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Abstract: Complexes between cobalt(lll) and eight different 1,4,7,10-tetraazacyclododecane (cyclen) as well as two
tris(3-aminopropyl)amine (trpn) derivatives are reported with varying numbers and structures of peralkylammonium
groups in side chains of the ligands. The presence of additional positive charges has small effects on hydrolysis
rates of nitrophenyl- and bis(nitrophenyl)phosphate esters but leads to substantially enhanced cleavage of plasmid
DNA. Increasing the number of the charged side groups and/or their distance to the metal ion center provides for
better binding to the DNA groove, as shown also by affinity measurements with calf-thymus DNA. In line with
this, saturation kinetics of plasmid DNA cleavage yield a corresponding increase of efficiency in Miet\efiten-

type Ky values, with rather constakg, parameters. Ainuclear cobalt complex with two cyclen centers separated

by a—(CHy)s-NT(CHs)2-(CHy)s-NT(CHs)2>-(CHy)s— spacer shows, with only & 1075 M catalyst concentration, the

largest known rate enhancement factordf0’ (corresponding te- 10t at 1 M) against DNA; incubation with 0.05

mM at 37 °C for only 2 h leads to almost complete cleavage without appearance of products typical for redox
cleavage. These results are in contrast to experiments with corresponding copper(ll) complexes with added hydrogen
peroxide, which has no effect with corresponding Co, Zn, Cd, or Ni complexes.

Cobalt(lll) complexes have long been known to be among catalysts. In spite of this limitation, cobalt(lll) complexes with
the most effective catalysts for the hydrolytic cleavage of enforced cis configuration at the labile coordination sites are
amides, esters, and phosphéteShin et al* have demonstrated  one of the most promising elements for artificial nucleases, as
the particular capabilities of cyclen or trpn compledesnd?2, they can accelerate hydrolysis even of unactivated phosphate
in which two kinetically unstable cis coordination sites of Co- esters by factors of up to 19.

(111) are occupied by water molecules witkpralues between The efficiency of currently available chemical nucleases is
5and 8. In the catalytic complexes, one of the water molecules impressive yet still far from that of natural enzymes. In the
is replaced by a substrate phosphate grbuphis then is  context of investigations with related lanthanoid catafsssd
attacked by the neighboring cobalt-bound hydroxy anion, which studies of polyamine affinities toward DNAwe wanted to see

is 10/—1C® less basic than free hydroxide anion buf-1@0® how one can enhance the catalytic efficiency of cobalt(lll)
times more nucleophilic than uncoordinated hydroxyde/ith complexes by modification of the ligands. We chose peralky-
diesters like bis(nitrophenyl)phospha®&PP as substrates, the  |lated ammonium groups instead of free amines, as the latter
first formed hydrolytic product monophosphate is bound to the can lead to formation of rather stable phosphoramides. Fur-
cobalt ion so tightly that turnover at neutral pH is limited thermore, we have shown previouSithat peralkylkammonium
severely?® In practice, this goes unnoticed as long as one ligands have approximately the same affinity for DNA as the
measures cleavage of one ester bond with an excess of theorresponding protonated polyamines. The introduction of

® Abstract published ifAdvance ACS Abstractdjay 15, 1997.
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positive charges in side chains of the ligands (see Scheme 1)
may open a way to activate the phosphates to ease the liberation
of leaving phosphate anion and in particular to stabilize
pretransition state complexes with nucleotides and with double-
stranded (ds) DNA. With respect to the potential use of these
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Scheme 1. Structure of Ligands, Cobalt Complexes, BNPP, and NPP
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catalysts in biotechnology it was furthermore important to be dissolved for the workup in lipophilic solvents. They are
establish that the cleavage is hydrolytic and is not a radical furthermore not very stable as ammonium hydroxides under

process by redox reactions. basic conditions. Similarly, the use of tritosylated cyclen as
i described by Kaden et 8 was considered to be less promising
Synthetic Pathways in view of the longer synthetic pathway and the difficulties

Several options are available for the introduction of positive
charges in the form of peralkylammonium centers in the side  (11) (a) Bernard, H.; Yaouanc, J.-J.; Clement, J.-C.; des Abbayes, H.;
chains of cyclen. Handel et &l.have described monoalkyla- Hange:, H.Tetrahedrrc]m Lett1991(,j 5, 6g3[9. (b) Filali, A(.;)Yaouanc,dJ.-J.;
; i i ; Handel, H.Angew. Chem., Int. Ed. Endl991, 30, 560. (c) Roighand, A.;
tions .Of cyclen by bIOC_kIng nitrogen atomsf with B(NbJeor Gardinier, I.; Bernard, H.; Yaouanc, J.-J.; HandelJHChem. Soc., Chem.
CH;3SiCl;. These techniques were not practical for our purpose, commun1995 1233.

as the resulting very hydrophilic aminoalkyl derivatives cannot ~ (12) Urfer, A.; Kaden, Th. AHelv. Chim. Actal994 77, 23.
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Scheme 2. Possible Synthetic Pathways
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anticipated for the complete removal of the sulfate by concen-
trated sulfuric acid for deprotection.

Attempts to prepare monosubstituted cyclen ligands from
prefunctionalized starting material (Scheme 2a) under known
cyclization condition¥ yielded, in spite of incomplete reaction,
very inhomogenous products, likely as result of polymerizations.
The same was found with cyclizations with a tritylated monomer

(Scheme 2b). Alternative pathways based on selective introduc-

tion of ester or amide functiofshave the problem that all of

these functions are susceptible to hydrolytic degradation after 1441.

complexation with cobalt ions. Consequently, reactions of the
(peralkylammonium)alkyl bromides with an excess of unsub-

stituted cyclen (Scheme 2c) was found to be the best route to

(13) Richman, J. E.; Atkins, T. J. Am. Chem. Sod.974 96, 2268.
(14) Studer, M.; Kaden, Th. A.; M&e, H. R.Helv. Chim. Actal99Q
73, 149.
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Table 1. Rate Constants d{PP and BNPP Hydrolysis with
Cobalt Complexes [0.01 M]

cobalt  kops[s7] x  [Kobdko] x  Kons[S7Y] x [KobdKo] x
complex 1C*(NPP) 10°4(NPP) 10°(BNPP) 10°¢(BNPP)
6.00x 10 3.00x 1073

13 308 513 468 15.3
12 193 322 258 83.3
14 34 56 124 4.1
15 24 39 414 1.4
16 20 34 130 4.3
17 20 33 157 5.2
18 20 33 144 4.8
19 19 31 116 3.9
20 23 38 133 4.4

aExcept20: 5 x 1073 M); 50 °C, pH 7.0.

pure ligands without problematic separations. Although the
starting material cyclen could be reused after recovery of up to
97%, its preparation was improved significantly from 35%
66% yield by modification of the hydrolytic cleavage of tosyl
groups. Synthesis of trpn was with 94% yield also considerably
improved by using borareTHF instead of Raney nick&t16

for reduction of tris(cyanopropyl)amine. Selective introduction
of one (peralkylammonium)hexyl chain into trpn was achieved
similarly as with cyclen (see experimental part).

The peralkylammonium alkyl bromides were obtained in
yields of up to 86% by reaction of the corresponding amines
with w-chloroalkanols and subsequent treatment with thionyl
bromide, making use of the lower solubility of the resulting
salts in ether in comparison to the alkylating bromides.

The complexes [(Trpn)Co(OH)(GH2 (13)6 [(Trpn)Co-
(CO3)]ClO4xH0,17 and [(Trpn)ColJ|ClO,8 were synthesized
according to literature procedures. Cobalt(lll) complexes of
cyclen and its substituted derivatives were prepared as described
in the literaturé® for [(cyclen) CoCHCl (12) and were
characterized by their typical UV/vis spectra. Only the trpn-
(peralkylammonium)alky! derivativ@ could not be complexed
with cobalt salts; similar failures have been reported in the
literature®20 In view of these problems and of the promising
kinetic results with cyclen derivatives (see below), the study
with trpn derivatives was not pursued furthermore.

Hydrolysis of Phenylphosphate Esters

The hydrolysis kinetics dBNPP and its monophenyl analog
NPP (Scheme 1) in water at pH 7 and 3C were followed
spectroscopically as described earfi@bhserving pseudo-first-
order behavior (linear correlation coefficiemts 0.997) usually
over 6 half-life times. As with lanthanoid complexes, liberation
of two phenolates was always observed, indicating faster
hydrolysis of the first formedNPP. This was confirmed by
separate measurements WitRP (Table 1), which in agreement
with literature dat& shows enhancements of up ta510 in
comparison to the only approximately known reaction rate

(15) Hay, R. W.; Norman, P. Rl. Chem. Soc., Dalton Tran4979

(16) Laurino, J. A.; Knapp, S.; Schugar, H.ldorg. Chem.197§ 17,
2027.

(17) Banaszczyk, M.; Lee, J.-J.; Menger, F. Morg. Chem1991 30,
1972.

(18) Massoud, S. S.; Milburn, R. M.etrahedron1989 8, 2389.

(19) Hay, R. W.; Jeragh, Blransition Met. Chem1979 4, 288.

(20) (a) Akkaya, E. U.; Czarnik, A. WJ. Phys. Org. Cheml992 5,
540. (b) Chung, Y.; Akkaya, E. U.; Venkatachalam, T. K.; Czarnik, A. W.
Tetrahedron Lett199Q 31, 5413.



Cobalt(lll) Polyamine Complexes J. Am. Chem. Soc., Vol. 119, No. 24, 13871

Table 2. DNA Cleavage with Cobalt Complexdsi—172

14 25 16 17
concn [M] RF1[%]  kops[s™Y] x 10P RF I [%] Kobs[S7Y] x 10° RF 1 [%] Kobs[S7Y] x 1CP RF 1 [%] Kobs[S7Y] x 1CP
1.0x 10°° 94.6 0.8 94.0 0.9 95.8 0.7 94.1 1.0
25x 10° 89.7 1.6 91.6 13 89.2 1.7 86.3 21
5.0x 107 85.4 2.3 85.1 2.1 84.4 2.4 76.7 3.8
7.5x%x 10 80.6 3.1 76.0 3.9 80.0 3.2 65.9 5.9
1.0x 10 78.0 4.0 72.3 4.6 711 4.8 57.0 7.9
25x 10* 68.0 5.4 65.4 6.0 61.4 6.8 51.2 9.4
5.0x 104 60.7 7.0 56.9 7.9 53.2 8.8 4.8 10.6
7.5x 10 47.2 10.5 48.9 10.0 48.5 10.1 43.1 11.8
1.0x 1073 43.2 11.7 43.3 11.7 46.4 10.7 39.9 12.8
25x 1073 34.4 14.6 35.0 14.6 38.9 13.1 31.3 16.1
5.0x 1078 245 19.6 24.9 194 215 21.4 20.9 18.3

a37°C, pH 7.0 (Data corrected for reduced stainability of RF | and for RF Il form already contained in the starting material).

1.2 4 Table 3. DNA Cleavage with Cobalt Complexd$—20
. ¢ 18 19 20

1.0 . . concr? RFI kos[s™] RFIl kus[s™] RFI kos[s™Y
- [M] [%] x 10° [%] x 10° [%] x 10°
-% :E; * 1.0x 10° 97.8 0.4 95.6 0.7 90.8 1.1
£ o o084 25x10°% 91.0 1.4 87.0 2.0 78.7 34
% ° 5.0x 105 785 3.4 76.1 3.9 65.5 5.9
m N

75%x10° 64.2 6.2 68.1 5.4 40.1 12.8
1.0x 10* 545 8.5 59.0 7.4 311 16.3

0.6 7 25x10% 474 104 472 105
5.0x 10* 40.2 12.7 34.9 14.7
L] 75x 10* 31.0 16.3 27.0 18.3
0.4 1.0x 103 24.9 19.4 19.0 23.1
25x 10°% 143 27.1 9.8 32.3
° 5.0x 1078 53 40.9 2.1 53.7
024 @ 2 Except20 (half molarity).? See remarks to Table 2.
Table 4. Ky andke: Values for Cobalt(l1l) Complexe$2—17
0.0 ; . : , l , from Saturation Kinetics
0 50 100 150 200 250 300
compd
t ] 12 14 15 16 17
Figure 1. Kinetics of BNPP hydrolysis with catalyst2 under turnover
conditions (70°C, pH 7.0, 0.01 M EPPS-bufferlp] = 1 x 1075 M, K [Mjl x 10¢ 9.8 7.9 6.5 6.9 1.8
[BNPP] =15x 104 M). kcat[S ] x 104 2.2 2.1 2.0 2.1 2.7

constant oNPP alone. Similar rate enhancements were found nrocedure (see Experimental Section) for removal of the ligands
with BNPP (Table 1). The presence of positive charges in the pior to electrophoresis, as neutralization of the negatively

side chains of cyclen16—20) leads to smaller catalytic  charged DNA by these strongly bound ligands prevents the DNA
efficiencies, which is attributed to competition of unproductive from moving in the electric field. As with catalysis by

substrate binding to the peralkylammonium centers. These areanthanoids, careful optimization of electrophoretic and densi-
according to molecular modeling, separated from the cobalt ion {ometric techniques with plasmid DNA leads to clean pseudo-
for 18 by e.g., 9 A. Nevertheless, the peralkylammonium- first-order kinetics (linear correlation coefficients: 0.98). This
substituted cobalt complexes show activities close to, or better 5jows determination of rate constants (Tables4? and also
than, lanthanoid salts; they have the advantage of higher stabilityihe extraction of MichaelisMenten-typeKy and ke values,

and solubility over a large pH range. The disadvantage of the yhich is shown for one typical case with the corresponding
cobalt complexes is formation of stable cyclic phosphate as g5t ration curve (Figure 2).

_primal_ry hydrolysis prodgct and_therefore low turnover. This  The rate constant of cobalt-catalyzed cleavage of pBR 322-
is obvious from an experiment with excess SubstENeP over DNA with the unsubstituted cyclen compld® is about three
the catalysii 2, showing incomplete release of the total phenolate tjmes higher than the one with europium(lil) s&tat the same

even after 200 h at 70C (Figure 1). Nevertheless, this concentration. Saturation kinetics (Figure 2) yieliyavalue
experiment demonstrates for the first time, to our knowledge, somewhat lower than that with Bu(Ky = 2.8 x 1073 M),
turnover of the cobalt complex. which is explainable by the smaller total charge of the cobalt
. complex in comparison to Bt (at pH 7.0+2 vs +3) and the
Hydrolysis of DNA steric shielding of the metal ion charges by the ligands. The
Transition from supercoiled form RF | to the open circular lower binding affinity of 12 is more than compensated by the
form RF Il of plasmid DNA was used as described eathiér higherk., value in comparison to Bl (2.2 x 104 s 1vs 0.7
to measure cleavage of the double strand by densitometry afterx 1074 s%). The cobalt(lll) cyclen compleg2 enhances the
gel electrophoresis. Other than with lanthanoid complexes, formation of the RF Il form by a factor of up to 2 107 (with
EDTA was found to be insufficient to remove the metal before [12] = 5.0 mM, see Figure 2) in comparison to the estimated
electrophoresis and had to be substituted by cyanide. Further-value without catalyst. The uncatalyzed hydrolysis of double
more, the presence of multiple positive charges in the ligands stranded DNA has been estimated to proceed Wwith 10-11
made it necessary to develop an ion-exchange based microscals™ at 37 °C on the basis of molecular weight measurements
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Figure 2. Saturation kinetics (experimentabalues and fitted curve)
of plasmid pBR 322-DNA cleavage as function of catalyst concentration
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Figure 3. Electrophoretic separations of DNA cleavage withunder
addition of HO, [1 x 10 M] or of scavengers (&= DMSO [1 M],
b = sorbitol [0.1 M], c= EtOH [0.2 M].

with E. coli DNA.21 A similar value for the limiting rate can
be derived fromk = 1 x 10716 s71 at 25°C extrapolated by
Chin et al®2for the total hydrolysis of a dinucleotide. In view
of the need to cleave only one out of 8800 nucleotide bonds in

Hettich and Schneider

suffers from limited rate increases above 0.1 mM concentration
(data not shown), whichissimilar to literaturé? findings with
nitriles—blamed on decomposition of the less stable trpn
complex.

The positively charged side chains in the complexes indeed
enhance the efficiency of the catalysts, as is obvious from the
results with complexe$3—19 (Tables 2-4). Complexed3—

17 with single charges show small variationkif; but distinctly
betterKy values with longer spacers (Table 4). This is expected
from the higher flexibility which allows better contact to the
DNA phosphate anions and is in line with the independently
studied affinities of these ligands to ds DNA (see below). The
presence of two or three side chain charges in compléges
and19 leads to a further increase of catalytic factors. In these
cases saturation could not be reached, but with 5 h8\bne
observes almost complete disappearance of RF 1 2feat 37

°C without formation of products other than RF II.

The heretofore highest reported enhancement factor for an
artificial hydrolytic nuclease1.6 x 10° at only 0.05 mM
catalyst concentratiefis finally obtained with comple0, even
though it bears no more charges than the complex with ligand
18 (Table 3, Scheme 1). Very recently, Komiyama e#3al.
reported a similar rate constant for simple dinucleotide hydroly-
sis (after correction for the concentrations); the reaction was,
however, heterogeneous, and only the gel was reported to be
active as catalyst. Obviously, both catalytic centers in the
complex20, which are held together by a rather flexible spacer,
act simultaneously on the DNA grooves. Again, no form is
found other than the hydrolytic product RFIl. Preliminary
religation experiments with a Co(lll) cyclen complex also show
evidence for hydrolytic cleavagé.

DNA Cleavage with Some Other Transition Metal Cyclen
and Trpn Complexes and with Added Hydrogen
Peroxide—Further Evidence for a Hydrolytic Mechanism

Cleavage of DNA was also demonstrated earlier with zinc,
nickel, cadmium, and copper complexX&sSince the introduc-
tion of positively charged centers in the side chains of simple
complexes did partially lead to cleavage enhancerf&ivith
plasmid DNA, we investigated whether the same strategy would
also enhance efficiency, as it did with cobalt(lll) as the center
ion (see above). The activity of the Cd, Zn, Ni, and Cu
complexes with ligand4—11 toward the model estdBNPP
was found to be below measuring limits. In contrast, these
complexes were active against plasmid DNA, although to a
much lower degree than cobalt or lanthanoid derivatives. As
seen with the cobalt complexes, the presence of additional
charges in the side chains does lead to accelerated cleavage
(Table 5).

The largest effects are observed with the copper(ll) com-

the plasmid DNA in order to see the appearance of the openplexes, which also provide a testing ground for the differentiation

circular RF Il form, the limiting rate would bk < 1011 s71
(after correction by a factor of about 10 for the temperature
difference (25°C vs 37°C)).

of radical and hydrolytic cleavage. Addition of hydrogen
peroxide (Table 6) does not lead to enhanced formation of RFII
with Zn, Ni, or Cd derivatives or without metal, in line with

Addition of hydrogen peroxide does not change the cleavage literature report3> Addition of ascorbate accelerates cleavage

rates within the error, nor do radical scavengers like DMSO or

substantially (Table 7), whereas scavengers like alcohols or

alcohols (Figure 3, Table 8). This indicates the absence of DMSO reduce the rates considerably only with Cu complexes

radical cleavage, in line with the formation of only RF Il and
the absence of RF Il or other, more cleaved DNA forms.

Further evidence of the hydrolytic cleavage is discussed below.

As with the phenylphosphates (Table 1), the Co(lll) trjh
complex is even more active than the cyclen comd&but

(21) Eigner, J.; Boedtker, H.; Michaels, Biochim. Biophys. Acta961,
51, 165.

(22) Chin, J.; Kim, J. HAngew. Chem., Int. Ed. Endl99Q 29, 523.

(23) Takeda, N.; Imai, T.; Irisawa, M.; Sumaoka, J.; Yashiro, M.;
Shigekawa, H.; Komiyama, MChem. Lett1996 599.

(24) Hettich, R.; Schneider, H.-Jl. Chem. Soc., Perkin Trans. 2
Submitted for publication.

(25) (a) Rammao, J.; Schneider, H.kdorg. Chim. Actal996 251, 125.
(b) Basile, L. A.; Raphael, A. L.; Barton, J. K. Am. Chem. Sod.987,
109, 7550. (c) Sagripanti, J.-L.; Kraemer, K. Bl. Biol. Chem1989 264,
1729. (d) Tachon, Prree Rad. Res. Comm%989 7, 1.
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Table 5. DNA Cleavage with Transition Metal CompleXes

metal
ligand Cat Niz+ Zn?* cwt lane

100 100 100 100 land 13
1 96.6 96.5 98.4 95.8 2
3 97.1 93.9 96.9 86.0 3
4 97.8 94.5 95.4 86.6 4
5 98.0 94.2 95.8 81.8 5
6 97.9 93.1 95.3 80.7 6
7 96.0 93.8 93.3 80.3 7
8 95.1 93.0 93.3 80.0 8
10 96.4 96.4 96.8 87.1 9
2 98.0 96.2 96.6 94.4 10
9 97.8 95.4 95.9 86.3 11
11 a a a a 12

a Cleavage rate not determined (DNA too less straingé@pncen-
tration [5 x 1072 M], exceptl0and1l: 2.5 x 103 M) (see remarks
to Table 2).

Table 6. Results and Experimental Conditions of DNA Cleavage
with Transition Metals Complexes in Presence and in Absence of
Hydrogen Peroxide

lane
1 2 3 4 5 6 7 8 9 10
ligand - = 8 8 8 8 8 8 - -
metalion — —  Zn?* Ni2t Cd®* Zn?* Ni2t Cdkt - -
H0, - + - - - 4+ + 4+ 4+ -

RFI[%} 100 98.9 93.3 93.0 95.1 93.7 939 944 98.2 99.8

(Table 8). The formation of RF Ill (Figure 4) furthermore
indicates redox cleavage with copper, particularly with added

ascorbic acid. However, in the absence of hydrogen peroxide

there is no indication of radical cleavage even with copper

complexes. The contrasting results obtained in the presence o
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compounds bearing many charges, particularly if they are
separated by longer flexible spacers (see Table 9). This is in
line with the often simultaneously increased catalytic efficiency
of such complexes (see above).

Conclusions

We have shown that introduction of DNA-affinity-enhancing
ligands and of several metal centers in suitable metal complexes
can lead to dramatic, enzyme-like rate enhancements of hy-
drolysis with the most resistant ester bonds of nature. Cobalt-
(1) complexes of cyclen or trpn show only moderately higher
affinity for DNA than do the lanthanides. Modification of the
cyclen ligand brings an efficiency increase of about 30. As is
obvious from both the results with the phenylphosphate esters
and from the saturation kinetics, the increased catalytic ef-
ficiency is based mainly on enhanced affinity or stabilization
of pretransition state complexes and not on bédttgrvalues
from electrostatic interactions with the positive charges in the
ligands. Polyamine ligands are also a promising basis for the
design ofselectve chemical nucleases, as they provide high
affinity without substantial base selectivity. The latter can
therefore be achieved by attaching at the complexes antisense-
or triple helix oligonucleotide® or other ligands, which are
known to provide base selectivity, but often rather low affinity.

Experimental Section

Physical Measurements.NMR spectra were measured on an AM
400 system (Bruker). Exchangeable signal assignments are denoted
with the symbol #”. The cobalt content in the complexes was secured
by atomic absorption spectroscopy (AAS) with a Perkin Elmer 2100
spectrometer. &-values were obtained with a F-2000 fluorescence

ystem (Hitachi). Determination of rate constants and saturation kinetics
ere performed as described earfieElemental analyses were carried

hydrogen peroxide with the copper and cobalt catalysts again ot with a Leco CHNS-932 system. Several polyamines could be

support the hydrolytic nature of the latter. While our work was
in progress, Sargeson et?8lreported new evidence that the

cobalt(lll) cyclen complex indeed leads to efficient hydrolytic
DNA cleavage.

Affinities of the Polyamine Ligands Toward Calf-Thymus
DNA

obtained only as oils and/or were very hygroscopic, in which cases no
elemental analysis could be performed. All ligands, however, showed
proton NMR spectra without contamination. Purities were partially

also checked by NMR signal area comparison to an added internal
standard of known concentration, such as dioxane.

Removal of Ligands Prior to Electrophoresis. Strongly acidic

ion exchanger (Amberlyst 15, 50 g) was powdered and stirred with
400 mL of saturated NaCl solution for 24 h. After 15 min centrifugation

_The strategy to enhance catalytic efficiency on the basis of at 4000 g, the liquid was decanted, replaced by fresh NaCl solution,
higher pretransition state complex stability can be checked by and stirred again for 24 h. This procedure was repeated until the pH

measuring affinities of the new ligands toward DNA. As a

of the liquid was neutral. Afterwards, the ion exchanger was washed

convenient assay, we use the change in fluorescence intensitywith boiled, doubly distilled water until the liquid was free of sodium.

(I) of the dye ethidium bromideEB) upon addition of the

After final centrifugation, the humid ion exchanger was added in

different ligands. It has been shown previously that the inverse @liquots of about 500 mg to 1.5 mL Eppendorf vessels and stored at

of the concentration of the ligand necessary to lower | by 50%,
1/GCs, is a linear function of the number of possible salt bridges
between polyamines and DNAand correlates with indepen-
dently determined binding constants of natural polyamifies.
Another, although less reliable, estimation of DNA affinity is
based on measuring changes in the melting temperatnig)(

of ds DNA1928 Our own measurements (Table 9) indicate both
1/Csp and ATy changes with ligand$—11; there is, however,
no or only a very scattered correlation between the two
parameters. Generally, lowsg values are observed with

(26) Dixon, N. E.; Geue, R. J.; Lambert, J. N.; Moghaddas, S.; Pearce,
D. A.; Sargeson, A. MJ. Chem. Soc., Chem. Commu®96 1287. A
about 10 times lower rate with a different DNA was reported in this paper
(without evaluation of the saturation kinetics).

(27) (a) Stewart, K. DBiochem. Biophys. Res. Commiifi88 152, 1441.

(b) Cain, B. F.; Baguley, B. C.; Denny, W. A. Med. Chem1978 21,
658.

(28) (a) Cory, M.; McKee, D. D.; Kagan, J.; Henry, D. W.; Miller, J. A.
J. Am. Chem. So&985 107, 2528. (b) Basu, H. S.; Marton, L. Biochem.
J. 1987, 244, 243.

—18°C (the exchanger keeps its activity this way for at least 1 year).
Directly before use, 500 mg of the exchanger was mixed with:250
of water. After stopping the DNA-cleavage reaction by addition of
EDTA or cyanide, 10uL of the exchanger suspension was added,
vortexed, and incubated at 3T for 5 min before centrifugation and
electrophoresis.

Syntheses. 1,4,7,10-Tetraazacyclododecane (cyclenx13HCI.
A suspension of 29.9 g (37 mmol) &N',N"",N'"'-tetratosyl-1,4,7,10-
tetraazacyclododecatien 270 mL of concentrated sulfuric acid was
heated 48 h to 120C.*> The dark brown residue was cooled to room
temperature and dropped slowly into an ice-cooled mixture of 500 mL
of methanol/ether (1:1). The tetrahydrosulfate was filtered off, stirred
with 3 x 250 mL of methanol/ether, filtered off, and dried in vacuo.
The slightly brown crystals (22.1 g) were dissolved in water and
chromatographed with a strongly basic Amberlyst A26-lon exchange
column (60x 3 cm) with water as eluent. The basic part of the eluate
was evaporated, and the slightly yellow oil was dissolved in 45 mL of
methanol and precipitated by slow addition of 10 mL of concentrated

(29) Thuong, N. T.; Helee, C.Angew. Chem., Int. Ed. Endl993,32,
666.



5644 J. Am. Chem. Soc., Vol. 119, No. 24, 1997
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Figure 4. Electrophoretic separations of DNA cleavage with copper(ll) complexes (lan8s BL x 1074 M]; lanes 9-14: [1 x 107% M] in
presence of kD, [1 x 107 M] and ascorbic acid [1x 1074 M].

Table 7. DNA Cleavage with Copper Complexes in Presence of

H,0, and Ascorbic Acid

Cuw?* complex concn H.0, ascorbate RF|I
lane  of compd [M] [1x10%M] [1x10*M] [%]
1 - - 100

2 + - 99.5

3 1 1x 10+ + - 91.5

4 8 1x 10 + - 33.0

5 7 1x 10+ + — 44.4

6 6 1x 10 + - 59.8

7 10 5x 104 + — 60.4

8 11 5x 1074 + -

9 1 1x10°© + + 37.2
10 8 1x 10°® + + 43
11 7 1x 1076 + + 49
12 6 1x 10°® + + 2.9
13 10 5x 1077 + + 5.3
14 11 5x 1077 + +

Table 8. Influence of Radical Scavengers on the DNA Cleavage

with Copper Complex o8

concn of H20, RF |

lane Cw"—8complex [1 x 10“M] scavenger [%]

1 - 100
2 1x10*M + sorbit (0.1 M) 20.6
3 1x 10*M + EtOH (0.2 M) 34.3
4 1x10*M + 5.8
5 1x 104M + DMSO (1 M) 36.4
6 5x 10°M - 80.0
7 5x103M - Sorbit (0.1 M)  78.3
8 5x10°M - EtOH (0.2M)  79.5
9 5x 103M - DMSO (1 M) 79.3

Table 9. Affinity Data with Calf Thymus DNA: G Values and

Melting point$

Csovalue ATu Cso value ATy
compd [M] x 1CP [K] compd [M] x 10P [K]

1 140.3 1.4 11 0.06 135
2 5.9 2.2 13 8.0 0.8
3 1.4 4.1 12 14.0 0.9
4 0.97 4.9 14 1.9 0.7
5 0.95 5.1 15 1.1 0.7
6 0.63 5.4 16 1.3 0.8
7 0.13 10.7 17 15 1.0
8 0.02 12.9 18 0.14 4.2
10 0.11 12.1 19 0.05 8.9
9 1.3 3.7 20 0.10 6.4

a[Substrate}= 5 x 107 M, [DNA] = 7.6 x 107> M (phosphate).

HCI. The colorless crystals were washed three times with methanol

and ether and dried in vacuo. Yield: 7.97 g (24.4 mmol, 66%).

For generation of the free base, 1.5 g (4.72 mmol) of the

graphed with water as eluent over a strongly basic Amberlyst A26 ion
exchange column (30& 15 mm). The basic part of the eluate was
collected and evaporated. Yield: 0.79 g (4.6 mmol, 97%).

Tris(3-aminopropyl)amine (trpn, 2) x 4HCI. A 300 mL aliquot
of a 1 Mborane-THF complex solution was added in a nitrogen stream
to 9.0 g (51.1 mmol) tris(2-cyanoethyl)amiffe. The mixture was
refluxed 16.5 h and cooled to room tempature, and 200 mL of
methanolic HCI was added slowly. The trimethyl ester of the boric
acid and the solvent were removed by distillation, and the colorless
crystals were washed with» 50 mL absolute ether and dried in vacuo.
Yield: 16.2 g (48 mmol, 94%).

For the generation of the free base, 1.4 g (4.17 mmol) of the
tetrahydrochloride was chromatographed with an anion exchange
column as described for cyclen. Yield: 762 mg (4.05 mmol, 97%)
colorless ail.

Cyclen- and Trpn-Derivatives with Peralkylated Side Chains.
General Procedure. A solution of the alkylating agent in absolute
acetonitrile was added dropwise digi@ h to arefluxing solution of
a double excess of the tetramine and an appropriate amount of potassium
carbonate in absolute acetonitrile. The reaction mixture was refluxed
24 h, cooled to room temperature, and filtered, and the solvent was
evaporated. The residue was stirred witk 30 mL of absolute toluene
and 3 x 50 mL of absolute ether for 24 h each. The liquids were
decanted and collected, and the crystals of the monosubstituted products
were dried in vacuo. For recovery of the unsubstituted tetramine, the
collected liquids were combined, glass-filtered, and evaporated. The
resulting oil was dissolved in methanol and precipitated as hydrochloride
in 90% to 97% yield.

1-(3-(Trimethylammonio)propyl)-1,4,7,10-tetraazacyclododeca-
nyl bromide (3) was prepared from 400 mg (2.32 mmol) of cyclen
(1), 320 mg (2.32 mmol) of potassium carbonate in 25 mL of
acetonitrile, and 303 mg (1.16 mmol) of BE{N,N-trimethylammonio)-
propyl bromidé! in 25 mL of absolute acetonitrile. Colorless,
hygroscopic crystals, mp 12Z (decomposition). Yield: 353 mg (1.0
mmol, 86%). G4H34BrNs, MW 352.36; purity by NMR> 96%. H
NMR (D20, TMSP,9): 2.72-2.51 (m, 18 H, cycle and I@,-CH,-
CHz-N+(CH3)3), 1.93 (m, 2H, @'2-CH2-N+(CH3)3), 3.34 (m, 2 H, G-
NT(CHs)s), 3.10 (s, 9 H, N(CH3)3). 3C NMR (D;0O, TMSP,0): 45.43,
44.68, 43.67 (cycle), 50.94 (cycl€H,-N-R), 50.72 CH,-CH-CH,-
N*(CHa)s), 20.64 CH,-CHp-NT(CHs)s), 65.44 CH,-NT(CHg)s), 53.18
(N*(CHs)a).

1-(4-(Trimethylammonio)butyl)-1,4,7,10-tetraazacyclododeca-
nyl bromide (4) was prepared from 500 mg (2.9 mmol) of cycld, (
400.8 mg (2.9 mmol) of potassium carbonate in 25 mL of acetonitrile,
and 399 mg (1.45 mmol) of AN,N-trimethylammonio)butyl bro-
mide®! in 25 mL of absolute acetonitrile. Colorless, hygroscopic
crystals, mp 118C (decomposition). Yield: 412 mg (1.13 mmol,
80%). GsHsaBrNs, MW 366.39; purity by NMR> 97%. *H NMR
(D20, TMSP,6): 2.75-2.56 (m, 16 H, cycle), 2.51 (m, 2 H,H;-
(CHz)g-N+(CH3)3), 1.53 (m, 2 H, G}{z-(CHz)z-N+(CH3)3), 1.83 (m, 2

(30) van Winkle, J. L.; McClure, J. D.; Williams, P. H. Org. Chem.
1966 31, 3300.
(31) Gray, A. P.; Schlieper, D. C.; Spinner, E. E.; Cavallito, C.Am.

tetrahydrochloride were dissolved in 15 mL of water and chromato- Chem. Socl1955 77, 3648.
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H, CHx-CH,-N*(CHj)s), 3.35 (M, 2 H, Gl,-NT(CHa)s), 3.12 (s, 9 H,
NT(CHz)s). 3C NMR (DO, TMSP,0): 43.67, 44.79, 45.40 (cycle),
50.86 (cycleCH,-N-R), 53.02 CH2-(CHy)s-N*(CHs)s and (NF(CHs)s)),
23.54 CHo-(CHy)2-N*(CHg)s), 20.67 CH2-CHx-N*(CHa)s), 66.77 CH2-
N*(CHg)g).
1-(5-(Trimethylammonio)pentyl)-1,4,7,10-tetraazacyclododeca-
nyl bromide (5) was prepared from 600 mg (3.48 mmol) of cyclen
(1), 481 mg (3.48 mmol) of potassium carbonate in 25 mL of
acetonitrile, and 503 mg (1.74 mmol) of BLN,N-trimethylammonio)-
pentyl bromidé! in 50 mL of absolute acetonitrile. Colorless,
hygroscopic crystals, mp 14€C (decomposition). Yield: 557 mg (1.47
mmol, 84%). GgH3sBrNs, MW 380.42; purity by NMR> 97%. H
NMR (D20, TMSP,0): 2.74-2.54 (m, 16 H, cycle), 2.45 (t, 2 H,
CHz-(CH2)4-N+(CH3)3), 1.51 (m, 2H, CE|2-(CH2)3-N+(CH3)3), 1.38 (m,
2 H, CH2-(CH)2-N*(CHg)s), 1.79 (m, 2 H, G1-CH,-N*(CHz)3), 3.30
(M, 2 H, GHx-N*(CHa)3), 3.09 (s, 9 H, N(CHa)s). *C NMR (D0,
TMSP,0): 43.73, 44.61, 45.40 (cycle), 50.89 (cyoBH,-N-R), 53.58
(CH2-(CH2)4-N*(CHa)3), 26.08 CH2-(CHy)3-N*(CHg)s), 23.75 (CH,-
(CH2)2-N*(CHg)s), 22.4F (CH,-CH-NT(CHg)s), 66.88 CH-NT(CHa)s),
53.03 (Nf(CHa)s).
1-(6-(Trimethylammonio)hexyl)-1,4,7,10-tetraazacyclododeca-
nyl bromide (6) was prepared from 669 mg (3.88 mmol) of cyclen
(1), 536.4 mg (3.88 mmol) of potassium carbonate in 25 mL of
acetonitrile and 506.8 mg (1.62 mmol) of B;{,N-trimethylammonio)-
hexyl bromidé* in 50 mL of absolute acetonitrile. Colorless, hygro-
scopic crystals, mp 118C (decomposition). Yield: 562 mg (1.43
mmol, 74%). G7H10BrNs, MW 394.44; purity by NMR> 95%. H
NMR (D20, TMSP,6): 2.74-2.57 (m, 16 H, cycle), 2.46 (t, 2 H,
CH2-(CHg)s-N*(CHs)s), 1.34 (m, 4 H, (Hp-CH,-CH,-CH-CHp-N*-
(CH3)3), 1.47 (m, 2 H, (E|2-(CH2)3-N+(CH3)3), 1.74 (m, 2 H, G-
(CHy)-N*(CHg)s), 3.26 (m, 2 H, ®-N*(CHg)s), 3.06 (s, 9 H,
N*(CHg)s). 3C NMR (DO, TMSP,0): 43.46, 44.26, 45.32 (cycle),
50.61 (cycle,CH,-N-R), 53.56 CH,-(CH,)s-N*(CHs)s), 26.30, 25.89
and 25.52 CHy-CHy-CHo-(CHo)o-N*H(CHa)s), 22.46 CHo-CHy-N*-
(CHg)3), 66.68 CH2-NT(CHs)s), 52.99 (NF(CHg)s).
1-[7-(Dimethylammonio)-14-(trimethylammonium)tetradecyl]-
1,4,7,10-tetraazacyclododecanyl Dibromide (7)As above, 570.3 mg
(3.30 mmol) of cyclen 1) and 525.5 mg (3.30 mmol) of potassium
carbonate in 40 mL of acetonitrile were reacted with 843.5 mg (1.65
mmol) of 21in 100 mL of absolute acetonitrile. Colorless, hygroscopic
crystals, mp 141°C (decomposition). Yield: 830 mg (1.38 mmol,
83.5%). GsHsgBrNs, MW 602.58; purity by NMR> 97%. H NMR
(D20, TMSP,6): 2.59 (m, 16 H, cycle), 1.43 (m, 12 H,Hz-CH-
CH3-CHy-(CHy)2-NT(CHg)2-(CHy)2-CHo-CH-(CH,) N T (CHg)s), 1.77
(m, 6 H, (CH)4-CHz-CH-N*(CHjz),-CHy-CHa-(CHy)2-CHo-CH,-N -
(CHg)z), 3.29 (m, 6 H, (CH)s-CHx-N*(CHjz)-CH2-(CHy)s~ CH-N*-
(CHg)3, 3.04 (s, 6 H, N(CH3)y), 3.10 (s, 9 H, N(CH3)3). *C NMR
(D20, TMSP,9): 43.71, 44.68, 45.36 (cycle), 50.97 (cycl@éH-N-
R), 53.60 (N€H,), 26.27, 25.55, 25.38, 25.25 (N-GCH,-CH,-CH;
and M'(CHz)z‘CHZ'CHZ'(CHZ)Q'N+), 2232, 2206, Zl.gmg-CHz-
N*), 64.35, 64.02CH,-NT(CH,),), 66.61 CH>-N*(CHs)s), 50.60 (N'-
(CHs)z), 53.00 (N(CHa)s.
1-[7,14-Bis(dimethylammonio)-21-(trimethylammonio)hemicosan]-
1,4,7,10-tetraazacyclododecanyl Tribromide (8).As above, 690 mg
(4.0 mmol) of cyclen) and 636 mg (4.0 mmol) of potassium carbonate
in 40 mL of acetonitrile were reacted with 1.44 g (2.0 mm24in
150 mL of absolute acetonitrile. Colorless crystals, mp E€l
(decomposition). Yield: 1.13 g (1.4 mmol, 70%).33876BrsN7, MW
810.73. Elemental Anal. Calcd: C, 48.89; H, 9.45; N, 12.08.
Found: C, 48.34; H, 9.18; N, 11.18. Purity by NMR 94%. 'H
NMR (D20, TMSP,6): 2.79 (m, 16 H, cycle), 1.52 (m, 16 H,Hz-
CH,-CH2-CHa-(CHa)2-N*(CHg),-(CHy) 2-CH2-CHp-(CHy)-NT(CHa) -
(CHy)2-CH2-CH2-(CHy),-N*(CHg)s), 1.66 (m, 10 H, (Chl)4-CH,-CH,-
N*(CHs)2-CHz-CHy-(CHy)2-CHo-CH,-N*(CHg)-CH,-CH2-(CHy)-CH-
CHz-N*(CHy)3), 3.43 (m, 10 H, EGi-N*, 3.13 (s, 12 H, N(CHa)2, 3.13
(s, 9 H, N"(CH3)3). 3C NMR (D-O, TMSP,d): 43.74, 44.68, 45.40
(cycle), 50.96 (cycleCH-N-R), 53.60 (NCH,), 25.58, 26.16, 26.33,
and 25.20 (N'CIE"CHQ and M-(CHg)z-CHg—CHz-(CHz)z-N+), 22.39 and
22.02 (N"-CH,-CHy), 64.21 (N"(CHs)2-CHy), 66.63 CH-NT(CHg)s),
50.62 (NF(CHs)2), 53.05 (N"(CH3)s).
Trpn Derivative 9. As described above, 739 mg (3.92 mmol) of
trpn (2) and 542 mg (3.92 mmol) of potassium carbonate in 40 mL of
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acetonitrile were reacted with 594 mg (1.96 mmol) of NgN,N-
trimethylammonio)hexyl bromidéin 20 mL of absolute acetonitrile.
Colorless oil. Yield: 795 mg (1.93 mmol, 98%). 148144NsBr, MW
410.48; purity by NMR= 94%. 'H NMR (D;O, TMSP,0): 2.58-
2.44 (m, 16 H, (IN-CH,-CH2-CH,),-N-CH,-CH>-CHx-NH), 1.34 (m,
4 H, NH-CHy), 1.58 (m, 4 H, NH-CH-CH,-CH,-CHz-(CHy)o-N*-
(CH3)3), 1.75 (m, 2 H, G}'z-(CHz)3—N+(CH3)3), 1.45 (m, 2 H, (Hz-
CHx-NT(CHg)s), 3.27 (t, 2 H, G1-NT(CHg)s), 3.06 (s, 9 H, N(CHzg)s).
3C NMR (D;0O, TMSP,0): 39.24 (HN-CH,), 28.45 (HN-CH»-CH,
andCHg—(CH2)4—N*(CH3)3), 50.91 (HN-CHz-CHz-CHz), 51.24 ((I'&N-
CHz-CHz-CHz)zN-CHz), 2610, 25.48 and 25.24 (EN-CHz-CHz-
CHz)zN-CHz-CHz and CH2-CH2-(CH2)2-N+(CH3)3), 47.04 CHz-NH-
(CH,)6-N1(CHg)s), 48.43 CH2-(CHy)s-NT(CHa)s), 22.32 CH,-CHy-
N*(CHg)s), 66.87 CH-NT(CHa)s), 53.00 (N"(CHg)s).

Bifunctional Tetramine Derivatives. N,N’-Bis[6-(1-(1,4,7,10-
tetraazacyclododecanyl))hexyl]N,N’'-bis(dimethylamino)hexanyl-
diammonium Bromide (10). The quantity 1.28 g (7.43 mmol) of
cyclen @) and 1.18 g (7.43 mmol) of potassium carbonate in 100 mL
of absolute acetonitrile were reacted with 1.23 g (1.86 mmoR2&f
and worked up as described in the general procedure for monosubsti-
tuted tetramines. Colorless crystals, mp 285 Yield: 1.33 g (1.58
mmol, 95%). GgHgoBr2Nio, MW 836.93. Elemental Anal. Calcd: C,
54.53; H, 9.63; N, 16.54. Found: C, 54.48; H, 9.32; N, 16.08.
NMR (D20, TMSP,9): 2.68 (m, 32 H, cycle), 1.49 (m, 20 H, NHz-
CH2-CHa-CHa-CHy-CHy-N*+(CHg)2-CH,-CH,-CHy), 1.79 (m, 8 H, Gl
CH,-N*(CHg),), 3.32 (m, 8 H, ®-N*(CHs),), 3.09 (s, 12 H,
NT(CHs),). *C NMR (DO, TMSP,0): 44.21, 43.95, 42.39 (cycle),
50.77 (cycle,CH2-N-R), 53.67 (NCH,), 23.33 (N-CH-CHy), 25.57
(N-CH2-CHy-CHy), 25.23 CH2-CHy-CHy-N(CHs),), 21.90 CH2-CHy-
N(CHs)z), 64.29 CH-N(CHy)), 50.62 (NCH),).

Bis-trpn Derivative 11. The quantity 900 mg (4.78 mmol) of trpn

(2) and 860 mg (4.78 mmol) of potassium carbonate in 50 mL of
absolute acetonitrile were reacted with 0.79 g (1.20 mmoB&é&énd
worked up as described in the general procedure for monosubstituted
tetramines. Colorless oil, yield: 885 mg (1.03 mmol, 85%oHsg,-
BraN1o, MW 862.96; purity by NMR= 90%. *H NMR (DO, TMSP,
5): 2.52 (m, 28 H, (HN-CH2-CH2—CH2)2N-CH2-CH2-CH2-NH-CHQ),
1.47 (m, 8 H, HN-CH>-CHy), 1.35 (m, 16 H, N-CHCH,-CH>-NH-
(CHg)z-CHz and O"z-CHz-N+(CH3)2), 3.27 (m, 8 H, G'z-N+(CH3)2),
3.03 (s, 12 H, N(CHg)p). '3C NMR (D;0O, TMSP,8): 39.27 (BN-
CH,), 28.50 (HN-CH,-CH,), 50.39 (HN-CH,-CH,-CH,), 50.64 (N-
CHy), 26.18 (N-CH-CH; and NH-CH-CH»-CH, and CH2-CH,-CH.-
N*(CHs)z), 47.09 and 48.48 (NHGH,), 21.97 CH2-CHy-N*(CHa)y),
64.11 CH2-N*(CHs)), 51.28 (N(CHa)y).

General Procedure for the Preparation of the Cobalt(lll)
Complexes. The dichloro complexes [(NCoCL]Cl of cyclen and its
substituted derivatives were prepared as desciitied](cyclen)CoC}]-

Cl (12). The free amines in 10 mL of methanol/water (1:1) were heated
30 min to 70°C with an equimolar amount of tris(sodium carbonato)-
cobalt(lll) trihydrate®® After filtration, 2 mL of HCI were added within

2 min. The solvent was evaporated, and the residue was treated with
5 x 2 mL concentrated HCI and evaporated again. The obtained
crystals were stirred 5 min in 20 mL of absolute methanol. The liquid
was discharged, and the solid was recrystallized from methanol. The
conversion of the dichloro complexes to the diaquo complexes was
achieved as described for [(Trpn)Co(OH)(F" (13).%* [(Trpn)Co-
(COR)ICIO4 x HxO% ) and [(Trpn)CoC]CIO,* ) were synthesized
according to the literature.

[(1-(3-(Chlorotrimethylammonio)propyl)-1,4,7,10-tetraazacy-
clododecane)dichlorocobalt(lll)] Chloride (14). As described above,
176 mg (0.5 mmol) of3 were reacted with 181 mg (0.5 mmol) of
tris(sodium carbonato)cobalt(l1) trihydrate.Violet-blue, hygroscopic
crystals, mp 192C. Yield: 174 mg (0.37 mmol, 73%). 1GH3,Cls-
CoNs, MW 473.20. Cobalt content of a & 104 M solution of the
complex (AAS): calcd. 5.1 ppm; found 6.3 ppm. UV-data (HCI 37%,
A (nm)): 560 € = 227), 454 ¢ = 24), 388 € = 187), 362 ¢ = 146).

(32) Hay, R. W.; Jeragh, Blransition Met. Chem1979 4, 288.

(33) Bauer, H. F.; Drinkard, W. Cl. Am. Chem. Sod.96Q 82, 5031.

(34) Laurino, J. A.; Knapp, S.; Schugar, H.ldorg. Chem.1978 17,
2027.

(35) Banaszczyk, M.; Lee, J.-J.; Menger, F. Morg. Chem1991, 30,
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[(1-(4-(Chlorotrimethylammonio)butyl)-1,4,7,10-tetraazacyclodode-
cane)dichlorocobalt(lll)] Chloride (15). As above, 183 mg (0.5
mmol) of 4 was reacted with 181 mg (0.5 mmol) of tris(sodium
carbonato)cobalt(lll) trihydrat&. Violet-blue, hygroscopic crystals, mp
183 °C. Yield: 174 mg (0.36 mmol, 72%). 16H3sClaCoNs, MW
487.23. Cobalt content of a & 10> M solution of the complex
(AAS): calcd. 4.6 ppm; found 4.0 ppm. UV-data (HCI 37%(nm)):
553 € = 141), 456 ¢ = 37), 385 ¢ = 140), 363 ¢ = 119).

[(2-(5-(Chlorotrimethylammonio)pentyl)-1,4,7,10-tetraaza-
cyclododecane)dichlorocobalt(l1l)] Chloride (16). As above, 190 mg
(0.5 mmol) of5 was reacted with 181 mg (0.5 mmol) of tris(sodium
carbonato)cobalt(lll) trihydrat&. Violet-blue, hygroscopic crystals, mp
185°C. Yield: 142 mg (0.28 mmol, 57%). 1@H3sClaCoNs, MW
501.26. Cobalt amount of an 8 105 M solution of the complex
(AAS): calcd. 4.6 ppm; found 4.7 ppm. UV-data (HCI 37%(nm)):
557 € = 209), 456 ¢ = 31), 386 ¢ = 185), 361 ¢ = 141).

[(1-(6-(Chlorotrimethylammonio)hexyl)-1,4,7,10-tetraazacyclodode-
cane)dichlorocobalt(lll)] Chloride (17). As above, 151 mg (0.39
mmol) of 6 was reacted with 141 mg (0.39 mmol) of tris(sodium
carbonato)cobalt(lll) trihydrat®. Violet-blue, hygroscopic crystals, mp
183 °C. Yield: 152 mg (0.30 mmol, 76%). 1@H4,ClaCoNs, MW
515.28. Cobalt amount of an & 107> M solution of the complex
(AAS): calcd. 2.9 ppm; found 2.3 ppm. UV-data (HCI 37%4nm)):
557 € = 191), 457 ¢ = 41), 386 € = 181), 363 ¢ = 147).

[(1-[7-(Chlorodimethylammonio)-14-(chlorotrimethylammonio)-
tetradecyl]-1,4,7,10-tetraazacyclododecane)dichlorocobalt(l11)] Chlo-
ride (18). As above, 373 mg (0.62 mmol) gfwas reacted with 224
mg (0.62 mmol) of tris(sodium carbonato)cobalt(lll) trihydréte.
Violet-blue, hygroscopic crystals, mp 18€. Yield: 359 mg (0.53
mmol, 85%). GsHssClsCoNs, MW 678.97. Cobalt amount of an8
105 M solution of the complex (AAS): calcd. 4.6 ppm; found 4.6
ppm. UV-data (HCI 37%4 (nm)): 560 € = 158), 454 ¢ = 18), 389
(e = 127), 360 € = 75).

[(2-[7,14-Bis(chlorodimethylammonio)-21-(chlorotrimethylam-
moniochloride)hemicosane]-1,4,7,10-tetraazacyclododecane)dichlo-
rocobalt(l11)] Chloride (19). As above, 511.6 mg (0.63 mmol) 8f
was reacted with 226 mg (0.63 mmol) of trisodium triscarbonatocobalt-
(1) trihydrate 33 Violet-blue, very hygroscopic crystals. Yield: 414
mg (0.50 mmol, 79%). &H6ClsCoN;, MW 866.09. Cobalt amount
of an 1 x 1074 M solution of the complex (AAS): calcd. 5.8 ppm;
found 5.8 ppm. UV-data (HCI 37%, (nm)): 557 € = 173), 454 ¢
= 19), 389 € = 138), 360 ¢ = 89).

[(N,N'-Bis[6-(1-(1,4,7,10-tetraazacyclododecane))hexyil;N'-bis-
(dimethylamino)hexylchlorodiammonio)bis(dichloro)cobalt(l11)]
Dichloride (20). As above, 432.3 mg (0.51 mmol) &b was reacted
with 371.4 mg (0.51 mmol) of tris(sodium carbonato)cobalt(lIl)
trinydrate3® Violet-blue, hygroscopic crystals, mp 19C. Yield: 480
mg (0.44 mmol, 87%). €HssClsCN10, MW 1084.66. Cobalt amount
of an 1 x 107 M solution of the complex (AAS): calcd. 11.6 ppm;
found 10.3 ppm. UV-data (HCI 37%,(nm)): 560 ¢ = 360), 454 ¢
= 52), 389 € = 300), 360 ¢ = 198).

Synthesis of the Alkylating Agents. N-(6-Hydroxyhexyl)-N,N,N',N'-
tetramethylhexylammonium Chloride (21). 1,6-Bis(dimethylamino)-
hexane (14.06 g, 81.6 mmol) and 2.45 mL (18.3 mmol) of chlorohex-
anol in 100 mL of absolute acetonitrile were refluxed 28 h. After
cooling to room tempature, absolute ether was added until turbidity
occurred. The reaction mixture was cooled-t@0 °C. The liquid
was decanted and discarded. The slightly yellow solid was stirred with
3 x 40 mL ether and dried in vacuo. Colorless, hygroscopic crystals,
mp 67 °C. Yield: 4.21 g (13.6 mmol, 75%). &Hs.CIN,O, MW
308.94. Elemental Anal. Calcd: C, 62.21; H, 12.07; N, 9.07.
Found: C, 60.17; H, 11.62; N, 8.48H NMR (D;O, TMSP,0): 3.55
(t, 2 H, HO-CH,), 1.70-1.31 (m, 16 H, HO-Ch-CH-CHx-CHx-CH,
and O"z-CHz-CHz-CHz-CHz-N(CHg)z), 3.22 (m, 4 H, G{z-N+(CH3)2),
2.25 (t, 2 H, GH-N(CHa),), 2.98 (s, 6 H, N(CHa)), 2.11 (s, 6 H,
N(CHs)2). ¥C NMR (D,O, TMSP,d): 61.72 (HOCH,), 31.12 (HO-
CH,-CH,), 24.86, 25.41, 25.96 and 26.19 (HO-&£8H,-CH,-CH, and
(HaC)aN*-(CHy)2-CH2-CHo-(CH2)2-N(CHa),), 21.91 CHx-CHy-N*-
(CHg)), 64.12 (CHx-N*(CHg),), 50.69 (N"(CHj3),), 40.05 (CH,-CH,-
N(CHs)y), 58.41 (CH2-N(CHs)), 43.89 (NCHs)2).

N,N-Dimethyl-N-(6-hydroxyhexyl)-N',N',N'-(trimethylamino)-1,6-
hexanediyldiammonium Bromide Chloride (22). A solution of 1.0
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g (10.9 mmol) of methyl bromide in 10 mL of absolute acetonitrile
was added dropwise within 10 min at°C to 1.65 g (5.34 mmol) of
21in 25 mL of absolute acetonitrile. The ice bath was removed, and
the reaction was stirred at room temperature for 16 h. The liquid was
discarded, and the crystals were stirred wittx Z0 mL of absolute
ether, filtered, washed with 4 10 mL of ether, and dried in vacuo.
Slightly yellow, hygroscopic solid, mp 213C. Yield: 1.95 g (4.84
mmol, 91%). G/HsBrCIN,O, MW 403.87. Elemental Anal. Calcd:
C, 50.58; H, 9.98; N, 6.94. Found: C, 48.55; H, 9.23; N, 6.3H.
NMR (D20, TMSP,0): 3.59 (t, 2 H, HO-®1,), 1.77-1.35 (m, 16 H,
HO-CHz-CHz-CHz-CHz-CHg and CHz-CHz-CHg-CHz-CHQ-N(CHg)g),
3.30 (m, 6 H, G-N*), 3.04 (s, 6 H, N(CHs)), 3.11 (s, 9 H, N-
(CHa)s). 13C NMR (D,O, TMSP,6): 61.67 (HOCH,), 31.07 (HO-
CH,-CH,), 24.66, 25.38 and 25.23 (HO-GKCH,-CH»-CH, and
(H3C)N*-(CH)2-CH2-CH2-(CH)-N(CHg)2), 21.94 CHp-CHx-N*-
(CHg)2), 63.99 and 64.15 GH,-N(CHs),), 50.67 (N'(CH3),), 22.32
((CH2-CHx-N*(CHg)s), 66.58 (CH2-N*(CHgz)s), 53.01 (N"(CH3)s).
N-(6-Bromohexyl)-N-(6-aminohexyl)N,N,N',N’,N'-pentamethyl-
1,6-hexanediyldiammonium Dibromide (23). A solution of 4 mL
(45 mmol) of thionyl bromide in 4 mL of absolute toluene was added
dropwise over 30 min to a suspension of 4.5 g (11.2 mmoB2ain
20 mL of absolute toluene. After having been stirre h atroom
tempature the solution was heated to @ for 1 h and then stirred
again at room tempature for 26 h. The liquid was discarded, and the
brown residue was recrystallized from isopropyl alcohol. The crystals
were filtered, washed with & 30 mL absolute ether and dried in vacuo
over BOs. Slightly yellow solid, mp 209C (decomposition). Yield:
3.43 g (7.95 mmol, 71%). FHzoBrsN,, MW 511.22. Elemental Anal.
Calcd: C,39.94; H, 7.69; N, 5.48. Found: C, 40.06; H, 7.17; N, 5.41.
H NMR ((D,O, TMSP,0): 3.57 (t, 2 H, Br-G4,), 1.95-1.42 (m, 16
H, Br-CH,-CH,-CH»-CH2-CH; and GHy-CH2-CHo-CHo-CHy-N(CHa)y),
3.36 (m, 6 H, ®,-N*), 3.10 (s, 6 H, N(CHj3),), 3.16 (s, 9 H, N-
(CHg)s). *C NMR (D;O, TMSP,d): 35.17 (BrCHy), 31.80 (Br-CH-
CH,), 24.74, 26.87 and 25.23 (Br-GKCH,-CH,-CH, and (HC),N*-
(CHz)z-CH2-CH2-(CH2)2-N+(CH3)3), 21.93 and 21.84 qHz-CHz-
N*(CHs),), 64.09 and 63.93 GH>-N*(CHs),), 50.67 (N'(CHa),), 22.32
((CH2-CHx-N*(CHg)s), 66.61 (CH2-N*(CHz)s), 53.04 (N"(CH3)s).
N-6-Bis(dimethylamino)hexylN,N,N',N',N'-pentamethyl-1,6-hex-
anediyldiammonium Dibromide (24). 6-(N,N,N-Trimethylammonio)-
hexyl bromidé! (4.82 g, 15.9 mmol) in 60 mL of absolute acetonitrile
was added dropwise withil h to asolution of 10.95 g (63.3 mmol)
of 1,6-bis(dimethylamino)hexane in 70 mL of absolute acetonitrile. The
solution was refluxed for 24 h, cooled to room temperature, and filtered.
The solvent was evaporated and dried in vacuo. The residue was stirred
with 3 x 100 mL ether, and the crystals were filtered, washed with 3
x 50 mL ether and dried in vacuo. White crystals, mp I'TL
Yield: 5.59 g (11.8 mmol, 73%). {gHasBr.Ns;, MW 475.39. Elemen-
tal Anal. Calcd: C, 48.00; H, 9.54; N, 8.84. Found: C, 48.14; H,
9.46; N, 8.78. *H NMR (D20, TMSP,9): 2.20 (s, 6 H, N(El3)y),
2.34 (t, 2 H, (CH)2)N-CH,), 1.86-1.74 and 1.551.34 (m, 16 H,
(CH2)4-CH2-N+(CH3)2-CHz-(CH2)4), 3.29 (m, 6 H, N-CHz), 3.06 (S,
6 H, N"(CHs),), 3.13 (s, 9 H, N(CH3)3). 3C NMR (D20, TMSP,0):
43.94 (NCHs3)2), 58.43 (CH);)N-CHy), 26.25, 26.07, 25.54, 25.27
(CH2-CH2-CHa-CHap-CHy-N*(CHs)2-CHz-CH,-CH2-CHy), 21.95 CHo-
CHz-N+(CH3)2), 64.27 and 63.9%2-N+(CH3)2), 50.71 (M(CH3)2),
22.34 CH,-CHp-NT(CHg)s), 66.64 CH2-NT(CHg)s), 53.07 (NF(CHs)s).
N,N,N’,N'-Tetramethyl-N-(6-hydroxyhexyl)-N'-(6-(bromotrime-
thylammonio)hexyl)-1,6-hexanediyldiammonium Bromide Chloride
(25). A suspension of 5.3 g (11.36 mmol) 2&in 15.5 g (113 mmol)
of chlorohexanol was heate h to 90°C, giving a clear solution after
10 min. After cooling to room tempature, 80 mL of ether was added
slowly. The liquid was decanted and discarded. The residue was stirred
with 2 x 100 mL of ether, filtered, washed with:3 50 mL ether, and
dried in vacuo over fs. Colorless crystals, mp 20Z. Yield: 6.44
g (10.5 mmol, 93%). &HssBroCINsO, MW 612.01. Elemental Anal.
Calcd: C, 49.06; H, 9.56; N, 6.87. Found: C, 49.24; H, 9.54; N, 6.65.
IH NMR (D20, TMSP,d): 3.59 (t, 2 H, HO-®1;), 1.84-1.35 (m, 24
H, (CHs)2N*-CH2-(CH2)4), 3.29 (m, 10 H, N-CHy), 3.05 (s, 12 H,
N*+(CHa)2), 3.10 (s, 9 H, N(CHag)3). 3C NMR (D20, TMSP,0): 61.69
(HO-CH,), 31.10 (HO-CH-CH,), 24.67 and 25.32 ((CHEN*-CH,-
CHz-CHz—CHz), 21.97 ((CH)2N+-CH2-CH2), 63.95 and 64.16 ((Cﬂ)‘kN+-
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CHy), 50.61 (N'(CH3),), 22.36 CH2-CHx-N*(CHs)s), 66.61 CHy-
N*(CHgz)s), 53.01 (N"(CH3)s).

N,N,N’,N'-Tetramethyl-N-(6-bromohexyl)-N'-[6-(bromotrimethy-
lammonio)hexyl]-1,6-hexanediyldiammonium Bromide (26). A
solution of 42QuL (4.5 mmol) of thionyl bromide in 5 mL of absolute
toluene was added dropwise ovk h to asuspension of 1.0 g (1.63
mmol) of 25in 20 mL of absolute toluene and worked up as described
for compound23. Colorless solid, mp 16TC (decomposition).
Yield: 851 mg (1.19 mmol, 73%). £Hs/BrsNs;, MW 719.36.
Elemental Anal. Calcd: C, 41.74;H, 7.99; N, 5.84. Found: C, 41.38;
H, 7.45; N, 5.84.'H NMR (D,O, TMSP,0): 3.52 (t, 2 H, Br-Gy),
1.89-1.39 (m, 24 H, (CH)2N*-CH2-(CH>)4), 3.29 (m, 10 H, N-CH),
3.05 (S, 12 H, N(CH3)2), 3.11 (S, 9 H, N(CH3)3) 13C NMR (Dzo,
TMSP, d): 35.06 (BrCH,), 31.77 (Br-CH-CH,), 26.85, 25.30 and
24.71 ((CH):N*-CHy-CHp-CH»-CH), 21.97 ((CH)oN*-CH,-CH,),
63.65 and 64.09 ((CHNT-CH,), 50.60 (NF(CH3)), 22.35 CH,-CH2-
N*(CHg)s), 66.58 CH2>-NT(CHs)s), 52.99 (NF(CHa)s).

N,N'-Bis(6-hydroxyhexyl)-N,N,N’,N'-tetramethyl-1,6-hexanediyl-
diammonium Dichloride (27). 1,6-Bis(dimethylamino)hexane (0.9
mL, 4.2 mmol) and 5.0 mL (42.1 mmol) chlorohexanol were heated to
90 °C for 24 h. After cooling to room tempature, 50 mL of absolute
ether was added slowly and stirred for 2 h. The crystals were filtered,
washed with 3x 10 mL ether, and dried in vacuo. Colorless,
hygroscopic solid, mp 139C. Yield: 1.60 g (3.59 mmol, 86%),
CuoHsoClLNLO,, MW 445.56. Elemental Anal. Calcd: C, 59.31; H,
11.31; N, 6.29. Found: C, 57.55; H, 10.27; N, 6.3 NMR (D0,
TMSP,9): 3.52 (t, 4 H, HO-G,), 1.49 (m, 4 H, HO-CH-CH,), 1.32
(m, 12 H, HO-CH-CH,-CH; and @H,-CH,-CH,-N*), 1.71 (m, 8 H,
CH-CHx-N"), 3.21 (m, 8 H, G-N"), 2.97 (s, 12 H, N(CHa),). °C
NMR (D,O, TMSP,d): 61.70 (HOCH,), 31.18 (HO-CH-CH,), 24.86,
25.30 and 25.41 (HO-CHCH,-CH, and CH,-CH,-CH,-N*), 21.94
(CHQ-CHz-N+), 63.97 and 64.22qH2-N+), 50.66 (M(CHg)g)

N,N'-Bis(6-bromohexyl)N,N,N’,N'-tetramethyl-1,6-hexanediyl-
diammonium Dibromide (28). A solution of 5.0 mL (60.2 mmol) of
thionyl bromide in 25 mL of absolute toluene was added dropwise over
30 min to a suspension of 9.0 g (20.2 mmolRafin 55 mL of absolute
toluene and worked up as described for compa2®dColorless solid,
mp 114°C. Yield: 9.02 g (13.66 mmol, 68%). &HsBrsN,, MW
660.25. Elemental Anal. Calcd: C, 40.02; H, 7.33; N, 4.24. Found:
C, 40.36; H, 7.26; N, 4.311H NMR (D;O, TMSP,0): 3.50 (t, 4 H,
Br-CHy), 1.68 (m, 4 H, Br-CH-CH,), 1.43 (m, 12 H, Br-Ci+CH,-
CH, and (H,-CH,-CHx-N*), 1.76 (m, 8 H, Gi,-CH,-N™), 3.28 (m, 8
H, CHx-N*), 3.03 (s, 12 H, N(CH3),). *C NMR (DO, TMSP,0):
35.23 (BrCHy), 31.81 (Br-CH-CH,), 24.75, 25.29 and 26.68 (Br-GH
CH,-CH, and CH,-CH,-CH,-N*), 21.94 and 21.85GH,-CH>N),
63.92 and 64.06QH,-N"), 50.77 (N"(CHa)y).

Other Compounds. (Bromotrimethylammonio)hexyldi-
ethanolamine (29). A solution of 1.44 g (4.75 mmol) of 6N,N,N-
trimethylammonio)hexanyl bromidein 30 mL of acetonitrile was
added dropwise to a solution of 0.50 g (4.75 mmol) of diethanolamine
and 650 mg (4.75 mmol) of potassium carbonate in 30 mL of boiling
acetonitrile. The solution was refluxed 24 h, and the workup was
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amines with peralkylated side chains. Slightly yellow oil. Yield: 1.29
g (3.95 mmol, 83%). @H3z1BrNO,, MW 313.30; purity by NMR=>
95%. H NMR (DMSO-ds, TMS, 8): 3.23 (s, 9 H, N(CH3)s), 3.44
(t, 2 H, (CH«;)3N+-CH2), 1.91 (m, 2 H, (CH)3N+-CH2-CH2), 1.50 (m,
4 H, (CHy)sN*-(CH,),-CH,-CHy), 1.63 (M, 2 H, (CH)aN*-(CH,)s-CH),
2.68 (m, 2 H, (CH)sN*"-(CH,)s-CHy), 2.82 (t, 4 H, G1,-CH,-OH), 3.81
(t, 4 H, CH,-OH), 4.69 (s, 2 H, ®l). *C NMR (DMSO-<s, TMS, 0):
52.03 (N"(CH3)3), 65.85 ((CH)sN*-CHy), 21.33 ((CH)sN*-CHx-CHy),
24.32, 24.46 and 25.30 ((GHN'-(CH,).-CH,-CH,-CH,), 53.29
((CHg)sN*-(CHy)s-CHy), 58.00 CH,-CH,-OH), 54.35 CH,-OH).
N-(6-(Bromotrimethylammonio)hexyl)-O,0'-ditosyldiethanola-
mine (30). Compound29 (1.29 g, 3.95 mmol) in 4 mL of absolute
pyridine was cooled to 6C, and 1.51 g (7.9 mmol) of tosyl chloride
was added slowly such that the temperature did not exeedi°C.
After stirring for 2 h at 0°C, 12 mL of HCI (10.5 %) was added, and
crystallization was allowed to proceed-a20 °C overnight. The solid
was recrystallized from isopropyl alcohol, filtered, washed with
isopropy! alcohol, and dried in vacuo. Colorless solid, yield 1.58 g
(2.50 mmol, 63 %). &Hi3BrN.OsS,;, MW 635.67. Elemental Anal.
Calcd: C,51.02; H, 6.82; N, 4.41. Found: C, 50.68; H, 6.43; N, 4.20.
IH NMR (DMSO-ds, TMS, 8): 3.26 (s, 9 H, N(CHa3)s), 3.53 (m, 4 H,
(CH3)3N+-CH2 and (CH,)3N+-(CH2)5-CH2), 1.89 (m, 4 H, (CH)3N+-
CH-CH»-CHy-CHy-CHy), 1.50 (m, 4 H, (CH)sN*-(CHy)2-CHx-CHy),
3.31 (t, 4 H, G4,-CH,-OTos), 3.38 (t, 4 H, €,-OTos), 2.49 (s, 6 H,
Tos-CHy); 7.71 (d, 4 H) and 7.33 (d, 4 H, arom.}3C NMR (DMSO-
ds, TMS, 9): 52.09 (N"(CHag)s), 65.30 ((CH)sN*-CHy), 21.72 ((CH)sN*-
CH,-CH,), 24.99, 22.49 and 25.28 ((GJAN'-(CH,)>-CH-CH-CH,),
55.37, 54.95 and 53.30 ((GHN*-(CHy)s-CH,-N-CH,-CHy), 137.91,
125.41, 128.05 and 145.26 (arom), 20.66 (Tbts).
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