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Abstract

Dermal penetration enhancers were evaluated (14) using diffusion cell techniques, hairless mouse skin and
hydrocortisone as the model drug. The following were synthesized: 1-dodecanoylpiperidine (1), 1-dodecanoylpyrro-
lidine (2), 1-dodecanoyl-2-piperidinone (3), 1-dodecanoyl-2-pyrrolidinone (4), 2-decylcyclohexanone (5), 2-decylcy-
clopentanone (6), 4-(dodecanoyl)-thiomorpholine (7), N,N-didodecylacetamide (8) and N-dodecyltricyclo
[3.3.1.137]decane-1-carboxamide (11). N-Acetylcaprolactam (9), 4-acetylmorpholine (10) and N-dodecylpyrrolidinone
(13) were purchased. The syntheses of Azone, N-(1-oxododecyl)morpholine (12) and N-dodecyl-2-piperidinone (14)
have been reported previously. Enhancers were applied at 0.4 M in propylene glycol (PG) (or as a suspension) to
mouse skin. Hydrocortisone (0.03 M in PG) was applied 1 h following enhancer treatment. Controls (no pretreat-
ment) yielded 24 h diffusion cell receptor concentrations (Q,,) of 9.93 +3.15 uM and model drug skin retention of
26.1 +5.6 ug g~ '. Compound 7 yielded a high Q,, of 208.18 + 39.52 uM. The highest skin retention was observed
with 6 of 566.7 +39.7 ug g~ !. Azone gave values of 218.96 +47.84 uM for Q,, and 294.9 + 66.7 ug g~ ! for skin
retention. Compounds 13 and 14 gave Q,, values of 274.44 + 50.90 and 220.21 + 59.63 M and skin retention values
of 226.5 +51.8 and 259.0 + 62.2 ug g~ !, respectively. © 1998 Elsevier Science B.V.
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1. Introduction

Initial research into dermal penetration en-
hancers focused on simple molecules which dis-
rupted the stratum corneum (SC) and were
usually non-drug specific keratolytic agents
which destroyed the barrier integrity of the SC
membrane. Recently, there has been a rapid ex-
pansion in our knowledge concerning the SC
barrier and function as well as the mechanisms
by which enhancers exert their actions. This has
led to a more organized approach to the design
of novel, reversibly-acting, non-toxic com-
pounds. Examples of some of these agents in-
clude terpenes (Moghimi et al., 1996), Azone
analogs (Michniak et al., 1993a,b, 1994a,b),
phospholipids (Yokomizo, 1996), alkyl N,N-dis-
ubstituted amino acetates (Buyiitktimkin et al.,
1993), clofibric acid amides and esters (Mich-
niak et al., 1993c), pirothiodecane (Yano et al.,
1995), oxazolidinones (Rajadhaksha and Pfister,
1996) and n-pentyl-N-acetylprolinate (Harris et
al., 1995).

Penetration enhancers have been graded by
several investigators. Lambert et al. (1993) di-
vided these agents into simple fatty acids and
alcohols, those that act as mainly solvents and
hydrogen bond acceptors (dimethylsulfoxide,
DMSO) and weak surfactants containing a po-
lar head group (Azone). Using Hildebrand solu-
bility parameters, another group classified
enhancers as either polar or non-polar (Pfister
et al., 1990). Hori et al. (1990) plotted organic
versus inorganic values for enhancers and found
that two distinct groups existed. One area of
the plot contained agents such as DMSO,
ethanol, PG and the other Azone, lauryl alcohol
and oleic acid.

This investigation is a continuation of an ex-
amination of structure-activity relationships in
several series of compounds related to Azone
(laurocapram). Data have been published for
cyclic and acyclic enhancer activities using a
standard testing procedure (Michniak et al.,
1993a,b, 1994a, 1995).N-dodecyl-2-pyrrolidinone,
N-(1-oxododecyl)morpholine and N-dodecyl-2-
piperidinone were active enhancers for hydro-

cortisone 2l-acetate (Michniak et al.,, 1993b).
The most active acyclic enhancer was N-dode-
cyl-N-(2-methoxyethyl)acetamide.

Several studies with Azone and N-alkyl ana-
logues of Azone suggest that these compounds
interact with the SC and change the barrier
properties of this skin layer. The greatest activi-
ties and barrier disruption were recorded for
compounds with alkyl chains between C8 and
C16 (Bouwstra and Bodde, 1995).

The C12 alkyl side chain of Azone corre-
sponds to the dimensions of the cholesterol
skeleton, leading to the possible disruption of
ceramide—cholesterol or cholesterol—cholesterol
interactions within the SC by this enhancer.
Molecular modeling studies involving electro-
static interactions of Azone with skin lipids
have also been described (Brain et al.,, 1993).
Additional mechanisms, however, also play
an important role in enhancer activity and in-
clude solubility, interaction with proteins in the
skin, partitioning, concentration effects and
choice of accompanying model drug/vehicle(s)
and formulations (Parks et al., 1997; Pellet et
al., 1997).

This present study involved 14 novel enhancer
compounds using Azone as the standard en-
hancer for comparison. The model drug chosen
was a polar steroid, hydrocortisone and the ve-
hicle was PG.

2. Materials

All chemicals were purchased from Aldrich
Chemical Company in the highest available pu-
rity. N-Acetylcaprolactam (9) and 4-acetylmor-
pholine (10) were obtained from Fluka,
Ronkonkoma, NY. Sigma supplied hydrocorti-
sone, polyoxyethylene-20-cetyl ether and PG. N-
dodecyl-2-pyrrolidinone (13) was obtained from
Aldrich. VWR Scientific, supplied reagent grade
solvents, except for methanol and acetonitrile,
which were HPLC grade. Male hairless mice,
strain SKH1 (h/h), 8 weeks old, were supplied
by Charles River Laboratories, Wilmington,
MA.



B.B. Michniak et al. / International Journal of Pharmaceutics 161 (1998) 169-178 171

0 o o
JL N Cy{H
¢ N Tenmy E :N C11Ha3 <j 11H23
o}
1 2 3
o
0 o
N CiiHa3
Y CioHz) CioHz
o
4 5 6
i i
/_\}k }\,Clzﬂzs Q
S N C){Hys H3C N N

(

Azone

Ci2Has

0 |
N—CjzHas /\ }\
N CjiHp3
0 —
10 11
0
0
N—CyHps
CN(—Clezs
13

(0}

4( 9
o CHj

(0}

o}

12

O

< N —CyaHps

14

Fig. 1. Structures of enhancers 1-14.

3. Methods
3.1. Enhancer synthesis

The chemical structures of compounds 1-12
tested in this study are presented in Fig. 1. Azone,
compounds 12 and 14 were synthesized according
to previously published methods (Michniak et al.,
1993b,c¢).

Piperidine, pyrrolidine and thiomorpholine
were converted into their corresponding dode-
canoylamides 1, 2 and 7, by reaction with lauroyl
chloride. Imides 3 and 4 were prepared from
2-piperidinone and 2-pyrrolidone, respectively, by
treating the lactams with sodium hydride in THF,
followed by acylation of the sodium salt with
lauroyl chloride. Compounds 5 and 6 were previ-
ously reported (Nikishin et al., 1961; Tanchuk et
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al., 1980), but were synthesized for this study by a
modification of the original procedures. The potas-
sium enolates of cyclohexanone and cyclopen-
tanone were alkylated with decyl bromide to yield
5 and 6, respectively. The alkyl ketones obtained
were identical to those previously reported. Acety-
lation of didodecylamine provided compound 8
and acylation of dodecylamine with tricyclo
[3.3.1.1*7] decane-1-carbonyl chloride afforded
compound 11 (Scheme 1, Table 1).

3.1.1. 1-Dodecanoylpiperidine (1)

A solution of lauroyl chloride (1.10 g, 5 mmol)
in methylene chloride (5 ml) was added dropwise
to piperidine (0.85 g, 10 mmol) in methylene
chloride (50 ml) at 0°C. The solution was stirred at
ambient temperature for 3 h, then washed consec-
utively with hydrochloric acid (1 N), sodium hy-
droxide (I N) and brine. The organic layer was

dried over anhydrous magnesium sulfate and the
solvent removed in vacuo. The product was ob-
tained by column chromatography with hexanes/
ethyl acetate (9:1) mobile phase as a clear viscous
oil in 77% yield; '"H-NMR CDCl, § 0.83 (t, 3H,
—CH,), 1.21-1.59 (complex m, 24H, -CH,-), 2.27
(t, 2H, -COCH,-), 3.37, 3.48 (two broad s, 4H,
—CH,N-).

3.1.1.1. Analysis. C;;H;;NO requires C, 76.34; H,
12.44 and N, 5.24. Found: C, 76.03; H, 12.36 and
N, 5.37.

3.1.2. 1-Dodecanoylpyrrolidine (2)

The procedure for the synthesis and purification
of Compound 1 was utilized to yield a viscous,
colorless oil in 51% yield; '"H-NMR (CDCI,;) 6 0.85
(t, 3H, -CH;-), 1.23—-1.90 (complex m, 22H, -CH,
-), 2.22 (t, 2H, -COCH,-), 3.41 (m, 4H, —-CH,N-).
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3.1.2.1. Analysis. C,;H;;NO requires C, 75.83; H,
12.33 and N, 5.52. Found: C, 75.61; H, 12.33 and
N, 5.43.

3.1.3. 4-Dodecanoylthiomorpholine (7)

The procedure for the synthesis and purification
of Compound 1 was employed to yield white
crystals in 70% yield, m.p. 36.5-37.0°C; '"H-NMR
(CDCl,) ¢ 0.81 (t, 3H, —CHj;), 1.19-1.55 (complex
m, 18H, -CH,-), 2.24 (t, 2H, -COCH,-), 2.54 (m,
4H, -CH,SCH,-), 3.68-3.81 (two broad s, 4H,
—CH,NRCH,-).

3.1.3.1. Analysis. C,H;;NOS requires C, 67.31;
H, 10.94 and N 4.91. Found: C, 67.04; H, 10.87
and N, 4.97.

Table 1

The 'H-NMR spectra were obtained on a Britkker AM 300
NMR spectrometer in CDCl; solution and the resulting spec-
troscopic data agreed with assigned structures in all cases

Compound num- R R!
ber

~(CHy)s- —
—~(CHy)y— —
~(CHL),S(CH,),-  —
—~(CHy)y— —
~(CHy)s- —
—~(CHy)y— —
~(CHy)5- —
-C 12H25 7CH3

AN AW IN -

11 -H

The TLC were performed with Baker silica plates, type
Si250F. Column chromatography was performed with E.M.
Science Silica Gel type 60, 40-63 uM. Elemental analyses
were performed on all novel compounds by Atlantic Micro-
labs, Atlanta, GA and the reported values were within + 0.4%
of the theoretical value for all compounds.

3.1.4. 1-Dodecanoyl-2-piperidinone (3)

A solution of 2-piperidone (0.99 g, 10 mmol) in
anhydrous THF (30 ml) was treated with sodium
hydride (0.24 g, 10 mmol) and stirred at room
temperature for 2 h. The suspension was cooled to
0°C and lauroyl chloride (2.2 g, 10 mmol) added.
After stirring at room temperature for 12 h, the
desired product was obtained by column chro-
matography with hexanes/ethyl acetate (4:1) mo-
bile phase. The imide was obtained as a viscous,
colorless oil in 22% yield; 'H-NMR (CDCl;) &
0.86 (t, 3H, -CH;), 1.23-1.81 (m, 22H, —-CH,-),
2.33 (t, 2H, -COCH,-), 2.52 (t, 2H, -CH,CO-),
3.67 (m, 2H, -CH,N-).

3.1.4.1. Analysis. C,;H;;NO, requires C, 72.55; H,
11.10 and N, 4.98. Found: C, 72.38; H, 11.19 and
N, 4.78.

3.1.5. 1-Dodecanoyl-2-pyrrolidinone (4)

The procedure for the synthesis and purification
of Compound 3 was utilized to yield the imide as
a viscous, colorless oil in 36% yield; '"H-NMR
(CDCl,) ¢ 0.84 (t, 3H, —CH,), 1.19-1.51 (m, 18H,
—CH,-), 1.99 (m, 2H, ring -COCH,CH,CH,N-),
2.52 (t, 2H, -COCH,-), 2.80 (t, 2H, -CH,CO-)
3.76 (m, 2H, —CH,N-).

3.1.5.1. Analysis. C,¢H,,NO, requires C, 71.87; N,
10.93 and N, 5.24. Found: C, 71.61; H, 10.93 and
N, 5.04.

3.1.6. 2-Decylcyclohexanone (5)

Cyclohexanone (0.98 g, 10 mmol) in freshly
distilled THF (25 ml) was stirred at 0°C while
potassium bis(trimethylsilyl)amide (1.99 g, 10
mmol) was added. After 5 min at room tempera-
ture, 1-bromodecane (2.21 g, 10 mmol) was added
dropwise. After the addition was complete, the
orange-colored mixture was stirred for 1 h at
room temperature and THF removed in vacuo.
The residue was partitioned between ethyl acetate
and water and the organic layer was consecutively
washed with aqueous sodium hydroxide, hy-
drochloric acid and brine. The desired product
was obtained by column chromatography with
hexanes/ethyl acetate (9:1) mobile phase as a
clear, viscous oil in 12.5% yield; 'H-NMR
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(CDCly) 5 0.95 (t, 3H, ~CH,), 1.2-2.0 (complex
m, 27H, ~CH,-).

3.1.7. 2-Decylcyclopentanone (6)

The procedure for the synthesis and purification
of Compound 5 was utilized to yield the desired
product in 17% yield; '"H-NMR (CDClL;) 6 0.95 (t,
3H, terminal CH;), 1.1-2.2 (complex m, 25H,
—CH,-).

3.1.8. N,N-didodecylacetamide (8)

A solution of didodecylamine (1.64 g, 4.6
mmol), pyridine (0.367 g, 4.6 mmol) and acetic
anhydride (0.47 g, 4.6 mmol) in acetonitrile (75
ml) was refluxed with stirring for 5 h. The solvent
was removed in vacuo, the residue dissolved in
ethyl acetate and the organic layer was consecu-
tively washed with aqueous sodium hydroxide (1
N), hydrochloric acid (I N), and brine. The de-
sired product was obtained by column chro-
matography with hexanes/ethyl acetate (9:1)
mobile phase in 74.5% yield. "H-NMR (CDCl,) &
0.86 (t, 6H, -CH,), 1.23-1.51 (m, 40H, —-CH,-),
2.06 (s, 3H, —-COCH,), 3.15-3.29 (m, 4H,
~N-CH,-).

3.1.8.1. Analysis. C,,Hs3NO 0.25 H,O requires C,
78.03; H, 13.47 and N, 3.50. Found: C, 78.22; H,
13.47 and N, 3.52.

3.1.9. N-dodecyltricyclo
[3.3.1.1%[decane- 1 -carboxamide (11)

A solution of dodecylamine (2 g, 11 mmol) and
pyridine (0.87 g, 11 mmol) in acetonitrile (50 ml)
was treated with 1-adamantanecarbonyl chloride
(2.14 g, 11 mmol) in acetonitrile (25 ml). After the
addition was complete, the mixture was refluxed
for 2 h, diluted with water and the solid collected.
Recrystallization from methanol yielded the de-
sired product as a solid, m.p. 77.5-78.0°C. 'H-
NMR (CDCl;) 6 0.86 (t, 3H, terminal CH;),
1.23-1.82 (m, 33H, -CH,—and —-CH-), 2.01-2.15
(m, 2H, -NHCH,CH,-), 3.19 (m, 2H,
—NHCH,-), 5.54 (s, 1H, amide NH).

3.1.9.1. Analysis. C,3H,4 NO requires C, 79.48; H,
11.89 and N, 4.03. Found: C, 79.44; H, 11.88 and
N, 4.09.

3.2. Permeability experiments

Full-thickness dorsal skins were obtained from
6—8-week-old male hairless mice (SKHI1, Charles
River Laboratories, Wilmington, MA). These
skins were placed in donor compartments of
modified Franz diffusion cells (Vangard, Neptune,
NJ) with exposed areas of 3.14 cm®. The receptors
(12 ml) were filled with isotonic phosphate buffer
(pH 7.2) containing 0.1% v/v of 36% aqueous
formaldehyde as preservative and 0.5% w/v poly-
oxyethylene-20-cetyl ether as solubilizer (Chien,
1982; Sloan et al., 1991). The receptors were
maintained at 37 4+ 0.5°C and stirred continuously
at 600 rpm. Skins were allowed to hydrate for 1.5
h prior to experimentation.

Following this hydration period, 8 ul enhancer
in PG was spread uniformly over each skin at a
concentration of 0.4 M. Enhancers 1-10, 12-14
and Azone were liquids. Compound 11 was a
solid (m.p. 77—78.5°C and solubility in PG of 0.03
M at 32 4+ 0.5°C). The solid enhancer was applied
as a suspension in PG. A suspension of hydrocor-
tisone in PG (80 ul/cell, solubility 0.03 M at
32 4+ 0.5°C) was applied to each skin and the cells
were occluded with Parafilm® 1 h later. The skins
were not washed prior to hydrocortisone applica-
tion. Controls consisted only of model drug appli-
cation in PG and no pretreatment of skin (n = 5).
Samples (300 ul) were withdrawn from the recep-
tor over 24 h. Analysis of subsequent samples was
corrected for all previous samples removed. The
receptor was replenished each time with 300 ul
diffusion buffer.

At 24 h, skins were removed, washed in
methanol (100 ml) for 5 s ( x 3), weighed and
homogenized using a Kinematica GmbH tissue
homogenizer (Switzerland).

Extraction methods and recoveries have been
reported previously (Sasaki et al., 1991; Michniak
et al,, 1993c). The skin extracts and receptor
samples were analyzed for hydrocortisone using
HPLC. The HPLC method utilized a Perkin—
Elmer system which consisted of an ISS 100 auto-
matic sampling system, a solvent environment
control (SEC-4), a Series 410 LC pump and a
LC-235 diode array detector. The HPLC was run
by an Epson III + computer with Q peak integra-
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Table 2

175

Effect of enhancers 1-12 and Azone on steroid skin retention and skin permeation parameters

Enhancer in PG*® (n=5) L¢ (h) Px10* (cm h=Y)® ERL 0, (uM)? ERL,, SC (HCF (ugg™") ERLc
None 3.85+2.50 0.51 +£0.25 1.0 9.93 +3.15 1.0 26.1 £5.6 1.0
Azone 1.39+£0.06 21.52+4.86 422 21896 +47.84 22.1 294.9 + 66.7 11.3
1 0.48 +£0.12 9.63 +3.29 18.9 14587 +2524 147 167.7 +£49.0 6.4
2 0.89 +0.25 23.18+8.42 45.5 15496 +24.15 15.6 540.9 +120.1 20.7
3 0.42 +0.11 439 +1.22 8.6 76.05 + 15.67 7.7 3159 +47.7 12.1
4 1.78 £0.22 6.50 +2.09 12.8 99.73 £19.30  10.1 279.6 +57.9 10.7
5 1.30 +£0.21 5.25+1.68 10.3 78.31 + 14.18 7.9 199.3 +42.1 7.6
6 1.26 +£0.19 4.18 +1.30 8.2 66.64 +11.76 6.7 566.7 +39.7 21.7
7 0.34+0.24 16.80+6.95 329 208.18 +39.52 21.0 550.3 +196.3 21.1
8 0.71 £0.31 4.69 +1.22 9.2 88.63 +16.12 8.9 120.8 +50.1 4.6
9 0.10 +0.09 9.29 +2.86 18.2 45.81 +13.00 4.6 168.3 + 56.5 6.5
10 1.37 +£0.19 0.69 +0.12 1.4 12.73 + 3.81 1.3 1434 +9.8 5.5
11 1.51 +0.52 2.57+0.47 5.0 19.78 +5.00 2.0 142.7 + 58.5 5.5
12 3.02+0.38 28.74 +11.62 56.4 149.53+33.24 15.1 226.7+37.4 8.7
13 0.64 £0.72  30.63 +6.15 60.1 27444 +£5090 27.6 226.5 +51.8 8.7
14 0.96 +0.11  24.65+5.67 48.3  220.21 +£59.63 222 259.0 +62.6 9.9

2 PG, propylene glycol.

® All n=5. Melting point of 11: 77.5-78°C.
°L, lag time.

4 0,4, receptor concentration after 24 h.

¢ SC, skin content of hydrocortisone (HC).

fER, enhancement ratio calculated as permeation parameter after enhancer treatment divided by corresponding parameter from

control.
¢ P, permeability coefficient.

tion software designed by Perkin—Elmer. All sam-
ples were analyzed using a reverse phase Cg
column (Rainin Microsorb MV®, 25 c¢cm, 5 um).
Hydrocortisone was detected at 242 nm with a
retention time of approximately 4.5 min using a
mobile phase of 40:60 acetonitrile:water at 1 ml/
min ~ ! and ambient temperature. Testing of linear-
ity of the calibration graph from 1.0 to 100 ug
ml ~! revealed a correlation coefficient of 0.9960.
Intraday and interday variability were 7.2 and
8.0%, respectively.

Results were expressed as lag time (h), perme-
ability coefficient P (cmh —!), receptor concentra-
tion after 24 h (Q,s, #M) and skin content of
hydrocortisone (ug g~!). Enhancement ratios
(ER) were calculated using controls equal to 1.00.
All parameters were reported as means + SD.
Data treatment involved analysis of variance
(ANOVA) followed by a least significant differ-
ence test (LSD) if the ANOVA indicated that a
difference existed. The level of significance was
0.05 (Bolton, 1990).

4. Results and discussion

The data obtained are presented in Table 2.
Receptor concentrations at 24 h (Q,,) for controls
were 9.93 4+ 3.15 uM and hydrocortisone skin con-
tent was 26.1 £5.6 ug g=' (n=15). Azone in-
creased Q,, values to 218.96 +47.84 and skin
content to 294.9 + 66.7 ug g~ ! (n=5). However,
enhancers 2, 6 and 7 all exhibited significantly
higher skin contents compared with Azone:
540.0 + 120.1 ug g~ ! for 2, 566.7 +39.7 ug g~ !
for 6 and 550.3 +196.3 ug g~ ' for 7 (P <0.05).
The respective Q,, values for these enhancers were:
154.96 +24.15 uM, 66.64+11.76 uM and
208.18 +39.52 uM. All compounds tested (1-12)
were effective enhancers and showed higher Q,,
values and skin contents compared with controls
(P < 0.05). The least effective enhancer for Q,, was
10 with a Q,, of 12.73 + 3.81 uM. Skin content for
10 was 143.4+9.8 ug g—!. The least effective
enhancer for skin content was 8 with 120.8 + 50.1
ug g~ ' 0,4 data for 8: 88.63 +16.12 uM.
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N-dodecyl-2-pyrrolidinone (13) had a Q,, of
274.44 4+ 50.90 uM and a skin content of 226.5 +
51.8 ug g='. N-dodecyl-2-piperidinone (14) Q.4
was 220.21 +£59.63 uM and skin content of
259.0+62.6 ug g~ ! Lag times for these two
compounds were 0.64 +0.72 and 0.96 +0.11 h,
respectively, and P values ( x 10~%): 30.63 £+ 6.15
and 24.65 4+ 5.67 cm h~', respectively.

Comparing Azone, 13 and 14, the most effec-
tive enhancer for Q,, and P values was 13, sug-
gesting that the presence of the pyrrolidinone
structure increased activity. It is of interest to note
that 9 was devoid of the long dodecyl side chain
of Azone and although activity was decreased, it
was not lost (ERp for 9 was 18.2, ER 5,4 4.6 and
ERgc 6.5). Likewise, 8 was an acyclic structure
which still showed mild enhancing activity (ERp
9.2, ER yy, 8.9 and ERgc of 4.6). It seems that for
activity to be present (even if mild), a cyclic
structure is not necessary, neither is the presence
of a long alkyl side chain. However, these do
increase activity if present in the enhancer struc-
ture. This is illustrated well by compounds 10 and
12, where the long N-alkyl side chain in 12 signifi-
cantly increased ER}, from 1.4 to 56.4 (P < 0.05).
ER 4,4 increased from 1.3 to 15.1 (P <0.05) and
ERgc from 5.5 to 8.7.

Compounds 1 and 2 differed in their ring size
and Q,, for 1 was 145.87 +25.24 uM and for 2
154.96 + 24.15. P values for 2 were 2.4-fold higher
and skin content 3.2-fold higher than for 1. This
1s in contrast to the situation with 13 and 14,
where the piperidinone analog had less activity as
illustrated by the P and Q,, values. However, skin
contents were higher for 14.

Comparing 1-dodecanoylpiperidine (1) with N-
dodecyl-2-piperidinone, the former produced
lower Q,, and skin contents (145.87 +24.24 uM
and 167.7+49.0 ug g~ ). Likewise, comparing
1-dodecanoylpyrrolidine (2) with N-dodecyl-2-
pyrrolidinone, the former produced a lower Q,,
but a higher skin content (154.96 + 24.15 M and
540.9 +120.1 ug g~ "). This suggested that de-
creased activity was observed when the carbonyl
group was present as an amide rather than as a
lactam.

Compounds 3 and 4 (a piperidinone and a
pyrrolidinone) were less active than 1 and 2 (a

piperidine and a pyrrolidine). The ER; for 3 and
4 were 8.6 and 12.8, respectively, compared with
ER; for 1 and 2 of 18.9 and 45.5, respectively.
Comparing 3 and 4 with 14 and 13 suggested that
the presence of a dodecyl side chain leads to
increased transdermal enhancer activity, but de-
creased skin contents. ER y,, for 3 was 7.7 and for
14 was 22.2. ER 5, for 4 was 10.1 and for 3 was
27.63. The presence of the carbonyl in the side
chain versus the ring was an important factor in
controlling the relative activity of the enhancers.
It is interesting that 3 and 4, which have car-
bonyls in both positions, showed the least activity
with respect to permeability, suggesting that the
polarity of the headgroup may be important in
controlling specific interaction with the skin.

Comparing 2 and 4 showed higher activity with
2 (ER; for 2: 45.5; ER,, 15.6; ERg 20.7 and
ER; for 4: 12.8; ER gy, 10.1; ERgc 10.7). In the
same manner, 3 produced the following values:
ERp 8.6, ER py, 7.7 and ERgc 12.1. Compound 1
corresponding ER values were: 18.9, 14.7 and 6.4.
These data showed higher activity again in the
1-dodecanoyl piperidine. The skin content, how-
ever, was lower than that of compound 3.

Comparing compounds 7 and 1 showed that
the presence of sulfur in the ring caused an in-
crease in transdermal activity (P <0.05). Com-
pound 12 had an oxygen in place of the sulfur and
this lead to a higher ER, of 56.4, compared to
ER, for 7 of 32.9, however, Q,, values and skin
content values were lower in 12.

Several thioamides have been patented previ-
ously and Michniak et al. (1995) have also re-
ported on the activity of several such compounds
using hydrocortisone 21-acetate as a model drug
(Miniskanian and Peck, 1990; Michniak et al.,
1993b).

In general, the thione compounds showed less
activity than the equivalent parent compound
with no sulfur. For example, Azone, N-dodecyl-2-
pyrrolidinone and N-dodecyl-2-piperidinone were
more active than N-dodecyl-hexahydro-2-thio-
1 H-azepine, N-dodecyl-piperidine-2-thione and
N-dodecyl-pyrrolidine-2-thione. Replacement of
sulfur by oxygen resulted in increased activity.
For  example, comparing  N-(l-oxodode-
cylhhexahydro-1H-azepine and N-(1-thiodode-
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cylhexahydro-1H-azepine. ER ,, for the former
was 19.05 and for the latter 6.78 (Michniak et
al., 1993b).

It seems that thiomorpholines, however, may
have increased activity (compare 7 and 1), and
replacement with oxygen caused a further en-
hancement in activity (compare 1, 7 and 12).

It must be noted that both permeability co-
efficients and 24 h receptor concentrations are
provided in Table 2, since with the more active
enhancers, the donor was depleted faster and
by 24 h steady-state was lost as evidenced by
the presence of a plateau in the flux graphs.
This could have been overcome by using an
infinite rather than finite dose in the donor cell.
However, finite doses more closely resemble
clinical use of topicals and have been used by
the authors in previous screening of enhancer
compounds. Values of P were calculated using
initial steady-state portions of the graph.

2-Decylcyclopentanone (6) with a shorter
alkyl side chain and no nitrogen compared with
N-dodecyl-2-pyrrolidinone produced a lower Q,,
value of 66.64+11.76 uM, but a higher skin
content of 566.7+39.7 ug g~!. The shorter
alkyl chain length analog of N-dodecyl-2-pipe-
ridinone with no nitrogen, 2-decylcyclohexanone
(5) produced a lower Q,, and skin content:
(7831 +£14.18 uM and 1993 +42.1 ug g ").
Compound 11 had steric bulk on the head
group and this decreased activity: ER, 5.0,
ER 4 2.0 and ERgc 5.5.

In a previous investigation of irritancy using
a histopathological technique on mice in vivo
and testing Azone and enhancers 13 and 14,
relative irritation scores were 9.0 for Azone,
26.0 for 13 and 24.0 for 14. Cyclic enhancers
were less irritating than acyclics tested (Phillips
and Michniak, 1995). PG was found not to be
irritant. Clinical studies on humans support the
fact that Azone is tolerated well and irritation
is observed only when high concentrations of
Azone are used (Allan, 1995).

In conclusion, compounds 2, 7, 12, 13 and
14 seem to be the most promising enhancers
for future development.
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