detected
either under a UV-light lamp or in an iodine vapor bath. The
uncorrected melting points were measured in a bilayered coverglass
(18 m/m, thickness 0.13—0.17 mm) with a micro-melting point
apparatus (Yanagimoto Seisakusho, Serial No. 2647). Secondary
ion mass spectra (SIMS) were measured with a Hitachi M-80, and
FAB(+)-MS and electron spray ionization mass spectra (ESI-MS),
with JEOL JIMS-HX110 spectrometers. Elemental analyses were
performed in the micro analysis laboratory of this Institute.

Materials:  N-(2-Bromoethyl)-p-toluenesulfonamide (2a) and
N-(3-bromopropyl)-p-toluenesulfonamide (2b) were prepared by
the previous method.* N-(2-Bromoethyl)phthalimide (4a), N-(3-
bromopropyl)phthalimide (4b), and N-(4-bromobutyl)phthalimide
(4c) were prepared by the Gabriel method.*N,N’'-Ditosyl-1,2-
ethanediamine (11a), N ' NN -tritosyl-3-aza-1,5-pentanediamine
(11b), N',N* N® N®-tetratosyl-3,6-diaza- 1,8-octanediamine (11¢),
N,N'-ditosyl- 1,3-propanediamine (15a), and N,N'-ditosyl-1,4-bu-
tanediamine (15b) were prepared by the previous method.****

N*-Benzyl-N' ,N-ditosyl-4-aza-1,7-heptanediamine (3b): In
acetonitrile (80 mL), benzylamine (1, 1.2 g) and N-tosyl-3-bromo-
propylamine (2b, 7.53 g, 2.3 mol equiv to 1) were stirred in the
presence of sodium hydrogen carbonate (9.41 g, 10 mol equiv to 1)
at 70 °C for 70 h. After filtration, the solvent was removed under
reduced pressure, and the residue was chromatographed on a silica-
gel column with chloroform-acetone (4 : 1 v/v) to give 5.89 g of 3b
(99% yield) as viscous liquid. Calcd for C27H35sN304S;: C, 61.22;
H, 6.66; N, 7.93; S, 12.11%. Found: C, 60.87; H, 6.55; N, 7.67;
S, 12.19%. IR (neat) v 3290 (NH), 1320 and 1150 (SO2) cm™'.
"HNMR (CDCl3), shown in Table 1.

N3-Benzyl-N',N°-ditosyl-3-aza-1,5-pentanediamine (3a) was
obtained by the reaction of 1 with N-tosyl-2-bromoethylamine (2a)
in 99% yield as viscous liquid. Calcd for CosH3;N304S,: C, 59,85;
H, 6.23; N, 8.38; S, 12.78%. Found: C, 59.46; H, 6.12; N, 8.12;
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S, 13.02%. IR (neat) v 3290 (NH), 1320 and 1155 (SO,) cm™".
"HNMR (CDCls), shown in Table 1.

N®-Benzyl-1,15-diphthalimido-N*,N'?-ditosyl-4,8,12-triaza-
pentadecane (5c¢): In DMF (45 mL), 3b (1.76 g) N-(3-bromo-
propyl)phthalimide (4b, 3.3 g; 3 mol equiv to 3b) and potassium
carbonate (6.9 g, 15 mol equiv to 3b) were stirred at r.t. for 6 d. Af-
ter filtration, the solvent was removed under reduced pressure, and
the residue was chromatographed on a silica-gel column with chlo-
roform—acetone (95 :5 (300 ml) to 9: 1 (300 ml) v/v) to give 3.00 g
of 5¢ (99% yield) as viscous liquid. Calcd for C49Hs3NsOgS;: C,
65.09; H, 591; N, 7.75; S, 7.09%. Found: C, 64.96; H, 5.85; N,
7.74; S, 7.15%. IR (neat) v 1771 and 1710 (C=0), 1330 and 1150
em™! (S0O,). 'THNMR (CDCls), shown in Table 1.

N-Benzyl-1,13-diphthalimido-N* ,N'*-ditosyl-4,7,10-triaza-
tridecane (Sb)  was obtained by the reaction of 3a with 4b in
99% yield as viscous liquid. Calcd for C47Ha9NsOgSy: C, 64.44;
H, 5.64; N, 8.00; S, 7.32%. Found: C, 64.52; H, 5.48; N, 8.06; S,
7.33%. IR (neat) v 1770 and 1710 (C=0), 1330 and 1150 cm™"
(SO,). "HNMR (CDCl3), shown in Table 1.

N’°-Benzyl-1,17-diphthalimido-N° N'3-ditosyl-5,9,13-triaza-
heptadecane (5d) was obtained by the reaction of 3b with N-(4-
bromobutyl)phthalimide (4¢) in 99% yield as viscous liquid. Calcd
for Cs1Hs7NsO3S2: C, 65.71; H, 6.16; N, 7.51; S, 6.88%. Found:
C, 65.40; H, 5.96; N, 7.26; S, 6.85%. IR (neat) v 1770 and 1710
(C=0), 1330 and 1150 cm™' (SO;). 'HNMR (CDCl3), shown in
Table 1.

N%-Benzyl-N' ,N'-diformyl-N* ,N*?-ditosyl4,8,12-triaza-1,15-
pentadecanediamine (6¢) :  In DMF (60 mL), 5¢ (2.97 g) and
hydrazine hydrate (3 mL, 20 mol equiv to 5¢) were stirred at 75
°C for 2 d. The solvents were removed under reduced pressure
and chloroform was added to the residue. The resulting precip-
itate was removed by filtration. The filtrate was evaporated and
chromatographed on a silica-gel column with chloroform—meth-
anol (93:7 v/v) to give 1.74 g (76% yield) of 6¢ as viscous liquid.
Caled for C3sHaoN5O6S:: C, 60.06; H, 7.06; N, 10.01; S, 9.16%.
Found: C, 60.22; H, 7.00; N, 10.12; S, 9.02%. IR (neat) v 3300
(NH), 1670 (C=0), 1330 and 1155 cm™' (SO2). 'HNMR (CDCl3),
shown in Table 1.

N"-Benzyl-N' ,N'-diformyl-N* ,N'°-ditosyl4,7,10-triaza-1,13-
tridecanediamine (6b)  was obtained by the reaction of 5b with
hydrazine in 95% yield as viscous liquid. Calcd for C33H4sNsOS2:
C, 58.99; H, 6.75; N, 10.43; S, 9.55%. Found: C, 58.62; H, 6.73;
N, 10.31; S, 9.62%. IR (neat) v 3300 (NH), 1670 (C=0), 1330 and
1155 cm™' (SO,). '"HNMR (CDCl3), shown in Table 1.

N°-Benzyl-N' N -diformyl-N° N -ditosyl-5,9,13-triaza-1,17-
heptadecanediamine (6d)  was obtained by the reaction of 5d
with hydrazine in DMF in 90% yield as viscous liquid. Calcd for
C37H53N50(,Szl C, 61.()4; H, 7.34; N, 9.62; S, 8.81%. Found: C,
61.09; H, 7.35; N, 9.38; S, 8.54%. IR (neat) v 3300 (NH), 1670
(C=0), 1330 and 1155 cm™' (SO2). '"HNMR (CDCl;), shown in
Table 1.

NB- Benzyl- N' N* N2, N1 tetratosyl- 4, 8, 12- triaza- 1, 15-
pentadecanediamine (7c):  To 6¢ (1.70 g) in chloroform (5 mL)
was added 6 M HCI (10 mL, 1 M = 1 mol dm’3) and the mixture
was stirred at 70 °C for 4 h. The reaction mixture was evaporated to
dryness under reduced pressure. To the residue were added pyridine
(60 mL) and tosyl chloride (1.16 g, 2.5 mol equiv to 6¢) and the
mixture was stirred at r.t. for 12 h. After evaporation, the residue
was chromatographed on a silica-gel column with chloroform-ace-
tone (9:1 (300 mL) then 4 : 1 (300 mL) v/v) to afford 1.27 g (55%
yield) of 7¢ as viscous liquid. Calcd for C47Hg1NsOgS4: C, 59,28;
H, 6.46; N, 7.36; S, 13.47%. Found: C, 58.95; H, 6.43; N, 7.27;
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S, 13.45%. IR (neat) v 3290 (NH), 1330 and 1155 cm™' (SO,).
"HNMR (CDCl3), shown in Table 1.

N’ Benzyl- N 1N N N tetratosyl- 4, 7, 10- triaza- 1, 13-
tridecanediamine (7b) and N’-Benzyl-N' ,N° N** N7 -tetratosyl-
5,9,13-triaza-1,17-heptadecanediamine (7d)  were obtained as
viscous liquids in 51 and 69% yields, respectively.

7b: IR (neat) v 3290 (NH), 1320 and 1155 cm™' (SO,).
"HNMR (CDCl3), shown in Table 1.

7d: Calcd for C49H65N50354Z C, 60.03; H, 6.68; N, 7.15; S,
13.08%. Found: C, 59.77; H, 6.56; N, 6.92; S, 13.21%. IR (neat) v
3260 (NH), 1330 and 1155 cm™"' (SO,). "HNMR (CDCls), shown
in Table 1.

N''.Benzyl-1,21-diphthalimido-N* N® N'* N'8_tetratosyl-4,8,
11,14,18-pentaazaheneicosane (8b) was prepared by the method
similar to that of preparation of 5 by the reaction of tosylamides
3 with 4; thus, the reaction of tosylamide 7b with 4b afforded 8b
as amorphous powder in 91% yield. Calcd for Cs7H75N7042S4: C,
61.97; H, 5.82; N, 7.55; S, 9.88%. Found: C, 61.88; H, 5.80; N,
7.36; S, 9.82%. IR (KBr) v 1770 and 1710 (C=0), 1330 and 1150
cm™' (SO,). '"HNMR (CDCl3), shown in Table 1.

N'2.Benzyl-1,23-diphthalimido-N*,N® N1 N?-tetratosyl-4,8,
12,16,20-pentaazatricosane (8c)  was prepared by the reaction
of tosylamide 7¢ with 4b as viscous liquid in 85% yield. Calcd
for CeoH79N7012S4: C, 62.47; H, 6.00; N, 7.39; S, 9.67%. Found:
C, 62.30; H, 6.15; N, 7.35; S, 9.45%. IR (neat) v 1770 and 1710
(C=0), 1330 and 1150 cm™" (SOz). 'HNMR (CDCls), shown in
Table 1.

N"-Benzyl-1,25-diphthalimido-N° N* N'" N*'_tetratosyl-5,9,
13,17,21-pentaazapentacosane (8d) was prepared by the reaction
of tosylamide 7¢ with 4c as amorphous powder in 95% yield. Calcd
for C71HgsN701284: C, 62.95; H, 6.18; N, 7.24; S, 9.47%. Found:
C, 62.71; H, 6.10; N, 7.17; S, 9.60%. IR (KBr) v 1770 and 1710
(C=0), 1330 and 1150 cm ™' (SO;). '"HNMR (CDCl;), shown in
Table 1.

N''-Benzyl-N' N*-diformyl-N* N® N'* N3_tetratosyl-4,8,11,
14,18-pentaaza-1,21-heneicosanediamine (9b)  was prepared
from 8b by the method similar to that of preparation of 6 from
phthalimides 5§ with hydrazine hydrate; 88% yield as viscous liquid.
Calcd for Cs3H71N7010S4: C, 58.16; H, 6.54; N, 8.96; S, 11.72%.
Found: C, 57.91; H, 6.34; N, 8.84; S, 11.71%. IR (neat) v 3300
(NH), 1670 (C=0), 1330 and 1150 cm™' (SO,). '"HNMR (CDCls),
shown in Table 1.

Nu-Benzyl-Nl,1\’23-diformyl-N",Ns,Nm,1V20-tetratosyl-4,8,12,
16,20-pentaaza-1,23-tricosanediamine (9¢)  was prepared from
8c; 90% yield as viscous liquid. Caled for CssH7sN7010S4: C,
58.85; H, 6.74; N, 8.74; S, 11.43%. Found: C, 58.57; H, 6.70; N,
8.82; §, 11.05%. IR (neat) v 3300 (NH), 1670 (C=0), 1330 and
1142 cm ™' (SO,). '"HNMR (CDCl;), shown in Table 1.

N"3.Benzyl-N' N*-diformyl-N° N° NV N*'-tetratosyl-5,9,13,
17,21-pentaaza-1,25-pentacosanediamine (9d)  was prepared
from 8d; 90% yield as viscous liquid. Caled for Cs7H79N7010S4:
C, 59.50; H, 6.92; N, 8.52; S, 11.15%. Found: C, 59.39; H, 6.88;
N, 8.38; S, 11.13%. IR (neat) v 3400 (NH), 1670 (C=0), 1330 and
1150 cm ™' (SO2). "HNMR (CDCl3), shown in Table 1.

N''-Benzyl-N' N* N8 N'* N8 N?!_hexatosyl-4,8,11,14,18-pen-
taaza-1,21-heneicosanediamine (10b) was prepared from 9b by
the method similar to that of preparation of tosylamides 7 from
formamide 6 through several processes described above; 93% yield
as amorphous powder. Calcd for CesHgsN7012S¢: C, 57.97; H,
6.21; N, 7.28; S, 14.29%. Found: C, 58.07; H, 6.22; N, 6.93;
S, 11.59%. IR (KBr) v 3290 (NH), 1330 and 1150 cm™' (SO,).
'HNMR (CDCl3), shown in Table 1.

Design and Synthesis of Multi-Layer Polyamines

N'2.Benzyl-N' N* N8 N6 N?° N2 .hexatosyl-4,8,12,16,20-pen-
taaza-1,23-tricosanediamine (10c) was prepared from 9¢ ; 95%
yield as amorphous powder. Calcd for Cs7Hg7N701,S6: C, 58.53;
H, 6.38; N, 7.13; S, 13.99%. Found: C, 58.57; H, 6.16; N, 7.29;
S, 13.67%. IR (KBr) v 3290 (NH), 1325 and 1150 cm™' (SO»).
"HNMR (CDCl3), shown in Table 1.

N3-Benzyl-N' N° N° N'" N*' N*_hexatosyl-5,9,13,17,21-pen-
taaza-1,25-pentacosanediamine (10d)  was prepared from 9d
; 77% yield as amorphous powder. Calcd for CeoHoiN70O2S6: C,
59.07; H, 6.54; N, 6.99; S, 13.71%. Found: C, 58.97; H, 6.44;
N, 6.89; S, 13.76%. IR (KBr) v 3290 (NH), 1330 and 1150 cm™'
(SO»). '"HNMR (CDCls), shown in Table 1.

N°,N®-Ditosyl-3,6-diaza-1,8-octanediol (13a): A mixture of
N,N'-ditosyl-1,2-ethanediamine (11a, 5.011 g), 2-bromoethanol (12,
3.909 g; 2.3 mol equiv to 11a), and anhydrous potassium carbonate
(18.796 g, 10 mol equiv to 11a) was heated in DMF (120 mL) at 75
°C for 2 d. The reaction mixture was filtered through Celite and the
filtrate was evaporated under reduced pressure. The residue was
recrystallized by addition of methanol and 5.289 g (85% yield) of
13a was obtained as colorless crystals; mp 150—152 °C. Calcd for
C20H28N206S2: C, 5261, H, 618, N, 6.14; S, 14.05%. Found: C,
52.93; H, 6.20; N, 6.21; S, 13.93%. IR (KBr) v 3350 (OH), 1325
and 1150 cm™' (SO). 'HNMR (CDCl;), shown in Table 2.

N3 N®.N®-Tritosyl-3,6,9-triaza-1,11-undecanediol (13b) was
prepared by the reaction of N',N* N°-tritosyl-3-aza-1,5-pentanedi-
amine (11b) with 2-bromoethanol (12) in the presence of anhydrous
potassium carbonate in DMF; 99% yield, as viscous liquid. Calcd
for C20H39N305S;: C, 53.27; H, 6.01; N, 6.43; S, 14.71%. Found:
C,52.84; H,6.02; N, 6.40; S, 14.57%. IR (neat) v 3530 (OH), 1325
and 1150 cm ™' (SO;). 'HNMR (CDCl;3), shown in Table 2.

N3 N® N° N'2.Tetratosyl-3,6,9,12-tetraaza-1,14-tetradecane-
diol (13c) was prepared by the reaction of N' N* N® N®-tetratosyl-
3,6-diaza-1,8-octanediamine (11¢) with 2-bromoethanol (12) in the
presence of anhydrous potassium carbonate in DMF; 70% yield,
as colorless crystals from methanol; mp 195—197 °C. Calcd for
C33H50N401()S41 C, 53.62; H, 5.92; N, 658, S, 15.07%. Found: C,
53.35; H, 5.87; N, 6.58; S, 14.92%. IR (KBr) v 3410 (OH), 1330
and 1150 cm™! (SO,). 'HNMR (CDCls), shown in Table 2.

N,N'-Bis(2-mesyloxyethyl)- NN’ - ditosyl- 1,2-ethanediamine
(14a): A mixture of 13a (3.0 g), mesyl chloride (1.27 mL,
2.5 mol equiv to 13a), and triethylamine (3.17 mL, 2.5 times in
volume to MsCl volume) in dichloromethane (80 mL) was stirred
at r.t. for 90 min. The solvents were removed under reduced pres-
sure and the residue was recrystallized from methanol to give 3.4
g (84%) of 14a as colorless crystals; mp 144—145 °C. Calcd for
C22H32N201()S4Z C, 43.12; H, 5.26; N, 4.57; S, 20.93%. Found: C,
43.28; H, 5.22; N, 4.47; S, 20.83%. IR (KBr) v 1340, 1330 and
1150cm™' (SO;). A single crystal obtained from chloroform-meth-
anol as colorless plates was analyzed by X-ray crystallography.*’
'HNMR (CDCl:), shown in Table 2.

0',0"'- Dimesyl- N ,N® N?- tritosyl- 3,6, 9- triaza- 1,11- unde-
canediol (14b)  was prepared by the reaction of 13b with mesyl
chloride in the presence of triethylamine in dichloromethane; 90%
yield, as amorphous powder. Calcd for C31H43N3012Ss: C, 45.96;
H, 5.35; N, 5.19; §, 19.79%. Found: C, 45.78; H, 5.26; N, 4.96; S,
19.76%. IR (KBr) v 1340, 1330 and 1150 cm™' (SO,). "HNMR
(CDCl3), shown in Table 2.

0',0"-Dimesyl-N°> N* N° N 12-tetratosyl-3,6,9, 12-tetraaza-1,
14-tetradecanediol (14¢c) was prepared by the reaction of 13c with
mesyl chloride in the presence of triethylamine in dichloromethane;
99% vyield, as amorphous powder. Calcd for C4oHs4N4O14Ss: C,
47.69; H, 5.40; N, 5.56; S, 19.01%. Found: C, 47.41; H, 5.34; N,
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5.38; S, 18.94%. IR (KBr) v 1330 and 1150 cm ™" (SO,). 'HNMR
(CDCl3), shown in Table 2.

N*N8.Ditosyl-4,8-diaza-1,11-undecanediol (17a): A mix-
ture of 15a (4.30 g), 3-bromo-1-propanol (16, 3.59 g; 2.3 mol equiv
to 15a), and potassium carbonate (15.53 g, 10 mol equiv to 15a)
in DMF (140 mL) was stirred at 70 °C for a day. After filtra-
tion through Celite, the filtrate was evaporated under reduced pres-
sure, and the residue was chromatographed on a silica-gel column
with chloroform—acetone (8 :2 v/v) (300 mL) followed by chloro-
form—methanol (9:1 v/v) (300 mL) to give 5.60 g (99% yield) of
17a as pale yellow viscous liquid. Calcd for C3H3aN206S2: C,
55.40; H, 6.87; N, 5.62; S, 12.86%. Found: C, 55.36; H, 6.87;
N, 5.52; S, 12.70%. IR (neat) v 3530 (OH), 1330 and 1155 cm ™
(SOz). 'HNMR (CDCl3), shown in Table 2.

N*,N°-Ditosyl-4,9-diaza-1,12-dodecanediol (17b)  was pre-
pared by the reaction of 15b with 16 in DMF in the presence
of potassium carbonate to give 17b in 87% yield as colorless
crystals (recryst. from methanol); mp 126—127 °C. Calcd for
C24H36N20(,Sz: C, 56.22; H, 7‘08; N, 5.47; S, 12.51%. Found: C,
56.20; H, 7.09; N, 5.38; S, 12.36%. IR (KBr) v 3550 (OH), 1330
and 1150 cm™' (SO,). '"HNMR (CDCls), shown in Table 2.

0',0"'-Dimesyl- N* N- ditosyl-4,8- diaza- 1,11-undecanediol
(18a): A mixture of 17a (6.88 g), mesyl chloride (2.70 mL, 2.5
mol equiv to 17a), and triethylamine (6.67 mL, 2.5 times in volume
to MsCl volume) in dichloromethane (90 mL) was stirred at r.t. for
90 min. The solvents were removed under reduced pressure and
the residue was chromatographed on a silica-gel column with chlo-
roform—acetone (93 :7 v/v) (200 mL) followed by (9:1 v/v) (200
mL) to give 6.32 g (70% yield) of 18a as pale yellow viscous liquid.
Calcd for C25H38N201()S4Z C, 45.85; H, 5.85; N, 4.28; S, 19.59%.
Found: C, 45.50; H, 5.74; N, 4.02; S, 19.50%. IR (KBr) v 1340,
1320, 1170, and 1150 cm ™' (SOz). 'HNMR (CDCl3), shown in
Table 2.

0',0"*-Dimesyl-N* N’ ditosyl-4,9- diaza-1,12-dodecanediol
(18b)  was prepared by the reaction of 17b with mesyl chlo-
ride in the presence of triethylamine in dichloromethane to give
18b in 75% yield as pale yellow amorphous powder. Calcd for
C26H4oN2010S4: C, 46.69; H, 6.03; N, 4.19; S, 19.18%. Found: C,
46.33; H, 5.95; N, 4.17; S, 19.15%. IR (KBr) v 1340, 1325, 1170,
and 1150 cm™' (SO,). 'HNMR (CDCl3), shown in Table 2.

N,N-Bis(3-bromopropyl)benzylamine Hydrobromide (19):
A mixture of benzylamine (1.56 g), 1,3-dibromopropane (14.73 g,
5 mol equiv to benzylamine), and sodium hydrogen carbonate (3.67
g, 3 mol equiv to benzylamine) in acetonitrile (80 mL) was heated
and stirred at 60 °C for 22 h. After filtration through Celite, the
solvents were removed under reduced pressure and the residue was
chromatographed on a silica-gel column with chloroform-acetone
(95:5 v/v, 200 mL) followed by (9:1 v/v, 200 mL) to give color-
less salt-free 19 in 37% yield. SIMS (NBA matrix); m/z 348, 350
(MH) (Fw = 349.1 for C;3H9Br;N). "THNMR (CDCl;) 6 = 2.60
(4H, b-s, BaN-CH,), 2.02 (4H, b-s, BhN—CH,—~CH,-), and 3,45
(4H, t, J = 6.5 Hz, CH,-Br). By addition of 25%-hydrobromic
acid in acetic acid to the pure fraction of salt-free 19 collected dur-
ing column chromatography, the corresponding hydrobromide was
obtained as crystals after evaporation of the solvents.

General Procedure for the Synthesis of N-Mono- and NN’ -
Dibenzylmacromonocyclic Polyamines (20) through (28). A
mixture of N-benzyl-a,w-bis(tosylamide), 3, 7, or 10, and 1,3-
dibromopropane or a,w-bis(methanesulfonate), 14 or 18, (1.2 mol
equiv to a,w-bis(tosylamide)) in DMF in the presence of anhydro-
us potassium carbonate (10 mol equiv to a,w-bis(tosylamide)) was
stirred at ambient temperature for 4 to 7 d. The reaction mixture was
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filtered through Celite, and the solvent was removed under reduced
pressure. The residue was chromatographed on a silica-gel column
eluted with chloroform—acetone (in the variable range from 93:7
to 4: 1 v/v) to afford N-monobenzyl macromonocyclic polyamines
(20—26). Through the similar procedure and molar ratios, N,N'-
dibenzyl macromonocyclic polyamines (27, 28) were prepared by
the reaction of N-monobenzyl-a,w-ditosylamides (3, 7, or 10) with
N,N-bis(3-bromopropyl)benzylamine hydrobromide (19).

N'-Benzyl-N° N’-ditosyl-1,59-triazacyclododecane (20). By
the reaction of 3b with 1,3-dibromopropane, 20 was obtained in 52%
yield as colorless crystals (recryst. from methanol); mp 201—203
OC. SIMS (NBA matrix), m/z 570 (M+H). Calcd for C30H39N304SQ
(Fw 569.8): C, 63.24; H, 6.90; N, 7.38; S, 11.26%. Found: C,
63.04; H, 6.88; N, 7.10; S, 11.15%. IR (KBr) v 1330 and 1160
cm™! (SO;). '"HNMR (CDCls), shown in Table 3.

N*-Benzyl-N' ,N'-ditosyl-1,4,7-triazacyclodecane (21). By
the reaction of 3a with 1,3-dibromopropane, 21 was obtained in 39%
yield as colorless amorphous powder. Calcd for C23HisN3O04S, (Fw
541.7): C,62.08; H, 6.51; N, 7.76; S, 11.84%. Found: C, 62.24; H,
6.39; N, 7.50; S, 11.82%. IR (KBr) v 1330 and 1150 cm™" (SO,).
'HNMR (CDCl3), shown in Table 3.

N'-Benzyl-N° . N° N'* N'"-tetratosyl-1,5,9,13,17-pentaazacy-
cloeicosane (22). By the reaction of 7¢ with 1,3-dibromopro-
pane, 22 was obtained in 78% yield as colorless amorphous powder.
Calcd for CsoHg7N503S4 (Fw 994.3): C, 60.39; H, 6.79; N, 7.04; S,
12.90%. Found: C, 60.40; H, 6.56; N, 6.80; S, 12.67%. IR (KBr) v
1330 and 1160 cm™' (SO;). "HNMR (CDCls), shown in Table 3.

N*-Benzyl-N! N7 N'' N'* N N?3_hexatosyl-1,4,7,11,15,19,23-
heptaazacyclohexacosane (23). By the reaction of 10b with
1,3-dibromopropane, 23 was obtained in 58% yield as colorless
amorphous powder. Caled for CegHg7N7012Se (Fw 1386.8): C,
58.89; H, 6.32; N, 7.07; S, 13.87%. Found: C, 58.78; H, 6.20; N,
6.74; S, 13.77%. IR (KBr) v 1330 and 1155 cm™ ' (S0O,). 'HNMR
(CDCls), shown in Table 3.

N'-Benzyl-N* N’ N'° NB_tetratosyl-1,4,7,10,13-pentaazacy-
clopentadecane (24a). By the reaction of 14a with 3a, 24a was
obtained in 36% yield as colorless amorphous powder. Calcd for
C4sHssNsOgSs (Fw 922.2): C, 58.61; H, 6.01; N, 7.60; S, 13.91%.
Found: C, 58.56; H, 5.94; N, 7.35; S, 14.10%. SIMS (NBA matrix)
mlz 922 (M"H). IR (KBr) v 1330 and 1150 cm™ ' (SO,). "THNMR
(CDCl3), shown in Table 3.

N'- Benzyl- N* N7 N N3 N'S_ pentatosyl- 1, 4, 7, 10, 13, 16-
hexaazacyclooctadecane (24b). By the reaction of 14b with
3a, 24b was obtained in 41% yield as colorless amorphous powder.
Calcd for CsaHesNsO1Ss (Fw 1119.4): C, 57.93; H, 5.94; N, 7.51;
S, 14.32%. Found: C, 57.74; H, 5.80; N, 7.37; S, 14.21%. SIMS
(NBA matrix) m/z 1120 (M*H). IR (KBr) v 1330 and 1150 cm™'
(SO;). '"HNMR (CDCls3), shown in Table 3.

N'-Benzyl-N*, N7 N'* N3 N6 N'_hexatosyl-1,4,7,10,13,16,19-
heptaazacycloheneicosane (24c). By the reaction of 14c with
3a, 24¢ was obtained in 37% yield as colorless amorphous powder.
Calcd for C63H77N701256 (FW 1316.7)1 C, 57.46; H, 5.90; N, 7.45;
S, 14.61%. Found: C, 57.35; H, 5.87; N, 7.35; S, 14.56%. SIMS
(NBA matrix) m/z 1316 (M*H). IR (KBr) v 1330 and 1150 cm™"
(S0,). 'HNMR (CDCl3), shown in Table 3.

N°-Benzyl-N'N° NV NV -tetratosyl-1,5,9,13,17-pentaazacy-
cloheneicosane (25). By the reaction of 18b with 3b, 25 was
obtained in 58% yield as colorless amorphous powder. Caled for
Cs1He7NsO3S4 (Fw 1006.4): C,60.87; H,6.71; N, 6.96; S, 12.75%.
Found: C, 60.47; H, 6.67; N, 6.93; S, 12.59%. SIMS (NBA matrix)
miz 1006 (M*H). IR (KBr); v 1330 and 1150 cm™' (SO,). 'HNMR
(CDCls), shown in Table 3.
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N Benzyl-N!,N° N’ NV7-N?! N?>_hexatosyl-1,59,13,17,21,25-
heptaazacyclononacosane (26a). By the reaction of 18b with
7¢, 26a was obtained in 52% yield as colorless amorphous powder.
Caled for C71Ho3sN7012S6 (Fw 1428.9): C, 59.68; H, 6.56; N, 6.86;
S, 13.47%. Found: C, 59.88; H, 6.56; N, 6.79; S, 13.15%. SIMS
(NBA matrix) m/z 1428 (M*H). IR (KBr) v 1330 and 1150 cm™!
(S02). "HNMR (CDCl3), shown in Table 3.

N?2Benzyl-N' N° N° N3 N8 N _hexatosyl-1,5,9,13,18,22,26-
heptaazacyclotriacontane (26b). By the reaction of 18a with
7d, 26a was obtained in 41% yield as colorless amorphous powder.
Calcd for C7;HgsN7012S6 (Fw 1442.9): C, 59.93; H, 6.64; N, 6.80;
S, 13.33%. Found: C, 59.67; H, 6.66; N, 6.49; S, 13.33%. SIMS
(NBA matrix) m/z 1442 (M*H). IR (KBr) v 1330 and 1155 cm™'
(SO,). "HNMR (CDCls), shown in Table 3.

N'.N’- Dibenzyl- N° NB3- ditosyl- 1, 5, 9, 13- tetraazacyclo-
hexadecane (27a). By the reaction of 19 with 3b, 26a was
obtained in 40% yield as colorless crystals (recryst. from chloro-
form-methanol); mp 123—124 °C. Caicd for C4Hs:N404S; (Fw
717.0): C, 67.00; H, 7.31; N, 7.82; S, 8.95%. Found: C, 67.16; H,
7.34; N, 7.93; S, 8.93%. IR (KBr) v 1330 and 1155 cm™" (SO»).
'HNMR (CDCls), shown in Table 3.

N'.N"-Dibenzyl- N° N° N'7- N* tetratosyl- 1,5,9,13,17,21-
hexaazacyclotetracosane (27b). By the reaction of 19 with
7¢, 27b was obtained in 54% yield as colorless amorphous powder.
Calcd for CeoH7sNeOsS4 (Fw 1139.5): C, 63.24; H, 6.90; N, 7.38;
S, 11.26%. Found: C, 63.27; H, 6.72; N, 7.05; S, 11.25%. SIMS
(NBA matrix) m/z 1140 (M*H). IR (KBr) v 1330 and 1150 cm™'
(SO,). '"HNMR (CDCl3), shown in Table 3.

N5,N'8. Dibenzyl- N' N° N N2 tetratosyl- 1, 5,9, 14, 18, 22-
hexaazacyclohexacosane (27¢). By the reaction of 19 with 7d,
27c was obtained in 59% yield as colorless crystals (recryst. from
chloroform—methanol); mp 184—186 °C. Calcd for Cs;Hg2NeO3S4
(Fw 1167.6): C, 63.77; H, 7.08; N, 7.20; S, 10.99%. Found: C,
63.55; H, 7.04; N, 7.04; S, 11.12%. IR (KBr) v 1330 and 1150
cm™! (SO,). A single crystal obtained from chloroform-meth-
anol as colorless column-like crystals was analyzed by X-ray

crystallography.® 'HNMR (CDCls), shown in Table 3.
© N5 N2.Dibenzyl- N' N’ N3 N'8 N26 N¥_hexatosyl-1,5,9,13,
18,22,26,30-octaazacyclotetratriacontane (28). By the re-
action of 19 with 10d, 28 was obtained in 43% yield as colorless
amorphous powder. Caled for Cs;Hi0sNgO12S6 (Fw 1590.1): C,
61.93; H, 6.85; N, 7.05; S, 12.10%. Found: C, 61.89; H, 6.73;
N, 6.88; S, 12.21%. FAB-MS (NBA matrix) m/z 1589 (M*H). IR
(KBr) v 1330 and 1155 cm ™' (SO;). "HNMR (CDCl3), shown in
Table 3.

General Procedure in Reductive Debenzylation of N-Mono-
and N,N’'-Dibenzylmacromonocyclic Polyamines, 20 through
27. A mixture of N-benzylated compound, one of 20 through
27, and 10% Pd-C (1—1/3 part of weight of that N-benzylated
compound) in acetic acid (20—30 mL) was sealed and stirred in
a specially devised reaction tube made from stainless alloy, and
reduced with hydrogen gas under the pressure around 4.0 kg cm™2 at
around 70 °C till cessation of hydrogen up-take (mostly in 3 d; when
pressure was decreased during the reaction to less than 2.0kgcm™2,
hydrogen was refilled to the initial level). The reaction mixture
after cooling was filtered and washed several times with meth-
anol through Celite and the filtrate was evaporated under reduced
pressure. The residue was chromatographed on a silica-gel column
eluted with chloroform—methanol in the ratio ranging from 95:5 to
4:1vlv. ’

N' . N°-Ditosyl-1,59-triazacyclododecane (29). By the reduc-
tive debenzylation method, 20 afforded 29 as amorphous powder
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in 99% yield. Calcd for C23H33N,04S, (Fw 479.7): C, 57.59; H,
6.94; N, 8.76; S, 13.37%. Found: C, 57.64; H, 6.75; N, 8.58; S,
13.42%. SIMS (NBA matrix) m/z 481 (M*H). IR (KBr) v 3350
(NH), 1330 and 1160 cm ™' (SO;). '"HNMR (CDCl3), shown in
Table 4.

N',N° N’ N".Tetratosyl-1,5,9,13,17- pentaazacycloeicosane
(30). By the reductive debenzylation method, 22 afforded 30
as amorphous powder in 89% yield.

NN NY NS NY NP _Hexatosyl-1,4,7,11,15,19,23-heptaaza-
cyclohexacosane (31). By the reductive debenzylation method,
23 afforded 31 as amorphous powder in 83% yield. IR (KBr) v
3400 (NH), 1340 and 1160 cm™' (SO,). "HNMR (CDCl3), shown
in Table 4.

NN N7 N Tetratosyl-1,4,7,10,13-pentaazacyclopentade-
cane (32a). By the reductive debenzylation method, 24a afforded
32a as amorphous powder in 89% yield. Calcd for C33HsoNsOsS4
(Fw 842.2): C, 54.19; H, 7.06; N, 8.32; S, 15.23%. Found: C,
54.04; H, 6.91; N, 8.06; S, 15.08%. IR (KBr) v 3400 (NH), 1320
and 1145 cm™" (SO,). "HNMR (CDCl3), shown in Table 4.

N N* N7 N N'3. Pentatosyl- 1,4,7, 10,13, 16- hexaazacyclo-
octadecane (32b). By the reductive debenzylation method,
24b afforded 32b as amorphous powder in 71% yield. Calcd for
C47HeoN6O10Ss (Fw 1029.3): C,54.84; H,5.88; N, 8.17; S, 15.58%.
Found: C, 54.64; H, 5.98; N, 8.06; S, 15.44%. IR (KBr) v 3240
(NH), 1330 and 1150 cm™"' (SO;). 'HNMR (CDCl3), shown in
Table 4.

NLNA N7 N1 N3 N1 Hexatosyl-1,4,7,10,13,16,19-heptaaza-
cycloheneicosane (32¢). By the reductive debenzylation method,
24c afforded 32¢ as amorphous powder in 50% yield. Calcd for
C56H71N701256 (FW 1226.6)3 C, 54.83; H, 5.84; N, 7.99; S, 15.69%.
Found: C, 54.63; H, 5.75; N, 7.81; S, 15.40%. IR (KBr) v 3400
(NH), 1330 and 1150 cm™! (S§O;). 'HNMR (CDCls), shown in
Table 4.

N N3 N3 N _Tetratosyl-1,5,9,13,17-pentaazacycloheneico-
sane (33). By the reductive debenzylation method, 25 afforded 33
as amorphous powder in 86% yield. Calcd for C44HsiN5sOsS4 (Fw
916.2). C, 57.68; H, 6.71; N, 7.64; S, 14.00%. Found: C, 57.71;
H, 6.54; N, 7.52; S, 14.08%. SIMS (NBA matrix) m/z 916 (M*H).
IR (KBr) v 3370 (NH), 1330 and 1150 cm™' (SO;). 'HNMR
(CDCl3), shown in Table 4.

N!'.N° N° NV_N®' N?5.Hexatosyl-1,5,9,13,17,21,25-heptaaza-
cyclononacosane (34a). By the reductive debenzylation method,
26a afforded 34a as amorphous powder in 75% yield. Calcd
for C64H87N701286 (FW 13388) SIMS (NBA matrix) m/z 1340
(M*H). IR (KBr) v 3370 (NH), 1330 and 1150 cm™! (SO»).
'HNMR (CDCls), shown in Table 4.

N'.N° N’ NB N8 N*_Hexatosyl-1,5,9,13,18,22,26-heptaaza-
cyclotriacontane (34b). By the reductive debenzylation method,
26b afforded 34b as amorphous powder in 75% yield. Calcd for
CesHgoN7012S6 (Fw 1352.8): C,57.71; H,6.63; N, 7.25; S, 14.22%.
Found: C, 57.81; H, 6.49; N, 6.94; S, 14.22%. SIMS (NBA matrix)
mfz 1352 (M*H). IR (KBr) v 3370 (NH), 1330 and 1150 cm™!
(SO»). 'HNMR (CDCls), shown in Table 4.

N',N’-Ditosyl-1,5,9,13-tetraazacyclohexadecane (35a). By
the reductive debenzylation method, 27a afforded 35a as amor-
phous powder in 90% yield. Calcd for C6HaoN4O4S; (Fw 536.7):
C, 58.18; H, 7.51; N, 10.44; S, 11.95%. Found: C, 57.93; H, 7.43;
N, 10.15; S, 11.80%. IR (KBr) v 3370 (NH), 1330 and 1150 cm ™'
(SOy). '"HNMR (CDCl;), shown in Table 4.

NLNS NB NI Tetratosyl- 1, 5, 9, 13, 17, 21- hexaazacyclo-
tetracosane (35b). By the reductive debenzylation method,
27b afforded 35b as amorphous powder in 86% yield. Calcd for
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CasHesNeOsSs (Fw 959.3): C, 57.90; H, 6.94; N, 8.76; S, 13.37%.
Found: C, 57.59; H, 6.83; N, 8.95; S, 13.41%. IR (KBr) v 3400
(NH), 1330 and 1150 em™' (SO;). "HNMR (CDCl3), shown in
Table 4.

N'.N° N" N?2. Tetratosyl- 1, 5, 9, 14, 18, 22- hexaazacyclo-
hexacosane (35c¢). By the reductive debenzylation method,
27c afforded 35c¢ as amorphous powder in 95% yield. Calcd for
CagH7oNs O3Sy (Fw 987.4): C, 58.39; H, 7.15; N, 8.51; S, 12.99%.
Found: C, 58.11; H, 7.10; N, 8.38; S, 12.78%. IR (KBr) v 3400
(NH), 1330 and 1150 cm™' (SO). '"HNMR (CDCl3), shown in
Table 4.

The author is grateful to Dr. Hideki Nagashima, former
senior research scientist in RIKEN, for his helpful collabora-
tion and discussions in deriving the general arithmetic equa-
tion between the number of cycles and the ultimate states
(morphism). We are indebted to Dr. Sei Tsuboyama for her
interest and helpful discussion throughout the present work,
to Mr. Yasuaki Esumi for measurements and discussion using
mass spectrometry and to the staff members in the division
of the Micro Analysis Laboratory of the molecular charac-
terization center of this Institute for elemental analyses.

References

1 H. G. Bernstein and M. Muller, Prog. Neurobiol., 57, 485
(1999).

2 A. Bouchereau, A. Aziz, F. Larher, and J. Martin Tanguy,
Plant Sci., 140, 103 (1999).

3 C. H. Kao, Botan. Bull. Acad. Sinica, 38, 141 (1997).

4 M. K. Chattopadhyay and B. Ghosh, Curr Sci., 74, 517
(1998).

S C.J.Bacchi and N. Yarlett, Acta Tropica, 54, 225 (1993).

6 M. Yoshioka, Yakugaku Zasshi—J. Pharm. Soc. Jpn., 117,
700 (1997).

7 Y. Itagaki, H. Naoki, T. Fujita, M. Hisada, and T. Nakajima,
Yakugaku Zasshi-—J. Pharm. Soc. Jpn., 117, 715 (1997).

8 R. Balana Fouce, R. M. Reguera, J. C. Cubria, and D.
Ordonez, Gen. Pharmacol., 30, 435 (1998).

9 N. Seiler, C. L. Atanassov, and F. Raul, Int. J. Oncol., 13,
993 (1998).

10 C.W.Porter and R. J. Bergeron, Adv. Exper. Med. Biol., 250,
677 (1988).

11 K. Williams, Biochem. J., 325, 289 (1997).

12 K. Williams, Cell. Signal., 9, 1 (1997).

13 T.D. Johnson, Trends Pharmacol. Sci., 17, 22 (1996).

14 R. H. Scott, K. G. Sutton, and A. C. Dolphin, Trends Neu-
rosci., 16, 153 (1993).

15 A. U. Bielinska, J. F. Kukowskalatallo, and J. R. Baker,
Biochim. Biophys. Acta—Gene Str. Express., 1353, 180 (1997).

16 M. Frugier, C. Florentz, M. W. Hosseini, J. M. Lehn, and R.
Giege, Nucl. Acids Res., 22,2784 (1994).

17 E.DeClercg, N. Yamamoto, R. Pauwels, M. Baba, D. Schols,
H. Nakashima, J. Balzarini, Z. Debyser, B. Murrer, D. Schwartz,
D. Thornton, G. Bridger, S. Fricker, G. Henson, M. Abrams, and
D. Picker, Proc. Natl. Acad. Sci. U.S.A., 89, 5286 (1992).

18 E. DeClercqg, N. Yamamoto, R. Pauwels, J. Balzarini, M.
Witvrouw, K. Devreese, Z. Debyser, B. Rosenwirth, P. Peichl,
R. Datema, D. Thornton, R. Skerlj, F. Gaul, S. Padmanabhan,
G. Bridger, G. Henson, and M. Abrams, Antimicrob. Agents
Chemother., 38, 668 (1994).

Bull. Chem. Soc. Jpn., 73, No. 3 (2000) 703

19 Y. Inoue, T. Kanamori, T. Yoshida, X. Bu, M. Shionoya, T.
Koike, and E. Kimura, Biol. Pharm. Bull., 17, 243 (1994).

20 Y. Inoue, T. Kanamori, M. Sugiyama, T. Yoshida, T. Koike,
M. Shionoya, K. Enomoto, K. Suehiro, and E. Kimura, Antiviral
Chem. Chemotherapy, 6, 337 (1995).

21 D. Schols, S. Struyf, J. A. Damme, }. A. Este, G. Henson,
and E. DeClercq, J. Exp. Med., 186, 1383 (1997).

22 C. Bazzicalupi, A. Bencini, A. Bianchi, C. Giorgi, and B.
Valtancoli, Coord. Chem. Rev., 184, 243 (1999).

23 C. Destefano, C. Foti, and O. Giuftre, J. Solution Chem., 25,
155 (1996).

24 R.Hettichand H. J. Schneider, J. Am. Chem. Soc., 119, 5638
(1997).

25 L. Lomozik, A. Gasowska, and L. Bolewski, J. Chem. Soc.,
Perkin Trans. 2, 1997, 1161.

26 M. Musso, T. Thomas, A. Shirahata, L. H. Sigal, M. W.
Vandyke, and T. J. Thomas, Biochem., 36, 1441 (1997).

27 T. Sawada, K. Fukumaru, and H. Sakurai, Chem. Pharm.
Bull., 44, 1009 (1996).

28 A.Jyo, Y. Terazono, and H. Egawa, Anal. Sci., 11, 51 (1995).

29 J. C. Hsu, W. H. Chen, and C. Y. Liu, Analyst, 122, 1393
(1997).

30 G. Wu, R. Izatt, M. Bruening, W. Jiang, H. Azab, K.
Krakowiak, and J. Bradshaw, J. Inclus. Phenom. Mol. Recogn.
Chem., 13, 121 (1992).

31 M. W. Hosseini, J.-M. Lehn, L. Maggiora, K. B. Mertes, and
P. Mertes, J. Am. Chem. Soc., 109, 537 (1987).

32 Ifn=even (>2), S=2"242""1 2= {f n = odd
(> 3), § = 22 on=t _20i=3/2 Eor example, when n equals
2,3,4,5,6,0or7, S becomes 2, 3, 6, 10, 20, or 36, respectively,
indicating rapid effect on emergence of acquired-polymorphism by
overlapping of cycles in this fashion.

33 M. Iwata and H. Kuzuhara, Bull. Chem. Soc. Jpn., 62, 198
(1989).

34 M. Iwata and H. Kuzuhara, Bull. Chem. Soc. Jpn., 62, 1102
(1989).

35 E. Kimura, Yakugaku Zasshi—J. Pharm. Soc. Jpn., 116, 587
(1996).

36 E.Kimura, Yakugaku Zasshi—J. Pharm. Soc. Jpn., 102, 701
(1982).

37 1. S. Bradshaw, K. E. Krakowiak, and R. M. Izatt, Tetrahe-
dron, 48, 4475 (1992).

38 K. E. Krakowiak, J. S. Bradshaw,
Zamecka-Krakowiak, Chem. Rev., 89, 929 (1989).

39  G. W. Gokel, D. M. Dishong, R. A. Schultz, and V. J. Gatto,
Synthesis, 1982, 997.

40 K. Mochizuki and S. Miyashita, Chem. Lett., 1996, 899.

41 C-1 through C-4 protons are the methylene protons at both
terminals since all the molecules are symmetric. TW-protons des-
ignate the internal two methylene protons sectioned by nitrogen
atom such as -N-CH,—CH,—N-. FIN-protons designate the inter-
nal two methylene protons of contiguous four methylene chains
sectioned by nitrogen atom such as -N-CH,—-CH,—CH,—CH,-N—.
TIN-protons designate the central methylene protons of contigu-
ous three methylene chains sectioned by nitrogen atom such as
~N-CH,-CH,-CH,—-N-. FOU-protons designate the external two
methylene protons of contiguous four methylene chains sectioned
by nitrogen atom such as -N-CH,-CH,-CH,—CH,-N-. TOU-
protons designate the external two methylene protons of contigu-
ous three methylene chains sectioned by nitrogen atom such as
—N-CH,—CH,—CH,-N-. ArMe-protons designate methyl protons
attached to aromatic ring. ArHme-protons designate aromatic pro-

and D. .



704 Bull. Chem. Soc. Jpn., 73, No. 3 (2000)

tons disposed at position ortho to the methyl group. ArHs-protons
designate aromatic protons disposed at position ortho to the sulfonyl
group.

42 M. Iwata and H. Kuzuhara, Bull. Chem. Soc. Jpn., 55, 2153
(1982).

43 M. Iwata and H. Kuzuhara, Bull. Chem. Soc. Jpn., 59, 1031
(1986). .

44 1.E.Richman and T.J. Attkins, J. Am. Chem. Soc., 96, 2268
(1974).

Design and Synthesis of Multi-Layer Polyamines

45 M. Iwata, K. Kobayashi, and S. Tsuboyama, Anal. Sci., 12,
819 (1996).

46 S. Gabriel and J. Weiner, Ber. Dtsch. Chem. Ges., 21, 2669
(1888).

47 M. Iwata, K. Kobayashi, and S. Tsuboyama, Anal. Sci., 13,
159 (1997).




