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Summary 

Mannich base prodrugs of theophylline and 5-fluorouracil have been prepared 
and tested for their ability to deliver their parent drugs through hairless mouse skin. 
The Mannich base derivatives were more effective than the previously described 
N-acyloxyalkyl derivatives. In the case of I heophylline the Mannich base derivative 
was also found to be as effective as the previously described N-hydroxymethyl 
derivative. All of the Mannich bases reverted to their parent compounds in water. 
but some were relatively stable in aprotic solvents such as isopropyl myristate which 
was therefore used as a vehicle for the diffusion experiments with the prodrugs. 

Introduction 

A problem in the topical or oral delivery of polar, high-melting. heterocyclic 
drugs is that they are often relatively insoluble in lipids and in water. One approach 
to overcoming this problem has been to use N-acyloxyalkyl prodrug derivatives 
which are lower-melting and more lipophilic than the parent drugs. Recently, a 
number of examples of the application o.’ this approach to modifying heterocyclic 
drugs have been described (Bodor and Sloan. 1977; Sloan and Bodor. 1982. for 
theophylhne: Stella and Sloan. 1979, for diphenylhydantoin: Ozaki et al., 1981; 
Mollgaard et al., 1982, for 5-fluorouracil($-FU); Sloan et al.. 1983, for &thiopurines>. 
In all of these examples the prodrug derivatives were more effective than the parent 
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drug in delivering the parent drug across a topical membrane. Only the enhanced 
lipid solubilities of the derivatives were discussed, although it was well known that 
short-chain N-alkyl derivatives of heterocycles exhibit enhanced water solubilities as 
well (Pitman, 1981; Bansal et al., 1981). However, in the case of theophylline (Sloan 
and Bodor, 1982) it was shown that the N-acyloxyalkyl prodrugs actually exhibited 
slightly decreased water solubilities compared to theophylline. This was of particular 
significance since the theophylline paper also showed that the N-hydroxymethyl 
derivative of theophylline, which was probably more soluble in water than the parent 
drug (Bansal et al., 1981)., but which was an order of magnitude less soluble in lipids 
(i.e. isopropyl myristate), outperformed the N-acyloxyalkyl derivatives in delivering 
theophylline across skin. This performance suggested that other prodrug derivatives 
which were designed to improve aqueous as well as lipid solubility of the polar. 
heterocylic drugs should be investigated, and IC re-emphasized (Flynn and Yalkow- 
sky, 1972) the importance of increased aqueous as well as lipid solubility in 
increasing delivery of polar drugs across topical membranes. 

Although no examples of prodrugs have been reported where both water and lipid 
solubility have been optimized in order to obtain enhanced delivery of drugs across 
topical membranes, Johansen and Bundgaard (1980) have shown that the conversion 
of benzamide into its ,Mannich base derivatives resulted in log P values for the 
tertiary Mannich bases which were more positive than benzamide itself. Thus, 
although only the increased water solubilities of the derivatives were discussed. what 
was not mentioned was that there must also have been an even greater increase in 
lipid solubilities to give the more positive log P values ‘. The increased lipid as ~vell 
as water solubility of the Mannich bases suggested that the Mnnnich base derivatives 
of amides and imides would be potentially attractive candidates for enhancing the 
delivery of amides and imides through topical membranes. but most especially 
through the skin where lack of water stability of the Mannich bases (Bundgaard and 
Johansen. 1981) might not be a hindrance. Therefore, the following investigation was 
undertaken to determine if Mannich base derivatives of hcterocyclic amide and 
imide drugs were effective in delivering their parent drugs through skin. 

Theophylline and 5fluorouracil were chosen for dcrivatization and study because 

investigat’ ms of the effect of their N-acylnxyalkyl derivatives on delivery of the 
parent compounds reLative to the parent compounds were already available in the 
literature (Sloan and Bodor. 1982; Mollgaard et al.. 1982) for comparison bvith the 
Marmich base derivatives. 

Methods and Materiads 

The hairless mice that were LISL’CI we‘re fctnalc SKt I-hr-1 frcjm ‘l’en~plc l.Jnivcrsit! 
Skin and Cancer I-ic.>spital. The FIXIV, diffusion cell!, were obr;lincd from C’ro\vn 
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0 

1,R.H 

U,R=CH,NKHJ2 

lU,R=CHZN(C&,)p 

l!ZF?= CH,NOZ,H,12 

pn:, 7=H 

Glass, Somerville. NJ. TLC were run on Brinkman Polygram Sil G/UV 254. MP 
(corrected) were taken with a Thorna:;-Hoover Capillary apparatus. NMR spectra 
were recorded on a Varian T-60. IR spectra on a Beckman Accu Lab 1 spectropho- 
tometer and UV spectra on a Beckman model 25 spectrophotometer. Microanalyses 
were obtained from Atlantic Microlab. Atlanta, GA. 5-Fluorouracil and theophyl- 
line were obtained from Sigma while *.he amines. propylene glycol ‘, and formaide- 
hyde were purchased from Aldrich. The bulk solvents were obtained from Fisher. 
The isopropyl myristate ’ was obtained from Givaudan. Clifton. NJ. The water bath 
used was a Fisher model 80 circu!ator bath. 

Sptheses: 
The prepururiott of 1,3-bis(4’-tttorpholitt~l)ttretlt_~I-~-~~~or~ura~ii ( VIII). Morpho- 

line (0.44 g. 0.005 mole) was added to 0.4 g (0.005 mole) of 37% H2C = 0 in water 
and diluted with tetrahydrofuran (5 rrl). The solution was then allowed to react with 
0.33 g (0.0025 mole) of 5-FW (5-fluorouracil); the 5-FlJ gradually went into solution. 
After 16 h the solution was diluted with acetone (20 ml). and was concentrated in 
vacua. This process was repeated twice: then the residue was dried in a desiccator 
overnight. The residue (0.60 g. 73% yield. m.p. 128- 131 “C) exhibited NMR and IR 
spectra consistent with the desired product VIII and gave the correct elemental 
analyses: ‘H NMR (CDCI,)S 7.4 (d. I= 6 Hz, 1, CH = C). 4.93 (s. 2. N-C&N), 
4.50 (s, 2. N C&-N), 3.8-3.45 (m, ii. C- Ci-I,-0) and 2.8-2.45 (m. 8. C-C&N); 
UV (CH,OZi) max 267 nm (c = 6.45 X IO-’ I/mol); IR (KBr) 1710 and 1650 cm-’ 
(S) (C = 0). 

Arm/, Calcd for C,,H,,FN,O,: C 51.24; H. 6.44. Found: C. 51.12: H. 6.45. 
The crude product could be tritu:ated wish ether to give a 56% recovery 0: the 

desired product (m.p. 137- 139OC) *vhich was identical with the analytically pbre. 
crude product by NMR and 1R spec ro_seopy. The 1R spectrum of the crude product 
did not contain any N H absorptiolls. 

The prqwrrrrrotr of Afmttrrch tme &rtt*cttiw.s of rl~wplt~*ihtte The reactions WL’W 
run on 0.90 pi (O.OOS mole) of theophylline. The thcophylline wan. treated first with 
0.50 p (0.W.i molt‘) of tricthylaminc then with IO ml of tctrahydrofuran containing 
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0.01 mole of the appropriate secondary amme and 0.81 g (0.01 mole) of 37% 
H,C = 0 in water. The reactions were allowed to stir at room temperature for 3 h: 
then they were diluted with 150 ml of CHzCl ?. The CH,CI z layers were separated. 
dried over Na,SQ and concentrated in vacua to give either oils or solids. These 
crude products were subsequently triturated with ether or petroleum ether. and the 
products were filtered and dried to give the following derivatives. 

7-(Dimethylami~~o)methyltheophyifine (II): 1.05 g. m.p. 121- 123 O C. 89cR yield 
from petroleum ether; IR (KBr) 3130 cm-.’ (M) (C-H). 1710 and 1665 cm ’ (S) 
(C = 0); ‘H NMR (CDCl,)S 7.63 (s, 1, N = Ctj-N). 5.15 (s. 2. N--C&&N). 3.6 
and 3.4 (two s, 6, 0 = CN-CI-I,) and 2.37 (s, 6. (XI--N); UV(CH,OH) max 273 nm 
(c = 9.24 x 10” l,‘iz~ol). 

Ad. Calcd for C,,,H,5Ns02: C, 50.62; H. 6.37. Found: C. 50.55; H. 6.37. 
7-(Diethy/aminc~)methy~theophy!iit~e (III): 1.20 g. m.p. 122- 124OC. 90% yield from 

petroleum ether (:lit.(Burckhalter and Dill. 1959) m.p. 1lO’C in 38% yield or lit. 
(Rida et al., 1979) m.p. 114--115°C in 88% yield]: 1R (KBr) 3130 cm ’ (M) (C,,H), 
1710 and 1665 err- ’ (S) (C = 0); ‘H NMR (CDCl,)S 7.66 (s. 1. N = Ctj-.N). 5.33 
(s. 2, N-CH,--Nj, 3.6 and 3.4 (two s. 6. 0 = C-N C1_1?). 2.71 (y, 4. J = 7 Hz. 
N-CH, CH,) and 1.05 (1, 6, J = 7 Hz, N -CH,CH,): UV (CH,OH) max 273 nm 
(c = 9.56 X 10” I/mol). 

And. Calcd for C,,H,,N,02: C. 54.32; H. 7.22: Found: c‘. 54.15: H. 7.24. 
7-(Dipropy/umino)metl~~~ltheoph_~llit~e (IV): 1.33 g. m.p. 72- 73OC. 90% yield from 

petroleum ether; IR (KBr) 3130 cm --’ (M) (C- H). 1705 and 1665 cm ’ (S) (C = 0); 
‘H NMR (CDCI,)G 7.63 (s, 1. N = C&N), 5.27 ( .\. 2, NCH ,N). 3.6 and 3.4 (t\vo S. 
6, 0= C-N-CM ), 2.6 (t, 4, _J = 8 Hz. NC& CH,‘CY$), l.S--1.2 (m. 4. -. 3 
N -CH,C_H,CH,j and 0.9 (t. 6, _J = 6 Hz. N ~~Cl-l,C’H,CI& ); UV (Cl-i$IH) 111;~s 272 
nm (f: = 9.29 x 10’ I/mot). 

And. Calcd for C,,H,,,N,O,: C, 57.32; 1-I. 7.00. Found: C. 57.17: t-1. 7.95. 
7-(4’-Morpkolir~y/)meth~Itheoph~~//irt~ ( P’): 1.13 g. m.p. 175 178 O C. 80% yield from 

absolute ethanol [lit.(Burckhalter and Dill. 19S9) m.p. 177OC in 32% yield]: IR 
(KBr) 3130 cm -’ (M) (C--H), 1705 and 16W cm ’ (S) ((‘ = 0); ‘H NMR (CD<‘I,) 
67.57 (s. 1. N = C_H-N), 5.2 (s. 2. N-CH,--N), 3.6 i\ntf 3.4 (t\vo d. 6.0 = C -N CB 1). 
3% 3.6 (m. 4. CjH,O) and 2.8 - 2.55 (m. 3, N---C’I_I,): CIV (CH,IC)H) mar 273 nm 
(c = 9.58 X 10’ I/‘mol). 

7-(Pyrrt~li~~~I)metl~~~itheo~p~t~~llinr (VI): 0.S.S g, n1.p. 1 14 1 15 OC’. C;S% yi&j from 

ether [lit.(Burckhalter and Dill. 1959) m.p. IOS*(’ in hl 5 yield]: IR (KBr) 3130 
cm ’ (M) (C--H), 1710 and 1660 cm ’ (S) (C’ = 0): ‘Ii NMR (C’JXI,) 87.60 (>. 1. 
N=C_H-N). 5.3 (s, 2. WC)!,-SN), 3.57 and 337 (IWO x. b. O-(‘ F\r c-u,,. 

LXS-- 2.5 (117, 4. N - Cl-&) and 3.0. 2.55 (m. 4. Cl-j,, (‘11, N }; L,V (<‘I1 ,OtI) n~;\y ?-?.I 
nm (c = 9.49 X 10 i/mol). 
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remove fat and visceral debris. lhcn gently secured over the diffusion ceils with a 
rubber gasket. The receptor side of the cell (20 ml) was filled with p&I 7.1 isotonic 
phosphate buffer containing 0.03% formaldehyde (1 ml of 37% H,C = 0 in loo0 ml 
water) and was stirred magnetic; lly. The temperature of the cells was maintained at 
32OC with 8 water bath. 

IMore the suspensions of the drug or prodrugs were applied to the membranes. 
V ubsorptions due lo leaching of 1BV absorbing material from the skin 

into the receptor phases were determined for each cell by allowing the skin to be in 
contact with the reaptor phase:. and moniloring the UV spectra of the receptor 
phastls until stable sptxlra were &ained. This usually took from 2 to 4 h. This 
absorption was then suhtrasted from the total ab.sorption observed during the course 
of the diffusion run to give Ihc: absorption due fo rheophylline al 275 nm or 
S-fluorouracil at 270 nm. 

All the suspensions were prepared by .sonicating mixtures of the drug or prodrugs 
in the appropriate _wlvent in :~aled flasks for 3 h. The sealed suspensions that 
resulted were allowrd to sit at room temperature for 24 h: then they were briefly (15 

s) vortexed. and 0.50 ml samples were removed and applied to rhe membranes 
(W&l = 4.9 cm: 1. After an additional 24 h the remaining sealed suspensions of the 
prodrugs WI‘R: filtered. The filtrates and residues were analyzed by inspection of 
their NMR speclra ’ and TLC “: it was determined that no decomposition of the 
prodrugs had taken place. The filtrates were analyzed by CIV spectroscopy and it 
was drterminru;l that the amount of prodrug still in solution corresponded to the 
solubilities determined in sepa:-ale experiments. The remaining suspensions of the 
parent drugs were also filtered and the filtrates were analyzed by UV spectroscopy: 
it was determind that the amount of drug still in solution corresponded to the 
solubilitiss determined in .separatc experiments. 

After the suspensions of thz drugs or prodrugs \Iere applied to the membranes. 
sitmplcs (3 ml) were taken of th: receptor phases at 3. 6. 9. 12 and 24 h. The receptor 
phases were immediately replaced with 3 ml of the buffer solution and the samples 
were snalyxd by UV spectross.opq within 0.3 h. 

TLC’ analyses of rhe rtxeptcr phases showed only the parent drugs were present. 
;rnd when samples of the receptor phases were made basic the UV spectra underwent 
a shift of the L3V max to longer wavelengths which is characteristic of the N-unsub- 
stitutcd p::rcnt hctrrocycles. NMR speclroscopy also shoa-cd that the Mannich bases 
immcdiutely reverted to their parent compounds in water. NMR spectra of the 
prodrugs m LYJMSO-d, showa. that, upon addition of water to the NMR samples. 
there W;IS ;rn immcdiatc IPS of the K -,-Cl!,.. N ;ib_sorptions in the spectra; no 
h~droxy~~cthyl N c-‘cH:- WI ilbsarptions (S 5.6 for thcophyllinc. and 8 5.2 and 5.1 
ftrr S-F”U) wcrc rjbsrtrvnl. 
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in parallel. Thus, during each experiment the first diffusion cell had parent drug in 

IPM, the second had the prodrug in IPM applied to the mouse skin membranes. 

Determination of solubilities 
The solubilitiez; in the solvents (see Table 1) were determined in two ways. The 

first way was under the same conditions as the samples that were applied to the 
diffusion cells were prepared, except that the samples were filtered and the filtrate 
was analyzed by IJV spectroscopy. The second way was by stirring an excess of the 
drug or prodrug in the solvent for 24 h, allowing the suspension to sit at room 
temperature for 24 h, then filtering the suspension. All solubilities were determined 
in triplicate at least, and were reproducible within + 3% under the conditions that 
they were determined. The neat IPM filtrates were also analyzed by NMR spectros- 
copy by running leach spectrum of each filtrate wnder exactly the same conditions 
and comparing the average of five integrations of the C,-_H absorptions due to each 
of the Mannich bases (the C,-I-J for theophylline was not observable because of the 

TABLE 1 

SELECTED PROPERTIES OF PRODRUGS AND PARENT DRUtiS 

0 R 0 

,F 
Vll, R = H 

VII1 

Drug or prodrug 

I: Theophylline 

II: R = CHz-N(C’H,)z 

III: R = CH, -~N(C’,H,), 

IV: R = C’H,N(C’,H,), 

Solubility (mg/ml) 1n.p. ( o C‘) 

Water IPM’ PC; <’ 

8.3 * 0.095 c 16.2 L x0- 214 *’ 
> lOOh 7.6 C.F 121. 123 

> iOOh 32.5 r 1’2 1’4 

2’ 100 h 27.6 c 72. 73 

-,lOOh 1.3 c 175 17X 

21wh 10.7 c 114..115 

26.2 L 1).0044 c 15.1 c 2$2 -2s.3 iI 

.> I (Jo ” 11.X’ 121; 131 

-_.--__-.--_- ----- -_.-- -I -._. __.___I -.-.-. 

’ The Merck Index. Windholz M. (Pd.). 9th cdn.. Merck and C’o.. Rith\vily. N.l.. 1076. 

” V&KS obtained by adding I.0 ml of water (pli 7.0) to 100 mg of Mannib hnxc ;rnil wni<,ating the 

mlxturc for It1 5. This is not an ;1ccuratc mc’asurc of solubilitics due to the wry rapid dccompositlan of the 

Mxmlch hasrz in vwx (tyn. 3). Thus. the appurcnt increases in thr soluhilitics crl thr pr~drups arc 

prohAy due IO the ability crf the amines that are formed during the dCcollll\Olititrll VI thr prodrups 10 

~cw~i~e the parent drug that arc also I( .i rnrd during the decomposition OI the prodrug&. 

’ Values ohtarnrd hy analysis of suspensions sonicated for 3 h. 

J IPM = iqropyl mprislats; PC; = prol~ylene glycol. 

VIIUCS obtained hy analysis of suspcnkms stirred at room tempcraturtl for 24 1~. 



257 

low solubility of theophyllin~~. This gave the relati*:e solubilities of the Mannich 
bases in IPM and verified that the prodrugs were intact in the IPM solutions. 

Analysis by UV and NMF. spectroscopy of samples of suspensions of drugs or 
prodrugs used in diffusion c:lls experiments gave the same solubilities as these 
solubility determinations. 

The Mannich bases were prepared according to modifications of literature 
procedures in the case of the~phylline (Rida et al.. 1979; Burckhalter and Dill, 
1959). However, only in the ::ase of the morpholinylmethyl derivative V was it 
possible to obtain the desired pure product using only one equivalent of formalde- 
hyde and secondary amine in &bsolute ethanol as described in the literature. In the 
other cases it was found that the use of the combination of an equivalent of the 
tertiary amine - triethylamin~ - and two equivalents of formaidehyde and sec- 
ondary amine in the reaction was necessary to give complete conversion of theophyl- 
line to its Mannich bases (Eqn. 1). It was particularly im~rtant in the processing of 

these reactions to separate the water and dry the CH,Cl, layer carefully with 
Na 2SQ. Otherwise, significant amounts of 7-~hydroxymethyl~theophy~line 
(HOCI-12-N at S 5.57 in CDCI,) were formed during the isolation proces!; and it 
could not be separated from tht: Mannich base by c~stallization or chron~atography. 
The consistently low melting points previously reported for the Mannich bases of 
tl~eophylline {Rida et al., 1979; Burckhalter and Dill, 1959) were probably due to 
contamination by 7-(hydroxyn,ethyl)theophylline. 

The UV (Gulland et al., 193-Q. IR and NMR spectra of the theophylline Mannich 
bases were consistent with thi:ir assigned structures: in particular no C-alkylated 
impurities (CC&N at 6 3.48; Rida et al., 1979) were observed. 

N-Msnnich bases of W’hmrouracii (S-FU) have not been previously reported, 
although C-alkylation of uracii itself has been reported using the conditions under 
which the M~~I~nich reaction ib usualiy run ~Burckhalter et al.. 1950). In this study 
only the 1,3-bis(4’-morpholinyI)methyl-5-FU derivative (VIII) was characterized; no 
m~~n~~-deri~~atives were observed s~troscopicaIly even when only one equivalent of 
amine and formaldehyde was used. The lack of previous reports of the synthesis of 
S-FU N-M;tnnich bases was probably due to the fact that the Mannich base 
derivatives of 5-FU obtained from other amines and formaldehyde typically were 
not solids and could not be iscdated from reactions mixtures without decomposition 
occurring. For instance, the r+.:action of pyrrotidine and formaldehyde with 5-FU 
(Eyn. 2) gave an oil which exhibited two N-CB2-N type absorptions in its NMR 
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spectrum, no N-H absorptionS in its IR spectrum and was homogeneous by TLC 
analysis. However, the oil would not crystallize and would not give correct elemental 
analyses. 

The spectral properties of V/II clearly identified it as an N-Mannich base. First. 
the C’H = C absorption was still intact indicating no C-alkylation had taken place. 
Second, the X-CjH,-N absorption was too far upfield for a O-C&-N absorption 
compared to a N--C_H,-N absorption. Usually a 0-CEI,-N absorption such as in 

IX is about 60 Hz downfield r,otn a comparable N-CH,-N absorption, and since 
the X-Cl-I,-N absorptions far VIII were upfield from the comparable N-Cl-I,--N 
absorptions in the theophylline derivatives, they could not be N-CT-&-O absorp- 
tions, but must be N-C_H,-N absorptions 4. 

Stability und soluhiliiy studies 
The N-Mannich bases were not stable in the presence of water. This result is 

consistent with results obtained using equations developed for the hydrolysis of 
Mannich bases (Bundgaard and Johansen. 1981) and the pK,,s of the parent 
compounds (5-FU, pK,s 8,O and 13.0, Florey, 1973; theoph?/-lline, pK,, 8.6, Florey. 
lY75) which suggested t, ,* values of about 1.3 x lo-’ nun (N-3) and 7 min (N-l) for 
the S-FU (VIII). and 5 & IO-” lnin toor the theophylline (VI) Mannich bases. NMR 
experiments also supported the law stability of the Mannich bases in water. 
Solutions of the Id-Mannich bases were prepared in dry DMSO-d, and then D,O 
was added stepwise to the solutions- As soon as the first drops of D,O were added 
the ratio of the N-CH,-N absorptioss to the C,-H or C,-H absorptions in 
thcophylline or 5FU. respectively, immediately decreased until a new equilibrium 
was obtained between the amide (or imide) plus the carbinolamine (formaldehyde 
plus amine). and the Mannich INS: plus water (Eqn. 3). NMR spectra of the 
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the basis of analyses of Nh4R spectra of the solid phases and the solutions. 
derivatives II, V, VI and VII f were found to be stable in IPM either in the solid 
phase or in solution 24 h a-ier they had been sonicated for 3 h. Clndet those 
conditions derivatives III and IV were stable in solution but the IPM insoluble 
material was theophylline. Thus result is likely due to decomposition in solution by 
the Mannich base followed by precipitation of theophylline since theophylline is so 
much iess solubie in IPM than any of the derivatives. Support for such an 
interpretation follows from the fact that solutions of the Mannich bases prepared by 
stirring overnight instead of @t sonication resulted in higher observed solubilities for 
111 and IV but not for II. In the case of 111, the analysis of the NMR spectrum of the 
IPM-insoluble portion show& only the prodrug was present while in the case of IV 
mostly theophylline remained ‘. 

When the IPM filtrates. which were used to determine the IPM solubilities of II 
and 111. were exposed to atmospheric moisture at room temperature for 2 days, 
50-80% decomposition of the Mannich base prodrugs in solution occurred and 
precipitation of theophyltine resulted as determined by analysis of NMR spectra of 
the solutions and precipitate; 5. The IPM solutions of the other Mannich bases 
eventually decomposed I-109; upon prolonged exposure (2 weeks) to atmospheric 
moisture. Although no quantitative data were determined. the qualitative order of 
stability of the theophylline Mannich bases on exposure to atmospheric moisture in 
IPM solution was V = VI B IV > 111 > II. as determined by analysis of NMR 
spectra of their IPM solutions and precipitates from IPM solutions 5. 

The trend in the IPM soluhility data generated by UV for the rdannich bases of 
theophylline by either method (c) or (d) in Table 1 was found to be consistent with 
the trend observed by analysis of the NMR spectra of the neat IPM solutions of the 
prodrugs immediately after fil:ration. i.e. 111 > IV > VI > II > V. The fact that there 
was agreement between the solubility data obtained for II by all 3 methods suggests 
that for thermally stable Mannich bases either method (c) or (d) in Table 1 can be 
used to determine solubilities. Two additional trends in the solubility data were also 
apparent. First. the relatively polar 5-FU and rheophylline mo!ecules were quite 
soluble in protic solvents such as water and propylene glycol but were relatively 
insoluble in IPM (as expected because of their polar structures). Second. the 
Mannich base prodrugs exhibited significantly improved water and lipid (IPM) 
solubilities relative to 5-FU ;Ind theophylline. This effect is probably due to the 
decrease in melring points (dtxreased hydrogen bonding) exhibited by the derila- 
lives (Ti\ble 1) which tends to increase the thermodynamic activity of the derivatives 
in their solid state and their solubility in general (Rcpta et al., 1975). 

One Mannich base derivnrive each of theuphylline and 5-FU was chosen for 
study in diffusion cell cxpcrimcnls using hairless mouse skin. The pyrrolidylmethyl 

* The filtrntch ~crc anal>rcd neat u hilr the rcsrdues were dissolved in c‘I)c’13 and the Sptra were 
~~nal~z~U by cotnparing the integrations of the C,-_H ahsorption of theophylline at 6 7.77 with the 
C, -t_l ahsorptions of the intact Mannich bases a~ 8 7.57-7.06. 
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dtbrivative VI of theophylline was chosen for study because it was the most lipid 
soluble of the derivatives that were thermally stable and relatively stable to atmo- 
spheric moisture,. The bis-(4’-morpholinyl)methyl derivative VIII of 5-FU was cho- 
sen for study because it was stable and it was the best characterized deri~Jative of 
5-FU. 

The diffusion data (Tables 2 and 3, and Figs. 1 and 2) suggest that the hfannich 
base prodrugs are more effective as prodrugs for the delil;ery of theophylline and 
5-FU through skin than the acyloxyalkyl derivatives of the same drugs. In order to 
support that conclusion, it was determined that for the parent drugs the diffusion 
data generated in this study were consistent with previous studies using diffusion 
ceils. The previous study of prodrugs of theophylline (Sloan and Bodor, 1982) 

TABLE 2 

COMPARISON OF DELIVERY OF THEOPHYLLINE (TH) THROL:GH HAIRLESS MOUSE SKIN 

BY VI AND THEOPHYLLINE 

- 
Drug or prodrug (vehicle) mg present as mg ( * S.D., n =: 3) Flrrx (mg/cm2. h Lag 

parent drug in present as parent rt S.D.. n = 3) time 

solution in donor drug in receptor (h) 

phase phase after 12 h 

I: Theophylline a CIPM) h 0.047 1.41 * 0.89 2.s5~11.7~‘x10- “I 2.6 

VI: TH-7-CH,N’ 
> 

‘(IPM)h 3.7’ 9.17 * 0.9s 19.5~1.7xx10-“’ 2.2 
\ 

-. - 

1) 0.50 ml of a 0.36 M suspension, or the equivalent of 32.4 mg of thenphllline applied 

h I.sopropyl myristate. 

‘ 5.4 mg of prodrug ‘n solution. 

’ C‘:llculated ba.,ed on linear regression analysis of’ data for 3. 6. 9 and 12 !I. 

TABLE 3 

C‘OiMPARISON OF DELIVERY OF S-FLUOROURAC‘IL (S-FL!) THROUCiH HAIRLESS MOUSE 
SKIN BY VIII AND S-FLUOROURACIL 

%g or prodrug (vehicle) 

_~.___ 
VII. 5-Fluorouracrl a (IPM) ” 

mg present as mg ( f SD.. 11 = 3) Flux (mg,/cm’.h Lag 
parent drug in present ab ~i~Wl11 :f S.D.. II = 3) t IlllC 
solution in donor drug in rccqor (h) 
phw phasr aftc’~ I2 h 
,~~uozz~__~“___‘ -----_- .--.--____ 

0.2s i_ o.w.1 5.56 t 3.55 4 IO ’ (’ 2.7 

VIII: 5-W--1.3 -C-H,N 1.59 to.13 3.0 3. 0.14 x IO .’ &’ 0.K 

--- _--.-. _.....-.... _... -_.....7._* I --- - -- ---. 
’ 0 W ml of .I 0.04 M susprnsi~~n. or the cqu~valcnr of ‘.h mg of $-1:k’ ;~ppl~s~j. 

h Is~.qxopyl myrl\tirtc. 

’ S ‘a mg of prorlrug in wlulion. 

” <‘alculated hascd on linear regwh.\ion ana1ysi.s of d;it;l for 3. h. Y atld lZ h. 
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presented data for the delivery of theophylline from IPM for 3, 6, 9 and 12 h from 
which a flux of I.72 10.13 X 10e2 mg/cm2 * h (r = 0.999) could be determined. The 
flux of 2.85 It: 1.79 X lo-’ mg/cm2 - h (r = 0.982) obtained in this study was no.t 
significantly different from the previously determined flux (P -c 0.5 > 0.2), thus 
suggesting that the results of the two studies are consistent with each other. 

The Mannich base VI was about 6.9 times (19.5/2.85) morz effective than 
theophylline in delivering theophylline from IPM while the 7-(hydroxymethyl)theo- 
phylline prodrug, which was the best prodrug for the delivery of theophylline 
previously described (11.1 X low2 mg/cm2 - h), was about 6.5 times more effective 
than theophylline (11.1/1.72). In addition, the best acyloxymethyl prodrug deriva- 
tive [the 7-(buty~loxymethyl~theophylline derivative, 7.25 x IOw2 mg/cm2 - h] was 
only 4.2 times (7.25/1.72) better than theophylline in delivering th~phylIine from 
IPM. Therefore, the Mannich base VI is qualitatively comparable to the best 
prodrug of theophylline previously described and is significantly better than the best 
acyloxyalkyl derivative in delivering theophylline from IPM across skin. 

Although diffusion data for 3,6, 9 and 12 h have been used in the comparison of 
this work with the previous work on delivery of theophylline from IPM, when the 24 

9- 

B- 

7- 

6- 

---7 4 8 I2 24 
HI? 

Fig. 1. Th= delivery of theophyfline through hairless mouse skin by theophylline in isopropyl myristate (0, 
and by the prodrug \‘f in isopropyl myristate (A). 
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h data of this study were included in the calculation (see Fig. 1) a flux of 
4.32 _t 2.58 x lo-* mg/cm* - h was obtained (using 9, 12 and 24 h data) v,.ith a lag 
time of 5.3 h. No data for 24 h were available from the previous study so a 
comparison including the 24 h flux data was not possible. The flux for the Mannich 
base of theophylline from 12 to 24 h decreased considerably since well over 42% of 
the total applied theophylline had been delivered at 24 h. 

When the data for flux of 5-FU from IPM in Table 3 were used, the prodrug VIII 
was 5.5 times more effective than 5-FU in delivering 5-FU from IPM. When the 
data for the diffusion of the best prodrilg of 5-FU (I-butyryloxymethyl derivative) 
described in Mollgaard et al., (1982) were used to calculate a flux for the prodrug 
from PG, a flux of 17.2 X 10B4 mg/cm' . h was obtained while for 5-FU itself a flux 
of 7.8 x lo-” mg/cm* s h was obtained. Therefore, the acyloxymethyl prodrug of 
5-FU was only 2.2 times better than 5-FU in delivering 5-FU from PG (17.2/7.8). 
Although it is not possible to compare delivery from two such different vehicles, the 
Mannich base derivative is much more effective in delivering S-FU from 
(3.0 x 10e2 mg/cm2 - h) than the best acyloxymethyl derivative reported 
delivering 5-Ft.1 f:-om PG. 

24 

1 
22 

I 6i 

A 

I z-.1 i 

, 
-1----t 

4 8 I2 IG 20 ?.q 

HR 

IPM 
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The Mannich base prodrug derivatives of theophylline and S-FU as well as the 
hydroxymethyl derivatives of theophylline (Sloan and Bodor, 1482) are significant 
compared to other prodrugs of amides and imides which have been designed to 
enhance delivery of their parent drugs through skin because they exhibit enhanced 
water as well as enhanced lipid solubilities. These more water-soluble (polar) 
prodrugs are .also more effective in improving topical delivery than prodrugs that 
have been deeigned to incorporate only lipid solubilizing groups into the structure of 
the parent drugs. Although this result should not be surprising in view of the fact 
that skin and other biological membranes present lipid-water (biphasic) barriers to 
absorption, increased water solubility has not been a design factor when developing 
prodrugs (especially of polar heterocyclic drugs) for improved topical delivery. 
Regardless, then, of the molecular mechanism by which the present result is 
accomplished, -Gaier as well as lipid solubiiity should be a design goal in future 
development of prodrugs for improved topical delivery: and the Mannirh FY.SSS 
appear to be attractive candidates for consideration to accomplish that goal. 
especially since they are chemically labile and do not require enzymatic assistance to 
regenerate rhe parent drugs under protic conditions. 
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