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The isolation of 2-bromo-1-hydroxyphenazine from amarineStreptomyces species, strain CNS284, and
its activity against NF-κB, suggested that a short and flexible route for the synthesis of this metabolite
and a variety of phenazine analogues should be developed. Numerous phenazines were subsequently
prepared and evaluated as inducers of quinone reductase 1 (QR1) and inhibitors of quinone reductase
2 (QR2), NF-κB, and inducible nitric oxide synthase (iNOS). Several of the active phenazine derivatives
displayed IC50 values vs QR1 induction and QR2 inhibition in the nanomolar range, suggesting that
they may find utility as cancer chemopreventive agents.

Introduction

In 2008, cancer accounted for almost 8 millions deaths
worldwide,1 and it is the second leading cause of death in the
United States.2,3Moreover, the number of cases is expected to
increase by over 45% in the next 20 years.3 Even with the recent
advances in chemotherapy, the best strategy for dealingwith the
cancer problem is simply toprevent it fromdeveloping.Chemo-
prevention aims to prevent, delay, and ultimately reverse
cancer development.4 A strategy to avoid carcinogenesis is to
avert the metabolic formation of carcinogens.5 This may be
achieved by inhibition of phase I enzymes,6 such as aromatase.7

These enzymes modify potential carcinogens, rendering them
more active.7,8 In some cases, quinone reductase 2 (QR2)a has
behaved like a phase I enzyme by converting quinone substrates
into species capableof causingcarcinogenesis.9-11The same end
could be achieved by induction of phase II enzymes, such as
quinone reductase 1 (QR1)12-15 or glutathione S-transferase
(GST),16 which detoxify carcinogens.17 Finally, the transcrip-
tion factor nuclear factor κ-light chain enhancer of activated B
cells (NF-κB)18,19 and inducible nitric oxide synthase (iNOS)20

are also regarded as potential chemopreventive targets.
Small molecules that can affect more than one pathway

or interact with multiple targets are especially attractive candi-
dates for chemoprevention.21-27 Molecules of the phenazine
class have been observed as secondary metabolites from

Streptomyces, Pseudomonas, and other marine micro-
organisms.28 Natural or synthetic phenazines have shown anti-
biotic, anticancer, antifungal, and neuroprotective prop-
erties.29-31 For example, 2-bromo-1-hydroxyphenazine
(1, Figure 1)32 and lavanducyanin (2, Figure 1)33,34 present
interesting biological activities, including cytotoxicity against
cancer cells and antibiotic activity.

As described in the present report, the natural product 1,
which was isolated by activity-directed fractionation of a
Streptomyces species, strain CNS284, was highly cancer cell
cytotoxic (IC50 = 0.1 μM against HCT-116) and showed
weak tomoderate activity in theNF-κB-luciferase assay (IC50=
73 μM). This result suggested further exploration of the
chemopreventive activities of analogues of phenazine 1. The
phenazines 8, 9, and 10 were obtained during the synthesis of
the natural product 1. Examination of these compounds in a
panel of chemopreventive targets revealed surprising activities
vs a number of them. Phenazine 8 inhibited iNOS activity
(IC50 4.2 μM), while compound 9 doubled the concentration
of QR1 at a activity of 29.4 μM, and the phenazine 10

inhibited QR2 (IC50 = 18.5 μM). These results suggested
the further optimization of these activities through structure
manipulation. However, in view of the disparate targets and
inadequate knowledge of the mechanisms of action involved

Figure 1. Phenazine natural products.
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with a number of them, and the complete lack of any informa-
tion about the chemopreventive activities of any phenazines,
the initial approach has necessarily been empirical, consisting
mainly of the synthesis of a random array of substituted
phenazines that were brominated, chlorinated, methylated,
methoxylated, and nitrated in various locations. The activities
of the resulting compounds were determined vs QR1 induc-
tion, QR2 inhibition, iNOS inhibition, andNF-κB inhibition.
Although several reports have evaluated the biological activ-
ities of phenazines,28-34 to our knowledge, this is the first report
on their chemopreventive properties, including QR1 induction
and QR2 inhibition.

Results and Discussion

Chemistry. The core structure, 1-methoxyphenazine (6),
was prepared following published procedures (Scheme 1).35,36

Briefly, 1-methoxycatechol (3) was oxidized with o-chloranil
and then condensed with o-phenylenediamine (5). Demeth-
ylation under standard conditions35 yielded 7. Subsequent
bromination with 1 equiv of N-bromosuccinimide gave the
natural product 2-bromo-1-hydroxyphenazine (1). The spec-
tral properties of the synthetic compoundwere identical with
those of the natural product isolated from the marine
Streptomyces species, strain CNS284. Treatment of com-
pound 7 with 2 equiv of N-bromosuccinimide yielded com-

pound 8. This compound showed a good QR1 induction
ratio (IR) of 2.8; consequently, the position of the bromine
substituent was altered to study the effect on activity.

The para-substituted phenazines 11 and 12 were synthe-
sized by bromination and demethylation of compound 6

(Scheme 2). The synthesis of the m-bromo derivative 14

(Scheme 3) was achieved by condensation of the appro-
priate quinone 13 with o-phenylenediamine (5). Subse-
quent deprotection, bromination, and demethylation gave the
analogues 15-17. In addition, a series of simple mono- and
disubstituted phenazines, 28-35, were prepared to study the
influence that different substitution patterns have on the
biological activity (Scheme 4).

The next step consisted of the addition of methyl groups
(38 and 39) or chloride (40 and 41) to the phenazine system
(Scheme 5). This series also included some bromide substit-
uents (39 and 41-43, Schemes 5 and 6). Compound 40 was

Scheme 1
a

aReagents and conditions: (a) o-Chloranil, ether. (b) PhH, HOAc.

(c) HBr, HOAc, reflux. (d) One equivalent of NBS, PhCH3. (e) Two

equivalents of NBS, PhCH3. (f) Mel, K2CO3, acetone.

Scheme 2a

aReagents and conditions: (a) One equivalent of NBS, PhCH3,

CH3CN. (b) BBr3, CH2CI2.

Scheme 3
a

aReagents and conditions: (a) PhH, HOAc. (b) HBr, HOAc.

(c) NH4OAc, Br2, HOAc. (d) BBr3, CH2CI2.

Scheme 4a

aReagents and conditions: (a) Ag2O, acetone. (b) PhH, HOAc.
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demethylated yielding 44 (Scheme 7). In addition, the benzo-
[b]phenazine analogues 46 and 47were synthesized (Schemes 8).
In compound 49 (Scheme 9), the positions of the nitrogens
were changed. Finally, quinoxaline analogues of the phena-
zines were synthesized using the same condensation reaction
(Scheme 10) to study the behavior of smaller fragments.

QR1 Inductive Activity. It is believed that chemopreven-
tion can be achieved by induction of QR1, which deactivates
potential carcinogens.37 The effect of phenazines on QR1
induction was tested as described in the Experimental Section.38

Analogues of the phenazine natural product 1 and compound 6
were prepared to establish structure-activity relationships for
QR1 induction. Both the induction ratio (IR) and the concen-
tration to double (CD) values were determined for each com-
pound,where the IR is theQR1activity inmousehepatomacells

in the presence of a 50 μM concentration of the phenazine
divided by the activity in the absence of the phenazine, and the
CD is the concentration of the drug that doubles the QR1
activity. The experimental results (Table 1) indicate that a
bromine substituent para to the oxygen atomatC-1 increases
QR1 induction when substituents are absent on the second
benzene ring. This effect is apparent in compounds 8 and 11,
which present induction ratios (IRs) of 2.8 and 2.7 and
concentration to double QR1 activity (CD) values of 27.0
and 4.3 μM, respectively. On the other hand, a bromine sub-
stituent in the meta position has a negative effect on enzyme
induction, that is, 14 and 15. Methylation of the hydroxyl
group has, in general, a positive effect on the activity. For
example, compound 11 has an IR of 2.7, which is larger than
its hydroxyl analogue 12, which has an IR of 1.5. Further-
more, the methylated compound 16 has an IR of 1.6 versus a
1.0 value for the phenolic analogue 17. This result documents
the detrimental effect of a bromine substituent in the meta
position, which is also seen with other compounds.

The next aim was to analyze how various substituents on
the unsubstituted benzene ring affect QR1 induction. The
parent compound 38 (IR=4.7, and CD=11.3 μM) was
more active than its brominated analogues 39 and 43 (IR values
of 1.2 and1.4).Thepositive effect of abromine substituent para
to the methoxy group did hold for the analogue 42, which
shows an IR of 6.6 (CD= 1.83 μM). Given that the IR of 38
was also higher than the parent compound 6, it was hypothe-
sized that the better IR values of these compounds were also
a consequence of the substituents at C-7 and C-8. This hypo-
thesis was confirmedwhen other substituentswere added to the
ring. For example, the chlorinated compounds 40, 41, and 44
have IR values of 4.2, 3.1, and 2.2 (CD values= 9.42, 0.012,
and 1.85 μM). The positive effect of the methoxy group on
QR1 activity is also observed with these compounds. In addi-
tion, the data suggest a positive effect of oxygen substitution on
the IR values, that is, compound 38 has an IR of 4.7, which is
higher than the deoxygenated compound 28 with an IR of
2.4. The best inducer of QR1 is compound 46, with an IR
value of 7.9 at 305 nM (the IR at the testing concentration of
50μMwas2.2) and aCDvalue of only 4.7 nM.This compound

Scheme 5
a

aReagents and conditions: (a) PhH, HOAc.

Scheme 6a

aReagents and conditions: (a)One equivalent ofNBS, PhCH3,CH3CN.

(b) Br2, HOAc, NaOAc.

Scheme 7a

aReagents and conditions: (a) HBr, HOAc.

Scheme 8a

aReagents and conditions: (a) PhH, HOAc.

Scheme 9
a

aReagents and conditions: (a) PhH, HOAc.

Scheme 10a

aReagents and conditions: (a) PhH, HOAc. (b) BBr3, CH2Cl2. (c) Two

equivalents of NBS, PhCH3, CH3CN.
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wasmoderately cytotoxic inHepa 1c1c7 cells, with an IC50 of
9.58 μM, hence, the lower IR at the testing concentration.
This cytotoxicity is not a concern, since the GI50 value is
3 orders of magnitude above the dose needed to significantly
induce QR1. The chemopreventive index (CI) for this com-
pound (GI50/CD) is 2038, where the GI50 is the concentra-
tion required to inhibit growth 50% relative to control
(no drug) after a 48 h incubation period.

QR2 Inhibitory Activity. As stated earlier, in some cases,
QR2may produce toxic metabolites; therefore, its inhibition
could prevent carcinogenesis.10 Inhibition assays were per-
formed on the synthetic compounds as described in the Experi-
mental Section. The addition of chlorine atoms increases
inhibitory activity, resulting in IC50 values of 4.8 ( 0.95
(compounds 40) and 0.48 ( 0.09 μM (44) versus the unsub-
stituted compound 6, with an IC50 of 31.1 ( 1.7 μM.
Compounds with a bromine atom in the meta position, with
respect to the oxygen, also showed good inhibition of QR2
with IC50 values of 0.69 ( 0.11 (compound 14), 0.16 ( 0.02
(16), 1.4 ( 0.27 (17), and 4.1 ( 0.22 μM (43). Three other
compounds that showed very good inhibitory activitywere 9,
29, and 34, with IC50 values of 0.18 ( 0.03, 0.45 ( 0.02, and
0.32 ( 0.02 μM.

NF-KB Inhibitory Activity. NF-κB is an inducible tran-
scription factor that, when activated, promotes cell survival

and differentiation. On the other hand, its down regulation
renders cells more sensitive to apoptosis.19 This fact makes
NF-κB inhibitors good candidates for chemoprevention.
Most of the compounds showedmodest to good activity against
NF-κB. In general, a bromine meta to the oxygen increased
activity, that is, compounds 15-17, 39, 41, and 43. Also,
molecules with two bromine atoms, such as 43, were even
more active than molecules 39 or 42, with only one bromine
substituent. Finally, bromine-substituted hydroxyphenazines
showed a higher activity than their methylated analogues,
that is, 11 vs 12 or 16 vs 17.

Nitrite Assay. Inhibitors of iNOS have been considered as
potential anti-inflammatory and cancer chemopreventive
agents.20 Therefore, the inhibitory activities of phenazines on
the production of nitrite, a stable product of nitric oxide (NO),
have been evaluated. Various phenazines showedmoderate
inhibitory iNOS activities.Most of the compounds that contain
bromineatoms in themetaand/orparapositions,with respect to
the oxygen, were active. The hydroxyl compounds are more
active than their methylated analogues, that is, 8 vs 10 or 15 and
17vs14and16.Also,phenazineswithmethyl substituentson the
nonoxygenated benzene ring were active. Overall, the most
active compounds were 8, 34, 46, and 47.

Multiple Activities. Arguably, the most attractive feature
of these phenazines is their ability to interact with multiple

Table 1. Induction of QR1 and Inhibition of NF-κB, iNOS, and QR2

QR1 NF-κB-luciferase Nitrite assay QR2

compd IRa,b CDc,d (μM) Luciferase activity % inhibitionb,e IC50
f (μM) % max inhibitionb,g IC50

f (μM) % max inhibition IC50
f,h (μM)

1 0.7 50.0( 0.7 73.0( 0.0 31.5( 2.5 N/Ah N/A

6 1.4 0 2.4( 1.1 88.6 ( 1.7 31.1 ( 1.7

8 2.8 27.0 17.5( 4.9 70.9( 1.1 4.2( 0.5 N/A N/A

9 2.5 29.4 0 44.7( 2.2 94.9 ( 1.1 0.186 ( 0.03

10 1.8 0 24.7( 4.0 88.7 ( 7.5 18.5 ( 4.4

11 2.7 4.3 54.0( 8.5 47.5( 7.7 90.4 ( 2.9 36.8 ( 2.7

12 1.5 75.0( 5.2 5.19( 2.4 84.7( 0.0 31.5( 0.0 50.3 ( 2.7 26.9 ( 3.6

14 1.0 0 68.6( 5.1 26.5( 1.5 88.8 ( 2.24 0.69 ( 0.11

15 0.7 99.8( 0.1 5.42( 0.4 86.5( 0.4 28.4( 0.4 N/A N/A

16 1.6 84.2( 2.0j 70.9( 0.4 33.7( 0.4 93.3 ( 0.64 0.16 ( 0.02

17 1.0 91.5( 4.8 4.74( 2.35 79.2( 3.3 17.4( 1.2 61.5 ( 2.3 1.4 ( 0.27

28 2.4 23.0 82.0( 5.7 9.15( 3.18 49.1( 1.8 90.2 ( 2.03 13.5 ( 0.93

29 1.2 0 5.5( 1.8 89.9 ( 0.5 0.45 ( 0.02

30 1.9 0 16.4( 0.4 42.1 ( 0.78 3.3 ( 0.27

31 0.8 10.5( 7.8 38.7( 1.8 109.1 ( 9.1 60.8 ( 9.86

32 0.8 16.0( 5.7 12.5( 4.4 90.0 ( 1.51 15.3 ( 0.76

33 0.8 0 29.4( 3.3 80.0 ( 2.47 18.2 ( 1.59

34 1.6 72.5( 15.2 13.1( 0.7 79.7( 3.3 7.2( 1.1 85.1 ( 0.4 0.32 ( 0.02

35 1.0 18.5( 9.2 5.0( 2.6 93.6 ( 9.3 35.5 ( 8.2

38 4.7 11.3 48.5( 9.2 53.8( 9.9 47.0( 1.4 100.5 ( 8.6 11.7 ( 3.17

39 1.2 79.2( 5.9 6.64( 0.76 8.8( 5.9 31.2 ( 2.5 10.5 ( 2.7

40 4.2 9.42 93.4( 0.2 16.17( 3.5 14.6( 9.5 74.4 ( 3.81 4.8 ( 0.95

41 3.1 0.012 77.4( 2.0 2.46( 0.5 0.0( 3.3 N/A N/A

42 6.6 1.83 67.5( 3.5 17( 0.85 51.9( 2.9 48.9( 1.6 42.7 ( 3.6 11.3 ( 1.0

43 1.4 92.4( 2.3 1.39( 1.7 77.7( 5.5 34.5( 2.0 82.6 ( 1.12 4.1 ( 0.22

44 2.2 1.85 50.5( 3.3 51.2( 1.8 47.2( 1.2 76.7 ( 1.95 0.48 ( 0.09

46 7.9i,j 0.0047 99.5( 9.9 2.1( 1.3 98.9( 0.4 7.2( 1.0 64.4 ( 1.21 3.5 ( 0.28

47 0.6j 4.39 84.5( 6.4 2.48( 1.3 98.7( 3.7 5.9( 0.5 56.1 ( 1.9 11.2 ( 1.2

49 3.2 16.6 77.3( 7.9j 3.4( 11.4 N/A N/A

51 1.4 52.0( 4.24 0.8( 13.6 N/A N/A

52 1.7 52.5( 4.95j 0.0( 7.3 N/A N/A

53 1.8 91.9( 2.4 1.93( 0.3 81.3( 0.4 45.6( 2.6 6.2 ( 0.76 2.9 ( 1.54

54 0.23

55 0.26
a IR, induction ratio. bTesting concentration, 50 μM (except for 1, which was tested at 100 μM in the NF-κB assay). cCD is the concentration that

doubles the activity. dCD values were determined for phenazines with induction ratios >2. eNF-κB IC50 calculated when inhibition >70% (except
for 1). f IC50, median inhibitory concentration. gNitrite IC50 calculatedwhen inhibition>50%. hN/A, not applicable, no inhibition; compounds 1 and 8
react directly with the NRH substrate, so no inhibition data could be obtained. iTesting concentration, 305 nM. jCytotoxic at testing concentration.
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targets (Table 1). The ability to blockmultiple pathwaysmay
create a synergistic effect that could lead to greater chemo-
preventive potential.24-27,39-41 This is critical in chemopre-
vention because “cancer is a multifactorial disease that requires
modulation of multiple pathways and multiple targets”.42 The
most notable compounds are 9, 16, 28, 34, 38, and 46. These
compounds present QR1 inductive or QR2, iNOS or NF-κB
inhibitory activities on multiple targets at low micromolar
concentrations. In some cases, the biological results were
obtained in the nanomolar concentration range. 1-Methoxy-
benzo[b]phenazine (46) exhibited the best all-around activity
vs all four targets: QR1 IR 7.9 and CD 0.0047 μM, NF-κB
IC50 2.1 μM, nitrite IC50 7.2 μM, and QR2 IC50 3.5 μM. Out
of the 32 compounds, it ranked first vs QR1 induction, third vs
NF-κB inhibition, tied for third vs iNOS inhibition, and tenth
vs QR2 inhibition. This clearly demonstrates that good activity
vs all four targets can be achieved with a single compound.

Table 2 contains rank-order lists of the 12 most active
compounds in each of the four assays. The numbers of the
compounds that appear in both the nitrite and the NF-κB
columns are italicized. Eight of the compounds appear in both
the iNOS and the NF-κB lists, from which it may be con-
cluded that some of the structural features that confer inhibitory
activity vs iNOS (nitrite assay) also confer inhibitory activity in
the NF-κB assay. Five of the eight compounds are brominated
phenazines or phenazine analogues having either a phenol or a
methyl ether in the same position or an equivalent position. The
activity vs QR1 and QR2 seems to result from independent
pharmacophores, with less overlap in their rank order lists.

Conclusion

Simple syntheses of the natural product 1 and a series of its
analogues have been carried out. The activities of the natural
product 1 were significantly optimized vs QR1 induction,
inhibition of NF-κB-luciferase activity, inhibition of iNOS
activity, and inhibition of QR2, through the synthesis of
congeners and analysis of structure-activity relationships.
Several of the compoundswere active in the nanomolar range,
including 41 and 46 vs QR1 and 9, 14, 16, 29, 34, and 44 vs
QR2. These results provide new phenazine leads compounds for
the design and synthesis of chemopreventive agents targeting
QR1 induction, QR2 inhibition, iNOS inhibition, and
NF-κB inhibition. The CD value of 4.7 nM and CI value of
2038 for compound 46 vs QR1 are particularly noteworthy.

The CD value of 4.7 nM is the lowest CD value ever recorded
by our group for any QR1 inducer. For comparison, the stan-
dard compound sulforaphane (54, Figure 2),which is a natural
product found in broccoli, has a CD value of 0.23 μMand a CI
value of 42, while the synthetic compound sulforamate (55) has
a CD of 0.26 μM and a CI of 137.43 Sulforaphane has been
proven to induce QR1 in rat mammary gland in vivo in a
manner that is consistent with its chemopreventive activity.44

Various compounds synthesized in the present study inhibit
or induce two or more distinct targets, which provides a
foundation for the development of effective chemopreventive
agents. Multiple targeting offers the likelihood of improved
efficacy if the two protein targets operate in a synergistic way.

Experimental Section

NMR spectra were obtained at 300 (1H) and 75 or 125 (13C)
MHz in CDCl3 or DMSO-d6 using Bruker ARX300 or Bruker
DX-2 500 [QNP probe or multinuclear broadband observe
(BBO) probe, respectively] spectrometers unless otherwise indi-
cated. Flash chromatographywas performedwith 230-400mesh
silica gel. TLC was carried out using commercially available pre-
coated glass silica gel plates of 2.5 mm thickness, and compounds
were visualized with short-wavelength UV light. Melting points
were determined using capillary tubes with aMel-Temp apparatus
and are uncorrected. IR spectra were obtained as films on salt
plates with CH2Cl2 as the solvent, using a Perkin-Elmer 1600 series
FTIR spectrometer. Microanalyses were performed at the Purdue
MicroanalysisLaboratoryorGalbraithLaboratories, Inc.Natural
product isolation was performed with Prep Nova-Pak HR
C18, 6 μm, 60 Å, 300 mm � 40 mm (1st purification) or Phenom-
enex Luna C8 (2), 10 mm � 250 mm, 5 μm (2nd purification).
HPLC analyses were performed on a Waters 1525 binary HPLC
pump/Waters 2487 dual λ absorbance detector system using a
5 μM C-18 reverse phase column. All yields refer to isolated
compounds.Unless otherwise stated, chemicals and solventswere
of reagent grade and used as obtained from commercial sources
without further purification. The purities of all of the tested
compounds were >95% as determined by HPLC or elemental
analysis.

Isolation of 2-Bromo-1-hydroxyphenazine (1) from Strepto-
myces Species, Strain CNS284. The producing strain was cul-
tured in 2.8 L Fernbach flasks (25� 1 L) containing A1BFemedia
for 7 days at 25-27 �C on a shaker at 230 rpm. The fermentation
broth was then extracted by addition of 20 g/L of XAD-7 resin,
which was subsequently collected by filtration and extracted with
acetone. The organic residue (20 g) from the resin was subjected
to silica normal-phase flash chromatography generating eight
fractions (gradient solvent system: 100% isooctane, 20% ethyl
acetate-isooctane, 40% ethyl acetate-isooctane, 60% ethyl
acetate-isooctane, 80% ethyl acetate-octane, 100% ethyl acetate,
10%methanol-ethyl acetate, and 20%methanol-ethyl acetate).
The active fractions 6 and 7were purified byRP-HPLC (detection
at 254 nm; 0-10 min, 40% aqueous CH3CN; 10-25 min, linear
gradient up to 65%aqueousCH3CN) to afford three subfractions.
These subfractions were then separately purified by RP HPLC
(detection of 254 nm; 0-40 min, 30-65% aqueous CH3CN;
40-50 min, 65-100% aqueous CH3CN) giving 3.2 mg of the
natural product, 2-bromo-1-hydroxyphenazine (1), as a light yellow
amorphous solid. UV (CH3OH) λmax (log ε): 270 (4.43), 378
(2.19) nm. IR (neat): νmax 3653, 2907, 1513, 1470, 1385, 1267,
1174, 1103, 882, 751 cm-1. 1HNMR (500MHz, CDCl3) and

13C
NMR (125MHz, CDCl3): see Table 3. ESIMSm/z 275 (MHþ),

Table 2. Rank Order of Compounds in the Nitrite, NF-κB, QR1, and
QR2 Assaysa

nitrite NF-κB QR1 QR2

compdb
IC50

(μM) compdb
IC50

(μM) compdb
CD

(μM) compdb
IC50

(μM)

8 4.2 43 1.4 46 0.0047 16 0.16

47 5.9 53 1.9 41 0.012 9 0.19

46 7.2 46 2.1 42 1.8 34 0.32

34 7.2 41 2.5 44 1.8 29 0.45

17 17.4 47 2.5 11 4.3 44 0.48

14 26.5 17 4.7 47 4.4 14 0.69

15 28.4 12 5.2 40 9.4 17 1.4

12 31.5 15 5.4 38 11.3 53 2.9

16 33.7 39 6.6 49 16.6 30 3.3

43 34.5 28 9.2 28 23 46 3.5

53 45.6 34 13.1 8 27 43 4.1

38 47.0 42 17.0 9 29.4 40 4.8
aThe compounds listed are the 12 most active compounds in each of

the four assays out of 32 compounds tested. bThe compound numbers
that are italic appear in both the nitrite and the NF-κB columns.

Figure 2. Structures of sulforaphane (54) and sulforamate (55).



Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 24 8693

297 (MNaþ), 751 (2MNaþ). HRESIMS m/z: calcd, 275.9814;
found, 275.9814.

General Procedure for the Preparation of Phenazines 6, 38, 40,

and 46. 3-Methoxycatechol (3, 1.03-2.10 g, 7.5-15.0 mmol,
1 equiv) was dissolved in ethyl ether (20-40 mL), and the mixture
was cooled to-78 �C. o-Chloranil (1.84-3.67 g, 7.5-15.0 mmol,
1 equiv) was added to the reactionmixture. The solutionwas stirred
for 4h,keeping the temperature constant.The reactionmixturewas
filtered, giving the desired benzoquinone 4, which was used
without further purification. Compound 4 (1.03-2.10 g, 7.5-
15.0mmol, 1 equiv)was immediately added to a flask containing
the appropriate o-phenylenediamine (1.02-2.67 g, 7.5-15.0mmol,
1 equiv) dissolved in benzene (25-54 mL) and acetic acid (25-
45 mL). The mixture was stirred for 24 h at room temperature.
The solvent was removed in vacuo.

General Procedure for the Preparation of Phenazines 14, 39,

and 41. 5-Bromo-3-methoxycatechol (13, 0.7-1.41 g, 3.05-
6.10 mmol, 1 equiv) was dissolved in ether (15-30 mL), and
the solution was cooled down to -78 �C. o-Chloranil (0.75-
1.50 g, 3.06-6.11 mmol) was added slowly, and the reaction
mixture was stirred at-78 �C for 6 h. The purple solid, benzoqui-
none 13, was separated by filtration and immediately added to a
solution of the appropriate o-phenylenediamine (0.33-0.83 g,
3.01-6.10 mmol, 0.99-1 equiv) in benzene (40-80 mL) and
acetic acid (35-70 mL). The reaction mixture was stirred at
room temperature for 12 h.

General Procedure for the Preparation of Phenazines 28-35,

and 47.Catechol (18, 0.112-0.284 g, 1.01-2.64mmol) and silver(I)
oxide (0.564-1.44 g, 2.43-6.12 mmol, 2.31-2.40 equiv) were dis-
solved in acetone (20-50mL), and the reactionmixture was stirred
for 10 min. The obtained solid was filtered and added immediately,
without purification, to a solution of the appropriate o-phenylene-
diamine (0.215-0.485 g, 0.81-2.89mmol, 1.0-1.2 equiv) dissolved
in benzene (20-30 mL) and acetic acid (17-25mL). The flask was
purged with argon and kept at 0 �C. The reaction mixture was
allowed to warm to room temperature and stirred for 24 h. The
solvent was removed in vacuo.

2-Bromo-1-hydroxyphenazine (1). 1-Hydroxyphenazine35

(7, 0.51 g, 2.60 mmol) and N-bromosuccinimide (0.51 g,
2.85 mmol) were dissolved in toluene (50 mL), and the
reaction mixture was heated at 50 �C for 8 h. The reaction
mixture was cooled to room temperature, and the toluene was
removed in vacuo. The sample was dissolved in dichloromethane
(25 mL), silica gel (5 g) was added to the flask, and the sol-
vent was removed. The product was purified by silica gel
column chromatography, using dichloromethane to dichloro-
methane-ethyl acetate, 100:5. The product was obtained as a
yellow solid (0.24 g, 34%): mp 233-235 �C. IR (film): 3359,
2907, 1575, 1551, 1530, 1419, 1385, 1103, 764, 751 cm-1.

1H NMR (CDCl3): δ 8.53 (bs, 1 H), 8.27-8.24 (m, 2 H),
7.91-7.88 (m, 3 H), 7.72 (d, J=9.5 Hz, 1 H). ESIMSm/z (rel
intensity): 275 (MHþ, 66), 277 (MHþ, 61). Anal. calcd for
C12H6BrN2O: C, 52.39; H, 2.56; N, 10.18; Br, 29.05. Found:
C, 52.05; H, 2.32; N, 10.06; Br, 29.15. Compound 8 (0.18 g,
22%) was also isolated as a by-product.

1-Methoxyphenazine (6). The general procedure provided a
solid that was dissolved in ethyl acetate (25 mL), and water was
added (10 mL). Sodium bicarbonate was added until the gen-
eration of CO2 ceased. The aqueous layer was decanted, and the
organic solvent was removed in vacuo. The compoundwas purified
by silica gel column chromatography with the column containing
2 cm of neutral alumina on top of the silica gel. The compound
was eluted using a gradient of hexane to ethyl acetate-hexane, 1:3,
and ethyl acetate-dichloromethane, 1:3. The product was
obtained as a yellow solid (0.63 g, 42%): mp 166-168 �C
(lit.35 mp 168-169 �C). 1H NMR (CDCl3): δ 8.38 (m, J =
10.0 Hz, 1 H), 8.20 (m, J = 10.0 Hz, 1 H), 7.84-7.79 (m, 3 H),
7.72 (t, J1= 7.0 Hz, J2= 12.0 Hz, 1 H), 7.04 (d, J=7Hz, 1 H).
13C NMR (CDCl3): δ 154.7, 143.8, 143.1, 141.8, 136.4, 130.4,
130.1, 129.8, 128.9, 121.0, 106.0, 56.1. ESIMSm/z (rel intensity):
211 (MHþ, 100). Anal. calcd for C13H10N2O: C, 74.27; H, 4.79;
N, 13.33. Found: C, 74.04; H, 4.62; N, 13.29.

1-Hydroxyphenazine (7). 1-Methoxyphenazine (6, 2.13 g,
10.1 mmol) was dissolved in 48% hydrobromic acid (60 mL)
and glacial acetic acid (60 mL), and the reaction mixture was
heated at reflux for 8 h. Hydrobromic acid (48%, 30 mL)was
added, and the reaction mixture was stirred for another 8 h.
The aqueous solution was extracted with ethyl acetate (5�
35 mL). The organic extracts were combined and washed
with saturated sodium bicarbonate (2�30 mL), brine (1�
30 mL), and water (2� 30 mL). The solvent was removed in
vacuo, and the compound was purified by silica gel column
chromatography, using hexane-ethyl acetate, 1:1-1:10.
The product was obtained as a yellow solid (1.35 g, 68%):
mp 148-150 �C (lit.16 mp 159-160 �C). 1H NMR (CDCl3):
δ 8.23 (m, 2H), 7.86 (t, J=4.0Hz, 1H), 7.78 (t, J=3.0Hz, 1H),
7.25 (t, J = 3.0 Hz, 1 H). 13C NMR (CDCl3): δ 151.6, 143.9,
143.7, 141.1, 134.5, 131.7, 130.9, 130.6, 130.3, 129.5, 129.0,
119.8, 108.8. ESIMS m/z (rel intensity): 197 (MHþ, 100).

2,4-Dibromo-1-hydroxyphenazine (8). 1-Hydroxyphenazine
(7, 0.55 g, 2.80 mmol) and N-bromosuccinimide (1.09 g,
6.16 mmol) were dissolved in toluene (50 mL), and the reaction
mixture was heated at 50 �C for 8 h. The reaction mixture was
cooled to room temperature, and the toluene was removed in
vacuo. The product was purified by silica gel column chromatog-
raphy, using dichloromethane to dichloromethane-ethyl acetate,
100:5. The product was obtained as a yellow solid (0.925 g, 93%):
mp196-198 �C. IR (film): 3320, 3068, 1620, 1592, 1514, 1466, 1404,
1371, 948, 758 cm-1. 1HNMR (DMSO-d6): δ 11.55 (bs, 1 H), 8.39
(s, 1 H), 8.35-8.27 (m, 2 H), 8.06-8.01 (m, 2 H). 13C NMR
(DMSO-d6): δ 150.9, 142.7, 141.3, 139.4, 136.8, 135.5, 132.2 (2 C),
129.4, 128.9, 111.4, 104.4. ESIMS m/z (rel intensity): 353 (MHþ,
100), 355 (MHþ, 41). Anal. calcd for C12H6Br2N2O: C, 40.71; H,
1.71,N, 7.91; Br, 45.14. Found:C, 40.34;H, 1.59;N, 7.77; Br, 45.22.

2-Bromo-1-methoxyphenazine (9). 2-Bromo-1-hydroxyphe-
nazine (1, 30 mg, 0.11 mmol) was dissolved in acetone (5 mL).
Potassium carbonate (28 mg, 0.2 mmol) was added to the reaction
mixture, and the mixture was stirred for 1 min. Methyl iodide
(0.1 mL) was added, and the reaction mixture was stirred at
reflux for 3 h. The solvent was removed, and the compound was
dissolved in chloroform (10mL). The organic phase was washed
withwater (3� 10mL). The product was purified by preparative
TLC, using chloroform as solvent, and obtained as a yellow
solid (31mg, 98%):mp 145-147 �C. IR (film): 1728, 1623, 1588,
1552, 1514, 1474, 1415, 1360, 1302, 929, 753 cm-1. 1H NMR
(CDCl3):δ8.34 (m, 1H), 8.21 (m, 1H), 7.92 (m, 2H), 7.86 (m, 2H),
4.31 (s, 3 H). 13C NMR (CDCl3): δ 152.9, 143.5, 143.0, 142.6,
138.9, 134.3, 131.0, 130.9, 130.0, 129.4, 125.9, 116.4. EIMS m/z
288 (Mþ). CIMS m/z (rel intensity) 289 (MHþ, 100). HREIMS

Table 3. NMR Spectroscopic Data for 2-Bromo-1-hydroxyphenazine
(1) in CDCl3 at 500 MHz (Assignments Made by Analysis of 2D NMR
Data)

C/H no. δH (J Hz) δC COSY HMBC

1 149.3 C

2 103.9 C

3 7.83 d (8.6) 135.5 CH H-4 C-1, C-2, C-4a

4 7.63 d (8.6) 121.3 CH H-3 C-2, C-3, C-10a

4a 100.0 C

5

5a 141.7 C

6 8.18 d (8.4) 129.1 CH H-7. H-8 C-8, C-9a

7 7.82 m 131.6 CH H-6, H-8, H-9 C-7, C-

8 7.82 m 131.6 CH H-6, H-7, H-9 C-7, C-9a

9 8.20 d (8.4) 129.5 CH H-7, H-8 C-8, C-5a

9a 141.7 C

10

10a 134.2 C

1-OH 8.52 br s
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m/z: calcd, 287.9898; found, 287.9896. HPLC purity: 95.02%
(MeOH, 100), 96.03% (MeOH-H2O, 90:10).

2,4-Dibromo-1-methoxyphenazine (10). 2,4-Dibromo-1-hy-
droxyphenazine (8, 0.155 g, 0.438 mmol) contained in a high-
pressure vessel was dissolved in tetrahydrofuran (10 mL) and
dimethylformamide (1 mL), and the reaction mixture was cooled
to -78 �C. Sodium hydride (0.100 g, 4.17 mmol) was added. The
reaction vessel was purged with argon, and the reaction mixture
was stirred for 30 min, keeping the atmosphere inert. The
reaction mixture was warmed to 0 �C, and methyl iodide (0.5 mL)
was added. The flask was closed and heated for 8 h at 100 �C. The
reaction mixture was allowed to cool to room temperature and
diluted with water (10 mL). The aqueous solution was extracted
with ethyl acetate (3 � 15 mL). The organic extracts were com-
bined and washed with aqueous ammonium chloride (20 mL),
water (3� 20 mL), and brine (20 mL). The solvent was removed
in vacuo, and the product was purified by silica gel column chro-
matography, elutingwith hexane-ethyl acetate, 100:1. The product
was obtained as a yellow solid (0.149 g, 92%):mp 171-173 �C. IR
(film): 3061, 2933, 1617, 1576, 1513, 1467, 1401, 968, 945, 797,
747 cm-1. 1HNMR(CDCl3): δ 8.32-8.27 (m, 2H), 8.26 (s, 1H),
7.90-7.88 (m, 2 H), 4.30 (s, 3 H). 13C NMR (CDCl3): δ 152.8,
142.9, 142.6, 140.5, 138.8, 136.3, 131.7, 131.4, 129.7, 129.6, 118.9,
115.7, 62.6. EIMS m/z (rel intensity): 369 (MHþ, 100). Anal.
calcd for C13H8Br2N2O: C, 42.22; H, 2.26; N, 7.36. Found: C,
42.43; H, 2.19; N, 7.61.

4-Bromo-1-methoxyphenazine (11).45,46 1-Methoxyphenazine
(6, 240 mg, 1.14 mmol) was dissolved in toluene (20 mL) and
acetonitrile (20 mL).N-Bromosuccinimide (213 mg, 1.19 mmol)
was added with stirring, and the reaction mixture was heated to
50 �C for 8 h. Toluenewas removed in vacuo, and the compound
was purified by silica gel column chromatography, eluting with
chloroform-hexane, 1:1, to chloroform-ethyl acetate, 1:1. The
product was obtained as a yellow solid (249mg, 75%): mp 148-
150 �C (lit.45,46 mp 155 �C). IR (film): 3060, 3004, 2961, 1621,
1600, 1551, 1521, 1476, 1461, 1281, 1095, 917, 754 cm-1. 1H
NMR (CDCl3): δ 8.38 (m, 2 H), 8.63 (d, J= 8.2 Hz, 1 H), 7.89
(m, 2 H), 6.94 (d, J = 8.1 Hz, 1 H), 4.15 (s, 3 H). 13C NMR
(CDCl3): δ 154.9, 143.4, 142.1, 140.8, 136.9, 133.0, 131.2, 130.9,
129.7, 129.6, 114.0, 106.7, 56.5. EIMS m/z (rel intensity): 290
(Mþ, 57), 288 (Mþ, 57), 179 (Mþ-OCH4Br, 100). Anal. calcd for
C13H9BrN2O: C, 54.00; H, 3.14; N, 9.69; Br, 27.64. Found: C,
53.79; H, 3.11; N, 9.41; Br, 27.51.

4-Bromo-1-hydroxyphenazine (12).32 4-Bromo-1-methoxyphena-
zine (11, 400mg, 1.38mmol) was dissolved in dry dichloromethane
(25 mL). The reaction mixture was purged with argon and cooled
to -78 �C. Boron tribromide (1 M solution in dichloromethane,
4.0 mL) was added dropwise to the reaction mixture with stirring.
The temperature was maintained at -78 �C, and the reaction
mixture was stirred for 1 h. The reaction mixture was allowed to
warm to room temperature and stirred for 12 h. The reaction
mixture was heated at reflux for 1 h. The solution was allowed to
cool to room temperature, and saturated aqueous sodium bicarbo-
nate (30mL) at∼4 �Cwas slowly added.The solutionwas extracted
with dichloromethane (3 � 40 mL). The reaction mixture was
filtered through a columnpackedwithCelite 545 and basic alumina
on top (1 in.), and the solventwas removed invacuo.Thecompound
was purified by silica gel column chromatography (ethyl acetate-
hexane, 1:1).Theproductwasobtainedas ayellowpowder (322mg,
85%): mp 199-201 �C. IR (film): 3359, 1731, 1628, 1518, 1472,
1421, 1372, 1343, 1319, 1300, 924, 766, 750 cm-1. 1H NMR
(CDCl3): δ 8.41-8.38 (m, 1 H), 8.25-8.21 (m, 1 H), 8.07 (d, J =
8.1Hz,1H),7.94-7.85 (m,2H),7.13 (d,J=8.1Hz,1H). 13CNMR
(CDCl3): δ 151.5, 144.2, 141.1, 140.7, 134.8, 134.6, 131.3, 130.0,
128.7, 112.0, 109.3. CIMSm/z (rel intensity): 277 (MHþ, 100), 275
(MHþ, 98).HREIMSm/z calcd, 273.9742; found, 273.9740.HPLC
purity: 100.00% (MeOH-H2O, 95:5).

3-Bromo-1-methoxyphenazine (14). The general procedure
was followed. The solvent was removed in vacuo, and the
compound was purified by silica gel column chromatography

(1 in. of basic aluminawas added to the topof the silica gel column),
dichloromethane-ethyl acetate, 3:1. The product was obtained
as a dark-yellow solid (0.41 g, 47%): mp 148-150 �C. IR (film):
3058, 2957, 2932, 1622, 1591, 1555, 1518, 1475, 1398, 1363, 1351,
1311, 1218, 1145, 1111, 864, 826, 755, 736 cm-1. 1H NMR
(CDCl3): δ 8.40-8.35 (m, 1 H), 8.25-8.17 (m, 2H), 8.05 (d, J=
1.9 Hz, 1 H), 7.89-7.83 (m, 2 H), 7.14 (d, J=1.9 Hz, 1 H), 4.18
(s, 3 H). 13C NMR (CDCl3): δ 155.2, 144.0, 143.7, 141.9, 135.5,
131.3, 130.4, 130.1, 129.2, 124.9, 123.5, 110.9, 56.7. CIMS m/z
(rel intensity): 289 (MHþ, 100). Anal. calcd for C13H9N2OBr: C,
54.00; H, 3.14; N, 9.69. Found: C, 53.94; H, 3.11; N, 9.49.

3-Bromo-1-hydroxyphenazine (15). 3-Bromo-1-methoxyphena-
zine (14, 203 mg, 0.71 mmol) was dissolved in 48% hydrobromic
acid (20 mL) and glacial acetic acid (15 mL), and the reaction
mixture was heated in an oil bath at 110 �C for 16 h. An extra
amount of 48% hydrobromic acid (10 mL) was added, and the
reaction mixture was heated in an oil bath at 110 �C for 8 h. The
reaction mixture was allowed to cool to room temperature and
extracted with ethyl acetate (5 � 20 mL). The combined organic
layers were washed with aqueous sodium bicarbonate (2� 25 mL)
and water (2 � 30 mL). The solvent was removed, and the com-
pound was purified by silica gel column chromatography, eluting
with ethyl acetate-hexane, 2:1. The product was obtained as a light
brown solid (135 mg, 69.9%): mp 200-202 �C. IR (film): 3360,
3070, 2917, 2849, 1624, 1604, 1557, 1517, 1476, 1417, 1380, 1353,
1318, 1162, 1121, 751 cm-1. 1H NMR (CDCl3): δ 8.25-8.18
(m, 3 H), 7.99 (d, J = 1.7 Hz, 1 H), 7.88-7.86 (m, 2H), 7.34
(d, J = 1.7 Hz, 1 H). 13C NMR (CDCl3): δ 151.9, 149.5, 143.7,
140.9, 133.4, 131.3, 130.7, 129.6, 129.1, 122.0, 113.1. CIMS m/z
(rel intensity): 275 (MHþ, 100). HREIMS m/z calcd, 273.9742;
found, 273.9748. Anal. calcd for C12H7BrN2O 3 0.65EtOAc: C,
54.00; H, 3.14; N, 9.69. Found: C, 53.94; H, 3.11; N, 9.49. HPLC
purity: 100.00%(MeOH-H2O,90:10), 97.85 (MeOH-H2O,95:5).

3,4-Dibromo-1-methoxyphenazine (16). 3-Bromo-1-methoxy-
phenazine (14, 270 mg, 0.93 mmol) was dissolved in toluene
(20 mL). Bromine (148 mg, 0.93 mmol), ammonium acetate
(200 mg, 2.43 mmol), and acetic acid (20 mL) were added. The
reaction mixture was heated at reflux for 1 h. The solvent was
removed in vacuo, and the orange solid was dissolved in ethyl
acetate (40 mL). The organic phase was washed with brine (1�
30mL) and water (2� 30mL). The organic phasewas removed in
vacuo, and the compound was purified by silica gel column chro-
matography, eluting with hexane-ethyl acetate, 5:1 to 3:1.
The product was obtained as a yellow solid (331 mg, 96%):
mp 208-210 �C. IR (film): 3060, 2917, 1619, 1586, 1547, 1515,
1473, 1260, 1145, 750 cm-1. 1HNMR (CDCl3): δ 8.32-8.27 (m,
2 H), 7.88-7.83 (m, 2 H), 7.20 (s, 1 H), 4.13 (s, 3 H). 13C NMR
(CDCl3): δ 154.2, 143.7, 141.7, 135.6, 131.7, 131.1, 129.6, 127.9,
117.2, 111.6, 56.8. CIMS m/z (rel intensity): 369 (MHþ, 100).
HREIMSm/z calcd, 365.9003; found, 365.9006. Anal. calcd for
C13H8Br2N2O: C, 42.50; H, 2.18; N, 7.46. Found: C, 42.43; H,
2.19; N, 7.61.

3,4-Dibromo-1-hydroxyphenazine (17). 3,4-Dibromo-1-methoxy-
phenazine (16, 170mg, 0.46mmol) was dissolved in freshly distilled
anhydrous dichloromethane (30mL) under argon atmosphere. The
reactionmixture was cooled to-78 �C. Boron tribromide (200 μL,
2.07 mmol) was added, keeping the temperature constant. The
reaction mixture was stirred for 3 h at-78 �C and then for 21 h at
room temperature. The reaction mixture was heated at reflux for
1h.A saturated aqueous solutionof sodiumbicarbonate (40mL) at
4 �Cwas slowly added. The reactionmixturewas stirred for 10min.
The aqueous phasewas removed, and the organic layer waswashed
withwater (2� 30mL). The solventwas removed in vacuo, and the
compound was purified by silica gel column chromatography,
eluting with dichloromethane-ethyl acetate, 3:1. The product was
obtained as a yellow solid (140 mg, 86%): mp 208-210 �C. IR
(film): 3347, 3067, 2957, 2922, 2851, 1626, 1606, 1585, 1548, 1512,
1471, 1413, 1349, 1305, 922, 834 cm-1. 1H NMR (CDCl3): δ 8.41
(m, 1H), 8.24 (m, 2H), 7.94-7.91 (m, 2H), 7.50 (s, 1H). 13CNMR
(CDCl3): δ 151.0, 144.8, 141.0, 140.8, 133.9, 131.7, 131.5, 130.0,
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129.3, 128.7, 115.1, 114.0. EIMSm/z (rel intensity): 354 (Mþ, 100).
HRCIMS m/z calcd, 351.8847; found, 351.8851. HPLC purity:
99.44 (MeOH-H2O, 95:5).

2,3-Dimethylphenazine (28). The general procedure was fol-
lowed. The compound was purified by silica gel column chro-
matography (1 in. of basic alumina was added to the top of the
silica gel column), eluting with hexane-chloroform, 1:1. The
product was obtained as a brown solid (62.2 mg, 20.3%): mp 170-
172 �C (lit47 mp 174-175 �C). 1H NMR (CDCl3): δ 8.22-8.19
(m, 2 H), 7.98 (s, 2 H), 7.81-7.77 (m, 2 H), 2.21 (s, 6 H). 13C
NMR (CDCl3): δ 142.9, 142.8, 141.8, 129.6, 129.4, 127.8, 20.6.
EIMS m/z (rel intensity): 208 (Mþ, 100). HPLC purity: 95.46%
(MeOH, 100).

3-Bromo-1-methylphenazine (29). The general procedure was
followed. The compoundwas purified by silica gel column chro-
matography (1 in. of basic alumina was added to the top of the
silica gel column), eluting with hexane-dichloromethane, 2:1.
The product was obtained as a yellow powder (59mg, 19%): mp
132-134 �C. IR (film): 1622, 1556, 1519, 1276, 764, 751 cm -1.
1H NMR (CDCl3): δ 8.20-8.13 (m, 3 H), 7.82-7.78 (m, 2 H),
7.65 (s, 1 H), 2.85 (s, 3 H). 13C NMR (CDCl3): δ 143.6, 143.2,
142.5, 141.5, 139.6, 132.8, 130.8, 130.1, 129.9, 124.7, 17.3. EIMS
m/z (rel intensity): 274 (Mþ, 54), 272 (Mþ, 54), 179 (Mþ-Br, 100).
Anal. calcd for C13H9BrN2: C, 57.17; H, 3.32; N, 10.26. Found:
C, 57.01; H, 3.27; N, 10.14.

1,3-Dibromophenazine (30). The general procedure was fol-
lowed. The compound was purified by silica gel column chro-
matography (1 in. of basic alumina was added to the top of the
silica gel column), eluting with hexane-dichloromethane, 2:1.
The product was obtained as a yellow powder (124 mg, 36%):
mp 179-181 �C. IR (film): 3051, 1621, 1582, 1502, 1342, 1129,
956, 862, 757, 748 cm -1. 1HNMR (CDCl3): δ 8.38 (d, J=2.0Hz,
1 H), 8.32 (m, 1 H), 8.24 (m, 2 H), 7.89 (m, 2 H). 13C NMR
(CDCl3): δ 143.8, 143.5, 143.4, 139.4, 136.4, 131.8, 131.4, 131.3,
130.0, 129.2, 125.2, 123.8. EIMS m/z (rel intensity): 338 (Mþ,
100). Anal. calcd for C12H6Br2N2: C, 42.64; H, 1.79; N, 8.29.
Found: C, 42.46; H, 1.74; N, 8.20.

2-Methylphenazine (31).48 The general procedure was fol-
lowed. The compound was purified by silica gel column chro-
matography, eluting with ethyl acetate-hexane, 1:1. The com-
pound was obtained a light brown solid (49 mg, 9.7%): mp
107-108 �C (lit49 mp 117 �C). IR (film): 3026, 2976, 2920, 1633,
1604, 1511, 1482, 1466, 1437 cm-1. 1H NMR (300MHz, CDCl3):
δ 8.24 (m,2H), 8.14 (d,J=8.9Hz,1H), 8.00 (s, 1H), 7.81 (m,2H),
7.28 (d, J = 8.9 Hz, 1 H), 2.66 (s, 3 H). 13C NMR (75 MHz,
CDCl3): δ 143.5, 143.1, 142.8, 142.2, 141.1, 133.4, 130.1, 129.8,
129.5, 129.4, 128.9, 127.5, 22.1. EIMS m/z (rel intensity): 194
(Mþ, 100). HPLC purity: 98.48% (MeOH-H2O, 80-20).

2-Methoxyphenazine (32).The general procedurewas followed.
The compound was purified by silica gel column chromatography,
eluting with ethyl acetate-dichloromethane, 1:1. The product was
obtained as light brown solid (26 mg, 6.5%): mp 116-118 �C
(lit50 mp 126 �C). 1HNMR (CDCl3): δ 8.14 (m, 2 H), 8.04 (d, J=
9.5Hz, 1H), 7.75 (m, 2H), 7.47 (d, J=2.7Hz, 1H), 7.34 (s, 1H),
3.97 (s, 1 H). 13C NMR (CDCl3): δ 149.7, 143.3, 142.8, 141.6,
137.4, 135.2, 130.7, 130.4, 129.5, 128.9, 121.9, 111.7, 55.8. EIMS
m/z (rel intensity): 210 (Mþ, 100).HPLCpurity: 99.40%(MeOH-
H2O, 80:20).

2,3-Dimethoxyphenazine (33). The general procedure was
followed. The compound was purified by silica gel column
chromatography, eluting with ethyl acetate-dichloromethane,
1.5:1. The productwas obtained as a yellow solid (113mg, 25%):
mp 215-227 �C (lit51 mp 230-231 �C). 1H NMR (CDCl3):
δ8.13-8.09 (m,2H), 7.74-7.70 (m,2H), 7.34 (s, 2H), 4.07 (s, 3H).
13C NMR (CDCl3): δ 154.3, 141.8, 141.7, 128.9, 128.7, 105.1,
56.3. EIMS m/z (rel intensity): 240 (Mþ, 100). HPLC purity:
96.82% (MeOH-H2O, 80-20).

1-Bromo-3-nitrophenazine (34). The general procedure was
followed. The compound was purified by silica gel column
chromatography, eluting with ethyl acetate-hexane, 1.5:1. The

product was obtained as a dark yellow solid (39 mg, 6.7%): mp
214-216 �C. IR (film): 3089, 1624, 1599, 1558, 1535, 1509, 1461,
1411, 1346, 862, 758 cm-1. 1H NMR (CDCl3): δ 9.16 (d, J =
2.3Hz, 1H), 8.90 (d, J=2.3Hz, 1H), 8.41 (dd, J=7.8Hz, 2.1Hz,
1 H), 8.32 (dd, J=7.8Hz, 2.0 Hz, 1H), 8.03-7.98 (m, 2H). 13C
NMR (CDCl3): δ 147.4, 144.8, 142.0, 141.4, 133.2, 132.6, 130.1,
129.6, 126.4, 126.1. ESIMS m/z (rel intensity): 304 (MHþ, 100).
HRESIMSm/z calcd, 302.9643; found, 302.9651. HPLC purity:
95.46% (MeOH-H2O, 70:30), 98.05% (MeOH-H2O, 90:10).

1,4-Dimethoxyphenazine (35). The general procedure was
followed. The compoundwas purified by silica gel column chro-
matography (with one-half inch of basic alumina on top) eluting
with dichloromethane. The product was obtained as a yellow solid
(68 mg, 17%): mp 179-181 �C (lit52 mp 185 �C). IR (film): 3056,
2994, 2935, 2835, 1626, 1606, 1485, 1463, 1397, 1383, 1247, 1231,
1092, 764, 752 cm-1. 1H NMR (CDCl3): δ 8.34 (m, 2 H), 7.79
(m, 2H), 6.88 (m, 2H), 4.05 (s, 3H). 13CNMR(CDCl3): δ 148.7,
142.1, 136.9, 130.6, 129.8, 105.7, 56.2. EIMS m/z (rel intensity):
240 (Mþ, 86), 225 (Mþ-CH3, 100). CIMSm/z (rel intensity): 241
(MHþ, 100). HREIMS m/z calcd, 240.0899; found, 240.0900.
HPLC purity: 95.00% (MeOH, 100), 98.05% (MeOH-H2O,
90:10).

7,8-Dimethyl-1-methoxyphenazine (38). The general proce-
dure provided a solid that was dissolved in hot ethyl acetate
(70 mL). The solution was filtered through Celite. The Celite was
washed with ethyl acetate (∼200 mL) until the filtered solution
was light brown.Water (40mL) was added, and the organic phase
was collected. The organic layer was washed with a saturated
aqueous solution of sodium bicarbonate (30 mL) and water (2 �
30 mL). The compound was purified by silica gel column
chromatography (1 in. of basic alumina on top), using ethyl
acetate-hexane, 1:1. The product was obtained as a yellow
powder (713 mg, 39.9%): mp 187-189 �C (dec). IR (film): 3043,
2916, 2834, 1636, 1606, 1560, 1515, 1477, 1469, 1442, 1400, 1109,
871, 775, 739 cm-1. 1HNMR(CDCl3):δ 8.12 (s, 1H), 7.96 (s, 1H),
7.78 (d, J= 8.8 Hz, 1 H), 7.7 (t, J= 7.6 Hz, 1 H), 7.01 (d, J=
7.3 Hz, 1 H), 4.15 (s, 3 H), 2.53 (s, 6 H). 13C NMR (CDCl3): δ
154.8, 143.5, 142.6, 141.8, 141.3, 141.1, 136.0, 129.4, 128.2,
127.3, 121.1, 105.6, 56.1, 20.4. CIMS m/z (rel intensity): 239 (Mþ,
100). HREIMS m/z calcd, 238.1106; found, 238.1108. Anal.
calcd for C15H14N2O 3 0.2H2O: C, 74.48; H, 6.00; N, 11.58.
Found: C, 74.14; H, 6.00; N, 11.76.

7,8-Dimethyl-3-bromo-1-methoxyphenazine (39). The general
procedure was followed. The solvent was removed in vacuo. The
compound was purified by silica gel column chromatography
(1 in. of basic alumina on top), eluting with dichloromethane-
ethyl acetate, 95:5. The product was obtained as a yellow
powder (919 mg, 47.5%); mp 229-231 �C. IR (film): 3054,
2986, 2918, 2849, 1691, 1632, 1593, 1557, 1516, 1465, 1442, 1421,
1265, 748, 705 cm-1. 1HNMR(CDCl3):δ8.09 (s, 1H), 7.99 (d,J=
1.6 Hz, 1 H), 7.92 (s, 1 H), 4.16 (s, 3 H), 2.55 (s, 3 H), 2.54 (s, 3 H).
13C NMR (CDCl3): δ 155.2, 144.0, 143.8, 143.5, 142.1, 141.4,
128.4, 127.5, 123.7, 123.4, 110.4, 56.6, 20.6. EIMS m/z (rel
intensity): 319 (Mþ, 87), 317 (Mþ, 85) 237 (Mþ-HBr, 100).
HREIMS m/z calcd, 317.0289; found, 317.0291. HPLC purity:
97.8% (MeOH-H2O, 95:5), 96.11% (MeOH, 100).

7,8-Dichloro-1-methoxyphenazine (40). The general procedure
provided a solid that was dissolved in hot ethyl acetate (70 mL).
The solution was filtered through a column containing Celite 545
(∼1 in.) and basic alumina on top (∼1 in.). The Celite was washed
with ethyl acetate until the filtered solution was light in color. The
organic solutionswere combinedandwashedwith saturated sodium
bicarbonate (50 mL) and water (50 mL). The compound was
purified by silica gel column chromatography, eluting with ethyl
acetate-hexane, 1:3. The product was obtained as a dark yellow
powder (539 mg, 19.4%): mp 245- 247 �C. IR (film): 3041, 2964,
1619, 1555, 1518, 1503, 1466, 1413, 1396, 1284, 1254, 1111, 885,
763 cm-1. 1HNMR (CDCl3): δ 8.53 (s, 1 H), 8.35 (s, 1 H), 7.79
(d, 2 H), 7.11 (t, J = 4.33 Hz, 1 H). 13C NMR (CDCl3): δ 155.0,
144.5, 141.8, 140.5, 137.1, 135.7, 135.0, 131.5, 130.2, 129.5, 121.3,
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107.1, 56.5. EIMSm/z (rel intensity): 278 (Mþ, 100). HREIMSm/z
calcd, 278.0014; found, 278.0011. HPLC purity: 96.74% (MeOH-
H2O, 95:5).

3-Bromo-7,8-dichloro-1-methoxyphenazine (41). The general
procedure was followed. The solvent was removed under vacuum,
and the solid was purified by silica gel column chromatography
(with one-half inch of basic alumina on top) using hexane-ethyl
acetate, 1:3. The product was obtained as a yellow solid (331mg,
18%): mp: 249-251 �C. IR (film): 2962, 2922, 1609, 1578, 1554,
1505, 1452, 1431, 1260, 1099, 801 cm-1. 1H NMR (CDCl3):
δ 8.49 (s, 1H), 8.33 (s, 1H), 8.00 (s, 1H), 7.15 (s, 1H), 4.18 (s, 1H).
13C NMR (CDCl3): δ 155.1, 144.3, 142.1, 140.3, 136.4, 135.8,
135.5, 130.4, 129.4, 126.2, 123.4, 111.7, 56.9. EIMS m/z (rel
intensity): 357 (Mþ, 100). HRCIMS m/z calcd, 356.9197;
found, 356.9199. HPLC purity: 98.45% (MeOH-H2O, 95:5).

4-Bromo-7,8-dimethyl-1-methoxyphenazine (42). 7,8-Dimethyl-
1-methoxyphenazine (38, 330 mg, 1.38 mmol) was dissolved in
toluene (13 mL) and acetonitrile (1.3 mL). N-Bromosuccinimide
(246 mg, 1.38 mmol) was added to the flask, and the reaction
mixture was heated at reflux for 12 h. The solvent was removed
under vacuum, and the solid residue was purified by silica gel
column chromatography, eluting with ethyl acetate-hexane, 2:1.
The product was obtained as a yellow powder (223 mg, 51%): mp
194-196 �C. IR (film): 3048, 2931, 2835, 1630, 1600, 1549, 1515,
1472, 1415, 1385, 1343, 1287, 1235, 1123, 1097, 924, 727 cm-1.
1HNMR (500MHz, CDCl3): δ 8.11 (s, 1 H), 8.09 (s, 1 H), 7.99 (d,
J=8.2Hz,1H),6.89 (d,J=8.2Hz,1H),4.13 (s, 3H),2.53 (s, 6H).
13C NMR (125 MHz, CDCl3): δ 155.0, 142.8, 142.4, 141.6, 140.4,
136.4, 132.2, 128.0, 127.9, 113.9, 106.9, 106.2, 56.4, 20.6, 20.5.CIMS
m/z (rel intensity): 397 (MHþ, 100), 395 (MHþ, 69). HREIMSm/z
calcd, 393.9316; found, 393.9327. HPLC purity: 96.50% (MeOH-
H2O, 90:10).

7,8-Dimethyl-1-methoxy-3,4-dibromophenazine (43). 7,8-Di-
methyl-3-bromo-1-methoxyphenazine (39, 270 mg, 0.93 mmol)
was dissolved in toluene (20mL). Bromine (148mg, 0.93mmol),
sodium acetate (200 mg, 2.43 mmol), and acetic acid (20 mL)
were added. The reaction mixture was heated at reflux for 1 h.
The solvent was removed in vacuo, and the orange solid was dis-
solved in ethyl acetate (40 mL). The organic phase was washed
with brine (1 � 30 mL) and water (2 � 30 mL). The organic
phase was removed in vacuo, and the compoundwas purified by
silica gel column, eluting with hexane-ethyl acetate, 5:1 to 3:1.
The product was obtained as a yellow powder (276 mg, 74%):
mp 225-227 �C. IR (film): 3047, 2973, 2931, 1633, 1584, 1459,
1315, 1131, 1000, 863, 763, 750 cm-1. 1H NMR (CDCl3): δ 7.98
(s, 1 H), 7.95 (s, 1 H), 7.12 (s, 1H), 4.08 (s, 3H), 2.48 (s, 6H). 13C
NMR (CDCl3): δ 154.2, 143.2, 142.9, 142.5, 141.0, 140.9, 134.9,
127.9, 127.8, 126.8, 117.0, 111.0, 56.6, 20.6, 20.5. CIMSm/z (rel
intensity): 395 (MHþ, 68). HREIMS m/z calcd, 393.9316;
found, 393.9316. Anal. calcd for C15H12Br2N2O: C, 45.23; H,
2.96; N, 6.91. Found: C, 45.49; H, 3.05; N, 7.07

7,8-Dichloro-1-hydroxyphenazine (44).53 7,8-Dichloro-1-methox-
yphenazine (40, 270 mg, 0.96 mmol) was dissolved in dry, freshly
distilled dichloromethane (30 mL). The reaction mixture was
purged with argon and cooled to -78 �C. Boron tribromide (1 M
solution in dichloromethane, 2.5 mL) was added dropwise to the
mixture with stirring. After 5 min, more boron tribromide (1 mL,
1M solution in dichloromethane) was added. The temperature was
maintained at-78 �C, and the reactionmixture was stirred for 2 h.
The reaction mixture was allowed to warm to room temperature
and stirred for 16 h. The reaction mixture was heated at reflux for
1 h. The solution was allowed to cool to room temperature, and
saturated aqueous sodium bicarbonate (40 mL) at 0 �C was slowly
added. The solution was extracted with ethyl acetate (4 � 30 mL).
Theorganic extractswere combined andwashedwith brine (30mL)
and water (30 mL). The solvent was removed, and the compound
waspurifiedby silicagel columnchromatography, elutingwithethyl
acetate-acetic acid, 100:1. The product was obtained as an orange
very sticky solid (191 mg, 75%): mp 270-271 �C (dec). IR (film):
3398, 1630, 1505, 1462, 1450, 1419, 1275, 1260, 764, 750 cm-1.

1H NMR (DMSO-d6): δ 10.80 (OH, br s, 1 H), 8.56 (s, 1 H),
8.55 (s, 1 H), 7.83 (t, J= 8.4 Hz, 1 H), 7.67 (d, J= 8.7 Hz, 1 H),
7.22 (d, J = 7.4 Hz, 1 H). ESIMS m/z (rel intensity): 265 (MHþ,
100). HRESIMS m/z calcd, 264.9935; found, 264.9937. Anal.
calcd for C12H6Cl2N2O 3 0.5CHCl3: C, 46.23; H, 2.02; N, 8.63.
Found; C, 46.50;H, 2.07;N, 8.85. HPLCpurity: 97.93% (MeOH-
H2O, 95:5).

1-Methoxybenzo[b]phenazine (46). The general procedure
provided a solid that was dissolved in hot ethyl acetate (100 mL).
The solution was filtered through a column containing Celite
545 (∼1 in.) with basic alumina (∼1 in.) on top. The Celite was
washed with ethyl acetate until the filtered solution was light in
color. The organic solutions were combined and washed with
saturated sodium bicarbonate (50 mL) and water (50 mL). The
compound was purified by silica gel column chromatography,
elutingwith ethyl acetate-hexane, 1:3.5. The product was obtained
as a dark red powder (577 mg, 17%): mp 245-247 �C. IR (film):
2932, 1732, 1582, 1548, 1536, 1463, 1406, 1284, 1254, 1111, 885,
763, 736 cm-1. 1H NMR (CDCl3): δ 9.04 (s, 1 H), 8.83 (s, 1 H),
8.10-8.08 (m, 2 H), 7.78 (d, J=9Hz, 1 H), 7.68 (t, J=7.5 Hz,
1 H), 7.51-7.47 (m, 2H), 6.96 (d, J=7.3Hz, 1H), 4.17 (s, 3 H).
13C NMR (CDCl3): δ 154.9, 145.0, 139.8, 138.6, 138.4, 134.6,
134.2, 130.7, 128.6, 128.4, 127.1, 126.9, 126.6, 121.6, 105.6, 56.4.
EIMS m/z (rel intensity): 260 (Mþ, 66), 231 (Mþ-CHO, 100).
HREIMS m/z calcd, 260.0950; found, 260.0949. HPLC purity:
96.25% (MeOH-H2O, 95:5).

Benzo[b]phenazine (47). The general procedure was followed.
The compound was purified by silica gel column chromatog-
raphy (with one-half inch of basic alumina on top) eluting with
dichloromethane. The product was obtained as an orange solid
(93mg, 32%): mp 219-221 οC (lit54 mp 233 �C). IR (film): 1686,
1581, 1528, 1456, 1381, 1365, 1326 cm-1. 1H NMR (CDCl3): δ
8.84 (s, 2 H), 8.18 (dd, J= 6.8, J= 3.3 Hz, 2 H), 8.07 (dd, J=
6.6, J= 3.2 Hz, 2 H), 7.77 (dd, J= 6.9, J= 3.1 Hz, 2 H), 7.49
(dd, J=6.7, J=3.1Hz, 2H). 13CNMR (CDCl3): δ 144.4 (2 C),
139.9 (2 C), 134.4 (2 C), 130.5 (2 C), 129.8 (2 C), 128.4 (2 C),
127.5 (2 C), 126.7 (2 C). EIMSm/z (rel intensity): 230 (Mþ, 100).
HREIMS m/z calcd, 230.0844; found, 230.0843. HPLC purity:
95.18% (MeOH-H2O, 90:10), 97.11% (MeOH-H2O, 95:5).

2,3-Dimethylbenzo[g]quinoxaline (49).55 2,3-Butanedione (48,
0.43 g, 4.95 mmol) in benzene (6 mL) was added dropwise to a
solution of 2,3-diaminonaphthalene (45, 0.53 g, 3.35 mmol) in
benzene (10 mL) and glacial acetic acid (6 mL). The reaction
mixture was stirred for 12 h. The solvent was removed in vacuo,
and the solid was dissolved in ethyl acetate (50 mL). The solution
was washed with saturated aqueous sodium bicarbonate (2�
40 mL), brine (40 mL), and water (40 mL). The product was
purified by silica gel column chromatography, eluting with ethyl
acetate-hexane, 1:3. The product was obtained as a brown solid
(0.31 g, 45%):mp 209-211 �C. IR (film): 2990, 2917, 1630, 1580,
1522, 1438, 1411, 1373, 1158, 899, 877, 787 cm-1. 1H NMR
(CDCl3): δ 8.46 (s, 2H), 8.03-7.99 (m, 2H), 7.50-7.46 (m, 2H),
2.69 (s, 6 H). 13C NMR (CDCl3): δ 154.3, 137.9, 133.1, 128.2,
126.3, 126.1, 23.5. CIMS m/z (rel intensity): 209 (MHþ, 100).
HREIMS m/z calcd, 208.1000; found, 208.0998. HPLC purity:
95.41% (MeOH-H2O, 95:5).

5-Methoxy-2,3-dimethylquinoxaline (51). A solution of 2,3-
butanedione (48, 0.26g,3.0mmol)wasaddeddropwise toasolution
of 3-methoxy-o-phenylenediamine (50, 0.41 g, 3.0 mmol) in ben-
zene (30 mL) and glacial acetic acid (25 mL). The reaction
mixture was stirred for 12 h at room temperature. The solvent
was removed in vacuo, and the solid was dissolved in ethyl
acetate (50 mL). The solution was washed with saturated aqueous
sodium bicarbonate (2 � 30 mL), brine (30 mL), and water (2 �
20 mL). The solvent was removed, and the compound was
purified by silica gel column chromatography, using dichloro-
methane as the solvent. The product was obtained as a beige
solid (322 mg, 57%): mp 118-119 �C (lit. mp56 118 �C). IR
(film): 3088, 3054, 2993, 2948, 1633, 1609, 1571, 1480, 1467,
1446, 1402, 1376, 1196, 1094, 996, 823, 769 cm-1. 1H NMR
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(CDCl3): δ 7.56 (m, 2 H), 7.00 (t, J=4.8 Hz, 1 H), 4.06 (s, 3 H),
2.76 (s, 3 H), 2.71 (s, 3 H). 13C NMR (CDCl3): δ 154.5, 153.7,
152.0, 141.8, 132.8, 128.6, 120.1, 107.0, 56.1, 23.2, 23.0. CIMS
m/z (rel intensity): 189 (MHþ, 100). HRCIMS m/z calcd,
188.0950; found, 188.0952. HPLC purity: 95.95% (MeOH-
H2O, 95:5).

5-Hydroxy-2,3-dimethylquinoxaline (52).57 5-Methoxy-2,3-
dimethylquinoxaline (51, 278 mg, 1.47 mmol) was dissolved in
dry, freshly distilled dichloromethane (25 mL). The reaction
mixture was purged with argon and cooled to -78 �C. Boron
tribromide (1 M solution in dichloromethane, 3.0 mL) was
added dropwise to the mixture with stirring. The temperature
was maintained at-78 �C, and the reaction mixture was stirred
for 1 h. The reactionmixture was allowed to warm to room tem-
perature and stirred for 12 h. The reactionmixture was heated at
reflux for 1 h. The solution was allowed to cool to room tempera-
ture, and saturated aqueous sodium bicarbonate (30 mL) at∼4 �C
was slowly added. The solution was extracted with dichloro-
methane (3� 35mL).The solventwas removed, and the compound
was purified by silica gel column chromatography, eluting with
ethyl acetate-hexane, 1:1. The product was obtained as a light
brown powder (203 mg, 79%): mp 139-140 �C. IR (film): 3358,
3022, 2997, 2954, 2919, 1619, 1576, 1488, 1477, 1442, 1427, 1408,
1383, 1217, 1193, 823, 764, 751 cm-1. 1H NMR (CDCl3): δ 8.01
(s, 1 H), 7.52-7.43 (m, 2 H), 7.07 (dd, J=7.2, J=1.3Hz, 1 H),
2.64 (s, 1 H), 2.59 (s, 1 H). 13C NMR (CDCl3): δ 154.1, 151.3,
151.0, 141.2, 130.7, 129.6, 118.5, 109.9, 22.9, 22.6. EIMS m/z
(rel intensity): 174 (Mþ, 100). HREIMS m/z calcd, 174.0793;
found, 174.0790. HPLC purity: 96.94% (MeOH-H2O, 95:5).

6,8-Dibromo-2,3-dimethylquinoxalin-5-ol (53). N-Bromosuc-
cinimide (654 mg, 3.68 mmol) and 5-hydroxy-2,3-dimethyl
quinoxaline (52, 320 mg, 1.84 mmol) were mixed together and
dissolved in toluene (10 mL) and acetonitrile (5 mL). The reaction
mixture was heated at reflux for 8 h. The solvent was removed in
vacuo, and the compound was purified by silica gel column
chromatography (ethyl acetate-hexane, 1:3). The product was
obtained as a brown solid (301 mg, 49.3%): mp 108-109 �C. IR
(film): 3408, 3057, 2995, 2956, 2922, 2852, 1713, 1687, 1610,
1560, 1459, 1424, 1401, 1381, 1371, 1203, 937, 734 cm-1. 1H
NMR (CDCl3): δ 8.05 (OH br s, 1 H), 7.93 (s, 1 H), 2.74 (s, 1 H),
2.70 (s, 1 H). 13C NMR (CDCl3): δ 155.2, 152.9, 148.5, 137.6,
135.0, 130.9, 111.7, 103.4, 23.2, 22.6. EIMS m/z (rel intensity):
330 (Mþ, 88). HREIMS m/z calcd, 329.9792; found, 329.9005.
HPLC purity: 98.31% (MeOH-H2O, 90:10).

QR1 Assay.Hepa 1c1c7 (mouse hepatoma) cells were used in
the assay. Cells were incubated in a 96-well plate with test
compounds at a maximum concentration of 50 μM for 48 h,
digitonin was used to permeabilize cell membranes, and enzyme
activity was measured by the reduction of 3-(4,5-dimethylthiazo-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) to a blue for-
mazan. Production was measured by absorption at 595 nm.
A total protein assay using crystal violet staining was run in
parallel. The total protein levels were determined using crystal
violet staining in parallel to determine the cytotoxicity of test
compounds.58 Briefly, the media were discarded after 48 h of
incubationwith test compounds, and cells were stainedwith 100 μL
of 0.2% crystal violet in 2% ethanol for 10 min. After cells were
washed with tap water to remove excessive crystal violet, 200 μL
of 0.5% SDS in 50% ethanol was added to dissolve the stained
cells. The optical density was determined at 595 nm. 40-Bromo-
flavone (CD = 0.01 μM) was used as a positive control.

Expression and Purification ofHumanQR2.HumanQR2was
expressed and purified from 3 L of Escherichia coli BL21(DE3)
grown in Luria-Bertanimedium supplemented with 100 μg/mL
ampicillin following our previously reported procedures.9 The
concentration of purified QR2 was determined using the Bio-
RAD Protein Assay. Frozen QR2, previously stored at-80 �C,
was thawed on ice and then adjusted to the desired concentration,
typically as a 4mg/mL stock for enzyme kinetics measurements,
by diluting in storage buffer without glycerol.

Steady-StateKinetic Assays andQR2 IC50ValueDetermination.
The catalytic activity ofQR2was determined usingMTT [3-(4,5-
dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide] and NMeH
as substrates. Assays were run in 96-well plates with a final assay
volume of 200 μL. Each assay mixture contained approximately
12 nM QR2, 17.5 μM NMeH, and 200 μM MTT in a reaction
buffer containing 100mMNaCl, 50mMTris, and 0.1%Triton-
X100 (Fisher Biotech 93004). The assays were performed at
23 �C using a SpectraMax Plus 384UV/vis microplate reader by
monitoring the increase in absorbance at 612 nm,which is due to
formation of the product formazan, the reduced form of the
substrate MTT. All reactions were initiated by the addition of
QR2. The initial slopes of the reaction (ΔAbs/Δtime) were
measured and were used to calculate the initial rates of the
reaction using a value of 11300 mM-1 cm-1 for the molar
extinction coefficient.

IC50 values were also determined in 96-well plates at 23 �C
using the same assay conditions described above except that
inhibitor concentrationswere varied from0.1 to 100 μM.Assays
at each inhibitor concentrationwere performed in triplicate, and
the average and standard deviations in the rate values were used
to determine the final IC50 values by calculating the percent
inhibition (% I) at each inhibitor concentration versus the negative
control with zero inhibitor. These data were then plotted as the
percent inhibition versus inhibitor concentration, [I]. All data
were fit to the equation: % I=% Imax/[(1 þ [I]/IC50)] using
nonlinear regression via the Enzyme Kinetics Module of the pro-
gram SigmaPlot from SPSS Scientific. IC50 and% Imax values are
reported alongwith their standard error in the fitted parameters.

NF-KBLuciferaseAssay.Studies were performedwithNF-κB
reporter stably transfected human embryonic kidney cells 293
from Panomics (Fremont, CA). This cell line contains chromo-
somal integration of a luciferase reporter construct regulated by
NF-κB response element. The gene product, luciferase enzyme,
reacts with luciferase substrate, emitting light, which is detected
with a luminometer. Data were expressed as% inhibition at 50 μM
or IC50 values (i.e., concentration of test sample required to
inhibit TNF-R activated NF-κB activity by 50%). After treated
cells were incubated, they were lysed in Reporter Lysis buffer.
The luciferase assay was performed using the Luc assay system
from Promega, following the manufacturer’s instructions. In
this assay, N-R-tosyl-L-phenylalanine chloromethyl ketone
(TPCK) was used as a positive control; IC50=5.09 μM.

Nitrite Assay. RAW 264.7 cells were incubated in a 96-well
culture plate for 24 h. The cells were treated with various
concentrationsofcompoundsdissolved inphenol red-freeDulbecco’s
modified Eagle’s medium (DMEM) for 30 min followed by
1 μg/mL of lipopolysaccharide (LPS) treatment for 24 h. NO is
an unstable molecule, easily oxidized to the stable end product,
nitrite. Therefore, the nitrite level in cultured media was measured
using Griess reagent [1:1 mixture (v/v) of 1% sulfanilamide in 5%
H3PO4 and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride
solution]. A standard curve was created by using known concentra-
tions of sodium nitrite. The positive control in this assay was Na-L
monomethyl arginine (L-NMMA); IC50 = 19.7 μM.

Sulforhodamine B (SRB) Assay. To evaluate the cytotoxicity
of test compounds toward NF-κB reporter stably transfected
human embryonic kidney cells 293 and RAW 264.7 cells in the
assay condition, SRB assay was performed as describe pre-
viously.59 Briefly, after the fixation with 10% trichloroacetic
acid, cells were stained with 0.4% SRB solution followed by
dissolving bound SRB to cells in 10mMTris-buffer. The optical
density was determined at 515 nm.
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