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Summary 

Brain-enlianeed delivery of chlorambucil was achieved using a dihydropyridine pyridinium salt chemical delivery system (CDS). 
Application of the CDS approach to the carboxylie acid-containing anticaneer agent required the development of novel, alcoholic 
redox carriers. Several N'-(~,-hydroxyalkyl), -(~0-hydroxycycloalkyl) and -(~0-hydroxy branched alkyl)nicotinamide derivatives were 
therefore synthesized. After in vitro characterization of the dihydropyridine delivery forms of chlorambueil, these compounds were 
tested in vivo in the rat. The CDS derivative in which an ethyl group separated the 1-methyl-l,4-dihydronicotinamide and 
chlorambueil fragments generated sustained levels of chlorambucil in the brains of test animals after i.v. administration (tl/2 in 
brain = 2.4 days) while blood levels rapidly fell (q/2 = 2 h) producing a favorable brain/blood ratio. This compound (ld) was well 
tolerated at doses of 60 mg/kg while equimolar chlorambueil (39 mg/kg) caused greater than 80% mortality in test animals within 2 
h. Subsequently, a cyelohexyl-containing CDS derivative was tested. This sterically more hindered system produced a lower level of 
chlorambucil in the periphery but also reduced central nervous system (CNS) concentration of the drug. 

Introduction 

Pr imary  and  secondary  metas ta t i c  tumors  of  
the  centra l  nervous  sys tem (CNS)  represent  a 
m a j o r  hea l th  p rob lem.  I t  has been  es t imated  tha t  
the  inc idence  of  these cancers  exceeds 12.5 pe r  
100,000 U.S. residents ,  mean ing  that  more  than  
27,000 new cases of  these usual ly  fatal  diseases  
occur  annua l ly  ( N I N C D S ,  1977). In  addi t ion ,  24% 
of  all  peop le  dy ing  f rom per iphera l  cancers  have 
in t rac ran ia l  metas tases  (Posner,  1977). Whi le  neu- 
rosurgery  can  be  useful,  pha rmaco log ica l  in terven-  
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t ion has, b y  far, the b roades t  app l i ca t i on  (Neuwel t  
and  Frenkel ,  1980). Unfo r tuna te ly ,  m a n y  po ten-  
t ial ly useful  drugs  inc lud ing  those  act ive agains t  
pe r iphera l  t umors  canno t  en ter  the  b ra in  a n d  are  
therefore  ineffect ive in t rea t ing  cerebra l  neop-  
lasms. The  basis  of  this i m p e r m e a b i l i t y  is the 
b l o o d - b r a i n  ba r r i e r  (BBB). 

The  BBB results  f rom the t ight  j o in ing  o f  the  
cerebra l  capi l la r ies  e l imina t ing  in t race l lu la r  t rans-  
po r t  of  mos t  subs tances  ( R a p o p o r t ,  1976; Suck-  
l ing et al., 1986; Pa rd r idge  et  al., 1986). This  
u l t ras t ruc tura l  a rchi tec ture  forces c o m p o u n d s  to 
pass  th rough  the p h o s p h o l i p o i d a l  cell  m e m b r a n e s  
if  they are  to access the  b ra in  p a r e n c h y m a  and  
this excludes all  bu t  the  mos t  l ipophi l i c  molecules .  
I t  has  been  shown tha t  for  c o m p o u n d s  with  oc- 
t a n o l : w a t e r  pa r t i t i on  coeff ic ients  less than  0.1, 
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penetration into the CNS is limited by BBB per- 
meability (Greig, 1987; Fenstermacher et al., 1981). 
Compounds in this category include many useful 
antineoplastic agents such as melphalan and chlo- 
rambucil (Greig et al., 1988). 

One method for improving BBB transit for 
these and similar drugs is by prodrug formation 
(Bundgaard, 1985; Stella et al., 1985; Bodor and 
Kaminski, 1987). By esterifying the carboxylic acid 
of chlorambucil, for example, the lipophilicity of 
the drug can be augmented and high brain con- 
centrations can be obtained. Unfortunately, as has 
been pointed out previously, there is little organ 
selectivity with simple prodrugs and while BBB 
transit may be enhanced, the extraction of the 
cytotoxic agent into other body compartments is 
likewise increased (Stella and Himmelstein, 1980). 
This increased tissue burden often translates into 
higher toxicity for the drug with no net increase in 
the therapeutic index of the compound. A more 
involved chemical latentiation for increasing brain 
delivery and selectivity is the chemical delivery 
system (CDS) approach (Bodor et al., Bodor and 
Brewster, 1983; Bodor, 1984, 1987). 

In this method, a molecular carrier is covalently 
linked to the drug to be transported. Derivatives 
of 1-substituted-l,4-dihydronicotinic acids have 
been most used in this capacity. After systemic 
administration, the increased lipophilicity im- 
parted by the above-mentioned chemical modifi- 
cations allows for an increased tissue distribution 
so that the drug conjugate can enter compart- 
ments, such as the CNS, inaccessible to the parent 
compound. With time, the enzymatically labile 
carrier is oxidized to give the corresponding tri- 
gonellinate (1-methylnicotinate) salt. This conver- 
sion results in lipophilicity changes (log P)  of 
between three and five orders of magnitude and 
acts to accelerate theperipheral elimination of the 
drug conjugate from the systemic circulation. In 
the brain, the hydrophilic drug-oxidized carrier 
conjugate is trapped behind the BBB. The 
"locked-in" salt can subsequently hydrolyze re- 
leasing the active drug and the oxidized carrier 
molecule which is readily lost from the cerebrospi- 
nal fluid (CSF) via active mechanisms (Bodor et 
al., 1986). The released drug can then act at the 
tumor site. This scheme allows for the enhanced 

delivery of cytotoxic agents to the CNS thereby 
sparing the periphery and increasing the ther- 
apeutic index of the drug. The carrier molecules in 
and of themselves are innocuous in the CNS 
(Brewster et al., 1988b; Brewster et al., 1988c). 
The present report details the application of the 
CDS to a widely used antineoplastic agent, chlo- 
rambucil. 

Materials and Methods 

Elemental analysis of compounds synthesized 
were performed by Atlantic Microlab, Atlanta, 
GA. Melting points were determined using 
Hoover-Thomas capillary melting point appara- 
tus and were uncorrected. Nuclear magnetic reso- 
nance spectra were recorded on a Varian EM360 
Spectrometer. Samples were dissolved in an ap- 
propriate deuterated solvent and chemical shifts 
(8) reported relative to an internal standard (tet- 
ramethyl silane, TMS). Ultraviolet (UV) spec- 
troscopy was performed on a Hewlett Packard 
8451A Diode array spectrophotometer. All chem- 
icals used were of reagent grade. Chlorambucil 
was obtained from Sigma Chemical Co., St. Louis, 
MO. 

Preparation of la - ld  (Scheme 1) 
N-4(hydroxyethyl)pyridine-3-carboxamide (la). 

A mixture containing ethyl nicotinate (70.0 g, 0.46 
mol) and ethanolamine (28.29 g, 0.46 mol) was 
heated at reflux overnight. A light yellow solid 
was formed. The reaction mixture was then cooled. 
The solid was filtered, washed with dry ether and 
crystallized from isopropanol. The white hygro- 
scopic crystals were filtered under argon, washed 
with ether and dried over P205. Yield 90%, m.p. 
90-91°C. NMR (d6DMSO) 8 9.2-9.0 (br s, 1H, 
C-2, pyridine H); 8.8-8.4 (m, 2H, C-6, pyridine 
H + - N H ) ;  8.3-8.1 (m, 1H, C-4, pyridine H); 
7.6-7.3 (m, 1H, C-5 pyridine H); 5.1-4.7 (t, 1H, 
OH, exchanges with D20); 3.9-3.3 (m, 4H, 
CH2-CH2, alkyl side chain H). 

N ( 1[-4([ 4-[ bis(2-chloroethyl)]amino)phenyl)bu- 
tanoyloxy]ethyl}-pyridine-3-carboxamide (lb). 
Chlorambucil (2.5 g, 0.08 mol) was dissolved in 80 
ml of dry acetonitrile. To this was added 1.5 g 
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(0.009 mol) of la. To the stirred solution kept over 
argon was added 1.86 g (0.009 mol) DCC and 
DMAP (0.1 g, 0.008 mol). The reaction mixture 
was stirred overnight at room temperature and 
under argon. At the end of the reaction the solid 
DCU that was formed was filtered and washed 
with 25 ml cold acetonitrile. The filtrate was 
evaporated in vacuo in low heat. The yellow re- 
sidue obtained was applied to a column packed 
with 100 g of silica gel (Davisil, grade 634, mesh 
100-200). Elution with CHC13-THF (8 : 2) yielded 
the product. A yellow solid is obtained upon 
evaporation of the eluent in vacuo. Yield 82.7%, 
m.p. 73-75°C. NMR (CDC13) 9.1-8.9 (d, 1H, 
C-2, pyridine H); 8.7-8.5 (dd, 1H, C-6, pyridine 
H); 8.2-8.1 (dt, 1H, C-4, pyridine H); 7.5-7.3 (m, 
1H, C-5, pyridine H); 7.2-6.8 (AB, quartet 4H, 

chlorambucil phenyl H); 4.4-4.1 (br t, 2H, 
-CH2-O-C) ;  3.9-3.5 (br s, 10H, 2H CH2-NH, 
8H, N-(CHE-CHEC1)2); 2.6-1.6 (m, 6H, chlor- 
ambucil butyl H). Anal. C22 H E 7 C 1 2 N 3 0 3 .  The- 
ory: C 58.41; H 6.01; N 9.28, C1 15.67. Found: C 
58.31; H 5.90; N 9.17; C1 15.54. 

1-Methyl-3-({\-[4- {[4-(bis(2-chloroethyl)]ami- 
no }phenyl) butanoyloxy] ethyl }carbamoyl)pyridinium 
methane sulfate (lc). To 2 g, (0.04 mol) lb in 200 
ml of dry acetonitrile was added dimethyl sulfate 
(0.613 g, 0.04 mol) and the mixture was heated at 
reflux overnight under dry conditions. The solvent 
was removed in vacuo and the residue obtained 
was washed with dry ether. A red viscous liquid 
was obtained. Yield, 97%. NMR (CDCI3) 9.4-9.3 
(s, 1H, C-2, pyridinium H); 9.2-8.7 (m, 2H, C-4, 
C-6, pyridinium H); 8.3-7.9 (m, 1H, C-5, 
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pyridinium H); 7.2-6.6 (AB quartet, 4H, chlo- 
rambucil phenyl H); 4.6-4.4 (br s, 3H, CH3SO4); 
4.3-4.1 (br t, 2H, -CH2-O-C) ;  3.8-3.4 (br s, 
13H, 3H, CH3, 2H, CH2-NH, 8H, N- (CH 2- 
CH2C1)2); 2.6-1.6 (m, 6H, chlorambucil butyl H). 

1-Methyl-3-( {N-J4-( { 4-[ bis( 2-chlorethyl) ]ami- 
no} phenyl-butanoyloxy ] ethyl} carbamoyl ) 1, 4-dihy- 
dropyridine (ld). The methylsulfate quaternary 
salt (le) (2.49 g, 0.004 mol) was dissolved in 350 
ml ice-cold water flushed with nitrogen. To this 
solution was added 150 ml ethyl acetate, 2.17 g 
(0.026 mol) of NaHCO 3 and 2.97 g (0.017 mol) of 
Na2S204. The mixture was stirred at 5°C for 1 h. 
At the end of the reaction period the two layers 
were separated. The aqueous layer was extracted 3 

times with 50 ml portions of ethyl acetate. The 
combined organic extracts were dried over MgSO+ 
and evaporated to dryness. The residue was ap- 
plied to a short (20 g) neutral alumina column 
(100-140 mesh) and eluted with chloroform. The 
product was obtained within the first 50 ml of 
eluent. The solvent was evaporated to dryness and 
the residue washed with anhydrous ether and dried 
to give a light yellow solid. Yield 70%, m.p. 
90-92°C. UV (MeOH) 218, 358 nm. NMR 
(CDC13) 7.2-6.5 (AB quartet, 5H, C-2, pyridine H 
+4  chlorambucil phenyl H); 5.7-5.4 (m, 1H, C-6, 
pyridine H); 4.9-4.4 (m, 1H, C-5, pyridine H); 
4.3-4.1 (t, 2H, -CH2-O-C) ;  3.8-3.5 (br s, 10H: 
2H, CH2-NH, 8H, (NCH2CH2C1)2); 3.4-3.1 (m, 
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2H, C-4, pyridine H); 2.9-2.7 (s, 3H, N-CH3); 
2.7-1.7 (m, 6H, chlorambucil butyl H). Anal. 
C23H3ICI2N203 . Theory: C, 58.97; H, 6.67; C1 
15.13; N, 8.97. Found: C, 58.90; H, 6.72; N, 8.94; 
C1 15.05. 

General procedure for the synthesis of N-(4-hydroxy- 
alkyl)pyridine-3-carboxamides 2a-5a (Scheme 2) 

Nicotinic acid was suspended in dry THF. One 
equivalent of freshly distilled triethylamine was 
added. The clear Solution obtained was cooled to 
- 4  o C. One equivalent of ethyl chloroformate in 
THF was added (with the exclusion of moisture) 
such that the temperature of the reaction did not 
exceed 00 C. One equivalent of the appropriate 
amino alcohol was added directly to the above 
reaction mixture. The reaction mixture was then 
allowed to warm to room temperature and stirred 
for 2 h. The precipitated triethylamine hydrochlo- 
ride was removed by filtration. The filtrate was 
evaporated under reduced pressure and the prod- 
uct recrystallized from isopropanol to give: 

N-( 4-hydroxycyclohexyl)pyridine- 3-carboxamide 
(2a). Yield 85%, m.p. 208-210°C. NMR d 6- 
DMSO 9.2-9.1 (d, 1H, C-2, pyridine H); 8.9-8.7 
(dd, 1H, C-6, pyridine H); 8.5-8.4 (br s, 1H, 
C-NH); 8.3-8.1 (dt, 1H, C-4, pyridine H); 7.6-7.4 
(m, 1H, C-5, pyridine H); 4.7-4.5 (br d, 1H, OH 
(D20 exchangeable); 3.8-3.3 (m, 2H, trans 1.6- 
cyclohexyl H); 2.1-1.1 (m, 8H, cyclohexyl H). 
Anal. C12H16N202 . Theory: C 65.43; H 7.32; N 
12.71. Found: C 65.37; H 7.35; N 12.65. 

N-(2-hydroxy-2-phenyl)ethyl-3-pyridine carboxa- 
mide (3a). Yield 91%, m.p. 122-124°C. NMR 
d6-DMSO 9.2-9.1 (d, H, C-2, pyridine H); 8.7-8.4 
(br dd, 1H, C-6, pyridine H + C-NH); 8.3-8.0 (dt, 
1H, C-4, pyridine H); 7.5-7.1 (m, 6H, C-5, pyri- 
dine H + phenyl H); 5.4-5.1 (br d, OH, (D20 
exchangeable)); 5.0-4.7 (q, 1H, CH); 3.7-3 (m, 
2H, CH2). Anal. C14H14N202 . Theory: C 69.40; 
H 5.82; N 11.56. Found: C 69.34; l~I 5.87; N 
11.52. 

N-(2-hydroxy)propyl-3-pyridine carboxamide 
(4a). Yield 85%, m.p. 40-41°C. NMR d6-DMSO 
9.2-9.1 (d, 1H, C-2, pyddine H; 8.7-8.5 (dd, 1H, 
C-6, pyridine H); 8.3-7.9 (dt, 2H, N H +  C-4, 
pyridine H); 7.4-7.2 (m, 1H, C-5, pyridine H); 
5.1-4.9 (br s, 1H, OH, (D20); 4.3-3.9 (m, 1H, 
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CH); 3.3-2.9 (m, 2H, CH2); 1.6-1.4 (d, 3H, CH3). 
Anal. CgH12N202. Theory: C 59.98; H 6.71; N 
15.54. Found: C 59.82; H 6.62; N 15.39. 

N-(1-hydroxy) cyclohexyl-l-methyl-3-pyridinecar- 
boxamide (5a). m.p. 110-112°C. NMR d 6- 
DMSO 9.2-9.1 (d, 1H, C-2, pyridine H); 8.7-8.5 
(dd, 1H, C-6, pyridine H); 8.2-8.0 (dt, 1H, C-4, 
pyridine H); 7.5-7.2 (m, 2H, NH + C-5, pyridine 
H); 3.8-36.6 (br s, 1H, OH, D20 exchangeable); 
3.5-3.3 (br m, 2H, CH2); 1.5-1.3 (br s, 10H, 
cyclohexyl H). Anal. C13H18N202. Theory: C 
66.43; H 7.74; N 11.95. Found: C 66.59; H 7.79; 
N 11.86. 

General procedure for the condensation of chlo- 
rambucil with various amino alcohols (2b-5b). 

Chlorambucil was mixed with 1.1 equivalents 
of an appropriate amino alcohol, one equivalent 
of DCC and 0.1 equivalent of DMAP in dry 
acetonitrile. The reaction mixture was stirred at 
room temperature in the presence of argon for two 
days. Precipitated DCU was removed by filtra- 
tion. The filtrate was evaporated to dryness and 
the residue applied to a silica gel column as de- 
scribed earlier and eluted with CHC13 : THF 8 : 2. 
The appropriate eluting fractions were combined 
and evaporated to dryness in vacuo. 

N {1-[4([4-[bis(2-chloroethyl)]amino}phenyObu- 
tanoyloxy] cyclohexyl J-pyridine-3-carboxamide ( 2b). 
Yield 81%, m.p. 120-122°C. NMR (CDC13) 
9.1-9.0 (d, 1H, C-2, pyridine H); 8.8-8.6 (dd, 1H, 
C-6, pyridine H); 8.3-8.1 (dt, 1H, C-4, pyridine 
H); 7.7 (br s, 1H, NH); 7.6-7.3 (m, 1H, C-5, 
pyridine H); 7.2-6.5 (AB quartet 4H, chlorambu- 
cil phenyl H); 4.9-4.4 (br m, 2H, cyclohexyl trans 
H); 3.7-3.4 (br s, 8H, N(CH2CH2C1)2); 2.6-1.3 
(m, 14H, cyclohexyl+ chlorambucil butyl H). 
Anal. C26H33C12N302 1/4 H20. Theory: C 63.00; 
H 5.95; N 7.88; C1 13.33. Found: C 62.87; H 5.99; 
N 7.78; C1 13.11. 

N-( {2-phenyl-2-[4-[4-(bis-2-chloroethyl)]amino 
pheny l)butanoyloxy] ethyl}- 3-pyridinecarboxamide 
(3b). Yield 70%, m.p. 99-101°C. NMR CDC13 
9.1-8.9 (d, 1H, C-2, pyridine H); 8.7-8.5 (dd, 1H,. 
C-6, pyridine H); 8.2-8.0 (dt, 1H, C-4, pyridine 
H); 7.8 (s, 1H, NH); 7.5-7.2 (m, 6H, C-5, pyridine 
H + phenyl H) 7.1-6.5 (AB quartet, 4H, chlo- 
rambucil phenyl H); 6.1-5.9 (t, 1H, CH); 4.1-3.7 



200 

(m, 2H, CH2); 3.6-3.5 (br s, 8H, N, (CH2CH 2 
C1)2); 2.6-1.6 (m, 6H, butyl H). Anal. C28H31C12 
N303. Theory: C 63.64; H 5.91; C1 13.42; N 7.95. 
Found: C 63.50; H 5.99; C1 13.11; N. 7.78. 

N- {2-[4-(4-[bis-(2-chloroethyl)amino}phenyl)bu- 
tanoyloxy]propyl}-3-pyridinecarboxamide (4b). 
Yield 84%. NMR (CDC13) 9.1-8.9 (d, 1H, C-2, 
pyridine H); 8.7-8.5 (dd, 1H, C-6, pyridine H); 
8.2-7.9 (dt, 1H, C-4, pyridine H); 7.7-7.5 (m, 2H, 
C-5, pyridine H + NH); 7.2-6.4 (AB quartet, 4H, 
chlorambucil phenyl H); 5.3-4.9 (m, 1H, CH); 
3.6-3.4 (br s, 10H, CHE+N , (CH2CHEC1)2); 
2.6-1.6 (m, 6H, butyl H) 1.6-1.4 (d, 3H, CH3). 
Anal. C23HE9C12N303 . Theory" C 59.23; H 29.22; 
N 9.00; C1 15.20. Found: C 59.08; H 29.34; N 
8.86; C1 14.98. 

N-( {1-cyclohexyl-2-[4-[4- {bis-2-chloroethyt] ami- 
no}phenyl)butanoyloxy]methyl}-2-pyridine carbox- 
amide (Sb). Yield 40%, m.p. 92-94°C. NMR 
(CDC13). 9.2-9.0 (d, 1H, C-2, pyridine H); 8.8-8.6 
(dd, 1H, C-6, pyridine H); 8.5-8.3 (dt, 1H, C-4, 
pyridine H); 7.5-7.3 (m, 2H, C-5, pyridine H + 
NH); 7.2-6.5 (AB quartet, 4H, chlorambucil 
phenyl H); 3.8-3.5 (m, 10H, CH 2 + N 
(CHECH2C1)2); 2.6-1.7 (m, 6H, butyl H); 1.6-1.3 
(br s, 10H, cyclohexyl H). Anal. C27H35N3C1203". 
Theory: C 62.30; H 6.78; N 8.07; C1 13.62. Found: 
C 62.34; H 6.79; N 8.06; C1 13.57. 

General procedure for the preparation of pyridinium 
salts (2c-5c). 

The substituted nicotinamide was dissolved in 
dry acetonitrile and one equivalent of dimethyl 
sulfate was added to it. The reaction mixture was 
heated at reflux overnight. The solvent was 
evaporated in vacuo and the residue was washed 
with ether and dried. 

1- Methyl-4- [ (N-{ 1-cyclohexyl-4- [ 4- { 4-[ bis- 
2-chloroethyl) ]amino } phenyl-butanoyloxy] } car- 
bamoyl]pyridinium methanesulfate (2e). Yield 
80%. UV (MeOH) 220, 265 nm. NMR (CDC13) 
9.5-9.3 (d, 1H, C-2, pyridinium H), 9.2-8.7 (m, 
2H, C-4 + C-6, pyridinium H); 8.3-7.9 (m, 1H, 
C-5, pyridinium H); 7.2-6.6 (AB quartet, 4H, 
chlorambucil phenyl H); 4.6-4.4 (br s, 3H, 
CH3SO4); 3.7-3.4 (br s, 13H, N-CH3+ trans 
cyclohexyl H + N(CH2CH2C1)2); 2.6-1.2 (m, 
14H, cyclohexyl H + chlorambucil butyl H). 

1-Methyl-3 [(N- {2-phenyl-2 [4-[ {4-[bis-(2-chloro- 
ethyl)] amino} phenyl )-butanoyloxy] } ethyl)carbam- 
oyl]pyridinium methanesulfate (3e). Yield 91%. 
UV (MeOH) 219, 272 nm. NMR (CDC13) 9.5-9.3 
(d, 1H, C-2 pyridinium H); 9.2-8.7 (m, 2H, C-4 + 
C-6, pyridinium H); 8.3-7.4 (m, 1H, C-5, 
pyridinium H); 7.6-7.3 (br s, 5H, phenyl H); 
7.2-6.5 (AB quartet, 4H, chlorambucil phenyl H); 
5.5-5.2 (m, 1H, CH); 4.6-4.4 (br s, 3H, CH3SO4); 
3.7-3.4 (br s, 13H, N-CH3 + CH2 + 
N(CH2CH2C1)2); 2.6-1.6 (m, 6H, chlorambucil 
butyl H). 

1-Methyl-3 (N- {1-[ 4-( {4[bis (2-chloroethyl)] ami- 
n o}-phenyl) butanoyloxy] propyl} carbamoyl} pyridi- 
nium methanesulfate (4c). Yield 92%. UV 
(MeOH) 218, 269 nm. NMR (CDCI3) 9.5-9.3 (d, 
1H, C-2, pyridinium H); 9.2-8.7 (m, 2H, C-4 + C-6 
pyridinium H); 8.3-7.9 (m, 1H, C-5, pyridinium 
phenyl H); 7.2-6.6 (AB quartet, 4H, chlorambucil 
phenyl H); 5.2-4.9 (m, 1H, CH); 4.6-4.4 (br s, 
3H, CH3SO4); 3.7-3.4 (br s, 13H, N-CH 3 + CH 2 
+ N (CH2CH2C1)2); 2.6-1.6 (m, 6H, chlorambu- 
cil butyl H); 1.7-1.5 (d, 3H, CH3). 

1-Methyl-3(N {1-[4-( {4-[bis(2-chloroethyl)]ami- 
no }-phenyl)butanoyloxy] methylcyclohexyl }carbam- 
oyl]pyridinium methanesulfate (5c). Yield 90%. 
UV (MeOI-I) 220, 278 nm. NMR (CDCI3) 9.5-9.3 
(d, 1H, C-2, pyridinium H); 9.2-8.6 (m, 2H, C-4 
+ C-6, pyridinium H); 8.3-7.9 (m, 1H, C-5, pyri- 
dinium H); "7.2-6.5 (AB quartet, 4H, chlorambucil 
phenyl H)~ 4.6-4.4 (br s, 3H, CH3SO4); 4.0-3.5 
(m, 13H: CH 2 + N-CH 3 + N(CH2CH2C1)2); 
2.6-1.6 (m, 6H, chlorambucil butyl H); 1.6-1.3 
(br s, 10H, cyclohexyl H). 

General procedure for the synthesis of the dihydro- 
pyridines (2d-Sd) 

This synthesis is as described for (ld). 
1 -Methyl-3 ({ N-[ 4-( { 4-[ bis (2-chloroethyl) I- 

amino } phenyl ) -butanoyloxy] cyclohexyl} carba- 
moyl)-l,4-dihydropyridine (2d). Yield 65%. UV 
(MeOH) 216, 360 nm. NMR (CDC13) 7.2-6.9 (br, 
AB quartet, 5H, C-2, pyridine H, chlorambucil 
4-phenyl H); 5.7-5.4 (dt, C-6, pyridine H); 5.2-4.9 
(m, 1H, C-5, pyridine H); 4.7-4.4 (m, 2H, 1.6 
trans cyclohexyl H); 3,6-3.4 (s, 8H, chlorambucil 
N(CH2CH2C1)2); 3.2-3.0 (bs, 2H, C-4, pyridine 
H); 2.9-2.8 (s, 3H, N-CH3); 2.6-1.3 (m, 14H, 8H 



cyclohexyl H + 6H, chlorambucil butyl H). Anal. 
C27H37C12N30 3. Theory: C62.06; H7.13; N 8.04; 
C1 13.57. Found: C 61.88; H 7.19; N 8.00; C1 
13.50. 

1 -Methyl-3 {(iV- {-2-phenyl-2-[4-( {4-[bis(2-chlo- 
roethyl)] amino }phenyl)butanoyloxy] }ethyl)carbam- 
oyl]l,4-dihydropyridine (3d). Yield 45%. UV 
(MeOH) 216, 362. NMR (CDC13) 7.7-7.5 (br s, 
5H, phenyl H); 7.2-6.4 (br, AB quartet 5H, C-2, 
pyridine H, chlorambucil 4-phenyl H); 5.5-5.2 (m, 
1H, CH) 4.7-4.5 (m, 1H, C-5, pyridine H); 3.8-3.6 
(br s, 10H, CH 2 + chlorambucil N(CH2CH2C1)2); 
3.1-2.9 (br s, 2H, N-CH3); 2.6-1.6 (m, 6H, chlo- 
rambucil butyl H). Anal. C29H35C12N30 3. 1H20. 
Theory: C 61.91; H 6.62; C1 12.60; N 7.47. Found: 
C 61.79, H 6.71; C1 12.49; N 7.23. 

1-Methyl-3-[ (N- {2-[4-({4-Ibis (2-chloroethyl)]- 
amino} phenyl) butanoyloxy] propyl}) carbamoyl]- 
1,4-dihydropyridine (4d). Yield 60%. UV (MeOH) 
220, 364 nm. NMR (CDC13) 7.2-6.5 (br, AB 
quartet, 5H, C-2, pyridine H + chlorambucil 
phenyl H); 5.6-5.4 (dt, C-6, pyridine H); 5.1-4.4 
(m, 2H, C-5, pyridine H + CH); 3.5-3.3 (br s, 
10H, chlorambucil N(CH2CH2C1)2, +CH2); 
1.2-1.1 (d, 3H, CH3). Anal. C24H33CI2N303.0.5 
H20. Theory: C 58.69; H 6.96; C1 14.42; N 8.55. 
Found: C 58.52; H 6.84; C1 14.26; N 8.31. 

1-M ethyl- 3( {N-[1-( { 4-[bis( 2-chloroethyl)amino } 
phenyl)butanoyloxy]methyl cyclohexyl}carbamoyl]- 
1,4-dihydropyridine (Sd). Yield 55%. UV (MeOH) 
216, 368 ran. NMR (CDCI3); 7.2-6.5 (br AB 
quartet, 5H, C-2, pyridine H + chlorambucil 
phenyl H); 5.8-5.6 (dt, C-6, pyridine H); 4.8-4.6 
(m, 1H, C-5, pyridine H); 3.7-3.5 (br s, 10H, 
CH 2 + chlorambucil N(CH2CH2C1)2); 3.2-3.0 
(bs, 2H, C-4, pyridine H); 2.9-2.8 (s, 3H, N-CH3); 
2.6-1.7 (m, 6H, chlorambucil butyl H); 1.6- 
1.4 (br s, 10H, cyclohexyl H). Anal. C28 
H39C12N303.]./2 n20.  Theory: C 61.64; H 7.39; 
C1 12.99; N 7.70. Found: C 61.59; H 7.28; C1 
12.79; N 7.58. 

Analytical methodology 
All detection and quantitation of dihydropyri- 

dine derivatives, pyridinium salt derivatives and 
chlorambucil was performed using high-perfor- 
mance liquid chromatography (HPLC). The sys- 
tem configuration included a Waters Model 510 
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pump, a Kratos Spectroflow 757 variable wave- 
length detector, a Kontron MSI660 autosampler 
and a Hewlett-Packard 3390 A integrator. All 
separations were achieved on a Hamilton PRP-1 
polystyrene-divinylbenzene analytical column (15 
cm x 4.6 mm i.d.). For the pyridinium salts (lc-5e) 
as well as for chlorambucil a single mobile phase 
was used which consisted of 55 :40 :5  ace- 
tonitrile : 0.05 M KH2PO 4 : H20 and 0.05 M tetra- 
methylammonium phosphate and 0.005 M tetra- 
butylammonium phosphate. These derivatives were 
detected at 260 rm and the flow rate was I ml/rain. 
All determinations were made at ambient temper- 
atures. In the above indicated conditions the re- 
tention time for chlorambucil was 8.18 min. The 
quaternary salts (lc-5e) eluted at 5.24, 5.46 rain, 
5.74 min, 3.54 rain and 5.76 min, respectively. For 
the dihydropyridines, the mobile phase was made 
by combining 85 parts of acetonitrile and 15 parts 
H20. These compounds were detected at 360 nm 
and, with the exception of compound (4c) which 
was eluted using a flow rate of 0.8 ml/min, the 
flow rate was I ml/min. The retention times for 
the CDS's (ld-NI) were 5.47, 4.25 min, 3.91 min, 
3.9 min, and 3.65 re_in, respectively. 

Lipophilicy (log P) determinations 
Solutions of chlorambucil, as well as com- 

pounds (ld-Sd) were prepared in octanol. Two 
milliliters of each solution were then partitioned 
against 2 ml of pH 7.4 phosphate buffer which 
had been saturated with octanol. The partitioning 
was carried out at ambient temperature for 2 h. 
The concentration of each compound in both 
phases was then determined by HPLC as previ- 
ously described. The log of the ratio of the peak 
heights of a compound in octanol and in water 
was determined and reported as log P. Each de- 
termination was run in triplicate and data are 
reported as the average of the 3 values. 

In vitro studies 
Ferricyanide oxidation studies. The rate of fer- 

ricyanide-mediated oxidation of (ld-Nl) was de- 
termined using a modification of published meth- 
ods. In the procedure, the rate of decrease of the 
358 nm absorbance band of a particular dihydro- 
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pyridine derivative was determined in buffered 
20% aqueous acetonitrile solutions [0.1 mM K4Fe 
(CN)6 , 60 mM KC1 and 1.0 mM K2CO3] contain- 
ing various concentrations of K3Fe (CN)6 (1-50 
mM). Each of the CDS compounds ( ld-Sd)  was 
added, using a Hamilton syringe, to the buffered 
oxidant which was contained in an anaerobic 
teflon-lined screw-top cuvette (Spectrocell, Inc., 
Oreland, PA). The cuvette and its contents were 
maintained at 37 ° C  in a thermostated cell holder. 
For  a given Fe(CN)~ -3 concentration, the pseudo- 
first-order rate constant was determined and then 
plotted as a function of the ferricyanide ion con- 
centration. The slope of this line gave the second 
order rate constant (k 0, s -  1 M -  1). Measurements 
were made using a Hewlett-Packard 8451A diode 
array spectrophotometer with an HP85 micro- 
processor. 

Buffer and biological matrices. The stability of 
the CDS derivatives ( ld-Sd)  as well as for the 
corresponding quaternary salt metabolites ( lc -5c)  
was studied in isotonic phosphate buffer (pH 7.4), 
20% rat brain homogenate and whole rat blood. 
Rat brain was freshly obtained and homogenized 
in isotonic phosphate buffer. The homogenate was 
centrifuged and the supernatant diluted to make a 
20% w / v  matrix. Whole rat blood was obtained 
via cardiac puncture. In these studies, a small 
volume (50 #1) of the test compound dissolved in 
dimethyl sulfoxide (DMSO) was added to buffer, 
rat brain homogenate or whole blood, each main- 
tained at 37 ° C. At various times, after this ad- 
dition, an aliquot (100 #1) of the appropriate 
matrix was removed, mixed with ice-cold acetoni- 
trile (400 #1) and vortexed. The sample was then 
centrifuged at 13,000 g (Beckman Microfuge 12) 
for 8 rain and the supernatant removed, filtered 
through 0.45 #m polyvinylidene difluoride mem- 
brane (Millipore) and analyzed by HPLC. 

Acute toxicity studies 
Groups of 5 Sprague-Dawley rats were re- 

strained and injected via the tail vein with vehicle 
(DMSO, 0.5 ml /kg)  or 2d, 3d, 4d 5d at a dose 
equimolar to 20 m g /kg  ld. Immediately after 
drug administration, the general robustness of 
animals was observed and mortality, if it occurred 
before 2 h was noted. At 2 h posttreatment animals 

were sacrificed and a gross necropsy was per- 
formed. Obvious changes in organ appearance 
were noted. 

In vivo tissue distribution studies 
Conscious restrained Sprague-Dawley rats (200 

g b.wt.) were given either ld, chlorambucil or 
vehicle in doses equimolar to 60 m g / k g  ld  and 0.5 
ml/kg,  respectively. In a separate study rats were 
injected with 20 m g / k g  (2d). At various times 
posttreatment groups of animals ( n = 5 )  were 
sacrificed and brain and whole blood was col- 
lected, weighed and frozen. In preparing tissue 
and blood for analyses 1 ml of blood or 1 g of 
brain was homogenized with 1 ml of water. To this 
were then added 4 ml of ice-cold acetonitrile and 1 
ml of saturated NaC1. The mixture was thoroughly 
mixed and cooled to - 1 5  ° C  for 1 h. The organic 
layer which separated under these circumstances 
was removed, filtered through 0.45 # m  poly- 
vinylidene difluoride membranes and analyzed by 
HPLC. Standard curves were constructed using 
low quantities of drug added to organ or blood 
homogenates which were subsequently extracted 
as described above. Phenylacetic mustard (PAM) 
was detected but not quantitated in these studies. 
The retention time of this material was 4.0 min 
using the HPLC system described for le  and 2c. 

In vitro alkylating potency 
The ability of chlorambucil, the chlorambucil 

quaternary salt derivatives ( lc  and 2c) and the 
chlorambucil CDS'S ( ld  and 2d) to quaternize 
4-(4-nitrobenzyl) pyridine was studied as an assay 
of their alkylating potency. Studies were per- 
formed as described in previous accounts (Freid- 
man and Boger, 1961). 

Results and Discussion 

Chemistry 
Chlorambucil differs from other drugs which 

have been applied to the CDS in that it is a 
carboxylic acid. Novel carriers were, therefore, 
designed to allow for connection of chlorambucil 
with nicotinic acid derivatives. The first type of 
carriers generated were N'-hydroxyalkylnico- 



tinamides. Synthetically, ethyl nicotinate was re- 
acted with 2-aminoethanol giving the N'-hydroxy-  
ethylnicotinamide (la) (Casadio et al., 1977). Re- 
action of this compound with chlorambucil in the 
presence of a dehydrating agent (dicyclohexyl- 
carbodiimide, DCC) and a nucleophilic catalyst 
(4-(dimethylamino) pyridine, DMAP) gave the 
amide-ester (lb). Quatemization of this nicotina- 
mide with methyl sulfate gave the pyridinium 
methanesulfate salt ( le) which was reduced in 
aqueous sodium dithionite to give the CDS (ld). 
Four  other CDS were subsequently prepared. 
These derivatives were designed to examine the 
effect of substitution on the position ot to the 
alcoholic ester oxygen on the rate of hydrolytic 
cleavage. The compounds incorporated various al- 
kyl bridges producing secondary and tertiary ester 
of chlorambucil. The synthetic routes for prepar- 
ing the carriers involved a mixed anhydride 
method. Nicotinic acid, ethyl chloroformate and 
triethylamine were reacted with either 4-amino- 
cyclohexanol, 2-amino-l-phenylethanol, 2-amino- 
1-methylethanol or 1-aminomethylcyclohexanol to 
give the corresponding alcohol-amides (2a-Sa). 
Each of these carriers was then condensed with 
chlorambucil using DCC and DMAP giving 
(2b-Sb). The DMAP catalysis is known to facili- 
tate the esterification of hindered alcohols (Has- 
sner and Alexanian, 1978). Each of the derivatives 
was then quaternized with methyl sulfate to give 
(2e-5c) and reduced with aqueous sodium di- 
thionite to yield the corresponding dihydropyri- 
dines (2d-Sd) or CDS's. 

TABLE 1 

Octanol : water partition coefficients (log P) for chlorambucil and 
oarious chlorambucil CDS's ( ld -Jd)  

Compound logP Lipophilicity 
relative to 
ehlorambucil 

Chlorambueil - 0.40 1 
ld 2.16 362 
2d 2.85 1 748 
3d 2.29 485 
48 2.75 1 400 
~i 2.30 497 
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According to the CDS scheme, derivatization of 
the parent drug should result in an increase in the 
lipophilicity of the conjugate. To examine this 
point, the octanol :water  partition coefficients 
were determined for chlorambucil as well as for 
the CDS's ( ld-50)  21. The results of this study are 
collected in Table 1. All of the delivery systems 
are substantially more lipophilic than chlorambu- 
cil itself. The cyclohexyl derivative (2d) has the 
highest octanol :water  partition coefficient while 
the simple ethyl compound (ld) has the lowest log 
P of the CDS's tested. All of the compounds 
( ld-50)  are lipophilic enough to readily penetrate 
the BBB. 

I n  v i tro  s tud ies  

The CDS scheme requires that after brain 
penetration the CDS is oxidized to generate the 
"locked-in" pyridinium salt and that this salt hy- 
drolyzes in a timely manner to release the parent 
drug. The stability of the synthesized dihydro- 
pyridines ( ld-50)  was, therefore, assayed in pH 
7.4 phosphate buffer, in rat brain homogenate and 
in whole rat blood. These data are presented in 
Table 2. In all cases, the rate of oxidation of the 
CDS in biological matrices was faster than in 
phosphate buffer suggesting an enzymatically 
mediated degradation. This has been observed in 
many cases with other chemical delivery systems 
(Bodor and Brewster, 1983). In these studies, three 
groups of compounds could be identified based on 
their reactivity. The CDS in which a simple ethyl 
group separated the nicotinamide and chlo- 
rambucil (ld) was oxidized in brain homogenate 
the fastest (relative r a t e =  1) followed by the 
cyclohexyl (2d) and 1-methyl ethyl (4d) containing 
derivatives (relative rates of oxidation = 0.5 and 
0.61, respectively). The bulkiest groups, i.e. the 
1-aminomethylcyclohexanol (50) and the 1-phen- 
ylethyl (MI) derivatives were oxidized the slowest 
(relative rates of oxidation = 0.147 and 0.141, re- 
spectively). This effect of structure on the oxida- 
tion rates may indicate the involvement of en- 
zymes of the N A D H  transhydrogenase type. A 
similar observation was previously made for the 
biological oxidation of a series of 1-methyl-l,4-di- 
hydronicotinic acid esters (Bodor and Brewster, 
1983). A second study was performed to examine 
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TABLE 2 

Rate constants for oxidation for a series of chlorambucil-CDS derivatives (ld-Sd) 

Compound Medium Rate constant Half-life Correlation 
k (rain -1) tl/2 (min) coefficient r 

ld Buffer (pH 7.4) 0.0109 63.3 0.998 
Brain homogenate 0.102 6.8 0.994 
Whole blood 0.289 2.4 0.992 

2d Buffer (pH 7.4) 0.0045 153.7 0.999 
Brain homogenate 0.0509 13.6 0.997 
Whole blood 0.0308 22.5 0.998 

3d Buffer (pH 7.4) 0.0059 117.8 0.996 
Brain homogenate 0.0150 46.3 0.989 
Whole blood 0.860 8.06 0.996 

4d Buffer (pH 7.4) 0.0051 137.10 0.999 
Brain homogenate 0.0616 11.25 0.998 
Whole blood 0.0197 35.12 0.997 

5d Buffer (pH 7.4) 0.0043 161.5 0.997 
Brain homogenate 0.0143 48.40 0.996 
whole blood 0.0041 169.75 0.959 

oxidative stability. Dihydropyridines react with 
potassium ferricyanide in solution to generate the 
corresponding pyridinium salt (Powell et al., 1984; 
Okamoto et al., 1980; Okamoto et al., 1977). Val- 
ues obtained for the rates of this oxidation are 
useful in that they examine chemical stability of 
the drugs separate from enzymatic stability. The 
data shown in Table 3 indicate the similarity in 
rates for the compounds tested. This parameter is 
extremely useful in predicting pharmaceutical 
robustness in that ferricyanide oxidizes dihydro- 
pyridine via a mechanism similar to air oxidation, 
i.e., it is radical-mediated. Enzymatic oxidation of 
dihydronicotinamides is thought to be mediated 
by hydride transfer. All of these values are in the 

TABLE 3 

Second-order rate constants for the ferricyanide-mediated oxida- 
tion of various chlorambucil CDS 

Compound Rate constant Correlation 
k o (s -1 M -1) coefficient 

r 

ld 24.97 0.9993 
2d 52.01 0.9999 
3d 30.18 0.997 
4d 24.92 0.9997 
~1 10.20 0.9995 

range of stable "formulatable" dihydropyridines 
such as the CDS based on estradiol which is 
currently clinically tested (Brewster et al. 1988a; 
Estes et al., 1987). 

The rate of hydrolytic cleavage of chlorambucil 
from its oxidized carrier in vitro is given in Table 
4. These data indicate the rate of hydrolysis is 
generally more rapid in buffer than in organ ho- 
mogenates and suggest a high degree of tissue 
binding of the quaternary salts. In these studies, 
(le) is clearly the most labile in biological matrices. 
Compound (4c), i.e. the 1-methylethyl derivative is 
hydrolyzed next fastest followed by the phenyl- 
ethyl (3e) and cyclohexyl (2e) derivatives. Com- 
pound (5c) is the most sluggishly hydrolyzed. In- 
terestingly, the compounds which contain the ethyl 
spacer are the least stable to both oxidative and 
hydrolytic decomposition, i.e. (le and ld) and the 
1-aminomethyl-cyclohexanol derivatives (5c and 
5d) are the most stable with respect to these two 
metabolic pathways. 

In  vioo distribution 

Compound (ld) was first tested in vivo in rats. 
Sprague-Dawley rats received a dose of 60 m g / k g  
(ld) or an equimolar dose of chlorambucil, both in 
a dimethylsulfoxide (DMSO) vehicle. This dose of 
chiorambucil proved to be toxic and even by 



TABLE 4 

Rate constants for hydrolysis for a series of  chlorambucil quaternary salt derivatives (le-5c) 
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Compound Medium Rate constants Half-life Correlation 
k (rain -1) tl/2 (rain) coefficient r 

l c  Buffer (pH 7.4) 0.0221 31.4 0.993 
Brain homogenate 0.133 5.20 0.994 
Whole blood 0.0162 42.79 0.989 

2e Buffer (pH 7.4) 0.0292 23.8 0.998 
Brain homogenate 0.00149 464.8 0.994 
Whole blood 0.00167 416.3 0.988 

3c Buffer (pH 7.4) 0.0239 28.9 0.998 
Brain homogenate 0.0016 446.4 0.999 
Whole blood 0.0037 188.0 0.986 

4e Buffer (pH 7.4) 0.0201 34.4 0.998 
Brain homogenate 0.0067 103.7 0.995 
Whole blood 0.0056 123.3 0.997 

5c Buffer (pH 7.4) 0.0213 32.5 0.998 
Brain homogenate 0.0009 708.9 0.996 
Whole blood 0.0006 1205.5 0.986 

poo l ing  samples  on ly  a 1 h t ime po in t  could  be  
ob ta ined .  A t  var ious  t imes  af ter  the admin i s t r a -  
t ion of  ( ld ) ,  an imals  were  sacrif iced and  b l o o d  
and  b ra in  were r emoved  and  assayed  for  chlo-  
r ambuc i l  and  the qua t e rna ry  salt  ( l c )  and  ( l d )  
itself. The  d a t a  o b t a i n e d  f rom this s tudy  are  col-  
lec ted  in Figs.  1 -4 .  N o n e  of  the d ihydron ico-  
t i namide  der ivat ives  were de tec ted  in e i ther  b r a i n  
or  b l o o d  at  any  of  the t ime po in t s  invest igated.  
The  r ap id  d i s appea rance  of  this ma te r i a l  is due  to 
its large  vo lume o f  d i s t r ibu t ion  as well  as i ts in 
vivo me tabo l i c  labi l i ty .  As  shown in Figs.  1 and  2, 
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Fig. 1. Concentration of chlorambucil (o)  and the ehlorambu- 
cil quaternary salt le (zx) in brain after an i.v. dose of l d  (60 
mg/kg). Each time point represents the average + S.E.M. for 5 

a n i m a l s .  

ch lo rambuc i l  is p r o d u c e d  in high ini t ia l  levels in 
bo th  b r a i n  and  b lood .  Brain  concen t ra t ions  of  
ch lo rambuc i l  were ma in ta ined ,  however  (Fig.  1), 
as  the levels of  the  qua t e rna ry  sal t  s lowly fell. The  
es t imated  ha l f  l ife for  ch lo rambuc i l  in  the C N S  is 
a p p r o x i m a t e l y  2.4 days  whi le  tha t  for  the  
qua te rna ry  salt  is on ly  2.0 hours .  In  the  b l o o d  
(Fig.  2) the  ch lo rambuc i l  qua t e rna ry  der iva t ive  
( l c )  is also conver ted  to the p a r e n t  a lky la t ing  
agent  as well as pheny lace t i c  m u s t a r d  ( P A M )  
( M i t o m a  et al., 1977; M c L e a n  et  al., 1980). N o  
P A M  was de tec ted  in bra in .  In  this  s tudy,  the  
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Fig. 2. Concentration of cldorambuci] (o)  and the chlorambu- 
ell-quaternary salt le (zx) in blood of rats given an i.v. dose of 
60 mg/kg ld.  Each time point represents the average+SEM 

for five animals. 
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half-life of chlorambucil in blood was 1.1 h while 
that of the quaternary salt was approximately 2 h. 
The levels of chlorambucil in brain are stable 
while those in blood rapidly fell generating a 
favorable b ra in /b lood  ratio (Fig. 3). Importantly, 
no symptomatology indicative of neurotoxicity was 
observed. There have been sporadic reports in the 
literature that chlorambucil overdoses have pro- 
duced neurotoxic reactions (Ichida et al., 1985; 
Byrne, et al., 1981). These effects are not seen in 
this study even though the dose of (ld) adminis- 
tered is equimolar to many times the LDs0 dose of 
chlorambucil. In previous studies the ratio of the 
areas under the chlorambucil concentration curve 
for brain and blood after administration of chlo- 
rambucil was calculated to be 0.021. In this study 
the b ra in /b lood  ratio is approximately 1.119, 
which represents an improvement of more than 
50-fold. While these results were encouraging, it 
was decided to examine other CDS derivatives of 
chlorambucil to see i f  peripheral levels of chlo- 
rambucil could be reduced over those produced 
after ( ld)  dosing. 

In selecting a second compound to test in vivo, 
a pi lot toxicity study was performed. Acute i.v. 
effects of each of the CDS compounds 2(I-5(I was 
examined in rats and the derivative with the highest 
tolerated dose would be subsequently used in dis- 
tr ibut ion studies. In  this study, animals received 
(i.v.) a dose of 2d-Sd equimolar to 20 mg /kg  ld. 
Compounds 4(I and 5(I were acutely toxic at this 
dose with 4 out of 4 animals dying within 2 h. In 
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Fig. 3. B r a i n / b l o o d  ra t io  of eh lo rambue i l  a f ter  an  i.v. dose  of 
l d  (60  m g / k g ) .  
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Fig. 4. Concentration of 2c in the brain ( I )  and blood (,,) of 
test animals given an i.v. dose of 20 m g / k g  2(I. Each time point 

represents the average + S.E.M. for 5 animals. 

the case of 3(I, one out of 5 animals died but 
others were anoxic and displayed respiratory dis- 
tress. Compounds 2d caused no mortality and 
animals generally tolerated the dose well. A distri- 
bution study was therefore performed, using 2(I. 
The amount of free chlorambucil was dramatically 
reduced in blood after 2(I dosing compared with 
ld  administration and made up less than 1% of 
the total circulating concentration of drug (al- 
kylating agent i.e. the quaternary salt, CDS and 
the parent drug), while in the case of (ld), this 
figure ranged from 20 to 80%. The CDS also 
provides a sustained presence of the quaternary 
salt in the brain but the amount of chlorambucil 
released was below the limits of detection of the 
assay. In the CNS, the half-life for the quaternary 
salt was approximately 9 h while in the blood this 
species disappeared with an apparent tl/2 of 1.5 h 
(Fig. 4). 

One last point addressed is whether the pre- 
cursor chlorambucil quaternary salts have al- 
kylating activity. Since the mustard is intact in 
these species and the chemical modifications take 
place at some distance away from the active por- 
tion of the molecule, it might be expected that the 
quaternary salt may also have anticancer activity. 
Classical chemical alkylating methods have been 
employed to address this point (Friedman and 
Boyer, 1961). It appears that the in vitro al- 
kylating potency of those species is approximately 
80% of that of chlorambucil. This being the case 



the  d i s t r ibu t iona l  advan tages  a f fo rded  b y  the C D S  
become  of  even grea ter  impor t ance  in reduc ing  
toxici ty.  In  general ,  mod i f i ca t ion  of  a d rug  to 
genera te  a C D S  usua l ly  d iminishes  or  abol ishes  
pha rmaco log i ca l  activity.  In  this case, the  po tency  
of  the  agen t  is no t  necessar i ly  reduced,  thus the  
advan t age  achieved b y  using the C D S  is the r ap id  
e l imina t ion  of  the d rug  f rom the pe r iphery  relat ive 
to the  CNS.  The  acute  toxic i ty  of  the C D S  is 
ce r ta in ly  lower  than  tha t  of  the pa ren t  drug. As  
s ta ted,  an imals  well  to le ra ted  a 60 m g / k g  dose  of  
l d  while  an  equirnolar  dose  of  ch lo rambuc i l  (39 
m g / k g )  caused  mor t a l i t y  in  > 80% of  an imals  
wi th in  2 h. 

In  summary ,  5 chemica l  del ivery systems were 
p r e p a r e d  for  the classical  a lkyla t ing  agent,  chlo-  
rambuci l .  These  der ivat ives  were s tud ied  in vi t ro 
and  were found  to possess  character is t ics  associ-  
a t ed  with  successful  b ra in  delivery.  In  vivo test ing 
of  the e thy l -con ta in ing  del ivery  sys tem ( ld )  re- 
su l ted  in sus ta ined  b ra in  del ivery  of  ch lo rambuc i l  
while  b lood  levels r ap id ly  diss ipated.  This  gener-  
a ted  a b r a i n / b l o o d  ra t io  of  13 at  6 h pos t t r ea t -  
ment .  A second  der ivat ive  was subsequent ly  
s tudied.  This  C D S  con ta ined  a cyclohexyl  b r idge  
(2d). Whi le  pe r iphe ra l  levels of  ch lo rambuc i l  were 
r educed  us ing this derivat ive,  b ra in  del ivery  of  
ch lo rambuc i l  was also lower.  
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