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The attachment of an arylacetic or benzoic acid moiety to the thiopyrano[2,3,4-c,d]indole nucleus 
results in compounds which are highly potent and selective 5-lipoxygenase (5-LO) inhibitors. 
These compounds are structurally simpler than previous compounds of similar potency in that 
they contain a single chiral center. From the data presented, 2-[[l-(3-chlorobenzyl)-4-methyl-
6-[(5-phenylpyridin-2-yl)methoxy]-4,5-dihydro-lflr-thiopyrano[2,3,4-c,rf]indol-2-yl]methoxy]-
phenylacetic acid, 14b, was shown to inhibit 5-hydroperoxyeicosatetraenoic acid (5-HPETE) 
production by human 5-LO (ICs0 of 18 nM). The acid 14b is highly selective as an inhibitor of 
5-LO activity when compared to the inhibition of ram seminal vesicle cyclooxygenase (IC50 > 
5 [iM) or human leukocyte leukotriene A4 (LTA4) hydrolase (IC50 > 20 /^M). In addition, 14b 
was inactive in a 5-lipoxygenase-activating protein (FLAP) binding assay at 10 /iM. In vivo 
studies showed tha t 14b is bioavailable in ra t and functionally active in the hyperreactive ra t 
model of antigen-induced dyspnea (74% inhibition at 0.5 mk/kg po; 2 h pretreatment). In the 
conscious squirrel monkey model of asthma, 14b showed excellent functional activity at 0.1 
mg/kg against antigen-induced bronchoconstriction (94% inhibition of the increase in RL and 
100% inhibition in the decrease in Cdyn; n = 4). Resolution of this compound gave (-)-14b, the 
most potent enantiomer (IC50 = 10 nM in the human 5-LO assay), which was shown to possess 
the S configuration at the chiral center by X-ray crystallographic analysis of an intermediate. 
Subsequent studies on the aryl thiopyrano[2,3,4-c,d]indole series of inhibitors led to the 
discovery of potent dual inhibitors of both FLAP and 5-LO, the most potent of which is 2-[[l-
(4-chlorobenzyl)-4-methyl-6-(quinolin-2-ylmethoxy)-4,5-dihydro-lif-thiopyrano[2,3,4-c,d]indol-
2-yl]methoxy]phenylacetic acid, 19. Acid 19 has an IC50 of 100 nM for the inhibition of 5-HPETE 
production by human 5-LO and is active in a FLAP binding assay with an IC50 of 32 nM. 
Furthermore, thiopyrano[2,3,4-c,d]indoles such as 1 and 14b are capable of inhibiting the LTC4 
synthase reaction in a dose dependent manner (IC50S of 11 and 16 ^M, respectively, compared 
to that of LTC2 at 1.2 JUM) in contrast to other, structurally distinct 5-LO inhibitors. It has 
also been observed that the thiopyrano[2,3,4-c,d]indole class of compounds strongly promotes 
the translocation of 5-LO from the cytosol to a membrane fraction in the presence or absence 
of the ionophore A23187. The membrane-bound 5-LO retains its activity, and this association 
with the membrane is not reversed with the FLAP inhibitor MK-886. These observations, in 
part, support the hypothesis that these compounds act by binding at the arachidonic acid-
binding site on FLAP, 5-LO, and LTC4 synthase and that the thiopyrano[2,3,4-c,d]indole is 
capable of mimicking an active conformation of arachidonic acid. 

Introduction 

The biotransformation of arachidonic acid by 5-lipoxy
genase (5-LO)1 occurs by oxygenation to produce 5-hy
droperoxyeicosatetraenoic acid (5-HPETE) followed by 
the conversion of 5-HPETE (by the same enzyme) into 
the unstable epoxide leukotriene A4 (LTA4). This ep
oxide can then be transformed into the proinflammatory 
mediator LTB4. Alternatively, LTA4 can be conjugated 
with glutathione to yield LTC4 from which LTD4 and 
LTE4 are generated. A crucial factor in the production 
of LTA4 is the involvement of a membrane-bound 
protein, 5-lipoxygenase-activating protein (FLAP), which 
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has been shown to be required for leukotriene biosyn
thesis.2 The leukotrienes thus produced have been 
implicated in a variety of disorders3 which include 
asthma, rheumatoid arthritis, and inflammatory bowel 
disease. It has recently been shown that inhibitors of 
LT biosynthesis (either by FLAP inhibitors or by 5-LO 
inhibitors)4 or LTD4 receptor antagonists5 have clinically 
significant effects in the treatment of asthma. 

We have recently described a novel class of 5-LO 
inhibitors based on the thiopyrano[2,3,4-c,d]indole ring 
system.6 These compounds have been shown to inhibit 
5-LO in a manner which is consistent with the formation 
of a reversible dead-end complex.7 From this class, 2-[2-
[l-(4-chlorobenzyl)-4-methyl-6-[(5-phenylpyridin-2-yD-
methoxy]-4,5-dihydro-lif-thiopyrano[2,3,4-c,d]indol-2-
yl]ethoxy]butanoic acid (1, L-699,333) has been shown 
to be a selective and potent inhibitor of 5-LO which has 
oral activity in a number of animal models of asthma 
and inflammation. 

0022-2623/95/1838-4538$09.00/0 © 1995 American Chemical Society 
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4-CIC6H4 

1 (L-699,333) 

In this paper we will describe the preparation and 
biological evaluation of a second generation of com
pounds which are structurally simpler than 1 in that 
they lack the chiral center a to the acid. The compounds 
detailed herein contain arylacetic or aryl carboxylic 
acids on the C-2 side chain and are potent, selective 
inhibitors of 5-LO which display oral efficacy in animal 
models. 

Also, with knowledge from our previous work on 
FLAP inhibitors, we have been able to combine the 
salient features from each class to generate the first 
potent dual inhibitors of both FLAP and 5-LO. The 
results of these studies and the implication with regard 
to the interplay of arachidonic acid with FLAP and 5-LO 
will be discussed. In addition, some further observa
tions on the interaction of the thiopyrano[2,3,4-c,d]-
indole compounds with 5-LO and LTC4 synthase will 
be presented. 

Chemistry 

Compounds containing a 5-phenyl-2-pyridylmethoxy 
substituent at C-6 of the thiopyrano[2,3,4-c,d]indole ring 
were prepared from the known alcohols 2 and 36 '8 using 
the synthetic routes shown in Schemes 1 and 2. For 
the carba analog (Scheme 1), the alcohol 2a was oxidized 
to the aldehyde 4 using Mn02, and this was then 
condensed with the Wittig reagent generated from 5. 
The resulting alkene 6 (mixture of double-bond isomers) 
was reduced using EtsSiH and BF3«OEt2 in CH2CI2, and 
subsequent hydrolysis of the nitriles under forcing 
conditions then provided the desired acid 7. 

Scheme 2 describes the preparation of compounds 
containing an O or S linkage in the acid-bearing side 
chain. The direct introduction of a thiobenzoic acid 

moiety onto 2 (to give 8) was achieved by stirring 2 with 
2-thiosalicylic acid and BFs-OEt2 in 1,2-dichloroethane. 
For the homologous compound, acid 9, the starting 
alcohol 3 was transformed into the corresponding 
bromide which was then displaced with the anion 
derived from 2-thiosalicylic acid using NaH in DMF. The 
ether 10 was synthesized by coupling 2 with 2-(bro-
momethyDbenzonitrile followed by hydrolysis of the 
nitrile to the acid. The remaining ether compounds 
(11-15) were assembled from 2 or 3 and the appropriate 
phenolic ester using a Mitsunobu reaction followed by 
saponification. 

In order to prepare optically pure 14b, the intermedi
ate phenol 16 was separated by HPLC using a Chiralcel 
AS column to give the pure enantiomers (+)- and (—)-
16 (Scheme 3). These were then alkylated with 2-(chlo-
romethyl)-5-phenylpyridine using CS2CO3 in DMF/CH3-
CN to give (+)- and (—)-2b, respectively, which were 
transformed, as before, into (+)- and (—)-14b. 

The compounds incorporating various nitrogen het-
erocycles at C-6 were prepared from the known phenol 
17 as shown in Scheme 4. Coupling of 17 with the 
appropriate alkyl halide using CS2CO3 in DMF afforded 
18 which was then transformed into the target acids 
19 (cf. Scheme 2, step c) and 20a—d (cf. Scheme 2, step 
a). 

Results and Discussion 

Selective 5-LO Inhibitors. The potent 5-LO inhibi
tor 1 possesses two asymmetric centers—one at the 
carbon bearing the methyl group on the thiopyran ring 
and the second a to the acid group. This, then, is a 
mixture of four possible diastereomers. We sought to 
reduce the degree of complexity present in this molecule 
by removal of a chiral center. Since we have shown in 
a related series that a methyl-substituted thiopyran ring 
is optimum for activity,9 attention was focused on 
removal of asymmetry on the acid-bearing chain. One 
avenue that was explored was the incorporation of an 
aromatic ring wherein the phenyl ring is able to occupy 
the same lipophilic site as the ethyl side chain of 1. The 
results for these interphenylated compounds are given 
in Table 1. The carba analog 7 was significantly less 
potent than 1 at inhibiting the human 5-LO reaction. 

Scheme 1° 

CH2OH 

4-CIC6H4 

CN 
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XX,o 
(b) 

CO2H 

4-CIC6H4 ' 4-CIC6H4' 

6 7 
" Reagents: (a) MnO2, THF; (b) 5, KHMDS, THF, then 4; (c) Et3SiH, BF3-OEt2, CH2Cl2; (d) 8 N KOH, 2-(ethoxyethoxy)ethanol, 180 0C. 
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Scheme 2° 

HO2C, 

TPIa-CH2 
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MU 2 U 

HO2C 

CO2H 

a X = 4-CI 
b X = 3-CI 
C X = 4-F 
d X = 3-F 

T P I - ( C H 2 ) 2 - 0 - Q - ^ 

14n = 1 
15n = 2 

11 2-CO2H, Y = H 
12 2-CO2H, Y = CI 
13 3-CO2H, Y = H 

a TPI = l-(halobenzyl)-4-methyl-6-[(5-phenylpyridin-2-yl)methoxy]-4,5-dihydro-Lff-thiopyrano[2,3,4-c,d]indol-2-yl. Reagents: (a) thiosali
cylic acid, BF3-OEt2, CH2ClCH2Cl; (b) Ph3P, CBr4, THF, then NaH, thiosalicylic acid, THF; (c) NaH, 2-BrCH2C6H4CN, THF, then 8 N 
KOH, 2-(ethoxyethoxy)ethanol, 180 0C; (d) Ph3P, DEAD, 2-HOC6H3YCO2Me, THF, then aqueous LiOH, THF, MeOH; (e) Ph3P, DEAD, 
2-HOC6H4CH2CO2Me, THF, then aqueous LiOH, THF, MeOH. 

Scheme 3 
Me 

CH2OH 

P h ^ o , 

Cs2CO3, DMF (•>&> 

c.f Scheme Il 

(+)-2b *~ (+)-l4b 
(•)-i4b 

M-16 
(-He 

Gratifyingly, introduction of a heteroatom (which in a 
previous series was shown to be beneficial)6 improved 
potency in the case of both a sulfur atom (compounds 8 
and 9) as well as an oxygen atom (compounds 10-15). 

The position of substitution of the acid was investi
gated by comparing the ortho acid 11 to the meta analog 
13, and it was found that the meta analog is about 2-fold 
less active (60 versus 130 nM). However, there is little 
difference in activity between benzoic or phenylacetic 
acid derivatives (cf. 15a and 11, both 60 nM). Similarly, 
the position of the heteroatom in the chain makes little 
difference (compare 10 with 11, both 60 nM). In 
contrast, substitution of the phenyl ring in compound 
11 with chlorine 12 resulted in a diminution of activity 
by ca. 2-3-fold. 

The data presented show that variations in the chain 
length of the indole C-2 substituent are well tolerated. 
In addition, it has been shown previously that the 
carboxylate group is required for inhibition of 5-LO 
activity.9'10 Presumably, the carboxylate of the thiopy-
rano[2,3,4-c,d]indoles as well as that of arachidonic acid 
is capable of interacting with a basic amino acid residue 

located at or near the active site. Indeed, recently the 
3-dimensional structure of soybean lipoxygenase-1 has 
been determined,11 and it shows that the arachidonic 
acid-binding domain contains an arginine and a histi-
dine as well as a lysine (located near the surface of the 
protein). Given that there is considerable homology 
between soybean lipoxygenase-1 and mamalian lipoxy
genases, it is reasonable to speculate that similar basic 
residues are located in the arachidonic acid-binding 
region of human 5-LO. The observation that inhibitors 
of different chain length can have similar potencies may 
be a result of the carboxylate group interacting with the 
different resonance forms present in the flexible basic 
residues of arginine or histidine. 

Replacement of the iV-4-chlorobenzyl substituent with 
other halobenzyl groups was investigated. Thus, when 
the chlorine of 15a was replaced with a fluorine (15c) 
or when the chlorine was moved to the 3-position (15b), 
little change in activity was observed. However, the 
3-fluoro derivative 15d, with an IC50 of 23 nM, is ca. 2 
times as potent as 15a. Similarly, comparison of the 
4-chloro compound 14a (26 nM) with the 3-chloro analog 
14b (18 nM) shows that this modification is marginally 
beneficial in terms of inhibitor potency. 

Since most of the analogs prepared exhibit excellent 
in vitro activity, many of them were also screened in 
vivo to determine the bioavailability in rat and their 
efficacy in a rat model of asthma.12 Both of the sulfur 
analogs 8 and 9 showed poor bioavailability in rat 
(< 10%) and so were not examined further. The oxygen-
containing analogs exhibited somewhat better bioavail
ability (up to 44% in the case of 15d). However, the 
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(C) 

.. _ NTCH2 

kNACH2 

d fs£s^vC H 2 

4-CIC6H4 

^CO2H 

19 

CO2H 

4-CIC6H4 

20 
0 Reagents: (a) RCH2X, Cs2CO3, DMF; (b) 2-HOC6C4CH2CO2Me, DEAD, Ph3P, THF, then LiOH, MeOH, THF, H2O; (c) 2-thiosalicylic 

acid, BF3-OEt2, CH2ClCH2Cl. 

Table 1. Structure-Activity Relationship of C-2 Side Chain 

compd 

1 
7 
8 
9 

10 
11 
12 
13 
14a 
14b 

(+)-14b 
(-)-14b 

15a 
15b 
15c 
15d 

W 

4-Cl 
4-Cl 
4-Cl 
4-Cl 
4-Cl 
4-Cl 
4-Cl 
4-Cl 
3-Cl 
3-Cl 
3-Cl 
4-Cl 
3-Cl 
4-F 
3-F 

X 

CH2CH2 
CH2S 
CH2CH2S 
CH2OCH2 
CH2CH2O 
CH2CH2O 
CH2CH2O 
CH2O 
CH2O 
CH2O 
CH2O 
CH2CH2O 
CH2CH2O 
CH2CH2O 
CH2CH2O 

Y 

H 
H 
H 
H 
H 
Cl 
H 
H 
H 
H 
H 
H 
H 
H 
H 

Z 

2-CO2H 
2-CO2H 
2-CO2H 
2-CO2H 
2-CO2H 
2-CO2H 
3-CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 

human 5-LO 
(IC50, nM)° 

22 
360 
30 
30 
62* 
60 

130* 
170* 
26 
18 
95 
10 
60* 
40* 
60* 
23 

F (rat)6 

88 
_ d 

<5 
10 
-

37 
-
-

35 
11 
-

32 
15 
-
4 

44 

hyperreactive 
rat (%y 

50 
-
-
-
-

42 
-
-

27 
74 
-

58 
47 
-

36 
59 

0 Each IC50 value corresponds to an average of at least two independent determinations except those identified with an asterisk which 
are the result of a single titration. b 20 mg/kg po, 5 mg/kg iv (n = 2). Bioavailability (0-6 h) determined by AUCpo/4 x AUCjy.

c Percent 
inhibition of dyspnea in hyperreactive rats dosed at 5 mg/kg po; n = 6. d Value not determined denoted by a dash. 

measured bioavailability did not generally correspond 
well with the inhibition of dyspnea observed in the 
hyperreactive ra t . Using the hyperrreact ive r a t model, 
compounds 15d and 14b s tand out as having good in 
vivo efficacy a t the screening dose of 0.5 mg/kg wi th a 
59% and 74% inhibition of dyspnea, respectively. It is 
in teres t ing to note t h a t the subtle change from a 
4-chloro subst i tuent (14a) to a 3-chloro subst i tuent (14b) 
resul ts in a dramat ic increase in in vivo potency (27% 
versus 74% inhibition of dyspnea). Inhibitor 14b (L-
705,302) was further examined in a monkey model of 

a s thma 1 3 where it showed excellent functional activity 
a t 0.1 mg/kg against antigen-induced bronchoconstric-
tion in the conscious squirrel monkey (94% inhibition 
of the increase in RL and 100% inhibition in the decrease 
in Cdyn! n = 4). For comparison, 1 showed 89% inhibi
tion of the increase in RL and 68% inhibition in the 
decrease in Cdyn when dosed a t 0.1 mg/kg, n = 3. Both 
of these compounds (14b and 1) are superior in efficacy 
in this model to MK-0591 when given a t a 3-fold lower 
dose (44% inhibition of the increase in R L and 46% 
inhibition in the decrease in Cdyn; 0.3 mg/kg, n = 5).14 
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Figure 1. Ortep diagram of intermediate (—)-2b. 

MK-0591 is a FLAP inhibitor which has shown efficacy 
against antigen-induced asthma in clinical trials.4e 

The acid 14b is highly selective as an inhibitor of 
5-LO activity when compared to the inhibition of ram 
seminal vesicle cyclooxygenase (IC50 > 5 fiM) or human 
leukocyte LTA4 hydrolase (IC50 > 20 ^M). In addition, 
14b was inactive in a FLAP binding assay at 10 /uM. 

Due to the excellent in vitro and in vivo activity of 
14b, it was of interest to assess the activity of the 
individual enantiomers and, if possible, determine the 
absolute stereochemistry of the most active isomer. 
Toward this end, the enantiomers (+)- and (-)-14b were 
synthesized. They show an 8-fold difference in activity 
in the human 5-LO assay with (-)-14b, at 10 nM, being 
equal in activity to the most active diastereomer derived 
from 1. The enantiomer (-)-14b is also functionally 
active in the hyperreactive rat model with a 58% 
inhibition of dyspnea observed at a dose of 0.5 mg/kg. 

In order to determine the absolute configuration of 
the chiral center present in (-)-14b, an X-ray crystal 
structure of the intermediate (-)-2b was solved.15 The 
anomalous dispersion effect established, with statisti
cally acceptable significance, that the C-4 atom (this 
corresponds to the atom numbered C-Il on the Ortep 
diagram, Figure 1) has the S configuration. 

Thus we have demonstrated that replacement of the 
ethyl substituent and elimination of the chiral center a 
to the acid in 1 by incorporation of an aryl group results 
in potent, selective inhibitors of 5-LO. These highly 
optimized compounds are structurally simpler than the 
predecessors of comparable potency in that they contain 
only a single chiral center. In addition, several of these 
compounds are orally bioavailable and show in vivo 
activity in animal models. In particular, the oxyphen-
ylacetic acid derivative 14b has excellent oral activity 
in the rat and monkey models of asthma, comparable 
to that of 1 and superior to that of MK-0591. The latter 
compound is currently undergoing clinical trials and has 
shown efficacy in patients with mild to moderate 
asthma. Therefore, this approach may lead to the 
identification of a novel chemical entity for the treat
ment of leukotriene-mediated diseases. 

Preparation of Dual 5-LO/FLAP Inhibitors. Upon 
activation, 5-LO is known to translocate from the cytosol 

to a sedimentable fraction.16 Through the use of im-
munoelectronmicroscopic labeling of activated leuko
cytes, it has been determined that the site to which 
translocation occurs is the nuclear envelope, and in 
activated cells both 5-LO and FLAP are localized here.17 

FLAP is a membrane-bound protein containing three 
putative transmembrane-spanning domains.2 Recently, 
it has been determined that FLAP binds arachidonic 
acid and may stimulate 5-LO by selectively transferring 
arachidonic acid to 5-LO.18 In addition, FLAP inhibitors 
have been developed by Merck Frosst (e.g., MK-88619 

and MK-0591) and others (e.g., BAYX100520 and WAY-
50.29521) which bind at the arachidonic acid-binding site 
on FLAP. Site-specific mutagenesis work carried out 
at these laboratories22 has demonstrated that an as-
partic acid residue located at the putative interface of 
the cytosol and the membrane is crucial for the binding 
of the FLAP inhibitor MK-886, and presumably, this is 
where the arachidonic acid-binding site is located. The 
binding of these inhibitors or fatty acids23 is not de
pendent on the carboxylic acid but is influenced by 
changes to the lipophilic polyene chain. In contrast, the 
direct 5-LO inhibitors in the thiopyrano[2,3,4-c,d]indole 
series are competitive for arachidonic acid binding to 
the enzyme 5-LO, and the activity is critically dependent 
on the presence of a carboxylic acid or acid equivalent. 
Thus, it appears that the binding of arachidonic acid to 
FLAP and 5-LO is a result of binding to different regions 
of the same substrate. It therefore seems logical to 
assume that mixed inhibitors of 5-LO and FLAP are 
possible especially in light of the structural similarity 
of MK-886/MK-0591 and the thiopyrano[2,3,4-c,d]in-
doles. Indeed, the thiopyrano[2,3,4-c,<i]indole series 
evolved from work done in our FLAP inhibitor program, 
which suggests a degree of commonality in the active 
site of both FLAP and 5-LO. Moreover, critical to the 
development of the 5-LO inhibitors was the identifica
tion of the weak mixed inhibitors 21 (9300 nM FLAP, 
700 nM rat 5-LO) and 22 (19 nM FLAP, 600 nM rat 
5-LO). Subsequently, the Bayer group also proposed 
that mixed inhibitors of this system should be possible,24 

although they appear not to be aware of these earlier 
results. 

Ph Y*^ Me 

x^°CcpC2H 
-» 4-ClC6H4 

21 

4-ClC6H4 

22 

We were intrigued by the possibility of being able to 
prepare potent dual inhibitors of both FLAP and 5-LO 
by the judicious combination of structural features 
which are responsible for the separate activities. Ex-
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amination of both series reveals that the thiopyran ring 
is essential for 5-LO inhibitory activity and is also a 
potency-enhancing feature for FLAP inhibitory activity. 
In addition, the iV-benzyl substituent is required for 
FLAP inhibition but plays a lesser role in determining 
5-LO inhibition. As stated previously, the acid chain 
is not a required structural feature in a FLAP inhibitor, 
whereas it is essential for inhibitory activity against the 
enzyme. Therefore an indole substituted with a thio
pyran ring, an .iV-benzyl group, and an optimized acid-
bearing side chain (such as is described above) should 
be capable of binding to both FLAP and 5-LO. The 
remaining substituent at the C-5 position (indole num
bering) is either a quinolin-2-ylmethoxy (for MK-0591) 
or a (5-phenylpyridin-2-yl)methoxy (for 5-LO inhibitors). 
The quinoline group is an important pharmacophore for 
FLAP inhibition,21 although it is not an essential 
requirement since it can be replaced with, among other 
things, a pyridin-2-ylmethoxy substituent.6 In contrast, 
the (5-phenylpyridin-2-yl)methoxy group has been shown 
to be optimum for 5-LO inhibition in the case of 
compounds containing a 2,2-dimethyl-3-propanoic acid 
side chain.1 In this series, replacement with a quinolin-
2-ylmethoxy group (to give 22) leads to a mixed inhibitor 
with a significant loss of potency against 5-LO activity. 
The consequence of replacing the (5-phenylpyridin-2-
yDmethoxy group with other basic heterocycles on a 
molecule containing a C-2 side chain optimized for 5-LO 
inhibition, such as the arylbenzoic and arylacetic acids 
(described above), was not known. We hypothesized 
that, by using such an optimized compound, the 5-phen-
ylpyridine moiety could be replaced with other groups 
that would maintain the 5-LO potency and perhaps also 
endow the molecule with significant FLAP activity. 
Several basic heterocyclic groups were selected, and the 
hybrid compounds synthesized are given in Table 2. 

The phenylpyridine moiety of compounds 8 and 14a 
is clearly responsible for selectivity for the 5-LO enzyme 
as neither compound shows any inhibitory activity in 
the FLAP binding assay at 10 /uM. In contrast, replace
ment of the phenylpyridine with a quinoline (to give 19 
and 20a) has minimal effect on the potency versus 5-LO 
activity but boosts the FLAP inhibition and yields 
compounds which are potent dual inhibitors. The IC50 
of the quinoline compound 19 is 100 nM in the 5-LO 
assay and 32 nM in the FLAP assay, while that of 20a 
is 70 nM in 5-LO and 72 nM in FLAP assays. These 
compounds are similar in potency to the most potent 
5-LO inhibitors (e.g., 1 and 14b; Table 1) as well as to 
the most potent FLAP inhibitors (e.g., MK-886 at 23 nM 
and MK-0591 at 2 nM). Other nitrogen-containing 
heterocycles were examined (examples 20a-c; Table 2). 
The pyridine analog 20b and the 3-methoxypyridine 
analog 20c were both able to maintain 5-LO activity at 
about 50 nM, but their ability to bind to FLAP is 
compromised. These analogs were 5—10-fold less active 
as FLAP inhibitors than the corresponding quinoline 
20a. The isoquinoline analog 2Od was considerably 
weaker at inhibiting both the 5-LO reaction and FLAP 
binding than the other heterocycles studied. 

Thus it is apparent that thiopyrano[2,3,4-c,-i]indoles 
which incorporate an acid side chain optimized for 
inhibition of 5-LO activity will tolerate modifications to 
the phenylpyridine portion of the molecule. This is in 
contrast to previous findings in an earlier, nonoptimized 

Table 2. Effect of iV-Heterocycle on Selectivity 

Me 

C H 2 Y - ^ J 

(CHa)nCO2H 

compd R 

Ph v ^ 

N CH2 

14a p h n 
N CH2 

19 OfrC H 2 
203 0^CH 2 

20b C1CH2 

20c T J . 
kNACH 2 

2Od U^iJ 

Y 

S 

O 

O 

S 

S 

S 

S 

n 

0 

1 

1 

0 

0 

0 

0 

Human 5-LO 
(IC50, nM)a 

32 

26 

100* 

70 

55 

52 

175* 

FLAP 
(IC50, nM)a 

>10,000* 

>10,000* 

32 

72 

760 

370 

2900 

MK-886 

MK-0591 

>10,000 

>10,000 

23 

1.6 

a Each IC50 value corresponds to an average of at least two 
independent determinations except those identified with an sterisk 
which are the result of a single titration. 

series in which such modifications resulted in a dra
matic reduction in potency. Not surprisingly, the 
incorporation of a quinoline group engenders these 
molecules with significant FLAP inhibitory properties 
(many FLAP inhibitors contain the quinoline pharma
cophore). The unique aspect of this series of compounds 
is that they are potent dual inhibitors capable of 
preventing leukotriene biosynthesis by limiting the 
access of 5-LO to its substrate, arachidonic acid, either 
by binding to 5-LO or by binding to FLAP, or both. 

Further in Vitro Observations. The complete 
mechanism by which 5-LO and FLAP cooperate in order 
to produce LTA4 from arachidonic acid is not known, 
although recent studies are beginning to unravel the 
mystery. As mentioned previously, it is known that, 
upon cellular stimulation, cytosolic 5-LO becomes acti
vated and translocates from the cytosol to the nuclear 
membrane.16 We have found that, in addition to the 
known cellular activating factors (such as antigen 
stimulation and the calcium ionophore A23187) which 
induce translocation, the thiopyrano[2,3,4-c,ii]indole 
class of 5-LO inhibitors strongly promote this translo
cation in the presence or absence of A23187. Also, the 
subsequent addition of a FLAP inhibitor (MK-886) does 
not reverse this process. Presumably, upon activation, 
5-LO undergoes a conformational change, rendering the 
enzyme surface hydrophobic, whereupon it then trans
locates to the lipophilic membrane. In this active 
conformation, 5-LO is readily able to accept the sub-
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14On 

100 
[DRUG] (nM) 

Figure 2. LTC4 synthase activity versus drug concentration: 
LTC2 (•), 1 (•), 14b (D), MK-886 U), MK-0591 (A), and 24 
(O). 

strate arachidonic acid as transferred to it by FLAP. 
Perhaps the thiopyrano[2,3,4-c,c?]indole inhibitors mimic 
arachidonic acid and, upon binding to 5-LO, induce and 
stabilize the active hydrophobic conformation thus 
enhancing the enzyme association with the membrane 
and/or stabilizing it at the membrane. It is also 
interesting to note that, after translocation of 5-LO in 
the presence of the thiopyrano[2,3,4-c,d]indole inhibitor 
23 (L-689,065), this membrane-bound enzyme retains 
its activity after dilution of the inhibitor (data not 
shown). Ordinarily, translocation to the membrane 

4-CIC6H4 

23 (L-689,065) 

results in the formation of inactive 5-LO. These results 
complement findings by Hill et al.25 in which the direct 
5-LO inhibitor zileuton was also able to protect 5-LO 
from inactivation following cellular activation. The 
mechanism for protection of membrane-associated 5-LO 
by zileuton may be different from the thiopyrano[2,3,4-
c,ci]indole inhibitor stabilization since, in the case of the 
zileuton experiments, MK-886 was able to release 5-LO 
from the membrane. However, the protective properties 
of the thiopyrano[2,3,4-c,d]indole series of inhibitors are 
further evidence that they are able to bind at and 
protect the active site in a reversible manner. 

Interestingly, it has also been recently reported that 
LTC4 synthase (which catalyzes the conversion of LTA4 
to LTC4) has significant structural homology to FLAP 
and, indeed, is inhibitable by the FLAP inhibitor MK-
886.26 In an independent study to identify inhibitors 
of LTC4, we hypothesized that, since the molecule 
produced by the 5-LO reaction (LTA4) is the substrate 
for LTC4 synthase, we may be able to identify inhibitors 
of LTC4 synthase by screening 5-LO inhibitors. Fol
lowing this reasoning, several compounds were selected 
and tested as potential LTC4 synthase inhibitors using 
a previously described protocol.27 The results are shown 
in Figure 2 and are shown in comparison with LTC2, a 

metabolically stable, competitive end product inhibitor 
OfLTC4 synthase, used as a standard. Both thiopyrano-
[2,3,4-c,d]indoles 1 and 14b proved to inhibit LTC4 
synthase activity in a dose-related manner with IC50S 
of 11 and 16 /JM, respectively (compared to LTC2 with 
an IC50 of 1.2 [M.). For comparison, both MK-886 and 
MK-0591 were shown to have approximately the same 
potency at 85 [iM. Interestingly, the potent 5-LO 
inhibitor 24 (L-702,539)28 which is a member of the 
lignan class of compounds did not show any inhibition 
up to 100 /iM. The lignan inhibitors (such as 24) have 

StBu 
Me Me 

4-CIC6H4 

s C0 2 H 

MK-886 
4-CIC6H4 

StBu 
Me Me 

> 

MK-0591 

OH <f 
Ph 

24 

been shown to inhibit the 5-LO reaction in a manner 
consistent with the compounds binding competitively at 
the arachidonic acid-binding site. However, there is 
little structural homology between this series and the 
thiopyrano[2,3,4-c,d]indole series, and all attempts to 
prepare hybrid analogs containing the key structural 
features of each series have failed. Thus, it seems that 
compounds from the lignan series do not appear to be 
structural mimics for the bound conformation of arachi
donic acid, and hence, perhaps it is not suprising that 
24 shows no inhibitory activity against LTC4 synthase. 
The results obtained in this study are consistent with 
the hypothesis that compounds which mimic arachi
donic acid in their binding to 5-LO (or FLAP) may be 
capable of inhibiting LTC4 synthase. Since the inhibi
tion of the function of LTC4 synthase is a potential 
therapeutic target for the regulation of the production 
of peptidoleukotrienes, the thiopyrano[2,3,4-c,d]indoles 
1 and 14b represent attractive lead compounds for the 
development of more potent inhibitors of LTC4. 

Experimental Section 
Biology. All of the compounds prepared were evaluated 

as inhibitors of 5-LO activity using a spectrophotometric assay 
monitoring 5-HPETE production by the 10000Og supernatant 
fraction (SlOO) from insect cells overexpressing human 5-LO.29 

The FLAP binding assay was carried out using human 
leukocyte membrane preparations and measuring the binding 
of drug in the presence of [125I]L-691,831.30 

Selected compounds (dosed as the sodium salts) were also 
evaluated in the rat to compare their in vivo properties. The 
plasma profile of each compound was obtained, and their 
effectiveness in a hyperreactive rat model of dyspnea was 
determined. Plasma levels were obtained after oral (20 mg/ 
kg in 1% methocel) and iv (5 mg/kg in PEG 200) dosing of the 
respective sodium salts. Bioavailabilities were then calculated 
from the AUCpo/4 x AUCiv. For the hyperreactive rat model,12 

inbred rats (n = 6) were pretreated with methysergide (3 ^g/ 
kg iv) and the drugs administered po at 0.5 mg/kg dissolved 
in 1% or 0.5% methocel 2 h prior to antigen (ovalbumin) 
challenge. The effect was measured as the percent inhibition 
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Table 3. Physical Data for Compounds 

Me 
Ph 

R1 = 

R2. 

tX, 
MeO 

R4: 

R5< 
N " C H 2 

s N ^ C H 2 

compd 

7 
8 
9 

10 
11 
12 
13 
14a 
14b 

(+)-14b 
(-)-14b 

15a 
15b 
15c 
15d 
19 
20a 
20b 
20c 
2Od 

R 

Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
Rl 
R2 
R2 
R3 
R4 
R5 

W 

4-Cl 
4-Cl 
4-Cl 
4-Cl 
4-Cl 
4-Cl 
4-Cl 
4-Cl 
3-Cl 
3-Cl 
3-Cl 
4-Cl 
3-Cl 
4-F 
3-F 
4-Cl 
4-Cl 
4-Cl 
4-Cl 
4-Cl 

X 

CH2CH2 
CH2S 
CH2CH2S 
CH2OCH2 
CH2CH2O 
CH2CH2O 
CH2CH2O 
CH2O 
CH2O 
CH2O 
CH2O 
CH2CH2O 
CH2CH2O 
CH2CH2O 
CH2CH2O 
CH2O 
CH2S 
CH2S 
CH2S 
CH2S 

Y 

H 
H 
H 
H 
H 
Cl 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

Z 

2-CO2H 
2-CO2H 
2-CO2H 
2-CO2H 
2-CO2H 
2-CO2H 
3-CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CH2CO2H 
2-CO2H 
2-CO2H 
2-CO2H 
2-CO2H 

formula 

C39H33N2O3ClS 
C38H3lN203ClS2 
C39H33N2O3ClS2-1.4H2O 
C39H33N2O4ClS 
C39H33N2O4ClS-0.3H2O 
C39H32N2O4Cl2S 
C39H33N2O4ClS 
C39H33N2O4ClS-0.3H2O 
C39H33N2O4ClS 
C39H32N204ClSNa-1.5H20 
C39H33N2O4ClS-LOH2O 
C4oH36N204ClS-0.3H20 
C40H35N2O4FS-0.2H2O 
C40H35N2O4ClS 
C40H35N2O4FS-0.5H2O 
C37H3IN2O4ClS 
C3SH29N2O3ClS2 
C32H27N2O3ClS2-CSH2O 
C33H29N2O4ClS2-0.8H2O 
C38H29N2O3ClS2-1.2H2O 

anal." 

C,H,N 
C,H,N,S 
C,H,N 
b 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
C,H,N 

mp (0C) 

209-211 
246-247 
164-167 
218.5-219 
195-198 
170-173 
210-213 
176-177 
153-154 
153.5-154 
153-155 
201-202.5 
196-198 
118-125 
171.5-173.5 
128-130 
218.5-220 
137 
206-207 
220 

' All elemental analyses gave results ±0.4% of the theoretical value. b Exact mass obtained. 

of dyspnea duration compared to litter mate-matched vehicle-
treated controls. 

The 5-LO translocation assays were performed essentially 
as described by Rouzer and Kargman.16 Briefly, human 
leukocytes were preincubated with compounds, diluted in 
DMSO, for 10 min prior to calcium ionophore A23187 chal
lenge. Leukocytes were lysed by sonication and cytosolic and 
10000Og sedimentable membrane fractions prepared for 5-LO 
activity and immunoblot protein assays. 

LTC4 synthase activity was measured essentially as de
scribed previously27 by the formation of LTC4 in incubation 
mixtures containing reduced glutathione and the free acid of 
LTA4. Partially purified human LTC4 synthase (anion-
exchange-active fraction, specific activity = 16.1 nmol OfLTC4 
formed min - 1 mg"131) was used as the enzyme source. Drugs 
were introduced from 100-fold concentrated stocks in DMSO, 
and data were calculated as LTC4 synthase enzymatic activity 
expressed as a percentage of vehicle-only controls to which no 
drug was added. 

Chemistry. Proton nuclear magnetic resonance spectra 
were obtained on a Bruker AM250 or AM300 spectrometer, 
and proton chemical shifts are relative to tetramethylsilane 
(TMS) as internal standard. Melting points were measured 
using either a Buchi 535 or an Electrothermal IA9100 melting 
apparatus in open capillary tubes and are uncorrected. El
emental analyses were performed by Galbraith Laboratories, 
Inc., Knoxville, TN, or by Oneida Research Services, Whites-
boro, NY. Where elemental analyses are reported only by 
symbols of the elements, results are within 0.4% of the 
theoretical values. The high-resolution mass spectral analyses 
were provided by the mass spectroscopy department of Merck, 
West Point, PA. All reactions were carried out under a 
nitrogen atmosphere, and all worked-up reaction solutions 
were dried using MgSO4. 

Compounds used for in vivo studies were converted to the 
corresponding sodium salt by treatment of a solution of the 
acid in water/THF with 1 equiv of 1 N NaOH. Excess THF 
was removed in vacuo, and the resulting solution was frozen 
and lyophilized to afford the desired sodium salt as an 

amorphous powder. The physical data for the final compounds 
prepared are give in Table 3. 

2-[2-[l-(4-CMorobenzyl)-4-methyl-6-[(5-phenylpyridin-
2-yl)methoxy]-4,5-dihydro-li/-thiopyrano[2,3,4-c,d]indol-
2-yl]ethyl]benzoic Acid, 7. Aldehyde 4. A solution of l-(4-
chlorobenzyl)-4-methyl-6-[(5-phenylpyridin-2-yl)methoxy]-4,5-
dihydro-lH'-thiopyrano[2,3,4-c,d]indole-2-methanol (1.25 g, 2.37 
mmol) in 100 mL of THF was treated with 4 x 1 g (23.7 mmol 
total) portions OfMnO2. After 2.5 h, the mixture was filtered 
through Celite and the solvent removed to give 4 as a yellow 
solid which was used as such. 

Nitrile 6. A mixture of 2-cyanobenzyl bromide (2.0 g, 10.2 
mmol) and Ph3P (3.2 g, 12.2 mmol) in CH3CN was stirred at 
room temperature for 3 days under nitrogen. The mixture was 
concentrated to 15 mL, Et2O added, and the precipitate 
collected to afford (2-cyanobenzyl)triphenylphosphonium bro
mide (5) as a white solid (4.3 g, 92%). To a suspension of 5 
(916 mg, 2.0 mmol) in 20 mL of THF at - 7 8 0C was added 4 
mL of a 0.5 M solution of KHMDS in toluene. After 45 min, 
the aldehyde 4 (500 mg, 0.95 mmol) was added and the 
solution warmed to room temperature. Stirring was continued 
for 16 h; then the solution was poured into 1 N HCl and 
extracted with EtOAc (3x). The organic layer was washed 
with brine, dried, and evaporated and the residue chromato-
graphed (silica gel; hexane:EtOAc, 3:2) to give 6 as a yellow 
solid (532 mg, 92%; 1:1 mixture of cis:trans isomers). 

Acid 7. A solution of the nitrile 6 (1.28 g, 2.1 mmol) and 
triethylsilane (5 mL) in 40 mL OfCH2Cl2 at room temperature 
was treated with 2.5 mL of BF3-OEt2. The reaction mixture 
was stirred for 15 min and then poured into 1 N HCl, extracted 
three times with EtOAc, washed with brine, dried, and 
evaporated. The product was swished with Et2O and filtered 
to give the saturated nitrile as a solid (933 mg, 73%). This 
nitrile (335 mg), 8 N KOH (6 mL), and 2-(ethoxyethoxy)ethanol 
(20 mL) were heated at 180 0C for 16 h. The solution was 
cooled, poured into 1 N HCl, extracted (3x) with EtOAc, 
washed with brine, dried, and concentrated to give a solid 
which was swished with EtOAc and then filtered to give 7 (205 
mg, 59%). 



4546 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 22 Hutchinson et al. 

General Procedure for Alkylation of Phenols. (+)-l-
(3-Chlorobenzyl)-4-methyl-6-[(5-phenylpyridin-2-yl)metli-
oxy] -4,5-dihydro- lH-thiopyrano[2,3,4-c^fl indoles-metha
nol, (+)-2b. A solution of the phenol (+)-16 (200 mg, 0.56 
mmol), 2-(chloromethyl)-5-phenylpyridine (124 mg, 0.61 mg), 
Cs2CO3 (218 mg, 0.67 mmol) in DMF (6 mL), and CH3CN (6 
mL) was stirred at 60 0C under argon for 16 h. The solution 
was poured into water and extracted with THF/EtOAc and 
then twice more with EtOAc. The combined organic layers 
were washed with water and then brine, dried, and evaporated 
to give a solid. This material was swished with ether/hexane 
and filtered to yield (+)-2b as a solid: mp 177-178 0C; [a]D = 
+7.1° (c 0.82, CHCl3). 

Using this procedure, compounds (-)-2b and 18a-d were 
prepared. 

(-)-l-(3-Chlorobenzyl)-4-methyl-6-[(5-phenylpyridin-
2-yl)methoxy]-4,5-dihydro-lH-thiopyranot2,3,4-c^flindole-
2-methanol, (-)-2b: prepared as above to give (-)-2b as a 
solid; mp 178.5-180 0C; [<x]D = -8.0° (c 0.62, CHCl3). 

General Procedure for the Introduction of Thiosali-
cylic Acid Group. 2-[[[l-(4-Chlorobenzyl)-4-methyl-6-[(5-
phenylpyridin-2-yl)methoxy]-4,5-dihydro-lff-thiopyrano-
[2,3,4-c,d]indol-2-yl]methyl]thio]benzoic Acid, 8. A sus
pension of the alcohol 2a (339 mg, 0.64 mmol) and thiosalicylic 
acid (151 mg, 0.98 mmol) in 1,2-dichloroethane (12 mL) was 
treated with BF3-OEt2 (0.12 mL, 0.98 mmol). After 10 min 
the heterogeneous mixture was poured into 1 N HCl and THF. 
The solution was extracted with EtOAc (2x), washed with 
brine, dried, and evaporated to give a solid which was swished 
with EtOAc. Chromatography of the residue (hexane:EtOAc, 
1:1; loaded in DMF) afforded the acid 8 as a solid (190 mg, 
44%). 

Using this procedure, compounds 20a -d were prepared. 
General Procedure for the Mitsunobu Coupling and 

Hydrolysis. 2-[[l-(4-Chlorobenzyl)-4-methyl-6-[(5-phen-
ylpyridin-2-yl)methoxy]-4,5-dihydro-lfir-thiopyrano[2,3,4-
c,d]indol-2-yl]methoxy]phenylacetic Acid, 14a. To a sus
pension of the alcohol 2a (250 mg, 0.47 mmol), methyl 
2-hydroxyphenylacetate (118 mg, 0.71 mmol), and Ph3P (137 
mg, 0.52 mmol) in THF (7 mL) was added DEAD (83 ̂ L, 0.52 
mmol), and the solution was then stirred for 30 min. The 
solvent was removed and the product purified on silica gel 
(hexane:EtOAc, 2:1) to give the corresponding ester (110 mg, 
34%). 

A solution of this ester (100 mg, 0.14 mmol), 0.5 mL 1 N 
LiOH, THF (2 mL), and MeOH (2 mL) was stirred at 50 0C 
for 1.5 h. The mixture was poured into 1 N HCl, extracted 
with EtOAc (3x), washed with water and then brine, dried, 
and evaporated. After a swish with ether/EtOAc, the solid was 
obtained by filtration to give 14a (80 mg, 82%). 

Using this procedure, compounds 11-13,14b, (+)-14b, (-)-
14b, 15a-d, and 19 were prepared. 

2-[t2-[l-(4-Chlorobenzyl)-4-methyl-6-[(5-phenylpyridin-
2-yl)methoxy]-4,5-dihydro-lff-thiopyrano[2,3,4-c,d]indol-
2-yl]ethyl]thio]benzoic Acid, 9. To a solution of 3a (400 
mg, 0.76 mmol) in CH2Cl2 (12 mL) were added Ph3P (408 mg, 
1.6 mmol) and CBr4 (491 mg, 1.5 mmol). The mixture was 
stirred for 20 min at room temperature and then concentrated 
and chromatographed (5% Et2O in CH2Cl2) to give the corre
sponding bromide (341 mg, 76%). 

To a solution of thiosalicylic acid (38 mg, 0.25 mmol) in DMF 
(2 mL) at 0 0C was added NaH (12 mg, 0.52 mmol). After 10 
min, the bromide (100 mg, 0.17 mmol) was added; the mixture 
was stirred for 2 h and then poured into 1 N HCl. This was 
extracted with EtOAc (3x), washed twice with brine, dried, 
and evaporated. The residue was purified by silica gel 
chromatography (hexane:EtOAc, 1:1; then 5% HOAc added) 
to give 9 (71 mg, 64%). 

2- [ [ [ 1 - (4-Chlorobenzyl) -4-methyl-6-[ (5-phenylp yridin-
2-yl)methoxy]-4,5-dihydro-Lff-thlopyrano[2,3,4-c^]indol-
2-yl]methoxy]methyl]benzoic Acid, 10. A suspension of 
2a (425 mg, 0.81 mmol) in DMF (15 mL) was treated 
sequentially with NaH (24 mg, 1.0 mmol) and then 2-cy-
anobenzyl bromide (198 mg, 1.0 mmol) at room temperature. 
After 2 h, the mixture was poured into 1 N HCl, extracted 
with EtOAc (3x), washed twice with brine, dried, and evapo

rated. The residue was triturated with Et2O to provide the 
coupled product as a solid (460 mg, 89%). 

This nitrile (230 mg, 0.37 mmol) was heated with 8 N KOH 
(1 mL), ethylene glycol (7.5 mL), and 2-(ethoxyethoxy)ethanol 
(2.5 mL) at 150 0C for 8 h. The mixture was cooled and EtOAc 
added followed by 1 N HCl. A precipitate formed which was 
collected by filtration and then chromatographed (hexane: 
EtOAc, 1:2, and then EtOAc:HOAc, 10:1) to give 10 as a solid 
(10 mg, 5%): FAB MS found M+ = 660.1840, C39H33N2O4ClS 
requires 660.1850. 

X-ray Crystallography. Compound (-)-2b: C3IH2TN2O2SCl, 
M = 527.090; orthorhombic, P2x2i2; a = 20.863(4), b = 21.272-
(2), and c = 11.825(3) A; V = 5248(3) A3, Z = 8, Dx = 1.334 g 
cm"3; monochromatized radiation A(Cu Kn) = 1.541 838 A, fi 
= 2.27 mm"1, F(OOO) = 2208, T = 294 K. Data were collected 
on a Rigaku AFC5 diffractometer to a 6 limit of 72.5° which 
yielded 5774 unique reflections. There are 2587 unique, 
observed reflections (with J > 3oiI) as the criterion for being 
observed) out of the total measured. The structure was solved 
by direct methods (SHELXS-86)32 and refined using full-matrix 
least-squares on F (SDP-PLUS, Structure Determination 
Package version 3, Enraf-Nonius, Delft, The Netherlands, 
1985). The final model was refined using 667 parameters and 
the observed data. All non-hydrogen atoms were refined with 
anisotropic thermal displacements. The hydrogen atoms were 
included at their calculated positions and constrained via a 
riding model. The final agreement statistics are R = 0.053, 
Rw = 0.050, and S = 1.54 with (AAx)max = 0.96. The least-
squares weights were defined using llo2(F). The maximum 
peak height in a final difference Fourier map is 0.24(5) eA"3. 
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