
A L K Y L A T I O N  OF N U C L E I C  A C I D S  AND T H E I R  C O M P O N E N T S  

VII.* TRANSFORMATIONS OF 7 - ( N - f l - C H L O R O E T H Y L - N - M E T H Y L A M I N O ) -  

PROPYLPHTttALIMIDE ON REACTION WITH GUANOSINE 

N. I .  G r i n e v a  a n d  T .  S.  L o m a k i n a  UDC 547 '963:547 '416:547 '854  

In w a t e r  at  pH 5-6, 7-(N-f i -chloroethyl-N-methylamino)propylphthal imide (I) alkylate s guanosine 
to give 7-{ f i - iN-methyl-N-  (T-phthalylimidopropyl)amino]ethyl} guanosine. The lat ter  is Con S 
verted to 7-( ~- iN-methyl-N-  (y-phthalylimidopropyl) amino]ethyl} guanine and 7- [fl- (N-y-amino- 
propyl-N-methylamino)ethyl]guanine.  At pH_ > 9, I and its der ivat ives  undergo opening of the 
phthalimide ring to give o-carboxybenzamido derivatives.  The chief t ransformat ion  of I at 
pH 6 is self-alkylat ion to give quaternary  ammonium bases.  The pKa and true rate constant 
for  ionization of the chlorine of the /%chloroethylamine group were determined for I. 

In the present  paper,  in a continuation of our investigation of the alkylation of nucleic acids and their  
components with f i -chloroethylamines  containing different functional groups [2], we have studied the reac-  
tion of y-(N-f l -chloroethyl-N-methylamino)propylphthal imide (I) with guanosine (II), the proper t ies  of the 
alkylation products,  and the t ransformat ions  of I under alkylation conditions. 

In aqueous solutions, I spli ts  out a chloride ion (ionization step) and, judging f rom the react ion with 
thiosulfate, fo rms  an ethyleneimmonium cation (III). 

0\  /Cl~  j ~ _ / c o \  + / c .  2 
r~-ca~c.2c.2N, - - -  [( ~ I N--C.~C.:C.:N,, I cr  
/ \CatCH20 ~.2,,,C0/ {--CH~ 

CH~ 
I III 

The true rate constant for ionization Of the chlorine in I ~:true) was determined; it was found to be 1.9 �9 10 -3 

sec -~ (25~ water,  pH 9.7). The pK a of t at 25 ~ in water  is 7.4, as  compared with 6.6 in 5070 alcohol. At 
pH 6, the rate  constant for ionization of the chlorine in I, which was calculated f rom ktrue and pK a of I, is 
4.7 �9 10 -5 sec -1. In accordance  with this, it was found that ~ 90% of I is ionized at 37 ~ and pH 6 after  4 h 
(tt/2~ 80 min). The HI formed under these conditions then reac ts  with II and water and also alkylates the 
t e r t i a ry  amino groups in I and in its hydrolysis  product - 7-  (N-methyl-N-fi-hydroxyethylamino)propylphtahl-  
imide (IV). 

The chief products  of the convers ion of I in an aqueous solution of IT at pH 6 are  N-~ -ch lo roe thy l ) -  
and N- (fl -hydroxyethyl)  - N-methy l -N-  (7-phthalylimidopropylamino) - N- [fi- (N-methyl-N-  7 -phthalyl imidopro-  
pylamino)ethyl]ammonium chlorides (V and VI), which are  detected in a ra t io  of 3 : 1. Compounds V and VI 
are  formed in about the same rat io in the absence of If. The small  amount of hydroxy derivative VI in these 
experiments  is in agreement  with the low rate  of hydrolysis  of the ethyleneimmonium cation f rom N-~-chlo-  
roe thy l -N-methy t - l ,3 -p ropy lened iamine  (VII) [2]. 

The s t ruc tures  of V and VI a re  at tested to by their  UV spectra,  their  percentages  of phthalyl groups, 
nitrogen, and ionic and covalent chlorine, and the relat ive number of charges in the molecules,  which are  
determined by e lec t rophores is  at pH 8 and 4, and the molar i ty  of the hydrochlor ic  acid that elutes these 
compounds f rom Dowex-50 as compared with I {Tables 1 and 2). The formation of te t raalkylammonium salts 
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T A B L E  i .  

Xll 
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Phthalic 
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Guanine 
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�9 o s B ~ :  
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I 3,3--3,6 

IV 2,7 

V 4,9 

VI 4,1 
VIII 1,2--1,8 

XI 6,0--6,2 

3,6 

2,5 

18 

P r o p e r t i e s  of the  C o m p o u n d s  O b t a i n e d  

UV spectra R~ in 
systems p h i  pH7 

pHS :" 1 2 3 ~ /(nX_r ,-), 
~max 
(~mtn), 
nm 
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o,o to,,o to,,, 
0,5 074 --~ -- (255) 

0,07 275 
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! 255, 270 o,s8 - 0,2810,551 o,5,, 
Xshoulder) 

278 _ ~ 1 7 6  (230, 

1 1 I (260) 
o,1 -10,23t 0,5110,5 - 

[,5 0,33 300 
(255) 

[,9 0,496 300 
(260) 

L,7~ 1,2 - -  

1,75 1,2 
L,25:1,0 2~ 

(sh.) 
-- -- 287 

),6~ 8,5 (226o) 

(260) 
, 270 

- o 9 ,  
-- 8,0 (sh.) 

~H 13 

~max 
(~Lmi n), 
nm 

270 
(shoulder) 

270 
(shoulder) 

270 
(shoulder) 

280 
(260) 
280 

(262) 
270 

(shoulder) 
272 

[shoulder) 

* E / i s  t h e  e l e c t r o p h o r e t i c  m o b i l i t y .  

t R f  i n  s y s t e m  4 i s  0 .22 .  

TABLE 2. C h a r a c t e r i s t i c s  of t he  C o m p o u n d s  O b t a i n e d  

Corn' "~ 
pound Crystal form 

VIII Oil 
IV Colorless needles 

. V Colorless powder . 

VI Colorless crystals 

XI 
XII Colorless needles 

mp, *C 

164--166 
(dther - methanol) 

159--162 
(methanol - ether) 

154-- 155 
(methanol - ether) 

185--t90 
(softens) 

~22-225 

Empirical formula 

CI4HzoN~04 �9 2HCt 
CI4H~aN2Oa �9 HCI 

C28HuCIzN40~ �9 H20. HCI 

C~sHasCIN4Os �9 H20. HCI 

CjgHztN7Os" 2HCI 
CliHIgNrO " Hg)- 3HCI 

T A B L E  2 (con t inued)  

Corn- Found % Calc., a]o 
, ! pound N Cl el- phthalyl groups N CI CI- phthalyl groups  

Vttl 
IV 
V 

VI 
XI 

XlI 

9S 
8,8 
9,5 

2~3 

19,0 

17,2 
11,5 

27,6 

t9,0 
I 1,8 
11,8 
tl,5 

27,6 

37,3 
44,3 
42,3 
44,6 
28,2 

20,18 
925 11,9 
9,1 17,29 
9,4 11,8 

2~9 27~ 

20,18 37,53 
11,9 I 44,28 
11,53 ] 42,88 
11,8 44,21 
27~ 282 

w h e n  a q u e o u s  s o l u t i o n s  of b i s ( f l - c h l o r o e t h y l ) m e t h y I -  and  b i s ( f l - c h l o r o e t h y l ) e t h y l a m i n e s  a r e  a l l o w e d  to  s t a n d  
w a s  p r e v i o u s l y  o b s e r v e d  i n  [3]. 

C o m p o u n d  IV w a s  no t  d e t e c t e d  a m o n g  t h e  p r o d u c t s  o f  the  c o n v e r s i o n  of I, bu t  N - m e t h y l - N - J 7 - ( o - c a r -  
b o x y b e n z a m i d o ) p r o p y l ] - N - / ? - h y d r o x y e t h y l a m i n e  (VIID w a s  found .  J u d g i n g  f r o m  t h e  a m o u n t  of VI a n d  VIII,  
t h e  d e g r e e  of  h y d r o l y s i s  of t h e  c h l o r o e t h y l a m i n o  g r o u p  in  I ( r e a c t i o n  of HI w i th  w a t e r )  i s  no m o r e  t h a n  20% 
C o m p o u n d  VHI i s  a l s o  f o r m e d  w h e n  I a n d  IV a r e  a l l o w e d  to  s t a n d  i n  a q u e o u s  s o l u t i o n  a t  pH _~ 9 a n d  w h e n  IV 
i s  o b t a i n e d  b y  a l k y l a t i o n  of m e t h y l a m i n o e t h a n o l  w i th  3 - b r o m o p r o p y - l p h t h a l i m i d e  (IX}. O p e n i n g  o f t h e  p h t h a l -  
i m i d e  r i n g  i n  a l k a l i n e  m e d i a  w a s  p r e v i o u s l y  o b s e r v e d  f o r  a m i n o  a c i d  d e r i v a t i v e s  [4]. 
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Fig. i. Profile of the chromatography 
on Dowex-50 (H +) of the products  of the 
reac t ion  of a 10 mM solution of I with a 
5 mM solution of II (38 ~ pH 6, 4 h) a f t e r  
hydro lys i s  in acid (1 N HC1, 100 ~ 1 h): 
1) phthalic acid; 2) guanine; 3) I; 4) VI; 
5) mix tu re  of V and XII; 6) XI. 

Cleavage of the phthal imide r ing in I and IV is accom-  
panied by a drop in the pH of the med ium and a cha rac te r i s t i c  
change in the UV spec t rum (Table 1). The absorpt ion band 
at 300-305 nm vanishes ,  and a band with a max imum at 278 nm 
appea r s .  According to the spec t r a l  data and the consumption 
of alkali,  r ing opening in I and IV at pH 9 and 25 ~ is complete  
in 0.5-1 h; at pH 13, IV is  conver ted  to VIE af te r  a few min-  
utes.  At pH 13, the amide bond of VIII is a lso hydrolyzed; 
thus up to 307o phthalic acid accumula tes  af ter  12 h. The same 
amount of X, the s t ruc tu re  of which was not established,  is  
fo rmed  simultaneously;  it is a s sumed  that X may be the amido 
e s t e r  fo rmed  during a t tack of the carbonyl  group of I or  IV by 
an alkoxy ion f r o m  IV. 

The s t ruc tu r e s  of the products  of alkylation of II we re  
studied a f t e r  the i r  hydro lys i s  to guanines in o rde r  to avoid 
the fac i le  opening of the imidazole  ring of 7-alkylguanosine 
[2]. F o r  this, the reac t ion  mix tu re  f rom the alkylation of II 
was  heated in 1 N HC1 and ~was then ch romatographed  on 

Dowex-50 (H +) in hydrochlor ic  acid via the method in [2] {Fig. 1). Two guanine de r iva t ives  (4.5% of the 
s ta r t ing  guanosine) were  detected along with the products  of the convers ion  of I {V and VI) and unchanged 
guanine. The chief consti tuent (80%) of this mix tu re  was eluted with 6 N HC1 (fraction 6, Fig. 1) and cor -  
responded to 7-{/3- iN-methy l -N-  (7-phthalimidopropyl)amino]ethyl} guanine (XI) (which contains one phthal-  
imide group and one t r ia lkylamino group per  guanine residue)  with r e s p e c t  to its UV spec t rum,  PMR spec-  
t rum,  and pe rcen t ages  of p r i m a r y  amino groups and phthalyl  r e s idues  (Tables 1-3). 

On hydro lys i s  in 4 N acid, XI is  conver ted  to 7-[ /3-(N-7-aminopropyl-N-methylamino)ethyl]guanine  
(XII), which is  identical  to the subs tance  obtained f r o m  II and VII [2]. Compound XII was  also isolated dur-  
ing chromatography  of the products  of the hydro lys i s  of the reac t ion  mix tu re  on Dowex-50 a f te r  supplemen-  
tal  pape r  ch romatography  of f rac t ion  5 (Fig. 1). The above is evidence that the alkylation of lI under  the 
influence of I p ro ceeds  to give 7-{/3- iN-methyl-N-(7-phthalyl imidopropyl)amino]ethyl}guanosine  (XIII). 

O R O R O R' 
II J I] i II I 

XI XII 

HO ~ -  / N K O H  

XIII Ha  N 

NH N 

XIV 
CH 

XI, Xl| l  R=--CH2CH2Nx / a /CO\ Xll R '=-CH2CH2N( CH3 
*'CH~CH:2C H2 N~,EO ~CB H4; "CH2CH2CH2NH2; 

/CH~ 
XIV R~' ='-'-C H2 CH2N-~ " 

~CH2CH2CH2NH COC6H4COOII-o 

The spli t t ing out of phthalyl  g roups  to give XII probably  occurs  during hydro lys i s  of XIII  in hydrochlo-  
r ic  acid. Pa r t i a l  spli t t ing out of phthalyl groups  (10-1870) was also obse rved  on heating V and VI in 1 N HC1, 
although I and IV a re  complete ly  s table  under  these  conditions. It should be  noted that, like IV, XI under -  
goes  opening of the phthal imide r ing under  the influence of alkali .  The resu l t ing  carboxybenzamido de r iva -  
t ive (XIV) is r es i s t an t  to the act ion of refluxing 4 N HC1 for  1 h, but undergoes  quanti tat ive hydro lys i s  to 
XII and phthalic acid on heating in 1 N alkali~ 

E X P E R I M E N T A L  

Descending chromatography  on Leningradskaya  S p a p e r  in the following solvent s y s t e m s  was used in 
the investigation: t e r t -bu ty l  a l c o h o l - m e t h y l  ethyl k e t o n e - H C O O H - w a t e r  (40 : 30 : 15 : i5) (sys tem 1); i so -  
propyl  a l c o h o l - w a t e r  (6 : 4), am m on i a  on the bot tom of the chamber  (sys tem 2); i sopropyl  a l c o h o l - w a t e r  
(6 : 4) ( sys tem 3), butyl a l coho l -CH3COOH--wate r  (5:2 : 3) ( sys tem 4). E l ec t rophores i s  was ca r r i ed  out in 
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TABLE 3. PMR Spectra  of the Compounds Obtained 

Com- 
pound 

IV 

v i i i  

viii 

Xl 

XII 

State 

Hydrochloride 

Hydrochloride 

Base 
HydrocMoride 

Hydrochtoride 

Solvent 

CD~OD 

CDaOD 

CD3OD 

D20 

(CD~)2SO 
D20 

Chemical shifts, 6. ppm (relative 
integraI intensities} 

protons 

S 7~67(4) ingtet 
7,3--7,75(4) 

Mtfltiplet 
7 1--7~68(4) 

M~Jltipiet 
7,62 ('~1 

8inglet 

HI~ HN -CK.~ 

Q 2,05(2) 2,8(3) 
uintet Singlet 
2,02(2) 2.85(3) 

Quintet Singlet 
1.74(2) 2,34(3) 

t~uintet Stnglet 
Q 2,15(2) 3,02(3) 

uintet Singlet 
2,37(2) 3,1(3)* 
2,35(2) 3,2(3) 

~uintet Singlet 

* The H 8 proton is found at 9.35 ppm (1). 

0.04 M ammonium bicarbonate at pit 8 and in 0.05 M sodium acetate at pH 3.5. The solutions were evap- 
orated with a r o t a r y  evaporator  at 35 ~ (12 mm). The substances were eluted f rom paper  by water.  The UV 
spect ra  were recorded  with an SF-4 spec t rometer .  The PMR spectra  of 10-15% solutions of the substances 
in D20, CD3OD, and (CD3)2SO were  recorded  with a Varian A-56/60A spec t rometer  at 60 MHz with t e t ra -  
methylsi lane as  the external standard. The assignment of the signals in the PMR spect ra  was made on the 
bas is  of the change in the chemical  shifts of the protons in the amines on passing f rom the salts to the bases  
[5, 6]. 

~-(N-Methyl-N-f l -hydroxyethylamino)propylphthal imide (IV). This compound was obtained via the 
method in [7] and was additionally purified on Dowex-50. A mixture of 5 mmole of IX and 0.4 ml (5.25 
mmole) of methylaminoethanol was heated in an ampul at 100 ~ for 30 min, af ter  which it was dissolved in 
5 ml of water  and chromatographed on Dowex-50 (H +) (with a 20 by 1.5 cm column) in l inear gradient HC1 
(from water  to 4 N HC1). F rac t ion  3, which was eluted with 2.5-3.0 N HC1, was evaporated to dryness ,  and 
the residue was s tored over  P2Os in vacuo and reprecipi ta ted f rom methanol by the addition of ether  to give 
the hydrochloride of IV in 30% yield. Compound VIII (8.0%) was eluted in f ract ion 2. 

~-(N-fl-Chloroethyl-N-methylamino)propylphthal imide (I) Hydrochloride.  This compound was ob- 
tained f rom chromatographed IV via the method in [7]. 

Reaction of I with II, A mixture  of 5 mmole  of lI and 10 mmole  of I in 1 l i ter  of water  was held at38 ~ 
for  4 h while maintaining the pH at 5.8-6.0 by the addition of 1 N NaOH. The react ion was stopped by adding 
1 N acid to pH 3. The solution was evaporated to ~ 100 ml, and 4.37 mmole of unchanged II was separated 
by fil tration. The fi l t rate was evaporated, and the res idue was hydrolyzed in 23 ml  of 1 N HC1 at 100 ~ for  
1 h. The hydrolyzate was diluted with water  to 200 ml and chromatographed on Dowex-50 (H +) (with a 50 
by 1.8 cm column) in l inear  gradient  of hydrochlor ic  acid (from 0 to 7 N HC1). The mixer  and r e se rvo i r  
had volumes of 1.5 l i ter  each (Fig. 1). The phthalic acid f rom fract ion 1 was identified f rom the UV spec-  
t rum and a mixed-melting-point  determinat ion with an authentic sample.  The amount of phthalic acid was 
judged f rom the absorption at 260 tun at pH 1 and e2e0 pHI= 9.97" 102; found 1.03 mmole (12%). The overal l  
yield of unchanged guanine in fract ion 2 and of precipi tated II was .., 4.70 mmole; the percent  conversion 
was ~ 4.5. Frac t ions  3-6, respectively,  contained 4% I, 20% VI, and 60% V mixed with 0.9% XII and 3.4% XI. 
The isolation and identification of the substances in the f rac t ions  a re  presented below. The amounts of sub- 
s tances in the fract ions were  judged f rom the UV absorption at kma x at pH 2 and the mola r  extinction coef- 
ficients (e), which are  presented in Table 1. The composition of f rac t ion 5 was determined after  paper  
chromatography in sys tem 1. 

N-Methyl-N-f l -hydroxyethyl-N-(y-phthalyl imidopropylamino)  N- [f i-N-methyl-~,-phthalylimidopropyl-  
amino)ethyl]ammonium Chloride (VI). F rac t ion  4 (Fig. 1) was evaporated, and the residue was reprec ip i -  
tared three t imes  f rom methanol by pouring into ether to give 270 mg of hydrochloride VI. Compound VI 
was s imi lar ly  obtained after  holding I at pH 6 and separat ion of the mixture  on Dowex-50. 

N-Methyl -N-~-ch loroe thy l -N-  (y-phthalylimidopropylamino)-N- [ /3-(7-methyl-N'-y-phthalyl imidopro-  
pylamino)ethyl]ammonium Chloride (V). Frac t ion  5 (Fig.l) was evaporated, and the residue was paper chro-  
matographed in sys tem 1. A substance with Rf 0.80 was eluted with alcohol and reprecipi ta ted f rom meth-  
anolic HC1 by pouring into ether to give 700 nag of product. Compound V was also obtained f rom I at pH 6. 
The zone with Rf 0.1 was eluted with 0.1 N HC1 to give 0.046 mmole  of XII, which was identical to the XII 
f rom XI. 
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7-{f l - [N-Methyl -N-( ] , -phtha ly l imidopropyl )amino]e thyl}guanine  (XI). F r a c t i o n  6 (Fig. 1) was evapo- 
ra ted  s e v e r a l  t i m e s  with water ,  d r i e d  over  KOH (at 12 mm), and r ep rec ip [ t a t ed  f rom alcohol  by pouring into 
e ther .  The subs tance  was  homogeneous in the th ree  ch romatograph ic  sys t ems .  The yie ld  was 0.17 mmole .  
Compound XI was quant i ta t ively  conver ted to XII by ref luxing in 4 N HC1 for  1 h. In aqueous solut ions with 
p i t -  > 9, XI was conver ted to a carboxybenzamido  de r iva t ive  (probably XIV), which was  s table  in 4 N HC1 at 
100 ~ for  1 h but was conver ted to XII on heating in 1 N KOH. 

7- [fl- (N-y-Aminopropy l -N-methy lamino)e thy l ]guan ine  (XII). A 0 .15-mmele  sample  of XI was heated in 
5 mi  of 1 N KOH solut ion in 50~ ethanol, a f t e r  which the solution was neut ra l ized ,  diluted to 50 ml, and c h r o -  
matographed  on Dowex-50 {H +) (with a 4 by 1.8 cm column). The column was washed success ive ly  with 50 
ml  of wate r  and 200 ml  of 1 N HC1, and XII was eluted with 4 N HC1 (150 ml). The r e s i d u e  f rom the evapora -  
t ion of the l as t  f rac t ion  was chromatographed  s u c c e s s i v e l y  on paper  in s y s t e m s  1 and 4. Compound XII was 
eluted with 0.1 N HC1, the eluate was evapora ted ,  and the r e s idue  was p rec ip i t a t ed  f rom methanol  by pour -  
ing into e ther  to give 45 mg (80%) of product .  The product  was ident ica l  to XII obtained via  the method in 
[2] with r e s p e c t  to Rf value and the UV and P1VIR spec t r a .  The number  of p r i m a r y  amino groups,  which was 
found f rom the reac t ion  with ninhydrin [2], co r responded  to one a tkyl  r e s idue  p e r  mole  of guanine 0-. 04 : 1.00). 

T r a n s f o r m a t i o n s  of IV in Alkal i .  A 0 .16-mmole  sample  of IV was held at 25 ~ for  12 h in 1 ml  of 0.01 N 
KOH. The mix tu re  was then diluted,  neut ra l ized ,  and chromatographed  on Dowex-50 (I{ +) in hydroch lo r ic  
acid (from 0 to 4 N) as  indicated above to give th ree  f rac t ions :  phthal ic  acid (0.055mmole) ,V]I  (0.05 mmole) ,  
and X (0.05 mmole) .  Compound VIII was i so la ted  a f te r  evapora t ion  of f rac t ion  2 to d r y n e s s  and r e p r e c i p i -  
tat[on of the oil  f rom alcohol  by pour ing into e ther .  Compound VIII was a lso  obtained by holding IV at  pH 9 
for  1 h. The y ie ld  was quanti ta t ive.  Substance X was not identif ied.  The UV spec t rum of X cor responded  
to a subs tance  containing a carboxybenzamido  group; the number  of charges  on X was g r e a t e r  than on VIII. 
The pe rcen tage  of X in f r ac t ion  3 was de t e rmined  by taking s at 260 nm as being equal to ~ of VIII. 

T r a n s f o r m a t i o n s  of I at pH 6. A 20-ml  sample  of a 50 mM solut ion of i was held at pH 5.8-6.0 and 
38 ~ a f te r  which it was evapora ted  to d r y n e s s .  The r e s idue  was ref luxed in 10 ml  of 1 N HC1 for 1 h and 
chromatographed  on Dowex-50 (H +) (with a 9.5 by 1.5 em column) in l i nea r  g rad ien t  HC1 (from 0 to 7 N) to 
give phthal ic  acid 0-8~), VIII (5~c), I (5-10%), and V and V! (67~c) (the concentra t ion  of the eluting HC1 is 
given in Table  1). 

Kinet ics  of Ionizat ion of the Chlor ine  in I. A solution of 5 �9 10 -3 M I in 0 . i  M buffer, p r e p a r e d  f rom 
a mix tu re  of Na2CO 3 and NaHCO 3 with pH 9.7, was held at 25 ~ Samples  (0.5 ml) were  se lec ted  dur ing the 
reac t ion ,  and the ch lor ide- ion  concent ra t ion  in them was de te rmined  by po ten t iomet r i c  t i t r a t ion  with 0.005 N 
AgNO 3 a f te r  ac id i f ica t ion  of the s amples  with 25~ HNO 3 in methanol .  The t rue  f i r s t - o r d e r  r a t e  constant 
was 1.9 �9 10 -3 sec  -1 (tl/2 6 rain). It was found f rom the th iosulfa te  consumption that the maximum amount 
of III in solut ion is obse rved  a f te r  15-40 rain. 

The pK a of I was de t e rmined  by po ten t iomet r i e  t i t r a t ion  of a 0.0i M solut ion of I in water  or 50Z eth- 
anol with a 0. i  N solut ion of NaOH at 25 ~ in a s t r e a m  of ni trogen.  The pK a was ca lcula ted  by a g raph ica l  
method.  The pKa values  should be cons ide red  to be approx ima te  because  of ionizat ion of chlor ine  under  
these  conditions~ 
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