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Summary - Azasqualenes, bis-azasqualenes and derivatives, designed as inhibitors of squalene 2,3-epoxide cyclase, 
a key enzyme in sterol biosynthesis, were synthesized and their in vitro activities against a variety of yeasts, fungi, gram- 
positive and gram-negative bacteria were determined. 

The synthesis involves a new method of squalene degradation, together with an unusual procedure for the aminative 
reduction of lipophilic aldehydes. 

A study of the structure-activity relationship was attempted for different biological parameters: anti-bacterial and 
anti-fungal activities (&UC), inhibition of mycelial growth (GTT), surfactant activity (CMC) and membrane perturbation 
activity (induction of leakage in liposomes). 

R&sum6 - Synth&se et activitk biologique d’azasquall?nes, bis-azasqualhes et dCrivCs. Les azasquaRnes, bis-azasquaknes 
et d&iv& ont e’te’ conGuspour inhiber I’kpoxydo-2,3 squal&e cyclase, une enzyme cle’ dans la biosynthbse des stkrols. Ces produits 
ont e’te’ synthktisb et leur activitk test&e in vitro vis-4-vis d’une grande varie’tt! de champignons, de levures et de bactkries gram- 
positives et -nkgatives. 

La synthdse chimique de ces composb fait appel d une nouvelle me’thode de d&gradation du squakze ainsi qu’ci une technique 
particuli&e pour E’amination re’ductrice d’aldkhydes hydrophobes. 

Nous avons tent& d’effectuer une e’tude de relations structure-acfivite’ avec les diflkrentsparamdtres mesurb: activite’ bactkri- 
tide et fongicide (MIC), inhibition de la croissance du myce’lium (GTT), activite’ surfactante (CMC) et perturbation membra- 
naire (permtfabilisation de liposomes) . 

azasqualenes / squalene 2,3-epoxide cyclase inhibitors / structure--activity relationship / anti-microbial activity / membrane perturbation 

Introduction 

Several series of compounds have been developed within 
the past ten years, which are referred to as ergosterol syn- 
thesis inhibitors and which are effective fungicides against 
a wide variety of sterol-producing fungi. 

Most of these substances, which include clotrimazole, 
miconazole and ketoconazole, have in common the ability 
to block the C-14 demethylation of lanosterol, resulting 
in a decrease of functional 4,14-demethyl sterols [l-9]. 
On the other hand, there are very few reports of new 
structural classes of sterol inhibitors which show anti-fungal 
activity [lo-181. This group of compounds includes the 

allylamine anti-mycotics naftifine and terbinafine [19-241, 
which are powerful inhibitors of squalene epoxidase (EC 
1.14.99.7), a key enzyme in sterol biosynthesis. 

For many years, we have been interested in the design 
of new inhibitors of 2,3-oxidosqualene (SO) cyclases (EC 
5.4.99.7), a group of enzymes which transform SO into 
polycyclic triterpenoids [25, 261. 

Recently, we demonstrated that 2-aza-2,3-dihydrosqualene 
1 and a series of related derivatives 2-7 were potent 
inhibitors of SO cyclase in both animal and higher plant 
microsomes [27-301. In a preliminary report [31], we 
showed that these compounds also inhibited the SO cyclase 
of Saccharomyces cerevisiae. We now describe the synthesis 

* Author to whom correspondence should be addressed. 
Abbreviations: CMC: critical micellar concentration; DMSO: dimethyl sulfoxide; GTT: germ test tube; ZC,,: concentration of inhibitor producing 
50% inhibition of SO cyclase in yeast microsomes; MCPBA: metu-chloroperbenzoic acid; MZC: the lowest concentration of the substances which 
inhibited visible growth of microorganisms; NBS: N-bromosuccinimide; SO: squalene 2,3-epoxide; THF: tetrahydrofuran. 
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and the anti-microbial activities of azasqualenes and related 
aza compounds 1-24, including a discussion on structure- 
activity relationships. 

Chemistry 

General Remarks 
The key feature of our plan for the synthesis of 2-aza-2,3- 
dihydrosqualene 1 and related aza compounds l-12 
involves the degradation of squalene 25 into the corres- 
ponding 1,1’2-tris-nor-squalene aldehyde 26. This compound 
was then subjected to a reductive amination giving the 
corresponding aza derivatives l-12 (Scheme 1). 

25 

4 kme; 5 R=Et 

a ;: 
*‘PR ‘- 

C”, 
10 R=Et 

Scheme 1 

1 R=Me: 2 R=R:S R=P+, 6 R=me: 7 R=Et 

8kMe ; SR=Et 11 R=Me ; 12 R=Et 

The synthesis of azasqualene derivatives l-12 was 
partially reported in the experimental part, following 
general procedures in [29]. We have now improved the 
yields in the azasqualene series, by modifying two steps 
in the method of synthesis: degradation of squalene 2,3- 
epoxide 27 and reductive amination of aldehyde 26. The 
purity of azasqualenes and related aza compounds was 

established by controls on TLC and microanalysis, except 
in the case of the ammonium derivatives. Yields, IR, 
lH NMR and mass spectra are reported in Tables I and II. 

Degradation of squalene (synthesis of 1,1’,2-tris-nor-squalene 
aldehyde 26) 
The initial addition of hypobromous acid (via aqueous 
N-bromosuccinimide) to a terminal double bond of squa- 
lene, developed by van Tamelen [32, 331 allowed the selective 
formation of the terminal bromohydrin 28 (Scheme 1) 
t341. 

Following Nadeau-Hanzlik’s procedure [35], the halo- 
hydrin 28 would be transformed into epoxide 27 and then 
converted into 1,Zglycol 29 by treatment with aqueous 
perchloric acid in diglyme. Subsequent cleavage of squalene 
2,3-diol 29 with sodium periodate gave 1,1’2-tris-nor- 
squalene aldehyde 26 [36]. In our hands, this method 
suffered from a low yield due to multistep reactions and 
prolonged column chromatography for the purification of 
29. 

We describe herein a new method for a one step cleavage 
of 27 into the corresponding aldehyde 26, using periodic 
acid in diethyl ether (Scheme 1). This procedure provides 
a new general way for the direct oxidation of lipophilic 
polyene epoxides to form aldehydes in organic medium. 

Aldehyde 26 could be obtained from epoxide 27 in nearly 
quantitative yield (98 %) and could be converted directly 
into azasqualenes without further purification. No 1,2- 
hydride migration [37] occurred during the reaction, as 
verified by ‘H NMR analysis. 

The mechanism of this oxidation is still under investiga- 
tion and will be discussed in a future publication. 

Reductive amination of 1,1’,2-tris-nor-squalene aldehyde 26 
In our first attempt to synthesize the azasqualenes from 
1,1’,2-tris-nor-squalene aldehyde 26, we utilized classical 
reductive amination as described by Borch [29, 38, 391. 
This method proceeded smoothly with a variety of aldehydes 
and ketones by simply reacting the carbonyl compound 
with the appropriate amine at pH 6-8 in the presence of 
sodium cyanoborohydride in anhydrous methanol [40, 411 
(Scheme 1). This procedure has proved satisfactory for 
the synthesis of 2-aza-2,3-dihydrosqualene 1 (45 % yield). 
However, when the reductive amination was carried out 
with more sterically hindered amines, such as N,N-diethyl- 
amine or N,N-diisopropylamine, yields were very low (5 %). 
This was very disappointing, since squalene diethylamine 2 
and its derivative 7 were the most active members of this 
series as inhibitors of SO cyclase in animal and higher plant 
microsomes [29, 311. Consequently, we decided to use 
different conditions (more acid pH, aprotic solvents). 

Thus 26 was reacted with a suitable amine at pH 3-4 
in the presence of sodium cyanoborohydride in an aprotic 
solvent (THF). Under these conditions, a dramatic increase 
in the yield (from 5 to 46 ‘A), together with a drastic reduction 
in the reaction time (from 70 h to 30 min), was observed. 

Azasqualanes 8, 9, azasqualene N-oxides 6, 7, azasqualane 
N-oxides Il.,? 12 and quaternary derivatives 4, 5 and 10 
Hydrogen peroxide in methanol was found to be the best 
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Table I. Method, yields and spectral data for azasqualenes, azasqualanes, N-oxides and quaternary derivatives. 

Comp. Method Yielda Molec.formula I.R.Y[cm 
-1 

] 1 
H-N.N.R. (CDCl /TMS int.) M.S. (m/e) 

[%I or (lit.) 6(p.p.m.J 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

A 

A 

A 

G 

G 

D 

D 

c 

C 

G 

E 

E 

45 (28) 

46 (28) 

42 (26) 

b (26) 

b 
C32H58N1 
(503.7) 

92 
C29H51No 
(429.7) 

90 
C31H55No 
(457.8) 

94 '29H61N 
(423.0) 

91 C31H65N 
(451.9) 

b 
C32H6aN1 
(593.8) 

91 

88 

C29H61No 
(439.8) 

C31H65No 
(467.91 

(CHC13)2965, 2925, 
2870, 1730, 1670, 
1450, 1380 

1.54-1.63 Cm, ZOH, allylic CH end CFl,-CH2-N); 
1.95-2.01 (m, 18H. allylic CHZ); 

found: M+,413.4039. C H N req. 
2.20-2.24 [m, M, 413.4021. m/z: 413?i?+Th5);344 

aH, Cn2-N(Cs)2]; 5.03-5.13 (in, 5H, vinylic CH) (15);276(15);2Oa(15);140(15);113 

(CHCl )2965, 2925, 
2a72,31730, 1670, 
1450, 1360 

0.96 [t, 6H, J=7 Hz, (CH -CH ) N]; 1.52-1.59 found: M+,441.4356. C H N req. 
(m, 20H, allylic IX3 and3Cg2%2-N); 1.90-1.98 M, 441.4334. m/z: 441 Mf, i"' 5?2);372 
(m, lSH, allylic CH2); 2.33 (t, ZH, J=7 Hz, (8);304(10);236(12);168(4O);r36 
CH$-CH2-N); 2.47 [q, 4H, J=7 Hz, (CH3-CH2)2N]; (100) 
4. E-5.07 (m, 5H, vinylic CH) 

(CHC13)2965, 2925, 
2870, 1730, 1670, 
1450, 1380 

l.lO(d, 12H, J=7 Hz, ~~~~~),~],~);~1.56-1.61 
(m. ZOH, zllylic CH H CH Nl, 1.93-1.99 

found: M+. 469.4652. C33H5gN req. 

(m, 18H. allylic CH:); 2.38'(t,'2H, 
M, 469.4647 

CH -N); 

(CHC13)2960, 2920, 
2875, 1665, 1610, 
1450, 1380 

2.95 {III, 2~. [(cH~)~c~I]~N); 5.05-5.11 m, 5~, 'r 
vinylic CH) 

1.52-1.63 (m, ZOH, allylic CH3 and W,-CH,-N+); c 
1.94-2.13 (in; laH, allylic CM 1; 3.47-3.53 [m. 
llH, (CH3) N and CH2-N+]; 5.65-5.20 (m, 5H, 
vinylic CH 7 

(CHC13)2960, 2920, 
2875, 1665, 
1610, 1450, 1380 

1.37-1.64 [m. 
(CH -CR $N+” :":;,,Bf :i'::, ":a;, , %;:TiN:H:;q ' 
3.2E (if H, CH3-N I; 3.58 [broad q, 6H, 
C~2-N+(C~2-CH3)2]i 5.02-5.25 (n, 5H, vinylic CH) 

(liq. film)2970, 1.55-1.67 (m, 2011, allylic CH3 and Cti2-CH2-N); 
2920, 2860, 1700, 1.98-2.iO (m, lEH, allylic CH2); 3.20-3.24 [m, 
1670, 1450, 1385 aH, C_n2-NO(C~3)2];5.09-5.19 (n, 5H, vinylic CH) 

(liq. film)2960, 
2920, 2860, 1670, 
1610, 1450, 1385 

(liq. film)29GO, 
2925, 2660. 1515. 
1380 

0.79-0.03 (m. lSH, alkylic CH ); 0.95-l-40 (m, 

35H, alkylic CH 
CH2-N(CH312] 

2 and CH); 2.13-2.23 [m, att, 

(CHC13)2960, 
29201 286Oi 1465t 
1380 

0.79-0.84 (m, IC(H. alkylic CH3); 0.97-1.38 

[ml 41H, alkylic CH , CH, and (CH -CH712N]; 
2.35 (t, ZH, J=7 Hz: CH?-Ctl2-N); -1 .54&f% 4H, 
J=7 Hz, Wt3-CH2)2N] 

(CHC13)2960, 2920, 
2875, 1460, 1375 

(liq. film)2960, 
2920, 2855, 1615, 
1565, 1415, 1380, 
1370 

0.78-0.85 (m, 18H, alkylic CH3); l.l$-1.67 

f- 41H, alkylic CH2, CH, (CH~;CH~)N and 
CH -CH -N+]; 3.26 (s, 3H, CH3-N 1; 3.54 [broad 

9s -26H,2C~2-&i2-CH3)2] 

0.78-0.83 (m, 18H, alkylic CH3); 1.04-1.35 (m, 
35H, alkylic CH2 and CH): 3.21-3.27 [m, aH, 

Ct12-NO(CH3)2] 

(liq. film)2960, 
2920, 2850, 1465, 
1370 

0.82-0.87 (m, 18H. alkylic CH ); 1.08-1.42 
[m, 41H. alkylic CH2, CH and&3-~~2)2N]; 3.15 
(t, ZH, CH2-CH2-NO).; 3.30 [q, 4H, (CH3-CH2)2NC] 

(7);58(100) 

found: M+,429.3962. C H NO req. 
M, 429.3970. m/z: 42 89 v M ,2);413 
(26);276(15~;20B~16~;140~32~;100 
(20);58(100) 

:~s~:.~:~~~,91p"~5~~~~~~~~4~~q. 

(2);276(4);166(30);140(29);112 
(20);66(100) 

found: M+,423.4823. C H N req. 
M, 423.4004. m/z: 423 "y 0" M ,281; 
408(10); 261~5~;219~61;169~11~; 
131(15);58(1001 

found: "+,451.5113. C H N req. 
M, 451.5117. m/z: 45l??!+fi?O); 
436(6);112(5);t36(100) 

c 

found: M+,439.4760. C H NO req. 
w, 439.4753. m/z: 439%%; 
423(8);376(10);155(10);125(11); 
111(12);56(100) 

found M+, 
M, 467.506~"',:~~5~6~?~~~~~~ req' 
449(5);269(8);112(10);66(100) 

a Yield of pure, isolated product.’ 
b The crude product was not purified. It was sufficiently pure (TLC, IR and lH NMR analyses). 
’ Satisfactory electron impact mass spectrum could not be obtained. 
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Table II. Method, yields and spectral data for bis-azasqualenes, bis-azasqualanes, N-oxides and quaternary derivatives. 

Comp. Method Yielda Molec.formula I.R.Y[cmel] 
1x1 or (lit.) 

‘“-N.M.R. (CDCl /TMS int.) 
d(P.P.rn.Q 

M.S. (m/e) 

16 

17 

16 

b 

67 

b 

84 

C H N 
32 60 2 

(472.8) 

C H NI 34 66 2 2 
(756.7) 

C H NO 32 60 2 2 
(504.8) 

C32H68N2 
(480.9) 

C34H74N212 
(764.8) 

'32"6SN2'2 
(512.9) 

(CHC13)2965, 2925, 
2870, 1730, 1670, 
1450, 1380 

(CHC13)2960, 2920, 
2870, 1660, 1620, 
1450. 1380 

(CHC13)2965, 2920, 
2860, 1700, 1665, 
1450, 1380 

(CHC13)2960, 2920, 
2860, 1465, 1380 

(CHC13)2960, 2920, 
2870, 1460, 1380 

(CHCl) 2960, 2920, 
2860, 9 550, 1470 

0.97 [t. 12H, J=7 Hz, 2(CH -CH ) N]: 1.55-1.63 
(m, 16H, allylic CH and za -d SN); 1.90-2.05 
(m, 16H, allylic CHZ); 2.382(t,24H, J=8 Hz, 

2CH -Cg -N); 2.51 [q, 8H, .J='IHz, 2(CH3-Cfi2j2N]; 
5.08-629 ( m. 4H, vinylic CH) 

1.36-1.70 [m, 28H, allylic CH , 2CIj -CH -N+, 
and 2(CH -CH ) N$ 1.88-2.20 ?m, 166, aflyllc 
CH 1; 3:$0 (g,26H. 2CH -N+); 3.58 [broad q, 
124, 2CH -N+(Cli2-CH3),r: 
vinylic 3 H) 

5.00-5.19 (m, 4H. 

1.28 [t, 12H,2(Ctj -CH 1 N]; 1.54-1.63 (m. 16H, 
allylic CH and 2?H -eH2-N); 1.93-2.09 (m, 
allylic CH3); 3.20~ft, SH, 2CH -CH N); 3.40 

16H, 

[q, 8H, 2(eH3-Cg2),N]; 5.06-5.50 ii, 4". 
vinylic CH) 

0.78-0.83 (m, 12H, alkylic CH3); 0.96-1.40 [m, 
44H, alkylic CH 
(t, 4H, 2CH2-C& ~~~O'~~-~n"T'Hr~~3~~~:)2N] 

0.80-0.86 (m, 12H, alkylic CH3); l.lf-1.63' 

I- 44H, alk lit CH 
2(Ct13-CH2) NY, s 

, CH, 2Cii2-CH -N and 
; 3.2 (s, 6",2CH - s +I; 3.52- 

3.59 [m. 15". 2Cli2-N+(Cli2-CH3)2~ 

found M+,472.4740. C H N 
req. M, 472.4756. m/z: 32 $332 
(H+,21);458(15);445(15);444 
(331;387(3'j);374(10);305 
~19);236(21);168(100);112 
(45);99(95) 

c 

found l4*,480.5375. C H N 
req. M, 480.5382. m/% 2 O2 8 
M+,5);425(2);112(5);66(100) 

0.80-0.65 (m, 12H, alkylic CH 1; 1.05-1.40 c 
II- 44". alkylic CH , CH and $(CH -CH2)2N]; 
3.12 (t. 4H, 2CH2-Ci2NO); 3.34 [if 8H, 
2(C"3-Cfi2)2N01 

a Yield of pure, isolated product. 
b The crude product was not purified. It was sufficiently pure (TLC, IR and lH NMR analyses). 
’ Satisfactory electron impact mass spectrum could not be obtained. 

reagent for the synthesis of azasqualene N-oxides 6, 7 THF, we obtained squalene dibromohydrin 30, which was 
(Scheme 1) [42-45]. The reaction proceeded smoothly at transformed into the corresponding squalene diepoxide 31 
room temperature (12 h), affording N-oxides 6, 7 in high 
yields (90-92 %). 

[32, 521. The subsequent cleavage of 31 by HI04-2H,O 
in diethyl ether afforded CZ4 dialdehyde 32 in high yield. 

The synthesis of azasqualanes 8, 9 and azasqualane N- 
oxides 11, 12 was accomplished by hydrogenation of the 
corresponding azasqualene derivatives with palladium on 
charcoal in ethanol [46], followed by oxidation of the 
parent tertiary amine with MCPBA [47-501 in chloro- 
form. 

Bis-azasqualene derivative 13 was obtained by reductive 
amination of 32 with the suitable aliphatic secondary amine 
in accordance with the described procedure. 

Quaternary derivatives 4, 5 and 10 were obtained by 
conventional procedure [51], by heating under reflux ter- 
tiary amines 1, 2 or 9 with K,C03 and CH,I in absolute 
ethanol. 

Bis-azasqualenes 13-15, bis-azasqualanes 16-18 and other 
aza compounds 19-24 
For the preparation of these compounds, we followed the 
same strategy utilized for the synthesis of azasqualenes 1-5, 
azasqualanes S-10 and the corresponding N-oxides 6, 7 
and 11, 12, starting from squalene dibromohydrin 30 
(Schemes 1 and 2). Thus, by reacting squalene 25 with a 
double molar equivalent of N-bromosuccinimide in aqueous 

Catalytic hydrogenation on PdjC of bis-azasqualene 
derivative 13 afforded the corresponding bis-azasquaIane 
derivative 16. Bis-azasqualene N-oxide 15 and bis-aza- 
squalane N-oxide 18 were synthesized by oxidation of the 
parent tertiary amines with 30% HzO, in methanol or 
with MCPBA in CHC!13 , respectively. The bis-quaternary 
compounds 14 and 17 were prepared by conventional 
procedure, as described for 4, 5 and 10. Diethylation of 
dodecyIamine with diethyl sulfate gave N, N-diethyldodecyl- 
amine 20. 

The corresponding N-oxide 24 was obtained by using 
MCPBA as previously described. 

Quaternarization of 19 and 20 to give 21 and 22 was 
accomplished as described for squalene ammonium deri- 
vatives 4, 5 and 10. 



19 R,=R2=Me, R3=H 22 .R,=R2=Et. R3=Me 

20 R,=%=Et, R3’H 23 R,=R2=Me, R3=0- 

21 R,” R2= R3= Me 24 R,=R2=Et, R3’0’ 

13 R,‘R2=Et, R3=H 16 R.,+=Et, R3’H 

14 R,=R2=Et, R3=Me 17 R,‘R2=Et, R3”t.b 

15 R,=R2=Et, R3’0- 16 R,=R2=Et, R3zO- 

Scheme 2 

Results and Discussion 

MIC values for azasqualenes and derivatives 1, 2, 4, 7, 8, 
11, 13-18, 21, 23 against different strains of gram-positive 
and gram-negative bacteria, as well as against dermato- 
phytes, moulds, biphasic fungi and yeasts are shown in 
Tables III and IV. The effect of azasqualenes and derivatives 
on Candida albicans mycelia formation (germ tube test) 
is shown in Table V. The GTT was carried out in order to 
verify the azasqualene ability to inhibit the Candida albicans 
mycelial phase, which could be regarded as the true infective 
form in microorganisms ([5] and ref. therein, [53-551). 
Indeed, it seems that formation of mycelia was the major 
way for pathogenic fungi to escape intracellular killing 
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by leukocytes, which become necrotic and are killed by 
their interaction with the fungus [55]. 

In a preliminary study [31], it was established that the 
azasqualenes and derivatives inhibited squalene 2,3-epoxide 
cyclase in microsomes obtained from Saccharomyces cere- 
visiae and that the activity decreased in the following order: 
bis-azasqualene ammonium derivative 14 and bis-azasqualene 
N-oxide 15 > bis-azasqualene 13 > azasqualene 2 and 
azasqualene N-oxide 7. 

Before attempting a discussion on the structure-activity 
relationship of azasqualenes and derivatives, the possible 
‘non specific’ action of these compounds must be taken 
into account. Indeed, azasqualenes, at physiological pH, 
possess the two basic features of cationic surfactant agents: 
a hydrophobic alkyl chain together with a positively charged 
hydrophilic group, and thus could act on the fungal cyto- 
plasmic membrane as surfactants. 

For this reason, we decided to test the critical micellar 
concentration (CMC) of azasqualenes and derivatives in 
the concentration range used for our biological experiments. 
Plots of rhodamine 6G fluorescence vs compound concen- 
tration showed no changes up to 0.4 mM, indicating that 
azasqualenes and derivatives did not form micelles in this 
concentration range. The CMC values determined with a 
fluorescent probe, reported in the literature ([56] and ref. 
therein) for cationic surfactants such as CTAB (hexadecyl- 
trimethylammonium bromide) and TTAB (tetradecyltri- 
methylammonium bromide), varied from 2.5-3.6 mM 
(TTAB) to 0.40-0.47 mM (CTAB). Alternatively, these 
compounds could show anti-fungal and anti-bacterial acti- 
vities by adsorption onto the negatively charged cell wall, 
followed by interaction with hydrophobic portions of orient- 
ed phospholipids, leading to the disorganization of the 
membrane. 

Several biophysical techniques have been used, in order 
to study the interaction of various membrane effecters 
with natural or artificial membranes [57, 581. 

In the present study, we adopted as the initial model a 
chemically defined bilayer membrane system: the large 
unilamellar liposomes, prepared from phosphatidyl choline 
(PC)/cholesterol (1:l ratio) [59], and we studied the 
increasing permeability of an encapsulated fluorescent 
probe (6-carboxyfluorescein). By plotting fluorescence change 

Table III. MZC values &g/ml) of azasqualenes and derivatives against different strains of gram-positive and gram-negative bacteria. 

Staphylococcus Staphylococcus 
aureus aureus 
ATCC 10832 ATCC 23067 

Staphylococcus 
faecalis 
NCIB 775 

Pseudomonas 
aeruginosa 
ATCC 29511 

Escherichia 
coli 
s 120 

Proteus 
mirabilis 
NCIB 60 

1 

+ 
8 

11 
13 
14 
15 
16 
17 
18 
23 

6.25 
10 

1:: 
100 

10 
1.25 

10 
10 
3.12 

1;: 

6.25 
10 

> 100 
100 

> 100 
5 
1.25 

10 
10 

3.12 
100 

> 100 

5 
10 

10; 
> 100 

Z.5 

:: 
6.25 

1:: 

> 100 > 100 
> 100 > 100 
> 100 100 
> 100 > 100 
> 100 100 
> 100 100 

100 50 
> 100 100 
> 100 > 100 

25 100 
> 100 > 100 
> 100 > 100 
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Table IV. MZC values @g/ml) of azasqualenes and derivatives against dermatophytes, moulds, biphasic fungi and yeasts. 

Compd 

1 
2 
4 
7 
8 

11 
13 
14 
15 
16 
17 
18 
21 
23 

Trichophyton Microsporum 
mentagrophytes 

Aspergillus 
canis fumigatus 

s 158 s 150 s 159 

12.5 12.5 100 
100 100 > 100 

6.25 6.25 25 
> 100 > 100 > 100 

50 100 > 100 
> 100 > 100 > 100 

25 50 25 
25 50 50 

100 100 > 100 
50 50 > 100 

3.12 3.12 50 
> 100 > 100 > 100 

50 50 100 
50 50 > 100 

Sporotrichum 
schenckii 
s 177 

25 
> 100 

6.25 
> 100 
> 100 
> 100 

50 
50 

> 100 
25 

3.12 
> 100 
> 100 
> 100 

Candida Candida 
albicans albicans 

Torulopsis 

S 124 
glabrata 

s9 S 244 

50 
100 

6.25 
200 

> 200 
> 200 

25 
25 

200 
100 

3.12 
> 200 

25 
200 

25 50 
100 100 

6.25 
200 

> 200 
> 200 

50 
25 

100 
50 
50 

> 200 
12.5 

100 

12.5 
> 200 
> 200 
> 200 

25 
25 

100 
100 

3.12 
> 200 

50 
100 

Table V. Germ tube test of azasqualenes and derivatives on Candida 
albicans (S 124) (&ml). 

Compd Value Compd Value Compd Value 

f 12.5 6.25 11 13 > 100 25 17 18 3.12 

4 3.12 14 < 1.56 21 :: 
7 25 15 12.5 23 12.5 
8 > 100 16 25 

as a function of the added azasqualene concentration, we 
obtained an index of membrane perturbation [2, 60, 611. 

Results are given in Figs. 1 and 2. These indicate that 
the quaternary ammonium compounds are particularly 

powerful in inducing leakage of 6-carboxyfluorescein from 
liposomes and that azasqualenes and derivatives bearing 
a double tertiary amine or quaternary ammonium function 
displayed a higher activity. The simple 2-aza-2,3-dihydro- 
squalene 1 and the corresponding N-oxide 6 affected the 
liposomal membrane to a much lesser extent, at least at a 
high phospholipid/compound ratio. As expected, when this 
latter ratio decreases, the compounds become more powerful. 
A similar cytotoxic behavior of 1 was noted with 3T3 
fibroblasts, which varied, depending upon cell concentration 
[62]. As already seen for miconazole and derivatives 
D-91, azasqualenes, in addition to their anti-fungal 
activities, are active against gram-positive bacteria. Since 
bacteria do not contain ergosterol in their cell membranes, 

100 

90 

10 
-6 

10 -5 10 -4 

Fig. 1. Activity of azasqualenes and derivatives on liposomes. Liposome concentration = 1.6 mM; abscissa: compound 
concentration (M); ordinate : percent of fluorescence compared to total leakage induced by Triton X-100 (final concen- 
tration = 0.5%). 
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Fig. 2. Activity of azasqualenes and derivatives on liposomes. Liposome concentration = 16 mM; 
abscissa: compound concentration (M); ordinate: percent of fluorescence compared to total leakage 
induced by Triton X-100 (final concentration = 0.5%). 

it is clear that azasqualenes affect other cellular functions. 
Gram-positive bacteria, in comparison with fungi or gram- 
negative bacteria, have quite a simple cell wall, composed 
of a rigid peptidoglycane layer, which allows foreign mole- 
cules to enter without much difficulty [63]. Thus, amphi- 
philic molecules such as azasqualenes, which are positively 
charged at physiological pH could easily interact with the 
negatively charged bacterial cell membrane, inducing a 
change in lipid organization, similar to that observed in 
liposomes. 

In order to study the structure-activity relationships, 
we decided to modify the structure of azasqualenes: 1) by 
saturating the double bond system; 2) by oxidating the 
tertiary amino group to N-oxide; 3) by introducing an 
additional polar group to the basic squalene carrier. By 
hydrogenation of the squalene carrier in the azasqualene 
molecules, both anti-bacterial and anti-fungal activities were 
almost completely lost. The N-oxide derivatization, which 
usually resulted in higher inhibitory activities of animal 
and higher plant sterol biosyntheses [28, 311, greatly reduced 
the anti-microbial activity, without affecting the capacity 
to inhibit mycelium formation (Tables III, IV and V). 
Quaternarization, or the doubling of the tertiary amine 
function in the azasqualene molecules, enhanced the non 
specific activity against fungi, gram-positive and also gram- 
negative bacteria, as exemplified by squalene bis-diethyl- 
methylammonium iodide 14, which proved to be the most 
active compound of the series (Tables III, IV and VI). 
The modification of the structure of azasqualene led to a 
loss of the anti-microbial activity and to an increased ‘non 
specific’ activity, the only exception being the N-oxide 
derivatives, which showed a specific action as inhibitors 
of mycelium formation. Presumably, a combination of 

Table VI. MZC values &g/ml) of squalene diethylmethylammonium 
iodide 14 against different strains of gram-positive and gram-negative 
bacteria. 

Bacterium (G+) MZC Bacterium (G+) MZC 

Staph. aureus Strept. pyogenes 
S’G 511 2.5 ATCC 29218 1.563 
Smith ATCC 29506 2.5 NCIB 8884 3.125 
209P 2.5 Strept. aronson 
ATCC 10390 5 ATCC 29217 3.125 
s 555 2.5 Strept. pneumoniae 
S 736 2.5 ATCC 6301 3.125 
s 1147 2.5 Strept. faecalis 
S 1231 2.5 ATCC 29505 6.25 

Staph. epidermis S 872 6.25 
NCIB 8853 0.781 

Bacterium (G-) MZC Bacterium (G-) MZC 

Pseudom. aeruginosa 
NCIB 950 
s 493 

E. coli 
s2 
s 71 
S 118 
s 170 

Salm. typhimurium 
ATCC 29509 

Klebsiella pneumoniae 
ATCC 29519 
ATCC 29518 
ATCC 29516 
ATCC 10031 
s 1133 

100 
100 

> 100 
100 

100 

> 100 
12.5 

> 100 
12.5 

> 100 

Enterob. cloacae 
ATCC 15012 
ATCC 23355 
S 964 

Enterob. agglomerans 
S 581 

Serratia marcescens 
ATCC 9103 
ATCC 25179 
NCIB 1377 

Proteus mirabilis 
S 644 
S 1438 

Proteus vulgaris 
ATCC 29513 
ATCC 13315 

Proteus morganii 
NCIB 232 

> 100 
> 100 

100 

100 

> 100 
> 100 
> 100 

> 100 
> 100 

100 
100 

> 100 
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sterol deficiency and heavy intracellular accumulation of 
squalene or squalene 2,3-epoxide [30] could deeply affect 
the formation of yeast mycelia, whereas budding cells seem 
to be more resistant. 

In conclusion, though the effects of azasqualene deri- 
vatives on sterol biosynthesis have been am‘ply demonstrated 
[29-311, their relation to the growth inhibitory action on 
fungi remains to be clarified. 

Indeed, as previously shown by some other anti-fungal 
drugs [l---9], azasqualene derivatives showed a ‘non specific’ 
component in their biological actions, which appeared 
both in their anti-bacterial activities and in their capacities 
to induce leakage from liposomes. These activities increased 
for the bis-functional derivatives 13 and 14, which could be 
similar to those found for the cationic analogue amphiphilic 
molecules as membrane perturbators. 

Experimental protocols 

lH NMR spectra were recorded either on a Jeol GX 270 or on a Varian 
T-60 spectrometer, in CDCl, solution; the chemical shifts are given 
in 6 units, with TMS as the internal standard. Mass spectra were 
performed either on a Kratos MS 80 or on a VG analytical 7070 EQ-HF 
spectrometer by electron impact, in high resolution (6000), electron 
energy 70 eV, trap current 100 PA, spring temperature 230°C. IR 
spectra were recorded either on a Perkin-Elmer 267 or on a Perkin- 
Elmer 781. 

The phrase ‘the product was worked up in the usual way’ summarizes 
the following procedure: the crude reaction mixture was diluted with 
water and extracted with petroleum ether, the organic layer was washed 
with saturated brine, dried over anhydrous sodium sulfate and evapo- 
rated to dryness irz vacua. 

N,N-Dimethyldodecylamine 19 and the corresponding N-oxide 23 
were availably commercially. 

For isolation, purification and identification, the following techniques 
were used: 1) column ‘flash chromatography’ [64]: an air pressure 
column chromatography which has been optimized for rapid separa- 
tions. A column of aanroariate diameter is selected and filled with 
15-30 cm of the appiopriate silica gel (23-00 mesh), the sample 
is introduced and the column is eluted at a hiah flow rate. 2) Thin-laver 
chromatography (TLC): Merck silica gel-60 F,,, , 0.2’ mm coaied 
plates for analytical purposes were used. After development, the plates 
were exposed to iodine vapors. 

Squalene monobromohydrin: 3-bromo-2,6,10,15,19,23-hexamethykT,lO, 
14,18,22-tetracosapentaen-2-01 (all E) 28 
Squalene (41.1 g: 0.10 mol) was dissolved in THF (250 ml), upon 
cooling at O°C, and then water was added until the solution became 
opalescent. Then a small amount of THF was added to clear the 
solution. NBS (21.4 g: 0.12 mol) was added, over a period of 30 min 
at O°C, and then left-for 1 h at room temperature, under stirring. The 
product was worked up in the usual way and the resulting oil was 
purified by ‘flash chromatography’ (petroleum ether to remove all 
the unreacted squalene, then petroleum ether/diethyl ether, 95:5) 
to give 17.8 g (35%) of 28 as a pale yellow oil. 

Squalene 2,3-epoxide: 22,23-epoxy-2,6,10,15,19,23-hexamethy1-2,6,10,14, 
IS-tetracosapemtaene (all E) 27 
K&O, (13.8 g: 0.10 mol) was dissolved in methanol (300 ml), squalene 
monobromohydrin 28 (25.4 g: 0.05 mol) was added, and the mixture 
was stirred for 2 h at room temperature. The product was worked up 
in the usual way; it was obtained in an essentially pure form and was 
used directly in the next step. 

1,1’,2-Tris-nor-squalene aldehyde: 4,8,13,17,21-pemumethyl-4,8,12,16,20- 
docosapentaenal (all E) 26 
HIO,* 2H,O (13.7 g : 0.06 mol) was quite completely dissolved in 
diethyl ether (600 ml), under vigorous stirring, the crude squalene 2,3- 
enoxide was added and allowed to react for 10 min, under stirring. 
The product was worked up in the usual way and the resulting oil 
was purified by ‘flash chromatography’ (petroleum ether/diethyl 
ether, 95:5), to give 19.2 g (96 % yield from 28) of 26 as a colorless oil. 

Squalene dibromohydrin: 3,22-dibromo-2,6,10,15,19,23-hexamethyl-6,10, 
14,18-tetracosatetraen-2,23-diol (all E) 30 
Squalene (41.1 g: 0.10 mol) was dissolved in THF (400 ml), upon 
cooling at O°C and water was added until the solution became opalescent. 
Then a small amount of THF was added to clear the solution. NBS 
(35.6 g: 0.20 mol) was added, over a period of 30 min and then left 
for 1 h at room temperature, under stirring. The product was worked 
up in the usual way and the resulting oil was purified by ‘flash chroma- 
tography’ (petroleum ether to remove traces of unreacted squalene, 
then petroleum ether/diethyl ether, 95:5 for monobromohydrin, finally 
petroleum ether/diethyl ether, 90:10), to give 18.1 g (30%) of 30 as 
a pale yellow oil. 

Squalene 2,3 :22,23-diepoxide: 2,3:22,23-diepoxy-2,6,10,15,19,23-hexa- 
methvl-6S0.14,18-tetracosatetraene (all Ej 31 
30 (30.2 g: 0.65 mol) was treated with K,CO, (25.7 g: 0.2 mol), under 
the same conditions as described for 27. The crude product was obtained 
in an essentially pure form and was used directly in the next step. 

C,,-Dialdehyde: 4,8,13,17-tetramethyl-4,8,12,16-icosatetraendial (all E) 
32 
The crude squalene 2,3 :22,23-diepoxide 31 was treated with HIO, l 2H,O 
(27.4 g: 0.12 mol), reacted and purified under the same conditions 
as described for 26, to give 16.8 g of 32 as a colorless oil (94% yield 
from 30). 

Method A. Squalene diethylamine: N,N-diethyl-4,8,13,17,21-pentamethyl- 
4,8,12,16,20-docosapentaertylamine (all E) 2 
1.1’.2-Tris-nor-soualene aldehyde 26 (1.0 g: 2.6 mmol) was dissolved 
in &hydrous THF (20 ml) and diethylamine (1.9 g:. 26 mmol) was 
added under stirring at O°C. A solution of HCI in anhydrous THF 
was added dropwise up to pH 3, followed by NaBH,CN (163 mg: 
2.6 mmol). After stirring at room temperature for 30 min, the product 
was worked up in the usual way and purified by ‘flash chromatography’ 
(methanol as eluant) to give 528 mg (46%) of 2 as a colorless oil. 

Method B. Squalene bis-diethylamine: 3,24-diethyl-7,11,16,20-tetra- 
methvl-3.24-diaza-7.ll.l5.19-hexacosatetraene (all E) 13 
32 (i g:‘2.8 mmolj was treated with NaBHaCN (352 mg: 5.6 mmol), 
under the same conditions as described for 2 and purified in the same 
way to give 542 mg of 13 (41% yield). 

Method C. Squalane diethylamine: N,N-diethyl-4,8,13,17,21-pentamethyl- 
docosylamine 9 
Pd/C (10% Pd; 50 mg) was added to absolute ethanol (100 ml), under 
stirring and then the suspension was put under H, atmosphere. Squa- 
lene diethylamine 2 (1 g: 2.26 mmol) was added and left for 24 h under 
H, atmosnhere, unon stirring. The suspension was filtered to remove 
thi catalyst and concentratedin vacua. The crude product was purified 
by a short ‘flash chromatography’ (methanol as eluant), to give 929 mg 
of 9 (91% yield), as a colorless viscous oil. 

Method D. Squalene diethylamine N-oxide: N,N-diethyl-4,8,13,17,21- 
uentamethvl-4.8.12.16.20-docosauentaenilamine N-oxide (all E) 7 
Squalene diethylamine 2 (300 mg: 0.679 mmol) was dissolved in metha- 
nol (1 ml) and 30 % H,O, was added. The solution immediately became 
turbid. The reaction mixture was left for 12 h at room temnerature. 
under stirring; during this time the reaction mixture cleared. Petrol 
ether (50 ml) was added, the binhasic system was cooled to O°C, vigo- 
rously‘stirred, and MnO, was added in catalytic amounts to decompose 
HzOz . When the decomposition of H,Os was complete, the suspension 
was dried over NasS04, filtered and concentrated in vacua. The crude 
product was purified by ‘flash chromatography’ (methanol as eluant), 
to give 280 mg (90% yield) of 7 as a colorless oil. 
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Method E. Squalane diethylamine N-oxide: N,N-diethyl-4,8,13,17,21- 
pentamethyldocosylamirte oxide 12 
Squalane diethylamine 9 (300 mg: 0.664 mmol) was dissolved in chloro- 
form (5 ml) and MCPBA (244 mg: 1.416 mmol) in chloroform (5 ml) 
was added at OOC, under stirring. After 1 h, the reaction mixture was 
washed with NaHCO, 10% (50 ml x 3), saturated brine (50 ml x 2), 
dried over Na,SO, and concentrated in vacua. The crude product 
was purified by ‘flash chromatography’ (methanol as eluant), to give 
273 mg (88% yield) of 12 as a colorless oil. 

Method F. Squalane bis-diethylamine N-oxide: 3,24-diethyl-7,11,16,20- 
tetramethyl-3,24-diazahexacosane-3,24-dioxide 18 
16 (300 mg: 0.624 mmol) was treated with MCPBA (323 mg: 
1.872 mmol), under the same conditions as described for 12 and purified 
in the same way, to give 269 mg of 18 (84% yield). 

Method G. Squalene diethylmethylammonium iodide: diethylmethyl-4,8, 
13,17,21-pentamethyl-4,8,12,l6,20-docosapentaenylammonium iodide (all 
E) 5 
Squalene diethylamine 2 (100 mg: 0.226 mmol), absolute ethanol 
(10 ml), K&O, (625 mg: 4.52 mmol), CH,I (321 mg: 2.26 mmol) 
were added sequentially and the reaction mixture was heated under 
reflux for 15 h. After evaporation of ethanol, water (50 ml) was added, 
the reaction mixture extracted with dichloromethane (50 ml x 3), 
dried over anhydrous Na,SO, and evaporated in vacua, to give 132 mg 
of 5. 

N,N-Diethyldodecylamine 20 
Diethyl sulfate (1.4 ml: 10.8 mmol) was added to dodecylamine (lg: 
5.39 mmol) and heated at 100°C for 2 days. The reaction mixture 
was cooled, added to an aqueous solution of KOH (10%) and extracted 
with dichloromethane (50 ml x 3). The organic phases were washed 
with lo”/, KOH (50 ml x 2). saturated brine (50 ml x 3). dried over 
anhydrous Na,SC4 and evaporated in vacua. The crude product was 
purified by ‘flash chromatography’ (methanol as eluant), to give 243 mg 
(21 ‘A yield) of 20. 

Microbiology 

Anti-bacterial activity 
The anti-bacterial activity in vitro of azasqualenes and derivatives 
1, 2, 7, 8, 11, 13-18, 23 was investigated against gram-positive and 
gram-negative bacteria (Table III). 

Minimal inhibitory concentrations (MIC) were determined in 
trypticase soy broth (BBL) in a microsystem (Dynatech MIC 200). 
Substances were dissolved in DMSO and further diluted in 2 
steps in broth. Bacterial strains (Sandoz Research Institute Culture 
Collection) were stored in liquid nitrogen and the inoculum was prepar- 
ed immediately after thawing, by adjusting the concentration to 
105--lo6 cfu/ml in broth. After an 18 h incubation period at 37%!, 
the MIC was determined. 

Test compound 14, which showed the highest anti-bacterial activity, 
was subjected to the in vitro II screen (Table VI) and MZC was deter- 
mined. 

Anti-jiingal activity 
The in vitro anti-fungal activity of tested compounds was determined 
against dermatophytes, moulds, biphasic fungi and yeasts (Table IV). 

Yeast blastospores were obtained from a 30 h shaken culture incu- 
bated at 30°C in Sabouraud dextrose 2 % broth, whereas the filamentous 
fungi inoculum was scraped with a spatula from a 21 day old culture 
on Kimmig’s agar. This macerate was then finely suspended in Sabou- 
raud dextrose 2% broth, using a dass homogenizer. 

The minimal inhibitory con&t&ion (MZr?) was determined by a 
serial dilution technique using Sabouraud dextrose broth (PH 6.8). 
The test compounds were dissolved in DMSO and further diluted 
with a dilution factor of two on autotrav-microtiter mates and 0.1 ml 
of the corresponding dilution plus 50 Ll of the fungal culture were 
added to 50 ~1 of sterile medium. The plates were incubated for 7 days 
(dermatophytes and dimorphic fungi),-72 h (moulds) or 48 h (yeasts), 
at 30°C and 60% relative humidity. The MIC was taken to be the 
lowest concentration of test substance in the nutrient medium at 
which, compared with growth controls, non macroscopic signs of 
fungal growth were detectable. 

Germ tube test inhibition 
The GTT was defined as the lowest concentration of the tested com- 
pounds which totally suppressed the formation of mycelia when 
blastospores of Candida albicans (500 cfu ml-l) were incubated for 
24 h at 37OC in a 5% CO, atmosphere (Table V). 

The GTT was carried out by serial dilution with a microtitration 
technique using microtiter plates filled with MEM++ medium (Gibco 
nr 410-1100 + 0.292 g glutamine IL + 2 g NaHCO,/l + 10% fetal 
calf serum) and inoculated with blastospores of Candida albicans 
(500 cfu ml-l). The plates were read using an inverted microscope 
after an incubation period of 24 h at 37OC in a 5% CO, atmosphere. 
As a control. a strain of Candida albicans (S 124) was chosen. which 
upon cultivation in Eagle’s medium containing fetal calf serum, was 
able to form mycelia from the inoculated blastospores. 

Surfactant activity 
Snrfactant activity of azasqualene derivatives 1, 4-6, 13, 14 was 
assayed using a fluorimetric method, with cationic rhodamin 6G as 
the fluorescent probe [56]. Fluorimetric titrations were performed by 
several additions of small aliquots of the test compound-to a solution 
of rhodamine 6G at 25%. The excitation and the emission wavelengths 
were at 480 and 550 nm, respectively. No change in fluorescence is 
observed as long as only monomers are present in solution. In the 
presence of micelles, fluorescence is quenched with a linear dependency 
on the surfactant concentration. The intersection of the two straight 
lines gives the critical micellar concentration (CMC). 

Membrane perturbation 
The induction of liaosome leakage bv azasoualenes and derivatives 
1, 4-6, 13, 14, was studied using iarge unilamellar vesicles [59] which 
had encapsulated 40 mM 6-carboxvfluorescein 160. 611. The concen- 
tration-dependent self-quenching -of 6-carboxyfluorescein permits 
leakage from liposomes to be monitored continuously [65]. The 
entrapment of the compounds in the vesicles was obtained when an 
aqueous phosphate buffer containing compounds to be encapsulated 
was introduced into a mixture of phospholipid (egg PC [66] and choles- 
terol 50:50 mol/mol) and organic solvent (diethyl ether). Subsequently, 
the two phase system was briefly sonicated and then the organic solvent 
evaporated under reduced pressure. The vesicles were separated from 
free dye by gel filtration over a Sephadex G-75 column eluted with 
5 mM HEPES, 100 mM NaCl (pH 7.4). Lipid phosphate was determined 
according to Bartlett [67]. Leakage exoeriments were nerformed at 
250C, with suspended vesicles (1.6or Ib mM phospholipid) in 2 ml 
of phosphate buffered saline (pH 7.4). Change of fluorescence, after 
addition of emulsions in the same buffer of azasqualenes and derivatives 
was recorded at X = 520 mn (h,,, = 490 nm) [60]. It was found 
convenient to plot the fluorescence change obtained five min after the 
addition of azasqualenes as a function of azasqualene concentration. 
The 100% fluorescence setting was obtained with a vesicle preparation 
containing 0.5% (v/v) Triton X-100. 
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