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A series of cationic salen-type Schiff base complexes of copper(ll), the general formula of which is
[CU{R3N+~CH2—C6H3(O_ )—CH:N—}2X]BI‘2 (RI CH3, C2H5, C3H7, C4H9; X: C2H4, C3H5, C6H10, C6H4, C]()Hﬁ), was
newly prepared, and the molecular structure of complex 1 (R=CHj3, X=C,Ha4) was determined by an X-ray crystal structure
analysis. The binding mode and binding constants (Ky) of all the complexes with calf thymus DNA were investigated at
an ionic strength of /=0.05 (NaCl+HEPES buffer, pH=7.2) using induced CD and the UV-vis spectra. Those complexes
with aliphatic X group selectively bound to the groove of DNA, and the Ky’s were in the range of 10>—10° mol dm™?
(site size base pairs n=7.2—7.4). However, those with aromatic X group selectivity intercalated to the base pairs, and
the Ky’s were in the range of 10*—10° moldm™> (n=2.8—4.0). These binding modes were confirmed based on the
salt dependence of Ky’s. In addition, 1 and 10 (R =CHj3, X = C¢H,) were found to exhibit AT-sequence affinity from the
induced CD spectra and Ky’s for poly(dA-dT)—poly(dA-dT), poly(dG-dC)—poly(dG-dC), and poly(dA-dC)—poly(dT-dG).

The interaction of transition-metal complexes with nucleic
acid is a recent active area of research, particularly concern-
ing the development of new biochemical tools and in design-
ing new drugs.? In these studies it is essential that metal
complexes selectively bind with and/or cleave nucleic acid;
many metal complexes have been developed for these pur-
poses. Typical examples are Pt(Il)-diamine,® Ru(Il)- and Rh-
(I)-polypyridine,® Cu(l)-phenanthroline,” Fe(l)-EDTA,®
Mn(I)-porphyrin,” and Zn(Il)-polyamine® complexes.

For metal complexes containing a salen-type Schiff base,”
an AT-site selective DNA scission has been reported;* how-
ever, little is known concerning the interaction mechanism
with DNA. Recently, we found that cationic salen-type Schiff
base complexes of copper(Il) bind with DNA with a high
mode selectivity (groove binding or intercalation).'” In this
paper, we first report on the synthesis and structure of a series
of cationic Schiff base complexes of copper(Il) (Chart 1).
Since these complexes were thermodynamically so stable,
the binding constants (X},) and binding mode with calf thy-
mus DNA were investigated in detail using UV-vis and in-
duced CD spectra to confirm the mode selectivity. Further,
in order to obtain information concerning site or sequence
selectivity, we investigated the induced CD spectra and the
binding constants of typical complexes, 1 and 10, for poly-
(dA-dT)—poly(dA-dT) (AT-DNA), poly(dG-dC)—poly(dG-
dC) (GC-DNA), and poly(dA-dC)—poly(dT-dG) (ACTG-
DNA).

+ +
RgN“HzC O O CHQ_NRS

X=(CH,),: R=Me(1), Et(2), n-Pr(3), n-Bu(4)
R=Me and 3,3'-t-Bu(5)

X={C(CH,),},: R=Me(6); X=(CH,);: R=Me(7)

X=(R,R)-C¢H,q: R=Me(8); X=(5,5)-CeHyo: R=Me(9)

X=CgH,: R=Me(10), Et(11), n-Pr(12), n-Bu(13

X=C“)H6: R=Me(l4) .

Chart 1. Structure and number of complexes.

Experimental

Preparation of Complexes.  Since the preparation of all the
complexes (1—14) is very similar to each other, a typical method
is described. The elemental analysis data and yield are summarized
in Table 1.

An aqueous solution (45 cm®) of copper(Il) acetate dihydrate
(2.1x1073 mol) was added to an aqueous solution (20—50 cm?®)
of 5-(trialkylammoniomethyl)salicylaldehyde chloride (4.4x 1073
mol). To this green solution, a diamine (2.2x 1073 mol), which
was diluted with a small amount of water, was added, and the pH
of the solution was adjusted to about 7.4 with an aqueous NaOH
solution. After the solution was stirred for one week at room tem-
perature, the solution pH was again adjusted to 7.4 with an aqueous
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Table 1. Elemental Analysis Data, Yield, Color, and Purification Method of the Complexes

. a) .
Complex R X Elemental analysis/% Yield Color Purification
Formula C H N Cu Br %
1 CH3 —(CHy)2— 39.93 6.20 7.67 8.56 222 80 Purple Water
C24H34N4O,Br;Cu-5H,0 (39.82) (6.13) (7.74) (8.78) (22.07)
2 CyHs —(CHa)2— 47.51 6.73 7.42 8.26 214 62 Purple Water
C30H4sN4O,Br,Cu-2H; 0 47.78) (6.68) (7.42) (8.43) (21.19)
3 n-Cs;Hy —(CHy)o— 49.36 7.40 6.26 7.04 184 81 Purple Methanol
C36Hs58N4O,Br,Cu-4H,0 (49.46) (7.61) (6.41) (7.27) (18.24)
4 n-C4Ho —(CHy)2— 53.17 .8.05 5.96 6.59 16.8 56 Purple Methanol
C42H70N4O2Br,Cu-3.5H,0 (53.13) (8.17) (5.90) (6.69) (16.83)
52 CH; —(CHa)— 5036 797 734 816 9.0° 66  Purple Methanol
C32Hs5oN4O,Cl,Cu-6H,O (50.22) (8.17) (7.32) (8.30) (9.26)°
6 CH; —(C(CH3)2)— 40.88 6.01 6.79 7.69 24.1 20  Purple Water—acetone
Ca3HgoN4O2Br,Cu-4H,0-0.5KBr  (40.93) (6.13) (6.82) (7.73) (24.31)
7 CH; —(CHy)3— 44.77 5.63 8.34 9.16 244 74 Green Water—acetone
C25H36N4O,Br,Cu-1.5H,0 44.49) (5.82) (8.30) (9.41) (24.66)
8 CH; ~CsHyo-? 4348 622 741 808 21.0 75  Purple Water
C23H49N4O2Br;Cu-5H,0 (43.22) (6.48) (7.20) (8.17) (21.03)
9 CHs; —CeHp—® 43.06 6.53 7.12 7.86 21.2 75 Purple Water
Cu8H4oN4O2Br2Cu-5H,O (43.22) (6.48) (7.20) (8.17) (21.03)
10 CH; -CsHy—P 46.92 5.32 7.74 871 229 82  Brown Water-acetone
CosH34N4O,Br,Cu-2H,0 (46.84) (5.33) (7.80) (8.85) (22.26)
11 C,Hs —CgH,- 48.79 6.35 6.63 725 18.8 63 Brown Water—acetone
C34Hs56N4O,Br,Cu-4H,O (48.72) (6.49) (6.68) (7.58) (19.06)
12 n-CsHy —CeHs— 52.00 7.22 6.10 6.43 17.0 90 Brown Water
CsoHs5sN4+O2Br,Cu-4H,0 (52.09) (7.21) (6.07) (6.89) (17.33)
13 n-C4Ho —CeH4-P 55.30 7.56 5.57 594 158 92 Brown Water—acetone
C46H70N4O,Br,Cu-3.5H,0 (55.39) (7.78) (5.62) (6.37) (16.02)
14 CH; —CjoHe—® 48.99 5.43 7.05 7.99 19.8 56 Brown Water
C3,H36N4O2Br2Cu-3H,O (48.90) (5.39) (7.13) (8.08) (20.33)
a) () represents the calculated value. b) #-Butyl groups are attached at 3,3’ -positions. ¢) Cl1(%). d) (R,R)-1,2-Cyclohexylene. e) (S.5)-

1,2-Cyclohexylene. f) 1,2-Phenylene. g) 2,3-Naphthylene.
NaOH solution; then, an aqueous solution (30 cm®) of KBr (3.1 g,
2.6x 1072 mol) was added. When the solution was slowly concen-
trated to a small volume by evaporating the solvent under a hood,
purple (1—S8), green (9), or brown (10-—14) crystals were obtained.
They were collected by filtration and dried in vacuo. The product
was recrystallized from water (1,2,8,9,12,14), or methanol (3,4,5),
or by the addition of acetone to the water solution (6,7,10,11,13).
In using 2,3-diaminonaphthalene, the reaction solution was treated
under Ar. For 9, methanol was used as the solvent, and the complex
was isolated as chloride, and recrystallized from methanol.

5-(Trimethylammoniomethyl)salicylaldehyde Chloride (15).
Trimethylamine gas (0.12 mol) was passed through a stirring tetra-
hydrofuran solution (50 cm®) of 5-chloromethylsalicylaldehyde'?
(10 g, 5.9x107? mol). The thus-formed white precipitate was
collected by filtration, washed with ether and dried in vacuo. The
crude product was then dissolved in a minimal amount of meth-
anol, and acetone (about 80 cm®) was added to the solution. After
standing for two days, white crystals were obtained, washed with
acetone and dried in vacuo. Yield, 10.1 g (63%). 'HNMR (D0,
TSP (3-(trimethylsilyl)propanesulfonic acid, sodium salt))  =3.11
(s, O9H), 4.51 (s, 2H), 7.15 (d, 1H), 7.75 (d, 1H), 7.93 (s, 1H),
10.02 (s, 1H). Found: C, 57.80; H, 6.79; N, 6.10%. Calcd for
CiHisNO,Cl: C, 57.52; H, 7.02; N, 6.10%.

5- (Triethylammoniomethyl)salicylaldehyde Chloride (16).
To a stirring tetrahydrofuran (THF) solution (30 cm?) of 5-chlo-
romethylsalicylaldehyde'"” (7.0 g, 4.1x1072 mol), triethylamine
- (6.0x 1072 mol) diluted with THF (5 cm®) was slowly added. The

white precipitate thus formed was collected by filtration, washed
with ether and acetonitrile, and dried in vacuo. The crude product
was purified by reprecipitating from methanol-acetone. Yield, 7.3
2 (50%). 'THNMR (D,0, TSP) 6 =1.40 (t, 9H), 3.27 (q, 6H), 4.43
(s, 2H), 7.13 (d, 1H), 7.70 (d, 1H), 7.88 (s, 1H), 10.00 (s, 1H).
Found: C, 61.60; H, 7.88; N, 5.03%. Calcd for C14H2NO,Cl: C,
61.87; H, 8.16; N, 5.15%.

5-(Tripropylammoniomethyl)salicylaldehyde Chloride (17).
The crude product of 17 was obtained by a similar method to that
of 16, recrystallized from methanol and dried in vacuo. Yield,
45%. 'HNMR (D0, TSP) 6 = 1.00 (t, 9H), 1.87 (m, 6H), 3.12
(t, 6H), 4.49 (s, 2H), 7.15 (d, 1H), 7.67 (d, 1H), 7.82 (s, 1H),
10.00 (s, 1H). Found: C, 63.98; H, 8.95; N, 4.52%. Calcd for
C17H2sNO,C1-0.25H,0: C, 64.13; H, 9.02; N, 4.40%.

5- (Tributylammoniomethyl)salicylaldehyde Chloride (18).
The crude product of 18 was obtained by a similar method to that
of 16. It was recrystallized from water and dried in vacuo. Yield,
56%. '"HNMR (D,0, TSP) & =1.00 (t, 9H), 1.40 (m, 6H), 1.82 (m,
6H), 3.18 (t, 6H), 4.50 (s, 2H), 7.18 (d, 1H), 7.70 (d, 1H), 7.82 (s,
1H), 10.01 (s, 1H). Found: C, 60.99; H, 9.30; N, 3.54%. Calcd for
Cy0H34NO,C1-2H,0: C, 61.28; H, 9.77; N, 3.57%.

3-t-Butyl-5-(trimethylammoniomethyl)salicylaldehyde Chlo-
ride (19).  This compound was obtained as a white powder by
the reaction of 3-z-butyl-5-chloromethylsalicylaldehyde (20) with
trimethylamine in THF. Yield, 76%. '"HNMR of 19 (DO, TSP)
6 =1.40 (s, 9H), 3.10 (s, 9H), 4.48 (s, 2H), 7.69 (s, 1H), 7.78 (s,
1H), 9.90 (s, 1H). Found for 19: C, 57.52; H, 8.74; N, 4.63%. Calcd
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for Ci;sH24NO,Cl1-1.5H,0: C, 57.60; H, 8.70; N, 4.48%. 20 was
prepared by the chloromethylation of 3-z-butylsalicylaldehyde'®
using the method of Angyal et al.'" Yield, 52%.

Materials. All of the reagents and solvents used were of
analytical grade. Ethylenediamine, 1,3-diaminopropane, 1,2-di-
aminocyclohexane, 1,2-phenylenediamine, and 2,3-diaminonaph-
thalene were purchased from commercial sources. (R,R)- and (S,S)-
1,2-diaminocyclohexanes were obtained by a reference methods.!®
2,3-Dimethyl-2,3-diaminobutane was prepared by a method of
Sayre.!¥ Dojin Chemical buffer HEPES (3-[4-(2-hydroxyethyl)-
1-piperazinyl]propanesulfonic acid) was purchased from commer-
cial sources and used without purification. Calf thymus DNA,
poly(dA-dT)—poly(dA-dT), poly(dG-dC)—poly(dG-dC), poly(dA-
dC)—poly(dT-dG) were purchased from Merck Co., Ltd., and the
calf thymus DNA was used after purification.

Measurements.  UV-vis and CD spectra were recorded on a
Shimadzu UV-2200 spectrophotometer and JASCO J-720 spec-
tropolarimeter at 25.0 °C, respectively. IR spectra were mea-
sured with a JASCO FT/IR-300E. 'H NMR and EPR spectra were
recorded on a JEOL GSX-400 spectrometer (400 MHz) and a JEOL
FE2XG, respectively. The magnetic susceptibility was measured
with a Shimadzu Torsion Magnetometer MB-100 by the Faraday
method at room temperature. The electronic conductivity was mea-
sured with a Radiometer Copenhagen CDM 92 for 1x10™* M
(M=moldm™>) complex solutions at 25 °C. CHN elemental anal-
ysis was carried out with a Yanaco MT-5. Cu was analyzed with
a Hitachi atomic absorption spectrophotometer 170-30. Br was
analyzed by the Mohr method.

X-Ray Crystal Structure Analysis. A purple crystal of 1
was used for data collection. The lattice parameters and intensity
data were measured on a Rigaku diffractometer (AFC-7R) with
graphite-monochromated Mo K« radiation and a 12 kW rotating-
anode generator. The structure was solved by a direct method. The
nonhydrogen atoms were refined anisotropically, and the hydrogen
atoms were refined isotropically. The final cycle of a full-ma-
trix least refinement was 7468 observed reflections (>3.000(1)).
All of the calculations were performed using the TEXSAN crys-
tallographic software package developed by Molecular Structure
Corporation (1985).

Conditional Stability Constants of the Complexes. To a so-
Iution containing a Schiff base complex (1.0x 10~° M) and HEPES
(5.0 mM, pH 7.2), a solution of EDTA-2Na (1.0x107° M) was
added; the absorption spectra of the solutions were followed at
25 °C until the ligand substitution equilibrium was achieved (10
days). The conditional stability constants of the Schiff base com-
plexes were calculated using the concentrations of the complexes
(Cu-Schiff base and Cu-edta®™) and free ligands, which were esti-
mated from the absorbance (340 nm for 1 and 400 nm for 10,12,14)
of the solutions at the equilibium conditions, the stability constant
of Cu-edta’”, and the deprotonation constant of EDTA.!®

Aggregation Constants.  The absorption spectra were mea-
sured for solutions containing complex concentrations ranging from
1x10™*t0 1x10"2 M at 25 °C, and the aggregation constants Kgimer
(Kgimer = [dimer]/[monomer]?) were estimated from the absorbance
at 555 nm by applying reference methods.'s

Equilibirium Dialysis. - A typical example is described. The
retentates (5.0 cm®) containing a solution of 100 uM complex, 5.0
mM HEPES buffer, 50 mM NaCl, and calf thymus DNA (0—
1000 uM) were dialyzed against 15.0 cm® dialysates containing
a solution of 5.0 mM HEPES (pH=7.2) and 50 mM NaCl using
a dialysis membrance (Size 16, Wako Pure Chemical Industries
Ltd.) for 48 h, after which time equilibrium was achieved. The
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temperature was held at 25 °C and the samples were shaken at
a constant rate. Upon equilibration, dialysates were subjected to
spectral analysis and the concentrations of the free complex were
determined on the basis of absorbance readings at 342 nm (1,7.8),
343 nm (2,3,6), 345 nm (9), 346 nm (4), 352 nm (5), and 395 nm
(11—13). In the case of complexes 10 and 14, precipitation ocurred
during dialysis. The obtained data were conducted to a macroscopic
analysis of the binding constants. In addition to these experiments,
the dialysis of a solution containg a constant concentration of DNA
base pairs (2.0x 10™* M for typical example) and varying complex
concentrations (2.5x 107°—2.5x 10™* M for typical example) was
also performed for all of the complexes; however, precipitation
ocurred during the dialysis for 2—10, and 14. The data for 1
and 11—13 were used in a microscopic analysis of the binding
constants.

UV-vis and CD Titrations. A typical method is described. The
solutions containing the complexes, DNA, 5.0 mM HEPES buffer
(pH=7.2), and 50 mM NaCl were made and the UV-vis and CD
spectra were measured after 24 h mixing at 25 °C using 1 cm cell
(UV-vis) and 5 cm cell (CD). For AT-DNA, GC-DNA, and ACTG-
DNA, 1 cm semi-microcell was used. The complex concentrations
were 4x107° M for 1—9, 2x107> M for 10—13, and 1x10~°
M for 14. The DNA base pair concentration was 0—1x 107> M
for 1--9, 0—2x10™* M for 10—13, and 0—8x 10> M for 14.
The UV-vis and CD spectral data were used in a macroscopic
analysis of the binding constants. The wavelength for absorbance
readings was the same as that for equilibrium dialysis. The reading
wavelengths for CD titration were as follows: 365 nm (1,6,7),
380 nm (2—4), 385 nm (5,8,9,10—13), 430 nm (14), and 450 nm
(10). For a microscopic analysis, a solution containing a constant
concentration of DNA base pairs (4.2 x 10~ M for typical example)
and varying concentrations of the complex (8.0 1075—3.5x107°
M for typical case) was prepared.

Analysis of Binding Constants with DNA. In this paper,
the concentration of DNA base pairs was used as the concentra-
tion of DNA. The binding constants (K;) of the complexes with
calf thymus DNA were estimated by applying two methods, macro-
scopic and microscopic analysis.'” For poly(dA-dT)—poly(dA-dT),
poly(dG-dC)—poly(dG-dC), and poly(dA-dC)-poly(dT-dG), macro-
scopic analysis was applied.

For a macroscopic analysis, Kp is defined by Eq. 1 and was
estimated by applying Eq. 2:

M + DNA &2 M-DNA; K, = [M-DNA]/(IM][DNA}]) 1)

Cm/Cs = (KsCp) ™" 2

where M denotes a free metal complex, and Cg, Cyu, and Cp rep-
resent the concentrations of M-DNA, free metal complex, and free
DNA base pairs, respectively. The stepwise equilibrium constants
(Kb1 and Ky,) are defined by Eqgs. 3 and 4, respectively, and were
calculated using Eqgs. 5 and 6:

M + DNA = M-DNA; Ki =[M-DNA]/(IM][DNA]) A3)
M + M-DNA 2M,-DNA; Kz =[M;-DNA]/(IM][M-DNA])(4)
Kin® = KoK, (5)
Kio® = Kv3/Kos, (6)

where Ky3 and K4 are the equilibrium constants defined by Eqs. 7
and 8, respectively: .

2M + DNA & M,-DNA; K3 = [M;-DNA]/ (IMJ*[DNA]) @)
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M,-DNA + DNA = 2M-DNA;
Kbs = [M-DNAT’/(IM-DNAJ[DNAD. (8

Egs. 7 and 8 correspond to the DNA titrations for a low R (R=
[DNAJow/[Mlwota) and a high R, respectively. The Kp3 and Kps
were estimated by applying Eqgs. 9 and 10, respectively:

Cum’/Cr2 = (Kp3Cp) ™', ©

Cr2/Cs” = (KnaCp) ™', (10)

where Cg; indicates the concentration of M,-DNA. Experiments for
a macroscopic analysis were carried out under a constant complex
concentration and varing DNA base pairs concentration.

For a microscopic analysis, a Scatchard plot was carried out
applying Eq. 11:'”

Cs/([DNALCw) = Ky /n — Ky Ca /[DNAL, an

where [DNAJ; and n mean the total concentration of DNA base pairs
and site size base pairs, respectively. The experiments for a micro-
scopic analysis were carried out under a constant concentration of
DNA base pairs and a varing complex concentration.

Results and Discussion

Preparation and Properties of the Complexes.  All of
the cationic Schiff base complexes of copper(ll) were pre-
pared in “one-pot” by reacting 5-(trialkylammoniomethyl)-
salicylaldehyde chloride with copper(Il) acetate and diamine
in a 2:1:1 molar ratio in water at pH 7.4, and isolated
as bromide salt, except for complex 5. In the case of 5,
methanol was used as the solvent and the chloride salt was
isolated. The data of the elemental analysis and the purifica-
tion method of the complexes are summarized in Table 1. All
of the complexes could also be isolated as tetrafluoroborate,
perchlorate, and chloride salts. However, the former two
salts were miserably soluble in water and the chloride salt
was hygroscopic. All of the bromide salts were very soluble
in water and methanol, and the electronic conductivity in
water corresponded to 1 :2 electrolyte (Table 2).

All of the complexes prepared here were thermally sta-
ble in the atmosphere and in water (pH=7.2) even at 80
°C. However, the Schiff base ligands, themselves, were
thermally unstable in water and methanol; although the
formation of the Schiff base ligands was confirmed from
the UV-vis spectra, the ligands gradually decomposed to
form insoluble yellow products when heated. The products
were presummed to be a Hoffman-type decomposition prod-
uct (H,C=CsH,(=0)-CH=N),—X, X=bridging group) of the
cationic Schiff base ligands on the basis of an elemental
analysis and the IR spectra of the products. 5-(Trialkyl-
ammoniomethyl)salicyladehyde chloride was also thermally
not so stable in water; it gradually decomposed to form an
insoluble white product when heated.

Characterization of the Complexes.  The characteri-
zation data are listed in Table 2. All of the complexes show
Ve=n at 1615—1640 cm™—! and v at 1525—1540 cm ™',
which are characteristic to Cu(Il)-Schiff base complexes.!”
The strong ve—y bands at 2850—2930 cm™! are due to the
trialkyl group. All of the complexes show d—d transition
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bands at 17000—18000 cm™!, CT bands at 24500—33000
cm~ !, and 7—nt* bands at 37400—41600 cm™! in water,
which are very similar to those of the non-charged Cu(Il)-
Schiff base complexes having a square-planar structure.'®!?
The CD spectra of 8 and 9 are comparable to those of [Cu(sal-
chxn)]."” The magnetic moments (1.82—1.89 BM) and g -
values (2.207—2.218) well correspond to those of copper-
(II)-Schiff base complexes having a square-planar N,O,
geometry.'® Accordingly, these data in Table 2 clearly in-
dicate that the prepared cationic Schiff base complexes had
a quite similar structure to that of the corresponding non-
charged Schiff base complexes of copper(Il), and that the
trialkylammoniomethy! groups had little influenced on the
Cu(II)-Schiff base skeleton. In the case of 10—14, the EPR
spectra in frozen water exhibit strong triplet signals due to the
dimer overlapped with those corresponding to the monomer,
indicating that the complexes with an aromatic N,N’-bridging
group aggregate in solution.

Crystal Structure of the Complex 1. Figure 1 shows an
ORTEP drawing of complex 1 with 50% probability thermal
ellipsoids. The selected crystal data and collection param-
eters are summarized in Table 3. The atomic parameters
are listed in Table 4. The selected bond distances and bond
angles are given in Tables 5 and 6. The complete F,— F,
data are deposited as Document No. 70006 at the Office of
the Editor of Bull. Chem. Soc. Jpn. The Cu(ll) ion is sur-
rounded in a square-planar geometry by two nitrogen and two
oxygen atoms of the Schiff base ligand. The bond distances
of Cu-N (1.938 A, 1.934 A) and Cu—0O (1.903 A, 1.903 A)
and the bond angles around the Cu atom are close to those of
[Cu(salen)].”” Further, the bond distances and bond angles
for the salen skeleton are also very similar to those of [Cu-
(salen)], indicating that the coordination structure of cationic
Schiff base complexes is essentially the same as that of a
non-charged one. The trimethylammoniomethyl groups are

A: ORTEP drawing of cationic part of complex 1 with
50% probability thermal ellipsoids. B: Dimer structure of
1 viewed perpendicular to the mean plane (the trimetylam-
moniomethyl groups are omitted).

Fig. 1.
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Table 2. Characterization Data of the Complexes

Aw in waer IR/cm™ in KBr UV-vis in water HUeorr ESR?
Complex Sem®’mol™!  ve-m  Ye=x V-0 viem™! (e/mol”'dm3cm™!) B.M. &l Lﬂ
cm
1 185 2920- 1640 1535 17650 (270), 29120 (8720), 37630 (29900sh) 1.89 2.214 0.0201
2860 41250 (68800)
2 198 2920 1635 1535 17660 (270), 29120 (8800), 37590 (29700sh) 1.88 2.216 0.0197
2850 41250 (68400)
3 195 2940 1635 1535 17660 (280), 29120 (9000), 37410 (31000sh) 1.86 2217 0.0194
2870 41150 (71700)
4 187 2930 1630 1535 17660 (280), 29060 (9000), 37700 (31000sh) 1.85 2.214 0.0195
2870 41190 (69700)
5 211 2040 1630 1535 17750 (290), 28430 (9690), 40420 (54600) 1.87 2.209 0.0196
2860 42500 (42400sh)
6 297 2920 1620 1540 18140 (260), 29180 (9890), 37570 (29800sh) 1.84 2.205 0.0202
2850 41390 (76100)
7 217 2920 1620 1535 16850 (190), 29890 (8930), 36820 (19300sh) 1.87 2.248 0.0184
2860 41630 (67300), 43760 (56100sh)
8 191 2920 1630 1540 17760 (230), 29220 (8960), 37400 (26600sh) 1.83 2.214 0.0197
2860 41425 (69980)
[16260 (—0.26), 20000 (0.75), 27778 (—12.3)
30120 (5.18), 41152 (—55.5), 44247(36.7)
: 49019 (—9.70)]°
9 187 2920 1630 1540 17760 (230), 29220 (8960), 37400 (26600sh) 1.83 2.218 0.0191
2860 41425 (70000)
[16260 (0.26), 20000 (—0.75), 27778 (12.3)
30120 (—5.18), 41152 (55.5), 44247 (—36.6)
49019 (9.70)]°
10 210 2920 1620 1530 18070 (310), 25280 (17700), 30080 (18500) 1.82 22119 0.0203
2850 32950 (23500), 39760 (52800)
11 192 2020 1620 1530 17950 (290), 25190 (17900), 30030 (19200) 1.82 2213%  0.0202
2850 33000 (24300), 39920 (53200)
12 187 2930 1620 1530 18060 (300), 25160 (16900), 29990 (18300) 1.82 2207 0.0204
2880 32950 (22900), 39760 (50800)
13 190 2930 1615 1525 18010 (330), 25160 (17800), 29990 (19400) 1.86 2209 0.0202
2870 32890 (24300), 39760 (53500) :
14 198 2920 1620 1535 16950 (190), 24660 (18000), 31700 (20800) 1.82 b)
2850 40320 (48700)

619

a) Frozen water containing 20% ethylene glycol. b)
(Ag/mol~! dm3 cm~1)) in water.

attached in a frans form with respect to the plane of the Cu-
salen skeleton.

Complex 1 exists as loosely held dimers in a crystal
(Fig. 1B). Although the dimeric face-to-face structure re-
sembles that of [Cu(salen)],?® the face-to-face atoms are
clearly different from those of [Cu(salen)]. That is, although
the Cu atom of 1 faces the C(10) atom at an intermolecular
distance of 3.40 A, the Cu atom of [Cu(salen)] faces the phe-
nolic pxygen atom at an intermolecular distance of 2.41 A. If
1 takes the same dimer structure as [Cu(salen)], the trimeth-
ylammoniomethyl groups of 1 are face-to-face to each other,
so that 1 takes a somewhat slide-dimer structure in order
to avoid a steric and/or electrostatic repulsion(s) among the
trimethylammoniomethyl groups.

Stability for Ligand-Substitution of the Complexes. It
is an important factor in the determination of the binding con-
stants with DNA that the complexes have a substantial stabil-
ity for ligand-substitution. Thus, we tested the stability of the

Overlap with triplet peaks due to dimer. c¢)

CD extrema (¥/cm™!

following representative complexes: 1,10,12, and 14. The
complexes (1.0x10~° M) showed no spectral change upon
the addition of pyridine (5.0 x 104 M), ammonia (5.0x10™*
M), Na,HPO, (5.0 x 10~2 M), and HEPES buffer (5.0x 1072
M). In the addition of EDTA-2Na (1.0x10~> M), about a
10% decoloration of the Schiff base complexes was observed
under the equilibrium conditions at pH 7.2 (HEPES). Based
on the spectral change, the conditional stability constants
(Kapp=[complex] / [Cu?*][total free ligand])) were estimated
to be approximately 2x 10'* M~! at pH 7.2 (Table 7). These
data indicate that the cationic Schiff base complexes have
a substantial stability at pH 7.2, and that the dissociation
of the complexes can be safely neglected under the experi-
mental conditions for the DNA-binding constants (complex
concentrations=1—40x 107> M pH 7.2).

Aggregation of the Complexes in Water. It has been re-
ported that the non-charged salen-type Shiff base complexes
of copper(Il) often exists as a dimer in the solid state.”*—?
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Table 3. Crystal Data and Data Collection Details
Table4.  Atomic Coordinates and Equivalent Isotropic

Formula C24HauuN4O7Br,Cu Thermal Parameters
Formula weight 723.99
Crystal system Triclinic Atom x y z Beg®
Space group P1 Br(1) 0.19934(4) 0.38317(3) 0.20846(5) 5.45(1)
alA 11.087(1) Br(2) 0.70543(4) 0.31389(3) 0.12971(4) 4.77(1)
b/IA 14.993(1) Cu(l) 0.67410(4) 0.03163(3) 0.45881(4)  2.573(8)
/A 9.937(2) o)  0.6417(2)  0.0662(1)  0.6362(2)  2.82(5)
aldeg 95.16(1) 0(2) 0.8286(2) —0.0477(1)  0.5511(2)  3.07(5)
Pldeg 106.70(1) 0(3)  0.5215(4)  0.3534(5)  0.3581(5) 10.7(2)
y/deg 77.793(8) 0O4) 1.0147(3) 0.3580(3) 0.4125(4) 6.40(9)
V/IA3 1545.5(3) 0O(5) 0.1210(3)  0.0483(2)  0.1551(3)  5.48(7)
z 2 o)  0.1745(4)  0.1922(3)  0.0253(3)  7.6(1)
d(caled)/g cm ™3 1.556 o(7)  0.8602(3) 0.1143(3)  1.01214)  6.81(9)
Crystal size/mm® 0.43x0.43x0.40 N()  0.5113(3)  0.1024(2)  0.3555(3)  3.34(6)
t/°C 23+1 N(2) 0.7068(2)  0.0103(2)  0.2765(3)  2.87(6)
Radiation MoKa NQG@)  02465(2) 041242)  0.7916(3)  3.11(6)
1=0.71069 A N@4)  1.2276(2) -0.3392(2)  0.29003)  3.08(6)
wlem™! 33.5 C(1)  0.5433(3)  0.1233(2)  0.6599(3)  2.42(6)
Scan mode w20 C(2)  0.5425(3)  0.1470(2)  0.79993)  2.84(7)
Scan width/deg 1.73+0.30tan @ C(3)  044293)  0.2063(2)  0.8337(3)  3.07(7)
Scan speed/deg min ! 16.0 C@  03362(3) 0.2481(2)  0.72993)  2.88(7)
26 range 39.04—39.96° C(5)  02273(3)  0.3137(2)  0.7667(4)  3.28(8)
No. of measured C6)  0.3597(4)  04210(3)  0.9132(5)  3.95(10)
reflections 7468 C(7)  0.1294(4)  04698(3)  0.8246(5)  4.16(10)
No. of observed C@8)  02632(5) 04474(3)  0.6636(4)  4.3(1)
reflections 4453 CO®  03336(3) 0.2260(2)  0.5927(3)  2.94(7)
RI% 34 C(10) 0.4347(3)  0.1656(2)  0.5536(3)  2.60(6)
Ru/% 3.7 C(11) 0.4249(3)  0.1509(2)  0.4064(3)  3.31(7)

C(12) 0.48704) 0.0893(3) 0.2027(4) 5.5(1)

C(13)  0.6094(4) 0.0664(3) 0.1679(4) 4.46(9)
C(14) 0.8042(3) —0.0411(2) 0.2490(3) 3.26(8)
The dimer partly monomerizes in the non-coordinating sol- C(15) 0.9118(3) —0.0921(2) 0.3501(3) 2.67(7)
vent, while the equilibrium largely shifts to the monomer in C16) 1.01453) -—0.1410(2) 0.3011(3) 3.00(7)
the coordinating solvents.?? In the case of cationic Shiff base Cd7) 1.1236(3) —0.1889(2)  0.38385(3)  2.92(7)
complexes, complexes 1—9 show an EPR corresponding C(8)  1.2344(3) -0.2396(2)  0.3362(4)  3.24(8)
to only one monomer species in a frozen aqueous solution. C19)  1.1229(4)  —0.3435(3)  0.1584(4)  4.06(9)

o . . C(20) 1.3533(4) —0.3830(3) 0.2623(5) 4.8(1)
Complexes 10—14, however, exhibit strong triplet signals C21) 12074(4) —03892(3)  04021(4)  4.08(9)

due to the dimer species overlapped with those correspond- C(22) 1.1313(3) —0.1859(2)  0.5320(3) 3.20(7)
ing to the monomer (Table 2). As listed in Table 7, the C(23) 1.0337(3) —0.1394(2) 0.5835(3) 3.32(8)
formation constant (Kgiyer) of the dimer increases in the or- C(24) 0.9193(3) —0.0910(2) 0.4953(3) 2.71(7)

der 1«12 <10< 14, indicating that the dimer formation is
enhanced along with an increase in the hydrophobicity of the
N,N'-bridging group of the complexes. On the other hand,
the Kgimer values are in the range of 2.3—5.3x 10 M ™!, which

a) Beq=(8n2/3)zizj U,-ja;"aj’."a,- a;.

show that the concentration of the dimer is negligibly small Table 5. Selected Bond Distances (A)
in the complex concentrations (1—20x 10~> M) adopted to
measure the DNA-binding constants. Cu-N(1) 1.939(3) Cu-N(2) 1.934(3)
UV-vis and CD Titrations.  No color from the com- Cu-0(1) 1.904(2) Cu-0(2) 1.903(2)
plexes remained in the supernatant solution obtained after N(})__S(g) }i?/(i) E(g)_g(}g) i%é(j)
ultracentrifugation of a solution of cal_f thymps DNA and I(\)IEI; —Cgl)) 1:302§3§ ngg:cgz 4; 1:3IIE 4;
complexes (R=[DNA Jiota1/[M]ota1 =20), indicating that all of NG)-C(5) 1.528(4) N@4)-C(18) 1.533(4)
the complexes bind strongly to DNA. The complexes were N(3)-C(6) 1.491(4) N(4)-C(19) 1.489(4)
thermodynamically so stable that no ligand substitution nor N@B3)-C(7) 1.502(4) N(4)-C(20) 1.500(5)
a formation of mixed-ligand complex occured upon the addi- N@3)-C(8) 1.492(4)  N@#-C21) 1.485(5)
tion of NH;3 (5x 10~* M), pyridine (5% 10~* M), and phos- C4)-C(5) 1.4994)  C(7)-C(18)  1.502(4)

C(10)-C(11) 1.436(4) C(14)-C(15) 1.443(4)

h . _2 . _5
phate ion (5x107° M) to the complex solutions (1x10 C12)-C(13) 1.460(6)

M). This fact indicates that the possibility of coordination
binding between the complexes and DNA can be excluded. Estimated standard deviations are given in parentheses.
As reported previously,'® the ESR study for complex-bind-
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Table 6. Selected Bond Angles (°)

N(1)-Cu-N(2) 84.2(1) O(1H)—Cu-0(2) 89.45(8)
O(1)-Cu~-N(1) 93.11(10) O(2)-Cu-N(2) 93.69(10)
O(1)-Cu-N(2) 173.81(10) O(2)-Cu-N(1) 174.6(1)
Cu(1)-0(1)-C(1) 127.2(2) Cu-0(2)-C(24) 126.9(2)
Cu(1)-N(1)-C(12) 113.02) Cu-N(2)-C(13) 112.6(2)
Cu(1)-N(I)-C(11) 127.1(2) Cu-N(2)-C(14) 126.4(2)

C(11)-N(1)-C(12) 119.7(3)
N(1)-C(11)-C(10) 125.0(3)
N(1)-C(12)-C(13) 109.2(3)

C(13)-N(2)-C(14) 120.8(3)
N(2)-C(14)-C(15) 125.5(3)
N(@2)-C(13)-C(12) 110.6(3)

NQB3)-C(5)-C(4) 114.5(3) N@-CU8)-C(17) 114.5(3)
C(5)-N@B3)-C(6) 111.43) C(18)-N(4)-C(19) 110.4(3)
C(5)-N(3)-C(7) 108.1(3) C(18)-N#4)—C(20) 107.4(3)
C(5)-N(3)-C(8) 110.7(3) C(18)-N#)-C(21) 111.0(3)
C(6)-N(3)-C(7) 108.3(3) C(19-N#4)-C(20) 109.1(3)
C(6)-N(3)-C(8) 109.4(3) C(19-N#4)-C(21) 110.0(3)
C(T)-NG3)-C(8)  108.93) C(20)-N#)—-C(21) 108.9(3)

Estimated standard deviations are given in parentheses.

Table 7. Conditional Stability Constants (Kupp) and Dimer-
Formation Constants (Kgimer) at 25 °C

Complex Kopp/M™'® Keimer/M™!
1 1.6x 10" 0
10 2.5x%10" 35
12 2.3x 10" 23
14 2.2x 10" 53

) HEPES=5.0 mM (pH=7.2).

ing DNA-fiber indicates that complexes 1 and 6 selectively
bind to the groove of DNA, whereas 10—14 selectively in-
tercalate to the base pairs of DNA. These facts suggest that
the salen-type Shiff base complexes of copper(I) have a high
mode selectivity depending on the nature of the N,N’-bridg-
ing group of the Schiff base ligand. In order to confirm the
mode selectivity and to obtain further information, we inves-
tigated the UV-vis and CD spectral behaviors of 1—14 in the
DNA solution. The UV-vis and CD spectra were measured
under a constant complex concentration and varing DNA
base-pair concentration. The typical spectra are shown in
Figs.2,3,4,5, and 6.

As a result, although complexes 1-—9, which have an
aliphatic N,N'-bridging group, showed no clear UV-vis spec-
tral change under the employed experimental conditions,
they exhibited clear induced CD spectra (1—7) or a red
shift of the CD spectra (8,9) ar the CT band region (300—
500 nm) (Figs. 2 and 3). The slight UV-vis spectral change
strongly suggests that the compelxes bind at the surface or
the groove of the double helix of DNA, because the sur-
face binding and groove binding usually have little effect on
the absorption spectra of metal complexes.'” The relatively
strong induced CD of 1—7 and the red shift of the CD of
8 and 9 suggest that the binding mode is groove binding,
rather than surface binding, because the latter process would
be expected to be nonspecific regarding the orientation of the
complexes, whereas the CD spectra attest that the binding is
geometrically homogenious to some extent. In fact, we have
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Wavelength, A/nm

Fig. 2. UV-vis and CD spectral variations of complex 1 by
the addition of calf thymus DNA. a: [Complex]=5.0x107°
M, [DNA]=0—8.4x107> M, Cell length=1.0 cm. b:
[Complex]=4.0x 107> M, [DNA]=0—9.9x10™* M, Cell
length=1.0 cm. ¢ [Complex]:4.0><10_5 M, [DNA]=
0--6.7x107* M, Cell length=0.1 cm. d: [Complex]=
4.0%x107° M, [DNA]=0—9.9x10™* M, Cell length=5.0
cm. I=0.05 (50 mM NaCl+5 mM HEPES (pH=7.2)).
T=25°C. Ac value is plotted per mol dm ™ of complex.

observed that about 75% of 1 is oriented to take a dihedral
angle of 30°£10° between the coordination plane of 1 and
the DNA helix axis in the solid state.'®

The induced CD’s at the CT band region of 1—7 comprise
two main CD bands. The CD sign is (—),(—) from the shorter
to longer wavelength for 1; (—),(+) for 2—S5; and (+),(—) for
6 and 7. Since the induced CD spectra of 2—S5 are very
similar to the CD spectrum of optically active 9, 2—S5 are
assumed to be oriented in such a way that the coordination
plane of these complexes is tetrahedrally distoreted to take a
A configuration, because 9 has been known to take stereo-
specifically the A configuration.'” This assumption is partly
supported by the fact that the CD intensity of 9 is scarecely
changed by the addition of DNA. Similary, the induced CD
spectra of 6 and 7 are very similar to the CD spectrum of
8, they are assummed to take a A configuration. Also in
this case, the CD intensity of 8 is scarecely changed by the
addition of DNA. The induced CD of 1 is different from the
CD spectra of 8 and 9. Since the CD intensity is two- or three-
times stronger than those of 2,3, and 4, which have a similar
structure to 1, it is suggested that the effect of an asymmetric
electronic field and an asymmetric magnetic field of chiral
DNA affects the induced CD of 1 in addition to the effect of
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signs at near 260 nm, indicating that the DNA keeps the

double helix B-form structure in the presence of 1—9. The

a distortion of the coordination plane.* Recently, a similar

effect to this was reported for the induced CD of salen-type
Schiff base complexes of copper(Il) with a cationic group at

the N,N’-bridging group.*?

presence of iso-CD point(s) in the CT band region for 2—9
indicates that the reaction with DNA can be treated as the

following equilibrium:

DNA solutions containing 1—9 show CD with opposite
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Fig. 4. UV-vis and CD spectral variations of complex 10 by the addition of calf thymus DNA. A: R=0—2.4. [Complex]=2.0x107°
M. [DNA]=0—3.9%107" M for a and ¢, 0—4.7x 107> M for b and d. Cell length=1.0 cm for a and b, 0.1 cm for ¢, and 5.0
cm for d. B: R=2.5—10.7. [Complex]=5.0x 107% M for a, 2.0x107> M for b, ¢, and d. [DNA]=(1.5—4.0)x 107> M for a,
(5.9—21)x 107> M for b and d, (5.9—16)x 10~ M for ¢. Cell length=1.0 cm for a and b, 0.1 cm for ¢, and 5.0 cm for d. 7=0.05
(50 mM NaCl+5 mM HEPES (pH=7.2)). T=25°C. A¢ value is plotted per moldm > of complex.
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Fig. 5. UV-vis and CD spectral variations of complex 11 by
the addition of calf thymus DNA. [Complex]=2.0x107°
M. [DNA]=0—1.6x 10™* M. 1=0.05 (50 mM NaCl+5 mM
HEPES (pH=7.2)). T=25°C. Cell length=1.0 cm (UV-vis).
Acg value is plotted per mol dm > of complex. The UV-vis
and CD spectral variations of complexes 12 and 13 (not
drawn) are close to those of 11.

M + DNAT—=M-DNA, (1)

where M-DNA represents the complex-bound DNA. Thus,
the binding constants (K}) for 1—9 were analysed based on
this equation, as mentioned in the Experimental section.

In the case of 10—14, which have an aromatic N,N’-bridg-
ing group, they exhibited clear UV-vis and CD spectral vari-
ations. The typical examples are shown in Figs. 4, 5, and
6. As shown in Figs. 4(A), 5, and 6(A), Anax at near to 400
nm (£=16900—17900) shifted to near 420 nm (¢=13500—
14600) with an isosbestic point at 425 nm by the addition of
DNA. In the case of 14, Ayn.x at 405 nm (£=18000) shifted
to 415 nm (£=13700) with an isosbestic point at 450 nm.
These red shifts and large hypochromic shifts (18—24%)
of the charge-transfer bands are clear evidence for interca-
lation to the base pairs of DNA.*® In addition, as shown in
Figs. 4(B) and 6(B), 10 and 14 exhibit another spectral varia-
tion at over R=3.0 (10) and 1.3 (14). That is, Ayax at 420 nm
(£=14600) of 10 shifted to 423 nm (£=14800) with an iso-
sbestic point at 420 nm with an accompanying hypochromic
shift of the shoulder (390 nm) from £=13700 to £=12300. In
the case of 14, Aynax at 415 nm (£=13700) shifted to 420 nm
(£=11500) with an isosbestic point at 467 nm. These facts
indicate that two kinds of intercalations occur step by step for
10 and 14. In fact, the induced CD’s of 10 and 14 consist of
two kinds of CD variations (Figs. 4 and 6), while the induced
CD’s of 11—13 comprise one kind of CD variation, and are
very similar to each other (Fig. 5). Since the induced CD’s
at R=10.7 (10) and R=8.3 (14) are close to those of 11—13
at R=8.2, it becomes clear that the second induced CD’s of
10 (over R=3.0) and of 14 (over R=1.3) correspond to the
formation of M-DNA species. Further, the presence of an
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Fig. 6. UV-vis and CD spectral variations of complex 14 by the addition of calf thymus DNA. A: R=0—0.7, [Complex]=1.0x 1073
M, [DNA]=0—6.9x10~% M. B: R=1.3—8.3, [Complex]=1.0x10~> M, [DNA]=1.2—8.3x 107> M. 7=0.05 (50 mM NaCl+5
mM HEPES (pH=7.2)). T=25°C. Cell length=1.0 cm (UV-vis). A¢ value is plotted per mol dm ™ of complex.

is0-CD point(s), which fall across the CD-base line in the
case of 11—13, indicates that the CD variations of 11—13
correspond to reaction 1), and that the stepwise CD variations
of 10 and 14 correspond to the following reactions:

2M + DNAT——M,-DNA (at low R) 2)

M,-DNA + DNAT——2M-DNA (athighR). 3)

All of the DNA solutions containing 10—14 showed CD
with opposite signs at near 260 nm. Hence, it is clear that
both the M-DNA and M,-DNA species keep the B-form
double-helix structure.

In the case of 10—14, since they have a structurelly rigid
phenylene or naphthylene group as the N,N’-bridging group,
the complexes have difficulty to take a tetrahedrally distorted
configuration. Therefore, the intence induced CD at the CT
band region of these complexes should mainly come from the
effect of asymmetric electronic and magnetic fields of chiral
DNA on highly oriented complexes.?® This high orientation
is possible only when the complexes are intercalated into the
base pairs of DNA. Indeed, we have observed that about
75% of 10 is oriented to take a dihedral angle of 0°+£10°
between the coordination plane of 10 and the DNA helix
axis in the solid state.!?

The above UV-vis and CD spectral behaviors strongly
support that complexes having an aliphatic N,N’-bridging
group bind to the groove of DNA, whereas those having an
aromatic N,N'-bridging group intercalate to the base pairs of

DNA.

Binding Constants with Calf Thymus DNA. The bind-
ing constants (Kj) with calf thymus DNA were investigated
by applying three experimental methods (equilibrium dialy-
sis, UV-vis, and CD titrations) and two analyzing methods
(macroscopic analysis (method I) as well as a microscopic
Scatchard plot (method II)). The analytical procedures are de-
scribed in the Experimental section. All of the plots for meth-
ods I gave a straight line (the correlation coefficient=97—
99%) through the origin, and the K}, values were estimated
from the slope. Also, all of the plots for method II gave a
straight line (the correlation coefficient=97—99%) with a
minus slop; the K and n values were calculated from these
slope and intercept. All of the K}, values are summarized
in Table 8, together with the n values. The K, values from
three experimental methods are comparable to each other,
indicating that the data are highly reliable. Of the three
methods, since the CD titration was widly applicable, the Ky,
values from the CD titration are mainly used in the following
discussion.

The Ky values from method I of 1—9 are in the range
of 0.23—3.5x10°> M~!, while those of 10—14 are in the
range of 1.8—38x10* M1, reflecting the difference in the
binding modes between the former complexes (groove bind-
ing) and the latter ones (intercalation). A similar differ-
ence was observed for the K values from method II of
1,8,9—13. The K}, values from method II of 1,8,9 are close
to that of [Ru(phen);]?*, which is reported to be a groove
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Table 8. Binding Constants (Ky) with Calf Thymus DNA of Cationic Schiff Base Complexes of Copper(Il)®

Macroscopic Ky, (Method I)/10> M~! ®

Microscopic K, (Method ID/10* M~! ?

Complex Equil. UV-vis CD Equil. UV-vis CD
Dialysis Titration Titration Dialysis Titration Titration
1 1.2 c) 1.0 1.4(7.2) c) c)
2 0.52 c) 0.53 c) c) c)
3 0.42 c) 0.46 c) c) c)
4 0.16 c) 0.36 c) c) c)
5 2.5 c) 3.5 c) c) c)
6 0.22 c) 0.23 c) c) c)
7 0.53 c) 0.43 c) c) c)
8 1.3 c) 1.1 c) c) 1.5(7.4)
9 0.94 c) 0.85 c) c) 1.3(7.3)
10 d) 52 53 d) c) 93(7.4)
d) 429 419 d) 319(3.8) 549(4.0)
11 45 34 32 58(2.7) 63(3.2) 71(2.8)
12 32 21 19 25(2.8) 30(3.2) 30(3.0)
13 29 21 18 21(3.0) 25(3.3) 20(2.9)
14 d) 320 375 d) d) d)
d) 94°) 100° d) d) d)

a) HEPES=5.0 mM (pH=7.2), NaCl=50 mM, 25 °C. b) Kp=[M-DNAV[M][DNA].
d) Formation of PPT.

or CD spectra was too small to estimate K.
f) Site size pairs (n) in parenthesis.

binder.””*® The K, values of 10—14 correspond to those of
[Ru(phen),(phi)]** and [Ru(bpy),(phi)]**, which are known
to be a strong intercalator.?” In the case of 10 and 14, the Ky,
value is close to the Ky value, supporting the idea that the
process for Ky, also corresponds to the intercalation. Since
the binding constants of 14 (bridge=naphthylene) are about
10-times or much higher than those of 10—13 (bridge=phen-
ylene), it is suggected that the intercalation occurs with the
aromatic bridging groups.

The K, values decrease in the order 1 >2 >3 >4, and in
the order 10 >11 >12 >13. Since the orders correspond to
the increasing order of the steric bulkiness of the NR3 group,
it is clear that the NR3 causes a steric hindrance rather than
hydrophobic binding. On the other hand, the K}, of 5, which
has ¢-buthyl groups at the 3,3’-positions of the Schiff base
ligand, is 3.5-times higher than that of 1, suggesting that a hy-
drophobic interaction is concerned in the groove binding of
5, in addition to the electrostatic interaction. The substituent
effect of an N,N'-cthylene bridge is complicated. The K
values decrease in the order 1 >6 >7, which suggests that
the methyl and methylene substituents at the N,N'-ethylene
bridge bring about a steric hindrance. In contrast to this, in
the case of 8 and 9, which have a cyclohexylene substituent,
the Ky, values are close to that of 1, and the K}, of 8 (R,R-
isomer) is 1.3-times higher than the Kj, of 9 (S,S-isomer),
thus suggesting that the configuration of the N,N'-bridging
group also affects on the groove binding of these complexes.

Site Size Base Pairs. The data are listed in Table 8. The
value of the site size base pairs (n) for 1,8, and 9 is about 7.3,
which corresponds to that the minimal averaged interval of
DNA base pairs between the neighboring complexes bound
on the DNA is 7.3 (the pitch length=24.8 A). On the other
hand, the molecular size of the long axis of 1 (intramolecular
distance between two cationic nitrogen atoms (16.4 A)+2

¢) The variation of UV-vis
€) Kp2 (Kp2=[M-DNAJY[M][M-DNAJ).

(van der waals radii of [N(CHj3)4]")) is calculated to be ca.
20 A on the basis of the X-ray crystal data of 1. The molecular
size of the complexes and DNA is illustrated in Fig. 7. Since
the molecular size of 1 is at least shorter than the pitch length
(24.8 A), the n value seems to be reasonable as the groove
binding of 1. Since the molecular size of the long axis of 8
and 9 is close to that of 1, it is also reasonable that 1,8, and 9
exhibit a nearlly equal n value. It is known that the » value of
the groove binder, [Ru(bpy);]%*, is 6—12, and that this value
is larger than n=4 of the intercalator, [Ru(bpy),(phi)}?>*.?”
Quite similar to the ruthenium complexes, the n value of
10—13 is 3—4, and is clearly smaller than that of 1,8, and
9. Although the n value for Ky; of 10 is 7.4, this value cor-
responds to the first step of the two steps of the reaction, and
dose not correspond to the r value for fully occupied DNA
by 10. The smaller n value (3—4) corresponds to the pitch
length of 10.2—13.6 A, and is reasonable as the intercala-
tion. Because, the molecular size of the long axis of 10—13

helix axis
@ > @
> e
164A
344 20A (R=Me)
23A (R=Ef)
25A (R=n-Pr1)
28A (R=n-Bu)
helix plane
20A
Fig. 7. Relation of the sizes of B-form DNA and cationic

Schiff-base complexes.
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is estimated to be about 20, 23, 25, and 28 A, respectively
(Fig. 7), it is quite difficult that a molecule with long size of
more than 20 A can be oriented within a DNA pitch length
of 10.2—13.6 A by any other way than intercalation. Since
the molecular size (20 A) of 10 is close to the size of the
DNA helix plane (20 A), 10 has a sterically well fitted size
to intercalate to B-form DNA with its phenylene group. On
the other hand, in spite of the longer molecular size (23—28
A) of 11—13, they have a similar n value to that of 10. This
may be due to the fact that the R part of the NR; group is
oriented outside of the DNA helix plane when the complexes
intercalate to the base pairs with the phenylene group.

Salt Dependency of K;, Values. It has recently been
reported that the salt dependency of the binding constants
of cationic complexes with DNA is an effective method
to discriminate the difference between the intercalation and
groove binding.”® This method is based on the fact that the
cationic grove binder recieves the effect of ionic strength
more strongly than dose the cationic intercalater having the
same charge as the groove binder. This is because the con-
tribution of the electrostatic interaction between the cationic
complex and anionic DNA on the total binding energy is
relatively higher in groove binding than in intercalation. We
thus investigated the salt dependency of the Kj, values of
typical complexes (1,4,10, and 13) to confirm the difference
in the binding mode between 1,4 (groove binding) and 10,13
(intercalation).

As shown in Fig. 8, the slope of the plots of log K;, vs.
log [Na*] is —1.0 for both K} and Ky, of 10, and is —1.2 for
13; the values are obviously smaller in the minus direction
than the slope for 1 (—1.7) and 4 (—1.8). Accordingly, this
fact well supports our result that 1 and 4 act as a groove
binder, whereas 10 and 13 as intercalater. In addition, the
close value of the slope between Ky and Ky, for 10 supports

Cationic Cu(ll)-Salen Derivatives as DNA Binder

5.0

40}

1.0 L 4 —1
-1.4 -1.2 -1.0 -0.8 -0.6
log[Na™]
Fig. 8. Salt dependence of binding constants (Kp). a: com-

plex 10 (Kp1). b: complex 10 (Ky2). ¢: complex 13. d:
complex 1. e: complex 4.

the idea that the both processes correspond to the intercala-
tion.

Interactions with Poly(dA-dT)—poly(dA-dT), Poly(dG-
dC)—poly(dG-dC), and Poly(dA-dC)—poly(dT-dG). The
induced CD spectra behaviors of selected complexes 1 and
10 in the presence of AT-DNA, GC-DNA, and ACTG-DNA
are shown in Figs. 9 and 10. The B-form structure of the
artificial DNA’s was confirmed from the CD spectra at near
to 260 nm. The binding constants (method I) with these
DNA’s are listed in Table 9.

In the case of 1, the binding constants increase in the order
GC-DNA=ACTG-DNA < AT-DNA, indicating that 1 has
the affinity for AT-DNA. Further, the induced CD by calf
thymus DNA is very similar to that by AT-DNA, but not to
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Fig. 9. UV-vis and CD spectral variations of complex 1. A: poly(dA-dT)-poly(dA-dT). B: poly(dG-dC)—poly(dG-dC). C: poly(dA-
dC)—poly(dT-dG). [Complex]=8.0x 10~ M for A and B, and 5.0x 10> M for C. [DNA]=0—4.8x10~* M for A, 0—7.0x 10~*
M for B, and 0—2.5x10~* M for C. I=0.05 (50 mM NaCl+5 mM HEPES (pH=7.2)). T=25°C. Cell length=1.0 cm for UV-vis

spectra. A¢ value is plotted per mol dm ™ of complex.
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Fig. 10. UV-vis and CD spectral variations of complex 10. A: poly(dA-dT)—poly(dA-dT) at low R. B: poly(dA-dT)—poly(dA-dT)
at high R. C: poly(dG-dC)-poly(dG-dC). D: poly(dA-dC)-poly(dT-dG). [Complex]=5.0x 10> M. [DNAJ=0—9.7x10~5 M for
A, 1.5—4.8x107* M for B, 0—3.1x10™* M for C, and 0—2.5x10~* M for D. 1=0.05 (50 mM NaCl+5 mM HEPES (pH=7.2)).
T=25°C. Cell length=1.0 cm for UV-vis spectra. A¢ value is plotted per mol dm ™ of complex.

those by GC-DNA and ACTG-DNA, indicating that complex
1is fond of an AT-rich region of calf thymus DNA; this result
is consistent with the fact that Mn(IIl)-salen exhibits AT-site
selectivity.?®

In the case of 10, the binding constants increase in the
order GC-DNA < ACTG-DNA < AT-DNA, indicating that

10 also has affinity for AT-DNA. In addition, the K},; and K,
values for AT-DNA are comparable to those for calf thymus
DNA, suggesting the affinity for the AT-rich region of calf
thymus DNA. The induced CD by AT-DNA comprises two
kinds of CD variation, which is consistent with the behavior
for calf thymus DNA. However, the induced CD’s by GC-
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Table 9. Binding Constants (K;,) with Poly(dA-dT)—poly-
(dA-dT), Poly(dG-dC)—poly(dG-dC), and Poly(dA-
- dC)-poly(dT-dG) )

Macroscopic Ky, (Mehtod I) /10°M !

Complex

Poly(dA-dT)  Poly(dG-dC)  Poly(dA-dC)
—poly(dA-dT)  —poly(dG-dC) —poly(dT-dG)
1 3.8 1.0 ca. 1.0
10 47(33)» 8.3 9.9

a) Data from CD titration, HEPES=5 mM (pH=7.2), NaCl=50
mM, 25 °C. b) Ky, value in parenthesis.

DNA and ACTG-DNA each comprise only one CD variation,
and the behavior is different from that for calf thymus DNA.
Therefore, on the basis of these facts, it can be concluded
that complex 10 exhibits an affinity for the AT-base pairs
of calf thymus DNA, although the induced CD spectra by
AT-DNA are somewhat different from those by calf thymus
DNA. This difference may be because calf thymus DNA
comprises various kinds of AT-rich regions, and because the
AT-base pairs selectivity of 10 is not necessarily very high,
as expected from the K, values in Table 9.

Conclusion

A series of cationic Schiff base complexes of copper(Il),
1—14, was newly prepared, and the planar N,O, coordina-
tion structure was confirmed from an X-ray crystal structure
analysis of 1 and the UV-vis and ESR spectra of the com-
plexes. From the appearant stability constants at pH=7.2 and
the dimer formation constants of 1,10,12 and 14, the follow-
ing facts were confirmed: 1) The complexes have substantial
stability for ligand substitution and 2) The complexes exist
as monomers at low concentrations (10~*—10~5 M).

Complexes 1—9, which have an aliphatic N,N'-bridging
group, selectively bind to the groove of DNA by electrostatic
and hydrophobic interactions. This was confirmed from the
small UV-vis spectral variation at the CT-band region by the
addition of DNA, the appearance of an induced CD spectra
at the CT-band region by the addition of DNA, the compar-
atively low binding constants (Kyp) with calf thymus DNA,
and the relatively high salt dependence of K;. In addition,
it became clear from the Kis and the induced CD spectra in
the presence of AT-DNA, GC-DNA, and ACTG-DNA that
1 shows AT-sequence selectivity.

Complexes 10—14, which have an aromatic N,N’-bridg-
ing group, selectively intercalated to the base pairs of DNA.
This was confirmed from the red shift and hypochromic shift
of the UV-vis spectra at the CT-band region upon the addi-
tion of DNA, the appearance of induced CD spectra at the
CT-bands upon the addition of DNA, the high binding con-
stants (Kp) with calf thymus DNA, and the relatively low
sensitivity for the salt dependence of Ky,. In addition, it was
found that 10 and 14 intercalate to the base pairs of DNA in
two steps of equilibrium, and that 10 exhibits AT-base pairs
selectivity.
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