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Abstract

A first series of novel bishydroxymethyl-substituted cage dimeric 4-aryl-1,4-dihydropyridines 5—8 has been synthesised and
evaluated as HIV-1 protease and HIV-inhibitors in vitro assays. Moderate activity data of protease inhibition have been found for
of the N-Boc substituted compound 8. Reduced activity for compound 6 and almost no residual activity of 5 and 7 emphasise the
importance of the zert. butyl substituent for protease inhibitory activity thus supporting a discussed probable binding of the N-

acyloxy substituent to the S2/S2” regions of protease.

© 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Since the discovery of HIV-1 protease (PR) as novel
target enzyme for the development of HIV-1 protease
inhibitors (PI) certain peptidic PIs have been established
in HIV-therapy combined with nucleoside analogues or
reverse transcriptase inhibitors [1,2]. Beside ongoing
resistance development against peptidic PIs additional
problems like poor oral bioavailability and severe side
effects just like cardiovascular morbidity and mortality,
strengthened the development of non-peptidic Pls as
well as alternative therapeutic strategies of influencing
virus-adsorption and especially virus-cell fusion pro-
cesses [3]. Disappointing news of rapid emergence of
resistance development against fusion inhibitor T-20 in
clinical trials support a focussing on perspective series of
non-peptidic PIs [4].

However, from the very few series of non-peptidic Pls,
e.g. cyclic ureas I, hopeful candidates failed in clinical
trials because of unsatisfying bioavailabilities Fig. 1 [5].

Molecular weights beyond 600 g mol ~ ' were found as
decisively limiting factors of oral bioavailability within
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the cyclic ureas series [6]. We recently introduced
dimeric 4-aryl-1,4-dihydropyridines as novel class of
non-peptidic PIs II [7,8].

Their first bioanalytical evaluation of both poor
protein binding as well as metabolism raised hopes for
improved bioavailability compared to ureas [5]. How-
ever, molecular weights beyond 600 g mol ' for first
candidates within the dimeric series require a critical
reduction of non-essential structural elements within the
functionalised scaffold with respect to maintaining
biological activity, thus leading to compounds of
lowered molecular weights.

In the following we report first candidates of a novel
series of bishydroxymethylene cage dimers III with a
reduced number of hydroxymethylene functions com-
pared to preceding candidates of the tetrakishydroxy-
methylene type and discuss their observed protease
inhibitory activities with respect to structure-activity
relationships as well as some antiviral data.

2. Chemistry

All target compounds 5-8 were accessible by a
selective ester group reduction of those ester group
functions bound to the substituted cyclobutane ring of
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Fig. 1. Structural scaffolds of cyclic ureas I, cage dimeric 4-aryl-1,4-
dihydropyridines of the tetrakishydroxymethylene type II and of the
bishydroxymethylene type III discussed in the text.

recently reported cage dimers 1-4 which themselves
were given by a solution photodimerization reaction of
monomeric 4-aryl-1,4-dihydropyridine starting products
[9] Fig. 2.

Selective ester group reduction was carried out with
calcium borohydride at room temperature without any
side product formation being observed as was followed
by TLC. So the amide as well as the carbamide ester
functions remained unaffected resulting in characteris-
tical bonds in the infrared spectra between v = 1628 for
the acetyl group of 5 and v = 1709 as highest carbamide
ester vibration of compound 7. As has been demon-
strated for the precursor cage dimers 1-4 [9] the target
compounds 5—8 exist in different rotameric forms due to
a hindered rotability of the N-acyl groups resulting in a
multiplicity of proton signals in the '"H-NMR spectra of

the compounds of three different rotamers A—C, two of
a centrosymmetric structure (A, B) and one with a non-
symmetric structure (C) with respect to the orientations
of the two N-acyl groups (see Section 6).

3. Pharmacology

PR inhibitory activities of the synthesised cage dimers
5-8 have been determined in vitro using a spectro-
photometric assay in comparison to Saquinavir as
reference which showed a 99-percentual inhibition at 1
puM with an affinity constant K; of 2.1 nM.

Dose—response curves have been calculated for target
compounds 5,6 and 8 with resulting ICs, values as
shown in Table 1. Dimer 7 showed poor solubility in the
assay system so that triple inhibitory activity was
measured at 8 pM and ICs, value was calculated
according to Eq. (1) assuming parallel dose—response
curves. The determination of K; values (Table 1)
followed Ref. [10].

vo_ IC,, )
Umax [I] + ICSO

Antiviral activities of active compounds, 8 and 9,
against HIV-1, I1IB, have been determined in MT4 cells
as described by measuring the inhibition of cytopathic
effects on both HIV- and mock-infected cells in a
spectrophotometric (MTT) assay compared to Saqui-
navir with ECsg of 6 nM [11,12].

4. Results and discussion

Comparing PR inhibitory activities of the N-acetyl
compound 5 which itself was found inactive with ICsq >
300 uM to those of the N-methoxycarbonyl derivative 6
some increased activity was measured with I1Csq <200
uM. Further structural variation of the alcoholic
compound of the more favourable carbamidester sub-
stituent compared to the amide substitution proved the
tert. butoxy group in 8 to be much better than the
phenolic group in 7 which resulted in a loss of observed
activity (Table 1).

Highest biological activities of PR and HIV inhibition
of the N-Boc substituted compound 8 almost ly in the
range of activity of the tetrakishydroxymethylene sub-
stituted equivalent derivative 9 [8] for which a binding
mode of the fert. butoxy substituent to the hydrophobic
binding region S2/S2’" of PR was suggested from its
highest activity within a series of N-acyloxy substituted
compounds of the tetrakishydroxymethylene type [8].
However, a possible alternative binding of the N-
acyloxy substituents to the S1/S1° regions of PR
becomes almost unlikely with the results of this first
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Fig. 2. Synthesis of target compounds 5-8.

Table 1

PR inhibition and antiviral activity of cage dimers 5-9
Compound ICso (UM) K, (0M)  ECsy (1M)
5 31247 130+3 nd.?

6 180+2 75+1 nd.?

7 300+21 125+6 nd.?®

8 7242 30+1 > 125

9 20+2 10+1 >83

% n.d., not determined.

series of derivatives of the bishydroxymethylene type
presented now because the N-phenoxycarbonyl substi-
tuent proved to be unfavourable with respect to
biological activity. With a possible binding of the N-
phenoxycarbonyl substituent to the S1/S1” regions of PR
better biological results were expected because various
reported results of structure-activity relationships of PIs
promised an enhanced phenyl substituent to result in
highest binding affinities to the S1/S1'regions of PR and
thereby contributing to satisfying inhibitory activities
[13].

So a possible binding of the N-phenoxycarbonyl
substituent of compound 7 to the hydrophobic S1/S1”
regions of PR is unlikely and, in consequence, the
assumption of a binding of the N-acyloxy substituent
to the S2/S2’region of PR is strongly supported by the
given results.

5. Conclusions

From a first series of bishydroxymethylene substi-
tuted cage dimeric 4-aryl-1,4-dihydropyridines with N-

acyl substituents the N-Boc derivative shows highest PR
inhibitory activities almost reaching biological results of
PR inhibition as well as HIV inhibition like the
corresponding tetrakishydroxymethylene compound.
The lowered molecular weights of the representatives
of the bishydroxymethylene series may result in in-
creased bioavailability as has to be investigated. The
given results of the tert. butoxy substituent with best
activity as well as the observed inactivity the phenoxy
substituent strongly support a binding of the N-acyl
substituents to the S2/S2” regions of PR. So the
presented compounds with some moderate PR inhibi-
tory activity achieve a valuable contribution to the
structure-activity relationships within this class of novel
non-peptidic Pls.

6. Experimental protocols

6.1. Chemistry

Commercial reagents were used without further
purification. IR spectra were recorded as KBr disks on
a Bruker IFS 28. "H-NMR (400 or 500 MHz) spectra
were measured using tetramethylsilane as internal stan-
dard. TLC was performed on E. Merck 5554 silica gel
plates. Mass spectra were measured with an AMD 402
mass spectrometer. Elemental analyses indicated by the
symbols of the elements were within + 0.4% of the
theoretical values and were performed using a Leco
CHNS-932 apparatus. The synthesis of compounds 1-4
and 9 was recently reported in Ref. [9] (1-4) and Ref. [§]

).
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6.1.1. General procedure for compounds 5—8

6.1.1.1. 3,9-Diacetyl-1,7-dihydroxymethyl-6,12-diphenyl-
3,9-diazahexacyclo[6.4.0.0°7.0%". 0°1° Jdodecane (5). 1
(0.04 g, 0.07 mmol) was dissolved in a freshly prepared
suspension of calcium borohydride (0.04 g, 0.7 mmol) in
dry THF (25 mL) which was given by stirring of calcium
chloride (0.08, 0.7 mmol) and sodium borohydride (0.05
g, 1.4 mmol) for 1 h. Stirring was continued for 4 weeks.
Then ice—water (2.5 mL) was added and the calcium
borohydride excess was further hydrolysed by additional
stirring for 1 h at 0 °C. Then the solution was extracted
three times with chloroform (50 mL) and dried over
sodium sulphate. After filtration and evaporation to
dryness the remaining semi-solid residue was dissolved
in chloroform. Addition of portions of diethylether
followed by petrol ether finally resulted in a dimming
of the solution from which crude 5 crystallised on
cooling. Recrystallisation from methanol-water yielded
0.02 g (62%) of pure 5 as white powder (m.p.: 166—173).
IR: v 1628. "TH-NMR ((CD3),SO): § 1.91, 1.94 (2 xs,
6H, NCOCH3;, C), 2.03 (s, 6H, NCOCH3;, B), 2.05 (s,
6H, NCOCHj;, A), 2.95 (spl. d, 3H, CHgOH, B, C7-
CHROH, C, %J = 11.5 Hz), 2.96 (spl. d, 3H, CHzOH, A,
C7-CHROH, C, %J = 11.7 Hz), 3.01 (dt, 2H, 5-, 11-H, A,
3] =8.8/2.6 Hz), 3.08 (dt, 1H, 5-H, C, *J =8.8/2.6 Hz),
3.15(d, 6H, 6-, 12-H, A—C, °J = 2.6 Hz), 3.16 (dt, 3H, 5-
, 11-H, B, 11-H, C, *J=8.9/2.6 Hz), 3.17 (spl. d, 3H,
CHAOH, B, C7-CHAOH, C, *J = 11.5 Hz), 3.20 (spl. d,
3H, CHAOH, A, C7-CHAOH, C, °J = 11.7 Hz), 3.96 (br
s, 1H, C7-CHAOH, C), 4.19 (d, 1H, 4-H, C, *J =838
Hz), 4.32 (br s, 2H, OH, B), 4.35 (d, 1H, 10-H, C, °J =
8.9 Hz), 4.47 (d, 1H, 8-H, C, *J = 8.8 Hz), 4.50 (d, 2H, 4-
, 10-H, B, *J =8.9 Hz), 4.70 (br s, 2H, OH, A), 4.86 (d,
2H, 2-, 8-H, B, *J=8.9 Hz), 5.02 (d, 2H, 4-, 10-H, A,
3J=8.8 Hz), 5.13 (br s, 1H, C1-CH,OH, C), 5.23 (d,
1H, 2-H, C, 3J=8.9 Hz), 5.27 (d, 2H, 2-, 8-H, A, *J =
8.8 Hz), 7.06—7.47 (m, 30H, aromatic H, A—C). EIMS
mlz: 458 (M+) Anal. C28H30N204'H20 (C, H, N)

6.1.1.2. 1,7-Dihydroxymethyl-3,9-dimethoxycarbonyl-
6,12-diphenyl-3,9-diazahexacyclo[6.4  0.0°7.0%1.0°17 -
dodecane (6). Yield: 0.02 g (59%), white powder.
(M.p.: 269-275 °C). IR: v 1669. "TH-NMR ((CD;),SO):
0 2.99-3.07 (m, 12H, CHOH, 5-, 11-H, A-C), 3.34—
3.38 (m, 12H, CHAOH, 6-, 12-H, A-C), 3.60, 3.61 (2 x
s, 18H, NCOOCH;, A-C), 4.51 (d, 1H, 4-H, C, *7=9.0
Hz), 4.55 (d, 2H, 4-, 10-H, A, *J=9.0 Hz), 4.57 (d, 2H,
4-,10-H, B, °J = 10.2 Hz), 4.60 (d, 1H, 10-H, C, *J =9.0
Hz), 472 (d, 1H, 8-H, C, *J =10.9 Hz), 4.74 (d, 2H, 2-,
8-H, B, °J=10.3 Hz), 4.82 (d, 3H, 2-, 8-H, A, 2-H, C,
3J=9.0 Hz), 5.03 (s, 1H, C1-CH,OH, C), 5.04 (s, 5H,
OH, A, B, C7-CH,OH, C), 7.09-7.24 (m, 30H, aromatic
H, A—C) EIMS m/z: 490 (M+) Anal. C28H30N204' 1.5
H,O (C, H, N).

6.1.1.3. 1,7-Dihydroxymethyl-6,12-diphenyl-3,9-
diphenoxycarbonyl-3,9-diazahexacyclo-
[6.4.0.0°7.0*".0°1° Jdodecane (7). Yield: 0.02 g (57%),
white powder. (M.p.: 269-279 °C). IR: v 1709. 'H-
NMR ((CD;),S0): 6 2.78-3.08 (m, 6H, CHzOH, A—C),
3.10-3.15 (br m, 6H, 5-, 11-H, A-C), 3.27-3.32 (m,
12H, CHAOH, 6-, 12-H, A—C), 4.33 (br d, 2H, 4-, 10-H,
A), 448 (br d, 2H, 4-, 10-H, B), 4.64 (d, 1H, 4-H, C,
3J=9.0 Hz), 4.65 (d, 1H, 10-H, C, *J =8.9 Hz), 4.68 (d,
1H, 8-H, C, 3J=9.0 Hz), 4.72 (br d, 2H, 2-, 8-H, B),
4.80 (d, 1H, 2-H, C, >J =9.0 Hz), 4.84 (d, 2H, 2-, 8-H, A,
3] =8.5 Hz), 4.90 (br s, 1H, C7-CH,OH, C), 4.92 (brs,
1H, C1-CH,0H, C), 5.03 (br s, 2H, OH, B), 5.04 (br s,
2H, OH, A), 6.93-7.46 (m, 60H, aromatic H, A-C).
EIMS m/z: 614 (M™). Anal. C3sH34N,O4-1 H,0 (C, H,
N).

6.1.1.4. 3,9-Di(tert. )butoxycarbonyl-1,7-dihydroxy-
methyl-6,12-diphenyl-3,9-diazahexacyc-
10[6.4.0.0°7.0*".0°'° Jdodecane (8). Yield: 0.02 g
(58%), white powder. (M.p.: 205-245 °C (decomposi-
tion)). IR: v 1687. "H-NMR ((CD5),SO): ¢ 1.36, 1.42
(2 x's, 54H, NCOOC(CHs3)3, A-C), 2.84-2.93 (m, 6H,
CHgOH, A-C), 2.97-3.07 (m, 6H, 5-, 11-H, A-C),
3.32-3.34 (m, 12H, CHAOH, 6-, 12-H, A-C), 4.42 (d,
1H, 4-H, C, 3J=9.0 Hz), 4.47 (d, 1H, 10-H, C, *J=9.4
Hz), 4.51 (d, 2H, 4-, 10-H, A, *J=8.4 Hz), 4.54 (d, 2H,
4-, 10-H, B, *J=8.1 Hz), 4.69 (d, 1H, 8-H, C, *J =84
Hz), 471 (d, 2H, 2-, 8-H, A o. B, >°J =8.7 Hz), 4.81 (d,
3H, 2-, 8-H, A o. B, 2-H, C, J=7.5 Hz), 4.93 (s, IH,
OH, C), 4.95 (s, 3H, OH, C, A 0. B), 4.96 (s, 2H, OH, A
o. B), 7.12-7.78 (m, 30H, aromatic H, A—C). ESI-MS
mlz: 613 (M+K+) Anal. C34H42N206'1.5 H20 (C, H,
N).

6.2. In vitro assay of PR inhibition

Enzymatic activity of PR was measured by following
the cleavage of the substrate H-Lys—Ala—Arg—Val—
Leu—p—nitrophenylalanine—Glu—Ala—Nle—NH, [14].
PR was incubated at 37°C in 0.1 M MES, 0.37 M
NaCl and 4 mM EDTA, pH 6.25, with 280 uM substrate
in the presence or absence of inhibitor in a photometer
cuvette. From the decrease of absorbance at 298 nm
initial reaction rates were calculated [10]. Compounds
were added from stock solutions in DMSO.

6.3. In vitro assay of anti-HIV activity

The HTLV I transformed cell line MT4 was used as
the target cell. Inhibition of HIV-1, strain I1IB, induced
cytopathic effect was determined by measuring the
viability of both HIV- and mock-infected cells. Viability
was assessed spectrophotometrically via in situ reaction
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). Virus-infected and uninfected cultures



A. Hilgeroth, H. Lilie | European Journal of Medicinal Chemistry 38 (2003) 495—-499 499

without compound were included as controls as were
uninfected cells treated with compound. The cell con-
centration was chosen so that the number of cells per
millilitre increased by a factor of 10 during the 5 days of
incubation in mock-infected cultures. Virus inoculum
was adjusted such to cause cell death in 90% of the
target cells after 5-day incubation. The virus was
adsorbed to a cell suspension containing 1 x 10° cells
mL ! at 37°C for 1 h. Then, the infected cells were
added to microtiter plates containing the test com-
pounds to give 1 x 10° cells mL ™.
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