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protein and 100 nM NADPH in phosphate buffer containing 
glucose 6-phosphate (2.5 mM) and glucose-6-phosphate de
hydrogenase (264 units/mL); inhibitors were added as 10 /iL/mL 
from stock solutions made in DMSO. Different concentrations 
of inhibitor were used. DMSO alone was added for the controls. 

Microsomes, inhibitors, and the cofactors were preincubated 
together during different times (up to 10 min). Then 10 fiL of 
an ethanolic solution of [ljS,20-3H]androstenedione was added 
to a 10Km substrate concentration. Tritium-release incubations 
were then conducted at 37 °C for 10 min as described above. 
Background radioactivity was determined in incubations lacking 
enzyme. 

The two methods described by Nelson30 for plotting the In of 
the percent of activity remaining versus time were used. In 
method 1, which was used to calculate Kt and ky^ values, the 
percent of the activity remaining was determined by dividing the 
activity in the presence of inhibitor after preincubation by the 
activity in the presence of inhibitor at the beginning of the 
preincubation (t = 0) and multiplying by 100. The values of k^ 
were obtained by plotting the In of the percent activity remaining 
versus time of preincubation for each concentration, of inhibitor. 
Least square analysis of the double-reciprocal plots of kobe versus 
inhibitor concentrations allowed the Kx and fei^ values to be 
determined. In method 2, the percent of activity remaining was 
determined by dividing the activity in the presence of inhibitor 
after preincubation by the activity present at t = 0 with no 
inhibitor added and multiplying by 100. 

Experiments without NADPH. Time-dependent experi
ments were done as described above, except the cofactor NADPH 
was omitted in the preincubation but was given at the same time 
as the substrate. 

/S-Mercaptoethanol (/8-MSH) and Substrate Protection 
Experiments. They were conducted as described above for the 
time-dependent experiments including 0-MSH (0.5 and 10 mM) 
or substrate (0.5 and 1 iiM of nontritiated androstenedione) in 
the preincubation buffer. The results are expressed as described 
above and compared to controls (without 0-MSH or without 

Introduction 
Human leukocyte elastase (HLE) and cathepsin G 

(CatG) are two serine proteinases derived from the azu
rophil granules of human neutrophils and have been im
plicated in various pathological states associated with 
abnormal degradation of connective tissue, such as rheu
matoid arthritis, adult respiratory distress syndrome, and 
pulmonary emphysema.2 Both of these enzymes have 
been shown to attack lung elastin, which is the basis of 
their implication in abnormal connective tissue degrada
tion. The most widely accepted explanation of the ob
served pathogenesis is the proteinase-antiproteinase im-

' Current address: Division of Developmental Oncology Re
search, Mayo Clinic and Foundation, Rochester, MN 55905. 

substrate in the preincubation). 
Irreversibility of Inhibition Caused by 14. In 5 mL of total 

volume, at 37 °C, 10 mg of microsomal protein was incubated in 
phosphate buffer with 0.5 and 0.05 /iM 14 in the presence of 5 
mM NADPH; G6P (50 mM) and G6PDase (264 IU/mL) were 
added to ensure against depletion of reduced cofactor. After 2 
h, each incubation was stopped in ice and an aliquot was checked 
for aromatase activity. The rest was dialyzed (4 °C) against 500 
mL of incubating phosphate buffer. This was replaced every 2 
h by fresh buffer and an aliquot was withdrawn for aromatase 
assay after 8 and 24 h of dialysis. The results are expressed as 
percent of control (obtained with no inhibitor present). 

In Vivo Experiments. Female Wistar rats from IFFA-
CREDO (Lyon, France) were fed an ad libitum diet and housed 
under conditions of controlled temperature and humidity. They 
were maintained on a 12 h light/12 h dark cycle. Female rats 
60 days old were injected with PMSG (100 IU/rat every 2 days 
for 10 days). On day 11, compound 13 or 4-OH-A (1) was given 
subcutaneously (50 mg/kg), intravenously (5 and 2.5 mg/kg), or 
orally (50 mg/kg). 2 h later, the animals were sacrificed by 
decapitation. Total trunk blood was collected and the estradiol 
measured by RIA. The ovaries were collected and ovarian mi
crosomes were prepared as described.6 Aromatase activity was 
assessed as with human placental microsomes. (*P < 0.05, **P 
< 0.0147). 
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balance3 postulate, which reasons that a deficiency in the 
naturally occurring inhibitor, a-1-proteinase inhibitor (a-
1-antitrypsin), allows extracellular proteinases to act un
checked, thus resulting in uncontrolled connective tissue 
destruction. This postulate is supported by the fact that 
persons with genetic deficiencies in the a 1-PI gene are 
strongly associated with development of pulmonary em
physema. Additionally, it has been shown4 that the oxi-
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A large series of variously substituted anthraquinones has been synthesized and assayed for inhibitory capacity against 
human leukocyte elastase (HLE) and cathepsin G (CatG), two serine proteinases implicated in diseases characterized 
by the abnormal degradation of connective tissue, such as pulmonary emphysema and rheumatoid arthritis. It was 
found that 2-alkyl-l,8-dihydroxyanthraquinone analogues are competitive inhibitors of HLE with IC^ values ranging 
from 4 to 10 pM, and also inhibit CatG with IC50 values ranging from 25 to 55 MM. Consequently, analogues containing 
the 2-alkyl-l-hydroxy-8-methoxyanthraquinone substitution pattern inhibit HLE to the same magnitude as for the 
compounds above, but show very little inhibition of CatG. Anthraquinones containing long, hydrophobic n-butyl 
carbonate moieties in the 1- and 8-positions in conjunction with a third hydrophobic substituent in the 2- or 3-position 
are highly selective for HLE, with K; values in the range of 10"7 M. All of the inhibitors described are completely 
reversible, with no evidence of acyl-enzyme formation detected. 
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dants in cigarette smoke inactivate a 1-PI, further sup
porting this view. 

On the basis of the proteinase-antiproteinase imbalance 
postulate, much research has been conducted with the goal 
of developing a synthetic inhibitor of HLE which could 
be useful as a chemotherapeutic agent in the treatment 
of the aforementioned diseases. Many potent inhibitors 
of HLE have been reported,6 but there is still the need for 
inhibitors that are HLE-specific, potent at low concen
trations, biologically stable, and exhibit low toxicity at 
therapeutic doses. 

Rhein (la) and diacetylrhein (lb) have been shown to 
be useful antiinflammatory agents in the treatment of 
rheumatoid arthritis.6 In 1982 it was reported7 that rhein 
and several of its 1,8-diacyl analogues (lb-d) inhibit several 
proteases such as pepsin, trypsin, carboxypeptidase A, and 
elastase in the range of 10"4-10"5 M inhibitor concentra
tions. More recently8 it was shown that rhein inhibits 
pancreatic kallikrein; in addition, emodin (2) was reported 
to strongly inhibit pancreatic kallikrein, trypsin, and lipase, 
and aloe-emodin (3) was reported to inhibit pancreatic 
kallikrein and elastase. On the basis of this information, 
we decided to explore the possible utility of these and 
related anthraquinone analogues as inhibitors of HLE. We 
report on a series of novel reversible, competitive inhibitors 
of HLE, some of which also show significant activity 
against CatG. 
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Chemistry and Structure-Activity Relationships 
In order to construct analogues for a structure-activity 

relationship we first required a ready supply of the poly-
hydroxylated anthraquinone systems of interest. Because 
of the great expense of commercially available emodin (2), 
we utilized the synthetic route described by Krohn9 to 
prepare emodin on a large scale (Scheme I). The Diels-
Alder cyclization of 7-methyljuglone (4a)10 with 1,3-di-
methoxy-l,3-cyclohexadiene (S)u afforded the unstable 
enol ether 6a, which was easily hydrolyzed in the presence 
of a catalytic amount of acid. Therefore, 6a was imme
diately oxidized with an aqueous solution of disodium 
nitrosodisulfonate12 to the more stable quinone 7a, as 
described by Birch and Powell.13 Pyrolysis of 7a at 160 
°C afforded emodin 1,8-dimethyl ether (8a), which was 
efficiently deprotected to emodin (2) with 48% aqueous 
HBr in refluxing acetic acid. Attempts to deprotect 8a 
with HBr in glacial acetic acid provided the partially de-
protected analogue physcion (9, Table I). The route de
scribed in Scheme I was also used to prepare 1,3-dimeth-
oxy-8-hydroxyanthraquinone (8b) using commercially 
available juglone (4b) instead of 4a. 

To obtain an initial Btructure-activity relationship, we 
decided to evaluate the relative importance of the phenolic 
hydroxyl groups, as well as the oxidation state (e.g. methyl, 
hydroxymethyl, carboxylic acid) and position of the alkyl 
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Noland, W. E., Ed.; Wiley: New York, 1988; Collect. Vol. VI, 
pp 1010-1013. 
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Ibid. 1970, 3467-3470. 



Novel Anthraquinones 

T a b l e I. Initial Protease Assays of Anthraquinone Derivatives 

R2 

group. Selective alkylation of the 3-hydroxyl group with 
1-bromopropane in DMF at 100 °C provided 3-0-
propylemodin (10) in 31% yield. Preparation of tri-
acetylemodin (11) with acetic anhydride/pyridine followed 
by bromination with N-bromosuccinimide in refluxing 
benzene14 afforded a mixture of the monobromide 12 and 
its corresponding dibromide in a 71:29 ratio, with purifi
cation of the monobromide easily achieved by several re-
crystallizations from acetone. Analogous bromination of 
emodin trimethyl ether (15) provided the monobromide 
16 and the dibromide 17 in approximately the same ratios 
as described above, which were separated via silica gel 
chromatography.15 Treatment of 12 with sodium acetate 
followed by acid-catalyzed hydrolysis16 provided the nat
ural product citreorosein (13). Chromic acid oxidation of 
11 followed by base-catalyzed hydrolysis17 afforded the 
natural product emodic acid (14). These same reaction 
pathways were utilized with diacetylchrysophanol (19) to 
provide analogous derivatives of chrysophanol (18). To 
ascertain the importance of the methyl group's position, 
"isoemodin" (23) was prepared via Marschalk alkylation18 
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Westling. Biochem. J. 1940, 34,159-168. 
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of l,3-dimethoxy-8-hydroxyanthraquinone (8b) with 
formaldehyde to provide compound 22 followed by HBr 
deprotection to provide the desired isomer 23. 

These initial analogues were assayed against four related 
proteases in order to determine a structure-activity rela
tionship and their relative degree of selectivity: HLE, 
CatG, porcine pancreatic elastase (PPE), and chymo-
trypsin (ChT). The assays were conducted as previously 
described,19 and the results are presented in Table I. We 
arbitrarily chose to concentrate on compounds that showed 
50% or greater enzyme inhibition at an inhibitor concen
tration of 60 uM or less, and the ICR, values for these 
compounds are reported in parentheses next to the per
centage of inhibition in Table I. 

It is quite apparent that these compounds are selective 
for HLE and CatG, with the degree of inhibition greater 
for HLE. The first point to recognize is the marked in
crease in inhibition upon the blocking or removal of the 
hydroxyl group at Rx. Emodin (2), which has a free hy-
droxyl group at R^ shows moderate inhibition against 
HLE, with an IC^ of 52 /uM. However, blocking the Rx 
hydroxyl as a methyl ether (physcion, 9) or a propyl ether 
(10) increases the degree of inhibition by nearly 10-fold, 
with the ICso values of these two compounds 6.2 and 5.9 
nM, respectively. Similarly, chrysophanol (18), which only 
contains a hydrogen at Rx, shows an IC50 value of 18 uM, 
nearly a 3-fold increase in inhibition over emodin. Clearly 

(19) (a) Nakajima, K.; Powers, J. C ; Ashe, B. M.; Zimmerman, M. 
Mapping the Extended Binding Site of Cathepsin G and Hu
man Leukocyte Elastase. J. Biol. Chem. 1979,254,4027-4032. 
(b) Powers, J. C ; Tanaka, T.; Harper, J. W.; Minematsu, Y.; 
Barker, L.; Lincoln, D.; Crumley, D. V.; Fraki, F. E.; Schechter, 
N. M.; Lazarus, G. G.; Nakajima, D.; Nakashino, K.; Neurath, 
H.; Woodbury, R. G. Mammalian Chymotrypsin-Like En
zymes. Comparative Reactivities of Rat Mast Cell Proteases, 
Human and Dog Skin Chymases, and Cathepsin G with Pep
tide 4-Nitroanilide Substrates and with Peptide Chloromethyl 
Ketone and Sulfonyl Fluoride Inhibitors. Biochemistry 1985, 
24, 2048-2058. 
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no. 
2 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
3 
lb 
la 
22 
23 
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[I] (MM) 

53 
65 
62 
62 
28 
62 
58 
30 
29 
30 
28 
56 
59 
61 
63 
70 
86 
27 
55 
52 

PPE 
NI6 

NI 
NI 
22 
NI 
4 
9 
4 
NI 
NI 
NI 
NI 
NI 
NI 
18 
NI 
NI 
NI 
NI 
NI 

HLE 
55 (52)' 
100 (6.2) 
100 (5.9) 
79 (13) 
28 
26 
21 
16 
NI 
61 (17) 
79 (18) 
NI 
33 
30 
21 
NI 
NI 
80 (13) 
100 (21) 
96 (12) 

ChT 
2 
Actd 

Act 
3 
3 
NI 
3 
6 
NI 
Act 
NI 
NI 
Act 
3 
13 
NI 
NI 
7 
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NI 

CatG 

42 
39 
35 
NI 
9 
22 
14 
NI 
14 
24 
39 
NI 
Act 
NI 
3 
5 
22 
4 
13 
Act 

"Percentage of inhibition was measured in 0.1 M HEPES, 0.5 M NaCl, pH 7.5 buffer containing 9 -11% DMSO at 25 °C. 6 N I = no 
inhibition. 'Numbers in parentheses correspond to ICsn values in MM concentrations. d A c t = activation of enzyme relative to controls. 
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RCHO 
NaJS204 

the presence of a free hydroxyl group at R: hinders the 
degree of inhibition against HLE. Emodin, in addition to 
being a poorer inhibitor of HLE in comparison with the 
above-mentioned compounds, was also found to show 
slow-binding kinetics. 

Another important observation is the increase in in
hibition upon moving the methyl group from R5 (emodin, 
2) to R4 (isoemodin, 23), with the IC^ decreasing from 52 
vM to 21 MM. This is interesting in that isoemodin, which 
contains a free hydroxyl group at Ri, is essentially twice 
as active as emodin; the only difference between the two 
compounds is the position of the methyl group, which must 
be the determining factor of the increased inhibition. 
Oxidation of the R5 methyl group to a hydroxymethyl 
group (13 and 3) or a carboxylic acid (14 and la) only led 
to decreased activity relative to their counterparts con
taining the methyl group at R5; it is interesting to note that 
neither rhein (la) nor diacetylrhein (lb) showed any in
hibition in our assays at concentrations up to 90 fiM, as 
these were the inhibitors reported by Raimondi et al.7 

which initiated our interest in this project. The mono-
bromides 12,16, and 20 showed only little if any activity, 
but the dibromo analogue 17 was quite active, with an IC ,̂ 
of 17 nM. This was surprising in that its analogous mo-
nobromide 16 was completely inactive against HLE. 

On the basis of the observations discussed above, we 
decided to prepare anthraquinone analogues consisting of 
the 2-alkyl-l,8-dihydroxyanthraquinone nucleus. This 
series of compounds combines the observation that in
hibition is increased in the absence of a hydroxyl group 
at Rt with the observation that inhibition is increased with 
an alkyl functionality in the R4 position relative to the R5 
position. These compounds were obtained via Marschalk 
alkylation of 8-hydroxy-l-methoxyanthraquinone (26), 
prepared from 1,8-dimethoxyanthraquinone (25)20 by 
partial deprotection with HBr,15 with various aldehydes 
to provide the 8-O-methylated analogues 27a-g; subse
quent deprotection of the 8-methyl ether moiety with HBr 
in refluxing acetic acid provided the desired analogues 
28a-g (Scheme II). This reaction proceeded cleanly with 
the higher aldehydes (propyl, re-butyl, isobutyl, etc.), but 
alkylation with formaldehyde gave only a low yield of 27a, 
and attempted alkylation with acetaldehyde gave very low 
mass recoveries which contained several components by 
TLC and XH NMR analyses. Marschalk alkylation of 
1-hydroxyanthraquinone21 with benzaldehyde and form-
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Table II. IC50 Values of HLE and CatG Inhibitors 
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27a 
27b 
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27d 
27e 
27f 
27g 
28a 
28b 
28c 
28d 
28e 
28f 
28g 
29 
30 
31 
32 
34 
35 

36 

37 
38 
39 
40 
41 

IC50 
HLE 

19 
8.7 
5.9 
11 
6.7 
6.1 
6.0 
9.9 
4.2 
6.4 
8.0 
13 
3.9 
4.2 
Actc 

Act 
NI 
Act 
11 
» 6 0 

NI 

6.6 
11 
>60 
39 
Act 

(MM)« 

CatG 

NI6 

>60 
55 
NI 
NI 
>60 
>60 
55 
25 
24 
37 
56 
33 
28 
NI 
Act 
NI 
Act 
>60 
NI 

NI 

NI 
>60 
NI 
NI 
NI 

"ICjso values were determined in 0.1 M HEPES, 0.5 M NaCl, pH 
7.5 buffer containing 9-11% DMSO at 25 °C. bNI = no inhibition 
at concentrations up to 60 vM. c Act = activation of enzyme. 

aldehyde provided compounds 37 and 38, respectively. 
The 2-allyl analogue 34 was prepared by the reductive 
Claisen rearrangement22 of l-(allyloxy)-8-methoxyanthra-
quinone (33), which was efficiently epoxidized with 
mCPBA to the epoxide 36 (Scheme III). These and re
lated congeners were assayed as above, and were found to 
possess quite interesting activities with regard to HLE and 
CatG (Table II). None of the compounds in Table II 
showed any significant activity toward either PPE or ChT, 

(20) Oesterle, O. A.; Haugseth, A. R. Certain Derivatives of Rhein. 
Arch. Pharm. (Weinheim, Ger.) 1915, 253, 330-334. 

(21) 1-Hydroxyanthraquinone was prepared from 1-aminoanthra-
quinone using the procedure described in Dimroth, K.; Bemdt, 
A.; Perst, H.; Reichardt, C. 2,4,6-Triphenylphenoxyl. In Or
ganic Syntheses; Baumgarten, H. E., Ed.; John Wiley & Sons, 
Inc.: New York, 1973; Collect. Vol. V, pp 1130-1134. 

(22) (a) Boddy, I. K.; Boniface, P. J.; Cambie, R. C; Craw, P. A.; 
Larsen, D. S.; McDonald, H.; Rutledge P. S.; Woodgate, P. S. 
Reductive Claisen Rearrangements of Anthraquinone Allyl 
Ethers. Tetrahedron Lett. 1982,23, 4407-4408. (b) Takaha-
shi, I.; Terashima, S. Studies on the Synthesis of 4-[l,8-Di-
oxygenated-9,10-dioxoanthracen(or anthracen)-2-yl)butanoic 
Acid Derivatives. Chem. Pharm. Bull. 1982, 30, 4539-4544. 
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which exemplifies the significant level of specificity ob
served for these inhibitors. 

Of first importance is the specificity of compounds 27a-g 
for HLE over CatG. While the ICR, values range from 6.0 
to 19 MM for HLE, these compounds only inhibit CatG 
slightly, if any, at inhibitor concentrations up to 60 j»M. 
On the other hand, the deprotected analogues 28a-g show 
essentially the same magnitude of inhibition against HLE 
as do the 8-O-methylated analogues 27a-g (ICso's range 
from 3.9 to 9.9 jtM), but are also moderately active against 
CatG, with IC^ values ranging from 24 to 56 MM. This 
is significant in that it provides a series of compounds that 
are specific inhibitors of HLE (27a-g) and a closely related 
series of analogues that show comparable inhibition against 
HLE and CatG (28a-g) simply by the inclusion or exclu
sion of a methyl ether, respectively. In both cases the 
mode of inhibition was reversible, but the compounds 
28a-g showed slow-binding kinetics with respect to CatG. 

There appears to be little preference for a particular size 
of the 2-alkyl chain with respect to inhibition of either 
HLE or CatG. Although the inhibitors containing the 
longer 2-alkanes (n-propyl to n-hexyl) showed slightly 
greater inhibition against both enzymes than the smaller 
2-methyl-substituted analogues (27a and 28a), all of the 
compounds within a given series inhibited within the same 
order of magnitude. There also appears to be no prefer
ence for a saturated versus an unsaturated 2-alkyl group, 
because the 2-allyl analogue 34 shows essentially the same 
inhibition as the saturated 2-n-propyl analogue 27b (IC50 
values of 11 and 8.7 /iM, respectively). The requirements 
of the hydroxyl groups are much more striking, though, 
as it appears that CatG requires a free hydroxyl group at 
both Rj and R2; the inhibitors 28a-g, which possess free 
hydroxyl groups at Rx and R̂ , are relatively good inhibitors 
of CatG, but the analogues 27a-g, which have the hydroxyl 
at Rj blocked as a methyl ether, show only slight activity 
against CatG at concentrations up to 60 jtM. Additionally 
compounds 37 and 38, which contain only a hydrogen at 
Rlt also show little if any inhibition against CatG at in
hibitor concentrations up to 60 /M.. It is apparent that 
a free hydroxyl at Ri is not necessary to maintain inhib
ition against HLE, though, because compounds 27a-g, 37, 
and 38, with either a methyl ether or a hydrogen at R1; all 
show inhibition against HLE. It does appear that a free 
hydroxyl at R2 is necessary to maintain inhibition against 
HLE because the compounds 29-32, which have either 
methoxy or acetoxy groups at positions Ri and R2, are 
completely inactive against either enzyme. Additionally, 
compounds 35 and 39, which both contain methoxy sub-
stituents at position R2, show greatly decreased activity 
relative to their counterparts containing free hydroxyl 
groups at R2 (34 and 38, respectively). One anomaly to 
this observation is 2-methylanthraquinone (40) which, 
although it does not contain a phenolic group, still shows 
inhibition against HLE, with an IC50 of 39 /iM. This is 
surprising in that neither 2-ethylanthraquinone (41) nor 
anthraquinone itself, two closely related analogues of 40, 
showed any activity at all. 

These compounds act as competitive, reversible inhib
itors and show no time dependence other than the slow-
binding kinetics toward CatG. Because the analogues 
containing large alkyl groups at R3 (e.g. 28f and 28g) show 
essentially the same degree of inhibition as the compounds 
containing smaller groups at R3 (e.g. 28b and 28c), it is 
unlikely that these alkyl chains are occupying the Sx 
binding site; it is known that HLE prefers substrates which 
contain small, aliphatic Pi residues, such as valine. How
ever, Stein23 reported that the specificity of the Si site is 

Table III. K{ and ICM Values of Anthraquinone Poly(n-butyl 
carbonates) for HLE 

H3C(CH2)302CO OC02(CH2)3CH3 

Bi 
H 
CH, 
CHa 
CHa 
CHa 
H 

H 
H 
H 
H 
H 

Xv2 

(CH2)5CH3 

R3 

H 
H 
OCH3 
0(CH2)2CH3 
OC02(CH2)3CH3 
H 

no. 
42 
43 
44 
45 
46 
47 

K{ (MM)» 
7.5 
1.9 
2.8 
0.15 
NDb 

0.43 

ICW (MM)° 

12 
5.1 
2.5 
1.8 
1.3 
2.1 

"Ki and IC50 values were determined in 0.1 M HBPES, 0.5 M 
NaCl, pH 7.5 buffer containing 9-11% DMSO at 25 °C. hK{ could 
not be determined for 46 due to mixed inhibition. 

highly dependent upon the size of the substrate, with the 
degree of specificity decreasing proportionally with the size 
of the substrate. Because the inhibitors described above 
are rather small molecules, it is conceivable that the R3 
alkyl chain could fit into the Si pocket. Groutas6*1 recently 
described inhibitors of HLE consisting of iV-hydroxy-
succinimide derivatives, in which he postulates that sub-
stituents as large as isopentyl fit into the Sx subsite. One 
important observation that does suggest the Sx pocket as 
the site being occupied by the R3 alkyl chain is the fact 
that the allyl analogue 34, which inhibits HLE with an ICgo 
of 11 juM, completely loses all activity when oxidized to 
the epoxide 36. This is somewhat analogous to the ob
servation that oxidation of the Met358 residue of al-PI 
to its sulfoxide completely inactivates the inhibitory ca
pacity of al-PI.24 However, we cannot state with any 
degree of confidence that this is the mode of interaction 
of the R3 alkyl group, as we have no evidence concerning 
the mode of binding for these inhibitors; suffice it to say 
that the R3 alkyl substituent forms stabilizing hydrophobic 
interactions with the enzyme. In addition, the presence 
of at least one free hydroxyl group increases the in
hibitor-enzyme interaction, presumably through hydro
gen-bonding; while anthraquinone itself shows no activity 
against either HLE or CatG, 1,8-dihydroxyanthraquinone 
(chrysazin) is moderately active, with an IC^ of 42 MM for 
HLE. As a representative example of this series, the en
zyme-inhibitor dissociation constant (Kj) was determined 
for compound 28c from a standard Dixon plot and found 
to be 0.60 nM against HLE. 

(23) (a) Stein, R. L. Catalysis by Human Leukocyte Elastase: III. 
Steady-State Kinetics for the Hydrolysis of p-Nitrophenyl 
Esters. Arch. Biochem. Biophys. 1985,236,677-680. (b) Stein, 
R. L.; Strimpler, A. M.; Hori, H.; Powers, J. C. Catalysis by 
Human Leukocyte Elastase: Mechanistic Insights into Spe
cificity Requirements. Biochemistry 1987, 26,1301-1305. 

(24) (a) Beatty, K.; Mattheson, N.; Travis, J. Kinetic and Chemical 
Evidence for the Inability of Oxidized a-1-Proteinase Inhibitor 
to Protect Lung Elastin from Elastolytic Degradation. Hoppe 
Zeyler's Z. Physiol. Chem. 1984, 365, 731-736. (b) Johnson, 
D.; Travis, J. Structural Evidence for Methionine at the Re
active Site of Human a-1-Proteinase Inhibitor. J. Biol. Chem. 
1978, 253, 7142-7144. (c) One reviewer pointed out that the 
change in conformation upon oxidation of 34 to 36, due to 
hydrogen bonding, could account for the absence of activity for 
compound 36. We agree that this is a possibility, and only 
offer the comparison with al-PI to suggest the possibility of 
binding in the Si pocket. However, as stated in the text, we 
do not claim to know the exact mode of binding of these in
hibitors. 

(25) Brew, E. J. C.j Thompson, R. H. Naturally Occurring Qui-
nones. Part XX. Anthraquinones in Digitalis purpurea. J. 
Chem. Soc. C 1971, 2007-2010. 
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Upon reviewing the increase in activity of triacetyl-
emodin (11, Table I) and triacetylisoemodin (24) relative 
to their non-acetylated counterparts (2 and 23, respec
tively), we noted two important points: first, the dramatic 
increase in activity, and second, the greater degree of se
lectivity for HLE over CatG. We therefore decided to 
explore the possibility that anthraquinones containing 
several large hydrophobic substituents could provide po
tent, selective inhibition of HLE over CatG. The simplest 
route to construct molecules of this sort was to form 
long-chain alkyl carbonates of existing polyhydroxylated 
anthraquinones, which was readily achieved via acylation 
of the parent anthraquinone with n-butyl chloroformate. 

The data in Table III verifies that these compounds are 
indeed potent inhibitors of HLE, with Kx values ranging 
from 7.5 nM (compound 42) to 0.15 nM (compound 45). 
It is quite apparent that the magnitude of inhibition is 
dependent directly upon the number of long-chain hy
drophobic substituents. Compound 42 (IC50 = 12 fiM), 
which has only two hydrophobic chains, is about as active 
as triacetylemodin (11, ICgo = 13 (iM) and triacetyliso
emodin (24, ICso = 12 nM) which both contain three 
smaller acetyl substituents. Addition of one (compound 
43) or two (compound 44) small hydrophobic substituents 
increases the inhibition, with the X; value dropping from 
7.5 utM (compound 42) to the range of 1.8-2.8 iM. The 
presence of three long-chain hydrophobic substituents 
(compounds 45-47) leads to a further increase in activity 
by 1 order of magnitude, with the K{ values dropping into 
the sub-micromolar range (0.15-0.43 nM). The K{ value 
for compound 46 could not be determined because this 
inhibitor appeared to exhibit mixed modes of inhibition. 
It is interesting that the placement of the third long-chain 
hydrophobic substituent seems to have little effect on the 
magnitude of inhibition; compound 45, which has the third 
hydrophobic substituent meta to one of the n-butyl car
bonate moieties, shows essentially the same magnitude of 
inhibition as compound 47, which has a long-chain alkyl 
substituent ortho to an n-butyl carbonate moiety. This 
is interesting because of the dramatic preference for the 
alkyl group in the ortho position for the inhibitors de
scribed in Tables I and II. Of additional interest is the 
specificity of these inhibitors for HLE: assays with PPE 
and ChT at a 30 ;uM inhibitor concentration showed no 
inhibition of enzymatic activity, and assays with CatG 
showed either no inhibition (compounds 42-44) or only 
slight inhibition (compounds 45-47, less than 20% inhib
ition) at 30 jiM inhibitor concentration. 

To determine the mode of inhibition we evaluated the 
possibility that one of the carbonate moieties is transferring 
an acyl group to the enzyme. Dialysis of a HEPES buffer 
solution (containing 10% DMSO) of HLE and compound 
45, at such concentrations that HLE was inhibited by 89%, 
at 5 °C for 24 h resulted in the enzyme regaining 55% of 
its activity. These results could be interpreted in two ways: 
first, compound 45 rapidly acylates HLE (because no time 
dependence is observed), followed by rapid deacylation 
during the dialysis procedure. Second, these inhibitors 
operate through simple hydrophobic interactions with the 
enzyme, combined with possible hydrogen bonding. We 
feel that the latter is most likely the case, because we have 
observed no evidence for the formation of an acyl-enzyme. 

Conclusions 
We have presented a series of anthraquinone congeners 

which show selective inhibition of human leukocyte elas-
tase and cathepsin G (see Table IV for physical data). 
These inhibitors are quite selective for the human neu
trophil enzymes over their porcine counterparts (porcine 

Table IV. Chemical Data for Anthraquinone Congeners 
recryst 

compd" % yield6 solvent mp (°C) formula' 

"All compounds displayed 'H NMR, EIMS, and FTIR spectra 
consistent with the assigned structure. Full spectral data are 
available as supplementary material b Yield reported represents 
yield after recrystallization. 'Elemental analyses (±0.4% of theo
retical value) were obtained for C and H for all new compounds. 

pancreatic elastase and chymotrypsin, respectively). The 
inhibitors presented in Table II are extremely interesting 
in that the inclusion (47a-g) or exclusion (48a-g) of a 
simple methyl ether provides selective inhibitors that are 
active against HLE (47a-g) or against both HLE and CatG 
(48a-g). Additionally, the inhibitors presented in Table 
III represent simple molecules which show surprisingly 
selective and potent inhibition of HLE, presumably 
through hydrophobic interactions with the enzyme. 

Experimental Section 
Melting points were determined on a Koffler hot-stage equipped 

with a digital thermometer and are corrected. XH NMR spectra 
were recorded on a Varian Gemini-300 (300 MHz) spectrometer. 
All lH chemical shifts are reported downfield (5) in ppm relative 
to a tetramethylsilane internal standard. Mass spectra were 
recorded on a VG Analytical 70-SE mass spectrometer equipped 
with a 11-250J data system, and all exact mass determinations 
were recorded at 10000 resolution. FTIR spectra were recorded 
on a Nicolet 520 FTIR spectrophotometer as either thin film, 
Nujol mull, or 5% CHC13 solution cell. All microanalyses were 
performed by Atlantic Microlab, Norcross, GA, and are within 
0.4% of theoretical values. Dry THF was obtained by refluxing 
over sodium/benzophenone under an argon atmosphere. Enzy
matic assays were performed as previously described19 and 
monitored with a Varian DMS-90 spectrophotometer or a Nicolet 
520 spectrophotometer. TLC was conducted on Merck Kieselgel 
60 F254 precoated silica gel plates. Column chromatography was 
conducted using Davison Chemical S-704 silica gel or equivalent. 
Human leukocyte elastase and cathepsin G were provided by Dr. 
James Travis, University of Georgia, Athens. Chymotrypsin was 
purchased from Sigma Chemical Co. and porcine pancreatic 
elastase was purchased from Research Organics, Inc. Suc-Ala-
Ala-Ala-pNA was purchased from Peninsula Laboratories. 2-
Methylanthraquinone (40) and 2-ethylanthraquinone (41) were 
purchased from Aldrich Chemical Co., and the former was re-
crystallized from methanol before use; juglone (4a) was purchased 
from Aldrich Chemical Co. and used without further purification. 

1,4-Dihydro-1,3-dimethoxy-8-hydroxy-6-methyl-1,4-
ethano-9,10-anthraquinone (7a). A solution of 7-methyl-

27a 
27b 
27c 
27d 
27e 
27f 
27g 
28a 
28b 
28c 
28d 
28e 
28f 
28g 
29 
30 
31 
32 
37 
38 
39 
42 
43 
44 
45 
46 
47 

14 
35 
78 
62 
81 
30 
13 
87 
51 
71 
82 
86 
75 
78 

100 
100 
100 
100 
14 
51 
73 
39 
49 
54 
67 
55 
55 

MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
HOAc 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
EtOH 
EtOH 
EtOH 
MeOH 
EtOH 
EtOH 
MeOH/H20 

200-201 
165 
103 
129-130 
192 
104 
120-121 
168-169 
135 
120 
147 
190 
118 
102 
179 
184 
178 
196-197 
155 
181 
163-164 
104 
126 
124 
106 
98 
39 

NA 
C18H1604 

C19H1SO4 
C19H14O4 
C22H18O4 
C20H20O4 
C2iHM04-76H20 
NA 
Ci7HM04 

C18Hi604 
C18H1604 
C21H14O4 
C19H18O4 

C20H20O4 
C21H20O5 
CMHMOJ 

CWMVAHiO 
CjBHigOg'HjO 
NA 
NA 
NA 
^zfiifis 
C ^ M O S 
Ĉ HzgOg 
C28H32O9 
CMH34O11 
CsoHjjOg 
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juglone10 (4a, 1.88 g, 0.10 mmol) and l,3-dimethoxy-l,3-cyclo-
hexadiene11 (5,70% pure, 3.0 g, 0.15 mmol) in benzene (50 mL) 
was stirred at room temperature for 24 h. The solvent was 
evaporated, and the residue (crude 6a) was dissolved in 0.5 N 
methanolic KOH (50 mL) and heated on a steam bath for 10 min. 
Methylene chloride (100 mL) was added, then a solution of sodium 
nitrosodisulfonate (Fremey's salt), generated electrochemically12 

(ca. 0.4 M, 75 mL), was added, and the solution was stirred at 
room temperature for 2 h. The solution was diluted with chlo
roform (100 mL), the lower organic phase was collected, and the 
aqueous phase was extracted with chloroform (2 X 100 mL). The 
combined organic extracts were washed with saturated brine (200 
mL) and water (200 mL), dried over magnesium sulfate, filtered, 
and evaporated to afford a dark brown oil. The oil was dissolved 
in ether and cooled in an ice bath, upon which time a dark orange 
solid precipitated. The solid was collected via vacuum filtration, 
washed with cold petroleum ether, and air-dried to afford 1.85 
g (57%) of the desired product An analytical sample was obtained 
via silica gel chromatography (CHC13). Notes: It was sometimes 
necessary to add a small amount of petroleum ether to the crude 
product while it was dissolved in ether to induce precipitation 
of the product. Yields of this reaction varied, and the use of 
greater than 1.2 equiv of diene 5 led to marked decreases in yield: 
mp 124 °C; *H NMR (300 MHz, CDCI3) « 1.45 (m, 1 H), 1.86 (m, 
3 H), 2.40 (s, 3 H), 3.54 (s, 3 H), 3.68 (s, 3 H), 4.25 (m, 1 H), 5.19 
(d, 1 H, J = 2.5 Hz), 7.03 (d, 1 H, J = 1.4 Hz), 7.42 (d, 1 H, J = 
1.4 Hz), 12.34 (s, 1 H); EIMS m/e 326.1174 (M+, requires 
326.1154), 298,280,269,252; FTIR (CHCI3) 1650,1633,1587 cm"1. 

Emodin 1,3-Dimethyl Ether (8a). Into a small Erlenmeyer 
flask was placed 500 mg (1.5 mmol) of the bridged compound 7a, 
and the flask was heated to 160 °C with an oil bath. After several 
minutes the solid melted and then quickly resolidified as a dark 
brown solid. After heating for 30 min, the flask was cooled, and 
the solid was recrystallized from methanol/chloroform (9:1) to 
provide dark orange crystals (420 mg, 92%): mp 207 °C (lit.9 mp 
204-205 °C); »H NMR (300 MHz, CDC13) 8 2.44 (s, 3 H), 4.00 (s, 
3 H), 4.04 (s, 3 H), 6.80 (d, 1 H, J • 2.5 Hz), 7.09 (d, 1 H, J = 
1.5 Hz), 7.48 (d, 1H, J - 2.5 Hz), 7.59 (d, 1 H, J = 1.5 Hz), 13.11 
(s, 1 H); EIMS m/e 298.0840 (M+, requires 298.0841), 280,269, 
252; FTIR (CHC13) 1631,1596,1561 cm"1. 

Emodin (2). A solution of 8a (780 mg, 2.6 mmol) in glacial 
acetic acid (80 mL) and HBr (30% aqueous, 80 mL) was refluxed 
overnight Upon cooling, a precipitate formed which was collected 
by vacuum filtration, washed neutral with water, and air-dried. 
Recrystallization from chloroform provided emodin as orange 
needles, identical with an original sample. 

3-O-PropyIemodin (10). A solution of 2 (100 mg, 0.37 mmol), 
1-bromopropane (50 mg, 0.41 mmol), and K2C03 (300 mg, 2.2 
mmol) in DMF (15 mL) was stirred at 100 °C overnight. After 
cooling, the solution was poured into dilute HC1 (200 mL), and 
the brick-orange precipitate was collected by vacuum filtration, 
washed with water, and air-dried. The crude solid (77 mg) was 
dissolved in boiling methanol, stirred with a small amount of 
Norite, and filtered while hot. Evaporation of the filtrate afforded 
an orange powder, which showed two spots on TLC (silica gel, 
CHCI3, Rf - 0.64,0.49). The components were separated via silica 
gel chromatography (CHC13); the lead component (Rf = 0.64) 
provided the desired compound as an orange powder (36 mg, 
31%), while the trailing component (R> = 0.49) corresponded to 
unreacted emodin: mp 172 °C; XH NMR (300 MHz, CDCI3) 61.06 
(t, 3 H, J = 7.4 Hz), 1.86 (m, 2 H), 2.45 (s, 3 H), 4.06 (t, 1 H, J 
= 6.5 Hz), 6.67 (d, 1 H, J = 2.5 Hz), 7.08 (b s, 1 H), 7.36 (d, 1 H, 
J = 2.5 Hz), 7.63 (b s, 1 H), 12.14 (s, 1 H), 12.31 (s, 1 H); EIMS 
m/e 312.0996 (M+, requires 312.0998), 270,242,213; FTIR (CHCI3) 
1676, 1627, 1611, 1566 cm"1. Anal. (C18H1605-

2/5H20) C, H. 
l,4-Dihydro-8-hydroxy-l,3-dimethoxy-l,4-ethano-9,10-

anthraquinone (7b): prepared as described above for 7a except 
using juglone (4b, 1.1 g, 6.1 mmol) instead of 4a; yield 960 mg 
(51%); mp 152 °C (pyrolyzes); lH NMR (300 MHz, CDCI3) S 1.48 
(m, 1 H), 1.88 (m, 3 H), 3.54 (s, 3 H), 3.68 (s, 3 H), 4.27 (m, 1 H), 
5.20 (d, 1 H, J = 2.5 Hz), 7.24 (dd, 1 H, J = 7.9 Hz, 1.5 Hz), 7.59 
(t, 1 H, J = 7.9 Hz), 7.59 (dd, 1 H, J = 7.9 Hz, 1.5 Hz), 12.38 (s, 
1 H); IR (CHCI3) 1652, 1636, 1593 cm"1; exact mass calcd for 
C18Hl605 312.0998, found 312.1012. 

l,3-Dimethoxy-8-hydroxy-9,10-anthraquinone (8b): pre
pared as described above for 8a, except using 7b (100 mg, 0.32 

mmol) in place of 7a; yield 78 mg (85%); mp 218-219 °C (lit13b 

mp 215-216 °C) JH NMR (300 MHz, CDCI3) S 3.99 (s, 3 H), 4.03 
(s, 3 H), 6.78 (d, 1 H , J = 2.5 Hz), 7.28 (dd, 1 H, J = 8 Hz, 1.3 
Hz), 7.45 (d, 1 H, J = 2.5 Hz), 7.59 (t, 1 H, J = 8 Hz), 7.74 (dd, 
1 H, J = 8 Hz, 1.3 Hz), 13.14 (s, 1 H); EIMS m/e 284.0680 (M+, 
requires 284.0685), 266,255,238,223; IR (CHCI3) 1639,1604 cm"1. 
Anal. (C16H1206) C, H. 

6,8-Dimethoxy-l-hydroxy-2-methyl-9,10-anthraquinone 
(22). To a solution of 1.5% aqueous NaOH (100 mL) and 
methanol (100 mL) was added 8b (1.50 g, 5.3 mmol), and the 
solution was purged with nitrogen for 15 min. The solution was 
heated to 70 °C, sodium dithionite (1.86 g, 10.6 mmol) was added, 
and the solution was stirred for 10 min. Formaldehyde (37% 
aqueous, 30 mL) was added, and the solution was stirred at 70 
°C under a nitrogen atmosphere overnight. The solution was 
cooled to room temperature, acidified with HC1, and then cooled 
at 3 °C for several hours. The resulting orange crystalline solid 
was collected by vacuum filtration, washed with water, and air-
dried (1.29 g, 82%). An analytical sample was obtained via column 
chromatography (silica, CHC13) to provide a bright orange 
crystalline solid: mp 219-220 °C; W NMR (300 MHz, CDC13) 
6 2.37 (s, 3 H), 4.00 (s, 3 H), 4.04 (s, 3 H), 6.80 (d, 1 H, J = 2.5 
Hz), 7.46 (d, 1 H, J = 7.6 Hz), 7.48 (d, 1 H, «/-= 2.5 Hz), 7.69 (d, 
1 H, J = 7.6 Hz); EIMS m/e 298.0847 (M+, requires 298.0841), 
280, 269, 252; FTIR (CHC13) 1668,1628,1596,1457 cm"1. Anal. 
(C17H1405) C, H. 

2-Methyl- l,6,8-trihydroxy-9,10-anthraquinone (Isoemodin, 
23). A solution of 22 (1.2 g, 4.4 mmol) in glacial acetic acid (100 
mL) and HBr (48% aqueous, 50 mL) was refluxed for 3 h, then 
additional HBr (50 mL) was added, and the solution was refluxed 
overnight. The solution was diluted with 50 mL of water and 
cooled, and the resulting tan solid was collected by vacuum fil
tration, washed with water, and air-dried. Recrystallization from 
methanol provided orange needles (0.90 g, 76%): mp 287 °C; JH 
NMR (300 MHz, acetone-rig) & 2.35 (s, 3 H), 6.68 (d, 1 H, J = 2.3 
Hz), 7.29 (d, 1 H, J = 2.3 Hz), 7.67 (d, 1 H, J^ = 7.7 Hz), 7.80 
(d, 1 H, JAB = 7.7 Hz), 12.21 (s, 1 H), 12.55 (s, 1 H); EIMS m/e 
270.0522 (M+, requires 270.0528), 253, 241, 224, 213; IR (Nujol) 
3375,1613,1577 cm"1. Anal. (CigHjA-VioHaO) C, H; H: calcd, 
3.71; found, 4.19. 

2-Methyl-l,6,8-triacetoxy-9,10-anthraquinone (24). A so
lution of 23 (500 mg, 1.8 mmol) in acetic anhydride (50 mL) and 
pyridine (3 mL) was heated at 90 °C for 90 min. The solvent was 
evaporated to give the desired product in quantitative yield. 
Recrystallization from methanol afforded light yellow needles: 
mp 199 °C; JH NMR (300 MHz, CDC13) 6 2.34 (s, 3 H), 2.36 (s, 
3 H), 2.45 (s, 3 H), 2.48 (s, 3 H), 7.24 (d, 1 H, J = 2.5 Hz), 7.65 
(d, 1 H, J = 7.5 Hz), 7.95 (d, 1 H, J = 2.5 Hz), 8.12 (d, 1 H, J = 
7.5 Hz); EIMS m/e 397.0945 (M+, requires 397.0923), 354, 312, 
270, 241; FTIR (CHC13) 1776, 1677, 1634, 1600 cm"1. Anal. 
(C21H170g) C, H. 

8-Hydroxy-l-methoxy-9,10-anthraquinone (26). A solution 
of l.S-dimethoxy-g.lO-anthraquinone20 (25,16.4 g, 61.2 mmol) in 
glacial acetic acid (500 mL) and HBr (30% in acetic acid, 40 mL) 
was stirred at room temperature for 16 h. The solvent was 
evaporated, and the residue was triturated with water. The fluffy 
crystalline solid was collected with a Buchner funnel, washed well 
with water, and air-dried to provide the desired product in 
quantitative yield. Recrystallization from methylene chloride/ 
ether provided fluffy orange needles: mp 198 °C (lit.22b mp 
200-201 °C); *H NMR (300 MHz, CDCI3) S 4.08 (s, 3 H), 7.30 (dd, 
1 H, J - 8 Hz, 1 Hz), 7.37 (dd, 1 H, J « 8 Hz, 1 Hz), 7.63 (t, 1 
H, J = 8 Hz), 7.76 ( t , lH ,« / = 8 Hz), 7.79 (dd, 1 H, J = 8 Hz, 
1 Hz), 7.98 (dd, 1 H, J = 8 Hz, 1 Hz), 12.96 (s, 1 H); EIMS m/e 
254.0572 (M+, requires 254.0579), 236,208,168,139; FTIR (CHCI3) 
1672, 1635,1588, 1458 cm"1. 

General Procedure for the Marschalk Alkylation of 26 
with Various Aldehydes. 2-.B-Butyl-l-hydroxy-8-metb.oxy-
9,10-anthraquinone (27c). To a solution of 5% NaOH in 
methanol/water (1:1), which had been deaerated with nitrogen 
for 30 min, was added 26 (1.50 g, 5.91 mmol) and sodium dithionite 
(6.0 g), and the resulting orange solution was heated at 70 °C under 
nitrogen for 15 min. Butyraldehyde (4.25 g, 59.1 mmol) was added, 
and the solution was stirred at 90 °C under nitrogen overnight. 
The solution was cooled while stirring open to the air and then 
acidified with HC1. The dark-orange precipitate thus formed was 

2-.B-Butyl-l-hydroxy-8-metb.oxy-
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collected via vacuum filtration, washed with a large volume of 
water, and air-dried. Recrystallization from methanol provided 
bright orange needles (78%): mp 103 °C; >H NMR (300 MHz, 
CDC13) S 0.96 (t, 3 H, J - 7.5 Hz), 1.42 (sextet, 2 H, J = 7.5 Hz), 
1.64 (m, 2 H), 2.76 (t, 2 H, J = 7.5 Hz), 4.08 (s, 3 H), 7.36 (d, 1 
H, J = 8 Hz), 7.49 (d, 1 H, J = 8 Hz), 7.72 (d, 1 H, J = 8 Hz), 
7.74 (t, 1 H, J = 8 Hz), 7.97 (d, 1 H, J = 8 Hz), 12.51 (s, 1 H); 
EIMS m/e 310.1212 (M+, requires 310.1205), 295, 281, 267, 250; 
FTIR (CHCI3) 1667,1631,1589,1465 cm"1. Anal. (C19H1804) C, 
H. 

For the analogues which precipitated upon acidification of the 
reaction mixture, one or two recrystallizations from methanol was 
usually sufficient to obtain analytically pure material. However, 
several of the analogues did not precipitate upon acidification, 
and the material was worked up by extraction with chloroform, 
drying the organic extracts over sodium sulfate, and evaporation 
to provide a thick orange oil. Column chromatography over silica 
gel (CHCI3) provided the desired compounds as orange powders, 
which were then recrystallized from methanol. Analogously, 
compounds 37 and 38 were prepared from 1-hydroxyanthra-
quinone with formaldehyde and butyraldehyde, respectively, as 
described above. 

General Procedure for HBr-Mediated Deprotection of 27 
to 28. 2-n-Butyl-l,8-dihydroxy-9,10-anthraquinone(28c). A 
solution of 27c (155 mg, 0.50 mmol) in glacial acetic acid (15 mL) 
and HBr (30% in HO Ac, 3 mL) was refluxed for 3 h. The solvent 
was evaporated, and the residue was chromatographed through 
a short silica gel column (CHC13) to provide the corresponding 
analogue 28c as an orange powder. Recrystallization from 
methanol afforded light orange needles (105 mg, 71%): mp 120 
°C; XH NMR (300 MHz, CDC13) 5 0.97 (t, 3 H, J = 7.5 Hz), 1.42 
(sextet, 2 H, J = 7.5 Hz), 1.65 (m, 2 H), 2.77 (t, 2 H, J = 7.5 Hz), 
7.30 (dd, 1 H, J = 8 Hz, 1 Hz), 7.55 (d, 1 H, J = 7.5 Hz), 7.68 (t, 
1 H, J = 8 Hz), 7.79 (d, 1 H, J = 7.5 Hz), 7.84 (dd, 1 H, J = 8 
Hz, 1 Hz), 12.13 (s, 1H), 12.46 (s, 1 H); EIMS m/e 296.1052 (M+, 
requires 296.1049), 278, 267, 254, 225; FTIR (CHC13) 3116,1670, 
1623, 1598 cm'1. Anal. (ClgH1804) C, H. 

General Procedure for the Acetylation of Hydroxy-
anthraquinones. l-Acetoxy-2-isobutyl-8-methoxy-9,10-
anthraquinone (29). A solution of 27d (25.5 mg, 0.082 mmol) 
in acetic anhydride (10 mL) and pyridine (1 mL) was heated at 
90 °C overnight. The solvent was evaporated to provide the 
desired product in quantitative yield as a light yellow solid. An 
analytical sample was obtained via recrystallization from methanol 
mp 179 °C; lH NMR (300 MHz, CDCI3) 5 0.94 (d, 6 H, J = 7 Hz), 
1.95 (heptet, 1 H, J = 7 Hz), 2.52 (s, 3 H), 2.54 (s, 2 H), 4.01 (s, 
3 H), 7.32 (dd, 1 H, J = 8 Hz, 1 Hz), 7.57 (d, 1 H, J = 8 Hz), 7.68 
(t, 1 H, J = 8 Hz), 7.89 (dd, 1 H, J = 8 Hz, 1 Hz), 8.11 (d, 1 H, 
J = 8 Hz); EIMS m/e 352.1311 (M+, requires 352.1311), 310, 295, 
281, 267; FTIR (CHC13) 1785, 1673, 1588, 1468 cm"1. Anal. 
(C21H20O5) C, H. Analogously, 30,31, and 32 were prepared from 
28d, 27e, and 28e, respectively. 

l-(Allyloxy)-8-methoxy-9,10-anthraquinone (33). To a 
solution of 26 (10.0 g, 39 mmol), potassium carbonate (16 g), and 
potassium iodide (6.5 g) in 1 L of acetone was added allyl bromide 
(19 g, 16 mmol), and the solution was stirred at reflux for 48 h. 
The solvent was evaporated under reduced pressure to approx
imately 200 mL and then poured into 1 L of water. The yellow 
crystalline solid was collected via vacuum filtration, washed well 
with water, and air-dried to provide 11 g (95%) of desired product, 
which could be used without further purification. Recrystallization 
from methanol provided shiny yellow plates: mp 177 °C (lit.22b 

mp 174-175 °C); lH NMR (300 MHz, CDC13) b 4.02 (s, 3 H), 4.78 
(d, 2 H, J = 4.9 Hz), 5.37 (dd, 1 H, J = 9.1 Hz, 1.5 Hz), 5.58 (dd, 
1 H, J = 17.2 Hz, 1.5 Hz), 6.13 (ddd, 1 H, J = 17.2 Hz, 9.1 Hz, 
1.5 Hz), 7.29 (d, 1 H, J = 8 Hz), 7.31 (d, 1 H, J = 8 Hz), 7.61 (t, 
1 H , ; = 8 Hz), 7.64 (t, 1 H, J = 8 Hz), 7.84 (d, 1 H, J = 8 Hz), 
8.85 (d, 1 H, J = 8 Hz); EIMS m/e 294.0884 (M+, requires 
294.0892), 279, 265, 253, 237, 209; FTIR (CHClg) 1672,1588,1466, 
1319 cm"1. 

2-AHyl-l-hydroxy-8-methoxy-9,10-anthraquinone (34). To 
a solution of DMF/H20 (1:1, 150 mL) were added sodium di-
thionite (1.2 g, 6.8 mmol) and 34 (1.0 g, 3.4 mmol), and the solution 
was heated to 70 °C under nitrogen. Several (3-5) pellets of solid 
sodium hydroxide were added, and the resulting bright orange 
solution was stirred under nitrogen at 70 °C for 2 h. The solution 

was oxygenated with a steady stream of oxygen for 30 min, then 
poured into 50 mL water, and acidified with HC1. The resulting 
orange solid was collected via vacuum filtration, washed with 
water, and air-dried. The solid was chromatographed on silica 
gel (CHCI3) to provide 640 mg (64%) of desired product as a bright 
orange solid. An analytical sample was obtained via recrystal
lization from ethanol: mp 175 °C (lit.22b mp 172 °C, EtOAc); lH 
NMR (300 MHz, CDC13) 5 3.53 (d, 1 H, J = 6.7 Hz), 4.08 (s, 3 
H), 5.15 (d, 1 H, J = 10.4 Hz), 5.16 (d, 1 H, J = 14.6 Hz), 6.03 
(ddd, 1 H, J = 14.6 Hz, 10.4 Hz, 6.7 Hz), 7.37 (d, 1 H , J = 8.4 
Hz), 7.51 (d, 1 H, J = 7.7 Hz), 7.74 (d, 1 H, J = 7.7 Hz), 7.76 (t, 
1 H, J = 8.4 Hz), 7.98 (d, 1 H, J = 8.4 Hz); EIMS m/e 294.0894 
(M+, requires 294.0892), 279, 264, 251; FTIR (CHC13) 1669,1631, 
1588,1465 cm"1. 

2-Allyl-l,8-dimethoxy-9,10-anthraquinone (35). To a so
lution of 34 (610 mg, 2.1 mmol) in 100 mL of acetone were added 
potassium carbonate (695 mg, 5.0 mmol) and 1 mL of dimethyl 
sulfate, and the mixture was stirred at reflux for 21 h. The solution 
was filtered while hot and evaporated under reduced pressure, 
and the residue was crystallized from 95% ethanol to provide 460 
mg (72%) as fluffy yellow needles: mp 135 °C (lit.2211 mp 
135.0-135.5 °C); »H NMR (300 MHz, CDCI3) & 3.56 (d, 2 H, J = 
6.6 Hz), 3.97 (s, 3 H), 4.03 (s, 3 H), 5.12 (dd, 1 H, J = 8.8 Hz, 1.6 
Hz), 5.16 (dd, 1 H, J = 2.8 Hz, 1.6 Hz), 5.99 (m, 1 H), 7.32 (d, 
1 H, J = 7.7 Hz), 7.55 (d, 1 H , J = 7.7 Hz), 7.66 (t, 1 H, J = 8 
Hz), 7.86 (d, 1 H, J = 8 Hz), 7.97 (d, 1 H, J = 8 Hz); EIMS m/e 
308.1047 (M+, requires 308.1049), 293,277,267,263; FTIR (CHCI3) 
1673,1589, 1468 cm"1. 

2-(2',3'-Epoxypropyl)-l-hydroxy-8-methoxy-9,10-anthra-
quinone (36). A solution of 34 (515 mg, 1.75 mmol) and 3-
chloroperbenzoic acid (606 mg, 3.50 mmol) in CH2C12 (50 mL) 
was stirred under a nitrogen atmosphere at room temperature 
for 48 h. The solution was washed with 5% NaHC03 (2 X 50 mL) 
and water (50 mL), dried over sodium sulfate, filtered, and 
evaporated to provide an orange solid. Recrystallization from 
methanol afforded the desired product as orange needles (438 mg, 
81%): mp 201-202 °C; lH NMR (300 MHz, CDC13) S 2.60 (dd, 
1 H, J = 4.7 Hz, 2.6 Hz), 2.83 (dd, 1 H, J = 4.7 Hz, 4.7 Hz), 2.93 
(dd, 1 H, J = 14.6 Hz, 6.1 Hz), 3.12 (dd, l H , < / = 14.6 Hz, 4.7 
Hz), 3.31 (m, 1 H), 7.38 (d, 1 H, J = 7.7 Hz), 7.60 (d, 1 H , J = 
7.7 Hz), 7.75 (d, 1 H, J = 7.7 Hz), 7.77 (t, 1 H, J = 7.7 Hz), 7.98 
(d, 1H, J = 7.7 Hz); EIMS m/e 310.0841 (M+, requires 310.0841), 
292,279, 266,249, 238,189; FTIR (CHC13) 1690,1631,1588,1466 
cm"1. Anal. (C18H14(V/4H20) C, H. 

l-Methoxy-2-methyl-9,10-anthraquinone (39). Prepared 
from 38 as described above for compound 35. Recrystallization 
from 95% ethanol provided bright yellow plates in 73% yield: 
mp 163-164 °C (lit.26 mp 152-153 °C, benzene); lH NMR (300 
MHz, CDCI3) S 2.44 (s, 3 H), 3.95 (s, 3 H), 7.62 (d, 1 H, J - 8.0 
Hz), 7.78 (m, 2 H), 8.07 (d, 1 H, J = 8.0 Hz), 8.27 (m, 2 H); EIMS 
m/e 252.0791 (M+, requires 252.0786), 237, 223; FTIR (CHC13) 
1673,1592,1322 cm"1. 

General Procedure for Preparation of Poly(butyl car
bonates) 42-47. l,8-Bis[(xi-butoxycarbonyl)oxy]-6-methyl-
3-propoxy-9,10-anthraquinone (45). To a solution of 10 (28 
mg, 0.09 mmol) in dry THF (15 mL) containing several drops of 
triethylamine at 0 °C was added n-butyl chloroformate (30 mg, 
0.22 mmol) dissolved in 5 mL dry THF, at which time the initial 
light-red color of the solution disappeared. The solution was 
allowed to warm to room temperature and then was stirred for 
15 min. The solvent was evaporated, and the residue was re-
crystallized from 95% ethanol to afford light yellow needles (31 
mg, 67%): mp 106 °C; XH NMR (300 MHz, CDC13) 8 0.99 (t, 6 
H, J = 7.3 Hz), 1.07 (t, 3 H, J = 7.4 Hz), 1.49 (sextet, 4 H, J = 
7.3 Hz), 1.79 (m, 4 H), 1.86 (m, 2 H), 2.51 (s, 3 H), 4.10 (t, 2 H, 
J = 6.5Hz), 4.32 (t, 2 H, J = 6.6 Hz), 6.97 (d, lH ,< /= 2.7 Hz), 
7.30 (b s, 1 H), 7.68 (d, 1 H, J - 2.7 Hz), 8.03 (b s, 1 H); EIMS 
m/e 512.2037 (M+, requires 512.2046), 412, 312, 270, 242, 213; 
FTIR (CHCI3) 1767,1674,1663,1609,1346 cm"1. Anal. (QjgHaA) 
C, H. 
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Purine nucleoside phosphorylase (PNP) (EC 2.4.2.1) is 
an essential enzyme of the purine salvage pathway and has 
been a target for drug design for sometime. Other enzyme 
inhibitors of the purine cascade, such as the adenosine 
deaminase inhibitor 2'-deoxycoformycin (pentostatin; 
DCF)2 and the xanthine oxidase inhibitor allopurinol, have 
proven to be useful drugs, but no PNP inhibitor has yet 
been developed. 

PNP is a purine-metabolizing enzyme which catalyzes 
the reversible phosphorylosis of inosine, deoxyinosine, 
guanosine, and deoxyguanosine to the corresponding pu
rines, hypoxanthine and guanine. PNP deficiency in 
children causes profound impairment in T-cell function 
with minimal or no effect on B-cell function.3 Thus, it 
is theorized that a potent PNP inhibitor could be a po
tentially useful immunosuppressive agent in the treatment 
of T-cell-dependent diseases, such as rheumatoid arthritis 
and psoriasis, and in T-cell leukemia and lymphomas.4 

PNP inhibitors should also be efficacious in the treatment 
of metabolic disorders such as hyperuricemia because of 
their ability to block the degradation of nucleosides which 
are precursors of uric acid. Numerous other potential 
indications have been postulated.4 

Previously, we described the synthesis and biological 
activity of the PNP inhibitor 2,8-diamino-9-(2-thienyl-
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methyl)guanine (1; P D 119229; CI-950).6'6 Although 1 
(CI-950) is an extremely potent P N P inhibitor {Kx = 0.067 
JUM),7 physical properties of this compound limited its 
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Inhibitors of Human Purine Nucleoside Phosphorylase. Synthesis of 
Pyrrolo[3,2-d]pyrimidines, a New Class of Purine Nucleoside Phosphorylase 
Inhibitors as Potentially T-Cell Selective Immunosuppressive Agents. Description 
of 2,6-Diamino-3,5-dihydro-7-(3-thienylmethyl)-4fl'-pyrrolo[3,2-d]pyrimidin-4-one1 
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Purine nucleoside phosphorylase (PNP) is a purine-metabolizing enzyme in the purine cascade and has been a target 
for drug design for sometime. A series of potent human PNP inhibitors, pyrrolo[3,2-d]pyrimidines (9-deazaguanines), 
has been synthesized and evaluated in the enzyme assay and in the cell line assay using MOLT-4 (T-cell) and MGL-8 
(B-cell) lymphoblasts for selectivity. One of the compounds, 2,6-diamino-3,5-dihydro-7-(3-thienylmethyl)-4H-
pyrrolo[3,2-d]pyrimidin-4-one (lie; CI-972), was found to be moderately potent, competitive, and reversible inhibitor 
of PNP with Kj = 0.83 iiM. It was also found to be selectively cytotoxic to MOLT-4 lymphoblasts (IC50 = 3.0 MM) 
but not to MGL-8 lymphoblasts and was evaluated further. Compound l i e (CI-972) is under development in the 
clinic. 
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