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Abstract—Six 3 H-spiro[benzofuran-2,1’-cyclohexane] derivatives were synthesized from naturally occurring filifolinol, and their
classical complement pathway inhibitory activity was determined. ICsy values of the most potent compounds were comparable
to the activity of the natural complement inhibitor K76-COOH and some synthetic tricyclic analogs of it.

© 2006 Elsevier Ltd. All rights reserved.

The complement system is an essential component of the
innate immune system, which takes part in various func-
tions of the adaptive immune response, provides a first
defense line against foreign pathogens, and allows the
clearance of immune complexes from the blood stream.!
Interestingly, however, abnormal activation of the com-
plement cascade such as that taking place in inflamma-
tory diseases, including xenotransplant rejection,
ischemia-reperfusion injury, and asthma, may be preju-
dicial and even fatal.> The increasing understanding of
the complement system has aroused considerable inter-
est in the development of complement inhibitors,
because these have been found to prevent disease pro-
gression and ameliorate the deleterious effects caused
by improper complement activation in established
diseases.?

The role of complement in disease and the profiles of
inhibitors currently being developed for potential use
in therapeutics, including Alzheimer disease, cardiac
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disease, and transplantation, have been extensively
reviewed.> However, well defined and characterized
low molecular weight complement inhibitors are scarce.
These inhibitors offer several advantages over large ther-
apeutic proteins and other polymers, in that they are
cost-effective, have better tissue penetration, and can
be developed for oral use. Such considerations are of
prime importance when the drug must be administered
over a long period of time, such as during management
of chronic autoimmune disorders.*

The broad-spectrum synthetic serine protease inhibitor
FUT-175 (1, futhan, nafamostat) proved non-specific
but useful (Fig. 1).° On the other hand, natural products
and their synthetic analogs also remain as highly attrac-
tive alternatives. Oleanolic acid (2) has been found to be
active®®® and some of its synthetic analogs have been
reported as inhibitors.® Analogously, the natural prod-
uct K76 (3a) and its derivative K76-COOH (3b) have
been described as potent inhibitors of the classical com-
plement pathway.’»® They have been synthesized”® ¢
and some of their partial analogs (4b-d and 5a, b) have
demonstrated remarkable activity in vitro.®

Interesting potency has been found among the tricyclic
analogs (4b-d) displaying the grisan skeleton 4a.° a
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Figure 1.

structural feature shared with the antifungal drug gris-
eofulvin (6) and other bioactive compounds, such as
the novel myo-inositol monophosphatase inhibitor
L-671,776'%* and the ichthyotoxic terpenoids isochro-
mazonarol,'%® stypodiol (7a) and stypotriol (7b).!0d
Common features of 3b and its most active analogs
are the presence of a comparatively polar benzofuran
part, carrying a carboxylic acid unit attached to the aro-

HO
15 R= CH,OH
h[. 16 R-cHO

AcO

HO

20 R=H, R'= Ac
21 R=Ac, R'=H

22 R=H, R'=Ac
23 R=Ac, R'=H

matic moiety and usually spiro-fused to a low polarity
hydrocarbon skeleton. These cyclohexane- or decalin-
based skeletons may also carry alcoholic functions.

Filifolinol (8) is a naturally occurring 3 H-spiro[benzofu-
ran-2,1’-cyclohexane] which has recently been isolated in
important quantities from Heliotropium filifolium Miers
(Boraginaceae).!'* The natural product, which has
evidenced antiviral activity,''® displays many of the
key structural features of the K76-COOH-based com-
plement inhibitors 4b—d. Herein, we report the synthesis
of six simple derivatives of filifolinol, which can be
regarded as BCD ring analogs of K76-COOH, and dis-
close the results of their classical complement pathway
inhibitory activity.

Thus, mild hydrolysis of 8 (LiOH, THF-H,0) furnished
acid 10 in 80% yield (Scheme 1).!? For the synthesis of
acid-nitrile 14, filifolinol was first transformed into
acetate 9 (Ac,O and Et3N) in 92% yield, which was sub-
jected to electrophilic bromination, yielding 91% of bro-
mide 11a. In turn, this was transformed into the
corresponding cyanide 13 in 55% yield, with ZnCN,
and catalytic amounts of Pd(PPhs)4 in dry DMF, under
microwave irradiation.

Interestingly, the thermally heated version of this reac-
tion gave very low yields of 13 and extensive decompo-
sition of bromide 11a took place. Final basic hydrolysis
of 13 (LiOH, THF-H,0) furnished 72% of the desired
acid-nitrile 14. On the other hand, compound 12 was
easily accessed as a white, high melting point solid by
basic hydrolysis of 11a. Interestingly, however, it was
found that direct bromination of 8 with bromine in

Scheme 1. Reagents and conditions: (a) LiOH, THF-H,O, rt, 2 h (80%); (b) Ac,0, EtsN, CH,Cl,, rt, overnight (92%); (c) Bry, AcOH, 0 °C — rt,
overnight (9 — 11a, 91%); (d) LiOH, THF-H,O, rt (82%); (e) Zn(CN),, Pd(PPhs)4 (5 mol%), DMF, microwaves, 400 W, 55 min (55%); (f) LiOH,
THF-H,O0, rt, 2 h (72%); (g) LiAlH4, THF, rt, 3 h (95%); (h) BaMnO,, CH,Cl,, reflux, 48 h (91%); (i) m-CPBA, CHCl;, 55 °C, 1.5 h (85%); () 10%
NaHCOs;, THF-H,O0, rt, 4 h (80%); (k) Ac,O, pyridine, DMAP, CH,Cl,, rt, overnight (75%); (1) hexane, hv (254 nm), rt, 2 h (63%); (m) NaOH,
THF-H,0, 2 h, rt (100%).
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glacial AcOH provided 11b albeit in very low yields
(<20%).

The synthesis of phenol 18 was initiated with the LiAlH4
reduction of 8 to diol 15, which was selectively oxidized
with barium manganate to the corresponding aldehyde
16. Then, Baeyer Villiger oxidation of the latter with
m-CPBA afforded formate 17 in 85% yield, which was finally
hydrolyzed (10% NaHCO;, THF-H,0), giving 80% of 18.

Finally, when formate 17 was treated with Ac,O-pyri-
dine, it was smoothly transformed into diacetate 19 in
75% yield. Irradiation of 19 in hexane at 254 nm effected
its photo-Fries rearrangement, providing a 2:1 mixture
of derivatives 20 and 21 in 63% combined yield. These
acetophenone-acetates were quantitatively hydrolyzed
(NaOH, THF-H,0) to 22 and 23, respectively, prior
to being assayed.

Next, the ability of the above-described compounds to
inhibit the classical complement pathway was tested.
For the estimation of the degree of inhibition, a modifi-
cation of the method of Weisman and co-workers was
employed,’®!3 with the results collected in Table 1.!4

These indicate that the novel and easily available acids
10, 12, and 14 as well as phenol 18 and acetophenone
23 display activity comparable to that of the monocar-
bonyl K76-COOH analogs, such as 4¢, being their
potencies within the same order of magnitude of 3b.
On the other hand, acetophenone 22 was active but
evidenced solubility problems. Interestingly, functional-
ization of C-7 (12 and 14 vs. 10) decreased ICsy among
the acids while, surprisingly, phenol 18 displayed
remarkable potency, exhibiting an ICsy value slightly
lower than K76-COOH.

Previous findings have shown that a phenolic hydroxyl
group was important for the activity of ACD-ring acid

Table 1. Classical complement pathway inhibition by filifolinol
derivatives

Entry no.  Compound ICso * (uM)  ICs" (ng/mL)
1 10 2000 580
2 12 950 350
3 14 1320 415
4 18 455 260
5 22 b _
6 23 1070 320
780 K76-COOH (3b) 570 238
g8e 4b 1300 341
98e 4c 820 214

10% 4d 160 44

118 5b 1600 515

# Concentration required to inhibit complement induced hemolysis by
50% compared to the control (without test compound). Values
reported were obtained by interpolation in the corresponding con-
centration/inhibition (%) plots. Samples were run in duplicate.
Results are within the 5% error.

®At a concentration of 253 pg/mL, acetophenone 22 produced
17% * 5% inhibition. Poor solubility of the compound precluded
testing more concentrated solutions.

analogs of K-76 (5a,b)® and that methyl ethers were more
active than their corresponding free phenols among the
BCD-ring analogs (4b—d).° In the present case, however,
the acids 10, 12, and 14 were active despite the absence
of methyl ether or free phenol moieties. In addition, the
compounds retained activity regardless of the fact that
the carboxyl group was attached to the aromatic ring para
to the benzofuran oxygen and not meta as in 3b. Other
interesting finding from this series of compounds was
that, as observed in the cases of 3a/3b and their lower
analogs,®® the carboxylic acid moiety conveniently
imparted better solubility to the compounds. However,
results of 18 and 23 also suggest that a carboxyl group
may not be essential for activity.

In conclusion, inspired by the structure of K76-COOH, we
have prepared six 3 H-spiro[benzofuran-2,1’-cyclohexane]
derivatives in short synthetic sequences from filifolinol, an
abundantly available natural product. We have also tested
their activity as inhibitors of the classical complement
pathway. Phenol 18 behaved as a good inhibitor, while
the acids 10, 12, and 14 exhibited lower but interesting
potency, despite the lack of a free phenolic hydroxyl group
in their structures. Acetophenone 23 was also active at the
low mM level. More functionalized inhibitors may display
improved potency; work toward this goal is in progress
and results will be diclosed in due time.
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2.23-2.48 (m, 1H, H-6'), 322(d 1H, J = 18.0, H-3,), 3.60—
4.60 (brs, 2H, OH and CO,H), 3.69 (d, 1H, J = 2.8, H-3'),
391 (d, 1H, J=18.0, H-3,), 7.76 (s, 1H, H4)and793(s
1H, H-6). 1%C NMR (acetone-dg, 50 MHZ) 815.90 (Me-6),
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33.46 (C-3), 37.37 (C-6'), 44.17 (C-2"), 77.65 (C-3’), 100.11
(C-2), 101.73 (C-7), 125.41 (C-5), 126.76 (C-4), 132.67
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[0]p? = —2.2 (¢ 1.39, CHCl;); IR (KBr) v 3500-2600,
2924, 2854, 1703, 1695, 1613, 1464, 1386, 1215, 1194, 1098
and 990 cm™~". "H NMR (CDCls, 200 MHz): § 0.79 (d, 3H,
J=6.5, Me-6),1.02 (s, 3H, Me-2', ) 1.20 (s, 3H, Me-2',),
1.50— 165 (m, 3H, H-4’ and HS’ o) 1.85-2.05 (m, lH
H-5,,),2.10-3.30 (br s, 2H, OHandCOzH) 2.23-2.48 (m,
1H, H6) 3.11(d, 1H,J = 18.0,H-3),3.74(d, 1H, J = 18.0,
H-3,), 3.73 (br t, 1H, J=2.8, H-3'), 7.97 (d, 1H, J=13,
H-6) and 8.11 (d, 1H, J = 1.3, H-4). '*C NMR (CDCls,
50 MHz): § 14.71 (Me-6'), 20.42 (Me-2',)), 22.16 (Me-2',,),
25.82 (C-5'), 28.66 (C-4"), 31.66 (C-3), %5 51 (C-6'), 42.61
(C-2"),76.90 (C-3"), 92.30 (C-2),100.95 (C-7), 115.00 (C-5),
122.03 (CN-7), 130.20 (C-4), 131.45 (C-3a), 134.24 (C-6),
165.80 (C-7a) and 169.57 (CO,H-5). HRMS (CI)—found:
316.15466 (M*+1); C;sH,,NO, requires 315.15488. Com-
pound 18— [o]5% = —23.5 (¢ 0.99, CHCl3); IR (film) v
3394, 3273,2928, 2850, 1496, 1244, 1190, 993 and 806 cm .
"H NMR (CDCls, 200 MHz): § 0.81 (s, 3H, J = 6.5, Me-6'),
1.02 (s, 3H, Me-2’eq), 1.12 (s, 3H, Me-2',,), 1.40-1.70 (m,
3H, H-4' and H-S’Cq), 1.70-2.40 (br s, 2H, 2x OH), 1.85-
2.07 (m, 1H, H-5',), 2.10-2.35 (m, 1H, H-6"), 2.98 (d, 1H,
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J=2.8,H-3'),6.52 (s, 2H, H-3 and H-4) and 6.61 (s, IH, H-
7). 3C NMR (CDCl;, 50 MHz): § 14.99 (Me-6'), 20.38
(Me-2’eq), 22.40 (Me-2',,), 25.94 (C-5), 28.74 (C-4'), 32.06
(C-3), 35.98 (C-6'), 42.57 (C-2"), 77.44(C-3"), 94.65 (C-2),
107.62 (C-7), 111.67 (C-4), 113.67 (C-6), 129.34 (C-3a),
148.91 (C-5) and 154.05 (C-7a). HRMS (CI)—found:
263.16496 (M*+1); CsH»303 requires 263.16472. Com-
pound 23— [0]p% = —19.8 (¢ 0.54, CHCl;); IR (film) v
3450, 2954, 2930, 2875, 2863, 1641, 1592, 1463, 1391, 1204,
1184, 1032, 943, 864, 776 and 604 cm™'. "H NMR (CDCl;,
200 MHz): & 0.86 (d, 3H, J=6.6, Me-6"), 0.97 (s, 3H,
Me.g-2'), 1.25 (s, 3H, Meay-2'), 1.41-1.75 (m, 3H, H-4' and
Hq-5"), 1.88-2.05 (m, 2H, OH-3' and H — 5',)), 2.23-2.41
(m, 1H, H-6), 2.68 (s, 3H, MeCO-4),3.29 (d, 1H, J = 17.8,
H-3y), 3.70 (t, 1H, J=2.9, H-3"), 3.82 (d, 1H, J=17.8,
H-3,),6.77 (d, 1H, J = 8.8, H-7), 6.94 (d, 1H, J = 8.8, H-6)
and 12.09 (s, 1H, OH-5). 3¢ NMR (CDCl;, OMHZ) 3
14.86 (Me-6"), 20.34 (Me.-2',), 21.07 (MeCO-4), 21.94
(Me-2',), 25.65 (C-5"), 26.11 (& 4"), 35.24 (C-3), 35.64 (C-
6, 41.66 (C-2%), 79.08 (C-3’), 93.38 (C-2), 116.78 (C-7),
117.01 (C-6), 117.42 (C-4), 126.38 (C-3a), 152.90 (C-7a),
156.89 (C-5) and 203.49 (MeCO-4). HRMS (CI)—found:
305.17552 (M™+1); CsH,504 requires 305.17529.

Weisman, H. F.; Batow, T.; Leppo, M. K.; Marsh, H. C;
Carson, G. R.; Concino, M. F.; Boyle, M. P.; Roux, K.
H.; Weisfeldt, M. L.; Fearon, D. T. Science 1990, 249, 146.
A pool of fresh human sera was diluted 1/50 and the
complement was titrated against a 0.85% suspension of
sensitized sheep erythrocytes (SRBCs). The serum was
further diluted with diluted Mayer buffer (DMB) according
to its titer. Compounds were tested as their sodium salts.
Accurately weighed 20 mg of each test compound was
dissolved in DMSO (120 pL) to which 1.0 equivalent of 2 N
NaOH was added, and the resulting solution was diluted to
10 mL with DMB giving a final concentration of 2.0
mg/mL. Then, appropriate volumes of the test compound
solution (0.1, 0.2, 0.3, 0.4, and 0.5 mL) were added into
S5-mL test-tubes, followed by DMB containing 1.2% DMSO
to a final volume of 1.0 mL. This was followed by addition
of 0.5 mL of diluted human complement and, after 20 min
at 37 °C, 0.5 mL of the SRBCs suspension. The tubes were
incubated at 37 °C for additional 30 min. After incubation,
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the tubes were centrifuged for 5 min at 2500 rpm to pellet
the intact SRBCs and the absorbances of the supernatants
were read at 410 nm against a blank processed in the same
form, but devoid of complement activity. Appropriate
100% lysis and vehicle controls (blank) were run concom-
itantly. Response data for complement inhibition were
calculated according to the following formula: Hemolysis
(Y> 0/0) = 100*(Atest - Ablank)/(AIOO - Ablank)a where Alest>

A0, and Ay are the absorbances of the test sample, the
100% hemolysis control, and the blank, respectively.
DMSO did not affect complement activity at the final assay
concentrations of 1.2%. Percent of hemolysis was plotted
(Origin 6.0 software) against concentration and I1Csq values
(concentration of test compound inhibiting 50% of the
hemolysis) were obtained by interpolation. Graphs were
linearized by plotting log [Y/(100 — Y)] vs. log [conc].
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