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Reagents for specific modification of biopolymers
10.* Activation of the phenazinium ring for nucleophilic substitution of hydrogen
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Direct nucleophilic substitution of primary and secondary amines for hydrogen in
quaternary phenazinium salts containing an additional positive charge in the aliphatic part of
the molecule was carried out. The substitution proceeds successively in positions 2 and 7,
which allows selective introduction of different substituents into the heterocycle.
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Introduction of fragments containing substituted
phenazines into biopolymers endows the latter with
new, unique properties that allow one to use such
conjugates for specific modification of biopolymers. Thus
the addition of phenazine at 3~ and/or 5°-terminal
phosphates of oligonucleotides bearing alkylating groups
significantly enhances the stability of oligonucleotide
duplexes and hence makes alkylation of the target nucle-
otide more efficient.2~4 Some phenazine derjvatives are
capable of generating hydroxyl radicals under mild con-
ditions, which enables them to be used as reagents for
site-directed DNA scission.56 Several naturally occur-
ring phenazine-containing antibiotics are known’—!® to
react effectively with biopolymers in vivoe. However,
these properties as well as the ability of phenazine
derivatives to participate in electron-transfer reactions
and formation of stable charge-transfer complexes, !
have not been adequately used in construction of re-
agents for modification of biopolymers, These consider-
ations stimulate the search for new ways of
functionalization of the phenazine ring, especially under
conditions where biopolymers retain their biological ac-
tivity.

Despite a number of methods for the synthesis of
various phenazine derivatives,!? direct nucleophilic sub-
stitution of the hydrogen atom, which is characteristic of
azine quaternary salts!? and usually proceeds under mild
conditions, is the most interesting. The reactivity of
phenazine derivatives in this reaction can be estimated
by comparing the charge electron density (kinetic con-
trol) and nucleophilic localization energies (thermody-
namic control).!¥ According to the literature data on
the distribution of the electron density on an
N-methylphenazinium salt,! substitution of the hydro-
gen atom should occur at position 2 or 4. However, the
substitution at position 4 is thermodynamically unfavor-

* For Part 9, see Ref I.

able and hence only the hydrogen atom in position
2 should be substituted, which fully agrees with the
experimental results 12,16

To estimate the relative reactivity of substituted qua-
ternary phenazinium salts, we calculated the charge
distribution for positions 2 and 7 in compounds 1-—5.
These quantum-mechanical calculations (PM3) were
performed for free cations in vacuo because, under real
conditions of nucleophilic substitution of hydrogen, a
nucleophile attacks either a solvated cation or an ionic
pair separated by solvent molecules. The contribution of
solvation to the charge distribution may be taken, in a
first approximation, as the same for all quaternary
phenazinium salts.

The caiculations showed that the introduction of the
electron-donor amino group into position 2 of a quater-
nary salt (compound 2) significantly decreases the posi-
tive charge in the symmetrical position 7, thus preclud-
ing introduction of a second substituent. This suggests
that the phenazine ring can be activated for nucleophilic
substitution of hydrogen in 2-amino derivatives by
acylating the amino group (compound 3). This ap-
proach, based on a decrease in the donor effect of a
substituent, has been realized by us experimentally,!”
though it imposes substantial limitations on the substitu-
ents to be introduced.

It should be noted that, according to calculations, a
similar or even more pronounced effect of activation can
be attained by introducing an additional positive charge
into the substituent at the quaternary nitrogen atom. To
check this assumption experimentally, we synthesized
quaternary phenazinium salt (4), bearing an additional
positive charge in the aliphatic fragment of the mol-
ecule, and studied its behavior in reactions with ali-
phatic amines.

Salt 4 was synthesized from 9-acetyl-10-(2-
bromoethyl)-9, [0-dihydrophenazine!® (6) (Scheme 1).
Treatment of compound 6 with an excess of
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1,4-diazabicyclo{2.2.2]octane gives compound 7 in quan-
titative yield (TLC). The latter was treated in situ with
conc. HNOj to give dinitrate 4 solvated with two HNO,
molecules. Prolonged storage of this solvate in vacuum
over alkali reduces the content of HNO; to 1.2—1.5 acid
molecules per molecule of compound 4. In the solid
state, this compound is stable, but its aqueous and
alcoholic solutions fast darken, especially in the light.
The reactions of bisquaternary salt 4 with nucleo-
philes were studied using propanc-1,3-diamine,
morpholine, and methylamine as examples. Reaction
mixtures were analyzed by HPLC. Figure I shows kinet-
ics of the reaction of compound 4 with a tenfold excess
of propane-1,3-diamine. It can be seen that the content
of a monosubstituted product (compound 5) in the

CHp —CH,— N’\,N

o @ I@- NN

reaction mixture (~95%) is a maximum after 30 min.
The reaction rate at position 7 of product 5 is much
lower, so that the percentage of the disubstituted prod-
uct (8) does not exceed 4—5% by that time. The reac-
tion can be Stopped in this stage to isolate the monosub-
stituted product (5) and introduce another nucleophile,
which allows one to obtain a product containing differ~
ent substituents in positions 2 and 7.

The possibility of synthesizing asymmetrically substi-
tuted phenazine derivatives was exemplified in succes-
sive introduction of the morpholine and dimethylamine
residues (compounds 9 and 10) (see Scheme 1).

Note that the substitution in quatemary phenazinium
salts proceeds vig an intermediate that is to be oxidized
with oxygen. Thus, the preparative synthesis requires the
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Fig. 1. The kinetics of reaction of bisquaternary salt 4 with
propane-1,3-diamine: J, starting compound; 2, monosubsti-
tuted product 5; 3, disubstituted product 8.

use of low reactant concentrations and intense flow of
air. Otherwise, a considerable amount of side products is
formed. At present, 5°-phosphoramide derivatives of the
oligonucleotide series have been prepared from com-
pound 8, and the influence of the introduced
bisquaternary salt on the stability of duplexes of such
oligonucleotide derivatives is being studied.

Experimental

UV spectra were recorded on a Specord M-40 spectropho-
tometer. 'H NMR spectra were recorded on a Bruker WR-200
spectrometer with HMDS as the internai standard. The course
of the reactions was monitored and the purity of compounds
was checked. by HPLC. on_a Milikhrom-4 analytical liquid
chromatograph (Lichrosorb RP-18 column, gradient 0—80%
MeOH, 0.1% CF,COOH). Chromatograms were processed
with CHROM softwarc (A. S. Zenkov, Novosibirsk Institute of
Bicorganic Chemistry, Siberian Branch of the Russian Acad-
emy of Sciences) by comparing peak areas at analytical wave-
lengths of 250 and 300 nm, with consideration of data ob-
tained from chromatographing artificial mixtures of compounds
under study. The following concentrations were used in kinetic
experiments: 1073 mol L~! (derivatives of quaternary
phenazinium salts) and 1072 mol L™! (propanediamine, me-
thylamine, and morpholine) in MeOH. TLC was performed on
{4y UV-254 Silufol plates in the system ButOH-—~MeCOEt—
HCOOH——Hzo = 8:6:3:3 and (B) DC-Fertigplatten

RP-18 F,5, (Merck) in the system 40% MeOH + 0.1%
CF,COOH. Melting points were measured in sealed capillaries
on a Kristall setup, heating rate near the melting range 0.3
deg min~!. Quantum-mechanical computations were performed
for the ground state of cations by the PM3 method with
geometry optimization (the Polak-Ribiere algorithm, RHF
calculation) with the HYPERCHEM program (version 4.5).
9-(2-Quinuclidinioethyl)phenazinium dinitrate (4).
1,4-Diazabicyclo{2.2.2]octane (0.45 g, 4.0 mmol) was added to
a solution of 9-acetyl-10-(2-bromoethy!)-9,10-dihydro-
phenazine (6) (0.13 g, 0.4 mmol) in 4 mL of DMF. The
reaction mixture was stirred at 20 °C for one day. The solvent
was evaporated, and the residue was washed with ether, dried,
and suspended in 5 mL of water. Conc. HNO,; (1 mL) was
added, and the resulting solution was stirred at ~20 °C for 2 h.
Then it was concentrated in vacuo, and the residue was
dissolved in a minimum amount of water. Methano! was added
until precipitation began. The crystals that formed were filtered
off, washed with methanol, and dried in vacuo to give the
solvate, 4-2HNO, (0.20 g, 88%), m.p. >140_°C (decomp.,
from water). R = 0.20 (A). Found (%): C, 41.9; H, 4.74; N,
19.5. Cy Hy N O, - 2HNO;. Caleulated (%): C, 42.1; H. 4.59;
N, 19.6. UV (EtOH), & . /nm (e): 210 (31000), 262 (34000),
392 (10800), 450 (2300)%H NMR (D, 0) 5: 3.66 (m, 6 H,
N(Cﬂ2——)3), 424 (m, 8 H, —CH, —~N* (CH,—),); 631 (m,
H-—-CH,,~—N )830(m 2H H-4,5); 8.69 (m, 4 H,
H-2,3,6.7); 8.79 m 2H H-1,8).
2,7-Bis(3-aminopropyl)amino-9-(2-quinuclidisio-
ethyl)phenazinium dinitrate (8). Propane-1,3-diamine (0.17
mL, 2.0 mmol) was added with vigorous stirring, ensuring
saturation of the reaction mixture with air, to a suspension of
compound 4-2HNO; (0.i1 g, ~0.2 mmol) in 10 mL of
anhydrous MeOH, and the mixture was stirred at 20 °C for 18
h. The solvent was evaporated in vacuo, and the residue was
dissolved in a minimum amount of methanol. Compound 8
was precipitated with ether. Threefold reprecipitation with
cther from methanol was followed by dissolution in a mini-
mum amount of H,0—MeOH mixture (9: 1) and chromatog-
raphy (column 15%2 cm, Silasorb S-2, 15 pm, elution with
aqueous methanol (a gradient from 0 to 80% MeOH)). The
main fraction with R, = 0.24 (B) was concentrated and
reprecipitated with ether from methanol. Yield 0.08 g (69%),
m.p. >217 °C (decomp., from methanol). UV (EtOH), &/
nm (g): 251 (2160), 290 (25200), 543 (21400). 'H NMR
(D,0), 8:2.21 (t, 4 H, 2 —CH,—~CH,—NH,, J =8 Hz); 3.23
(m 4 H, 2 —CH,—CH,— CHZ— H,); 3.84 (m, 10 H,
2 NH-«CH_-, CH,—, "N— (Cﬂq—) ); 4.01 (m, 8 H, ~CH,—
N*—(CH, ))53(m ZH«CH—N )661(5 2'H,
H-1,8); 783 (d 2 H. H-3.6, Jy_yq 5 = 9 F2): 7.88 (d, 2 H,
H-4,5, J, 3(5—6) =9 Hz).
2-Morpholino-9-(2-quinuclidinioethyl)phenazininm dinitrate
(9). Morpholine (0.1 mL, 1.2 mmol) was added with vigorous
stirring to a suspension of compound 4 2HNO, (0.11' g, <0.2
mmol) in 10 mL of anhydrous MeOH. Stirring was continued in
air at 20 °C for 30 min. The reaction mixture was poured into
ether. The precipitate that formed was twice reprecipitated with
ether from methanol, dissolved in a minimum amount of H,0—
MeOH mixture (9:1), and chromatographed (column 15x%2
cm, Silasorb S$-2, 15 um. elution with aqueous McOH (a
gradient from 0 to 80% McOH)). The main fraction with R, =
0.17 (B) was concentrated and reprecipitated with ether from
methanol. Yield 0.06 g (56%), m.p. >170 °C (decomp., from
methanol). R, = 0.22 (4), 0.17 (8. UV (EtOH), A, /om (e):
236 (15800), 294 (13800), 401 (4450), 540 (8110). 'H NMR
(D,0), 3: 3.61 (t, 4 H, (—CH,~—),0, J =8 Hz); 4.04 (m. 10 H,
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N( CH.Z—‘) + N( Cﬂl")g),
(CH;)3—); 5.38 (m, 2 H. —Cﬂz——N
Ji_3 = 2 Hz); 819 (m, 6 H, Hy, ).

2-Dimethylamino-7-morpholino-9-(2-quinucli-
dinioethyl)phenazinium dinitrate (10). A 40% aqueous solution
of dimethylamine (0.1 mL, ~0.8 mmol) was added with vigor-
ous stirring in air to a solution of compound 9 (0.05 g, ~0.1
mmol) in 5 mL of MeOH. Stirring was continued at 20 °C for
18 h. The reaction mixture was concentrated in vacuo, and the
solid residue was reprecipitated with ether from methanol,
dissolved in a minimum amount of H,0—~MeOH mixture
(9 : 1), and chromatographed (column 15x%2 em, Silasorb C-2,
15 pm, elution with aqueous MeOH (a gradient from 0 to 80%
MeOH)). The main fraction with Ry = 0.36 (B) was concen-
trated and reprecipitated with ether from methanol. Yield 0.04
g, (70%), m.p. >156 °C (decomp., from methanol). R, = 0.36
(B). UV (EtOH), & /nm (g): 231 (6170), 278 (23200) 543
(25400). 'H NMR (D,0), 5: 3.34 (s, 6 H, —N(CH,),); 3.56
{t, 4 H, (—~CH,—),0, J =8 Hz}; 3.90 (m, 10 H, N(—CH 2=)s
+ N(-Cl:lz——)s) 4 27 (m, 8 H, —CH,—N*—~(CH,);—); 5 24
(m2H, ~CH,~ N* ppen)s 6:33 (brs, 2H H-1,8); 78! d, 2
H, H-3,6, .I3 se-s5) = 9 Hz); 7.88 (d, 2 H, H-4.5,

./4 3(5-6) =9 HZ)

416 (m, 8 H, —CH,~N*—

Phen)s 6.87 (d, | H, H-1,
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